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Abstract 

Cancer is one of the leading causes of mortality worldwide. Invasion, metastasis and apoptotic 

evasion are cancer hallmarks. Tumour cell metastasis requires loss of E-cadherin cell-cell 

adhesion receptor. Apoptotic evasion can be mediated by up-regulation of autophagy, which 

maintains cellular energy during metabolic stress in cancer cells. Armus is a TBC/RabGAP 

protein that regulates both E-cadherin degradation and autophagy by controlling lysosome 

fusion with late vesicular compartments or autophagosomes. Understanding Armus function in 

these degradative processes during tumourigenesis may lead to combinatorial inhibition of 

oncogenic pathways and novel therapeutic targets. Here I address: (i) whether Armus 

participates in E-cadherin deregulation downstream of oncogenes, (ii) potential mechanisms 

through which Armus can switch between its function at junctions and autophagosomes and 

(iii) potential strategies to inhibit Armus intracellular localisation. I found that Armus is 

involved in Src and H-Ras disruption of E-cadherin junctions in keratinocytes. Armus binds to α-

catenin at junctions, while at autophagosomes Armus interacts with autophagy marker, LC3. 

Incubation with Armus peptides containing LC3-interacting motifs partially blocks Armus 

function in autophagy. Mutation of the specific residues mediating α-catenin association reduces 

Armus localisation at cell-cell contacts. The close juxtaposition of LC3 and α-catenin binding at 

PH domain at Armus N-terminus may suggest additional roles. Armus N-terminus and RabGAP 

domain interact directly, and residue K480 is critical for binding. This intramolecular 

interaction may form a closed conformation, and Armus activation may require the release of 

this auto-inhibition. It is tempting to suggest that protein interactions at the PH domain such as 

LC3 and α-catenin may modulate Armus auto-inhibition. Alternatively, the phosphoinositide 

repertoire interacting with the PH domain may contribute to Armus intracellular distribution 

and activation. Further insights into Armus activation may provide greater understanding of its 

function in distinct cellular events with implications for tumourigenesis.   
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1.1 Cancer and its hallmarks 

Cancer is an intricate disease with layers of complexity. Tumour development is a process akin 

to Darwinian evolution punctuated by genetic changes that confer growth advantages that leads 

to transformation of normal human cells into malignant cancer. Nonetheless, most, if not all, 

cancer cells share specific underlying principles that govern this transformation. Six crucial 

modifications in cell physiology have been identified that can collectively prescribe malignant 

growth: 1) self-sufficiency in growth signal; 2) insensitivity to anti-growth signal; 3) evasion of 

apoptosis; 4) limitless replicative potential; 5) sustained angiogenesis and 6) tissue invasion 

and metastasis (Hanahan & Weinberg, 2000). The sequence of acquisition of capabilities during 

tumour progression may, however, differ from one tumour to another. Moreover, regulatory 

proteins involved in the control of one biological trait could also affect another trait, suggesting 

that they are not discrete function, but in fact are interlinked. More recently, instead of the 

reductionist view of regarding tumour as masses of proliferating cells, it emerges that tumours 

are actually complex tissues consisting of tumour and normal stromal cells that actively 

contribute to the development of cancer hallmarks. Therefore, in addition to the traits of the 

cancer cells themselves, the microenvironment accommodating the tumours must also be 

considered. As a result, two more emerging hallmarks are added to the roster: 1) abnormal 

metabolic pathways and 2) evasion of immune destruction (Hanahan & Weinberg, 2011). 

1.2  Invasion and metastasis  

One of the hallmarks of cancer, invasion and metastasis, causes up to ninety-percent of human 

cancer deaths (Sporn, 1996). As cancer cells develop and progress, tumour cells move out and 

dissociate from the site of the primary tumour by dissolving the basal membrane (Figure 1-1). 

Cells then enter the bloodstream and, using the blood circulation as a transport system, invade 

healthy tissues at distant sites to establish new colonies. Acquisition of metastatic ability by 

tumour cells confers an advantage as they can find new locations in the body where space and 

nutrients are not limiting. Patients with metastatic tumours have significantly reduced survival 

rates and prognosis. This is observed in a lot of epithelial tumours, which is the most common 

type of cancer. 

1.3 The epithelium 

About ninety-percent of cancers derive from epithelial tissues and are referred to as carcinomas 

(Christofori & Semb, 1999). The epithelial tissue is one of the major tissues in the body lining 

the external body surface as well as organs and cavities inside the body. The epidermis is a 

stratified epithelium that forms the outermost layer of the skin, essential for its multiple 
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protective functions that protect the organism against its environment. These include defense 

against dehydration, chemical and microbiologic attack and resistance to mechanical stress. 

Keratinocyte is the predominant cell type in the epidermis and in order to form an effective 

protective barrier keratinocytes are linked together in a network of adhesive junctions forming 

multiple layers (strata) (Figure 1-2). Despite the stable structure of the epidermis, it is also 

extremely dynamic. Keratinocytes in the basal layer (stratum basale) consist of two types of 

proliferating cell: stem cells and transit amplifying cells. Stem cells can undergo unlimited self-

renewal and give rise to transit amplifying cells, which have limited cell dividing capability. 

Transit amplifying cells can leave the basal membrane and migrate upwards to the spinous 

layer (stratum spinosum) where they terminally differentiate. Moving further upward into the 

granular layer (stratum granulosum), cells become flatter and water-impermeable until they 

finally reach the corneal layer (stratum corneum) where they will lose their nuclei and 

organelles altogether. Cells are tightly packed and become squamous, forming a highly resistant 

barrier. Continuous environmental stress causes sloughing off of cells in the corneal layer and 

therefore need to be constantly renewed (Simpson et al., 2011; Fuchs & Raghavan, 2002).  

Epithelial cells can be arranged either in simple epithelium when they are single cell thick or 

stratified epithelium when they are two or more cells thick. These cells can assume different 

morphologies depending on their specific purpose: squamous (thin and flat), cuboidal and 

columnar. Epithelial cells additionally have polarised phenotype attributed to distinctive 

distribution of protein at cell membrane that divides the cell into apical and basolateral domain. 

Determination of epithelial cell function requires the maintenance of cell shape and polarisation 

that is mediated by linking specific adhesive structures to cytoskeletal network and to 

neighbouring cells (Braga, 2000; Nelson, 2003). Loss of epithelial cell structure and organisation 

caused by abnormal regulation of its adhesive structures has been observed in epithelial 

tumours (Martin & Jiang, 2009; van Roy & Berx, 2008; Holder et al., 1993). 

1.4 Regulation of epithelial cellular functions 

1.4.1 Cell-cell adhesion 

Cell-cell adhesive complexes are crucial for the structural organisation and maintenance of 

epithelial tissue. This is accomplished by linking neighbouring cells via the cytoskeleton and by 

acting as signalling points to allow communication between cells. Four main types of cell-cell 

adhesive complexes can be found in epithelial cells: tight junctions, gap junctions, desmosomes 

and adherens junctions (Cereijido et al., 2004; Farquhar & Palade, 1963; Weis & Nelson, 2006; 

Goodenough & Paul, 2003).  
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Tight junctions seal neighbouring cells together at the apical surface and form tight attachment 

between cells through the actin cytoskeleton. The impenetrable barrier that forms as a result 

allows maintenance of cell polarity and helps distinguish apical/basal boundary e.g. by 

regulating diffusion of membrane proteins and lipids and paracellular transport of water and 

solute. Gap junctions, on the other hand, form intercellular channels that span across the 

intercellular space. This directly connects the cytoplasm between adjacent cells across which 

molecules and ions can diffuse and electrical impulses can be transmitted (Evans & Martin, 

2002). Desmosomes connect neighbouring cells through cytokeratin intermediate filaments. 

Desmosomes are dependent on the presence of calcium when weak adhesions are formed but 

begin to lose calcium sensitivity upon hyper-adhesion. This could explain the ability of 

desmosomes to resist mechanical stress (Garrod & Chidgey, 2008). Because this project focuses 

on adherens junction, it will be discussed in more depth in section 1.4.2.  

1.4.2 Adherens junction 

Adherens junction (AJ) occurs at the basal surface of epithelial cells, and together with tight 

junction, the two define epithelial cells apicobasal polarity (Desai et al., 2009; Baum & Georgiou, 

2011). Adhesion is initiated at specific contact regions that later becomes organised into proper 

“junctions” that are critical in maintaining epithelial structure and function. E(epithelial)-

cadherin is a calcium-dependent cell adhesion molecule found in AJ. It consists of an 

extracellular domain, a transmembrane domain and a cytoplasmic domain (Takeichi, 1990; 

Shapiro & Weis, 2009). The extracellular domain is composed of five extracellular repeats, each 

of which contains calcium binding sites (Overduin et al., 1995). The extracellular repeat furthest 

from the plasma membrane mediates homophilic interaction between E-cadherin monomers of 

adjacent cells (trans-interaction) with subsequent lateral clustering of E-cadherin bridges (cis-

interaction) (Ishiyama & Ikura, 2012; Zhang et al., 2009). The cytoplasmic domain of E-cadherin 

has an essential role in the regulation of structural and signalling activities required for 

adhesion through its association with the catenins (Ozawa et al., 1989).  

β-catenin has important roles in both E-cadherin-dependent cell adhesion and nuclear gene 

expression via the Wnt pathway (Gottardi & Gumbiner, 2004). During cell-cell adhesion, β-

catenin directly binds to the C-terminal cytoplasmic domain of E-cadherin and is crucial for the 

formation and stabilisation of AJ (Jamora & Fuchs, 2002; Huber & Weis, 2001). Mutation of β-

catenin binding site on E-cadherin alters cell-cell adhesion (Yap et al., 1997). Upon dissociation 

of AJ, β-catenin is thought to be recycled or degraded (Bryant & Stow, 2004). β-catenin 

degradation occurs through a pathway involving a destruction complex that consists of 

adenomatous polyposis coli (APC), axin, diversin, casein kinase 1 and glycogen synthase kinase-
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3β (GSK-3β) (Huelsken & Behrens, 2002). When Wnt signalling pathway is activated, 

phosphorylation of GSK-3β inhibits degradation of β-catenin by the APC complex (Logan & 

Nusse, 2004; Bhanot et al., 1996). The two roles of β-catenin have always been thought to be 

distinct, involving separate pools of β-catenin. However, a study has shown that upon AJ 

dissociation, the cadherin-bound pool of β-catenin is released and feeds into Wnt signalling 

pathway, affecting β-catenin-dependent gene expression (Kam & Quaranta, 2009). 

Through its N-terminus β-catenin can interact with α-catenin, which is traditionally regarded as 

the link between cadherin and the actin cytoskeleton (Aberle et al., 1994, 1996). Although α-

catenin can indeed interact with actin both in vitro and in vivo, the simultaneous complex of E-

cadherin-β-catenin-α-catenin-actin has not been observed so far, challenging the existing model 

(Rimm et al., 1995a; Vasioukhin et al., 2000; Yamada et al., 2005a). Instead, monomeric α-

catenin shows strong binding towards E-cadherin-β-catenin complex while dimeric α-catenin 

preferentially binds actin filaments. The two events are mutually exclusive (Yamada et al., 

2005a; Drees et al., 2005). A new model for linking adherens junction to the cytoskeleton has 

been proposed in which the clustering of the cadherin-catenin complex causes a local increase 

in the concentration of α-catenin. This results in the formation of α-catenin dimers that can bind 

to and bundle actin filaments. The model also predicts a more labile interaction between α-

catenin and the E-cadherin-β-catenin complex than was previously thought (Yamada et al., 

2005a; Drees et al., 2005).  

The juxtamembrane region of E-cadherin cytoplasmic domain associates with p120-catenin 

independent of the other catenins. p120-catenin plays an essential role in maintaining the 

stability of E-cadherin at the plasma membrane (Ishiyama et al., 2010; Reynolds & Roczniak-

Ferguson, 2004; Xiao et al., 2007). Altogether, the cadherin-catenins complex mediates 

homophilic intercellular interaction via E-cadherin, stabilises the complex at plasma membrane 

through β-catenin and p120 catenin, and associates with actin cytoskeleton via α-catenin 

(Figure 1-3). 

Although AJ confers rigidity and strength to epithelial cells, the importance of AJs in preserving 

epithelial integrity during processes such as tissue regeneration and cell division means that AJs 

need to be dynamic and not static. The transition between the adhesive state to the more 

dynamic state of cadherin adhesion is governed by membrane trafficking pathways that depend 

on changing cellular requirements. As a result, E-cadherin is continually trafficked to and from 

plasma membrane via exocytosis and endocytosis, respectively, while still maintaining 

epithelial cell integrity (Bryant & Stow, 2004; Lock & Stow, 2005; Delva & Kowalczyk, 2008). 
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E-cadherin is removed from cell surface by both clathrin-dependent and -independent 

endocytosis. Clathrin-dependent endocytosis of E-cadherin is observed in MDCK cells via the 

action of Arf6 GTPase (Kon et al., 2008). E-cadherin clathrin-independent endocytosis can be 

mediated by caveolae or macropinocytosis, observed in keratinocytes through Rac, and in the 

breast cancer cell line, MCF-7, through EGF, respectively (Akhtar & Hotchin, 2001; Bryant et al., 

2007). The specific mode of cadherin endocytosis may be cell-type specific. Moreover, the 

induction of different growth factors or signalling pathways within the same cell may lead to 

varying fate of the same E-cadherin pool (Delva & Kowalczyk, 2008). 

Regardless of the mode of E-cadherin engulfment into the cell, both clathrin-dependent and –

independent endocytosis converge on Rab5 GTPase-positive early endosomes. From here, E-

cadherin will be sorted either for degradation in the lysosomes or recycled back to the plasma 

membrane via exocytosis (Delva & Kowalczyk, 2008; Baum & Georgiou, 2011; Bryant & Stow, 

2004). E-cadherin destined for degradation will be tagged with ubiquitin and activation of Rab7 

targets it for subsequent lysosomal degradation (Palacios et al., 2005). E-cadherin marked for 

recycling is exocytosed via recycling endosomes governed by Rab11 and sorting nexin 11 

(SNX11). Newly synthesised E-cadherin is also processed via recycling endosomes. They exit the 

Golgi complex in tubulovesicular carriers that later fuse with recycling ensodomes en route to 

the plasma membrane (Lock & Stow, 2005). 

In addition, apart from their cytoskeletal association, catenins that form the cadherin-complex 

are also implicated in the regulation of cadherin trafficking.  As mentioned above, p120-catenin 

is important for maintaining E-cadherin stability on the cell surface. When p120-catenin is lost 

through genetic alteration or depleted by siRNA knockdown, E-cadherin turnover rate increases 

(Ireton et al., 2002; Davis et al., 2003). Mutation of p120-catenin binding sites on E-cadherin 

juxtamembrane domain also results in increased E-cadherin endocytosis (Miyashita & Ozawa, 

2007). This further emphasises the role of p120-catenin as a master regulator of cadherin 

stability by binding to cadherin tail and blocking its binding to adaptor proteins, inhibiting 

cadherin endocytosis and turnover. Moreover, another catenin that binds to cytoplasmic tail, β-

catenin, has been similarly linked to cadherin regulation at the plasma membrane. E-cadherin 

mutant for β-catenin binding is not successfully delivered to the plasma membrane (Chen et al., 

1999). Instead, they accumulate in early endosomes followed by their subsequent sorting to the 

lysosomes (Miyashita & Ozawa, 2007). Thus, it appeared that β-catenin may participate in the 

regulation of E-cadherin availability at the cell surface. 
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1.4.3 Adherens junction in tumourigenesis 

A well-established trademark in tumour progression is the loss of E-cadherin mediated 

adherens junctions (Berx & van Roy, 2009). Partial or complete loss of E-cadherin is observed in 

tumours as they become more malignant (Birchmeier & Behrens, 1994; Christofori & Semb, 

1999; Berx & van Roy, 2009). Downregulation of E-cadherin can occur via different 

mechanisms. Mutation in E-cadherin gene, CDH1, can result in deletion of E-cadherin or the 

production of a truncated version of E-cadherin (Becker et al., 1994; Berx et al., 1998). 

Alternatively, promoter hypermethylation of CDH1 silences E-cadherin expression (Graff et al., 

1995; Yoshiura et al., 1995; Chang et al., 2002). E-cadherin can also be transcriptionally 

downregulated by transcription factors such as Snail, ZEB1/2, Twist and Slug (Cheng et al., 

2001; Rosivatz et al., 2002; Yang et al., 2004; Bolόs et al., 2003) as well as miRNAs (Gregory et 

al., 2008; Park et al., 2008). Perturbation in endo- and exo-cytosis of E-cadherin has also been 

observed during tumour progression (Jeanes et al., 2008; Wheelock et al., 2008: Yilmaz & 

Christofori, 2009) in addition to cleavage of E-cadherin by matrix metalloproteinases as 

mechanisms for E-cadherin downregulation (Davies et al., 2001; Covington et al., 2006; 

Symowicz et al., 2007). Tumour cells are unable to obtain tumourigenic phenotype if E-cadherin 

junction destabilisation is blocked (Frixen et al., 1991; Perl et al., 1998; Vleminckx et al., 1991). 

These studies suggest a robust tumour suppressor role for E-cadherin.  

Germline mutations of E-cadherin have been observed in hereditary diffuse gastric cancer 

(HDGC) while promoter hypermethylation of CDH1 is responsible for the majority of E-cadherin 

inactivation in the remaining wild-type allele. Individuals with HDGC due to CDH1 germline 

mutations are linked to increased risk of lobular breast cancer (LBC) with 30% of families with 

HDGC also includes individuals suffering from LBC (Berx et al., 1998; Tamura et al., 2000; 

Machado et al., 2001; Pharoah et al., 2001; Petridis et al., 2014). This suggests a tumour 

suppressor role of E-cadherin in these specific cancers by playing a direct role in cancer 

susceptibility.  

Important roles for catenins that contribute to the formation of the cadherin-catenin complex 

during tumourigenesis have also been highlighted. Loss of α-catenin causes hyperproliferation 

similar to precancerous lesions (Vasioukhin et al., 2001) and downregulation of both E-cadherin 

and α-catenin has been observed in breast, colon and liver tumours among others (Rimm et al., 

1995b; Matsui et al., 1994; Kozyraki et al., 1996). p120-catenin-null keratinocytes exhibit 

similar hyperproliferation caused by mitotic defects coupled with chronic inflammation (Perez-

Moreno et al., 2008). On the other hand, β-catenin upregulation has been described in many 

tumours (Clevers, 2006). β-catenin-stabilising mutation renders it resistant to degradation, 
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culminating in constitutive activation of β-catenin/Wnt signalling with implication in cancer 

(Vasioukhin, 2012; Korinek et al., 1997; Morin et al., 1997).  

In addition, destabilisation of E-cadherin-dependent cell junctions can lead to detachment of 

epithelial cells from their neighbours. As cells become more motile, the likelihood of epithelial-

mesenchymal transition (EMT) occurring is highly increased. During EMT cells lose their 

epithelial characteristics (cell polarization and compact adhesion) for a more mesenchymal 

phenotype (fibroblastic and motile), which precedes the metastasis step during tumourigenesis 

(Thiery, 2002). EMT is essential during embryonic development such as during the formation of 

trophectoderm from the blastula stage or the mesoderm during gastrulation (Larue & Bellacosa, 

2005; Lim & Thiery, 2012). The involvement of EMT in cancer is, however, more deleterious. 

Activation of EMT via E-cadherin downregulation during tumourigenesis increases cell motility 

and invasiveness of tumour cells, instigating the early step of metastasis.  

1.4.4 Regulation of adherens junctions 

1.4.4.1 Phosphorylation by protein kinases 

Phosphorylation of various AJ components at tyrosine, serine or threonine residues ensures 

tight regulation of adherens junction assembly and disassembly. Phosphorylation either 

switches on or off specific protein-protein interaction or activates protein activity. Different 

kinases and phosphatases have been implicated in the phosphorylation of the various 

constituents of adherens junctions during different steps of AJ regulation such as synthesis, 

localisation and activation (Bertocchi et al., 2012). E-cadherin, β-catenin, α-catenin and p120-

catenin all are targets of phosphorylation in AJ (Pece & Gutkind, 2002; Lilien & Balsamo, 2005; Ji 

et al., 2009; Mariner et al., 2001). 

1.4.4.2 Src tyrosine kinase 

Src is a nonreceptor tyrosine kinase with vital roles in regulation of cell structure. Src influences 

actin cytoskeleton as well as cell adhesion and cell migration among others (Fujita et al., 2002; 

Frame, 2004). Although oncogenic mutation of Src is observed in advanced colon cancer, 

activating mutations or genetic amplification is a rare occurrence during tumourigenesis (Irby 

et al., 1999). The incidence of elevated Src protein level or tyrosine kinase activity is more 

commonplace as seen in colon, pancreatic, liver, bladder, head and neck and breast cancer 

(Bolen et al., 1987; Lutz et al., 1998; Masaki et al., 1998; Boyer et al., 2002; Verbeek et al., 1996; 

Mandal et al., 2008).  
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Increased tyrosine phosphorylation linked to enrichment of Src at adherens junctions has been 

reported (Tsukita et al., 1991). Indeed, Src causes direct phosphorylation of E-cadherin. 

Furthermore, the phosphorylation of two consecutive tyrosine residues (Y753 and Y754)  

creates a docking site for Hakai, an E3 ubiquitin ligase, on E-cadherin (Fujita et al., 2002; 

Aparicio et al., 2012). As both E-cadherin and β-catenin become ubiquitylated, E-cadherin is 

internalised leading to E-cadherin adherens junction disassembly and degradation in lysosomes 

(Pece & Gutkind, 2002; Fujita et al., 2002; Palacios et al., 2005). Another Src substrate at 

cadherin-mediated cell-cell adhesion is p120-catenin (Reynolds et al., 1989). Eight tyrosine 

residues at p120-catenin N-terminus has been identified as Src-phosphorylation sites. The effect 

of this phosphorylation can either have positive or negative effect on the association between 

p120-catenin and E-cadherin and will determine E-cadherin stability at cell surface (Mariner et 

al., 2001; Alemà & Salvatore, 2007). The ability of Src to downregulate E-cadherin requires the 

co-operation of its regulation of cell-matrix adhesion by integrin. The induction of EMT by 

oncogenic Src has been linked to E-cadherin loss at cell-cell contact and augmentation of 

integrin dependent cell-matrix adhesion (Thiery, 2002; Avizienyte et al., 2002). Despite 

compelling evidence suggesting Src as a negative regulator of E-cadherin cell-cell adhesion, Src 

is essential for AJ formation in mouse keratinocytes and expansion of nascent E-cadherin-

mediated cell contact (Pang et al., 2005).  

1.4.4.3 PAK1 (p21-activated kinase 1) serine/threonine kinase  

p21-activated kinase 1 (PAK1) is a serine/threonine kinase that regulates cytoskeletal 

remodelling, cell motility and cell proliferation and acts as regulatory node downstream of 

various oncogenic signalling (Kumar et al., 2006). PAK1 is overexpressed in breast, colon and 

ovarian cancers (Balasenthil et al., 2004; Holm et al., 2006; Carter et al., 2004; Schraml et al., 

2003). PAK1 activation is mediated by members of the Rho GTPase family of proteins (a subset 

of the Ras superfamily of small GTPases), Rac1 and Cdc42 (Manser et al., 1994). Various studies 

have identified PAK1 involvement during epidermal growth factor receptor (EGFR)-, H-Ras- and 

Src-induced transformation (Puto et al., 2003; Appledorn et al., 2010; Slack-Davis et al., 2003). 

In addition, PAK1 activation is required for destabilisation of E-cadherin cell-cell contacts in 

keratinocytes by Rac1 (Lozano et al., 2008). PAK1 also plays a role during EMT by 

phosphorylating two master regulators of EMT and co-repressors of E-cadherin gene 

expression, Snail and CTBP1, at serine 246 and serine 158, respectively (Yang et al., 2005; 

Barnes et al., 2003). Both phosphorylation events enhance the activity of Snail and CTBP1 that 

reduces E-cadherin expression resulting in promotion of EMT. 
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1.4.4.4 Epidermal growth factor receptor tyrosine kinase 

Apart from the loss of E-cadherin expression, increased expression of epidermal growth factor 

receptor (EGFR) is another molecular event that is associated with tumourigenesis. EGFR 

activation is vital for proliferation, cell invasion and migration (Normanno et al., 2006). 

Upregulation of EGFR can be observed in lung, colon and breast carcinomas (Normanno et al., 

2003) although its overexpression by itself is not enough to induce transformation, only 

increased proliferation (Cheng et al., 2002; Ding et al., 2003; Andl et al., 2003). In the presence 

of its ligand, EGF, disassembly of cadherin-catenin complex is induced coupled to tyrosine 

phosphorylation of its components (Hoschuetzky et al., 1994; Hazan & Norton, 1998; Jawhari et 

al., 1999). However, regulation of E-cadherin by EGFR is bi-directional, as cells with high E-

cadherin level displayed reduced EGFR activation and, in some cases, inhibit cell growth (Qian 

et al., 2004; Curto et al., 2007; Perrais et al., 2007; Lau et al., 2012).  

1.4.4.5 Regulatory autoinhibition mechanism of protein kinases 

Given the vital roles played by protein kinases at the top of various signalling pathways and at 

critical cellular decision points, an intrinsic mechanism of phosphorylation and autoregulation 

of both nonreceptor and receptor protein kinases has evolved. Src can adopt a nonactive 

“closed” or active “open” conformation depending on the phosphorylation status of two tyrosine 

residues at position 416 and 527. Autophosphorylation of Y416 in the binding pocket of the 

kinase domain can lead to Src activation. P-Y416 is displaced from the binding pocket and 

substrate can then access the site. Y527 can both be phosphorylated and dephosphorylated by 

different proteins and is considered the more critical phosphorylation site. Upon 

phosphorylation of Y527 by proteins such as Csk, FAK and Shc, the residue interacts with the 

SH2 domain in the middle of Src and blocks its catalytic site, rendering Src inactive. 

Dephosphorylation of Y527 by SHP-1 releases the SH2 domain causing the protein to unfold and 

become activated (Thomas & Brugge, 1997; Frame, 2004). 

PAK1 is also kept in an inactive state through formation of homodimers via intermolecular 

interactions while simultaneously undergoing autoinhibition via intramolecular interactions. 

The inhibitory switch domain binds to the kinase domain acting as a pseudosubstrate (Bokoch, 

2003). Upon binding of active Rac1 or Cdc42 to PAK1 GTPase-binding domain, CRIB, the 

pseudosubstrate is released from substrate binding site, allowing autophosphorylation at T423 

that culminates in PAK1 activation. Activated PAK1 autophoshorylates several additional sites 

within its N-terminus to prevent its autoinhibition (Buchwald et al., 2001; Lei et al., 2000; Zhao 

et al., 1998; Hoffman et al., 2000). 
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EGFR, however, is an exception to the standard autoinhibition model of protein tyrosine 

kinases. Generally, receptor tyrosine kinases require autophosphorylation of the activation loop 

and assembly of the catalytic site for activation. However, the tyrosine in the activation loop of 

EGFR has no regulatory role and appears to be in an active conformation with the catalytic site 

ready for substrate loading (Gotoh et al., 1992; Jorissen et al., 2003; Hubbard, 2004). Binding of 

ligand, such as EGF, induces EGFR activation through receptor dimerisation and subsequently 

trans-autophosphorylation of tyrosines at its C-terminus tail (Linggi & Carpenter, 2006; Wu et 

al., 2006; Schulze et al., 2005). Nonetheless, two models of autoinhibition of EGFR have been 

proposed. The first model suggests that inactive EGFR exists as dimers whereby the C-terminal 

tail of one monomer interacts with the catalytic site of the other by electrostatic binding, 

inhibiting trans-autophosphorylation that leads to its activation (Landau et al., 2004). 

Alternatively, a second model proposes the existence of inactive EGFR monomer due to 

autoinhibition. The latter is caused by the interaction between both the basic juxtamembrane 

region and the catalytic domain of EGFR to acidic lipids on the cell membrane (McLaughlin et al., 

2005). 

1.4.4.6 Ras superfamily of small GTPases 

Small GTPases are monomeric G proteins with molecular weight between 20-40 kDa. Small 

GTPases of the Ras superfamily are key regulators of a plethora of fundamental cellular 

processes. The superfamily is composed of more than 150 members, which are divided into five 

subfamilies based on sequence and function similarities: Ras, Rho, Rab, Arf and Ran small 

GTPases (Wennerberg et al., 2005; Takai et al., 2001). Ras proteins are the founding members of 

the superfamily and are commonly involved in signal transduction and regulation of gene 

expressions that influence cell proliferation, differentiation and survival (Karnoub & Weinberg, 

2008). Rho subfamily typically regulates actin cytoskeleton dynamics (Heasman & Ridley, 

2008). Both the Rab and Arf families regulate vesicular membrane trafficking while the Ran 

family controls nuclear transport of protein and mitosis (Zerial & McBride, 2001; Stenmark, 

2009; Yudin & Fainzilber, 2009). Despite the recognized roles of each subfamily, overlap of 

functions between different family members has been reported.  

Small GTPases are essentially molecular switches that cycle between an ‘inactive’ GDP-bound 

form and an ‘active’ GTP-bound form that is able to interact with downstream effectors (Figure 

1-4; McCormick & Wittinghofer, 1996). Tight spatiotemporal control of small GTPases is 

ensured by the action of three classes of regulators. GTPase activating proteins (GAPs) act as 

negative regulators that catalyse the otherwise slow hydrolysis of GTPases and, essentially, 

‘switch  off’  GTPases.  Guanine nucleotide exchange factors (GEFs)  are positive  regulators of  
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GTPases that release GDP bound to GTPases and exchanging them for GTP. Finally, the guanine 

nucleotide dissociation inhibitors (GDIs) bind to the GDP-bound form of GTPases so that they 

remain in an ‘off’ state and sequester them to prevent signalling (Vetter & Wittinghofer, 2001).  

Members of the Ras superfamily share a common G domain core comprises of six β sheets 

surrounded by five α helices that is involved in GTP binding and hydrolysis (Hakoshima et al., 

2003). The G domain contains a guanine nucleotide binding site that can recognise the status of 

guanine base, phosphate and magnesium ion. Both phosphate and magnesium ions ensure high 

affinity binding of guanine nucleotide to GTPases. Upon GTP binding, two switch regions (switch 

I and switch II) undergo a conformational change that favours binding of effectors. Additional 

regulation of small GTPases is mediated by post-translational modifications by lipids that target 

GTPases to specific membranes in order to perform their function. Both Ras and Rho family 

have a carboxy-terminal hypervariable region that terminates in a CAAX motif (C = cysteine, A = 

aliphatic amino acid, X = any amino acid). This acts as a membrane targeting sequence and 

signal for addition of farnesyl or geranylgeranyl groups. Rabs are similarly modified by 

geranylgeranyl lipids by virtue of C-terminal hypervariable region with cysteine-containing 

motifs. Arf proteins have an N-terminal extension that mediates membrane interaction with an 

occasional myristolation lipid modification. Ran subfamily is neither lipid-modified nor 

localised to membrane (Wennerberg et al., 2005; Takai et al., 2001). 

1.5 Regulation of small GTPases 

1.5.1 GAPs 

Small GTPases have intrinsically slow rate of GTP hydrolysis. GTPase activating proteins (GAPs) 

enhances GTP hydrolysis and ensures that GTPases are ‘switched off’ in a timely manner to 

prevent sustained activation. GAP protein stabilises the transition state of small GTPase active 

site by protrusion of specific residues into the active site. This allows appropriate positioning of 

water molecules essential for GTP hydrolysis which creates the enzymatic site on the GTPase for 

proper activation. Distinct machinery operates for GTP hydrolysis of specific subfamilies of the 

Ras superfamily, as the GAPs for the different Rab subfamilies are not conserved. RasGAP and 

RhoGAP utilise a conserved arginine finger accompanied by a conserved glutamine provided by 

Ras and Rho small GTPases themselves. Both amino acids are essential in establishing an 

enzymatic site optimal for GTP hydrolysis. ArfGAP additionally requires a zinc finger that is 

used as a scaffold to perform its function. RabGAP employs the same conserved arginine finger, 

although the accompanying glutamine residue is provided by the RabGAP itself instead of the 

Rab GTPase. Finally, RanGAP forms a trimeric complex with Ran-GTP and RanBP1, but behaves 
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more as a stabilising protein as the GAP machinery appeared to be provided by Ran protein 

itself (Cherfils & Zeghouf, 2013; Bos et al., 2007; Vetter & Wittinghofer, 2001; Csépányi-Kömi et 

al., 2012).  

1.5.2 GEFs 

GDP is generally tightly bound to small GTPases. The action of guanine nucleotide exchange 

factors (GEFs) is required to facilitate the dissociation of GDP and efficiently activate small 

GTPases. GEFs modify the nucleotide-binding site of GTPases so as to decrease the affinity of the 

GTPase for GDP that results in its subsequent release of the nucleotide. Due to the ten times 

higher cellular concentrations of GTP compared to GDP, the released GDP is quickly replaced 

with GTP. GEFs for different subfamilies are unrelated and not conserved but their mode of 

action is executed by the same mechanism. GEFs either fully obstruct the nucleotide binding site 

and expel bound GDP by electrostatic repulsion or partially hinder the phosphate and/or 

magnesium binding site that decreases the affinity of GDP for the site (Cherfils & Zeghouf, 2013; 

Bos et al., 2007; Vetter & Wittinghofer, 2001; Csépányi-Kömi et al., 2012).  

1.5.3 GDIs  

In addition to GAPs and GEFs, Ras, Rho and Rab GTPases are also regulated by guanine 

nucleotide dissociation inhibitors (GDIs), while Rab GTPases additionally recruit guanine 

nucleotide dissociation factors (GDFs). Both GDIs and GDFs sustain small GTPases in their GDP-

bound form. GDIs bind to prenylated Rho and Rabs at the switch region to prevent nucleotide 

release and at the prenylated C-terminus to shield the lipids from solvent. This essentially 

impedes their lipid-dependent recruitment to specific membranes and maintains GTPases in 

soluble inactive complexes. PDEδ is a GDI for the Rab and Ras subfamily, although it only 

recognizes the prenylated tail of GTPases and not the GTP-binding domain. This could explain 

the apparent promiscuity of this GDI (Cherfils & Zeghouf, 2013; Zhang et al., 2004). GDFs are 

membrane-bound proteins that target RabGDI-Rab complexes and mediate the dissociation of 

RabGDI from Rab GTPases. Rab-GDPs are now available for binding, subsequent activation by 

RabGEFs and attachment to membrane (Cherfils & Zeghouf, 2013).  

1.5.4 Regulation of GAPs and GEFs 

GAP and GEF proteins are regulated in a number of ways such as autoinhibition, 

phosphorylation, and interaction with lipid or other protein. Autoinhibition of GAPs have been 

identified in the ArfGAP ASAP1 in which its BAR domain associates with its PH and/or GAP 

domain to prevent the activity of the protein. The inhibition can be relieved by ASAP1 
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association with membranes (Jian et al., 2008). p50RhoGAP also displays an autoregulation 

where its N-terminus binds to its C-terminus, restricting access to its GAP domain. The presence 

of prenylated small GTPase can activate p50RhoGAP (Moskwa et al., 2005). Similar 

autoinhibition can be observed in GEFs such as that seen in the RasGEF SOS. The Ras-GTP 

binding site is blocked by the DH domain which in itself is inhibited by its PH domain. This 

introduces two levels of autoinhibition presumably for tighter regulation. Ras-GTP binds to the 

REM domain of SOS displacing the DH domain, and in turn, the PH domain (Margarit et al., 2003; 

Gureasko et al., 2010; Sondermann et al., 2004). The ArfGEF, Cytohesin-1, is also strongly 

autoinhibited by its Sec7-PH linker and its C-terminal α-helix. Inhibition of Cytohesin-1 can be 

reversed upon phosphorylation of its PKC sites (DiNitto et al., 2007). 

Phosphorylation is a well-established mechanism for the regulation of GAPs and GEFs. For 

example, the activity of RabGAP AS160 is suppressed by phosphorylation mediated by the 

insulin-activated Akt.  In turn, this allows translocation of the glucose transporter GLUT4 to the 

plasma membrane, upregulating transport of glucose (Sano et al., 2003; Chavez et al., 2008). 

Similarly, the RasGEF, SOS, can be regulated by phosphorylation as well as autoinhibition as 

previously mentioned. SOS is recruited to the plasma membrane where Ras-GTP is located 

through the adaptor protein Grb2. This association is negatively regulated by the kinase ERK 

which phosphorylates SOS, resulting in its uncoupling from Grb2 (Waters et al., 1995; Aronheim 

et al., 1994). 

Protein-lipid interaction offers an additional level of regulation for GAPs and GEFs. GAPIP4BP is a 

RasGAP which requires the binding of inositol-1,3,4,5-tetraphosphate (Ins-1,3,4,5-P4) to its PH 

domain for activation of its GAP function (Cullen & Lockyer, 2002). In addition, the RacGAP β2-

chimaerin has a flexible N-terminus which obstructs the binding site for Rac in the GAP domain. 

The ability of β2-chimaerin in binding diacylglycerol (DAG) through its C1 domain releases the 

binding site. β2-chimaerin can now perform its role as a GAP (Canagarajah et al., 2004; Caloca et 

al., 2003). Alternatively, protein-lipid interaction ensures the proper targeting of GAPs and GEFs 

to specific membranes where they perform their function. RasGRP1, a RasGEF, is recruited to 

DAG-rich membrane of the Golgi to activate Ras (Ebinu et al., 1998; Bivona et al., 2003). In this 

instance, binding to lipid such as DAG is important for proper localisation of RasGRP1 but not 

for its GEF activity.  

Regulation of GAPs and GEFs via protein-protein interaction can also influence the activity of 

these families of proteins. RA-RhoGAP is a RhoGAP protein that contains an additional RA 

domain to which Rap1 binds to and activate its GAP activity during neurite outgrowth (Yamada 

et al., 2005b). ARAP protein that contains both RhoGAP and ArfGAP domain along with an RA 
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domain is similarly regulated. Binding of Rap1 to the RA domain increases its RhoGAP activity 

(Krugmann et al., 2004). The association between RasGEF SOS and Grb2 as previously 

mentioned is another example of how protein-protein interaction can regulate GAPs or GEFs 

(Waters et al., 1995; Aronheim et al., 1994).  

1.6 Ras family of small GTPases 

Ras small GTPases were originally identified due to their frequent oncogenic gene mutation and 

activation which are observed in thirty percent of human tumours (Barbacid, 1987). Ras is 

known to generate proliferative responses downstream of growth factor stimulation through 

various mitogenic signal transduction cascades that promote tumour cell proliferation. 

Increasingly, Ras has also been linked to other hallmarks such as evasion of apoptosis, abnormal 

metabolic pathways, sustained angiogenesis, evasion of the immune destruction and metastasis, 

establishing Ras as a potent oncogene (Pylayeva-Gupta et al., 2011). Three members of the 

classical Ras proteins have been identified which are H(Harvey)-Ras, K(Kirsten)-Ras and 

N(Neuroblastoma)-Ras, all of which are prototypic oncogene. They are highly homologous (80% 

identity) and the difference between the different isoforms can be detected within their 

hypervariable regions in their C-termini (Castellano & Santos, 2011). The expression of the 

different isoforms is nearly ubiquitous but is also tissue and/or developmental stage-specific. In 

mice, H-Ras expression is highest in skin, brain and muscle, while K-Ras expression is mostly 

expressed in gut, lung and thymus and N-Ras in testis and thymus (Leon et al., 1987; Furth et al., 

1987; Fiorucci & Hall, 1988). Because the different Ras proteins share common sets of activators 

and effectors, it is initially thought that they are functionally redundant. However, it has now 

emerged that each Ras family member plays distinct functional roles. This conclusion is made 

due to the observations that: 1) different Ras isoforms are preferentially mutated in specific 

tumours. K-Ras is mutated at very high frequency in tumours such as pancreas, colon and 

thyroid. N-Ras mutations are mostly associated with haematopoeitic tumours such as acute 

leukemia (Prior et al., 2012; Pylayeva-Gupta et al., 2011); 2) different transforming potentials of 

the different isoforms when transfected into different cell lines (Cheng et al., 2011; Maher et al., 

1995); 3) each isoform is sensitive to specific set of GAPs and GEFs (Bollag & McCormick, 1991; 

Clyde-Smith et al., 2000; Jones & Jackson, 1998) and 4) the localisation of different isoforms to 

different membrane microdomains or subcellular compartments (Hancock, 2003; Matallanas et 

al., 2006; Prior et al., 2003; Rocks et al., 2006). Other more atypical members of the Ras 

subfamily such as R-Ras, M-Ras, and Ral have also been identified (Wennerberg et al., 2005). 
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1.6.1 H-Ras 

H-Ras has been implicated in various steps of tumour development from initiation to 

progression to maintenance of certain tumours (Kumar et al., 1990; Bremner & Balmain, 1990; 

Bos, 1989; Brown et al., 1998; Chin et al., 1999; Espada et al., 2009). H-Ras mutations are 

observed in about 5-22% of head and neck squamous cell carcinomas (HNSCC), while K-Ras 

mutation is observed only in about 1% of this cancer (Pylayeva-Gupta et al., 2011; Prior et al., 

2012; Saranath et al., 1991; Lea et al., 2007; Agrawal et al., 2011; Anderson et al., 1992; 1994). 

This leads us to investigate various HNSCC cell lines in this project as well as examining the 

involvement of H-Ras in one the most threatening aspects of tumour development, the 

acquisition of metastatic potential (Muschel et al., 1985; Bondy et al., 1985). This can be 

achieved partly by targeting adherens junction components, E-cadherin and the catenins. 

Indeed, constitutive activation of H-Ras promotes loss of E-cadherin and α-catenin from cell-cell 

junctions and relocalisation of β-catenin to the cytoplasm and nucleus in epithelial cells (Espada 

et al., 1999; Vaughan et al., 2009; Fujimoto et al., 2001). Reduction in E-cadherin level could be 

induced by H-Ras through upregulation of transcriptional repressor Slug (Schmidt et al., 2005). 

Oncogenic expression of H-Ras can also affect cell attachment to the ECM by downregulating 

integrin subunits and organisation of actin cytoskeleton, changes required for cell migration 

(Plantefaber & Hynes, 1989; De Corte et al., 2002). H-Ras inhibition, on the other hand, restores 

expression of E-cadherin in various cancers such as colon, liver and breast (Nam et al., 2002). 

1.6.2 R-Ras 

The atypical Ras family member, R-Ras, has fifty-five percent identity to H-Ras with an 

additional 26 amino acids at its N-terminus. R-Ras has various roles during tumourigenesis such 

as maintenance of endothelial integrity and tumour vascularisation, tumour growth and 

metastasis (Takai et al., 2001; Sawada et al., 2012; Rincόn-Arano et al., 2003; Mora et al., 2007). 

However, R-Ras has a distinct transforming ability compared to other Ras proteins that are 

potentially cell-type specific (Cox et al., 1994; Lowe et al., 1987). R-Ras, like the classical Ras 

family members (H-, K- and N-Ras), can bind and activate phosphatidylinositol 3-kinase (PI3K) 

but not the Raf/MAPK/ERK pathway (Marte et al., 1997; Huff et al., 1997). Perhaps it is for this 

reason that R-Ras is less potent as an oncogene than classical Ras. R-Ras function in metastasis 

is due its ability to influence integrin signalling and promote cell migration (Zhang et al., 1996; 

Mora et al., 2007; Keely et al., 1999). R-Ras activation promotes activation of integrin, a step that 

is negatively regulated by Src (Wozniak et al., 2005; Goldfinger et al., 2006; Zou et al., 2002). 

With respect to R-Ras involvement in cadherin regulation, only one report shows that depletion 
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of R-Ras disrupts VE(vascular endothelial)-cadherin organisation in endothelial cells (Griffiths 

et al., 2011). 

1.7 Rho family of small GTPases 

The Rho small GTPases family has more than 20 members with high homology to Ras small 

GTPases. Rho GTPases have critical roles in the regulation of actin cytoskeleton that contributes 

to cell strength of cell adhesion, cell shape and motility. Three of the most widely studied Rho 

proteins are Rac1, RhoA and Cdc42. Rac1 is involved in the formation of actin rich ruffles called 

lamellipodia at the leading edge of cells while Cdc42 is responsible for the formation of actin-

rich spikes that determine directionality of movement called filopodia. RhoA regulates the 

generation of contractile force to move the cell (Ridley, 2001). Rho GTPases are also important 

in the organisation of normal epithelial cells, in particular, the establishment of cell polarity and 

formation of cell junctions (Braga, 2000). During tumourigenesis, loss of polarity has been 

associated to Rac1 inhibition and RhoA activation while loss of cell-cell junctions has been 

linked to changes in Rac1 and RhoA activation (Guasch et al., 1998; Zondag et al., 2000; 

Bhowmick et al., 2001). Rac1, RhoA and Cdc42 increased activity leads to increased cell motility 

in tumours (Matsui et al., 1998; Shaw et al., 2001; Xiao et al., 2001). Rho proteins can also affect 

gene expression, cell proliferation and survival, functions that can contribute to tumourigenesis 

(Jaffe & Hall, 2005; Sahai & Marshall, 2002; Vega & Ridley, 2008). Unlike Ras, not many mutated, 

constitutively activated form of Rho proteins has been reported in tumours although their 

overexpression has been described in different tumours. Rac1, RhoA and Cdc42 are 

overexpressed in breast tumours (Fritz et al., 1999). RhoA is additionally overexpressed in 

colon, lung and head and neck squamous cell carcinoma (Fritz et al., 1999; Abraham et al., 

2001). 

1.7.1 Rac1 

Three Rac genes of high sequence similarities have been described: Rac1, Rac2 and Rac3. The 

different Rac proteins have tissue-specific expression. Whereas Rac1 and Rac3 are more 

ubiquitously expressed, Rac2 is only expressed in cells of hematopoietic origin while Rac3 

enrichment is observed in brain. Elevated levels of all three Rac genes are detected in tumours 

such as head and neck squamous cell carcinoma, breast and colon cancer (Abraham et al., 2001; 

Fritz et al., 1999; Schnelzer et al., 2000; Jordan et al., 1999). This project, however, will only 

concentrate on Rac1. Rac1 is one of the few Rho GTPases that is mutated in some tumours and 

Rac1 knock-out is embryonically lethal (Hwang et al., 2004; Sugihara et al., 1998). Inhibitory 

mutants of Rac1 have the ability to prevent Ras-induced transformation while its activated 
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mutants have transforming ability (Qiu et al., 1995; Roux et al., 1997; Khosravi-Far et al., 1995). 

Rac1 is also activated during Src-induced transformation and inhibition of Rac1 attenuates 

transformation by Src (Servitja et al., 2003). Rac1 could stimulate cell proliferation via 

upregulating cyclin D1 expression (Benitah et al., 2004). Additionally, Rac1 ability to promote 

cell invasion has been described in carcinoma and lymphoma cell lines (Keely et al., 1997; Shaw 

et al., 1997). The latter may occur via regulation of production of matrix metalloproteinases 

(MMPs) and their inhibitors, tissue-specific inhibitors of MMPs (TIMPs) (Lozano et al., 2003).  

Rac1 localises to cell-cell junction and can be activated at cell membrane by E-cadherin-

mediated cell-cell contact (Hordijk et al., 1997; Citi et al., 2011; Nakagawa et al., 2001; Noren et 

al., 2001; Kovacs et al., 2002; Betson et al., 2002). A positive-feedback loop exists as Rac1 

activity is found to be important for the establishment and organisation of adherens junctions in 

epithelial and endothelial cells (Braga et al., 1997, 1999; Takaishi et al., 1997). Nevertheless, 

tight regulation of Rac1 is needed as both its inappropriate activation and deactivation can 

cause junction destabilization (Braga et al., 2000). Constitutive activation of Rac1 in 

keratinocytes causes increased internalisation of E-cadherin from the cell surface and cell 

spreading (Braga et al., 2000; Akhtar & Hotchin, 2001). The opposite effect is described in 

MDCK cells and fibroblasts whereby expression of constitutively active Rac1 inhibits cell 

scattering and upregulates E-cadherin at cell junctions (Hordijk et al., 1997; Sander et al., 1999). 

This suggests that Rac1 may have cell-type specific effects. An actin-independent regulation of 

E-cadherin cell-cell contact by Rac1 has additionally been reported. This is mediated by Rac1 

downstream effector, IQGAP that competes with α-catenin for β-catenin binding and displaces 

α-catenin from the cadherin-catenin complex, resulting in the downregulation of E-cadherin-

based cell-cell contact (Kuroda et al., 1996, 1998). 

1.8 Rab family of small GTPases 

The largest subfamily of the Ras superfamily of small GTPases is the Rab family, which contains 

over 70 members (Hutagalung & Novick, 2011; Stenmark, 2009). Rab GTPases are key 

spatiotemporal regulators of membrane trafficking, including formation and budding of vesicles, 

vesicle movement along cytoskeletal network and targeted membrane docking and fusion 

(Grosshans et al., 2006; Stein et al., 2003). Increasingly, Rab proteins are found downstream of 

signalling cascades that regulate cell growth and differentiation (Bucci & Chiariello, 2006; Del 

Nery et al., 2006; Fan et al., 2006b; Iida et al., 2005; Kouranti et al., 2006; Wang et al., 2006b; Yu 

et al., 2007). This could be through their influence on trafficking of growth factor receptors such 

as EGFR: upon internalisation EGFR-ligand complexes can continue to signal in the endosomes 

(Ceresa, 2006; Wang et al., 2002; Balbis et al., 2007; Taub et al., 2007). Aberrant overexpression 
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of Rab could, in theory, prolong mitogenic EGFR signalling and contribute to tumourigenesis. 

Indeed, elevated level of Rab expression has been described in different tumours. 

Overexpression of Rab1 is found in tongue squamous cell carcinoma and Rab3 in tumours of the 

nervous system (Shimada et al., 2005; Culine et al., 1992). A key regulator of growth factor-

receptors-mediated endocytosis, Rab5, is upregulated in lung adenocarcinoma and 

hepatocellular carcinoma (Li et al., 1999; Fukui et al., 2007). Both Rab5 and Rab7 are 

overexpressed in thyroid adenomas while Rab25 is elevated in ovarian and breast cancers 

(Croizet-Berger et al., 2002; Cheng et al., 2004).  

The participation of Rab proteins in adherens junction regulation has been previously reported. 

The dynamic nature of E-cadherin demands continuous internalisation and recycling of E-

cadherin to and from the cell surface regulated by Rab5 and Rab11 (Le et al., 1999; Guichard et 

al., 2014; Lock & Stow, 2005). Additionally, degradation of E-cadherin in the lysosomes occurs 

in a Rab7-dependent manner (Palacios et al., 2005; Frasa et al., 2010). 

1.8.1 Rab7 

Rab7 regulates trafficking of vesicles from late endosomes or autophagosomes to lysosomes, 

during endocytosis and macroautophagy, respectively (Bucci et al., 2000; Hyttinen et al., 2013). 

During endocytosis, cargoes such as cell surface proteins on plasma membrane becomes 

internalised and transported to early endosome where Rab5 is recruited. At this point cargoes 

are sorted either to recycling endosomes to return proteins to the cell surface or to late 

endosome and lysosome for degradation. Sequential to Rab5 recruitment to early endosome, 

HOPS (homotypic fusion and protein sorting) complex regulates Rab5 dissociation in exchange 

for Rab7 to late endosome/lysosome. The HOPS complex is comprised of Vps11, Vps16, Vps18, 

Vps33, Vps39 and Vps41. Vps39 binds to Rab7 and acts as a Rab7 GEF by activating it. Vps33 

associates with SNARE (soluble N-ethylmaleimide-sensitive fusion protein-attachment protein 

receptor) proteins which, together with Rab7, regulate the fusion between late endosomes and 

lysosomes (Hyttinen et al., 2013; Bucci et al., 2000; Seals et al., 2000; Wurmser et al., 2000; Rink 

et al., 2005; Russell et al., 2006). Rab7 also regulates fusion of lysosomes with other 

compartments such as autophagosomes (this will be discussed in more details in section 

1.13.4). 

Rab7 is important for degradation of the adherens junction protein, E-cadherin, in the 

lysosomes (Frasa et al., 2010). Src-induced activation of Rab7 targets E-cadherin to the 

lysosomes, inducing epithelial-mesenchymal transition important in tumourigenesis (Palacios 

et al., 2005). Overexpression of Rab7 has been observed in thyroid adenomas and malignant 
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mesothelioma (Croizet-Berger et al., 2002; Davidson et al., 2006). These results suggest the 

relevance of Rab7 for tumour progression. Sustained E-cadherin expression at cell surface due 

to reduced Rab7 activity has been described in breast cancer (Ye et al., 2010).  

1.9 Crosstalk between small GTPases 

Each subfamily of the Ras superfamily essentially plays specific roles. Members from the same 

subfamily have been shown to crosstalk with each other to regulate the same process such as 

that seen with Rho GTPases during cell migration in response to chemotaxis. Migrating cells 

become polarised into leading edges regulated by Cdc42 and Rac and trailing edges regulated by 

Rho that altogether contribute to push the cell forward (Xu et al., 2003). Moreover, Rho GTPases 

have been described to regulate each other’s activity in a cascade whereby Cdc42 activates Rac 

which in turn activates Rho (Nobes & Hall, 1995).  

Often, functions of small GTPase subfamilies overlap and crosstalk is observed between the 

different families. The Golgi apparatus is a hub for signalling molecules and a hotspot for 

crosstalk of small GTPases. This has been observed between Ras and Rho and between Rho and 

Rab GTPases, among others (Baschieri & Farhan, 2012). During cell proliferation and oncogenic 

transformation, intersection has been described between the signalling of Ras and Rho GTPases 

(Bar-Sagi & Hall, 2000). Moreover, Rho and Rab GTPases coordinate cell adhesion and migration 

of MDCK cells (Imamura et al., 1998). In addition, crosstalk is also observed during bone 

resorption by osteoclasts. The process involves the formation of ruffled borders that directly 

interact with bone, and is mediated by Arf6, Rac and Rab7 (Itzstein et al., 2011; Sun et al., 2005). 

More significantly is the contribution of GAP and GEF proteins in crosstalk between small 

GTPase families. For instance, Ras associates with Tiam1, a Rac-specific GEF, which mediates 

Rac activation during Ras-induced cell transformation (Lambert et al., 2002). Moreover, at the 

Golgi, Arf1 recruits ARHGAP10/ARHGAP21, a Cdc42-GAP, to regulate Cdc42 activity and actin 

dynamics with implications in cell migration (Dubois et al., 2005; Bigarella et al., 2009). Similar 

crosstalk is also observed between Rac and Rab5 through Rab5-GEF ALS2/Alsin at 

macropinosomes near the plasma membrane. Rac interacts with ALS2/Alsin that activates Rab5 

to promote fusion between macropinosomes and endosomes (Kunita et al., 2007). Crosstalk 

between Rho and Rab GTPases may additionally occur through the involvement of GAP proteins. 

p50RhoGAP is a GAP for Rho, Rac and Cdc42 (Barfod et al., 1993; Lancaster et al., 1994). 

p50RhoGAP has been shown to colocalise and form a molecular complex with Rab11, which 

may link Rho and Rab11 signalling during endocytosis (Sirokmány et al., 2006). 
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1.10 TBC/RabGAP  

TBC(Tre2/Bub2/Cdc16)/RabGAP proteins have recently emerged as regulators of crosstalk 

between small GTPases during intracellular trafficking. They are characterised by the presence 

of the conserved TBC domain and the ability to inactivate Rab GTPases (Fukuda, 2011; Frasa et 

al., 2012). More than 40 different members of the RabGAP protein family have been predicted. 

Some members such as TBC1D3 and TBC1D7 function as a specific RabGAP while others such as 

TBC1D1 and TBC1D10b are more promiscuous (Frasa et al., 2012). Their involvement has been 

reported in a wide range of cellular processes such as GLUT4 transport, E-cadherin degradation, 

autophagy, melanosome transport, primary cilium formation and endocytic trafficking (Frasa et 

al., 2012). Several RabGAPs can regulate the same process such as EGFR trafficking and primary 

cilium formation (Yoshimura et al., 2007; Fuchs et al., 2007). Alternatively, a single RabGAP can 

regulate more than one process. For example, EPI64 regulates melanosome transport, 

microvillar structure and exosome secretion (Hanono et al., 2006; Hsu et al., 2010; Itoh & 

Fukuda, 2006) while RN-TRE is implicated in macropinocytosis as well as EGFR endocytosis 

(Lanzetti et al., 2000; 2004; Fuchs et al., 2007). 

RabGAP proteins often possess additional protein motifs such as PTB (phosphotyrosine-

binding), PH (pleckstrin homology), RUN (RPIP8/Unc-14/NESCA) and coiled-coil domains 

(Fukuda, 2011). Some of these domains have been shown to interact with small GTPases other 

than Rab (Frasa et al., 2010; Callebaut et al., 2001), which further enables the role of RabGAP 

proteins as crosstalk mediators. This is evident by the participation of some RabGAP proteins in 

Arf6 regulation, although the GTPase activity of Arf6 remains unperturbed. TBC1D3 and 

TBC1D10a are involved in Arf6-dependent pathways to control macropinocytosis and 

microvillar structure, respectively (Frittoli et al., 2008; Hanono et al., 2006). 

Different mechanisms operate the regulation of RabGAP activity and localisation. 

Phosphorylation of both TBC1D1 and TBC1D4 by Akt inactivates their GAP activity to modulate 

Rab10 during glucose uptake into fat cells (Sano et al., 2003). Some RabGAP proteins bind to 

non-substrate Rabs via domains other than their TBC domain. EVI5 interacts with Rab10 

through its coiled-coil domain while TBC1D11 associates with Rab36 through its PTB domain 

(Fukuda, 2010; Fukuda et al., 2008). Although the physiological significance of this binding is 

currently unknown, it is thought that the binding of RabGAP to non-substrate Rab may ensure 

efficient inactivation of substrate Rab upstream of non-substrate Rab (Rivera-Molina & Novick, 

2009). Alternatively, interaction with non-substrate Rab may act as a landmark that targets a 

RabGAP to a specific organelle. TBC1D2b associates with both Rab22a GDP- and GTP-bound 

forms, which are thought to recruit the RabGAP to specific vesicles (Kanno et al., 2010).  
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Regulation of RabGAP localisation can also be determined by protein-protein interaction. 

TBC1D4 binds to IRAP (insulin-regulated aminopeptidase) which localises it to GLUT4-

containing vesicles during glucose uptake (Larance et al., 2005). 

Due to the involvement of RabGAP proteins in important cellular functions and their 

interconnectivity to various signalling pathways, deregulation of RabGAPs has been linked to 

numerous pathologies such as obesity (Stone et al., 2006) and infection by viruses and bacteria 

(Fuchs et al., 2007; Sklan et al., 2007). However, by far tumourigenesis is the disease most 

associated with RabGAP proteins, with several of them described as oncoproteins (Frasa et al., 

2012). These include Tre2 in Ewing’s sarcoma and aneurysmal bone cyst as well as PRC17 and 

PARIS-1 in prostate cancer (Dechamps et al., 2006; Oliveira et al., 2004; Pei et al., 2002; Zhou et 

al., 2002). Elevated levels of RabGAPs in cancer have been previously described. TBC1D3 shows 

upregulation in prostate and breast cancers and TBC1D7 is overexpressed in lung cancer 

(Hodzic et al., 2006; Pei et al., 2002; Sato et al., 2010). In addition, TBC1D16 is required for 

melanoma proliferation and TBC1D23 is mutated in high microsatellite instability carcinoma 

(Akavia et al., 2010; Shin et al., 2011). 

1.11 Autophagy 

Autophagy is a cellular catabolic self-digestion process that breaks down defective organelles, 

proteins and other cellular components via the lysosomal degradative pathway. It is employed 

to balance cellular biosynthesis and ensures energy and nutrient homeostasis by allowing 

intracellular recycling and metabolic regulation. Autophagy is also an adaptive response during 

unfavourable conditions such as nutrient deprivation, growth factor withdrawal and high 

bioenergetics demand by redirecting resources to maintain viability (Ravikumar et al., 2010; 

Mizushima, 2007a; Levine & Kroemer, 2008).  

Three types of autophagy have so far been described: microautophagy, chaperone-mediated 

autophagy and macroautophagy. Microautophagy involves the invagination of lysosomal 

membrane to directly sequester cytoplasmic content into the lysosomes (Mijaljica et al., 2011). 

Chaperone-mediated autophagy is the translocation of cytosolic protein tagged with the 

pentapeptide KFERQ into the lysosomes with the aid of chaperone proteins (Kaushik et al., 

2011). The project will concentrate on the third type of autophagy called macroautophagy 

which is the bulk degradation of cytoplasmic content within double-membraned vesicles. 

Selective macroautophagy of organelles can occur such as mitophagy and ribophagy which are 

degradation of mitochondria and ribosomes, respectively (Ravikumar et al., 2010).  
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Macroautophagy (hereafter referred to as autophagy) starts with the formation of a double-

membraned structure called phagophore that wraps around the portion of cytoplasm to be 

degraded.  The structure eventually closes to form a specialised organelle called autophagosome 

(Figure 1-6). Autophagosomes are delivered to lysosomes for degradation by lysosomal 

hydrolases and subsequent recycling of cellular components back into the cytosol (Yang & 

Klionsky, 2010). 

1.12 Autophagy in tumourigenesis 

Programmed cell death by apoptosis is a well-known barrier to cancer development. Apoptosis 

is triggered when proteases are sequentially activated in a cascade leading to rapid destruction 

of cellular structures and organelles. The evasion of apoptosis is an established hallmark of 

cancer (Green, 2005; Adams & Cory, 2007; Lowe et al., 2004; Hanahan & Weinberg, 2000). Both 

apoptosis and autophagy regulate the elimination of damaged or aged cells or organelles and 

normally operate at a low, basal level in cells. However, both can be strongly upregulated in 

states of cellular stress and limited nutrients such as that experienced by cancer cells. Moreover, 

the regulations of both processes are interconnected through the PI3K-Akt-mTOR signalling 

pathway and Beclin-1 protein. The PI3K-Akt-mTOR pathway is activated by survival signal 

which leads to inhibition of both apoptosis and autophagy. When survival signal is absent, the 

PI3K-Akt-mTOR pathway is downregulated which causes activation of apoptosis and/or 

autophagy. Beclin-1 is an apoptotic regulatory protein that is necessary for the induction of 

autophagy. Beclin-1 provides the first genetic link between autophagy and cancer, as mice with 

inactivated alleles of Beclin-1 and other autophagy proteins are found to be more susceptible to 

cancer. Autophagy appears to have a tumour-suppressive role and provides an alternative 

programmed cell death during tumourigenesis. On the other hand, autophagy enables 

prolonged survival of tumour cells as a way to tolerate stressful environment that they 

encounter such as nutrient starvation, glucose deprivation and hypoxia. Autophagy can go so far 

as to allow cells to become dormant until growth conditions become more favourable so that 

they can once again regenerate and proliferate (Levine & Kroemer, 2008; Mathew et al., 2007a; 

Jin et al., 2007; Mizushima, 2007b; Sinha & Levine, 2008). Future research will hopefully 

provide clarification of the double-edged sword roles of autophagy in cancer.  

1.13 Regulation of autophagy 

Tight regulation of autophagy is crucial as both too little and too much autophagy can be 

deleterious. Autophagy is regulated by a large range of proteins involved at each of the stages of 

autophagy such as induction and nucleation, expansion and completion and finally, 
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autolysosome formation and turnover. Autophagy-related (Atg) proteins represent the core 

autophagic machinery with different sets of Atg proteins involved in each step (Mizushima et al., 

2011).  

1.13.1 Initiation 

Mammalian target of rapamycin (mTOR) is a highly conserved serine/threonine kinase that acts 

as a master regulator of cell growth, proliferation and autophagy. mTOR is sensitive to and 

integrate signals from different stimuli such as growth factors, amino acids, energy levels, 

oxygen and stress.  Two functionally distinct complexes are formed in mammals: mTORC1 

(mTOR complex 1) and mTORC2 (mTOR complex 2) (Laplante & Sabatini, 2012). mTORC1 is 

responsible for sensing growth factors and amino acids, and controlling protein synthesis. Its 

activation is sensitive to nutrient and growth factor availability, oxygen abundance and 

adequate energy resources (Jung et al., 2010). Under conditions of nutrient-and energy-

depeletion, mTORC1 is activated to stimulate anabolic processes that produce proteins, lipids 

and nucleic acids. The regulatory complex of mTORC1 comprises of mTOR, mLst8, PRAS40, 

DEPTOR and raptor (Figure 1-5) (Laplante & Sabatini, 2012).  

Different stimuli such as growth factor and amino acids can activate mTOR activity.  Amino 

acids can basally activate mTORC1 but its full activation can only be achieved in the presence of 

both amino acids and growth factors. The small GTPase RheB is central to mTORC1 activation 

by all upstream inputs. The growth factor signalling of mTORC1 mainly involves insulin/IGF-

1(insulin-like growth factor) which when activated leads to PI3K activation and PtdIns(3,4,5)P3 

production. This results in Akt recruitment to the plasma membrane, its phosphorylation and, 

subsequently, its activation by PDK1 and mTORC2 (Figure 1-5). Akt phosphorylates and 

downregulates TSC2, which is a GAP for RheB. TSC2 together with TSC1 form the tuberous 

sclerosis complex (TSC). Downregulation of TSC2 via phosphorylation results in the 

accumulation of RheB-GTP that can activate mTORC1 and protein synthesis. This results in the 

inhibition of autophagy. Growth factor deprivation, in turn, activates autophagy (Sengupta et al., 

2010; Yang & Klionsky, 2010). Alternatively, during growth-factor signalling regulation of 

mTORC1 can also occur through the phosphorylation of PRAS40 by Akt, which relieves its 

inhibition of mTORC1, or phosphorylation of Raptor by ERK and Rsk (Sancak et al., 2007; 

Carriere et al., 2008; Carriere et al., 2011). 

The amino acid signalling of mTORC1 depends on RheB as well as the small GTPase Rag (Kim et 

al., 2008; Sancak et al., 2008). The Rag proteins are made up of two subtypes that associate to 

form heterodimers. RagA or RagB form a heterodimer with RagC or RagD (Sekiguchi et al., 
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2001).The binding between Rag and mTORC1 is dependent on the nucleotide-binding state of 

the Rag heterodimers. Association is predominantly observed only with mTORC1 and 

RagA/BGTP and RagC/DGDP and the reversal of the nucleotide-binding state abrogates this 

binding (Sancak et al., 2008). Rag mediates the spatial regulation of mTORC1 together with the 

Ragulator complex which localises mTORC1 to the lysosomes. This brings it in close proximity 

with RheB-GTP essential for mTORC1 activation and inhibition of autophagy (Sancak et al., 

2008, 2010). Growth factor and amino acid deprivation result in autophagy stimulation.  

1.13.2 Induction 

Autophagy induction is normally inhibited by the phosphorylation of ULK1 complex by mTORC1 

(Figure 1-6). Upon amino acid starvation, the complex is rapidly dephosphorylated. ULK1 

complex comprises of ULK1, Atg13, FIP200 and Atg101. The ULK1 complex localises at the pre-

autophagosomal membrane structure called phagophore, which can form anywhere in the 

cytoplasm. At the phagophore, ULK1 complex recruits the Vps34 kinase complex that contains 

Vps34 (class III PI3K), Vps15, Beclin-1 and Atg14. The Vps34 complex produces PtdIns(3)P. 

PtdIns(3)P binds to WIPI1 and WIPI2 protein, which are PtdIns(3)P effectors and act upstream 

of the Atg12 complex needed for phagophore expansion and completion (Russell et al., 2014).  

1.13.3 Expansion and completion 

Phagophore membranes expand either by direct flow of lipids from pre-existing organelles or 

from other lipid sources which enclose cytoplasmic content and eventually seal. The Atg12-

Atg5-Atg16 complex is recruited to phagophore membrane and, acting as a scaffold, determine 

the site for conjugation of LC3 to phosphatidylethanolamine (PE) (Figure 1-6). The cytosolic 

form of LC3, LC3-I, when conjugated to PE becomes LC3-II, the autophagosome-associated form 

of LC3. Conjugation is mediated by Atg7 and Atg3 and is required to close the expanding 

autophagosomal membrane to form double-membraned vesicles (Russell et al., 2014). 

The origins of the membrane that constitute the autophagosomes have been a key question in 

the field that is yet to be resolved.  Stimulation of autophagy by different stimulus can lead to 

the contribution from multiple membrane sources. Growing phagophores form cup-like 

structures called omegasomes at endoplasmic reticulum (ER). Omegasomes are derived from 

PtdIns(3)P-rich subdomains of the ER and are positive for various autophagy machinery 

component such as ULK1 and LC3, proving them to be nascent autophagosomes (Axe et al., 

2008; Matsunaga et al., 2010; Polson et al., 2010). The mitochondria have also been identified as 

one of the sources of autophagosomal membrane as experiments reveal that the 
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autophagosomal marker, LC3, and mitochondrial membrane probe co-localise together. This is 

further reinforced by the observation that autophagosomes grow in close proximity to 

mitochondria (Huang et al., 2011; Hailey et al., 2010). Additionally, plasma membrane also 

contributes to the formation of autophagosomes. The endocytic vesicle coat, clathrin heavy 

chain, binds to Atg16 that is found to be crucial for generation of phagophore. Furthermore, 

maturation of Atg16-positive phagophore also requires homotypic fusion through VAMP7, the 

plasma membrane SNARE protein (Ravikumar et al., 2010; Moreau et al., 2011). Finally, the 

Golgi has also been implicated as a potential source of autophagosomal membrane. The Atg9 

protein essential for autophagy localises to the trans-Golgi network and post-Golgi is involved in 

the generation of phagophore assembly sites (Mari et al., 2010; Ohashi & Munro, 2010; Young et 

al., 2006). More recently, however, it has been suggested that membranes from different origins 

might fuse together and contribute to the formation of the same vesicle (Puri et al., 2013). 

1.13.4 Autolysosome formation and turnover 

Completed double-membrane autophagosomes undergo different routes before the degradation 

of their cytoplasmic cargo. Autophagosomes might directly fuse with lysosomes to form 

autolysosomes or they might first fuse with endosomes and/or multivesicular bodies (MVB) to 

form amphisomes before the final fusion with lysosomes (Lamb et al., 2013; Fader & Colombo, 

2009). Fusion of autophagosomes to lysosomes is regulated by the small GTPase Rab7 (Figure 

1-6; Bucci et al., 2000; Carroll et al., 2013; Hyttinen et al., 2013). Both Mon1-Ccz1 complex and 

UVRAG-HOPS complex have been described as Rab7 GEF leading to Rab7 activation. Rubicon act 

to inhibit Rab7 activation by UVRAG-HOPS.  TBC1D15 and Armus are Rab7 GAPs that inactivate 

Rab7 allowing fusion event to take place (Nordmann et al., 2010; Sun et al., 2010; Peralta et al., 

2010; Frasa et al., 2010; Carroll et al., 2013). Once autolysosomes are formed, lysosomal 

hydrolases degrade cytoplasmic cargoes of autophagic vesicles for their subsequent recycling. 

LC3-II is associated with the inner and outer membrane of autophagic vesicles starting from the 

phagophore formation until the completion of autophagosome. Upon formation of 

autolysosomes, LC3-II on the inner membrane is degraded while the ones on the outside 

membrane are recycled.  Therefore, LC3 has been extensively used as readout for number of 

autophagosomes or assessment of autophagy by LC3-II immunoblotting.  

Rab7 mediates motility of late autophagosomes both to the minus end and the plus end of 

microtubules, where fusion with lysosomes can occur. Movement to the minus end is directed 

by the dynein/dynactin motor involving Rab7, ORP1L and RILP (Johansson et al., 2005; Rocha et 

al., 2009; Johansson et al., 2007). Movement to the plus end is driven by the kinesin motor 

mediated by FYCO1 association with Rab7, LC3 and PtdIns(3)P (Pankiv et al., 2010).  
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To examine the fusion between autophagosomes and lysosomes, fusion of yeast vacuole, which 

resembles lysosomes in mammalian cells, with late endosomes/MVBs has been used as a model. 

Upon activation by its GEF, the HOPS complex, Rab7 (Ypt7 in yeast) coordinates the assembly of 

single SNAREs on opposite membranes into a ‘zipper’ complex. This triggers the ‘opening’ of 

lipid bilayers culminating in the fusion of vesicles (Ostrowicz et al., 2008; Luzio et al., 2009; 

Furuta et al., 2010).  

1.14 Small GTPases in autophagy 

Small GTPases have been implicated in autophagy regulation, which is consistent with their role 

in a plethora of other cellular processes such as membrane trafficking and signal transduction 

downstream of multiple growth factors.  

1.14.1 Ras 

Although Ras small GTPases have not been widely reported to be directly involved in autophagy 

machinery, associations between Ras and autophagy has been previously described. Whether 

Ras play an inhibitory or promoting role in autophagy, however, appears to be context-

dependent. RalB can activate autophagosome assembly in response to cellular starvation by 

participating in both the isolation of pre-autophagosomal membrane and autophagosomes 

maturation through a mechanism dependent on the exocyst complex. RalB is responsible for the 

assembly of ULK1 and Beclin1-Vps34 complexes on the exocyst complex through direct binding 

with its effector and a member of the multi-protein exocyst complex, Exo84 (Bodemann et al., 

2011). Rag GTPase-Ragulator complex is required for the recruitment of mTOR to be activated 

by RheB GTPase at the lysosomal membrane during amino acid starvation (Sancak et al., 2008; 

2010). Moreover, Ras upregulates autophagy in order to maintain oxidative metabolism during 

tumourigenesis while Beclin-1 expression induced by Ras can promote autophagic cell death 

(Guo et al., 2011; Elgendy et al., 2011). On the other hand, Ras regulation of both the MAPK and 

the PI3K pathways is involved in the negative regulation of autophagy (Corcelle et al., 2006; 

Furuta et al., 2004).  

1.14.2 Rho 

Rho small GTPases are mainly involved in the regulation of the actin cytoskeleton. Thus far, only 

limited observations have been made regarding Rho and autophagy. Nonetheless, the actin 

cytoskeleton has been implicated in membrane remodelling of very early stage of 

autophagosome formation during starvation-induced autophagy. RhoA has a positive regulatory 

role in this starvation-induced reorganisation of actin cytoskeleton while Rac1 has an inhibitory 
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one (Aguilera et al., 2012). This corroborates our own observation in a paper, in which I am the 

second author, where constitutively active Rac1 (RacQ61L) expression significantly delays LC3-II 

degradation (Carroll et al., 2013). Another highly homologous protein to Rac1, Rac3, has 

similarly been described as a negative regulator of autophagy across multiple cell lines 

including colon and breast cancer cell lines (Zhu et al., 2011). 

1.14.3 Arf 

Arf small GTPases are prominent membrane trafficking mediators. During autophagy, Arf6 is 

present on precursors of autophagosomes and regulates autophagosome formation via a 

mechanism that is dependent on endocytosis. Arf6 activates phosphatidylinositol 4-phosphate 

5-kinase (PIP5K) that produces PtdIns(4,5)P2 as well as modulate phospholipase D (PLD) 

activity. Both PtdIns(4,5)P2 and PLD have been implicated in autophagosome biogenesis 

(Moreau et al., 2012; Dall’Armi et al., 2010). Arf1 and Rab1, which control trafficking between 

endoplasmic reticulum (ER) and the Golgi, have also been reported to be important for 

phagophore expansion and autophagosome formation (Zoppino et al., 2010; Van der Vaart & 

Reggiori, 2010). In Drosophila, Arf1 and Rab5 can regulate autophagy by inhibiting mTORC1 

upon amino acid starvation, an effect not seen during glucose-induced activation (Li et al., 

2010a). 

1.14.4 Rab 

Beside Arf GTPases, Rab small GTPases are also key regulators of membrane trafficking and 

have been numerously linked to autophagy. Rab7 has an established role in autophagy by 

mediating autophagosome-lysosome fusion as described above. Rab7 has also been implicated 

in a process called autophagic lysosome reformation (ALR). This involves the formation of 

proto-lysosomes from autolysosomes upon termination of autophagy, a mechanism that 

requires mTOR reactivation (Yu et al., 2010). In addition, Rab7 also participates in the formation 

of autophagosome-like vacuole during bacterial infection. Rab9 is responsible for the 

enlargement and fusion of autophagosome-like vacuole with lysosomes during the same event 

(Nozawa et al., 2012). Autophagosome-lysosome fusion is additionally regulated by Rab33b 

through the activity of its GAP, OATL1 (Itoh et al., 2011). 

Rab1 is involved in the formation of pre-autophagosomal membrane as depletion of its GEF, 

TRAPPI complex, leads to defects in the formation of the structure (Zoppino et al., 2010; 

Meiling-Wesse et al., 2005). Rab1 also regulates the clearance of protein aggregates. Rab1 

knockdown inhibits autophagosome formation and causes elevated level of autophagic 

substrates (Huang et al., 2011). Rab11 which is usually involved in endosome recycling has also 
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been linked to autophagosome formation during starvation-induced autophagy (Longatti et al., 

2012). Rab5 is yet another Rab protein implicated during autophagosome formation. Rab5 

forms a complex with Vps34 and Beclin-1 to initiate production of PtdIns(3)P and 

autophagosome formation (Ravikumar et al., 2008; Su et al., 2011).  

1.14.5 RabGAPs 

Due to the numerous implications of Rab GTPases involvement in autophagy from induction to 

autophagosome formation to turnover, tight regulation of Rab GTPases activity is crucial. This 

can be mediated by the action of GTPase activating proteins (GAPs). Indeed, screens for TBC 

RabGAP proteins have identified 11 RabGAPs that inhibit autophagy (Longatti et al., 2012) and 

14 RabGAPs that can associate with LC3 (Popovic et al., 2012). The specific mechanism utilised 

by each RabGAP during the regulation of various stages of autophagy is far from being fully 

elucidated. Rab substrates for some of the RabGAPs have yet to be identified.  

Despite this, the involvement of several RabGAPs in autophagy has been studied. TBC1D5 binds 

LC3 as well as the retromer complex, a vital component of the endosomal protein sorting 

machinery, through its two LC3-interacting regions (LIRs). By sensing LC3 concentration in the 

cell, TBC1D5 is thought to be involved in the switch between endocytic trafficking and 

starvation-induced autophagy (Popovic et al., 2012). Additionally, TBC1D7 has been identified 

as the third component of the TSC1/2 complex that regulates mTORC1 signalling. As predicted, 

loss of TBC1D7 results in a delay in autophagy due to increased mTORC1 signalling (Dibble et 

al., 2012; Alfaiz et al., 2014). Another RabGAP, TBC1D14 localises to recycling endosomes where 

it binds to ULK1 and Rab11, although it does not function as Rab11 GAP. During starvation, 

TBC1D14 relocalises from recycling endosomes to Golgi while ULK1 relocalises to 

autophagosomes. TBC1D14 appears to regulate the transport from recycling endosomes 

contributes to the regulation autophagy (Longatti et al., 2012). Furthermore, another RabGAP 

OATL1 (TBC1D25) is recruited to the isolation membrane and autophagosome through binding 

to LC3 and is involved in autophagosome-lysosome fusion. OATL1 also binds to Rab33b, which 

is associated with Atg16, an important protein for LC3 lipidation (Itoh et al., 2011). On the other 

hand, TBC1D15 mediates the selective degradation of mitochondria by autophagy (mitophagy) 

through its inhibition of Rab7 activity. TBC1D15 is able to bind to mitochondria as well as the 

isolation membrane via LC3 (Yamano et al., 2014). Another RabGAP, TBC1D17, is also involved 

in this process and can form homodimers as well as heterodimers with TBC1D15. Together they 

facilitate the process of mitophagy (Yamano et al., 2014). 
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1.15 Armus 

Crosstalk between different families of small GTPases can be indirectly linked by GTPase 

activating proteins (GAPs). Armus, also known as TBC1D2 isoform A variant c, is a TBC/RabGAP 

protein initially found to participate in the regulation of E-cadherin junction disassembly as 

published by our lab in the paper by Frasa and colleagues in 2010. Armus was first identified in 

a yeast two-hybrid screen in a normal keratinocyte cDNA library with activated Rac1 used as 

bait. The yeast two-hybrid clone specifically interacts with active Rac1, but not active RhoA or 

Cdc42, as confirmed by in vitro pull-down. Armus expression is observed in various tissues such 

as kidney, placenta, lung, liver and colon, as identified by northern blots (Frasa et al., 2010).  

1.15.1 Structure and domains 

Armus has 928 amino acids with a molecular weight of about 105 kDa (Figure 1-7). Armus 

contains a Pleckstrin Homology (PH) domain near its N-terminus from amino acid 45 to 142. 

The PH domain is a domain that binds to specific phosphoinositides with high affinity and is 

thought to occur mainly in proteins involved in intracellular signaling (Mayer et al., 1993; 

Musacchio et al., 1993; Ingley & Hemmings, 1994). The PH domain forms a protein-protein 

interaction platform and the conservation of its structure fold is thought to be more important 

than its original lipid-binding function (Scheffzek & Welti, 2012; Lemmon, 2007). Armus also 

contains two central coiled-coil domains from amino acid 295 to 433 that binds to active Rac1. 

However, this domain contains no sequence similarity to the CRIB motif, which is usually 

required for Rac binding, or other known Rac-binding motif (Bishop & Hall, 2000). Armus 

RabGAP domain is located from amino acid 625 to 817 and is able to inactivate Rab7 (Frasa et 

al., 2010; Carroll et al., 2013). Finally, near its C-terminus, another coiled-coil domain is situated 

from amino acid 875 to 913.  

1.15.2 Localisation 

Exogenous expression of Armus PH domain (Armus1-169) in keratinocytes localises at cell-cell 

contacts in more than 70% of expressing cells (Figure 1-8A-B). The C-terminus domain 

(Armus547-928) similarly shows junctional localisation, but with less efficiency (Frasa et al., 

2010). The N-terminus domain of Armus (Armus1-550), however, only displays faint localisation 

at junctions and mostly localises to enlarged vesicles devoid of E-cadherin. Armus full-length 

can be found at all locations: cell-cell contact, enlarged vesicles and the cytoplasm. Staining of 

endogenous Armus using antisera raised against Armus peptide was faint, but disappeared 

upon pre-incubation with peptide antigen indicating specificity of the staining (Figure 1-8C). In  
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most keratinocytes, Armus is present at junctions but a small pool localises at punctate 

structures in the cytoplasm. 

1.15.3 Potential autoinhibition and dimerisation 

Interaction studies using immunoprecipitation assays in keratinocytes and in vitro pull-down 

experiments in the lab reveal that different Armus domains are able to interact as summarised 

in Figure 1.9. All together, these data suggest that Armus RabGAP domain (Armus547-928) 

interact with itself and with the PH domain at the N-terminus (Armus1-550). In addition, the 

central coiled-coil domain can dimerise and also binds to the C-terminal coiled-coil domain. This 

evidence strongly indicates that Armus full-length protein may dimerise and adopt an 

autoinhibitory conformation. Armus activation could be initiated by binding to specific 

protein(s) in order to perform its function.  

1.16 Armus in regulation of cadherin junction 

To test for the functionality of Armus RabGAP domain, in vitro GAP assay is performed with 

different Rab proteins (Figure 1-10A). Armus RabGAP domain is able to enhance the intrinsic 

GTP hydrolysis of wild-type Rab7 but not its C-terminus deletion mutant (Rab7Δ22). This 

suggests that Armus is a GAP specific for Rab7.  To further substantiate this data, effector pull-

down using Rab7 effector, RILP, is used to detect its interaction with Rab7-GTP as a measure of 

Rab7 activity (Figure 1-10B). Expression of Armus RabGAP domain in keratinocytes 

significantly decreases active GFP-Rab7, indicating the ability of Armus to inactivate Rab7 in 

cells.  

Due to the localisation of Armus at cell-cell junctions (Figure 1-8), the role of Armus in cadherin 

junction formation is investigated. Depletion of Armus using siRNA in keratinocytes does not 

affect the formation of cadherin adhesion (Richard Francis, PhD thesis). Therefore, Armus does 

not appear to play a role in cadherin junction formation under unstimulated condition. 

Interestingly, however, immunoprecipitation experiments show that endogenous Armus does 

interact with endogenous E-cadherin while GIT1, another Rac1 interactor used as a control, 

does not associate with the cadherin complex (Figure 1-10C).  

To further explore the putative function of Armus in the regulation of cell-cell contacts, its 

involvement in the disruption of Arf6 is examined. Arf6 is known to activate both Rac1 and 

Rab7, both of which are linked to Armus. Expression of active Arf6 in keratinocytes potently 

induces E-cadherin loss from cell-cell contacts, with E-cadherin accumulating in the perinuclear 

region instead (Figure 1-11A). Co-expression of both Arf6 and wildtype Armus RabGAP domain 
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(WT), on the other hand, significantly rescues loss of E-cadherin from junctions, while the 

inactive RabGAP mutant (RE) does not (Figure 1-11B). This signals the requirement for Armus 

function downstream of Arf6 cadherin junction destabilisation. Similar rescue in junction 

perturbation is observed during co-expression of active Arf6 with either the dominant negative 

Rac1 (RacT17N) or Rab7 (Rab7T22N), showing that Rac1 and Rab7 also participates downstream of 

Arf6-induced junction disruption (Figure 1-11C-D).  

Additionally, Armus also participates in the degradation of cadherin downstream of a 

physiological stimulus. EGF-induced scattering of immortalised keratinocyte line, HaCaT, is 

significantly reduced upon expression of wild-type Armus GAP domain (WT) but not the 

inactive GAP mutant (RE) (Figure 1-12A-B). Expression of dominant-negative Arf6 (Arf6T27N), 

Rac1 (RacT17N) or Rab7 (Rab7T22N) also rescues cell scattering upon EGF treatment (Figure 1-

12C). This data substantiates the role of Armus and its functional partners in EGF-induced cell 

scattering.  

We surmise that Armus may regulate Rab7 inactivation, which is required to release Rab from 

acceptor membrane and allow for subsequent degradation of E-cadherin in the lysosomes 

(Figure 1-13A). In addition, we speculate that Armus GAP domain expression maintains E-

cadherin at cell-cell junctions upon Arf6 activation or EGF stimulation by forcibly inactivating 

Rab7 and blocking its cycling. This potentially locks Rab7 in GDP-bound form, which 

consequentially inhibits lysosomal targeting. As a result, Arf6 signalling may be diverted to 

recycling of internalised E-cadherin receptors from the cytoplasm back to the cell surface 

(dashed blue lines, Figure 1-13B). Taken together, Armus is important for coordination of 

signalling between Rac1 and Rab7 to ensure efficient turnover of E-cadherin adhesion 

downstream of Arf6 activation and EGF-induced cell scattering.    

1.17 Armus in autophagy 

A more recent paper published by the lab in 2013 has looked into the importance of Armus in 

autophagy. Armus inactivates Rab7, a known multifunctional regulator of autophagy (Carroll et 

al., 2013; Frasa et al., 2010; Hyttinen et al., 2013). Overexpression of both Armus full-length and 

Armus1-550 in full nutrient and nutrient-starved condition induce formation of enlarged Armus-

labelled vesicles (Figure 1-14A). Under closer examination by electron microscope, Armus-

labelled vesicles appear to be double-membraned and envelope smaller vesicles and organelles 

(Figure 1-14B). The presence of the autophagosome precursor, the phagophores, is also 

detected. More specifically, Armus-labelled vesicles colocalise with GFP-LC3, a marker of 

autophagy. Taken together, Armus-labelled vesicles are indicative of autophagosomes (Figure   
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1-14C and Figure 1-18B; Carroll et al., 2013). Armus can directly interact with LC3 through its 

N-terminus. Two pentapeptides at position 142-146 (WEFHN) and 510-514 (YLAGL) have been 

described as LC3-interacting regions (LIRs). Two critical residues, W142 and Y510, each from 

the two LIRs have been identified. Substitution of these critical residues to alanine prevents 

Armus recruitment to LC3 puncta during nutrient starvation, suggesting that Armus localises to 

autophagosomes via its binding to LC3 (Figure 1-18). During nutrient starvation-induced 

autophagy, depletion of endogenous Armus by siRNA accumulates LC3 due to blockage of 

autophagic flux (Figure 1-15C and Figure 1-18A; Carroll et al., 2013).  

Upon nutrient deprivation for 15 min, a transient increase in active Rab7 is observed, signalling 

rapid Rab7 cycling. However, upon depletion of Armus by siRNA, overall level of active Rab7 

remains high, as Rab7 inactivation is compromised. Therefore, the transient up-regulation of 

Rab7 during autophagy requires Armus (Figure 1-16 and Figure 1-18A; Carroll et al., 2013). 

Although Armus regulation of E-cadherin degradation requires active Rac1 (Frasa et al., 2010), 

nutrient deprivation treatment potently inactivates Rac1 (Figure 1-17A). This suggests that in 

order for autophagy to proceed inactivation of Rac1 is necessary. Indeed, under nutrient-

starved condition, expression of active Rac1 (RacQ61L), but not dominant negative Rac1 (RacT17N), 

causes significant delay in LC3 degradation (Figure 1-17B and Figure 1-18B; Carroll et al., 

2013). Further research into Armus regulation of autophagy during tumourigenesis might 

provide novel cancer therapeutic targets. 

1.18 Coordinated regulation of cadherin adhesion and autophagy 

Both E-cadherin regulation and autophagy has been implicated in tumourigenesis (Hanahan & 

Weinberg, 2011). Armus interaction partners, Rac1 and Rab7, have also been linked to cancer as 

described in section 1.7.1 and 1.8.1, respectively. Taken together, Armus-regulated pathways 

may be involved in enabling tumour malignancy.  

Current data suggests that Armus’ function during E-cadherin degradation and autophagy are 

distinct and independent. Firstly, ectopic expression of Armus1-550 induces Armus-labelled 

autophagosomes that are entirely devoid of E-cadherin (Figure 1-8; Frasa et al., 2010). 

Secondly, upon induction of autophagy by nutrient deprivation, endogenous Armus no longer 

associates with E-cadherin complex potentially because it is recruited to alternative cellular 

localisation. Finally, E-cadherin surface levels and junctional localisation are unaffected by 

nutrient starvation treatment (Figure 1-19; Carroll et al., 2013). Because Armus appears to be 

the nexus of two processes implicated during tumourigenesis, elucidation of the mechanism of  
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how Armus switches between the two processes might provide a two-pronged approach in 

developing new cancer therapeutics.  

1.19 HNSCC tumour lines characterisation 

In order to investigate the importance of Armus in tumourigenesis and its potential as a novel 

therapeutic target, it is vital that a suitable tumour model system is first established. Head and 

neck squamous cell carcinoma (HNSCC) is one of the most common cancers worldwide. The 

survival rate of HNSCC patients has not improved over the past two decades despite 

advancement in basic scientific knowledge and the evolution of clinical practice. This is due to 

largely uncontrollable metastasis to lymph nodes and distant organs (Georgolios et al., 2006). 

HNSCC treatment has mainly consisted of surgery, radiation therapy and chemotherapy. HNSCC 

is chosen as the tumour model to be investigated for a number of reasons: 1) E-cadherin is 

demonstrated as a reliable prognostic factor in HNSCC (Nijkamp et al., 2011; Bosch et al., 2005; 

Mattijsen et al., 1993). Lower E-cadherin expression is associated with poor prognosis in HNSCC 

patients. 2) Anticancer therapies, such as radiation and chemotherapy, have been shown to 

induce autophagy in human cancer cell lines (Kondo et al., 2005). EGFR is frequently 

deregulated in HNSCC and has been associated with a more aggressive phenotype, 

chemotherapeutic resistance and poor survival. HNSCC inhibitors that target EGFR and other 

tyrosine kinases have been demonstrated to have potential autophagic ability (Rikiishi, 2012).  

Investigating potential involvement of Armus in HNSCC both during E-cadherin regulation and 

autophagy may provide us with a novel therapeutic target in HNSCC that may increase current 

therapeutic efficacy. Four different HNSCC lines (HN4, HN12, HN30 and HN31) are employed 

throughout the project and chosen due to the uniqueness of their origins. HN4 and HN12 are 

derived from the same patient whereby HN4 is a primary tumour and HN12 is the metastatic 

lesion derived from the initial primary tumour. Similarly, HN30 and HN31 are derived from the 

same patient where HN30 is a primary tumour and HN31 the metastatic tumour of the primary 

(Jeon et al., 2004). This would allow for the indication of whether an observed effect is patient-

specific and/or tumour-type specific. Full protein characterisation of the cell lines is presented 

in Figure 1-20. All HNSCC lines have upregulated levels of EGFR, p62 and mTOR. 

Overexpression of Rac1, Rab7 and H-Ras in HNSCC lines are observed only in primary tumours 

HN4 and HN30. HN4 displays normal level of the cadherin-catenin complex proteins but 

reduced Armus expression.  On the other hand, its metastatic counterpart, HN12, displays 

downregulation of most proteins of the cadherin complex but possess normal level of Armus. 

These cell lines will be used in chapter 3 and 4 to validate the proof of principle of our findings.  



78 
 

1.20 Hypothesis and aims 

Armus has been implicated in the regulation of E-cadherin degradation and autophagy, both of 

which are frequently associated with cancer. Elucidation of the mechanism of Armus activation 

as well as understanding how Armus switches between its functions in cadherin adhesion and 

autophagy during tumourigenesis could lead to a more effective two-pronged cancer treatment. 

The aims of this project are: 

1) Determine whether Armus participates in E-cadherin deregulation downstream of 

oncogenes. 

2) Examine specific physiological roles for Armus during autophagy and tumourigenesis. 

3) Investigate how Armus switches between regulating E-cadherin degradation and 

autophagy. 

4) Understand the potential role of Armus autoinhibition during its regulation of E-

cadherin degradation and autophagy to help define mechanisms of Armus activation. 
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Chapter 2           Materials and Methods 
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2.1 Cell culture 

3T3-J2 murine fibroblasts were sustained in culture medium composed of high glucose 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich, Dorset, UK) supplemented with 

10% donor calf serum (DCS) (Invitrogen), 5mM L-glutamine (Sigma-Aldrich), 100 units/ml 

penicillin and 100 μg/ml streptomycin (Sigma-Aldrich). They were grown at 37°C and 5% CO2. 

The 3T3-J2 murine fibroblasts were used as feeder layers for keratinocytes and at least two 

hours before trypsinisation and seeding with normal human keratinocytes, cells were growth-

arrested with mitomycin-C (Sigma-Aldrich).  

Normal human keratinocytes isolated from neonatal foreskin (strain Sf, passages 3-6) were 

cultured with 3T3-J2 murine fibroblasts at 37°C and 5% CO2 (Rheinwald & Green, 1975). Cells 

were grown in standard FAD medium (DMEM:F12) (BioWittaker, Lonza, Germany)  

supplemented with 1.8 mM CaCl2 (Sigma-Aldrich), 10% foetal calf serum (FCS) (Sera 

Laboratories International Ltd, West Sussex, UK), 5 mM L-glutamine (Sigma-Aldrich), 100 

units/ml penicillin and 100 μg/ml streptomycin, 5 μg/ml insulin (all Sigma-Aldrich), 10 ng/ml 

epidermal growth factor (EGF) (Peprotech, New Jersey, USA), 0.5 μg/ml hydrocortisone (Merck 

Millipore, Hertfordshire, UK) and 0.1 nM cholera toxin (Quadratech Diagnostics Ltd, Surrey, UK). 

For transfection experiments (plasmid DNA and siRNA) and TAT-Armus peptide treatments 

with subsequent immunofluorescence, keratinocytes were plated on 2 cm2 coverslips placed 

inside 4-well plates (Fisher Scientific, Loughborough, UK) at a density of 1-3 × 104 cells per 

coverslips. If cell lysate extraction was required instead, cells were plated directly onto 4-well 

plates.  

The immortalised human keratinocyte cell line, HaCaT (Boukamp et al., 1988), and the head and 

neck squamous cell carcinoma  (HNSCC) cell lines, HN4, HN12, HN30 and HN31 (obtained from 

Dr J Silvio Gutkind, National Institutes of Health, USA) were cultured in high glucose DMEM 

(Sigma-Aldrich) supplemented with 10% FCS (Sera Laboratories), 5 mM glutamine, 100 

units/ml penicillin, 100 µg/ml streptomycin (all from Sigma-Aldrich) and maintained in 5% CO2 

at 37°C. 

For transfection experiments, cells were plated on 2 cm2 glass coverslip placed inside 4-well 

plates, and allowed to grow until it reached 60-70% confluence. For cell scattering assay, cells 

were also plated on 2 cm2 glass coverslips in 4-well plates, and allowed to grow until colonies of 

4-10 cells were observed. For cell lysate preparation for Western blots, cells were grown 

directly on 4-well plates until they reached confluence. For MTT assays, cells were grown in 96-
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well plates (Sigma-Aldrich) until it reached 50-70% confluence. All seeding densities for the 

different cell lines are shown in Table 2.1. 

Table 2.1: Seeding densities for HaCaT and HNSCC lines. 

Cells 

Seeding density 

Transfection and 

lysate extraction 
Cell scattering MTT assay 

HaCaT 1.5 × 104 2.0 × 104 0.96 × 104 

HN4 2.5 × 104 4.8 × 104 1.6 × 104 

HN12 1.0 × 104 - 0.64 × 104 

HN30 2.5 × 104 - 1.6 × 104 

HN31 2.0 × 104 2.0 × 104 1.28 × 104 

2.2 Cell scattering assay 

HaCaT, HN4 and HN31 were treated with high glucose DMEM (Sigma-Aldrich) supplemented 

with 1% FCS (Sera Laboratories), 5 mM glutamine, 100 units/ml penicillin, 100 µg/ml 

streptomycin (all from Sigma-Aldrich) with additional 100 nM EGF (Peprotech) and 0.1% fatty 

acid-free BSA (Sigma-Aldrich) for 24 hours to induce cell scattering. For cell scattering rescue 

experiments, cells were pre-transfected with cDNA for four hours before incubation with 

medium containing 100 nM EGF and 0.1% fatty-acid free BSA for a further 24 hours. Cells on 

coverslips were then fixed and immunostained as needed. 

2.3 Nutrient starvation treatment 

Before induction of autophagy by nutrient starvation, fresh medium was placed onto cells for 

two hours to reduce basal levels of autophagy. To induce autophagy, cells were washed twice 

and incubated with serum and amino-acid free Earle’s Balanced Salt Solution (EBSS) (Sigma-

Aldrich) for 1 hour after which cells were either lysed and analysed by Western blotting or fixed 

and immunostained.  

For cell lysate extraction, cells were lysed in buffer containing 30 mM Tris pH 7.5, 100 mM NaCl, 

5 mM EDTA, 1% Triton X-100, 1 mM dithiothreitol (DTT), 10 mM sodium fluoride, 1 mM of each 

protease inhibitor: phenylmethanesulfonyl fluoride (PMSF), leupeptin, pepstatin and pefabloc 
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followed by a snap freeze step on dry ice. Lysates were defrosted quickly and centrifuged for 5 

min at 2620.8 ×g. Cleared lysates were transferred to fresh tubes and protein sample buffer was 

added.  

2.4 MTT assay 

To determine cell viability after drug treatments, MTT assay was performed on HaCaT and 

HNSCC lines. Cells were seeded on 96-well plates overnight and the day after cells were treated 

with chemotherapeutic drugs such as cetuximab, cisplatin and chloroquine at concentrations 

and for durations as described below in a final volume of 100 μl per well. Subsequently, 20 μl of 

5 mg/ml thiazolyl blue tetrazolium bromide (MTT) (Sigma-aldrich) stock was added to each 

well aseptically and incubated with cells for 3.5 hours at 37°C and 5% CO2. Media was then 

removed with care so as not to disturb cells and MTT solvent comprised of 4 mM HCl and 0.1% 

Nonidet P-40 (NP-40) in isopropanol (all from Fisher Scientific) was added to each well at a 

volume of 150 μl per well. Plates with cells were covered with tinfoil to limit exposure to light 

and agitated on orbital shaker for 15 min after which absorbance was read at 590 nm with a 

reference filter at 620 nm.  Absorbances are directly proportional to the number of living cells.  

2.5 TAT-Armus peptides treatment 

The protein transduction domain of the human immunodeficiency virus (HIV) transactivator 

protein (TAT) was used as a cell-permeable tag in the design of biotin-conjugated Armus 

peptides containing two different LC3 binding sites. The full sequences of both peptides are 

shown in Table 2.2. Peptides were synthesised by Cambridge Research Biochemicals 

(Cleveland, UK). Keratinocytes were fed with fresh medium two hours before being subjected to 

nutrient starvation with EBSS to stimulate autophagy. Cells were treated with 20 μg/ml of each 

peptide either singly or together for 1 hour. Alternatively, keratinocytes were pre-transfected 

with RFP-Armus-FL for 8 hours before being subjected to nutrient starvation with EBSS and 

incubated with peptides singly or together at the same concentration for 1 hour. 

Table 2.2: Armus peptides 

Peptide Sequence 

TAT-Armus137-151 Biotin-GRKKRRQRRPQGGLQMKRWEFHNSPPAP-amide 

TAT-Armus506-520 Biotin-GRKKRRQRRPQGGVESKYLAGLRRLQEA-amide 
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2.6 Drug treatments 

The p21-activated kinase (PAK) inhibitor III IPA-3 (Sigma-Aldrich) was dissolved in DMSO at 

stock concentration of 0.2 mM and kept at -20°C. Cells were treated with 20 µM IPA-3 for 4 

hours before processing for experiments.  

Ready-made solution of autophagy inhibitor rapamycin (Sigma-Aldrich) in DMSO at stock 

concentration of 2.74 mM was purchased and kept at -20°C. Cells were treated with 20 μM 

rapamycin for one hour before cells were used.   

Another autophagy inhibitor, bafilomycin (Sigma-Aldrich), was dissolved in DMSO and stock 

concentration of 50 µM was made and kept at -20°C. For experiments, cells were treated with 50 

nM bafilomycin for 1 hour before cells were next processed. 

The lysosomotropic drug chloroquine (Sigma-Aldrich) was dissolved in water to make a stock 

concentration of 96.9 mM (50 mg/ml) which was filter-sterilised through 0.2 µm membrane and 

kept at -20°C. Cells were incubated with 1 μM or 10 μM of chloroquine for 24 hours before cells 

were used for assays.  

Stock solution (10 mM) of chemotherapeutic drug cisplatin (Sigma-Aldrich) in water with 0.9% 

NaCl was made fresh at room temperature before every experiment. Cells were treated with 

increasing concentrations of cisplatin at 0.1 mM, 0.5 mM, 1.0 mM or 2.0 mM for optimisation of 

single cisplatin treatment. Alternatively, cells were subjected to 0.05 mM or 0.1 mM of cisplatin 

for dual treatment with 10 µM chloroquine. All incubations were carried out for 24 hours before 

cells were used. 

Ready-made 5 mg/ml (32.9 mM) stock solution of epidermal growth factor receptor (EGFR) 

inhibitor cetuximab (Erbitux, Merck Serono, Middlesex, UK) was purchased and kept at 4°C. For 

experiments, cells were subjected to increasing concentrations of 0.1 μM, 0.5 μM, 1.0 μM or 5.0 

μM for single cetuximab treatment optimisation. For dual treatment with 10 µM chloroquine, 

concentrations of 1 μM or 5 μM of cetuximab were used. Cells were incubated with inhibitors for 

48 hours before processing. 

2.7 Transfection 

2.7.1 cDNA transfections 

All cells were transfected using jetPRIME (Polyplus Transfection, Illkirch, France). Plasmid DNA 

was initially diluted in 50 μl jetPRIME buffer, vortexed and spun down. jetPRIME reagent (1:2 
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DNA:jetPRIME ratio) was then added to the mixture, vortexed, spun down and incubated for 10 

minutes at room temperature. Cells were washed once and 450 μl of fresh medium was added 

to the cells. Mixture was added to wells and cells were incubated at 37°C/5% CO2 for 4 hours. 

Medium was replaced with fresh medium and cells were incubated for a further 4 to 14 hours to 

allow 8 or 18 hours expression, respectively. 

All mammalian expression plasmids utilised in this study is presented in Table 2.3 and 

bacterial expression plasmids in Table 2.4.  

Table 2.3: Mammalian expression plasmids. The vector, product size in kDa (including tag) 

and source of plasmid are included. 

Protein Plasmid 
Conc. for 
transfection 
(µg/ml) 

Product 
size (kDa) 

Source (where applicable) 

Armus1-550 pRK5myc 0.5 - 4.0 58 
M. Frasa, Imperial College 
London, UK (Frasa et al., 
2010) 

Armus547-928 pRK5flag 1.0 - 4.0 46 
M. Frasa, Imperial College 
London, UK (Frasa et al., 
2010) 

Armus-FL RFP 1.0 130 
J. Goldenring, Vanderbilt 
University School of 
Medicine, Nashville, USA 

Armus-FLS66A RFP 1.0 130 
N. Mohd Naim, Imperial 
College London, UK 

Armus-FLW142A-Y510A RFP 1.0 130 
N. Mohd Naim, Imperial 
College London, UK 

Empty vector pEGFP 0.5 - 1.0 30  

H-RasG12V pRK5myc 0.5 - 2.0 22 
A. Hall, Memorial Sloan-
Kettering Cancer Center, 
New York, USA 

LC3 pmRFP-GFP 1.2 70 

T. Yoshimori, Research 
Institute for Microbial 
Diseases, Osaka University, 
Japan 

LC3B pEGFP-C3 0.6 
43 and 45 
(form I and 
II) 

T. Yoshimori, Research 
Institute for Microbial 
Diseases, Osaka University, 
Japan 

PAKAID pRK5flag 4.0 8 
A. Hall, Memorial Sloan-
Kettering Cancer Center, 
New York, USA 
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RacQ61L pRK5myc 0.5 22 
A. Hall, Memorial Sloan-
Kettering Cancer Center, 
New York, USA 

R-RasG38V pRK5myc 0.5 - 2.0 24 
A. Hall, Memorial Sloan-
Kettering Cancer Center, 
New York, USA 

SrcY527F pEGFP 0.5 - 2.0 87 
M. Frame, Edinburgh CRUK, 
UK 

α-synucleinA53T pEGFP 0.6 42 
D. Rubinsztein, Cambridge 
Institute for Medical 
Research, UK 

Table 2.4: Bacterial expression plasmids. The vector, product size in kDa (including tag) and 

source of plasmid are shown. 

Protein Plasmid 
Product size 
(kDa) 

Source (where applicable) 

Armus31-147 pGEX 13  

Armus547-928 pGEX-4T3 70 
M. Frasa, Imperial College London, UK 
(Frasa et al., 2010) 

GST pGEX-4T1 25  

2.7.2  siRNA transfections 

Oligonucleotides were dissolved in 1× siRNA buffer (100 mM KCl, 30 mM HEPES-pH 7.5, 1.0 mM 

MgCl2) in RNAse-free diethylpyrocarbonate (DEPC)-treated water (Dharmacon, Thermo 

Scientific, Colorado, USA). Keratinocytes were grown to 80% confluence and transfected with 

oligonucleotides designed to target Armus or a control, non-targetting oligonucleotide 

(Dharmacon). Sequences of the oligonucleotides are shown in Table 2.5. Oligonucleotides (30 

nM) were incubated with 3 μl transfection reagent, Interferin (Polyplus transfection) in a total 

volume of 100 μl of serum-free medium for 15 minutes at room temperature. Fresh medium 

(400 μl) were placed on top of cells, the transfection mixture was added and incubated with 

cells for 4 hours. Medium was replaced with fresh medium and cells were incubated for a 

further 24 hours, after which cells were fixed.  
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Table 2.5: siRNA oligonucleotides. 

Oligonucleotide Sequence 

Armus oligo 1 5'-GCACCUGGGGACUGAAAUAUU-3' 

Armus oligo 2 5'-CAACAAACACUUCACCUGCUU-3' 

Non-targetting control 5’-AUGAACGUAAUUGCUCAA-3’ 

2.8 Site-directed mutagenesis 

To test the importance of this residue on Armus functions, primers were designed to mutate the 

serine (S) to alanine (A). The complete list of primers used is presented in Table 2.6.  

Polymerase chain reaction (PCR) was carried out using RFP-Armus-FL as the template. The 

constituents in a 50 μl reaction were as follows; 50 ng template (RFP-Armus-FL), 1X Phusion HF 

Buffer (New England Biolabs (NEB), Hitchin, UK), 1U Phusion Polymerase High Fidelity (NEB), 1 

μl dNTPs (20 μΜ stock)(NEB), 2.5 μl forward primer (10 μM stock)(Invitrogen, Paisley, UK) , 2.5 

μl reverse primer (10 μM stock)(Invitrogen), 1.5 μl dimethyl sulfoxide (DMSO) and made up to 

50 μl with nuclease-free water. The thermocycling conditions used were as follows: 98°C for 30 

seconds, followed by 30 cycles of 98°C for 10 seconds, 45-72°C for 30 seconds and 72°C for 4 

minutes with a final extension step at 72°C for 10 minutes. 

Upon completion of PCR reaction, 5 μl of sample was kept for future analysis. The remaining 

reaction product was subjected to digestion by DpnI enzyme (NEB) at 37°C for 1 hour to ensure 

that non-mutated template DNA was removed. Following this reaction, 5 μl of sample was 

removed and ran alongside the undigested PCR product on a 1% agarose gel stained with 1× 

GelRed (Cambridge Bioscience, Cambridge, UK) and visualised under UV light. DpnI digested 

product was then excised from the gel and gel-purified using StrataPrep DNA Gel Extraction kit 

(Stratagene, Cheshire, UK). The whole purified product was used to transform E.coli DH5α 

competent cells (NEB) using a standard protocol; DpnI digested product was added to 

competent bacterial cells on ice and incubated for 20 minutes, followed by heat-shock treatment 

at 37°C for 1 minute and returned to incubation on ice for a further 2 minutes. Samples were 

incubated with Luria Bertani (LB) broth and shaking at 37°C for 30 minutes after which samples 

were plated on LB-agar supplemented with 100 μg/ml ampicillin and grown overnight at 37°C. 

The next day, colonies were picked from each plate and grown overnight in 5 ml LB containing 

100 μg/ml ampicillin for DNA extraction. Samples were verified by DNA sequencing (Beckman 

Coulter Genomics, Essex, UK) to check for successful introduction of desired mutation.  
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Table 2.6: Site-directed mutagenesis primers. 

Name Sequence 

ArmusW142A sense 5’-GCTGCAGATGAAGCGCGCGGAATTCCACAACAGC-3’ 

ArmusW142A antisense 5’-GCTGTTGTGGAATTCCGCGCGCTTCATCTGCAGC-3’ 

ArmusY510A sense 5’-CAGGTGGAAAGCAAGGCCCTGGCCGGTCTGAG-3’ 

ArmusY510A antisense 5’-CTCAGACCGGCCAGGGCCTTGCTTTCCACCTG-3’ 

ArmusS66A sense 5’-GGCTGGAAAGCCCGCTGGTTCTTCTACGAC-3’ 

ArmusS66A antisense  5’-GTCGTAGAAGAACCAGCGGGCTTTCCAGCC-3’ 

2.9 Immunofluorescence staining and microscopy 

Cells were fixed with 3% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) for 10 

minutes at room temperature, following which cells were permeabilised with 10% FCS in PBS 

containing 0.1% Triton X-100 (Sigma-Aldrich) for another 10 minutes at room temperature. 

Coverslips were incubated with primary and secondary antibodies (Table 2.7 and Table 2.8) 

diluted in 10% FCS in PBS for 30 minutes sequentially, followed by nine washes in PBS. Finally, 

coverslips were washed three times in water before mounting in Mowiol (Calbiochem, 

California, USA) on microglass slides (Fisher Scientific).  

Images were acquired with an Olympus Provis BX51 microscope coupled to a SPOT RT 

monochrome camera using either 20×/0,70 UPlanApo ∞/0,17 or 40×/1,00 Oil Iris UplanApo 

∞/- or 60×/1,40 Oil PlanApo ∞/0,17 (all lenses from Olympus) with the SimplePCI 6 software 

(Hamamatsu, Japan). Alternatively, image acquisition was performed using Leica SP5 inverted 

confocal microscope using Plan-Apochromat 63X/1.4 Oil lens and Leica LAS AF Lite software. 

Pictures were processed using Adobe Photoshop CS5 and WCIF ImageJ software.  

Table 2.7: Primary antibodies used for immunostaining and Western blotting. Monoclonal 

antibody is denoted by mAb and polyclonal antibody is represented by pAb. 

Antibody Clone name Supplier Species Dilution 

Actin C4 Sigma-Aldrich Mouse mAb 1:40000 

E-cadherin HECD-1 CRUK Mouse mAb 1:1000 
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E-cadherin ECCD2 Invitrogen Rat mAb 1:250-1:500 

Flag-tag M2 Sigma-Aldrich Mouse mAb 1:4000 

Flag-tag  Sigma-Aldrich Rabbit pAb 1:1000 

GST GST-2 Sigma-Aldrich Mouse mAb 
1:5000 (SPOT membrane ) 

1:2000 (PIP strip) 

LC3 5F10 Nanotools Mouse mAb 1:500 

Myc-tag 9E10 CRUK Mouse mAb 1:2000 

Myc-tag A14 Santa Cruz Rabbit pAb 1:500 

β-tubulin TUB 2.1 Sigma-Aldrich Mouse mAb 1:10000 

Table 2.8: Secondary antibodies used for immunostaining and Western blotting. 

Antibody Supplier Species Dilution 

Alkaline-phosphatase-conjugated 

anti mouse IgG 
Sigma-Aldrich Goat 1:10000 

Cyanine(Cy2)-conjugated anti-

mouse IgG 

Jackson Immuno Research 

laboratories 
Goat 1:1000 

DAPI Sigma-Aldrich  1:3000 

HRP-conjugated anti-mouse IgG Pierce Goat 1:5000 

HRP-conjugated anti-rabbit IgG Pierce Goat 1:5000 

Indocarbocyanine (Cy3)-conjugated 

anti-mouse IgG 

Jackson Immuno Research 

laboratories 
Donkey 1:5000 

Indocarbocyanine (Cy3)-conjugated 

anti-rabbit IgG 

Jackson Immuno Research 

laboratories 
Donkey 1:3000 

Indodicarbocyanine (Cy5)-

conjugated anti-mouse IgG 

Jackson Immuno Research 

laboratories 
Donkey 1:1000 

Indodicarbocyanine (Cy5)-

conjugated anti-rat IgG 

Jackson Immuno Research 

laboratories 
Donkey 1:4000 
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2.10  Protein electrophoresis and Western blotting 

Sample buffer of 5× stock made up of 0.2 mM Tris pH 6.8, 50% glycerol, 5% sodium dodecyl 

sulphate (SDS), 0.25 M DTT and 250 mg bromophenol blue dye was added to protein samples 

diluted to 1×. Protein samples were heated at 95°C for 5 minutes before being separated by 

electrophoresis through sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) using commercial 10X Tris/Glycine/SDS running buffer with 1× formulation of 25 mM 

Tris pH 8.3, 192 mM glycine and 0.1% SDS (BioRad, Hertfordshire, UK). Proteins on gels were 

transferred to polyvinyldifluoride (PVDF) membranes (Millipore) equilibrated in methanol 

using a standard wet transfer method in buffer that consisted of 50 mM Tris, 380 mM glycine 

and 20% methanol. 

For Western blotting, membrane was blocked with 5% non-fat dry milk (Marvel) in Tris 

buffered saline (TBS) pH 7.5 containing 0.1% Tween-20 (Sigma-Aldrich) (TBST) for 30 minutes 

with agitation. Membranes were incubated with primary antibodies for 1 hour at room 

temperature or overnight at 4°C and secondary antibodies for 1 hour at room temperature. 

Membranes were washed three times in TBST in between and after antibody incubation. Blots 

were developed with ECL or ECL Prime detection kit (GE Healthcare, Buckinghamshire, UK) and 

exposed to Hyperfilm ECL (GE Healthcare). 

2.11 Protein production and purification 

Bacterial expression plasmids used are displayed in Table 2.2. Rosetta DE3 Escherichia coli 

(Novagen) cells were used for the production of GST and GST-Armus547-928. GST-Armus31-147 was 

produced by Dr L Bird (Wellcome Trust Centre for Human Genetics, Oxford University, UK). 

GST and GST- Armus547-928 proteins were inoculated from glycerol stock in 100 ml LB broth 

containing 100 μg/ml ampicillin and grown at 37°C with 220 rpm agitation overnight. Culture 

was then diluted into 1 litre LB broth with ampicillin and grown at temperature according to 

Table 2.9 until OD600 reached 0.6-0.7 (Aquarius, Cecil Instruments, Cambridge, UK). Protein 

production was induced via addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) at 

respective concentration and temperature (Table 2.9). To check for protein induction efficiency, 

1 ml of culture sample was collected before and after addition of IPTG, centrifuged and the 

pellet resuspended in 1× sample buffer for further analysis by SDS-PAGE. Bacterial cells were 

pelleted at 2620 g for 20 minutes at 4°C and resuspended in ice cold lysis buffer (Table 2.9) 

Resuspended bacterial pellet was lysed on ice by sonication four times at maximum power with 

pulses of 20 seconds each and alternating with 10 seconds resting on ice. Bacteria were 

centrifuged at 11000 g for 20 minutes at 4°C. Supernatant was incubated with glutathione 
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sepharose 4B beads (GE Healthcare) pre-equilibrated in wash buffer (Table 2.9) with rotation 

at 4°C for at least 30 minutes. Samples were taken from the supernatant and the pellet prior to 

addition to beads for later analysis. Beads were washed four times in wash buffer (Table 2.9) 

and resuspended in 60% glycerol in the same buffer. 

To elute purified proteins, the beads were resuspended in resuspension buffer (50 mM Tris pH 

8.8, 20 mM NaCl) containing 50 mM reduced glutathione and rotated at 4°C for 30 min. Beads 

were centrifuged at 352.8 g and the supernatant was transferred to a new tube. Incubation with 

glutathione was repeated and the two supernatant samples were combined. A sample of beads 

post-elution was kept for later analysis of elution efficiency.  

Samples from each step of protein production and purification were analysed by SDS-PAGE and 

visualised by Coomassie Brilliant Blue stain (0.1% Brilliant Blue dye, 45% methanol, 10% acetic 

acid). Protein concentration was calculated relative to bovine serum albumin (BSA) (Fluka 

Chemicals, Gillingham, UK) standards of known concentration.  

Table 2.9: Protein production conditions 

Protein 
IPTG 

(mM) 

Pre-

induction 

Temp (°C) 

Induction 

Temp (°C) 

Induction 

Time 

(hrs) 

Lysis 

buffer 

Wash 

buffer 

GST-Armus547-928 0.3 37 30 4 B C 

GST 1.0 25 25 O/N A A 

 
Buffer A: 50 mM Tris HCl pH 7.5, 100 mM NaCl, 1 mM DTT, 1 mM LPP and 1 mM PMSF. 
Buffer B: 50 mM NaPi, 0.5% Triton, 300 mM NaCl, 5 mM DTT, 5% CHAPS, 1 mM PMSF and 
protease inhibitor cocktail (buffer adjusted to 100 mM NaCl after lysis) . 
Buffer C: 100 mM NaPi, 100 mM NaCl and 5 mM DTT 
O/N: Overnight incubation 

2.12 Quantifications and statistical analyses 

All experiments, unless stated in figure legends, were performed independently at least three 

times using cells from three different passages. Error bars represent either standard error of the 

mean or standard deviation. Significance was tested using Student’s T-Test or Analysis of 

Variance (ANOVA) as specified in figure legends. Statistical testing was performed using 

GraphPad Prism software.  
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2.12.1 Quantification of junction disruptions by oncogenes 

Qualitative quantification of junction disruption in cells expressing oncogenes SrcY527F, H-RasG12V 

and R-RasG38V alone or in the presence of Armus547-928 was based upon the following criteria. The 

junction between two expressing cells was assigned a disrupted phenotype if the junction, when 

compared to surrounding control (between two non-expressing cells), has either one of these 

characteristics: (1) decreased E-cadherin staining, (2) E-cadherin staining interrupted by holes 

(3) E-cadherin staining jagged and not straight (4) no E-cadherin staining at all over supposed 

junction. The number of disrupted junctions were tallied and expressed as percentage of total 

junctions examined. 

2.12.2 Quantification of Western blots 

Hyperfilms were exposed several times to detect chemiluminescent signal in the linear range 

and films were scanned to obtain a digital record. Comparison of intensity of bands on the blots 

was performed using WCIF ImageJ software using the Gel Analysis function and the mean gray 

value inside a selected area containing specific protein band was measured. Intensity value was 

corrected for either β–tubulin or actin levels.  

2.12.3 Quantification of cell scattering assay 

Qualitative quantification of cell scattering induced by EGF in HaCaT and HNSCC lines was 

achieved using the following criteria. Cell was scored as scattering if: (1) E-cadherin was 

decreased or absent from junction (2) Cell shape was fusiform compared to control cells (3) 

Single cells. Percentage cell scattering in each cell lines was then calculated by dividing the 

number of cells scored as scattered over total number of cells multiplied by a hundred. 

Quantitative quantification of cell scattering induced by EGF and cell scattering rescue 

experiment by Armus547-928 in HaCaT and HNSCC lines was performed on Java-based software 

developed by Dr Chris Tomlinson (Bioinformatics Support Service, Imperial College London, 

UK) especially for this analysis. Nuclei segmentation was achieved by adaptive thresholding 

filter over whole image and internuclear distances between every nucleus and their closest 

neighbours were generated in an excel sheet. Internuclear distances with and without EGF 

treatment were averaged to observe the effect of each treatment in each cell lines. 

2.12.4 Quantification of LC3 puncta 

Quantification of LC3 puncta in GFP-LC3 or mRFP-GFP-LC3 expressing cells was carried out 

using WCIF ImageJ software. For quantification of LC3 puncta in single channel (GFP or mRFP 
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only), the channel containing puncta to be quantified was subjected to the ‘find edges’ function 

followed by image thresholding to identify all puncta from the image, excluding other structures 

in the cell. Using the ‘count particle’ function and a size threshold optimised manually, the 

number of LC3 puncta was calculated per image. The number of puncta per image was divided 

by the number of transfected cells, counted manually, to obtain the number of puncta per cell. 

For quantification of yellow RFP+GFP+ LC3 puncta that are common in both channels, channels 

were initially separated into two; green for GFP-LC3 and red for mRFP-LC3. The number of LC3 

puncta for each channel was calculated separately as above to give a number for GFP-LC3 

puncta and a number for mRFP-LC3 puncta. The value for GFP-LC3 puncta was subtracted from 

mRFP-LC3 puncta to determine the number of mRFP puncta that are only autolysosomes, i.e. 

have reached the acidic step in the autophagic process. Yellow RFP+GFP+ LC3 puncta is 

calculated by subtracting the number of autolysosomes from total mRFP-LC3 puncta number 

obtained initially. See Figure 2-1 for diagram of workflow. 

2.13 SPOT-peptide array assay 

Armus peptides, 25 amino acids in length (25-mers), covering amino acids 1 – 550 and frame 

shifted by five residues were spot-synthesised on a nitrocellulose membrane using the MultiPep 

SPOT synthesizer (Intavis AG, Köln, Germany) at the Departamento de Bioquımica e Imunologia, 

Instituto de Ciencias Biologicas, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil. 

Alternatively, Armus peptides covering amino acids 45-60, 116-135, 270-290 and 466-490 

where each residue was sequentially mutated to an Alanine were spot-synthesised on a 

nitrocellulose membrane using ResPep SL peptide synthesizer (Intavis AG). 

Membranes were blocked in blocking buffer made up of 10% Western blocking Reagent 

solution (10% purified casein protein in maleic acid) (Roche, West Sussex, UK) and 5% sucrose 

in TBS (50mM Tris-HCl pH 7.0) overnight. Membranes were incubated with GST-Armus547-928 

for 1 hour 30 minutes at 4°C. Bound protein was detected using mouse anti-GST antibody 

followed by alkaline phosphatase-coupled anti-mouse Ig with three times 5 minutes TBS-0.1% 

Tween washes in between antibody incubations. Membranes were incubated with 0.6 mM 

bromochloroindolylphosphate (BCIP), 0.7 mM thiazolyl blue tetrazolium bromide (MTT) (both 

from Sigma-Aldrich) and 5 mM MgCl2 in citrate-buffered saline (CBS, 10 mM sodium citrate, 

NaCl 137 mM, KCl 3 mM, pH 7.0) for up to 60 min and colour development stopped by washing 

membranes in MilliQ water. 
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2.14 Protein-lipid overlay assay 

PIP strips (Echelon Biosciences, Utah, USA) spotted with 15 different lipids were used to 

determine specific lipids that PH domain of Armus can bind to via a protein-lipid overlay assay. 

Membranes were blocked with blocking buffer (phosphate-buffered saline (PBS), 0.1% Tween-

20, 3% fatty-acid free BSA (PBST 3% BSA)) and gently agitated overnight at 4°C. GST-Armus31-

147 was incubated with the membrane at a concentration of 0.5 μg/ml in PBST 3% BSA for 1 

hour at room temperature with gentle agitation. Bound protein on lipids was detected using 

mouse anti-GST antibody in PBST 3% BSA followed by HRP-coupled anti-mouse IgG in PBST 3% 

BSA, both for 1 hour at room temperature with gentle agitation. Membranes were washed three 

times for 5 minutes in PBST in between incubations with protein and antibodies. Positive 

binding on membranes were visualised with ECL detection kit (GE Healthcare) and exposed to 

Hyperfilm ECL (GE Healthcare).  
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Chapter 3           Armus participates in Src and H-Ras 

regulation of E-cadherin.  
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3.1 Introduction 

Regulation of E-cadherin adhesion during tumourigenesis has been linked to several oncogenes. 

When H-Ras is constitutively activated, it promotes E-cadherin loss and enhances invasiveness 

(Barbacid, 1987; Potempa & Ridley, 1998; Espada et al., 1999; Schmidt et al., 2004; Vaughan et 

al., 2009). Its inhibition, on the other hand, restores expression of E-cadherin in various 

tumours (Nam et al., 2002; Li & Mattingly, 2008). In contrast, only one report implicates R-Ras 

and cadherin regulation whereby depletion of R-Ras disrupts VE-cadherin organisation in 

endothelial cells (Griffiths et al., 2011). 

E-cadherin destabilisation can also be triggered by the tyrosine kinase Src (Takeda et al., 1995; 

Fujita et al., 2002; Frame, 2004). Constitutively activated Src downregulates both cell-matrix 

interaction via integrins and cell-cell interaction via E-cadherin leading to increased migration 

and induction of EMT (Irby & Yeatman, 2000; Palacios et al., 2005; Avizienyte et al., 2002). A 

similar event is observed in head and neck squamous cell carcinoma: upon Src inhibition E-

cadherin cell contact is re-established (Mandal et al., 2008).  

However, the precise mechanisms downstream of H-Ras, R-Ras and Src that compromise 

junction integrity have not been determined. As Rac1 participates downstream of EGFR, H-Ras 

and Src, distinct Rac effectors were tested for their involvement in oncogene-dependent 

disruption of cadherin adhesion. p21-activated kinase 1 (PAK1) is a Rac1 effector required for 

Rac1-dependent destabilisation of E-cadherin cell-cell contacts (Lozano et al., 2008). PAK1 has 

been described in pathways downstream of EGFR, H-Ras and Src (Puto et al., 2003; Appledorn 

et al., 2010; Slack-Davis et al., 2003). Additionally, the requirement for Armus, another Rac1 

effector, has also been previously demonstrated during EGF-induced scattering (Frasa et al., 

2010). Determination of Armus participation downstream of an oncogene and whether the 

same pathway is also activated in cancer would provide a better understanding of how Armus is 

involved in E-cadherin adhesion during tumourigenesis.  

3.2 Aims 

1) Determine whether constitutively active Src, H-Ras and R-Ras induce junction 

disruption in keratinocytes via Armus and/or PAK1. 

2) Investigate a role for Armus GAP in rescuing EGF-induced cell scattering in HaCaT and 

HNSCC tumour cell lines. 
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3.3 Results 

3.3.1 Constitutively active Src, H-Ras and R-Ras caused junction disruption in 

keratinocytes 

Three different oncogenes were tested for their ability to induce E-cadherin junction disruption 

in normal keratinocytes. Keratinocytes were separately transfected with increasing DNA 

concentrations of SrcY527F (Figure 3-1A), H-RasG12V (Figure 3-2A) and R-RasG38V (Figure 3-3A) 

for 8 hours, after which cells were fixed and immunostained for E-cadherin and specific tags on 

the constitutively active oncogenes. Junctions between two expressing cells were then analysed. 

Junctions between two non-expressing cells were used as a control. 

Extensive junction disruption was detected upon Src expression: junctions appeared jagged, 

punctuated with holes and loss of E-cadherin staining was observed in patches along junctions 

(Figure 3-1A and arrowheads). In comparison, control junctions in non-expressing cells were 

straight with even E-cadherin staining along junctions (Figure 3-1A and arrows). The 

percentage of junction disruption between expressing cells was around 60% for the three 

different concentrations tested (Figure 3-1B), hinting at possible saturation of expression at the 

lowest concentration. Due to the jagged junctions, Src-expressing cells appeared retracted when 

compared to the surrounding non-transfected cells and have lost the cobblestone phenotype 

associated with normal keratinocytes (Figure 3-1A). Transfected cells additionally showed 

more intense expression of Src at junctions and perinuclear regions compared to the rest of the 

cell (Figure 3-1A). 

H-Ras-expressing cells similarly displayed disrupted junctions, but with phenotypes that are 

distinct from Src-expressing cells (Figure 3-2A). Most junctions were wavy with markedly 

reduced E-cadherin staining throughout the length of the junctions. Some cells seemed to also 

lose their polarisation leading to junctional overlap and expressing cells that can slide over one 

another (Figure 3-2A and arrowheads). In contrast, control junctions were straight with E-

cadherin evenly covering the length of the junctions (Figure 3-2A and arrows). Similar levels of 

junction disruption between 60-70% were observed in all conditions, suggesting that the 

saturation point for expression might have been reached even at the lowest concentration 

tested (Figure 3-2B).  

R-Ras expression in keratinocytes (Figure 3-3A) did not cause a striking change in the 

phenotype of the cells when compared to Src (Figure 3-1A) and H-Ras (Figure 3-2A). 

Nonetheless, about 20-30% of junctions (Figure 3-3B) were perturbed at all three 

concentrations with junctions appearing wavy and with reduced E-cadherin staining (Figure 3-  
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3A and arrowheads). R-Ras was the least potent disruptor of junctions among all the oncogenes 

tested and will not be investigated further in the scope of this research project. 

3.3.2 Armus547-928 rescued Src- and H-Ras-induced junction disruption.  

Next, the ability of Armus expression to rescue Src- or H-Ras-induced junction disruption was 

tested. N-terminal domain of Armus (Armus547-928) was used instead of full-length Armus as it 

was previously found to have a more potent GAP activity. Flag-Armus547-928 (4 µg/ml) and GFP-

SrcY527F (1 µg/ml) were expressed alone or in combination for 8 hours (Figure 3-4). 

Concentrations used were initially optimised to ensure comparable expression of the two 

constructs (data not shown). Expression of Armus547-928 alone showed minimal junction 

disruption of less than 5% (Figure 3-4B) and exogenous Armus was concentrated at junctions 

(Figure 3-4A). Expression of SrcY527F alone displayed retracted phenotype. Junctions had holes 

and reduced E-cadherin staining along junctions (Figure 3-4A and white arrowheads). More 

than 50% of junctions were disrupted upon SrcY527F expression, a significant increase when 

compared to Armus547-928 alone (Figure 3-4B) and in line with previous data (Figure 3-1B). 

Upon Armus547-928 and SrcY527F co-expression, E-cadherin disruption were observed in only 

about 20% of total junctions (Figure 3-4B) and junctions were straight and evenly stained with 

E-cadherin (Figure 3-4A and red arrowheads), a phenotype similar to the control (Figure 3-4A 

and arrows). Thus, expression of Armus547-928 significantly rescued SrcY527F-induced junction 

disruption. 

Subsequently, I wanted to verify whether Armus participation in Src-induced junction 

disruption pathway is dependent upon the activity of Rac1. This was achieved by using two 

stategies to inhibit PAK1, an effector of Rac1: (i) using PAK1 N-terminal autoinhibitory domain 

(AID) that inhibited itself and kept itself in an inactive state (Zhao et al., 1998) (ii) using small-

molecule allosteric inhibitor of PAK1, IPA-3, that covalently bound to PAK1 regulatory domain 

and prevented PAK1 binding to upstream activator (Deacon et al., 2008; Viaud & Peterson, 

2009). Keratinocytes were transfected with 1 µg/ml GFP-SrcY527F alone or in combination with 

either 4 µg/ml flag-PAKAID or treatment with 20 µM IPA-3 (Figure 3-5A). Concentrations used 

were previously determined for optimal expression (data not shown). Afterwards, cells were 

fixed and stained for flag tag or E-cadherin. The expression of PAKAID resulted in only about 10% 

junction disruption, while SrcY527F expression perturbed about 50% of junctions (Figure 3-5B), 

in line with what was shown previously. In cells expressing activated Src, inhibition of PAK1 by 

expression of PAKAID or treatment with IPA-3 did not prevent perturbation of junction (Figure 

3-5B). I conclude that regulation of E-cadherin junction in keratinocytes by Src is independent 

of PAK1.  
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Similar analysis was performed to determine whether H-Ras regulation of E-cadherin junctions 

required Armus and/or PAK1. Different constructs were expressed as shown in Figure 3-6 

legend after which cells were fixed and stained for flag-tag, myc-tag and E-cadherin. Expression 

of Armus547-928 alone did not substantially affect cell adhesion (Figure 3-6B), but expression of 

H-RasG12V disrupted more than 60% of junctions (Figure 3-6A and arrowheads, Figure 3-6B). 

Upon co-expression of Armus547-928 and H-RasG12V, E-cadherin junction disorganisation was 

significantly reduced to 30% (Figure 3-6B). Junctions were straighter with E-cadherin evenly 

staining the whole of the junctions (Figure 3-6A) as seen in controls (Figure 3-6A and arrows). 

Therefore, Armus547-928 expression can rescue H-RasG12V-induced junction destabilisation.  

To evaluate the role of PAK1 in junction disassembly, keratinocytes were transfected with 1 

µg/ml myc-H-RasG12V alone or in combination either with 4 µg/ml flag-PAKAID or treatment with 

20 µM IPA-3 (Figure 3-7A). Cells were later fixed and stained for flag-tag, myc-tag and E-

cadherin. While the expression of PAKAID did not drastically alter E-cadherin junctions (Figure 

3-7A and arrows, Figure 3-7B), H-RasG12V expression markedly perturbed 60% of junctions 

(Figure 3-7B), which was apparent by the wavy junctions with reduced E-cadherin staining 

(Figure 3-7A and arrowhead). Upon blockage of PAK by PAKAID expression or IPA-3 treatment 

(Figure 3-7A), the percentage of junction disruption remained at 60% (Figure 3-7B). I 

conclude that H-Ras regulation of E-cadherin junctions in keratinocytes does not require PAK1 

function. Overall, disruption of junctions by either activated Src or H-Ras involved the activity of 

Armus, but not PAK1. 

3.3.3 EGF-induced cell scattering in HaCaT and HNSCC lines, HN4 and HN31.  

Scattering of epithelial colonies upon treatment of growth factors such as EGF mimics the 

phenotype of cells that undergo EMT: cells detach from their surrounding cells and lose their 

cell-cell junctions, eventually acquiring a more motile and mesenchymal-like phenotype and 

“scatter” (Frasa et al., 2010). Using conditions that have previously been optimised for HaCaT, 

two HNSCC lines, HN4 and HN31, were treated with 100 nM EGF for 24 hours to test for their 

ability to scatter (Figure 3-8A).  HaCaT, HN4 and HN31 had tight colonies with clear E-cadherin 

junctions in between adjacent cells and nucleus that were in close proximity to each other. 

However, upon treatment with EGF in all cell lines, the phenotype of the colonies changed, with 

cells starting to scatter away in different directions, sometimes singly, but at times as few cells 

together. Noticeably, E-cadherin staining between adjacent cells was reduced and unevenly 

distributed. In particular, cells that were fusiform, yet had not completely escaped the colony,  
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had E-cadherin concentrated at the vertices where the cells were still in contact with the rest of 

the colony (Figure 3-8A and arrowheads). Qualitative quantification of cell scattering was 

performed whereby cell was scored as scattering if either of the following criteria was met: (1) 

E-cadherin decreased or absent from junction; (2) cell shape fusiform compared to control cells 

and (3) single cells. Percentage cell scattering in each cell line was calculated and the number of 

cells scored as scattered was expressed relative to the total number of cells analysed. EGF 

treatment significantly increased cell scattering in all cell lines tested with the percentage 

doubling in HaCaT and HN31 and quadrupling in HN4 (Figure 3-8B).  

Quantitative quantification of the internuclear distances between cells during EGF-induced cell 

scattering was additionally performed. Using Java-based software, DAPI images of cells were 

subjected to adaptive thresholding filter that allowed for nuclei segmentation. Internuclear 

distances between every nucleus and their closest neighbours were generated and data output 

combined in an excel sheet. Internuclear distances with and without EGF treatment were 

averaged per cell per image to determine the effect of EGF in each cell lines. All cell lines 

displayed similar basal internuclear distances ranging from 34 to 37 µm. EGF treatment 

significantly increased internuclear distances in HaCaT from 34 to 48 µm and in HN4 from 37 to 

53 µm. HN31 also showed increased internuclear distances up to 51 µm, however, due to the 

variability in the values this increase was not statistically significant (Figure 3-8C). 

3.3.4 Armus547-928 rescued cell scattering in HaCaT but not in HNSCC lines, HN4 and 

HN31. 

Finally, the ability of Armus to rescue EGF-induced cell scattering in the cell lines was examined. 

GFP (control, 1 µg/ml) or flag-Armus547-928 (1 µg/ml) were transfected into HaCaT (Figure 3-

9A), HN4 (Figure 3-10A) and HN31 (Figure 3-11A) for four hours followed by incubation with 

100 nM EGF for a further 24 hours. In HaCaT, Armus547-928-expressing cells remained in tight 

colonies upon EGF treatment (Figure 3-9A) and displayed significantly shorter internuclear 

distances between expressing cells and their closest neighbours when compared to GFP-

expressing cells (Figure 3-9B). In HN4, expression of Armus547-928 did not alter EGF-treated 

colony phenotype, with substantial cell scattering still observed in expressing cells (Figure 3-

10A). Although a trend towards shorter internuclear distances upon Armus547-928 expression 

was observed, this was not statistically significant (Figure 3-10B).  Similarly, HN31 cells 

expressing Armus547-928 showed no effect in EGF-treated colony phenotype (Figure 3-11A). 

Furthermore, quantification of internuclear distances in expressing cells demonstrated a trend 

towards a larger internuclear distances in Armus547-928-expressing cells than GFP-expressing 

cells instead, but this was not statistically significant (Figure 3-11B).  Armus547-928 expression   



108 
 



109 
 

  



110 
 

 



111 
 

 



112 
 

was able to rescue cell scattering in HaCaT, corroborating previous observation, but not in 

HNSCC lines, HN4 and HN31.  

3.4 Conclusion 

I establish that constitutively active Src, H-Ras and, to a lesser extent, R-Ras, induce E-cadherin 

junction disruption in keratinocytes. I additionally find that Armus, but not PAK1, participates in 

Src and H-Ras regulation of E-cadherin junctions. Finally, EGF treatment causes cell scattering in 

HaCaT, HN4 and HN31. This process can be reversed by Armus GAP expression in HaCaT but 

not in HN4 and HN31. 

3.5 Discussion 

The initial objective was to determine if constitutively activated Src, H-Ras and R-Ras could 

cause destabilisation of junctions in keratinocytes and whether this process requires Armus 

and/or PAK1. Constitutively active Src, H-Ras, and less strongly, R-Ras, all destabilise E-

cadherin cell-cell contacts via Armus, but not PAK1. Additionally, expression of Armus GAP 

domain inhibits EGF-induced cell scattering in HaCaT, but not in HNSCC tumour cells. 

3.5.1 Destabilisation of E-cadherin cell-cell contacts by active Src 

The ability of constitutively active Src mutant (SrcY527F) to perturb E-cadherin cell-cell 

interactions has been previously demonstrated and corroborated in this study (Warren & 

Nelson, 1987; Volberg et al., 1991; Avizienyte et al., 2002; McLachlan et al., 2007). The retracted 

phenotype and the irregularity of the junctions in SrcY527F-expressing keratinocytes bear 

resemblance to when SrcY527F is expressed in the breast cancer cell line, MCF7 (McLachlan et al., 

2007). Although most studies associate increased Src activity with cadherin disruption, Src 

expression at lower concentrations positively supports E-cadherin adhesion (McLachlan et al., 

2007). Indeed, Src is essential for AJ formation and expansion of nascent E-cadherin mediated 

cell contact in mouse keratinocytes (Pang et al., 2005). This suggests a bimodal regulation of E-

cadherin junction by Src (McLachlan et al., 2007). Moreover, E-cadherin adhesion and ligation 

can activate Src signalling at cell junctions, indicating a potential feedback loop mechanism 

(McLachlan et al., 2007). Similar bimodal regulation has been shown for Rac1, which is activated 

by cadherin adhesion (Nakagawa et al., 2001; Noren et al., 2001; Betson et al., 2002; Braga, 

2002) but higher levels of activation are deleterious to stable junctions (Akhtar & Hotchin, 

2001; Edme et al., 2002; Keely et al., 1997; Braga, 2002). Whether Src bimodal regulatory 

mechanism also plays a role in keratinocytes, and in other cancer cell lines, still remains to be 

studied.  
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Based on our previous knowledge of Armus involvement in E-cadherin regulation, I speculate 

that Src could disrupt cadherin adhesion by affecting E-cadherin degradation via Armus. Src 

regulates Armus which in turn deactivates Rab7, enabling the degradation of E-cadherin in 

lysosomes. Alternatively, I speculate that Src could perturb E-cadherin adhesion by dismantling 

cadherin complexes and interfering with their link to the cytoskeleton. Using 

immunoprecipitation, Armus has been shown to bind to E-cadherin complex (Frasa et al., 2010). 

Direct interaction in in vitro binding assays was specifically observed with α-catenin and p120-

catenin (see Chapter 5). Because p120-catenin has been previously described as a substrate of 

Src (Reynolds et al., 1989; Mariner et al., 2001; Alemà & Salvatore, 2007), I postulate that Src 

could phosphorylate p120-catenin which might have an impact on Armus function and E-

cadherin degradation.  

It is initially suspected that Rac1 might be involved in Src-induced junction disruption because: 

1) it has been previously demonstrated that Rac1 is upstream of Armus in its regulation of E-

cadherin degradation in lysosomes (Frasa et al., 2010); 2) many Src-stimulated biochemical 

routes overlap with Rac1 regulated routes (Canel et al., 2013); 3) Rac1 is activated during Src-

induced transformation and 4) blocking Rac1 inhibits Src-induced transformation (Servitja et 

al., 2003). I have not formally addressed if Rac1 is necessary for disassembly of contacts 

induced by Src. However, this is highly likely considering previous evidence in MDCK (Palacios 

& D’Souza-Schorey, 2003) and because Armus, a Rac1 effector, is involved. Strikingly, I 

demonstrate that PAK1 does not contribute to junction disruption by Src. Thus, there seems to 

be a selective engagement of specific Rac1 effectors downstream of Src activation.  

3.5.2 E-cadherin-mediated cell adhesion perturbation by active H-Ras 

Downregulation of E-cadherin by H-Ras has been previously reported in different cell lines 

(Espada et al., 1999; Kinch et al., 1995; Schmidt et al., 2003; Dow et al., 2008).  Various pathways 

can be activated downstream of oncogenic Ras such as the phosphatidylinositol 3-kinase (PI3K) 

pathway and the mitogen activated protein kinase (MAPK) pathway that contribute to 

perturbation of E-cadherin adhesion (Sjölander et al., 1991; Potempa & Ridley, 1998; Espada et 

al., 1999; Warne et al., 1993). Rac1 activation is important for transformation by oncogenic H-

Ras and can be activated by both PI3K and MAPK pathways. The involvement of Rac1 effectors 

downstream of H-Ras induced junction disruption in keratinocytes is plausible (Braga et al., 

2000; Sarner et al., 2000; Menard & Mattingly, 2003; Khosravi-Far et al., 1995; Edme et al., 

2002; Qiu et al., 1995). 
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PAK1 has been shown to participate in the pathway Ras > Rac > PAK > ERK signalling, which is 

required to sustain transformation in some cells (Tang et al., 1999). PAK1 activation 

downstream of H-Ras can also be mediated by Akt and is important for cell survival against 

apoptosis (Tang et al., 2000). However, although Rac1 is likely to be involved downstream of H-

Ras regulation of E-cadherin adhesion, PAK1 is not. Therefore, this indicates that H-Ras 

similarly engages specific downstream Rac1 effectors upon its activation. 

3.5.3 Possible crosstalk between Src and H-Ras during disruption of E-cadherin 

junctions? 

Both Src and H-Ras require Armus, but not PAK1 in the regulation of E-cadherin adhesion which 

suggests that they could be implicated in the same signaling pathway. Indeed, oncogenic Src 

expression can activate H-Ras which, in turn, stimulates downstream signalling important for 

cell proliferation, survival and transformation (Odajima et al., 2000; Smith et al., 1986; De Clue 

et al., 1991). Moreover, Ras is essential for oncogenic Src-stimulated cell transformation 

(Tokumitsu et al., 2000) and H-Ras and Src have been shown to interact with each other 

(Thornton et al., 2003). Conversely, Ras can induce Src activation independently of PI3K that is 

critical for Ras-mediated tumour invasion (Chan & Chen, 2012). Whether Src or H-Ras 

disruption of keratinocyte junctions requires each other’s participation remains to be 

determined.  

3.5.4 Methods to quantify EGF-induced cell scattering / spreading 

Reduction in E-cadherin and loss of cell-cell contacts is one of the first steps to promote cancer 

metastasis (Boyer et al., 1989; Thiery, 2002; Lee et al., 2006). EGF signalling has been closely 

linked to EMT and shown to induce EMT-like state in HNSCC (Zuo et al., 2011; Keysar et al., 

2013). EGF treatment induces cell scattering in HaCaT as well as HNSCC lines HN4 and HN31 as 

assessed qualitatively by the number of single and detaching cells at periphery of colony. 

Similar cell dispersion effect caused by incubation with EGF has been observed previously in 

various cell lines (Chen et al., 1994; Edme et al., 2002; Singh et al., 2009). However, when cell 

scattering is measured by internuclear distances in HNSCC lines, a significant increase in 

internuclear distance is observed only in HN4, but not HN31.  

This discrepancy could be caused by the different parameters measured by each quantification 

method and the fact that breakdown of E-cadherin at junctions precedes the scattering 

movement of cells. The qualitative assessment of cell scattering included cells that are fusiform 

or with reduced E-cadherin at junctions but these cells might not have scattered a significant 

distance away from the colony.  Additionally, the discrepancy could reflect different dynamics of 
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cell scattering among the cell lines within the time period of EGF incubation. HN31 may have a 

slower cell scattering response because although cells phenotypically appeared scattered, cells 

have not migrated a significant distance away from each other.  

The same qualitative quantification of cell scattering as utilised in this study has been used 

previously to evaluate EGF-induced scattering in A431 cells (Singh et al., 2009). The 

quantitative assessment of internuclear distances has been manually performed before (Clark, 

1994) although the process can be laborious. Softwares such as MATLAB or Openlab 3 can be 

used to automate internuclear distance quantification (Pope et al., 2008; Savagner et al., 2005). 

Cell scattering can also be evaluated by quantifying the final mean distance moved by a set 

number of cells from the average distance moved by each cell for a period of time as monitored 

by time-lapse microscopy (Ridley et al., 1995). A measure of cell cluster size can also be used to 

quantify the extent of which cells have disrupted adhesions during cell scattering. As cells 

scatter, cluster size is expected to decrease (Pope et al., 2008; Kort et al., 2003). It is clear that 

different methods can be used to measure cell scattering but each parameter measured is based 

on distinct aspects of the scattering process. Hence, a combination of methods as employed in 

this study might be more useful in order to determine the exact sequence of events that occurs 

during cell scattering. 

3.5.5 Regulation of EGF-induced cell scattering by Armus in different cell lines 

Although Armus RabGAP expression can partially prevent cell scattering in immortalised 

keratinocyte cell line, HaCaT (Frasa et al., 2010), no similar effect is observed in HN4 and HN31. 

EGF-induced cell scattering in HN4 and HN31 may be independent of Armus activity. 

Alternatively, it could be explained by a difference in gene expression profiles of proteins such 

as Akt, STAT3, SET and various cytokines in the HNSCC cell lines compared to HaCaT which 

have been linked to cell migration (Jeon et al., 2004; Amornphimoltham et al., 2004; 

Sriuranpong et al., 2003; Koontongkaew et al., 2009) or hyperactivation of selective pathways in 

the HNSCC lines. Qualitative quantification of the cell scattering experiment, however, is not 

included in this analysis due to time-constraints. Such analysis could reveal valuable insights 

into the effect of Armus RabGAP expression on scattering in HN4 and HN31.  

The involvement of Armus downstream of Src- and H-Ras-induced E-cadherin disruption as 

well as EGF-induced scattering in HaCaT is evident. Interestingly, Src has been shown to 

participate in EGF-induced scattering in the human epidermal carcinoma A431 cells and the rat 

bladder carcinoma NBT-II cells (Singh et al., 2009; Rodier et al., 1995; Boyer et al., 1997). 

Requirement for Ras during EGF-induced scattering in NBT-II cells has similarly been shown 
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although the involvement of Src and Ras downstream of EGF is thought to be mediated by 

distinct pathways (Boyer et al., 1997). It is proposed that Src may control cell dispersion by 

regulating cytoskeleton organisation while Ras may do so through regulation of gene expression 

(Boyer et al., 1997). Whether these pathways converge on Armus during EGF scattering in 

HaCaT is yet to be determined.  

EGFR, Src and H-Ras are central mediators of multiple pathways implicated during cancer 

progression and their mutational activation and/or elevated expression can confer tumour 

malignancy in a wide variety of human cancers. Identification of a common molecule involved 

downstream of these well-established oncogenes may lead to novel and more effective targeted 

therapeutic strategies against metastasis as well as other aspects of tumourigenesis mediated 

by the oncogenes.  

3.6 Future work 

To further examine the role of Armus in Src- and H-Ras-induced E-cadherin junction disruption, 

it is necessary to determine whether Src and H-Ras perturb junction via the same or distinct 

pathways. In addition, because p120-catenin has been shown to be directly involved in cadherin 

function and p120-catenin phosphorylation has been demonstrated to have roles both during 

cadherin assembly and disassembly, it will be interesting to test whether Src and H-Ras 

signalling phosphorylates p120-catenin and if this phosphorylation is important for Src- and H-

Ras induced junction disruption. Moreover, Src and H-Ras will be checked for their involvement 

downstream of EGFR and, following that, whether in these specific instances Armus still 

participates downstream of Src and H-Ras. Collectively, these could determine whether Armus 

is involved in the same signalling pathway via the different oncogenes. If so, suppressing Armus, 

the common downstream effector, may provide a potent inhibition of E-cadherin degradation. 
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Chapter 4           Mechanistic insights of Armus in autophagy. 
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4.1 Introduction 

Alterations in autophagy have been associated with various human pathologies and are 

genetically linked to cancer (Levine & Kroemer, 2008). Beclin-1, a protein vital for autophagy, is 

a tumour suppressor and its allelic loss is frequently observed in breast, ovarian and prostate 

cancers (Liang et al., 1999, Aita et al., 1999). To date, however, the role autophagy plays in 

tumourigenesis is unclear. On the one hand, autophagy acts to prevent genome damage that 

drives tumourigenesis by removing damaged proteins and organelles and suppressing oxidative 

stress (Komatsu et al., 2005; 2007; Karantza-Wadsworth et al., 2007; Mathew et al., 2007b; Lee 

et al., 2012). Also, prolonged cellular stress and excessive stimulation of autophagy can lead to 

autophagic cell death that may suppress tumours (Kroemer & Levine, 2008). On the other hand, 

autophagy enables tumour cells to tolerate stressful environment that they encounter such as 

nutrient starvation, glucose deprivation and hypoxia by allowing their prolonged survival 

(Levine & Kroemer, 2008; Mathew et al., 2007a). More importantly, autophagy is used by some 

tumour cells to decrease sensitivity to chemotherapy and survive cancer treatments (Yang et al., 

2011b).  Cells can become dormant in adverse environment and autophagy activation allows 

cells to once again regenerate and proliferate when growth condition becomes more favourable 

(Mathew et al., 2007a; Jin et al., 2007). Thus, autophagy inhibition can be used to help restore 

chemosensitivity and enhance tumour cell death.  

To date different families of proteins have been identified as being involved in the different 

steps of induction, maturation and turnover of autophagosomes during the autophagy process 

(Klionsky et al., 2011; Chen & Klionsky, 2011). Rab small GTPases have been implicated in 

various stages of autophagy and need to spatiotemporally regulated to maintain functional 

specificity (Ao et al., 2014). This is achieved by the action of guanine nucleotide exchange 

factors (GEFs) and GTPase activating proteins (GAPs) (Bos et al., 2007; Barr & Lambright, 2010; 

Frasa et al., 2010).  

Armus is a RabGAP proteins that inactivates Rab7, an eminent regulator of autophagy involved 

in autophagosome maturation, movement along microtubules and fusion with lysosomes 

(Carroll et al., 2013; Frasa et al., 2010; Hyttinen et al., 2013). Overexpression of either Armus 

full-length or Armus1-550 in full nutrient and nutrient-starved condition induces the formation of 

enlarged Armus-labelled vesicles. These enlarged vesicles are likely to be autophagosomes, as 

they are labelled by GFP-LC3 and contain double membranes as seen by electron microscopy. 

However, there is a possibility that these vesicles could result from aggregates of the expressed 

protein. Alternatively, Armus could block a step during autophagosome formation or 

maturation, which indirectly would prevent vesicle turnover. The latter is suggested by 
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increased level of LC3 and that blocking Armus function causes blockage of autophagic flux 

(Carroll et al., 2013). 

The minimal region of Armus able to produce the enlarged vesicle phenotype is amino acid 1 to 

550. This stretch of amino acid does not contain the RabGAP domain implicated in Armus 

regulation of autophagy via its inactivation of Rab7. Within the N-terminal region of Armus, 

expression of the PH or coiled-coil domains is not sufficient to trigger enlarged vesicles, 

suggesting that the combined action of these domains is necessary (Frasa et al., 2010). Rac1 is 

potently downregulated for up to 1 hour during nutrient starvation which suggests that its 

inactivation might be necessary for autophagy to proceed. Furthermore, expression of activated 

form of Rac1 (RacQ61L) significantly decreases the number of LC3 puncta and is thus likely to 

interfere with LC3 degradation. However, the latter has not been formally proven.  

Identification of Armus as a key player in autophagy has an interesting therapeutic implication 

in the treatment of cancer as autophagy has been increasingly linked to therapeutic resistance. 

Activation of autophagy-related stress tolerance during cancer therapy has become a major 

impediment to successful treatment as autophagy allows tumour cells prolonged survival by 

maintaining energy production, eventually leading to tumour regrowth and progression (Chen 

et al., 2010; Lu et al., 2008). Autophagic inhibition in cancer therefore aims to resensitise 

tumour cells to cell death during conventional cancer therapy. This has been demonstrated in 

head and neck, lung and pancreatic cancer (Wilken et al., 2011; Apel et al., 2008; Yang et al., 

2011a). Furthermore, a combination treatment of autophagic inhibitor and chemotherapy is 

much more successful in triggering cell death and suppressing head and neck, lung and 

pancreatic cancer growth than does chemotherapy alone (Wilken et al., 2011: Apel et al., 2008; 

Yang et al., 2011a). The antimalarial drug, chloroquine, has been repurposed as an autophagy 

inhibitor as it acts to inhibit lysosomal proteases by increasing its acidic pH and prevent fusion 

between autophagosomes and lysosomes (Kimura et al., 2013). Chloroquine is currently the 

most commonly used autophagy inhibitor and has been employed in about 12 clinical trials for 

treatment of cancer patients specifically looking at combining chloroquine with existing 

anticancer therapies (http://clinicaltrials.gov/ct2/results?term=chloroquine+tumour&-

Search=Search). 

To investigate the importance of Armus in autophagy and tumourigenesis and its potential as a 

novel therapeutic target, it is vital that a suitable tumour model system is established. Due to the 

complex dual roles that autophagy plays in cancer and how they are dependent on cell type and 

stage of tumour, full characterisation of tumour model system is required.  
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4.2 Aims 

1) Confirm that Armus-induced vesicles are autophagosomes 

2) Dissect the specific step that Armus regulates to determine its physiological role 

3) Examine autophagic response of head and neck squamous cell carcinoma lines to 

various autophagic stimuli and chemotoxic treatment.  

4.3 Results 

4.3.1 Armus-labelled vesicles were autophagosomes and not protein aggregates. 

I hypothesised that activation of autophagy by a known autophagy inducer would increase the 

accumulation of Armus-labelled vesicles. Autophagy is negatively regulated by mTORC1 and can 

be induced in many mammalian cell types by the well-established mTORC1 inhibitor, rapamycin 

(Sarkar et al., 2009). Myc-Armus1-550 and GFP-LC3 were coexpressed overnight (16 hours) and 

treated with either DMSO or 20 µM rapamycin one hour before cells were fixed (Figure 4-1A). 

De novo accumulation of Armus-labelled vesicles that colocalised with GFP-LC3 was observed 

upon rapamycin treatment compared to DMSO treatment. Vesicles appeared to localise more to 

perinuclear region than cell periphery. To disprove the hypothesis that Armus-labelled vesicles 

could be a result of Armus proteins aggregating together, I expressed myc-Armus1-550 alone or in 

combination with GFP-α-synucleinA53T in full-nutrient medium (Figure 4-1B). α-synuclein is a 

protein found in the brain and at low concentrations is natively unfolded. At higher 

concentrations, α-synuclein forms amyloid fibrils and in Parkinson’s disease where mutation 

A53T is present, α-synuclein fibrillisation is accelerated forming aggregates (Lashuel et al., 

2013). Expression of GFP-α-synucleinA53T formed puncta in keratinocytes that are 

phenotypically distinct from Armus-labelled vesicles. When expressed together, Armus-labelled 

vesicles envelope around α-synuclein consistent with autophagosomes that serve to clear out 

protein aggregates by autophagy (Figure 4-1B, zoom). Armus-labelled vesicles were, therefore, 

not a result of protein aggregation. 

4.3.2 Armus regulated fusion of autophagosomes with lysosomes. 

Next, I set out to study the step in the autophagic process that Armus participates in. To this 

end, I firstly wanted to demonstrate whether Armus regulates the nucleation of 

autophagosomes. Keratinocytes treated with control scrambled siRNA oligo or with Armus 

siRNA oligo (either #1 or #2) to deplete endogenous Armus were transfected with GFP-LC3. 

One hour before fixation, cells were nutrient-starved in the presence or absence of 50 nM 

bafilomycin,  an inhibitor that  prevents the fusion between  autophagosomes  and lysosomes 
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(Figure 4-2A). The number of GFP-LC3 puncta did not change in both control and Armus-

depleted cells, signifying that the absence of Armus did not affect autophagosome nucleation.  

Moreover, in cells treated with control siRNA oligo, the number of GFP-LC3 puncta significantly 

increased upon treatment with bafilomycin. However, no change is observed when Armus is 

depleted by Armus siRNA oligos, suggesting that autolysosome formation was already inhibited 

(Figure 4-2C). 

The above experiments strongly indicated Armus participation at the later stage of autophagy 

instead of the early nucleation step of autophagosome biogenesis. To validate this possibility 

mRFP-GFP tandem-fluorescent LC3 (tfLC3) was expressed alone or in combination with myc-

Armus1-550 overnight (Figure 4-3). This particular LC3 construct is useful in dissecting the 

maturation process of autophagosomes due to its interesting properties. GFP-tagged LC3 tends 

to have its fluorescence quenched when in lysosomal acidic condition while the more stable 

mRFP-tagged LC3 is a more stable fluorophore. The former can therefore label only vesicles that 

have not fused with lysosomes, whilst the latter can label vesicles both before and after 

lysosomal fusion (Kimura et al., 2007). Co-expression of tfLC3 with Armus1-550 resulted in 

vesicles that were labelled by both fluorophores indicating that lysosomal fusion was inhibited 

as GFP-LC3 was not quenched.  

Finally, keratinocytes were transfected with either control scrambled siRNA oligo or Armus #1 

siRNA oligo before expressing tfLC3. One hour before cells were fixed, they were either kept in 

the original medium or nutrient-starved (Figure 4-4A). In control cells, nutrient starvation 

increased the number of acidic, red-labelled autophagosomes, as expected with autophagic flux 

(Figure 4-4C). In contrast, in cells depleted of Armus, such increase was not observed (Figure 

4-4C). Because the levels of acidification of LC3 puncta were compromised when Armus was 

depleted, it was concluded that Armus regulated the fusion between autophagosomes and 

lysosomes to allow the degradation step to take place.  

4.3.3 Rac1 potently inhibited autophagic flux. 

Inactivation of Rac1 is essential in order for autophagic flux to proceed. I hypothesised that 

active Rac1 potently interferes with the autophagy process. GFP and activated Rac1 (RacQ61L) 

were expressed, and one hour before cell lysis they were either kept in the original medium or 

nutrient-starved in the presence or absence of 50 nM bafilomycin (Figure 4-5). In GFP- 

expressing keratinocytes, treatment with bafilomycin increased the level of lipidated version of 

LC3, LC3-II, in non-starved conditions and no change was observed upon nutrient-starvation.  
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This data is consistent with the known effect of bafilomycin in blocking lysosomal function. It is 

good to note that keratinocytes predominantly express the lipidated version of LC3, LC3-II, 

compared to the cytosolic form, LC3-I. This is apparent from the lack of LC3-I observed in this 

and all subsequent LC3 immunoblots. In RacQ61L-expressing cells, no significant change was 

found between all the different conditions. Taken together with previous data (Figure 1-17), I 

concluded that Rac1 impeded autophagy possibly at the LC3 puncta formation step. 

4.3.4 Head and neck squamous cell carcinoma (HNSCC) lines were unresponsive to 

rapamycin treatment and nutrient starvation. 

The identification of Armus as a core regulator of autophagy highlighted the potential 

importance that Armus might play in cancer. However, it is important to set up a well-

characterised tumour model to test whether autophagy inhibition augments tumour cell deaths 

by chemotherapy reagents. 

Thus far, the experiments have been performed in human keratinocytes, and therefore the 

autophagic response in four different HNSCC lines (HN4, HN12, HN30 and HN31; Jeon et al., 

2004) was further characterised. HN4 and HN12 were derived from the same patient whereby 

HN4 was a primary tumour and HN12 was the metastatic tumour derived from the initial 

primary tumour. Similarly, HN30 and HN31 were derived from the same patient where HN30 

was a primary tumour and HN31 the metastatic lesion (Jeon et al., 2004). This would allow us to 

identify whether an effect was patient-specific and/or tumour-type specific. 

HNSCC cell lines were treated with 20 µM rapamycin for 1 hour before cell lysis, which is the 

same condition previously optimised for keratinocytes, and LC3-II levels were determined 

(Figure 4-6A; Carroll et al., 2013). Comparison between the cell lines revealed a significant 

increase in LC3-II level in HN31 compared to HN12 (Figure 4-6B). As expected, a significant 

increase of LC3-II levels was seen in keratinocytes upon rapamycin treatment, due to 

accumulation of LC3-II when autophagy was induced. However, under the same condition as 

keratinocyte treatment, no observable change was seen in any of the HNSCC lines (Figure 4-

6C), indicating that autophagy in HNSCC cell lines was not induced by rapamycin. It is 

interesting to note that similar lack of LC3-I was observed in all HNSCC lines tested as seen with 

keratinocytes.  

The next question to be addressed was whether this effect was specific to rapamycin responses 

or if there was a general blockage in autophagy in HNSCC cell lines. Nutrient starvation was 

performed   for  one   hour  before   cell  lysis,   the  same   condition   similarly   optimised   for  
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keratinocyte treatment, and LC3-II levels were measured (Figure 4-7A). A decrease in LC3-II 

levels in keratinocytes indicated higher autophagic flux, with more LC3-II being turned over. In 

contrast, a significant increase in LC3-II levels was observed in HN12 upon starvation, 

suggesting an accumulation of LC3-II and delayed autophagic flux. Starvation did not trigger any 

response in the other tumour cell lines (Figure 4-7B), suggesting that autophagy was blocked in 

these cell lines. To substantiate the above data, tfLC3 was expressed in keratinocytes and 

HNSCC lines. One hour before cell fixation, cells were either kept in their original medium or 

nutrient-starved to induce autophagy (Figure 4-8A). In keratinocytes, the number of 

autophagosomes (RFP+GFP+-puncta) was decreased upon nutrient starvation, although this 

reduction is not significant as seen with the difference in LC3-II levels. No significant changes 

were seen in HNSCC lines, although a trend for an increase was observed in HN4 (Figure 4-8B). 

It is clear that under the same condition as that previously used to treat keratinocytes, the 

tumour cell lines have different steady-state dynamics of LC3 levels and are insensitive to 

autophagy induction by rapamycin treatment and nutrient deprivation. Further optimisation 

may be required for the tumour cell lines due to different signalling pathways that may be 

activated within each cell line.   

4.3.5 Chloroquine and cetuximab were moderately toxic, while cisplatin caused potent 

reduction in cell number in tumour cell lines. 

To determine whether inhibition of autophagy in HNSCC lines would be able to enhance cell 

death, various inhibitors were tested for their effect on cell number. Firstly, the effect of 

chloroquine on HaCaT and HNSCC lines at varying concentrations was assessed by evaluation of 

cell viability via MTT assay (Figure 4-9A). MTT assay is a measure of the number of viable cells 

present. It is a colourimetric assay that measured the conversion of yellow MTT solution to 

purple formazan by dehydrogenase enzyme, a process that can only be carried out by live cells. 

Chloroquine treatment was the least toxic to HN4 and HN12 while HaCaT, HN30 and HN31 were 

slightly affected (Figure 4-9A).  

To identify suitable chemotoxic agents for HNSCC tumour cells, two other anticancer therapies 

currently used in treatment of HNSCC, cetuximab and cisplatin, were tested for their effect on 

HaCaT and HNSCC lines. Cetuximab is a monoclonal antibody that inhibits epidermal growth 

factor receptor (EGFR) and has been employed to treat HNSCC due to the highly elevated level 

of EGFR usually observed in this type of cancer (Figure 1-20; Mehra et al., 2009; Saranath et al., 

1992). Cisplatin is a platinum-based chemotherapeutic drug that crosslinks DNA in cells, leading 

to apoptosis. Increasing the concentration of cetuximab modestly decreased cell number of each 

cell line upon treatment, with most significant reduction observed in HN30 at 1.0 and 5.0 µM   
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cetuximab (Figure 4-9B). Although these cell lines expressed highly elevated level of EGFR 

compared to keratinocytes (Figure 1-20), they were resistant to cetuximab treatment with 

effects comparable to immortalised keratinocytes, HaCaT. Meanwhile, increasing the 

concentration of cisplatin markedly decreased cell number in each cell line with HaCaT, HN4 

and HN31 being the most susceptible among the cell lines, proving cisplatin to be more potent 

in reducing the number of viable cells (Figure 4-9C).  

I hypothesised that inhibiting autophagy using chloroquine will exacerbate the effect on cell 

number reduction by cisplatin or cetuximab. Cells were to be treated with sublethal dose of 10 

µM chloroquine. Additionally, concentrations of 1.0 and 5.0 µM were selected for treatment with 

cetuximab and 0.05 and 0.1 mM for cisplatin as similarly sublethal doses for subsequent 

experiments (Figure 4-9B and 4-9C). The aims were (i) to avoid exposing cells to higher drug 

concentration at the onset and (ii) to enable detection of partial phenotypes during combination 

therapy. 

Apart from HN31, treatment of chloroquine by itself was not toxic (Figure 4-10). Treatment of 

cetuximab alone reduced cell viability significantly at higher concentration of 5.0 µM but not the 

lower concentration of 1.0 µM. However, incubation of both chloroquine and 1.0 µM of 

cetuximab significantly decreased cell number in HaCaT but not in the tumour cell lines. 

Cetuximab required either a higher concentration or combination treatment with chloroquine 

to be lethal to tumour cells. In HaCaT and the cell lines derived from primary tumours (HN4 and 

HN30), cetuximab treatment alone only caused significant cell death at higher concentration of 

5 µM, and this effect was not exacerbated by coadjuvant treatment with chloroquine. In 

contrast, HN12 was resistant to chloroquine and cetuximab treatment alone or when combined 

(Figure 4-10C).  

Following this, the effect of combination treatment of cisplatin and chloroquine on HNSCC was 

examined. Apart from HN31, tumour cell lines were more sensitive than HaCaT to treatment 

with cisplatin alone at 0.5 mM. Toxicity was observed only at higher cisplatin concentration 

(Figure 4-11). Cisplatin sensitivity at higher concentration might reflect low tolerance of 

tumour cells to platinum-induced DNA damage or low efficiency of DNA repair mechanism. Co-

treatment with chloroquine did not enhance cell death in HaCaT or other tumour cell lines, 

except HN12. However, increased cell death in HN12 was observed only at lower concentration 

of cisplatin, but not at higher concentration. It is unlikely that this is caused by intrinsic 

resistance as the drug is effective at a lower dose, but rather a dose-dependent regulation of cell 

death by cisplatin in HN12. Higher cisplatin concentration may trigger an extreme stress 

response such as DNA damage repair and evasion of apoptosis that act to prolong cell survival 
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not observed at lower concentration. Longer incubation period with cisplatin in HN12 may 

eventually result in significant cell death.  

With respect to the objective of finding model system to test the importance of Armus in 

autophagy during tumourigenesis, the metastatic tumour lines, HN12 and HN31, were the most 

suitable for the following reasons: (i) HN31 responded to co-treatment of cetuximab and 

chloroquine while HN12 was resistant; (ii) HN12 showed increased cell death during co-

adjuvant treatment of cisplatin and chloroquine while HN31 showed resistant to cell death at 

lower concentration. By exploiting the opposing reaction of the cell lines to the different drugs 

at specific concentration, the possibility of targeting Armus during tumourigenesis can be 

further explored.   

4.4 Conclusion 

I confirmed that Armus-labelled vesicles are autophagosomes as they can be induced by 

rapamycin treatment and are not caused by protein aggregation. I also established that Armus 

regulates the fusion between autophagosomes and lysosomes, but not autophagosome 

nucleation. In addition, autophagic flux is markedly inhibited in the presence of active Rac1. In 

order to further study the potential role that Armus might play in autophagy and 

tumourigenesis, I screened four different HNSCC lines for their autophagic response. HNSCC 

lines do not respond to rapamycin treatment and nutrient starvation as stimuli to induce 

autophagy under the condition previously optimised for keratinocytes. All HNSCC lines are 

sensitive to cisplatin treatment and treatment with cisplatin alone (with no chloroquine) is 

sufficient to cause a reduction in cell number. HNSCC lines are generally less sensitive to 

cetuximab, but, in HaCaT, HN4 and HN30, treatment with cetuximab alone can still affect the 

number of viable cells. HN31 required both cetuximab and chloroquine to have significant effect 

on viable cell number, while both cisplatin and chloroquine were highly toxic to HN12.  

4.5 Discussion 

4.5.1 Induction of Armus-labelled autophagosomes and implication in pathogenesis 

The formation of enlarged Armus-labelled vesicles is potentiated by the expression of Armus1-

550 both during full nutrient condition or nutrient starvation, as shown previously. These 

enlarged vesicles are structures surrounding a lumen with Armus decorating the membrane, a 

characteristic consistent with lysosomal defects during autophagy. Similarly enlarged vesicles 

have been previously reported for LC3-positive autophagic vesicles (Mleczak et al., 2013; Choi 
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et al., 2012; Lu et al., 2014). Furthermore, Armus-labelled vesicles can be induced by incubation 

with autophagy activator rapamycin, reinforcing their identity as autophagosomes.  

Armus-labelled autophagosomes sequester aggregated structures caused by mutant α-synuclein 

accumulation. Similar engulfment of endogenous LC3 around α -synuclein inclusion has been 

described which corroborates preceding studies that report the importance of autophagy in 

clearing out protein aggregates generally, and α-synuclein aggregates specifically (Lamark & 

Johansen, 2012; Watanabe et al., 2012). Clearance of intracellular aggregates has important 

implication in treatment of Parkinson’s disease which is thought to be caused by α-synuclein 

aggregation. A couple of recent papers propose that the clearance of α-synuclein aggregates by 

autophagy might only be effective for soluble or small, but not larger aggregates. More 

importantly, α-synuclein aggregates may also impair autophagy, which could lead to increased 

cell death in aggregate-containing cells (Tanik et al., 2013; Winslow et al., 2010).  It is unclear 

whether this impairment occurred during our experiment, and, if it does, whether it further 

contributes to the blockage in autophagic flux.  

4.5.2 Armus regulation of autophagosome-lysosome fusion 

Armus does not regulate autophagosome nucleation, because accumulation of LC3 puncta upon 

nutrient-starvation is not prevented upon Armus depletion. Instead, Armus regulates the fusion 

between autophagosomes and lysosomes based on the following evidence: 1) bafilomycin 

treatment does not increase LC3 puncta number when Armus is depleted, suggesting that 

autolysosome formation is already blocked; 2) Armus-labelled autophagosomes colocalise with 

both GFP and mRFP LC3 puncta, which indicates that the vesicles are arrested at the stage 

before they fused with the acidic compartment of the lysosomes and 3)  Armus depletion 

impairs the acidification of autophagic vesicles.  

Armus depletion causes a higher level of active Rab7 as Rab7 is not “switched off”. Precise 

inactivation of Rab7 is a step that is important to release Rab7 from autophagosomes and 

enable fusion with lysosomes. Thus, during starvation-induced autophagy, Armus acts to 

regulate Rab7 cycling and autolysosome formation. In addition to Armus, two other 

TBC/RabGAPs, TBC1D15 and TBC1D5, regulate Rab7 (Zhang et al., 2005; Peralta et al., 2010; 

Seaman et al., 2009). How this redundancy in Rab7 regulators is coordinated in different 

scenarios has not been precisely worked out.  

The modulation of lysosomal fusion by Armus has also been previously implicated in EGF-

stimulated E-cadherin degradation in which the activation of another Armus interacting 

partner, Rac1, is essential (Frasa et al., 2010). Interestingly, active Rac1 appears to be a strong 
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inhibitor of autophagy initiation as shown in this study. This corroborates an earlier report 

which demonstrates the requirement for actin in starvation-mediated autophagy (Aguilera et 

al., 2012). Depolymerisation of actin cytoskeleton consequently inhibits de novo formation of 

autophagic puncta upon starvation, a function regulated by RhoA and Rac1. Rac1 may inhibit 

autophagy potentially through its actin regulatory function (Aguilera et al., 2012).  

It is important to note that the phenotype exhibited by active Rac1 is distinct from that 

displayed by Armus with respect to autophagy initiation and LC3 levels. Armus RNAi and active 

Rac1 expression both delay LC3 degradation upon nutrient starvation. However, treatment with 

bafilomycin causes no further increase in the number of LC3 puncta with Armus RNAi but 

shows significant reduction in puncta number when active Rac1 is expressed (Carroll et al., 

2013). This implies that active Rac1 most likely inhibits LC3 puncta formation, unlike Armus 

regulation of the later steps. Furthermore, distinct pathways modulate Armus activation during 

E-cadherin degradation and autophagy. Rac1 activation is imperative for Armus regulation of E-

cadherin degradation, but during autophagy Rac1 is potently downregulated, indicating 

different Armus activator may be operating upstream of Armus during autophagy.  

Another highly homologous protein to Rac1, Rac3, also negatively regulates autophagy across 

different cell lines, although the exact mechanism of its action is not currently known (Zhu et al., 

2011). Overexpression of Rac3 is demonstrated in breast and prostate cancer cells (Mira et al., 

2000; Engers et al., 1997) and thus may play a role in autophagy regulation during 

tumourigenesis. Taken together, the results support an important role of Rac family members in 

modulating autophagic response.  

4.5.3 Implication of Armus autophagy regulation during tumour progression 

Armus involvement in autophagy could instigate research into new target in cancer therapy. 

Cancer cells in different stages of malignancy have different autophagy requirements. In tumour 

cells that require autophagy for survival, inhibiting Armus might cause a blockage in autophagic 

flux, thereby preventing a survival response to hypoxia, for example (Chabner & Roberts, 2005; 

LeFranc et al., 2007; Amaravadi et al., 2011). Conversely, irrespective of the reliance on 

autophagy for tumour cell survival during tumour progression, chemotherapy resistance may 

result from de novo deployment of autophagy triggered by toxicity in efforts to avoid cell death. 

Modulation of Armus function in combination with chemotherapy may increase effectiveness of 

therapeutic treatment. In order to test the above points, proper characterisation of tumour cell 

lines need to be carried out with regards to 1) their autophagic status at steady-state and when 

stimulated and 2) their response to chemotoxic treatment.  
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In the different HNSCC lines investigated, basal levels of autophagy are not significantly altered 

when compared to human keratinocytes under the same experimental condition. Both primary 

and secondary tumour cell lines from one patient (HN4 and HN12, respectively) have lower 

levels of LC3-II at steady state, which correlates with increased levels of mTOR (Bernadette 

Carroll, PhD thesis; Figure 1-20). All HNSCC lines tested are also resistant to rapamycin and 

starvation-induced autophagy. Rapamycin resistance is frequently observed in many cancers 

and cancer cell lines. However, this resistance is usually associated with the anti-proliferative 

effect of rapanycin (Huang & Houghton, 2003), rather than its autophagy-inducing effect (Huang 

et al., 2003; Gruppuso et al., 2011). The ability of rapamycin to induce autophagy depends on 

the cell type and rapamycin-resistant cell lines can have autophagy activated via combination 

therapy of rapamycin with ATP-competitive mTOR inhibitor (Nyfeler et al., 2011). It is possible 

that the HNSCC lines could be rapamycin-insensitive and that a combination of rapamycin 

treatment with mTOR inhibitor, such as Torin1, could lead to a more efficient mTORC1 

inhibition and successful induction of autophagy. Alternatively, autophagy might be activated in 

the cell lines via mTOR-independent pathway(s). Further optimisation of rapamycin 

concentration as well as the duration of treatment for both rapamycin incubation and nutrient 

starvation in individual cell line may additionally be necessary. It is likely that alternative 

signalling pathways are activated in these tumour cell lines that differ from normal 

keratinocytes. 

Nutrient starvation is a powerful stimulus for autophagy (Yu & Long, 2014). Yet, with the 

exception of HN12, no strong response to starvation is observed in the HNSCC cells examined. In 

HN12, although total LC3 level increases upon nutrient starvation, the number of 

autophagosomes per cell does not. It could suggest that although LC3 protein is upregulated 

upon autophagy stimulus, its incorporation into autophagosomes may be impaired. 

Alternatively, it might indicate a rapid clearance of LC3 in HN12 with different dynamics 

compared to autophagic flux observed in normal keratinocytes. 

In conclusion, the HNSCC under investigation here have comparable LC3 levels to normal 

keratinocytes at steady state, and under the same experimental condition do not respond to 

stimulation of autophagy by nutrient starvation or rapamycin treatment. This suggests an 

intrinsic difference in the ability to initiate autophagy in HNSCC cell lines compared to normal 

cells. It has become increasingly clear that in order to achieve efficacy in cancer treatment, one 

has to appreciate the importance of inter-individual differences in terms of environment or 

intrinsic genetic factors (Anand et al., 2008; De Palma & Hanahan, 2012; Lichtenstein et al., 

2000). This brings into question the potential value of autophagy as a diagnostic tool in cancer 

(Li et al., 2008). Knowing the autophagic state of specific tumours could allow a more effective 
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treatment regime, either calling for the inhibitory or supportive function of autophagy in 

tumourigenesis. The emerging role of autophagy modulation and its use as diagnostic tool have 

been previously demonstrated in treatment for Crohn’s disease (Nys et al., 2013). 

4.5.4 Methods of assessing autophagic activity 

Because autophagosomes are intermediate structures in the autophagic pathway, the number of 

autophagosomes observed at any given time is a balance between the generation rate of 

autophagosomes and the conversion rate of autophagosomes to autolysosomes. Consequently, 

an observation of autophagosome accumulation could mean an induction of autophagy, or an 

inhibition of autophagosomal maturation and completion of autophagic pathway. Simple 

assessment of the number of autophagosomes may not be sufficient to give an overall 

estimation of autophagic activity. Therefore, various methods need to be collectively employed 

to dissect the exact effect any stimulus has on autophagy of either induction, or suppression of 

downstream step.  The more reliable indicator of autophagic activity is thought to be the 

“autophagic flux” which describes the whole dynamic process of autophagosome synthesis, 

autophagosome-lysosome fusion and lysosomal degradation (Mizushima et al., 2010; Tasdemir 

et al., 2008).  

As mentioned in the main introduction of this thesis, one of the first indicators to the 

involvement of Armus in autophagy is gleaned from the results obtained by electron microscopy 

(EM), whereby Armus-labelled vesicles were observed to be double-membraned, and envelope 

smaller vesicles and organelles. Although EM is one of the most traditional methods used to 

analyse autophagy, it requires a highly skilled researcher and the method is laborious. EM is 

also prone to subjectivity and misinterpretation of autophagic structures and limited in its 

applicability in functional studies.  

Instead, monitoring endogenous LC3 or GFP-LC3 using biochemical assays such as 

immunoblotting is one of the most common and the more accessible methods of assessing 

autophagy. Once LC3 is synthesised, nascent LC3 is processed to become LC3-I with a glycine 

residue at its C-terminus. LC3-I is later conjugated with phosphatidylethanolamine (PE) and 

becomes LC3-II. Both LC3-I and LC3-II can be detected using antibody against LC3 during 

immunoblotting. Although LC3-II has a larger molecular weight than LC3-I, it will migrate faster 

on an SDS-PAGE due to its extreme hydrophobicity. The apparent molecular weights of LC3-II 

and LC3-I is 14 kDa and 16 kDa, respectively. The amount of LC3-II in an immunoblot usually 

correlates with the number of autophagosomes. However, it is important to note that LC3-II can 
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also be present on non-autophagosomal membrane and can be generated via means that are 

independent of the autophagy process.  

Alternatively, following the distribution of GFP-LC3 puncta by fluorescence microscopy is 

another way to analyse autophagy. LC3-I has a diffuse cytoplasmic localisation in a cell while 

LC3-II localises to the inner and outer autophagosomal membrane and can be visualised as 

punctate structures that represent autophagosomes. By examining the average number of GFP-

LC3 punctae per cell, we can assess how different stimuli affect autophagy. Moreover, this 

method can be coupled to other stainings for colocalisation studies. One of the main 

disadvantages of using GFP-LC3 as a measure of autophagy is that GFP is sensitive to low pH 

and tends to be quenched when encountering acidic environment such as in the lysosomes. This 

makes it more challenging to track the delivery of GFP-LC3 to the lysosomes and may not give 

an accurate picture of the autophagic process. 

Using only the methods mentioned thus far, it might not be possible to distinguish whether 

autophagosomal accumulation is due to autophagic induction or blockage of downstream steps. 

Assays that monitor autophagic flux and examine the relative number of autophagosomes and 

autolysosomes may be more suitable for this purpose. If autophagy is activated, both the 

number of autophagosomes and autolysosomes will be elevated. However, if there is a blockage 

in the maturation of autophagosomes, only the number of autophagosomes will increase while 

the number of autolysosomes remains unchanged.  

The tandem LC3 construct (mRFP-GFP-LC3) makes use of the quenching property of GFP and 

the more stable property of RFP in acidic environment. By using the tandem LC3 construct, 

autophagosomes will be labelled yellow, as both mRFP and GFP are observed, and 

autolysosomes will be labelled red, as only mRFP is detected. An increased autophagic flux will 

be marked by an elevated number of both yellow and red puncta while an inhibition of the 

maturation of autophagosomes into autolysosomes will be indicated by an increase in only the 

yellow puncta.  

LC3 turnover assay could also be performed using lysosomotropic reagents that prevent 

lysosomal acidification, such as chloroquine and bafilomycin, or lysosomal protease inhibitors, 

such as pepstatin A and E64d. Both these reagents block LC3-II degradation and results in LC3-

II accumulation. The difference in LC3-II with and without these inhibitors represents the 

amount of LC3 to be degraded in the lysosomes, and, therefore, autophagic flux.  

On the other hand, a reduction in total LC3 can also be an indicator of autophagic flux, which can 

be monitored by immunoblotting. The more LC3 is cleared, the higher the autophagic flux. p62 
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is another autophagy substrate that can be used to monitor autophagic flux due to its 

incorporation into autophagosomes via LC3 and its efficient degradation by autophagy. The 

lower the total cellular level of p62 observed, the higher the autophagic flux.  

It is clear that different assays can be differently utilised, but each of them will possess various 

limitations in different cellular types and experimental conditions. A combination of different 

assays is therefore imperative in order to successfully examine autophagy in any given 

condition, as employed by this project.  

4.5.5 Variable responses to chemotoxic treatments of HNSCC lines 

Clearly, there are intrinsic differences in autophagic status within a single tumour model such as 

HNSCC. Irrespective of these differences, there is strong support for the concept that de novo 

induction of autophagy plays an essential role in tumour cell survival during chemotoxic 

treatment. Thus, it would be advantageous to identify responsive cell lines to demonstrate the 

effectiveness of Armus inhibition as co-adjuvant therapy. To identify a suitable model, initially, 

inhibition of autophagy was evaluated using chloroquine alone or in combination with other 

drugs.  

Chloroquine treatment mildly decreases number of viable cells in all cell lines, consistent with 

previous observation of chloroquine-mediated cell death in various tumours (Frieboes et al., 

2014; Kim et al., 2010; Shacka et al., 2006; Wang et al., 2013). Whether decreased viability is 

caused by increased autophagy, or if increased autophagy leads to cell death, is not known. At 

lower concentration, chloroquine can induce lysosomal dilation and inhibit cell growth but at 

higher concentration, however, its capacity to induce dilation decreases and chloroquine 

induces apoptosis (Fan et al., 2006a). In the case of HNSCC cells tested, there is a patient-specific 

response to chloroquine rather than tumour stage-specific (i.e. primary versus metastatic).  

Cisplatin and cetuximab treatment have been broadly used for treatment of HNSCC tumours. 

Both cisplatin and cetuximab can reduce growth of cancer and are effective when combined 

with radiation. The effect of cisplatin or cetuximab treatment in combination with chloroquine 

on cell viability of HNSCC lines is directly compared. Cetuximab treatment is generally less toxic 

to the HNSCC compared to cisplatin treatment, although EGFR is highly overexpressed in these 

cell lines. Cetuximab treatment alone causes significant reduction in number of viable cells in 

these cell lines and combining treatment with chloroquine rescues the reduction in cell number 

(HaCaT, HN4 and HN30). This suggests that, in these cell lines, when EGFR is blocked, activation 

of autophagic process could be the cause of cell death, because autophagic inhibition by 

chloroquine reverses this process. The metastatic tumour cell line, HN12, is insensitive to 
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cetuximab or chloroquine treatment alone or in combination, while HN31 is more vulnerable 

when incubated with both cetuximab and chloroquine. Previous reports have shown that 

chloroquine sensitises DiFi and A431 cells to cetuximab leading to increased cell death when 

compared to either treatment alone (Li et al., 2010b; Li & Fan, 2010). The variable responses of 

the HNSCC lines tested here to cetuximab, particularly the metastatic ones, are patient-specific. 

Cisplatin on the other hand markedly reduces cell viability in all cell lines, an effect exacerbated 

when combined with chloroquine. These are exciting and promising results as cisplatin 

treatment has been limited by the development of chemoresistance associated with enhanced 

autophagy. The use of autophagy during acquired resistance to cisplatin is observed in A549 

and Saos-2 cells, and autophagy inhibition enhances the apoptotic effect of cisplatin (Ren et al., 

2010; Shen et al., 2013). The relevance of my data is put in context by a phase 3 clinical trial for 

HNSCC patients. This trial is currently recruiting participants to compare cisplatin and 

cetuximab regimens and related side effects in order to determine optimal treatment 

(http://clinicaltrials.gov/ct2/show/study/NCT01855451). With autophagy highlighted as a 

novel target in HNSCC treatment (Rikiishi, 2012), findings from this study reinforce the 

importance of incorporating autophagy inhibition in future designs of combination therapies. 

4.6 Future work 

Elucidation of signalling pathways for activation of autophagy in the HNSCC cell lines is needed 

in order to highlight potential mechanisms operating during treatment of HNSCC with 

rapamycin and nutrient-starvation. Additionally, signalling pathways activated during 

treatment of HNSCC lines with chloroquine, cetuximab and cisplatin need to be determined in 

order to confirm that autophagy plays a role in potential induction of cell death in the cell lines. 

Ultimately, evaluation of the use of Armus as cancer therapy in combination with existing 

treatment such as cetuximab and cisplatin need to be performed. It is also important to confirm 

whether accelerated cell death is observed when Armus is depleted (to inhibit autophagy). After 

identification of cell lines that make use of autophagy as a prosurvival strategy, Armus’ 

importance and role in autophagy during tumourigenesis will be examined in these specific cell 

lines.   
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Chapter 5           How Armus’ binding partners regulate its 

localisations, functions and potential activation. 
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5.1 Introduction 

In this chapter I seek to investigate how Armus is able to localise to two separate intracellular 

localisations (junctions and autophagosomes) and the potential mechanisms through which it 

can be activated.  

In a paper published by the lab, we find that Armus functions in cell-cell adhesion by regulating 

E-cadherin turnover in the lysosomes downstream of EGF signaling (Frasa et al., 2010). In this 

paper, we discover that Armus is able to bind to the E-cadherin complex through its PH domain 

by means of immunoprecipitation assays. Further examination by a master’s student in the lab, 

Louis Perdios, using in vitro binding assays show that Armus binds directly to α-catenin. He also 

determines that Armus interacts with α-catenin through Armus N-terminus that contains only 

its PH domain (amino acid 1 to 169) (MRes thesis, unpublished data). Work done by two other 

master’s students, Liji Huang and Yuchen Zhao, identifies two binding sites on Armus that is 

responsible for Armus-α-catenin binding situated at amino acid 63 to 69 and 121 to 130. Two 

critical residues important for this binding are further characterised, which are serine at 

position 66 and threonine at position 126 (MRes theses, unpublished data). S66 is subsequently 

used in experiments within this chapter.  

In another paper more recently published by the lab, we find that Armus regulates the fusion 

between autophagosomes and lysosomes through its ability to bind to LC3 (Carroll et al., 2013). 

Characterisation of the binding identifies two LC3-interacting motifs (LIRs) positioned at amino 

acid 142-146 (WEFHN) and amino acid 510-514 (YLAGL). The critical residues central for 

binding are identified as tryptophan at position 142 and tyrosine at position 510 (Carroll et al., 

2013). To further validate the importance of these motifs in autophagy, synthetic Armus 

peptides containing the two LIRs were designed and produced. It is predicted that the peptides 

will compete with endogenous Armus for interaction with LC3 and sequester Armus. As direct 

interaction with LC3 is essential for Armus localisation to autophagosomes to facilitate the 

hydrolysis of Rab7-GTP, obstructing binding using the peptides is predicted to prevent Armus 

from performing its function in autophagy.  

Thus far, Armus’ functions in these two different cellular processes do not seem to intersect and 

appear distinct. First, Armus-labelled autophagosomes formed by expressing Armus1-550 do not 

contain E-cadherin and Armus localisation switches from being at junctions to the vesicles in 

expressing cells (Frasa et al., 2010; Figure 1-8A). Second, nutrient starvation that activates 

autophagy perturbs neither E-cadherin surface level nor its localisation at junctions although 

Armus appears to be released from E-cadherin complexes (Carroll et al., 2013; Figure 1-19). It 
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will be interesting to find out the mechanism of how Armus switches between these two 

functions.  

There are many examples where small GTPase regulators and effectors are autoinhibited at 

steady state. This mechanism has been demonstrated for Src and PAK kinases that regulate the 

function of Rho small GTPases (Thomas & Brugge, 1997; Bokoch, 2003). However, such 

autoinhibitory regulation has not been well-established with RabGAP proteins. Our unpublished 

evidence shows that Armus has the ability to undergo dimerisation and may acquire an 

autoinhibitory state via its intramolecular interactions (Figure 1-9). I hypothesise that Armus 

might be regulated by the same mechanism of autoinhibition. Elucidation of the precise binding 

site of where Armus binds to itself and to its partners might give us a better indication of how 

Armus is activated. 

5.2 Aims 

1) Evaluate disruption of Armus-LC3 interaction as a strategy for autophagy inhibition 

2) Dissect motifs on Armus required for its function in autophagy or junction disruption 

3) Define mechanism of Armus activation 

5.3 Results 

5.3.1 Armus peptides containing sequences essential for LC3 binding blocked Armus 

function during autophagy 

As stated previously, we have identified two LIRs and their respective critical residues 

necessary for Armus binding to LC3 and carrying out its function (Carroll et al., 2013). The first 

LIR is found at position 142 to 146 (WEFHN) in the Armus sequence and the critical residue is 

the tryptophan at position 142. The second LIR is from position 510 to 514 (YLAGL) with the 

critical residue being tyrosine at position 510. Binding of ArmusW142A, Y510A to GST-LC3 is 

strongly reduced and its ability to localise to autophagic vesicles is severely affected (Carroll et 

al., 2013). Two peptides, TAT-Armus137-151 and TAT-Armus506-520 (Figure 5-1A) were designed 

based on the first and the second LIRs, respectively. The peptides have been previously 

optimised for concentration and duration of treatment (data not shown). Keratinocytes were 

kept either in full-nutrient medium or nutrient-starved in EBSS and incubated with Armus 

peptides either singly or together for 1 hour. Cell lysates were extracted and LC3-II levels were 

quantified by Western blots (Figure 5-1B-C). Keratinocytes that were not treated with peptides 

showed significant reduction in LC3-II level upon nutrient starvation consistent with previous 

observation  (Figure 1-15C).  Upon  incubation  with  either  peptides  singly  or  together, the  
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reduction in LC3-II levels was no longer observed. Single treatment with either peptide alone 

was sufficient to cause this increase and incubation with both peptides did not cause further 

increase in LC3-II levels. These data suggest a blockage in autophagic flux as LC3 was not as 

efficiently cleared and processed for lysosomal degradation.  

As TAT-Armus peptides showed promising results as autophagy inhibitor, I next tested their 

ability to prevent accumulation of Armus-labelled autophagosomes. RFP-Armus full-length was 

expressed for 8 hours, and one hour before cell fixation, all cells were nutrient-starved in EBSS 

and treated with either TAT-Armus137-151 or TAT-Armus506-520 alone or in combination (Figure 

5-2A). Single peptide treatment did not affect the ability of keratinocytes to make vesicles. 

However, cells treated with both peptides had significantly decreased number of vesicles 

(Figure 5-2B). Thus, both binding sites must be blocked in order to inhibit the function of 

Armus to induce vesicles. 

5.3.2 Mutating LC3 binding sites did not affect Armus ability to induce vesicles or its 

localisation at junctions 

I next tested whether Armus full-length mutant unable to interact with LC3 had any impairment 

on its function in autophagy or E-cadherin adhesion. To this end, keratinocytes were transfected 

with full-length Armus WT or ArmusW142A,Y510A for 8 hours, and one hour before cell fixation I 

either kept cells in full-nutrient medium or incubated cells with EBSS to induce nutrient 

starvation (Figure 5-3A). After cell fixation, they were immunostained with E-cadherin for 

analysis of cell junctions (Figure 5-4A). Upon induction of autophagy by nutrient starvation, a 

clear increase in induction of vesicles in cells expressing both full-length Armus WT or 

ArmusW142A,Y510 was observed (Figure 5-3B). Although there was a trend for a decrease when 

LC3 binding sites were mutated, this difference was not significant. Mutating LC3 binding sites 

did not seem to affect the capacity of Armus to produce Armus-labelled vesicles.  

Both full-length Armus WT and ArmusW142A,Y510A were localised at junctions in about 40% of 

expressing cells and this localisation almost doubled upon nutrient starvation (Figure 5-4A, 

arrowheads and Figure 5-4B). Mutating LC3 binding sites did not affect Armus localisation at 

junctions.  

5.3.3 ArmusW142A,Y510A localised to junctions upon Src expression but was not able to 

rescue Src-induced junction disruption 

In this study, I have established that Armus is involved downstream of Src in regulating E-

cadherin cell-cell adhesion: expression of Armus547-928 domain prevented Src-induced junction  
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disruption. Following this, I explored the ability of wild-type Armus full-length and its LC3-

binding mutant counterpart in rescuing Src-induced junction disruption, and test whether the 

mutations in Armus LC3-binding region stimulate its function in E-cadherin regulation.  

SrcY527F was expressed alone or in combination with either Armus WT or ArmusW142A,Y510A in 

keratinocytes for 8 hours (Figure 5-5A). Cells were later fixed, immunostained for E-cadherin 

and percentages of disrupted junctions were quantified (Figure 5-5B). Cells expressing Src 

alone displayed a very high level of junction disruption with junctions that have decreased 

cadherin staining, interrupted by holes and are very jagged (Figure 5-5A, arrowheads and 

Figure 5-5B) when compared to straight junctions of surrounding non-expressing cells with 

even cadherin staining (Figure 5-5A, arrows). Similar phenotypes were observed in cells co-

expressing both Src and Armus WT or ArmusW142A,Y510A with no rescue of junction disruption 

observed (Figure 5-5). Thus, neither Armus WT nor ArmusW142A-Y510A was able to rescue Src-

induced junction disruption in keratinocytes.  

To investigate further, full-length Armus WT and ArmusW142A,Y510A were expressed alone or in 

combination with SrcY527F in keratinocytes for 8 hours. Cells were fixed, immunostained for E-

cadherin (Figure 5-6A), and the presence of Armus at junctions quantified (Figure 5-6B). 

Armus WT and ArmusW142A,Y510A localised at junctions similarly at steady state (Figure 5-6A, 

arrowheads and Figure 5-6B). The localisation of both Armus WT and ArmusW142A,Y510A when 

co-expressed with Src did show a trend towards an increase, but it was only significant in the 

mutant sample (Figure 5-6A, arrowheads and Figure 5-6B).  

5.3.4 Mutating α-catenin binding sites did not prevent Armus-dependent vesicle 

formation but decreased Armus localisation at junctions 

Two master’s students that I co-supervised in the lab, Liji Huang and Yuchen Zhao, helped 

identify and validate that a critical serine residue at Armus position 66 is important for binding 

to α-catenin (MRes theses, unpublished data). This critical residue could be important in Armus 

regulation of E-cadherin cell-cell adhesion. To test this prediction, site-directed mutagenesis 

was performed in full-length Armus to mutate the serine at position 66 to alanine. As this site is 

distinct from LC3 binding site, a further prediction is that the S66A mutant will not affect 

autophagy. 

Keratinocytes were transfected with full-length Armus WT or ArmusS66A for 8 hours, and one 

hour before cells fixation I either kept cells in full-nutrient medium or incubated cells with EBSS 

to induce nutrient starvation (Figure 5-7A). Upon induction of autophagy by nutrient 

starvation, I detected a marked increase in induction of vesicles in cells expressing both full-
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length Armus WT or ArmusS66A (Figure 5-7B) showing no obvious alteration in Armus function 

during autophagy.  

Intriguingly, expression of Armus WT showed junctional localisation in almost half of all 

transfected cells, a percentage which increased to almost 70% upon nutrient starvation. 

However, when ArmusS66A was expressed, junction localization at steady state was only a little 

over 20%, a significant decrease when compared to Armus WT. This decrease was also 

observed upon nutrient starvation with junctional localisation of only about 40% although this 

reduction was not statistically significant (Figure 5-8). Although ArmusS66A did not affect Armus 

function in inducing vesicles, this mutant was no longer able to localise at cell junctions. 

5.3.5 ArmusS66A increasingly localised to junctions upon Src expression but was not able 

to rescue Src-induced junction disruption 

The next question addressed was whether the mutation S66A that impaired Armus-α-catenin 

interaction would interfere with Armus regulation of E-cadherin degradation. Full-length Armus 

WT and ArmusS66A was expressed alone or in combination with SrcY527F in keratinocytes for 8 

hours. Cells co-expressing both Src and Armus WT or ArmusS66A displayed junctions with 

reduced cadherin staining, often with holes and very jagged, comparable to phenotype observed 

when Src was expressed alone (Figure 5-9A, arrowheads and Figure 5-9B). This was very 

different to control junctions in non-expressing cells that displayed even and straight cadherin 

staining (Figure 5-9A, arrows). No rescue of Src-induced junction disruption is observed upon 

co-expression with ArmusS66A. 

Next, Armus localisation at cell-cell contacts in expressing cells were quantified (Figure 5-10B). 

No change was observed when comparing Armus WT and ArmusS66A in their ability to localise at 

junctions in the presence of constitutively activated Src (Figure 5-10A, arrowheads and Figure 

5-10B). A significant increase in ArmusS66A localisation at junctions was observed when co-

expressed with Src as shown for ArmusW142A,Y510A (Figure 5-10A, arrowheads and Figure 5-

10B). I concluded that like ArmusW142A,Y510A, ArmusS66A also increased its localisation at junctions 

upon Src expression but was unable to rescue Src-induced junction disruption in keratinocytes. 

5.3.6 Armus PH domain bound to PtdIns(3)P, PtdIns(4)P and phosphatidic acid 

Mutation of the critical residue S66 contained within the PH domain significantly impaired the 

ability of Armus to localise at cell junctions (Figure 5-8). PH domains are known for its 

interactions with phospholipids, although few PH domains have been reported to bind to other 

proteins (Scheffzek & Welti, 2012; Lemmon, 2007). 
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In an effort to identify phosphoinositides that Armus PH domain could bind to, I performed 

protein-lipid overlay assays using PIP strips, hydrophobic membranes spotted with 100 pmol of 

eight different phosphoinositides and seven different biologically important lipids (Figure 5-

11A). Three different GST-tagged proteins were tested: GST-Armus-PH (Figure 5-11B), GST-

PLC-δ1-PH (positive control)(Figure 5-11D) and GST only (negative control)(Figure 5-11C). 

Proteins were incubated with the membranes and bound proteins were immunodetected by 

their GST tags. GST-PLC-δ1-PH, as expected, specifically bound to PtdIns(4,5)P2 spot, while the 

negative control GST detected a signal on phosphatidylserine spot. The latter could be an 

artifact caused by impurities during protein production process. GST-Armus-PH domain bound 

to three different lipids: PtdIns(3)P, PtdIns(4)P and phosphatidic acid. A fourth signal was also 

identified on phosphatidylserine spot but was discarded as the same signal was detected in our 

negative control, putting into question its validity. 

5.3.7 Armus C-terminus bound to its N-terminus with lysine at position 480 identified 

as a residue critical for the interaction.  

My findings suggested that full-length Armus was not effective in rescuing E-cadherin 

destabilisation when compared to Armus547-928 that contains the RabGAP domain (Figure 3-4, 

Figure 5-5 and Figure 5-9). This implied that full-length Armus might indeed adopt an 

autoinhibited conformation, which upon binding to other protein or phosphorylation might 

“open up” the structure enabling it to achieve its function. Armus547-928 potentially adopted this 

“open” conformation and hence its ability to restore cadherin-dependent contacts. 

We have previously shown that Armus N-terminus (amino acids 1 to 550) and Armus C-

terminus (amino acids 547 to 928) were able to bind to each other via in vitro binding assay, 

which could give rise to its autoinhibitory conformation (Figure 1-9). I then want to investigate 

the binding sites necessary for this interaction on Armus1-550 by means of SPOT peptide arrays. 

Identification of these binding sites might give some clues into Armus activation mechanism. It 

would also be interesting to map binding sites of known interacting proteins such as α-catenin, 

p120-catenin and LC3 to check for any overlap with putative autoinhibitory motifs on Armus.  

Armus1-550 sequence was represented as overlapping 25-mer peptides with five amino acids 

shift between each peptide that were synthesised on cellulose membrane. Before the actual test, 

fresh cellulose membrane was firstly incubated with alkaline phosphatase conjugate in order to 

determine the background signal on the membrane (Figure 5-12B). GST-Armus547-928 was 

incubated with peptide array membrane containing Armus1-550 peptides and detected using 

antibody  against the  GST  tag (Figure 5-12A).  Four  binding  sites  and  their  corresponding  
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peptide sequences were identified based on dark colouration of consecutive SPOTs and 

inspection of their overlapping sequences (Figure 5-12C). The four binding sites and their 

corresponding peptides were: 1) amino acids 51 – 55 (YLSKF); 2) amino acids 121 – 130 

(TLKAATKQAM); 3) amino acids 276 – 285 (LTISFAQKAK) and 4) amino acids 471 – 485 

(LNSEIHQVTKIWRKV).  

The Armus1-550 domain structure diagram and summary of binding sites identified in Armus1-550 

are displayed in Figure 5-15. Within the PH domain itself two binding sites responsible for 

Armus intermolecular interaction could be observed with the first Armus547-928 binding site 

located at position 51 to 55 and the second at position 121 to 130. The third and fourth binding 

site straddled the central coiled-coil domain at position 276 to 285 and 471 to 485. 

Based on the highly reactive peptides after Armus547-928 binding, alanine scan peptide arrays 

were designed in which each amino acid was sequentially mutated to alanine to determine 

specific amino acid responsible for the interaction. Wild type sequence was included in all 

membranes as control. GST-Armus547-928 capacity for interaction was quantitated relative to 

wild-type peptide and a cut off value of -50% was arbitrarily decided as a reduction in binding 

to be further investigated.  

Membranes containing amino acids 45-60, 116-135 and 270-290 all revealed no considerable 

reduction in Armus547-928 binding upon modification. Mutations S57A, T121A, I277A and F279A 

displayed an increase in binding of more than 30% (Figure 5-13 and 5-14A). Among residues 

471-485 (amino acids 466-490), mutation K480A decreased Armus547-928 binding by more than 

50% while E474A and T479A showed elevation in binding in excess of 30% (Figure 5-14B). 

According to our criteria, the only critical residue identified within Armus547-928 binding sites 

was lysine at position 480.  

5.4 Conclusion 

By the end of this study, I showed that Armus peptides containing LC3-interacting motifs can 

block the ability of Armus to function during autophagy. However, mutating LC3-binding in full-

length Armus did not affect Armus ability to induce vesicles or its localisation at junctions. 

Mutating α-catenin binding sites, similarly, did not affect induction of vesicles by Armus but did 

significantly reduced Armus ability to localise at cell junctions. Upon expression of Src, Armus 

containing both LC3- and α-catenin binding mutation became increasingly localised to junctions 

but both WT and mutants were unable to rescue Src-induced junction disruption. In attempts to 

further characterise Armus binding, I found that Armus PH domain was able to bind to 

PtdIns(3)P, PtdIns(4)P and phosphatidic acid. Moreover, Armus C-terminus bound to its N-
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terminus at several binding sites and lysine at position 480 was identified as a critical residue 

for the interaction.  

5.5 Discussion 

I hypothesise that the interaction between Armus N- and C-terminus might form a mechanism 

of autoinhibition and Armus activation could occur by lipid binding and its relocalisation to 

particular membrane compartments, or by binding to proteins. Different Armus binding 

partners might have distinct binding sites within Armus, some of which might overlap leading to 

competition for binding and localisation. 

5.5.1 Mechanism of Armus dimerisation and autoinhibition 

The presence of three coiled-coil domains within Armus full-length (two in central region and 

one at C-terminus) leads to the hypothesis that Armus can dimerise with itself, as the coiled-coil 

domains are one of the main oligomerisation motifs in proteins (Bukhard et al., 2001). Indeed, 

the central coiled-coil domains (Armus295-433) has high probability of dimerisation and previous 

work in the lab shows that it can interact with itself biochemically (Finelli, Thoresen & 

Tommasini, Master’s theses, unpublished data). Previous work has also demonstrated that 

similar self interaction has been shown for Armus N- (Armus1-550) or C-terminus (Armus547-928) 

(Maximiano & Tommasini, PhD and Master’s theses, respectively, unpublished data). Thus, full-

length Armus might be in an inactive autoinhibitory conformation due to the binding between 

Armus N- and C-terminus forming a “closed” structure. I found that four different potential 

binding sites mediate the interaction between Armus N- and C-terminus (Figure 5-16) with 

K480 identified as critical for the interaction. Further studies with point mutants are necessary 

to validate the functional implications of my findings in vivo.  

5.5.2 Mechanism of Armus activation by binding to lipids 

Armus activation may occur through lipid binding or protein-protein interaction, which can 

relieve Armus autoinhibition by “opening up” Armus structure, exposing its GAP domain. Both 

possible activation mechanisms will be discussed in light of my data.  

The key region of interest investigated in this study is the PH domain of Armus. Although the PH 

domain is best known for its ability to bind phosphoinositides with high specificity, less than 

10% of all PH domain actually possess this ability (Harlan et al., 1994; Lemmon & Ferguson, 

2001). Those that do, only recognise phosphoinositides with two or three adjacent phosphates 

in their headgroups such as PtdIns(4,5)P2, PtdIns(3,4)P2 and PtdIns(3,4,5)P3 (Lemmon et al.,  
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1995; Franke et al., 1997; Thomas et al., 2001). Other PH domains, however, only bind 

phosphoinositides with low affinity and specificity, if at all (Kavran et al., 1998; Takeuchi et al., 

1997; Yu et al., 2004). 

In this study, Armus PH domain (Figure 5-16A) is found to bind to different lipids such as 

PtdIns(3)P, PtdIns(4)P and phosphatidic acid. Functionally, lipid interaction is important for cell 

signalling, as PH domains can be transiently recruited to the plasma membrane following 

activation of phoshoinositide 3-kinase and other lipid kinase signalling pathways (Fruman et al., 

1999; Vanhaesebroeck et al., 2001). Although other PH domains that binds to PtdIns(3)P and 

PtdIns(4)P have been reported before based on lipid-overlay assays, validation using other 

methods have shown that the binding is in fact of low affinity (Yu et al., 2004; Dowler et al., 

2000; Baumeister et al., 2003). Further validation of Armus-lipid binding is therefore imperative 

in order to have a better understanding of Armus’ function in cells.  

Phosphoinositides such as PtdIns(3)P and PtdIns(4)P have unique subcellular distribution 

within a cell. PtdIns(3)P synthesis is one of the vital steps in autophagy initiation whereby 

Vps34, a phosphatidylinositol 3-kinase, phosphorylate phosphotidylinositol to make PtdIns(3)P 

(Petiot et al., 2000; Tassa et al., 2003; Itakura et al., 2008). It is also suggested that PtdIns(3)P 

could potentially inhibit autophagy by regulating autophagy upstream of mTOR (Nobukuni et 

al., 2005). Furthermore, PtdIns(3)P is crucial for the endocytic pathway and is involved in most 

functions of the endosomes from tethering to fusion to degradation (Lindmo & Stenmark, 2006). 

Autophagic and endocytic pathways ultimately merge together for lysosomal degradation, 

which also implicates PtdIns(3)P in the last stages of autophagy (de Lartigue et al., 2009; Rusten 

et al., 2007). Other PtdIns(3)P binding modules are FYVE and PX domains (Kutateladze, 2010).  

PtdIns(4)P is enriched in the Golgi complex as well as the plasma membrane. Deficiency of 

PtdIns(4)P in the Golgi directly affects its structure and function during the vesicular transport 

process, while at the plasma membrane it is thought to be important for PtdIns(4,5)P2 synthesis 

(Graham & Burd, 2011; Hammond et al., 2009). Armus has so far not been linked to the Golgi, so 

it is more likely that it binds to the pool of PtdIns(4)P that is found in the plasma membrane 

next to cell junctions.  

Apart from phosphoinositides, phosphatidic acid is one of the most important 

glycerophospholipid found in cells with roles in lipid metabolism and membrane remodelling. 

However, more interestingly is the role of phosphatidic acid in the regulation of several 

mitogen-activated pathways  such as Ras/Raf/MEK/Erk and mTOR signalling cascade which 

controls a wide variety of essential cellular processes such as cell growth, proliferation and 
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stress responses (Wang et al., 2006a; Andresen et al., 2002; Fang et al., 2001). Of relevance for 

us is its regulation of mTOR signalling pathway. This opens up the possibility of Armus acting as 

an upstream regulator of autophagy and, more broadly, mTOR signalling. It implicates Armus in 

a wider range of cellular processes than previously thought.  

Because two different binding sites mediating interaction between Armus N-and C-terminus can 

be found within the PH domain, I speculate that upon binding to different phospholipids Armus 

autoinhibition may be relieved leading to its activation. During cadherin adhesion Armus may 

bind to PtdIns(4)P or, upon autophagy stimulation, to PtdIns(3)P or phosphatidic acid. Other 

GAP proteins have been shown to be activated through this mechanism such as GAPIP4BP and β2-

chimaerin (Cullen & Lockyer, 2002; Canagarajah et al., 2004; Caloca et al., 2003). Alternatively, 

Armus’ lipid-binding capability could act as a localisation signal at various membranes to bring 

Armus into close proximity with as-yet unknown activators. Through its PTB domain, 

AS160/TBC1D4 binds to similarly negatively charged lipids as Armus to localise at the plasma 

membrane. This facilitates TBC1D4 phosphorylation at cell surface by Akt resulting in positive 

regulation of GLUT4 trafficking (Tan et al., 2012). Further work is needed to establish whether 

Armus lipid-binding can activate its function as a GAP for Rab7 or act as a membrane 

localisation module. 

5.5.3 Domain mapping analyses of Armus interactions with catenins 

Far more PH domains are involved in protein-protein interactions rather than protein-lipid 

interactions (Lemmon & Ferguson, 2000; Blomberg et al.,1999). The stable structure of the PH 

domain that displays several different types of binding sites corresponding to different classes 

of ligands could suggest its use as a scaffold that can interact and/or bind to multiple members 

of the same signalling pathway and tether them to a complex (Blomberg et al., 1999; Lemmon et 

al., 1996). Armus ability to bind several proteins (Figure 5-16B) could implicate Armus as a 

scaffold protein. Armus PH domain mediates the interaction with proteins such as α-catenin, 

p120-catenin, and LC3 as summarised in Figure 5-16 (Frasa et al., 2010; Carroll et al., 2013, 

Perdios, Huang & Zhao, MRes theses, unpublished data). The finding of more than one 

interacting site on Armus for each protein tested (α-catenin, p120-catenin, and LC3) indicates 

multiple contact sites may be necessary to stabilise their interaction. However, it also suggests 

that some binding sites could be false-positives and unspecific. Unfortunately, due to time 

constraints, further confirmation using altervative techniques could not be caried out for proper 

validation of each site. 
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α-catenin is a ubiquitous component of the cadherin-catenin complex that mediates adherens 

junction at cell-cell contacts. The first α-catenin binding site is located within the second anti-

parallel β-strand (β2) next to the inter-strand loop (amino acids 63-69) and S66 has been 

identified as critical for this interaction (Figure 5-16A, red region and Figure 5-16B; Huang 

and Zhao, MRes theses, unpublished data). The hypothetical orientation of the PH domain from 

the crystal structure shows that the inter-strand loop between β1 and β2 strands is 

hydrophobic in nature, suggesting that it may project outward and get positioned adjacent to 

the plasma membrane (Figure 5-16A). Serine 66 that is important for Armus and α-catenin 

binding is situated within β2 strand next to the inter-strand loop. S66 may be ideally located for 

Armus interaction with E-cadherin complex at cell junctions. In support of this hypothesis, 

impairment of Armus binding to α-catenin in S66A mutants significantly reduces the ability of 

Armus to localise at junctions, but not at autophagosomes. This finding highlights the specificity 

of serine 66 in mediating Armus interaction with α-catenin and localisation at E-cadherin 

junctions. However, the S66A mutant does not rescue Src-induced contact disruption. A 

potential explanation could be due to the inactivated status of full-length WT Armus, which does 

not rescue junction perturbation by Src. The second α-catenin binding site span part of the β7 

strand, the connecting β7/ αC inter-strand loop and part of the αC helix (amino acids 121-130) 

with T126 identified as another critical residue (Figure 5-16A, orange region and Figure 5-

16B; Zhao, MRes thesis, unpublished data). Another three α-catenin binding sites are found 

outside the PH domain at amino acids 281-290, 401-415 and 495-510 (Figure 5-16B), but have 

not been validated because of limited time available.  

Armus additionally interacts with another component of the cadherin-catenin complex, p120-

catenin (Figure 5-16A-B, Perdios & Zhao, MRes theses, unpublished data). p120-catenin 

stabilises cadherin at junctions by preventing endocytosis and degradation. Upon E-cadherin 

internalisation, p120-catenin dissociates from E-cadherin tail into the cytoplasm (Xiao et al., 

2007). p120-catenin function is regulated via phosphorylation by various kinases, which is 

necessary for its localisation at cell membrane (Mariner et al., 2001; Xia et al., 2003; Thoreson et 

al., 2000; Reynolds et al., 1989). However, p120-catenin hyperphosphorylation can also lead to 

downregulation of adhesion. Indeed, there is evidence to support the idea that p120-catenin can 

act as a switch that induces cadherin clustering and strong adhesion, depending on the level of 

phosphorylation, and potentially, the specific phosphorylation sites as well (Yap et al., 1998; 

Thoreson et al., 2000; Ohkubo & Ozawa, 1999; Aono et al., 1999; Mariner et al., 2001; Xia et al., 

2003; Downing & Reynolds, 1991; Kanner et al., 1991; Reynolds et al., 1989). Moreover, p120-

catenin is a bona fide phosphorylation substrate of Src kinase during cadherin regulation 

(Reynolds et al., 1989; Reynolds, 2007). Due to time constraints, the interplay between Src,  
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p120-catenin and Armus in E-cadherin junction regulation could not be explored further. Two 

p120-catenin binding sites are contained within the PH domain. The first is within the β1 strand 

(amino acids 51-55) and the second is at amino acids 121-130 (Figure 5-16A, green and orange 

regions and Figure 5-16B; Zhao, MRes thesis, unpublished data). A further three binding sites 

were found outside the PH domain at amino acids 286-295, 356-370 and 471-485 (Figure 5-

16B). 

The present data do open up exciting avenues for future work. It is interesting to note that two 

α-catenin and p120-catenin binding sites on Armus overlap at amino acids 121-130 and 281-

290. Due to Armus’ existence as a dimer, the overlap suggests that Armus may potentially bind 

to both proteins at the same time, or consecutively following a specific chain of events. Further 

experiments are needed to clarify whether α-catenin and p120-catenin compete for Armus 

binding or otherwise.  

5.5.4 Interplay among catenins and Armus activation 

Remarkably, all four binding sites mediating interactions between Armus N- and C-terminus 

overlap with p120-catenin interaction sites, including one that contained critical residue K480 

(Figure 5-16B). These result may suggest that p120-catenin is the most likely interacting 

partner that either directly or contribute to Armus activation. In contrast, α-catenin is partially 

responsible for Armus localisation at junctions and may hold Armus in an inactive state at this 

location. I hypothesise that, upon internalisation of E-cadherin, p120-catenin may activate 

Armus directly or contribute to Armus activation as a delivery protein. For example, p120-

catenin may transport Armus from cadherin junction where Armus is inactive and bring it in 

closer proximity with its activator and/or Rac1 in the cytoplasm during lysosomal function 

regulation. Further experiments to validate this hypothesis are needed to understand the 

sequence of events that may lead to Armus activation. 

5.5.5 Integrating the association of Armus with catenins, LC3 and Rac1 

In addition, there is also some overlap between the sites where the catenins interact and the 

domains important for the association with either Rac1 or LC3. Armus interacts with Rac1 in a 

GTP-dependent manner through its central coiled-coil domain (amino acids 295-433), a unique 

stretch of sequence that share no similarity with CRIB motifs or other Rac-binding domains 

(Frasa et al., 2010; Bishop & Hall, 2000) (Figure 5-16B). Expression of dominant-negative Rac1 

increases level of Rab7-GTP, which signals the absence of Armus function to inactivate Rab7 

(Frasa et al., 2010). Active Rac1 may potentially activate Armus via direct binding and 
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alleviation of its autoinhibition. However, none of the binding sites identified for Armus N- and 

C-terminus overlap with the coiled-coil domains through which Rac1 associates with Armus.  

It is therefore important to consider the possibility that Armus activation occur via a currently 

unidentified protein and that Rac1 binding may prevent its re-inhibition and allow Armus GAP 

domain to be accessible. Binding sites of both α-catenin (amino acids 401-415) and p120-

catenin (amino acids 356-370) can be found within the central coiled-coil domain where Rac1 

binds (Figure 5-16B). As discussed above, either of the catenins could be potential Armus 

activator while Rac1 ensures that Armus stay activated. Clearly, additional experiments are 

required to confirm this hypothesis.  

LC3 interacts with Armus at two different positions. The first LC3-interacting motif (amino acids 

142-146, critical residue W142) is located within the αC helix of the PH domain (Figure 5-16A, 

magenta region) and the second motif  is at amino acids 510-514 with a critical residue, Y510 

(Figure 5-16B). A potential overlap can be observed between the end of the α-catenin binding 

site (amino acids 495-510) and the start of the second LC3 binding site (amino acids 510-514) 

at the critical residue Y510 (Figure 5-16B). In an effort to further validate these LC3-interacting 

sites, both binding sites were mutated in full-length Armus. Armus full-length mutated on both 

LC3-binding sites is able to localise to autophagosomes with the same efficiency as wild-type 

Armus. There is a profound effect on Armus localisation upon introduction of W142A,Y510A 

mutations in Armus N-terminus (Armus1-550) (Carroll et al., 2013). Yet, the same effect is not 

seen in the full-length protein. It is currently unknown how the second motif (amino acids 510-

514) is arranged in Armus’ three-dimensional structure. 

Since the two LC3 binding sites co-operate to regulate autophagy, I hypothesise that the two 

sites would be spatially oriented in close proximity. I speculate that, within the structure of full-

length Armus, the first LC3-interacting motif is potentially situated in a less accessible part of 

the protein, specially if Armus adopts an autoinhibitory conformation. Therefore, mutations 

introduced to replace critical residues within these LC3-interacting motifs might be shielded, 

rendering them uneffective. Mutation of LC3 binding site Y510 in Armus1-550 does not prevent 

Armus localisation at autophagosomes (Carroll et al., 2013) consistent with distinct α-catenin 

interacting residues that must be present between Armus amino acids 495 and 509.  

5.5.6 Armus activation mechanism and localisation as strategy for drug design  

Knowledge of the mechanism of Armus activation and localisation can provide invaluable 

information for drug discovery and design. The ability to influence autophagy has wide 

therapeutic applications as autophagy plays crucial roles in a number of  human pathologies 
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such as infection, cancer and neurodegenerative disorders. Inhibitors and activators of 

autophagy have been described, although most have pleiotropic effects in cells (Yang et al., 

2013). Thus, development of more specific inhibitors and activators of autophagy is needed. 

Autophagy-activating peptides have only been previously described once in the literature, 

whereby a peptide derived from a region of Beclin 1 is shown to potently induce autophagy and 

effectively reduces infection (Shoji-Kawata et al., 2013). In contrast, autophagy inhibition in 

clinic has been mostly achieved by treatment with non-specific drugs such as chloroquine. 

Obtaining more specific inhibitors for autophagy could provide invaluable tools to specifically 

downregulate autophagy in various diseases.  

To my knowledge, my work is the only report of peptides that can inhibit autophagy. TAT-

Armus peptides block the binding sites on LC3 and endogenous Armus is no longer able to bind 

to these binding sites to carry out its function in regulating autophagy, stalling the whole 

process. Data from single point mutagenesis reveals that the first LC3 binding site at position 

142-146 on Armus appears to be a more dominant site compared to the second binding site at 

position 510-514. However, the two do cooperate for LC3 interaction (Carroll et al., 2013). From 

my experiments, the two binding sites appear to be equally important as treatment with either 

peptide is adequate to decrease LC3 levels and block its turnover. This could be attributed to the 

ability of the peptides to more effectively access the binding sites by means of their small sizes. 

On the other hand, both peptides are essential to inhibit accumulation of Armus-labelled 

autophagosomes or dislodge Armus from these vesicles during nutrient-starvation. This 

suggests that both binding sites cooperate to allow Armus localisation at autophagosomes.  

Development of autophagy-inhibiting peptides may be important for a wide range of 

pathologies from cancer to obesity to cardiovascular diseases. In cancer, autophagy-inhibiting 

peptides can be especially useful in targeting tumours that upregulate autophagy for their 

survival during external stress, such as those driven by the K-Ras oncogenes (Yang et al., 2011a; 

Guo et al., 2011; Kim et al., 2011; Lock et al., 2011). In addition, autophagy-inhibiting peptides 

could help to overcome tumour resistance to chemotherapy and radiotherapy, which is 

exacerbated by elevated level of autophagy in cells (White & DiPaola, 2009). Autophagy is also 

relevant for lipid homeostasis. Increased autophagy is observed in adipose tissue of obese 

individuals, who are at risk of suffering from cardiovascular disease and type 2 diabetes 

(Kovsan et al., 2011). Inhibition of autophagy has been suggested to exert anti-obesity effect as 

well as improving insulin sensitivity associated with autophagy (Wang & Peng, 2012; Kim et al., 

2013; Nuñez et al., 2013). Using autophagy-inhibiting peptides as adjunctive treatment to other 

anti-obesity pharmacotherapy (Padwal & Majumdar, 2007) and lifestyle modification may aid in 

reducing body mass of obese individuals. Upregulation of autophagy has additionally been 
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reported in myocardial ischemia and reperfusion that can contribute to cell death in the heart, 

due to excessive degradation of essential proteins and organelles (Aki et al., 2003; Valentim et 

al., 2006). This could cause loss of cardiac myocytes leading to contractile dysfunction and heart 

failure. Thus, treatment with autophagy-inhibiting peptides may represent a new treatment to 

prevent development of heart diseases. Collectively, research into developing autophagy-

inhibiting peptides could lead to their use as novel treatment in diverse pathologies.   

5.6 Future work 

It would be interesting to identify the mechanism by which Armus switches from its regulation 

of autophagy to cadherin adhesion, and whether this depends on its ability to interact with only 

specific functional partners at one time or otherwise. Moreover, it would be important to 

explore the ability of any of Armus’ binding partners (lipids or proteins) in relieving Armus 

autoinhibition, and if this would lead to its subsequent activation, and ultimately, its ability to 

hydrolyse Rab7-GTP. Characterisation of specific activator of Armus could provide a way to 

target Armus and its functions that could lead to the development of novel anti-cancer therapy.  

  



176 
 

Chapter 6           Final Discussion  
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6.1 Summary 

In full-nutrient conditions, Armus regulates E-cadherin adhesion downstream of Src and H-Ras. 

Armus-dependent regulation of E-cadherin downstream of EGFR operates in keratinocytes 

(Figure 6-3), but not in head and neck squamous cell carcinoma lines. Upon nutrient starvation, 

Armus localises at autophagosomes and modulate the fusion of autophagosomes and lysosomes 

during autophagy. In contrast to the participation of active Rac1 and Armus in the degradation 

of E-cadherin, autophagy is a process negatively regulated by active Rac1 (Figure 6-4).  

Full-length Armus may adopt an autoinhibitory conformation as its N- and C-terminus are able 

to bind to each other. Armus full-length is less active compared to its N- or C-terminus 

counterpart. First, full-length Armus is not able to rescue Src-induced junction disruption as 

observed with Armus547-928. Secondly, mutation of LC3-binding sites in full-length Armus does 

not affect Armus’ ability to induce autophagosomes, although the same mutation greatly 

impaired Armus autophagosome-inducing capacity in Armus1-550. Remarkably, mutation of α-

catenin binding site, S66, in Armus full-length does compromise Armus localisation at cell-cell 

junctions. Due to numerous overlaps between Armus intramolecular binding sites and binding 

sites for various Armus effectors (p120-catenin, α-catenin, Rac1 and LC3) as well as lipids 

(PtdIns(3)P, PtdIns(4)P and phosphatidic acid), I surmise that Armus’ binding to one or some of 

its effectors might act to relieve its autoinhibition (Figure 6-1 and Figure 6-2).   

6.2 Mechanism of Armus activation – cadherin adhesion regulation 

I envisage that there could be a number of potential mechanisms for activation of Armus, 

depending on the cellular process it participates in. During Armus regulation of cadherin 

adhesion four conceivable modes of Armus activation may occur. In the presence of amino acids, 

Armus interacts with the cadherin-catenin complex at plasma membrane most likely through 

binding to α-catenin and p120-catenin (Frasa et al., 2010; Perdios, Huang & Zhao, MRes theses, 

unpublished data). The first mechanism may involve Armus interaction with α-catenin (Figure 

6-1), which I find is partially responsible for recruitment of Armus to cell-cell contact. However, 

Armus’ potential activation at cell contacts by α-catenin raises some spatiotemporal questions, 

as regulation of lysosomal fusion by Armus takes place in the cytoplasm. Therefore, I speculate 

that α-catenin may act by maintaining Armus at junctions in an inactive state, but does not 

activate Armus. Formal investigation to validate this hypothesis is necessary.  

The second mechanism of Armus activation may occur via p120-catenin (Figure 6-1). Extensive 

overlaps of binding sites are observed between Armus N- terminus and its C-terminus or p120 

catenin. I theorise that p120-catenin may compete with Armus’ intramolecular interaction, 
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releasing its autoinhibitory conformation. p120-catenin may bind to Armus at cadherin 

junctions in its inactivated state. Upon exposure to stimulus such as EGF treatment or 

expression of constitutively active Src or H-Ras, E-cadherin is internalised, which may lead to 

p120-catenin dissociation from the cadherin complex and translocation inside the cell.  Armus 

may piggyback on p120-catenin as it moves from the junction to the cytoplasm. Once inside, 

p120-catenin may directly activate Armus, or assist in Armus activation by bringing it in closer 

proximity to its activator. Further experiments are evidently needed to demonstrate this 

sequence of events. 

The third mechanism is based on our knowledge that expression of dominant-negative Rac1 

increases levels of Rab7-GTP. This indicates that Armus’ function in maintaining the level of 

inactive Rab7 is compromised  (Frasa et al., 2010). I surmise that active Rac1 may activate 

Armus by direct interaction and by alleviating Armus autoinhibition (Figure 6-1). However, 

analysis of protein binding sites within Armus do not identify any overlap between Armus N- 

and C-terminus interaction and the coiled-coil domain through which Rac1 associates with 

Armus. It is possible that Rac1 binding to Armus brings the coiled-coil and PH domains close 

together, which competes with Armus intramolecular interaction. This may allow Armus GAP 

domain to be accessible. p120-catenin has been shown to regulate Rac1 activation through Vav2 

(Noren et al., 2000; Grosheva et al., 2001). It is possible that p120-catenin may present Armus to 

active Rac1, which enables Armus to regulate lysosomal function. Additional experiments are 

necessary to determine the exact role of Rac1 in Armus activation.  

Finally, Armus binds to PtdIns(4)P, the phosphoinositide that is found at plasma membrane 

(Figure 6-1). Activation of GAP proteins by lipids have been demonstrated before (Cullen & 

Lockyer, 2002; Canagarajah et al., 2004; Caloca et al., 2003) which raises the possibility that 

Armus may be activated through lipid-binding. However, phosphoinositides act more often as a 

localisation beacon that recruit proteins to specific membranes to facilitate their function or 

activation. Thus, further work is needed to clarify whether Armus lipid-binding capacity is an 

activation mode, or simply a localisation mechanism.  

6.3 Mechanism of Armus activation – regulation of autophagy 

In the event of cellular stress such as nutrient-deprivation, four distinct mechanisms of Armus 

activation may occur. When cells are starved of nutrients, Armus no longer associates with the 

cadherin complex (Carroll et al., 2013) perhaps because it is transported to a different cellular 

compartment, such as autophagosomes. Armus may be activated, firstly, through binding to 

PtdIns(3)P, and, secondly, phosphatidic acid (Figure 6-2) as both are found at autophagosomes 
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(Dall’Armi et al., 2013). Activation could happen by direct binding to the phosphoinositides or 

indirectly as a localising signal for Armus to allow interaction with its activator. Additional work 

to determine the exact role of Armus-lipid interaction may help confirm this hypothesis. Thirdly, 

Armus binds to LC3 at autophagosomes (Carroll et al., 2013), which in itself could activate 

Armus (Figure 6-2). However, analysis of protein binding sites within Armus reveals no overlap 

between Armus-LC3 and Armus intermolecular interaction. It is, therefore, imperative to 

consider a fourth potential mechanism of activation whereby Armus may be activated by as-yet 

unknown protein (potentially p120-catenin). Clearly, further work is needed to define the 

different steps that culminate in Armus activation during autophagy.  

6.4 Armus regulation of E-cadherin degradation in full-nutrient condition 

Membrane trafficking is a fundamental cellular process that ensures transport of cellular 

constituents in vesicles. Due to the presence of numerous interconnecting trafficking pathways 

within a cell, discrete membrane domains are formed by these vesicles to ensure membrane 

trafficking fidelity. Rab small GTPases collaborate with phosphoinositides to spatiotemporally 

regulate effectors of membrane trafficking (Jean & Kiger, 2012; Di Paolo & De Camilli, 2006; 

Hutagalung & Novick, 2011). Binding of PH domain to specific phosphoinositides plays a role in 

the recruitment and targeting of protein to specific cellular compartments (Lemmon, 2007).  

The PH domain of Armus binds to PtdIns(4)P, which is prevalent at the Golgi but is also present 

at the plasma membrane. It has been shown that Armus has no activity towards Rab6, a Golgi- 

associated Rab GTPase (Frasa et al., 2010), and so I speculate that Armus is more likely to 

associate with the pool of PtdIns(4)P that localises at the plasma membrane. Although Armus 

has previously shown no significant activity towards Rab5, its potential as Armus substrate 

could not be formally excluded. A rapid hydrolysis of Rab5-GTP could have been missed during 

the 10 min time point of the in vitro GAP assay previously performed (Frasa et al., 2010). I 

surmise that binding of Armus to PtdIns(4)P could be a way to activate Armus, or recruit Armus 

to junctions to facilitate its interaction with components of the cadherin-catenin complex 

(Figure 6-1 and Figure 6-3).  Src phosphorylates E-cadherin, which leads to its internalisation 

and disassembly of E-cadherin cell-cell contact through the regulation of the E3 ubiquitin ligase 

Hakai (Figure 6-2A; Pece & Gutkind, 2002; Fujita et al., 2002). Downregulation of E-cadherin 

from cell junctions are observed with H-Ras expression or treatment with EGF (Espada et al., 

1999; Vaughan et al., 2009; Frasa et al., 2010). p120-catenin associates with juxtamembrane 

domain (JMD) of E-cadherin and act as a “cap” that prevent cadherin internalisation, stabilising 

it on the cell surface. Two molecules, Hakai and presenilin-1 are thought to compete with p120-   
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catenin binding to E-cadherin JMD that, in turn, cause p120-catenin dissociation and cadherin 

endocytosis (Xiao et al., 2007). Whether EGF signalling or H-Ras expression induces 

deregulation of E-cadherin in a similar manner to Src is currently unknown. However, looking at 

my overall data, I hypothesise that the subsequent uncoupling of p120-catenin from the 

cadherin complex and its potential translocation to the cytoplasm upon cadherin internalisation 

may initiate important steps that ultimately lead to Armus activation (Figure 6-1). 

Armus regulates E-cadherin degradation downstream of various oncogenes such as EGFR, Src 

and H-Ras most likely through its regulation of Rab7 activity (Figure 6-3; Frasa et al., 2010). 

The identification of Armus interaction with both PtdIns(4)P and phosphatidic acid (PA) may 

shed some light on the integration of the different pathways that converge on Armus. Firstly, 

Armus lipid-binding capacity may bring it in close association with phosphatidylinositol-4-

phosphate 5-kinase (PIP5K), which catalyses the phosphorylation of PtdIns(4)P to the 

pleiotropic PtdIns(4,5)P2 (van den Bout & Divecha, 2009). PIP5K itself can associate with E-

cadherin and target E-cadherin to the lysosomes for degradation (Ling et al., 2007; Schill et al., 

2014). Secondly, PIP5K is activated by Arf6 while its localisation is controlled by Rac1 

(Funakoshi et al., 2011; Halstead et al., 2010). Both proteins are small GTPases that have been 

identified upstream of Armus during EGFR signalling (Frasa et al., 2010). Thirdly, activation of 

PIP5K by Arf6 requires the presence of PA as a co-factor. This could implicate Armus in 

PtdIns(4,5)P2 generation by PIP5K as 1) PIP5K is regulated by Arf6 and Rac1 that similarly 

regulate Armus and 2) Armus binds to PtdIns(4)P and PA, both of which are required for 

PtdIns(4,5)P2 production by PIP5K. Armus involvement in this process could affect a diverse 

range of processes at the plasma membrane such as endocytosis, cell-matrix adhesion, cell 

mobility, actin assembly as well as signalling downstream of PLC and PI3K (Di Paolo & De 

Camilli, 2006; Balla, 2013).  

6.5 Armus regulation of autophagy during nutrient starvation 

During regulation of E-cadherin degradation, active Rac1 acts upstream of, and binds to Armus 

(Frasa et al., 2010). However, upon amino acid starvation, Rac1 is significantly downregulated 

and its activation potently inhibits autophagic flux (Carroll et al., 2013). Taken together, these 

results indicate that an alternative pathway is responsible for Armus activation in autophagy.  

The roles of lipids and their metabolising enzymes have recently being highlighted during 

various steps of autophagy (Dall’Armi et al., 2013). The autophagy-specific class III 

phosphatidylinositol 3-kinase (PI3K), Vps34 complex, plays an integral role in autophagy (Jaber 

et al., 2012). Vps34 produces PtdIns(3)P that is essential for autophagosome formation and 
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maturation. PtdIns(3)P is concentrated at autophagosomes (Figure 6-4; Jaber & Zong, 2013; 

Gillooly et al., 2000). PtdIns(3)P could aid in the recruitment of Armus at autophagosomal 

membrane by creating a docking site for Armus, allowing its interaction with LC3 and the fusion 

between autophagosomes and lysosomes (Figure 6-4).  TECPR1 is another PtdIns(3)P effector 

that can also bind through its PH domain and mediate autophagosome-lysosome fusion. TECPR1 

also requires binding to Atg5-Atg12 conjugate to facilitate this function (Chen et al., 2012). It is 

not currently known whether Armus associates with TECPR1 in order to facilitate 

autophagosome-lysosome fusion. PtdIns(3)P is also implicated in two other distinct steps in 

autophagosome biogenesis: 1) autophagosome initiation at omegasomes on the endoplasmic 

reticulum to form phagophores (Axe et al., 2008) and 2) in the autophagosomes transport 

towards the plus-end of microtubules by binding to the dynein-dynactin complex (Pankiv et al., 

2010). Further study into Armus-PtdIns(3)P binding ability might uncover novel functions of 

Armus in autophagy. 

Phosphatidic acid (PA) is also manufactured on the autophagosomal membrane by 

phospholipase D1 (PLD1) from phosphatidylcholine (PC), potentially acting as an additional 

docking site for Armus on autophagosomes (Figure 6-4; Jenkins & Frohman, 2005). PLD1 can 

be a positive or negative regulator of autophagy depending on its localisation and cell context 

(Dall’Armi et al., 2010; Jang et al., 2014). Arf6 has recently been shown to control autophagy 

initiation in a PLD-dependent manner under nutrient-starvation and can localise to phagophore 

(Moreau et al., 2012). Formal link between Arf6 and Armus during autophagy has not yet been 

shown. However, this should provide incentives for additional experiments to check whether 

Armus-PA binding contributes to any additional role for Armus in autophagy such as the 

regulation of the PA effector, mTOR. 

6.6 Physiological relevance of Armus’ functions 

Differentiation of epithelial cells is important in order to perform specialised tissue-specific 

functions. Nonetheless, once development is complete, the state of differentiation needs to be 

maintained. Ensuring dynamic and phenotypically plastic property of cell-cell adhesion is 

physiologically important during wound healing, tissue regeneration and organ fibrosis (Kalluri 

& Weinberg, 2009). Therefore, during nutrient abundance, Armus regulates E-cadherin 

degradation to maintain normal epithelial cell dynamics. In tumour cells, prolonged Armus 

activation could contribute to metastasis and invasion.  

During nutrient starvation, Armus may switch to regulate autophagy as a stress response 

mechanism to promote cell survival. In a tumour setting, autophagy activation is advantageous  
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considering the multiple cellular stresses that cells are subjected to, such as nutrient and growth 

factor starvation, DNA damage, hypoxia, protein aggregates and so on. The switch in function 

could mean an increase in cellular E-cadherin level if starvation is prolonged. A reverse process 

to EMT is mesenchymal-epithelial transition (MET). MET shows a darker side of E-cadherin as 

up-regulation of E-cadherin levels in tumours has a positive role during tumourigenesis (Yao et 

al., 2011; Rodriguez et al., 2012). MET is important for metastatic colonisation, and several 

metastatic tumours may be more differentiated than their primary tumours. These have been 

reported in prostate, breast, colorectal and ovarian cancer (Mareel et al., 1995; Kowalski et al., 

2003; Brabletz et al., 2005; Imai et al., 2004). In breast cancer, upregulation of E-cadherin has 

been linked to intravasation (Overmoyer, 2010; Kleer et al., 2001; Hoffmeyer et al., 2005). In 

glioblastoma, E-cadherin expression has been correlated to increased invasiveness and its 

depletion decreases cell proliferation and migration (Lewis-Tuffin et al., 2010). Moreover, 

tumour cells can move in aggregates that remained attached together. In fact, this preservation 

of E-cadherin cell-cell adhesion could aid in invasion, as well-differentiated tumour cells are 

dragged behind the more actively migrating cells. This could confer an advantage during distant 

colonisation. This phenomenon has been observed in carcinomas and melanomas (Friedl et al., 

2004). Although cancer is a heteregenous disease, it is obvious that tight regulation of E-

cadherin is necessary in all different type of tumours.  

Potential coordination of E-cadherin degradation and autophagy may occur inside cells. Indeed, 

autophagy deficiency has been shown to decrease E-cadherin expression in mouse fibroblasts 

that leads to increased cell migration, invasion and proliferation (Qiang & He, 2014). It is likely 

that E-cadherin degradation and autophagy happen simultaneously in cell, involving different 

pools of Armus. Clearly, robust regulation of both processes by Armus is imperative in order to 

maintain homeostasis and prevent development of diseases such as cancer.  

6.7 Conclusions 

From this work and previous work in the Braga laboratory, Armus regulation of both E-cadherin 

degradation and autophagy appears distinct. However, research into Armus lipid-binding 

properties and novel partners identified here could reveal a much more complex role of Armus 

in the regulation and coordination of lysosomal function in distinct cellular events such as 

receptor degradation and autophagy.  
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