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ii. ABSTRACT 

Glycogen synthase kinase 3β (GSK3β) has been shown to have more predicted substrates 

than any other kinase, and thus is suggested to be involved in the regulation of almost every 

cellular process, however; the interrelationship between GSK3β and its interactors in 

signalling pathways remains poorly elucidated. Unsurprisingly, dysregulation of GSK3β has 

been observed in a number of pathological conditions, including cancer. Interestingly, 

GSK3β is constitutively active under normal conditions, but phosphorylation at Ser-9 leads to 

inhibition of its activity. The regulation of GSK3β appears complex, and its role in cancer 

cell survival appears contradictory. This research investigates the role of GSK3β in survival 

signalling in human oesophageal squamous cell carcinoma (HOSCC), and elucidated that 

both inactive and active phosphorylated forms are present and differentially regulated. 

However, it was found that the inactive form of GSK3β contributed notably to enhanced 

cancer cell survival through diminishing cleaved caspase 3, the executioner caspase of cell 

death in the form of apoptosis. Furthermore, inactive GSK3β increased proliferation and 

viability in HOSCC, suggesting inactive GSK3β may be critical in facilitating selective 

growth advantages in HOSCC. In addition to observing the role of GSK3β on intracellular 

signalling, the role of GSK3β on adhesion-mediated communication was elucidated. HOSCC 

appear highly dependent on a dynamic extracellular environment, therefore communication 

between the cancer cell and surrounding extracellular matrix (ECM) remains indispensible to 

the progression of the disease. It was found that β1 integrin receptors are present at high 

levels in HOSCC and are positively regulated by inactive GSK3β. Consequently, a signalling 

axis between β1 integrin receptors and GSK3β exists in HOSCC and functions in the 

maintenance of survival and the highly aggressive nature of the malignancy.  
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CHAPTER 1: Introduction and Literature Review 

1.1 Adhesion-based signalling is central to the maintenance of normal epithelial cell 

function and physiology 

The maintenance of stabilised cellular interactions is fundamental to the structural and 

functional integrity of specialised tissue in multicellular organisms by enabling networks of 

communication and coordination between the diverse cell types required for multicellularity 

(Trigos et al., 2018). Cell adhesion events are primarily responsible for the establishment of 

these cellular interactions that drive communication and coordination between the different 

cell types, and elicit a mechanical and structural role in tissue organisation (Gumbiner, 1996). 

Particularly, the establishment of the first evolved multicellular organism was determined to 

be a consequence of the organised and coordinated adhesion between epithelial cells and their 

adjacent environment, forming cooperative sheets of polarised epithelial cells into a selective 

barrier separating the internal milieu of the organism from the external environment 

(Dickinson et al., 2011).  

Certainly therefore, adhesion events between epithelial cells are therefore critical for the 

development and morphogenesis of epithelial cells into specialist tissue. In addition to the 

structural and mechanical role of cell adhesion in epithelial tissue, cell adhesion events 

provide the necessary biochemical framework to facilitate the transmission of signals 

originating in the local extracellular environment into the epithelial cells, ultimately 

influencing epithelial tissue behaviour and homeostasis (St Johnston and Ahringer, 2010). 

Central to the relay of these local extrinsically-originating signals into the epithelial cell and 

subsequent cellular and tissue homeostasis are transmembrane integrin receptors, responsible 

for the establishment of adhesive contacts of epithelial cells with respective extracellular 

matrix (ECM) constituents. Consequently, as shown in Figure 1.1, the adhesion between 

specific ECM ligands in the local extracellular environment to epithelial cells as facilitated by 

integrin receptors remains indispensible to the homeostatic maintenance of epithelial cells 

and epithelial tissue as a result of the activation of intracellular signalling pathways (Macara 

and McCaffrey, 2013). 
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Figure 1.1. Integrin-mediated signalling at the cell-ECM interface modulates cellular 

homeostasis through the recruitment of intermediates to focal adhesion sites.  

Ligation of integrin receptors to ECM constituents results in the clustering of integrin 

receptors along the cell surface. Subsequently, integrin receptors recruit adaptor and 

scaffolding molecules to the cytoplasmic side of focal adhesion sites, linking the extracellular 

environment to intracellular signalling pathways. As a result, cellular processes, such as 

growth, proliferation, migration, and survival are regulated by linkage of ECM by integrin 

receptors (Legate and Fässler, 2009).  
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It is therefore unsurprising that aberrations in cell-ECM communication and, as a 

consequence, cell adhesion-mediated signalling pathways have been implicated with a 

number of pathological conditions, such as inflammatory disease, neurological disease, 

cardiovascular disease, as well as malignant transformation leading to tumourigenesis and the 

development of cancer (Vanderslice and Woodside, 2006; Liu et al., 2012; Blann and Lip, 

2000; Hanahan and Weinberg, 2011).  

The development of cancer has been identified to occur as a mechanistically complex and 

dynamic process, relying on the dysregulation of adhesion-based signalling, as well as 

specific cues occurring in the local extracellular environment, contributing to proliferative 

and survival advantages allowing the cancer to progress (Fernald and Kurokawa, 2013). 

Therefore, the elucidation of the causal adhesion-based signalling pathways contributing to 

tumour cell survival, and ultimately cancer progression and metastasis, the key interactors 

involved in these pathways, as well as the influence and role of the constituents of tumour 

microenvironment and ECM in survival-associated pathways is fundamental to ascertaining 

the molecular landscape of epithelial malignancies to identify prospective therapeutic 

strategies in the treatment of these malignancies. 

1.2 Dysfunctional integrin signalling contributes to malignant transformation and 

cancer progression 

Adhesion events established between integrin receptors and local extracellular constituents, 

particularly ECM ligands, are necessary for the appropriate modulation of epithelial cell 

behaviour and homeostasis. Integrin receptors are able to facilitate homeostasis by not only 

enabling the cell to respond to alterations in the composition of the local extracellular 

environment, but by further allowing the cell to modify the existing extracellular environment 

as a result of the bidirectional functionality of integrin receptors in a process known as inside-

out and outside-in signalling, respectively, as represented in Figure 1.2 (Li et al., 2003). 

Integrin receptors constitute a family of heterodimeric transmembrane proteins composed of 

non-covalently associated alpha and beta subunits, with extracellular ECM ligand-binding 

domains and intracellular cytoplasmic tail domains. The ECM ligand specificity of integrin 

receptors is conferred by the alternate association of the alpha and beta subunits where, in 

humans specifically, 18 α and 8 β subunits have been identified and associate into 24 possible 

integrin heterodimer pairs (Humphries, 2006).  
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Figure 1.2. Integrin receptors exhibit bidirectional functionality through inside-out and 

outside-in signalling.  

Once activated following the binding of an ECM ligand, integrin receptors cluster along the 

surface of the cell and recruit adaptor proteins to the cytoplasmic side of the receptor to 

facilitate intracellular signalling in a process known as outside-in signalling. Conversely, 

signals originating within the cell can lead to the activation of integrin receptors subsequently 

resulting in the relay of internal signals to the outside of the cell, modifying the extracellular 

environment, in a process known as inside-out signalling (Shattil et al., 2010).  
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Upon binding of ECM ligands to the respective integrin receptors, the integrin receptors 

cluster along the surface of the cell forming focal adhesion sites which link the extracellular 

environment to the actin cytoskeleton and downstream interactors. The assembly of these 

downstream signalling complexes at the cytoplasmic tail domain of integrin receptors during  

the formation of focal adhesions is necessary for the regulation of signal transduction and cell 

homeostasis by integrin receptors as integrin receptors lack enzymatic activity (Campbell and 

Humphries, 2011). Subsequently, intracellular adaptor proteins, such as focal adhesion kinase 

(FAK) and integrin-linked kinase (ILK) are recruited to focal adhesion sites (Rooney and 

Streuli, 2011).  

The formation of these large multiprotein complexes on the cytoplasmic side of focal 

adhesions mechanically link the ECM to the actin cytoskeleton, and additionally establish the 

platforms necessary for the activation of adhesion-based signalling pathways modulated by 

integrin receptors. As a consequence, the linkage of ECM to the cell as facilitated by integrin 

receptors and the recruitment of adaptor proteins results in the regulation of a number of 

cellular processes, including cell growth, proliferation and migration (Rooney and Streuli, 

2011). Particularly in epithelial tissue, integrin receptors containing the β1 subunit are the 

most widely expressed, specifically binding fibronectin, laminin, collagen type-I, and 

collagen-type IV in the local extracellular environment and are involved in the regulation of a 

wide range of cellular processes, such as cell survival in addition to their role in mechanical 

adhesion (Lee and Streuli, 2014). Specifically, normal cells are dependent on the appropriate 

ligation of ECM ligands to integrin receptors for survival by facilitating cell survival or the 

initiation of cell death, depending on the local extracellular cues that are probed by the 

integrin receptors (Frisch and Francis, 1994).  

In general, adhesion of integrin receptors with ECM ligands confers survival signals, whereas 

integrin receptors not bound to ECM promote cell death. Loss of anchorage of cells initiates 

cell death in the form of anoikis which constitutes a physiologically important mechanism 

that facilitates the prevention of adhesion of cells detached from ECM to inappropriate 

locations (Chiarugi, 2008). As such, the appropriate adhesion of integrin receptors to ECM 

ligands has been associated with tumour suppression, functioning as a natural barrier to 

cancer development (Macara and McCaffrey, 2013). It is therefore unsurprising that aberrant 

adhesion between ECM and integrin receptors has been shown to contribute to malignant 

transformation and cancer progression by eliciting dysfunctional integrin signalling, 

implicated with aberrations in intracellular signalling pathways (Xu et al., 2017). 
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In particular, integrin receptors have been shown to modulate tumour cell survival through 

the regulation of programmed cell death by apoptosis. Integrin receptors have been suggested 

to contribute to tumour cell survival through a number of downstream mechanisms, including 

the activation of the nuclear factor-κB (NF-κB) signalling pathway, inactivation of the 

tumour suppressor p53, as well as increased expression of the pro-survival B cell lymphoma-

2 (Bcl-2) (Nam et al., 2013; Martin et al., 2012; Popov et al., 2011). Consequently, 

dysfunctional integrin signalling, specifically β1 integrin-associated pathways, and the key 

downstream signalling intermediates in these pathways may be a fundamental mechanism in 

the evasion of the induction of programmed cell death by apoptosis and enhanced survival in 

epithelial malignancies. 

1.3 The tumour microenvironment and ECM remodelling plays a pivotal role in tumour 

progression and survival 

During malignant transformation and tumour progression, the ECM has been found to 

experience compositional changes, such as enhanced deposition of ECM components 

including fibronectin and collagen-type I, as well as increased cross-linking and ECM 

stiffness. Consequently, these compositional alterations result in modified integrin signalling 

(Cox and Erler, 2011). The remodelling of ECM as a result of increased deposition of ECM 

alters the tumour microenvironment, thus disrupting the normal regulation of signalling by 

integrin receptors by eliciting aberrant cell–ECM communication, as well as altered growth 

factor signalling (Paszek et al., 2005).  

Collagen-type I is a highly abundant constituent of ECM, accounting for the majority of the 

ECM composition in humans. Collagen-type I is a structural component of the ECM, present 

in all fibrous tissue due to the triple helix polypeptide chain conformation with a repeating 

Gly-X-Y sequence (Brodsky and Persikov, 2005). Collagen-type I therefore not only acts in 

the mechanical support structure for cells and cell–cell anchorage, but has further been 

associated with tumour development and cancer progression by modification of the ECM as a 

result of collagen degradation, deposition, and stiffening. Notably, it has been found that 

enhanced deposition of collagen I results in stiffening of the ECM in breast cancer 

development and subsequent metastasis (Ramaswamy et al., 2003).  

Similarly, fibronectin is a widely expressed component of ECM that is critical in appropriate 

cell adhesion, growth and differentiation, and has been found to participate in the dysfunction 

of cell-ECM signalling in malignancies (Pankov and Yamada, 2002). Fibronectin is an 
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extracellular glycoprotein that exists as a protein dimer, consisting of two nearly identical 

polypeptide chains (Mao and Schwarzbauer, 2005). Increased deposition of fibronectin has 

been identified in epithelial malignancies, and is involved in tumour progression by 

promoting cell growth, migration, invasion and survival (Wang and Hielscher, 2017). As 

such, ECM constituents and alterations to the ECM architecture significantly influence cancer 

progression through the dysregulation of integrin signalling pathways. 

1.4 Integrin-linked kinase and focal adhesion kinase act as molecular conduits for 

integrin-mediated survival signalling 

As integrin receptors lack enzymatic activity, they rely on the formation of signalling 

complexes at focal adhesion sites to induce integrin-mediated signalling, illustrated in Figure 

1.3. ILK is a 59 kDa Ser/Thr protein kinase that is directly recruited to the cytoplasmic side 

of focal adhesion sites by the cytoplasmic tail domains of β1 subunit-containing integrin 

receptors, subsequently facilitating integrin signalling (McDonald et al., 2008). ILK confers a 

multifunctional capacity that is attributed to several functionally significant domains, 

although the C-terminal kinase-like domain is principally involved in facilitating integrin-

mediated signalling through interacting with β1 and β3 subunit-containing integrin receptors 

and activating a range of signalling pathways downstream. ILK achieves this function by the 

phosphorylation of downstream proteins, including protein kinase B (PKB)/Akt and glycogen 

synthase kinase 3β (GSK3β) in a phosphatidylinositol 3-kinase (PI3K)-dependent manner (Li 

et al., 2012). 

Therefore, ILK participates in the regulation of several cellular processes downstream of 

integrin ligation to ECM, such as epithelial cell polarity, cell spreading, migration, 

proliferation, and survival (McDonald et al., 2008). Specifically, ILK phosphorylates and 

activates PKB/Akt at Ser-473, which regulates the transcription of genes necessary for 

survival, such as NF-κB target genes (Persad et al., 2000). ILK also directly phosphorylates 

GSK3β at Ser-9, inhibiting GSK3β and contributing to the modulation of intermediates also 

involved in cell survival, such as activator protein 1 (AP-1), β-catenin, and cyclic AMP 

(cAMP) response element (CRE)-binding protein (CREB) (Maydan et al., 2010; Oloumi et 

al., 2004). 

Also recruited to focal adhesion sites to facilitate the generation of integrin signalling 

platforms is FAK, a 125 kDa tyrosine kinase. Following activation by integrin receptors, 

FAK experiences autophosphorylation at Tyr-397 and forms a complex with a number of 
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proteins, including Src and PI3K (Schaller et al., 1994; Chen and Guan, 1994). FAK thereby 

phosphorylates intermediates downstream of integrin perception of ECM in a PI3K-

dependent manner, leading to the regulation of cellular processes, including adhesion, 

migration, differentiation and survival. As with ILK, FAK phosphorylates PKB/Akt and 

GSK3β downstream (Gao et al., 2015). From this, ILK and FAK both act as molecular 

conduits linking adhesion-based signals to downstream signalling intermediates, such as 

PKB/Akt and GSK3β, thereby facilitating dysfunctional integrin-mediated signalling in 

epithelial malignancies. 
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Figure 1.3. Integrin-mediated signalling is facilitated by ILK and FAK.  

Integrin receptors lack enzymatic activity, and thereby recruit ILK and FAK to the 

cytoplasmic side of focal adhesion sites to convey integrin adhesion-based signals at 

downstream signalling intermediates. ILK and FAK modulate the signalling intermediates in 

a PI3K-dependent manner, and lead to either their active or inhibitory phosphorylation. ILK 

and FAK both act as molecular conduits linking adhesion-based signals to downstream 

signalling intermediates, such as PKB/Akt and GSK3β, thereby facilitating integrin-mediated 

signalling (Attwell et al., 2003). 
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1.5 Integrin-linked kinase and focal adhesion kinase likely converge adhesion-based 

survival signals at glycogen synthase kinase 3β 

As mentioned, ILK and FAK connect downstream signalling intermediates to integrin 

signalling pathways through their phosphorylation and subsequent activation or inhibition. 

Contrary to the activation of PKB/Akt as a result of phosphorylation by ILK and FAK, 

GSK3β is a 47 kDa Ser/Thr protein kinase that is constitutively active under normal 

conditions and conversely requires phosphorylation at Ser-9 by interactors such as ILK and 

FAK to result in inhibition, and phosphorylation at Tyr-216 is required for maximal activity 

(Cohen and Frame, 2001). The mechanism of regulation of GSK3β is represented in Figure 

1.4, below.  

 

 

Figure 1.4. Mechanism of the regulation of GSK3β. 

Regulation of GSK3β activity occurs primarily as a result of phosphorylation of GSK3β at 

specific residues by upstream kinases. Phosphorylation of GSK3β at serine 9 results in the N-

terminal tail domain of GSK3β to act as a pseudosubstrate by binding to the substrate binding 

pocket, inhibiting downstream phosphorylation of primed substrates by GSK3β. Conversely, 

the phosphorylation of GSK3β at tyrosine 216 is required for maximal activity of GSK3β, 

however; the upstream mechanism resulting in this phosphorylation remains unclear (Seira 

and del Rio, 2014). 
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Interestingly, GSK3β has more predicted substrates compared to other kinases, and is 

therefore suggested to be fundamental to the regulation of almost every process in the cell , 

however; the interactions between GSK3β and their substrates in these pathways remains to 

be fully elucidated (Linding et al., 2007). As a consequence, dysregulation of GSK3β has 

been implicated in many pathologies, including diabetes, Alzheimer's disease, Parkinson's 

disease, and cancer (Jope et al., 2007). From this, it is likely that GSK3β is additionally 

involved in adhesion-based signalling mediated by integrin receptors in epithelial 

malignancies due to the upstream relationship with ILK and FAK, although the role of 

GSK3β in integrin-dependent pathways remains poorly understood. 

1.6 Glycogen synthase kinase 3β at the intersection of cell death and survival 

GSK3β has been shown to elicit contradictory functions depending on the cell type, as well 

as the signalling environment, further illustrating the complex role of GSK3β in signalling 

pathways. Specifically with reference to cell survival, GSK3β has exhibited functionality as 

both a tumour suppressor and tumour promoter according to the cellular context. As such, 

GSK3β displays the dual capacity to either activate or inhibit apoptosis by regulating a 

number of downstream survival transcription factors (Beurel and Jope, 2006). The tumour 

suppressor and pro-apoptotic functionality of GSK3β has been illustrated in cancers such as 

colorectal cancer and prostate cancer. In these malignancies, as well as in cellular contexts of 

endoplasmic reticulum (ER) stress and hypoxia, GSK3β has been found to inhibit NF-κB 

survival signalling, as well as activate p53-induced apoptosis (Cross et al., 1995; Kang et al., 

2010; Yoshino and Ishioka, 2015). In contrast, GSK3β acts as a tumour promoter in cancers 

such as pancreatic cancer and neuroblastoma by promoting NF-κB survival signalling, 

inhibiting β-catenin sensitisation to tumour necrosis factor (TNF)-induced cell death, 

inhibiting activation of apoptosis by c-myc, and inhibiting death-receptor complex formation 

thereby preventing execution of the extrinsic apoptosis pathway (Kotliarova et al., 2008; Sun 

et al., 2008).  

Furthermore, the role of inhibited GSK3β in cell death regulation appears contradictory. 

Suppression of GSK3β activity by phosphorylation at Ser-9 appears to inhibit apoptosis by 

inhibiting BAX-mediated activation of the mitochondrial apoptosis pathway. Additionally, 

inhibited GSK3β prevents the inhibition of CREB-dependent expression of anti-apoptotic 

Bcl-2, resulting in enhanced cell survival (Chuag et al., 2011). Consequently, regulation of 

apoptosis and cell survival by GSK3β in both its active form phosphorylated at Tyr-216 

(pGSK3β (Tyr-216)) and inhibited form (pGSK3β (Ser-9)) remain unclear, suggesting that 
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further research is required to determine the role of GSK3β in the control of survival 

signalling and apoptosis. Consequently, understanding the role of GSK3β in specific tumour 

cell types, as well as the integration of ECM-originating signals in GSK3β-mediated survival 

pathways and apoptosis highlights the therapeutic prospective of targeting GSK3β in 

epithelial malignancies. 

1.7 Regulation of cell survival by the induction of apoptotic events 

Programmed cell death by apoptosis occurs as a result of the activation of distinct pathways, 

intrinsic and extrinsic, that normally functions in modulation of development and 

homeostasis through eliminating damaged or dysfunctional cells following a cellular stress 

signal, either intrinsically or extrinsically originating, shown in Figure 1.5. Both intrinsic and 

extrinsic apoptotic pathways involve a series of events coordinated by signalling 

intermediates that leads to the activation of zymogenic cysteine proteases called caspases. 

The activation of specific caspases results in the proteolysis of specific target proteins and 

subsequently fragmentation of DNA, leading to cell death (Adams and Cory, 2007). 

Generally, apoptosis serves to maintain the equilibrium between cell survival and cell death, 

in addition to protecting the integrity of the genome of the cell, functioning as a barrier to 

malignant transformation (Plati et al., 2008). However, as aforementioned, tumour cells 

exhibit the aberrant activation of pathways that result in the evasion of cell death, enhancing 

tumour cell survival. Importantly, the dysfunctional regulation of the initiation apoptotic 

events not only promotes tumour progression, but also facilitates resistance to therapeutics 

(Gimenez-Bonafe et al., 2009), emphasising the importance of understanding survival 

pathways in cancer to improve therapeutic outcomes. 
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Figure 1.5. The intrinsic and extrinsic pathways of apoptosis executed by caspase 3. 

The intrinsic pathway of apoptosis is primarily regulated by the Bcl-2 family of proteins due 

to their localisation on the mitochondria. During apoptosis, the pro-apoptotic members of the 

Bcl-2 family trigger cytochrome c release from the mitochondria, ultimately leading to the 

formation of procaspase 9-activating apoptosome complex. This then results in the activation 

of caspase 3, and initiation of the execution phase of apoptosis. The extrinsic pathway of 

apoptosis is activated by binding of extracellular ligands to transmembrane death receptors of 

the TNF receptor family. Perception of these extracellular ligands results in the recruitment of 

adaptor proteins, leading to the activation of procaspase 8 and subsequently the execution 

step of apoptosis initiated by caspase 3 (Guerin et al., 2008). (Pro-apoptotic Bcl-2 family 

members: Bcl-2-associated X protein (BAX), Bcl-2 antagonist/killer (BAK), BH3-only; Anti-

apoptotic Bcl-2 family members: Bcl-2) 
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The Bcl-2 family of proteins are central regulators of the intrinsic pathway of apoptosis, and 

are central in determining the commitment of a cell to apoptotic cell death or cell survival. 

The family is composed of two major groups, anti-apoptotic and pro-apoptotic, characterised 

by their possession of specific Bcl-2 homology (BH) domains (Shamas-Din et al., 2013). The 

anti-apoptotic proteins contain the BH domains 1 to 4, and include Bcl-xL, Bcl-2-related 

protein A1 (Bfl-1), myeloid cell leukemia protein 1 (Mcl-1), as well as the previously 

described Bcl-2 (Brunelle and Letai, 2009). The pro-apoptotic proteins contain those with 

multiple BH domains, such as Bcl-2 homologous antagonist/killer (BAK) and Bcl-2-

associated X protein (BAX) or those containing the BH-3 domain only, including Bcl-2-like 

protein 11 (Bim) and BH-3 interacting-domain death agonist (Bid) (Letai et al., 2002).  

The importance of the Bcl-2 family of proteins in regulation of cell death is due to their 

predominant location on the mitochondria, where the release of cytochrome c is controlled. 

The anti-apoptotic proteins inhibit the pro-apoptotic members, which drive mitochondrial 

outer membrane permeabilisation (MOMP) and cytochrome c release (Leber et al., 2007). 

The initiation of MOMP by pro-apoptotic Bcl-2 family members and subsequent cytochrome 

c release, results in the additional release of second mitochondria-derived activator of 

caspases (SMAC) into the cytoplasm. Cytochrome c then binds to apoptotic protease 

activating factor 1 (APAF-1), generating the procaspase 9-activating apoptosome complex 

(Li et al., 1997). SMAC then functions in binding and impeding the action of X-linked 

inhibitor of apoptosis protein (XIAP), an inhibitor of caspase 3, caspase-7 and caspase 9, the 

effector caspases ultimately responsible for the initiation of the execution step of apoptosis 

primarily driven by caspase 3 (Schimmer, 2004).  

The extrinsic pathway of apoptosis is activated by binding of extracellular ligands to 

transmembrane death receptors. The death receptors are members of the TNF receptor family 

which contain a shared cysteine-rich extracellular domain and a cytoplasmic death domain 

(Locksley et al., 2001). The extracellular domain binds ligands, such as first apoptosis signal 

ligand (FasL) to the Fas receptor (FasR) and TNF-α to TNF receptor 1 (TNFR-1) (Elzey et 

al., 2001). The death domain is then responsible for the transmission of these signals 

intracellularly, resulting in the recruitment of adaptor proteins, including Fas-associated 

protein with death domain (FADD). Subsequently, FADD associates with procaspase 8, 

forming the death-inducing signalling complex (DISC) and results in the activation of 

caspase 8 (Salvesen and Riedl, 2009). Activation of caspase 8 then results in the induction of 

the execution step of apoptosis regulated again by the activation of caspase 3, resulting in the 
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activation of caspase-activated DNase (CAD) leading to DNA fragmentation, as well as 

cytoskeletal reorganisation and degradation (Sakahira et al., 1998). 

1.8 Aberrant regulation of caspase 3 in cancer cell survival and progression 

The induction of the execution step of apoptosis which drives cell death is primarily driven 

by the effector caspase, caspase 3. Therefore, it is unsurprising that aberrant regulation of 

activity of caspase 3 is a hallmark of cancer cell survival (Hanahan and Weinberg, 2011). 

Consequently, caspase 3 activity may prove as a useful observational tool in the elucidation 

of the role of GSK3β in adhesion-mediated survival signalling as an indicator of the induction 

of cell death by apoptosis. Interestingly, however; in addition to the role of dysfunctional 

regulation of caspase 3 in the ability to allow cancer cells to evade programmed cell death by 

apoptosis, caspase 3 has been illustrated to be involved in non-apoptotic pathways also 

relevant in cell survival. Dysfunctional regulation of caspase 3 has been shown to facilitate 

chronic inflammation, such as the activation of the pro-inflammatory NF-κB pathway, which 

drives the production of inflammatory cytokines and chemokines which have been illustrated 

to increase cancer cell survival (Fernald and Kurokawa, 2013). Further, caspase 3 has been 

illustrated to regulate cell cycle progression, differentiation, invasion and migration (Frost et 

al., 2001; Abdul-Ghani and Megeney, 2008; DeNardo et al., 2008). As GSK3β is an upstream 

regulator of pathways involved in inflammation, proliferation, differentiation, migration and 

survival, it could be likely that GSK3β additionally regulates caspase 3 activity in epithelial 

malignancies.  

1.9 Human oesophageal squamous cell carcinoma as a highly aggressive malignancy 

and the molecular events underlying enhanced tumour cell survival 

Oesophageal cancer is the eighth most common cancer globally, 95 % of which are of the 

squamous cell carcinoma histological phenotype. Human oesophageal squamous cell 

carcinoma (HOSCC) is a highly aggressive cancer of the epithelium lining the upper 

oesophagus, and is additionally highly invasive with over thirty percent of patients having 

developed metastases at the time of presentation (Zhang et al., 2013). HOSCC has the widest 

variation in incidence by geographical location as compared to other carcinoma malignancies, 

occurring in China, the Middle East, and the Eastern Cape regions of South Africa (Blot and 

McLaughlin, 1999). As such, HOSCC remains under-investigated due to its prevalence in 

emerging economy countries despite the aggressive nature of the malignancy. Furthermore, 

like other gastro-intestinal tract cancers, investigation into the molecular mechanisms 
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underlying HOSCC has focused predominantly on intrinsic features of the malignancy, as 

well as the activation of oncogenes (Lin et al., 2016).  

However, adhesion-based communication between the tumour cell and ECM may also be 

integral to HOSCC progression and survival. Particularly, environmental triggers can lead to 

chronic inflammation, resulting in constitutive activation of pro-survival pathways. 

Overexpression of the survival-relevant NF-κB has also been identified in HOSCC, which 

may suggest the involvement of GSK3β in survival signalling in HOSCC through upstream 

perception of environmental constituents (Lin et al., 2016). As a result, HOSCC may prove a 

valuable tool in elucidating the importance of adhesion-dependent signalling and constituents 

of the ECM and the downstream role of GSK3β in the modulation of survival-relevant 

pathways, thereby establishing a more comprehensive understanding of the molecular 

landscape of the malignancy and malignancies which share similar prognostic biomarkers. 
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CHAPTER 2: Aims and Objectives 

2.1 Aim of the Study 

The main aim of this research is to investigate the role of glycogen synthase kinase 3β in 

adhesion-dependent survival signalling and the induction of apoptotic events in human 

oesophageal squamous cell carcinoma, and the influence of constituents of the extracellular 

matrix on these pathways. 

2.2 Objectives 

1. To establish the presence and relative abundance of β1 integrin receptors in HOSCC, and 

identify the significance of adhesion-dependent interactions mediated by β1 integrin receptors 

on cell survival by manipulating β1 integrin association with constituents of the extracellular 

matrix. 

2. To determine the relationship between both active and inhibited forms of GSK3β in 

HOSCC by the detection of pGSK3β (Tyr-216) and pGSK3β (Ser-9), respectively. 

3. To manipulate GSK3β signalling in order to identify the role of GSK3β inhibition on cell 

survival and the induction of apoptosis in HOSCC. 

4. To understand the role of the β1 integrin/GSK3β pathway on tumour cell survival via the 

observation of the induction of the execution step of apoptosis in the form of activated 

executioner caspase 3. 

5. To understand the effects of constituents of the extracellular matrix on GSK3β-mediated 

adhesion-dependent survival signalling in HOSCC, with specific reference to collagen and 

fibronectin. 
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CHAPTER 3: Materials and Methods 

3.1 Cell lines 

Five oesophageal squamous cell carcinoma cell lines, namely WHCO1, WHCO3, WHCO5, 

WHCO6 (Veale and Thornley, 1989), and SNO (Bey et al., 1976) cell lines derived from 

moderately differentiated oesophageal tumours of South African origin were obtained from 

the Cell Biology Research Laboratory stock at the University of the Witwatersrand, 

Johannesburg. Derived from non-small cell lung cancer (NSCLC) cells of the squamous cell 

carcinoma histological phenotype, the H1299 cell line was similarly obtained from the Cell 

Biology Research Laboratory stock and utilised as a positive control cell line, as it is 

understood that the H1299 cell line is a known expressor of the target protein set. Cell lines 

derived from oesophageal epithelium considered physiologically normal are unavailable at 

present (Underwood et al., 2010). Oesophageal epithelial cell lines generated as a result of 

viral transfection exist, however; viral transfection may cause insertional mutagenesis, 

generating random alterations in gene expression and therefore may have impeded accurate 

comparison as a consequence of being an untrue representation of normal oesophageal 

epithelium (Woods et al., 2003). 

3.2 Tissue culture 

The HOSCC and NSCLC cell lines were all maintained on 10 cm plastic tissue culture dishes 

(NEST, SA) in 3:1 Dulbecco's Modified Eagle's Medium (DMEM)/Ham's F12 Nutrient 

Mixture (Sigma-Aldrich, USA) (Appendix A, Section 1.3), growth medium supplemented 

with 10% foetal calf serum (FCS) (Highveld Biological, SA). The cells were maintained 

under standard conditions at 37ºC in a humidified incubator with 5% carbon dioxide as to 

facilitate the bicarbonate buffer system employed to buffer the pH of the tissue culture 

medium. To maintain the health and molecular integrity of the cells, the cells were passaged 

and sub-cultured when grown up to approximately 75% confluency on the 10 cm plastic 

tissue culture dishes. In order to passage the cells, the medium was aspirated and the cells 

were washed with 2 mL phosphate-buffered saline (PBS) (Appendix A, Section 1.1). Cells 

are grown to 75% confluency to ensure that the cells are actively replicating and viable, as 

well as to prevent the induction of contact inhibition of cell growth.   

Thereafter, the cells were treated with 2 mL trypsin/ethylenediaminetetra-acetic acid (EDTA) 

(TE) (Sigma-Aldrich, USA) (Appendix A, Section 1.2) solution and incubated at 37ºC for 5 

minutes to detach the cells from the tissue culture dish. A small volume of trypsinised cells 
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was resuspended in 10 mL fresh growth medium and maintained at standard temperature, 

humidity, and carbon dioxide levels until required or until further passaging was necessary.  

Cells were harvested at approximately 75% confluency for all experimentation conducted.  

3.3 Effect of extracellular matrix composition on HOSCC behaviour 

3.3.1 Growth of cells on collagen type I-coated substrate 

A collagen type I working solution with a final concentration of 100 µg/mL was prepared 

from a 3 mg/mL collagen type I stock solution extracted from rat-tail tendon (Appendix A, 

Section 2.1). To each 6 cm plastic tissue culture dish, 600 µL of collagen type I working 

solution was added. The solution was swirled to ensure the dish was fully coated. The coated 

dishes were subsequently exposed to ultraviolet (UV) light for 2.5 hours without the lid to 

allow the collagen type I solution polymerise completely. Once dried, the coated dishes were 

washed with sterilised, deionised water three times to remove residual acetic acid. Thereafter, 

the dishes were washed once with PBS.  

Cells were seeded as normal at a density of 8 × 10
5 

cells per 6 cm dish, and maintained under 

standard conditions for 24 hours, prior to experimentation.  

3.3.2 Growth of cells on fibronectin-coated substrate 

Using a 1 mg/mL fibronectin stock solution (Roche, Switzerland), a fibronectin working 

solution at a final concentration of 10 µg/mL was prepared (Appendix A, Section 2.2). To 

each 6 cm plastic tissue culture dish, 1 mL of the fibronectin working solution was added, 

and swirled to ensure the bottom of the dish was completely coated. The dishes were then 

exposed to UV light for 45 minutes with the lid on to allow the fibronectin solution to 

polymerise. Following this, the remaining fibronectin solution was removed from the dishes, 

and the cells were seeded immediately as normal at a density of 8 × 10
5
 cells per 6 cm dish. 

Cells were maintained under standard conditions for 24 hours prior to experimentation.  

3.4 Role of GSK3β regulation in HOSCC cell survival 

3.4.1 Targeted inhibition of GSK3β  

From a 5 µg/µL stock solution of AR-A014418, a GSK3β-specific inhibitor, a working 

solution of 10 µM dissolved in DMSO was introduced to each 6 cm tissue culture dish with 

cells grown to approximately 75% confluency with DMSO-only controls additionally plated 

for each cell line. Cells were maintained under standard conditions for 24 hours prior to 
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experimentation, however; cells were grown for 1 hour in the presence of the GSK3β 

inhibitor prior to whole-cell protein extraction for western immunoblotting.  

3.5 Whole-cell protein extraction 

Double Laemmli lysis buffer (Laemmli, 1970) was utilised in the whole-cell protein 

extraction protocol due to the localisation of GSK3β and caspase 3 in the cytoplasm, as well 

as the transmembrane localisation of β1 integrin at the cell-ECM interface. A whole-cell 

protein extraction was performed considering immunodetection of the target protein set was 

performed in subsequent experimentation. Cells grown to 75% confluency were washed 

twice with 2 mL ice-cold PBS. Thereafter, 1 mL 1:100 phenylmethylsulphonyl fluoride 

(PMSF) (Sigma-Aldrich, USA) (Appendix A, Section 3.1)/PBS solution was added to each 

dish. Cells were harvested using a sterilised cell scraper into the PMSF/PBS solution. The 

harvested cell suspension was aspirated into sterile microcentrifuge tubes and centrifuged in a 

TOMY desktop centrifuge at 13 817 RCF for 2 minutes. The supernatant was discarded and 

the pellet resuspended in double Laemmli lysis buffer (Appendix A, Section 3.2). The 

resuspended samples were incubated at 100ºC in a boiling water bath for 5 minutes. 

Subsequently, the samples were centrifuged at 4ºC in a PRISM™ Refrigerated 

Microcentrifuge for 15 minutes at 12 000 RCF. 

All whole-cell extracts were stored at -20ºC. 

3.6 Quantitative determination of protein concentration 

Estimation of protein concentration was performed according to a modified protocol 

established by Bramhall et al. (1969). The Bramhall method of protein estimation was 

performed as alternative protocols such as the Bradford assay are incompatible with SDS-

containing samples. This protocol has been optimised for whole-cell lysates that have been 

extracted using lysis buffers containing sodium dodecyl sulphate (SDS), such as double 

Laemmli lysis buffer.  

Circular Whatman® filter paper was washed in deionised water for 20 minutes prior to 

dehydration in 95% ethanol, 100% ethanol and 100% acetone for 5 minutes each, 

respectively. Following dehydration, the filter paper was air-dried under a fume hood for 

approximately 10 minutes. Using a 1 mg/mL bovine serum albumin (BSA) stock solution 

diluted in double Laemmli lysis buffer (Appendix A, Section 3.3), standard concentrations of 

the BSA solution (1 μg/μL, 3 μg/μL, 6 μg/μL, 12 μg/μL, 16 μg/μL and 20 μg/μL) were 

spotted onto the filter paper to construct a standard curve. Similarly, 2 μL of extracted protein 
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sample were spotted onto the filter paper. The filter paper was left to air-dry for 

approximately 15 minutes and subsequently fixed with 7.5% trichloroacetic acid (TCA) 

(Appendix A, Section 3.4) for 45 minutes. Following incubation in TCA, Coomassie Brilliant 

Blue stain (Appendix A, Section 3.5) was added and the filter paper incubated in the stain 

wash for 5 minutes. Thereafter, the stain was discarded and fresh Coomassie Brilliant Blue 

stain added to the filter paper and incubated for 1 hour on an orbital shaker, after which the 

filter paper was incubated in destain solution (Appendix A, Section 3.6) for 1 hour. The 

destained filter paper was air-dried under a fume hood and the stained circles of spotted BSA 

standard or sample were cut out, placed into test tubes containing 5 mL elution solution 

(Appendix A, Section 3.7) and incubated overnight in the dark. 

The absorbencies of the eluted protein solutions were determined at 595 nm using an Azzota 

SV1100 Spectrophotometer. 

3.7 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Discontinuous SDS-PAGE was performed as per the protocol established by Laemmli 

(1970). 

The polyacrylamide gels were composed of a stacking gel and a separating gel of varying 

amounts of acrylamide. For separation of the whole cell lysates for subsequent 

immunodetection of the target protein set, a 10% (w/v) separating gel was utilised for the 

separation of the whole cell lysates into the respective molecular weight ranges containing β1 

integrin, pGSK3β (Tyr-216), pGSK3β (Ser-9) and caspase 3 polypeptides. For all SDS-

PAGE, a 5% stacking gel was used. Gels were constructed in the Mighty Small™ SE245 

Dual Gel Caster apparatus (Hoefer Scientific, USA). The separating polyacrylamide gel 

solution (Appendix A, Section 4.2) was first poured into the casting apparatus between the 

glass and silicon plates sterilised with isopropanol before use. Thereafter, 200 μL 4% sodium 

dodecyl sulphate (SDS) overlay solution (Appendix A, Section 4.4) was added to facilitate 

polymerisation. The separating gel was allowed to polymerise for approximately 30 minutes. 

The SDS overlay solution was subsequently removed and the stacking gel solution (Appendix 

A, Section 4.3) was poured over the separating gel, immediately followed by insertion of a 

10-well comb. The stacking gel was allowed to polymerise for approximately 15 minutes. 

The polymerised gels were placed in the Mighty Small II SE 250 Mini Vertical 

Electrophoresis Unit (Hoefer Scientific, USA) and the apparatus filled with SDS-PAGE 

running buffer (Appendix A, Section 4.5). Thereafter, an equal 30 μg of each protein sample 
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was loaded into the respective wells in volumes determined by protein estimation (Section 

3.6). PageRuler™ Plus Prestained Protein Ladder (ThermoScientific, USA) was loaded to 

track progression of electrophoresis and to identify the molecular weight corresponding to the 

separated proteins in the target set. The proteins were separated on the gel at a constant 21 

mA/gel for 45 minutes. 

3.8 Antibodies for immunodetection during Western immunoblotting 

Immunological analysis employing an indirect antibody detection system was employed 

during western immunoblotting to detect specific epitope sites on the target proteins, forming 

an immunogen complex. Primary antibodies specific to each of the target proteins were 

utilised. Polyclonal antibodies were used as the antibodies bind more epitope sites on the 

specific target protein than monoclonal antibodies, thereby amplifying the detection signal. 

For the detection of β1 integrin, a mouse polyclonal anti-β1 integrin primary antibody 

(Merck, SA) at a concentration of 1:10 000 was used in a diluent of 2.5% non-fat dried milk 

powder in tris-buffered saline with 0.1% Tween
 
20 (TBS-T). The immunodetection of 

pGSK3β (Tyr-216) was performed using a rabbit polyclonal anti-pGSK3β (Tyr-216) primary 

antibody (Abcam, UK) at a concentration of 1:2 000 diluted in 2.5% BSA TBS-T. The 

primary antibody used for the detection of the 47 kDa pGSK3β (Tyr-216) polypeptide 

additionally confers the detection of the 51 kDa pGSK3α (Tyr-279). For the detection of 

pGSK3β (Ser-9) a rabbit polyclonal anti-pGSK3β (Ser-9) primary antibody (Cell Signaling 

Technology, USA) was used at a concentration of 1:1 000 diluted in 2.5% BSA TBS-T. A 

rabbit polyconal anti-caspase 3 primary antibody (Santa Cruz Biotechnology, USA) at a 

concentration of 1:500 in a diluent of PBS was used for specifically detecting cleaved, 

activated caspase 3. The detection of β-actin was performed using rabbit polyclonal primary 

antibodies (Cell Signaling Technology, USA) at a concentration of 1:2 500 2.5% milk in 

PBS. β-actin was used as the loading control for all western immunoblotting experiments 

conducted to ensure equal loading of sample into each well and to validate that differential 

expression levels are a result of changes in cellular behaviour and not due to experimental 

variances.   

For the detection of bound primary antibody to β1 integrin by chemiluminescence, a goat 

anti-mouse horseradish peroxidase (HRP)-conjugated secondary antibody was used (Cell 

Signaling Technology, USA).  The chemiluminescent detection and visualisation of pGSK3β 

(Tyr-216), pGSK3β (Ser-9), and cleaved caspase 3 was performed using the same goat anti-

rabbit HRP-conjugated secondary antibody (Separations Scientific, SA).  
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3.9 Western immunoblotting 

Western immunoblotting was performed according to the protocol described by Towbin et al. 

(1979). 

Approximately 30 µg of each whole-cell extract was separated on a 10% (w/v) 

polyacrylamide gel, and the sections of the gel presumed to contain the proteins of interest 

based on the positioning of the PageRuler™ Plus Prestained Protein Ladder were excised. 

The gel sections were placed on sponges pre-soaked in transfer buffer (Appendix A, Section 

5.3), and accordingly Hybond C nitrocellulose membranes (Sigma-Aldrich, USA) were cut to 

size and placed over the gel sections. The excised gel sections containing the proteins of 

interest were transferred using a BioRad Criterion™ wet transfer blotting apparatus (BioRad, 

USA) for 1 hour for caspase 3, and 2 hours for β1 integrin, pGSK3β (Tyr-216), pGSK3β 

(Ser-9) and β-actin at a constant current of 400 mA at 4ºC.  

Post-transfer, the nitrocellulose membranes were washed for 5 minutes in TBS (Appendix A, 

Section 5.1) and thereafter incubated for 1 hour in blocking buffer solution (Appendix A, 

Section 5.4). The membranes were subjected to three 5 minute washes in TBS-T (Appendix 

A, Section 5.2), and incubated in primary antibody overnight at 4ºC. Following incubation in 

primary antibody, the membranes were washed three times for 5 minutes each with TBS-T 

and then incubated in HRP-conjugated secondary antibody for 1 hour in the dark at room 

temperature (β1 integrin, pGSK3β (Tyr-216), pGSK3β (Ser-9) and caspase 3) or at 30ºC (β-

actin). Subsequent to incubation in secondary antibody, the membranes were washed three 

times for 5 minutes each with TBS-T and once for 5 minutes in TBS in the dark. To catalyse 

the chemiluminescent reaction, 820 μL of both SuperSignal® West Pico luminol and 

peroxide (ThermoFisher, USA) was added to each membrane and incubated for 2 minutes in 

the dark. Following incubation in chemiluminescent substrate, excess luminol and peroxide 

solution was blotted off of the membranes using paper towel and sealed in plastic wrap. The 

membranes were placed in an x-ray film cassette and exposed to clear-blue CL-XPosure™ x-

ray film (Pierce Biotechnology, USA) in a darkroom for 10 minutes. Immediately following 

exposure, the x-ray film was briefly incubated in developing solution (Appendix A, Section 

5.5) for approximately 10 to 20 seconds, subsequently washed in water, placed in fixing 

solution (Appendix A, Section 5.6) until clear, followed by a final rinse in water. 
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3.10 Densitometric analysis 

Densitometric analysis was performed on the western immunoblots in order to quantitatively 

ascertain the expression levels of the proteins of interest. Densitometry facilitates semi-

quantitative determination of protein expression as a result of comparison between the optical 

densities of the reference band and those produced by the HOSCC samples. Furthermore, 

considering the narrow linear range exhibited by x-ray film, densitometry software 

regularises background on scanned images, providing a means for comparison. Densitometry 

was performed using ImageJ (Schneider et al., 2012).  

3.11 MTT cell proliferation assay 

In order to evaluate the effect of altered ECM, as well as the role of GSK3β on the 

proliferative activity of HOSCC and subsequently cell survival, an MTT assay was 

performed according to the protocol developed by Mosmann (1983).  

To cells grown to approximately 75% confluency, tissue culture medium was aspirated off of 

the cells and then washed twice with sterile PBS. Subsequently, fresh tissue culture medium 

containing 0.25 mg/mL of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) tetrazolium dye (Appendix A, Section 6.1) was added to each tissue culture dish. The 

cells were then incubated for 2 hours in the dark in a humidified incubator at 37ºC. Following 

incubation, 1 mL isoproponal was added to solubilise the insoluble purple formazan crystals, 

the by-product of the reduction of the MTT dye by mitochondrial succinate dehydrogenase of 

actively respiring and proliferating cells, and incubated for 1 hour in the dark on an orbital 

shaker.  

Absorbencies were read at 570 nm using an Azzota SV1100 Spectrophotometer.  

3.12 Crystal Violet cell adhesion assay 

Observation of alterations in cell adhesion was performed using a Crystal Violet cell 

adhesion assay following a modified protocol established by Humphries (2009).  

Cells were seeded at a density of 3 × 10
5
 cells in each 3.5 cm tissue culture dish for each 

experimental condition and incubated at 37ºC for 24 hours. The medium was aspirated off of 

the cells. Following this, cells were washed twice with sterile PBS, and 2 mL 0.5% Crystal 

Violet staining solution (Appendix A, Section 7.1) was added to each tissue culture dish. The 

cells were incubated for 20 minutes at room temperature on an orbital shaker in the dark. 

Subsequently, the tissue culture dishes were washed gently using a Pasteur pipette and 
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distilled water to remove excess Crystal Violet stain. Excess water was removed by tapping 

the tissue culture dishes on paper towel, and the tissue culture dishes were allowed to dry 

overnight. Once dried, 5 mL methanol was added to each dish, and the dishes were incubated 

for 20 minutes at room temperature on an orbital shaker in the dark.  

The absorbencies of each sample were read at 570 nm using an Azzota SV1100 

Spectrophotometer.  

3.13 Trypan Blue quantitation of cell death 

Quantitation of cell death using Trypan Blue was performed as per a modified protocol 

established by Uliasz and Hewett (2000).  

Cells were seeded at a density of 3 × 10
5
 cells per 3.5 cm tissue culture dish for each 

experimental condition and incubated at 37ºC for 24 hours until grown to 75 % confluency. 

600 µL of 0.4% Trypan Blue solution (Appendix A, Section 8.1) was added to each dish, 

except the blank, and incubated for 15 minutes at 37ºC in a humidified incubator. The assay 

is performed under the principle that live cells exclude the Trypan Blue dye, whereas dead, 

non-viable cells exhibit compromised cell membranes and will absorb the dye. The medium 

containing the Trypan Blue solution was subsequently removed through gentle washing using 

ice-cold and sterile PBS as to not agitate any dead cells in the tissue culture dishes. Following 

washing, 1.5 mL 1% (w/v) SDS solution (Appendix A, Section 8.2) was added to each dish to 

release the dye into solution.  

The absorbencies of each sample were measured at 590 nm using an Azzota SV1100 

Spectrophotometer. 

3.14 Statistical evaluation 

Where applicable, a Student's t-test was performed in order to determine whether the relative 

expression levels observed were statistically significant between samples, and differences in 

expression levels and sample means were not a result of experimental error. Results with 

statistical significance (p < 0.05) will be indicated with an asterisk (*). Error bars on resultant 

plots are representative of standard error of the mean (SEM). Additionally, percentage change 

was calculated as follows:  
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CHAPTER 4: Results 

4.1 HOSCC cells exhibit a differential abundance of both active and inactive 

phosphorylated forms of GSK3β 

The mechanism of regulation of GSK3β appears complex, such that the enzyme is 

constitutively active under normal conditions and the phosphorylation at Ser-9 by interactors 

such as ILK and FAK results in the inhibition and inactivation of GSK3β, and 

phosphorylation at Tyr-216 is required for maximal activity. From this, it is likely that 

GSK3β is involved in adhesion-based signalling mediated by integrin receptors in epithelial 

malignancies due to the upstream relationship with ILK and FAK, although the role of 

GSK3β in integrin-dependent pathways remains poorly understood.  

Furthermore, both phosphoylated forms of GSK3β have been shown to elicit contradictory 

functions depending on the cell type, as well as the signalling environment, specifically with 

reference to cell survival. To first evaluate the relative abundance and therefore the 

relationship between both phosphorylated forms of GSK3β in adhesion-based cell survival in 

HOSCC under standard conditions, western immunoblotting and densitometric analyses were 

performed. Following western immunoblotting illustrated in Figure 4.1.1, it was revealed that 

both the inactive (pGSK3β (Ser-9)) and active (pGSK3β (Tyr-216)) phosphorylated forms of 

GSK3β are present in each of the HOSCC cell lines as determined by the immunodetection of 

the respective 47 kDa polypeptide. Additionally present in the immunoblots for the detection 

of pGSK3β (Tyr-216) is the 51 kDa polypeptide indicative of pGSK3α (Tyr-279). Further, 

densitometric evaluation showed that each HOSCC cell line exhibits varying abundance of 

each of the phospho-forms of GSK3β, as seen in Figure 4.1.2. 
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Figure 4.1.1. Both active and inactive phosphorylated forms of GSK3β were detected in 

HOSCC cells. 

The whole-cell protein extracts were resolved on a 10% (w/v) SDS-PAGE gel and subject to 

western immunoblotting analyses. Western immunoblotting determined the presence of a) 

pGSK3β (Tyr-216) and b) pGSK3β (Ser-9) in all HOSCC cell lines conferring a respective 

molecular weight of 47 kDa, and at elevated levels with respect to the control, as well as the 

51 kDa pGSK3α (Tyr-279). The H1299 NSCLC cell line was used as a comparative control, 

known to exhibit elevated levels of both active and inactive phosphorylated forms of GSK3β. 

Moreover, each HOSCC cell line appeared to exhibit varying levels of both pGSK3β (Tyr-

216) and pGSK3β (Ser-9). β-actin was used as a loading control in order to ensure equal 

loading of each protein sample. Note: The immunoblots shown are representative of three 

independent experiments (n = 3).asdasdasdasdasdasdasdasdasdasdasdasdasdasdasdasdasdaa

a) 

 

 

b) 
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Figure 4.1.2. HOSCC cells exhibit a varying and elevated abundance of both phosphorylated forms of GSK3β. 

Following western immunoblotting analyses, the resultant immunoblots were subject to densitometric evaluation using ImageJ to allow for the 

semi-qualitative determination of variances in abundance of a) pGSK3β (Tyr-216) and b) pGSK3β (Ser-9). The H1299 NSCLC cell line was 

used as a comparative control due to its known over-expression of both phospho-forms of GSK3β. From the densitometric analyses, it can be 

seen that the HOSCC cell lines exhibit relatively high levels of both the phosphorylated forms of GSK3β, with the exception of the WHCO5 cell 

line, revealing a significantly lower abundance of the active pGSK3β (Tyr-216) in comparison to each cell line. Note: The densitometry shown is 

a result of three independent experiments (n = 3).   
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The H1299 NSCLC cell line is a known overexpressor of GSK3β (Zeng et al., 2014), and 

was therefore used to comparatively analyse the abundance of both phosphorylated forms of 

GSK3β in HOSCC cells. As a result, it can be seen in Figure 4.1.2 that the inactive (pGSK3β 

(Ser-9)) and active (pGSK3β (Tyr-216)) phospho-forms are present in varying, yet elevated 

levels in HOSCC cells when compared to the H1299 control cell line under standard tissue 

culture conditions. Exhibiting the highest abundance of pGSK3β (Ser-9) in the HOSCC cell 

lines is the WHCO6 cell line, with a marginal 8% difference between the abundance of the 

inactive form of GSK3β (pGSK3β (Ser-9)) in the H1299 cell line. The WHCO1, WHCO3 

and SNO cell lines were similarly revealed to exhibit high levels of inactive GSK3β. In 

contrast, the lowest abundance of inactive GSK3β was observed in the WHCO5 cell line, 

with a 43% lower abundance than the H1299 control cell line.  

Again, varying levels of active GSK3β (pGSK3β (Tyr-216)) were detected in each of the 

moderately differentiated HOSCC cell lines following Western immunoblotting and 

densitometric evaluation. Surprisingly, it was found that the general levels of active GSK3β 

were similar to those of inactive GSK3β in HOSCC cells, with no discernible prevalence of 

either phospho-form. As with the levels of inactive GSK3β observed, it was found that the 

most elevated abundance of active GSK3β was observed in the WHCO6 cell line in 

comparison to the H1299 control cell line, followed by the WHCO3 cell line and the SNO 

cell line. In contrast, the WHCO1 cell line exhibited a low abundance of active GSK3β, 

however; the WHCO5 cell line exhibited a significantly lower abundance of active GSK3β 

(pGSK3β (Tyr-216)), with a 32% difference in abundance in comparison to the WHCO1 cell 

line, and a significant 81% lower abundance than the H1299 control cell line. 

4.2 HOSCC cells exhibit varying yet elevated levels of β1 integrin receptors 

Aberrant communication between cells and ECM as facilitated by integrin receptors has been 

shown to modulate tumour cell survival through the dysfunction of downstream signalling 

pathways. Specifically in epithelia, dysfunctional adhesion signalling mediated by β1 integrin 

receptors may be a fundamental mechanism in the development and maintenance of HOSCC. 

In order to determine the significance of adhesion-dependent interactions between β1 integrin 

receptors in GSK3β-mediated, survival-relevant signalling in HOSCC, the presence and 

relative abundance of β1 integrin receptors was established through western immunoblotting 

and densitometric evaluation, shown in Figure 4.2, and revealed elevated, yet varying levels 

of β1 integrin receptors in HOSCC.  
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Figure 4.2. β1 integrin receptors are present at varying abundance levels in HOSCC 

cells. 

a) Western immunoblotting performed on whole-cell protein extracts resolved on a 10% 

(w/v) SDS-PAGE gel indicated the presence of β1 integrin receptors in all HOSCC cell lines 

conferring a molecular weight of 130 kDa. Additionally, each of the HOSCC cell lines was 

found to express a polypeptide of a higher molecular weight, conferring a molecular weight 

of 140 kDa. The H1299 NSCLC cell line was used as a comparative control due to its known 

elevated abundance of β1 integrin receptors. β-actin was used as a loading control to ensure 

equivalent loading. b) Subsequent densitometric analyses were performed on the 130 kDa 

polypeptide bands observed on the resultant immunoblots using ImageJ indicated that each 

HOSCC cell line exhibit a varying abundance of β1 integrin receptors. Note: The 

immunoblots and densitometry shown are representative of three independent experiments 

(n = 3). 
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The presence of β1 integrin receptors was determined in all of the HOSCC cell lines 

following western immunoblotting as indicated by the immunodetection of the 130 kDa 

polypeptide, shown in Figure 4.2a. Furthermore, densitometric evaluation revealed 

differential levels of abundance of β1 integrin receptors in all HOSCC cell lines, as indicated 

in Figure 4.2b. The most elevated level of β1 integrin receptors was observed in the WHCO1 

cell line, followed by the H1299 NSCLC control cell line. The SNO and WHCO6 cell lines 

similarly revealed a high abundance of β1 integrin receptors. The lowest levels of β1 integrin 

receptors was observed in the WHCO3 cell line, followed by the WHCO5 cell line with a 

minimal (< 1%) difference between the levels of β1 integrin. In addition to the 

immunodetection of the 130 kDa β1 integrin polypeptide, a 140 kDa isoform of β1 integrin 

was present in all five HOSCC cell lines.  

Interestingly, it was observed that in the WHCO1, WHCO6 and SNO cell lines, an elevated 

abundance of the inactive phospho-form of GSK3β (pGSK3β (Ser-9)) corresponded with 

elevated levels of β1 integrin receptors. In the WHCO6 and SNO cell lines, it was found that 

an elevated abundance of β1 integrin receptors corresponded with a high abundance of active 

GSK3β (pGSK3β (Tyr-216)). In contrast, the WHCO3 cell line displayed a low abundance of 

β1 integrin receptors, yet a high abundance of both phosphorylated forms of GSK3β. This 

similar trend in the correspondence between levels of both active and inactive GSK3β and 

β1 integrin receptors may suggest concomitant regulation of GSK3β by β1 integrin-mediated 

pathways. In the WHCO5 cell line, it was observed that a lower abundance of β1 integrin 

receptors corresponded with low levels of both phosphorylated forms of GSK3β. In general, 

it is therefore apparent that higher levels of β1 integrin correspond with a more elevated 

abundance of inactive GSK3β. Considering β1 integrin-mediated signalling is facilitated 

primarily through interactors associated with downstream inhibitory phosphorylation of 

GSK3β, it is likely that the inactive phospho-form of GSK3β may be a more significant 

interactor in β1 integrin-mediated signalling in HOSCC cells than the active phosphorylated 

form of GSK3β.  

4.3 β1 integrin receptors may facilitate the adhesion of HOSCC cells 

β1 integrin receptors are the most widely expressed integrin receptor in epithelial tissue. 

Consequently, β1 integrin receptors remain indispensible to appropriate ligation and 

communication between epithelial cells and constituents of the ECM. Further, in solid tumour 

malignancies, it has been shown that aberrant expression of β1 integrin receptors contributes 
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to the development and progression of the malignancy. In order to identify the significance of 

β1 integrin receptors in the adhesive properties of HOSCC cells, as well as the relationship 

between adhesion and survival signalling, a Crystal Violet cell adhesion assay was performed 

on the HOSCC cells, shown in Figure 4.3, and displayed elevated levels of cell adhesion. 

 

 

 

 

 

Figure 4.3. HOSCC cells show variable yet high levels of cellular adhesion. 

Crystal Violet qualitative cell adhesion evaluation was performed on each moderately 

differentiated HOSCC cell line with cells seeded at 3 × 10
5
 cells in each 3.5 cm tissue culture 

dish after 24 hours under standard conditions, and absorbencies measured at 570 nm. It was 

revealed that each HOSCC cell line exhibited varying levels of cell adhesion with respect to 

the H1299 NSCLC cell line used as a comparative control. Note: The results shown are 

representative of three independent experiments (n = 3).  
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Following growth of each HOSCC cell line for 24 hours under standard conditions, it was 

found that each HOSCC cell line exhibited high adhesion to the tissue culture dish when 

compared to the H1299 control cell line, as seen in Figure 4.3. However, each of the HOSCC 

cell lines displayed variable adhesion. It was observed that the WHCO5 had the highest level 

of adhesion with a 13% more elevated level of adhesion in comparison to the H1299 control 

cell line, followed by the WHCO6 and WHCO3 cell lines. The lowest adhesion was seen in 

the WHCO1 cell line, with a 18% lower level of adhesion than the H1299 control cell line. 

Interestingly, the level of cell adhesion was found not to correspond proportionally with the 

abundance of β1 integrin receptors illustrated in Figure 4.2. This may be suggestive that 

adhesion of HOSCC cells to a substrate is facilitated by a mechanism other than, or in 

conjunction with, β1 integrin receptors. 

4.4 HOSCC cells display varying abundance of activated caspase 3 

Normally, the induction and execution of programmed cell death in the form of apoptosis 

occurs as a natural barrier to cancer development via the elimination of cells exhibiting 

dysfunctional cell signalling and behaviour. Following the perception of a cellular stress 

signal, apoptotic signalling is initiated and executed following the proteolytic cleavage of the 

32 kDa zymogenic cysteine protease caspase 3 at Asp-175 and into its activated subunits 

conferring molecular weights of 12 kDa and 17 kDa, respectively.  

However, tumour cells exhibit aberrant apoptotic signalling, favouring pro-survival pathways 

and selective growth advantages that hinder the induction of apoptosis by blocking the 

execution step carried out by activated caspase 3 through mechanisms such as over-

expression of XIAP (Schimmer et al., 2006). In order to analyse the role of the β1 

integrin/GSK3β pathway in survival signalling, analysis of the downstream cleavage and 

activation of caspase 3 was performed by immunodetection and densitometric evaluation, 

shown in Figure 4.4, and revealed the detection of activated caspase 3 in all HOSCC cell 

lines at varying levels of abundance. 
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Figure 4.4. Activated caspase 3 is present at relatively low levels in HOSCC cells. 

a) Western immunoblotting performed on whole-cell protein extracts resolved on a 10% 

(w/v) SDS-PAGE gel indicated the presence of the activated form of caspase 3 through the 

detection of the cleaved products of pro-caspase 3, conferring molecular weights of 12 kDa 

and 17 kDa. b) Densitometric evaluation performed on the 12 kDa polypeptide bands on the 

resultant immunoblots using ImageJ revealed varying levels of cleaved and therefore 

activated caspase 3 in all HOSCC cell lines using the H1299 cell line as a comparative 

control. Note: Densitometry shown is representative of three experiments (n = 3).  
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From western immunoblotting and subsequent densitometric analyses, it was observed that 

the HOSCC cells exhibited differential abundance of activated caspase 3, as indicated 

through immunodetection of the 12 kDa and 17 kDa cleaved products of pro-caspase 3. It is 

apparent that the HOSCC cells have a lower overall abundance of activated caspase 3 in 

comparison to the H1299 control cell line, indicative of less induction of apoptotic events in 

the HOSCC cell lines. The highest abundance of activated caspase 3 was observed in the 

H1299 control cell line, followed then by the WHCO6 cell line, with a 7% lower abundance 

than the H1299 control cell line, followed then by the SNO cell line. The lowest level of 

activated caspase 3 was identified in the WHCO3 cell line, with a 45% lower abundance than 

the H1299 control cell line. In the WHCO1, WHCO6 and SNO cell lines, the relatively 

elevated level of activated caspase 3 corresponds with elevated levels of both β1 integrin 

receptors and inactive GSK3β (pGSK3β (Ser-9)). Conversely, a lower abundance of 

β1 integrin receptors observed in the WHCO3 and WHCO5 cell lines corresponded with a 

low level of activated caspase 3. This may suggest that the HOSCC cells may be dependent 

on appropriate adhesive cues transmitted by β1 integrin receptors and regulated by GSK3β 

for survival advantages and the hindrance of the induction of apoptotic events. 

4.5 β1 integrin receptors and GSK3β appears to modulate tumour cell proliferation and 

tumour cell death in HOSCC 

In order to sustain the increased energy demand to facilitate proliferative advantages which 

allow malignancies to develop and progress, dysfunction of metabolic signalling often occurs 

(Luengo et al., 2017). This selective growth advantage contributes to cancer cell survival, 

proliferation and migration, thus the observation of the metabolic and proliferative behaviour 

in malignancies will provide further insight into the role of β1 integrin/GSK3β pathways in 

HOSCC cell survival.  

It was revealed that HOSCC cells exhibited elevated levels of cellular proliferation under 

standard, non-stimulated conditions, seen in Figure 4.5.1, following MTT cell proliferation 

assays conducted under standard tissue culture conditions.   
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Figure 4.5.1. HOSCC cells reveal high levels of baseline cellular proliferation. 

MTT cell proliferation assay performed on each HOSCC cell line seeded at 3 × 10
5
 cells per 

3.5 cm tissue culture dish and grown under standard tissue culture conditions for 24 hours 

reveals varying and elevated levels of cell proliferation in each HOSCC cell line with respect 

to the H1299 NSCLC cell line used as a comparative control, as determined by absorbencies 

obtained at 570 nm. Note: Data shown is representative of three independent experiments 

(n = 3).  
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The most elevated level of cell proliferation was observed in the WHCO3 cell line. Similarly, 

elevated levels of cell proliferation were noted in the WHCO1 and WHCO6 cell lines. The 

lowest levels of cell proliferation were observed in the WHCO5, SNO and H1299 cell lines. 

Consequently, HOSCC cells exhibit elevated cell proliferation and, therefore, aberrant 

metabolic mechanisms that may contribute to the malignancy and facilitate selective growth 

advantages.  

In the WHCO3 and WHCO6 cell lines, this elevated cell proliferation and metabolism 

corresponds with elevated levels of both inactive and active GSK3β. Specifically, in the 

WHCO3 cell line, this corresponded with low levels of β1 integrin receptors and low 

abundance of activated caspase 3. In the WHCO1 cell line, elevated proliferation 

corresponded with high abundance of the inactive GSK3β, as well as high abundance of 

β1 integrin receptors. Conversely, low proliferation in the SNO cell line corresponded with 

high abundance of both active and inactive phosphorylated forms of GSK3β, yet elevated 

abundance of β1 integrin receptors. In the WHCO5 cell line, low cell proliferation 

corresponded with low abundance of both inactivated and activated forms of GSK3β, as well 

as low abundance of β1 integrin receptors. Consequently, the modulation of proliferative 

advantages in HOSCC may be regulated by β1 integrin receptors and GSK3β.  

In addition to MTT cell proliferation assays, Trypan Blue cell viability assays provide a 

measure of cell death and consequently cell survival. Shown in Figure 4.5.2, Trypan Blue cell 

viability assays performed on HOSCC cells under non-stimulated conditions revealed 

differential levels of cell death in each cell line.  

Overall, all HOSCC cell lines exhibited lower levels of cell death in comparison to the H1299 

control cell line. As a result, the HOSCC cells exhibit higher overall survival and viability. 

This lower overall cell death corresponds with overall lower levels of cleaved and activated 

caspase 3 compared to the H1299 control, suggesting that the HOSCC cell lines exhibit 

greater cell survival in comparison to the H1299 control. The WHCO6 cell line exhibited the 

lowest level of cell death, and therefore the highest cell viability. Following this, the WHCO3 

and WHCO1 cell line exhibited low levels of cell death and thus increased viability. The 

H1299 control cell line exhibited the highest level of cell death and therefore the lowest 

viability in comparison. 
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Figure 4.5.2. HOSCC cells exhibit differential levels of cell death and viability under 

standard conditions. 

Trypan Blue cell viability assay performed on each HOSCC cell line seeded at 3 × 10
5
 cells 

per 3.5 cm tissue culture dish reveals varying levels of cell viability and therefore cell death 

in each HOSCC cell line after 24 hours under standard, non-stimulated conditions with 

respect to the H1299 NSCLC cell line used as a comparative control. Note: Data shown is 

representative of three independent experiments (n = 3).  
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4.6 Abrogation of GSK3β contributes to selective growth and survival advantages in 

HOSCC 

GSK3β is a Ser/Thr kinase that is constitutively active under normal conditions, and is 

regulated by phosphorylation of residue Ser-9 by upstream interactors, leading to inhibition 

of its activity (Frame and Cohen, 2001). The role of inactive GSK3β in the regulation of 

survival signalling and the regulation of cell death appears contradictory, having been shown 

to function as both a pro-survival or tumour suppressing module, depending on the cellular 

context. In leukaemia cells, it has been found that the inhibition of GSK3β using the GSK3β-

specific small molecule inhibitor AR-A014418 results in the induction of apoptosis and thus 

inactivating GSK3β contributes to diminished cell survival (Mirlashari et al., 2012). 

Conversely, in breast cancer cells, inactivation of GSK3β using the small molecule selective 

GSK3β inhibitor AR-A014418 has been found to repress the expression of tumour 

suppressors, thereby functioning in pro-survival signalling (Ko et al., 2016).  

To evaluate the significance of inactive GSK3β in the regulation of survival signalling in 

HOSCC, the activity of GSK3β was abrogated using the GSK3β-specific inhibitor AR-

A014418, which inhibits GSK3β in an ATP-competitive manner. For all following sections, 

the WHCO3 and WHCO6 cell line were excluded from experimentation, due to their overall 

elevated abundance of both active and inactive GSK3β. Consequently, all subsequent 

experimentation was performed on the WHCO1, WHCO5, SNO and H1299 cell lines, using 

the WHCO6 cell line as an internal control in order to allow for appropriate comparison 

between immunoblots. 

4.6.1 Abrogation of GSK3β activity diminishes the abundance of active caspase 3  

and increases adhesion in HOSCC 

Immunoblot analysis was performed in order to assess the effect of the specific abrogation of 

GSK3β activity on the abundance of both inactive GSK3β and HOSCC cell survival as 

indicated by the abundance of cleaved executioner caspase, caspase 3 using the GSK3β-

specific inhibitor AR-A014418. Following western immunoblotting, shown in Figure 4.6.1a 

and subsequent densitometric evaluation, it was revealed that inhibition of GSK3β activity 

resulted in an overall increase in abundance of β1 integrin and decreased abundance of 

cleaved caspase 3, as represented by percentage change in Figure 4.6.1b.  
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Figure 4.6.1. Specific abrogation of GSK3β activity increases the abundance of 

β1 integrin receptors and a decrease in levels of activated caspase 3 in HOSCC cells.  

a) Western immunoblots performed on whole-cell lysates extracted from moderately 

differentiated HOSCC cells following specific abrogation of GSK3β activity using a GSK3β-

specific inhibitor (AR-A014418) for 24 hours and separated on a 10% SDS-PAGE gel. 

b) Following densitometric evaluation performed on the 130 kDa and 12 kDa bands on th 

resultant immunoblots using ImageJ, percentage change was calculated using untreated and 

treated sample values and revealed an increase in overall abundance of β1 integrin receptors, 

as well as a decrease in the abundance of cleaved caspase 3 in the HOSCC cells following 

specific abrogation of GSK3β activity. The WHCO6 cell line was utilised as an internal 

control, and the H1299 cell line was used as a comparative control cell line. The experiment 

was performed in triplicate (n = 3).  

(Note: NT = Untreated, DMSO = DMSO-only control, AR = AR-A014418) 
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As indicated in Figure 4.6.1b, the abundance of β1 integrin receptors appeared to 

significantly increase in HOSCC cells following the specific abrogation of GSK3β activity. 

The greatest increase in β1 integrin abundance was observed in the SNO cell line, exhibiting 

a 184% increase in abundance in comparison to when grown on standard tissue culture 

dishes. Similarly, the H1299 cell line exhibited a considerable increase in the abundance of 

β1 integrin receptors, showing a 116% increase. The WHCO1 cell line also exhibited an 

increase in the abundance of β1 integrin receptors, illustrating a 72% increase in abundance 

in comparison to the untreated control. Conversely, in the WHCO5 cell line, a considerable 

decrease in the expression of β1 integrin receptors was observed, with a 66% decrease in 

β1 integrin receptors.  

Shown in Figure 4.6.1b, specific abrogation of GSK3β activity results in the overall decrease 

in the abundance of cleaved caspase 3 in HOSCC cells. The greatest reduction in cleaved 

caspase 3 abundance was observed in the H1299 cell line, with a 70% decrease in the level of 

cleaved caspase 3 in comparison to the untreated control. The WHCO1 and SNO cell line 

exhibited a similar decrease in the abundance of cleaved caspase 3, with a 46% decrease in 

abundance, respectively. Again, the WHCO5 cell line appeared contrary, showing a 29% 

increase in the abundance of cleaved caspase 3 following specific abrogation of GSK3β 

activity.  
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4.6.2 Abrogation of GSK3β activity enhances proliferation and cell viability in HOSCC 

GSK3β has more predicted substrates than any other kinase, and therefore is suggested to be 

involved in the regulation of almost every cellular process, including pathways involved in 

cellular metabolism and proliferation, however; remains to be elucidated in specific cell types 

and cellular contexts (Linding et al., 2007). Further, considering altered regulation of 

metabolism probably occurs in order to maintain the high energy demand for enhanced 

proliferation in malignancies (Luengo et al., 2017), and therefore contribute to cancer cell 

survival, the role of inactive GSK3β in these processes was investigated.  

It was revealed that following the specific abrogation of GSK3β activity with a GSK3β-

specific inhibitor (AR-A0144218) for 24 hours, all HOSCC cell lines experienced an increase 

in cell proliferation as determined by MTT cell proliferation assays, seen in Figure 4.6.2a. 

Inhibition of GSK3β activity appeared to markedly increase cellular proliferation in the 

WHCO1 and SNO cell lines, exhibiting a 41% and 37% increase in proliferation, 

respectively. The WHCO5 cell line, however, experienced a minimal 7% increase in 

proliferation following specific abrogation of GSK3β activity. Interestingly, the H1299 

control cell line experienced a decrease in cell proliferation by 17% in comparison to the 

untreated control.  

As mentioned previously, GSK3β may directly regulate cell death and viability through the 

modulation of intermediates involved in cell survival, such as Bmi1 which contributes to 

cancer stem cell renewal in glioblastoma, caspases, and the proto-oncogene c-myc (Korur et 

al., 2009; Sun et al., 2008; Kotliarova et al., 2008). Following the specific abrogation of 

GSK3β activity for 24 hours using the GSK3β-specific inhibitor AR-A014418, Trypan Blue 

cell viability assays were performed, as indicated in Figure 4.6.2b, and it was found that 

following the specific inhibition of GSK3β activity, all cell lines experienced a reduction in 

cell death and thereby an increase in cell viability and survival. The most considerable 

decrease in cell death was observed in the WHCO5 cell line, exhibiting a 34% decrease in 

cell death. A 17% decrease in cell death was observed in the WHCO1 cell line following the 

inhibition of GSK3β activity. In the SNO and H1299 cell lines, abrogation of GSK3β activity 

appeared to minimally decrease cell death, exhibiting a 0.3% and 8% decrease in cell death, 

respectively.dfdfgdfgdfgdfgdfgdfgdfgdfgdfgf
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Figure 4.6.2. Specific inhibition of GSK3β activity increases cellular proliferation and diminishes cell death in HOSCC cells. 

a) MTT cell proliferation assay performed on each HOSCC cell line seeded at 3 × 105 cells per 3.5 cm tissue culture dish in r esponse to the 

specific abrogation of GSK3β activity with the GSK3β-specific inhibitor AR-A014418 reveals an overall increase in levels of cell proliferation 

in each HOSCC cell line after 24 hours. The WHCO6 cell line was used as an untreated internal control in order to allow for comparative 

analysis with baseline immunoblots. b) Trypan Blue cell viability assay performed on each HOSCC cell line seeded at 3 × 10
5
 cells per 3.5 cm 

tissue culture dish revealed decreased levels of cell death in each HOSCC cell line after 24 hours following specific inhibition of GSK3β activity 

using the GSK3β-specific inhibitor AR-A014418 with respect to the untreated WHCO6 cell line used as a comparative internal control. Note: 

Data shown is representative of three independent experiments (n = 3).  
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4.7 Constituents of the extracellular matrix modulate survival signalling in HOSCC 

Abnormal ECM dynamics are associated with malignant transformation and tumour 

progression in a number of epithelial cancers. Remodelling of the ECM during malignant 

transformation and cancer progression including enhanced deposition of ECM constituents 

such as collagen type I and fibronectin have been noted to occur, and result in modified 

intracellular signalling (Cox and Erler, 2011). To evaluate the effect of the composition of 

ECM on GSK3β-mediated adhesion signalling on cancer cell survival, the WHCO1, WHCO5 

and SNO cell lines were grown on collagen type I-, as well as fibronectin-coated substrates. 

Due to the predominant expression of β1 integrin receptors in epithelia compared to other 

integrin heterodimers, collagen type I and fibronectin were specifically selected for analysis 

due to their selective binding to β1 integrin receptors.  

4.7.1 Collagen type I and fibronectin modulate the adhesion of HOSCC cells 

Adhesion of cancer cells to ECM is a mechanistically important step in the development and 

progression of malignancies. Loss of cell-ECM adhesion facilitates the ability of the cells to 

detach from the basement membrane and metastasise, whereas establishment of new cell-

ECM contacts leads to stabilised interactions between the actin cytoskeleton and surrounding 

extracellular environment, as well as altered intracellular signalling which drives growth and 

survival advantages (Okegawa et al., 2004). Therefore, understanding the adhesion dynamics 

of cancer cells with respective ECM may elucidate the role of specific ECM components, as 

well as the dependency of epithelial malignancies on cell-ECM attachment on survival and 

progression. Consequently, HOSCC cells were grown on a collagen type I-, and fibronectin-

rich substrate for 24 hours and subject to a Crystal Violet cell adhesion assay, shown in 

Figure 4.7.1, and revealed differential levels of cell adhesion. However; it is important to note 

that coating of the tissue culture dishes with specific ECM substrate limits the available 

binding sites for non-collagen type I- and non-fibronectin-binding integrin receptors.  
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Figure 4.7.1. Collagen type I and fibronectin appear to decrease cellular adhesion of 

HOSCC cells. 

Crystal violet qualitative cell adhesion evaluation performed on each HOSCC cell line seeded 

at 3 × 10
5
 cells per 3.5 cm tissue culture dish and grown on a collagen type I-, and 

fibronectin-rich substrate reveals varying and diminished levels of cell adhesion in each 

HOSCC cell line after 24 hours using the WHCO6 cell line as a comparative control not 

subject to growth on ECM-coated substrate in order to compare with baseline immunoblots. 

Note: n = 3.  
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Illustrated in Figure 4.7.1, it was observed that HOSCC cells grown on an ECM-

supplemented substrate exhibit modified adhesion. An overall decrease in adhesion was 

observed between cells grown on either collagen type I or fibronectin, however; this is due to 

limiting the number of binding sites available for cell-ECM attachment to occur. It was found 

that fibronectin increased the adhesion in HOSCC cells at an average of 20% greater 

adhesion to fibronectin than the cells grown on collagen type I. Conversely, the H1299 cell 

line exhibited the highest adhesion to collagen type I as an ECM substrate than fibronectin.  

4.7.2 Collagen type I and fibronectin increase the abundance of inactive GSK3β 

in HOSCC 

Dysfunction of intracellular signalling pathways contributing to cancer development, 

progression and survival due to compositional alterations in ECM are largely influenced by 

outside-in and inside-out signalling mediated by integrin receptors. Specifically, increase in 

tensile stress as a result of increased tissue stiffness due to enhanced deposition of collagen 

type I as well as fibronectin has been illustrated to contribute to the malignant phenotype in a 

number of epithelial cancers including breast cancer (Rudnick and Kuperwasser, 2012). In 

order to determine the role of ECM on the regulation of GSK3β, specifically inactivation, and 

therefore the role of GSK3β in integrin-mediated outside-in signalling on HOSCC cell 

survival, western immunoblotting was perfomed on HOSCC cells grown on a collagen type I-

, and fibronectin-rich substrate, indicated in Figure 4.7.2a. Subsequently, densitometric 

evaluation was performed on the resultant immunoblots and percentage change calculated, as 

shown in Figure 4.7.2b, and revealed an overall increase in the abundance of inactive GSK3β 

in all HOSCC cell lines.  
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Figure 4.7.2. Collagen type I and fibronectin increase the abundance of inactive GSK3β in HOSCC cells.  

a) Western immunoblotting performed on HOSCC whole-cell lysates grown on a collagen type I-, and fibronectin-coated substrate for 24 hours 

separated on a 10% (w/v) SDS-PAGE gel show variances in the abundance of inactive GSK3β in comparison to the cells grown on standard 

tissue culture dishes using the WHCO6 cell line not grown on ECM substrate as a comparative control. b) Following immunoblotting, 

densitometric evaluation was performed and percentage change in the level of inactive GSK3β was calculated, revealing an overall increase in 

the abundance of inactive GSK3β when grown on ECM (n = 3). (Note: NT = Untreated, FN = Fibronectin, CN = Collagen type I) 
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Following the growth of HOSCC cells on a collagen type I-, and fibronectin-supplemented 

substrate, it was found that there was an overall increase in the expression of inactive GSK3β 

in comparison to the HOSCC cells grown on standard tissue culture dishes. When grown on a 

fibronectin-rich substrate, the greatest increase in abundance of inactive GSK3β was 

observed in the WHCO1 cell line, with a 144% increase in abundance. A similar increase in 

abundance of inactive GSK3β was observed in the SNO and H1299 cell lines, exhibiting a 

53% and 60% increase in the level of inactive GSK3β, respectively. The lowest increase in 

abundance of inactive GSK3β was observed in the WHCO5 cell line.  

Interestingly, when grown on a collagen type I-rich substrate, a decrease in the abundance of 

inactive GSK3β was seen in the WHCO5 cell line. Conversely, a significant increase in the 

level of inactive GSK3β was observed in the WHCO1, SNO and H1299 cell lines, exhibiting 

a 69%, 133% and 61% increase in abundance, respectively. 
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4.7.3 Collagen type I and fibronectin differentially influence proliferation and 

viability in HOSCC cells 

To evaluate the effects of ECM constituents on cell behaviour that contributes to cancer cell 

survival by means of selective growth advantages, HOSCC cells were grown on both 

collagen type I- and fibronectin-supplemented substrate in order to observe alterations in 

cellular proliferation, as well as cell death.  

From Figure 4.7.3a, it can be observed that collagen type I more significantly affects the 

proliferation of HOSCC cells than fibronectin in comparison to the HOSCC cells grown 

under standard tissue culture conditions. Overall, the cells grown on either a collagen type I- 

or fibronectin-rich substrate exhibited a decrease in cellular proliferation, although as 

aforementioned is due to the limited combination of integrin heterodimers available for 

binding to the substrate. However, it is noted in the SNO and H1299 cell lines, a significant 

increase in proliferation was observed with a 65% and 54% increase, respectively in 

comparison to cells grown in absence of collagen type I and fibronectin. Growth on 

fibronectin appeared to minimally influence proliferation in all HOSCC cell lines, with the 

greatest decrease in proliferation (─12%) observed in the WHCO1 cell line.  

Again, illustrated in Figure 4.7.3b, it was found that growth of HOSCC cells on ECM-rich 

substrates resulted in an overall increase in cell death. As previously mentioned, selectively 

coating the tissue culture dishes with a single substrate being collagen type I and fibronectin, 

respectively, limits cell adhesion to the substrate with collagen type I-, and fibronectin-

binding integrin receptors only. As a result, the variances in cell death will be compared 

between substrates and not between experimental and control conditions. From Figure 4.7.3b, 

it was observed that growth on a collagen type I-rich substrate significantly increased levels 

of cell death in the WHCO1 cell line in comparison to growth on a fibronectin-rich substrate 

by 53%. Similarly, the H1299 cell line appeared to have more increased levels of cell death 

when grown on a collagen-supplemented substrate versus a fibronectin-supplemented 

substrate. In contrast, the WHCO5 and SNO cell lines exhibited more cell death when grown 

on a fibronectin-rich substrate. Therefore, it is apparent that an ECM rich in collagen type I 

similarly influences HOSCC cell viability more significantly than fibronectin.  
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Figure 4.7.3. Collagen type I and fibronectin differentially influence cellular proliferation and cell death in HOSCC cells. 

a) MTT cell proliferation assay performed on each HOSCC cell line seeded at 3 × 10
5
 cells per 3.5 cm on collagen type I-, and fibronectin-

coated tissue culture dishes after 24 hours. The WHCO6 cell line was used as an internal control in order to allow for comparative analysis. b) 

Trypan Blue cell viability assay performed on each HOSCC cell line seeded at 3 × 10
5
 cells per 3.5 cm tissue culture dishes coated with collagen 

type I and fibronectin, respectively and grown for 24 hours using the WHCO6 cell line as internal comparative control grown on standard tissue 

culture dishes in order to compare with densitometry obtained from baseline immunoblots (n = 3). 
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CHAPTER 5: Discussion 

The elucidation of the molecular mechanisms underpinning the development and progression 

of many epithelial malignancies has largely focused on the intrinsic features of the 

malignancy, such as aberrations in gene expression, however; in recent years, it has become 

increasingly evident that communication between cancer cells and the extrinsic environment 

plays a mechanistically important role in the process of tumourigenesis and the maintenance 

of cancer cell survival (Wu et al., 2018). In particular, the adhesive communication between 

cell and constituents of the ECM has been illustrated to strongly contribute to the 

pathogenesis of epithelial malignancies. Central to cell-ECM communication are 

transmembrane integrin receptors which facilitate the perception of alterations in the local 

extracellular environment of the cell and relay the signals into the cell, triggering the 

activation of intracellular signalling pathways thereby eliciting selective growth and survival 

responses.  

Facilitating the transmission of these extrinsically-originating signals are intracellular 

signalling interactors, such as ILK and FAK localised at focal adhesion sites on the 

cytoplasmic side of the integrin receptors. ILK and FAK then regulate downstream 

interactors, including GSK3β. Shown to regulate a multitude of intracellular processes, such 

as proliferation, metabolism, apoptosis and survival, GSK3β has become a significant focus 

as a potential therapeutic target for a number of pathological conditions including cancer. As 

a consequence, cell-ECM signals may converge at GSK3β, although the role of GSK3β in 

these pathways remains poorly understood. Furthermore, the roles of GSK3β in epithelial 

malignancies, and the maintenance of survival thereof, remain largely under-investigated. As 

such, elucidating the importance of GSK3β in cell-ECM communication, as well as survival 

signalling in HOSCC and other epithelial malignancies may highlight the necessity to focus 

on the interplay between intrinsic and extrinsic factors that contribute to cancer development 

and progression. 

5.1 GSK3β appears to be differentially regulated in HOSCC 

Under normal conditions, GSK3β remains constitutively active and is regulated through 

phosphorylation by upstream interactors at two main phosphorylation sites, Ser-9 and Tyr-

216. As previously mentioned, phosphorylation of GSK3β at Ser-9 leads to inhibition of its 

activity, whereas phosphorylation at Tyr-216 results in enhanced activation.  However, the 
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role of both phospho-forms in survival signalling in epithelial malignancies remains 

contradictory. Western immunoblot and densitometric analyses revealed that both inactive 

and active phosphorylated forms of GSK3β are present in the HOSCC cell lines. In 

comparison to the H1299 control cell line, which is a known overexpressor of GSK3β (Zeng 

et al., 2014), it was found that an elevated abundance of inactive GSK3β (pGSK3β (Ser-9)) 

was present in all HOSCC cell lines, with the exception of the WHCO5 cell line. 

Interestingly, the abundance of active GSK3β (pGSK3β (Tyr-216)) exhibited similarly 

elevated levels in each HOSCC cell line in comparison to the H1299 control cell line again 

with the exception of the WHCO5 cell line.  

Consequently, it is apparent that HOSCC cells favour neither phosphorylated form of GSK3β 

for cell survival. Therefore, it may be likely that interplay between both inactive and active 

phospho-forms in survival signalling exists in HOSCC, and that the regulation of GSK3β in 

HOSCC may occur differentially according to survival demands during the progression of the 

malignancy. Evidence that this interplay exists between both phosphorylated forms of 

GSK3β in cancer cell survival has been illustrated in ovarian cancer cells, whereby 

expression levels of both pGSK3β (Ser-9) and pGSK3β (Tyr-216) appeared similar, and 

appeared to contribute to resistance to cisplatin therapies through stabilisation of the tumour-

suppressor p53 due to elevated pGSK3β (Ser-9) and advanced disease progression as a result 

of elevated levels of pGSK3β (Tyr-216) (Cai et al., 2007; Fu et al., 2014).  

5.2 β1 integrin receptors are necessary for adhesion of HOSCC cells to substrate 

Appropriate communication between epithelial cells and the surrounding extracellular 

environment is not only fundamental to the differentiation, development and organisation of 

epithelial tissue, but is additionally critical for epithelial cell homeostasis. Communication is 

facilitated by the establishment of adhesive contacts between the cell and ECM by 

transmembrane integrin receptors. Particularly important for the structural and functional 

maintenance of the epithelial tissue phenotype are β1 integrin receptors. Specifically, 

β1 integrin receptors are the main drivers of epithelial cell polarity and angiogenesis, 

whereby abrogation of β1 integrin receptors has been illustrated to result in a myriad of 

structural and behavioural defects. Further emphasising the importance of β1 integrin 

receptors in the structure and function of epithelial tissue, it has been found that genetic 

deletion of β1 integrin receptors in mammary epithelial cells has been shown to lead to a loss 

in polarity, as well as a loss in attachment to the basement membrane (Akhtar and Streuli, 
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2013). In addition to this loss of tissue organisation and structure in the absence of β1 integrin 

receptors, abrogation of expression of β1 integrin receptors in mammary epithelial cells 

abolishes appropriate functionality of the tissue, resulting in defective prolactin signalling 

(Naylor et al., 2005).  

Furthermore, dysfunction of appropriate adhesive cues mediated by β1 integrin receptors 

contributes to the malignant transformation of epithelia (Läubli and Borsig, 2019). This has 

been documented in prostate cancers, where sustained activation of β1 integrin receptors 

contributes to the initiation and development of the disease (Lee et al., 2014). The abundance 

of β1 integrin receptors was investigated, and it was observed that an overall elevated level of 

β1 integrin receptors was present in HOSCC cells. As a result, β1 integrin receptors may 

facilitate the development and progression of HOSCC. The most abundant level of 

β1 integrin receptors was detected in the WHCO1 cell line, displaying a higher level of 

β1 integrin receptors than in the H1299 control cell line. A similar yet still elevated 

abundance of β1 integrin receptors was noted in the WHCO6 and SNO cell lines. Conversely, 

both the WHCO3 and WHCO5 cell lines exhibited low levels of β1 integrin receptors.  

Thus, these observations suggest that elevated levels of β1 integrin are required by HOSCC 

cells to facilitate survival and maintenance of the malignancy, and β1 integrin receptors are 

responsible for facilitating adherent communication between HOSCC cells and the 

surrounding extracellular environment. Overexpression of β1 integrin receptors has similarly 

appeared to be important in the mechanistic progression of other epithelial malignancies, 

involved in processes such as proliferation, invasion, metastasis and survival (Pan et al., 

2018). However, due to the low abundance of β1 integrin receptors in both the WHCO3 and 

WHCO5 cell lines, it is apparent that other integrin receptors may therefore serve to facilitate 

cell─ECM communication in HOSCC.  

In particular, it has been found that β3 integrin receptors similarly facilitate epithelial cancer 

cell adhesion to surrounding ECM, and have been documented to play a role in tumour 

initiation and cancer cell survival in prostate cancers (Desgrosellier and Cheresh, 2010). 

Further, in pancreatic cancer cells, β3 integrin receptors have been noted to contribute to 

cancer cell survival through the activation of Src, and the expression of β3 integrin was found 

to be a marker of aggressiveness of the malignancy (Desgrosellier et al., 2009). Therefore, in 

the WHCO3 and WHCO5 cell lines, β3 integrin receptors may be predominant when 

compared to β1 integrin receptors in adhesion-mediated survival signalling. However, 
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considering detection of β3 integrin receptors was not performed in this study, it could be 

likely that β1 integrin receptors and β3 integrin receptors are expressed concomitantly in 

HOSCC, thereby contributing to survival and progression of the disease.  

In addition to the detection of the 130 kDa β1 integrin polypeptide, a 140 kDa β1 

integrin isoform was detected in each of the HOSCC cell lines. The 140 kDa β1 integrin 

isoform is indicative of N-glycosylated β1 integrin. As a result, N-glycosylation of β1 integrin 

receptors in HOSCC may facilitate β1 integrin complex formation and thereby sustain 

β1 integrin-mediated survival signalling. This N-glycosylation of β1 integrin has been 

illustrated to function in cell migration, as well as facilitate the activation of β1 integrin (Hou 

et al., 2014). Furthermore, hyperglycosylation of β1 integrin has been noted to suppress 

immune responses in cancer development and promote invasion and metastasis (Läubli and 

Borsig, 2019).  

5.3 Caspase 3 is positively regulated by GSK3β in HOSCC and elicit non-apoptotic 

functions 

One of the major hallmarks of cancer is the ability of the cancer cells to evade and resist cell 

death in the form of apoptosis (Hanahan and Weinberg, 2011). Responsible for the induction 

of the execution step of apoptosis which ultimately drives cell death is caspase 3. Upon the 

perception of a cellular stress signal, apoptotic signalling cascades are initiated and executed 

following the proteolytic cleavage of caspase 3 into its functional and activated subunits. 

Detection of cleaved caspase 3 was used as a measure of the resistance to cell death in 

HOSCC, as tumour cells exhibit aberrant apoptotic signalling and dysfunctional activation of 

caspase 3 to elicit cancer cell survival.  

It was found that the HOSCC cell lines exhibited an overall lower abundance of cleaved and 

activated caspase 3 in comparison to the H1299 control cell line, and corresponding with 

overall greater levels of cell viability, indicated by lower levels of cell death, as determined 

by Trypan Blue cell viability assays. However, with respect to the control, levels of cleaved 

caspase 3 were still elevated. Usually an indicator of the induction of apoptosis, these data 

appear contradictory as tumour cells specifically evade cell death in order to facilitate 

selective growth and survival advantages. Interestingly, in the WHCO1, WHCO6 and SNO 

cell lines, an increase in cleaved caspase 3 was found to correspond to both an elevated level 

of β1 integrin receptors, as well as an elevated level of inactive GSK3β (pGSK3β (Ser-9)). 

This may be indicative that β1 integrin pathways mediated by inactive GSK3β increase the 
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initiation of apoptotic events in HOSCC. However, this positive regulation of caspase 3 

leading to its activation may serve as a more useful tool in maintaining survival and 

proliferative signalling in HOSCC. Surprisingly, it has been found that levels of apoptosis 

appear more elevated in invasive breast carcinomas in comparison to normal mammary 

epithelium, and that these rates additionally corresponded with greater levels of cellular 

proliferation (Bai et al., 2001; Parton et al., 2002).  

Consequently, caspase 3 may be involved in non-apoptotic signalling in HOSCC, and 

regulated positively by β1 integrin/GSK3β pathways in the WHCO1 and WHCO6 cell lines. 

This is corroborated by the observation of cellular proliferation in HOSCC, whereby elevated 

proliferation was noted in the WHCO cell line series as determined by MTT cell proliferation 

assays. Therefore, in HOSCC the positive regulation of caspase 3 stimulates growth and 

proliferation. Studies have indicated that the stimulation of proliferation by activated caspase 

3 in invasive malignancies may be a result of the upstream regulation of prostaglandin E2 

(PGE2) by caspase 3 (Huang et al., 2011). PGE2 then regulates cyclooxygenase-2 (COX2) 

downstream, contributing to proliferation-, and survival-relevant inflammatory signalling 

(Lang et al., 2017). Similarly, cleaved caspase 3 has been reported to regulate the activity of 

calcium-independent phospholipase A2 (iPLA2), again stimulating the expression of PGE2 in 

lung cancers (Iitake et al., 2015). Elevated expression of cleaved caspase 3 has additionally 

been shown to correlate with lower overall prognosis in gastric cancers (Hu et al., 2014), 

indicating that the activation of caspase 3 in HOSCC cells may serve to induce a 

compensatory survival mechanism which triggers higher rates of cellular proliferation in 

order to facilitate the progression of the malignancy. Consequently, non-apoptotic 

functionality of caspase 3 appears to play a significant role in the maintenance of selective 

growth advantages in HOSCC, as well as other epithelial malignancies.  

5.4 Inactive GSK3β plays a pivotal role in inside-out signalling and survival-relevant 

signalling in HOSCC 

The regulation of GSK3β in epithelial malignancies appears to be a fundamental mechanism 

in the maintenance of the disease, whereby both phosphorylated forms of GSK3β are likely 

involved in the modulation of multiple signalling pathways contributing to proliferative and 

survival advantages. However, it was found that, with specific reference to adhesion-

mediated survival signalling, inactive GSK3β (pGSK3β (Ser-9)) may play a more significant 

role in these pathways in HOSCC. This was noted through observing elevated levels of 
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β1 integrin receptors and elevated levels of cleaved caspase 3 in those cell lines exhibiting 

elevated levels of inactive GSK3β. Consequently, the effect of abrogating the activity of 

GSK3β in HOSCC on survival signalling and adhesion signalling was analysed.  

Following immunoblot analyses, it was found that abrogation of GSK3β activity increased 

the overall expression of β1 integrin receptors in HOSCC cells. Conversely, abrogation of 

GSK3β activity resulted in diminished expression of cleaved caspase 3. These findings 

suggest that inactivation of GSK3β results in the activation of inside-out cascades and results 

in the stimulation of the expression of β1 integrin receptors in HOSCC. As β1 integrin 

receptors have been illustrated to contribute to cancer cell survival through the activation of 

the NF-κB pathway, inactivation of the tumour suppressor p53, as well as increased 

expression of the pro-survival Bcl-2 (Nam et al., 2013; Martin et al., 2012; Popov et al., 

2011), it is likely that the observed increase in the abundance of β1 integrin receptors 

following inhibition of the activity of GSK3β contributes to the regulation of these pathways 

in HOSCC. Moreover, it may be likely that the inactivation of GSK3β triggers resistance to 

therapeutics in HOSCC as a result of enhancing β1 integrin receptor abundance. This has 

been observed in breast cancers, whereby the expression of β1 integrin receptors results in 

diminished levels of therapeutic-induced cell death via the regulation of the PI3K/Akt 

pathway (Aoudjit and Vuori, 2001). Resistance to therapeutics as a consequence of 

overexpression of β1 integrin receptors has also been observed in NSCLC, whereby 

resistance to the epidermal growth factor receptor (EGFR) inhibitor gefitinib is conferred by 

β1 integrins (Ju et al., 2010). Therefore, in HOSCC inactivation of GSK3β may be required 

for chemoresistance mediated by β1 integrin receptors, thereby increasing the pro-survival 

effects elicited by β1 integrin receptors. Moreover, as indicated by gefitinib resistance in 

NSCLC, the overexpression of β1 integrin receptors may additionally function in growth 

factor crosstalk in HOSCC. Consequently, enhanced β1 integrin signalling as mediated by 

inactive GSK3β is necessary for increased survival of the malignancy and suggests a 

β1 integrin/GSK3β pathway exists.  

The overall diminished abundance of cleaved caspase 3 following the specific abrogation of 

GSK3β activity further suggests that inactive GSK3β contributes to survival advantages in 

HOSCC cells as a result of less induction of apoptotic events. Consequently, a 

β1 integrin/GSK3β/caspase 3 pathway has been elucidated in HOSCC and contributes to the 

survival of the malignancy. Further in substantiation of this pathway in HOSCC is such that 
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the specific abrogation of GSK3β activity resulted in an overall increase in cellular 

proliferation and an increase in cell viability, as indicated by a lower overall level of cell 

death. Consequently, inactive GSK3β regulates pathways in HOSCC relevant to establishing 

proliferative and survival advantages through the modulation of β1 integrin receptors and 

caspase 3. Additionally, inactivation of GSK3β would trigger the activation of the canonical 

Wnt pathway contributing to cancer cell survival. In this pathway, inhibitory phosphorylation 

of GSK3β at Ser-9 leading to its inactivation, subsequently stabilising β-catenin, allowing for 

the translocation of β-catenin to the nucleus and thereby the transcription of T-cell 

factor/lymphoid enhancer-binding factor (TCF/LEF) target genes (Wu et al., 2009).  

Contrastingly, however; abrogation of GSK3β activity corresponded inversely with the 

abundance of β1 integrin receptors and cleaved caspase 3 in the WHCO5 cell line. Specific 

inhibition of GSK3β activity resulted in a decrease in the level of β1 integrin receptors and 

conversely an increase in cleaved caspase 3. These data additionally corresponded with an 

increase in cellular proliferation and viability. Consequently, in the WHCO5 cell line, 

inactive GSK3β enhances the non-apoptotic function of cleaved caspase 3, facilitating growth 

stimulation and protection against cell death. The decrease in the level of β1 integrin as a 

result of inactivating GSK3β similarly illustrates that GSK3β plays a fundamental role in 

inside-out signalling in HOSCC.  

5.5 ECM-originating signals converge at GSK3β in HOSCC 

As presented in Section 5.4, this research indicates that GSK3β functions in inside-out 

signalling in HOSCC, contributing to the maintenance of proliferative and survival 

advantages through modulating the abundance of β1 integrin receptors. To further explore the 

effects of outside-in signalling on GSK3β-mediated survival signalling in HOSCC, analyses 

were performed on HOSCC cells following exposure to specific ECM constituents. 

Following immunoblot analyses, it was found that both collagen type I, and fibronectin 

notably increase the abundance of inactive GSK3β in HOSCC cells with an over 50% 

increase in abundance observed.  Again, contrasting these findings is the WHCO5 cell line, 

displaying the least variance in abundance of inactive GSK3β, and specifically a decrease in 

the abundance of inactive GSK3β on collagen type I.  

The integrin receptor predominantly responsible for binding collagen type I and fibronectin is 

the β1 integrin receptor. Therefore, extrinsic signals in HOSCC are perceived by β1 integrin 

receptors, initiating outside-in signalling. Activation and clustering of β1 integrin receptors 
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along the surface of the cell subsequently recruit ILK and FAK as adaptor and scaffolding 

proteins at the cytoplasmic tail domains of the integrin receptors. Consequently, an increase 

in the activation of β1 integrin receptors results in an increase in the activity of the adaptor 

proteins. It has been illustrated that overexpression of ILK contributes positively to the 

invasive phenotype in malignancies, and is associated with the translocation of β-catenin to 

the nucleus, facilitating the transcription of TCF/LEF target genes (Novak et al., 1998). 

Considering the involvement of GSK3β on the regulation of β-catenin, as well as the 

upstream inhibitory regulation of GSK3β by ILK, it is likely then that β1 integrin-mediated 

signals are transmitted downstream to GSK3β by ILK, in a signalling mechanism proposed in 

Figure 5. Similarly, FAK appears to play a central role in the modulation of β-catenin, and 

thereby likely converges extrinsic signals at GSK3β leading to the transcription of TCF/LEF 

target genes (Zheng et al., 2019). Furthermore, FAK has been noted to facilitate sustained 

mitogen-activated protein kinase (MAPK) signalling through crosstalk between integrin-

mediated pathways (Wu et al., 2008). As a consequence, ECM-originating signals converge 

at GSK3β in HOSCC, facilitating outside-in survival signalling.  
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Figure 5. Outside-in survival signals transmitted by β1 integrin receptors likely 

converge at GSK3β.  

Binding of ECM ligands, such as collagen type I and fibronectin to β1 integrin receptors in 

HOSCC result in the activation and clustering of β1 integrin receptors, which subsequently 

recruit and activate downstream partners, such as ILK and FAK. These signals then converge 

at GSK3β, which becomes inactivated through inhibitory phosphorylation at Ser-9, leading to 

the transcription of TCF/LEF target genes enhancing cellular survival.  

5.6 Composition of ECM modulates tumour cell behaviour in HOSCC 

Remodelling of the ECM and dysfunctional ECM dynamics has been shown to contribute to 

the malignant phenotype in epithelial cancers. In recent years, it has been documented that 

the surrounding tumour microenvironment and composition of the ECM has been illustrated 

to be a fundamental mechanism in the growth and proliferation of the malignancy (Anari et 

al., 2018). Specifically, enhanced deposition of ECM constituents resulting in increased 

tissue stiffness has been illustrated be a fundamental mechanism in the development of 

cancer (Jang et al., 2018). The effect of different ECM constituents on HOSCC tumour cell 

behaviour was evaluated, with specific focus on collagen type I and fibronectin. It was found 

that collagen type I and fibronectin appeared to differentially effect the adhesion, 

proliferation, and survival of HOSCC cells.  

From the data obtained, it was apparent that HOSCC cells exhibit greater adhesion to 

fibronectin as a substrate than collagen type I. This observable difference in the extent of 

adhesion of HOSCC cells on fibronectin versus collagen type I may again be due to the N-
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glycosylation of the fibronectin-binding α5β1 integrin receptor facilitating cell adhesion (Hou 

et al., 2016). Therefore it has been further substantiated that N-glycosylation of β1 integrin 

receptors occurs in HOSCC and facilitates adhesion-mediated signalling. In addition to cell 

adhesion, it was found that fibronectin more greatly influences proliferation in HOSCC. 

Research has indicated that fibronectin modulates proliferation and survival signalling 

through the activation of the PI3K/Akt signalling pathway in glioma (Liao et al., 2018), 

which is additionally a known upstream negative regulator of GSK3β. Consequently, the 

same mechanism may exist in HOSCC. Furthermore, due to the enhanced adhesion on 

fibronectin observed, it is likely that activation of β1 integrin receptors is increased in 

HOSCC cells when grown on fibronectin rather than collagen type I.  

In contrast, cell viability appeared to increase in HOSCC cells when grown on collagen type I 

versus fibronectin. Accounting for this may be the attachment of collagen type I to the α2β1 

integrin receptor. It has been reported that enhanced activation of the α2β1 integrin receptor 

in response to collagen type I elicits resistance to apoptosis in mammary epithelium 

(Baeckstroém et al., 2000). As a result, increased activation of α2β1 integrin receptors may 

serve in the increase of cell viability in HOSCC when collagen type I is present as a 

constituent of the ECM.  

More importantly, however; is to note the overall decrease in cell adhesion, cell proliferation 

and increase in cell death of HOSCC cells when only one type of ECM ligand is present in 

the local extracellular environment. This is indicative of a complex and dynamic ECM that 

functions synergistically to facilitate selective growth and survival advantages in HOSCC. 

These data illustrate that each component of ECM differentially affects the behaviour and 

physiology of HOSCC cells, and thereby function in the modulation of different intracellular 

pathways. As a consequence, the development and progression of HOSCC relies on a 

multifaceted extrinsic environment, where ECM constituents exist concomitantly to promote 

adhesion-mediated survival signalling.   
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CHAPTER 6: Conclusion 

Elucidating the molecular landscape in epithelial malignancies remains critical not only 

understanding the nature of the malignancy, but also to allow for the development of more 

effective therapeutics to improve prognostic outcomes. However, investigation into the 

molecular mechanisms behind epithelial cancers has predominantly focused on intrinsic 

features. More evidence has suggested that the local extracellular environment, particularly 

ECM elicits a significant function in the development and maintenance of the malignant 

phenotype. This research has revealed that HOSCC relies strongly on adhesive 

communication between the cell and surrounding environment as regulated by β1 integrin 

receptors, and the elevated presence of β1 integrin receptors facilitates survival and growth 

advantages. Moreover, it may be so that the presence of β1 integrin receptors confers 

resistance to therapies in HOSCC, contributing to the poor prognosis and high invasiveness 

of the disease.  

GSK3β has, in recent years, been shown to have myriad involvement in almost every cellular 

process, although the specific role and interaction between GSK3β-containing pathways 

remains poorly elucidated, specifically with reference to specific cell types and signalling 

environments. It was subsequently revealed that GSK3β influences survival and proliferation 

in HOSCC. It is apparent that GSK3β is variably regulated, and that both phosphorylated 

forms are present. Consequently, the regulation of GSK3β may be modulated differentially 

during progression of the malignancy depending on the required cellular response. It was 

noted that the level of inactive GSK3β corresponded more notably with the enhanced levels 

of β1 integrin, thereby illustrating the presence of a β1 integrin/GSK3β pathway in HOSCC. 

Furthermore, it was observed that inactive GSK3β corresponded with increased levels of 

cleaved caspase 3, in conjuction with high levels of proliferation and viability. Therefore, in 

HOSCC, cleaved caspase 3 may elicit non-apoptotic functionality in order to facilitate the 

survival and progression of the malignancy.  

Moreover, inactive GSK3β was found to participate in inside-out signalling, whereby 

inactivation of GSK3β increased levels of β1 integrin. Additionally, inactive GSK3β resulted 

in a decrease in cleaved caspase 3, which corresponded with enhanced proliferation and 

viabilty. As a result, GSK3β appears to play a fundamental role in survival signalling in 

HOSCC, and exhibits interplay between inside-out and outside-in signalling through the 
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modulation of β1 integrin receptors. Additionally, HOSCC appears to be highly dependent on 

a dynamic and complex ECM in order for proliferation and survival. Therefore, GSK3β 

exhibits multifaceted functionality in HOSCC and regulation of GSK3β appears critical in the 

maintenance of survival of the malignancy. Furthermore, from this study, GSK3β has been 

elucidated to play a central role in adhesion-mediated signalling. Consequently, HOSCC is a 

mechanistically complex disease that requires further elucidation into the molecular 

landscape, such as possible crosstalk between β1 integrins and growth factor signalling, or 

the existence of compensatory mechanisms against apoptosis, and specifically the role of 

GSK3β in these processes.  
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APPENDIX A 

1. Tissue culture 

1.1 Phosphate-buffered saline (1×) 

136.9 mM Sodium Chloride 

2.68 mM   Potassium Chloride 

10.1 mM   Disodium Hydrogen Phosphate Dodecahydrate 

1.76 mM   Potassium Dihydrogen Phosphate 

Make up to volume with dH2O 

Adjust pH to 7.2 - 7.3 

Autoclave to sterilise 

Store at 4ºC 

1.2 Trypsin/EDTA 

0.02% EDTA in 500 mL PBS 

0.1%  Trypsin in 1 L PBS 

Mix EDTA and trypsin in 1:1 ratio 

Store at 4ºC 

1.3 Tissue culture medium 

1.3.1 Dulbecco’s Modified Eagles Medium  

1.37% DMEM  

0.37% Sodium Bicarbonate  

2%     500 U/mL Penicillin and 0.5 % Streptomycin Solution   

1.3.2 Hams F12 nutrient mixture 

1.07%  Hams F12 Medium  

0.118% Sodium Bicarbonate  
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2%       500 U/mL Penicillin and 0.5% Streptomycin Solution 

1.3.3 DMEM/Hams F12 Medium Solution 

Mix DMEM and Hams F12 nutrient mixture in a 3:1 ratio 

Filter sterilise  

Store at 4°C  
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2. Growth on extracellular matrix 

2.1 Collagen type I as substrate 

2.1.1 Collagen type I stock solution 

3 mg/mL Rat Tail Collagen  

Make up to volume with 0.5 M acetic acid 

2.1.2 Collagen type I working solution 

100 µg/mL Collagen I Stock Solution 

Make up to volume with 0.02 N acetic acid 

2.2 Fibronectin as substrate 

2.2.1 Fibronectin stock solution 

1 mg/mL Fibronectin (Roche) 

Prepare in sterile PBS  

2.2.2 Fibronectin working solution 

10 µg/mL Fibronectin Stock Solution 

Make up to volume with sterile PBS 
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3. Whole-cell protein extraction 

3.1 PMSF stock solution 

20 mM PMSF (Sigma-Aldrich) 

Make up to volume with methanol 

Store at 4°C 

3.2 Double Laemmli lysis buffer 

125 mM Tris-HCl (pH 6.8) 

4%       SDS 

20%     Glycerol 

10%     β-Mercaptoethanol 

Make up to volume with dH2O 

Store at 4ºC 

3.3 BSA stock solution 

0.1% BSA (Sigma-Aldrich) 

Prepare in double Laemmli lysis buffer 

Store at 4°C 

3.4 Trichloroacetic acid 

7.5% TCA 

Make up to volume with dH2O 

3.5 Coomassie Brilliant Blue stain 

0.25% Coomassie Brilliant Blue powder 

50%    Methanol 

10%    Glacial Acetic Acid 

Make up to volume with dH2O 

Store at room temperature 
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3.6 Destain 

12% Glacial Acetic Acid  

10% Methanol  

Make up to final volume with dH2O 

3.7 Elution solution 

66% Methanol 

33% Deionised water 

1%   Concentrated Ammonia 

Store at room temperature 
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4. SDS-PAGE 

4.1 SDS solution 

50 mg/mL SDS  

Make up to volume with dH2O 

Agitate to facilitate dissolution 

Store at room temperature 

4.2 Separating gel 

4.2.1 Separating buffer 

375 mM Tris-HCl  

Adjust pH to 8.8 

Make up to volume with dH2O 

4.2.2 Separating gel solution (10%) 

10% Acrylamide 

25% Separating Buffer 

4%  SDS Solution 

4%  NN’-Methylenebisacrylamide Solution 

Make up to volume with dH2O 

Immediately before use add: 

1.8%   0.05 M Ammonium Persulphate (APS) Solution 

0.25% N,N,N’,N’-Tetramethylenediamine (TEMED) 

4.3 Stacking gel 

4.3.1 Stacking buffer 

125 mM Tris-HCl  
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Adjust pH to 6.8 

Make up to final volume with dH2O 

4.3.2 Stacking gel solution (5%) 

5%   Acrylamide 

25% Stacking Buffer 

4%   SDS Solution 

4%   NN’-Methylenebisacrylamide Solution 

Make up to final volume with dH2O  

Immediately before use add: 

1.8%   0.05 M APS Solution  

0.25% TEMED 

4.4 SDS overlay solution 

400µL of 50mg/mL SDS Solution 

Make up to volume with dH2O 

4.5 SDS-PAGE running buffer 

25 mM       Tris-HCl  

192.5 mM  Glycine  

3.74 mM    SDS  

Make up to volume with dH2O 

Store at room temperature 

4.6 Coomassie Brilliant Blue stain 

As described in Appendix 4.5  
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4.7 Destain 

10% Glacial Acetic Acid  

10% Methanol  

Make up to volume with dH2O 

Store at room temperature 
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5. Western immunoblotting 

5.1 Tris-buffered saline (1×) 

50 mM  Tris-HCl  

147 mM Sodium Chloride  

2 mM    Anhydrous Calcium Chloride  

Adjust pH to 7.8 

Make up to volume with dH2O 

Autoclave to sterilise  

Store at 4°C 

5.2 Tris-buffered saline with Tween-20 

10% TBS 

0.1% Tween-20 

Make up to volume with dH2O 

Store at 4°C 

5.3 Transfer buffer 

25 mM  Tris-HCl  

20%     Methanol  

188 mM Glycine  

Adjust pH to 8.3 

Make up to volume with dH2O 

5.4 Blocking solution 

5% Non-Fat Dried Milk Powder  

Make up to volume with TBS-T 
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5.5 Developing solution 

6.4 M      Metol  

0.6 M      Anhydrous Sodium Sulphate  

80 mM    Hydroquinone (Quinol)  

0.45 mM Anhydrous Sodium Carbonate  

34 mM    Potassium Bromide  

Make up to volume with dH2O 

Store at room temperature in the dark 

5.6 Fixing solution 

0.8 M Sodium Thiosulphate  

0.2 M Sodium Metasulphite  

Make up to volume with dH2O 

Store at room temperature in the dark 
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6. MTT cell proliferation assay 

6.1 MTT working solution 

0.25 mg/mL MTT tetrazolium dye 

Make up to volume in fresh 3:1 DMEM/Hams F12 tissue culture medium 
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7. Crystal violet cell adhesion assay 

7.1 Crystal violet stain (0.5%) 

0.5 g Crystal violet powder 

20 mL Methanol 

80 mL dH2O 

Mix crystal violet powder with dH2O and dissolve 

Add methanol 

Store at room temperature in the dark 
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8. Trypan Blue cell viability assay 

8.1 Trypan Blue solution (0.4%) 

4 mg Trypan Blue powder  

Make up to volume with sterile PBS 

Filter sterilise 

Store at 4ºC 

8.2 SDS solution (1%) 

1 g SDS 

Make up to volume with dH2O 

Store at room temperature 
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APPENDIX B 

1. Example of standard curve used for the quantitative estimation of protein 

concentration of the whole-cell lysates 

In order to ensure equal loading of whole-cell protein lysates on subsequent SDS-PAGE gels, 

quantitative estimation of protein concentration was performed as per the modified protocol 

of Bramhall et al. (1969). A standard curve was constructed to calculate the protein 

concentration from the obtained absorbencies. A representative standard curve is indicated in 

Figure B1.  

 

Figure B1. Example standard curve for quantitative estimation of protein 

concentration.  

To construct a standard curve to quantitatively estimate the protein concentrations of each 

respective whole-cell extract obtained from the five HOSCC cell lines, and H1299 control 

cell line, the absorbencies of 1, 3, 6, 12, 16, and 20 µg/µL of BSA in double Laemmli lysis 

buffer were measured at 595 nm. Determination of protein concentration was carried out 

using the constructed BSA standard curve (y = 0.0273x ; R
2
 = 0.9902) and the absorbencies 

of the whole-cell extracts at 595 nm. 
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2. Example of 10% (w/v) SDS-PAGE gel used to separate and resolve the whole-cell 

extacts 

A 10% (w/v) reducing, discontinuous SDS-PAGE gel was employed in order to resolve and 

separate the target protein set prior to immunodetection by Western immunoblotting. A 

representative SDS-PAGE gel indicating the separation of the whole-cell protein extracts is 

shown in Figure B2.   

 

Figure B2. Electrophoretic separation of whole cell extracts on a 10 % (w/v) reducing 

SDS-PAGE gel.  

A representative 10 % (w/v) polyacrylamide gel was prepared and whole-cell lysates 

extracted from five moderately differentiated HOSCC cell lines were separated using 

discontinuous, reducing SDS-PAGE. A prestained, low molecular weight marker was loaded 

into the first lane to observe relative molecular weights in kDa. Approximately 5 μg of each 

whole cell extract was loaded into each lane, as indicated by a consistent level of staining. 

 

 

MW     WHCO1   WHCO3 WHCO5  WHCO6   SNO H1299 

250 

130 

100 

70 

55 

35 

25 

15 

kDa 
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3. Antibodies used for western immunoblotting  

Table B1. Concentrations of antibodies used for the immunodetection of the target 

protein set during western immunoblotting.  

Antibody Concentration Diluent Manufacturer 

Mouse polyclonal 

anti-β1 integrin 

primary antibody 

1:10 000 2.5% milk TBS-T Merck, SA 

Rabbit polyclonal 

anti-pGSK3β (Tyr-

216) primary antibody  

1:2 000 2.5% BSA TBS-T Abcam, UK 

Rabbit polyclonal 

anti-pGSK3β (Ser-9) 

primary  

1:1 000 2.5% BSA TBS-T Cell Signaling 

Technology, USA 

Rabbit polyconal anti-

caspase 3 primary 

antibody 

1:500 PBS Santa Cruz 

Biotechnology, USA 

Rabbit polyclonal 

anti-β-actin primary 

antibodies 

1:2 500 2.5% milk PBS Cell Signaling 

Technology, USA 
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 3. Tables of data 

Table B2.  Raw densitometric data of baseline western immunoblots using ImageJ 

allowed for semi-quantitative analysis of the relative abundance of protein levels in 

HOSCC.  

As a reflection of the sensitivity of the detection of optical densities in the Western 

immunoblots by ImageJ, as well as to maintain consistency, all data were rounded to three 

significant figures.  All densitometric data was obtained in triplicate. Note: IOD = Integrated 

Optical Density, SEM = Standard Error of the Mean.  

Protein Cell line 

 WHCO1 WHCO3 WHCO5 WHCO6 SNO H1299 

 IOD SEM IOD SEM IOD SEM IOD SEM IOD SEM IOD SEM 

β1 integrin 0.87 
0.72 
1.60 

0.06 0.27 
0.29 
0.49 

0.09 0.52 
0.24 
0.49 

0.11 0.60 
0.55 
0.84 

0.02 0.62 
0.99 
0.65 

0.01 1.00 
1.00 
1.00 

0.00 

pGSK3β 

(Tyr-216) 

0.44 
0.41 
0.66 

0.09 0.83 
0.78 
0.44 

0.16 0.19 
0.23 
0.14 

0.02 0.57 
0.76 
0.87 

0.12 0.87 
0.43 
0.70 

0.07 1.00 
1.00 
1.00 

0.00 

pGSK3β 

(Ser-9) 

0.79 
0.78 
0.68 

0.09 1.06 
0.87 
0.84 

0.12 0.94 
0.59 
0.73 

0.14 1.16 
0.68 
1.17 

0.18 0.82 
0.83 
0.49 

0.11 1.00 
1.00 
1.00 

0.00 

Cleaved 

caspase 3 

0.50 
0.57 
0.67 

0.07 0.36 
0.34 
0.55 

0.08 0.48 
0.60 
0.44 

0.05 0.87 
0.93 
0.48 

0.02 0.82 
0.73 
0.67 

0.04 1.00 
1.00 
1.00 

0.00 

β-actin 1.07 N/A 0.94 N/A 0.96 N/A 0.97 N/A 1.16 N/A 1.00 N/A 
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Table B3. Raw data for baseline Crystal Violet cell adhesion assays, MTT cell 

proliferation assays, and Trypan Blue cell viability assays.  

Cell line Crystal Violet cell 

adhesion assay 

MTT cell proliferation 

assay 

Trypan Blue cell viability 

assay 

 A570 SEM A570 SEM A590 SEM 

WHCO1 0.82 
0.98 

0.67 

0.06 1.36 
1.17 

1.54 

0.08 0.72 
0.98 

0.43 

0.08 

WHCO3 0.97 
0.80 
1.16 

0.23 1.53 
1.55 
1.43 

0.05 0.66 
0.71 
0.61 

0.05 

WHCO5 1.13 
0.89 
1.14 

0.09 0.81 
0.84 
0.69 

0.02 0.92 
1.26 
1.08 

0.07 

WHCO6 1.05 
1.10 
0.89 

0.02 1.34 
1.41 
1.27 

0.03 0.52 
0.46 
0.59 

0.05 

SNO 0.86 
0.81 
0.73 

0.09 0.72 
0.81 
0.63 

0.08 0.83 
0.74 
1.12 

0.05 

H1299 1.00 
1.00 

1.00 

0.00 1.00 
1.00 

1.00 

0.00 1.00 
1.00 

1.00 

0.00 

(Note: A570 = Absorbencies obtained at 570 nm, A590 = Absorbencies obtained at 590 nm) 
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Table B4. Raw data for MTT cell proliferation assays, and Trypan blue cell viability 

assays performed on HOSCC cells following specific abrogation of GSK3β activity.  

Cell line Treatment MTT cell proliferation assay Trypan Blue cell viability assay 

  A570 SEM A590 SEM 

WHCO1 NT 1.44 
1.33 
1.27 

0.08 0.12 
0.07 
0.05 

0.01 

DMSO 1.40 
1.08 
0.83 

0.17 0.11 
0.14 
0.08 

0.01 

AR 2.04 
1.50 
1.83 

0.05 0.10 
0.07 
0.11 

0.01 

WHCO5 NT 1.37 

1.26 
1.33 

0.07 0.13 

0.12 
0.10 

0.01 

DMSO 1.30 
0.82 
0.82 

0.05 0.12 
0.14 
0.12 

0.03 

AR 1.46 
1.28 
1.27 

0.22 0.08 
0.09 
0.09 

0.00 

SNO NT 1.58 
1.75 
1.10 

0.24 0.16 
0.15 
0.18 

0.00 

DMSO 1.18 
1.36 
1.27 

0.17 0.12 
0.11 
0.11 

0.00 

AR 2.16 

1.98 
2.05 

0.16 0.15 

0.15 
0.17 

0.00 

H1299 NT 1.52 
1.51 
1.47 

0.05 0.24 
0.18 
0.23 

0.01 

DMSO 1.36 
1.32 

1.39 

0.02 0.20 
0.21 

0.20 

0.01 

AR 1.26 
1.24 
1.18 

0.02 0.22 
0.25 
0.21 

0.01 

(Note: A570 = Absorbencies obtained at 570 nm, A590 = Absorbencies obtained at 590 nm, 

NT = Untreated, DMSO = DMSO-only control, AR = AR-A014418) 
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Table B5. Raw data for Crystal Violet cell adhesion assays, MTT cell proliferation 

assays, and Trypan Blue cell viability assays performed on HOSCC cells grown on an 

ECM-supplemented substrate.  

Cell line Condition Crystal Violet cell 

adhesion assay 

MTT cell proliferation 

assay 

Trypan Blue cell 

viability assay 

  A570 SEM A570 SEM A590 SEM 

WHCO1 NT 0.86 
0.57 
0.71 

0.23 1.20 
1.08 
0.97 

0.17 0.26 
0.29 
0.27 

0.01 

FN 0.57 
0.69 

0.51 

0.08 1.06 
0.69 

0.87 

0.17 0.25 
0.26 

0.26 

0.00 

CN 0.36 
0.39 
0.35 

0.02 0.94 
1.18 
0.70 

0.13 0.49 
0.51 
0.44 

0.03 

WHCO5 NT 1.26 
1.15 
1.36 

0.03 0.73 
0.66 
0.69 

0.13 0.16 
0.18 
0.17 

0.01 

FN 1.01 

0.89 
0.85 

0.17 0.70 

0.85 
1.16 

0.19 0.25 

0.26 
0.25 

0.00 

CN 0.65 
0.61 
0.57 

0.03 0.15 
0.22 
0.26 

0.15 0.14 
0.18 
0.14 

0.03 

SNO NT 1.89 
1.93 

1.79 

0.01 0.64 
0.75 

0.81 

0.17 0.08 
0.10 

0.10 

0.00 

FN 1.66 
1.69 
1.93 

0.08 0.60 
0.44 
0.59 

0.11 0.15 
0.13 
0.14 

0.00 

CN 1.57 
1.70 
1.69 

0.16 1.05 
1.19 
1.15 

0.13 0.10 
0.16 
0.12 

0.00 

H1299 NT 1.28 

1.13 
1.26 

0.05 0.89 

0.97 
0.86 

0.14 0.05 

0.07 
0.07 

0.00 

FN 1.43 
1.54 
1.55 

0.01 0.95 
0.87 
1.19 

0.15 0.11 
0.15 
0.13 

0.01 

CN 1.70 
1.98 

2.01 

0.37 1.37 
1.22 

1.14 

0.12 0.16 
0.17 

0.20 

0.01 

(Note: A570 = Absorbencies obtained at 570 nm, A590 = Absorbencies obtained at 590 nm, 

FN = Fibronectin, CN = Collagen type I) 
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Table B6.  Raw densitometric data of western immunoblots using ImageJ allowed for 

semi-quantitative analysis of the relative abundance of protein levels in HOSCC 

following specific inhibition of GSK3β using the small molecule inhibitor AR-A014418. 

As a reflection of the sensitivity of the detection of optical densities in the Western 

immunoblots by ImageJ, as well as to maintain consistency, all data were rounded to three 

significant figures.  All densitometric data was obtained in triplicate. Note: IOD = Integrated 

Optical Density, SEM = Standard Error of the Mean.  

Cell line Treatment β1 integrin Cleaved caspase 3 

  IOD SEM IOD SEM 

WHCO1 NT 0.56 
1.54 
1.23 

0.27 0.95 
0.60 
0.49 

0.18 

DMSO 0.76 
1.18 
0.99 

0.09 0.74 
1.22 
0.60 

0.06 

AR 1.33 

1.72 
1.48 

0.06 0.54 

0.33 
0.27 

0.11 

WHCO5 NT 0.67 
0.70 
0.59 

0.03 0.35 
0.21 
0.17 

0.07 

DMSO 0.65 
0.82 
0.73 

0.02 1.28 
0.70 
0.64 

0.26 

AR 1.43 
1.32 
0.88 

0.22 1.66 
1.06 
0.83 

0.34 

SNO NT 0.40 
0.46 
0.22 

0.07 1.52 
0.92 
0.76 

0.31 

DMSO 0.93 

1.27 
1.10 

0.07 0.82 

1.65 
0.49 

0.13 

AR 1.25 
1.08 
0.76 

0.20 0.49 
0.52 
0.26 

0.09 

H1299 NT 0.86 
1.15 

0.91 

0.02 0.76 
0.85 

0.79 

0.01 

DMSO 0.77 
0.62 
0.37 

0.16 0.84 
0.63 
0.59 

0.10 

AR 0.65 
0.84 
1.52 

0.35 0.44 
0.23 
0.12 

0.13 

(Note: NT = Untreated, DMSO = DMSO-only control, AR = AR-A014418) 
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Table B7.  Raw densitometric data of western immunoblots using ImageJ allowed for 

semi-quantitative analysis of the relative abundance of protein levels in HOSCC 

following growth on collagen type I- or fibronectin-coated substrate. 

As a reflection of the sensitivity of the detection of optical densities in the Western 

immunoblots by ImageJ, as well as to maintain consistency, all data were rounded to three 

significant figures.  All densitometric data was obtained in triplicate. Note: IOD = Integrated 

Optical Density, SEM = Standard Error of the Mean.  

Cell line Condition pGSK3β (Ser-9) 

  IOD SEM 

WHCO1 NT 1.14 
1.26 
1.18 

0.01 

FN 1.65 
1.87 

1.53 

0.04 

CN 0.55 
0.72 
0.66 

0.04 

WHCO5 NT 1.32 
1.44 
1.37 

0.02 

FN 0.91 

1.25 
1.59 

0.27 

CN 0.60 
0.58 
0.67 

0.03 

SNO NT 0.85 
1.12 

0.95 

0.04 

FN 1.59 
1.48 
1.66 

0.02 

CN 1.98 
2.06 
2.01 

0.01 

H1299 NT 1.34 

1.22 
1.29 

0.02 

FN 1.60 
1.48 
1.73 

0.05 

CN 1.57 
1.84 

1.66 

0.03 

(Note: FN = Fibronectin, CN = Collagen type I) 

 


