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Abstract 

The Warburg effect (aerobic glycolysis) describes the conversion of glucose into lactic acid 

by tumour cells in the presence of oxygen. Aerobic glycolysis is an inefficient way to 

generate energy, and the advantages this may confer to cancer cells are currently a 

subject of intense investigation. The Warburg effect has been shown to promote the 

anabolic processes required for generation of new cells, but it also modulates other 

cellular functions. Cells detect metabolic changes using sensors called C- terminal Binding 

Proteins (CtBP1 and CtBP2), which are activated by accumulation of co- enzyme NADH. 

Activated CtBPs act as transcriptional co-repressors and target genes implicated in various 

cellular processes. Malignant tumours demonstrate both increased integrin- dependent 

motility and altered metabolism however the potential link between these two processes 

remains unknown. The aims of this study was to examine the role of CtBP proteins in 

integrin- dependent processes including invasion, migration and adhesion, to dissect the 

mechanism behind this potential correlation, and to develop an in vivo model to study the 

effect of metabolic sensors on tumour growth and metastasis.  

 

By employing a range of functional assays I demonstrated that CtBPs are required for 

migration and invasion of highly glycolytic tumour cells. I confirmed that the metabolic 

sensors negatively regulate integrin (β1 and β6) activation. Upon dissection of the 

underlying mechanism I identified a novel CtBP target gene- an integrin adaptor protein 

talin-1 (TLN1). CtBPs therefore interact with talin-1 gene promoter to control its 

transcriptional expression. Additionally, we uncovered a pattern of inverse correlation 

between talin-1 and CtBP1 expression in different human cancers. Furthermore, analysis 

of positron emission tomography (PET) scans of cancer patients revealed a significant 

inverse correlation between high glucose uptake of tumour and low talin-1 expression. 

Finally, I developed two stable CtBP1 knockdown cell lines, which represent a tool for 

investigating the effect of CtBPs on cancer metastasis in xenograft models.  

 

This study provides an insight into a novel mechanism via which metabolic re- 

programming and the Warburg effect promote integrin- dependent motility of tumours. 

This is of great importance as targeting CtBPs may represent a novel potential strategy in 

treatment of highly glycolytic metastatic tumours. 
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Chapter 1 
Introduction 
1.1 Definition of malignancy 
In order to become malignant, cancer cells need to acquire a number of characteristics 

known as hallmarks of cancer. Initially six different features of a cancer cell were 

proposed including: insensitivity to growth signals, unlimited replicative potential, self- 

sufficiency in growth signals, apoptosis evasion, ability to stimulate angiogenesis and 

ability to undergo tissue invasion and metastasis (Hanahan and Weinberg, 2000). It has 

however been argued that almost all of the hallmarks are also found in benign growths, 

and the only feature exclusive to malignant tumours is their ability to invade surrounding 

tissue and spread away from the primary tumour by metastasis. This is further supported 

by the fact that metastasis is responsible for the majority of cancer-related deaths 

(Lazebnik, 2010). Since the introduction of the cancer hallmarks by Hanahan and Weinberg, 

significant advances have been made to better understand the behaviour of malignant 

tumours. Multiple studies reported that carcinomas are able to escape the immune system, 

and alter their metabolism to gain pro- survival and proliferative advantages, respectively 

(Hanahan and Weinberg, 2011). The abnormal cancer metabolism had gained an increasing 

interest since its first description by Otto Warburg (Warburg, 1956; Warburg et al., 1927). 

It is now commonly accepted that re- wiring of energy- producing system promotes tumour 

growth and proliferation (DeBerardinis, 2008; Hainaut and Plymoth, 2012). 

1.2 Glucose metabolism and the Warburg effect 

1.2.1 Overview 
Glucose is required for production of energy in form of adenosine triphosphate (ATP) 

molecules. Conversion of glucose into energy involves several processes including 

glycolysis, the Krebs cycle and electron transport chain linked to oxidative phosphorylation 

(OXPHOS) also known as cellular (or mitochondrial) respiration (Ochoa and Stern, 1952). 

Glycolysis occurs in the cytosol and, unlike mitochondrial respiration, it does not require 

the presence of oxygen, and can occur under hypoxic (oxygen- deprived) conditions. For 

this reason, glycolysis itself is an anaerobic (oxygen- independent) process. By contrast, no 

energy can be generated via OXPHOS in the absence of oxygen atoms (Das, 2006). 

Therefore mitochondrial respiration is considered as an aerobic, oxygen- dependent 

pathway.  
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1.2.2 Glycolysis 
Cells take up the extracellular glucose via variety of membrane transporters from the 

GLUT family. Majority of tissues express glucose transporter 1 (GLUT1), while other 

membranes of the GLUT family shows a more cell type- specific expression pattern. For 

example GLUT2 is mainly found in the brain, kidneys, liver and intestines; GLUT3 in 

neurons and testis, while GLUT4 is abundant in skeletal muscles and the adipose tissue 

(Mueckler and Thorens, 2013). Once inside the cell, glucose is subjected to a number of 

enzymatic reactions known collectively as glycolysis. Glycolysis leads to formation of 2 

ATP molecules from a single molecule of glucose.  

During the first step of glycolysis, glucose is phosphorylated by hexokinase into glucose- 6- 

phosphate (G6P) (Ochoa and Stern, 1952). The fate of G6P varies depending on the 

cellular demands. G6P can be either processes further by phosphoglucose isomerase into 

fructose-6- phosphate (F6P) as part of the glycolytic pathway, or it can enter the pentose 

phosphate pathway (PPP) (Horecker, 2002) (Figure 1.2). The PPP has two main functions: 

firstly it supports cell proliferation and secondly, it protects cells from the effect of 

reactive oxygen species (ROS) (Gumaa and McLean, 1969). Rapidly dividing cells require 

continuous supply of macromolecules including nucleotides- building blocks crucial for DNA 

synthesis (Vander Heiden et al., 2009). The PPP allows cells to convert the G6P into 5- 

carbon sugar (pentose), which is then used for nucleotide synthesis. Additionally, a by- 

product of the PPP- reduced nicotinamide adenine dinucleotide phosphate (NADPH), 
provides an electron for reduction of ROS accumulated during different stages of the 

macromolecule synthesis (Horecker, 2002; Levine and Puzio-Kuter, 2010; Wamelink et al., 

2008). 

The F6P is converted into fructose-1, 6-bisphosphate and then glyceraldehyde-3-phosphate 

(G3P) by phosphofructokinase and aldolase, respectively. The G3P is then converted by 

several reactions into pyruvate- the end product of glycolysis (Ochoa and Stern, 1952) 

(Figure 1.2.2.2). 

Interestingly, the G3P can also be diverted into de novo biosynthesis of lipids including 

diacylglycerols (DAGs) and triacylglycerols (TAGs), while another glycolytic intermediate- 

3phosphoglycerate (3PG) can be used for synthesis of serine (Coleman and Lee, 2004; de 

Koning et al., 2003; Fell and Snell, 1988; Kit, 1955; Luo, 2011) (Figure 1.2). Serine 

biosynthesis is a crucial for actively dividing cells, as it is converted by serine 

hydroxymethyltransferase into another amino acid- glycine. Glycine, in turn, is the major 

source of methyl groups required for DNA methylation as well as generation of purines 
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(adenine and guanine) required for DNA and RNAs synthesis (Jain et al., 2012; Tedeschi et 

al., 2013).   

Lipids generated from G3P (DAGs and TAGs) are mainly stored in the form of fat droplets, 

which can be use as an energy source during nutrient- depravation, or can be converted 

into other phosphoglycerols required for maintenance of biological membranes (Guo et al., 

2009). Importantly, the acetyl groups of lipids originate from the Krebs cycle 

intermediated- citrate (Figure 1.3). Citrate is generated from conversion of the acetyl- 

CoA and oxaloacetate in the mitochondria, and is then converted into cholesterol via 

series of subsequent reactions (Santos and Schulze, 2012). Different glycolytic 

intermediates can therefore function as substrates for amino acid, nucleotide and lipid 

synthesis in glycolytic cells. 

The final product of glycolysis- pyruvate is transported into mitochondrion to enter the 

Krebs cycle, which occurs in the matrix of the mitochondrion (Robinson and Srere, 1985). 

During the Krebs cycle pyruvate undergoes a series of oxidation and decarboxylation steps 

to donate electrons to the respiratory chain complex II, part of electron transport chain 

which leads to ATP formation via OXPHOS (Saraste, 1999). 

1.2.2.1 Anaerobic glycolysis 
Glucose breakdown via glycolysis does not generate as much ATP as mitochondrial 

respiration, thus glycolysis is less energetically efficient. More precisely, only 2 molecules 

of ATP are generated via glycolysis while mitochondrial respiration produces 36 ATP 

molecules from as single molecules of glucose. Studies have demonstrated that rapidly 

proliferating cells exhibit much faster glycolytic rate, and are capable of generating a 

significant amount of ATP via glycolysis. This is partially due to accumulation of ribosomes, 

glycolytic enzymes and a reduced co- enzyme nicotynamide adenine nucleotide (NADH) 

within the cytosol, which facilitates ATP production (Vazquez et al., 2010; Vazquez and 

Oltvai, 2011). All of these factors contribute to fast generation of ATP via glycolysis.  

Nevertheless many normal cells employ glycolysis over mitochondrial respiration when 

deprived of oxygen. One of the best examples of energy production via anaerobic 

glycolysis is metabolism of a working muscle. During an intense and short exercise not 

enough energy is supplied to the muscle, thus very little ATP can be produced via OXPHOS 

(Stanley and Connett, 1991). To cope with high- energy demand, muscle cells switch to 

anaerobic glycolysis utilizing glucose from the blood or glycogen storage. This, in turn 

leads to accumulation of pyruvate, which is then converted by lactate dehydrogenase A 

(LDH- A) to lactate and hydrogen atoms (H+) (Sahlin et al., 1976). As there is not enough 
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oxygen, H+ accumulates in muscle cells leading to acidification. Anaerobic glycolysis of the 

working muscle can only be support for a short period of time. Produced lactate is 

converted back into pyruvate within the same cell, or it is exported into the bloodstream 

to enter the liver and be converted back into glucose during gluconeogenesis (Brooks, 

1986). 

Cells frequently employ anaerobic glycolysis during processes of extensive cell division and 

growth such as embryogenesis and tumourigenesis (Dunwoodie, 2009; Giaccia et al., 2004). 

The ability to process glucose under conditions of limited nutrient and oxygen supply 

allows cells to accumulate building blocks required for generation of new cells.  Studies on 

pluripotent stem cells (PSCs) as well as tumour cells demonstrated that anaerobic provides 

these fast- dividing cells with required building blocks to support their proliferation 

(Agathocleous and Harris, 2013; Folmes et al., 2012; Vander Heiden et al., 2009).  

Low oxygen levels (hypoxia) not only shuts down mitochondrial respiration, but also 

triggers metabolic re- programming, leading to acquisition of a more glycolytic phenotype 

(Vaupel, 2004). One of the key players driving these changes is a transcription factor 

called hypoxia- inducible factor- 1α (HIF-1α) (Wenger and Gassmann, 1997). Following its 

activation under hypoxic conditions, HIF1-α acts to supress expression of multiple target 

genes, including genes important in glucose uptake and glycolysis (Marin-Hernandez et al., 

2009).  

Chen et al demonstrated that HIF1α activation leads to up- regulation of GLUT1 expression 

in cancer cells (Chen et al., 2001). Similarly, elevated expression of hexokinase, the first 

glycolytic enzyme, which phosphorylates glucose to G6P, has also been linked HIF1α 

activity in hypoxic tumours (Mathupala et al., 2001).  

Semenza et al identified HIF-1α- binding site within the promoter of aldolase- a glycolytic 

enzyme catalysing conversion of F6P into G3P (Semenza et al., 1996; Semenza et al., 

1994). Up- regulation of aldolase levels in response to hypoxia was then demonstrated in 

several cancer cell lines including pancreatic, renal, colon, cervical and breast (Akakura et 

al., 2001; Lendahl et al., 2009; Unwin et al., 2003). 

Additionally, elevated LDH-A expression by HIF1α in hypoxic carcinomas has also been 

identified as a glycolysis- promoting mechanism, as it facilitates conversion of pyruvate 

into lactate accompanied by oxidation of the coenzyme NADH to NAD+ (Chen et al., 2001; 

Semenza et al., 1996). Accumulated lactate can then be secreted out of the tumour cell 

via monocarboxylic acid symporters (MCTs) into tumour- surrounding tissues causing 



Chapter 1 

Introduction 
 

 
 

5 

acidification of the local microenvironment (Hirschhaeuser et al., 2011). While normal 

cells cannot tolerate low pH, carcinomas adopt several strategies to survive, including 

inhibition of DNA repair, resistance to apoptosis and overexpression of H+ transporters 

(Cardone et al., 2005; Gatenby and Gawlinski, 1996). Furthermore, acidification promotes 

extracellular matrix (ECM) remodelling, which facilitates cancer migration and invasion 

(Goetze et al., 2011; Hirschhaeuser et al., 2011; Kato et al., 2013; Walenta and Mueller-

Klieser, 2004). 

Another HIF-1α target gene involved in glucose metabolism encodes for pyruvate 

dehydrogenase kinase- 1 (PDK1) (Kim et al., 2006). PDK1 phosphorylates and inhibits the 

activity of pyruvate dehydrogenase (PDH), the enzyme crucial for conversion of pyruvate 

into acetyl- CoA. Following PDK1- induced inhibition of PDH; the pyruvate is re- directed 

away from the Krebs cycle and OXPHOS towards anaerobic glycolysis (Kim et al., 2006; 

Papandreou et al., 2006).  

1.2.2.2 Aerobic glycolysis (‘the Warburg effect’) 
As the oxygen is not a limiting factor for glycolysis, the process of glucose breakdown to 

pyruvate can also occur in the presence of oxygen (normoxia) as an aerobic process. 

Aerobic glycolysis received a lot of attention since its first description in cancer cells by 

Warburg (Warburg, 1956; Warburg et al., 1927). Warburg noticed that unlike normal cells, 

which rely on mitochondrial respiration, carcinomas show a preference for glucose 

utilization via glycolysis rather than OXPHOS, despite the sufficient oxygen levels- a 

phenomenon known as the Warburg effect (Warburg, 1956; Warburg et al., 1927). 

Nevertheless aerobic glycolysis is a common event in many physiological processes. 

A switch from OXPHOS to aerobic glycolysis is frequently observed in cells of the immune 

and nervous systems. T- cells are known to employ aerobic glycolysis upon their activation 

by foreign antigens (Frauwirth and Thompson, 2004). This metabolic re- programing 

promotes T- cell growth, proliferation, differentiation and even secretion of certain 

cytokines such as interferon γ (Beck and Valentine, 1952; Chang et al., 2013).! Similarly, 

activation of dendritic cells by Toll- like receptors (TLRs) has been demonstrated to inhibit 

OXPOHS, while facilitating aerobic glycolysis for ATP production and proliferation (Everts 

et al., 2012; Krawczyk et al., 2010).  

Studies on the brain metabolism revealed that stimulation of astrocytes with glutamate 

leads to inhibition of mitochondrial respiration in favour of the aerobic glycolysis 

(Benjamin and Verjee, 1980; Pellerin and Magistretti, 1994). The switch in turn promotes 
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the survival of both astrocytes and neurons due to the ‘antioxidant’ effect of the PPP by- 

product: NADPH (Bolanos et al., 2008). 

Due to the high prevalence of aerobic glycolysis in malignant tumours, majority of studies 

on cancer metabolism have been focusing on the mechanism(s) driving the Warburg effect. 

Initially it was postulated, that the metabolic switch described by Warburg, was induced 

by impaired mitochondrial respiration or mutation of the mitochondrial DNA (mtDNA) 

(Hainaut and Plymoth, 2012; Lopez-Rios et al., 2007; Wu et al., 2007). Over the years 

however the mitochondrial dysfunction theory was disproved, as defects affecting this 

organelle are relatively rare in tumours (Frezza and Gottlieb, 2009; Weinhouse, 1976). 

Despite glycolysis being a faster path for energy production, some cancer cell lines employ 

mitochondrial respiration to generate a substantial amount of their total ATP (Guppy et al., 

2002; Nakashima et al., 1984). This led to the current view that the preference for the 

aerobic glycolysis provides cancer cells with certain pro- survival and growth advantages, 

which could not be supported by mitochondrial respiration on its own (DeBerardinis et al., 

2007; Moreno-Sanchez et al., 2007; Vander Heiden et al., 2009; Weinhouse, 1976). 

The benefits, gained by ability to employ both aerobic glycolysis and mitochondrial 

respiration, include a build- up of macromolecules and a high rate of ATP production, both 

required for generation of new tumour cells. Unlike normal cells, carcinomas frequently 

alter the expression of metabolic enzymes and glucose transporters to gain a more 

glycolytic phenotype (Adekola et al., 2012; Board et al., 1990). Up- regulation of GLUT1 

has been identified in many cancer types including ovarian, cervical, breast as well as 

head and neck (Reske et al., 1997; Rudlowski et al., 2003; Rudlowski et al., 2004; Younes 

et al., 1995). Furthermore, GLUT1 overexpression has been associated with significantly 

worsen survival of breast and lung cancer patients (Kang et al., 2002; Younes et al., 1997).  

Elevated demand for glucose, characteristic of cancer cells has been used to identify and 

localize glycolytic tumours via positron emission tomography (PET) employing a 

radiolabelled glucose analogue: fluoro- deoxy- glucose (FDG). FDG cannot be processed via 

glycolysis and accumulates in highly glycolytic tumours and some healthy organs with high 

glucose demands such as brain. Interestingly, tumours with high glucose uptake identified 

by PET scanning frequently exhibit over- expression of GLUT1 transporter (Horiuchi et al., 

2008; Khandani et al., 2009; Tian et al., 2012). 

Conversion of glucose into glucose-6-phopshate (G6P) catalysed by hexokinase is the first 

step of glycolysis. Highly glycolytic tumours have been shown to overexpress this 

particular enzyme (Board et al., 1990; Mathupala et al., 2006; Mathupala et al., 1997; 
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Smith, 2000). The mechanism driving hexokinase up- regulation in carcinomas is mediated 

by de-methylation of the hexokinase gene promoter or the amplification of the gene (Goel 

et al., 2003; Rempel et al., 1996).  

Kondoh et al demonstrated that the immortalised mouse embryonic fibroblasts show up- 

regulation of phosphoglucose isomerase, which correlated with a significant increase in 

their glycolytic flux, as opposed to their senescent counterparts. As a consequence, 

transformed fibroblasts exhibited a prolonged life- span and a higher resistance to 

oxidative damage (Kondoh et al., 2005). Interestingly, in addition to its enzymatic 

function phosphoglucose isomerase can also act as a tumour- secreted cytokine or 

autocrine motility factor, which promotes motility, invasion and metastasis of tumour 

cells (Funasaka et al., 2007; Tsutsumi et al., 2009). 

Another glycolytic enzyme frequently alter in cancer cells is pyruvate kinase (PK), which 

catalyses conversion of 2- phosphoglycerate into pyruvate (Ochoa and Stern, 1952). 

Normal, non- dividing adult cells express an M1 isoform of the enzyme. By contrast, 

rapidly dividing proliferating cells and tumours almost exclusively express an embryonic 

M2 isoform of pyruvate kinase (PKM2) (Mazurek et al., 2005). Inactive PKM2 leads to 

accumulation of glycolysis intermediates and macromolecules. Upon its activation induced 

by serine build-up, PKM2 catalyses the pyruvate formation as well as ATP release, and as a 

result facilitates cancer cell growth and proliferation (Chaneton et al., 2012; Spoden et al., 

2009; Ye et al., 2012). 
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Figure' 1.2.2.2' Steps' involved' in' glycolysis' (anaerobic' and' aerobic)' including' the' branching;' off' reactions'

required'de#novo' synthesis' of'macromolecules.' Glucose' is' transported' into' the' cell' by' glucose' transporter'

(GLUT1)'and'then'converted'by'hexokinase'into'a'glucose;6;phosphate'(G6P).'The'G6P'can'be'diverted'into'

the' pentose' phosphate' pathway' (PPP)' to' be' utilized' for' synthesis' of' 5;' carbon' sugars;' precursors' of'

nucleotides.' As' a' glycolytic' substrate' the' G6P' is' converted' by' several' subsequent' reactions' into'

glyceraldehyde;3;phosphate'(G3P).'The'G3P'can'also'be'utilized'for'de#novo'synthesis'of'amino'acids'(serine'

and'glycine),'nucleotides'and'lipids'(diacylglycerols'[DAGs]'and'triacylglycerols'[TAGs]).''The'final'product'of'

glycolysis;' the' pyruvate' is' transported' into' the' mitochondria' to' enter' the' Krebs' cycle' mitochondrial'

respiration.' During' an' increased' glycolytic' flux' the' pyruvate' accumulates' in' the' cytosol.' Lactate'

dehydrogenase' A' (LDH;A)' can' convert' the' excessive' pyruvate' into' a' waste' product' called' lactate.' The'

increased' glycolytic' flux' can' be' triggered' by' limited' oxygen' (hypoxia),' elevated' glucose' uptake' and/' or'

increased'activity/'expression'of'glycolytic'enzymes.'The'diagram'was'adopted'form'www.abcam.com'
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1.2.2.3 Mitochondrial respiration (the Krebs cycle, electron transport chain and 
OXPHOS) 

Mitochondrial respiration consists of two main processes: the Krebs cycle and the electron 

transport chain coupled to oxidative phosphorylation (OXPHOS) (Fernie et al., 2004; 

Saraste, 1999). The Krebs cycle uses pyruvate generated via glycolysis in a series of 

oxidation and decarboxylation steps and donates electrons to OXPHOS for ATP synthesis 

(Figure 1.2.2.3).  

Prior to the Krebs cycle pyruvate is transported into the mitochondrial matrix by a 

complex of mitochondrial pyruvate carriers (MPCs): MPC1 and MPC2 (Divakaruni and 

Murphy, 2012). Once inside of the mitochondria, the pyruvate is subjected to oxidative 

decarboxylation by pyruvate dehydrogenase (PDH), to be then attached to co- enzyme- A 

(CoA) forming acetyl- CoA. Subsequently, acetyl- CoA is catalysed by citrate synthase to 

donate its acetyl group to another intermediate product- oxaloacetate. This reaction 

derives a citrate molecule. The citrate is transformed into isocitrate by aconitase 2, which 

is then used by isocitrate dehydrogenase 2 to produce α- ketoglutarate. Subsequent 

dehydrogenation of the α- ketoglutarate gives rise to succinyl- CoA, which is then 

phosphorylated by succinyl- CoA ligase into succinate. The succinate then reacts with 

membrane- bound succinate dehydrogenase from the electron transport chain complex II, 

producing fumarate (Fernie et al., 2004; Krebs, 1937). Fumarate reacts with fumarase and 

a water molecule to produce malate. Malate dehydrogenase converts it into oxaloacetate, 

which will be used in another Krebs cycle (Fernie et al., 2004) (Figure 1.4.3). 

OXPHOS is preceded by a flow of electors from the reduced form of co- enzyme 

nicotynamide adenine dehydrogenase (NADH) to the final elector acceptors- the oxygen by 

a series of electron carriers. This processes is known as the electron transport chain (ETC). 

The ETC is composed of four large transmembrane complexes (I- IV), located on the inner 

mitochondrial membrane. The electrons carrier across different complexes, originate from 

glycolysis and Krebs cycle- derived NADH (and FADH2). The final acceptor of electrons in 

the ETC is oxygen, which becomes reduced to a H2O molecule. The electron transport is 

couples to release of hydrogen ions (protons; H+) into the mitochondrial inter- membrane 

space, creating a proton gradient. The proton gradient in turn, is required for the ATP 

generation by ATP synthase complex.  Interestingly, complex II (succinate dehydrogenase) 

of the ETC does not contribute to proton release. The last complex of the ECT converts 

molecular oxygen into a water molecule. Generated proton gradient then activates 

another transmembrane complex called ATP synthase, which generates ATP from 

adenosine diphosphate (ADP) and inorganic phosphate (Pi) (Boyer, 1997; Das, 2006).  
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Figure' 1.2.2.3' Mitochondrial' respiration:' the' Krebs' cycle' and' oxidative' phosphorylation' including' the'

electron' transport' chain' (ECT).' Generated' by' glycolysis' pyruvate' is' transported' into' mitochondria' by' a'

heterodimer' of' monocarboxylate' transporters' MCT1' and' MCT2.' Prior' to' the' Krebs' cycle,' pyruvate' is'

converted' by' pyruvate' dehydrogenase' (PDH)' into' acetyl;' CoA.' The' acetyl' group' added' onto' the' pyruvate'

molecules' originates' from' oxaloacetate;' another' intermediate' of' the' Krebs' cycle.' Acetyl;' CoA' undergoes'

subsequent' reactions' driven' by' mitochondrial' enzymes' (indicated' in' purple).' One' of' the' intermediates;'

succinate' is' a' substrate' for' an' inner' membrane;' bound' complex' II,' from' the' ECT,' containing' succinate'

dehydrogenase.'Complex'II'converts'succinate'into'fumarate,'while'releasing'electors,'which'will'be'passed'

onto'other'complexes'of' the'ETC.' 'Unlike'other'electron'carriers,' complex' II'does'not'contribute' to'proton'

(H+)'secretion'into'the'space'between'mitochondrial'membranes.''

Altogether the mitochondrial respiration supplies the cell with 36 ATP molecules from a 

single glucose molecule, while less energetically efficient glycolysis- only 2 ATP molecules. 
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Interestingly, the intermediate of Krebs cycle- citrate can also be utilized for de novo 

synthesis under hypoxic conditions. In the absence of oxygen, citrate is transported out of 

the mitochondria and converted back into acetyl- CoA by ATP citrate lyase. Several other 

enzymes including fatty acid synthase (FASN) together with NAPDH generated by the PPP 

contribute to formation of long- chain unsaturated fatty acids including cholesterol, DAGs 

and TAGs required for cell division (Menendez et al., 2005; Menendez and Lupu, 2007; 

Nomura et al., 2010; Santos and Schulze, 2012).  

1.2.2.4 NAD+/ NADH ratio as a metabolic redox read out 
Glucose metabolism is coupled to repeated cycles of oxidation and reduction (redox) 

reactions mediated by a co- enzyme called nicotynamide adenine dinucleotide (NAD) (Lin 

and Guarente, 2003). Cellular NAD can be found in its oxidised form as NAD+ or as a 

reduced NADH. The balance between the oxidised and reduced forms of NAD is called a 

NAD+/ NADH ratio. The NAD+/ NADH ratio represents the redox state (redox read-out) and 

reflects any on- going metabolic activities within the cell (Bakker et al., 2001; Lin and 

Guarente, 2003; Schwartz et al., 1974).  

Several glycolytic enzymes require either NAD+ or NADH as co- factors; therefore changes 

in the NAD+/ NADH ratio will regulate their activity. Conversion of glyceraldehyde-3-

phosphate (G3P) into 3-phopshoglycerate, mediated by glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) is accompanied by reduction of NAD+ to NADH (as NADH gains 

electors from NAD+) (Figure 1.4.4) (Ochoa and Stern, 1952). Similarly, successful 

conversion of pyruvate into acetyl- CoA within the mitochondria by NAD+- dependent 

pyruvate dehydrogenase (PDH) results in formation of NADH molecule (Pettit et al., 1975). 

The cytosolic pool of NAD+ needs to be re- generated and fed back into glycolysis. This is 

normally achieved during conversion of pyruvate into lactate. The reaction is driven by 

lactate dehydrogenase A (LDH-A) coupled to oxidation of NADH back to NAD+ (Figure 

1.2.2.4) (Fantin et al., 2006).  

The ratio between free NAD+ and NADH in normal mammalian cells is 700, and has been 

shown to favour oxidative reactions (Williamson et al., 1967). More recently, a study by 

Fendt et al demonstrated that the elevated NAD+ levels lead to an increase in the glucose 

flux through the PDH and Krebs cycle (Fendt et al., 2013).   

As described previously, many tumour cells acquire a more glycolytic phenotype, and this 

leads to accumulation of intermediates and the end product- pyruvate. High activity of 

certain glycolytic enzymes leads to accumulation of NADH. Consequently, the excessive 

pyruvate and NADH are used by LDH-A for lactate synthesis, renewing the cellular pool of 
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NAD+. The NAD+ is then re- used to maintain glycolysis (Chiarugi et al., 2012). Due to 

extensive metabolic re- programming malignant tumours frequently down-regulate NAD+/ 

NADH ratio in favour of the reduced form of co- enzyme (Schwartz et al., 1974; Vander 

Heiden et al., 2009). One of the factors inducing a NADH accumulation in cancer cells in 

hypoxia (Di et al., 2010; Zhang et al., 2006) Furthermore, reduced NAD+/ NADH ratio, as a 

result of NADH up- regulation, has been shown to promotes metastasis and progression of 

breast cancer cell lines (Santidrian et al., 2013; Zhang et al., 2006). 

  

Figure' 1.2.2.4'Maintenance' of' NAD+/'NADH' ratio' by' enzymes' associated'with' glycolysis.' Certain' glycolytic'

enzymes' require'NAD+'as'a' co;' factor.'These' include'glyceraldehyde;3;phosphate'dehydrogenase' (GAPDH)'

and' pyruvate' dehydrogenase' (PDH).' The' GAPDH' converts' glyceraldehyde;3;phosphate' (G3P)' into' 1,3,' ;

bisphosphoglycerate' with' a' conversion' of' NAD+' to' NADH.' Similarly,' mitochondrial' PDH' requires' NAD+' to'

convert'pyruvate'to'acetyl;'CoA'with'simultaneous'release'of'NADH.'Accumulated'NADH'is'then'used'as'a'co;'

factors'by'lactate'dehydrogenase'A'(LDH;A)'to'catalyse'conversion'of'the'cytosolic'pyruvate'into'lactate.'This'

is' accompanied' by' re;' generation' of' NAD+,' which' will' then' by' utilized' by' GAPDH' and' PDH' in' the' next'

glycolytic'cycle.''Any'imbalance'in'cellular'metabolism'will'therefore'be'reflected'by'changes'in'NAD+/'NADH'

ratio.'
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Over the last decade, it became clear that NAD+/ NADH metabolic pair is indirectly linked 

to gene transcription control. Both the oxidised and reduced forms of NAD co- enzyme 

serve as substrates for, and regulators of, multiple enzymes and proteins including SIR2- 

like proteins (Sirtuins) and C- terminal Binding Proteins (CtBPs) (Ghosh et al., 2010).  

Sirtuins function as NAD+- -dependent enzymes which alter expression of multiple genes 

involved in cell survival, apoptosis and aging (Mohrin and Chen, 2013). CtBPs, on the other 

hand, act as transcriptional co- repressors activated by NADH binding. CtBPs are involved 

in numerous processes and their role in cancer progression has been receiving increasing 

attention over the last few decades. 

Studies have demonstrated that rapidly proliferating cells exhibit much faster glycolytic 

rate, and generate more ATP molecules via glycolysis than via mitochondrial respiration. 

This is due to accumulation of ribosomes and glycolytic enzymes within the cytosol, which 

facilitates ATP production (Vazquez et al., 2010; Vazquez and Oltvai, 2011). 

1.3 C- terminal Binding proteins 
C-terminal Binding Proteins (CtBPs) are multifunctional metabolic sensors involved in 

transcriptional regulation of numerous genes involved in normal development and 

tumourigenesis. Since their discovery by Boyd et al in 1993 as binding partners for the C- 

terminus of adenovirus E1A oncoprotein, CtBPs have been widely studied (Boyd et al., 

1993).  

The CtBP family consists of two members: CtBP1- the first to be identified, and CtBP2 

discovered several years later by EST data bank sequence analysis (Schaeper et al., 1995). 

CtBPs are encoded by genes located on chromosomes 4 and 10; respectively. Alterative 

RNA splicing of CtBP1 gene product leads to generation of two isoforms namely CtBP1-L 

(long) and CtBP1-S (short).  Three isoforms of CtBP2 protein have been identified including 

CtBP2-L (long), CtBP2-S (short) and RIBEYE (Figure 1.3.1) (Schmitz et al., 2000; Spano et 

al., 1999). 

Individual CtBP proteins are ubiquitously expressed across different tissues, except RIBEYE 

isoform of CtBP2, found predominantly in sensory neurons, where it functions as a 

component of synaptic ribbons (Magupalli et al., 2008; Schmitz, 2009; Schmitz et al., 

2000). Apart from RIBEYE, all CtBP isoforms show a high degree of similarity in their amino 

acid sequence and are highly conserved between different species. 
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1.3.1 Structure 
Crystallography studies of CtBPs revealed that up to four different domains have been 

identified in CtBP proteins. The C- terminal region (composed of around 90 residues) 

appears to be intrinsically unstructured and is targeted by variety of post- translational 

modifications (Figure 1.3.1.) (Nardini et al., 2006). The substrate- binding domain contains 

a PXDLS (proline- any amino acid- aspartic acid- leucine- serine) motif- interacting pocket 

and mediates binding to variety of transcriptional factors (Chinnadurai, 2002). The central 

domain of CtBPs exhibits a high degree of homology to D2- hydroxyacid dehydrogenases 

and is responsible for interactions with NADH, and for dimerization of CtBP monomers 

(Kumar et al., 2002; Schaeper et al., 1995). Although both NAD+ and NADH can be bound, 

CtBP proteins ‘favour’ the reduced form of co- enzyme as there is over a 100- fold greater 

affinity for NADH binding compared to NAD+ (Fjeld et al., 2003b; Zhang et al., 2002).  

Finally, the N- terminal domain shows the greatest variability. In particular, the CtBP2- L 

isoform contains a nuclear localisation sequence (NLS). This domain is absent from CtBP2-S, 

as well as both CtBP1 isoforms (Bergman et al., 2006). Furthermore, CtBP2 RIBEYE 

transcript is generated from a promoter different from the promoter for the other CtBP2 

isoforms and shows a distinctive structure. RIBEYE contains extended N- terminal domain A, 

which shown no homology to any of the other isoforms and its function remains unknown 

(Bergman et al., 2006; Chinnadurai, 2002; Corda et al., 2006b). 
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Figure'1.3.1'Structure'of'CtBP'family'members.'Schematic'representation'of'different'isoforms'of'CtBP1'and'

CtBP2' proteins.' CtBP1' gene' encodes' two' isoforms:' short' (CtBP1;S)' and' long' (CtBP1;L).' Alternative' CtBP2'

mRNA'splicing'gives'rise'to'CtBP2;S'(short)'and'CtBP2'L'(long)' isoforms.'Use'of'an'alternative'promoter'of'

CtBP2'gene'leads'to'expression'of'the'third'isoform'called'RIBEYE.'Central'NAD'binding'domain'(yellow)'and'

PXDLS' interacting'domain'(pink)'are'conserved' in'all'CtBP' isoforms' including'RIBEYE'(domain'B).'Specific'

post;'translation'modifications'take'place'at'the'C;'terminus'of'both'CtBP1'isoforms.'CtBP2;'L'contains'an'N;'

terminal' nuclear' localisation' sequence' –' NLS' (navy)' responsible' for' shuffling' of' CtBP2' between' the'

cytoplasm'and'the'nucleus.'As'a'result'of'alternative'splicing'CtBP2;S'does'not'contain'NLS.'Similarly,'both'

CtBP1'isoforms'lack'NLS'domain.'The'N;'terminus'of'RIBEYE'contains'domain'A'(blue),'which'lacks'NLS'and'

shows'no'homology'to'other'CtBP'isoforms'and'shows'exclusively'cytoplasmic'distribution.'

 

 



Chapter 1 

Introduction 
 

 
 
16 

1.3.2 Activation and dimerization 
Due to presence of the dimerization domain, CtBPs are capable of dimer formation. Both 

homo- and heterodimer formation have been reported upon exposure to NADH, however 

the conditions which favour specific dimers are yet to be determined (Fjeld et al., 2003a). 

Activation and dimerization of CtBPs requires two co- enzyme molecules. NAD+ and NADH 

binding induces a conformational change within the monomer structure. As the monomers 

dimerize the nucleotide binding domains are located in the centre of the dimer, while the 

C- end of each monomer ‘reaches out’ at opposite poles of the formed structure (Nardini 

et al., 2003; Nardini et al., 2006). The substrate interacting domains (one on each 

monomer) remain exposed to allow formation of a larger repressor complex. 

Since CtBPs dimers form a core of transcriptional complexes, this should be reflected by 

specific subcellular distribution. Due to the presence of nuclear localization domain, 

CtBP2-L is almost exclusively found within the nucleus. CtBP1, on the other hand, shows 

more varied distribution as it can be found in both the nucleus and cytoplasm (Bergman et 

al., 2006; Birts et al., 2010). As described, CtBP1 lacks the N- terminal nuclear localization 

domain and cannot re- locate to the nucleus on its own. There are several possible 

mechanisms via which CtBP1 can translocate into the nucleus. Upon exposure to NADH, 

CtBP1 can heterodimerize with CtBP2 and enter the nucleus relying on the nuclear 

translocation domain of CtBP2. Cytoplasmic CtBP1 dimers can also interact with 

transcription factors such as Krüppel- like factor 3 (KLF3/ BKLF), which will promote re- 

distribution of the entire complex to the nucleus (Nardini et al., 2006; Verger et al., 2006). 

Other studies suggest that certain post- translational modification of the C- terminus; such 

as sumoylation at lysine K- 428 promotes nuclear retention of CtBP1 (Deltour et al., 2002; 

Kim et al., 2013; Lin et al., 2003b). By contrast, phosphorylation of CtBP1-S at serine- 147 

or CtBP1-L at serine- 158 by Rac1 target p21- activated kinase 1 (PAK1) promotes 

cytoplasmic accumulation of this metabolic sensor as it can no longer enter the nucleus 

(Barnes et al., 2003). The characteristic distribution of CtBP1 is closely linked to its dual 

function as a transcriptional co- suppressor and a cytoplasmic protein (Corda et al., 2006a; 

Haga et al., 2009).  
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1.3.3 Function 
The CtBP family of proteins function as metabolic sensors, which regulate gene expression 

in response to altered cellular redox state. Interestingly, in all vertebrates, there is a 

degree of functional overlap between the two proteins, however as demonstrated by in 

vivo studies, CtBP1 cannot compensate for loss of CtBP2. CtBP1 -/- knockout mice are 

significantly smaller than normal, but viable and fertile. By contrast, CtBP2 -/- loss is 

embryonically lethal (Hildebrand and Soriano, 2002). 

The predominant role of CtBPs is epigenetic regulation of gene expression. As just 

described, this requires adequate NADH levels and formation of CtBP dimers. Interestingly, 

there is a growing body of evidence that CtBP monomers, mainly CtBP1, can function as 

cytoplasmic protein involved in Golgi membrane maintenance and intracellular trafficking. 

1.3.3.1 CtBPs as transcriptional co- repressors 
Due to their ability to alter target gene expression CtBPs are often referred to a 

transcriptional co- repressors. Dimer formation induced by NADH accumulation (the 

Warburg effect and/or increased glucose uptake) triggers CtBP activation and dimerization. 

Dimers, in turn, serve as adaptor proteins which form a platform for interactions with 

chromatin modifying enzymes (including histone deacetylases [HDAC], histone 

demethylases [HDMs] and histone methyltransfereases [HMTs]) and over 30 different 

transcription factors (TFs) (Chinnadurai, 2009). CtBPs do not contain a DNA- binding 

domain, and thus rely on TFs for recognition and binding to the promoter of target gene 

(Figure 1.3.3.1). 

The importance of CtBP dimerization for their transcriptional function has been 

highlighted by several independent studies, wherein mutations of the dimerization 

interface prevented dimer formation and reduced transcriptional activity of CtBPs (Kumar 

et al., 2002; Kuppuswamy et al., 2008; Zhao et al., 2009). 
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Figure'1.3.3.1'CtBPs'as'transcriptional'co;'regulators.'Increased'NADH'levels'(due'to'Warburg'effect,'hypoxia'

or'elevated'glucose'uptake)'promote'CtBP'activation'and'dimerization.'Dimers'serve'as'binding'platforms'to'

a' number' of' transcription' factors' (TFs)' and' chromatin'modifying' enzymes' including' histone' deacetylases'

(HDACs),'histone'demethylases'(HDMs)'and/'histone'methyltransferases'(HMTs).'The'entire'complex'binds'

to'a'target'gene'and'functions'to'either'supress'or'promotes'the'target'gene'expression.'

1.3.3.2 CtBP1, Golgi and intracellular trafficking 
Initially, it was thought that CtBPs function exclusively as transcriptional co- repressors. 

Published studies however suggest that suggest CtBP1, in particular, the short isoform 

CtBP1-S is involved in regulation of certain cytoplasmic processes. 

Interestingly, the central nucleotide- binding domain of CtBP1-S can bind not only NAD co- 

enzymes but also acyl- CoA. In fact, under certain conditions, acyl- CoA competes with 

NAD for CtBP1-S binding. Interactions with acyl- CoA prevent CtBP1-S dimerization; favour 

the more open monomer structure preventing translocation of CtBP1-S into the nucleus. 
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These findings therefore suggested that CtBP1-S monomers might fulfil an important role 

as cytoplasmic proteins (Nardini et al., 2003; Nardini et al., 2009).  

In fact, CtBP1- S was identified as an important regulator of Golgi membranes (Spano et 

al., 1999). In non- dividing cells CtBP1-S is required for maintenance of Golgi membranes, 

and prevents tubular disassembly of this organelle upon exposure to certain toxins such as 

fungal brefeldin A (Mironov et al., 1997). Moreover, upon cell division CtBP1-S migrates to 

and associates with centrosomes during the G2 phase and/ or early mitosis and facilitates 

fragmentation of Golgi stacks (Carcedo et al., 2004; Spyer and Allday, 2006). 

CtBP1-S has also been implicated in intracellular trafficking. This isoform co- localizes to 

both cis- and trans- Golgi networks and appears to be involved in inter- Golgi trafficking, 

as well as transporting from the post- Golgi site to the plasma membrane (Bonazzi et al., 

2005; Corda et al., 2002). Formation of COPI- coated vehicles, which carry cargo from 

Golgi to the endoplasmic reticulum (ER) is also a CtBP1- S- dependent process (Corda et 

al., 2002; Yang et al., 2005).  

Other studies have implicated CtBP1-S involvement in dynamin- independent endocytic 

pathway known as macropinocytosis. Macropinocytosis is preceded by membrane ruffling, 

which then invaginates to form a macropinocytic cup, which is then closed by fissioning of 

its neck with the plasma membrane. Liberali et al demonstrated that upon epidermal 

growth factor (EGF) stimulation, PAK1 phosphorylated CtBP1- S was recruited to 

macropinocytic cup, where it promoted membrane fission and closure of the formed 

vesicle (Liberali et al., 2008). Similarly, another study demonstrated that the same CtBP1 

isoform is also necessary for phospholipase D1 (PLD-1)- mediated macropinocytosis upon 

EGF stimulation (Haga et al., 2009). This is of particular interest, as certain cell surface 

receptors such as integrins, can be internalized via the macropinocytic route (Gu et al., 

2011). 

1.3.4 Role of CtBPs in development 
The family of CtBP proteins is highly conserved between invertebrates and vertebrates. 

For this reason, the role of CtBPs in embryogenesis and later development has been 

extensively studied in two invertebrate models, namely Drosophila and Xenopus. 

De- regulation of Drosophila (d)CtBP in embryos leads to severe developmental defects 

such as abnormal segmentation and anterior- posterior patterning (Nibu et al., 1998; 

Poortinga et al., 1998). Described changes have been linked to the involvement of dCtBP 

in Notch signalling, crucial for development and cell differentiation. Typically, following 
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activation, the Notch receptor is cleaved, and its intracellular domain translocates to the 

nucleus, where it interacts with protein called Suppressor of Hairless- Su(H). Formed 

complex initiates transcription of Notch target genes.  In the absence of Notch signal, 

however Su(H) interacts with several co- repressors including Hairless and dCtBP. CtBP 

therefore plays a crucial role in many processes including fruit fly eye and retina 

development (Nagel and Preiss, 2011). Similar dCtBP- mediated regulation of Notch 

signalling pathway is important in central and peripheral nervous systems in Drosophila 

(Nagel et al., 2007; Stern et al., 2009). 

Expression of Xenopus (x)CtBP upon embryogenesis is restricted to the head, central 

nervous system and the tail bud. Ablation of xCtBP function leads to abnormal 

development of these structures (Brannon et al., 1999). 

In both Xenopus and mammalian cells, CtBPs have also been shown to antagonize 

canonical Wnt/ β- catenin signalling by interactions with APC (adenomatous polyposis coli). 

Wnt pathway is involved multiple developmental processes. Upon stimulation, 

extracellular Wnt protein interacts with Frizzled/ LRP receptor complex, leading to up-

regulation of intracellular β- catenin levels. In the absence of stimulation, β- catenin is 

phosphorylated and degraded by GSK-3/Axin/APC complex. Following activation of Wnt 

signalling; however, accumulated β- catenin translocates into the nucleus where it 

interacts with TCF protein to suppress expression of target genes (Huelsken and Behrens, 

2002). Overexpression of CtBPs inhibits Wnt singalling in both Drosophila and human cells 

(Brannon et al., 1999; Hamada and Bienz, 2004; Valenta et al., 2003). This is due to 

interaction of CtBP with APC, which bind to β- catenin and prevent its interactions with 

TCF (Hamada and Bienz, 2004; Sierra et al., 2006). 

In vertebrates, CtBP1 has been shown to regulate processes of bone and cartilage 

development (Wan and Cao, 2005). By interactions with TGFβ1- stimulated inhibitory 

Smad6, CtBP1 represses expression of bone morphogenetic protein (BMP), to regulate bone 

and cartilage  formation (Lin et al., 2003a). 

Due to their role in developmental processes, levels and activity of CtBPs are tightly 

regulated by either post- translational modifications or CtBP protein degradation. One of 

the post- translational modifications facilitating CtBP degradation is addition of a 

phosphate group by homeodomain interacting protein kinase 2 (HIPK2). HIPK2 is activated 

via stress stimulus such as exposure to ultraviolet (UV) irradiation. HIPK2 phosphorylates 

CtBP at Serine -422 and targets it for proteosomal degradation and this in turn facilitates 

apoptosis (Zhang et al., 2005). UV induced proteosomal degradation of CtBP2 has also 
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been linked to interaction of this metabolic sensor with the alternative reading frame 

(ARF) tumour suppressor (Paliwal et al., 2006). 

CtBP1 can also be phosphorylated by AMP-activated protein kinase (AMPK). AMPK plays a 

role in maintenance of cellular homeostasis and becomes activated under stress conditions 

such as nutrient depravation (Priebe et al., 2011). Kim and colleagues demonstrated that 

AMPK- phosphorylation of CtBP1 correlated with loss of transcriptional co- repressor 

activity of CtBP1 in human embryonic kidney cells (Kim et al., 2013).  

Furthermore, a study by Lee et al revealed that the transcriptional function of CtBP1 is 

tightly regulated by X- linked inhibitors of apoptosis (XIAP) in both insect and human cells. 

XIAP regulate intracellular levels of CtBP1 via its E3 ligase activity. Any excessive CtBP1 is 

ubiqutinilated and destined for proteosomal degradation (Lee et al., 2012). 

Very recently Stankiewicz et al demonstrated that during apoptosis of neurons, CtBP1 

undergoes an indirect caspase- dependent down- regulation. Moreover, pharmacological 

inhibition of CtBPs leads to cell death, suggesting that CtBP1 functions in neurons as an 

essential pro- survival protein. Authors suggested that this described cleavage of CtBP1 

most likely serves to regulate this metabolic sensor at the protein level. However the 

exact mechanism underlying the observed effect is yet to be elucidated (Stankiewicz et al., 

2013). 

1.3.5 CtBPs and cancer 
A growing body of evidence suggests that CtBPs play a very important role in cancer 

(Chinnadurai, 2009). Metabolic re-programming common in tumours leads to the Warburg 

effect and decreased NAD+/ NADH ratio. This in turn, facilitates CtBP activation and 

promotes their transcriptional co- repressor activity. Many identified CtBP target genes 

are involved in processes which promote acquisition of malignant phenotype including 

resistance to programmed cell death (Bik, Bax, PUMA, NOXA), insensitivity to growth 

inhibitory signals (PTEN, p16INK4a and p15INK4b), increased genome instability (BRCA1), EMT 

(E- cadherin), cancer cell migration and invasion (E- cadherin, ARF, Tiam1) (Table 1.3.5). 

Interestingly, some of the genes supressed by metabolic sensors control more than one 

process. For example, tumour suppressor gene- ARF exhibits a dual function as it inhibits 

motility, and by directing proteolytic degradation of CtBP2, it also promotes Bik- 

dependent apoptosis in cancer cells (Kovi et al., 2010a; Paliwal et al., 2006). 
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Target 
gene 

Function Effect of CtBP 
regulation 

Reference 

E- 
cadherin 

adhesion protein involved 
in cell- cell interactions; 
tissue integrity 

EMT, increased  
cancer cell 
migration and 
invasion  

(Zhang et al., 2006) 

Tiam1 GDP- dissociation 
stimulator; promotes 
activation of some Rho 
GTPases. TIam1 is 
activated by CtBP2 

Increased tumour 
migration and 
invasion 

(Paliwal et al., 2012) 

ARF Alternative reading frame 
(ARF) tumour suppressor;  
proteolytic degradation of 
CtBPs 

Increased 
migration and 
invasion via PI3K 
signalling; cell 
survival 

(Chen et al., 2008; 
Paliwal et al., 2007; 
Paliwal et al., 2006) 

BRCA1 DNA repair protein DNA damage, 
genome 
instability 

(Di et al., 2010) 

p16INK4a  

p15INK4b 

Cell cycle regulators (cell 
cycle check- points)  

Cell cycle 
progression, 
genome 
instability 

(Liu et al., 2008) 

(Mroz et al., 2008) 

PTEN and 
ARF 

Negative regulator of Akt 
signalling 

Cancer cell 
motility 

(Paliwal et al., 2007) 

Bax Pro- apoptotic protein from 
Bcl-2 family 

Cancer cell 
survival 

(Kim et al., 2013; Kim 
and Youn, 2009) 

Bik Bcl- interacting killer; BH3 
pro- apoptotic protein 

Cancer cell 
survival and 
apoptosis 
resistance 

(Kovi et al., 2010b) 

Puma  & 
Noxa 

 BH3- only pro- apoptotic 
proteins from of Bcl- 2 
protein family 

Cancer ell 
survival, 
apoptosis 
resistance 

(Grooteclaes et al., 
2003) 

Table'1.3.5'CtBP' target' genes' involved' in' cancer'progression.'The' table' summarizes' the' function'of' target'

genes'and'describes'the'effect'of'CtBP;'mediated'suppression'or'activation.'
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There is little known about the expression of CtBPs in tumours. A study by Straza et al 

howed that most of 69 resected colon cancer specimens exhibited up- regulation of both 

CtBP1 and CtBP2 proteins.  This in turn correlated with low expression of the CtBP- 

degrading protein- ARF (Straza et al., 2010). Similarly, elevated CtBP1 and CtBP2 levels 

have been linked to progression of head and neck and oesophageal tumours (Deng et al., 

2010; Guan et al., 2013). Finally, overexpression of CtBP1 has been recently reported in 

melanoma tissue sample, s and correlated with significant suppression of genes BRCA1 and 

p16INK4a (Deng et al., 2013). 

Therapeutic targeting of CtBPs represents an attractive approach in anti- cancer drug 

development. Published studies focused on inhibition of CtBP activation and dimerization, 

as these processes are fuelled by aerobic glycolysis and hypoxic events specific to cancer 

cells, but less prevalent or absent from normal tissues. Straza et al demonstrated that a 

substrate for the CtBP nucleotide- binding domain called 4-methylthio-2-oxobutyric acid 

(MTOB) induces cancer cell death by preventing CtBP- mediated repression of pro- 

apoptotic protein Bik. MTOB competes with NADH for CtBP binding; however the exact 

mechanism of its action remains unknown. In addition, authors suggested that MTOB could 

be potentially used in vivo (Straza et al., 2010).  Furthermore, more recently small cyclic 

peptide- CP61 was developed, which upon binding completely prevents CtBP dimerization. 

The exact site of binding to metabolic sensors and the mechanism undelaying dimer 

inhibition remains unknown. Nevertheless, CP61 treatment of breast cancer cells resulted 

in impaired mitotic fidelity and reduced proliferation (Birts et al., 2013). 
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1.4 Integrins 
Integrins were first identified as cell surface receptors mediating cell interactions with 

ECM proteins (reviewed by Hynes 1987). Signalling triggered by integrin engagement 

regulates numerous developmental and pathological processes including cell proliferation 

and survival, differentiation, adhesion, migration and invasion. These heterodimeric 

glycoproteins are composed of non- covalently linked α- and β- subunits.  19 different α- 

and β- subunits have been found expressed in human cells. Different combinations of 

subunits can give rise to the expression of 24 different heterodimers (Humphries, 2000). 

1.4.1 Structure 
A single integrin is composed of cell surface- spanning αβ heterodimer, within which three 

domains can be distinguished (Figure 1.4.1). The central hydrophobic transmembrane 

domain anchors the integrin on the cell surface. A large extracellular domain, often 

referred to as ‘the head’ due to its globular shape, is responsible for ligand interactions 

(ligand binding site- LBS). And a cytoplasmic domain composed of a short tail of the β 

subunit (Figure 1.4.1.1). 

1.4.1.1 The Ectodomain  
‘The head domain’ recognizes and shows high binding affinity for certain peptide 

sequences found in many integrin ligands (summarized in Table 1.4.1.2.). The length and 

amino acid composition of those sequences show great variability.  A short tri-peptide 

motif known as the RGD sequence (composed of arginine- glycine- aspartate) binds to 

integrin at the interface between the α and β subunits (Campbell and Humphries, 2011). 

Multiple extracellular matrix (ECM) proteins and soluble vascular ligands interact with 

integrins via the RGD motif including fibronectin, fibrinogen, vitronectin, von Willebrand 

factor, osteopontin, thrombospondin and denatured collagen I (Hynes, 2002; Yamada and 

Kennedy, 1984).  Another tri- peptide known as the LDV motif (containing leucine- 

aspartate- valine) is functionally related to RGD sequence, and recognized by several 

different integrins including all β2 integrins expressed exclusively on leukocytes 

(Humphries et al., 2006; Wayner and Kovach, 1992; Yamada and Kennedy, 1984). The LDV 

and a homologous LDV- like motif have been identified in fibronectin as well as in 

adhesion proteins such as vascular adhesion molecule 1 (VCAM-1) and MAdCAMs (Clements 

et al., 1994; Wayner and Kovach, 1992; Yamada and Kennedy, 1984). Some of the 

collagen- binding integrins (α1β1, α2β1, α10β1 and α11β1) interact with a longer GFOGER 

sequence (composed of glycine- phenylalanine- hydorxyproline- glycine- glutamic acid and 

arginine), which has been found in different subtypes of this fibrillar ECM protein 

(Humphries et al., 2006; Zhang et al., 2003). The mechanism of recognition and binding to 
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laminins, another family of ECM proteins, is less well understood. Nevertheless the major 

laminin- binding integrins including α3β1, α6β1, α6β4 and α7β1 have been extensively 

studied (Humphries et al., 2006).  

 

 

 

Figure' 1.4.1.1' Structure' of' the' (inactive)' integrin.' The' extracellular' domain' is' composed' of' the' ligand;'

binding'site'(LBS)'buried'within'the'integrin'head'(red).'Cation'binding'sites'(CBS;'including'both'MIDAS'and'

ADMIDAS)'are'also' located'within' the'extracellular'domain' (green).'A' small' transmembrane' (TM)'domain'

anchors'the'integrin'on'the'cell'surface.'The'short'cytoplasmic'domain'composed'mainly'of'the'C;'terminal'

tail'of'� 'subunit'and'is'composed'of'NPXY;'motifs'(purple),'which'are'recognized'by'certain'adaptor'proteins'

(such'as'talin;1'and'kindlins)'during'integrin'activation'via''the'‘inside;'out’'route.'The'cytoplasmic'tails'of'α '

and'β ' subunits' contain' cysteine;' rich' regions,'which' form' a' disulphide' bridge' to' keep' the' integrin' in' the'

inactive'(‘bent’)'conformation.''

 

 



Chapter 1 

Introduction 
 

 
 
26 

Recognition motif (ligand) Integrin 

RGD motif (fibronectin, 
fibrinogen,vitronectin,osteopontin,  

α5β1 

α8β1 

αvβ1 

αvβ3 

αvβ5 

αvβ6 

αvβ8 

αIIbβ3 

LDV motif (fibronectin, VCAM-1, 
MadCAMs) 

α4β1 

α4β7 

α9β1 

αEβ7 

αMβ2 

αLβ2 

αXβ2 
αDβ2 

GFOGER motif (collagens) α1β1 

α2β1 

α10β1 

α11β1 

αIIbβ3 

Laminins α3β1 

α6β1 

α6β4 

α7β1 

Table'1.4.1.2'Summary'of'the'most'common'recognitions'motifs'found'in'different'integrin'ligands'as'

described'in'text.'For'summary'refer'to'Humphries,'Byron'et'al'2006.''

 



Chapter 1 

Introduction 
 

 
 

27 

Integrins have ability to bind to a wide range of ligands. Moreover, these cell surface 

receptors show a relatively high degree of ligand promiscuity, as a single integrin can 

interact several different substrates. This can be illustrated on the example of integrin 

αvβ6, which may bind to several different ligands including fibronectin, vintronectin and 

latency associated peptide (LAP) of transforming growth factor β1 (TGF-β1) (Annes et al., 

2004; Busk et al., 1992; Huang et al., 1998).  

Integrin- mediated processes such as adhesion and migration are therefore dependent on 

the expression pattern of given receptors, as well as availability of a particular ECM ligand 

within the microenvironment (Humphries et al., 2006). 

Binding of an extracellular substrate such as an ECM protein or a soluble ligand triggers a 

conformational change within the integrin leading its activation, which is then followed by 

downstream signalling (described in more detail later in text). This type of signal 

propagation via integrins is known as ‘outside- in’ signalling (Hynes, 2002). 

The extracellular domain of integrin  contains several conserved cation- binding sites (CBS) 

also known as a ‘metal ion dependent adhesion site’ (MIDAS) (Lee et al., 1995). Divalent 

cations including magnesium (Mg2+) and manganese (Mn2+) are recruited to the MIDAS 

regions (located within the extracellular loops of β chain) to facilitate ligand binding. The 

interaction of integrins with Mg2+ or Mn2+ triggers a specific conformational change within 

the receptor transmembrane (TM) domain (Mould et al., 2002; Mould et al., 1995b). 

Physiological Mg2+ concentrations (1mM) have been shown to promote receptor activation 

and facilitate integrin – ligand interactions (Dransfield et al., 1992; Mould et al., 1995b; 

Staatz et al., 1989).  

On the contrary, binding of the calcium cations (Ca2+) to two adjacent sites of MIDAS 

(ADMIDAS) has an inhibitory effect on receptor activation as it maintains integrins in 

inactive (resting) state (Leitinger et al., 2000; Tiwari et al., 2011). Furthermore a 

complete removal of Ca2+ cations allows the remaining Mg2+ to trigger a conformational 

change of the receptor and promote adhesion to ECM proteins (Hu et al., 1995; Leitinger 

et al., 2000; van Kooyk et al., 1993). Finally, exposure of cells to non- physiological 

concentration of manganese cations (Mn2+), even in the presence of inhibitory Ca2+, also 

promotes receptor activation and integrin- dependent adhesion (Grinnell, 1984). For this 

reason, Mn2+ treatment has been adopted as a standard method for induction of integrin 

activation (Figure 1.4.2.). Integrin activation with the aid of divalent cations is another 

example of integrin ‘outside- in’ signalling. 
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The membrane proximal region of integrin β subunit contains several cysteine- rich 

repeats, which typically form intra- domain disulphide bridges. Additionally, one of the 

cysteine residues and forms a single long inter- domain salt bridge (Beglova et al., 2002; 

Xiong et al., 2004). Studies on the platelet αiibβ3 revealed that disruption of two disulphide 

bonds within the cysteine- rich region induces a conformational change within both 

integrin subunits leading to activation and exposure of ligand binding sites (Yan and Smith, 

2001).   

1.4.1.2 Transmembrane (TM) domain  
The TM domains of integrin are single spanning subunits forming α- helical coiled coil 

(Adair and Yeager, 2002). In the absence of an external ligand (resting or inactive state), 

both TM α and β chains are tightly assembled due to coiled- coil interactions between 

canonical GXXXG dimerization motifs (Gottschalk, 2005) . Upon integrin activation the 

compact TM domain undergoes re- arrangement wherein the α and β subunits separate 

adopting an open TM conformation (Kim et al., 2003).  

1.4.1.3 Intracellular domain  
The intracellular domain of integrin is composed of a short, usually 20- 70 amino acid long 

tail of the β subunit. This so called tail of integrin is crucial for transition of the 

extracellular signal (e.g. ligand binding), into the cell via outside- in signalling process.  

Mutational analysis studies have identified two conserved NPXY- containing domains 

(asparagine-  proline- any amino acid and tyrosine) located on the cytoplasmic β tail, 

responsible for cytoskeletal interactions (Hayashi et al., 1990; Reszka et al., 1992). The 

flexible tail acts as scaffolding, as both NPXY motifs serve as docking stations for 

numerous cytosolic proteins involved in downstream signalling. Interactions of the β tail 

with several intracellular adaptor proteins can also trigger integrin via the ‘inside- out’ 

route, thus integrins act as bidirectional receptors (Hynes, 2002; Kim et al., 2003). The 

adaptor protein required for integrin activation from within the cell is talin-1, frequently 

assisted by a family of smaller proteins known as kindlins (Anthis and Campbell, 2011; 

Shattil et al., 2010). Association of talin-1 head with the membrane proximal NPXY motif 

disrupts the disulphide bond between the α and β subunits promoting the open TM 

conformation, and facilitates formation of a new salt bridge between the talin-1 head and 

the β tail (Anthis et al., 2009).        

Binding of the RGD- containing ligands to the globular head of integrin promotes receptor 

activation and downstream signalling via the cytoplasmic β subunit.  
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1.4.2 Activation  
Integrin activation is crucial for the downstream signalling as it regulates numerous 

cellular processes such as adhesion, migration, invasion and proliferation (Hood and 

Cheresh, 2002; Schwartz and Assoian, 2001). The activation process manifests as the 

conformational changes within both the extracellular head and TM domains of the integrin 

(Campbell and Humphries, 2011). Due to ability of integrins to convey a signal in 

bidirectional manner, their activation can be triggered by several different events 

involved in either ‘inside- out’ or ‘outside-in’ signalling. Interactions with certain adaptor 

proteins with the cytoplasmic integrin tail or mutations within the cytoplasmic integrin 

tail itself leads to receptor activation via ‘inside- out’ signalling (O'Toole et al., 1994). By 

contrast, activation induced by ligand and/ or divalent cation binding to the extracellular 

integrin domain triggers the ‘outside- in’ signalling (Mould et al., 1998). 

A study by Xiong and co- workers revealed a crystal structure of integrin αvβ3 upon 

activation. In the absence of ligand, integrins adopt an inactivate state, wherein both 

extracellular α and β subunits fold back on themselves adopting a ‘bent’ or closed 

conformation. Consequently, the ligand binding sites are ‘buried’ within the head domain 

(Xiong et al., 2001). Furthermore, when αvβ3 and αIIbβ1 integrins are engineered to be 

locked in the ‘bent’ (inactive) conformation, they show very low ligand binding affinity 

(Takagi et al., 2002). Following the activation, integrins adopt a different shape, 

associated with separation of the α and β subunits within the TM domain, and extension 

(opening up) of the extracellular head domain (Du et al., 1993; Takagi et al., 2001). These 

specific re- arrangements are responsible for the high ligand- binding affinity, active state 

of the integrin.  

The activation has been linked to loss of disulphide bond formed between the membrane 

proximal α and β subunits within the cytoplasmic domain of certain integrins (Hughes et 

al., 1996; Luo et al., 2004). In a study by Hughes et al several point mutations were 

introduced into cytoplasmic αIIb and β3 subunits. The presence of mutations prevented the 

salt bridge formation between the two subunits of αIIbβ3 leading to constitutive ‘inside- 

out’ signalling (Hughes et al., 1996). Treatment with a reducing agent such as 

dithiothreitol has also been demonstrated to promote the ‘extended’, active conformation 

of integrins by disulphide reduction (Luo et al., 2004). By contrast, point mutations 

introduced into β3 subunit to engineer a mutant αIIbβ3 integrin with a permanent 

disulphide bond, locks the αIIbβ3 mutant in a resting, ‘bent’ conformation. Consequently 

the mutant αIIbβ3 exhibits low binding affinity for its ligand- fibrinogen (Luo et al., 2004).  
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Significant knowledge regarding the process of integrin activation comes from studies with 

monoclonal antibodies. The different conformation forms adopted by β1 integrins have 

been extensively studied with the aid of monoclonal antibodies. During his work on 

adhesion of lymphocytes to endothelial cells, Lenter and colleagues identified a mouse 

monoclonal antibody, 9EG7, which precipitated with activate form of α4β1 integrin 

(Lenter et al., 1993). Formation of 9EG7- α4β1 complex was induced by Mn2+ treatment, 

which as described previously, promotes integrin activation (Dransfield et al., 1992). By 

contrast, the inactivate α4β1 failed to co- immunoprecipitate with 9EG7 antibody (Lenter 

et al., 1993). Further investigations revealed that 9EG7 binds to a distinct epitope located 

within the extracellular cysteine- rich region (between residues 495- 602) of β1 integrins 

(Bazzoni et al., 1995). This particular epitope is ‘masked’ in the inactive integrin and 

becomes exposed upon Mn2+ treatment and/ or interactions with β1 ligands. Therefore 

9EG7 antibody recognizes the ligand- induced binding site on β1 integrins, which are 

accessible only in the active integrin conformation (Bazzoni et al., 1995). Selectivity for to 

the ligand- occupied form of integrins α4β1 and α5β1 has also been has also been 

described for anther monoclonal anti- β1 antibody– 12G10 (Humphries et al., 2005; Mould 

et al., 1995a; Mould et al., 1998). 

Another group of antibodies specific to the active form of integrin is represented by ligand 

mimetics. These compounds interact with the ligand binding sites on the integrin, and thus 

directly compete with integrin ligands. The examples of ligand mimetics are two 

antibodies raised against β3 integrins including PAC-1 (anti- αIIbβ3) and WOW-1 (anti- 

αvβ3). Both antibodies contain the RGD motif originating from adenovirus type 2 coat 

protein, and their interactions with the integrin will promote a conformational change into 

the active state vie the ‘outside- in’ route (Pampori et al., 1999).  

Integrin activation vie the ‘inside- out’ route is driven by separation of the cytoplasmic 

portions of α and β subunits. Several adaptor proteins responsible for integrin activation 

via the ‘inside- out’ route have been identified including talin-1 and kindlins (Figure 1.6.2) 

(Anthis and Campbell, 2011; Nieves et al., 2010; Shattil et al., 2010; Ye et al., 2011). Both 

interact with membrane proximal and distal NPXY motifs on the cytoplasmic tail of the β 

subunit, respectively (Lu et al., 2001). 

Integrin- mediated adhesion occurs in several different stages, and different adaptor 

proteins and effectors can be recruited at each stage. The newly formed points of 

attachment are known as nascent adhesions (NA), which either rapidly disassemble or 

mature into stronger and more stable focal complexes (FC) and focal adhesions (FA). FAs 
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are much larger and relatively long- lived complexes, which in order to recruit proteins 

such as focal adhesion kinase (FAK). Studies have revealed that talin-1 is not required for 

initial formation of NAs and cell spreading on fibronectin. However, loss of this adaptor 

protein impairs development and maintenance of FAs, and coupling of actomyosin 

contraction to force generation on substrate and actin rearward flow (Zhang et al., 2008). 
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Figure 1.4.2 Integrin activation and downstream signalling. In the absence of ligand integrin adopts a 

’bent’, inactive conformation. Activation can be triggered by ligand and extracellular divalent cations 

(Mg2+ binding to ligand binding site and metal binding sites (MIDAS and/or ADMIDAS), respectively. This 

triggers integrin signalling via the ‘outside- in’ route.. Alternatively, activation can also occur via the 

‘inside- out’ path, and this process is mediated by adaptor proteins such as talin-1 and kindlins. Auto- 

inhibited cytoplasmic talin-1 is recruited to PIP2- rich membranes, frequently with the aid of Rap1 

effector protein- RIAM. Interactions with membrane phospholipids promote talin-1 unfolding and 

activation, allowing the head to bind the membrane proximal NPXY motif on the cytoplasmic β  subunit of 

integrin, while the rod couples the adhesion complex to the cytoskeleton. This promotes, opening up of 

the integrin transmembrane (TM) domain, separating the α  and β  subunits. Unclasping of the TM domain 

and integrin activation is also facilitated by disruption of the disulphide bond between the two subunits. 

Consequently, the head of integrin adopts the ‘extended’ conformation exposing its ligand binding sites. 

Talin-1 interacts with other members of focal adhesions including vinculin, actin and  focal adhesion 

kinase (FAK)FAK in turn interacts with other enzymes including Src family kinases (SFKs) and to facilitate 

downstream signalling. As a result, many small GTPases from Rho family become activated (Rac1, Cdc42 

and RhoA), which promotes remodelling of actin cytoskeleton and help to establish polarity upon 

movement. '
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1.4.2.1 Adaptor proteins 

1.4.2.1.1 Talin-1 
Talin-1 is a large adaptor protein crucial for integrin activation. It was first identified as a 

member of focal adhesions (FAs) in 1983 and its role in integrin inside- out signalling has 

been extensively studied ever since (Burridge and Connell, 1983).  

Talin-1 molecule is composed of a small (47kDa) N- terminal head domain, which contains 

the main integrin- binding site (IBS1) mediating integrin activation. The larger rod domain, 

connected to the head via an unstructured hinge region, contains several actin and 

vinculin binding sites, and is responsible for interactions with actin cytoskeleton and 

coupling ligand- bound integrins to the actomyosin contractility (Zhang et al., 2008). 

Talin-1- induced integrin activation is believed to occur in two stages. During the first 

stage, the head domain of talin-1 binds to the membrane proximal NPXY motif of the 

cytoplasmic β subunit. This specific interaction with talin-1 has been described for β1, β2, 

β3, β5 and β7 integrins (Calderwood et al., 2000; Calderwood et al., 1999; Critchley, 

2000; Nieves et al., 2010). Furthermore, mutations of the membrane proximal NPXY motif 

lead to impaired talin-1 binding to the β subunit and severely reduces integrin activation 

(Calderwood et al., 1999). Formation of talin-1 and β subunit complex is facilitated by a 

weak interactions between membrane proximal binding site on talin-1 head and the cell 

membrane negatively charged phopsholipids (Wegener et al., 2007). This in turn, 

promotes tilting of the rigid TM domain of the β subunit and disrupts the inhibitory 

interactions, formed by disulphide bridges, between the α and β subunits within the TM 

domain (Anthis et al., 2009; Kim et al., 2012). Consequently, the integrin adopts the 

‘extended’ (open) conformation with high ligand- binding affinity. Therefore the change in 

topology of TM integrin domain is considered as the second stage of talin-1- mediated 

integrin activation (Figure 1.4.2). 

Talin-1 rod domain contains numerous functional domains. Most of the identified regions 

ensure linkage with the cytoskeleton via at least two actin binding sites, with well 

characterized highly conserved C- terminal actin- binding site as well as multiple vinculin- 

binding sites (Franco et al., 2006; Gilmore et al., 1993; Gingras et al., 2005; Hemmings et 

al., 1996). While actin binding couples talin-1- integrin complex to the cytoskeleton, 

interactions with vinculin increase and reinforce the stability of adhesion sites (Giannone 

et al., 2003; Jiang et al., 2003). Interestingly a second, very low- affinity integrin- binding 

site (IBS2) has been identified within the rod domain. (Calderwood et al., 1999; Garcia-

Alvarez et al., 2003; Tadokoro et al., 2003). The role of IBS2 remains unclear, although it 
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has been suggested that IBS2 is essential for connection of integrins to actin cytoskeleton 

(Moes et al., 2007). Talin-1 rod domain is also responsible for dimer formation due to 

presence of a dimerization domain (Gingras et al., 2008). The exact structure of the 

physiologically predominant dimer form is yet to be elucidated, while several hypothetical 

dimer orientations have been proposed (Gingras et al., 2008; Goult et al., 2013a). 

Although binding of talin-1 to β subunit plays a major role in integrin activation, a direct 

talin-1 and integrin interaction is not required for the recruitment of this adaptor protein 

to focal adhesions (FAs) (Lawson et al., 2012). Several mechanisms have been proposed for 

talin-1 recruitment to the plasma membrane and/ or adhesion complexes. Protrusions 

such as filo- and lamellipodia formed at the leading edge of migrating cells are enriched 

with an effector of small GTPase Rap1 called RIAM (Rap1 interacting adaptor molecule) 

(Goult et al., 2013b; Han et al., 2006). Active, GTP- bound Rap1, located upstream of 

RIAM induces RIAM- talin-1 interactions, which in consequence lead to talin-1 translocation 

to integrins and their subsequent activation (Watanabe et al., 2008). By contrast, Lee at 

al suggested that the recruitment of talin-1 to focal adhesion is mediated by direct talin-1 

and vinculin complex formation. Furthermore, authors demonstrated that this process is 

independent of Rap1 activation, and that Rap1 effector- RIAM directly competes with 

vinculin for talin-1 binding (Lee et al., 2013). Another component of focal adhesions- focal 

adhesion kinase (FAK) has also been implicated as a protein promoting talin-1 

translocation. FAK is a cytoplasmic tyrosine kinase, frequently recruited to newly formed 

(nascent) focal adhesions (Schaller, 2010). Lawson and co- workers demonstrated that 

talin-1 co- localizes with the FAK to nascent adhesions, and identified a talin-1- binding 

site located on the FAK. Furthermore, described association between talin-1 and FAK is 

required for optimal focal adhesion turnover, which in turn drives cell migration (Lawson 

et al., 2012). 

Free cytosolic talin-1 exists in sterically auto- inhibited form, wherein the C- terminal rod 

masks the integrin- binding site (IBS1) of the head domain, thus keeps the entire protein in 

a closed conformation (Goksoy et al., 2008; Goult et al., 2009). It this therefore believed 

that talin-1 requires to be activated prior to interaction with integrins. 

Talin-1 activation is tightly controlled by a membrane phospholipids called 

phosphatidylinositol-4,5-bis-phosphate (PIP2) (Gilmore and Burridge, 1996; Martel et al., 

2001). Crystallography study by Song et al identified two PIP2 binding sites on the head of 

talin-1. Authors also described a mechanism of PIP2- mediated talin-1 activation. As a 

membrane phospholipid PIP2 is negatively changed and interacts with positively charged 
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talin-1 head domain. This in turn repels talin-1 rod, which is otherwise folded back on 

talin-1 head, unmasking the integrin-binding site (IBS1) (Song et al., 2012). 

Unmasked head domain is free to interact with integrins, while the rod ensures 

interactions with the actin cytoskeleton. Interestingly, talin-1 molecule can undergo 

proteolytic cleavage at the hinge region, which separates the two domains. The cleaved 

head domain exhibits around 6- fold higher affinity for β3 integrin binding as opposed to 

the intact talin-1 molecule (thus containing both head and rod) (Franco et al., 2004; Yan 

et al., 2001). The cleavage is mediated by calpain-2, a calcium- dependent thiol protease, 

which activity has been linked to regulation of cell migration (Franco and Huttenlocher, 

2005). Studies demonstrated that the presence of the intact talin-1 in adhesion complexes, 

induced by loss of calpain-2 corresponded with reduced turnover of focal adhesions at the 

rear of migrating cells (Franco et al., 2004). A more recent study by Bates et al identified 

a new calpain-2 binding site on C- terminal talin-1 rod. Cleavage at the site removes the 

dimerization domain from the rod domain for optimal focal adhesion turnover (Bate et al., 

2012). 

1.4.2.1.2 Kindlins 
Another family of adaptor proteins, kindlins (kindlin-1, kindlin-2 and kindlin-3) have also 

been implicated in integrin activation (Montanez et al., 2008; Shattil et al., 2010). The 

exact mechanism by which these proteins facilitate inside-out- signalling remains 

controversial. Published studies speculate that kindlin over-expression is insufficient to 

trigger integrin activation. However, when over- expressed alongside talin-1, kindlins act 

to potentiate the talin-1- induced integrin activation (Harburger et al., 2009; Kahner et al., 

2012; Ye and Petrich, 2011). It is therefore possible that kindlins act to boosts talin-1- 

induced receptor activation rather than be solely responsible for this process.  

1.4.2.2 Downstream signalling 
Integrin signalling regulates different cellular processes including proliferation, survival 

and motility. Transduction of the signal is mediated by focal adhesions (FAs), which 

assemble at the cytoplasmic end of the integrin β subunit. Formation of FA takes place 

within fillopodia and lamellipodia- cytoplasmic projections formed at the protruding 

(leading) cell edge. As the connection with the ECM proteins is being established nascent 

adhesion are formed. More adaptor proteins are recruited to facilitate propagation of the 

signal onto downstream effectors. In migrating cells FAs show fast turnover to ensure 

progressive movement (Gupton and Waterman-Storer, 2006; Laukaitis et al., 2001).  
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Nascent adhesions are typically composed of several scaffolding adaptors, which regulate 

integrin activation (talin-1 and kindlins) and ensure linkage to the actin cytoskeleton (for 

example talin-1 and vinculin). An enzyme, FAK is also required into early adhesion 

complexes and by interactions with Src family kinases (SFKs), it regulates activation of 

different effectors including the Rho family of small GTPases (Ren et al., 2000; Tomar and 

Schlaepfer, 2009). 

1.4.2.3 Small GTPases 
The family of Rho GTPases are small (21kDa) G proteins, which serve as molecular 

switches and control many processes involved in cell motility such as establishment of the 

leading edge, projection formation and maintenance of polarity. Upon ligand binding of 

integrins, Rho GTPases become activated and participate in outside- in- signalling of 

integrins. Activation of Rho GTPases is tightly controlled by exchange of guanosine 

diphosphate (GDP) to gunaosine triphosphate (GTP), and shows a clear spatial and 

temporal organization.  

Currently there are 20 known members of the Rho GTPases family, of which three: Rac1, 

Cdc42 and RhoA received a lot of interest within the last few decades. They coordinate 

several events involved in cell migration. The actin cytoskeleton undergoes vigorous 

reorganisation (polymerization and elongation), which manifests as characteristic 

membrane ruffling and protrusion formation (filopodia and lamellipodia) at the front of 

migrating cells. Traditionally Rac1 has been considered as the main regulator of 

lamellipodia, Cdc42 was associated with the formation of filopodia while RhoA was 

considered as the driving force of stress fibre formation (Hall, 1998; Mackay and Hall, 

1998). Actin polymerization is controlled by Rac1 and Cdc42 via activation of WASP 

(Wiskott- Alkdrich syndrome proteins) and Arp2/ 3 families of proteins (Tomasevic et al., 

2007). Additionally, Cdc42 is crucial for maintenance of cell polarity upon movement as it 

controls Golgi and centrosome alignment via Par3/ Par6/aPCK (atypical Protein Kinase C) 

complex (Heasman and Ridley, 2008; Palazzo et al., 2001; Ridley, 2006). While previously 

it was thought that Rac1 and Cdc42 are downstream of FAK in the signalling cascade, and 

that RhoA was thought to control FA assembly, it is now clear that extensive crosstalk 

between these different GTPases exist during actin reorganisation and both Rac1 and 

Cdc42 play a role in FA formation (Nobes and Hall, 1995a; Nobes and Hall, 1995b). 

Another GTPase- Rap1 has been suggested to be involved in FA assembly. As described 

previously, its effector molecule- RIAM recruits talin-1 into FA in close proximity to 

cytoplasmic tail of the β integrin subunit to facilitate integrin activation and promote cell 

adhesion (Goult et al., 2013b; Han et al., 2006; Lee et al., 2009).  
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Progressive movement of cells requires a forward shift of the trailing edge. This retraction 

is facilitated by contractility of the actomyosin fibres regulated by RhoA activation. 

Interestingly, RhoA can also participate in membrane ruffling and blebbing at the leading 

edge, and frequently its activation precedes Rac1 (O'Connor and Chen, 2013) (Figure 

1.4.2.). 

1.4.2.4 Integrin trafficking 
Integrins have been shown to undergo constitutive endocytosis and recycling trafficking 

during cell migration. The disassembly of FAs is essential for detachment of integrins from 

ECM substrate and retraction of the trailing edge in migrating cells. Integrins and FAs 

undergo cycles of internalization (endocytosis) and recycling back to the cell surface to 

create new adhesions at the leading edge (Pellinen and Ivaska, 2006). 

Different routes of endocytosis have been described in the literature including clathrin- 

dependent and clathrin- independent endocytosis (via caveolae or macropinocytosis) 

(Caswell et al., 2009). It remains unclear whether or not the integrin has to be activated 

and/ or in its high affinity state prior internalization. The majority of integrins enter the 

endosomal compartment after their activation; however certain heterodimers can be 

internalized even in their inactive, closed conformation (Teckchandani et al., 2009).  

Endocytosis of β1 integrins has been extensively studied, while little is known about 

trafficking of other classes of these receptors. β1 integrins are predominantly internalized 

via the clathrin- dependent route. Moreover, clathrin emerges as a regulator of FAs 

turnover during cell migration (Caswell et al., 2009). Typically, clathrin co- localizes with 

FAs at the plasma membrane, where it promotes inward formation of clathrin- coated pits 

(CCPs). Prior to CCP formation several scaffolding proteins such as Eps15 (Epidermal 

growth factor receptor pathway substrate 15) and intersectins are recruited to the plasma 

membrane. Next, clathrin adaptor proteins including AP2 and Dab2 (disabled homologue 2) 

interact with the NPXY motifs of cytoplasmic tail of integrin to aid CCP formation and 

recruitment of cargo into the transporting vesicles (Teckchandani et al., 2009). The pits 

are disconnected from the plasma membrane with the aid of the GTPase- dynamin, which 

forms a collar around the neck of th invaginating pit, and upon hydrolysis, induces 

membrane fission and detachment of vesicles. 

Interestingly, the type of adaptor proteins used depends on the class of integrin being 

internalized. Eps15, AP2 and Dab2 are predominantly involved in endocytosis of β1- 

containing receptors (Teckchandani et al., 2012). Clathrin- dependent endocytosis has also 

been shown to be involved – at least in part - in the internalisation of αvβ6. Ramsay and 
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co-workers have found that endocytosis of αvβ6 is dependent on the clathrin heavy chain, 

Eps15 and the HCLs1- associated X1 (HAX1) protein, which interacts directly with β6 

subunit prior to CCP formation (Ramsay et al., 2007). 

The molecular mechanism driving clathrin- independent (CIE) endocytosis remains unclear. 

Majority of CIE pathways are mediated by cholesterol and sphingolipid- rich invaginations 

of cell membrane called caveolae. Caveolin- 1 is the main component found in caveolae, 

and has been shown to regulate turnover of α5β1- containing FAs (Shi and Sottile, 2008). It 

is important to point out however, that caveolin-1 can also serve outside caveolae as a 

signalling protein therefore its involvement in integrin function is not necessarily limited 

to internalization (Boscher and Nabi, 2012).  

Interestingly, a study by Gu et al demonstrated that integrin internalization upon cell 

migration is mediated by micropinocytosis. Authors suggested that endocytosis via this 

specific endocytic pathway allows for rapid turnover of FAs, crucial for progressive 

motility (Gu et al., 2011).  

Following internalization, integrins are directed to early endosomes, and then are either 

recycled back to the plasma membrane or enter late endosomes and lysosomes to be 

degraded.  The fate of an internalized receptor appears to be dependent on the type of 

Rab GTPase recruited to the early endosome. Interaction of integrin β3 tail with Rab4 

promotes rapid re- distribution of αvβ3 from early endosomes back to the cell membrane 

via so called short loop pathway (Roberts et al., 2001). By contrast, Rab11 family of 

GTPases (Rab11a, Rab11b and Rab25) are responsible for recycling from late endosomes 

via the long loop or slow recycling pathway. Spatially controlled activation of Rab11 at the 

border of cells migrating in groups (collective cell migration), is crucial for trafficking of 

FA components into late endosomes and subsequent recycling (Assaker et al., 2010). 
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1.5 Role of integrins in cancer 
All described processes including integrin activation, downstream signalling and trafficking 

must be tightly regulated to control different aspects of cell motility including adhesion, 

migration and invasion. There is a strong correlation between integrin- mediated adhesion 

to the substratum and speed of migration. A very strong attachment, wherein cells are 

anchored to their ligand and exhibit slow FA turnover, will prevent progressive movement 

(Figure 1.5). Likewise, inability of the cell to engage integrins to form a connection with 

the ECM protein will impair cell spreading and consequently, limit migration (Palecek et 

al., 1997). 

 

Figure'1.5.' The' correlation'between' cell'migration' speed' and'with' cell' substrate;' adhesiveness.' Too'weak'

adhesion'to'the'substrate'will'inhibit'cell'spreading'and'formation'of'stable'attachment,'leading'to'impaired'

migration.'Similarly,'too'strong'adhesiveness'will'prevent'detachment'from'the'substrate'making'the'cell'fix'

on'one'spot'and'immobile.'Diagram'adopted'from'Palecek#et#al'(Palecek'et'al.,'1997).''

Cancer cells developed several different mechanisms to gain more migratory and invasive 

potential. These mechanisms involve alterations in expression of molecules involved in 

cell- cell and cell- matrix adhesions. Epithelial E- cadherin normally expressed in 

epithelial cells and responsible for maintenance of tissue integrity; is frequently down- 

regulated or inactivated due to mutation in different cancer types. This in consequence 

disrupts cell- cell interactions and promotes disintegration of epithelial sheet of cells 

promoting migration and invasion of individual cells (Hanahan and Weinberg, 2011). By 

contrast another molecule, called neuronal N- cadherin, a marker is expressed mainly in 
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neurons and muscles and plays an important role in nervous system development and 

memory (Halbleib and Nelson, 2006). Numerous cancer cells show N- cadherin expression, 

which also promotes carcinoma migration and invasion (Hazan et al., 2004).  

Similarly, changes in integrin expression as well as deregulation of their activation, 

downstream signalling and intracellular trafficking have also been linked to acquisition of 

pro- migratory and pro- invasive potential by carcinomas (reviewed by Hood et al. 2002). 

The cells of most tissues express collagen and laminin- binding integrins. Nevertheless 

many integrins show tissue specific distribution.  Receptors from the β2 family are 

generally expressed on leukocytes along with α4β1, α5β1 and α6β1 (Hemler, 1990). 

Furthermore, integrin αIIbβ3 is found exclusively in platelets and megakaryocytes (Weiss 

et al., 1989). Another integrin- αvβ6 is expressed in epithelial cells of lung, skin and 

kidney during development, but it is almost undetectable in these organs in adults. Up- 

regulation of this integrin can by triggered by a physiological tissue remodelling such as 

wound healing as well as pathological process of tumourigenesis (Breuss et al., 1995; Clark 

et al., 1996).  

Up- regulation of αvβ6 has been reported in many carcinomas including oral, colon, breast 

and cervical (Arihiro et al., 2000; Elayadi et al., 2007; Hazelbag et al., 2007; Sipos et al., 

2004). Moreover, high levels of αvβ6 found in oral and colorectal tumours promote both 

invasion and metastasis (Cantor et al., 2013; Thomas et al., 2001; Yang et al., 2008). 

Overexpression of other classes of integrins has been associated with more aggressive 

phenotype of tumours and poor prognosis. Up- regulation of αvβ3 integrin in breast cancer 

correlates with increased adhesion to and invasion into the bone tissue, and targeting this 

particular integrin significantly reduces formation of osteolytic lesions (Pecheur et al., 

2002; Zhao et al., 2007). Similarly, proliferation and invasion of lung carcinomas has been 

associated with high levels of α5β1 integrins (Roman et al., 2010). Allen and Vaziri 

demonstrated a strong correlation between up- regulation of α9β1 integrin in metastatic 

breast tumours and poor prognosis (Allen et al., 2011). More recently, dos Santos et al 

suggested that shorter survival of breast cancer patients can be associated with 

overexpression of all β1 integrins rather than just a single class of heterodimers (dos 

Santos et al., 2012). 

Abnormalities in integrin signalling can also promote cancer cell migration and invasion. 

Some tumours up- regulate talin-1 - the adaptor protein crucial for integrin activation. SA 

study by Lai and Hua et al revealed that amplification of the TLN1 gene was present in 
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highly invasive oral squamous cell carcinoma (OSCC) patients. Moreover, talin-1 

overexpression was strongly associated with shorter survival (Lai et al., 2011). Similar 

observations were made in prostate cancer patients, where up- regulated talin-1 

correlated with increased rates of metastasis (Sakamoto et al., 2010). 

Accelerated endocytosis and recycling of integrins and focal adhesion  components can 

also promote tumour motility. Caveolin- 1, important for internalization of receptors via 

clathrin- independent pathway, is overexpressed in aggressive prostate and colon tumours 

(Karam et al., 2007; Patlolla et al., 2004). Moreover caveolin-1 overexpression has been 

associated with increased expression of glucose transporter GLUT3 and induction of 

aerobic glycolysis in colorectal tumours (Ha et al., 2012). 

Abnormal signalling of Rab11 family contributes to alternations in receptor recycling. A 

member of the Rab11 family: Rab25 mediates re- distribution of α5β1 integrin to the 

newly formed projections in invading cancer cells (Caswell et al., 2007; Dozynkiewicz et 

al., 2012). Similarly, hypoxia- induced breast cancer cell invasion requires Rab11- 

dependent- cycling of integrin α6β4 (Yoon et al., 2005). 

Discussed processes represent only some of the adaptations reported in malignant tumours. 

Unfortunately, despite a huge variety of altered processes, their potential link to 

abnormal cell metabolism remains unexplored. 

1.6 Tumour metabolism and motility 
The link between tumour cell motility and de- regulated metabolism has received a lot of 

interest in the last decade. Following the discovery of the Warburg effect, research 

focused on the impact of aerobic glycolysis product- lactate as the main driver of tumour 

invasion and metastasis, associated with poor prognosis (Goetze et al., 2011; 

Hirschhaeuser et al., 2011; Walenta et al., 2000). Loss of epithelial E- cadherin, a protein 

responsible for epithelial cell- cell interactions, has also been extensively studied as a 

mechanism driving acquisition of the mesenchymal phenotype and tumour cell migration 

(Aokage et al., 2011; Celia-Terrassa et al., 2012). Loss of E- cadherin expression has been 

linked to increased intracellular NADH levels associated with hypoxia. The mechanism has 

been dissected and CtBPs were identified as the co- repressors, which along with 

transcriptional factor ZEB1 form a complex, which negatively regulates  E- cadherin gene 

expression (Pena et al., 2006; Zhang et al., 2006). CtBPs were therefore responsible for 

loss of tissue integrity and a consequent increase in cell migration. 



Chapter 1 

Introduction 
 

 
 
42 

Further research on CtBPs identified other targets involved in cancer cell migration. 

Paliwal et al demonstrated that hypoxia- induced collective cell migration requires CtBP2, 

and this process is inhibited by the tumour suppressor ARF; which directly interacts with 

CtBP2 (Paliwal et al., 2007). Later studies revealed that interactions of ARF and CtBP2 

also constrains tumour invasion, however the exact mechanism has not been fully 

elucidated (Chen et al., 2008). It is important, however; that these studies did not focus 

on cell migration in general, and did not refer to integrins when investigating single cell 

motility. 

More recently, Tiam1 was identified as another gene targeted by CtBP2. Unlike before 

however, CtBP2 was shown to bind transcription factor KLF8 to promote, rather than 

supress Tiam1 expression. Consequent activation of Tiam1 promoted cancer cell migration 

(Paliwal et al., 2012). This finding is of particular interest, as Tiam1 promotes persistent 

cell migration by interactions with Par3/ Par6/ aPKC complex. Motility is stimulated by 

subsequent activation of Rac1, which as discussed before promotes projection formation 

and membrane ruffling to aid both cell adhesion and migration (O'Toole et al., 2011; Wang 

et al., 2012). However the link between CtBP2- mediated Tiam1 expression and integrin 

signalling has not been examined yet. 

The impact of high glucose and cell motility is rarely addressed in the literature. Only a 

recent study by Masur et al showed that different cancer cell lines are capable of 

migrating longer distances following 2- day exposure to 11mM glucose and insulin 

(100ng/ml) (Masur et al., 2011).  The observed effect was later linked to overexpression of 

Akt protein kinase and phospholipase C gamma (PLCγ), which promoted motility (Tomas et 

al., 2012). 

Despite described studies, the link between the Warburg effect and integrin –mediated 

cell migration still remains largely unexplored.  
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1.7 Hypothesis and aims 
Invasion and metastasis are hallmarks of cancer specific to malignant tumours. Moreover, 

the majority of cancers show abnormalities in their metabolism, which manifest by 

increased glucose demand and a shift from mitochondrial respiration to aerobic glycolysis 

(the Warburg effect). The potential link between abnormal metabolism and tumour 

motility represents a new field in cancer research, which still remains largely unexplored.  

Many cancer cells rely on integrins to migrate and invade surrounding tissues. Despite this 

only a few published studies explored the effect of high glucose on motility and integrin 

expression (Masur et al., 2011; Tomas et al., 2012). Similarly, the well-described effect of 

aerobic glycolysis- elevated NAD+/ NADH ratio, has not received a lot of attention in 

correlation to tumour cell migration. Metabolic sensors- CtBPs are known promoters of 

cancer motility under hypoxic conditions via suppression of E- cadherin and ARF (Paliwal 

et al., 2007; Zhang et al., 2006). The recently identified CtBP target Tiam1, can 

participate in integrin signalling in a Rac1- dependent manner, however its role in this 

context has not been yet addressed (O'Toole et al., 2011; Paliwal et al., 2012). Moreover, 

the role of individual CtBP proteins (CtBP1 and CtBP2) on cell motility is rarely addressed 

in literature and remains unclear. 

Therefore, the hypothesis of this study was to investigate the potential role of metabolism 

in integrin- mediated cancer cell motility.  

To address the hypothesis the following aims were set: 

o Determine the effect of glucose on aerobic glycolysis, oxygen consumption and 

NADH accumulation in chosen cancer cell lines  

o Investigate the impact of glucose on cell migration and adhesion in highly glycolytic 

cell lines  

o Examine the role of individual CtBP proteins on different aspects of tumour cell 

motility including invasion, single- cell migration and adhesion 

o Dissect the mechanism underlying the CtBP- mediated effect on tumour cell 

motility 

o Identify novel target(s) of CtBP transcriptional co- regulation 

o Investigate a potential clinical relevance between CtBPs and integrins 

o Develop stable CtBP knockdown cell line(s) for in vivo murine xenograft model(s) 

o Study the impact of CtBP loss on collective cell migration and movement 

persistency 
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Chapter 2 
Methods 
2.1 General principles of cell culture 
Routine cell culture was performed in laminar flow hoods cleaned with 70% ethanol before 

and after use. Any items to be placed in the hood were also cleaned with 70% ethanol. 

Sterilization of all tissue culture reagents was performed using a 0.22µm filter system 

(Millipore) and stored sterile at either 4°C or -20°C. Prior use on cells, reagents were first 

warmed to 37°C in a water bath and then cleaned with ethanol and transferred into the 

hood. Gloves and a lab coat were worn at all times. 

2.2 Cell lines  
In this study a number of carcinoma cell lines were used including: oral, colorectal, breast 

and also primary fibroblasts listed in Table 2.2. Cells were grown in the absence of 

antibiotics and antifungal agents.  

Cell line Origin Medium 
H357 Oral keratinocytes derived from an SCC 

of the tongue (Prime et al., 1990) 
KGM (GIBCO) 

VB6 H357 retrovirally transfected with αv 
and then with β6 cDNA (Thomas et al., 
2001) 

KGM (GIBO) 

IC6pr H357 retrovirally transfected with two 
empty vectors (a negative control for 
VB6 cell line) (Thomas et al., 2001) 

KGM (GIBCO) 

SCC25 Oral keratinocytes derived from an SCC 
of the tongue (Rheinwald and Beckett, 
1981) 

HAM’s F12: DMEM (1:1) 
(GIBCO) 

5PT Cisplatin- resistant cell line derived 
from a tumour of supraglottis (primary 
site) (Bauer et al., 2005) 

KGM (GIBCO) 

MCF7 Breast adenocarcinoma cell lines 
(derived from metastatic site) (Soule et 
al., 1973) 

DMEM (GIBCO) 

MDA MB 231 Breast adenocarcinoma (derived from 
metastatic site) (Cailleau et al., 1978) 

DMEM (GIBCO) 

DLD1 Colon adenocarcinoma cell line (Chen et 
al., 1995) 

DMEM (GIBCO) 

HFFF2 Human Caucasian foreskin fetal 
fibroblast (pooled donors) derived from 
14- 18 week old human foetus. These 
cells have a finite life span. 

DMEM (GIBCO) 

Table 2.2 Description of cell lines used and their growth media. All media were supplemented with foetal 

calf serum (FCS) (BIoSera) to the final FCS concentration of 10%. 
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2.3 Routine cell culture 

2.3.1 Subculturing cells 

Adherent cells were maintained as a monolayer in sterile cell culture vessels (Falcon) in 

humidified incubators (10% CO2, 37°C). Subculturing of 80- 90% confluent cells was 

preceded by aspirating medium from the tissue culture vessel and washing once with 

Phosphate Buffered Saline- PBS (Sigma Aldrich) to remove any traces of growth factors, 

serum and Mg2+ and Ca2+ cations. PBS was then aspirated and 0.05% trypsin/ 5mM EDTA 

solution (PAA) was added, and the vessel returned back to the incubator. Following 

detachment of all cells, medium was added to the flask to neutralize trypsin, and cells 

were split at a ratio 1:6 to 1:12 depending on the growth rate. Media and solutions used in 

this study are listed in the Appendix 1. 

2.3.2 Cell counting  

To determine the number of cells, a Casy counter (Schärfe System) was used. This 

determines the cell count using a low voltage field created between two electrodes within 

a measuring capillary. Healthy cells have an intact membrane, which acts as an electrical 

barrier resulting in an increased resistance. Loss of membrane integrity of dead or 

damaged cells results in much lower resistance, therefore a change in the direction of the 

current flow. Casy counter calculates the cell count by recording and sorting changes in 

current flow. 

Prior counting cells were trypsinzed, collected in 15ml tubes (Falcon) and pelleted by 

centrifugation at 1250rpm for 3min at room temperature. Supernatant was then removed 

and cells re- suspended in fresh media. An aliquot of cell suspension was then added to 

10ml of isotonic CASYton and a measurement was performed. Each measurement was 

automatically repeated three times, and averaged by the Casy software. 

2.3.3 Maintenance of cell stocks  

2.3.3.1 Cryopreservation 

To maintain stocks, cells (1x106/ml) were stored in liquid nitrogen in the presence of a 

cryopreserving agent- dimethyl sulfoxide (DMSO), which prevents formation of ice crystals 

upon freezing, and therefore protects cells from rupturing.  

Cells in log phase were pelleted and re- suspended in normal growth medium containing 

10% DMSO (Sigma Aldrich). Cell suspension was then pipetted into labelled cryovials (1ml/ 

vial) and placed in an insulated container Mr FrostyTM (Thermo Scientific) filled with 

isopropyl alcohol. To ensure gradual (1°C/ min) cooling the container was placed -70°C 
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freezer overnight.  The next day, frozen cryovials were transferred to a liquid nitrogen 

freezer for long- term storage.  

2.3.3.2 Thawing (reconstitution) of cell stocks 

Unlike freezing, thawing of cells must be performed rapidly. Cryovials were removed from 

the liquid nitrogen freezer and placed in a water bath at 37°C until thawed completely. 

The content of the cryovial was transferred into 15ml falcon tube containing pre- warmed 

medium and centrifuged at 1250rpm for 3min at room temperature. The supernatant was 

aspirated, cell pellet re- suspended in fresh medium and transferred into a tissue culture 

vessel. Cells were allowed to grown for at least a week before routine mycoplasma 

screening and subsequent use in experiments.  

2.3.4 Mycoplasma screening 

Contamination with Mycoplasma can markedly alter cellular behaviour; therefore routine 

tests were performed on reconstituted cell stocks. The screen was conducted by 

amplification of 16S-23S spacer region in rRNA operons using primers for sequences 

common in 14 different species of Mycoplasma. After at least two passages (or a week 

culture) supernatant from cells was collected into 15ml tubes and centrifuged at 4500rpm 

for 10min. Most of the supernatant was then removed while the pellet was re- suspended 

in 0.5ml of this supernatant. Then nested PCR reactions were performed using primers 

listed in Table 2.3.4.1.  

Plasmid  Sequence 

Forward 1 ACT CCT ACG GGA GGC AGC AGT A 

Forward 2 CTT AAA GGA ATT GAC GGG AAC CCG 

Reverse  TGC  ACC ATC TGT CAC TCT GTT AAC 

CTC 

Table 2.3.4.1 Primers used for Mycoplasma screening. 

The reaction mix of the first PCR was prepared on ice using Mega- Mix Blue (Microzone 

Limited) and reagents listed in Table 2.3.4.2. 

1
st
 Round PCR (product at 720bp) Volume (µl) 

Sample DNA 1 

Forward primer 1 (100pmol/µl) 1 

Reverse (100pmon/µl) 1 

Formamide 0.3 

Mega Mix Blue  16.7 

Table 2.3.4.2 Mycoplasma PCR- first round of nested reaction. 
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Following the first round, samples were either stored at -20°C or used in the second round 
of PCR (Table 2.3.4.3). 

2
nd

 Round PCR (product at 145bp) Volume (µl) 

1
st
 round product 1 

Forward primer 2 (100pmol/µl) 1 

Reverse (100pmon/µl) 1 

Mega Mix Blue  17 

Table 2.3.4.3 Mycoplasma test- second round of nested PCR. 

For both PCR steps, the same cycling conditions were used (Table2.3.4.4). Products of 

both PCR steps were run on 1% agarose gel for 20min at 120V and then bands imaged using 

a BioRad UV Imager. Only cells negative for mycoplasma were used in described study.   

Cycling conditions Temp. (°C) Time (sec) 

Initial denaturation 95 30 

Denaturation 95 30 

Annealing 55 30 

Extension 72 60 

Final extension 72 ∞ 

Table 2.3.4.4 Cycling conditions used for Mycoplasma PCR.  

2.4 Protein manipulation   

2.4.1 Protein knockdown with small interfering RNA (siRNA) 

To introduce small interfering RNA (siRNA), cells were seeded in 6- well plates (Falcon) at 

5x 104/ well in standard growth medium and allowed to adhere over 24h. The process of 

oligonucleotide transfection into eukaryotic cells was performed using Oligofectamine 

2000 reagent (Invitrogen) and in the absence of serum.  

Prior to transfection, cells were washed once with OptiMEM® reduced- serum medium 

(GIBCO) and then 800µl of OPTIMEM was added into a single well. Then transection 

mixture was prepared by diluting 5µl of Oligofectamine in 15µl OPTIMEM and incubated for 

10min at room temperature. siRNAs were diluted in 185µl OPTIMEM to the required 

concentration. Transfection mixture was then added to the diluted siRNA, and the 

complex was gently mixed and incubated for further 20min at room temperature. Finally, 

200µl of transfection solution was added in a drop- wise manner to a single well. Cells 

were then incubated at 37°C for 4h. The process of transfection was stopped by addition 

of 500µl growth medium containing 30% serum. 
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Conditions were optimised to determine the time point and siRNA concentration required 

for the most effective protein knockdown.   siRNA oligonucleotides used in the study were 

re- suspended in in 1X siRNA buffer (100mM KCl, 30mM HEPES pH=7.5, 1.0mM MgCl2) to a 

20µM stock solution and stored at -20°C. Details of all siRNA sequences used can be found 

in Table 2.4.1. The Control (random; non- targeting) siRNA was purchased from Ambion 

(Ambion Silencer® Negative Control no. 1 siRNA), however the exact sequence was not 

specified by the manufacturer. 

Protein target Target mRNA sequence Source 

CtBP1 5'-ACGACUUCACCGUCAAGCAdTdT-3' 
3'-dTdTUGCUGAAGUGGCAGUUCGU-5' 

Qiagen 

CtBP1 5’- GUUUGUGACUGUAACCAUUtt-3’ 
3’- atCAAACACUGACAUUGGUAA-5’ 

Ambion 

CtBP2 5'-ACGACUUCACCGUCAAGCAdTdT-3' 
3'-dTdTUGCUGAAGUGGCAGUUCGU-5' 

Qiagen 

CtBP2 5’-GGAAAAUCACAUUACUACTtt-3’ 
3’-atCCUUUUAGUGUAAUGAUGU-5’ 

Ambion 

CtBP1/2 5'-GGGAGGACCUGGAGAAGUUdTdT-3' 
3'-dTdTCCCUCCUGGACCUCUUCAA-5 

Ambion 

Talin-1 5’-GCAGUUGACAGGACAUUCAtt-3’ 
3’-tgCGUCAACUGUCCUGUAAGU -5’ 

Ambion 

Table 2.4.1 List of siRNAs used in this study including the target mRNA sequence and their source. 

 

2.4.2 Protein overexpression 

To overexpress proteins, transfection of DNA plasmid was performed using FuGENE® HD 

reagent (Promega). Stab culture of competent E.coli strain DH5alpha with pEGFP- C1 

plasmid containing wild type talin-1 (TLN1) insert were purchased from Addgene (Addgene 

plasmid 26724). Stab cultures were transferred onto agar plates containing kanamycin 

(5µg/ml) and incubated overnight in a shaker (250rpm) at 37°C. The next day individual 

colonies were picked with a sterile pipette tip (P200) and transferred into 15ml falcons 

containing LB with kanamycin, and incubated 37°C for 12h. On the final day the DNA was 

isolated from bacteria using a MiniPrep kit (Qiagen) according to manufacturer 

instructions. Extracted DNA was re- suspended in 10% Tris- EDTA (TE) buffer pH=7.5 and 

stored at -20°C. 

24h prior to the transfection cells (2x105/ml) were plated in 6-well plate to reach 80% 

confluence on the following day. Before transfection FuGENE® HD was warmed up to room 

temperature, while medium on cells was replaced with 1.9ml of fresh medium. 

Transfection mixture of DNA and FuGENE® HD was prepared in final volume of 100µl 

OptiMEM® (GIBCO) at ratios 2µg DNA: 5µl FuGENE (SCC25, H357) or 2µg DNA: 4µl FuGENE 

(DLD1). The mixture was then vortexed for 1sec and incubated at room temperature for 
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15min. Finally, 100µl of transfection solution was added to a single well in drop-wise 

manner. An empty pEGFP- C1 plasmid was used as a negative Control. Optimal protein 

overexpression was observed 48h post- transfection at given ratios. 

2.5 Protein analysis 

2.5.1 Western Blotting 

2.5.1.1 Preparation of whole cell lysates 

Cells grown on plastic were placed on ice and washed twice with ice- cold PBS. 40-100µl of 

NP40 lysis buffer (50 mM Tris, pH7.5, 1% Nonidet P40, 5 mM EDTA, 5 mM EGTA, 50 mM 

NaCl and 5 mM NaF) containing protease inhibitor cocktail (Protease Inhibitor Cocktail set 

I; Calbiochem, Merk Chemicals) was added, and cells were scraped into the lysis buffer 

using a plastic cell scraper. Lysates were collected and transferred to an eppendorf and 

centrifuged at 13,000rpm for 5min at 4°C. Finally, the protein suspension was transferred 

into a new tube and stored at -20°C. 

2.5.1.2 Quantitation of protein concentration 

Protein concentration was estimated using a detergent compatible colorimetric assay (BIO- 

RAD DC Protein Assay, BIO RAD). In the first step of the assay, proteins react with copper 

tartrate in an alkaline solution. Subsequently, products of this reaction reduce the Folin 

reagent by 1-3 oxygen atoms giving rise to several different reduced, blue- coloured 

products. The reaction occurs quickly so the protein concentration can be determined 

after 15min. 

Prior to every assay a standard curve was prepared using a bovine serum albumin- BSA 

(Sigma Aldrich). BSA was diluted in NP40 buffer to a range of concentrations (0- 5mg/ml).  

Briefly, 5µl of protein sample or BSA standards was added/well of a 96- well plate. Then 

reagents A (alkaline copper tartrate) and S (surfactant solution) were mixed at 1:50 ratio 

and 25µl of this solution was added per well. Then, 200µl of Folin (reagent B) was added. 

After 15min the plate was read at 650nm in a plate reader. Protein concentrations were 

determined using the BSA standard curve. 

2.5.1.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is a technique 

allowing protein separation according to molecular size. SDS detergent removes any 

secondary and tertiary structures, and therefore denatures proteins to polypeptide chains 

with a specific rod- like shape. Additionally, SDS non-covalently binds to the proteins 

distributing the same negative electrical charge, thus masking any intrinsic protein 
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charge. As a result proteins migrate through the gel according to their size, rather than 

structure or charge. 

The polyacrylamide gel forms a porous structure, which acts as a size- selective sieve upon 

separation. When the electrical current is applied smaller proteins travel faster through 

the gel, while larger proteins move less rapidly. To monitor separation and estimate the 

size and concentration, a protein ladder is also electrophoresed on the gel.   

SDS-PAGE electrophoresis was performed using a Mini PROTEAN® Tetra electrophoresis 

system (BIO RAD). Polyacrylamide gel mixture of a desired percentage (Appendix 1) was 

hand- cast by pouring in between a glass and a spacer plate (1.5mm thick) placed in a gel-

casting stand, and allowed to polymerase for 40min at room temperature. To prevent the 

gel from drying 1ml of water was added on the top of the gel. Then water was replaced 

with 2ml of stacking gel added to the top of the polymerized resolving gel, while a well 

comb was inserted in between the two glass plates. After casting, the comb was removed, 

the gel was placed in an electrophoresis tank and the chamber was filled with a running 

buffer (Appendix 1). Lysates were diluted in Laemmeli buffer (Appendix 1) to contain 

equal protein concentrations and boiled at 95°C for 10 min. Samples were then 

centrifuged and loaded into individual wells of the stacking gel using capillary disposable 

pipette tips. A pre-stained protein ladder (Fermentas) was loaded in parallel wells. The 

gel was then run for 2h at 70 Volts.  

2.5.1.4 Blotting membranes 

This involves transferring proteins from the gel to a polyvinylidene difluoride (PVDF) 

membrane. The membrane results in high binding efficiency of electroblotted material in 

the presence of SDS in transfer buffer. 

Protein transfer was performed using Mini PROTEAN® Tetra electrophoresis system (BIO 

RAD). Firstly, PVDF membrane (Millipore) was activated with 100% methanol and rinsed 

twice in distilled water and once in transfer buffer. After running, the gel was removed 

from the glass plates and together with the membrane it was sandwiched between two 

stacks of filtered 100% cotton paper (Whatman) and fibre pads in a gel holding cassette. 

The cassette was placed in direct contact with plate electrodes in an electrophoresis tank. 

The tank was filled with transfer buffer ensuring that the cassette was fully submerged. 

To prevent overheating of the blotting system an ice pack was placed in the tank, and the 

transfer was performed on ice. Proteins were transferred onto the PVDF membrane at 75 

Volts for 2h. 
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2.5.1.5 Protein immuno- detection 

Briefly, detection uses a primary antibody specific for the protein of interest, and a 

secondary antibody conjugated to a horseradish peroxidase (HRP). Subsequent interaction 

of HRP and a chemiluminiscent substrate produces detectable light as a by- product. This 

light signal is detected and recorded by special software.  

After completion of protein transfer, the membrane was washed once in PBS containing 

0.1% Tween20 (Sigma Aldrich). Any unoccupied sites of the membrane were blocked by 

incubation in 5% non- fat dry milk diluted in 0.1% PBS- Tween20 for 1h at room 

temperature. The membrane was then incubated with a desired primary antibody diluted 

in a blocking solution overnight at 4°C. The following day, membrane was washed three 

times for 10 min in 0.1% PBS- Tween20. Membrane was then incubated with HRP - 

conjugated secondary antibody (Invitrogen) in a blocking solution for 1h at room 

temperature. Finally, membrane was washed three times for 10 min in 0.1% PBS- 

Tween20, and a chemiluminiscent substrate (SuperSignal West Pico Chemiluminiscent 

Substrate; Thermo Scientific) was added onto the membrane. Detection was performed 

using ChemiDocTM software (BIO RAD), while images were the presented with Corel 

PHOTO- PAINT X6 software. 

When necessary, membranes were stripped with 10X Re-Blot Strong Solution (Millipore), 

re- blocked with 5% milk (in 0.1%PBS- Tween20) and re-blotted. A range of antibodies used 

in this thesis is summarized in Table 2.5.1.5. Antibody against Hsc70 was used as loading 

Control. 
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Antibody Application (final concentration) Source 
58K-9 (Golgi 
marker) 

IF (1:400) Abcam 

active β1 (9EG7) FC (10µg/ml) In- house 
active β6 (62G2)  FC (10µg/ml) In- house 
β1(P5D2)  WB (1:1000), block (10µg/ml) Abcam 
β1(12G10)  FC (10µg/ml) Abcam 
β6 (C-19) WB(1:500) Santa Cruz 
β6 (63G9) block (10µ/ml) In- house 
Cdc42 WB (1:500) BD Transduction 

LabsTM 
CtBP1  WB (1:1000), IF (1:250), CHIP (3µg), IHC 

(1:100) 
Santa Cruz 

CtBP2  WB (1:1000), IF (1:200) BD Transduction Labs 
TM 

Eps15 WB (1:1000) Cell Signalling 
GLUT1 IHC (1: 200) Abcam 
Talin-1 (TLN1) 
(8d4)  

WB (1:2000), IF (1:500) Sigma- Aldrich 

Talin-1 (TLN1) (YQ-
16) 

IHC (1:250) Santa Cruz 

Hsc70 (B-6) WB (1:10,000) Santa Cruz 
p53 WB (1:2000) Abcam 
Pericentrin IF (1:500) Abcam 
Rac1 WB (1:500) BD Transduction 

LabsTM 
Rap1 WB (1:1000) BD Transduction 

LabsTM 
SLC16A3 (MCT4) IHC (1: 100) Novus Biologicals 
Table 2.5.1.5 List of antibodies used in in this thesis in different applications: WB- western blotting, FC- 

flow cytometry, block- blocking in functional assays, IF- immunofluorescence, ChiP- chromatin 

immunoprecipitation, IHC- immunohistochemistry. 

2.5.2 Small GTPase pull- down assay 
To examine the activation status of different GTPases, pull –down assays were used. 

Briefly, a fusion protein specific for GTP- bound small GTPase coupled to sepharose beads 

acts as bait, and is incubated with a lysate containing putative ‘prey’ protein.  This allows 

comparison of levels of active (GTP- bound) small GTPases in different samples. 

2.5.2.1 Fusion protein preparation 

The Rac1/ CDC24 interactive binding (CRIB) domain of the downstream Rac1/ Cdc42 

effector, p21- activated kinase (PAK) was used to pull down active Rac1 and Cdc42. 

Activation of Rap1 GTPase was measured using the Rap1 binding domain of RalGDS. A 

construct encoding glutathione-S –transferase linked to the amino- acid residues 57- 141 of 

the PAK- CRIB domain or Rap1 binding domain of RalGDS was transformed into competent 

E.coli BL21 cells. Production of the fusion protein was induced by addition of 0.5mM 

isopropyl β- D- thiogalactopyranoside (Sigma Aldrich) to bacteria in log- phase and 
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incubated for 3h at 37°C and 250rpm. Bacteria were then washed in buffer A (50mM Tris- 

HCl pH= 7.5; 50mM NaCl and 1M MgCl2) and centrifuged at 4300rpm and 4°C for 20min. 

Then bacteria pellets were re-suspended in buffer A supplemented with 1% Triton X- 100 

(Sigma Aldrich), 1M dithiotheritol (DTT; Sigma Aldrich) and EDTA- free protease inhibitor 

cocktail (PIC; Calbiochem, Merk Chemicals), and sonicated. Finally, lysates were 

centrifuged at 4500rpm and 4°C for 20min, and then resulting supernatant incubated with 

glutathione- coupled Sepharose 4B beads (Amersham Bioscience) on a rotator for 30min at 

4°C. Beads were then washed three times in buffer A and stored in 10% glycerol (Sigma 

Aldrich) at -70°C. 

2.5.2.2 Pull- down 

Prior to the experiment, cells were serum- starved overnight and then seeded at 1x106 in a 

60mm dish coated with an extracellular matrix (ECM) protein as described later. Cells 

were then allowed to adhere for 2- 3h, and then lysed on ice in lysis buffer containing 

50mM Tris- HCl pH=7.5; 1% Triton X-100, 100mM NaCl, 10mM MgCl2, 5% glycerol, 1mM 

Na3VO4, 1mM pefabloc (Sigma Aldrich) and 1mM benzamidine (Sigma Aldrich). The lysates 

were then incubated with desired fusion protein coupled to beads on a rotator for 1h at 

4°C. To remove any un- bound prey, samples were centrifuged and washed three times 

with a washing buffer (25mM Tris- HCl pH=7.5; 1% Triton X-100, 1mM DTT, 40mM NaCl and 

30mM MgCl2). Beads were dried by aspirating any remaining supernatant from the sample 

using a Hamilton syringe. Finally, the fusion protein and its target were eluted from beads 

by addition of a reducing Laemmli buffer and analysed by western blotting. Antibodies for 

specific small GTPases are listed in Table 2.5.1.5. 

2.5.3 Flow cytometry  

Protein levels can also be determined by flow cytometry. A fluorescently labelled antibody 

against a chosen cell surface marker (for example: an integrin) is used to immunostain 

cells. Labelled cells flow through the nozzle of flow cytometer individually and are 

scanned by a laser. The laser excites the dye producing a signal. The stronger the signal 

the greater expression of the marker on tested cells. 

Prior to flow cytometry analysis, cells were plated in 60mm dishes in 3ml medium. At 

around 80% confluent cells were washed once with PBS, trypsinized, transferred into FACS 

tubes and pelleted by centrifugation at 1250rpm and 4°C for 3min. Supernatant was then 

poured off and cells were washed twice with 0.1% BSA containing- DMEM. Cell were then 

re- suspended in 50µl 0.1% BSA- DMEM containing desired antibody (Table 2.5.1.5) and 

incubated on ice. After 1h incubation, cells were washed twice with 0.1%BSA- DMEM and 

pelleted by centrifugation in between washing steps. Alexa-488 conjugated IgG secondary 
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antibody (Invitrogen) was then resuspended in 50µl of 0.1% BSA- DMEM to final 

concentration of 10µg/ml and incubated with cells on ice for 1h in the dark. Finally, two 

washes with 0.1%BSA- DMEM and one wash with FACS buffer (Appendix 1) were performed 

by pelleting cells at 1250rpm and 4°C for 3min. 500µl of FACS buffer was then added to 

each FACS tube and cells were re- suspended by pipetting up and down. Labelled cells 

were then scanned on a FACS Calibur cytometer (BD Bioscience) by acquiring 1x104 events. 

Analysis was performed using Cellquest Pro software. Data was then plotted as mean 

fluorescence (arbitrary units).  

2.5.4 Immunofluorescence 

Cells growing on 13-mm glass coverslips coated with integrin substrate were fixed with 4% 

paraformaldehyde (Sigma Aldrich) in PBS for 10 min and then permeabilized using 0.1% 

Triton X-100/PBS for 20 min. Blocking was performed for 30 min in 3% bovine serum 

albumin/PBS, and then samples were incubated with primary antibody for 1 h in 0.6% 

bovine serum albumin/PBS, followed by species-specific secondary antibody. The 

secondary antibodies included Alexa Fluor 594-conjugated anti-mouse immunoglobulin G 

(Molecular Probes), fluorescein isothiocyanate- or tetramethyl rhodamine isothiocyanate-

conjugated anti-rabbit immunoglobulins, and tetramethyl rhodamine isothiocyanate-

conjugated anti-mouse immunoglobulins (DakoCytomation). Cells were counterstained 

with 1 µg/ml DAPI (4',6' -diamidino-2-phenylindole; Sigma Aldrich) during the secondary-

antibody incubation. Coverslips were mounted on slides with fluorescent mounting 

medium (Dako Cytomation). All cells were visualized using a Zeiss Axiovert 200 

fluorescence microscope with a 40x or 100x objective, and images were collected using an 

Orca-ER digital camera (Hamamatsu) and processed using Openlab 3.5.1 Software 

(Improvision). Identical exposure times were applied for different images within the same 

experiment. Images were cropped using Corel Photo-Paint 12.   

2.5.5 Immunohistochemical staining and analysis 

Immunohistochemistry (IHC) is a technique used for detection and localization of proteins 

in tissue sections. Tissue sections used in this study were stained by Monette Lopez and 

Tobby Mellows (Cellular Pathology Department, University of Southampton). Briefly, the 

sections (4 m4 twere de-paraffinized for 10 min in xylene and washed in 100% alcohol 

through to 70% for 1 min in each. Endogenous peroxidase activity was blocked using 3% 

hydrogen peroxide in methanol for 15 min. Antigen retrieval was performed using 

microwave treatment in 0.01 M citrate buffer (pH 6.0) for 25 min at medium power. Then 

sections were incubated in primary antibodies (Table 2.5.1.5) diluted in Tris-buffered 

saline (TS: 10 mM Tris-HCl pH 8.0, 150 mM NaCl) overnight at 4°C. Subsequently, sections 



Chapter 2 

Methods 
 

 
 

55 

were warmed to room temperature, washed in TS and incubated with biotinylated anti-

immunoglobulins (Biogenex) at 1: 50 dilution in TS for 30 min. Next, the sections were 

washed in TS and incubated with horseradish peroxidase-conjugated streptavidin 

(Biogenex) at 1: 50 dilution in TS for 30 min. Sections were then washed in TS and 

incubated with diaminobenzidine substrate (Biogenex) for 10 min, washed in tap water 

and counter-stained in Harris's haematoxylin before being differentiated in acid alcohol, 

washed in tap water, dehydrated and mounted with coverslips. Negative controls lacking 

primary antibody and batch controls using sections known to give intermediate labelling 

were included on each staining run. 

The analysis of GLUT1, talin-1 and CtBP1 staining was performed on a cohort of 66 blinded 

tissue microarray slides (breast= 26,colorectal= 21, head and neck=10 and lung=9). Three 

different areas from a single slide were than analysed and scored by a pathologist (Prof 

Gareth Thomas). Samples with low levels of protein expression were scored as 1; 

moderate expression was labelled as 2, while high levels were scored a 3. 

Similar approach was adopted in analysis of tissue biopsies isolated from 11 cancer 

patients screened by positron emission tomography (PET). Sections (blinded and in 

triplicates) were stained for talin-1 expression by scoring samples with negative or very 

low talin-1 levels as 1, while moderate to high talin-1 expression was scored as 2. 

University of Southampton is a Cancer Research UK Centre and holds ethical approval for 

the use of human tissues and animals for research purposes.  

2.6 DNA/ RNA analysis 

2.6.1 TaqMan® Real Time Polymerase Chain Reaction (RT- PCR) 

The real- time TaqMan® quantitative assay is based on florescence resonance energy 

transfer (FRET) principle. The TaqMan® probe has a fluorescent reporter dye at its 5’ 

terminus and a quencher located at its 3’ end. The quencher is free to interact with the 

reporter dye in an intact probe, thus inhibits any fluorescent signal. However, in the 

presence of a target sequence, the probe anneals downstream from one of the primer 

sites and is cleaved by the 5’ nuclease activity of the Taq Polymerase enzyme, during the 

extension step of PCR. This cleavage separates the reporter and quencher dyes increasing 

the fluorescent signal. The strength of the signal is therefore directly proportional to 

fluorophore released and the amount of target sequence present in the reaction. During 

the PCR run the computer software constructs amplification plot using the fluorescent 

emission data. 
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TaqMan® RT- PCR was performed in two steps. First, RNA was extracted from samples to 

be analysed using RNAeasy Kit (Qiagen) according to manufacturer instructions. Resulting 

RNA was re- suspended in RNAse –free water, quantified and stored at -70C°. Collected 

RNA was then used to synthesize cDNA using a High Capacity cDNA Reverse Transcriptase 

Kit (Applied Biosystems) according to manufacturer instructions. In the second step, the 

TaqMan® assay was performed. Briefly, 5µl of cDNA (10ng/µl) was added in duplicates to a 

96- well PCR plate (Applied Biosystems) on ice. A reaction mix was prepared by combining 

TaqMan® Universal Master PCR Mix (Applied Biosystems) with 20X TaqMan® MGB probes 

(Applied Biosystems) and nuclease- free water. Then 15µl of the reaction mix was added 

to each well and covered with lid. The plate was centrifuged at 3000rpm for 2min at 4°C 

to ensure the reaction mix and cDNA were exactly at the bottom of each well. The plate 

was then placed in a 7900HT Fast- Real Time PCR System (Applied Biosciences). The assay 

was performed using the threshold method, wherein the amount of target DNA was 

normalized to a housekeeping control (β- actin) to derive relative Ct values. 

2.6.2 Gene Expression Microarray 

CtBP proteins function as transcriptional repressors, and changes in their expression 

(following siRNA- knockdown) may have a global effect altering a cell’s behaviour and 

phenotype.  To identify potential CtBP target genes, a gene expression microarray was 

employed. First, RNA was isolated from transfected cells at the time- point of interest in 

three independent experiments. The array was performed by the Genomic Group at 

University College London, Institute of Child and Health. Prior to the assay, RNA was 

tested in quality control screens and then labelled. Following this, the Affymetirx 

GeneChip Microarray System (Genechip® Human gene 1.0ST) was performed. In 

simplification, the Affymetirx System relies on hybridization method. The GeneChip® is 

covered with hundreds of thousands of short (25 nucleotide- long) DNA probes, each 

representing a different human gene. If sample of interest encodes for a particular gene, 

it will hybridize to the probe and be later detected by a GeneChip® software. During the 

analysis process, the relative expression of the gene product will be compared between 

different samples. 

2.6.3 Chromatin Immunoprecipitation (ChIP) 

The principle of chromatin immunoprecipitation (ChIP) is to identify endogenous protein- 

DNA interactions, thus is the first choice technique to study the binding of transcription 

factors to target gene(s).  
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2.6.3.1 Chromatin preparation 

ChIP assays were performed using ChIP- IT
TM

 Express Enzymatic Kit (Active Motif). Briefly, 

cells were plated at 3x 10
6
 in a 15cm dish in 20ml medium supplemented with 10mM 

glucose. Medium was replaced every day to ensure high glucose concentration was 

maintained. After 2 days cells were fixed with 1% formaldehyde for 10min. Fixation was 

stopped by washing with PBS, and then incubating cells with glycine buffer for 5min. Next, 

cells were washed again with ice- cold PBS and scrapped with a rubber policeman into 5ml 

of PBS supplemented with 30µl of 100mM PMSF, and then centrifuged at 2,500rpm and 4°C. 

The remaining supernatant was removed and cells re-suspended in 1ml of lysis buffer on 

ice. After 30min cell suspension was transferred into ice- cold glass homogenizer and 

dounced 30- 40 times, until the nuclei have been released from cells. This was then 

transferred into 1.7ml eppendorf and nuclei pelleted by centrifugation at 5,000rpm and 

4°C for 10min. Pelleted nuclei were re- suspended in digestion buffer and warmed up for 

5min at 37°C. Enzymatic shearing cocktail re- suspended in 50% glycerol was then added 

to nuclei and incubated for an optimised time period at 37°C. Reaction was stopped by 

adding 0.5M EDTA, while the samples were incubated on ice for 10 min. Samples were 

then pelleted by centrifugation (10min, 15,000rpm, 4°C), and remaining supernatant 

containing sheared chromatin transferred to a new eppendorf and stored at -70°C. 

2.6.3.2 Immunoprecipitation (IP) using CtBP1 (E12) antibody 

Immunoprecipitation (IP) was performed using 50µg of sheared chromatin. Briefly, 

chromatin was thawed on ice and transferred to a 1.7ml siliconized tube. Samples were 

then mixed with 25µl magnetic beads, 10µl ChIP1 buffer, 1µl protease cocktail inhibitor 

cocktail (PIC), the antibody and water in final volume of 100µl.  CtBP1 antibody (E12; 

Santa Cruz) or the control mouse IgG1 antibody (β1, [P5D2]; Abcam) was added at the end 

at 5µg final concentration/ sample. Samples were then incubated at 4°C for 8-9h to allow 

binding of the antibody to target protein- DNA complex and magnetic beads. In parallel to 

the IP, a 10µl aliquot of chromatin was set aside and stored at -20°C. This chromatin was 

later used as an input sample. 

2.6.3.3 Chromatin retrieval 

Following immunoprecipitation, samples were cleaned up at room temperature. To 

remove un- bound protein- DNA complexes, samples were first washed once with 800µl of 

ChIP1 and twice with ChIP2 buffer, respectively. In between washing steps beads were 

pelleted on a magnetic stand. Next, chromatin was eluted using 50µl Elution Buffer AM2 

for 15min and then 50µl of Reverse Cross- linking buffer. After pelleting the magnetic 

beads, the eluted chromatin was transferred to a new eppendorf. At this stage the input 
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chromatin was thawed on ice and then mixed with 88µl ChIP2 buffer and 2µl 5M NaCl. 

Next, both the IP and input chromatins were incubated for 15min at 95°C. To remove any 

remaining proteins, 2µl Proteinase K was added to each sample, and incubated at 37°C for 

1h. The reaction was then stopped with 2µl of Proteinase K Stop Solution. Chromatin was 

then stored at -20°C. 

2.6.3.4 Design of primers 

The potential target gene for CtBP1 transcriptional co- suppressor investigated in this 

study was talin-1 (TLN1). The complexes of transcription factors and co- suppressors bind 

to the promoter relatively close to the transcription start site (TSS); therefore a sequence 

of talin-1 promoter and the first exon were obtained from the NCBI website (Appendix 4). 

Then Primer 3 software was used to design primers. Since the TLN1 promoter stretches 

over a large region (2,525 base pairs) there were 10 primer pairs designed spanning the 

sequence of interest. To ensure that all fragments of the promoter are amplified, primers 

with 80 base pair- overlap each were chosen (Appendix 5). Primers were then optimised 

and used in end- point Polymerase Chain Reaction (PCR). 

As a positive control previously described primes surrounding the proximal E- box on E- 

cadherin promoter were used (Appendix 5)(Shi et al., 2003). 

2.6.3.5 End- point PCR 

DNA collected after ChIP was then analysed using the end- point PCR and primers design 

for talin-1 promoter. The reaction was set up on ice using a GoTaq® DNA Polymerase kit 

(Promega) according to manufacturer instructions. Briefly, all reagents were thawed on 

ice, and the reaction solution containing all components except for the DNA template was 

prepared in 0.5ml PCR tubes (Table 2.6.3.5.1). The reaction solution was the mixed by 

pipetting up and down. Then a required volume of DNA template was added to reach the 

final reaction volume of 50µl.   
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Reagent Volume added (µl) Final concentration (50µl 
reaction) 

Primer X left (10µM) 1.25 0.25µM 
Primer X right (10µM) 1.25 0.25µM 
5X Go Taq ® Green Buffer 10 1X 
MgCl2 (5mM) 15 1.5mM 
20% DMSO 5 2% 
dATP (10mM) 0.75 0.15mM 
dTTP (10mM) 0.75 0.15mM 
dCTP (10mM) 0.75 0.15mM 
dGTP (10mM) 0.75 0.15mM 
Go Taq® DNA Polymerase 0.25 1.25u 
DNA template (5µg) 3 ~30ng 
Nuclease- free water 11.25 - 

Table 2.6.3.5.1 ChIP end- point PCR. Table list reagents and volumes required to set up a single 50µl 
reaction. 

Finally, the tubes were pulse- spun to remove any air bubbles and collect reaction mix at 

the bottom of the PCR tube. Tubes were then placed in a thermal cycler with a heated lid 

and a hot- start PCR was performed using cycling conditions listed in Table 2.6.3.5.2. 

Following the PCR run, amplicons of PCR reactions were run on 1% agarose gel and the 

DNA was visualized using a Red Safe DNA stain (ChemBio) and imaged using Gel DocTM 

software (BIO RAD). 

Step Temperature 
(°C) 

Time (sec) No of 
cycles 

Hot start 94 120 1 
Initial denaturation 94 120 1 
Denaturation 94 30 35 
Annealing 52- 65* 30 35 
Extension 72 30 35 
Final extension 72 120 1 
Hold 10 ∞ 1 

Table 2.6.3.5.2 Cycling conditions used for ChIP end point PCR reactions. The annealing temperature (*) 

was optimised for each primer pair and is specified in detail in Appendix 5. 

2.7 Metabolic assays 

2.7.1 Glucose consumption assay 
Concentration of D- glucose in culture media was determined using an enzymatic kit 

(Glucose Consumption Kit; Sigma Aldrich). The assay uses glucose oxidase, which reacts 

with glucose to produce D- gluconic acid and hydrogen peroxide. Peroxidase then oxidises 

o-dianisidine to a brown-coloured product (Figure 2.7.1). 
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Figure 2.7.1 Principle of the enzymatic glucose consumption assay. Diagram adapted form 

www.sigmaaldrich.com. 

Prior to the assay, glucose standards were prepared according to manufacturer 

instructions. Then, 50µl of sample or glucose standard was added to a single well of a 96- 

well plate.  To prepare an assay solution o-dianisidine dichydrochloride (at 1:500 dilution) 

was mixed with glucose oxidase- peroxidase. Then 100µl of this assay solution was added 

to a single well. The 96- well plate was incubated at 37°C for 30min in the dark, and the 

absorbance of samples was measured at 440nm with a plate reader. Concentration of 

glucose in the sample was determined from the standard curve. 

2.7.2 Lactate and pyruvate assay 

The metabolic state of the cell can be measured by comparison of cytosolic lactate and 

pyruvate levels. The former is a toxic by-product generated during aerobic glycolysis or in 

the absence of oxygen, and correlates with increased tissue acidosis. The latter- pyruvate, 

enters the mitochondrial Kreb’s cycle under normoxic conditions and leads to energy 

synthesis in the form of adenosine triphosphate (ATP). Any imbalance of the delicate 

lactate/ pyruvate levels can have a profound effect on cellular functions. At the moment, 

there is no direct way of measuring NAD+/ NADH. However it is known that pyruvate and 

lactate are in near equilibrium with NAD+/ NADH conversion (the equilibrium constant: 

K=1.11 x10-4) (Williamson et al., 1967; Zhang et al., 2006)Thus an estimate can be 

calculated using the following equation: 

 

!"#$#%&$!!"#!$%&$' [!"#$]
!"#$%"#!!"#!$%&$' [!"#+] =

[!"#$%&'(]
[!"#$"$%] ! 1!! 

 

To determine the NAD+/NADH ratio, fluorimetric lactate and pyruvate kits were used 

(Abcam).  Cells (5x105) were first seeded in 60mm dish in 3ml of medium, and allowed to 

adhere overnight. On the following day, medium was aspirated and replaced with glucose- 
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free 10% serum- containing DMEM (Sigma Aldrich) supplemented with 2mM glutamine (PAA) 

and 1mM sodium private (PAA). Following this, 45% glucose solution (Sigma Aldrich) was 

diluted to required concentration (0, 2, 5 or 10mM) and added to cells. After 48h 

incubation with glucose, cells were washed with ice- cold PBS and then scraped into 1ml 

of 0.25M metaphosphoric acid (MPA) (Cayman Chemical), and incubated on ice for 10min 

to deproteinate the sample. Then proteins were pelleted by centrifugation at 13000rpm 

and 4°C for 5min, while the remaining supernatant was retained and mixed with 25µl 5M 

potassium carbonate (Cayman Chemical) to neutralize any leftover acid. Finally, samples 

were centrifuged (13000rpm at 4°C) for 5min, and the resulting supernatant was 

transferred to a new eppendorf. Samples were stored for up to 1month at -70°C. 

Prior to the assay, the samples were thawed on ice. First, a reaction mix was prepared by 

adding 1µl of enzyme to 49µl of assay buffer.  Pyruvate and lactate probe standards were 

prepared according to manufacturer instructions. Then, 50µl of sample or probe was 

pipetted into a single well of a black 96- well plate (BD Biosciences) and 50µl of reaction 

mix was added. The plate was incubated for 30min at room temperature, in the dark. 

Finally, the absorbance of samples was measured with a plate reader at 590nm. The ratio 

of NAD+/ NADH was calculated using the standard curve and the equation explained 

previously. 

2.7.3 Seahorse Extracellular Flux (XF) Analyser 

Seahorse XF Analyser (Seahorse Bioscience) measures mitochondrial respiration and 

aerobic glycolysis in real -time. Stress test kits were specially designed to determine in 

vitro oxygen consumption rate (OCR), extracellular acidification rate (ECAR) as a measure 

of glycolysis as well as CO2, mitochondrial dysfunction, and fatty acid oxidation. Seahorse 

uses cartridges, each containing 96 probes with two fluorophores, which are quenched by 

oxygen or free protons, providing information about cellular respiration and extracellular 

acidification, respectively (Figure 2.7.3).  

A day before the experiment, cells (13x104) were plated in 80µl of growth medium in a 

XF96 culture plate (Seahorse), while the probes were immersed in XF Calibrant Solution 

(Seahorse) overnight at 37°C in non- CO2 incubator. Running medium was prepared using 

glucose- free DMEM (Sigma Aldrich) supplemented with 10% serum, 2mM L- glutamine (PAA) 

and 1mM sodium pyruvate (PAA), and the pH was adjusted to 7.4 at 37°C. The following 

day, drugs from mitochondrial and glycolysis stress kits (Seahorse) were diluted in running 

medium to desired concentrations, and loaded into injection ports of the probe cartridge. 

Medium used for washes and injections was kept in water bath at 37°C throughout the 

experiment. Cells were washed twice with 200µl of running medium, and then 180µl of 
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running medium was added into each well. Prior the experiment, cells were placed non- 

CO2 incubator for equilibration. 

 

  

Figure 2.7.3 Principles of Seahorse XF Analyser. Oxygen and free protons excreted by cells into their 

medium are detected by special probes. Readings are then sent via fibre- optic channels to the Analyser. 

In between measurements, probes are lifted up to allow proper mixing of the medium. Up to four 

different drugs can also be loaded into the drug ports located within the probe cartridge. Their injection 

is controlled by user. Diagram adapted from www.seahorsebio.com. 

The assay cartridge was placed first into the instrument, to allow automatic calibration of 

optical probes. Next, cells in the 96- well plate were loaded. Measurements of OCR and 

ECAR were taken at 2min intervals by placing the probes in the culture medium, just 

above the cell monolayer. In between readings, probes were lifted up to ensure mixing of 

the medium. Drugs (20µl/well) were injected at scheduled intervals and the results were 

analysed using Seahorse software. 

2.7.4 Positron Emission Tomography  
Positron Emission Tomography (PET) is a radiotracer imaging technique, in which the 

tracer compound is labelled with a radionuclide. As the radionuclide decays it emits 

positrons, which then annihilate with electrons leading to emission of two gamma rays. 

The gamma rays can then be detected by positron emission tomography (PET). Positron 

emitting isotopes of biologically active elements such as fluorine- 18 can be coupled to an 

analogue of glucose: deoxy-  glucose (DG) to form fluoro- deoxy- glucose (FDG). FDG is 

commonly used in diagnostic PET imaging. The FDG is taken up by organs and cells with 
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high glucose uptake including brain and cancer cells. As the FDG cannot be phosphorylated 

by hexokinase- the first enzyme of the glycolytic pathway, it accumulates in cells. The 

fluorine- 18 coupled to the DG emits protons, which then react with electrons leading to 

gamma rays emission. The PET scanner then detects gamma rays allowing identification 

and localisation of highly glycolytic cells. The relative measure of the FDG uptake is 

presented as the standardized uptake volume (SUV). 

2.8 Generation of stable knockdown cell line 
An alternative to transient siRNA transfection is introduction of small hairpin RNA (shRNA) 

into the cells. Typically, shRNAs consist of two complementary 19-22 base pairs (bps) RNA 

sequences linked by a short loop of unpaired nucleotides. The shRNA is introduced as a 

part of a plasmid, which following the delivery into the cell, stably integrates into the 

host genome. The shRNAs are transcribed by RNA Polymerases (II or III) into a hairpin- 

shaped precursors (pre-shRNA). These are then exported out of the nucleus. The 

cytoplasmic DICER complex cleaves off the hairpin loop of the pre- shRNA, creating a 19- 

22bp double- stranded siRNA. The newly formed siRNA is then loaded onto the RISC 

complex and leads to the mRNA degradation in a sequence- specific manner. This 

approach allows the investigation of the effect of protein knockdown over longer time 

periods and is commonly employed for in vivo studies (Moore et al., 2010). 

2.8.1 Heat shock transformation  
Heat shock transformation allows for introduction of DNA into the competent host 

organism using a rapid change in temperature. In the first step plasmid is added to 

bacteria on ice. Low temperature facilitates attachment of the DNA to the host cell wall. 

Rapid increase to 42°C promotes formation of pores on the cell surface and lowers 

membrane potential enabling the DNA to enter the bacteria. Subsequent incubation on ice 

causes pore closure and stabilizes membrane potential. As a result the plasmid DNA is 

successfully taken up by cells. 

To produce a stable CtBP1 knockdown cell lines, a GeneClipTM shRNA targetting CtBP1 

mRNA sequence was purchased from Qiagen (Figure 2.8.1).  
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Figure 2.8.1 Map of pGeneClipTM vector containing puromycin- resistance gene used in this study. The 

diagram was copied from Addgene website. 

First, 2µl of plasmid was added to 50µl of competent E.coli XL blue cells and kept on ice 

for 20min. Bacteria were then placed in a water bath at 42°C for 45sec, and then placed 

on ice for another 2min. Cells were then incubated with 250µl of LB broth at 37C for 1.5h 

and transferred onto ampicillin agar plates. Agar plates were incubated at 37° for 12h. 

The next day, colonies formed overnight were picked and expanded in ampicillin- 

containing LB on a shaker at 250rpm at 37°C. Finally, plasmids were extracted from 

bacteria pellets using Mini Prep Kits (Qiagen). Isolated plamids were re-suspended in water 

containing 10% TE buffer and quantified. 

2.8.2 Kill curve assay 

Kill curve assay is used to determine the concentration of antibiotics required to kill cells 

within a specific period of time. Derived antibiotic concentration will be later used to 

select clones, which have successfully taken up the plasmid (as it also contains an 

antibiotic resistance gene). Kill curve assay are performed on untreated cell lines and 

before any transfections. 

Cells (1x104/ well) were seeded in a 6- well plate and allowed to adhere overnight. Then a 

range of different antibiotic concentrations was prepared and added to wells. As a 

negative control wells were treated with DMSO. Medium- containing antibiotic was 

replaced every 3 days. Experiment was continued until the control (DMSO- treated) cells 

became fully confluent. The lowest antibiotic concentration, which killed all cells within a 

single well, was later used for clonal selection. For subsequent maintenance of clones, the 

antibiotic concentration was lowered to half of that for selection. 
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2.8.3 Introduction into mammalian cells 

To introduce the plasmid into mammalian cells non- viral (liposome) approach was 

adopted using transfection FuGENE HD® reagent (Promega). Cells seeded at 2x105/ 60mm 

dish were transfected with CtBP1 or non- targeting Control shRNA plasmids at 2ng 

DNA/:3ul FuGENE HD® ratio as described previously. To avoid toxicity the medium was 

replaced 8h post- transfection. The next day, cells were trypsinized and plated into 10cm 

dishes at 5, 10 and 20% of all detached cells. Medium was supplemented with puromycin 

at a concentration derived from the kill curve experiments. Cells were then grown for 2-4 

weeks, until individual colonies representing different clones could be observed. Chosen 

colonies were then picked using cloning rings and trypsin and transferred into 24- well 

plates, or into T25 tissue culture flasks. To screen for CtBP1 knockdown, clones were lysed 

in NP40 buffer for western blotting analysis as described previously. 

2.8.4 Selection and maintenance of CtBP1 stable clones 

Following selection, clones were screened for the level of CtBP1 knockdown and 

systematically frozen down to generate sufficient stock. Several clones with best protein 

suppression were then chosen and tested in different functional assays, while maintained 

in the presence of antibiotic. Three clones from CtBP1 knockdown and Control groups 

were then pooled together at 1:1:1 ratio with the intention to be injected into murine 

xenograft model. 

2.9 Functional assays 

2.9.1 Adhesion assay 

Integrins mediate attachment of cells to extracellular matrix (ECM) proteins. Thus ability 

of cells to stick to a particular substrate can be used as a measure of integrin function.  

2.9.1.1 Coating with ECM Proteins 

96-well plates were coated with chosen ECM proteins (Table 2.9.1.1) by pipetting 50 µl of 

ECM solution and incubation for 1h at 37 °C and 10% CO2. To determine non- specific cell 

adhesion, additional wells were coated solely with migration buffer (Appendix 1). After 1 

hour, coated wells were washed once with PBS, and then were blocked with 50 µl/well of 

migration buffer for 30min at 37 °C and 10% CO2. After 30min, all the wells were washed 

once with PBS. PBS was aspirated from the wells just before cell seeding. 
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ECM protein Concentration Source 
Human recombinant fibronectin 20µg/ml Sigma Aldrich 
TGFβ Latency- associated peptide 
(LAP) 

0.5µg/ml Sigma Aldrich 

Rat tail collagen type I 10µg/ml Millipore 
Table 2.9.1.1 List of ECM proteins used in functional assays (Transwell® migration and XCELLigence 

adhesion assays). 

2.9.1.2 The assay 
Prior to the assay, transfected cells were serum- starved overnight, then detached with 

trypsin and collected in migration buffer. Next, 4x104 cells were seeded in 50µl of 

migration buffer in quadruplicate wells of coated 96- well plate.  To ensure that all cells 

start adhering at the same time, the seeding step was performed on ice. The plate was 

then placed at 37°C and 10% CO2, and checked every 15min for any signs of cell 

attachment/ spreading in the ECM- coated wells. The time required for adhesion varied 

greatly and was optimised for each individual cell line. Once the cells had attached, the 

plate was removed from the incubator and washed twice with PBS. Then cells were fixed 

for 10min with 40µl of 1% glutaraldehyde (Sigma Aldrich), and again washed twice with 

PBS. Fixed wells were then stained with 0.02% crystal violet (Sigma Aldrich) in 70% 

methanol for 15min. Any non- specific stain was removed by several washed with PBS. 

Finally, the stain was dissolved by incubation with 40µl of 50% acetic acid (Sigma Aldrich). 

The absorbance of wells was measured in a plate reader at 540nm. To quantify the 

integrin- specific adhesion, the absorbance of migration buffer- coated wells was 

subtracted from the absorbance of ECM- containing wells. 

For blocking experiments integrin blocking antibodies were incubated with cells for 30min 

at 4°C prior to seeding. Blocking antibodies used in adhesion assays are listed in Table 

2.5.1.5.   

2.9.2 XCELLigence Real Time Cell Analyser 
The XCELLigence Real Time Cell Analyser (RTCA) (Roche) allows to measure cell adhesion 

and proliferation in real time thus provides more information than traditional end- point 

assays previously described. The assay uses micro- electrodes incorporated onto the 

under-surface of the E-16 View plate (Roche). As cells come into contact and adhere to 

the plate, the local ionic environment at the micro- electrode/ solution interface becomes 

distorted, leading to a change in electrical impedance. The more cells are attached to the 

plate, the larger the increase in electric impedance (Figure 2.9.2). The micro- electrode 

impedance is displayed as dimensionless Cell Index (CI), which is derived as a relative 

change in measured electrical impedance to represent cell status. 
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Figure 2.9.2 Principle of XCELLigence assay detection. In the absence of cells (A) micro- electrodes detect 

baseline impedance. When a cell attaches to the electrode there is an increase in electrical impedance (B).  

As more cells adhere the impedance increases (C). This process is also affected by cell spreading (D). 

Diagram by Urcan et al (Urcan et al., 2010). 

 

For adhesion assays, the bottom of the E-16 palate was coated with a desired ECM- protein 

(80µl/ well) as described previously. Following the 1h incubation, the ECM solution was 

carefully aspirated, and the plate was blocked with 100µl of migration buffer at room 

temperature. Next a 100µl cell suspension (2x104) was seeded on the top of 100µl of 

migration buffer, and the plate was the placed in the XCELLigence analyser at 37°C. 

Proliferation assays, were performed in the same manner without the coating step. 

Electrical impedance was measured every 2min for 4-8h (adhesion) or every 10min for 48-

72h (proliferation assays). 

2.9.3 Transwell® migration assay 

Haptotactic cell migration was measured using Transwells® (Costar®, Corning, Sigma 

Aldrich). A typical Trasnwell® insert contains a porous polyethylene tetraphthallate 

membrane (6.5mm diameter and 8µm pore size) which divides the insert into top and 

bottom chambers (Figure 2.9.3). Cells plated in the top chamber migrate towards the 

bottom chamber stimulated by an ECM protein, and are counted at the end of the assay. 
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Figure 2.9.3Schematic representation of a Transwell® migration assay. The bottom of each Tranwell® has 

a porous membrane (pore Φ= 8µm), which is coated with an ECM protein. Cells are plated in the top 

chamber, in the presence of migration buffer, and allowed to migrate across into the bottom chamber. 

After an overnight incubation, cells are detached with trypsin and counted.  

Prior to the assay Transwell® inserts were coated with ECM protein as described earlier 

(Section 2.9.1.1). First, 200µl of ECM protein (Table 2.9.1.1) diluted in migration buffer 

was added to the bottom chamber of the Transwell® and incubated for 1h at 37°C. 

Coating solution was then removed by lifting up each individual Transwell® and aspirating 

the ECM solution. Transwell® inserts were then blocked by with 200µl of migration buffer 

for 30min at 37°C. To determine non- specific migration, the under- surface of control 

wells were coated solely with migrating buffer. 

Cells (5x105) were plated in the top chamber of the insert and allowed to migrate through 

the membrane into the bottom chamber overnight. The following day cells which have 

migrated into the bottom chamber were washed with PBS, detached by addition of 0.5ml 

trypsin to the bottom chamber with inserts still in place, and incubated at 37°C and 10% 

CO2 for 20-30min. Subsequently, 05.ml of trypsin containing detached cells was added to 

9.5ml of filtered CASYton solution and counted using Casy counter as described previously. 

For blocking experiments anti-β1 and anti- β6 antibodies (Table 2.5.1.5) were added to 

the cells 30min prior plating and were present during the entire experiment.  

2.9.4 Scratch wound assay 

A scratch assay involves introduction of a wound (scratch) into a confluent monolayer in 

order to stimulate collective cell migration. Time- lapse microscopy is employed to record 

the process of wound closure in real time. This approach not only provides us with 

information regarding the ability of cells to close the scratch, but also reveals information 

regarding directionality (persistency) of cell movement.   
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Prior to the experiment, cells were plated at 2x105/ well in a 12- well plate and allowed 

to adhere to form a confluent layer overnight. The next day a scratch along the centre of 

the well was introduced with a sterile P200 pipette tip. All wells were washed with 

migration buffer to remove any detached cells, and finally 1ml of migration buffer was 

added to each well. 

The 12- well plate was then placed on a heated stage (37°C) in an environmental chamber 

connected to Olympus IX81 microscope (located in the Bio-imaging Unit, Southampton 

General Hospital). The CO2 flow was connected to the 12- well plate using a 0.8mm needle. 

The Cell^P software was set up to image two different fields within each well over 12-48h, 

taking a picture every 15min using a 20X objective of Zeiss AxioCam MRm camera.  

Collected images were processed using ImageJ software. To track individual cells from 

both sides of the wound a Manual Tracking plugin was employed, while directionality of 

cell movement was determined with Chemotaxis Tool plugin. 

2.9.5 Matrigel® invasion assay 

Cell invasion was measured using Transwell® inserts and a protein gel. Typically, a 70µl 

mixture of alpha MEM and Matirgel® (BD Biosciences) at 2:1 ratio was added to the top of 

the Transwell® insert (Costar®, Corning, Sigma Aldrich) and allowed to set at 37°C for 1h.  

Then 0.5ml of normal growth medium was added to the bottom chamber of Transwell® to 

stimulate cell invasion. Cells (5x105) re- suspended in 200µl of alpha MEM (GIBCO) were 

added into the top chamber, on the top of Matrigel®, then placed in the tissue culture 

incubator and allowed to invade towards medium (Figure 2.9.5). After 72h cells from the 

bottom chamber were washed once with PBS and detached with 0.5ml trypsin and counted 

on Casy counter. 
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Figure 2.9.5 Principle of Matrigel invasion assay. Cells (5x105) were plated in 200µl of alpha MEM on a top 

of Matigel® solution. Serum- containing medium was added to the bottom chamber to serve as an 

attractant. Cells invaded through the Matrigel® and membrane of the Transwell® insert to enter the 

bottom chamber. Cell from the bottom chamber were counted after 72h of invasion. 

2.9.6 Organotypic culture 
Studying tumour motility in two-dimensional models oversimplifies the process of invasion. 

Organotypic cultures, allow interaction of cancer cells with stromal cells (fibroblasts), and 

have become a commonly used technique to study cancer cell invasion. During the process, 

tumour cells form characteristic invasive islands, which resemble the invasion pattern 

normally observed in cancer patients’ biopsies. The culture involves several different 

steps including gel preparation, cell seeding, assembly in a 6- well plate, and finally, 

processing the gels by a pathology technician. 

2.9.6.1 Gel preparation  

Organotypic gels were prepared on ice by combining 7 volumes of rat tail collagen type I 

(Millipore), 7 volumes of Matrigel® (BD Biosciences), 1 volume of 10x DMEM (Sigma 

Aldrich), 1 volume of serum and 1 volume of HFFF2 fibroblasts suspended at final 

concentration of 25x104 cells/ml. The mixture was neutralized when necessary by addition 

of 0.1M sodium hydroxide in drop- wise manner, and mixed gently by pipetting. Then 1 ml 

of this solution was pipetted into each well of a 24-well plate and allowed to polymerize 

for 1h at 37°C. Subsequently, 1ml of 10%DMEM was added on the top of each gel to 

prevent drying out, and left overnight at 10% CO2 and 37°C.  

2.9.6.2 Cell seeding 

24h after gel polymerization, medium was aspirated from the gel and a mixture of 

transfected (5x105) cells and HFFF2 fibroblasts (25 x104) in a combined volume of 1ml of 

DMEM was added drop- wise onto top of the gel.  
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2.9.6.3 Nylon sheets 

Following the cell seeding, autoclaved nylon sheets (pore diameter 100µm) were coated 

with a solution containing 7 volumes of rat tail collagen type I (Millipore), 10xDMEM, 

serum and 10% DMEM (1 volume each). The coating solution was neutralized when 

necessary, and incubated with nylon sheets for 30min at 37°C. Then, coated sheets were 

fixed with 10% glutaraldehyde (Sigma Aldrich) in PBS for 1h at 4°C and then washed three 

times with PBS and once with 10%DMEM. The nylon sheets were stored in 10%DMEM at 4°C. 

2.9.6.4 Assembly  

24h after cell seeding the organotypic cultures were assembled in a 6- well plate. An 

autoclaved grid, made from stainless steel (squared, 2.5cm2 in size), with its sides bent 

down to form 4-5mm ‘legs’, was placed in the bottom of a single well.  Then, a coated 

nylon sheet was rested in the centre and on top of the grid. To transfer the organotypic 

gel, first medium was aspirated off the gel, and a sterile spatula was used to carefully 

detach it from the sides of the 24- well plate. The gel was the lifted with the spatula, and 

raised on the top of nylon sheet (Figure 2.9.6.4). Finally, 4.8ml of growth medium was 

added to bottom of the well. The media was thus just reaching the undersurface of the 

grid ensuring that bottom of the gel was at the liquid- air interface. The assembled 

organotypic culture was then placed in the incubator (10% CO2, 37°C) and grown for 7 days. 

Medium in the bottom of the plate was replaced every 2 days. 

 

Figure 2.9.6.4 Schematic representation of organotypic culture. Cancer cells were plated on the top of 

protein gel with embedded HFFF2 fibroblasts (in green). The gel was rested on a nylon sheet (blue), on a 

top of a metal grid (black) in a single well of a 6- well plate. 4.8ml of growth medium was added to the 

well to promote invasion. Characteristic invasive islands are formed over time. 
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2.9.6.5 Histological processing  
After 7 days the organotypic culture was disassembled. The gel with adherent nylon sheet 

was placed on a clean surface and both were cut in half, along the gel diameter, using a 

clean scalpel. Both halves of gel were then incubated with 10% formaldehyde (Fisher 

Scientific) overnight.  On the following day, both gel halves were transferred into 70% 

ethanol and send off to the Histopathology Department at the Southampton General 

Hospital. Subsequent embedding in paraffin sections (4µm) and staining with hematoxylin 

and eosin (H&E) was performed by histopathology technicians: Tobby Mellows and Monette 

Lopez. Prepared sections were then photographed by Prof Gareth Thomas. 

2.10 Statistical Analysis 
Error bars represent the standard deviation of the mean. The number of repeats for each 

experiment is stated in the figure legend or in text. Statistical significance of differences 

was calculated using unpaired two- tailed Student’s t- test (GrapPad Prism 4.03) unless 

stated otherwise. P values of less than 0.0001 are marked with three asterisks (***), two 

asterisks (**) were ascribed for p< 0.001 and on (*) for p<0.01. Results which did not differ 

from the control group were described as non- significant (ns). 
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Chapter 3 
The link between metabolism and 
motility 
Nearly a century ago, Otto Warburg made the observation that cancer cells preferentially 

metabolise glucose through glycolysis, even in the presence of abundant oxygen, a 

phenomenon since referred to as the Warburg effect (Warburg, Wind et al. 1927, Warburg 

1956). Although aerobic glycolysis is now accepted as a hallmark of cancer, its causal 

relationship remains unclear, and there is some debate as to the selective advantage it 

confers to tumour cells. Importantly it is an inefficient pathway for ATP generation, as 

most glucose is converted to lactate, rather than oxidised to carbon dioxide through the 

mitochondria (Hsu and Sabatini, 2008).  There are several possible explanations for this 

paradox; although aerobic glycolysis generates less energy per molecule of glucose, it can 

produce ATP at a faster rate, as long as sugar supply is not limited.  However, it is more 

likely that the Warburg effect provides tumour cells with a biosynthetic advantage, 

leading to accumulation of carbon- containing macromolecule precursors including 

nucleotides, fatty acids, membrane lipids and amino acids (Vander Heiden, Cantley et al. 

2009).  In support of this, aerobic glycolysis is not exclusive to tumours, but can be found 

in many types of normal cells which undergo rapid proliferation (Beck and Valentine 1952, 

Frauwirth and Thompson 2004, Bolanos, Delgado-Esteban et al. 2008, Chang, Curtis et al. 

2013). However; there is very little known about possible roles of the Warburg effect and 

cancer cell motility. Therefore the aim of this study was to investigate a possible link 

between two cancer hallmarks: tumour metabolism and invasion and metastasis.  

3.1 Glycolysis- respiration correlation in cancer cells 

Unlike most of normal cells, transformed cells rely on aerobic glycolysis to process glucose 

despite adequate oxygen levels).  Due to these abnormalities cancers exhibit unusually 

high glycolytic rates, which appear to provide them with certain growth- promoting 

advantages.  To examine the glycolytic potential of cell lines used in the study and to 

determine the amount of glucose required for induction of maximal glycolysis, we used 

the Seahorse XF Analyser. 
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Figure 3.1 Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) in response to 

glucose. EACR (mpH/ min) and OCR (%) were measured following glucose injections using Seahorse 

equipment. The results were analysed using Seahorse software. To determine the maximal ECAR and any 

changes in the OCR a rage of glucose concentrations was used including no glucose (0mM), 2, 5 and 10mM. 

Graphs represent ECAR values (mpH/min) and OCR percentage detected in the cell medium 10min after 

glucose injection. The figure shows representative graphs from three independent experiments for each 

cell line (n=3). The error bars represent a standard deviation. 
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First, a range of glucose concentrations was chosen ranging from low (2mM), 

physiological/ medium (5mM) to high (10mM) levels. Three cell lines were plated in their 

normal growth medium (13x104/well) 24h prior the assay and allowed to adhere overnight. 

Before the assay, all cells were washed with glucose- free DMEM to remove any traces of 

sugar. During the experiment, glucose was injected into the medium above the cell 

monolayer, and the measurements of H+ and O2 in the medium were taken every 2min, and 

represented as extracellular acidification rate (ECAR) and oxygen consumption rate (OCR), 

respectively. 

As expected, culture in glucose- free medium (0mM) resulted in low ECAR (Figure 3.1, left 

panel). In the presence of 2mM glucose, there was a significant increase in ECAR in H357 

(A), SCC25 (B) and DLD1 (C) cell lines. The maximal glycolytic rate was however achieved 

at 5mM glucose and further increase to 10mM of carbohydrate did not modify the ECAR 

values. Interestingly, the observed ECAR of the H357 cell line (Figure 3.1 A) was 

significantly higher than that of SCC25 (B) and DLD1 (C) cells, suggesting that H357 was 

the most glycolytic cell line of the three. Subsequent analysis of oxygen levels revealed a 

noticeable drop in OCR following glucose injection (Figure 3.1, right panel). The maximal 

decrease in OCR was noted in response to 5mM glucose. H357 cells (D) showed the 

greatest suppression of oxygen levels by around 16%, while in SCC25 (E) and DLD1 (F) cells 

OCR was reduced by an average of 10%. Moreover, treatment with 10mM of carbohydrate 

did not cause any further changes in OCR in any of the cell lines.  In summary, all tested 

cell lines reached their maximal glycolytic rate in response to 5mM glucose, and this 

corresponded with a drop in oxygen consumption. 

3.2 Glucose promotes tumour cell motility  

Following characterization of the glycolysis- respiration relationship, all three cell lines 

were then used to investigate the effect of glucose on migration. Before the assays, cells 

were allowed to grow for 48h at a range of glucose concentrations (0, 2, 5 and 10mM). 

Then their migration towards different ECM proteins was measured using Transwell® 

assays as described in Methods. The preference of H357 cells for fibronectin and SSC25 

cells for LAP has been previously demonstrated in other studies (Thomas, Hart et al. 2002, 

Yap, Jenei et al. 2009). Furthermore our other studies determined that collagen I 

stimulates adhesion and migration of DLD1 cell line.   

As shown in Figure 3.2, there was little migration in the absence of glucose in all three 

cell lines. At the lowest sugar levels (2mM), SCC25 and DLD1 cells showed a significant 

increase in motility towards LAP or collagen I, respectively (Figure 3.2 B and C). However, 
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migration of H357 cells towards fibronectin remained unaffected (A). Increasing the 

glucose concentration to 5mM resulted in a further increase in motility across all cell lines. 

Interestingly, increasing the glucose concentration up to 10mM did not have any additional 

effect on SCC25 and DLD1 cell lines in the Transwell® assays. H357 cells, on the other 

hand, showed even greater migration at the highest glucose concentration (10mM). 

Altogether, these data suggest that migration of cancer cells towards different ECM 

proteins requires the presence of glucose.  Additionally, the observed effect was 

concentration- dependent with the optimal motility occurring at glucose concentrations 

that induce maximal glycolysis (5mM [SCC25, DLD1] or 10mM [H357]). 

 

 

Figure 3.2 Glucose promotes cancer cell migration. Cells were grown in the presence of different glucose 

concentrations for 48h prior to the Transwell® migration assays. Undersurface of Transwell® inserts was 

coated with or 20µg/ml fibronectin (A), 0.5µg/ml LAP (B) or 10µg/ml rat tail collagen type I (C). Cells were 

allowed to migrate overnight then trypsinized and counted. Glucose, at the desired concentration, was 

present in the bottom chamber of the Transwell® insert throughout the experiment. Figure shows graphs 

from representative experiments (n= 3- 4). Error bars represent standard deviation. 
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3.3 Glucose alters cell adhesion  
Optimal cell migration requires an optimal level of adhesion to substrate, as both too 

strong and too weak interaction with ECM protein will limit cell motility (Cox and 

Huttenlocher 1998). Since glucose promoted cancer cell migration, we investigated 

whether the attachment to ECM proteins is also affected by glucose concentration.  

Following titration of glucose concentration, there was a specific trend observed in both 

end- point and in real time adhesion assays (Figure 3.3). Cells completely deprived of 

glucose (0mM) showed very little adhesion and upon closed examination under the 

microscope looked rounded- up, , suggesting that in the glucose- free media other cellular 

functions might also be compromised. However in the presence of glucose, there was a 

clear concentration- dependent effect on cell adhesion: the higher sugar concentration, 

the weaker the cell- substrate interaction became. Thus 2mM of glucose corresponded 

with the strongest adhesion, while markedly fewer cells attached to the same substrate at 

10mM. Additionally, the difference in cell adhesion at 5 and 10mM glucose was the most 

noticeable in highly glycolytic H357 cell line (A), while in SCC25 (B) and DLD1 (C) cells this 

difference was more subtle. 

 

 

 

Figure 3.3 Cell adhesion in response to glucose. Cells were grown at a range of glucose levels for 48h prior 

to the assay. Adhesion of H357 cells was stimulated with fibronectin (A), LAP was used for SCC25 cell lines 

(B), while adhesion of DLD1 cells was induced by coating the plate with collagen I (C).  Cell attachment 

was measured using XCELLigence RTCA Analyzer over a period of 3.5h after seeding with measurements 

taken every 2min, as described in the Methods section (n=3-4). The error bars represent standard 

deviation.  



Chapter 3 

The link between metabolism and motility 
 

 
 
78 

3.4 Glucose consumption  

High glucose weakened cell- substrate interaction, and thus facilitated detachment from 

ECM proteins. This in turn correlated with increased motility. Both observations may be 

affected by the rate at which glucose is used by cancer cells. A high glucose consumption 

rate would result in glucose being depleted from the medium, and a drop in carbohydrate 

concentration. This is particularly important in experiments performed over longer time 

periods, since the glucose concentration at the end of the experiment, may significantly 

differ from the starting concentration. To investigate changes in extracellular glucose over 

time, I monitored the glucose levels present in cell medium over 48h. 

As seen in Figure 3.4, cells grown at 2mM glucose have used up approximately half of the 

available carbohydrate over the first 24h, and completely depleted it by day 2 (Figure 3.4 

A, B and C dotted lines). Similarly, when grown at a starting concentration of 5mM, cells 

consumed almost of half of available glucose by day 1, and after day 2 no glucose was 

detected (Figure 3.4 A, B and C solid lines). Finally, when the initial carbohydrate level 

was increased to 10mM, cells consumed only around 3mM within the first 24h; thus there 

was still around 7mM glucose present in growth medium. At the end of day 2 however only 

around 2-4 mM glucose was detected (Figure 3.4 A, B and C dashed lines). Interestingly, 

H357 cells appeared to consume slightly more glucose over time as opposed to the other 

two cell lines, consistent with a more glycolytic phenotype.  
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Figure 3. 4 Glucose consumption in H357, SCC25 and DLD1 cells over time. Cells were grown in DMEM 

medium containing a range of glucose concentrations (2, 5 and 10mM) for 2 days to match the timeline of 

previously described functional assays. An aliquot of growth medium from cell culture was taken every 

24h. Glucose concentration in the growth medium was determined using the glucose consumption kit as 

described in the Methods section. The figure illustrates graphs from representative experiments (n=3). 

The error bars represent standard deviation. 

The cells were allowed to proliferate over the time of the assay; therefore the glucose 

uptake on day 2 was also due to increased cell numbers.  

3.5 High glucose correlates with intracellular NADH accumulation 
NAD plays a central role as a coenzyme in metabolic pathways, and the ratio of NAD+/ 

NADH  indicates the metabolic status of a cell. Glycolysis (either aerobic or hypoxia-

induced) leads to a reduction in this ratio, i.e. induces lower levels of NAD+ and higher 

levels of NADH. The activity of several metabolic sensors depend on the NAD+/NADH ratio, 

and serve to coordinate the cell signalling and transcriptional response with the metabolic 

state of the cell. The cytosolic NAD+/ NADH ratio can therefore be considered as a ‘read-

out’ of metabolic redox state. 

To investigate a potential effect of glucose on NAD+/ NADH ratio, chosen glycolytic cell 

lines were grown for 48h at different glucose concentrations and then collected to 
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measure their intracellular lactate and pyruvate concentrations in order to calculate the 

free cytoplasmic NAD+/ NADH ratios. 

 

Figure 3.5 Glucose alters intracellular NAD+/ NADH ratio. Three cancer cell lines were grown at different 

glucose concentration (0, 2, 5 and 10mM) for 48h. Intracellular pyruvate and lactate were measured on 

the second day (48h time- point) using commercially available kits (Abcam). The NAD+/ NADH ration was 

calculated as described in Methods. Some of repeats of these experiments were performed by Dr Charles 

Birts. Figure illustrates graphs from a representative experiment (n= 3- 4).  Error bars represent standard 

deviation. 

In the absence of glucose there was a relatively high NAD+/ NADH ratio varying between 

8000 (DLD1) to around 2000 (SCC25) units (Figure 4.5 B and C). Following glucose 

introduction, a clear and gradual drop in lactate/ pyruvate ratio was observed. The 

highest carbohydrate concentration (10mM) correlated with the lowest NAD+/ NADH levels 

recorded, which reached approximately 530 in SCC25 cells, 1000 in DLD1 cells and 200 

units in H357 cells.  

This characteristic drop in NAD+/ NADH ratio was solely due to accumulation of NADH, as 

intracellular pyruvate levels remained largely unchanged despite varying glucose levels.   
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3.6 Discussion 

Aerobic glycolysis is the route of glucose utilization favoured by cancer cells, as observed 

by Otto Warburg in the 1920s. For years it was believed, that the preference for glycolysis 

over more energy- efficient mitochondrial respiration, was due to impaired oxidative 

phosphorylation. In the last few decades however it became more apparent, that tumours 

opt for aerobic glycolysis despite fully functional mitochondria. Such a strategy provides 

cancer cells with certain benefits, such as build- up of amino acids, lipids and nucleotides, 

which serve as building blocks to support tumour growth and proliferation (Vander Heiden, 

Cantley et al. 2009). Additionally, excessive lactate production and acidification of local 

environment promotes tissue remodelling and angiogenesis (Walenta and Mueller-Klieser 

2004). Nevertheless we hypothesized that there may be other advantages the Warburg 

effects can confer to cancer cells such as increased motility. The aim of this part of the 

study was to identify highly glycolytic cell lines, and determine their response to elevated 

glucose in metabolic and functional assays.    

First we identified three cancer cell lines which showed a high glycolytic rate upon 

exposure to physiological glucose levels (5mM). The oral squamous cell carcinoma (OSCC) - 

derived H357 cell line was by far the most glycolytic, while DLD1 cells, of colorectal origin, 

were considerably less effective at extracellular acidification. Maximal glycolytic rate of 

SCC25 line scored the cells as intermediate between H357 and DLD1. All three cell lines 

showed an inverse correlation between glycolysis and respiratory flux. Addition of glucose 

accelerated glycolysis by increasing extracellular acidification and caused a rapid decrease 

in oxygen consumption. This phenomenon is known as the Crabtree effect and suggests 

that cells generate ATP via glycolysis rather than oxygen– dependent mitochondrial 

respiration (Ibsen 1961, Diaz-Ruiz, Rigoulet et al. 2011).  

Only a few studies on glucose and tumour cell motility have been published. Masur and 

colleagues demonstrated that a combination of high glucose and insulin correlates with 

greater distance travelled by several cancer cell lines in three dimensional (3D) migration 

assays (Masur, Vetter et al. 2011). Similarly, increased motility was observed in breast 

(MDA- MB- 231) and colorectal (SW480) cancer cell lines upon exposure to 11mM glucose 

(Tomas, Masur et al. 2012). The mechanism responsible for the observed effect in the 

latter study was thought to be overexpression of Akt protein kinase and phospholipase C 

gamma (PLCγ).However, integrin- dependent motility and its correlation with glycolysis 

has not yet been addressed in the published literature. 
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Here I showed that migration of glycolytic cancer cells did require glucose. Furthermore 

glucose facilitated motility towards ECM substrates in a concentration- dependent manner. 

More interestingly, I reported an inverse correlation between glucose levels and cell 

adhesion. Attachment to ECM proteins also required presence of glucose, but high sugar 

levels actually weakened the cell- substrate interactions, thus glucose had a negative 

impact on adhesion. Optimal cell migration was achieved at physiological glucose 

concentration of 5mM and only the most glycolytic H357 cells showed even further 

increase in single cell migration in response to 10mM glucose. 

Many tumours re- programme their metabolism to boost ATP production and anabolic 

reactions by increasing their glucose uptake (Rudlowski, Moser et al. 2004). This feature 

has been clinically used to detect cancer cells via positron emission tomography (PET) 

using the glucose analogue tracer (F18- fluoro- deoxy- glucose, FDG). Since sugar 

availability is the first rate- limiting step of glycolysis, we hypothesized that the level of 

glucose uptake may contribute to the impact on cancer motility. Indeed, cells of the most 

glycolytic phenotype (H357) consumed more glucose over time as opposed to less 

glycolytic SCC25 and DLD1 cells. Moreover, under low glucose condition (2mM) H357 cells 

failed to migrate in Transwell® assays, but were the most motile at high carbohydrate 

concentration. It is thus possible that there is a baseline level of sugar required to 

stimulate motility of glycolytic tumour cells. Once the level has been reached, increased 

glycolysis accelerates further glucose consumption leading to even more pronounced 

effect on motility. 

Cancers process excessive glucose via aerobic glycolysis and pentose phosphate pathway 

(PPP) to produce lactate and NADH (Levine and Puzio-Kuter 2010). Altered lactate/ 

pyruvate ratio has been used as an indirect measure of NAD+/ NADH levels and is used as 

an indication of metabolic imbalance. During the Warburg effect highly glycolytic cancers 

convert glucose to pyruvate and NADH. Pyruvate is then converted into toxic lactate by 

lactate dehydrogenase A (LDH-A), while NADH is being re- oxidised to back to NAD+. The 

rate of aerobic glycolysis is however markedly slower (around 2 orders of magnitude) than 

the reaction catalysed by LDH-A. As a consequence, it is the cytoplasmic pool of lactic 

acid that affects the lactate/ pyruvate ratio (Sun, Dai et al. 2012). Under physiological 

conditions the free NAD+/ NADH ratio is thought to be approximately 700: 1, consequently 

conversion of NAD+ to NADH will cause a significant change in NADH levels (Williamson, 

Lund et al. 1967). For this reason, it is the intracellular NADH rather than NAD+, which has 

been considered as a read- out of metabolic activity (Zhang, Wang et al. 2006).  
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Here, I report that high glucose (10mM) induced a 4- 8 fold up- regulation of NAD+/ NADH 

ratio in all three cell lines when compared to glucose- deprived cells. More importantly, 

the observed change was due to accumulation of NADH levels, while the levels of NAD+ 

remained constant despite varying glucose concentrations. Accelerated glucose breakdown 

leads to accumulation of NADH and the end product of glycolysis- pyruvate (Ochoa and 

Stern 1952). Enzymes involved in glycolysis require NAD+ to act as a co- factor (Figure 3.6). 

The pyruvate is then converted into a waste product- lactate by lactate dehydrogenase A 

(LDH-A), which simultaneously converts NADH into NAD+ (Chiarugi, Dolle et al. 2012). It 

can therefore be speculated that in this study, cells with high glycolytic rate utilized high 

levels of NAD+ in order to produce pyruvate, which led to NADH accumulation. While 

almost all NAD+ pool was fed back to glycolytic enzymes, only a fraction of NADH was used 

by LDH-A for lactate production. The reported drop in NAD+/ NADH ratio was therefore 

due to accumulation of NADH levels. However the possible mechanism behind the 

unchanged NAD+ levels requires further examination to clarify my proposed explanation. 

Interestingly, other studies reported a drop in NAD+/ NADH ratio in tumour cells employing 

aerobic glycolysis and/or exposed to hypoxia (Zhang, Wang et al. 2006, Di, Byun et al. 

2013).  
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Figure 3.6 Maintenance of NAD+/ NADH ratio by enzymes associated with glycolysis. Certain glycolytic 

enzymes require NAD+ as a co- factor. These include glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

and pyruvate dehydrogenase (PDH). The GAPDH converts glyceraldehyde-3-phosphate (G3P) into 1,3, -

bisphosphoglycerate with a conversion of NAD+ to NADH. Similarly, mitochondrial PDH requires NAD+ to 

convert pyruvate to acetyl- CoA with simultaneous release of NADH. Accumulated NADH is then used as a 

co- factors by lactate dehydrogenase A (LDH-A) to catalyse conversion of the cytosolic pyruvate into 

lactate. This is accompanied by re- generation of NAD+, which will then by utilized by GAPDH and PDH in 

the next glycolytic cycle.  Any imbalance in cellular metabolism will therefore be reflected by changes in 

NAD+/ NADH ratio. 

Specific shift in NAD+/ NADH ratio following exposure to glucose correlated with increased 

migration and reduced adhesion of tested cancer cell lines. These data therefore suggest a 

possible link between intracellular accumulation of NADH and motility. The impact of 

NADH levels on cell migration has been recently studied by van Horssen and colleagues. 

Using aggressive glioblastoma cells, the authors showed that reduction in NADH levels 

corresponded with slower migration and shorter distance travelled by cells (van Horssen, 
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Willemse et al. 2013). However, the mechanism behind these observations is yet to be 

dissected.  

Here, we propose that the effect of glucose on motility might be mediated by proteins 

which function as metabolic sensors by detecting changes in NAD+/ NADH ratio. Both 

reduced (NADH) and oxidized (NAD+) forms of coenzyme can interact with a number of 

different proteins. Many NAD+- binding enzymes are involved in genome stability and DNA 

damage response pathways such as a family of Sirtuin histone deacetylases (Finnin, 

Donigian et al. 2001) and PARP family of poly-(ADP- ribose) transferases (Kupper, Wolf et 

al. 1997, Canto, Sauve et al. 2013). However, it is NADH that functions as a marker of 

increased aerobic glycolysis, and proteins which interact with the reduced form of 

coenzyme have been referred to as true metabolic or redox sensors. A family of 

transcriptional co- repressors called C- terminal Binding Proteins (CtBP1 and CtBP2) can 

also interact with NAD+, however they have much stronger affinity for NADH binding 

(Zhang, Piston et al. 2002, Fjeld, Birdsong et al. 2003). Interaction with NADH promotes 

CtBP activation and dimerization, and is crucial for co- repressor function of these 

proteins, as only dimers can interact with different epigenetic factors (Thio, Bonventre et 

al. 2004). These redox sensors form larger complexes with a number of different TFs and 

chromatin- modifying enzymes, to control target gene transcription.                                   

                                                                                                                         

The link between NADH levels and increased CtBP activation has been highlighted in 

several publications. Zhang et al demonstrated the hypoxia- induced excess of NADH 

promoted CtBP- mediated suppression of E- cadherin expression. Furthermore, the 

observed effect was reversible by blocking the synthesis of NADH with pyruvate treatment 

(Zhang, Wang et al. 2006). More recently Di and colleagues cultured MCF-7 breast cancer 

cells at different glucose concentrations, and demonstrated that high carbohydrate levels 

correlated with NADH up- regulation. This in turn led to increased nuclear accumulation of 

CtBP2 and supressed expression of its target gene- BRCA1 (Di, Fernandez et al. 2010, Di, 

Byun et al. 2013). NADH overproduction during aerobic glycolysis can serve as the main 

source of redox sensor activation. Therefore the mechanism driving tumour cell motility in 

the presence of glucose is likely to be mediated by C- terminal Binding Proteins. 

In summary, presented data suggest that both migration and adhesion of highly glycolytic 

tumours is altered by extracellular glucose. At low sugar concentration cells seem to 

favour the non- motile, more adhesive phenotype associated with relatively stable NAD+/ 

NADH ratio. As cells become over- loaded with glucose, high levels of NADH are being 
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synthesised via aerobic glycolysis. The adhesion slowly weakens allowing cells to detach 

from the substrate and start migrating. The mechanism behind this specific regulation has 

not been studied in great detail. There is a strong link between elevated pool of NADH and 

activation of metabolic sensors- CtBPs. All published studies however focus mainly on 

mechanisms driving epithelial- to- mesenchymal transition (EMT), wherein epithelial cells 

lose their cell- cell interactions to gain more migratory and invasive potential 

characteristic of mesenchymal cells. However, malignant tumours often adopt other 

mechanism of motility such as integrin- mediated matrix  adhesion, migration and invasion, 

which can occur in combination or independently of EMT (Yilmaz and Christofori 2010). 

Therefore we hypothesize that the observed effect on motility of glycolytic tumours may 

be controlled by CtBPs in response to altered metabolism. 
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Chapter 4 
CtBPs regulate tumour cell motility 

C- terminal Binding Proteins (CtBP1 and CtBP2) are a family of multifunctional proteins 

involved in regulation of numerous developmental and tumourigenic processes (Hildebrand 

and Soriano 2002, Grooteclaes, Deveraux et al. 2003, Hidalgo Carcedo, Bonazzi et al. 2004, 

Zhang, Wang et al. 2006, Paliwal, Ho et al. 2012). Their specific structure allows for 

interactions with other proteins, mainly transcription factors, while the dehydrogenase 

domain allows for interactions with NADH (Figure 1.3.3.1).  Binding of NADH triggers CtBP 

dimerization crucial for their role as transcriptional co- suppressors (Zhang, Piston et al. 

2002, Fjeld, Birdsong et al. 2003). 

In Chapter 3, I investigated the role of glucose on motility of cancer cell lines and up- 

regulation of intracellular NADH levels. The aim of the work described in this Chapter was 

to examine the potential involvement of CtBP family members in invasion and migration of 

highly glycolytic cancer cell lines. 

4.1 Expression and subcellular distribution of CtBPs  

C- terminal Binding Proteins (CtBPs) are expressed endogenously across different tissues. 

The relative expression levels of CtBPs can however vary among cell lines of the same 

origin as demonstrated by Birts et al (Birts, Harding et al. 2010). I therefore screened a 

panel of cell lines for expression of CtBP1 and CtBP2 proteins (Figure 4.1.1). 

Expression of CtBP1 protein was comparable across three tested colorectal cell lines i.e 

DLD1, Sw480 and Sw620. By contrast, oral cancer cell lines showed a larger variability in 

CtBP1 expression with 5PT and H357 cells exhibiting the highest protein levels. CtBP2 was 

more consistently expressed amongst tested cell lines. The antibody used to detect CtBP2 

protein recognizes two distinct isoforms of the protein: CtBP2- L (long) and CtBP2- S 

(short), representing the lower and upper bands within the detected doublet, respectively 

(Birts, Harding et al. 2010). Both forms of CtBP2 were present in all cell lines.   
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Figure 4.1.1 CtBP1 and CtBP2 protein expression in different cancer cell lines. Whole cell lysates from 

three colorectal (DLD1, Sw480 and Sw620) and OSCC- derived (5PT, VB6, H357 and SCC25) cell lines were 

analysed by Western blotting for CtBP protein levels. MCF7 were known to express CtBPs, thus were used 

as a positive control (Birts, Harding et al. 2010). Hsc70 was used as a loading control.  

Due to their multi- functionality CtBP can be found in different cellular compartments. To 

determine the intracellular CtBP distribution in OSCC- derived cell lines, I performed 

immunofluorescent analysis of paraformaldehyde- fixed cell monolayers.  In all tested cell 

lines (H357, SCC25 and VB6) both CtBP1 and CtBP2 co- localized with DAPI stain, 

suggesting predominantly nuclear distribution (Figure 4.1.2). There was a faint, but 

detectable CtBP1 stain in the cytoplasm of SCC25 cells. CtBP2, on the other hand, was not 

detected outside of the nucleus.  
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Figure 4.1.2 Localisation of CtBP proteins in OSCC- derived cell lines. Cells (3x104) were plated on glass 

coverslip and incubated overnight in their noral growth medium. Then cells were fixed with 1% 

glutaraldehyde as described in Methods. Fixed cells were then incubated with CtBP1 or CtBP2 specific 

antibodies and secondary FITC- coupled antibodies. Nuclei were visualized using DAPI stain. Images were 

acquired using an Orca-ER digital camera (Hamamatsu) and processed using OpenLab 3.5.1 Software with 

a 40X objective. The cytoplasmic CtBP1 staining in SCC25 cell line has been magnified in the red box with  

red arrow. 
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4.2 CtBPs are required for cancer cell invasion  

To investigate the effect of CtBPs on tumour cell invasion we used small interfering RNAs 

(siRNAs) to down- regulate expression of CtBP1 and CtBP2, alone or in combination. siRNA 

optimisation is described in detail in Appendix 2. Optimal protein knockdown was observed 

using 10nM siRNA, 48h post- transfection; therefore all functional assays were performed 

according to this time- line unless stated otherwise.  

First, I investigated the role of CtBPs in organotypic cancer cell invasion, by examining the 

effect of combined knockdown of both CtBP1 and 2.  24h post- transfection cancer cells 

were collected and plated with HFFF2 fibroblasts on the top of protein gel as described in 

Methods. Cells were then allowed to invade the organotypic gel over a period of 7 days 

and then fixed and processed by histopathology laboratory scientists (Toby Mellows and 

Maria Lopez). 

In both tested cell lines, Control groups formed a well- defined epithelial layer on the top 

of gels.  They also showed clear invasion, with both H357 and SCC25 Control cells forming 

small invasive clusters, which infiltrated the connective tissue beneath the surface 

epithelium (Figure 4.2.1 A and B). Cells deprived of both redox sensors (combined CtBP1+2 

knockdown) completely failed to invade the organtypic cultures. Protein knockdown at the 

beginning of the experiment was confirmed by Western blotting (Figure 4.2.1 C). 

To measure expression levels of CtBPs at the end of the experiment, immunofluorescence 

was performed on paraffin- embedded slides (Figure 4.2.2). The staining revealed that 

both CtBP1 and CtBP2 were expressed in invading cells in Control groups (Figure 4.2.2 A 

and C).  In the CtBP1+ 2 knockdown groups, which failed to invade, some degree of re- 

expression of both redox sensors was present after 7 day culture. 
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Figure 4.2.1 CtBPs are required for invasion in organotypic cultures. Organotypic- cultures with H357 (A) 

and SCC25 (B) cell lines after 7 day- incubation. Picture of paraffin- embedded gels and H&E stained from 

representative experiments performed in duplicates (n= 2). Protein knockdown of CtBPs was confirmed by 

Western blotting on lysates collected 24h post- transfection. Hsc70 was used as a loading control. 
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Figure 4.2.2 The expression of CtBP proteins in organotypic cultures after a 7 day- culture. Paraffin- 

embedded sections were immunoflurescently labelled with CtBP1 and CtBP2 specific antibodies as 

described in Methods. DAPI was used to stain nuclei. Images were acquired using Cell^P software. 

Represented images originate from organotypic cultures in H357 cells (A, B) and SCC25 cells (C, D) 

presented in previous figure. 
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Combined knockdown of CtBP1 and CtBP2 inhibited invasion of both H357 and SCC25 cells, 

suggesting that either or both CtBPs are required for tumour invasion. In order to examine 

the effect of individual CtBP proteins on tumour cell invasion, we performed organotypic 

assays using specific knockdown of CtBP1 or CtBP2. 

 

 

 

Figure 4.2.3 The effect of individual CtBP loss on tumour cell invasion. Transfected H357 or SCC25 cells 

(25x105) were mixed with HFFF2 fibroblasts (25x105) and plated on the top of the gel. After a 7- day 

culture organotypic gels were fixed and processed as described in Methods (A). Pictures represent a single 

field of individual gels. The experiments shown in this figure were performed by a project student- Abbie 

Mead (n=1). Three pictures (areas) from each condition were then used for quantification of organotypic 

cultures. The number of invading cells/area was calculated and the average was plotted (B). Error bars 

represent standard deviation (B). 

As expected, H357 and SCC25 cells transfected with non- targeting Control siRNA, formed 

a clear invasive islands in the gel (Figure 4.2.3 A). Following CtBP1 knockdown, cells still 

A. 

B. 
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formed a surface epithelial layer, however there was a significant inhibition of invasion. 

CtBP2 knockdown suppressed cell invasion in H357 cell line, but had no effect on SCC25 

cells (Figure 4.2.3 A and B). These data therefore suggests, that CtBPs, and predominantly 

CtBP1, are required for tumour cell invasion in organotypic cultures. 

DLD1 cells do not invade in organotypic culture (data not shown), as chosen fibroblast cell 

line (HFFF2) did not support invasion of this particular cell line.   

Since there were certain differences between the individual CtBP1 or CtBP2 knockdowns, 

Matrigel® invasion assays were performed in attempt to confirm and clarify results from 

organotypic cultures. Although Matrigel® invasion assay can be considered less 

physiologically relevant than organotypic models, it allows for more rapid and cost-

efficient screening of cell lines.   

Matrigel® invasion assays were set up using cells transfected 48h prior the experiment. 

Cells were allowed to invade for 72h; therefore the end of the assay corresponded to 5th 

day post- transfection. At that time- point CtBP suppression was still present as 

demonstrated during siRNA optimisation (Appendix 2). 

As observed before in organotypic cultures, a combined loss of both CtBP1 and CtBP2 

redox sensors (CtBP1+ 2) significantly inhibited invasion in all three tested cell lines 

(Figure 4.2.4). Cells deprived of CtBP1 also showed a significant reduction in invasion by 

around 50% in H357 (Figure 4.2.4 A), and approximately 60% in SCC25 and DLD1 cells 

(Figure 4.2.4 B and C). The effect of CtBP2 knockdown was less consistent. In H357 and 

DLD1 cell lines, loss of CtBP2 did not significantly affect invasion, while a marked 

reduction was seen in invasion of SCC25 cells. The protein knockdown was measured in 

lysates collected 48h post- transfection, thus on day 1 of the invasion assay. Interestingly, 

following CtBP1 knockdown, a clear up- regulation of CtBP2 protein was seen in all three 

cell lines (Figure 4.2.4 D, E and F). 

To expand these results two additional cells lines of OSCC- origin were tested (Figure 

4.2.5). As expected, invasion of both cell lines, VB6 and 5PT, was inhibited by combined 

CtBP1+ 2 knockdown. A similar effect was observed following loss of CtBP1. Interestingly; 

both cell lines were sensitive to CtBP2 loss, as their invasion was also significantly reduced. 

Protein knockdown was confirmed by Western blotting (Figure 4.2.5 C and D); however 

there were no noticeable up- regulation of CtBP2 level after CtBP1 loss.   

Altogether these data suggest that CtBPs, predominantly CtBP1, is important for tumour 

cell invasion. The effect of CtBP2 knockdown is less consistent and produces a variable 
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effect across tested cell lines. Furthermore, there is a specific feedback loop in expression 

of CtBP1 and CtBP2, which again was observed only in some of the cell lines.  

 

Figure 4.2.4 The effect of individual CtBP loss on tumour cell invasion (part 1). Matrigel® assays were set 

up with 5x105cells/ well in quadruplicates over 72h. On day three cells were trypsinized and counted. To 

be able to compare invasive potential between three cell lines, the number of cells which invaded across 

the gel into the bottom chamber was converted into % of invading cells, assuming that the invasion of 

Control group corresponded to 100%. Diagram illustrates graph from representative experiments (n= 3). 

Error bars represent standard deviation. Protein knockdown was confirmed 48h post- transfection via 

Western blotting. Hsc70 was used as a loading control. 
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Figure 4.2.5 The effect of individual CtBP loss on tumour cell invasion (part 2). The assay was performed 

as described in the legend of Figure 4.2.4. 48h post- transfection cells were plated at 5x105 in 

quadruplicates and allowed to invade for three days. Diagram illustrates graphs from representative 

experiments (n=3). Error bars represent standard deviation. Protein knockdown was measured using 

Western blotting, on lysates collated 48h post- transfection. Hsc70 was used as a loading control.  

4.3 CtBPs and integrin- dependent motility 
CtBP knockdown significantly inhibited tumour cell invasion in both Transwell® assays and 

organotypic cultures. Tumour invasion of surrounding tissues is one of the hallmarks of 

malignancy, and this process is commonly modulated through integrins, which regulate 

tumour cell interactions with ECM proteins. I investigated the role of redox sensors in 

integrin- dependent Transwell® migration assays using ECM proteins previously 

characterised for integrin dependency in these cells lines (VB6, SCC25, 5PT, LAP/αvβ6 

integrin; DLD1, collagen I/β1 integrins; H357, fibronectin/β1 integrins).  
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As illustrated in Figure 4.3, migration of cancer cells deprived of both redox sensors 

(CtBP1+2) was significantly inhibited. Similarly, loss of individual proteins, either CtBP1 or 

CtBP2, also inhibited migration in all tested cell lines. Reduction in motility was present 

regardless of the ECM proteins used; suggesting the effect of different CtBP knockdowns 

was not limited to a specific class of integrins. Treatment with β1 blocking antibody (P5D2) 

inhibited migration of H357 and DLD1 cells towards fibronectin and collagen I, respectively 

(Figure 4.3 A and C). Likewise, incubation with β6 blocking antibody (63G9) led to almost 

complete suppression of motility towards Latency Associated Peptide (LAP) in SCC25, 5PT 

and VB6 cell lines (Figure 4.3 B, D and E). These data therefore suggest that both CtBP1 

and CtBP2 are required for integrin- dependent cell migration.  
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Figure 4.3 The effect of different CtBP knockdowns on cancer cell migration. Transwells® were coated 

with fibronectin (20µg/ml) (A), LAP (05.µg/ml) (B, D and E) or rat tail collagen I (10µg/ml) (C) as described 

in Methods. 48h post- transfection, cells (4x 10
4
) were plated in triplicates and allowed to migrate 

overnight. The next day, cells from the bottom chamber of the Transwell® were trypsinized and counted. 

For blocking experiments, cells were pre- incubated with integrin β1 (P5D2) or β6 (63G9) blocking 

antibodies for 30min prior the assay, and then seeded in the presence of the blocking antibody. For 

comparison purpose, the number of transfected cells which have entered the bottom chamber was 

converted to % of migrating cells, assuming that migration of Control cells corresponded to 100%. Diagram 

illustrates graphs from representative experiments (n= 4). Error bars represent standard deviation. 
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4.4 CtBPs and cell proliferation 

A number of studies have demonstrated the importance of CtBPs on cell viability and 

proliferation. As transcriptional co- repressors, CtBPs are involved in regulation of several 

genes important for cell survival (Grooteclaes, Deveraux et al. 2003, Paliwal, Pande et al. 

2006, Bergman, Birts et al. 2009). However the effect of individual proteins on cell 

viability has not been extensively studied, as the distinction between CtBP1 and CtBP2 is 

rarely addressed in literature.   

Some of the functional assays employed in this study were performed over longer time 

periods varying from an overnight (Transwell® migration) to a several day- culture 

(Matrigel® invasion and organotypic cultures). It was therefore possible the outcome of 

these assays could have been affected by changes in cell viability or proliferation 

following CtBP knockdown. Therefore, to test this possibility, I performed XCELLigence 

proliferation assays. The advantage of XCELLigence over a more traditional cell- count 

based assays is the fact that measurements are taken in real- time, rather than at one 

fixed time point, therefore it is easier to get an insight into behaviour of transfected cells 

over time. XCELLigence software measures even the slightest changes in the electrical 

impedance as cells attach to the micro- electrodes on the bottom of the E16 view plate, 

and then plots the cell status as a dimensionless cell index (CI) value (Figure 2.9.2). 

In order to match our functional experiments, cells were treated with CtBP- targeting 

siRNA as described in Methods. 48h post- transfection cells were seeded (2x104) onto E16 

view plate in duplicates.  The assay was carried out over the next 72h with proliferation 

being measured every 30min. According to the siRNA optimisation data, CtBP suppression 

is maintained over a period of several days, hence we were confident that at the end of 

the proliferation assay, there was still considerable suppression of CtBP protein levels 

(Appendix 2). 

Control cells proliferated at a steady rate over time (Figure 4.4, black lines). A slight 

reduction in cell proliferation rate was observed after a combined loss of CtBP1 and CtBP2 

in all tested cell lines, but this effect was the most noticeable in DLD1 and VB6 cells 

(Figure 4.4, B and D green lines). By contrast, the cell index (CI) after CtBP1 suppression 

was comparable to that of Control cells over time, but in DLD1 cells it actually correlated 

with increased cell proliferation (Figure 4. B red line). A similar trend was observed after 

loss of CtBP2 in H357 (A), DLD1 (B) and 5PT (C) cells, while the proliferation of VB6 cells 

was noticeably lower after CtBP2 knockdown at the end of the assay (Figure 4.4 D blue 

line). 
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Figure 4.4 The effect of different CtBP knockdowns on cell proliferation. Transfected cells (2x10
4
) were 

plated on E-16 view plate in triplicates, 48h post- transfection and their proliferation was measured using 

the XCELLigence software. Attachment or detachment of cells to and from the micro- electrodes was 

detected by the software and plotted as dimensionless cell index (CI). Measurements of electrical 

impedance were taken every 30min over the next 72h. Figure portrays graphs from representative 

experiments (n=2). Error bars represent standard deviation. 
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4.5 Discussion 

Invasion of local tissue is a defining feature of cancer. However, little attention has been 

given to the role of CtBP proteins in tumour cell motility and invasion since their discovery 

in early 1990s. 

Highly glycolytic cells accumulate NADH, which in turn activates and promotes 

dimerization of CtBPs (Zhang, Wang et al. 2006). Dimers then act as transcriptional co- 

suppressors within the nucleus, repressing expression of several target genes (Zhang, 

Piston et al. 2002, Chinnadurai 2009). Therefore subcellular CtBP distribution appears to 

be closely linked to their function.  

Our highly glycolytic cell lines exhibited predominantly nuclear localization of CtBP1 and 

CtBP2. Interestingly, cytoplasmic CtBP1 was also detected in one of the cell lines- SCC25 

while CtBP2 was only nuclear. CtBP2 possesses an N- terminus nuclear localization domain, 

which allows it to circulate between the cytoplasm and nucleus. CtBP1 on the other hand, 

lacks this domain, and can only get to the nucleus by hetero- dimerization with CtBP2 or 

interaction with other transcriptional factors (Bergman, Morris et al. 2006). Furthermore, 

cytoplasmic CtBP1 monomers have been shown to play a role in maintenance of Golgi 

membranes and intracellular trafficking (Spano, Silletta et al. 1999, Bonazzi, Spano et al. 

2005). Therefore presence of CtBP1 within the cytoplasm may be due to involvement of 

this monomer in intracellular trafficking, in addition to gene co- supressing function. Our 

findings are in accordance with previously described pattern of mainly nuclear CtBP 

distribution in breast cancer cell lines (Birts, Harding et al. 2010). Described in the 

previous chapter, the highly glycolytic character of our cell lines and their tendency to 

accumulate intracellular NADH, correlate with predominantly nuclear localization of both 

CtBP1 and CtBP2. We therefore speculated that detected nuclear CtBPs were in form of 

dimers rather than monomers.  

C- terminal binding proteins are thought to be expressed endogenously across different 

tissues. However little is known about the relative expression in tumours and contribution 

of individual membranes of the CtBP family to the malignant phenotype. Di et al  has 

recently demonstrated that high cellular expression of CtBP in breast cancer tissue 

correlates with poor patient survival (Di, Byun et al. 2013). However the authors did not 

specify which member of the CtBP family was associated with this observation. 

Only a few studies addressed the role of CtBPs in cancer cell motility. Both members of 

CtBP family have been shown to interact with the Alternative Reading Frame (ARF) tumour 

suppressor, which drives proteasome- dependent degradation of CtBP2 (Paliwal, Pande et 
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al. 2006). Therefore, loss of ARF function promotes CtBP- mediated migration and invasion 

of cancer cells (Paliwal, Kovi et al. 2007, Chen, Paliwal et al. 2008). Furthermore, Zhang 

and colleagues demonstrated that suppression of both CtBPs inhibited lung cancer cell 

migration in a scratch assay. This was linked to CtBP- mediated suppression of E- cadherin, 

which promoted motility under hypoxic conditions (Zhang, Wang et al. 2006). Suppression 

of E- cadherin is thought to be mediated via interaction of CtBPs with transcriptional 

factors ZEB1 and ZEB2 (Postigo, Depp et al. 2003, Pena, Garcia et al. 2006). Interestingly, 

differentiation between the two CtBP family members is rarely discussed in literature. 

Authors frequently refer to those metabolic sensors collectively as CtBPs and do not 

comment on the individual CtBP1 or CtBP2 proteins. Only recently studies have begun to 

separate different functions modulated by individual CtBPs. A recent study, which has 

relevance to our work, has identified a CtBP2 interaction with KLF8 transcriptional factor 

in promoting T- cell lymphoma invasion and migration 1 (Tiam1) protein expression 

(Paliwal, Ho et al. 2012).  

The aim of this study was to investigate the role of both CtBP1 and CtBP2 in tumour cell 

motility. We therefore blocked expression of each gene product independently using siRNA 

oligonucleotides targeting sequences unique to individual CtBP1 or CtBP2 proteins. In 

addition, we also optimised and functionally tested the effect of siRNA targeting mRNA 

sequence conserved in both family members (Appendix 2).  

Following optimisation of CtBP- targeting siRNA, we examined the effect in organotypic 

cultures where cancer cell invasion resembles the patterns of infiltration frequently seen 

in vitro. Cultures were prepared with human fibroblast cells (HFFF2), as invasion of OSCC- 

derived cell lines requires the presence of stromal cells (Nystrom, Thomas et al. 2005). 

Initial experiments with a combined CtBP1+ 2 suppression revealed a complete inhibition 

of cell invasion in H357 and SCC25 cell lines.  A similar effect was produced by individual 

CtBP1 knockdown or, to a lesser extent CtBP2 knockdown, in H357 cells. By contrast, only 

CtBP1 loss inhibited invasion of SCC25 cells, while knockdown of CtBP2 had no effect on 

invasion of this particular cell line. Colorectal-derived DLD1 cells and OSCC-derived 5PT 

cells do not invade in organotypic cultures.  

To further examine the effect of individual CtBP family members on invasion, we used 

Matrigel® invasion assays. Whilst perhaps less physiologically relevant than organotypic 

assays, the Transwell® invasion assay is useful for screening tumour cell invasion since it is  

relatively rapid and technically straightforward. Invasion was markedly inhibited following 

combined loss of both proteins, or individual loss of CtBP1. The effect of CtBP2 knockdown 
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was less consistent, as two cell lines (H357 and DLD1) showed no functional effect of 

CtBP2 ablation, while in others this resulted in impaired invasion. Loss of CtBP1 led to a 

noticeable up- regulation of CtBP2 abundance in some of the cell lines. Similar 

observations have been made by Birts et al in several breast cancer and a non- 

transformed fibroblast cell lines. Authors suggested an auto- regulatory feedback 

mechanism, which occurred at the post- translational level (Birts, Harding et al. 2010). 

Here, due to the time constraints of the study, we did not investigate this observation 

further. However this feedback loop between CtBP1 and CtBP2 could not account for the 

inconsistent effect of CtBP2 on cell invasion. In fact, at this point we can only speculate 

that the result of CtBP2 knockdown was likely to be cell line- specific. Nonetheless 

presented here data clearly indicates requirement of CtBP expression for successful cell 

invasion. 

The physical interactions with ECM scaffolding allow cancer cells to grow and migrate 

away from the primary tumour to a distant location (metastasis). These interactions are 

mediated by cell surface receptors called integrins. Integrins trigger signalling required for 

cell proliferation and several aspects of cell motility, including previously discussed 

invasion but also migration and adhesion (Schwartz and Assoian 2001, Hood and Cheresh 

2002).  

To examine the potential role of CtBPs on integrin- dependent migration we employed 

Transwell® assays. Single- cell motility of chosen OSCC- derived cell lines has been 

previously extensively studied. Integrins responsible for both migration and adhesion were 

identified along with their corresponding ECM substrates (Thomas, Lewis et al. 2001, 

Thomas, Hart et al. 2002, Yap, Jenei et al. 2009). 

In accordance with our invasion data, cancer cell migration was markedly inhibited in the 

absence of both redox sensors. Migration was also consistently reduced following 

knockdown of either CtBP1 or CtBP2 and regardless of the ECM protein used. This 

observation contrasts with our Transwell® invasion results, where the effect of CtBP2 

knockdown was inconsistent across cell lines. This perhaps emphasises important 

mechanistic differences between 2-dimensional tumour cell migration and a 3-dimensional 

tumour cell invasion. These data do however suggest that CtBPs may act as important 

regulators of integrin- dependent migration. 

It was important to ensure that our motility results were not due to CtBP-mediated 

alterations in cell proliferation or viability. CtBPs have been shown to transcriptionally 

control several cell survival- related genes. For example, Grooteclaes and colleagues 
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demonstrated that CtBP1/2 null mouse embryo fibroblasts (MEFs) exhibit increased 

sensitivity to apoptosis. This was due to CtBP- mediated suppression of pro- apoptotic 

genes including PEPR, Bax and Noxa (Grooteclaes, Deveraux et al. 2003, Kim and Youn 

2009). Moreover, in breast cancer cell lines, loss of CtBPs correlates with reduced 

proliferation and multiple mitotic defects (Bergman, Birts et al. 2009).  More recently it 

was shown that CtBP2 also regulates expression of another pro- apoptotic BH3- only 

protein- Bik. Following loss of CtBP2, Bik promoted p53- independent apoptosis in colon 

cancer cells (Kovi, Paliwal et al. 2010). CtBPs therefore emerge as important regulators of 

cell proliferation. 

The potential effect of different CtBP knockdowns on induction of apoptosis was not 

investigated in this study. However during the routine counting of transfected cells with 

the Casy counter I did not observe significant changes in the cell numbers at 24 and 48h 

post- transfection. Therefore it can be speculated that in OSCC- derived and DLD1 cell 

lines the transfection with CtBP- targeting siRNAs does not correlate with increased cell 

death. Nevertheless this matter should be examined further, for example, by looking at 

some of the apoptosis markers such as phosphatidylserine (annexin V) and DNA 

fragmentation (propidium iodide) after loss of different CtBP proteins. 

Proliferation of motile cells however has been a subject of controversy in the past. 

According to tumour dormancy theory these two processes are uncoupled and therefore do 

not occur simultaneously. In the early stages of tumourigenesis, proliferation is crucial for 

cancer growth and survival. Over time cells adopt more metastatic and invasive behaviour 

characterized by significant growth arrest (Evdokimova, Tognon et al. 2009). This is a 

consequence of epigenetic re- programming during which self- renewal and proliferative 

programmes are shut down or supressed to reinforce more mesenchymal and metastatic 

phenotype (Tsuji, Ibaragi et al. 2008, Celia-Terrassa, Meca-Cortes et al. 2012).  

To ensure results of functional assays were not affected by the potential effect on cell 

number, I investigated the effect of CtBP ablation on cell proliferation. Combined loss of 

both CtBP1 and CtBP2 correlated with a slower proliferation rates, and this effect was the 

most noticeable after 3 days.  Matrigel® invasion assays were performed over 72h- period, 

therefore there was a possibility that cells deprived of both metabolic sensors may 

proliferate at a slower rate affecting the outcome of the experiment. However, CtBP1 

knockdown did not affect cell proliferation, and produced consistent inhibition of invasion. 

Furthermore, in 5PT and DLD1 cells, loss of CtBP2 resulted in an increased proliferation 

rates, yet in functional assays, this specific knockdown corresponded with reduced 
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motility. Altogether this data suggests that the functional effect of CtBP1 was mediated by 

a novel mechanism, not linked to cell proliferation. 

Single- cell migration was also inhibited following loss of redox sensors. However, in 

Transwell® assays migration occurred over a short period  of time (overnight), and in the 

absence of serum and growth factors that could otherwise stimulate cell proliferation. 

Additionally, our results did not show marked differences in cell index over the first 12h of 

incubation, thus the potential effect on proliferation was insufficient to affect the 

outcome of Transwell® migration assays. 

In summary, in this Chapter I showed that both CtBPs are important for tumour cell 

motility.  For the very first time, we demonstrated the requirement of redox sensors for 

tumour cell invasion in 3- dimensional organotypic cultures. Moreover, we have addressed 

in detail the impact of individual CtBP family members on both invasion and migration.  

Furthermore, I discovered a new, previously not described link between CtBPs and 

integrin- dependent cell migration, which suggests that CtBPs may be involved in 

regulation of integrin function.  

The processes of invasion and migration rely on ability of cells to interact with ECM 

proteins via integrins. In fact initial stages of both invasion and single- cell migration are 

regulated by integrins and their downstream signalling (Hood and Cheresh 2002). We 

therefore hypothesized that CtBPs may also regulate cell adhesion via integrin function.  
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Chapter 5 
CtBPs regulate integrin function 

5.1 Introduction 

Cancers are characterized by invasion of local tissue and metastasis.  Both processes rely 

on the ability of tumour cells to interact with the surrounding extracellular matrix. Such 

interactions with are mediated by cell surface receptors- integrins. Integrins are 

heterodimeric αβ transmembrane receptors which link the actin cytoskeleton to the 

extracellular matrix (Hynes 1987, Calderwood, Shattil et al. 2000, Campbell and 

Humphries 2011). Dynamic bidirectional signalling of integrins is crucial for effective 

tumour dissemination.  Indeed, there is a strong bi- phasic correlation between the 

strength of cell adhesion and optimal motility (Palecek, Loftus et al. 1997). Adhesion, 

which is either too strong, or too weak, will have a limiting effect on cell migration as 

illustrated in Figure 5.1. 

 

Figure 5.1 Bi-phasic relationship between cell adhesion and migration. Adhesion which is too weak will 

inhibit cell spreading and formation of stable attachments, limiting cell migration (left- hand side of the 

diagram). Adhesion, which is too strong will prevent, or slow down, detachment from the substrate, 

compromising motility (right hand- side of the diagram). Therefore maximum speed of migration requires 

an optimal strength of adhesion (centre of the diagram). Diagram adapted from Palecek (Palecek, Loftus 

et al. 1997). 
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5.2 CtBPs are required for integrin- dependent adhesion 

As described in Chapter 4, functional CtBPs are required for different aspects of tumour 

cell motility including invasion and integrin- dependent migration, which in turn rely on 

dynamic turnover of integrin attachment and disengagement to and from the ECM 

substrates. We therefore hypothesized that CtBPs might also regulate integrin- mediated 

cell adhesion. To test this hypothesis I performed adhesion assays and flow cytometry 

experiments following different CtBP knockdowns.  

Adhesion assays serve as an indirect measurement of integrin function. We used a range of 

different ligands to measure integrin- dependent adhesion in cells deprived of CtBP 

proteins (Figure 5.2.1). First, using P5D2 blocking antibody, I confirmed that adhesion of 

H357 cells to fibronectin and DLD1 cells to collagen I was solely β1- dependent (Figure 

5.2.1 A and C). Similarly, inhibition with 63G9 antibody correlated with complete 

cessation of SCC25 cells adhesion to LAP (Figure 5.2.1 B), suggesting that the processes 

was mediated solely by the αvβ6 integrin. Surprisingly, combined knockdown of both 

CtBP1 and CtBP2 proteins resulted in a significant increase in integrin- dependent 

attachment, and this observation was consistent across all tested cell lines. The same 

functional effect was produced by loss of CtBP1 but not CtBP2. 

I then expanded these results onto the two further OSCC- derived cell lines: 5PT and VB6, 

which were tested previously in some of the functional assays. 
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Figure 5.2.1 CtBPs are required for integrin- dependent cell adhesion (part 1). 48h post- transfection with 

CtBP- targeting siRNA; cells (4x104) were plated on different integrin substrates including fibronectin 

(H357), LAP (SCC25) and collagen I (DLD1) as described in Methods. Cell adhesion was monitored under 

the microscope every 10- 15min for signs attachment and cell spreading. Length of the assay varied 

between different cell lines and it was terminated by fixing and staining adherent cells. Graphs present 

the percentage of adhesion assuming that the attachment of control cells corresponded to 100%. To 

eliminate non- specific adhesion, cells were also plated on plastic coated with BSA- containing migration 

buffer. The values recorded for non- specific attachment were then subtracted from the values 

representing integrin- specific adhesion. Integrin β1 (P5D2) - and β6 (63G9) - blocking antibodies (10µg/ml 

final concentration) were also used by incubation with cell suspension for 30min at 4°C prior seeding. 

Figure portrays graphs from representative experiments (n= 4- 6). Protein knockdown was confirmed by 

Western blotting (D- F). Error bars represent standard deviation. 
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Figure 5.2.2 CtBPs regulate integrin- dependent cell adhesion (part 2). Adhesion assays were performed 

48h post- transfection with CtBP- targeting siRNAs as described in the previous figure. Adhesion of both 

cell lines was stimulated with LAP (0.5µg/ml). Integrin β6- blocking antibody (63G9) was incubated with 

cells for 30min at 4°C prior seeding. Protein knockdown was confirmed by Western blotting (C and D). 

Attachment of both cell lines was αvβ6- mediated as incubation with 63G9 blocking 

antibody produced a complete inhibition of cell adhesion.  Cells deprived of CtBP1 only or 

both CtBP1+2 proteins showed a significant increase in adhesion to LAP (Figure 5.2.2 A and 

B). In accordance with previous results, knockdown of CtBP2 had no effect in VB6 cells 

(Figure 5.2.2 B). However, 5PT cells appeared to be sensitive to CtBP2 loss, as it also 

correlated with a significant increase in adhesion to LAP.  

Interestingly, we noticed an up- regulation of CtBP2 protein abundance following CtBP1 

knockdown in SCC25 cells (Figure 5.2.1 E). However this up- regulation was not seen in 

other cell lines at that point.  

5.3 CtBPs regulate integrin function 

Integrins present on the cell surface adopt different conformational shapes depending on 

their activity. At resting state the extracellular domain exhibits a ‘closed’ or ‘bent’ 

conformation, which extends into an ‘open’ conformation upon receptor activation. 

Additionally, an intermediate ‘half- opened’ state can also be distinguished between the 
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two main conformations (Xiong, Stehle et al. 2001, Nishida, Xie et al. 2006, Eng, Smagghe 

et al. 2011). In their inactive form integrins exhibit low ligand binding affinity. Upon 

activation however previously hidden ligand binding sites are revealed increasing receptor 

affinity (Zhu and Springer 2013). Subsequent interaction of integrin with ECM protein 

triggers downstream or ‘outside- in’ signalling to control numerous process including 

adhesion and motility.  

Our data suggested that CtBPs negatively regulate integrin- dependent cell adhesion. 

There were two possible explanations for this observation; it was likely that CtBPs 

suppress integrin expression, hence loss of either CtBP1+2 or CtBP1 on its own, led to 

elevated expression of both αvβ6 and β1 integrins. Alternatively, we could not exclude the 

possibility, that CtBPs do not alter receptor abundance, but instead regulate its activation 

and/ or signalling. I therefore examined the cell surface expression profile of integrins β1 

and β6 following CtBP knockdown using flow cytometry (Figure 5.3.1). 
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Figure 5.3.1 Total integrin cell surface levels in response to CtBP suppression. 48h post- transfection cells 

were incubated with β1 (P5D2) - or β6 (620W)- antibodies, and the level of cell surface receptors was 

measured using flow cytometry by acquiring 1x10
4
 events. The antibodies used for this experiment 

recognize epitopes found on both active and inactive receptor conformations therefore is was collectively 

referred to as total β1 or β6 percentage (%). For comparison purpose recorded mean fluorescence signal 

was then converted to percentage (%) assuming that Control cells levels showed integrin expression levels 

equal to 100%. Figure illustrates graphs from representative experiments  (n=4- 5). 
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To detect total level of cell surface integrins, I used anti- β1 (P5D2) and anti- β6 (620W) 

antibodies specific to epitopes found on all conformational forms of integrins (both active 

and inactive).  As demonstrated in Figure 5.3.1 there were no significant changes in total 

cell surface integrins despite different CtBP knockdowns. This effect was confirmed in all 

tested cell lines. Interestingly, there was a marked drop in total surface β6 in CtBP2- 

deprived VB6 cell line (Figure 5.3.1 E). This may suggest a potential effect on β6 

endocytosis or recycling specific to VB6 only, as we did not report the same changes in β6 

levels of SCC25 and 5PT cells. However, due to time limitations we did not investigate this 

further.  

Altogether these data suggest that in the majority of cell lines (except VB6), loss of either 

or both CtBP1 and CtBP2 did not alter total levels of β1 and β6 integrins on the cell 

surface, which therefore could not explain the functional effect of CtBP loss on cell 

adhesion. Nonetheless presented data did not provide any information regarding integrin 

activation. To address this issue I investigated levels of active integrins on the cell surface 

in response to different CtBP knockdowns using antibodies specific for the ‘open’ (activate) 

receptor conformation. The antibody used for recognition of active β1 integrin- 9EG7- 

recognizes and binds to an epitope located within the cysteine- rich region of the 

extracellular head of the integrin. In the absence of ligands and divalent cations (Mn2+), 

the epitope is buried within the head, thus cannot be accessed by the antibody. Upon 

activation the integrin undergoes a conformational change leading to the extension of the 

head domain and exposure of the epitope within the cysteine- rich region. This in turn 

allows the 9EG7 antibody to bind to the active integrin (Lenter, Uhlig et al. 1993, Bazzoni, 

Shih et al. 1995). Another antibody used in this study- 62G6, is specific to the active 

conformation of β6 integrin (unpublished data). 

Figure 5.3.2 shows that CtBP depravation produced a clear effect on integrin activation. A 

combined loss of both redox sensors (CtBP1+2) or CtBP1 on its own, correlated with a 

significant increase in surface levels of active β1 integrin in H357 and DLD1 cells (Figure 

5.3.2 A and C). The same observations were made for active β6 integrin in SCC25, 5PT and 

VB6 cell lines (Figure 5.3.2 B, D and E).  Interestingly, up –regulation of the ‘open’ 

receptor conformation on CtBP2- deprived cells occurred only in SCC25 and 5PT cell lines, 

but was absent in H357, DLD1 and VB6 cells, suggesting again that the effect of CtBP2 

might be cell line- specific.  
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Figure 5.3.2 Active β1 and β6 integrin cell surface levels after CtBP inhibition. 48h post- transfection with 

CtBP-targeting siRNA; cells were incubated with anti- β1 (9EG7)- or anti- β6 (62G2) antibodies, and the 

levels of cell surface receptors was measured using flow cytometry by acquiring 1x10
4
 events. Both used 

antibodies recognize epitopes found only on the active conformation of the receptors; therefore detected 

signal was referred to as active β1 or β6 percentage (%). For comparison purposes recorder mean 

fluorescence signal was then converted to percentage (%) assuming that integrin expression in Control 

cells was equal to 100%. Figure illustrates graphs from representative experiments (n=3- 5). Error bars 

represent standard deviation. 
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5.4 Testing the effect of integrin activation on cell adhesion and 
migration 

The extracellular ‘head’ of integrins contains several metal cation binding sites. 

Interactions with divalent manganese cations (Mn2+) promote a conformational shift within 

the receptor ectodomain, mimicking the high affinity ligand- binding state (Gailit and 

Ruoslahti 1988, Mould, Garratt et al. 1995, Xiong, Stehle et al. 2001). Exposure of cells to 

Mn2+ is hence a well- known technique used to induce integrin activation.  To determine if 

simply changing the state of integrins on cell surface can alter both motility and cell 

adhesion, I examined the effect of Mn2+ treatment in functional assays. 

Prior to the Transwell® migration assays, cells were pre- treated for 30min with 1mM 

MnCl2 solution or PBS as a negative control. Mn2+ or PBS was present in cell suspension 

throughout the experiment.  Additionally, cells were also incubated with integrin blocking 

antibodies prior the assays (Figure 5.4.1). 

 

Figure 5.4.1 The effect of manganese (Mn2+) on single cell migration. Cancer cells were treated with Mn2+ 

(final concentration of 1mM) or PBS (Control) for 30min, and then  plated at 5x105 in the top chamber of 

Transwells® in the presence of β1- (P5D2; A) or β6- (63G9; B) blocking antibodies (10µg/ml). Migration of 

SCC25 cells was stimulated with LAP (0.5µg/ml), while H357- fibronectin (20µg/ml). After an overnight 

incubation, cells were trypsinized and counted using the Casy counter. Migration was presented as 

percentage (%) of Control (PBS- treated) cells. Figure illustrates graphs from representative experiments 

(n=3). Error bars present standard deviation. 

In the presence of Mn2+ there was at least 40% drop in β1- mediated cell migration towards 

fibronectin in H357 cells (Figure 5.4.1 A). Likewise, αvβ6- depended migration of SCC25 
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cells was also significantly inhibited following exposure to Mn
2
. A combination of cations 

and blocking antibodies resulted in complete inhibition of migration in both cell lines. 

Next, the effect of receptor activation on cell adhesion was investigated. Mn
2+

 pre - 

treatment resulted in a much stronger β1- dependent adhesion to fibronectin compared to 

PBS- treated control cells (Figure 5.4.2 A).  The same effect was observed in SCC25 and 

VB6 cell lines upon αvβ6- dependent adhesion to LAP (Figure 5.4.2 B and C). Finally, in the 

presence of different blocking antibodies and Mn
2+

 cations adhesion was completely 

inhibited. 

 

Figure 5.4.2 Mn
2+

 promotes integrin- mediated adhesion. 4x10
4
 cells pre- treated with MnCl2 (1mM final 

concentration) and blocking antibodies for 3 min at 4°C prior the experiment. Both Mn
2+

 and antibodies 

were present upon seeding and throughout the experiment. Cells were allowed to adhere for 0.5- 2h to 

LAP or fibronectin- coated wells, then fixed and stained and described in Methods. Blocking antibodies 

against β1- (P5D2) and β6- (63G9) were used at 10µg/ml. Adhesion is presented as a percentage of Control 

(100%). Control cells were treated with PBS. Figure shows graphs from representative experiments. Error 

bars represent standard deviation.   
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These data thus confirm that events such as elevated integrin activation, here induced by 

divalent cations, can have a severe impact on cell motility. As demonstrated, increased 

receptor activation leads to strong attachment to the ECM substrates and therefore can 

compromise single cell migration.  

5.5 Gene expression microarray analysis to identify potential CtBP 

targets 

The above findings indicate that CtBPs regulate integrin function by altering their 

activation status. Signalling downstream of these receptors is controlled by numerous 

adaptor molecules and cross- talks with other pathways. We therefore decided to identify 

possible candidates that could be involved in CtBP- mediated regulation of integrins by 

employing a gene expression microarray.  

Microarray analysis was performed to identify genes, which were differentially expressed 

following inhibition of individual CtBP proteins. Three replicate experiments were 

performed independently. Briefly, 48h post- transfection, total RNA was isolated from 

SCC25 cells and submitted to UCL Genomics Group (University College London, Institute of 

Child and Health) for Affymetrix GeneChip Microarray using Genechip® Human gene 1.0ST 

platform. Generated data was saved as GenePattern files (.GCT), which were then 

converted into Excel data file (.XCELS) for subsequent analysis.  

First, we generated a list of genes that were differentially expressed between Control and 

CtBP1 or Control and CtBP2 knockdown cells. Then genes were scored and ranked with 

respect to the p value (p< 0.05) and fold change > 2.0, which served as our cut- off point. 

Any genes with p value > 0.05 and fold change < 2.0 were excluded from further analysis.  

We identified 50 gene products that were significantly up- regulated after CtBP1 

knockdown and 107 proteins, which were markedly supressed in SCC25 cell line (Figure 

5.5.1 yellow field). Conversely, loss of CtBP2 correlated with a large number of supressed 

gene products (n= 281) and 97 up- regulated genes (Figure 5.5.1 blue field). This 

suggested that CtBP2 targets more genes than CtBP1.    
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Figure 5.5.1 Schematic representation of genes regulated by CtBPs in SCC25 cell line. According to gene 

expression analysis there were in total 48 genes, which appeared to be targeted by both CtBP1 and CtBP2 

(shown in green). Additionally, 107 genes were down- regulated and 50 genes up- regulated only in CtBP1- 

deprived cells (yellow field). By contrast, loss of CtBP2 correlated with down- regulation of 281 genes and 

up- regulation on 97 (blue field).  

Further analysis revealed an overlap of 48 genes which expression was significantly 

changed after individual CtBP1 and CtBP2 knockdowns (Figure 5.5.1 green field). 

Expression of all 21 up- regulated genes by CtBP1 knockdown was also elevated after 

CtBP2 loss (Table 5.5.2). We did not identify any other human genes which following our 

filtering process would be differentially up- regulated in between Control and CtBP1 or 

Control and CtBP2 knockdowns. The gene identified as the most up- regulated encoded for 

talin-1 (TLN1) with the highest score (-50.9), fold change of 2.4 and p= 0.0002. 
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Gene Name Score Feature P Fold Change 
TLN1 talin-1 -50.9 0.0002 2.3 

SULF2 sulfatase 2 -38.6 0.0003 2.4 

ATF2 activating transcription factor 2 -33.2 0.0004 2.1 

SLC41A1 solute carrier family 41, member 1 -31.7 0.0062 2.3 

CACHD1 cache domian containing 1 -26.3 0.0022 2.5 

GOLGA4 golgin A4 -22.1 0.0002 2.1 

LSM14A SCD6 homolog A (S. cerevisiae) -21.1 0.0002 2.8 

MED28 mediator complex subunit 28 -18.2 0.0312 2.1 

HOMER1 Homer1 neuronal protein homologue 
(Drosophila) 

-17.8 0.003 2.6 

CDH11 cadherin 11, type 2, OB-cadherin -15.8 0.0346 2.8 

CHPF Chondroitin polymerizing factor -14.2 0.0192 3.2 

KIAA1199  KIAA1199 -14.2 0.0423 2.2 

STEAP3 STEAP family member 3 -13.4 0.0231 3.2 

PITPNC1 phosphatidylinositol transfer protein, 
cytoplasmic 1 

-12.8 0.0250 2.3 

SNRNP27 small nuclear ribonucleoprotein 
27kDa 

-11.9 0.0176 2.2 

CYB5R4 cytochrome b5 reductase 4 -11.7 0.0020 2.0 

NID1 nidogen 1 -11.3 0.0441 3.3 

TOP1MT topoisomerase (DNA) I, mitochondrial -10.7 0.0473 2.1 

HS6ST1 heparan sulfate 6-O-sulfotransferase 
1 

-9.4 0.0479 2.9 

CDK14 cyclin- dependent kinase 14 -7.9 0.0330 2.0 

IL6ST interleukin 6 signal transducer -7.8 0.0316 2.1 

Table 5.5.1 Genes commonly up- regulated after individual CtBP1 and individual CtBP2 knockdowns in 

SCC25 cell line. Listed genes showed at least 2- fold up- regulation with p< 0.05. Genes were listed 

according to their score value, which are derived from p values and the fold change. Briefly, the lower 

the score value, the higher the up- regulation. The scores, p values and fold- change were derived from 

comparison of CtBP versus Control conditions. 

21 identified genes were then further analysed using DAVID (Database for Annotation, 

Visualization and Integrated Discovery) bioinformatics resources 

(http://david.abcc.ncifcrf.gov). DAVID allows screening of larger groups of genes, and 

identifies clusters or overlaps of gene products which are functionally and biologically 

related. Analysis of genes showing elevated expression did not reveal any functional 

clustering that could be related to integrin function or activation. The only gene involved 

in integrin signalling, more specifically receptor activation and clustering, was talin-1- the 

most up- regulated gene product.  



Chapter 5 

CtBPs regulate integrin function 
 

 
 

119 

We also identified 27 gene products whose expression dropped markedly in the absence of 

CtBP1 and CtBP2 proteins, summarized in Table 5.5.3. 

Gene Name Score Feature P Fold 
Change 

KLHL5 klech- like 5 (Drosophila)  27.5 0.001 2.5 
CBFB core- binding factor, beta subunit 13.8 0.002 2.0 
TAPT1 transmembrane anterior posterior transformation 1 12.9 0.003 2.1 
FPGT fucose-1-phosphate guanylyltransferase 12.7 0.006 2.0 

TRUB1 TruB pseudouridine (psi) synthase homologue (E.colli) 12.1 0.028 2.27 
TDG thymine-DNA glycosylase 11.7 0.006 2.6 

ATP6V0D2 ATPase, H+ transporting, lysosomal 38kDa, V0 subunit d2 10.6 0.005 8.8 
LMLN leishmanolysin- like (metallopeptidase M8 family) 9.9 0.005 2.1 

GPR110 G protein- coupled receptor 110 9.7 0.002 2.5 
ANKRD1 ankyrun repeat domain 1 (cardiac muscle) 9.4 0.007 3.8 
C3orf34 chromosome 3 open reading frame 34 8.6 0.011 2.2 
MACC1 metastasis associated in colon cancer 1 8.4 0.004 2.2 
UBN2 ubinuclein 2 8.4 0.009 2.2 

LOC81691 exonuclease NEF-sp 8.1 0.015 2.3 
C1GALT1 core 1 synthase, glycoprotein-N-acetylgalactosamine 3-beta-

galactosyltransferase, 1  
8.0 0.004 2.7 

TSPAN8 tetraspanin 8 7.2 0.020 6.9 
KPNA5 karyopherin alpha 5 (importin alpha 6) 6.4 0.008 2.2 

TMEM156 transmembrane protein 156 6.1 0.016 2.0 
C3AR1 complement component 3a receptor 1 5.8 0.029 2.6 
AGR2 Anterior gradient homologue 2 (Xenopus laevis) 5.1 0.02 2.0 

ABI3BP ABI family, member 3 (NESH) binding protein 4.7 0.019 2.4 
ADAM21 ADAM metallopeptidase domain 21 4.7 0.042 2.5 

EPGN Epithelial mitogen homologue (mouse) 4.5 0.043 2.7 
ABCG2 ATP binding cassette, sub- family G (WHITE), member 2 4.4 0.047 2.1 
VEPH1 Ventricular zone expressed PH domain homologue (zebrafish) 4.4 0.02 2.7 

CXCL10 chemokine (C-X-C motif) ligand 10 4.4 0.023 4.3 
ATG10 ATG10 autophagy related homologue (S.cerevisiae) 4.3 0.031 2.2 

Table 5.5.3 List of genes commonly down- regulated after CtBP1 and CtBP2 knockdown in SCC25 cells 48h 

post- transfection. Genes were listed according to their score values. The higher the score value, the 

stronger the down– regulation. The scores, p values and fold change were derived by comparison of CtBP1 

and Control conditions. 

Subsequent analysis of genes universally down- regulated in both CtBP1- and CtBP2- 

deprived cells did not reveal any clustering patterns related to integrin signalling or 

activation (Table 5.5.3). Only the gene encoding for tetraspanin 8 (TSPAN8) was 

recognized as involved in integrin- mediated processes. However due to relatively high p 

value (p =0.02) and low score of 7.2, we did not focus on TSPAN8 in our further research. 
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As mentioned previously, we reported differences in functional assays between individual 

CtBP knockdowns. In order to identify potential gene targets, which could cause observed 

discrepancies we also generated a list of genes differentially expressed between CtBP1- 

and CtBP2- deprived cells. The most interesting targets were found amongst the genes 

down-regulated after loss of CtBP1 (Appendix 3).  

Subsequent screening using DAVID software did not identify any gene clustering which 

could be linked to integrin signalling. However, one of most CtBP1 siRNA down- regulated 

genes encoded for epidermal growth factor receptor pathway substrate 15 (Eps15). Eps15 

gene corresponded to high score of 26.7 with p= 0.001 and a 2.4- fold change fold- change. 

As Eps15 is known to control clathrin- dependent endocytosis, this could also be involved 

in integrin internalization (Carbone, Fre et al. 1997, Chi, Cao et al. 2011).  

Altogether these data clearly suggest that loss of individual CtBP1 or CtBP2 correlated 

with a significant up- regulation of talin-1, a scaffolding protein crucial for integrin 

activation and signalling, making talin-1 the best candidate for CtBP- induced regulation of 

integrin function. Additionally, we also identified several other interesting CtBP target 

genes, with Eps15 posing as a potential candidate which could be responsible for 

functional differences seen after knockdown of individual CtBP proteins.  

5.6 Validation of gene candidates regulated by CtBPs 

5.6.1 Loss of CtBPs results in talin-1 up- regulation in vitro 

Talin-1 is a large (225kDa) adaptor protein found at site of focal adhesions (FAs). It 

mediates integrin activation and acts as a scaffolding protein creating a physical link 

between integrins and actin cytoskeleton (Yan, Calderwood et al. 2001, Shattil, Kim et al. 

2010, Ye, Hu et al. 2010). It is endogenously expressed across all cell types.  To validate 

the potential regulatory effect of both CtBP1 and CtBP2 on talin-1, I examined levels of 

this adaptor protein using immunofluorescence and Western blotting. 

As presented in Figure 5.6.1.1, Control cells showed a relatively low expression of talin-1 

(green FITC stain). By contrast, there was a noticeably stronger FITC signal in CtBP1- and 

CtBP2- deprived cells indicating greater talin-1 abundance in these samples. The same 

effect was observed after a combined CtBP1 +2 knockdowns. Moreover, accumulated talin-

1 appeared to be located within the cytoplasm in close proximity to cell membrane. In 

accordance with microarray data, immunostaining of H357 cells confirmed a strong inverse 

correlation between expression of both CtBP proteins and talin-1.  
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Figure 5.6.1.1 Immunofluorescent staining of talin-1 in response to CtBP loss. 48h post- transfection with 

CtBP- targeting siRNA, H357 cells (2x104) were plated on glass coverslips and allowed to adhere for 3- 4h. 

Cells were then fixed and stained with talin-1 antibody (8d4) and then corresponding secondary FITC- 

conjugated antibody. Images were acquired using Cell^P software and processed using Image J. All imgaes 

were acquired at magnification of 40X. 

All cell lines used in previous functional assays were screened for talin-1 expression 

following CtBP knockdown using Western blotting. Talin-1 antibody (8d4 clone) detects 

two distinct bands located at 225kDa and 190kDa. The top band corresponds to the full 

length intact protein, while the bottom represents a shorter rod domain- a product of 

protease cleavage (Otey, Griffiths et al. 1990).  There was a clear up- regulation of talin-1 

expression following individual CtBP1 and CtBP2 knockdowns. Similarly, a combined loss of 

both redox sensors resulted in a clear increase in talin-1 expression (Figure 5.6.1.2). 
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Presence of the cleaved rod domain was dependent on the exposure time upon 

development of PVDF membranes. Nonetheless, both the intact and cleaved forms of 

talin-1 showed up- regulation after different CtBP knockdowns.  

 

Figure 5.6.1.2 Talin-1 protein expression after CtBP suppression (part 1). Lysates from different cell lines 

were screened for levels of talin-1 (TLN1) by Western blotting. Samples were collected 48h post- 

transfection with CtBP- targeting siRNAs. Talin-1 antibody (8d4) recognizes both the full-length protein 

(225kDa) and a shorted rod domain, which is generated by protease cleavage of the intact talin-1 

(190kDa), but it does not recognize the head domain of the protein. Talin-1 expression was analysed in 

lysates from all previously performed experiments and their repeats (n=4- 10). Hsc70 was used as a 

loading control. 

Most of the cancer cell lines used up to this point were OSCC- derived, and only DLD1 cells 

represented a different type of tumour, hence it was possible the observed up- regulation 

of talin-1 was specific to oral cancers. To address this issue I examined talin-1 abundance 

in additional cancer cell lines of colorectal (Sw480 and Sw620) and breast (MCF7 and MDA 
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MB 231) origin. Chosen cell lines also showed the same increase in talin-1 abundance in 

the absence of individual and/ or both CtBP proteins (Figure 5.6.1.3). 

 

Figure 5.6.1.3 Talin-1 protein levels after CtBP suppression (part 2). Lysates from two colorectal cell lines: 

Sw480 and Sw620 (A, B) and two breast cancer cell lines: MCF7 and MDA-MB 231 (C, D) were collected 48h 

post- transfection with CtBP- targeting siRNAs, and screened for talin-1 expression as described previously. 

Screening of these cell lines for talin-1 via Western blotting was performed only once on colorectal cell 

lines (A and B), and twice on MCF7 (C) and MDA MB 231 (D). Hsc70 was used as a loading control. 

Interestingly, during the screening process I also observed a clear up- regulation of CtBP2 

expression in CtBP1- deprived cells. This effect was noticeable in all colorectal cell lines 

including DLD1 (Figure 5.6.1.2 C), Sw480 (Figure 5.6.1.3 A) and Sw620 (Figure 5.6.1.3 B).  

Conversely, SCC25 cells showed the opposite effect, where CtBP2 knockdown seemed to 

correlate with an increase in CtBP1 protein abundance (Figure 5.6.1.2 B).  
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CtBP dimers are responsible for co- suppressive regulation of target genes (Chinnadurai 

2009). Observed impact of CtBPs on talin-1 protein abundance may be a consequence of 

CtBP- mediated regulation of TLN1 transcription. To explore this possibility I measured 

talin-1 mRNA levels after different CtBP knockdowns.  

There was on average 2- 3 fold up- regulation of talin-1 mRNA levels in response to CtBP1, 

CtBP2, and CtBP1+2 suppression (Figure 5.6.1.4). More importantly, this effect appeared 

to be universal as it was present in all tested cell lines. 

Altogether derived data clearly indicate an inverse correlation between talin-1 and CtBP 

expression at both protein and mRNA levels, suggesting that CtBPs are most likely to 

control talin-1 at the transcriptional level. Furthermore, as indicated in both literature 

and in this thesis, there appears to exist an auto- regulatory feedback loop between the 

two redox sensors (Birts, Harding et al. 2010). Here we however suggest that the 

regulation is bi- directional as both CtBPs affect one another.    
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Figure 5.6.1.4 qPRC analysis of talin-1 mRNA levels after CtBP suppression. RNA was isolated from cells 

48h post- transfection, reversely transcribed into cDNA and then used in qPRC analysis with Taqman® 

expression assay probes. β- actin was used as the housekeeping gene. qPCR reactions were performed in 

duplicates. Increase in talin-1 was normalized to β- actin mRNA and presented as a fold change. Graphs 

illustrate results from representative experiments (n= 3- 4). 
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5.6.2 CtBP1 regulates Eps15 expression 
Epidermal growth factor receptor substrate (Eps15) gene expression was down- regulated 

following CtBP1 loss, while CtBP2 knockdown had no effect. Eps15 is involved in processes 

crucial for receptor endocytosis (Carbone, Fre et al. 1997, Polo, Sigismund et al. 2002, Chi, 

Cao et al. 2011). Internalisation of integrins may occur via clathrin- dependent or -

independent pathways (Margadant, Monsuur et al. 2011). Study by Ramsey et al suggests 

that Eps15 modulates clathrin-dependent endocytosis of αvβ6 integrin. Furthermore 

suppression of this pathway inhibits αvβ6-dependent tumour cell invasion (Ramsay, 

Keppler et al., 2007). More recently, it has been suggested that by interaction with 

another adaptor protein Dab2, Eps15 facilitates clathrin- dependent endocytosis of β1 

integrins (Teckchandani, Mulkearns et al. 2012).  

I therefore performed some preliminary experiments to examine the effect of individual 

CtBP knockdowns on expression of Eps15 protein, since this also represents a potential 

mechanism for modulating integrin-dependent cell functions. The screen for Eps15 protein 

abundance revealed that the most cells expressed it, however there is certain variability 

in the abundance between cell lines (Figure 5.6.2.1). 5PT cells showed the highest 

endogenous levels of this protein.   

 

Figure 5.6.2.1 Endogenous expression of Eps15 across different cell lines. Whole cell lysates were 

screened for Eps15 protein levels using Western blotting. Hsc70 was used as a loading control. The screen 

was performed once. 

Further investigation revealed that Eps15 protein expression was decreased following 

CtBP1 knockdown, or combined CtBP1+2 loss, whereas knockdown of CtBP2 had no effect 

on Eps15 protein levels in the 5PT cell line. Moreover, there were no changes in 

abundance of β1 integrin despite different CtBP knockdowns (Figure 5.6.2.2 A). The same 

decrease in Eps15 was also observed following the qPCR analysis of mRNA isolated from 

H357 cells, suggesting that CtBP1 might regulate Eps15 expression at the transcriptional 
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level (Figure 5.6.2.2 B). Due to time limitations of the project, I was unable to investigate 

these findings any further hence presented data should be regarded as preliminary and is 

planned to be addressed by our group in the future.  

 

Figure 5.6.2.2 Eps15 protein and mRNA levels after different CtBP knockdowns. Lysates from 5PT cells 

were screened for Eps15 and integrin β1 levels by Western blotting (A). H357 RNA samples isolated from 

cells 48h post- transfection were reversly transcribed and then used in qPCR analysis. Change in relative 

protein levels were expressed as fold change. β- actin was used as a housekeeping gene.  Due to time 

constraints both experiments were performed only once.  
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5.7 Discussion 

Different aspects of cell motility depend on integrin signalling including adhesion, 

migration and invasiveness. Due to their structure and specific activation mechanism 

integrins are involved in bi- directional signalling, which can be triggered by an external 

ligand (outside- in) or an intracellular mechanism (inside- out) (Coppolino and Dedhar 2000, 

Hynes 2002).  

Altered integrin expression and/or function have been reported in numerous cancer types, 

and this may facilitate tumour cell invasion and dissemination. Expression of integrin αvβ6, 

normally absent from healthy epithelium, has been directly linked to increased 

invasiveness of numerous cancer types, including OSCC and colorectal tumours (Nystrom, 

McCulloch et al. 2006, Cantor, Slapetova et al. 2013). Similarly, a number of studies have 

demonstrated that the most commonly found subdomain of integrin heterodimers- β1 is 

frequently up-regulated in invasive tumours (Murant, Handley et al. 1997, Casey and 

Skubitz 2000, Pontes-Junior, Reis et al. 2010). Moreover integrin β1 over- expression 

correlates with poor survival of ovarian, prostate, breast and lung cancer patients (Dong, 

Tan et al. 2010, Pontes-Junior, Reis et al. 2010, dos Santos, Zanetti et al. 2012, Zhang, 

Zeng et al. 2013). Integrin function and signalling is therefore crucial for cancer cell 

motility during advanced stages of tumourigensis. 

The link between integrin function (signalling) and CtBPs has not been previously 

described. In Chapter 4 I demonstrated that expression of these redox sensors is crucial 

for cancer cell migration and invasion in vitro. Here, we provide evidence that the 

observed effect on motility is mediated by integrins. Optimal attachment to ECM proteins 

is crucial for successful cell migration.  In response to CtBP inhibition however cells gained 

a more ‘sticky’ phenotype which manifested as elevated adhesion. Further investigation 

revealed that this effect was modulated through integrin activation, as a significant 

increase of active β1 and β6 integrin was detected on the cell surface following CtBP 

knockdown, while the total receptors levels remained unchanged.  

Receptor activation can be controlled by external cues such as divalent metal ion binding. 

For example, treatment with Mn2+ cations is widely used in vitro to induce the ‘open’ or 

extended conformation of integrins with high affinity for ligand binding (Gailit and 

Ruoslahti 1988), and results in increased cell adhesion (Grinnell 1984, Chen, Salas et al. 

2003, Thamilselvan, Fomby et al. 2003). We therefore treated cells with Mn2+ to 

determine whether activating the integrins produces the same functional effects as CtBP 

knockdown described in the previous chapters.  Indeed, we found that cells exposed to 
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Mn2+ showed increased ECM adhesion and reduced migration in Transwell® assays. 

Together, these data suggest that the effect of CtBP proteins on cell migration and 

adhesion may be modulated through integrin activation. 

To identify possible mechanisms through which CtBPs may regulate integrin activation we 

performed gene expression arrays. Our microarray identified several genes, which under 

the control of CtBPs  could alter integrin activation or downstream signalling. The most 

likely candidate was the integrin adaptor protein, talin-1 (TLN1). The TLN1 gene product 

showed the most significant, around 2- fold up- regulation in both CtBP1- and CtBP2- 

deprived SCC25 cells. Talin-1 is a large protein, recruited to the membrane proximal NPXY 

motif within cytoplasmic tail of the integrin β subdomain, which upon binding triggers a 

change within the ectodomain of receptor from the ‘closed’, inactive state to the ‘open’ 

high- ligand- affinity conformation (Shattil, Kim et al. 2010, Margadant, Kreft et al. 2012). 

Additionally, as scaffolding protein talin-1 facilitates integrin clustering within focal 

adhesions (FAs). This in turn allows interactions with downstream effectors and actin 

filaments, thus is crucial for conduction and propagation of integrin signal (Saltel, Mortier 

et al. 2009, Bunch 2010, Ye, Hu et al. 2010). Furthermore the requirement of talin-1 for 

the activation process has been demonstrated for β1, β2, β3, β5 and β7 integrins 

(Calderwood, Zent et al. 1999, Calderwood, Shattil et al. 2000, Critchley 2000, Nieves, 

Jones et al. 2010).  

Subsequent analysis of talin-1 protein levels validated the microarray data as I reported 

up- regulation of this adaptor in all previously tested cell lines. More importantly, this 

inverse correlation between CtBPs and talin-1 expression appeared to be a more general 

event as it was also observed it in other colorectal and breast tumour cell lines, which 

were not tested in functional assays. Chosen carcinoma lines were represented by a less 

invasive colorectal Sw480 and breast MCF7 and by their more aggressive and invasive 

counterparts- Sw620 and MDA MB 231. Interestingly, talin-1 up- regulation occurred in all 

of these cell lines, despite their invasive potential, however the more aggressive Sw620 

and MDA MB 231 exhibited lower basal expression of talin-1. It can therefore be 

speculated that low talin-1 abundance may result in more aggressive cancers to promote 

optimal invasion and metastasis.  

The talin-1 monomer is composed of small N- terminal head domain which contains 

primary integrin binding site and a larger, flexible rod domain. The C- terminal rod domain 

interacts predominantly with actin cytoskeleton, but can also bind to receptors (Gingras, 

Ziegler et al. 2009). However it is the head which shows higher affinity for integrins, 
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hence the head rather than the rod domain, is thought to be the main trigger of integrin 

activation (Calderwood, Zent et al. 1999, Yan, Calderwood et al. 2001, Garcia-Alvarez, de 

Pereda et al. 2003, Franco, Rodgers et al. 2004). In our study, talin-1 was detected by 

Western blotting as a doublet, which represented the intact form of protein (225kDa) and 

its C- terminal rod domain (190kDa). The latter is a product of calpain 2- mediated 

cleavage of the full- length talin-1(Yan, Calderwood et al. 2001, Franco, Rodgers et al. 

2004, Bate, Gingras et al. 2012) . We therefore demonstrated elevated levels of both the 

intact protein and rod domain, but not the talin-1 head. We assumed however that due to 

the increased abundance of talin-1 rod domain, calpain-2 cleavage must have led to 

simultaneous increase in head domain levels. Nonetheless up- regulation of talin-1 head 

domain could be confirmed using N- terminal head- specific antibody.  

Due to time constrains of the study, I did not demonstrate a direct interaction of up- 

regulated talin-1 with the cytoplasmic tail of integrins, nor have I demonstrated the 

participation of over- expressed talin-1 in receptor clustering. This would be required to 

fully confirm that increased adhesion of CtBP- deprived cells was due to talin-1- induced 

integrin activation and signalling. 

Consistent with the microarray and Western blotting data, talin-1 mRNA was also 

significantly elevated after different CtBP knockdowns, indicating that CtBP- mediated 

regulation of talin-1 occurs at the transcriptional level.  

Loss of CtBP1 resulted in a consistent increase in cell adhesion and integrin activation, 

while the effect of CtBP2 knockdown in functional assays was far less consistent. Both 

proteins appear to regulate talin-1 expression; hence we looked for other candidate genes, 

differentially expressed following knockdown of individual metabolic sensors. Interestingly, 

CtBP2 appears to target more genes than CtBP1. Furthermore inhibition of CtBP1 

correlated with a significant down- regulation of Eps15, while loss of CtBP2 had no effect 

on expression of this particular gene.  This was of particular interest to us as Eps15 was 

first identified as an endocytic adaptor protein, which together with Esp15- homology (EH) 

domain- containing proteins participates in clathirn- dependent internalization of growth 

factor receptors (Carbone, Fre et al. 1997, Torrisi, Lotti et al. 1999). Eps15 harbours 

ubiquitin- binding domains and has also been implicated in sorting of mono- ubiqutinylated 

proteins for degradation or recycling and non- clathrin mediated endocytosis (Polo, 

Sigismund et al. 2002, Haglund, Sigismund et al. 2003, Sigismund, Woelk et al. 2005, 

Ramsay, Keppler et al. 2007, Chi, Cao et al. 2011). There is very little known about the 

potential role of Eps15 in integrin endocytosis. Clathrin- dependent internalization of 
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integrins has been shown to regulate turnover of focal adhesions in migrating cells (Ezratty, 

Bertaux et al. 2009). Additionally, more recently it was suggested that Eps15 participates 

in Dab2- dependent β1 integrin endocytosis (Teckchandani, Mulkearns et al. 2012). 

Therefore, there is a possibility that Eps15 could also be involved in FA disassembly and 

post- endocytic trafficking and degradation or recycling of FA components, including 

integrins. 

Preliminary experiments investigating the potential regulation of Eps15 by CtBPs 

confirmed that knockdown of CtBP1 results in down- regulation of Eps15 at both protein 

(5PT cells) and mRNA (H357 cells) levels. I therefore hypothesize that loss of CtBP1 leads 

to both talin-1 up- regulation and Eps15 suppression. Over- expressed talin-1 results in 

integrin activation and formation of FAs. Simultaneous loss of Eps15 impairs clathrin- 

mediated endocytosis of FA components. Both events could contribute to stabilization of 

FA and subsequent failure of FA disassembly resulting in increased cell adhesion. Despite 

the very preliminary character of data regarding the link between Eps15 and CtBP1, this 

hypothesis could potentially explain the differences between individual CtBP knockdowns 

seen in functional assays. The possible mechanism between CtBP1- mediated regulation of 

Eps15 and its effect on integrin endocytosis and motility will be investigated as a part of 

another PhD project. 

Another gene down- regulated after the loss of individual CtBP1 or CtBP2, which may be 

involved in integrin signalling was tetraspanin 8 (TSPAN8). Tetraspanins are a family of 

four- transmembrane proteins, which interact with other membrane spanning or cytosolic 

proteins (Charrin, le Naour et al. 2009). It has been demonstrated that tetraspanin 8 is 

expressed by invasive melanoma cell lines. Moreover, silencing this protein inhibits tumour 

cell invasion, but has no effect on cell migration in scratch wound assays (Berthier-Vergnes, 

Kharbili et al. 2011). Tetraspanin 8 has also been shown to promote integrin- dependent 

cell adhesion and migration towards certain ECM proteins such as laminins (Guo, Xia et al. 

2012). It is believed that this mechanism is driven by tertraspanin 8- mediated recruitment 

of β4 integrins from FA to migratory complexes (Yue, Mu et al. 2013). Nevertheless, 

according to our microarray data other genes such as previously mentioned TLN1 and 

Eps15 were ‘statistically better’ candidates for the potential CtBP- regulated integrin 

signalling. 

Finally, we again observed the presence of auto- regulatory loop between individual CtBPs. 

Loss of CtBP1 correlated with increased abundance of CtBP2, as reported in Chapter 4 and 

in literature (Birts, Harding et al. 2010). Interestingly, I have also demonstrated the 
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opposite effect, as CtBP2- deprived cells showed a clear up- regulation of CtBP1 protein. 

According to the microarray data there are 48 genes which expression can be regulated by 

either CtBP1 or CtBP2. It is therefore possible that following inhibition of one of the redox 

sensors, cells try to compensate by over- expressing the other CtBP protein. However, 

CtBP2 appears to target a large additional pool of genes not linked to CtBP1 expression, 

which highlights the importance of individual redox sensors in transcriptional regulation. 

In summary, I report for the first time, that β6- and β1- dependent adhesion of OSCC and 

colorectal cancer cells is regulated by CtBPs, as expression of these metabolic sensors 

correlates with altered activation status of integrins. I also identify TLN1 gene as a novel 

target of both CtBP1 and CtBP2 proteins. We hypothesise, that by altering transcription of 

the TLN1 gene, CtBPs regulate integrin activation, leading to altered adhesion, motility 

and signalling. I also identified another potential target gene- Eps15 regulated exclusively 

by CtBP1, which suggest that transcriptional control of Eps15 could also contribute to 

impaired cell motility through regulation of receptor endocytosis. 
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Chapter 6 
Dissecting mechanism underlying 
CtBP- mediated effect on integrins 

Talin-1 functions as an integrin adaptor protein crucial for both formation of early focal 

adhesions (FAs) and receptor activation (Calderwood, Zent et al. 1999; Giannone, Jiang et 

al. 2003; Tadokoro, Shattil et al. 2003). As demonstrated in previous chapters, loss of 

either or both CtBP1 and CtBP2 led to up- regulation of this adaptor protein. This in turn 

resulted in increased integrin- dependent adhesion leading to a suppression of integrin-

dependent migration and invasion. Talin-1 levels therefore appear to be crucial for 

optimal integrin function and signalling.  

In this chapter we investigate the mechanism of CtBP1- mediated regulation of talin-1, 

since it was the loss of CtBP1 rather than CtBP2, which correlated with the most 

consistent changes in cell behaviour across different cell lines. First, we investigate the 

effect of talin-1 expression on cell motility, to determine if alterations in levels of this 

adaptor protein levels are sufficient to modulate both cell adhesion and migration. Next 

we examine the potential interaction of CtBP1 with TLN1 gene promoter under conditions 

of high glucose, and investigate expression of these two proteins in tumour biopsies from a 

large group of cancer patients. Finally, I investigate the effect of stable CtBP1 knockdown 

in two cell lines, generated for future in vivo work. 

6.1 Talin-1 over- expression mimics the effect of CtBP1 loss on cell 

migration 

To examine the role of talin-1 up- regulation on cell migration, we purchased a plasmid 

encoding  for the mouse wild type talin-1 (Addgene). Following optimisation we identified 

the best conditions for transfection with FuGENE® HD reagent, which led to marked 

increase in talin-1 expression (data not shown). We then examined the migration of talin-1 

over- expressing cells in Transwell® assays (Figure 6.1). Due to time constrains, only three 

cell lines were tested including SCC25, DLD1 and 5PT. In all tested cell lines, talin-1over- 

expression correlated with a significant inhibition of migration. This occurred irrespective 

of the ECM ligand used to induce motility, implying that the underlying cause of reduced 

motility was interaction of talin-1 with β1 and αvβ6 integrins, leading to their activation. 

Talin-1 over- expression was confirmed by Western blotting in SCC25 and DLD1 cell lines 

(Figure 6.1 D). Interestingly, talin-1 over- expression in 5PT cells had a clear negative 
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effect on  cell migration (Figure 6.1 C), however no over- expression was detected by 

Western blotting (Figure 6.1 D). Despite the preliminary character of these data (n=1) it 

can be speculated that over- expression of talin-1 can induce the same functional effect 

on single- cell migration as loss of CtBP redox sensors in Transwell® assays (Chapter 5). 

 

Figure 6.1 Effect of talin-1 over- expression on single cell migration. Cells (5x104) transfected with 

plasmid encoding for murine wild type talin-1 (TLN1 WT) or an empty vector, were allowed to migrate 

towards LAP (A and C) or collagen I (B) overnight, then were trypsnized and counted. Error bars represent 

standard deviation. Protein levels were measured by Western blotting (D). Hsc70 was used as a loading 

control. These experiments were performed by a rotation student- Abbie Mead (n= 1). 

6.2 Talin-1 knockdown impairs adhesion and rescues cells from the 
functional effect of CtBP1 loss 

CtBP1 knockdown resulted in upregulation of talin-1 and suppressed cell motility. Over- 

expression of talin-1 produced a similar effect, significantly inhibiting cell migration, 

making cells too sticky to sustain a progressive movement. I next examined whether talin-

1 knockdown could rescue/ or to some extend reverse the functional consequence of CtBP 

knockdown.   

First, we optimized a combined CtBP1 + talin-1 knockdown. Our previous data 

demonstrated that CtBP1- targeting siRNA induced the best protein suppression at 10nM 
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and 48h post- transfection, and that protein knockdown was maintained for several days 

(Appendix 2). Additionally, loss of CtBP-1 correlated with up- regulation of talin-1 levels. 

We then optimized a combined talin-1 + CtBP1 knockdown (Figure 6.2.1).  Evidence of 

talin-1 suppression was visible 48h post- transfection (Figure 6.2.1 B), but a greater 

protein knockdown was apparent at 72h time- point (Figure 6.2.1 C).  

 

Figure 6.2.1 Optimisation of a combined talin-1and CtBP1 knockdown. H357 cells (5x104) were seeded in 

6- well plate and transfected with different siRNAs. Cells were lysed at three different time points to 

determine the time required for suppression of both proteins. Efficiency of knockdown was measured 

using Western blotting. Hsc70 was used as a loading control.  

The optimal time point for combined loss of CtBP1 and talin-1 was determined to be at 

72h post- transfection, and this time point was used in subsequent adhesion assays. 

For comparison, prior to the assay cells were transfected with Control only siRNA at 30nM, 

CtBP1 siRNA at 10nM (in combination with 20nM Control), talin-1 siRNA at 20nM (in 

combination with 10nM Control) or a combined CtBP1 (10nM) and talin-1 siRNA (20nM). 

Integrin- dependent adhesion was measured 72h post- transfection (Figure 6.2.2). As 

expected, attachment of DLD1 cells to collagen I was β1- dependent, while 5PT and VB6 

cells relied solely on αvβ6 integrin to adhere to LAP (P5D2 and 63G9 blocking antibodies 

respectively). In accordance with our previous findings, CtBP1 knockdown increased 

adhesion in all three tested cell lines, and this correlated with up- regulation of talin-1 

protein levels (Figure 6.2.2 D and E). Loss of talin-1, on the contrary, had the opposite 

effect as it inhibited attachment of VB6 and 5PT cells suggesting that an optimal level of 

talin-1 is required for optimal cell adhesion. More importantly, knockdown of talin-1 

suppressed increased attachment to LAP of CtBP1- deprived cells, as their adhesion was 

comparable to Control cells (Figure 6.2.2 B and C). Interestingly, this effect was absent 
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from DLD1, where no changes in adhesion were observed, despite talin-1 knockdown. 

Moreover a combination of CtBP1 and talin-1 suppression corresponded with increased 

DLD1 adhesion (Figure 6.2.2 A). However, subsequent analysis of knockdown efficiency 

revealed a change in talin-1 protein expression only after CtBP1 loss, while talin-1 siRNA 

treatment failed to induce protein knockdown in this particular cell line (Figure 6.2.2 D).  

The presented data originate from individual experiments, which due to time- limitations 

of the study have not yet been repeated and thus must be considered as preliminary. 

Despite its preliminary nature presented data suggests that talin-1 is required for optimal 

cell adhesion. Moreover, even slight alternations of its expression can have a profound 

effect on integrin –dependent attachment to ECM proteins. 
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Figure 6.2.2 The effect of talin-1 and a combined CtBP1 and talin-1 knockdowns on cell adhesion. Cells 

were transfected with Control siRNA at 30nM, combined Control (20nM) and CtBP1 (10nM) or Control 

(10nM) and talin-1 (20nM). 72h post- transfection cells were plated in quadruplicates on BSA (non- specific 

adhesion), collagen I (A) or LAP (B and C) and allowed to attach to the substrate. Adherent cells were then 

fixed and stained. The absorbance of dissolved stain was read at 540nm wavelength, thus adhesion was 

plotted as absorbance (a.u.). Integrin blocking antibodies (β1- P5D2 and β6- 63G9) were incubated with 

cell suspension for 30min at 4°C prior seeding. Each experiment was performed only once. Error bars 

represent standard deviation. Protein knockdown in DLD1 and VB6 cells was confirmed by Western 

blotting (D and E). Hsc70 was used as a loading control. 
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6.3 CtBP1 interacts with TLN1 gene promoter and regulates its 

expression in response to glucose  

Several published studies have demonstrated that CtBPs interact with different 

transcription factors (TFs) and bind to the promoter of a target gene (Shi, Sawada et al. 

2003; Zhang, Wang et al. 2006; Di, Fernandez et al. 2010; Paliwal, Ho et al. 2012). In our 

study, up- regulation of talin-1 after loss of CtBP1 and/ or CtBP2 was present at both the 

protein and mRNA levels. Additionally, gene microarray data suggested that both CtBPs 

can regulate talin-1 expression (Chapter 5). We therefore hypothesized that CtBP1 can 

interact with TLN1 gene promoter. To examine this theory we employed chromatin 

immunoprecipitation (ChIP) technique.  

There have been no studies regarding TLN1 gene promoter described in the literature. We 

therefore obtained the full talin-1 promoter sequence from NCBI website (Appendix 4). 

Next, we designed 10 pairs of primers spanning the entire 2.5 kb promoter as described in 

Methods. The primers designed for E- cadherin promoter were used as a positive control 

for the ChIP end- point PCR reaction (Shi, Sawada et al. 2003). The exact sequence and 

optimisation of all primers is described in detail in Appendix 5. 

Prior to the CHiP assay three cell lines: H357, DLD1 and 5PT were grown at 10mM glucose 

for 2 days.  Then isolated chromatin was enzymatically cleaved with a cocktail of random 

(sequence- independent) enzymes for 5min at 37°C. The digestion process was time- and 

temperature- dependent, and was optimised to produce fragments between 200- 900 base 

pairs which occurred after 2.5- 5min incubation with enzymatic shearing cocktail 

(Appendix 5). 

Immunoprecipitation (IP) of sheared chromatin (5µg) was performed using anti- CtBP1 

antibody, which recognizes an epitope located at the extreme C- terminus of the protein 

(E12; Santa Cruz) or IgG antibody (P5D2; Abcam), specific for β1 integrin. The latter was 

used as a negative control as P5D2 should not interact with chromatin. After 8h- 

incubation retrieved products of IP were analysed by end- point PCR using optimised E- 

cadherin and talin-1 primers. 
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Figure 6.3.1 Chromatin immunoprecipitation assay using anti- CtBP1 antibody- CtBP1 interacts with E- 

cadherin promoter. Prior to the assay cells were grown at 10mM glucose for 2 days. Chromatin was 

isolated, sheared and incubated with CtBP1 (E12, Santa Cruz) or IgG (β1 antibody, P5D2) for 8h as 

described in Methods. PCR reactions were then set up with products of IP and separated by gel 

electrophoresis. Sheared non- IP chromatin and water were used as a positive and negative control for 

PCR reactions, respectively. Figure illustrates results produced for three pairs of E- cadherin primers (P1, 

P2 and P3) in H357 (A) DLD1 (B) and 5PT (C) cell lines.  
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We first confirmed that described in literature E- cadherin primers do amplify different 

fragments of E- cadherin promoter in tested cell lines, shown by band formation with 

Input chromatin (Figure 6.3.1). 

The application of CtBP1 E12 antibody in IP has not been previously described. Using 

primers for E- cadherin promoter I confirmed that this antibody can be used for 

immunoprecipitation experiments, as I was able to show amplification of E- cadherin 

promoter fragments using different primers. More precisely, in all three cell lines there 

was a clear band of approximately 385 bp detected after PCR reaction with P3 primer pair 

(Figure 6.3.1). Interestingly, additional bands were detected in DLD1 cell line when P2 

primer pair was used. However a similar band was also present after IP with IgG control 

antibody, thus indicating that this result might have been false positive and/ or caused by 

high background (Figure 6.3.1 B).  

In summary, these results confirm previous studies that have shown an interaction 

between CtBP1 and the E- cadherin promoter; hence E- cadherin was used as a positive 

control for TLN1 ChIP assays. 

To determine if CtBP1 can interact with promoter of talin-1, chromatin retrieved from 

glucose- treated cells was analysed via PCR using 10 TLN1 promoter primers (Figure 6.3.2 

and Figure 6.3.3). 
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Figure 6.3.2 Chromatin immunoprecipitation assay with anti- CtBP1 antibody- CtBP1 interacts with talin-1 

promoter (part1). Prior to the assay cells were grown at 10mM glucose for 2 days. Chromatin was isolated, 

sheared and incubated with CtBP1 (E12, Santa Cruz) or IgG (β1 antibody, P5D2) for 8h as described in 

Methods. PCR reactions were then set up with products of IP. Reaction with Input chromatin (non- IP) or 

water only were also set up as positive and negative controls for PCR reactions, respectively. Figure 

illustrates results produced for six pairs of TLN1 primers:  P1 and P2 (A), P3 and P6 (B) and P5 and P7 (C). 
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Figure 6.3.3 Chromatin immunoprecipitation assay using anti- CtBP1 antibody. CtBP1 interacts with TLN1 

promoter (part2). Prior to the assay cells were grown at 10mM glucose for 2 days. Chromatin was isolated 

and sheared and incubated with CtBP1 (E12, Satan Cruz) or IgG (β1 antibody, P5D2) for 8h as described in 

Methods. PCR reactions were then set up with IP products and separated by gel electrophoresis. Sheared 

non- IP chromatin and water were used as a positive and negative control for PCR reactions, respectively. 

Figure illustrates results recorded for the following pairs of TLN promoter primers: P8 and P9 (A) as well 

as P4 and P10 (B)(n= 1). 

As expected Input chromatin, which did not undergo IP, correlated with formation of the 

correct size products for all of talin-1 promoter primers. No bands were detected, when 

water was used as a template confirming that all PCR reactions were specific. ChIP with 

CtBP1 antibody led to amplification of P1 and P5 (Figure 6.3.2, white arrows) as well as P8 

primer pairs in individual samples (Figure 6.3.3, white arrows). However due to the lack of 

this effect across of all three cell lines, we regarded those results as background noise or 

non- specific. The most consistent result was achieved with primer pair P8 as a clear band 

of approximately 400- 500 bp in size was detected in samples from all three cell lines 

(Figure 6.3.3 A, bands indicated with white arrows). For this reason, we concluded that 

CtBP1 binds to talin-1 promoter within the region between -376 and -857bp from the 



Chapter 6 

Dissecting the mechanism underlying CtBP- mediated effect on integrins 
 

 
 

143 

transcription start site (TSS) (Figure 6.3.4). The transcriptional factor(s) (TFs) which 

mediate interactions between CtBP1 and TLN1 promoter is/ are yet to be determined. 

 

 

Figure 6.3.4 The hypothetical model of CtBP1 interaction with talin-1 promoter. According to ChIP results, 

CtBP1 precipitates with chromatin located between -376 and -857bp from the transcription start site (TSS) 

of talin-1 promoter (region amplified by primer pair P8). Location of remaining 9 primer pairs was also 

illustrated. Transcription factor mediating interactions between CtBP1 and TLN1 promoter is yet to be 

determined. 

Finally, to determine if talin-1 can be regulated in response to glucose (presumably via 

CtBP1), I investigated the effect of varying glucose concentrations on talin-1 expression in 

several cell lines including H357, SCC25, DLD1 and MDA MB 231 cells. Cell lines were 

treated with 2, 5 or 10mM glucose for 48h, and then lysed and tested for talin-1 levels via 

Western blotting (Figure 6.3.5).  

There was a clear drop in talin-1 protein expression as the glucose was increased from 

2mM to 5mM and then up to 10mM (Figure 6.3.5). The basal talin-1 levels varied between 

cell lines, however the negative effect of high glucose (10mM) on talin-1 expression was 

consistent acros all tested cell lines. Even though we did not show a direct evidence for 

CtBP1 participation in this particular experiment, based on our previous observations (for 

example the CHiP assay), it can be speculated that the effect of glucose on talin-1,is likely 

to be mediated by this metabolic sensor. 
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Figure 6.3.5 Talin-1 protein levels in response to different glucose concentrations. Cell lines were grown 

for 2 days at different glucose concentrations ( 2, 5 and 10mM). Lysates obtained from these cell lines 

were then screened for talin-1 expression levels by Western blotting. Hsc70 was used as a loading control. 

The experiment was repeated 3-4 times in H357, SCC25 and DLD1 cell lines, and twice in MDA MB 231 cell 

line. 

6.4 Analysis of human cancers for GLUT1, CtBP1 and talin-1 expression 
To examine if CtBP1 expression correlates with decreased levels of talin-1 and increased 

glycolysis in human tumour tissue we generated a tissue microarray (TMA) of 71 different 

human tumours (OSCC [n=10], lung [n=9], colon [n=22], breast [n=26, ovary [n=4], 

pancreatic [n= 2], prostate [n=1] and endometrial [n=1]).  These were subsequently 

stained for CtBP1, talin-1 and GLUT1 (high tumour expression of this glucose transporter 

indicates glycolysis) by Monette Lopez and Toby Mellows as described in Methods (Chapter 

2). The assessment of expression patterns and statistical analysis were performed by Prof 

Gareth Thomas.  TMA sections were  scored a value between 0 and 3 indicating negative 

(0), low (1), moderate (2) or high (3) staining.  

TMA analysis showed that highly glycolytic tumours (expressing high GLUT1 levels) also 

expressed high levels of CtBP1 (p=0.001). Furthermore, there was a significant inverse 

correlation between talin-1 and CtBP1 and GLUT1 expression (p=0.011 and p<0.001 

respectively). Figure 6.4 shows typical examples of glycolytic head and neck (A, B), 

colorectal (C) and lung (D) carcinomas, where sequential sections have been stained for 

talin-1, GLUT1 and CtBP1. Conversely, tumours expressing low levels of GLUT1 and CtBP1, 

showed higher expression of talin-1. Examples of lung (E) and colorectal (F) carcinomas 

are shown.  These data adds further credence to our in vitro findings that glycolysis-

mediated CtBP1 activation results in suppression of talin-1.  
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Figure 6.4 Immunohistochemical analysis of talin-1, CtBP1 and GLUT1 expression in human cancer tissues. 

Sequential sections from head and neck (A, B), colorectal (D and F) and lung (C and E) carcinomas were 

stained with H&E, and for talin-1, CtBP1 and a marker of high glycolytic activity- glucose transporter 

GLUT1. Histopathological scoring was performed by Prof Gareth Thomas.  Low talin-1 expression 

correlated with high CtBP1 and GLUT1 levels (A-D). Conversely, high talin-1 expression was found in 

tumours with low CtBP1 and GLUT1 expression (E, F). 

6.5 Analysis of talin-1 expression in human cancers and its correlation to 
positron emission tomography (PET) 

Increased demand for glucose of highly glycolytic tumours has been used for diagnostic 

and cancer staging purposes. Positron emission tomography (PET) uses a radioactively 

labelled F18- fluorodeoxyglucose (FDG), which is taken up by cells via glucose transporters, 

such as GLUT1. FDG is a glucose analogue, which lacks a 2’ hydroxyl group (-OH) thus 
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following phosphorylation by hexokinase to FDG-6 phosphate, it cannot be further utilized 

in the glycolytic pathway. Consequently, labelled FDG-6P accumulates in highly glycolytic 

cells until its decay. The amount of accumulated FDG can be then semi- quantified as 

Standardized uptake value (SUV). 

We analysed a cohort of 12 cancer patients, who underwent a PET scan at Oncology 

Department of Southampton General Hospital. Tissues samples were immunostained for 

talin-1, expression scored by pathologist (Prof Gareth Thomas). We identified 7 cancer 

patients with negative to moderate talin-1 expression and 5 patients with moderate to 

high talin-1 levels (Figure 6.5.1). Interestingly, tumours with negative or moderate talin-1 

levels showed a significantly higher SUV scores as compared to tumours with moderate to 

high talin-1 expression (p= 0.029). This therefore suggested that there is an inverse 

correlation between the SUV (glucose uptake) and talin-1 expression in cancerous tumours. 

 

 

 

 

 

 

 

 

Figure 6.5.1 PET analysis of standardized uptake values (SUV) in a group of 12 cancer patients. SUV scores 

were provided by Oncology Department of Southampton General Hospital. Tumours were immunostained 

for talin-1 expression as described, and grouped as negative/low = 1, moderate/high = 2.  A significant 

inverse correlation between SUV score and talin-1 expression was observed (p=0.029). 

The inverse association between SUV score and talin-1 protein expression was further 

illustrated by tissue staining in Figure 6.5.2. In patients with high glycolytic tumours (high 

SUV), talin-1 expression was absent or very low (Figure 6.5.2 A and B). Conversely, low 

FDG uptake correlated with moderate to high talin-1 expression in cancer cells (Figure 

6.5.2 C and D).  
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Figure 6.5.2 Analysis of talin-1 expression in cancer tissue samples. Talin-1 expression was analysed by 

immunochemistry on tumour biopsies from patients with high (A, B) and low SUV scores (C and D). 

Staining was performed by Monette Lopez and Toby Mellows and scored by Prof Gareth Thomas.  

Altogether this data indicates that in harmony with our previous results, talin-1 expression 

is inversely correlated to glucose uptake. More glycolytic cancer cells show decreased 

talin-1 expression. 

6.6 Generation of stable CtBP1 knockdown cell lines 

Transient transfection with siRNA allowed us to investigate the short-term effect of CtBP 

suppression on cell motility in vitro (Chapter 4 and Chapter 5). However, to determine the 

effect of CtBP loss in more physiological in vivo model, I generated cell lines with 

permanent CtBP1 knockdown. 

Previous work of our group showed that, of the cell lines used  in vitro, only 5PT cells 

form tumours in a murine xenograft model, while H357, SCC25 and VB6 cell lines failed to 

do so (unpublished data). According to the published literature, DLD1 cell line is also 
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capable of tumour formation in several athymic mice models (Zhang, Chen et al. 2006; 

Rhee, Im et al. 2008; Ahn, Koom et al. 2012). For these reasons we chose 5PT and DLD1 to 

generate stable CtBP1 knockdown cell lines. 

Sequence and knockdown efficiency of employed CtBP1 shRNA plasmid is described in 

detail in Appendix 6. Transfection efficiency of 5PT cells was considerably low as only 10 

different CtBP1 knockdown clones survived a 7- week selection with puromycin (Figure 

6.6.1). 

 

Figure 6.6.1 Results of clonal selection in 5PT cell lines. Cells transfected with CtBP1 A or Control shRNA 

were selected over a period of 7weeks with puromycin (0.25µg/ml) (A and B). Protein levels were then 

analysed by Western blotting. Hsc70 was used as a loading control.  

Only half of identified clones showed a considerable CtBP1 suppression including clones 

number 2, 3, 4, 5 and 10. In remaining CtBP1 knockdown clones there was little or no 

apparent protein suppression.  Three clones with the highest CtBP1 knockdown (clones: 

CtBP1 4, CtBP1 5 and CtBP1 10) were chosen for further investigations.  

To determine if stable CtBP1 knockdown in 5PT cells alters expression and signalling of 

other proteins, I employed qPCR analysis and flow cytometry (Figure 6.6.2). First I 

confirmed that CtBP1 suppression occurred at both mRNA and protein levels in all three 

chosen CtBP1 knockdown clones: CtBP1 4, CtBP1 5 and CtBP1 10 (Figure 6.6.2 A and E, 

respectively). Talin-1 appeared to be only slightly affected by stable CtBP1 shRNA, as I 

recorded around 1.5- fold up- regulation of its mRNA abundance (Figure 6.6.2 B), while 

this change was less apparent at the protein level (Figure 6.6.2 E).  
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Figure 6.6.2 Screen for CtBP1, talin-1, CtBP2 and active β1 integrin in 5PT cells with stable CtBP1 

knockdown (preliminary data). RNA extracted from transfected cells was reversely transcribed into cDNA 

and analysed via qPCR for CtBP1 (A), talin-1 (B) and CtBP2 (C) levels. Percentage of active integrin β1 was 

measured by flow cytometry as described in Chapter 5. Protein expression of talin-1 and CtBP1 was 

analysed by Western blotting (E). Hsc70 was used as a loading control. For comparison purpose, results of 

qPCR and flow cytometry analysis recorded for three controls were presented as a mean of values for 

each Control clone (n=1). 
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Interestingly, all three clones exhibited a significant increase in CtBP2 mRNA, suggesting 

that long- term CtBP1 inhibition must trigger the auto- regulatory feedback loop described 

earlier (Figure 6.6.2 C). 

Due to observed changes of talin-1 expression, I also measured levels of active β1 integrin 

on cell surface of different stable CtBP1 knockdown clones (Figure 6.6.2 D). As expected 

there was a significant increase of the cell surface receptor in its ‘open’ confirmation in 

two CtBP1 knockdown clones: CtBP1 5 and CtBP1 10. However, the third clone: CtBP1 4 

clones showed a significant down- regulation of  active β1 integrin on the cell surface. 

Altogether, these preliminary data could indicate that permanent CtBP1 suppression leads 

to a similar expression pattern as transient inhibition of these redox sensors with siRNA 

described in Chapters 4 and 5. However, the changes observed in stable clones were more 

subtle and less pronounced as compared to the effect of siRNA.  

A similar approach was adopted to generate stable CtBP1 knockdown clones in DLD1 cell 

line. First transfected cells were grown in the presence of puromycin for 5 weeks to select 

resistant clones. Transfection efficiency of this cell line was high as a large number of 

clones survived the selection process.  Subsequently, clones were screen for CtBP1 

expression by Western blotting (Figure 6.6.3). Out of 18 CtBP1 knockdown clones, 11 

showed a clear suppression of the redox sensor. This suggested that in case of remaining 7 

clones only the antibiotic resistance gene was incorporated successfully into the host 

genome. 

Subsequently, three CtBP1 clones with considerable knockdown were used in further 

analysis including CtBP1 knockdown clones 4, 15 and 16.  
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Figure 6.6.3 Identification of CtBP1 knockdown after shRNA plasmid transfection of DLD1 cells. Protein 

expression was analysed by Western blotting. Hsc70 was used as a loading control.  
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Figure 6.6.4 Screen for CtBP1, talin-1 and active β1 integrin in DLD1 cells with stable CtBP1 knockdown 

(preliminary data). RNA extracted from transfected cells was reversely transcribed into cDNA and 

analysed via qPCR for CtBP1 (A) and talin-1 (B) levels. Percentage of active integrin β1 was measured by 

flow cytometry as described in Chapter 5 (C). Protein expression of talin-1 and CtBP1 was analysed by 

Western blotting (D). Hsc70 was used as a loading control. For comparison purpose, results of qPCR and 

flow cytometry analysis recorded for three controls were presented as a mean of values for each Control 

clone (n=1). 
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There was a clear suppression of CtBP1 in all three stable CtBP1 knockdown clones at both 

mRNA and protein levels (Figure 6.6.4 A and D).  Up- regulation of talin-1 mRNA was less 

apparent as it was significantly elevated in only two clones: CtBP1 15 and CtBP1 16, while 

the increase in CtBP1 4 clones was not significant (Figure 6.6.4 B). These very subtle 

changes in talin-1 abundance were not detectable at the protein level as shown by 

Western blotting (Figure 6.6.2 D). Similarly, flow cytometry analysis revealed that 

permanent loss of CtBP1 correlated with around 10% increase of active β1 integrin on the 

cell surface compared to control cells. 

Finally, to investigate if these subtle changes in protein expression are sufficient to induce 

a functional change in cell behaviour, I tested ability of CtBP1 stable knockdown cell lines 

to attach to collagen I using XCELLigence adhesion assays. Prior to the experiment three 

clones from Control or CtBP1 group were pooled together at 1:1:1 ratio and allowed to 

grow for 4 days in the presence of puromycin. The adhesion assay was set up on day 5 

using a pool of three clones. 

Attachment of both cell lines was stimulated with collagen I (Figure 6.6.5). There were no 

significant differences in attachment between the two conditions in 5PT cell line (Control 

and CtBP1) at the beginning of the assay (up to 1h). Over time however, the Control pool 

showed a slightly stronger adhesion to collagen I than the corresponding pool of CtBP1- 

deprived clones (Figure 6.6.5 A). By contrast, DLD1 cells with a stable CtBP1 suppression 

exhibited much stronger adhesion than Control cells from the start of the experiment 

(Figure 6.6.5 B).  

It appears therefore that stable CtBP1 knockdown increased adhesion only in DLD1 cell 

lines, while it fail to induce the same effect in 5PT clones. At this stage we can only 

speculate, that this could have been caused by compensatory up- regulation of CtBP2 in 

5PT cells. We cannot comment on a similar effect in DLD1 cells, as the levels of CtBP2 in 

stable clones have not been measured. 
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Figure 6.6.5 Adhesion of 5PT and DLD1 CtBP1 stable knockdown cells. Prior adhesion assays, three clones 

from Control or CtBP1 group were pooled together at ratio 1:1:1 and allowed to grown for 4 days in the 

presence of puromycin. Adhesion to collagen I (10µg/ml) was analysed on day 5 using XCELLigence. Cells 

were plated at 2x10
4
 in duplicates. Measurements of cell index were taken every 15min over a 3h- period. 

Figure illustrates graphs from representative experiments (n=2). 
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6.7 Discussion 

Talin-1 provides a structural and functional link between cellular cytoskeleton and 

extracellular substrates. The role and contribution of talin-1 to malignant phenotype of 

cancer cells received a lot of interest in recent years. Published studies suggest that in 

order to gain a more motile and invasive potential, tumours up- regulate their talin-1 

expression. Study by Sakamoto et al demonstrated that over- expression of talin-1 

promoted both adhesion and migration of prostate cancer cells (Sakamoto, McCann et al. 

2010). Furthermore, talin-1 over- expression in aggressive oral squamous cell carcinomas 

has been linked to elevated invasive potential of tumours and poor survival in patients (Lai, 

Hua et al. 2011). Similarly, up- regulation of talin-1 has also been linked to progression of 

hepatocellular carcinoma (Kanamori H 2011). However it appears that down- regulation of 

talin-1 can also be associated with cancer progression. Interestingly, study by Zhang et al 

illustrated that a cohort of hepatocellular carcinomas showed significantly lower talin-1 

mRNA levels as compared to normal liver tissue (Zhang, Qian et al. 2011).  

In this study, we demonstrate that over- expression of talin-1 was associated with 

significantly reduced migration in Transwell® assays. Moreover, the functional effect of 

adaptor protein over- expression was similar to the effect of CtBP1 and/ or CtBP2 

knockdown. We therefore speculated that highly abundant adaptor protein triggers over- 

activation of cell surface integrins preventing optimal motility.  

Numerous studies demonstrated that loss of talin-1 expression inhibits integrin activation 

and out- side in signalling. As a consequence cells fail to migrate and show impaired 

adhesion (Albiges-Rizo, Frachet et al. 1995; Tadokoro, Shattil et al. 2003; Nieswandt, 

Moser et al. 2007; Nieves, Jones et al. 2010).  Here, we demonstrated that siRNA- induced 

talin-1 knockdown suppressed cell adhesion to different ECM substrates. Thus functionally, 

loss of talin-1 had the opposite effect to loss of CtBP1 described in Chapter 5. 

Furthermore, optimal suppression of talin-1 appeared to prevent increased adhesion in 

CtBP1- deprived cells in two out of three tested cell lines.  

These data indicate that alterations of talin-1 expression have a major impact on integrin- 

depended migration and adhesion. This in turn confirms our earlier hypothesis that CtBPs 

control cell motility via regulation of talin-1 abundance. 

CtBPs act as transcriptional co- suppressors, which by interactions with chromatin- 

modifying enzymes and different transcription factors regulate expression of target genes. 

Both CtBPs are involved in transcriptional regulation of E- cadherin under hypoxic 

conditions (Shi, Sawada et al. 2003; Pena, Garcia et al. 2006; Zhang, Wang et al. 2006). In 
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breast cancer cells CtBPs have been shown to bind to BRCA1 gene promoter and regulate 

target gene expression in response to increased NADH levels (Di, Fernandez et al. 2010). 

Recently, CtBP2 has been ascribed to transcriptional regulation of Tiam1 via KLF-8 

transcription factor (Paliwal, Ho et al. 2012). Based upon literature and our data, we 

hypothesized that CtBPs are also involved in transcriptional regulation of talin-1.  

Chromatin immunoprecipitation (ChIP) experiments indicated a specific region within the 

TLN1 gene promoter as a potential target site of CtBP1 interactions. Moreover the likely 

binding site appeared to be conserved between three tested cell lines. However, the 

identified fragment amplified after the immunoprecipitation with CtBP1 using talin-1 

promoter primer pair P8 should be sequenced to confirm that it was indeed a part of the 

promoter.  

Despite the fact that both CtBP1 and CtBP2 regulate talin-1 expression (Chapter 5), we 

focused only on the former redox sensor. The functional effect of CtBP1 was always 

consistent, while targeting CtBP2 showed a lot of variability in between cell lines and in 

between different techniques employed. Due to time limitations I was unable to 

investigate whether CtBP2 also interacts with talin-1 promoter. There are several 

potential transcriptional factors which are likely to bind to the identified talin-1 promoter 

region and interact with CtBP1. However this was not addressed as part of this project. 

The maximal glycolytic rate and maximal extracellular acidification of H357 and DLD1 

cells can be induced by 5mM glucose (Chapter 3). However to eliminate any fluctuations in 

sugar level, cells were grown at 10mM glucose prior chromatin isolation and glucose- 

supplemented medium was replaced daily. As described earlier (Chapter 3), high glucose 

leads to intracellular accumulation of NADH- the activator of CtBPs required for their co- 

repressor function. Therefore maintaining cells under high sugar conditions should have 

increased binding of CtBP1 to talin-1 promoter and result in suppression of talin-1. Indeed, 

analysis of talin-1 expression in DLD1 cell line revealed a slight decrease in abundance as 

the sugar concentration was increased from 2mM to 10mM. 

Altogether the presented data clearly demonstrates transcriptional regulation of talin-1 

mediated by CtBP1 and is likely to be driven by metabolic changes such as increased 

glycolytic demands. To determine if our findings correlate with expression of both proteins 

and glycolytic state of tumours, we analysed a cohort of tissue microarrays derived from 

71 cancer patients. Expression of glucose transporter 1 (GLUT1) was used to assess the 

glycolytic state of individual tumours.  
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GLUT1 facilitates glucose uptake across cell membrane and its expression is commonly de- 

regulated in tumours. Exposure to limiting nutrients, such as low levels of glucose and 

oxygen (hypoxia) lead to GLUT1 up- regulation to cope with high glycolytic demands of 

cancer cells. High expression of this transporter has been linked to poor survival in many 

cancer types including head and neck (Ayala, Rocha et al. 2010), colorectal (Haber, 

Rathan et al. 1998), breast (Brown and Wahl 1993) and lung (Ogawa, Inoue et al. 1997).   

Our subsequent analysis of TMAs revealed a clear inverse correlation between CtBP1 and 

talin-1 expression pattern. Tumours with high CtBP1 levels exhibited low talin-1 

abundance. Conversely, low expression of redox sensor was associated with higher talin-1 

levels. Moreover, tumours positive for CtBP1 showed a strong correlation with GLUT1 

expression, suggesting that talin-1 suppression could be driven by high glucose uptake in 

highly glycolytic tumours.  

Several studies indicated a positive association between SUV score and GLUT1 expression 

in metastatic tumours (Horiuchi, Tsukuda et al. 2008; Khandani, Dunphy et al. 2009; Tian, 

Yu et al. 2012). However the potential correlation with talin-1 or CtBP1 expression has 

never been described. To investigate the potential link between talin-1 expression and 

glucose metabolism in tumours, we analysed a group of 11 cancer patients, who 

underwent a PET scan at University of Southampton. Subsequent cross- reference of the 

SUV score against talin-1 staining of tissue biopsies revealed a significant inverse 

correlation between tumours with high glucose uptake and low talin-1 expression. This 

data is therefore supportive of our hypothesis, wherein highly glycolytic tumours down- 

regulate expression of talin-1. Additionally, our findings from SUV analysis are in harmony 

with the inverse correlation between expression of talin-1 and GLUT1 in TMA sections. We 

have not yet correlated CtBP1 expression with SUV score, however this work is on-going. 

The impact of protein suppression can be studied using small interfering RNA (siRNA). 

However the knockdown effect is transient rather than permanent. Over time cells 

degrade double- stranded RNA and start to re- express the protein of interest. By contrast, 

shRNA provides a long- lasting gene silencing as shRNA containing plasmid is incorporated 

into the host genome. As a consequence, shRNA is produced by cell’s own transcription 

machinery. Our study was largely based on the ability to supress the abundance of CtBP 

proteins using siRNA technique. However to study the long- term effect of CtBP loss, we 

generated clones with stable CtBP1 knockdown in two cell lines: 5PT and DLD1, as these 

were known to form tumours in murine xenograft models (Zhang, Chen et al. 2006; Rhee, 

Im et al. 2008; Ahn, Koom et al. 2012). Our decision to focus on CtBP1 rather than CtBP2, 
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was further supported by recently published study, where Wang et al demonstrated that 

mice injected with stable CtBP1 knockdown generated in prostate cancer cell line, showed 

reduced tumour weight and metastasis (Wang, Asangani et al. 2012). 

Interestingly, the effect of permanent (long- term) suppression on cell adhesion was 

similar, but not as pronounced as the effect of siRNA- mediated CtBP1 knockdown. Despite 

a relatively efficient stable suppression of CtBP1 in both cell lines, the up- regulation of 

talin-1 was lower than expected. Furthermore, up- regulation of active β1 integrins on cell 

surface of CtBP1 knockdown clones was either very low (up to 10%) or absent.  

In the functional adhesion assay permanent suppression of CtBP1 did not correlate with 

increased adhesion in the 5PT cell line. However, the stable CtBP1 knockdown clones 

generated in DLD1 cells exhibited much stronger adhesion to collagen I compared to 

Control group. At this stage we cannot explain these discrepancies between the two cell 

lines. Moreover, presented data had a preliminary character. It is however worth noticing, 

that there was a significant up- regulation of CtBP2 mRNA abundance in stable CtBP1 

knockdown clones in 5PT cells. This result is consistent with previously observed auto- 

regulatory feedback between the two redox sensors. As mentioned in Chapter 5, we 

identified over 40 genes which were regulated by both CtBP1 and CtBP2 proteins. It is 

therefore possible that long- term CtBP1 inhibition triggers up- regulation of CtBP2 to 

compensate for loss of the other redox sensor. This hypothesis could explain the very 

subtle effect on both talin-1 expression and β1 integrin activation in stably transfected 

cells and no changes in adhesion of 5PT cells after prolonged CtBP1 ablation. 

The behaviour of stable DLD1 clones in adhesion assay was consistent with changes seen 

after siRNA transfection (Chapter 5). Therefore we plan to use clones generated in this 

particular cell line to examine the effect of CtBP1 loss on tumour growth in vivo using 

athymic murine xenograft model. Additionally, to avoid a possible compensatory effect, 

which appears to develop over time, we plan to use an inducible model, wherein stable 

CtBP1 knockdown would be initiated at a specific time point. 

In summary, in this chapter, I demonstrate that optimal talin-1 expression is required for 

optimal cell adhesion and motility. Increased adhesion, induced by loss of CtBP1, can be 

‘rescued’ by simultaneous down- regulation of talin-1. Moreover, for the first time, I show 

that CtBP1 interacts with TLN1 gene promoter to regulate transcription of this adaptor 

protein. We also highlight a strong inverse correlation between CtBP1 and talin-1 

expression, which occurs in glycolytic tumours with high GLUT1 expression and elevated 
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glucose uptake. Finally, I design and analyse two stable CtBP1 knockdown cell line models, 

which will be used to study tumour growth and metastasis in vivo. 
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Chapter 7 
CtBPs regulate persistent cell 
migration 

Single- cell migration is not the only type of locomotion adopted by cells. Under both 

physiological and pathological conditions cells show ability to travel in groups or sheets as 

cell- cell interactions are supported by E- cadherins and gap junctions. This in turn helps 

to maintain the polarity and force generation in a large sheet or cell cluster (Tambe, 

Hardin et al. 2011). Direction of the movement is established by cells at the leading edge 

of the sheet, while cells located behind it and at the trailing edge show little autonomous 

motility. This is turn correlates with elevated signalling activity of ‘path generating cells’ 

including integrin activation, which is thought to be restricted only to the leading edge 

(Friedl 2004, Rorth 2007, Khalil and Friedl 2010). 

In this Chapter I briefly investigate the role of CtBPs on collective cell migration and 

persistency of cell movement. I also examine the effect of these metabolic sensors on 

some of the signalling molecules, which drive different aspects of cell motility. 

7.1 CtBPs and collective migration 

We have already demonstrated that CtBPs are required for integrin –dependent single cell 

motility (Chapter 4). To investigate the potential effect of these redox sensors on 

collective migration, CtBP- deprived cells were used in a scratch wound assay. Migration 

was stimulated by wounding the cell monolayer with a pipette tip, while the following 

process of migration was recorded over time.  

As shown in Figure 7.1, Control cells migrated into the gap from both sides of the wound in 

a collective manner retaining their cell- cell interactions. Moreover, there were clear pro- 

migratory groups of cells at the leading edge on each side of the wound, which initiated 

locomotion into the gap (Figure 7.1 Ai and Bi). H357 Control cells did not close the scratch 

completely (Figure 7.1 Ai). By contrast, VB6 Control cells fully closed the wound within 

the first 6- 8h of the experiment (7.1 Bi). In both H357 and VB6 cells loss of this particular 

redox sensor correlated with inability of cells to close the scratch (Figure 7.1 Aii and Bii). 

CtBP2 knockdown, on the other hand, had different effects in tested cell lines. In H357 

cells migration was not reduced, but appeared accelerated by CtBP2 loss, as cells closed 

the wound completely within 6h.  
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Figure 7.1 Effect of CtBPs on collective cell migration in scratch wound assays. Cells (2x105) were plated 

for the assay 24h post- transfection and allowed to adhere to the plate overnight. The following day (48h 

post- transfection) a pipette tip (P200) was used to introduce a wound to the cell monolayer. Growth 

medium was replaced with serum- and growth factor- free migration buffer. The process of gap closure 

was recorded over 48h with pictures taken every 15min. 10% CO2 and the temperature was stabilized at 

37°C throughout the experiment. The figure represents montages from the recorded movies over the first 

8h of the experiment.  
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By contrast, the CtBP2- deprived VB6 cells failed to close the wound, but there was also a 

clear loss of cell- cell contacts especially within the leading edge (Figure  B iii). 

Finally, a combined CtBP1 and CtBP2 knockdown rendered cells incapable of collective 

migration and wound closure. On the other hand, the observed loss of sheet integrity after 

individual knockdowns was the most noticeable in CtBP1+2- deprived cells (Figure 7.1 A iv 

and B iv). 

7.2 CtBP loss correlates with loss of movement directionality 

CtBPs, and in particular CtBP1, appear to regulate collective cell movement. The most 

consistent functional change observed during the wound healing process was inability of 

CtBP- deprived cells to migrate in a directional manner. The driving force for consistent 

migration is the ability of cells to polarize and re- organize their cellular structure to 

support persistency of migration. We therefore hypothesized that CtBPs might be involved 

in processes responsible for directionality of cell movement.  

To measure directionality, 20 random individual cells from both sides of the wound were 

followed using Manual Tracking Tool in Image J software. Cells were manually followed 

until the wound closure in corresponding Control cells. Parameters were then plotted as 

overlays of representative trajectories using the Chemotaxis tool (Image J). 

Optimal cell migration requires persistency of movement. Cells rarely travel in a perfectly 

linear manner; however the straighter the path of a cell, the more directional is its 

movement (Figure 7.2.2 A). From the trajectories plotted in Figure 7.2.1 it was clear that 

Control cells from both cell lines migrated along an almost straight path, while cells 

deprived of CtBPs lost this directionality. This was quantified using parameters derived 

with Manual Tracking tool (Image J). In both cell lines the loss of individual or combined 

CtBP knockdowns correlated with reduced directionality (Figure 7.2.2 B). The most 

striking effect was reported after a combined loss of CtBP1 and CtBP2, wherein 

directionality of cell movement was reduced down to a value of 0.4 suggesting random 

migration (Figure 7.2.1 A iv, B iv and Figure 7.2.2 B).  
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Figure 7.2.1 Path trajectories of cells from a scratch wound assay. CollectIve migration of CtBP- deprived 

cells was measured in a scratch wound assay over 12h using time- lapse microscopy. Briefly, migration of 

20 individual cells from both sides of the wound was tracked manually, and the paths travelled by these 

cells were plotted using Image J software (Manual Tracking and Chemotaxis Tool). Analysis was performed 

on cells used in the same scratch wound assays as in Figure 7.1.1. 
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Similarly, knockdown of CtBP1 corresponded with loss of movement persistency in both 

H357 and VB6 cell lines (Figure 7.2.1 A ii, B ii and Figure 7.2.2 B). Directionality was also 

impaired in CtBP2- deprived cells, however this effect was more pronounced in VB6 rather 

than H357 cells (Figure 7.2.1 A iii, B iii and Figure 7.2.2 B). 

 

Figure 7.2.2 CtBPs are required for directionality of cell movement. Directionality [D] is defined as a 

distance travelled by a cell divided by the total path length (A). Directionality of migrating H357 (B) and 

VB6 (C) cells in the scratch wound assays was derived using Image J software (Manual Tracking and 

Chemotaxis tools). Directionality is presented in arbitrary units (a.u.). 

7.3 Over- activation of integrins mimics the effect of CtBP loss of 
collective motility and directionality 

As demonstrated in Chapter 5, activation of integrins with Mn2+ impairs single- cell 

migration and enhances adhesion to different ECM substrates, thus had the same 

functional effect on cell motility as loss of CtBPs. We therefore hypothesized that the 

impaired collective locomotion and loss of directionality might also be due to integrin 

activation. To address this I examined the impact of continuous exposure of cells to Mn2+ 

on wound healing ability of two OSCC- derived cell lines (Figure 7.3.1). 
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As expected, Control cells (PBS- treated) migrated into, and closed, the wound within the 

first 8h of the assay (Figure 7.3.1 Ai and Bi). However, in the presence of 1mM Mn2+ cells 

failed to heal the scratch in both cell lines suggesting that over- activation of integrins 

impairs collective cell migration (Figure 7.3.1 Aii and Bii). Additionally, we reported that 

Mn2+- treated cells showed a clear trend, wherein individual cells were detaching from the 

leading edge and travelling in a non- coherent manner with a clear loss of directionality.  

 

Figure 7.3.1 The effect of Mn2+ on collective cell migration. H357 and VB6 cells (2x105) were grown 

overnight in a 12- well plate to form a monolayer. The following day, a wound was introduced with a 

pipette tip, while medium was changed to migration buffer supplemented with 1mM Mn2+.  The process of 

gap closure was recorded over 48h with pictures taken every 15min. 10% CO2 and the temperature of 

37°C were maintained throughout the experiment. The figure represents montages from the recorded 

movies over the first 8h of the experiment.  The edges of the wound are indicated with a white dotted 

line. 

Subsequent analysis of individual cell trajectories confirmed that Integrin activation with 

Mn2+ correlated with non- linear movement as illustrated in Figure 7.3.2.  
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Trajectories of individual cells from Figure 7.3.2 were then used to quantify directionality. 

Cells migrating in the presence of Mn2+ showed a significant reduction in movement 

persistency as opposed to un- treated cells. This effect was present in both H357 and VB6 

cell lines (Figure 7.3.3). 

 

Figure 7.3.2 Path trajectories of cells from a scratch wound assay. Collective migration of Mn
2+

 treated 

cells was measured in a scratch wound assay over 8h using time- lapse microscopy. Briefly, migration of 

12 individual cells from both sides of the wound was tracked manually, and the paths travelled by these 

cells were plotted using Image J software (Manual Tracking and Chemotaxis Tool).  

Altogether these data clearly suggest that activation of integrins over a prolonged period 

of time has a negative effect on collective cell migration. Mn2+ -treated cells exhibit 
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behaviour very similar to CtBP- deprived cells; both Mn2+ and loss of CtBPs impair cell 

migration and directionality, suggesting that the mechanism behind the observed effect is 

(at least partially) mediated by integrins. However directionality can also be affected by 

cell polarity, which is not only integrin- dependent.  

 

 

Figure 7.3.3 Prolonged exposure to Mn2+ impairs directionality. Directionality of migrating H357 (B) and 

VB6 (C) cells in the presence of 1mM Mn2+ was derived using Image J software from trajectories plotted in 

Figure 7.2.2 (Manual Tracking and Chemotaxis tools). Directionality is presented in arbitrary units (a.u.). 

Error bars represent standard deviation. 

7.4 Loss of CtBPs alter Golgi orientation in migrating cells 
Persistency of cell movement relies on correct polarization of cytoskeleton and certain 

organelles. Golgi apparatus and a member of the microtubule organizing centre (MTOC) 

network- the centrosome, can be used as markers of cell polarization.  As illustrated in 

Figure 7.4.1 both Golgi (green) and centrosome (red) re- localize to the front of the 

nucleus (blue) of leading cells to face the direction of movement. Cells located behind the 

leading edge do not show this pattern of polarity and appear to be passively dragged 

behind the leading edge. 
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Figure 7.4.1 Staining of scratch wound assay. Cell monolayer (3x103) plated on glass coverslip was 

scratched with a pipette tip. Cells were than fixed (1% glutaraldehyde), permeabilized (Triton X) and 

stained for Golgi (58K-9, green), nucleus (DAPI, blue) and centrosome proteins (red). Images were 

acquired using Olympus X and processed using Image J. Direction of cell movement is indicated with two 

white arrows, while the edge of the wound is indicated with a white dotted line.  
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Figure 7.4.2 The effect of CtBPs on Golgi orientation in migrating cells. H357 cells migrating in a scratch 

wound assays set up as described in previous figure, were fixed at different time points (2, 4, 6 and 8h) 

and stained for Golgi marker (green) nucleus (blue) and centrosome (red). Direction of cell movement was 

indicated with white arrows. The edge of the wound was indicated with a dashed white line. Experiment 

was performed only once. 
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We then examined the localization of both structures in border cells, in a scratch wound 

assay. According to Figure 7.4.2, upon collective movement of Control cells, Golgi (green) 

and centrosome (red) were re- located to the front of the nucleus (blue) to face the edge 

of the wound. This was the most apparent in Control H357 cells 4h after scratch 

introduction.  Cells located behind the leading edge did not show the same pattern of 

Golgi localization. By contrast, cells deprived of CtBP1 and CtBP2 showed a general trend, 

wherein Golgi and centrosme were not aligned at the leading edge. This trend was the 

most noticeable over time (6- 8h). Failure to polarized organelles could indicate that 

CtBPs are also involved in signalling driving polarization of different organelles. This in 

turn could contribute to impaired migration of CtBP- deprived cells in scratch wound 

assays (Figure 7.1.1). Due to time constraints the effect of individual CtBPs on cell 

polarization has not been  addressed.  

7.5 CtBPs and small GTPases 
Integrin- triggered signalling is essential for manifestation of their functional effects. A 

balanced activity of Rho family of small GTPases, located downstream of these receptors 

drives many aspects of cell motility. Talin-1 acts as an adaptor protein to facilitate 

integrin activation and clustering. Subsequent cell spreading, lamellipodia formation and 

spatial polarization upon movement are mediated by activation of small GTPases including 

Rac1, Cdc42 and Rap1 (Ridley 2006, Hanna and El-Sibai 2013).  

According to our microarray data, CtBPs do not appear to regulate expression of any of 

GTPases of interest. However it is the activation of these proteins, rather their abundance 

that triggers downstream signalling. For this reason we investigated the effect of different 

CtBP knockdowns on Rac1, Cdc42 and Rap1 activation using pull- down assays. 
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Figure 7.5.1 The effect of CtBPs on activation of GTPases. Transfected VB6 cells were plated on LAP- 

coated surface and incubated for 4h. Cell lysates were then incubated with desired fusion protein coupled 

to Sepharose beads for 1h at 4°C. Activation of Rac1, Cdc42 (A) and Rap1 (B) were measured by Western 

blotting. Hsc70 was used as a loading control. Figure represents results obtained from a single experiment 

(preliminary data). 

Some level of Cdc42 activation was detectable in VB6 cells transfected with Control siRNA. 

Loss of CtBP1 however correlated with a slight reduction in activity of this GTPase, and a 

similar decrease was seen in cells with combined CtBP1 and CtBP2 knockdown. 

Interestingly, in CtBP2- deprived cells the Cdc42 activation was elevated compared to 
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Control cells. A similar, but not as pronounced pattern was observed for total levels of 

Cdc42. By contract, suppression of different CtBP proteins appeared to have no effect on 

activation and total levels of Rac1 (Figure 7.5.1A). 

Pull-down of active Rap1 in the same cell line indicated a visible drop in activation after 

loss of CtBP1 and a combined ablation of both redox sensors. Conversely loss of CtBP2 

appeared to have the opposite effect, as there seemed to be a subtle increase in levels of 

active Rap1 compared to basal activation seen in Control cells.  Total abundance of Rap1 

remained unchanged despite different siRNA treatments.  

Due to time limitations of this project, the potential effect of CtBPs on activation and 

signalling of small GTPases was not investigated any further. The presented data has a 

very preliminary character and the involvement of metabolic sensors such as CtBPs on 

signalling downstream of integrins is yet to be elucidated.  
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7.6 Discussion 

Motility is not only restricted to individual cells. Frequently, entire sheets, or strings, of 

cells travel together in a tightly synchronized fashion. This process is known as collective 

cell migration. The most characteristic feature of collective locomotion is maintenance of 

E- cadherin dependent cell- cell adhesions, which ensures close cell- cell interactions and 

perpendicular polarization of border cells at the leading edge (Desai, Gao et al. 2009, 

Dupin, Camand et al. 2009). Collective cell migration is crucial for many physiological 

processes such as embryogenesis and wound repair (Weijer 2009, Hirashima, Hosokawa et 

al. 2013). This type of movement can also be adopted under pathological conditions such 

as tumourigenesis. Additionally  many tumour types, in particular oral and breast 

carcinomas frequently migrate collectively rather than individually (Friedl, Noble et al. 

1995).  

Migrating cells exhibit front- to- back orientation characterized by rearrangement of 

cellular cytoskeleton and organelles. Such changes are driven by network of microtubule 

organizing centre (MTOC) and centrosome (Gotlieb, May et al. 1981, Kupfer, Louvard et al. 

1982). Moreover, cycling between GDP- and GTP- bound states of small GTPases from the 

Rho family contributes not only to integrin signalling (Rap1, Rac1) and membrane ruffling 

and lamellipodia formation (Rac1), but also establishment of cell polarity (Cdc42) (Palazzo, 

Joseph et al. 2001, Etienne-Manneville 2004, Ridley 2006, Yap, Jenei et al. 2009, Hanna 

and El-Sibai 2013). Upon activation, GTPases exchange GDP to GTP and interact with their 

effector proteins. 

There is very little known about the possible role of metabolism on collective migration of 

cancer cells. Loss of tissue integrity triggered by E- cadherin suppression is considered as 

one of the markers of epithelial-to-mesenchymal transition (EMT), which occurs during 

tumour progression (Tsuji, Ibaragi et al. 2008, Celia-Terrassa, Meca-Cortes et al. 2012). In 

fact, it is the interaction of CtBPs and ZEB1 and ZEB1 transcription factors that ceases E- 

cadherin expression, especially under hypoxic conditions (Pena, Garcia et al. 2006, Zhang, 

Wang et al. 2006).  

As CtBPs control integrin- activation through talin-1 regulation, we investigated their 

potential effect on collective cell migration. Interestingly, cells deprived of both 

metabolic sensors retained a certain degree of motility and processes such as membrane 

ruffling and projection formation were still present. However border cells failed to 

maintain a leading edge as the projections were formed at non- specific sites. Moreover, 

their movement appeared not to be coordinated and CtBP- deprived cells failed to travel 
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in a linear, cohesive manner frequently changing movement direction. Despite 

discrepancies between individual CtBP knockdowns, a combined loss of both CtBP1 and 

CtBP2 produced the same effect in both investigated cell lines. Failure to enclose the 

wound correlated with a significant loss of movement persistency in the absence of both 

CtBPs. Therefore the potential effect of redox sensors on collective cell migration could 

be due to an effect on integrin signalling and directionality.   

Since the experiment was performed over 12h, we could not exclude the possibility that 

cell proliferation could have affected the outcome of scratch wound assay and contribute 

to the reported differences between  tested conditions.  

The activation of integrin with divalent cations (Mn2+) produced the same negative effect 

on collective cell migration and correlated with a significant loss of movement persistency. 

This in turn suggests, that the effect of CtBP loss on cell directionality could be, at least 

to a certain degree, due to talin-1 up- regulation and subsequent integrin activation. 

However at this stage we cannot exclude an involvement of other factors/ proteins 

contributing to the observed effect. 

 Establishment and maintenance of cell polarity is responsible for optimal and persistent 

cell migration. Network of MTOC together with centrosome and Golgi apparatus are 

responsible for establishment of cell polarity (de Forges, Bouissou et al. 2012). In motile 

cells centrosomes re- localize towards the leading edge to stabilize projection formation. 

Failure of centrosome recruitment to the front of migrating cell correlates with projection 

retraction (Ueda M, Gräf R et al. 1997). Similarly, Golgi shows specific localisation in 

motile cells as it ensures trafficking of membrane embedded cargo towards the leading 

edge (Gomes, Jani et al. 2005, Bisel, Wang et al. 2008). Re- arrangements of both 

organelles, is tightly controlled by several other signalling pathways. 

Interestingly, loss of both CtBPs seemed to correlate with reduced ability of cells to 

correctly position both centrosome and Golgi. Moreover, the structure of Golgi appeared 

to be less compact in some of the CtBP- deprived cells. This is of particular interest, as 

several studies have reported that CtBP1 is required for maintenance of Golgi membrane 

and intracellular trafficking (Mironov, Colanzi et al. 1997, Spano, Silletta et al. 1999, 

Weigert, Silletta et al. 1999). It is believed that interactions of CtBP1 with both cis- and 

trans- Golgi networks are required for formation of transport carriers from the post- Golgi 

site to the plasma membrane (Corda, Carcedo et al. 2002, Bonazzi, Spano et al. 2005). It 

is therefore possible that CtBPs, and in particular CtBP1 regulate migration persistency by 

regulation of Golgi secretory pathways and subsequent trafficking to the leading edge. 
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We also investigated the potential role of metabolic sensors on activation of three small 

GTPases: Rac1, Cdc42 and Rap1. Levels of GTP- bound Rac1 remained largely unchanged 

despite different knockdowns. Moreover, according to our time- lapse analysis, despite 

different CtBP knockdowns cells showed clear membrane ruffling and were able to from 

multiple projections. As described in literature, spatial- temporal activation of Rac1 is 

essential for optimal motility and occurs predominantly at the leading edge (Burridge and 

Wennerberg 2004). Interestingly, lamellipodia of CtBP- deprived cells were not restricted 

to single location, but occurred at opposing sites of migrating cells. This suggests that 

perhaps CtBPs do not alter Rac1 activation, but interfere with its trafficking in motile 

tumours. 

Active Cdc42 is responsible for cell polarity as it mediates actin polymerisation by 

interaction with its effector complex- WASP and subsequent activation of Arp2/3 proteins 

(Ridley 2006). Moreover, as described earlier, the alignment of both Golgi and centrosome 

are driven by Cdc42- induced activation of Par3/Par6/ atypical Protein Kinase C (aPKC) 

complex (Palazzo, Joseph et al. 2001, Etienne-Manneville 2004). Hence reduced activation 

of Cdc42 in CtBP- deprived cells might be responsible for loss of movement persistency.  

Rap1 GTPase, on the other hand, is predominantly involved in integrin signalling. 

Activation of Rap1 has been shown to trigger interaction of its effector Rap1 interacting 

adaptor molecule (RIAM) with talin-1. This in turn promotes recruitment of talin-1 to the 

plasma membrane, thus facilitates the integrin activation step (Lafuente, van Puijenbroek 

et al. 2004, Han, Lim et al. 2006, Watanabe, Bodin et al. 2008). Interestingly, talin-1- 

mediated integrin activation can also occur via interactions with another adaptor- vinculin, 

in a Rap1 independent manner. Very recently Lee et al demonstrated that Rap1- induced 

integrin activation occurs predominantly at the site of protrusion formation and has a 

rapid turnover. By contrast, vinculin- talin-1 interactions are more common in mature and 

stable focal adhesions (Lee, Anekal et al. 2013). In our study, we reported a decrease in 

Rap1 activation associated with loss of CtBP1. It is therefore possible that CtBP1 promotes 

Rap1 activation. This in turn would trigger talin-1- RIAM interactions for formation of less 

stable but more dynamic focal adhesions for better migration. 

In summary, the data presented in this chapter suggest a potential role of redox sensors in 

collective cell migration and polarity. We demonstrate that CtBPs are required for cell 

migration during wound healing and that their loss correlates with significantly reduced 

persistency of cell movement. Additionally, we can speculate on the potential role of 

CtBPs in maintaining the polarity of migrating cells, and suggest that activation of certain 
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small GTPases such as Cdc42 and Rap1 might be a potential target of CtBP regulation. 

Data presented here are very preliminary, however they uncover an interesting potential 

mechanism by which metabolic sensors could regulate another aspect of cell motility. 
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Chapter 8 
Discussion 

8.1 Aims of the study 

The Warburg effect (aerobic glycolysis) describes the conversion of glucose into lactic acid 

by tumour cells in the presence of oxygen. Aerobic glycolysis is an inefficient way to 

generate energy, and the advantages this may confer to cancer cells are currently a 

subject of intense investigation. The Warburg effect has been shown to promote the 

anabolic processes required for generation of new cells, but it also modulates other 

cellular functions.   

Of all the hallmarks of malignancy, tumour invasion and metastasis are the defining 

features of cancer, and metastasis is the main cause (>90%) of cancer-related deaths. 

Tumour cell invasion through ECM is usually modulated via integrins, and altered 

expression and/or function of these receptors has been described in numerous tumour 

types (Arihiro et al., 2000; Breuss et al., 1995; Cantor et al., 2013a; Cantor et al., 2013b; 

dos Santos et al., 2012). 

The potential link between abnormal metabolism and integrin- dependent tumour motility 

has not been addressed in published literature. Several studies identified C- terminal 

binding proteins (CtBPs) as metabolic sensors capable of promoting tumour cell survival 

and acquisition of mesenchymal phenotype due to loss of E- cadherin  (Bergman et al., 

2009; Deng et al., 2010; Di et al., 2013; Zhang et al., 2006). Recent study by Paliwal et al 

indicated a link between transcriptional activation of Tiam1 by CtBP2, which was then 

linked to increased cancer cell migration and invasion. Nevertheless authors did not 

explore the potential involvement of Tiam1 in integrin- dependent motility (Paliwal et al., 

2012).  

We therefore hypothesized that altered tumour metabolism can modulate cancer cell 

motility.  The broad aims of the study were: 

o To investigate whether aerobic glycolysis alters integrin-dependent tumour cell 

adhesion and motility 

o To investigate the role of CtBPs on integrin- mediated tumour cell adhesion and 

motility 

o To dissect the mechanism via which CtBPs control integrin function and signalling 

o To investigate a potential clinical relevance between CtBP1s and integrins 
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8.2 The link between glucose metabolism and motility 

It has been suggested previously that cancer cells grown at high glucose concentration 

show increased integrin expression and ability to migrate longer distances (Masur et al., 

2011). However, to the best to our knowledge, the effect of high glucose on tumour cell 

migration and adhesion to different ECM proteins has not been previously investigated in 

published literature. 

Using Transwell® migration assays, we demonstrated that highly glycolytic cancer cell 

lines of oral and colorectal origin show increased migration towards different ECM proteins 

in response to elevated glucose. This inversely correlated with the effect of glucose on 

cell adhesion, as increasing glucose concentration caused reduction in cell attachment, 

thus promoting a more motile and less adhesive phenotype of highly glycolytic tumours. 

Cancer cells exhibit the Warburg effect (aerobic glycolysis), whereby glucose is utilized via 

glycolysis rather than mitochondrial respiration (Krebs’ cycle and oxidative 

phosphorylation), despite adequate oxygen levels (Warburg, 1956; Warburg et al., 1927). 

Aerobic glycolysis, in turn leads to changes in lactate and pyruvate (NAD+/ NADH) ratio 

resulting in accumulation of intracellular NADH (Sun et al., 2012; Williamson et al., 1967). 

Our highly glycolytic cell lines showed a similar increase in NADH levels in response to high 

glucose, confirming that glucose was utilized via aerobic glycolysis. The data therefore 

strongly suggest that aerobic glycolysis promoted tumour cell motility. To dissect the 

potential mechanism behind this regulation we examined the role metabolic sensors- C- 

terminal Binding Proteins (CtBPs) in cell motility. 

8.3 CtBPs are required for tumour cell motility 

CtBPs (CtBP1 and CtBP2) function as redox sensors, which co- regulate expression of 

different target genes in response to elevated NADH levels (Chinnadurai, 2009; Zhang et 

al., 2002). Their activation has been linked to suppression of several genes involved in 

tumour cell migration including E- cadherin, ARF and Tiam1 (Paliwal et al., 2012; Paliwal 

et al., 2007; Zhang et al., 2006). However the distinction between roles of individual CtBP 

proteins is rarely addressed in literature. A relevant study however, has described a role 

for CtBP2 in the transcriptional regulation of ARF tumour suppressor and Tiam1 adaptor 

protein to promote tumour cell motility (Kovi et al., 2010; Paliwal et al., 2012; Paliwal et 

al., 2007). Nevertheless the potential role of CtBP1 in different aspects of cell motility has 

not been studied in detail.  

In this study, we demonstrate that CtBs, and predominantly CtBP1 is required for 

glycolytic cancer cell invasion as its loss has a significant impact on invasion in organotypic 
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cultures and Matrigel® assays. Furthermore, we identified differences between the 

functional effects of individual CtBP proteins. Loss of CtBP1 correlated with a very 

consistent reduction in cell motility, while in some cell lines inhibition of CtBP2 had little 

or no functional effect. Despite detailed studies using Matrigel® assays, further 

confirmation regarding invasion in organotypic models is required. At the time of this 

project, we have only examined invasion of oral cancer cell lines, since the other tumour 

cell lines utilised in this study do not invade well in this model. Work identifying colorectal 

fibroblasts that support colorectal tumour invasion is ongoing. 

Similarly, we demonstrated for the first time, that CtBPs are also required for integrin- 

mediated single cell migration. Interestingly, we show that individual CtBP1 or CtBP2 

proteins are capable of inducing similar functional effects in a range of different cell lines. 

8.4 CtBPs modulate integrin function by regulation of talin- 1 

Migration and invasion processes are linked as they both rely on adhesive properties of the 

cell. Maximal speed of integrin- mediated migration is achieved when substrate adhesion 

is optimal(Palecek et al., 1997). Although there are several studies which have 

investigated the role of CtBPs in tumour motility, their role in integrin- dependent 

adhesion has never been addressed.  

We found that knockdown of CtBPs promotes integrin- dependent adhesion across a range 

of different ECM substrates selected as ligands for different integrin classes. The observed 

effect was mediated by increased activation of β1 and β6 integrins on the cell surface. 

Again, it was the loss of CtBP1 that produced the most consistent effect across different 

cell lines. Knockdown of CtBP2 however led to a slight increase in cell adhesion or had no 

detectable effect.  

To clarify whether integrin over- can have such severe impact on cell motility, I repeated 

Transwell® migration and adhesion assays using cells treated with managanese (Mn
2+

). 

Mn
2+

 promotes integrin activation via outside- in signalling, and is routinely used to study 

receptor activation and downstream signalling (Dransfield et al., 1992; Gailit and Ruoslahti, 

1988; Grinnell, 1984). Pre- treatment of cells with these divalent cations resulted in 

significantly reduced migration and increased adhesion to ECM substrates. Thus, by 

pharmacological induction of integrin activation we were able to functionally reproduce 

the effect of CtBP1 loss. This in turn meant that simple alteration of receptor activation 

can have a profound impact on cell motility. 
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Subsequent gene microarray analysis provided us with several candidate genes, whose 

could be responsible CtBP- induced effect on motility. We identified over 40 genes which 

expression was altered to a similar extend after loss of CtBP1 and CtBP2. Furthermore, we 

identified numerous other genes under regulation of individual CtBP proteins, however 

these were not discussed in detail in this study. One of the most up- regulated proteins 

after loss of both metabolic sensors was talin-1 – an adaptor protein involved in integrin 

activation. Indeed, further analysis by Western blotting, immunofluorescence and qPCR 

confirmed that talin- 1 was consistently elevated at both protein and mRNA levels in CtBP- 

deprived cells. 

 We also identified two other candidate genes encoding for tetraspanin 8 and Eps15. 

Tetrapsanin-8 has been shown to regulate integrin- dependent cell adhesion and migration 

(Guo et al., 2012). In our study it was significantly down- regulated after loss of CtBP1 and 

CtBP2. However this particular gene scored low in the statistical analysis, and for this 

reason was not further explored. The other candidate gene- Eps15 is an endocytic adaptor 

protein involved in clathrin and non-clathrin mediated endocytosis, by which cell 

receptors, including integrins, can be internalised (Carbone et al., 1997; Chi et al., 2011; 

Teckchandani et al., 2012; Torrisi et al., 1999). Preliminary experiments confirmed a 

significant suppression of Ep15 at both protein and mRNA levels following CtBP1 

knockdown, while no changes were reported in CtBP2- deprived cells.  

Together these data suggest that in addition to talin-1, CtBP1 can also regulate Eps15 

expression. This in turn may explain the observed discrepancies in functional effects of 

individual CtBP knockdowns. Talin-1 up- regulation occurs after loss of CtBP1 and CtBP2. 

Eps15 on the other hand, is down- regulated only in CtBP1- deprived cells. Loss of Eps15 

could potentially impair integrin internalization, and in consequence disassembly of focal 

adhesions (FAs) required for optimal migration and adhesion. It is thus possible that the 

effect observed after CtBP1 loss is a result of increased integrin activation due to talin- 1 

up- regulation. Activated receptors remain on the cell surface as loss of Eps15 impairs 

their internalization. This in turn promotes adhesion and limits motility. By contrast, 

CtBP2- deprived cells also show an increase in talin-1, however this this does not always 

manifest in functional assays. It can be speculated that due to no effect on Eps15 in these 

cells, receptor endocytosis and the turnover of FAs occur normally, hence activated 

integrins can be internalized and cells are still capable of movement. However our 

hypothesis regarding Eps15 is based on very preliminary data and further extensive 

investigations are required to address it. These would involve determination of specific 
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endocytic routes employed by different motile cell lines and potential involvement of 

Eps15 in identified pathways. 

 

Additionally, we describe an interesting correlation between the two metabolic sensors. 

Birts et al previously reported that loss of CtBP1 leads to up- regulation of CtBP2 protein 

in breast cancer cell lines (Birts et al., 2010). In our study, we confirm the presence of the 

same feedback loop as observed by Birts. Moreover we suggest that the feedback loop is 

bi- directional, as ablation of CtBP2 can lead to elevated CtBP1 levels. As we identified 

over 40 genes, which appear to be under transcriptional regulation of both CtBP1 and 

CtBP2, it is possible that observed feedback loop is a mechanism adopted by cells to 

compensate for loss of one sensor by up- regulation of the other. At this moment, we are 

unable to conclude whether the effect is pre- or post- translational. Therefore this 

compensatory mechanism could also contribute to the outcome of functional assays. Again, 

clarification of these speculations will require further investigations. 

8.5 Alteration in talin-1 expression modulates tumour cell motility 

Talin-1 is an adaptor protein, component of focal adhesions crucial for both integrin 

activation and clustering (Albiges-Rizo et al., 1995; Anthis and Campbell, 2011; Bunch, 

2010). We demonstrate that over- expression of talin-1 protein leads to a significant 

reduction in single- cell migration, thus it produces the same functional effect as loss of 

CtBP1 and CtBP2.  

Loss of talin- 1 has been associated with impaired integrin activation and outside- in 

signalling (Albiges-Rizo et al., 1995). Indeed, in our study, siRNA suppression of this 

adaptor protein led to a significant reduction of single- cell migration in Transwell® assays 

and adhesion. Furthermore, suppression of talin-1 prevented increased adhesion of CtBP1- 

deprived cells. Altogether these data clearly indicate that optimal levels of talin-1 are 

required to promote cell migration as both up- regulation or loss of this adaptor protein 

suppresses motility. 

CtBPs function as transcriptional co- repressors and control many target genes including E- 

cadherin, BRCA1 and Tiam1 (Di et al., 2010; Paliwal et al., 2012; Zhang et al., 2006). By 

employing chromatin immunoprecipitation (ChIP) technique I identified a region within 

talin-1 gene promoter responsible for interactions with CtBP1. Due to time limitations we 

were however unable to identify the transcription factor(s) (TFs) that is/are most likely to 

mediate these interactions. To do so the region of interest will be screened for specific 

motifs recognized by potential TFs. Interactions of identified TFs can then be screen for 
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binding to talin-1 promoter and CtBP1 by ChIP or talin-1 promoter luciferase reporter 

assays. 

Increased expression of glucose transporter- GLUT1 occurs frequently in invasive tumours, 

and it is indicative of the increased glucose demand, and has been associated with poor 

prognosis (Younes et al., 1995; Young et al., 2011). Analysis of TMAs generated from 

different tumours, revealed a significant inverse correlation between talin-1 and GLUT1 

and nuclear CtBP1 expression. Additionally, analysis of positron emission tomography (PET) 

scores revealed an inverse association between glucose uptake (SUV) of the tumour and 

talin-1 expression. Tumours with high SUV correlated with low talin-1 levels. We thus 

propose, that highly glycolytic tumour cells are more motile (and perhaps more likely to 

metastasise) due to CtBP1 suppression of cell adhesion, modulate through down regulation 

of talin-1. 

Stable CtBP1 knockdown in prostate cancer cell lines has been shown to reduce tumour 

burden and metastasis in a murine xenograft model (Wang et al., 2012). We developed 

two permanent CtBP1 knockdown cell lines to study the tumour growth and metastasis in 

vivo. However, over time both cell lines showed a degree of adaptation to stable CtBP1 

knockdown. Observed adaptation could have resulted from auto- regulatory feedback loop 

between CtBP1 and CtBP2 proteins, therefore use of these cell lines in xenograft model 

could prove difficult.  To minimise or eliminate the possible compensation effect, an 

inducible system will be used in the future, wherein CtBP1 knockdown is induced at 

specific time, usually after injection into the xenograft model. 

8.6 CtBPs are involved in directional cell motility  

We also found that CtBP knockdown resulted in a loss of directional migration in scratch 

wound assays. Again, there were certain discrepancies between the effects of individual 

CtBPs, but due to time limitations of the project we were unable to elaborate on this issue. 

Cell polarity and thus directional movement are dependent on correct alignment of 

centrosome and Golgi (Bisel et al., 2008; de Forges et al., 2012; Dupin et al., 2009; Ueda 

M et al., 1997). We therefore suggested that CtBPs might be required for re- orientation of 

both organelles in migrating cells. We however did not investigate the role of individual 

CtBPs in these processes. This would be of particular interest as CtBP1 is thought to be 

involved in maintenance of Golgi membranes, intracellular trafficking and 

micropinocytosis (Corda et al., 2006; Liberali et al., 2008; Spano et al., 1999; Spyer and 

Allday, 2006). All these processes occur in motile cells to establish polarity (Golgi), 

transport membranes and signalling molecules to the leading edge (Golgi and intracellular 
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trafficking) and internalization integrins and other FA components (macropinocytosis) (Gu 

et al., 2011; Mellor, 2004). Interestingly, these processes are regulated by CtBP1 

monomers, and do not required NADH binding and dimerization. It  can however be 

speculated that CtBP1 monomers could contribute to alterations of all these processes in 

tumour cells, as highly glycolytic tumours (GLUT1 positive) up- regulate their CtBP1 

expression.  

We also established that activation of certain small Rho GTPases such as Cdc42 and Rap1, 

located downstream of integrins, might also be a potential target of CtBP regulation. 

However due to preliminary nature of our findings further investigations are required. 

8.7 Summary 
In this study I provided evidence that altered metabolism can modulate tumour cell 

motility. We demonstrated that metabolic sensors- CtBPs regulate integrin- mediated 

migration and adhesion of highly glycolytic cancer cells. This regulation is mediated by 

suppression of a novel, previously not described CtBP target gene- talin-1, responsible for 

integrin activation and signalling. By using CtBP1- or CtBP2- specific siRNA, I identified 

functional differences between individual CtBP proteins and speculated on potential 

mechanisms behind observed discrepancies.  

Furthermore, I illustrated an inverse correlation between expression of CtBP1, high 

glucose uptake and talin-1 levels in human tumour tissues. I developed and characterized 

two stable CtBP1 knockdown cell lines, which could potentially be used for in vivo studies. 

Finally, we speculated on potential role of CtBPs on collective cell migration and 

maintenance of cell polarity, and suggest their involvement in signalling of small GTPases. 

Recent studies showed a clear correlation between over- expression of CtBPs and 

acquisition of more aggressive cancer phenotypes (Di et al., 2013; Straza et al., 2010; 

Wang et al., 2012). As we demonstrated in this study, GLUT1 positive tumours with high 

glucose demand also show a clear up- regulation of nuclear CtBP1 expression, suggesting 

that highly glycolytic cancers strongly rely on function of these metabolic sensors. 

Additionally, many tumours show over-expression of integrins, which promotes their more 

invasive and metastatic character (Allen et al., 2011; Arihiro et al., 2000; Cantor et al., 

2013a; Cantor et al., 2013b). According to our data, CtBPs can promote integrin- mediated 

motility in response to altered metabolism. Therefore targeting CtBP expression or 

function could have potential to alter integrin- dependent processes in highly glycolytic 

tumours. 
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Appendix 1 
Media and buffers 
Phosphate Buffered Saline 
Chemical Amount (g) 
NaCl 8 
KCl 0.25 
Na2PO4 0.25 
KH2PO4 0.25 
The solution is made up to 1L with distilled H2O, titrated to pH =7.2, autoclaved and 

stored at room temperature. 

Standard Keratinocyte Growth Medium (KGM) 
Reagent  Supplier 
α-MEM GIBCO 
10% heat inactivated Foetal Calf Serum BioSera 
Adenine (1.8x 104M) Sigma- Aldrich 

Hydrocortisone (5 mg/ml) Sigma- Aldrich 
Epidermal Growth Factor (10ng/ml) Sigma- Aldrich 
L- glutamine (2mM) PAA 
 

Keratinocyte Migration Buffer  
Reagent  Supplier 
α-MEM GIBCO 

Adenine (1.8x 104M) Sigma- Aldrich 

0.1% Heat inactivated BSA  PAA 
L- glutamine (2mM) PAA 
 

DLD1 and Fibroblast (HFFF2) Growth Medium 
Reagent  Supplier 
DMEM PAA 
10% heat inactivated Foetal Calf Serum BioSera 
L- glutamine (2mM) PAA 
 

DLD1 and Fibroblast (HFFF2) Migration Buffer 
Reagent  Supplier 
DMEM PAA 
0.1 %Heat- inactivated BSA PAA 
L- glutamine (2mM) PAA 
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SDS- Ployacrylamide Gels  

Resolving Gel (15mls) 

Reagent 8% 10% 12% 
30% Acrylamide mix 
(Protogel) 

4ml 5ml 6ml 

1.5M Tris pH=8.8 3.8ml 3.8ml 3.8ml 
10% SDS 0.15ml 0.15ml 0.15ml 
10% APS 0.15ml 0.15ml 0.15ml 
TEMED 0.009ml 0.006ml 0.006ml 
Distilled H2O 6.9ml 5.9ml 4.9ml 
 

Stacking gel (4ml) 

Reagent 8% 10% 12% 
30% Acrylamide mix 
(Protogel) 

0.67ml 1.34ml 2ml 

1.5M Tris pH=6.8 0.5ml  1ml 1.5ml 
10% SDS 0.04ml 0.08ml 0.12ml 
10% APS 0.04ml 0.08ml 0.12ml 
TEMED 0.004ml 0.008ml 0.012ml 
Distilled H2O 2.78ml 1.5ml 0.24ml 
 

Running Buffer (5x) 

Reagent Amount (g) 
Trizma- Base (Sigma) 30 
Glycine (Sigma) 144 
SDS 10 
Reagents were mixed with 2L of distilled H2O and stored at room temperature. Before use 

the stock was diluted to 1x Transfer Buffer. 

Transfer Buffer (5x) 

Reagent Amount (g) 
Trizma- Base (Sigma) 58 
Glycine (Sigma) 290 
SDS 10 
Reagents were mixed with 2L of distilled H2O and stored at room temperature. Before use 

the stock was diluted to 1x Transfer Buffer by addition as follows (for 1L of solution):  

o 200mls of 5X Transfer Buffer 

o 200ml of Methanol 

o 600mls of distilled H2O 
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Reducing Laemelli buffer (1x) 

Reagent Volume (ml) 
0.5M Tris (pH 6.8) 2.5 
50% glycerol 4.0 
10% SDS 2.0 
0.4% Bromophenol blue 0.1 
β- mercaptoethanol 10% volume 
Distilled H2O 1.2 
 

Non- reducing Laemelli buffer (5x) 

Reagent Volume (ml) 
1M Tris (pH 6.8) 3.126 
50% glycerol 5.0 
SDS 1gram 
1% Bromophenol blue 1 
Distilled H2O 0.874 
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Appendix 2 
siRNA optimisation 

2 Introduction 

RNA interference (RNAi) is a post- translational gene suppression technique. It uses short 

(21- 25 nucleotides); double- stranded so called small interfering RNA (siRNA). siRNA binds 

to target mRNA sequence and by subsequent interaction with RNA Induced Silencing 

Complex (RISC), it promotes mRNA degradation or translation attenuation. Negatively 

charged siRNA interacts with cationic lipids which form liposomes around the RNA duplex. 

Liposomes then fuse with cell membrane delivering siRNA into the cytoplasm. 

2.1 siRNA optimisation 

To study the functional role of CtBPs we used custom- designed siRNAs, which target 

sequences unique to individual CtBP1 or CtBP2 proteins (Qiagen). The functional assays 

used in this study were performed over periods of several hours (adhesion), overnight 

(Transwell® migration and scratch wound assays) or even days (Matrigel® assays and 

organotypics cultures). Therefore it was crucial to not only identify siRNA concentration 

which induced a sufficient knockdown, but also determine the time required for cells to 

start re- expressing CtBP proteins. As a control a non- targeting sequence was used at 

50nM concentration (Ambion). Transfection was performed in 6- well plates using 

Oligofectamine® regent (Invitrogen) and in the absence of serum (OptiMEM®). Serum was 

re- added to cells 4h after transfection. Then cells were lysed at different time points, 

and the effectiveness of the protein suppression was analysed using Western blotting 

technique. Described optimisation was performed in H357 cell line. 

It is clear from Figure A2.1  that there was a certain degree of protein suppression just 

one day post- transfection; however the best knockdown was achieved on day 2 (48h). 

More importantly, suppression of CtBP1 and CtBP2 was maintained on day 3 (72h) and still 

present after 7 day- culture. This effect was induced at low concentration (10nM), thus 

allowed us to avoid the potential toxic impact and off- target effects that could have been 

associated with high siRNA concentration. Additionally, the slow re- expression of CtBPs 

was important for functional experiments, which were carried out over longer time 

periods (Matrigel® invasion assays and organotypic cultures). 
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Figure A2.1 Optimisation of CtBP- targeting siRNA. Oligonucleotides were custom- designed to target 

sequences unique to individual CtBP proteins. Transfection was performed in 6-well plates using 

OligofectameTM reagent in the absence of serum (OptiMEM®). Three different siRNA concentrations were 

used ranging from 10, 30 and 50nM/well. Cells were lysed at different time- points. The effectiveness of 

protein knockdown was assessed using Western blotting technique (Methods). Optimisation was performed 

in H357 cell line. Hsc70 was used as a loading control. 
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2.2 Confirming functional effect of CtBP knockdowns 
Transfection with an individual siRNA can have off- target effect on expression of other 

genes. This in turn may lead to altered cell phenotype and behaviour (Jackson, Bartz et al. 

2003). 

According to our data, loss of CtBPs resulted in impaired motility. To ensure that the 

observed effect was strictly due to loss of redox sensors, and not an off- target effect, I 

tested additional siRNA sequences. These siRNAs, purchased from Abcam, were designed 

to target non- overlapping regions of individual CtBP1 or CtBP2 mRNA, and were different 

from the Qiagen siRNAs. As expected, the best CtBP protein suppression was also achieved 

48h post- transfection. Moreover, this effect was still maintained on day 3 (Figure A2.2.1).  

 

Figure A2.2.1 Optimisation of additional CtBP- targeting siRNAs. Transfection was performed as described 

before. siRNA were purchased from Ambion. Hsc70 was used as a loading control. The exact sequence of 

Abcam siRNAs can be found in Methods. 
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Finally, I examined the effect of CtBP suppression using both Qiagen and Ambion siRNA on 

cell behaviour in Tranwell® migration assays. 48h after transfection with two different 

siRNA sequences targeting each of the CtBP proteins, cells were seeded in the top 

chamber of Transwell® insert. 

 

Figure A2.2.2 Comparison of the siRNA effect on H357 single- cell migration. Two different siRNAs 

targeting non- overlapping sequences of invdividual CtBP1 or CtBP2 were purchased from Ambion and 

Qiagen. 48h post- transfection cells were plated (5x105) in the top chamber of Transwell® insert, and 

allowed to migrate overnight towards fibronectin (20µg/ml). The following day, cells from the bottom 

chamber were trypsinized and counted. Numbers of motile cells were converted to percentage assuming 

that migration of control cells corresponded to 100% (A). Protein knockdown was confirmed by Western 

blotting at the start of the experiment (B). Hsc70 was used as a loading control. 

After an overnight incubation, cells from the bottom chamber were then detached and 

counted as described in Methods. There was a clear, partial inhibition of cell migration 

after each CtBP knockdown (Figure A2.2.2A). More importantly this effect occurred 

irrespectively of the siRNA sequence used, indicating that recued motility was a 

consequence of CtBP suppression rather than an off- target effect. Both Qiagen and Abcam 

siRNAs induced comparable CtBP1 and CtBP2 knockdowns (Figure A2.2.2 B). 
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2.3 Conclusion 

Inhibition of cell migration was due to loss of CtBP proteins, and not off target effects of a 

single siRNA sequence. I  developed a specific protocol for CtBP protein knockdown, which 

was used throughout this study. Following transfection with 10nM siRNA of Control or 

CtBP- targeting siRNA, cells were left in culture for 48h to allow sufficient protein 

suppression. On the second day cells were re- plated and used in different functional 

assays. The only exception from this protocol was the organotypic culture, wherein cells 

were plated on the top of a gel as early on as 24h after siRNA introduction. 

For simplicity reason, we only used Qiagen siRNAs throughout this study. To suppress 

expression of both CtBP1 and CtBP2, cells were transfected with 10nM of each individual 

siRNA at the same time and referred to CtBP1+2 or a combined knockdown. 
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Appendix 3 
Genes down- regulated after CtBP1 
inhibition 

Microarray analysis revealed 107 genes of which expression was significantly reduced after 

loss of CtBP1, while CtBP2 knockdown had no effect on their expression. These genes are 

listed in Table A.3. 

Gene  Name Score Feature 
P 

Fold 
Change 

CtBP1 C-terminal binding protein 1 141 0.002 4.0 

DNAJC19 DnaJ (Hsp40) homolog, subfamily C, member 19 49.8 0.001 2.7 

FLVCR1 feline leukemia virus subgroup C cellular receptor 
1 

38.4 0.001 3.2 

FAM86C family with sequence similarity 86, member C 33.7 0.000 2.3 

MARVELD2   MARVEL domain containing 2  33.1 0.0001 4.3 

SUGT1P1 suppressor of G2 allele of SKP1 (S. cerevisiae) 
pseudogene 1 

30.3 0.0002 2.0 

EPS15 epidermal growth factor receptor pathway substrate 
15 

26.7 0.001 2.4 

MTHFD2 methylenetetrahydrofolate dehydrogenase (NADP+ 
dependent) 2 

26.6 0.000 2.3 

PSMD10  proteasome (prosome, macropain) 26S subunit, non-ATPase, 
10 

26.4 0.000 2.4 

ARHGAP11
A 

 Rho GTPase activating protein 11A  21.2 0.025 2.1 

CCNC cyclin C 21.0 0.002 2.3 

RRN3P1 RNA polymerase I transcription factor homolog 
(S. cerevisiae) pseudogene 1 

21.0 0.003 2.4 

RRN3 RRN3 RNA polymerase I transcription factor 
homolog (S. cerevisiae) 

19.4 0.0007 2.5 

TSN translin 19.3 0.022 2.4 

FAM86B family with sequence similarity 86, member B1 19.1 0.002 2.0 

AP3S2 adaptor-related protein complex 3, sigma 2 
subunit 

18.9 0.002 2.9 

C6orf129 chromosome 6 open reading frame 129 18.8 0.002 2.8 

UBAC1 UBA domain containing 1  18.6 0.027 2.0 

 TACC1  transforming, acidic coiled-coil containing 
protein 1 

18.4 0.017 2.1 

MRPS27 mitochondrial ribosomal protein S27 18.0 0.001 2.5 

DCP1A DCP1 decapping enzyme homologue A (S. 
cerevisiae) 

17.3 0.001 2.7 

MTHFD2 methylenetetrahydrofolate dehydrogenase (NADP+ 
dependent) 2 

16.8 0.003 2.3 

THYN1 thymocyte nuclear protein 1  16.7 0.001 2.3 

HAUS6 HAUS augmin-like complex, subunit 6 16.3 0.003 2.6 
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NCAPD3 non-SMC condensin II complex, subunit D3 16.3 0.030 2.7 
SUMO2 SMT3 suppressor of mif two 3 homologue 2 (S. 

cerevisiae) 
16.2 0.007 2.1 

HIFAN hypoxia inducible factor 1, alpha subunit 
inhibitor  

16.0 0.001 3.8 

CDK8 cyclin-dependent kinase 8  15.0 0.001 2.2 
ZNHIT6   zinc finger, HIT-type containing 6 14.7 0.002 2.4 
STK40 serine/threonine kinase 40 14.3 0.004 3.3 
CHD7 chromodomain helicase DNA binding protein 7  14.1 0.005 2.0 
CDC25A cell division cycle 25 homologue A (S. pombe) 14.0 0.004 2.4 
NFIA nuclear factor I/A  13.8 0.001 3.5 
ZNF468 zinc finger protein 468 13.6 0.015 2.4 
PITPNB phosphatidylinositol transfer protein, beta 13.5 0.008 2.0 
DNAJC19 DnaJ (Hsp40) homolog, subfamily C, member 19 13.4 0.005 2.0 
PACRGL  PARK2 co-regulated-like 12.9 0.043 2.2 
FAM86B1 / family with sequence similarity 86, member B1 12.8 0.005 2.5 
TMEM14A  transmembrane protein 14A  12.8 0.044 2.9 
FNIP2  folliculin interacting protein 2 12.3 0.004 2.2 
 TGFBR2  transforming growth factor, beta receptor II 

(70/80kDa) 
12.1 0.003 2.3 

KLHL15 kelch-like 15 (Drosophila) 11.9 0.0019 2.7 
YOD1 YOD1 OTU deubiquinating enzyme 1 homolog (S. 

cerevisiae) 
11.8 0.007 2.2 

TDG thymine-DNA glycosylase 11.7 0.006 2.6 
EMLO1 engulfment and cell motility 1  11.6 0.030 2.5 
MPHOSPH
6 

M-phase phosphoprotein 6  11.5 0.012 2.4 

ENOX2 ecto-NOX disulfide-thiol exchanger 2  11.5 0.034 2.4 
FAM177A1  family with sequence similarity 177, member A1 11.2 0.006 2.6 
MDM2 Mdm2 p53 binding protein homologue (mouse) 11.4 0.04 3.1 
MTR  5-methyltetrahydrofolate-homocysteine 

methyltransferase  
11.1 0.034 2.1 

DHRS9 dehydrogenase/reductase (SDR family) member 9 11.1 0.006 3.5 
CXCL11 chemokine (C-X-C motif) ligand 11 11.0 0.002 3.0 
TMEM60 transmembrane protein 60 10.6 0.002 2.0 
ZNF678 zinc finger protein 678 10.2 0.009 2.0 
LYAR Ly1 antibody reactive homolog (mouse) 9.8 0.006 2.0 
FAM98A  family with sequence similarity 98, member A 9.7 0.026 2.3 
EIF5A2  eukaryotic translation initiation factor 5A2  9.5 0.003 2.1 
EVI2A ecotropic viral integration site 2A  9.1 0.003 2.4 
RASA2 RAS p21 protein activator 2 9.1 0.003 2.3 
ATPBD4  ATP binding domain 4 8.9 0.012 2.4 
RFFL ring finger and FYVE-like domain containing 1 8.8 0.032 2.1 
CCL20  chemokine (C-C motif) ligand 20 8.5 0.007 2.3 
ICK intestinal cell (MAK-like) kinase 8.2 0.047 2.0 
SNX24 sorting nexin 24 8.0 0.004 2.1 
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PDCD1LG2 

programmed cell death 1 ligand 2  7.5 0.011 2.4 

LAPTM5 lysosomal protein transmembrane 5 7.4 0.014 3.6 

SNAP23 synaptosomal-associated protein, 23kDa 6.8 0.021 2.0 

HDHD2 haloacid dehalogenase-like hydrolase domain 

containing 2  

6.6 0.008 2.1 

ZNF860  zinc finger protein 860 6.5 0.015 2.1 

GPR157 G protein-coupled receptor 157  6.4 0.022 2.0 

FICD FIC domain containing  6.4 0.010 2.4 

FYB FYN binding protein 6.1 0.010 2.1 

PER2 period homolog 2 (Drosophila) 6.0 0.022 2.11 

SIP1  survival of motor neuron protein interacting 

protein 1  

6.0 0.021 2.2 

SNORD77 small nucleolar RNA, C/D box 77 5.8 0.025 2.2 

USP12 ubiquitin specific peptidase 12 4.9 0.036 2.5 

BIRC3  baculoviral IAP repeat-containing 3  4.7 0.041 2.1 

LPHN2  latrophilin 2  4.3 0.050 2.6 

GAMP mitochondrial glycerol-3-phosphate 

acyltransferase 

3.4 0.049 2.5 

Table A3 List of genes significantly down- regulated after CtBP1 knockdown in SCC25 cells. Genes are 

listed according to their score value. The cut off points were fold change > 2.0 and p<0.05. The core, p 

value and fold- change were derived by comparison of CtBP and Control conditions. Microarray probes 

identified a number of genes, which were not assigned any names upon analysis and these ‘genes’ were 

not included in the table. 
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Appendix 4 

TLN1 promoter sequence 

The sequence of TLN1 promoter was obtained from NCBI website and is as follows:  

CTTCCCCAAGACGGCCTACTTCACGCCGAGCTCAAGCCGAGATGCGCTGGACGCT
GACCTCTCCAACTAATAGGACCCGAACCGGACACGCAAGAGAGGCAGGGCCCGC
CCGCCCCGGGGCCAGGCCCCGCGGCCCCACCCTAAGGCCCCCGCCCGGCCCGGT
CTGGCCTACCTGCGCTGCCTGGCTCTGCGCCCCGCCCGCCGGCCCGCCGCCCCGC
CGCTTCTCGGGTCGCCCTCGGGCTCCGGCCTCGCCCTCCCTTCGACACTCTCTCGG
CCACTTCCGTCCTGGGAACGTCCCCCACCCGCGGGCGGCGCCCTGGGCCCGCGCT
CTATGGTCGCGGGGGGCAGGCAGGAAGCTGCTCTGGCCCCGTTCTCGATGCTCG
GGAGCCGCCAAAGCCCGGCAGCCCCTCCCTGGCAGGAAGCGAGGGTGCGGCGCA
ATCCGGAGAGGACGCCAGGACGACGCCCGAGTTCCCTTTCAGGCTAGAACTCTT
CCTTTTTCTAGCTTGGGGTAGAAGGCGGAGCCGGAGCCCCGGAACCCCCGCCCTC
GGGGTGCGAGGCGGCAGCAGGGCCGTCCCCTACATTTGCATAGCCCCTGGGACG
TGGCGCTGCACCCAAGCCTCTTCTCAGTTGGAGGGAACTCCAAGTCCCACAGTGC
CACGGGGTGGGGTGCGTCACTTTCGCTGCGTTGGAGGCTGAGGAGAATTGAGCC
TGGGAGGCGGGTCCGGAGAGGGCTATGGAAAGCCGCCGGCGGGGAATCCCGGC
CGTAGAGGGACAGTGGATAGGTGCCCGAGGCCTACAGCTGGCCTGGGGCTCGTG
TCTGGGCTTCGGACGTTGGGGCCCGGTGGCCCACCCTTTCCGTAGTTGTCCCAAA
TGGAGCTGGAATTGGATGCTGGTGACCAAGACCTGCTGGCCTTCCTGCTAGAGG
AAAGTGGAGATTTGGGGACGGCACCCGATGAGGCCGTGAGGGCCCCACTGGACT
GGGCGCTGCCGCTTTCTGAGGTAGGTTGGGGTTCTGACTGGGGAAAGCGTGGGA
TGTCCATGAAGTCAGGTGATGGTGATAAGGTCAAGGCCTGTTCATTGGAACCCTG
CGCAGGTACCGAGCGACTGGGAAGTAGATGATTTGCTGTGCTCCCTGCTGAGTCC
CCCAGCGTCGTTGAACATTCTCAGCTCCTCCAACCCCTGCCTTGTCCACCATGAC
CACACCTACTCCCTCCCACGGGAAACTGTCTCTATGGATCTAGGTGAGTCTGAAA
TAAGTTTGCGGGGAGGACAGGGTTCATGGGCCTGGCTATTCATACTTTCCCTTTT
GCAGAGAGTGAGAGCTGTAGAAAAGAGGGGACCCAGATGACTCCACAGCATAT
GGAGGAGCTGGCAGAGCAGGTACTTGACTTGATTTTCAGGAGATTACTCTCACAT
TCCCCAGGTGGGGGCAGGATTCCCCATTCCTCTCTGACATCCCCATGCAACTGCC
GTCCACTTTCTTGTTACCCTAGGAGATTGCTAGGCTAGTACTGACAGATGAGGAG
AAGAGTCTATTGGAGAAGGAGGGGCTTATTCTGCCTGAGACACTTCCTCTCACTA
AGGTAAGACTCTCATTGGTTGAACAAAGGCTGAAAAGGGATTAAAAGTCCCAAG
TAGGCAAATTCTGTTAACTTTATATCAATAACTTTAAAAAAGGATTGAGGTGAGA
AACTTAGTAGATTTATTGCTAATAGGAAGTTGAGGCAGGTACACAATATGCCAG
ATGCAAGGGCAGATCCTCGTTTTTGTTGGGCTTATACAAATTTTGGTGTTCTGTTA
AAAAAATAACTCAAAATTATCAGTGCAACATTAGTATTGGGCCTTGGAAAGGAC
TGTGTAAGTGAAGGGCCTTGACACTTCGTTGGCTTCATAGTAATCCACCTCTTGC
TGAATGGTAGAACTGTTTAGAGAGTTCAACAGGGTTGGACTAAGCAGTACATGA
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ATAAATGTAAAATCCTTAGTTTTCAGTTTTAAGCAATGAGTGGCAACTTCACAAG
CAGAGTACTGGGGTACTATGATGAAATCAGTGCTCATTAATAGAAAGGTTACAG
GAATATATATATATTTTTTGACAAGGTCTTGCTCTGTTGCCCAGGCTGGAGTGCA
CTGATGTGATCATGGCTCACTGCAGCCTTGACTTTCTGGGCTTAGGTGATTCTCCC
ACCTCAGCCTCCCGAGTAGCTGAGACTACAGGTGCACACTACCCTGCCCGGCAAT
TTTTTTTTTGGTATTTTTAGTAGAAATGGGGTTTTGCCTTGTTGCCAGGCTGGTCT
CGAACTCCTGGGCTCAAGTGATCTACCCACCTTGGCCTCCCAAAGTGAAGAATTT
TAATTTCTTCAAAGTACAAGATGAGTCAGCAGTGTGATGTGGCTACTAAGAAAGT
TCATGGGATTTGGAAACTGTAGCAATAGAGTTATTGTCTCTACAAGTCACTCTCT
TGCTTTCCTTGATACTGGCTAGAGCACATCTTTGACAGATACTAAGAGGATGCAG
TCTATCCTGAG 
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5 Primer and chromatin shearing optimisation 

5.1 TLN1 primers 

Primers were design based on the sequence of the TLN1 gene promoter, with the aid of 

Pirmer 3 software. To span the entire promoter 10 pairs of primers were design of 400- 

500 base- pair long as listed in table below. 

Pair 

number 

 Sequence (5’ !3’) Tm 

(°C) 

Product size 

(bp) 

P1 Forward CCAGGCTCAATTCTCCTCAG 59.4 451 
Reverse GACACTCTCTCGGCCACTTC 61.4 

P2 Forward GGGCACCTATCCACTGTCC 61 444 
Reverse GCAGGCAGGAAGCTGCTC 60.5 

P3 Forward TTGGGACAACTACGGAAAGG 57.3 427 
Reverse AGAGGACGCCAGGACGAC 60.5 

P4 Forward CCCCAAATCTCCACTTTCCT 57.3 479 
Reverse CCGAGTTCCCTTTCAGGCTA 59.4 

P5 Forward AGGGAGCACAGCAAATCATC 57.3 499 
Reverse AACTCCAAGTCCCACAGTGC 59.4 

P6 Forward GGAGGGAGTAGGTGTGGTCA 61.4 492 
Reverse CGGAGAGGGCTATGGAAAG 58.8 

P7 Forward CTCCCCGCAAACTTATTTCA 55.3 409 
Reverse AGTTGTCCCAAATGGAGCTG 57.3 

P8 Forward AGTCATCTGGGTCCCCTCTT 59.4 481 
Reverse AATGGAGCTGGAATTGGATG 55.3 

P9 Forward CACCTGGGGAATGTGAGAGT 59.4 431 
Reverse TGAGGTAGGTTGGGGTTCTG 59.4 

P10 Forward AATAAGCCCCTCCTTCTCCA 57.3 496 
Reverse AGGTCAAGGCCTGTTCATTG 57.3 

Table A5.1.1 List of designed TLN1 gene promoter primers including the information regarding their 

annealing/ melting temperature (Tm) and size of the amplification product.  

Optimisation of TLN1 gene promoter primers was performed to determine the optimal 

conditions for PCR reactions. Optimisation included adjustment of DNA template 

concentration, MgCl2 concentrations, annealing temperature and optimal number of cycles. 

All PCR reactions were performed in the presence of 2% DMSO to minimise primer dimer 

formation. PCR products were run on 1% agarose gels at 110V for 50min. DNA template for 

the reaction was optimised to 5µg chromatin. The reactions were set up on ice using 
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Promega GoTaq® DNA Polymerase Kit using the same cycling conditions as described in 

Methods. The optimal annealing temperature for primer pairs 1, 2, 3, 6 and 9 was 

determined as 55°C (Figure A5.1.2 A). Remaining primers showed the best annealing at 

52°C (Figure A5.1.2 B). The best amplification was achieved at 1.5mM MgCl2 concentration. 

 

Figure A5.1.2 Optimisation of TLN1 promoter primer pairs. PCR reactions were performed as described in 

Methods. Primers were divided into two groups with respect to their annealing temperature which was 

55°C for pairs 1, 2, 3,6 and 9 (A) or 52°C for pairs 4, 5, 7, 8 and 10 (B). Chromatin DNA template was 

used at 5µg/ reaction; 35 cycles were used to amplify the products. After the completion of PCR reactions, 

products were run on 1% agarose gel supplemented with SafeRed reagent at 110V for 50min.  
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5.2 E- cadherin primers 

As a positive control for the end- point PCR reaction of the ChIP assay, E- cadherin primers 

were used. The sequence of primers was obtained from publication by Shi et al (Shi, 

Sawada et al. 2003). 

Pair 

number 

Primer 

name 

Sequence (5’ !3’) Tm 

(°C) 

Product size 

(bp) 

1 Forward 
(P1) 

TAGCCTGGCGTGTGGTGTGCACCTG 71.1 478 

Reverse 
(P2) 

GTGCGTGGCTGCAGCCAGGTGAGCC 72.8 

2 Forward 
(P3) 

CAGCTACTAGAGAGGCTGGGGCCAG 69.5 404 

Reverse 
(P4) 

CGTACCGCTGATTGGCTGAGGGTTC 67.9 

3 Forward 
(P5) 

GGGATTCGAACCCAGTGGAA 59.4 385 

Reverse 
(P6) 

CTGCGGCTCCAAGGGCCCA 65.3 

Table A5.2.1 List of designed E- cadherin promoter primers including the information regarding their 

annealing/ melting temperature (Tm) and size of the amplification product. 

Optimisation of E- cadherin primer pairs was performed in the same manner as for talin-1 

primers. The optimal conditions were : annealing temperature of 65°C (primer pairs 1 and 

2) and 57°C (primer pair 3), 1.5mM MgCl2 , 3- 5µg of template chromatin and  30- 35 PCR 

cycles (Figure A5.2.2). 
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Figure A5.2.2 Optimisation of E- cadherin promoter primer pairs. PCR reactions were performed as 

described in Methods. Primers were divided into two groups with respect to their annealing temperature 

which was 65°C (primer pairs 1 and 2) and 57°C for pair number 3. Chromatin DNA template was used at 

3- 5µg/ reaction; 35 cycles were used to amplify the products. After the completion of PCR reactions, 

products were run on 1% agarose gel supplemented with SafeRed reagent at 110V for 50min.  

5.3 Optimisation of shearing conditions for CHiP assay 
Optimisation was performed on chromatin isolated from untreated DLD1 cells. Briefly, 

50µl aliquots of chromatin were incubated with 2.5µl of working stock of shearing cocktail 

for 5, 10 or 15min at 37°C. Shearing reaction was stopped by adding 0.5M EDTA to the 

sample and subsequent 10min- incubation on ice. Samples were then centrifuged for 

10min at 15,000rpm at 4°C. The resulting supernatant was then incubated with 150µl dH2O 

and 10µl NaCl at 65°C overnight to reverse- cross linking. The next day, 1µl RNase A was 

added to the sample and incubated at 42°C for 15min. Subsequently, 50µl aliquots of 

chromatin were cleaned up by adding 200µl of 1:1 phenol/ chloroform TE saturated buffer 

(Sigma) and centrifuged at maximum speed for 5min at 4°C. The aqueous phase was 

transferred to a fresh tube and mixed with 20µl 3M sodium acetate (pH 2.2) and 500µl 

100% ethanol and then stored at -80°C for 1h. Next, samples were centrifuged at maximal 

speed for 10min at 4°C and resulting supernatant was removed. Then 500µl of 70% ice cold 

ethanol was added to remaining pellet, and then spun down for 5min at 4°C and maximal 

speed. Finally, supernatant was removed, pellet air dried and then re- suspended in 30µl 

of dH2O. DNA concentration was determined with NanoDrop. To determine the efficiency 
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of shearing 5 or 10µl of each sample were run on 1% agarose gel for 50min at 110V (Figure 

A5.3). 

After 5min- incubation multiple bands were detected varying from 900 to150bp in size. 

Longer incubation with enzyme resulted in chromatin over- digestion, as bands with the 

strongest signal were of less than 200bp long (10 and 15min incubation). The PCR 

amplification products were in the rage of 400- 500bp, therefore  the optimal shearing 

was achieved at 5min and this time point was used later for chromatin shearing.  

 

Figure A5.3 Optimisation of enzymatic shearing. Chromatin isolated from untreated DLD1 cells was 

incubated with shearing cocktail for 5, 10 or 15min at 37°C and then separated by gel electrophoresis on  

1% agarose gel supplemented with DNA staining agent- SafeRed. Unsheared DLD1 chromatin was used as a 

negative control.  
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6.1 shRNA plasmids 

Short- hairpin RNA (shRNA) provides an alternative to transient transfected with siRNA. 

Unlike siRNA, plasmid shRNA system provides a renewable source of RNA interference 

reagent. Thus shRNA  allows to study the long- term effect of suppression of desired target 

gene.  Four CtBP1- targeting and control shRNA plasmids were purchased from Qiagen 

(Sure Silencing System). Each plasmid carries shRNA under control of the U1 promoter and 

a puromycin resistance gene as a selection marker. Plasmids were designed using 

experimentally tested algorithm to target four different sequences within CtBP1 with 

minimal off- target effect. The negative control shRNA plasmid is composed of scrambled 

artificial sequence which does not match any human, mouse or rat gene (Table A6.1). 

shRNA plasmid name Insert sequence 

CtBP1 A GTTCAAAGCCCTCCGCATCAT 

CtBP1 B CCTGAAGAACTGTGTCAACAA 

CtBP1 C GATCCCAGACAGCCTGAAGAA 

CtBP1 D TGGCAAACTTCTCAGGACAAT 

Control (non- coding) GGAATCTCATTCGATGCATAC 

 Table A6.1 Details of Sure Silencing shRNA plasmids purchased from Qiagen. 

To identify the most effective shRNA plasmid I performed a transient transfection of 5PT 

cells using FuGENE HD® reagent as described in Methods. Extend of protein knockdown 

was then assessed by Western blotting. 

All four plasmids reduced CtBP1 expression. However, it was CtBP1 A plasmid, which over 

time appeared to induce the most effective CtBP1 knockdown (Figure A6.2). For this 

reason, stable CtBP1 knockdown cell lines were generated using CtBP1 A shRNA plasmid. 
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Figure A6.2 Transient transfection with four CtBP1 targeting shRNA plasmids. 5PT cells (2x106/ 60mm dish) 

were transfected with CtBP1 or control shRNA plasmids and lysed 24h and 48h post- transfection. Hsc70 

was used as a loading control. 

6.2 Puromycin kill curve 
Prior introduction into mammalian cells it was necessary to determine the lowest 

concentration of selection marker- puromycin sufficient to kill un- transfected cells. The 

minimum concentration needed to kill un- transfected cells varies greatly between 

different cell lines, thus was optimised for DLD1 and 5PT cell lines individually.  

The minimal puromycin dose required to kill all DLD1 cells was 1µg/ml and 0.25µg/ml to 

kill 5PT cells. (Figure A 6.3) The exact concentrations were used during selection of stably 

transfected cells, while only half of required doses were used for subsequent maintenance 

of isolated clones. 

Previous work of our group showed that only 5PT cell line is able to form tumour in 

xenograft model, while H357, SCC25 and VB6 cells failed to grow in vivo (unpublished 

data). According to literature, DLD1 cell line is also capable of tumour formation in 

athymic mouse models. For these reasons we chose 5PT and DLD1 to generate stable 

CtBP1 knockdown cell lines. 
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Figure A6.3 Determination of effective puromycin concentration. Cells (1x104) plated in 6- well plated 

were treated with a range of puromycin concentration over a period of 7 days. Medium supplemented 

with required antibiotic dose was replaced every 3 days. At the end of the experiment cells were fixed 

with 1% glutaraldehyde and stained with crystal violet in 70% MeOH. 


