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Abstract 

Institution: The University of Manchester 
Name: Andrew David James 
Degree title: PhD Pharmacology 
Thesis Title: Metabolic regulation of the plasma membrane calcium pump in 
pancreatic ductal adenocarcinoma 
Date: 2015 
 
Pancreatic ductal adenocarcinoma (PDAC) is an aggressive form of cancer with 
poor prognosis and limited treatment options. Since many patients present with 
metastatic disease and are thus ineligible for surgical resection, PDAC is almost 
ubiquitously fatal; new treatment options are therefore needed to combat this 
disease. A key hallmark of many cancers, including PDAC, is metabolic 
reprogramming and a shift towards a high glycolytic rate, known as the Warburg 
effect. This allows cancer cells to generate ATP in the face of hypoxia and to 
meet the increased metabolic requirements associated with rapid proliferation. 
We hypothesised that this shift towards glycolytic metabolism has important 
implications for the regulation of cytosolic Ca2+ ([Ca2+]i) in PDAC, since the 
plasma membrane Ca2+ ATPase (PMCA), which is critical for maintaining low 
[Ca2+]i and thus cell survival, is dependent on ATP to extrude cytosolic Ca2+. 
The relative contributions of mitochondrial vs glycolytic ATP in fuelling the 
PMCA in human PDAC cell lines (PANC-1 and MIA PaCa-2) were therefore 
assessed. Moreover, the effects of numerous mechanistically distinct metabolic 
inhibitors on key readouts of cell death, [Ca2+]i and ATP were investigated. 
Treatment with glycolytic inhibitors induced significant ATP depletion, PMCA 
inhibition, [Ca2+]i overload and cell death in both PANC-1 and MIA PaCa-2 cells, 
while mitochondrial inhibitors had no effect. Subsequently, these experiments 
were repeated on PDAC cells cultured in media formulated to “switch” their 
highly glycolytic phenotype back to one more reliant on mitochondrial 
metabolism. Culture in nominal glucose-free media supplemented with either 
galactose (10 mM) or α-ketoisocaproate (KIC, 2 mM) resulted in a switch in 
metabolism in MIA PaCa-2 cells, where proliferation rate and glycolysis were 
significantly decreased, and in the case of cells cultured in KIC, oxidative 
phosphorylation rate was preserved (assessed using Seahorse XF technology). 
Following culture of MIA PaCa-2 cells in either galactose or KIC, glycolytic 
inhibition failed to recapitulate the profound ATP depletion, PMCA inhibition and 
[Ca2+]i overload observed in glucose-cultured MIA PaCa-2 cells. These data 
demonstrate that in PDAC cells exhibiting a high rate of glycolysis, 
glycolytically-derived ATP is important for fuelling [Ca2+]i homeostasis and thus 
is critical for survival. Finally, using a cell surface biotinylation assay, the key 
glycolytic enzymes LDHA, PFKP, GAPDH, PFKFB3 and PKM2 were all found 
to associate with the plasma membrane in MIA PaCa-2 cells, possibly in a 
tyrosine phosphorylation-dependent manner. To investigate whether the 
dynamic membrane-association of glycolytic enzymes provides a privileged 
supply of ATP to the PMCA in PDAC, the effects of tyrosine kinase inhibitors 
was assessed on PMCA activity. However, while these inhibited PMCA activity, 
this occurred without accompanying global ATP depletion. These data indicate 
that glycolytic ATP is critical for the regulation of [Ca2+]i by the PMCA in PDAC, 
and that the glycolytic regulation of the PMCA may be an important therapeutic 
locus. However, further research is required to determine whether membrane-
bound glycolytic enzymes regulate its activity. 



9 

 

Declaration 

No portion of the work referred to in the thesis has been submitted in support of an application 

for another degree or qualification of this or any other university or other institute of learning. 

Copyright Statement 

i. The author of this thesis (including any appendices and/or schedules to this thesis) owns 

certain copyright or related rights in it (the “Copyright”) and s/he has given The University of 

Manchester certain rights to use such Copyright, including for administrative purposes. 

ii.  Copies of this thesis, either in full or in extracts and whether in hard or electronic copy, may 

be made only in accordance with the Copyright, Designs and Patents Act 1988 (as amended) 

and regulations issued under it or, where appropriate, in accordance with licensing agreements 

which the University has from time to time. This page must form part of any such copies made. 

iii.  The ownership of certain Copyright, patents, designs, trade marks and other intellectual 

property (the “Intellectual Property”) and any reproductions of copyright works in the thesis, for 

example graphs and tables (“Reproductions”), which may be described in this thesis, may not 

be owned by the author and may be owned by third parties. Such Intellectual Property and 

Reproductions cannot and must not be made available for use without the prior written 

permission of the owner(s) of the relevant Intellectual Property and/or Reproductions. 

iv.  Further information on the conditions under which disclosure, publication and 

commercialisation of this thesis, the Copyright and any Intellectual Property and/or 

Reproductions described in it may take place is available in the University IP Policy 

(seehttp://documents.manchester.ac.uk/DocuInfo.aspx?DocID=487), in any relevant Thesis 

restriction declarations deposited in the University Library, The University Library’s regulations 

(see http://www.manchester.ac.uk/library/aboutus/regulations) and in The University’s policy on 

Presentation of Theses.  



10 

 

List of Abbreviations 
~ Approximately 

[ATP]i Cytosolic ATP concentration 

[Ca2+]i Cytosolic Ca2+ concentration 

2-DG 2-deoxyglucose  

2-DG-6-P 2-deoxyglucose-6-phosphate  

505LP 505 nm long pass  

AA Antimycin A 

acetyl CoA  Acetyl Coenzyme A  

AE1 Anion exchanger 1  

AM Antimycin A 

AMPK AMP-activated protein kinase 

ASCT2 ASC amino-acid transporter 2 

AU Absorbance units  

AUC Area under the curve 

BNIP3 BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 

BrPy 3-bromopyruvate 

Ca2+ Calcium 

CaM Calmodulin 

CCCP Carbonyl cyanide m-chlorophenyl hydrazine 

CCE Capacitative Ca2+ entry  

CDKs Cyclin-dependent kinases  

CICR Ca2+-induced Ca2+-release  

COX Cytochrome c oxidase  

CPA Cyclopiazonic acid 

CPA Cyclopiazonic acid  

CRAC Ca2+ release activated Ca2+ channels  

Cyt C Cytochrome C 

DAG Diacylglycerol  

DMEM Dulbecco's modified Eagle's medium 

DTT Dithiothreitol 

ECAR Extracellular acidification rate 

EGFR EGFR 

ER Endoplasmic reticulum 

F6P Fructose-6-phosphate  

FBP Fructose-1,6-bisphosphate  

FDG-PET 18F-fluorodeoxyglucose positron emission tomography  

G Genistein 

G+T genistein and tyrphostin A23 

G6PD Glucose-6-phosphate dehydrogenase  

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GAPs GTPase activating proteins 

GEFs Guanine nucleotide exchange factors  

GFR Growth factor receptor  

GLDH Glutamate dehydrogenase 

GLS Glutaminase 

GLUT Glucose transporter  



11 

 

GPCR G-protein coupled receptor 

GTP Guanosine triphosphate  

HEPES-PSS  HEPES-buffered physiological saline solution 

HIF Hypoxia inducible factor  

HK Hexokinase 

HKI Hexokinase I 

HKII Hexokinase II 

HPH HIF-1α prolyl hydroxylase  

IAA Sodium iodoacetate 

IGFBP3 Insulin-like growth factor-binding protein 3 

IP3 Inositol trisphosphate  

IP3Rs Inositol trisphosphate receptors 

IPMN Intraductal papillary mucinous neoplasias 

KIC α-ketoisocaproate  

LDH Lactate dehydrogenase 

LDHA Lactate dehydrogenase A 

LDHB Lactate dehydrogenase B 

LGCC Ligand-gated Ca2+ channel 

LKB1 Liver kinase B1 

MAM Mitochondria-associated ER membrane  

Max-∆[Ca2+]i Maximum change in [Ca2+]i 

MCN Mucinous cystic neoplasias  

MCT Monocarboxylate transporter 

MCU Mitochondrial calcium uniporter  

MDM2 Murine double minute  

mNCX Mitochondrial Na+/Ca2+-exchanger 

mTOR Mammalian target of rapamycin  

mTORC1/2 Mammalian target of rapamycin complex 1/2 

MUC1 Mucin 1  

Na+ free/NMDG Na+-free/138mM N-methyl D-glucamine HEPES-PSS 

NCX Na+/Ca2+ exchanger 

NCX Na+/Ca2+ exchanger  

NFAT Nuclear factor of activated T cells  

NF-κB 
Nuclear factor kappa-light-chain-enhancer of activated B 
cells 

NHERF Na+/H+ exchanger regulatory factor-2  

NMDG N-Methyl-D-glucamine  

OCR O2 consumption rate 

OM Oligomycin 

OXPHOS Oxidative phosphorylation 

p16INK4A Cyclin-dependent kinase inhibitor 2A  

p19ARF Alternate reading frame tumor suppressor  

PanIN Pancreatic intraepithelial neoplasias 

PBS Phosphate buffered saline 

PDAC Pancreatic ductal adenocarcinoma  

PDH Pyruvate dehydrogenase 

PDK1 Pyruvate dehydrogenase kinase 1  

PFK Phosphofructokinase 



12 

 

PFK1 Phosphofructokinase 1  

PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3  

PFKP Phosphofructokinase, platelet 

PGI Phosphoglucose isomerase 

PGK Phosphoglycerate kinase 

PGM Phosphoglycerate mutase 

PI Phosphatidylinositol  

PI3K Phosphoinositide 3-kinase  

PIP2 Phospholipid phosphatidylinositol-4,5-bisphosphate 

PIP3 Phosphatidylinositol 3,4,5-trisphosphate  

PKC-α Protein kinase C-α 

PKM1  Pyruvate kinase muscle 1 isoform 

PKM2 Pyruvate kinase muscle 2 isoform 

PLB Phospholamban 

PMCA Plasma membrane Ca2+ ATPase 

PMCA NS PMCA (isoform nonspecific) 

pO2 Oxygen partial pressure  

PPP Pentose phosphate pathway 

PSC Pancreatic stellate cell 

PS Phosphatidylserine 

PTEN Phosphatase and tensin homolog  

PV Pervanadate 

Q Coenzyme Q 

R0 Baseline ratio 

Rmin Minimum ratio  

ROS Reactive oxygen species 

Rot Rotenone 

Rsmad Receptor-regulated Smads 

RyR Tyanodine receptor 

SCO2 Synthesis of Cytochrome c Oxidase 2  

SERCA Sarcoplasmic/endoplasmic reticulum Ca2+-ATPase  

Smad Mothers against decapentaplegic homolog 

SPCA  Secretory pathway Ca2+ ATPase 

SR Sarcoplasmic reticulum 

STIM1 Stromal interacting molecule 1  

T Tyrphostin A23 

TCA cycle Tricarboxylic acid cycle 

TGF-β Transforming growth factor β 

TIGAR TP53-inducible glycolysis and apoptosis regulator 

TMC Time-matched control 

TPI Triosephosphate isomerase 

TRP Transient receptor potential  

TSC2 Tuberous sclerosis 2  

VDAC Voltage dependant anion channel  

VEGF Vascular endothelial growth factor  

VHL von Hippel–landau tumour suppressor  

VOCC Voltage-dependent Ca2+ channel 

α-KG α-ketoglutarate 



13 

 

∆Rmax Maximum decrease in ratio  

∆Ψm Mitochondrial membrane potential  

τ Tau, relative time constant  
 

 

  



14 

 

Acknowledgements 

Firstly, I would like to thank my supervisor Dr Jason Bruce for all his help and guidance 

throughout my PhD project. His support has been invaluable in my progression, and the time, 

effort and advice he has contributed to my project has been key in ensuring it was both a 

productive and enjoyable venture. 

Secondly, I would also like to thank all members of the Bruce lab past and present for their help 

with my studies, and all those who have contributed to the work contained within this thesis. 

Special thanks go to Parini Mankad, Ayse Latif, Carolina Uggenti, Anthony Chan, James Wong 

Donald Ward, Martin Steward and Svetoslav Kalaydjiev for their help and advice with the 

experimental methods used throughout my project. 

I would like to thank both the Biotechnology and Biological Sciences Research Council and 

AstraZeneca plc, whose funding to support my project was valued and greatly appreciated, and 

all our collaborators at both AstraZeneca and Manchester Royal Infirmary, in particular Prof. 

Chris Womack, Prof. Ajith Siriwardena and Dr. Asela Bandera. 

Finally, I would also like to thank my family and friends for their support throughout my PhD 

project. Most especially, I would like to thank my parents, whose never-ending support and 

encouragement has been invaluable throughout the challenges of the past 4 years, and to 

whom I dedicate this thesis. 

 

 

  



15 

 

Chapter 1 - Introduction 

1.1 - Thesis Overview 

The term “cancer” denotes a group of often fatal diseases which are characterised by 

the uncontrolled proliferation of cells, their invasion and destruction of surrounding tissue, and 

subsequently their metastasis through the blood stream and lymphatic system to tissues distant 

from the original tumour. Over a quarter of all deaths in the UK are attributed to cancer (Cancer 

Research UK, 2014), with over 7.6 million cancer related deaths in total worldwide in 2008 

(Jemal et al., 2011). Characterising the underlying mechanisms by which cancers originate and 

progress has long been the aim of researchers searching for novel ways to combat this group of 

diseases. However, due to the many numerous subtypes of cancer and their inherent 

complexity and heterogeneity, there is still an unmet clinical need for ways to treat cancer and 

prognosis remains poor for many tumour subtypes. One such form of cancer is pancreatic 

cancer, which while relatively uncommon is almost universally fatal within a matter of months. 

Due to such poor prognosis, research has focused on potential new treatment avenues for 

these illnesses, and of particular interest is the aberrant metabolism exhibited by tumours. Many 

cancers, including pancreatic cancer, exhibit an abnormally high glycolytic rate and a 

corresponding downregulation of mitochondrial metabolism, and it has been suggested that this 

may be an “Achilles’ heel” with which to target these cancers selectively (Kroemer and 

Pouyssegur, 2008). The theme of this thesis is the role of altered metabolism in pancreatic 

cancer in regulating the plasma membrane calcium (Ca2+) pump (PMCA), an energy driven 

pump on the plasma membrane that is responsible for extruding Ca2+ from the cytosol and 

maintaining the homeostatic regulation of Ca2+ levels within the cell. PMCA action is critical for 

cell survival; as such, this thesis aims to evaluate its regulation by metabolism in pancreatic 

cancer as a potential as a novel therapeutic locus.  

The following introductory chapter will provide a broad overview of: 

• The energy generating metabolic pathways in human cells; glycolysis and oxidative 

phosphorylation.  

• The pathophysiology of pancreatic ductal adenocarcinoma (PDAC). 

• The shift towards glycolytic metabolism in cancer (“Warburg Effect”) and its advantages 

for cancer cells. 

• The underlying mechanisms responsible for reprogramming metabolic pathways in 

PDAC. 

• The targeting of glycolytic metabolism in cancer. 

• The general mechanisms of intracellular intracellular calcium (Ca2+) signalling. 

• The PMCA and its regulation by ATP. 
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1.2 - Glycolysis and Oxidative Phosphorylation: The  metabolic pathways for generating 

energy in human cells 

Glucose is a 6 carbon monosaccharide and is the main source of energy used by eukaryotic 

cells. Conversion of glucose to energy in the form of ATP occurs via two respiratory 

mechanisms, glycolysis and oxidative phosphorylation (Figure 1.1), with the abundance of 

oxygen being a deciding factor as to which of these mechanisms predominantly operates 

(Alberts, 2004). Once transported into the cell via glucose transporters, glucose is converted to 

pyruvate via glycolysis (from glycose, an older term for glucose, and lysis, from the Greek “to 

separate”), a 10 step process that occurs within the cytoplasm. During the first three reactions 

of glycolysis, 2 molecules of ATP are consumed, and glucose is converted from one six-carbon 

glucose molecule to two three-carbon glyceraldehyde-3-phosphate molecules. The remainder of 

the glycolytic cascade generates two molecules of ATP and one of pyruvate for each molecule 

of glyceraldehyde-3-phosphate, with two molecules of NAD+ reduced to NADH to fuel the fifth 

step catalysed by glyceraldehyde 3-phosphate dehydrogenase. Glycolysis therefore results in a 

net yield of two moles ATP and pyruvate for every mole of glucose. 

Under aerobic conditions, pyruvate generated by glycolysis is transported to the matrix of the 

mitochondria, where a single molecule of pyruvate is acetylated to acetyl coenzyme A (acetyl 

CoA) by pyruvate dehydrogenase (PDH). Acetyl-CoA then enters the tricarboxylic acid (TCA) 

cycle where it is further oxidised over a series of steps to generate 3 NADH molecules in 

addition to a single molecule of both guanosine triphosphate (GTP) and FADH2. The NADH and 

FADH2 then enter the electron transport chain where they are oxidised by protein complexes I to 

IV, each of which concomitantly translocates protons from the mitochondrial matrix into the 

intermembrane space. These protons move down their concentration gradient through protein 

complex V, also known as ATP synthase, which harnesses the energy of the moving protons to 

phosphorylate ADP to ATP. This ultimately generates between 30 and 36 molecules of ATP for 

each molecule of glucose via a process known as oxidative phosphorylation. 
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Figure 1.1 – ATP generation by glycolysis and oxida tive phosphorylation 

Metabolic enzymes are shown in green, and electron transport chain proteins in blue. Additional 
abbreviations: HK, hexokinase; PGI, phosphoglucose isomerase; PFK, phosphofructokinase; 
TPI, triosephosphate isomerase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; PGK, 
phosphoglycerate kinase; PGM, phosphoglycerate mutase; LDH, lactate dehydrogenase; PDH, 
pyruvate dehydrogenase. Q, Coenzyme Q; Cyt C, Cytochrome C. TCA, tricarboxylic acid cycle. 
MCT, monocarboxylate transporter; GLUT, glucose transporter; PPP, pentose phosphate 
pathway. 

 

Conversely, under anaerobic conditions, insufficient oxygen is present to drive the electron 

transport chain and instead ATP is generated by fermentation of glucose. The pyruvate 

generated by glycolysis is converted to lactic acid by lactate dehydrogenase (LDH) with the 

concomitant generation of NAD+ from NADH. This NAD+ is used to fuel further generation of 

ATP via glycolysis. Despite a much smaller net yield of ATP than oxidative phosphorylation (2 

moles of ATP per mole of glucose rather than 36) ATP synthesis in this manner occurs at a 

much faster rate (Curi et al., 1988, Pfeiffer et al., 2001). 

Typically, in normal cells, the conditions to which the cell is exposed dictate how pyruvate is 

utilized by the cell, and under normoxia the majority generated enters the TCA cycle to fuel 

oxidative phosphorylation. However, following oncogenic transformation, the fate of pyruvate 

generated by glycolysis is significantly influenced by the metabolic reprogramming of cancer 

cells in order to fuel cell proliferation and survival (See 1.4 - The Warburg Effect – Why do 

cancers exhibit high glycolysis?). 
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1.3 - Pancreatic cancer: a silent killer 

Cancer of the pancreas is the fourth and fifth most common cause of cancer-related 

death in men and women, respectively (Krejs, 2010), and risk factors include smoking (Fuchs et 

al., 1996), family history of the disease (Hassan et al., 2007), advanced age, chronic and 

hereditary pancreatitis (Bansal and Sonnenberg, 1995), diabetes mellitus (Huxley et al., 2005) 

and obesity (Berrington de Gonzalez et al., 2003). Pancreatic ductal adenocarcinoma (PDAC) is 

the most common form of pancreatic cancer, accounting for 85% of pancreatic tumours 

(Warshaw and Fernandez-del Castillo, 1992, Li et al., 2004), and as its nomenclature suggests 

is derived from the ductal tissue of the exocrine pancreas. This form of pancreatic cancer 

typically occurs at the head of the pancreas, from where it can infiltrate the lymphatic system, 

spleen and peritoneal cavity, thereby facilitating metastasis to the lungs and liver (Hezel et al., 

2006). Treatment options are severely limited, and surgical removal of the tumour is the most 

common course of action. PDAC has become dubbed a “silent killer” due to its rapid 

progression in the absence of obvious clinical symptoms, and as a result patients often present 

with the disease at a stage when the cancer has already metastasized (Amin et al., 2006). As a 

result, only 10 – 20% of patients diagnosed with PDAC present with resectable disease (Loos et 

al., 2008). Nevertheless, PDAC is almost uniformly fatal; the five year survival rate for patients 

with pancreatic cancer has been estimated at below 1% (Gudjonsson, 2009). Such poor 

prognosis and a lack of effective treatment advocates research into new ways to combat this 

aggressive cancer. 

The pathophysiology of cancer is characterised by the development of premalignant 

neoplasms, which develop into malignant cells as oncogenic transformation progresses. 

Likewise, prior to the development of frank PDAC, progressive precursor lesions appear in the 

pancreas tissue (Hruban et al., 2004). Histopathological studies focusing on the cellular origins 

of PDAC have identified three forms of precursor lesion; pancreatic intraepithelial neoplasias 

(PanINs), mucinous cystic neoplasias (MCN), and intraductal papillary mucinous neoplasias 

(IPMN) (Hezel et al., 2006). The most common and well characterised of these precursor 

lesions are PanINs. These are asymptomatic papillary or flat lesions less than 5 mm that occur 

in the pancreatic ducts, and are classified as grades 1, 2 and 3 dependent on increasing 

morphological atypia (Hruban et al., 2004, Hruban et al., 2001). IPMNs are also papillary 

tumours of the duct epithelium, however these are characterised by mucin production and the 

subsequent dilatation of the affected ducts (Brugge et al., 2004). MCNs on the other hand, are 

the least common precursor lesion, and due to their cystic morphology and relatively large size 

are often found incidentally (Distler et al., 2014). Although the development and morphology of 

these precursor lesions is beyond the scope of this article (for a recent review, see Distler et al., 

2014), these precursor lesions harbour progressive genetic changes that influence metabolic 

reprogramming and their transformation into in PDAC. 

Early mutations implicated in the formation of PDAC precursor lesions (Figure 1.2) 

include the activation of oncogenic K-Ras in more than 90% of cases (Hezel et al., 2006) and 

the loss the tumour suppressor protein p16INK4A. Increasing numbers of mutations are 
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observed as a lesion progresses in severity towards PDAC (Morris et al., 2010), such as the 

inactivation of the tumour suppressor proteins p53 and SMAD4 (Hezel et al., 2006, Bardeesy 

and DePinho, 2002) by the PanIN3 stage. In addition, the PanIN sequence is characterised by 

telomere shortening, which leads to chromosomal instability and therefore can facilitate 

transformation (Hong et al., 2011, van Heek et al., 2002). In addition to acquired changes in 

protein function or expression, it is estimated that hereditary mutations contribute to around 

10% of pancreatic cancers (Petersen and Hruban, 2003). 

 

 

Figure 1.2 – The progression of PanINs to PDAC 

Progression of pancreatic intraepithelial neoplasias (PanINs) to pancreatic ductal 

adenocarcinoma (PDAC) is associated with increasing morphological atypia, an increased 

desmoplasic response and the cumulative acquisition of oncogenic mutations (commonly 

implicated proteins shown in green boxes). Additional abbreviations: Cyclin-dependent kinase 

inhibitor 2A, INK4A; Kirsten rat sarcoma viral oncogene homolog, K-RAS; mothers against 
decapentaplegic homolog 4, Smad4; tumour protein 53, p53.  Adapted from Morris et al., 2010. 

 

Frank PDAC is characterised by tumour desmoplasia, that is, the formation of a dense 

matrix of connective tissue typically consisting of collagen and fibronectin (Mollenhauer et al., 

1987). This dense stroma is particularly rich in PDAC, with stromal components often 

outnumbering cancer cells, and the contributing factors to this heterogeneous PDAC 

microenvironment have been extensively reviewed elsewhere (Feig et al., 2012). However, it 

appears that pancreatic stellate cells (PSCs) play a key role in its formation. PSCs are a 

subpopulation of pancreatic cells with similar characteristics to fibroblasts which appear to have 

a key role in facilitating the desmoplastic response in PDAC (Jaster, 2004). Using paracrine 
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signalling via fibroblast growth factor 2 and transforming growth factor β, PDAC cells stimulate 

the deposition of connective tissue by PSCs, which in turn facilitates and accelerates tumour 

growth (Bachem et al., 2005). In vitro studies have also indicated that secretions from PSCs 

stimulate cancer cell proliferation, invasion and metastasis while inhibiting cancer cell apoptosis 

(Vonlaufen et al., 2008). Furthermore, studies modelling PDAC metastasis in mice suggest that 

PSCs can stimulate angiogenesis and accompany PDAC cells to metastatic sites to aid 

secondary tumour growth (Xu et al., 2010b). In response to the hypoxic environment, PDAC 

cells stimulate further deposition of extracellular matrix by PSCs via sonic hedgehog signalling; 

this exacerbates the hypoxic core of the tumour in a feed forward loop (Spivak-Kroizman et al., 

2013). Importantly, the resulting dense fibrotic network prevents neovascularisation of tumour, 

limiting the formation of new blood vessels and the efficient delivery of oxygen and nutrients 

(Koong et al., 2000). As a result, a key characteristic of PDAC is a highly hypoxic tumour core 

with restricted access for drug delivery (Feig et al., 2012). Indeed, a highly hypoxia tumour core 

is correlated with resistance to therapy, increased metastasis and poorer prognosis (Zhang et 

al., 2010). 

1.4 - The Warburg Effect – Why do cancers exhibit h igh glycolysis? 

In the 1920’s Otto Warburg observed that cancer cells exhibited an abnormally high production 

of lactic acid in comparison to normal respiring tissues, even in the presence of abundant O2 

(Warburg, 1956). This high glycolytic flux in cancer has since become known as the “Warburg 

effect” and has become a key hallmark of many tumours (Hanahan and Weinberg, 2011). 

Warburg hypothesised that this “aerobic glycolysis” was a causative factor in oncogenic 

transformation, and stemmed from impaired mitochondrial function. Although it is now 

appreciated that mitochondria are in fact functional in most tumour types (Frezza and Gottlieb, 

2009), and can also contribute to ATP synthesis (Zu and Guppy, 2004), aberrant glucose 

metabolism and upregulated glycolysis remain a common feature of many tumour types (Gillies 

and Gatenby, 2007). Indeed, it is the increased glucose uptake exhibited by highly glycolytic 

cells which is exploited by 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) for 

the detection of primary tumours and metastases (Gambhir, 2002).  It is now understood that 

the Warburg phenotype is instead driven by oncogene-induced metabolic reprogramming 

(Cairns et al., 2011); the numerous signalling pathways responsible for inducing the Warburg 

phenotype in PDAC will be considered in the following sections. Despite being an energetically 

unfavourable means of generating ATP in comparison to oxidative phosphorylation, the shift 

towards glycolysis has since been hypothesised to confer numerous survival advantages to 

tumour cells, including resistance to hypoxia, promotion of metastasis, and the increased 

generation of glycolytic intermediates to allow the incorporation of glucose carbon into anabolic 

processes and cell proliferation (Kroemer and Pouyssegur, 2008, Vander Heiden et al., 2009, 

DeBerardinis et al., 2008a). 

Numerous studies have established that PDAC has a highly glycolytic phenotype typical of 

those exhibiting the Warburg effect. This is primarily due to changes in the expression of 
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numerous key glycolytic enzymes (Dong et al., 2011a, Dong et al., 2011b, Zhou et al., 2012, 

Zhou et al., 2011, Mikuriya et al., 2007, Chaika et al., 2012b) and glucose transporter 1 

(GLUT1), which is responsible for shuttling hexose sugars such as glucose into the cell. These 

expressional changes are in part driven by severe hypoxia at the core of PDAC tumours 

(Guillaumond et al., 2013), however, numerous oncogenic mutations contribute in pushing 

PDAC cells towards this highly glycolytic phenotype. Moreover, both the tumour 

microenvironment and oncogenic signalling are themselves influenced in response to the 

changing metabolic phenotype of PDAC (Figure 1.3). Understanding this shift in metabolism 

towards glycolysis, and the underlying mechanisms that initiate this metabolic reprogramming, 

has become the aim of numerous studies searching for novel treatment avenues for PDAC (Le 

et al., 2012, Blum and Kloog, 2014). 

 

 

Figure 1.3 – Factors determining the metabolic phen otype in PDAC 

The metabolic phenotype of PDAC is controlled by alterations in metabolic gene expression and 
the response of PDAC cells to the tumour microenvironment. Loss-of-function mutations in 
tumour suppressors (such as p53) and aberrant activation of oncogenic signalling pathways 
(such as the PI3K-AKT pathway) results in altered metabolism to meet the metabolic 
requirements of the rapidly dividing cancer cell. The resulting changes in metabolism that drive 
uncontrolled cell proliferation and lactate efflux (as a byproduct of increased glycolysis) lead to 
hypoxia, low pH and nutrient deprivation in the tumour microenvironment. This in turn induces a 
metabolic response within the PDAC cells, further influencing their metabolic phenotype. This 
altered metabolic phenotype allows cells to maintain production of ATP and biosynthetic 
substrates while balancing redox status. Adapted from Cairns et al., 2011. 

 

Whilst Warburg initially hypothesised that the high glycolytic rate in cancer was responsible for 

generating the majority of ATP in the face of mitochondrial dysfunction, it is now appreciated 

that mitochondria are in fact functional in cancer (Frezza and Gottlieb, 2009). Instead, it is now 

thought that cancer cells upregulate glycolysis primarily to allow more glycolytic intermediates to 

be used for fuelling cell proliferation (DeBerardinis et al., 2008a). A high glycolytic flux results in 

an increased abundance of glycolytic intermediary products, which can then be diverted toward 

anabolic processes and utilized for cell proliferation (Tong et al., 2009). For example, glucose-6-
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phosphate (G6P) can be shuttled into the pentose phosphate pathway (PPP) by the enzyme 

glycose-6-phosphate dehydrogenase (G6PD). The PPP uses the glucose-6-phosphate carbons 

to synthesise ribose-5-phosphate for the backbone of DNA/RNA, and generates reducing 

equivalents in the form of NADPH to maintain the intracellular redox state (Deberardinis et al., 

2008b). This removes nucleotide abundance and synthesis as rate limiting factors for cell 

proliferation (Tong et al., 2009). Furthermore, in addition to providing precursors for the anabolic 

processes required for tumour growth, the increased generation of NADPH via the PPP 

provides an increased reducing potential with which to neutralise cytosolic reactive oxygen 

species (ROS), providing a survival advantage to cancer cells (Brand and Hermfisse, 1997, 

Kondoh et al., 2007, Vousden and Ryan, 2009).  

Cancer cells also exhibit a degree of metabolic plasticity in order to adapt to the spatial 

heterogeneity of O2 abundance within a tumour (Rodriguez-Enriquez et al., 2008, Cardenas-

Navia et al., 2008), such that cancer cells with a high glycolytic flux are less sensitive to 

fluctuating oxygen levels and can survive in hypoxic conditions (Pouyssegur et al., 2006). An 

increased distance from blood vessels correlates with lower pH and oxygen partial pressure 

(pO2) in tumours (Helmlinger et al., 1997), and hypoxia at the centre of primary tumours (pO2 < 

10 mmHg) is associated with an increased risk of metastasis and mortality (Vaupel and Mayer, 

2007, Vaupel et al., 2004). It has been suggested that the hypoxia present in solid tumours 

selects for those cells most adapted to survive in those conditions, thereby driving the growth of 

highly glycolytic and aggressive cancer cells (Gatenby and Gillies, 2004). Furthermore, the 

increased production of lactic acid as a byproduct of high glycolysis leads to acidification of the 

extracellular matrix, which in turn facilitates tumour cell migration and invasion (Stock and 

Schwab, 2009, Gatenby et al., 2006) and suppresses anticancer immune functions (Fischer et 

al., 2007, Lardner, 2001) and therefore favours the metastatic phase of cancer. Interestingly, in 

addition to exhibiting metabolic plasticity, evidence also suggests that aerobic tumour cells 

proximal to blood vessels can take up the lactate produced by cells in hypoxic regions of the 

tumour and utilise it for mitochondrial oxidative phosphorylation. This phenomenon increases 

the availability of glucose to glycolytically-dependent cells at the hypoxic tumour core, forming a 

metabolic symbiosis between cells in a heterogeneous tumour bed (Sonveaux et al., 2008, 

Semenza, 2008). 

In addition to increasing glucose flux through glycolysis, cancer cells exhibiting the Warburg 

effect commonly show an increased consumption of glutamine. Glutaminase (GLS) catalyses 

the conversion of glutamine to glutamate, which in turn is converted by glutamate 

dehydrogenase (GLDH) to α-ketoglutarate, a key intermediate in the TCA cycle (Vander Heiden 

et al., 2009).  Studies have shown that glutamine consumption exceeds that required to meet 

the demands of nucleotide synthesis and to maintain nonessential amino acid pools 

(DeBerardinis et al., 2007), suggesting that glutamine acts an anapleurotic precursor for 

replenishing the metabolic intermediates of the TCA cycle. Additionally, cancer cells utilise 

glutamine to compensate for decreased pyruvate entry into the TCA cycle, which would 

otherwise leave cancer cells lacking citrate with which to generate fatty acids. This is achieved 

by converting glutamine-derived α-ketoglutarate to citrate via the TCA cycle, thereby 
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maintaining citrate levels for fatty acid synthesis in the face of decreased glucose flux into the 

mitochondria (Semenza, 2013, DeBerardinis et al., 2007). Consistent with this, the enzyme 

responsible for converting acetyl-CoA into fatty acids, fatty acid synthase (FAS), has also found 

to be upregulated in cancer (Wang et al., 2005). Finally, to complement the PPP, glutaminolysis 

is a robust means of generating NADPH, which provides a source of carbon and nitrogen amino 

acid synthesis and reducing power for fatty acid synthesis (Wise et al., 2008). Interestingly, 

numerous studies indicate that glutamine is the main carbon source utilised by the TCA cycle in 

mouse models of PDAC (Gao et al., 2009, Wise et al., 2008, Ying et al., 2012). 

1.5 - Oncogenic Signalling Pathways Responsible for  Metabolic Reprogramming in PDAC 

An oncogene is a gene which has the potential to cause cancer, either due to overexpression or 

mutation of its gene product. Many oncogenic mutations and changes in protein expression are 

implicated in the pathogenesis and metabolic reprogramming of PDAC. The affected signalling 

pathways regulate many diverse cellular processes, including cell death, cell proliferation, cell 

cycle control and metabolism, and the mechanisms by which these contribute to the 

progression of the disease have been reviewed in detail elsewhere (Hanahan and Weinberg, 

2011, Hezel et al., 2006, Hruban et al., 2008). However, a common feature of many tumours is 

a dependency on upregulated oncogenic pathways for the cancer cells’ continued survival and 

proliferation, a phenomenon that has since been termed “oncogenic addiction” (Weinstein, 

2000). As a result, understanding the role and regulation of these oncogenic pathways has 

become a key research aim of many research groups, with the goal of identifying novel 

treatment strategies that can discriminate between cancer cells and healthy cells. 

The following section will focus specifically on those oncogenic signalling pathways in PDAC 

that influence cancer cell metabolism, and in particular those that impact on ATP-generating 

mechanisms in PDAC cells. These pathways are summarised in Figure 1.4, and the common 

transcription factor targets that contribute to the glycolytic phenotype of PDAC are summarised 

in Figure 1.5 

1.5.1 - K-Ras 

K-Ras is a member of the Ras family of guanosine triphosphate (GTP)-binding proteins that 

regulates cell survival and proliferation via downstream signalling of growth factor receptors 

(Malumbres and Barbacid, 2003). The Ras family of small GTPases (H-Ras, N-Ras, K-Ras4A 

and K-Ras4B, the latter two being splice variants) undergo conformational changes upon the 

binding of GTP or GDP, which confer the active and inactive states of Ras, respectively. When 

bound to GDP, Ras is inactive, and activation of Ras is achieved upon the binding of GTP after 

guanine nucleotide exchange factors (GEFs) induce the dissociation of GDP (Cullen and 

Lockyer, 2002). Inactivation of Ras signalling occurs upon hydrolysis of GTP to GDP. 

Importantly, the intrinsic GTPase activity of Ras is low, and Ras requires GTPase activating 

proteins (GAPs) to promote GTP hydrolysis by enhancing its intrinsic GTPase activity, in order 
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to revert Ras to its inactive state (di Magliano and Logsdon, 2013). Downstream of KRas are 

numerous signalling cascades including the RAF/MAPK and Ral GDS signalling cascades, 

however, it is the PI3K-mTOR (see 1.5.3 - PI3K-AKT) pathway that is primarily responsible for 

the metabolic effects of oncogenic K-Ras signalling (Hruban et al., 2008, Gysin et al., 2011). 

As the earliest known genetic change in noninvasive PDAC precursor lesions (Klimstra and 

Longnecker, 1994), K-Ras appears to be an important initiating factor in the development of 

PanINs and facilitating their subsequent progression into PDAC. Indeed, genetically engineered 

mice expressing oncogenic K-Ras acquire PanINs early in life before developing PDAC, 

indicating that K-Ras is a key driver of PDAC initiation in vivo (Aguirre et al., 2003, Guerra et al., 

2003, Hingorani et al., 2003). Furthermore, activating mutations of the KRAS gene are present 

in more than 90% of PDAC, typically manifesting as mutations on codon 12 (Hruban et al., 

2008, Morris et al., 2010, Hezel et al., 2006). Mutations in KRAS which lower or abolish the 

sensitivity of its protein product K-Ras to GAPs subsequently result in an inability to inactivate 

KRAS (Scheffzek et al., 1997). In vitro studies showed that transfection of cultured cell lines 

with oncogenic K-Ras led to increased phosphofructokinase 1 (PFK1) activity (Kole et al., 

1991), increased production of lactate (Racker et al., 1985) and an upregulated expression of 

GLUT1 (Yun et al., 2009, Fleming et al., 2005), suggesting that K-Ras contributes to 

upregulated glycolysis in cancer.  

Further advances in our understanding of the role of K-Ras specifically in PDAC metabolism 

came from genetically engineered mouse models of PDAC which express an oncogenic point 

mutation in KRAS. These showed that doxycycline-induced expression of oncogenic KRAS 

(KRASG12D) resulted in a decrease in cellular G6P, fructose-6-phosphate (F6P) and fructose-

1,6-bisphosphate (FBP). Subsequent extinction of oncogenic KRAS upon withdrawal of 

doxycycline resulted in a decrease in glucose uptake and lactate production, and 

downregulation of GLUT1, HK1, HK2, PFK1, enolase and lactate dehydrogenase A (LDHA) 

gene transcription (Ying et al., 2012). In the same study, oncogenic KRAS was shown to 

promote anabolic glucose metabolism via the nonoxidative pentose phosphate pathway and 

hexosamine biosynthesis pathway in order to fuel cell proliferation. Concomitant to upregulating 

glucose flux through glycolysis, K-Ras has also been shown to be responsible for upregulating 

glutamine consumption in PDAC cells (Son et al., 2013). 

 



25 

 

 

 

Figure 1.4 - Oncogenic signalling pathways involved  in metabolic reprogramming in 
PDAC 

Metabolic enzymes are shown in green. Signalling proteins that promote a high glycolytic rate in 
PDAC are shown in red, while those that oppose it (tumour suppressors) are shown in blue. 
electron transport chain proteins in blue. Additional abbreviations: AMPK, AMP-activated protein 
kinase; ASCT2, ASC amino-acid transporter 2; EGFR, epidermal growth factor receptor; GAP, 
GTPase-activating protein; GEF, guanine nucleotide exchange factor; G6P, glucose-6-
phosphate; GLDH, glutamate dehydrogenase; GLS, glutaminase; GLUT, glucose transporter; 
HIF-1α/β, hypoxia inducible factor subunit α/subunit β;  HPH, HIF-1α prolyl hydroxylase; α-KG, 
α-ketoglutarate; LDH, lactate dehydrogenase; LKB1, liver kinase B1; MCT, monocarboxylate 
transporter; MDM2, murine double minute 2; mTOR, mammalian target of rapamycin; OXPHOS, 
oxidative phosphorylation; PKC-α, protein kinase C-α; PDH, pyruvate dehydrogenase; PKC-α, 
protein kinase C α; PI3K, phosphoinositide 3-kinase; PKM2, pyruvate kinase M2 isoform; PPP, 
pentose phosphate pathway; PTEN, phosphatase and tensin homolog; RSmad, receptor-
regulated Smads; Smad, mothers against decapentaplegic homolog; TIGAR, TP53-inducible 
glycolysis and apoptosis regulator; TGF-β, transforming growth factor β; TSC1/2, tuberous 
sclerosis complex; VHL, von Hippel–landau tumour suppressor. 
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Figure 1.5 - Common transcription factor targets in volved in driving the highly glycolytic 
phenotype in PDAC 

Signalling proteins and transcription factors that contribute to a highly glycolytic rate are shown 
in red circles, while those that oppose this are shown in blue. Additional abbreviations: AMPK, 
AMP-activated protein kinase; ASCT2, ASC amino-acid transporter 2; BNIP3, BCL2/adenovirus 
E1B 19 kDa protein-interacting protein 3; GLDH, glutamate dehydrogenase; GLUT1/GLUT4, 

glucose transporter 1/4; HKI, hexokinase I; HKII, hexokinase II; IGFBP3, insulin-like growth 
factor-binding protein 3; PDK1, pyruvate dehydrogenase kinase 1; PFK, phosphofructokinase;  
PGI, phosphoglucose isomerase; PGK1, phosphoglycerate kinase 1; PGM, phosphoglycerate 
mutase; PTEN, phosphatase and tensin homolog; LDH, lactate dehydrogenase; LDHA, lactate 
dehydrogenase A isoform; G6PD, glucose-6-phosphate dehydrogenase; GFBP3, insulin-like 
growth factor-binding protein 3; SCO2, synthesis of cytochrome c oxidase 2; TIGAR, TP53-
inducible glycolysis and apoptosis regulator; TSC2, tuberous sclerosis complex 2. 
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1.5.2 - HIF-1 

The hypoxia inducible factor (HIF) complexes are the principal transcription factors responsible 

for instigating the cellular responses to hypoxia, and in particular drive glycolytic flux at the 

expense of mitochondrial metabolism (Bristow and Hill, 2008, Cairns et al., 2011). Indeed, 

increased HIF-1α expression is correlated with poor prognosis in numerous cancers (Semenza, 

2010). In vitro experiments using human pancreatic cancer cell lines indicate that HIF-1 is 

upregulated in PDAC (Akakura et al., 2001, Buchler et al., 2003), as have studies evaluating its 

expression in samples from resected pancreatic tumours (Zhang et al., 2010, Cui et al., 2009b). 

The active HIF-1 complex is a heterodimer of stable beta (HIF-1β) and unstable alpha (HIF-1α 

and HIF-2α) subunits, both of which are constitutively expressed. During normoxia the alpha 

subunit is hydroxylated by O2-dependent HIF-1α prolyl hydroxylase (HPH) and subsequently 

recognised and ubiquitinated by von Hippel–landau tumour suppressor (VHL), an e3 ubiquitin 

ligase, and undergoes proteosomal degredation (Kroemer and Pouyssegur, 2008). HPH is itself 

inactivated by hypoxia, allowing the active heterodimer of HIF-1 to stabilise (Stiehl et al., 2006), 

and is regulated by its reaction substrate α-ketoglutarate (Semenza, 2013). Transcription of 

both the alpha and beta subunits of HIF-1 has been shown to exponentially increase as the O2 

level in a cell decreases (Jiang et al., 1996). As a result, the findings that HIF-1 is upregulated in 

PDAC are somewhat to be expected, since pancreatic tumours are known to be highly hypoxic 

(Koong et al., 2000). While hypoxia is the major driver of HIF-1 stabilisation, single nucleotide 

polymorphisms in HIF-1 which result in the stabilisation of the active HIF-1 complex have been 

correlated with both the risk and severity of PDAC (Wang et al., 2011). Furthermore, 

mitochondrial defects have also been proposed as an indirect activator of HIF-1. Tumorigenic 

loss of function mutations in fumarate hydratase and succinate dehydrogenase lead to an 

increase in the TCA intermediates fumarate and succinate, respectively, which in turn inhibit the 

α-ketoglutarate dependent HIF-1α prolyl hydroxylase responsible for degrading HIF-1 under 

normoxic conditions (Gottlieb and Tomlinson, 2005). 

HIF-1 has widespread regulatory effects on cancer cell metabolism that bring about the 

Warburg phenotype and allow cancer cells to survive under hypoxic conditions (Semenza, 

2013, Lum et al., 2007). The expression of virtually all glycolytic enzymes and glucose 

transporters are induced by HIF-1, resulting in increased glucose flux through glycolysis to 

lactate (Semenza et al., 1994, Wang and Semenza, 1993, Gordan and Simon, 2007, Semenza 

et al., 2006). It has been well documented that HIF-1α upregulates GLUT1 and GLUT4 

(Behrooz and Ismail-Beigi, 1999, Ebert et al., 1995, Seagroves et al., 2001), and the gene 

promoters for HK (Mathupala et al., 2001), glucose-6-phosphate isomerase (Mole et al., 2009), 

aldolase, enolase and LDH (Semenza et al., 1996) all contain binding sites for activation by 

HIF-1. Furthermore, HIF-1 and induces the expression of the M2 isoform of pyruvate kinase 

(PKM2, see 1.5.6 – The Role of Glycolytic Enzymes in the Warburg Phenotype), which is 

thought to be key in cancer; interestingly, PKM2 itself functions as a transcriptional coactivator 

for HIF-1 expression in a feed-forward loop (Luo et al., 2011). 
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In addition to upregulating glucose flux through glycolysis, HIF-1 attenuates mitochondrial 

metabolism by numerous mechanisms. HIF-1 induces expression of pyruvate dehydrogenase 

kinase 1 (PDK1) which in turn inactivates pyruvate dehydrogenase (PDH) (Kim et al., 2006). 

PDH is the key enzyme required for the conversion of pyruvate to acetyl CoA in the 

mitochondria. The inactivation of PDH by PDK1 prevents flux of acetyl CoA into the TCA cycle, 

ultimately inhibiting oxidative phosphorylation and shunting pyruvate towards reduction by LDH 

(Gottlieb and Tomlinson, 2005). The increased conversion of pyruvate to lactate, rather than its 

oxidation by PDH to acetyl CoA, results in the production of NAD+, which in turn can be used to 

further fuel the glycolytic enzyme GAPDH and promote glycolytic flux (Fantin et al., 2006). HIF-1 

signalling further suppresses mitochondrial respiration by preventing c-Myc from stimulating 

mitochondrial biogenesis (Zhang et al., 2007) and by promoting the transcription of a Bcl-2 

family protein BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), that initiates 

mitochondrial autophagy (Zhang et al., 2008). This ultimately leads to a decrease in 

mitochondrial mass within cancer cells. The downregulation of oxidative phosphorylation 

facilitated by HIF-1 also serves to maintain redox homeostasis within the tumour cells under 

hypoxia (Zhang et al., 2008, Kim et al., 2006). 

1.5.3 - PI3K-AKT 

Downstream of K-Ras, phosphoinositide 3-kinase (PI3K) and its main downstream effector, the 

serine/threonine kinase AKT (also known as Protein Kinase B), appear to play a key role in 

driving the metabolic alterations present in many cancers. The family of PI3K proteins consists 

of a group of intracellular signal transducer enzymes that induce strong survival and 

proliferation signals and changes in cell metabolism (Vivanco and Sawyers, 2002). PI3Ks are 

lipid and serine/threonine kinases, of which three classes of PI3K have been identified, each 

consisting of multiple isoforms and subunits. Importantly, class IA PI3Ks, which are coupled to 

receptor tyrosine kinases (RTKs, sometimes via K-Ras), are the only PI3K isoforms implicated 

in carcinogenesis (future use of the abbreviation PI3K in this thesis will refer solely this 

subclass). Upon activation, PI3K phosphorylates the membrane bound phospholipid 

phosphatidylinositol-4,5-bisphosphate (PIP2) to form phosphatidylinositol 3,4,5-trisphosphate 

(PIP3), and AKT (the primary oncogenic downstream effector of PI3K) is recruited to the plasma 

membrane via direct interaction with PIP3 via its pleckstrin-homology domain. AKT is 

subsequently activated when phosphorylated at threonine 308 by 3-phosphoinositide-

dependent protein kinase-1 (Bellacosa et al., 1998). However, maximal AKT activation is 

achieved by additional phosphorylation at serine 473 by the mTORC2 complex (Sarbassov et 

al., 2005b, see 1.5.4 – mTOR). Three isoforms of AKT exist, with AKT2 being the isoform most 

commonly implicated in driving the Warburg phenotype and cancer progression (Plas and 

Thompson, 2005, Robey and Hay, 2009). Other signalling proteins downstream of PI3K include 

protein kinase C and the Rho family of GTPases; however, unlike AKT or c-Myc, these proteins 

do not appear to play a key role in promoting metabolic transformation (Hennessy et al., 2005). 
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AKT activates numerous downstream signalling cascades responsible for the reprogramming 

metabolism in PDAC (Hennessy et al., 2005, Robey and Hay, 2009, Vivanco and Sawyers, 

2002), and increased expression of activated AKT is correlated with poorer prognosis in PDAC 

(Yamamoto et al., 2004). Activated AKT increases glycolytic flux in cancer cells (Elstrom et al., 

2004), regulates hexokinase (Gottlob et al., 2001) and 6-phosphofructo-2-kinase/fructose-2,6-

biphosphatase 3 (PFKFB3) activity (Deprez et al., 1997), and can also stimulate increased 

glucose uptake via glucose transporters at the plasma membrane (Wieman et al., 2007). 

Furthermore, the PI3K/AKT pathway indirectly promotes the Warburg phenotype by regulating 

various downstream effectors. AKT phosphorylates and inactivates tuberous sclerosis 2 (TSC2), 

a protein responsible for inactivating the kinase mTOR, thus AKT indirectly activates signalling 

through the mTOR pathway, which itself can promote the glycolytic phenotype of cancer (Robey 

and Hay, 2009, see 1.5.4 – mTOR). Similarly PI3K appears to regulate c-Myc (see 1.5.5 – c-

Myc) expression, which also regulates cancer metabolism and in particular glutamine addiction 

(Asano et al., 2004).  On the other hand, in addition to facilitating pro-Warburg signalling AKT 

downregulates the expression of the tumour suppressor protein p53 (see 1.6.1 – p53) that can 

act to oppose glycolysis by phosphorylating the p53 regulator protein murine double minute 

(MDM2, Mayo and Donner, 2002). 

A hyperactivation and upregulation of AKT is commonly observed in PDAC (Stoll et al., 2005, 

Ruggeri et al., 1998, Cheng et al., 1996, Altomare et al., 2002, Yamamoto et al., 2004), and can 

occur for numerous reasons. Regulating the activation of AKT by PI3K is the tumour suppressor 

phosphatase and tensin homolog (PTEN), which opposes the effects of PI3K by converting the 

AKT activator PIP3 back to PIP2 (Di Cristofano and Pandolfi, 2000); loss-of-function mutations 

within PTEN or the downregulation of PTEN expression allows for unopposed AKT signalling in 

cancer. Aberrant expression of PTEN and the downregulation of PTEN mRNA have both been 

observed in PDAC, suggesting that there may be reduced opposition of PI3K signalling by 

PTEN in this cancer (Ebert et al., 2002, Asano et al., 2004). Other mechanisms that induce 

aberrant PI3K-AKT signalling in cancer include intrinsic mutations in PI3K complex subunits that 

render it constitutively active, and altered receptor tyrosine kinase signalling upstream of PI3K, 

such as oncogenic K-Ras (Wong et al., 2010). Indeed, in the context of PDAC, the major 

upstream activator of PI3K is K-Ras, and as mentioned above, activating mutations in the KRAS 

gene are present in >90% of PDAC. Importantly, in mouse models of PDAC arising from 

oncogenic KRAS (KRASG12D), loss of function of PTEN is associated with accelerated 

acquisition of PanINs and progression to PDAC  (Hill et al., 2010, Xu et al., 2010a, Kennedy et 

al., 2011), indicating that PTEN acts as a tumour suppressor in PDAC. 

1.5.4 - mTOR 

Mammalian target of rapamycin (mTOR) is a serine threonine kinase that acts as the catalytic 

component of the rapamycin and nutrient-sensitive multiprotein complexes (mTORC1 and 

mTORC2). mTORC1 is a major downstream effector of AKT, while mTORC2 is involved in actin 

cytoskeleton organisation and its upstream regulators remain unknown (Loewith, 2011, 
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Wullschleger et al., 2006). mTORC1 acts to stimulate protein and lipid biosynthesis and cell 

growth when nutrients are abundant, and achieves this by activating numerous transcription 

factors and transcription suppressors. These have the combined effect of stimulating 

metabolism and inducing lipid and protein synthesis while simultaneously suppressing 

autophagy (Wullschleger et al., 2006, Sarbassov et al., 2005a, Shimobayashi and Hall, 2014). 

In the context of tumour metabolism, mTORC1 drives a highly glycolytic phenotype by activating 

metabolic gene transcription through HIF-1 (Yecies and Manning, 2011). 

Besides mTOR, the mTORC1 complex contains numerous regulatory proteins such as 

regulatory-associated protein of mTOR (RPTOR, Hara et al., 2002) and proline-rich AKT1 

substrate 1, (PRAS40, Wang et al., 2007) that mediate mTOR activity. While the molecular 

physiology of mTORC1 is beyond the scope of this article and has been reviewed elsewhere 

(Guertin and Sabatini, 2007), two important negative regulators of mTORC1 are TSC1 and 

TSC2 (Orlova and Crino, 2010). TSC2 is negatively regulated by AKT (Inoki et al., 2002), thus 

inhibition of the TSC1/2 complex by AKT and subsequent activation of mTOR may contribute to 

PDAC tumour progression. Indeed, mTOR is activated in the majority of PDAC cases (Ito et al., 

2006) and it appears that tumours that depend on AKT activation also rely on mTORC1 

activation for progression (Grewe et al., 1999, Shah et al., 2001). Of relevance to tumour 

progression, studies in TSC1-/- and TSC2-/- mouse embryonic fibroblasts have revealed that 

activated mTORC1 stimulates glycolysis by inducing the transcription of various enzymes 

involved in glycolysis, the oxidative arm of the PPP, and de novo lipid synthesis (Duvel et al., 

2010). Moreover, mTORC1 has been shown to induce the expression of the key glycolytic 

enzymes HKI, HKII, PGI, PFK, aldolase, PGK1, PGM, LDH and PDK1 and G6PD (Duvel et al., 

2010). Moreover, it was determined that mTORC1 achieved this via induction of HIF-1α 

expression, providing a mechanism by which activated mTOR facilitates the switch towards a 

glycolytic phenotype in PDAC.  

1.5.5 - c-Myc 

The proto-oncogene c-Myc is a transcription factor widely expressed during embryogenesis in 

tissues exhibiting high rates of proliferation, and deregulated expression of c-Myc has been 

implicated in a broad range of cancers (Pelengaris et al., 2002). c-Myc induces cell growth and 

proliferation via changes at the transcription level, and evidence indicates that aberrant 

regulation of PI3K due to the decreased expression of PTEN leads to a sustained activation of 

c-Myc in PDAC (Asano et al., 2004, Schild et al., 2009). Indeed, studies in PDAC cell lines 

(PANC-1 and MIA PaCa-2) using siRNA against mutant KRAS have shown that expression of c-

Myc is, at least in part, induced by oncogenic K-Ras (Fleming et al., 2005). c-Myc can promote 

the Warburg phenotype by inducing the expression of LDHA (Shim et al., 1997) GLUT1, PGI, 

PFK1, GAPDH, PGK, and enolase (Osthus et al., 2000) and facilitates the preferential 

expression of PKM2 via alternative exon splicing (David et al., 2010). However, despite its 

ability to increase aerobic glycolysis at the expense of mitochondrial respiration, in recent years 

c-Myc has been shown to play a role in driving mitochondrial biogenesis (Li et al., 2005, Kim et 
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al., 2008). While initially counterintuitive to the metabolic phenotype of cancer and at direct odds 

with Warburg’s initial hypothesis that aerobic glycolysis in cancer stems from mitochondrial 

dysfunction (Warburg, 1956), it has become apparent that by upregulating certain facets of 

mitochondrial metabolism c-Myc drives a highly proliferative cancer phenotype. In addition to its 

effects on the glycolytic cascade, c-Myc has been shown to induce the expression of 

glutaminase and the plasma membrane glutamine transporter ASC amino-acid transporter 2 

(ASCT2, Gao et al., 2009), thereby increasing mitochondrial metabolism of glutamine (Wise et 

al., 2008). The resulting upregulation of glutaminolysis fuels the generation of anabolic 

substrates for use in accelerated cell proliferation (Morrish et al., 2009, Morrish et al., 2008). 

1.5.6 - The role of glycolytic enzymes in the Warburg phenotype 

Numerous studies have shown the expression and activity of metabolic enzymes is often 

emphatically altered in cancer as a result of aberrant signalling through the pathways discussed 

above. Of these, a wealth of evidence indicates that enzymes involved in the glycolytic cascade 

are commonly overexpressed in PDAC. These include HKII, aldolase, triose phosphate 

isomerase (TPI), PGK1, GAPDH, PDK1, lactate dehydrogenase A and B (LDHA and LDHB), 

enolase 2, pyruvate kinase muscle isoforms 1 and 2 (PKM1 and PKM2), and PFKFB3 

(Bobarykina et al., 2006, Zhou et al., 2012, Zhou et al., 2011, Akakura et al., 2001, Guillaumond 

et al., 2013, Rong et al., 2013, Mikuriya et al., 2007, Ishihara et al., 1999, Cui et al., 2009a, 

Hwang et al., 2006, Schek et al., 1988). This increase in glycolytic enzyme expression results in 

a robust increase in glycolytic capacity in these cells, as evidenced by the increased production 

of lactic acid by PDAC cells (Guillaumond et al., 2013). However, numerous glycolytic enzymes 

contribute to cancer progression via mechanisms other than increased activity due to protein 

overexpression. 

Interestingly, the studies have shown that the HK isoform most commonly overexpressed by 

cancer cells is the HKII isoform, which appears to facilitate the accelerated glycolytic rate of 

cancer cells (Pedersen, 2007). It has been found that in cancer cells HKII associates tightly with 

the voltage dependant anion channel (VDAC) VDAC on mitochondria (Pedersen, 2007). This 

tight HK-VDAC interaction inhibits the opening of the mitochondrial permeability transition pore, 

a key step in facilitating the release of cytochrome c from the mitochondria to signal for 

apoptosis, resulting in resistance to programmed cell death, a classic hallmark of cancer 

(Mathupala et al., 2006). 

Interestingly, concomitant with its role as an intermediate enzyme in glycolysis, phosphoglucose 

isomerase (PGI) is known to act as a powerful mitogen and cytokine, stimulating cell survival, 

migration and invasion (Funasaka and Raz, 2007); thus PGI has also become known as the 

autocrine motility factor (AMF). Overexpression of PGI has been shown to increase in vitro 

invasion in MIA PaCa-2 cells and tumour size and liver metastasis in mouse models of PDAC 

(Tsutsumi et al., 2004). 



32 

 

Of particular relevance to cancer cell bioenergetics is the M2 isoform of pyruvate kinase, PKM2. 

PKM2 catalyses the final step of glycolysis, converting phosphoenolpyruvate to pyruvate while 

concomitantly generating ATP in the process. While absent in most tissues except those 

requiring a high rate of nucleic acid synthesis (such as embryonic cells and stem cells), PKM2 is 

highly expressed in cancer cells, and as a result has been suggested as a potential biomarker 

for cancer (Mazurek et al., 2005). Indeed, analysis of human PDAC tissue sections by tissue 

immunohistochemistry and western blotting has shown PKM2 to be expressed in the cytosol of 

both cancerous cells and pancreatic stellate cells (Wehr et al., 2011). Evidence suggests that 

PKM2 acts as a “gatekeeper” for pyruvate synthesis in glycolysis, as PKM2 appears to oscillate 

between a high activity tetrameric and low activity dimeric form. High expression of the low-

activity dimeric form facilitates the accumulation of glycolytic intermediates, which can be 

diverted towards the anabolic processes that fuel cell proliferation rather than energy production 

(Mazurek et al., 2005). Evidence provided by point mutation assays also suggests that binding 

of phosphotyrosine peptides to PKM2 regulate its activity by inhibiting binding of its activator 

FBP, possibly following stimulation by growth factors (Christofk et al., 2008a, Christofk et al., 

2008b). 
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1.6 - Tumour Suppressors opposing metabolic transfo rmation in PDAC 

Tumour suppressors are proteins that act as control points within intracellular signalling 

cascades. Crucially, they act to oppose the action of signalling cascades that would otherwise 

promote cancer development if not tightly regulated. Thus development of cancer is often a 

combination of pathologically increased activity within oncogenic signalling pathways coupled 

with a loss of function within the tumour suppressor mechanisms that control them.  While the 

mechanisms described above act to drive the highly glycolytic phenotype of PDAC, loss of 

function mutations within the tumour suppressor pathways that regulate and control these 

signalling cascades leads to their unopposed action, and therefore their loss can indirectly 

promote the glycolytic phenotype in PDAC. We will now consider the key tumour suppressors 

implicated in the development of PDAC, and how disrupted tumour suppressor function can 

facilitate induction of the Warburg phenotype. 

1.6.1 - p53 

p53 is a transcription factor which serves to induce apoptosis and inhibit cell division in 

response to instances of metabolic stress (Horn and Vousden, 2007, Levine and Oren, 2009). 

p53 is activated by a low cytosolic ATP/ADP ratio (Okorokov and Milner, 1999) and hypoxia, the 

latter via a hypoxia-induced suppression of the p53 negative-regulator, MDM2 (Alarcon et al., 

1999). Loss of function mutations in p53 appear to be present in around 60 to 70% of PDAC 

(Moore et al., 2001, Redston et al., 1994) and occur in later stage, advanced PanINs 

progressing to frank PDAC (Maitra et al., 2003). Evidence suggests that the loss of p53 in 

PDAC helps promote cancer progression, as p53 loss in KRASG12D mouse models of PDAC has 

been shown to cooperate with oncogenic KRAS to drive metastatic disease (Hingorani et al., 

2005). Furthermore, upregulation of the MDM2 transcription promoter in resected human PDAC 

tissue has been associated with a 6-fold increased risk of tumour related death, and the 

concomitant suppression of p53 expression correlated with worse prognosis (Grochola et al., 

2011). It appears therefore that loss of function mutations in p53 are an important contributor to 

PDAC progression. 

The loss of p53 function can facilitate metabolic transformation in cancer cells, as p53 serves to 

oppose the Warburg phenotype via numerous mechanisms. p53 facilitates the expression of 

PTEN, AMP-activated protein kinase (see 1.6.3 – LKB1 and AMPK), TSC2 and insulin-like 

growth factor-binding protein 3 (IGFBP3), each of which acts to suppress the PI3K-AKT-mTOR 

pathway that is commonly upregulated in cancer (Feng et al., 2007). Furthermore, p53 inhibits 

glycolysis by lowering the levels of fructose-2,6-bisphosphate, a potent allosteric activator of the 

key glycolytic enzyme PFK1, via the metabolic regulator TP53-induced glycolysis and apoptosis 

regulator (TIGAR, Bensaad et al., 2006). 

In addition to suppressing glycolysis, evidence suggests that p53 promotes mitochondrial 

metabolism. p53 regulates electron transport chain activity by inducing the expression of an 

assembly protein encoded by the synthesis of cytochrome c oxidase 2 (SCO2) gene. This 
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protein is then targeted to the inner mitochondrial membrane, where it facilitates the formation 

of the cytochrome c oxidase (COX) complex (Ma et al., 2007). Indeed, disruption of SCO2 gene 

in human colorectal cancer cells expressing wild-type p53 (HCT116) has been shown to induce 

the glycolytic Warburg phenotype (Matoba et al., 2006). 

1.6.2 - TGF-β and SMAD4 

Signalling via the transforming growth factor β (TGF-β) pathway regulates apoptosis and cellular 

growth (Massague, 2008). TGF-β is a ligand for the type I and type II TGF-β serine/threonine 

kinase receptors, which when activated form a tetrameric complex of receptors with the type II 

receptor phosphorylating the type I receptor. TGF-β achieves its tumour suppressor activity by 

activating the mothers against decapentaplegic homolog (Smad) proteins; upon receptor 

activation and tetramer formation, the type I TGF-β serine/threonine kinase receptor 

phosphorylates the receptor substrates Smad2 and Smad3. Activated receptor-regulated 

Smads (RSmads) then form a complex with Smad4 and translocate to the nucleus, where the 

complex regulates target gene transcription (Shi and Massague, 2003). TGF-β signalling 

typically acts as a tumour suppressor in the early stages of tumour development. However, 

unlike other tumour suppressors, the TGF-β pathway can also act to promote tumour 

progression, depending on the stage of tumour progression (Bierie and Moses, 2006). Similarly, 

evidence suggests that TGF-β signalling can act to both promote and suppress the Warburg 

phenotype in PDAC. 

Genetic alterations in the TGF-β/Smad4 pathway are observed in almost all instances of PDAC 

(Holloway et al., 2003) with deletion or loss-of-function mutations in Smad4 present in around 

50% of pancreatic cancers (Hahn et al., 1996). Evidence suggests that loss of Smad4 is critical 

for the progression of pancreatic cancer and its loss is most commonly observed in later stage 

PanINs (Wilentz et al., 2000). Smad4 loss had no effect on pancreatic development yet is 

associated with accelerated PDAC progression in mice expressing activated K-Ras (Bardeesy 

et al., 2006b, Izeradjene et al., 2007). Conditional knock-out of Smad4 in the pancreas of mice 

is associated with an increased expression of an inactive form of PTEN, and disruption of both 

Smad4 and PTEN is associated with accelerated malignancy and an increased expression AKT 

and mTOR (Xu et al., 2010a). 

Mutations within the TGF-β/Smad4 pathway in the later stages of tumour development 

frequently lead to the loss of growth-inhibitory responses in cancer cells. This is commonly 

accompanied by an increase in the production of TGF-β by other cells present in the tumour 

microenvironment (fibroblasts, immune cells). Under these conditions, it appears that TGF-β 

can also function as a tumour promoter (Bierie and Moses, 2006, Yang and Moses, 2008). 

TGF-β has been shown to be overexpressed in pancreatic cancer and is linked with poor 

prognosis (Friess et al., 1993). Studies using PANC-1 cells treated with TGF-β and mice 

overexpressing TGF-β have both suggested that PTEN expression in the pancreas, which is 

significantly reduced in PDAC, is negatively regulated by TGF-β (Ebert et al., 2002). Further 
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evidence suggests that TGF-β signalling via the Ca2+-dependent action of protein kinase C-α 

(PKC-α) suppresses the transcription of PTEN (Chow et al., 2008) and promotes the invasive 

phenotype of pancreatic cancer (Dong et al., 2010). Taken together, these studies suggest that 

the loss of Smad4 and upregulation TGF-β signalling in the latter stages of tumour progression 

can facilitate the Warburg phenotype via effects on the AKT regulation PTEN. 

1.6.3 - LKB1 and AMPK 

AMP-activated protein kinase (AMPK) plays an important role in detecting the energy status of a 

cell and in regulating catabolic energy-generating response pathways. AMPK is activated by a 

low cytosolic ATP/AMP ratio and subsequently inhibits cell proliferation while stimulating 

mitochondrial respiration (Shackelford and Shaw, 2009). AMPK also phosphorylates and 

activates the mTOR negative regulator TSC2, and therefore opposes the actions of mTOR-

activating role of AKT in response to energy starvation (Inoki et al., 2003). As a result, aberrant 

changes in AMPK signalling that prevent it from performing these tasks are thought to 

contribute to promoting the Warburg phenotype. 

Liver kinase B1 (LKB1) is an upstream kinase that facilitates the activation of AMPK, and 

evidence suggests that its loss may have a role in the development of PDAC. Peutz-Jeghers 

syndrome is a hereditary disease caused by a mutation in LKB1 and is associated with a 130-

fold increased risk of developing PDAC (Canto et al., 2006). LKB1 deletion in mouse pancreatic 

epithelium in vivo is associated with AMPK inactivation, disrupted acinar function and the 

development of pancreatic cystadenomas (Hezel et al., 2008). In the context of the Warburg 

phenomenon, it is likely that mutation of LKB1 leads to a loss of AMPK activation and a 

subsequent loss of mTOR inhibition and HIF-1 opposition. 

1.6.4 - INK4A and ARF 

INK4A and ARF are two overlapping genes at the 9q21 locus that encode for the tumour 

suppressor proteins cyclin-dependent kinase inhibitor 2A (p16INK4A) and alternate reading 

frame tumor suppressor (p19ARF, Sherr, 2001). Loss of p16INK4A transcription is the most 

common tumour suppressor inactivation in PDAC and occurs in more than 95% of cases 

(Moore et al., 2001, Schutte et al., 1997). p16INK4A inhibits cyclin-dependent kinases (CDKs) 

and prevents the DNA synthesis stage of the cell cycle and, despite no apparent role in driving 

the Warburg phenotype, the almost ubiquitous abrogation of p16INK4A signalling in PDAC is 

worthy of note, especially in the light of animal studies indicating that p16INK4A cooperates with 

activated K-Ras to drive metastatic PDAC progression (Aguirre et al., 2003, Bardeesy et al., 

2006a). p19ARF, on the other hand, acts to suppress proteolysis of p53 by MDM2 by promoting 

the degradation of MDM2 (Zhang et al., 1998), and studies using animal models of PDAC 

indicate that p19ARF function is lost following the development of frank PDAC (Ying et al., 

2011). p19ARF therefore may play a role in facilitating the suppressive effects of p53 on 

glycolysis. 
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1.7 - Targeting glycolytic metabolism in PDAC 

As research has continued to characterise the signalling cascades underpinning altered 

metabolism in tumours, numerous studies have attempted to target these as a means of 

selectively killing cancer cells whilst sparing healthy cells, with numerous compounds 

progressing to clinic. These strategies have been covered in detail by numerous excellent 

reviews elsewhere (Tennant et al., 2010, Vander Heiden, 2011, Hennessy et al., 2005, 

Semenza, 2003, Wise and Thompson, 2010), with some focusing on their promise in PDAC (Le 

et al., 2012, Blum and Kloog, 2014). While it is beyond the scope of this thesis to consider the 

many diverse attempts to target the altered metabolic signalling pathways in cancer, it is 

pertinent to the overall theme of this thesis to consider those that have aimed to inhibit the 

glycolytic cascade in tumours exhibiting the Warburg phenotype. As previously discussed above 

(see 1.5.6 - The role of glycolytic enzymes in the Warburg phenotype), many glycolytic enzymes 

are commonly overexpressed in cancer cells, and have subsequently been targeted by studies 

aiming to exploit the metabolic phenotype of tumours with small molecule inhibitors, both as 

pharmacological tools to assess the cancer metabolic phenotype and as potential clinical 

therapies (Pelicano et al., 2006). These drugs are summarised in Figure 1.6. 

Studies with the lactate/pyruvate analogue 3-bromopyruvate (BrPy), which acts to inhibit HK, 

have shown that BrPy depletes ATP in cancer cells and can selectively eradicate tumours in 

mouse xenograft models of cancer (Ko et al., 2004). Further studies with BrPy indicate that it is 

particularly effective in killing those cancer cells in hypoxic conditions, since these cells exhibit a 

dependency on a high glycolytic rate (Xu et al., 2005). Similarly, 2-deoxyglucose (2-DG) also 

acts to inhibit HK. This drug is not further metabolised once converted to 2-deoxyglucose-6-

phosphate (2-DG-6-P) by HK, and 2-DG-6-P accumulates within the cytosol and inhibits both 

HK (Chen and Gueron, 1992) and glucose-6-phosphate isomerase (Wick et al., 1957). 2-DG 

has been shown to induce cell death in cancer cells in in vitro studies, and similar to BrPy, 2-DG 

has a particularly potent effect on those cells with defects in mitochondrial metabolism or in 

hypoxic conditions (Liu et al., 2001, Liu et al., 2002, Maher et al., 2004). In vivo studies have 

also revealed that 2-DG can potentiate the efficacy of adriamycin and paclitaxel in mouse 

xenograft models of cancer (Maschek et al., 2004). Lonidamine is another drug that is thought 

to inhibit HK and has been investigated as a potential cancer treatment. Evidence suggests 

lonidamine selectively inhibits glycolysis in cancer cells (Floridi et al., 1981), and it has been 

shown to cause ATP depletion in a human breast cancer cell line while also enhancing the 

cytotoxic effects of other anticancer agents (Floridi et al., 1998). PDK has been targeted for 

inhibition by numerous drugs, including AZD7545, dichloroacetate (DCA) and radicicol (Kato et 

al., 2007); by inhibiting PDK DCA promotes mitochondrial metabolism of pyruvate and a 

downregulation of glycolysis, thus reversing the Warburg phenotype and suppression of 

apoptosis while slowing tumour growth (Michelakis et al., 2008). Sodium iodoacetate (IAA) is 

well known to inhibit GAPDH, and while unsuitable for the clinical treatment of cancer due to its 

toxicity, IAA is an important tool for inhibiting glycolysis in experimental systems (Schmidt and 

Dringen, 2009). Indeed, similar to BrPy, IAA has been shown to deplete ATP and induce 

necrosis in PDAC cell lines (Bhardwaj et al., 2010). At the terminal end of the glycolytic 
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cascade, shRNA knockdown of PKM2 has been shown to reverse the Warburg phenotype and 

to reduce the ability of cancer cells to form tumours in xenograft models (Christofk et al., 

2008a). Isoform selective inhibition of PKM2 has also been shown to slow glycolytic flux and to 

have cytotoxic effects (Vander Heiden et al., 2010). Similarly, inhibition of LDH using either 

siRNA or the small molecule inhibitor FX11 has also been shown to inhibit glycolytic flux, 

resulting in ATP depletion, an increase in oxidative stress and a decrease in tumour progression 

(Le et al., 2010). This is possibly due to a decrease in NAD+ availability, which is a crucial 

electron acceptor generated by the LDHA reaction and is required to sustain flux through the 

GAPDH step of glycolysis (Seidler, 2013).  

 

 

Figure 1.6 – Drugs for targeting glycolysis in canc er cells. 

Numerous drugs have been studied for their inhibitory effects on the glycolytic cascade in 
cancer (blue boxes). Although not necessarily applicable in the clinic due to toxicity, these have 
become useful tools for studying tumour metabolism. Metabolic enzymes are shown in green 
ovals, kinases in red ovals. Additional abbreviations: MCT, monocarboxylate transporter; GLUT, 
glucose transporter. 
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Taken together, these numerous studies indicate the feasibility and indeed the potential of 

targeting the glycolytic cascade in cancer cells, and in particular those which are dependent on 

a high glycolytic rate for survival. Given the hypoxic core and the high glycolytic rate exhibited 

by PDAC tumours, the selective targeting of glycolysis is an attractive strategy for this disease. 

However, as glycolysis is a key cellular process in all cells, the selectivity of any potential 

treatment for malignant cells over their healthy counterparts is paramount to its potential as a 

therapy. The targeting of those glycolytic enzyme isoforms preferentially expressed in cancer 

cells is one potential way to overcome this problem, and more recent studies have begun to 

employ this strategy for targets such as PKM2 (Vander Heiden et al., 2010).  
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1.8 - Metabolic Regulation of Ca 2+ Signalling: a Novel Treatment Avenue for PDAC? 

The major hallmarks of cancer include a resistance to apoptosis resulting in limitless cell 

replication, sustained proliferation, evasion of growth suppression pathways, induction of 

angiogenesis and the promotion of invasion and metastasis (Hanahan and Weinberg, 2011). 

Most current chemotherapeutic drugs target the cell cycle (paclitaxel), DNA replication 

(etoposide/gemcitibine), DNA damage (doxorubicin) and growth factor receptor (GFR) signalling 

(Iressa, erlotinib), with the aim of preventing cell division and inducing cell death (Stevens and 

Rodriguez, 2014). However, the identification of novel therapeutic avenues for the treatment of 

cancer, such as cancer metabolism as discussed above, is a key focus within the cancer field. 

Another potential target for the treatment of cancer is Ca2+ signalling. As will be covered in the 

following sections, Ca2+ signals manifest as oscillations in intracellular Ca2+ concentration 

([Ca2+]i) and the diverse nature of these signals allows Ca2+ to control a vast repertoire of 

intracellular signalling pathways (Berridge et al., 2000). Moreover, Ca2+ signals have a critical 

role in controlling all the above-mentioned cancer-hallmark processes. For example, Ca2+ 

signals can regulate transcription factors responsible for the control of cell proliferation, such as 

nuclear factor of activated T cells (NFAT, Hogan et al., 2003) and nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB, Dolmetsch et al., 1998), and play a key role in 

mediating vascular endothelial growth factor (VEGF)-induced angiogenesis (Li et al., 2011). Of 

particular interest to PDAC, Ca2+ signals can activate Ras (Kupzig et al., 2005, Rosen et al., 

1994) and regulate its actions via Ca2+ activated GAPs. Furthermore, Ca2+ has many diverse 

roles in regulating cell motility, invasion (Prevarskaya et al., 2011) and cell death (Orrenius et 

al., 2003, Roderick and Cook, 2008). Given the role of Ca2+ signals in regulating the key 

hallmark processes in cancer, it is somewhat surprising that none of the mainstay cancer 

treatments target proteins involved in regulating Ca2+ signals. Indeed, studies indicate that the 

expression of many proteins involved in regulating Ca2+ signals is altered in cancer (Monteith et 

al., 2012), and recent evidence also suggests that Ca2+ signals themselves are altered in their 

nature following oncogenic transformation, although our understanding of how these are related 

to the cancer phenotype is still in its infancy (Stewart et al., 2014). As we shall discuss in the 

following sections, Ca2+ signalling is regulated by many factors, and this may provide a 

smörgåsbord of therapeutic targets for modulating the Ca2+-dependent signalling processes 

underlying the cancer phenotype, as has been reviewed elsewhere (Prevarskaya et al., 2011, 

Monteith et al., 2007). However, the selective targeting of Ca2+ signalling in cancer cells while 

leaving healthy cells unharmed presents a significant challenge to this approach. 

While the perturbation of Ca2+ signalling in cancer cells would likely be an effective means of 

inducing cell death, Ca2+ signals also regulate many critical intracellular processes in non-

cancerous cells. Thus any attempts to target the Ca2+ signalling machinery in tumour cells must 

consider the selectivity of the treatment for cancer cells over healthy cells. Any treatment 

targeting the Ca2+ signalling machinery in cancer cells would therefore need to target either 

uniquely expressed components of the Ca2+ signalling toolkit, or those that have an entirely new 

function in cancer cells. This dilemma of the selectivity of any putative therapy targeting Ca2+ 

signalling for cancer cells is similar to that faced by attempts to target glycolysis globally, as 
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described in the previous section, since these processes are ubiquitously important in normal 

healthy cells. However, the metabolic phenotype of PDAC may provide a means to target Ca2+ 

signalling while achieving the desired selectivity for cancer cells over healthy cells. Rather than 

attempt to target glycolysis globally, one could instead target processes that critically rely on 

metabolism in cancer cells. In other words, certain ATP-dependent mechanisms critical for 

maintaining cell survival may be more reliant on a glycolytic ATP supply in cancer cells, 

rendering them exquisitely sensitive to targeted glycolytic inhibition in comparison to the same 

mechanisms in healthy cells. This could provide a novel and selective therapeutic locus. 

Moreover, the tight control of Ca2+ signalling is one such ATP-dependent process, and an 

inability to maintain the energy-dependent regulation of Ca2+ signals is cytotoxic to any cell.  

The following sections will discuss how Ca2+ signals are propagated and controlled, how cells 

maintain Ca2+ homeostasis, and will consider potential avenues to perturb Ca2+ handling 

selectively in cancer cells by exploiting its dependency on ATP and the metabolic phenotype of 

PDAC. 

1.8.1 - Ca2+ - a versatile and ubiquitous cell signalling agent 

The Ca2+ ion is one of the most important signalling entities utilised by cells, and is crucial for 

the coordination of a vast array of intracellular processes. These span from the moment an 

ovum is fertilized by a sperm until the death of an organism, and include muscle contraction, 

exocytosis, synaptic transmission and cell proliferation (Berridge et al., 1998). Moreover, Ca2+ 

signals are stimulated by numerous intracellular and extracellular events, such as membrane 

depolarisation, receptor stimulation by agonists, endoplasmic reticulum (ER) Ca2+ store 

depletion and stretch. Ca2+ signals manifest as oscillations in intracellular Ca2+ concentration 

([Ca2+]i, Thul et al., 2008) and are both propagated and controlled by a diverse range of Ca2+ 

channels, pumps, transporters and binding proteins. Collectively these mechanisms are known 

as the Ca2+ signalling machinery (Figure 1.7). The spatial and temporal properties of these 

dynamic Ca2+ signals determine their downstream effects, and differences in location, 

amplitude, frequency and duration allow them to control a wide range of distinct cellular 

processes (Berridge et al., 2000). Ca2+ signals can present as slow oscillations with a frequency 

of seconds or hours, or a brief spike, depending on what signal is to be conveyed. Ca2+ 

oscillations can be propagated globally, or restricted to a single subcellular location to focus the 

signal within a particular microdomain. Moreover, distinct cytosolic Ca2+ signals can be 

coordinated so that they form Ca2+ waves that pass throughout the cell. 

The Ca2+ signalling machinery has been covered extensively by numerous review articles 

(Berridge et al., 2000, Berridge et al., 2003, Clapham, 2007, Berridge et al., 1998), and primarily 

consists of channels, pumps and transporters (Figure 1.7). Moreover, these mechanisms exist 

in a number of different isoforms and are regulated by numerous second messengers, allowing 

cells to tailor Ca2+ signals to fulfil their requirements (Berridge et al., 2000). The mechanisms 

that propagate and regulate Ca2+ signals can be broadly categorised into those that increase 
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[Ca2+]i, and those that decrease [Ca2+]i. We will consider those mechanisms responsible for 

elevating [Ca2+]i, before focusing in detail on the mechanisms responsible for reducing [Ca2+]i. 

 

 

 

Figure 1.7 - The Ca 2+ signalling machinery 

Numerous mechanisms control intracellular [Ca2+]i. to elevate [Ca2+]i, Ca2+ can enter the cytosol 
from the extracellular space via ligand-gated Ca2+ channels (LGCCs), voltage-dependent Ca2+ 
channels (VOCCs) transient receptor potential (TRP) channels, and store operated Ca2+ entry 
channels (SOCE). SOCE channels are activated via an interaction with stromal interacting 
molecule 1 (STIM1) on the sarcoplasmic reticulum/endoplasmic reticulum (SR/ER) membrane, 
which senses SR/ER luminal Ca2+ concentration via an EF hand domain. Ca2+ is also released 
from the SR/ER via inositol trisphosphate (IP3) receptors (IP3Rs) and ryanodine receptors 
(RyR). IP3Rs are activated by IP3 downstream of G-protein coupled receptors (GPCRs) upon 
stimulation by an agonist. Ca2+ can also be released from the mitochondria by the mitochondrial 
Na+/Ca2+-exchanger (mNCX), and from the Golgi apparatus by two-pore channels (TPC), which 
are activated by nicotinic acid adenine dinucleotide (NAADP). To lower [Ca2+]i, Ca2+ can 
sequestered into the SR/ER by the sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 
(SERCA), into the Golgi by the secretory pathway Ca2+-ATPase, and into the mitochondria via 
the mitochondria Ca2+ uniporter. Ca2+ is also extruded from the cell across the plasma 
membrane via the Na+/Ca2+-exchanger (NCX) and the plasma membrane Ca2+-ATPase. 

  



42 

 

1.8.2 - Mechanisms responsible for elevating [Ca2+]i 

Increases in [Ca2+]i typically occur via Ca2+ channels, with Ca2+ moving from either the 

extracellular space (Ca2+ entry) or from intracellular Ca2+ stores (Ca2+ release) to the cytosol. 

Ca2+ entry channels facilitates Ca2+ entry into the cell, and can be categorised into voltage-

dependent Ca2+ channels (VOCCs), ligand-gated Ca2+ channels (LGCCs), transient receptor 

potential (TRP) channels, and store operated Ca2+ entry channels (SOCE). VOCCs, including 

the L, T, N, and P/Q-type Ca2+ channels  are primarily expressed in excitable cells such as 

cardiac myocytes and neurons (Dolphin, 2006) and are activated by membrane depolarisation 

(Catterall et al., 2005). LGCCs, on the other hand, are activated and opened following the 

binding of an exogenous ligand, and include glutamate-gated N-Methyl D-glutamate (NMDA) 

receptors and ATP-gated purinergic P2X receptors (Burnashev, 1998). The transient receptor 

potential (TRP) family of ion channels are a diverse group of Ca2+-permeable, non-selective ion 

channels that act as cellular sensors of the environment, and are categorised into the TRPC 

(TRPC1-C7), TRPV (TRPV1-6), TRPM (TRPM1-8), and the more obscure muculipin (TRPML) 

and polycystin (TRPP1-2) families (Wu et al., 2010). TRP channels respond to diverse stimuli, 

including temperature (Bautista et al., 2007, Caterina et al., 1997), pain, osmolality, 

pheromones, touch, redox state and metabolism (Sumoza-Toledo and Penner, 2011, Clapham, 

2003). SOCE channels, also known as Ca2+ release activated Ca2+ channels (CRAC) or 

capacitative Ca2+ entry (CCE) channels, were first described in the 1980s (Putney, 1986) and 

are plasma membrane Ca2+ channels that open following depletion of the ER/SR Ca2+ store. ER 

Ca2+ store depletion is detected by stromal interacting molecule 1 (STIM1), which is located on 

the ER membrane and senses the ER Ca2+ content via a luminal EF hand domain (Liou et al., 

2005, Roos et al., 2005). Upon ER Ca2+ store depletion, STIM1 oligomerises, forms puncta and 

translocates to form junctions between the ER and the plasma membrane (Zhang et al., 2005) 

via a direct interaction with the pore forming subunit of SOCE channels, Orai (Prakriya et al., 

2006, Yeromin et al., 2006). This interaction opens the SOCE channels, allowing for ER Ca2+ to 

be refilled. While ubiquitously expressed, two STIM and three Orai isoforms exist, respectively, 

thus allowing for cells to tailor SOCE responses to tissue specific functions (Carrasco and 

Meyer, 2010, Frischauf et al., 2008). 

In addition to Ca2+ entry from the extracellular space, elevation of [Ca2+]i is also achieved via the 

release of Ca2+ from intracellular stores (Berridge et al., 2003). Most commonly, intracellular 

Ca2+ release occurs from the ER (or SR in muscle cells) via Ca2+ release channels, including 

inositol-1,4,5-triphosphate (IP3)-gated channels (IP3 receptors, IP3Rs) and ryanodine receptors, 

both of which are expressed on the ER membrane (Berridge, 2009). IP3 is generated upon 

activation of G protein-coupled receptors (GPCRs) coupled to the Gq heterotrimeric G protein. 

Following activation, the α-subunit of this G-protein activates phospholipase C (PLC), which in 

turn hydrolyses the membrane-bound (PIP2) to diacylglycerol (DAG) and IP3. While DAG 

remains bound to the plasma membrane, IP3 is free to diffuse through the cell to the ER 

membrane where it binds to and stimulates the IP3R, which is a ligand-gated ion channel, 

allowing Ca2+ to be released from the ER store and into the cytoplasm. This released Ca2+ from 

an individual receptor (a Ca2+ “blip”) can then act to promote further Ca2+ release from other 
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nearby IP3Rs (Ca2+ “puffs”) in a feed-forward fashion (Yao et al., 1995), stimulating further Ca2+ 

release from the ER in a process known as Ca2+-induced Ca2+-release (CICR). These Ca2+ 

“puffs” can continue to increase in intensity to generate global Ca2+ waves, until a threshold 

[Ca2+]i is reached that inhibits the IP3Rs and terminates the Ca2+ release (Bootman et al., 1997). 

CICR also occurs via Ca2+ sensitive ryanodine receptors (RyRs) on the ER membrane, which 

also sense and are activated by Ca2+ on the cytosolic side of the ER membrane (Smith et al., 

1988, Imagawa et al., 1987). Thus, IP3 acts as a trigger for the Ca2+ signal, whereas Ca2+ acts 

as both an amplifier (CICR) and terminator of the Ca2+ signal (inhibition of IP3Rs at high [Ca2+]i). 

This represents an intrinsic oscillatory mechanism in many non-excitable cells (Fedorenko et al., 

2014, Mikoshiba, 2007). Besides the release from the ER store, additional Ca2+ release 

channels have been identified in organelles such as the Golgi and lysosomes, with evidence 

suggesting that this Ca2+ release from acidic stores is mediated by two-pore channels (TPCs) 

that are gated by nicotinic acid adenine dinucleotide (NAADP, Michelangeli et al., 2005, Galione 

and Chuang, 2012, Patel et al., 2011). 

While Ca2+ release from the ER store is actively mediated by the above-mentioned channels, 

there exists a constitutive, slow release of Ca2+ from the ER store. This leak can be revealed 

upon selective inhibition of the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) with 

cyclopiazonic acid (CPA, Seidler et al., 1989) or thapsigargin (Thastrup et al., 1990), however, 

the molecular identity of the leak pathway remains controversial (Camello et al., 2002). 

Evidence suggests IP3Rs and RyRs may play a role (Szlufcik et al., 2006), while previous 

conflicting studies indicate that the Ca2+ leak pathway is independent of both these channels 

(Hofer et al., 1996) and may be mediated by other putative Ca2+ channels (Giunti et al., 2007). 

However, evidence suggests that the translocon complex, which is responsible for the transport 

of nascent polypeptides into the ER lumen, is the most likely candidate (Ong et al., 2007, Van 

Coppenolle et al., 2004). 

1.8.3 - Mechanisms responsible for lowering [Ca2+]i 

To ensure Ca2+ signals are tightly controlled and carefully coordinated and to prevent the 

cytotoxic effects of a prolonged elevated [Ca2+]i (Berliocchi et al., 2005, Criddle et al., 2007), 

cells have numerous mechanisms which act to reduce [Ca2+]i. These Ca2+ homeostasis 

mechanisms typically involve extrusion of Ca2+ across the plasma membrane into the 

extracellular space (Ca2+ efflux) or sequestration of Ca2+ into intracellular compartments (Ca2+ 

uptake) via transporters or ATPases. Together, Ca2+ efflux and Ca2+ uptake work to maintain 

resting [Ca2+]i relatively low at ~100 nM, some 5 orders of magnitude lower than that present 

outside the cell in vivo (~1.28 mM). Failure to properly control resting [Ca2+]i can be catastrophic 

for a cell, and can result in the inappropriate and deleterious activation of Ca2+ sensitive 

processes. Indeed, aberrant Ca2+ handling leading to a prolonged elevation in [Ca2+]i is known 

to be pathological and cytotoxic (Berliocchi et al., 2005, Criddle et al., 2007). Thus, the 

homeostatic mechanisms responsible for the maintenance a low resting [Ca2+]i are critical for 

cell survival. 
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The following section will consider those mechanisms involved in lowering [Ca2+]i and 

maintaining [Ca2+]i homeostasis. Particular attention will afforded to the role and regulation of 

the plasma membrane Ca2+ ATPase (PMCA), an ATP driven membrane-bound pump critically 

responsible for Ca2+ efflux into the extracellular space, before focusing on the potential link 

between cancer metabolism and this ATP-dependent Ca2+ pump. 

1.8.3.1 - The sarcoplasmic/endoplasmic reticulum Ca 2+-ATPase 

The endoplasmic reticulum (ER) is a membrane enclosed organelle within eukaryotic cells that 

is important for the correct processing of newly synthesised proteins. The ER is formed from 

interconnected tubes (cisternae), and contains a relatively high concentration of Ca2+ ions 

thought to be in the mM range (Bygrave and Benedetti, 1996). The ER achieves a high luminal 

Ca2+ concentration via the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA), a Ca2+ pump 

which resides in the ER membrane that acts to take Ca2+ into the ER. Thus, the ER forms a 

dynamic intracellular reservoir of Ca2+ ions, with Ca2+ uptake performed by SERCA and Ca2+ 

release by IP3Rs and RyRs; the similar sarcoplasmic reticulum plays a similar role as Ca2+ store 

in muscle cells. SERCA is a P-Type ATPase and was the first ATP-driven Ca2+ pump to be 

identified (MacLennan, 1970). Since then, 3 major isoforms have since been characterised 

(Wuytack et al., 2002)), each with numerous splice variants to allow for further functional 

diversity. SERCA uses energy from the hydrolysis of ATP to move Ca2+ against its 

electrochemical gradient into the ER lumen, and is important for replenishing the ER Ca2+ store 

following Ca2+ release from the ER. In addition, constitutive SERCA activity opposes a passive 

Ca2+ leak from the ER in order to maintain the high luminal Ca2+ concentration (Hofer et al., 

1996). For every ATP hydrolysed, SERCA transports 2 Ca2+ ions into the ER lumen. This is 

coupled to the export of 3 H+ ions, and as a consequence SERCA activity is electrogenic (Yu et 

al., 1993). One of the main regulators of SERCA activity is phospholamban (PLB), which when 

dephosphorylated associates with SERCA and lowers its affinity for Ca2+, thereby inhibiting 

SERCA activity without affecting the Vmax (Simmerman and Jones, 1998, MacLennan and 

Kranias, 2003). SERCA is an energy efficient means of clearing [Ca2+]i as 2 Ca2+ ions are 

transported into the ER lumen for every ATP hydrolysed (Inesi et al., 1978); nevertheless, the 

ER’s capacity for Ca2+ is finite, and the passive movement of Ca2+ out of the ER via the Ca2+ 

leak pathway counteracts the action of SERCA. 

1.8.3.2 -  The secretory pathway Ca 2+ ATPase 

In addition to ER sequestration of Ca2+, Ca2+ uptake can also occur in the Golgi apparatus. This 

occurs via both SERCA and the less well understood secretory pathway Ca2+ ATPase (SPCA), 

which can also contribute to the shaping of cytosolic signals (Dolman and Tepikin, 2006). The 

SPCA is a P-type ATPase similar to SERCA and PMCA. However, unlike these related pumps, 

it can also transport Mn2+, which is important for protein glycosylation and sorting (Durr et al., 

1998), Furthermore, in addition to influencing Golgi function, Mn2+ uptake is important 

mechanism to prevent toxicity associated with excessively high cytoplasmic Mn2+ 

concentrations (Van Baelen et al., 2004). 
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1.8.3.3 -  Mitochondrial Ca 2+ uptake 

In addition to generating ATP by oxidative phosphorylation, mitochondria play a role in 

numerous other intracellular processes, including β-oxidation of fatty acids (McBride et al., 

2006), reactive oxygen species signalling (Li et al., 2013) and programmed cell death (Green, 

1998). They are also a key component of the Ca2+ signalling machinery (Duchen, 2000). 

Mitochondrial uptake of Ca2+ is largely driven by the negative potential across the inner 

mitochondrial membrane. While Ca2+ can cross the outer mitochondrial membrane freely, Ca2+ 

entry into the mitochondrial matrix is facilitated by the recently identified mitochondrial calcium 

uniporter (MCU), a low affinity (Bragadin et al., 1979) Ca2+ transporter that resides in the inner 

mitochondrial membrane (De Stefani et al., 2011, Baughman et al., 2011). Furthermore, Ca2+ 

transport via MCU is regulated by numerous accessory proteins found at the inner mitochondrial 

membrane (Marchi and Pinton, 2014), including mitochondrial calcium uptake 1 (MICU1, 

Perocchi et al., 2010) and mitochondrial calcium uptake 2 (MICU2, Patron et al., 2014). Thus, 

since they can sequester Ca2+, mitochondria contribute to the shaping the amplitude and 

spatiotemporal aspects of Ca2+ signals (Budd and Nicholls, 1996, Duchen, 1999, Jouaville et al., 

1995). Mitochondria also express a Na+ -dependent Ca2+ efflux mechanism (Carafoli et al., 

1974), known as the mitochondrial Na+/Ca2+ exchanger, mNCX. This transporter operates with a 

stoichiometry of 3Na+:Ca2+ (Jung et al., 1995) and can operate in reverse mode (Smets et al., 

2004), similar to the plasma membrane Na+/Ca2+ exchanger (see 1.8.3.4 - NCX). 

Studies also indicate that the ER is adjoined to mitochondria by tethers that are between 10 and 

25 nm in distance (Csordas et al., 2006), in an interaction known as the mitochondria-

associated ER membrane (MAM). This physical coupling provides an interface for the selective 

transmission of Ca2+ signals between these two organelles (Patergnani et al., 2011), and the 

close positioning of mitochondria to ER release channels (IP3Rs and RyRs) allows for the 

efficient transfer of Ca2+ (Kopach et al., 2008, Decuypere et al., 2011). This allows mitochondria 

to spatially restrict Ca2+ signals to a specific microdomain. Moreover, Ca2+ buffering proximal to 

Ca2+ sensitive channels (such as SOCE channels and the IP3 receptor) allows mitochondria to 

modulate the activity of these channels and to act as a Ca2+ buffer following large increases in 

[Ca2+]i (Pinton et al., 2008, Parekh, 2003). However, mitochondria cannot store high [Ca2+]i 

within the mitochondrial matrix for prolonged periods of time as this leads to precipitation of Ca2+ 

phosphate (Kristian et al., 2007), and beyond a certain threshold mitochondrial Ca2+ stimulates 

the intrinsic pathway of apoptosis (Pinton et al., 2008, Orrenius et al., 2003, Rizzuto et al., 

2009). 

Of note with respect to cell metabolism, evidence from numerous studies indicates that Ca2+ 

uptake regulates numerous mitochondrial enzymes and that mitochondrial Ca2+ stimulates an 

increase in respiratory rate and ATP production (Glancy and Balaban, 2012, McCormack et al., 

1990, Patergnani et al., 2011), and isolated enzyme studies have identified Ca2+ as a regulator 

of PDH (Denton et al., 1972), isocitrate dehydrogenase (Denton et al., 1978), glycerol-3-

phosphate dehydrogenase (Rutter et al., 1992) and the α-ketoglutarate dehydrogenase complex 

(Armstrong et al., 2014, McCormack and Denton, 1979). 



46 

 

1.8.3.4 -  NCX 

The Na+/Ca2+ exchanger (NCX) is a Ca2+ transport molecule found in the plasma membrane that 

uses the Na+ gradient generated by the Na+/K+ ATPase to extrude Ca2+ from the cytosol 

(Berridge et al., 2003). NCX countertransports one Ca2+ ion for 3 Na+ ions, and due to its low 

affinity for Ca2+ (Carafoli et al., 2001) coupled with a high capacity for Ca2+ transport, NCX is 

important for rapidly removing cytosolic Ca2+ following large increases in [Ca2+]i, such as those 

observed in cardiac cells. Three isoforms (NCX1 - 3) have been identified (Linck et al., 1998), 

and the physiological roles of these transporters has been reviewed in detail elsewhere 

(Blaustein and Lederer, 1999). Although NCX typically acts to export Ca2+ from cells, it can also 

operate in reverse to facilitate Ca2+ entry (Blaustein and Lederer, 1999). Indeed, NCX has been 

shown to be expressed in numerous pancreatic cancer cell lines (Hansen et al., 2009), where it 

can contribute to TGF-β-induced motility by working in Ca2+ entry mode (Dong et al., 2010). 

However, while it has been suggested that NCX contributes to Ca2+ efflux in isolated rat 

pancreatic ducts (Ankorina-Stark et al., 2002, Hug et al., 1996), evidence suggests that NCX 

does not contribute to [Ca2+]i clearance in pancreatic acinar cells, as replacement of 

extracellular Na+ with N-Methyl-D-glucamine (NMDG, thus removing the driving force for NCX)  

has no effect on [Ca2+]i clearance in these cells (Muallem et al., 1988). It remains to be 

determined whether the NCX contributes to [Ca2+]i clearance in PDAC. 

1.8.3.5 -  The Plasma Membrane Ca 2+ ATPase and its regulation by ATP 

The plasma membrane Ca2+ ATPase (PMCA) is an ATP-driven Ca2+ pump that is essential for 

extruding Ca2+ from the cell across the plasma membrane following Ca2+ entry or release of 

Ca2+ from the ER store. The PMCA was first identified and its activity measured in the 1960s 

(Dunham and Glynn, 1961, Schatzmann, 1966), and is ubiquitously expressed in all eukaryotic 

cells. Similarly to SERCA, the PMCA is a member of the P-type ATPase family. Typically, the 

PMCA exchanges one Ca2+ ion for two H+ ions per ATP molecule hydrolysed, and as a result 

PMCA flux is electroneutral (Niggli et al., 1982, Thomas, 2009). However, evidence suggests 

the PMCA can exhibit variable Ca2+:H+ coupling to behave in an electrogenic fashion (Hao et 

al., 1994, Salvador et al., 1998), and may even uncouple Ca2+ efflux from H+ influx at alkaline 

pH in order to extrude Ca2+ independent of H+ transport (Milanick, 1990). Due to its high affinity 

for Ca2+ (Kd, ~200 nM) despite a low Ca2+ transport capacity, the PMCA is critically important for 

the fine tuning of [Ca2+]i below 300 nM (Carafoli, 1994, Carafoli, 1991, Szasz et al., 1978). 

Therefore, in contrast to the NCX, which is key for controlling large dynamic Ca2+ signals during 

stimulation, the PMCA is more responsible for the moment-to-moment maintenance of a low 

resting [Ca2+]i at around ~100 nM (Clapham, 2007, Carafoli et al., 2001). However, in cells 

where NCX is absent or not functional, the PMCA is the major Ca2+ efflux pathway (Bruce, 

2010). Nevertheless, in cells where NCX is responsible for the bulk of Ca2+ efflux, such as 

excitable cells, the PMCA is still critical for the fine tuning of resting [Ca2+]i below the threshold 

of NCX Ca2+ sensitivity (Carafoli et al., 2001). Indeed, while the PMCA was once thought play 

only a “housekeeping” role in Ca2+ homeostasis, it has become apparent that different PMCA 

isoforms play a multifaceted role in other intracellular processes, and can influence processes 
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such as programmed cell death (Brini, 2009, Curry et al., 2012), which has implications for 

apoptosis-resistant cancer cells, and cardiac contractility (Schuh et al., 2001, Oceandy et al., 

2007). Isoform-specific PMCA expression has been reported to be deregulated in numerous 

cancers, including breast (Lee et al., 2002, Lee et al., 2005), colon (Aung et al., 2007), gastric 

(Ribiczey et al., 2007) and oral cancer (Saito et al., 2006). These findings suggest that changes 

in PMCA expression and function could contribute to the remodelling of Ca2+ signals in cancer, 

although the nature and impact of this is currently not known and research in this field is 

currently still in its infancy (Roberts-Thomson et al., 2010). 

Since it was first identified, four PMCA isoforms have been characterised (PMCA1 - 4); PMCA 1 

and 4 are ubiquitously expressed in all tissues, while PMCA 2 and 3 are predominantly 

expressed only in excitable cells. Each isoform has numerous splice variants, allowing for 

functional diversity and differences in tissue and subcellular localisation (Monteith et al., 1998, 

Strehler and Zacharias, 2001a). Of note, different PMCA isoforms exhibit varying affinities for 

the PMCA regulator calmodulin (CaM), can operate at different rates (Elwess et al., 1997), are 

differentially regulated by the rate of change of Ca2+ and can display memory of previous Ca2+ 

signals (Caride et al., 2001a, Caride et al., 2001b). The PMCA protein comprises of 10 

transmembrane domains (TM) with 4 cytosolic loops and both the N and C termini residing on 

the cytosolic side of the plasma membrane (Bruce et al., 2003, Di Leva et al., 2008). 

Importantly, the cytosolic N terminal domain exhibits the greatest diversity among isoforms 

(Stauffer et al., 1995). The two-dimensional structure of the PMCA is presented in Figure 1.8. 

The PMCA is regulated by numerous intracellular messengers, most notably ATP and CaM 

(Strehler and Zacharias, 2001a, Di Leva et al., 2008), and three major cytosolic domains are the 

loci of PMCA regulation by these agents; the intracellular loops between TM2 and TM3, TM4 

and TM5 and the C terminal domain. The C terminus is notable as the site of an autoinhibitory 

mechanism that is regulated by the main activator of the PMCA, CaM (James et al., 1988). The 

cytosolic loop between the TM2 and TM3 domains contains part of the binding site for this 

autoinhibitory domain (Falchetto et al., 1992), with the other half present on the second 

cytosolic loop between the TM4 and TM5. This second loop also contains the major catalytic 

site, comprised of the ATP binding site and the aspartate residue that forms the acyl phosphate 

intermediate during the reaction cycle of Ca2+ transport (Falchetto et al., 1991). The 

autoinhibitory domain blocks the catalytic site when [Ca2+]i is low and the PMCA operates in a 

low-activity state (Figure 1.8A), while at a higher [Ca2+]i Ca2+-bound CaM prevents this 

interaction by binding to the autoinhibitory site and reducing its affinity for the catalytic domain 

(Figure 1.8B, Carafoli, 1994). In doing so, binding of Ca2+-bound CaM to the PMCA at this site 

increases the rate of Ca2+ transport via the PMCA (Jeffery et al., 1981) by dramatically 

increasing its affinity for Ca2+ (Muallem and Karlish, 1981). 

In addition to the CaM binding site, the extended C-terminal domain contains the 

phosphorylation site for PKA (Strehler and Zacharias, 2001a) and PKC (Penniston and Enyedi, 

1998, Monteith et al., 1998), which results in increased CaM binding (Gromadzinska et al., 

2001) and enhanced PMCA activity (Neyses et al., 1985, Smallwood et al., 1988, Zylinska et al., 
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1998). Other proteins that interact with the PMCAs act to stabilise and traffic them to specific 

regions of the cell, including membrane-associated guanylate kinase (MAGUK) and Na+/H+ 

exchanger regulatory factor-2 (NHERF) which interact with the PDZ domain (named after three 

proteins which were first found to share the domain, post synaptic density protein, drosophila 

disc large tumor suppressor, and zonula occludens-1 protein) in the C-terminus (Di Leva et al., 

2008). 

      

Figure 1.8 - Structure of the plasma membrane Ca 2+ ATPase (PMCA) at both resting and 
elevated [Ca 2+] i 

Depicted is the two dimensional structure of the PMCA when [Ca2+]i is low at resting (A) and 
elevated during a [Ca2+]i transient (B). The PMCA is comprised of 10 transmembrane (TM) 
domains, The catalytic site, including the ATP binding domain, is found at an interface between 
the TM2-TM3 and TM4-TM5 intracellular loops (red). The extended intracellular C-terminal 
domain contains the binding site for protein kinase C (PKC) and protein kinase A (PKA), and the 
PDZ-binding domain (named after three proteins which were first found to share the domain, 
post synaptic density protein, drosophila disc large tumor suppressor, and zonula occludens-1 
protein). It also contains the autoinhibitory domain which occupies the active site at low [Ca2+]i. 
This autoinhibition of the PMCA active site is relieved upon Ca2+-bound calmodulin (CaM) 
binding to the autoregulatory site. Adapted from Bruce et al., 2003. 
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Early studies in human erythrocytes established that two binding sites exist for ATP on the 

PMCA (Richards et al., 1978). It was proposed that the higher affinity site (Km, 2.5 µM) was the 

catalytic site; however, occupation of this site conferred only 10% of the maximum activity 

attainable when the ATP concentration was not limiting. Maximum PMCA activity was achieved 

upon occupation of the second, lower affinity binding site (Km, 145 µM) in an Mg2+ dependent 

manner, suggesting this site plays a regulatory role. However, more recent studies have 

suggested that the ATP regulation of the PMCA is in fact more complex (Echarte et al., 2007). 

The ATP sensitivity of the PMCA is dynamically regulated by many factors, including [Ca2+]i, 

[Mg2+]i, CaM and the phospholipid composition of the plasma membrane. In particular, acidic 

phospholipids are important in regulating the ATP sensitivity of the PMCA. The C terminal 

domain of the PMCA contains binding sites for acidic phospholipids such as phosphatidylinositol 

(PI) and phosphatidylserine (PS), which have long been known to increase affinity of the PMCA 

for Ca2+ and ATP, and are thought to be responsible for the permanent activation of the PMCA 

to 50% of its maximal activity (Niggli et al., 1981a, Niggli et al., 1981b). PS is known to relocate 

to the outer leaflet of the membrane during apoptosis (Fadok et al., 1992), a process that allows 

detection of apoptotic cells using Annexin V-based assays (van Engeland et al., 1998), and this 

loss of acidic phospholipids from the inner envelope of the plasma membrane corresponds with 

a decrease in PMCA affinity for ATP. Cell free assays have determined that the affinity of the 

regulatory site for ATP decreases dramatically (Km, 5 - 10 mM) when PI or PS were absent from 

the phospholipid bilayer (Lehotsky et al., 1992, Rossi and Rega, 1989). This decrease in affinity 

for ATP would be expected to leave the PMCA exquisitely sensitive to even modest decreases 

in cytosolic ATP. Indeed, loss of phosphatidylserine from the inner envelope of the plasma 

membrane following cholesterol depletion by β-methyl-cyclodextran treatment has been shown 

to cause PMCA inhibition (Zhang et al., 2009). Although intuitively one might expect ATP 

depletion to have a profound effect on PMCA activity, the absolute ATP sensitivity of the PMCA 

in vivo remains poorly characterised, therefore the threshold concentration at which ATP 

depletion affects the PMCA is not currently known. Nevertheless, given that cancer cells 

undergo a shift towards glycolysis following oncogenic transformation, drugs designed to cut off 

the glycolytic ATP supply to the PMCA might be expected to inhibit PMCA, resulting in [Ca2+]i 

overload and cell death. It is therefore tempting to speculate that regulation of the PMCA by 

glycolytic ATP may be an untapped therapeutic avenue for the treatment of cancer. 

In addition to the action of numerous regulatory agents on the ATP sensitivity of the PMCA, it 

has been suggested that a critical [ATP] threshold exists where Na+ efflux via the Na+-K+-

ATPase becomes more favourable than maintenance of Ca2+ extrusion via the PMCA (Castro et 

al., 2006). This study proposed that below this threshold ATP concentration the Na+-K+-ATPase 

can ‘steal’ ATP from the PMCA, suggesting that the ATP dependency of the PMCA is not 

isolated from the actions of other ion pumps present in the plasma membrane. Furthermore, 

evidence also suggests that the PMCA has a preferential supply of ATP derived from a local, 

submembrane glycolytic cascade. Studies in inside out plasma membrane vesicles isolated 

from porcine smooth muscle have shown that a complete glycolytic cascade beginning at 
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aldolase is associated with the membrane fraction and is able to fuel Ca2+ transport via the 

PMCA by generating a submembrane pool of glycolytically-derived ATP from glycolytic 

substrates (Paul et al., 1989). Further extensions of this study established that the PMCA 

preferentially utilised this glycolytically-derived submembrane ATP pool despite the addition of 

exogenous ATP (Hardin et al., 1992).  

It has long been established that glycolytic enzymes colocalise with the PMCA in human 

erythrocytes by associating with the membrane protein anion exchanger 1, also known as band 

3 (Puchulu-Campanella et al., 2013, Campanella et al., 2005, Campanella et al., 2008). This is 

regulated by tyrosine phosphorylation of AE1 (Low et al., 1987), and influences the activity of 

the glycolytic enzymes involved (Harrison et al., 1991). Moreover, while little is known about 

putative plasma membrane-bound glycolytic enzymes in other cell types, evidence suggests 

this is likely of importance to cells other than erythrocytes. Studies using highly glycolytic 

endothelial cells have shown that silencing PFKFB3 abolishes the generation of a 

submembrane pool of glycolytically-derived ATP required for cell migration (De Bock et al., 

2013), thus highlighting the potential importance of a submembrane glycolytic cascade in 

invasive cancer. However, unlike erythrocytes, the putative binding sites for glycolytic enzyme 

association with the plasma membrane have not yet been identified in other cells. Nevertheless, 

mucin 1 (MUC1), a membrane bound glycoprotein important for protecting cells by binding 

extracellular pathogens, has recently been shown to both bind to and regulate PKM2, and that 

this interaction is regulated by tyrosine phosphorylation (Kosugi et al., 2011). As mentioned in 

an earlier chapter, PKM2 is overexpressed in PDAC (Chaika et al., 2012b), and this provides a 

potential mechanism by which glycolytic enzymes critical for the Warburg phenotype associate 

with the plasma membrane in PDAC Moreover, MUC1 is overexpressed in pancreatic cancer 

(Hinoda et al., 2003) and regulates HIF-1α signalling to promote the highly glycolytic phenotype 

of PDAC (Chaika et al., 2012a). As such, a submembrane supply of glycolytically-derived ATP 

might be critical for fuelling PMCA activity, and may represent a key weakness in cancer cells 

exhibiting the Warburg phenotype. Could this be a means to selectively target PDAC whilst 

sparing healthy cells? 
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1.9 - Summary  

To summarize, PDAC is an aggressive cancer with extremely poor prognosis and limited 

treatment options. Clearly a radical approach to treating this illness is urgently required. Cancer 

cells often proliferate rapidly and are resistant to cell death due, in part, to a switch from 

mitochondrial metabolism towards a highly glycolytic phenotype, which is common of cancer 

cells exhibiting the Warburg phenotype. This shift in metabolism typically results from a 

combination of oncogenic mutations, a hypoxic tumour microenvironment and the metabolic 

demands of the rapidly proliferating cancer cells. Although this shift in metabolism is considered 

to confer numerous survival advantages for cancer cells and to provide them with a robust 

means of generating energy in the face of tumour hypoxia, their increased reliance on glycolysis 

as a major source of ATP may prove to be a weakness that can be exploited therapeutically. 

This is because ATP is required to fuel numerous energy-dependent mechanisms critical for cell 

survival. One such mechanism is the ATP-driven PMCA, which is critical for maintaining a low 

resting [Ca2+]i. Moreover, Ca2+ efflux via the PMCA is critical for cell survival, since inhibition of 

the PMCA leads to a cytotoxic [Ca2+]i overload. Regulation of the PMCA by glycolytic ATP may 

therefore be critical for cell survival in highly glycolytic PDAC cells, and may therefore represent 

a novel therapeutic locus that can be targeted with drugs to selectively kill PDAC cells while 

sparing healthy tissue. 

Experimental Aims  

The central theme of this thesis is the metabolic regulation of the PMCA in highly glycolytic 

PDAC cells. This will be addressed by three separate results chapters, each with a different aim 

that contributes to the overarching theme. Supplementary methods and supporting data will be 

presented in a separate chapter. 

Specific aims: 

• Results Chapter 1 

Specific aim: To investigate the importance of glyc olytic ATP supply to the PMCA 

in PDAC. 

This will be achieved by comparing the effects of mechanistically distinct metabolic 

inhibitors (mitochondrial vs glycolytic) on key readouts of cell function including cell 

death, cytosolic ATP, resting [Ca2+]i and PMCA activity in human PDAC cell lines. 

 

• Results Chapter 2 

Specific aim: To investigate the effect of “reversi ng” the Warburg Effect on 

metabolic regulation of the PMCA in PDAC cells.  

This will be achieved by culturing PDAC cells in nominal glucose-free media 

supplemented with alternative substrates with the intention of “refuelling” the 

mitochondria, thereby shifting their metabolic phenotype from a high glycolytic rate to 

one more reliant on mitochondrial metabolism. We will assess the effects these culture 

regimens on the metabolic phenotype in these cells, and then investigate the effects of 
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glycolytic vs mitochondrial inhibitors on cytosolic ATP, resting [Ca2+]i and PMCA activity 

in human PDAC cell lines. 

 

• Results Chapter 3 

Specific aim : To investigate the putative dynamic association of glycolytic 

enzymes with the plasma membrane in PDAC.  

This will be achieved by using a combination of western blotting with a biotinylation 

assay to isolate the plasma membrane fraction of PDAC cells. The nature of any 

dynamic association will be tested using drugs that regulate protein tyrosine 

phosphorylation. Furthermore, functional assays will assess the effects of these drugs 

on cytosolic [ATP] and PMCA activity. 
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1.10 - Alternative Format 

This thesis is presented in the Alternative Format in accordance with the Rules and Regulations 

of the University of Manchester. While the results chapters presented within have been written 

in the style of the journal for which they are intended to be submitted, some aspects of each 

chapter have been reformatted to ensure that the thesis is presented as a cohesive body of 

work. Moreover, following each results chapter, a supplementary methods and results section 

has been included to provide a detailed description and critical analysis of the methods 

employed. 

The details of each results chapter, its intended journal and the contribution of each other 

authors are specified below. 

 

• Results Chapter 1 

Title:  Glycolytic ATP fuels the plasma membrane calcium pump critical for pancreatic 

cancer cell survival 

Authors:  Andrew D. James, Anthony Chan, Oihane Erice, Ajith K. Siriwardena, Jason I. 

E. Bruce 

Intended Journal:  Published in Journal of Biological Chemistry, October 24 2013 

Contribution of Authors:  This study was devised, conducted and the paper written by 

myself with guidance from Jason Bruce. I obtained the majority of data and contributed 

to all figures in this paper. Additional [Ca2+]i clearance experiments performed by 

Anthony Chan and Oihane Erice Azparren. All data was analysed by me. 

 

• Results Chapter 2 

Title:  The plasma membrane calcium pump in pancreatic cancer cells exhibiting the 

“Warburg Effect” is reliant on a glycolytic ATP supply 

Authors:  Andrew D. James, Waseema Patel, Zohra Butt, Magretta Adiamah, Raga 

Dakhel, Carolina Uggenti, Lisa Swanton, Hiromi Imamura, and Jason I. E. Bruce 

Intended Journal:  Journal of Biological Chemistry 

Contribution of Authors: This study was devised, conducted and the paper written by 

myself with guidance from Jason Bruce. I performed the majority of experiments 

included in this paper, and contributed to all figures. All data was analysed by me. 

However, while all experiments were devised by me, some experiments within the data 

set were performed by numerous masters and undergraduate students and performed 

under my supervision. Waseema Patel and Raga Dakhel contributed to the luciferase 

and GO-ATeam-based ATP assays, respectively, and Zohra Butt and Magretta 

Adiamah made an equal contribution to the calcium overload data set. These co-

authors were also taught their respective techniques by me. On the other hand, the cell 

proliferation assays were performed by myself under guidance from Ayse Latif; 

similarly, the preparation of MIA PaCa-2 cells stably expressing GO-ATeam was 
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performed by myself under guidance from Carolina Uggenti and Lisa Swanton. The GO-

ATeam plasmid was developed, validated and supplied by Hiromi Imamura.  

 

• Results Chapter 3 

Title: The regulation of the plasma membrane calcium pump by membrane-bound 

glycolytic enzymes in pancreatic cancer 

Authors: Andrew James, James Wong, Bobby Chow, Joseph Dent, Jonathan Briggs, 

Hannah Tierney, Hiromi Imamura, Donald Ward and Jason I. E. Bruce 

Intended Journal: Journal of Biological Chemistry 

Contribution of Authors: This study was devised, conducted and the paper written by 

myself with guidance from Jason Bruce. I performed most of experiments included in 

this paper, and contributed to all figures and analysis. All data was analysed by me. 

James Wong contributed to some of the early western blotting experiments, which were 

repeated and expanded by me. Aside from this, all sample preparation, reprobing of 

membranes, and western blotting were all performed by me, although some later 

western blots were performed by Jonathan Briggs and Hannah Tierney under my 

supervision. For the imaging experiments, all cell culture and the preparation of cells 

stably expressing GO-ATeam was performed by me, and some experiments within the 

data set were performed under my supervision by Bobby Chow and Joseph Dent. This 

study was devised, conducted and the paper written by myself with guidance from 

Jason Bruce. The GO-ATeam plasmid was developed, validated and supplied by Hiromi 

Imamura, and Donald Ward provided initial advice on preparing the tyrosine kinase and 

tyrosine phosphatase inhibitors in addition to support with general western blotting 

techniques. 
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2.1 - Abstract 

Pancreatic cancer is an aggressive cancer with poor prognosis and limited treatment options. 

Cancer cells rapidly proliferate and are resistant to cell death due, in part, to a shift from 

mitochondrial metabolism to glycolysis. We hypothesised that this shift is important in regulating 

cytosolic Ca2+ ([Ca2+]i), since the ATP-dependent plasma membrane Ca2+ ATPase (PMCA) is 

critical for maintaining low [Ca2+]i and thus cell survival. The present study aimed to determine 

the relative contribution of mitochondrial vs glycolytic ATP in fuelling the PMCA in human 

pancreatic cancer cells. We report that glycolytic inhibition induced profound ATP depletion, 

PMCA inhibition, [Ca2+]i overload and cell death in PANC-1 and MIA PaCa-2 cells. Conversely, 

inhibition of mitochondrial metabolism had no effect, suggesting that glycolytic ATP is critical for 

[Ca2+]i homeostasis and thus survival. Targeting the glycolytic regulation of the PMCA may 

therefore be an effective strategy for selectively killing pancreatic cancer, whilst sparing healthy 

cells. 
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2.2 - Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive form of cancer that originates in 

the glandular ductal tissue of the exocrine pancreas. Treatment options are severely limited, 

with surgical removal of the tumour being the most common course of action. While its 

incidence is relatively low, mortality in PDAC is almost 100% (Krejs, 2010); pancreatic cancer is 

the 4th and 5th most common cause of cancer-related death in men and women, respectively. 

PDAC often progresses to metastasis in the absence of obvious clinical symptoms (Amin et al., 

2006), resulting in late diagnosis and a five year survival rate of 1% (Gudjonsson, 2009).  

A hallmark of cancer cells, including PDAC, is a shift from predominantly mitochondrial 

metabolism towards glycolysis, even when oxygen is abundant (the ‘Warburg Effect’, Hanahan 

and Weinberg, 2011, Zhou et al., 2011). Such a metabolic shift seems counterintuitive, as the 

textbook view is that glycolytic ATP synthesis is an energetically unfavourable method of 

meeting the presumably high ATP demand of rapidly proliferating cancer cells. However, a shift 

towards glycolysis appears to confer a number of survival advantages for tumour cells (Gatenby 

and Gillies, 2004). These include resistance to hypoxia, which is prevalent in PDAC tumours 

(Koong et al., 2000), and an increased availability of glycolytic intermediates for use in the 

anabolic pathways that drive cell proliferation (Kroemer and Pouyssegur, 2008). 

It is therefore unlikely that cancer cells exhibit the Warburg phenotype primarily for bioenergetic 

purposes, despite exhibiting an increased reliance on glycolytic ATP (Nakashima et al., 1984). 

However, the homeostatic maintenance of a low resting cytosolic calcium (Ca2+) concentration 

([Ca2+]i, ~100nM) is an ATP dependant process that is critical for cell survival. Of particular 

importance is the ubiquitously expressed plasma membrane Ca2+ ATPase (PMCA), an ATP-

dependent pump with a high affinity for Ca2+ that extrudes cytosolic Ca2+ (Carafoli, 1991). The 

PMCA has been suggested as the major efflux pathway in non-excitable cells (such as epithelial 

cells) where the Na+/Ca2+ exchanger (NCX) is either lacking or expressed with low abundance 

(Carafoli, 1987). In these cells, impaired PMCA function quickly results in [Ca2+]i overload and 

cell death, indicating that PMCA function is critical for cell survival. Under physiological 

conditions when ATP is abundant, the source of ATP to fuel the PMCA is not likely to be 

important, provided that the cytosolic [ATP] is maintained above a critical threshold. The 

classical view is that the bulk of ATP comes from the mitochondria, and evidence suggests that 

inhibition of mitochondrial metabolism in non-cancerous cells impairs Ca2+ homeostasis and 

leads to cell death (Baggaley et al., 2008, Criddle et al., 2006, Criddle et al., 2007). However, in 

cancer cells where there is a shift towards glycolytic metabolism, this relationship may be very 

different. Importantly, the PMCA has been reported to have its own localised glycolytic ATP 

supply (Campanella et al., 2005, Hardin et al., 1992). It could, therefore, be hypothesised that 

glycolytic ATP is critical for fuelling the PMCA and confers a survival advantage to cancer cells.  

The present study shows that in human PDAC cell lines (PANC-1 and MIA PaCa-2), inhibition of 

glycolysis induced severe ATP depletion, cytosolic Ca2+ overload, inhibition of PMCA activity 

and cell death. In contrast, inhibition of mitochondrial metabolism had almost no effect on [Ca2+]i 
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handling, ATP depletion or cell death. Glycolytic regulation of the PMCA may therefore be a 

critical pro-survival mechanism in PDAC, and thus may represent a previously untapped 

therapeutic avenue for selectively killing PDAC cells whilst sparing normal cells. 
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2.3 - Experimental Procedures 

2.3.1 - Cell Culture 

MIA PaCa-2 and PANC-1 cells (ATCC) were grown in DMEM (D6429, Sigma-Aldrich, 

supplemented with 10% FBS, 100 units/ml penicillin and 100 µg/ml streptomycin) in a 

humidified atmosphere of air/CO2 (95%:5%) at 37°C. Cells were used up to passage 30 and 

then discarded. 

2.3.2 - Fura-2 fluorescence Ca2+ imaging  

Cells were seeded onto glass coverslips in a 6-well culture plate and grown to >30% 

confluency. To load cells with fura-2 dye, seeded coverslips were rinsed with HEPES-buffered 

physiological saline solution (HEPES-PSS: 138 mM NaCl, 4.7 mM KCl, 1.28 mM CaCl2, 0.56 

mM MgCl2, 5.5 mM glucose, 10mM HEPES, pH 7.4). Rinse buffer was replaced with 4 µM fura-

2 AM in 1 ml HEPES-PSS and incubated for 40 minutes at room temperature. Cells were then 

rinsed with HEPES-PSS, followed by a further 20 minutes in dye-free HEPES-PSS to allow 

uncleaved dye to re-equilibrate. Fura-2 loaded cells were mounted onto imaging systems and 

[Ca2+]i  measured as previously described (Baggaley et al., 2008, Bruce and Elliott, 2007, also 

see 2.8.1 – Fura-2 fluorescence microscopy and measurement of intracellular [Ca2+]i in 2.8 – 

Chapter 2 Supplementary Methods and Results). Experiments were performed using a Nikon 

Diaphot fitted with a x40 oil immersion objective (numerical aperture 1.3) and an Orca CCD 

camera (Hamamatsu), while the PANC-1 [Ca2+]i clearance assays were performed using a 

Nikon TE2000 microscope fitted with a x40 oil immersion objective (numerical aperture 1.3) and 

a CoolSNAP HQ interline progressive-scan CCD camera (Roper Scientific Photometrics, 

Tucson, AZ). Both systems used a monochromator illumination system (Cairn Research, Kent, 

UK) and were controlled by MetaFluor image acquisition and analysis software (Molecular 

Devices, Downington, CA). Cells were continually perfused with HEPES-PSS using a gravity-

fed perfusion system (Harvard apparatus) and were excited at 340nm and 380nm (50ms 

exposure). Emitted light was separated from excitation using a 400nm dichroic with 505LP filter. 

Background-subtracted images of a field of view of cells were acquired every 5 seconds for both 

excitation wavelengths (340 nm and 380 nm). For all experiments, [Ca2+]i was measured as 

fura-2 340/380nm fluorescence ratio. [Ca2+]i  clearance was measured using an in situ [Ca2+]i 

clearance assay as previously described (Mankad et al., 2012). Unless stated, 0Ca2+ HEPES-

PSS contained 1 mM EGTA. Experiments (between 5 and 32 cells) were performed at room 

temperature. 

2.3.3 - Preparation of test reagents  

Na+-free HEPES-PSS was prepared by replacing NaCl with equimolar N-methyl D-glucamine 

(Na+ free/NMDG). Stocks of La3+, 3-bromopyruvate (BrPy), sodium iodoacetate (IAA) and ATP 
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(Mg2+ salt) were prepared in MilliQ water. Stocks of oligomycin (OM), carbonyl cyanide m-

chlorophenyl hydrazine (CCCP) and cyclopiazonic acid (CPA) were prepared in DMSO. Fura-2 

AM (Invitrogen, TEFLabs) was prepared in 50:50 DMSO (Sigma-Aldrich) and 0.1% Pluronic® F-

127 (Molecular Probes, Invitrogen). Working solutions in HEPES-PSS were prepared from 

frozen stocks immediately prior to an experiment. Reagents were prepared in media for the ATP 

and cell death experiments. 

2.3.4 - Cell Death Assays  

PANC-1 cells were seeded into black walled, clear-bottom 96 well plates at 70% confluency and 

allowed to adhere overnight. Cells were then incubated in culture conditions with blank media or 

ascending concentrations of CCCP (1 - 10 µM), BrPy (100 - 1000 µM), or a combination (3 µM 

and 500 µM, respectively) for 0.5 - 6 hours. Cells were then stained with propidium iodide (PI, 

cell death, 2 µg/ml, Fluka) and Hoechst 33342 (cell count, 20 µg/ml, Invitrogen). PI-positive cell 

count was normalised to Hoechst 33342-positive cell count (%). Assays were run in duplicate 

on a Thermo Fisher Scientific Cellomics® ArrayScan® VTI HCS Reader fitted with Hamamatsu 

ORCAR-ER camera and both x10 and x20 objectives. Imaging was performed by Imagen 

Biotech Ltd. Image analysis was assessed using the Compartmental Analysis Bioapplication 

(Thermo Fisher Scientific) whereby a threshold gate was set (~500 levels of grey) along an 

intensity histogram plot to distinguish positive PI fluorescent cells (~5000 levels of grey) from 

background noise (~10 levels of grey). 

2.3.5 - ATP Measurements  

Cultured MIA PaCa-2 and PANC-1 cells were seeded into white-walled, clear-bottom 96 well 

plates (1x 105 cells/ml) and allowed to adhere overnight. Cells were then treated with varying 

concentrations of metabolic inhibitors and incubated for 15 minutes in culture conditions. Each 

experiment included untreated cells (control), which represented total ATP, and a positive 

control with cells treated with an ATP depletion cocktail (4 µM CCCP, 10 µM OM, 500 µM BrPy, 

2 mM IAA) to achieve maximal ATP depletion. Following treatment, cells were lysed and ATP 

determined using the luciferase-based ViaLight® Plus kit (Lonza, Rockland, ME, UK). 

Luminescence was measured using a Synergy HT multiwell reader (BioTEK). Each experiment 

was run in duplicate; the luminescence counts of each duplicate pair were averaged. To correct 

for background luminescence under conditions of maximal ATP depletion, the averaged 

luminescence count from the ATP depletion cocktail duplicates was subtracted from all other 

values. These values were normalised to the corresponding control (%). 

2.3.6 - Calibration of resting [Ca2+]i  

[Ca2+]i calibrations were performed by first applying 10µM ionomycin in the absence of external 

Ca2+ to naïve fura-2 loaded PANC-1 ( n=30 cells), and MIA PaCa-2 cells (n=25 cells). Once 
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[Ca2+]i reached a minimum (Rmin), cells were perfused with 20mM Ca2+ to induce a maximum 

increase in [Ca2+]i  (Rmax). Fura-2 ratios were then calibrated to determine [Ca2+]i as previously 

described (Grynkiewicz et al., 1985). Fura-2 ratios were plotted against calibrated log[Ca2+]i, 

with all cells from each cell line treated as a single data series A single sigmoidal curve was 

then fitted, representative of calibrated [Ca2+]i  in an average cell.  The equation derived from 

this curve was used to estimate [Ca2+]i and was extrapolated for each cell line. 100µM ATP was 

used to test cell viability, with viable cells eliciting a [Ca2+]i spike (for a more detailed 

consideration of this method, please refer to 2.8.2 – Calibration of resting [Ca2+]i in 2.8 – 

Chapter 2 Supplementary Methods and Results) 

2.3.7 - Measurement of [Ca2+]i clearance  

Repeated measurements of [Ca2+]i clearance rate were performed, in parallel, on cells from the 

same passage in the presence or absence of test reagents during the second [Ca2+]i clearance 

phase. The linear clearance rate over 60 seconds for the first influx-clearance phase was 

determined in fura-2 ratio units/second. This was repeated for the second influx-clearance 

phase (measured from the same standardised fura-2 value) and the second rate normalised to 

the first. Values were averaged for all cells in an experiment, and the resulting experimental 

means for each condition were averaged to give the presented group means ± SEM. To 

measure % recovery to baseline, difference was first calculated between the first fura-2 value 

used to measure linear clearance during the second clearance phase and the plateau 

subsequently reached. This was then normalised (%) to the difference between the same initial 

fura-2 ratio and the baseline observed after addition to CPA, before the first Ca2+ influx phase 

was initiated (for a more detailed description of both clearance and recovery analysis methods, 

please refer to 2.8.3 – Measurement of [Ca2+]i clearance rate and 2.8.4 – Measurement of % 

recovery of [Ca2+]i clearance to baseline. 

2.3.8 - Data Analysis  

Cell death was statistically assessed using a 2-way ANOVA with a post-hoc Bonferroni 

correction. Changes in resting [Ca2+]i were quantified by measuring area under the curve (AUC) 

and the maximum increase in [Ca2+]i over 30 minutes and compared using a one-way ANOVA 

with post hoc Dunnetts’ test for multiple comparisons. Cell viability was quantified as the 

percentage of cells responding to 100µM ATP and compared using a Mann-Whitney U test. 

Changes in [Ca2+]i clearance rate were compared using a Mann-Whitney U test. ATP depletion 

was assessed using a one sample t-test against the hypothetical control value of 100%. 

Presented data are the mean ± S.E.M of the indicated number (n) of independent experiments. 
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2.4 - Results 

2.4.1 - Inhibition of glycolysis but not mitochondrial metabolism induces cell death in human 

PANC-1 cells 

To determine whether PANC-1 cells functionally exhibit the Warburg Effect with respect to cell 

viability, the effects of both a mitochondrial and a glycolytic inhibitor on cell death were 

measured using propidium iodide (PI) fluorescence. PANC-1 cells were treated for 0.5 – 6 hours 

with either 3-bromopyruvate (BrPy), an inhibitor of the glycolytic enzyme hexokinase (Ko et al., 

2001), or CCCP, a protonophore that collapses the mitochondrial membrane potential (Mankad 

et al., 2012). 

Inhibition of mitochondrial metabolism with all three concentrations of CCCP (1, 3 and 10 µM) 

had no effect on cell death at any time point compared to corresponding control experiments 

(Figure 2.1A, n=5). In contrast, inhibition of glycolysis with BrPy resulted in a time-dependent 

increase in cell death at higher concentrations of BrPy. After 6 hours treatment, 300 µM BrPy 

caused significant cell death, with 37 ± 6% of cells positive for PI (n=5) compared to 6 ± 1 % for 

corresponding control cells (Figure 2.1B, P<0.001, n=5). Similar effects were observed at higher 

concentrations of BrPy and longer treatment periods. The combination of 3 µM CCCP and 500 

µM BrPy caused a similar cell death to BrPy alone over a similar time frame, with 27 ± 6% of 

cells staining for PI (Figure 2.1A, P<0.001, n=5); no difference in cell death was observed 

between 6 hours treatment with 300 µM BrPy alone or a combination of 3 µM CCCP and 500 

µM BrPy. These results strongly suggest that PANC-1 cells are sensitive to inhibition of 

glycolysis by BrPy, yet are unaffected by inhibition of mitochondrial metabolism by CCCP. 

 

Figure 2.1 - Inhibition of glycolysis, but not mito chondrial metabolism, induces cell death 
in pancreatic cancer cells. 

PANC-1 cells were treated with either the mitochondrial inhibitor, CCCP (1-10 µM, A), the 
glycolytic inhibitor, 3-bromopyruvate (BrPy; 100-1000 µM, B) or a combination of both (A, filled 
diamond) for varying times (0.5-6 hours). Cell death was determined using high content 
propidium iodide fluorescence (PI) on a Cellomics®. ArrayScan® VTI HCS Reader (Imagen 
Biotech). PI-positive cells (dead) were normalized to Hoechst-positive cells (cell count) to 
determine % cell death (n=5). *, p<0.05; **, p<0.01; ***, p<0.001 compared with control (2-way 
ANOVA, post-hoc Bonferroni correction). 
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2.4.2 - Inhibitors of glycolytic but not mitochondrial metabolism induce cytosolic Ca2+ overload in 

human PDAC cells  

We next tested the effects of glycolytic and mitochondrial inhibitors on resting [Ca2+]i in the 

human PDAC cell lines PANC-1 and MIA PaCa-2 using fura-2 fluorescence imaging (See 2.8.1 

– Fura-2 fluorescence microscopy and measurement of intracellular [Ca2+]i). The PANC-1 and 

MIA PaCa-2 cell lines were selected since these cell lines express oncogenic KRAS mutations 

at codon 12 (Berrozpe et al., 1994). This mutation is a key hallmark of clinical PDAC (Hruban et 

al., 1993), and has been shown to both initiate and drive PDAC in transgenic mouse models 

(Hingorani et al., 2003). Inhibition of glycolytic metabolism was achieved using iodoacetate 

(IAA, 2 mM), which inhibits glyceraldehyde-3-phosphate dehydrogenase (Schmidt and Dringen, 

2009), or BrPy (500 µM). Conversely, inhibition of mitochondrial ATP production was achieved 

using either oligomycin (OM, 10 µM), an inhibitor of the mitochondrial F1/F0-ATP synthase 

(Shchepina et al., 2002), or CCCP (4 µM). Cells were perfused with HEPES-PSS, and 

metabolic inhibitors applied for 30 minutes. At 30 minutes cells were treated with 100 µM ATP to 

activate purinergic receptors, thereby testing for reversibility of responses and thus viability. For 

a detailed description of how resting [Ca2+]i was calculated, please see 2.8.2 – Calibration of 

resting [Ca2+]i in 2.8 – Chapter 2 Supplementary Methods and Results. Statistical comparisons 

were carried out using a one-way ANOVA with post hoc Dunnetts’ test for multiple comparisons 

or Mann Whitney U test. 

Treatment with BrPy (500 µM) for 30 minutes induced an irreversible [Ca2+]i overload, with an 

average maximum increase in [Ca2+]i of 531 ± 32 nM in MIA PaCa-2 cells (n=5) and 425 ± 134 

nM in PANC-1 cells (n=5, Figures 2.2B and 2F). Similarly, treatment with 2 mM IAA induced an 

average maximum increase in [Ca2+]i of 261 ± 29 nM in MIA PaCa-2  cells (n=7) and 160 ± 26 

nM in PANC-1 cells (n=6, Figures 2.2D and 2F). These responses were significant compared to 

corresponding time-matched control cells for both MIA PaCa-2 (26 ± 12 nM, n=5, p<0.0001 for 

both BrPy and IAA) and PANC-1 cells (BrPy alone, 3 ± 2 nM, n=4, p<0.01). 

Similarly, BrPy (500 µM) increased area under the curve (AUC) to 485 ± 104 µM.s in MIA PaCa-

2 cells and 399 ± 86 µM.s in PANC-1 cells, while IAA (2 mM) elevated AUC to 421 ± 44 µM.s in 

MIA PaCa-2 cells and 213 ± 28 µM.s in PANC-1 cells (Figure 2.2E). These responses were 

significantly elevated compared to control MIA PaCa-2 (71 ± 9 µM.s. BrPy, p<0.001; IAA, 

p<0.0001) and PANC-1 cells (BrPy alone, 52 ± 14 µM.s, p<0.001). AUC represents a measure 

of not only the magnitude of [Ca2+]i increase but also recovery of response. 

In contrast, OM (10 µM, Figure 2.2A) and CCCP (4 µM, Figure 2.2C) had no effect on the 

maximum increase in [Ca2+]i observed in either MIA PaCa-2 cells (Figure 2.2F, n=7 and n=5, 

respectively) or PANC-1 cells (Figure 2.2F, n=4 and n=4, respectively). Interestingly, CCCP 

elicited a small but significant increase in AUC to 128 ± 16 µM.s (n=5) in MIA PaCa-2 cells (n=5, 

p<0.05), but not in PANC-1 cells (n=4, Figure 2.2E). Despite this, OM had no effect on AUC in 

either MIA PaCa-2 or PANC-1 cells (n= 7 and n-4, respectively, Figure 2.2E). 
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In addition to their effects on [Ca2+]i, BrPy (500 µM) and IAA (2 mM) abolished the ability of both 

cell lines to elicit Ca2+ responses to 100 µM ATP (Figures 2.2B, 2.2D and 2.2G). In healthy cells, 

ATP evoked robust spike-like increases in [Ca2+]i, indicating that these cells were viable. In 

contrast to the glycolytic inhibitors, ATP-evoked Ca2+ responses were observed in the majority 

of cells treated with the mitochondrial inhibitors OM (10 µM, Figure 2.2A) or CCCP (4 µM, 

Figure 2.2C). Together these results suggest that glycolysis, but not mitochondrial metabolism, 

is critically important for maintaining a low resting [Ca2+]i in human PDAC cells. 
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Figure 2.2 - Glycolytic inhibitors but not mitochon drial inhibitors induce an irreversible 
cytosolic [Ca 2+] i  overload in pancreatic cancer cells.  

Using fura-2 fluorescence imaging, cytosolic Ca2+ concentration ([Ca2+]i) was measured in 
PANC-1 or Mia PaCa-2 cells. A-D, representative traces showing the effect of various metabolic 
inhibitors on [Ca2+]i in PANC-1 cells. Cells were treated for 30 minutes with either mitochondrial 
inhibitors (10 µM oligomycin, A; 4 µM CCCP, C) or glycolytic inhibitors (500 µM bromopyruvate 
(BrPy), B; 2 mM iodoacetate (IAA), D) followed by stimulation with the purinergic agonist, ATP 
(100 µM) to test for cell viability. Similar qualitative results were obtained for MIA PaCa-2 cells. 
Responses were quantified by measuring the area under the curve (AUC, E) for the 30 minute 
treatment with drug, maximum change in [Ca2+]i (F). Recovery from metabolic inhibitor was 
assessed by measuring the % cells that subsequently responded to ATP (G). n=4-7 for all 
conditions. *, p<0.05; **, p<0.01; ***, p<0.001 (E and F, one-way ANOVA with post hoc 
Dunnetts’ test for multiple comparisons; G, Mann-Whitney U), compared with control. 
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2.4.3 - Validation that in situ [Ca2+]i clearance assay represents PMCA activity in PDAC  

We have previously developed an in situ [Ca2+]i clearance assay in pancreatic acinar cells in 

which PMCA activity is pharmacologically and functionally isolated (Baggaley et al., 2008, 

Mankad et al., 2012). Briefly, sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) 

activity was blocked by continuous application of cyclopiazonic acid (CPA) in the absence of 

extracellular Ca2+ and the presence of 1 mM EGTA, leading to ER Ca2+ store depletion. Rapid 

store-operated Ca2+ entry was then induced upon perfusion with 20 mM Ca2+. The subsequent 

removal of extracellular Ca2+ resulted in clearance of [Ca2+]i, presumably via the PMCA. This 

influx-clearance phase was repeated and test reagents or manoeuvres were applied during the 

second influx-clearance phase. Thus, the resulting paired experimental design controlled for 

cell-to-cell and temporal variability. 

[Ca2+]i clearance can be quantified either by fitting the falling phase to a single exponential 

decay or by measuring the initial linear clearance rate from a standardised [Ca2+]i value. 

However, fitting to an exponential decay is only valid if the [Ca2+]i clears to approximately the 

same baseline [Ca2+]i (asymptote) and is not accurate if clearance approaches a slow linear 

phase. This was almost always the case when clearance was severely inhibited. We therefore 

normalised the linear clearance rate over 60 seconds during the second clearance phase to that 

of the first, both measured from the same [Ca2+]i value (%). A detailed description of this assay 

protocol and analysis method can be found in 2.8.3 – Measurement of [Ca2+]i clearance rate in 

2.8 – Chapter 2 Supplementary Methods and Results. Prior to assessing the effects of 

metabolic inhibitors on [Ca2+]i clearance during our in situ [Ca2+]i clearance assay, control 

experiments revealed that clearance rate was maintained between sequential influx-clearance 

phases in untreated PANC-1 (100 ± 3%, n=18, Figure 2.3A and 3G) and MIA PaCa-2 cells (98 ± 

5%, n=17, Figure 2.3B and 2.3H). 

Whilst the Na+/Ca2+ exchange (NCX) is not thought to contribute to [Ca2+]i clearance in 

pancreatic acinar cells (Muallem et al., 1988, Tepikin et al., 1992, Wolff et al., 1993), evidence 

suggests it may play a role in rat pancreatic ductal cells (Ankorina-Stark et al., 2002, Hug et al., 

1996). Furthermore, NCX is reported to be expressed in human PDAC cells (Dong et al., 2010, 

Hansen et al., 2009, Hug et al., 1996). To determine whether NCX contributed to Ca2+ 

clearance in PANC-1 and MIA PaCa-2 cells under the conditions of our in situ [Ca2+]i clearance 

assay, we replaced extracellular Na+ with equimolar N-methyl D-glucamine (Na+ free/NMDG). 

NMDG is not transported by NCX yet maintains the osmotic balance, thereby removing the Na+ 

gradient required for NCX-mediated Ca2+ efflux. 

Na+ free/NMDG had no effect on [Ca2+]i clearance in PANC-1 (Figure 2.3C and 2.3G, n=7) or 

MIA PaCa-2 cells (Figure 2.3D and 2.3H, n=4) compared to control cells (PANC-1, Figure 2.3A, 

n=18; MIA PaCa-2, Figure 2.3B, n=17). These data indicate that NCX does not contribute to 

[Ca2+]i clearance in these cell lines under the current experimental conditions.  

Furthermore, to test whether the PMCA is responsible for [Ca2+]i clearance in PANC-1 and MIA 

PaCa-2 cells during the in situ [Ca2+]i clearance assay, 1 mM La3+ was applied during the 
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second clearance phase. La3+ inhibits Ca2+ efflux (PMCA) at millimolar concentrations 

(Baggaley et al., 2007). However, since La3+ also inhibits store-operated Ca2+ entry (SOCE) at 

micromolar concentrations (Bouron, 2000), La3+ was applied at the peak of the Ca2+ influx, first 

for 1 minute in the presence of 20 mM Ca2+ before removal of external Ca2+ under the continued 

application of La3+. These experiments were performed using HEPES-PSS devoid of EGTA as 

this also chelates La3+ (Wakasugi et al., 1981). 1 mM La3+ dramatically inhibited linear clearance 

rate to 10 ± 3% in PANC-1 cells (Figures 2.3E and 2.3G, n=5) and 18 ± 5% in MIA PaCa-2 cells 

(Figure 2.3F and 2.3H, n=7), compared to 100±3% (n=18) and 98 ± 5% (n=17) in corresponding 

time-matched control cells, respectively (PANC-1, Figures 2.3A and 2.3G; MIA PaCa-2, Figures 

2.3B and 2.3H; P<0.001, Mann-Whitney U). 

 

Figure 2.3 - PMCA is the main mechanism of [Ca 2+] i clearance in human PDAC cell lines.  

A-F, Representative traces showing the in situ [Ca2+]i clearance assay (PMCA activity) for 
control PANC-1 (A) and MIA PaCa-2 (B) cells, Na+ free/NMDG treated PANC-1 (C) and MIA 
PaCa-2 (D) cells, and La3+ treated PANC-1 (E) and MIA PaCa-2 (F) cells. Cells were treated 
with 30 µM cyclopiazonic acid (CPA) in the absence of external Ca2+ with 1mM EGTA (white 
box) or 20mM Ca2+ (grey box) to induce store-operated Ca2+ influx. Subsequent removal of 
external Ca2+ allowed [Ca2+]i clearance. This influx-clearance phase was repeated under 
conditions where extracellular Na+ was replaced with equimolar N-methyl D-glucamine (Na+ 
free/NMDG) or in the presence of 1mM La3+. La3+ was prepared in HEPES-PSS devoid of EGTA 
chelating of the La3+. The inset of each trace shows expanded time courses comparing the 
second (grey trace) with the first clearance phase (black trace) in the presence of each 
treatment. The linear clearance rate over 60 seconds (in the presence of each treatment) was 
normalized to the initial clearance rate in each cell (% relative clearance). Mean percentage 
relative clearance (± S.E.M) is presented for PANC-1 (G) and MIA PaCa-2 (H) cells. n=4-18 for 
all conditions. *, p<0.05; **, p<0.01; ***, p<0.001 (Mann-Whitney U), compared with time-
matched control experiments (white bar). 
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Collectively these data confirm that the PMCA is the major Ca2+ clearance pathway and that 

NCX plays no role in [Ca2+]i clearance in these cells under these conditions. Any inhibition of 

[Ca2+]i clearance observed using this experimental design can therefore be interpreted as an 

effect on PMCA activity, consistent with our previous studies (Baggaley et al., 2008, Mankad et 

al., 2012). 

2.4.4 - Inhibitors of glycolytic but not mitochondrial metabolism inhibit PMCA activity in human 

PDAC cells  

After establishing that inhibition of glycolysis results in [Ca2+]i overload, we aimed to determine 

whether this was due at least in part to inhibition of the PMCA. To test this, we applied the 

glycolytic inhibitors (IAA, 2 mM, and BrPy, 500 µM) or mitochondrial inhibitors (OM, 10 µM and 

CCCP, 4 µM) during the second Ca2+ clearance phase of our in situ [Ca2+]i clearance assay. In 

PANC-1 cells, both IAA and BrPy markedly decreased PMCA activity to 57 ± 4% (Figures 2.4B 

and 2.4F, n=5) and 63 ± 5% (Figures 2.4D and 2.4F, n=8), respectively, compared to time 

matched control cells (103 ± 4%, Figures 2.4A and 2.4F, n=11, p<0.005, Mann-Whitney U). In 

contrast, the mitochondrial inhibitors CCCP and OM had no effect (CCCP, n=8, Figures 2.4E 

and 2.4F; OM, n=5, Figures 2.4C and 2.4F). 

Similarly, in MIA PaCa-2 cells, IAA (2 mM) and BrPy (500 µM) also inhibited PMCA activity. We 

first attempted to repeat the [Ca2+]i clearance experiments in MIA PaCa-2 cells using an 

identical protocol to that used for PANC-1 cells. BrPy (500 µM, Figure 2.5D) and IAA (2 mM, 

Figure 2.5B) both significantly decreased PMCA activity to 10 ± 10% (n=4, 2.5F) and 23 ± 10% 

(n=5, Figure 2.5F), respectively, compared to corresponding time-matched control cells (92 ± 

3%, Figure 2.5A and 2.5F, n=6, p<0.001 for both BrPy and IAA, Mann-Whitney U). Interestingly, 

CCCP decreased PMCA activity to 58 ± 6% (Figures 2.5E and 2.5F, p<0.01, Mann-Whitney U); 

OM on the other hand had no effect (Figures 2.5C and 2.5F, n=3). However, application of IAA 

and BrPy prior to Ca2+ influx resulted in inhibition of Ca2+ entry and dramatically reduced the 

plateau from which [Ca2+]i clearance was initiated and subsequently measured (Figures 2.5B 

and 2.5D). As a result, [Ca2+]i clearance could only be measured over a very narrow range of 

Ca2+ concentrations. Furthermore, the slowed Ca2+ influx meant it took longer to achieve a 

sufficient increase in [Ca2+]i from which to measure [Ca2+]i clearance rate. Using the current 

protocol where metabolic inhibitors were applied prior to Ca2+
 influx, this resulted in prolonged 

exposure (>15 minutes) to the glycolytic inhibitors prior to initiation of [Ca2+]i clearance. These 

confounding factors cast doubt on the validity of the [Ca2+]i clearance data obtained from MIA 

PaCa-2 cells with the current experimental design. 
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Figure 2.4 - Glycolytic inhibitors, but not mitocho ndrial inhibitors, inhibit PMCA activity 
in PANC-1 cells.  

A–E, representative traces showing the in situ [Ca2+]i clearance assay (PMCA activity) in fura-2-
loaded PANC-1 cells. Cyclopiazonic acid (CPA, 30 µM) was applied in the absence of external 
Ca2+ with 1mM EGTA (white box) or 20mM Ca2+ (grey box) to induce store-operated Ca2+ influx. 
Subsequent removal of external Ca2+ allowed [Ca2+]i clearance. This influx-clearance phase was 
repeated using a paired experimental design and metabolic inhibitors were applied during this 
second influx-clearance phase. Each inset trace shows expanded time courses comparing the 
second (grey trace) with the first clearance phase (black trace) in the presence of each 
metabolic inhibitor. A, time-matched control (TMC);  B, 2 mM iodoacetate (IAA); C, 10 µM 
oligomycin (OM); D, 500 µM bromopyruvate (BrPy,); E, 4 µM CCCP. Linear clearance rate over 
60 seconds during the second clearance phase was normalized to that of the first (% relative 
clearance). F, mean percentage relative clearance (± S.E.M). n=5-11 for all conditions. *, 
p<0.05; **, p<0.01; ***, p<0.001 (Mann-Whitney U), compared with TMC.  
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Figure 2.5 - Glycolytic inhibitors, but not mitocho ndrial inhibitors, inhibit PMCA activity 
and store-operated Ca 2+ entry in MIA PaCa-2 cells.  

A–E, representative traces showing the in situ [Ca2+]i clearance assay (PMCA activity) in fura-2-
loaded MIA PaCa-2 cells. Cyclopiazonic acid (CPA, 30 µM) was applied in the absence of 
external Ca2+ with 1 mM EGTA (white box) or 20mM Ca2+ (grey box) to induce store-operated 
Ca2+ influx. Subsequent removal of external Ca2+ allowed [Ca2+]i clearance. This influx-
clearance phase was repeated using a paired experimental design and metabolic inhibitors 
were. applied during this second influx-clearance phase. The inset of each trace shows 
expanded time courses comparing the second (grey trace) with the first clearance phase (black 
trace) in the presence of each metabolic inhibitors. A, time-matched control (TMC);  B, 2 mM 
iodoacetate (IAA); C, 10 µM oligomycin (OM); D, 500 µM 3-bromopyruvate (BrPy); E, 4 µM 
CCCP. Linear clearance rate over 60 seconds during the second clearance phase was 
normalized to that of the first (% relative clearance). F, mean percentage relative clearance (± 
S.E.M). n=3-5 for all conditions. *, p<0.05; **, p<0.01; ***, p<0.001 (Mann-Whitney U), 
compared with TMC.  
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We therefore modified our [Ca2+]i clearance protocol to isolate the effects of the drugs on PMCA 

activity and to control for the duration of drug exposure prior to initiating [Ca2+]i clearance. To 

achieve this, 1 mM La3+ was applied in the absence of Ca2+ and EGTA at the peak of [Ca2+]i 

influx. This inhibited Ca2+ influx and efflux, and thereby effectively clamped [Ca2+]i within the cell. 

Test reagents were applied simultaneously with La3+ at the peak of [Ca2+]i influx, rather than 

prior to [Ca2+]i influx. Following 5 minutes treatment with a metabolic inhibitor, La3+ was rapidly 

removed using 1 mM EGTA, which has a high affinity for La3+ (Putney, 2006). The addition of 

EGTA and removal of La3+ allows initiation of [Ca2+]i clearance, and thus clearance can be 

assessed as before, without the confounding factors of a reduced Ca2+ influx rate and a 

prolonged drug exposure time influencing [Ca2+]i clearance. 

Similar to previous experiments, [Ca2+]i clearance rate during the second clearance phase of 

this amended protocol was reasonably well maintained at 91 ± 5% in control MIA PaCa-2 cells 

(Figures 2.6A and 2.6F, n=9). Similar to PANC-1 cells, BrPy (500 µM, Figure 2.6D) and IAA (2 

mM, Figure 2.6B) both significantly decreased PMCA activity to 25 ± 8% (Figure 2.6F, n=6) and 

40 ± 6% (Figure 2.6F, n=6), respectively, compared to corresponding time-matched control cells 

(p<0.001 for both BrPy and IAA, Mann-Whitney U). In contrast, 10 µM OM had no effect on 

[Ca2+]i clearance (n=5, Figures 2.6C and 2.6F). Interestingly, however, CCCP caused a 

significant decrease in [Ca2+]i clearance (60 ± 7%, p<0.001, n=8, Mann-Whitney U, Figures 2.6E 

and 2.6F). 
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Figure 2.6 - Glycolytic inhibitors, but not mitocho ndrial inhibitors, inhibit PMCA activity 
in MIA PaCa-2 cells.  

A–E, representative traces showing a modified protocol in situ [Ca2+]i clearance assay (PMCA 
activity) in fura-2-loaded MIA PaCa-2 cells. Ca2+ influx was induced prior to application of test 
reagents to isolate their effects on clearance. 30 µM cyclopiazonic acid (CPA) was applied in 
the absence of external Ca2+ with 1mM EGTA (white box), or 20mM Ca2+ (grey box) to induce 
store-operated Ca2+ influx. 1mM La3+ was then applied at the peak of Ca2+ influx (striped box). 
Subsequent removal of external La3+ and readdition of 1mM EGTA after 5 minutes allowed 
[Ca2+]i clearance. This influx-clearance phase was repeated and metabolic inhibitors applied 
during this second influx-clearance phase. Each inset trace shows expanded time courses 
comparing the second clearance phase (grey trace) with the first (black trace) in the presence of 
each metabolic inhibitor. A, time-matched control (TMC);  B, 2 mM iodoacetate (IAA); C, 10 µM 
oligomycin (OM); D, 500 µM bromopyruvate (BrPy); E, 4 µM CCCP. Linear clearance rate over 
60 seconds during the second clearance phase was normalized to that of the first (% relative 
clearance).  To determine recovery, the baseline Ca2+ value prior to influx was subtracted from 
that upon removal of La3+, and recovery normalised to this value. F, mean percentage relative 
clearance (± S.E.M). G, mean percentage relative recovery (± S.E.M). n=5-9 for all conditions. *, 
p<0.05; **, p<0.01; ***, p<0.001 (Mann-Whitney U), compared with TMC. 
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We therefore also assessed the degree of recovery to baseline [Ca2+]i following each treatment. 

To measure recovery, the difference was calculated between the fura-2 ratio upon removal of 

La3+ during the second influx-clearance phase and minimum value the steady state plateau 

subsequently reached. This was then normalised to the difference between the fura-2 ratio upon 

removal of La3+ during the second influx-clearance phase and the lowest fura-2 ratio value 

observed prior to the first influx-clearance phase (see 2.8.2 – Measurement of % recovery of 

[Ca2+]i to baseline in 2.8 – Chapter 2 Supplementary Methods and Results). BrPy (500 µM, 

Figure 2.6D) and IAA (2 mM, Figure 2.6B) both significantly inhibited recovery to 45 ± 8% (n=6, 

Figure 2.6G) and 73 ± 3% (n=6, Figure 2.6G), respectively, compared to 107 ± 4% for 

corresponding time-matched control cells (107 ± 4%, Figures 2.6A and 2.6G, n=9, p<0.001, 

Mann Whitney U). In contrast, following treatment with the mitochondrial inhibitors, cells were 

able to fully recover [Ca2+]i to baseline values; neither OM (10 µM, Figures 2.6C and 2.6G, 108 

± 3%, n=5) nor CCCP (4 µM, Figures 2.6E and 2.6G, 102 ± 4%, n=7) had any effect on 

recovery compared to corresponding control cells. 

Taken together, these data suggest that glycolysis, but not mitochondrial metabolism, is 

critically important for both maintaining PMCA [Ca2+]i clearance rate and for ensuring full 

recovery to a low resting [Ca2+]i. 

2.4.5 - Inhibition of glycolysis, but not mitochondrial metabolism, induces ATP depletion in 

PDAC cells 

To assess the effects of glycolytic and mitochondrial inhibitors on ATP depletion, cells were 

treated with varying concentrations of BrPy. CCCP, IAA or OM for 15 minutes prior to addition of 

ViaLight® Plus ATP kit assay reagents (see 2.3.5 – ATP Measurements in 2.3 - Experimental 

Procedures). These concentrations were chosen as they were below, equal to and higher than 

those used in the [Ca2+]i clearance experiments. Moreover, 15 minutes incubation was chosen 

because it was sufficient to induce [Ca2+]i overload and inhibition of the PMCA during our in situ 

[Ca2+]i clearance assays. Cells were also treated with a combination of all four metabolic 

inhibitors to induce maximum ATP depletion (ATP depletion cocktail: BrPy, 500 µM; CCCP, 4 

µM; IAA, 2 mM; OM, 10 µM). Raw luminescence counts obtained from those cells treated with 

the ATP depletion cocktail were subtracted from each individual treatment, prior to 

normalisation to the luminescence counts of untreated control cells (%). On average, the raw 

luminescence count in control cells was 37994 ± 5976 in PANC-1 (n=7) and 56974 ± 10865 in 

MIA PaCa-2 cells (n=8), and in those treated with the ATP depletion cocktail was 2923 ± 519 in 

PANC-1 and 4036 ± 1032 in MIA PaCa-2 cells. Thus, the ATP depletion cocktail reduced global 

ATP to 8 ± 1% in PANC-1 cells and 9 ± 3% in MIA PaCa-2 cells over 15 minutes. All statistical 

comparisons were made using a one-sample t-test against the hypothetical control value of 

100%. 

The glycolytic inhibitors BrPy and IAA caused a profound decrease in ATP in both MIA PaCa-2 

and PANC-1 cells. IAA caused a significant decrease in ATP at all three concentrations in both 
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MIA PaCa-2 (0.7 mM, 25 ± 5%; 2 mM, 17 ± 3%; 7 mM, 20 ± 3%, P<0.001, n=8, Figure 2.7A) 

and PANC-1 cells (0.7 mM, 24 ± 3%; 2 mM, 23 ± 3%; 7 mM, 23 ± 3%, P<0.001, n=7, Figure 

2.7B). Likewise, the intermediate and high concentrations of BrPy caused a significant decrease 

in ATP in both MIA PaCa-2 (500 µM, 21 ± 13%; 1mM, 6 ± 5%, P<0.001, n=8, Figure 2.7A) and 

PANC-1 cells (500 µM, 55 ± 10%; 1 mM, 19 ± 5%, P<0.001, n=7, Figure 2.7B). Conversely, OM 

and CCCP had only a modest effect at concentrations higher than those used in our [Ca2+]i 

clearance experiments; 10 µM CCCP caused a significant decrease in ATP in both MIA PaCa-2 

(89 ± 3%, n=8, P<0.01, Figure 2.7A) and PANC-1 cells (73 ± 8%, n=8, P<0.05, Figure 2.7B), 

while 30 µM OM only caused a significant decrease in ATP in PANC-1 cells (82 ± 5%, n=8, 

P<0.01, Figure 2.7B). 

These data suggest that glycolysis is the major mechanism of ATP synthesis in PANC-1 and 

MIA PaCa-2 cells under these conditions, and that inhibition of glycolysis is an effective means 

of inducing ATP depletion. On the other hand, it appears that mitochondrial metabolism 

contributes far less to ATP production. Thus, the [Ca2+]i overload and PMCA inhibition observed 

following treatment with mechanistically distinct glycolytic inhibitors is most likely due to ATP 

depletion, as all these phenomena occur over a similar time course. 
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Figure 2.7 - Inhibition of glycolysis, but not mito chondrial metabolism, induces ATP 
depletion in PDAC cells.   

PANC-1 (A) and MIA PaCa-2 cells (B) were treated with either mitochondrial inhibitors (CCCP, 
1 - 10 µM; oligomycin, 3 - 30 µM) or glycolytic inhibitors (BrPy, 100 - 1000 µM; iodoacetate 
(IAA), 0.7 - 7 mM) for 15 minutes. ATP depletion was determined using a luciferase-based 
luminescence assay. To determine ATP depletion (%), luminescence counts were normalized 
for each condition to untreated time-matched cells (total ATP). n=7-8 for all experiments. *, 
p<0.05; **, p<0.01; ***, p<0.001 (one-sample t-test), compared to theoretical mean of 100%. 
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2.5 - Discussion 

The present study is the first to show that in human PDAC cell lines (PANC-1 and MIA PaCa-2) 

both [Ca2+]i clearance and the maintenance of a low resting [Ca2+]i are critically dependent on 

glycolytic rather than mitochondrial metabolism. Inhibition of glycolysis inhibited PMCA activity 

and induced both substantial ATP depletion and an irreversible increase in cytosolic [Ca2+] 

(“[Ca2+]i overload”) within minutes, and ultimately caused cell death within 3 to 6 hours. Inhibition 

of mitochondrial metabolism, on the other hand, had almost no effect on resting [Ca2+]i, PMCA 

activity, ATP depletion or cell death. This is at variance with studies in non-cancerous 

pancreatic duct cells and the related pancreatic acinar cells, in which separate inhibition of 

either glycolysis or mitochondrial metabolism induced ATP depletion (Voronina et al., 2010, 

Maleth et al., 2011) and inhibited PMCA activity (Mankad et al., 2012). The present study also 

shows that the PMCA is the major Ca2+ efflux pathway in PANC-1 and MIA PaCa-2 cells. Taken 

together, these data suggest that inhibition of glycolysis compromises PMCA activity as a result 

of ATP depletion, resulting in an irreversible [Ca2+]i overload and cell death. These findings are 

of potential therapeutic importance, since an increased dependence of the PMCA on 

glycolytically-derived ATP may be a unique feature in tumour cells. PMCA activity is critical for 

the maintenance of a low resting [Ca2+]i (Bruce, 2010, Carafoli, 1987), and even if other [Ca2+]i 

clearance pathways such as SERCA are inhibited (for example, following treatment with CPA), 

[Ca2+]i will recover so long as the PMCA remains active. On the other hand, an inability to 

extrude [Ca2+]i via the PMCA would render [Ca2+]i overload an inevitability, since the ER capacity 

is finite. This leaves the PMCA as the ‘final gatekeeper’ for the control of low resting [Ca2+]i in 

PDAC. Given that non-cancerous cells have a greater reliance on mitochondrial ATP 

production, targeting the glycolytic regulation of the PMCA may be an effective strategy to 

selectively kill PDAC cells whilst leaving non-cancerous cells unharmed. Furthermore, this may 

be relevant to other similar cancers where the PMCA is the major Ca2+ efflux pathway. 

It has previously been described that PDAC cells exhibit the highly glycolytic phenotype 

characteristic of the ‘Warburg effect’ (Chaika et al., 2012, Zhou et al., 2011). Indeed, in the 

present study, the glycolytic inhibitors IAA and BrPy both induced profound ATP depletion within 

15 minutes, while the mitochondrial inhibitors OM and CCCP had no effect. In line with the 

present study, previous studies have shown that BrPy causes ATP depletion in cancer cells (Ko 

et al., 2004). Although BrPy is reported to induce mitochondrial depolarisation and thus impair 

mitochondrial function (Ihrlund et al., 2008), this is unlikely to be the major mechanism by which 

BrPy induces ATP depletion in the present study, since CCCP also depolarises ∆Ψm (Criddle et 

al., 2007) and had minimal effect on ATP depletion. This indicates that the mitochondrial ATP 

production capacity is of minor importance in these cells for maintaining ATP, and suggests that 

BrPy depletes ATP by inhibiting glycolysis rather than impairing mitochondrial function. 

Furthermore, the mechanistically distinct glycolytic inhibitor IAA does not target the mitochondria 

yet depleted ATP regardless. We can therefore conclude from the degree of ATP depletion 

achieved by IAA and BrPy that glycolysis is the major source of ATP in both PANC-1 and MIA 

PaCa-2 cells. 
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ATP depletion is well known to drive necrosis (Leist et al., 1997), and inhibition of glycolysis with 

BrPy would therefore be expected to induce cell death in glycolytically-dependent PDAC cells 

as a result of ATP depletion. Indeed, in the present study, BrPy induced cell death in human 

PDAC cells, while inhibition of mitochondrial metabolism had no effect. Consistent with this, 

studies have shown that BrPy depletes ATP and induces cell death in highly glycolytic 

hepatocellular carcinoma cells without affecting normal hepatocytes (Ko et al., 2004). It has, 

however, been suggested that BrPy can exert its cytotoxic effects by inducing the release of 

ROS (Kim et al., 2008) or cell death signalling factors (Chen et al., 2009) from the mitochondria. 

One counterargument to this, however, is that ROS and cell death factors released from the 

mitochondria will most likely induce apoptosis rather than necrosis unless there is 

accompanying ATP depletion (Criddle et al., 2007, Slater et al., 1995). Apoptosis is an ATP 

dependent process, with ATP depletion being critically implicated in promoting necrotic cell 

death (Kim et al., 2003, Nicotera et al., 1998), and it has been suggested that exogenously 

supplemented ATP can protect against necrosis in pancreatic ductal cells following metabolic 

insult (Hegyi et al., 2011). Moreover, in the present study, significant cell death was observed 

using propidium iodide, which is impermeant to apoptotic cells with an intact membrane. 

Similarly, BrPy induced cytotoxicity in hepatoma cells has been shown to be ATP-depletion 

dependent (Kim et al., 2008). While we cannot rule out these alternative mechanisms, we 

propose that the cytotoxic effects of BrPy in PDAC are driven primarily by ATP depletion. 

In addition to ATP depletion, it is likely that the observed cell death was in part driven by [Ca2+]i 

overload. A sustained increase in [Ca2+]i is catastrophic for cells since it leads to the 

inappropriate activation of cytosolic enzymes such as proteases, phospholipases and 

nucleases; it has long been known that a prolonged elevation in [Ca2+]i has cytotoxic and 

pathological effects (Baggaley et al., 2008, Bruce and Elliott, 2007, Criddle et al., 2007). In the 

present study, both PANC-1 and MIA PaCa-2 cells were able to maintain a low resting [Ca2+]i 

following treatment with CCCP or OM, whilst treatment with either BrPy or IAA induced [Ca2+]i 

overload. Furthermore, [Ca2+]i overload was irreversible and associated with impaired ATP-

induced [Ca2+]i responses, suggesting that glycolytic ATP is required for Ca2+ homeostasis and 

signalling. It is likely that profound ATP depletion would inhibit Ca2+ extrusion via the PMCA, 

thereby inducing the irreversible [Ca2+]i overload observed. However, since both ATP depletion 

and [Ca2+]i overload occurred over a similar timeframe (minutes), we are presented with a 

conundrum with respect to the sequence of events, as either could be expected to promote cell 

death. Furthermore, in addition to PMCA inhibition, ATP depletion would also be expected to 

inhibit the Na+/K+ ATPase. The Na+/K+ ATPase consumes a large fraction (>20%) of intracellular 

ATP to maintain the resting membrane potential of the cell (Milligan and McBride, 1985), and 

thus its failure following ATP depletion would be expected to lead to cell membrane 

depolarisation. This would result in the disruption of the maintenance of ion gradients, 

intracellular pH and cell volume, and decrease the driving force for Ca2+ entry. Since these 

effects could all contribute to the observed cell death, we cannot rule out inhibition of the Na+/K+ 

ATPase as a contributing factor to [Ca2+]i overload in driving necrosis. 
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In addition to PMCA inhibition, it is likely that ATP depletion would also inhibit SERCA, leading 

to net ER Ca2+ leak, ER Ca2+ store depletion and subsequent activation of SOCE. Thus, the 

effects of ATP depletion on SERCA and SOCE likely contributed to the rise in [Ca2+]i observed 

in our [Ca2+]i overload assays. However, inhibition of SERCA is unlikely to be the sole 

mechanism responsible due to the irreversible nature of the [Ca2+]i overload response. This is 

because inhibition of SERCA alone using CPA nearly always results in a transient rather than 

irreversible increase in [Ca2+]i. This strongly implies that [Ca2+]i efflux via the PMCA is also 

abolished during the irreversible [Ca2+]i overload response. Furthermore, although studies have 

shown that NCX is expressed in several (CFPAC-1, PANC-1 and Capan-1) human PDAC cell 

lines, (Hansen et al., 2009), the present study shows that NCX has no role during our in situ 

[Ca2+]i clearance assay and that Ca2+
 efflux is achieved solely by the PMCA in PANC-1 and MIA 

PaCa-2 cells. This makes glycolytic regulation of the PMCA all the more relevant to the survival 

phenotype of these cells, since PMCA inhibition would be expected to induce an irreversible 

[Ca2+]i overload.  

The present study is also the first to show that glycolytically-derived ATP is critical for PMCA 

function in PDAC cells and is therefore crucial for the maintenance of a low resting [Ca2+]i and 

thus cell survival. Interestingly, although OM had no effect on the rate or degree of [Ca2+]i 

clearance, CCCP caused PMCA inhibition in MIA PaCa-2 cells. However, despite this decrease 

in [Ca2+]i clearance rate, cells could still recover [Ca2+]i to baseline. One explanation for this is 

that CCCP collapses ∆Ψm, thereby decreasing the driving force for mitochondrial Ca2+
 uptake 

(Duchen, 1999), which could appear during our in situ [Ca2+]i clearance assay as a modest 

reduction in [Ca2+]i clearance rate. Nevertheless, the PMCA was still capable of recovering a low 

resting [Ca2+]i, and CCCP had no effect on resting [Ca2+]i, ATP depletion or cell death in our 

other experiments. In contrast to CCCP, [Ca2+]i never fully recovered to baseline during our 

[Ca2+]i clearance assays on MIA PaCa-2 cells treated with BrPy or IAA. 

Evidence suggests that glycolysis can contribute as much as half of the total ATP generated in 

tumour cells under aerobic conditions (Nakashima et al., 1984), and although the source of ATP 

to fuel the PMCA is likely unimportant provided the cytosolic [ATP] is maintained above a critical 

threshold, the glycolytic dependence of PDAC may render the PMCA exquisitely sensitive to 

inhibition of glycolysis in these cells. It is important to consider that the rate of ATP depletion 

following inhibition of glycolysis is likely to be much faster during our in situ [Ca2+]i clearance 

assay compared to our luciferase-based assays, as ATP is also being rapidly consumed due to 

the PMCA operating at full capacity. Nevertheless, inhibition of glycolysis resulted in an 

irreversible [Ca2+]i overload in resting PDAC cells, suggesting that glycolytic inhibition alone 

causes ATP depletion sufficient to compromise PMCA activity. 

This poses the question as to what degree of ATP depletion would be required to inhibit the 

PMCA. Early studies in red blood cells showed that the PMCA has a high (µM) affinity for ATP 

(Richards et al., 1978). However, ATP regulation of the PMCA is more complex than previously 

thought (Echarte et al., 2007), and can be influenced by [Ca2+]i, [Mg2+]i, calmodulin and the 

phospholipid composition of the plasma membrane. For example, studies in human erythrocyte 
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membranes have shown that the absence of phosphatidylserine decreases the affinity of the 

PMCA for ATP (Rossi and Rega, 1989), presumably making the PMCA exquisitely sensitive to 

ATP depletion. Furthermore, functional studies in intact cells indicate that the PMCA is inhibited 

by the loss of phosphatidylserine from the inner leaflet of the plasma membrane (Zhang et al., 

2009), supporting evidence that phosphatidylserine plays a role in regulating the ATP sensitivity 

of the PMCA. It is important to note, however, that the majority of studies have used cell-free 

assays to examine the relationship between ATP and PMCA activity. It is therefore difficult to 

extrapolate the results of these studies to physiological PMCA activity in live intact cells, since 

dynamic changes in the lipid composition of the membrane, [Ca2+]i and protein-protein 

interactions could profoundly alter these complex mechanisms. As such, the absolute threshold 

at which ATP depletion inhibits PMCA activity in intact cells is not currently known.  

Despite this, evidence (including the current study) suggests that ATP depletion-induced 

inhibition of the PMCA impairs the maintenance of resting [Ca2+]i. We have previously shown 

that an acute insulin-induced switch from mitochondrial to glycolytic metabolism in rat pancreatic 

acinar cells is sufficient to prevent ATP depletion and to protect PMCA activity in the face of 

oxidant-induced impaired mitochondrial function (Mankad et al., 2012). This has important 

implications for the current study. Similarly, combined inhibition of both mitochondrial and 

glycolytic metabolism in mouse pancreatic acinar cells resulted in ATP depletion and 

corresponded with a decrease in Ca2+ extrusion rate (Barrow et al., 2008). [Ca2+]i overload 

following inhibition of mitochondrial ATP production has also been shown to be prevented by 

maintaining cytosolic [ATP] via a patch pipette (Criddle et al., 2006). Collectively these studies 

suggest that impairment of [Ca2+]i clearance due to ATP depletion can occur regardless of 

whether glycolysis or mitochondrial metabolism is perturbed, providing that global ATP 

depletion is sufficient. Importantly, however, in the present study, inhibition of glycolysis alone 

was sufficient to induce substantial ATP depletion in PDAC cells, and resulted in both inhibition 

of the PMCA and a profound effect on resting [Ca2+]i. Unlike previous studies conducted in 

acutely isolated pancreatic cells, inhibition of mitochondrial metabolism had little or no effect on 

global ATP or [Ca2+]i clearance in the present study. Therefore, in addition to supporting the 

hypothesis that PMCA inhibition following metabolic stress is likely due to ATP depletion, the 

present study suggests that the PMCA in PDAC cells is sensitive to the depletion of glycolytic 

rather than mitochondrially-derived ATP.  

In light of these findings, it is tempting to speculate that glycolytic regulation of the PMCA may 

be an important pro-survival mechanism in PDAC tumours. Previous experiments using human 

erythrocyte membranes suggest that glycolytic enzymes associate with the plasma membrane 

(Campanella et al., 2005), and that this affects their catalytic activity (Tsai et al., 1982). 

Importantly, evidence suggests that these enzymes may be colocalised to the PMCA 

(Campanella et al., 2005, Hardin et al., 1992), thereby potentially providing the PMCA with a 

privileged glycolytic ATP supply. Moreover, the aberrant metabolic profile and in particular the 

unique overexpression of key glycolytic enzymes in PDAC (Zhou et al., 2011) may provide an 

“Achilles’ heel” that could be targeted to disrupt [Ca2+]i homeostasis in PDAC selectively.  
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Collectively the present study suggests that glycolytic ATP synthesis is critically important for 

maintaining PMCA activity and a low resting [Ca2+]i in human PDAC cell lines. Furthermore, 

these findings are translational and provide insights into a potentially new therapeutic avenue 

for the treatment of PDAC. While targeting the glycolytic regulation of the PMCA in PDAC alone 

may be insufficient to eradicate the cancer unless part of a combination chemotherapy regimen, 

the link between the Warburg effect and [Ca2+]i homeostasis is an avenue previously 

unexplored. Moreover, glycolytic regulation of the PMCA might represent a critical pro-survival 

phenotype in other cancer types, particularly those derived from cells that rely on the PMCA as 

the major Ca2+ efflux pathway. Targeting key glycolytic enzymes that are upregulated or 

uniquely expressed in highly glycolytic tumours such as PDAC could result in selective PMCA 

inhibition, thereby inducing [Ca2+]i overload-induced cell death in the tumour whilst sparing 

adjacent non-cancerous cells. 
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2.8 - Chapter 2 Supplementary Methods and Results  

2.8.1 - Fura-2 fluorescence microscopy and measurement of intracellular [Ca2+]i 

[Ca2+]i was measured using fura-2, a ratiometric fluorescent indicator which binds free 

intracellular Ca2+. Fura-2 is an aminopolycarboxylic acid, however, the fura-2 derivative fura-2-

acetoxymethyl ester (fura-2 AM) is used to load a cell with the free-acid form of fura-2. Fura-2 

AM is freely permeable across the plasma-membrane, but is cleaved by intracellular esterases 

to the free-acid form of fura-2, which is membrane impermeable and thus trapped within the 

cell. When excited, fura-2 emits light at 510 nm. However, fura-2 is excited by two wavelengths 

(λ) of light, both of which are in the UV range, and the spectral properties of fura-2 change upon 

Ca2+ binding (Supplementary Figure 2.1). Thus, when bound to Ca2+, fura-2 is excited at 340 

nm, while Ca2+-free fura-2 is excited at 380 nm. The ratio of the emissions at both excitation 

wavelengths (F340/380) corresponds to [Ca2+]i. In a typical healthy cell where resting [Ca2+]i is 

low, the light emitted by Ca2+-bound fura-2 (F340) will be lower than that of Ca2+-free fura-2 

(F380). As [Ca2+]i increases, the amount of fura-2 bound to Ca2+ increases while the amount of 

Ca2+-free fura-2 decreases, and this is mirrored by a reciprocal change in the emission 

intensities at the two excitation λ. The opposite is true for decreases in [Ca2+]i, where the 

amount of Ca2+-bound fura-2 decreases with a corresponding increase in Ca2+-free fura-2. By 

measuring [Ca2+]i at a given timepoint as a ratio of the signals emitted by both Ca2+-bound and 

Ca2+-free fura-2, this technique eliminates numerous otherwise confounding variables that 

would impair the accurate measurement of [Ca2+]i if using a non-ratiometric Ca2+ dye. These 

include subtle drift in optical focus, dye leakage, changes or differences in cell volume and 

thickness, photobleaching and any other experimental limitations that would otherwise induce 

changes in fluorescence signal and result in false [Ca2+]i measurements. 

 

 

Supplementary Figure 2.1 - The excitation and emiss ion spectra of Ca 2+-free and Ca 2+ 

bound fura-2. 
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The decision was made in the present study to use fura-2, as this dye is both ratiometric and 

has a high affinity for Ca2+. The ratiometric properties of fura-2 cancel out any variables that 

would lead to fluctuating fluorescence, and thus fura-2 controls for fluorescence changes that 

are independent of changes in [Ca2+]i. Other ratiometric [Ca2+]i indicators do exist that could be 

used in place of fura-2, however these were less-well suited to our particular experimental 

applications (Vetter, 2012). For example, indo-1 is another effective ratiometric [Ca2+]i indicator 

that undergoes a shift in emission peak rather than absorption λ (Takahashi et al., 1999), and 

evidence suggests indo-1 does not suffer from the same degree of compartmentalisation as 

fura-2. However, indo-1 exhibits rapid photobleaching by UV light and has a much lower affinity 

for Ca2+, and is therefore less suited for measuring subtle changes in resting [Ca2+]i over 

prolonged periods of time (Scheenen et al., 1996). Moreover, the indo-1 emission spectra 

overlaps with that of NADH (excitation and emission at 340 and 440 – 470 nm, respectively), 

making it difficult to distinguish NADH autofluorescence from indo-1 fluorescence (Wahl et al., 

1990). While not the primary reason for choosing it for use in our assays, fura-2 also has the 

advantage of being compatible with GO-ATeam FRET microscopy for the simultaneous 

measurement of [Ca2+]i and [ATP] (Nakano et al., 2011). Other derivatives of fura-2 exist that 

address the problems of compartmentalisation and sensitivity to high [Ca2+]i, however these 

derivatives have a lower affinity for [Ca2+]i and are not available as a membrane-permeable 

form, therefore they require invasive loading techniques (Schlatterer et al., 1992). 

Two similar but separate imaging systems were used to carry out the experiments described in 

this thesis. Supplementary Figure 2.2 depicts the basic setup of these imaging systems. One 

comprised of a Nikon Diaphot fitted with a x40 oil immersion objective (numerical aperture 1.3) 

and an Orca charge-coupled device (CCD) camera (Hamamatsu), while the other comprised of 

a Nikon TE2000 microscope fitted with a x40 oil immersion objective (numerical aperture 1.3) 

and a CoolSNAP HQ interline progressive-scan CCD camera (Roper Scientific Photometrics, 

Tucson, AZ). Both systems utilised a monochromator illumination system with a xenon arc lamp 

light source (Cairn Research, Kent, UK). Light generated by this light source was collimated 

using a mirror inside the monochromator, and was then separated using a diffraction grating 

that was mounted on a movable axis. Light at the desired λ was then reflected by a second 

mirror out of the output slit, and this light was passed along to the microscope via a quartz fibre 

optic. Excitation light was then reflected up through the objective by a dichroic mirror (400 nm), 

thus exciting the fura-2 within the cells mounted on the microscope coverslip. Light emitted by 

fura-2 was then passed back along the objective and transmitted through the same dichroic 

mirror, at which point it was filtered by an emission filter (505LP), reflected out of the 

microscope and detected by the CCD camera. Both systems were controlled by MetaFluor 

image acquisition and analysis software (Molecular Devices, Downington, CA). Cells were 

excited at 340 nm and 380 nm (50ms exposure), with background-subtracted images acquired 

every 5 seconds. 
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Supplementary Figure 2.2 - An inverted microscope s ystem for fura-2 fluorescence 
imaging of [Ca 2+] i 

Light generated by a xenon arc lamp light source enters a monochromator system, where it is 
first collimited using a collimiting mirror before being separated using a mobile diffraction 
grating. This light is then reflected through the output slit at the desired excitation wavelengths 
(λ, 340 nm and 380 nm in the case of fura-2). The light is carried to the microscope using a 
quartz fibre optic cable, where a dichroic mirror (400 nm) reflects the light through an objective 
to excite the cells. Fluorescence light emitted following excitation of fura-2 is then carried back 
through the objective and passed through the dichroic mirror and a 505 nm long pass (505LP) 
emission filter, and detected using a charged coupled device (CCD) camera system. 
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2.8.2 - Calibration of resting [Ca2+]i 

Since the F340/F380 fura-2 fluorescence ratio is proportional to absolute [Ca2+]i, [Ca2+]i could be 

calculated by means of a calibration step. This calibration step was applied to assess for 

changes in our resting [Ca2+]i experiments. As previously described (Grynkiewicz et al., 1985), 

[Ca2+]i can be derived from fura-2 fluorescence ratio using the following equation: 

 

 

 

 

Where Kd is the fura-2 binding affinity for Ca2+ in the cytosolic environment (225 nM, 

Grynkiewicz et al., 1985), R is the F340/F380 fura-2 fluorescence ratio, and Rmin and Rmax are 

the minimum and maximum calibrated ratios, respectively. Sf380 and Sb380 are the fluorescence 

signals elicited by the second excitatory λ (380 nm) in the absence of [Ca2+]i (the “f” denoting 

fura-2 in the Ca2+-free state) or the presence of saturating [Ca2+]i (the “b” denoting fura-2 in the 

Ca2+-bound state).  

Supplementary Figure 2.3A shows a typical calibration protocol. Calibrations were performed by 

first perfusing cells with Ca2+-free HEPES-PSS (138 mM NaCl, 4.7 mM KCl, 1.28 mM CaCl2, 

0.56 mM MgCl2, 5.5 mM glucose, 10mM HEPES, pH 7.4) supplemented with 1 mM EGTA. The 

perfusion was then stopped and the Ca2+ ionophore ionomycin (10 µM) applied to the static bath 

for 2 minutes, followed by further perfusion in Ca2+-free HEPES-PSS with 1 mM EGTA until Rmin 

was reached. At this point, HEPES-PSS containing 20 mM Ca2+ was applied to determine Rmax. 

These values can then be used in the above equation to determine [Ca2+]i for a given value of 

R. 

Ideally, one would perform a calibration at the end of an experiment for each individual cell. 

However, due to limitations in the experimental setup and the cost of ionomycin, this is both 

unreliable and financially unfeasible. For example, changes in cell volume due to drug treatment 

or dye leakage during the experiment would lead to inaccurate [Ca2+]i values were a post-assay 

calibration applied. We therefore opted to extrapolate calibration values taken from naive cells. 

This is not without its own limitations, since selection of which cell to extrapolate the calibration 

values from could lead to skewed calculations of [Ca2+]i if this cell was not representative of the 

population. Therefore, it was decided to perform numerous separate calibration experiments, 

and to construct from this a calibration curve representative of an average cell from which to 

calculate estimated [Ca2+]i. To do this, cells were loaded with fura-2 and a [Ca2+]i calibration 

immediately performed, after which the [Ca2+]i values were converted to log[Ca2+]i. The R values 

between and inclusive of the Rmin and Rmax for all cells were then plotted against their respective 

calibrated log[Ca2+]i and treated as a single data series (Supplementary Figure 2.3B). From 

[Ca2+] i = Kd x 

(Rmax – R) Sb380 

(R – Rmin ) 
x 

Sf380 
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here, a sigmoidal curve could be plotted through the data points to give a calibration curve 

representative of an average cell. By deriving the equation for this curve, log[Ca2+]i could be 

calculated for any given ratio value. This could then be converted into [Ca2+]I to give an 

estimated absolute [Ca2+]i. These values were then used to calculate area under the curve 

(AUC), maximum change in [Ca2+]i (Max-∆[Ca2+]i) and responses to 100 µM ATP (∆[Ca2+]i >100 

nM). Since R, Rmin, Rmax, Sf380 and Sb380 are derived from fluorescence values whose intensity 

depends on the particular setup of the optical system employed, experiments were run on the 

same imaging system with identical optical settings (i.e. 4x4 binning), and calibration assays run 

on the same day as the other experiments. 

 

 

Supplementary Figure 2.3 - Fura-2 calibration and e stimation of resting [Ca 2+] I 

A, A representative trace depicting a [Ca2+]i calibration experiment. To calibrate [Ca2+]i from 
fura-2 within a given experiment, cells were perfused with Ca2+-free HEPES-PSS supplemented 
with 1 mM EGTA. The perfusion was then stopped and the Ca2+ ionophore ionomycin (10 µM) 
applied to the static bath for 2 minutes, followed by further perfusion in Ca2+-free HEPES-PSS 
with 1 mM EGTA until the minimum fura-2 ratio (Rmin) was reached. At this point, HEPES-PSS 
containing 20 mM Ca2+ was applied to determine the maximum fura-2 ratio (Rmax). From these 
values, [Ca2+]i can be determined for a given fura-2 ratio (Grynkiewicz et al., 1985). To create a 
calibration curve representative of an average cell from which to estimate resting [Ca2+]i (B), 
MIA-PaCa-2 cells were loaded with fura-2 and calibrated as in panel A. The log [Ca2+]i (nM) 
values between the Rmax and Rmin for all cells were plotted as a single data series, and a 
sigmoidal curve fitted. Using the values of this curve together with the equation for a sigmoidal 
curve, estimated [Ca2+]i (nM) was calculated for all subsequent MIA PaCa-2 cells using identical 
optical settings. 

2.8.3 - Measurement of [Ca2+]i clearance rate 

To measure [Ca2+]i clearance rate by the plasma membrane Ca2+ ATPase (PMCA), we 

employed an in situ [Ca2+]i clearance assay (Supplementary Figure 2.4A) as previously 

described (Mankad et al., 2012, Baggaley et al., 2008). Cells were perfused with 30 µM 

cyclopiazonic acid (CPA) in the absence of extracellular [Ca2+]i and the presence of 1 mM 
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EGTA. CPA selectively inhibits the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA), 

resulting in a transient increase in [Ca2+]i as the ER Ca2+ store is depleted via the Ca2+ leak 

pathway. [Ca2+]i then returns to a baseline, presumably due to PMCA activity. Upon perfusion 

with 20 mM Ca2+, store-operated Ca2+ entry (SOCE) is induced, and a large increase in [Ca2+]i is 

observed. Following Ca2+ influx, cells are again perfused with Ca2+ free HEPES-PSS containing 

1 mM EGTA, and [Ca2+]i is again cleared. This influx/clearance phase can be repeated in the 

presence of absence of test reagents or manoeuvres to assess their effects on PMCA [Ca2+]i 

clearance rate. CPA is applied throughout the experiment. 

 

 

Supplementary Figure 2.4 - Protocols for the in situ [Ca2+] i clearance assay 

A, A representative trace depicting the in situ [Ca2+]i clearance assay and measurement of 
relative linear rate (%). Cells were treated with cyclopiazonic acid (CPA, 30 uM) in zero external 
Ca2+ with 1 mM EGTA (white box) or 20 mM Ca2+ (grey box) to induce store-operated Ca2+ 
influx. Subsequent removal of external Ca2+ resulted in [Ca2+]i clearance. This influx-clearance 
phase was repeated in the presence of test reagents or manoeuvres. To calculate the % linear 
[Ca2+]i clearance during the second clearance phase, the fastest 60s segment of both clearance 
phases was fitted to a nonlinear regression, both starting at the same fura-2 ratio value. The 
gradient (itself a unit of rate) for the second clearance phase was then normalised to the first 
(%). B, a representative trace depicting the attenuated store-operated Ca2+ entry observed 
following treatment with certain test reagents, in this case 2 mM iodoacetate (IAA). C, a 
representative trace of the modified [Ca2+]i clearance assay where [Ca2+]i is “clamped” at a high 
concentration following SOCE using 1 mM La3+ (striped box). This allows for the application of a 
test reagent for a set period of time (5 minutes) after SOCE has been achieved, prior to 
releasing the inhibition of Ca2+ entry and efflux by La3+ with 1 mM EGTA, thus initiating [Ca2+]i 
clearance. 

 

There are numerous ways in which [Ca2+]i clearance rate could be measured. One method 

would be to fit the clearance phase to a single exponential decay, which yields the time constant 

of the decaying curve (tau, τ). However, previous work in isolated pancreatic acinar cells has 

found that, under conditions of metabolic inhibition, [Ca2+]i clearance rate was often inhibited to 
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such a degree that the clearance phase had a linear nature rather than one that could be fitted 

to a single exponential decay (Baggaley et al., 2008). Similarly, this was also observed in the 

present study (Supplementary Figure 2.5A). Thus, if using this method of analysis, any 

experiments where clearance was linear would need to be excluded despite being valid 

experiments, since the calculated τ values of the linear clearance curves would be unreliable if 

fitting to a single exponential decay. Furthermore, fitting two clearance phases to a single 

exponential decay and comparing the τ assumes that the asymptote reached by each clearance 

curve is identical. Even when the clearance appeared to follow a single exponential decay, the 

fura-2 ratio did not always reach the same fura-2 ratio baseline (asymptote) in the presence of 

test reagents. Moreover, the asymptotes of the two clearance phases were often vastly different 

following metabolic inhibition (Supplementary Figure 2.5B). In cases where the fura-2 ratio 

asymptote reached was different, the comparing of τ values would not accurately reflect 

changes in clearance rate. 

After considering the limitations of fitting the clearance phases to a single exponential decay, 

the measurement of clearance as a linear rate was therefore considered more appropriate. To 

assess rate, we decided to measure the linear clearance rate during the second influx/clearance 

challenge in the presence or absence of test reagents, and to normalise this to the first, control 

influx/clearance phase (Supplementary Figure 2.4A). To achieve this, a linear regression was 

fitted to the first 60 seconds of clearance in the initial control influx/clearance phase 

(measurements taken at 5 second intervals), and the gradient of the linear regression line (itself 

a unit of rate) calculated. The calculation of linear rate was then repeated for the second 

influx/clearance phase using the same method, however this measurement was taken from the 

same fura-2 ratio value as that used to measure clearance rate during the first influx/clearance 

phase (as shown in Supplementary Figure 2.4A). Thus this method controlled for the possibility 

that a variable [Ca2+]i might influence clearance rate. 
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Supplementary Figure 2.5 - The limitations of compa ring single exponential decay time-
constants in an in situ [Ca2+] i clearance assay 

In our in situ [Ca2+]i clearance assay, 30 µM cyclopiazonic acid (CPA) was applied in the 
absence of external Ca2+ with 1 mM EGTA (white box), or 20 mM Ca2+ (grey box) to induce 
store-operated Ca2+ influx. 1 mM La3+ was then applied at the peak of Ca2+ influx (striped box). 
Subsequent removal of external La3+ and readdition of 1 mM EGTA after 5 minutes allowed 
[Ca2+]i clearance. This influx-clearance phase was repeated and metabolic inhibitors applied 
during this second influx-clearance phase. Following treatment with certain drugs, [Ca2+]i 
clearance was so profoundly affected that the nature of clearance more resembled a linear rate 
rather than a single exponential decay (A). Moreover, in other experiments, drug treatment 
resulted in the second [Ca2+]i clearance phase reaching a new elevated steady-state asymptote 
compared to that during the first control clearance phase (B). Under these conditions, 
comparison of the single exponential decay time constant (tau, τ) becomes an invalid means of 
comparing clearance rates between the two phases. 

 

In some experiments, certain drug treatments severely inhibited SOCE as well as [Ca2+]i 

clearance (Supplementary Figure 2.4B). This made it difficult to compare [Ca2+]i clearance 

because [Ca2+]i failed to reach a sufficiently high enough short-lived steady state from which 

[Ca2+]i clearance could be initiated, and thus dramatically reduced the range over which [Ca2+]i 

clearance could be measured. Furthermore, the slowed rate of SOCE following certain 

treatments meant that these cells had prolonged exposure to drug treatment compared to those 

where SOCE was unaffected. It therefore became apparent that the current experimental 

method was insufficient to reliably compare linear clearance rate when [Ca2+]i influx was 

inhibited. 
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To eliminate these confounding factors, we modified the in situ [Ca2+]i clearance assay such that 

test reagents could be applied for a fixed period of time at the peak of the Ca2+ influx phase 

(Supplementary Figure 2.4C). This was achieved by applying 1 mM La3+ in nominal Ca2+-free 

HEPES-PSS to inhibit both Ca2+ influx and Ca2+ efflux, thereby effectively clamping [Ca2+]i high. 

This allowed test reagents to be applied for a fixed period of time (5 minutes) after achieving 

sufficient SOCE, while maintaining a high [Ca2+]i from which to initiate clearance. Removal of 

La3+, and thus the initiation of [Ca2+]i clearance, was achieved by addition of 1 mM EGTA, which 

chelates Ca2+ with pM affinity (Putney, 2006). From here, [Ca2+]i clearance can be assessed as 

before, without the confounding effects of drug-induced inhibition of Ca2+  influx and an 

associated prolonged drug exposure. 

2.8.4 - Measurement of % recovery of [Ca2+]i to baseline 

While linear rate provided a means to compare [Ca2+]i clearance rate during the fastest portion 

of the clearance curve, this method of analysis does not take into account the nature of [Ca2+]i 

clearance past the initial 60 seconds of the clearance phase and may underestimate the extent 

of inhibition. Moreover, in some experiments, the clearance rate following drug treatment was 

often dramatically inhibited and consequently led to an elevated new steady state. In an attempt 

to quantify this response, we therefore also measured the degree of recovery of [Ca2+]i to 

baseline that cells could achieve following treatment with test reagents of manoeuvres. In the 

current study, we compared the degree of recovery during the second clearance phase to the 

pre-influx/clearance phase baseline. Using this method (Supplementary Figure 2.6) the 

difference is calculated between the plateau reached after the second clearance phase and the 

first fura-2 value used to measure linear [Ca2+]i clearance rate. This was normalised (%) to the 

difference between the same starting fura-2 ratio value and the post-CPA baseline prior to the 

first Ca2+ influx phase. This method ignores the influence of the first clearance phase, and is 

appropriate to calculate the ability of a cell to recover [Ca2+]i to baseline during the second 

influx/clearance phase and can be used when recovery during the first influx/clearance phase is 

100%. 

 



94 

 

 

 

 

Supplementary Figure 2.6 - Measurement of recovery to baseline in an in situ [Ca2+] i 
clearance assay 

In our in situ [Ca2+]i clearance assay, 30 µM cyclopiazonic acid (CPA) was applied in the 
absence of external Ca2+ with 1 mM EGTA (white box), or 20 mM Ca2+ (grey box) to induce 
store-operated Ca2+ influx. 1 mM La3+ was then applied at the peak of Ca2+ influx (striped box). 
Subsequent removal of external La3+ and readdition of 1 mM EGTA after 5 minutes allowed 
[Ca2+]i clearance. This influx-clearance phase was repeated and metabolic inhibitors applied 
during this second influx-clearance phase. Recovery from Ca2+ influx in our in situ [Ca2+]i 
clearance assay can be measured as the % recovery to the pre-influx/clearance phase 
baseline, which normalises (%) the recovery during the second clearance phase (Recovery 2) 
to the change to the post-cyclopiazonic acid treatment baseline (∆ to baseline). Recovery 2 and 
∆ to baseline are measured from an identical fura-2 ratio value. 
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3.1 - Abstract 

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer with poor prognosis. We 

previously described that the plasma membrane Ca2+ ATPase (PMCA), which extrudes 

cytosolic Ca2+ to maintain a low intracellular Ca2+ concentration ([Ca2+]i) and thus cell survival, 

utilises glycolytically-derived ATP in PDAC. However, it is not known whether this glycolytic 

dependency of the PMCA is a unique feature to highly glycolytic cancer cells, or occurs 

regardless of glycolytic rate. The present study explored this question by switching PDAC cells 

from a highly glycolytic phenotype to one more reliant on mitochondrial metabolism, and 

examining the relative sensitivity of these cells to metabolic inhibitor-induced ATP depletion, 

PMCA inhibition and [Ca2+]i overload in comparison to control cells. This switch in metabolism 

was achieved by culturing PDAC cell lines (MIA PaCa-2 cells and PANC-1) for 21 days in 

nominal glucose-free media supplemented with either 2 mM α-ketoisocaproate (KIC) or 10 mM 

galactose. Under these conditions, PDAC cells exhibited a decrease in the rate of glycolytic flux 

and proliferation, and were less sensitive to ATP depletion by glycolytic inhibitors (3-

bromopyruvate and iodoacetate, IAA) while sensitivity to mitochondrial inhibitors (oligomycin 

and antimycin) was potentiated. Furthermore, in contrast to glucose-cultured cells, inhibition of 

glycolysis with IAA had no effect on PMCA activity and resting [Ca2+]i in KIC and galactose-

cultured cells. This suggests that the reliance of the PMCA on glycolytic ATP may be a specific 

feature of PDAC cells exhibiting a high glycolytic rate, and that this may be a vulnerability that 

can be exploited therapeutically. 
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3.2 - Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive form of cancer with poor 

prognosis and severely limited treatment options. Surgical resection of the tumour is often the 

only available course of action, yet only 10 – 20% of patients diagnosed with PDAC present with 

resectable disease (Loos et al., 2008). This is often due to the advanced progression of PDAC 

in the absence of clinical symptoms. As such, the 5-year survival rate of PDAC is estimated at 

below 5% (Amin et al., 2006), and there is an almost entirely unmet clinical need for novel 

approaches with which to effectively combat PDAC. 

A common hallmark of cancer is an aberrant metabolic profile characterised by a high glycolytic 

rate even when oxygen is abundant. First observed by Otto Warburg (Warburg, 1956), this 

phenomenon has since become known as “aerobic glycolysis” (Hanahan and Weinberg, 2011), 

and has been hypothesised to confer numerous survival advantages for rapidly proliferating 

tumour cells. These include promotion of metastasis, resistance to hypoxia, and the generation 

of an abundance of glycolytic intermediates for use in anabolic processes and cell proliferation 

(Gatenby and Gillies, 2004, Gillies and Gatenby, 2007, Koong et al., 2000, Kroemer and 

Pouyssegur, 2008). Upregulated glycolysis in cancer cells has been targeted for anticancer 

treatment by numerous studies with promising results (Pelicano et al., 2006), and inhibition of 

glycolysis in cancer cells has been shown to be an effective means of depleting intracellular 

ATP (Ko et al., 2004) in cancer cells. While not an energetically favourable method of ATP 

production, glycolysis occurs at a high rate in cancer cells, allowing PDAC tumours to meet their 

metabolic demands in the face of hypoxia (Guillaumond et al., 2013). 

Despite this metabolic reprogramming, a robust supply of ATP remains essential for the many 

energy consuming processes of rapidly dividing cancer cells. One such important energy 

consuming process is the plasma membrane calcium (Ca2+) ATPase (PMCA), an ATP-driven 

Ca2+ pump on the plasma membrane which is responsible for the maintenance of a low resting 

cytosolic Ca2+ concentration ([Ca2+]i,100 nM). The PMCA is the main and most important Ca2+ 

efflux pathway in human PDAC cells (James et al., 2013), and compromised PMCA activity can 

lead to an irreversible [Ca2+]i  overload and cell death (Brini and Carafoli, 2009). The contribution 

of the PMCA to [Ca2+]i  homeostasis is therefore crucial for PDAC cell survival. We have 

previously provided evidence that a glycolytic ATP supply to the PMCA is crucial for maintaining 

a low resting [Ca2+]i  in human PDAC cells; MIA PaCa-2 and PANC-1 treated with inhibitors of 

glycolysis exhibited ATP depletion, [Ca2+]i overload, PMCA inhibition and cell death, while 

mitochondrial inhibitors had no effect (Chapter 2, James et al., 2013). To further examine the 

glycolytic dependency of the PMCA in PDAC, the present study sought to reverse the metabolic 

phenotype of PDAC cells from a glycolytic state to one more reliant on mitochondrial 

metabolism. This allowed us to determine the importance of the relative source of ATP 

responsible for fuelling the PMCA in PDAC. We aimed to achieve this by culturing human PDAC 

cell lines (MIA PaCa-2 and PANC-1) in nominal glucose-free conditions supplemented with 

substrates for fuelling mitochondrial ATP synthesis. It has been suggested that cells cultured 
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under such conditions may be a better model of aerobically poised non-cancerous cells in vivo, 

which unlike transformed cells are typically susceptible to mitochondrial toxicants (Marroquin et 

al., 2007). These “switched” PDAC cells would be derived from an identical genetic background 

to their glucose-cultured counterparts but would therefore likely resemble a non-cancerous 

metabolic phenotype, thereby allowing relative importance of glycolytic ATP regulation of the 

PMCA in PDAC to be further corroborated.  

Two substrates that have been suggested to promote mitochondrial metabolism are the 

monosacharride sugar galactose and the keto-analogue of leucine, α-ketoisocaproate (KIC). 

Replacement of glucose with galactose in culture medium has been shown to lower glycolytic 

rate in rat ascites hepatoma cells with a corresponding decrease in lactic acid production 

(Bustamante and Pedersen, 1977). Galactose is converted via the Leloir pathway to glucose-6-

phosphate, thereby bypassing the hexokinase step of glycolysis (Bustamante and Pedersen, 

1977). The predominant isoform of hexokinase expressed in human cancers, hexokinase II, has 

been suggested to promote the highly glycolytic phenotype of cancer (Mathupala et al., 2009). 

Furthermore, galactose entry into glycolysis occurs at a slower rate than glucose entry into 

glycolysis (Bustamante and Pedersen, 1977). The circumventing of the hexokinase step 

coupled with the slower utilisation of galactose compared to glucose results in a slowed 

glycolytic flux, and cells are ultimately forced to upregulate oxidative phosphorylation to 

maintain ATP levels (Robinson et al., 1992, Rossignol et al., 2004). Indeed, galactose 

supplementation has previously been shown to manipulate metabolism in cultured cells by 

enhancing mitochondrial metabolism while slowing glycolytic flux (Bellance et al., 2009, 

Marroquin et al., 2007, Rossignol et al., 2004, Shulga et al., 2010, Bustamante and Pedersen, 

1977).  

In contrast to galactose, KIC is metabolised exclusively by mitochondria, and its metabolism 

enhances the availability of α-ketoglutarate (Lenzen et al., 1985, Malaisse et al., 1981), acetyl-

CoA and the ketone body acetoacetone (Noda and Ichihara, 1974, MacDonald et al., 2005), 

thereby boosting the capacity of the TCA cycle (Hutton et al., 1979). Ketone bodies have been 

reported to inhibit tumour growth (Magee et al., 1979), and this is thought to contribute to the 

antiproliferative effects of the ketogenic diet in numerous cancers (Seyfried et al., 2003, 

Abdelwahab et al., 2012, Otto et al., 2008). Indeed, evidence suggests that the ketogenic diet 

slows tumour growth in PDAC by inducing metabolic reprogramming (Shukla et al., 2014), and 

thus supplementation of PDAC cells with KIC in nominal glucose-free conditions might 

recapitulate these metabolic changes in an in vitro setting. 

Based on this evidence, we hypothesised that KIC and galactose would be good candidate 

substrates as a glucose replacement in order to shift the metabolic phenotype of human PDAC 

cells back towards mitochondrial metabolism. We report that a relative switch from glycolytic to 

mitochondrial metabolism can be achieved in human PDAC cell lines by culturing in nominal 

glucose-free media supplemented with either 2 mM KIC or 10 mM galactose. Moreover, these 

culture conditions confer a reversal in the sensitivity of PDAC cells to ATP depletion by various 
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inhibitors of either glycolytic or mitochondrial metabolism when compared to glucose-cultured 

PDAC cells. Furthermore, the previously reported effects of the glycolytic inhibitor iodoacetate 

on [Ca2+]i overload and PMCA activity in glucose-cultured PDAC cells (James et al., 2013) were 

significantly attenuated in KIC and galactose-cultured cells. This study indicates that PDAC cells 

rely on glycolytically-derived ATP to fuel the PMCA when glycolytic rate is high, which may 

represent an important and cancer-specific therapeutic locus for the treatment of PDAC tumours 

exhibiting the Warburg phenotype. 
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3.3 - Experimental Procedures 

3.3.1 - Cell culture  

PANC-1 and MIA PaCa-2 cells (ATCC) were cultured in a humidified atmosphere of air/CO2 

(95%:5%) at 37 °C, in either glucose-containing DMEM (D6429, Sigma) or glucose-free DMEM 

(11966-025, Life Technologies) containing either 10 mM D-(+)-Galactose (G5388, Sigma) or α-

ketoisocaproate (KIC, K0629, Sigma). All media was supplemented with 10% FBS, 100 units/ml 

penicillin, and 100 g/ml streptomycin. Cells were used up to passage 30 and then discarded. 

3.3.2 - Preparation of test reagents  

HEPES-buffered physiological saline solution (HEPES-PSS; 138 mM NaCl, 4.7 mM KCl, 1.28 

mM CaCl2, 0.56 mM MgCl2, 5.5 mM glucose, 10 mM HEPES, pH 7.4) was used in all imaging 

experiments using glucose-cultured cells. For KIC and galactose-cultured cells, 5.5 mM glucose 

was replaced with 2 mM KIC and 10 mM galactose, respectively. Fura-2 AM (Invitrogen, 

TEFLabs) was prepared in 50:50 DMSO (Sigma), and 0.1% Pluronic F-127 (Molecular Probes, 

Invitrogen). Stocks of 3-bromopyruvate (BrPy), sodium iodoacetate (IAA) and 2-deoxyglucose 

(2-DG) were prepared in MilliQ water. Stocks of oligomycin (OM), carbonyl cyanide m-

chlorophenyl hydrazine (CCCP), cyclopiazonic acid (CPA) and ionomycin were prepared in 

DMSO. Antimycin (AM) was prepared in ethanol. Frozen stocks were defrosted and diluted in 

HEPES-PSS to give working solutions immediately prior to an experiment. For the luciferase-

based ATP assays, working solutions were prepared in media rather than HEPES-PSS. Both 

galactose and KIC were prepared at 50x and 100x stocks, respectively, in Dulbecco’s 

Phosphate Buffered Saline without Ca2+ or Mg2+ (PBS, D8537, Sigma) prior to supplementation 

into culture media. 

3.3.3 - Luciferase-based ATP assays  

ATP was assessed as previously described (James et al., 2013). Briefly, MIA PaCa-2 and 

PANC-1 cells were seeded into white-walled, clear-bottom 96-well plates (1 x 105 cells/ml) and 

left to adhere overnight. Cells were treated for 15 minutes with various metabolic inhibitors and 

ATP determined using the luciferase-based ViaLight Plus kit (Lonza, Rockland, ME) and 

Synergy HT multiwall reader (BioTEK). Experiments were run in duplicate. To correct for 

background, luminescence values obtained from a positive control group treated with an ATP 

depletion cocktail (10 µM OM, 4 µM CCCP, 2 mM IAA and 500 mM BrPy) were subtracted from 

all other values before normalising to control (%). Differences in ATP depletion (% control, 

luciferase-based assays) between groups were assessed using a Kruskal-Wallis test with a 

post-hoc Dunn’s test. 
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3.3.4 - Cell proliferation assay  

Glucose, galactose and KIC-cultured MIA PaCa-2 cells were seeded at a constant density of 

5000 cells per well into 96 well Costar® cell culture plates (Corning). At 2, 24, 48, 72 and 96 

hours post-seeding, one plate for each culture condition was fixed using 10% trichloroacetic 

acid at 4°C for 1 hour, then rinsed with MilliQ H2O and dried. Cell biomass was stained using 

sulforhodamine B. Excess dye was rinsed away using 1% acetic acid, and remaining dye 

solubilised using a standard volume of 10 mM Tris. Protein content was measured as 

absorbance at 565 nm. For each culture condition, 8 replicates were performed, and the rate of 

proliferation between 72 and 96 hours measured as the average rate of increase in absorbance 

units (AU) per hour between these timepoints. Data presented are the mean ± SEM across all 8 

replicates. 

3.3.5 - Extracellular flux measurements  

An XFe96 Extracellular Flux Analyzer (Seahorse Bioscience) was used to measure 

mitochondrial and glycolytic function in glucose, galactose and KIC-cultured MIA PaCa-2 cells. 

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) exhibited by 

adherent MIA PaCa-2 cells were measured using either an XF Cell Mito Stress Test Kit or XF 

Glycolysis Stress Test Kit (Seahorse Bioscience) to measure key metabolic parameters. These 

assays were carried out according to the manufacturer’s instructions. All materials and reagents 

were supplied by Seahorse Bioscience. Briefly, glucose, galactose and KIC-cultured MIA PaCa-

2 cells were seeded into XF96 V3 PS cell culture plates at an optimised density of 2.5 x 104 

cells per well and allowed to adhere overnight at 37 °C with 5% CO2. The culture medium was 

then exchanged for XF Base medium (pH 7.35) supplemented with 1 mM L-glutamine. For the 

XF Cell Mito Stress Test, XF Base was also supplemented with either 10 mM glucose and 1 mM 

sodium pyruvate, 2 mM KIC or 10 mM galactose depending on the cells’ respective culture 

conditions. Cells were then incubated at 37°C without CO2 for 1 h prior to commencing the 

assay, after which cells were transferred to the XFe96 and the assay performed. The XF Cell 

Mito Stress Test involved sequential addition of oligomycin (1 µM), FCCP (0.5 µM) and then a 

combination of rotenone and antimycin A (both 1 µM). The XF Glycolysis Stress Test involved 

the sequential addition of glucose (10 mM), oligomycin (1 µM) and 2-deoxyglucose (100 mM). 

All assays were performed at 37°C. Drugs were used at concentrations optimised for these XF 

stress tests. OCR and ECAR were measured simultaneously throughout each experiment. 

Three sequential measurements were recorded at set interval time points prior to addition of the 

first drug and then after each sequential drug addition. The final of these three measurements 

was used to calculate the metabolic parameters reported (Figure 3.4D and 3.5D). OCR and 

ECAR data for each well were normalised using a sulforhodamine B-based assay for protein 

content (described above for the proliferation assay) prior to calculation of metabolic 

parameters. A single experiment was performed for both the XF Cell Mito Stress Test (6 – 8 

replicates) and the XF Glycolysis Stress Test (14 - 16 replicates). Calculated metabolic 
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parameters for all replicates were averaged to give the presented experimental means ± SEM. 

All statistical comparisons were performed using a one-way ANOVA with post-hoc Bonferroni 

test for multiple comparisons. 

3.3.6 - Stable transfection of GO-ATeam into MIA PaCa-2 cells  

MIA PaCa-2 cells were grown to 70% confluency in 35 mm x 10 mm tissue-culture treated 

culture dishes (Corning) and transfected with 1 µg/ml GO-ATeam (Nakano et al., 2011) cDNA 

using GeneCellin transfection reagent as per manufacturer’s instructions (BioCellChallenge). 

For a description of GO-ATeam plasmid validation, please see 3.8.2 – Amplification and 

validation of GO-ATeam plasmid in 3.8 – Chapter 3 Supplementary Methods and Results. 

Following transfection, cells were treated with 500 µM G418 (Sigma) from 24 hours to 21 days 

post-transfection, with the media replaced every two days. Colonies stably expressing GO-

ATeam were then selected using a Zeiss Axio Observer D1 microscope fitted with an Axiocam 

CCD camera and FITC filter set (Zeiss), isolated using cloning cylinders (Corning) and routinely 

cultured in glucose-containing DMEM (as described above) supplemented with 500 µM G418. 

All experiments were performed on cells derived from the same colony. For more details, see 

3.8.3 – Generation of MIA PaCa-2 cells stably expressing GO-ATeam in 3.8 – Chapter 3 

Supplementary Methods and Results. 

3.3.7 - GO-ATeam fluorescence ATP imaging  

All experiments were carried out using a Nikon TE2000 microscope fitted with a x40 oil 

immersion objective (numerical aperture 1.3) and a CoolSNAP HQ interline progressive-scan 

CCD camera (Roper Scientific Photometrics, Tucson, AZ). Both the microscope used for GO-

ATeam imaging and that used for fura-2 imaging employed a monochromator illumination 

system (Cairn Research,Kent, UK) controlled by MetaFluor image acquisition and analysis 

software (Molecular Devices, Downingtown, PA), and cells were continually perfused with 

HEPES-PSS using gravity-operated perfusion systems (Harvard Apparatus). Cells were excited 

at 470 nm (500ms exposure) and excitation light was separated from emitted light using a 505 

nm dichroic with a dual band emission filter (59004m ET FITC/TRITC Dual Emitter). Emitted 

light was simultaneously collected at 510-nm and above 560-nm using an OptoSplit Image 

Splitter equipped with a JC1 565 nm dichroic (Cairn Research, Kent, UK). All experiments were 

performed at room temperature. For more details on the GO-ATeam FRET microscopy methods 

employed, see 3.8.4 – GO-ATeam FRET imaging of cytosolic ATP in 3.8 – Chapter 3 

Supplementary Methods and Results. 
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3.3.8 - Fura-2 fluorescence Ca2+ imaging  

Cells were loaded with fura-2 AM (4 µM) for 40 minutes at room temperature prior to being 

mounted on an imaging system as previously described (See Chapter 2, Baggaley et al., 2008, 

Bruce and Elliott, 2007, Mankad et al., 2012, James et al., 2013). Experiments were performed 

on a Nikon Diaphot fitted with a x40 oil immersion objective (numerical aperture 1.3), and an 

Orca CCD camera (Hamamatsu). Cells were excited at 340 nm and 380 nm (50 ms exposure) 

and excitation light separated from emitted light using a 400 nm dichroic with a 505LP filter. 

Cells were continually perfused with HEPES-PSS as described for the GO-ATeam experiments. 

All experiments were performed at room temperature. 

3.3.9 - Calibration of resting [Ca2+]i  

Calibration of [Ca2+]i was performed in MIA PaCa-2 cells (3 experiments, 97 cells) as previously 

described (See Chapter 2, James et al., 2013). Following calibration, fura-2 ratios were plotted 

against calibrated log[Ca2+]i values, with values from all cells treated as a single data series. A 

sigmoidal curve was fitted to these data, representative of calibrated [Ca2+]i in an average cell. 

This curve was used to estimate [Ca2+]i for all cells in our resting [Ca2+]i experiments. All 

experiments were performed on an identical imaging setup (4x4 binning). 

3.3.10 - Measurement of [Ca2+]i clearance  

[Ca2+]i clearance was measured using an in situ [Ca2+]i clearance assay as previously 

described, using the amended protocol to clamp [Ca2+]i high in cells while applying metabolic 

inhibitors (see Chapter 2, James et al., 2013). Briefly, this involved treating cells with CPA in 

Ca2+ free HEPES-PSS containing 1 mM EGTA followed by sequential pulses of perfusion with 

20 mM Ca2+ and Ca2+ free HEPES-PSS containing 1 mM EGTA to induce rapid phases of Ca2+ 

influx and clearance, respectively. Repeated measurements of [Ca2+]i clearance rate were 

performed during these sequential Ca2+ influx/clearance phases. Following influx, [Ca2+]i was 

clamped inside the cell by application of 1 mM La3+ (which blocks both Ca2+ influx and Ca2+ 

efflux) for 5 minutes, at which point La3+ was removed by addition of 1 mM EGTA, allowing rapid 

[Ca2+]i clearance. Metabolic inhibitors were applied during the second influx/clearance phase 

from the addition of La3+. 

3.3.11 - Fluorescence imaging data acquisition, analysis and experimental design  

For both GO-ATeam and fura-2 imaging experiments, background-subtracted images of a field 

of view of cells were acquired every 5 seconds for each emission (GO-ATeam) or excitation 

(fura-2) wavelength. Data were analysed using Microsoft Excel and Graphpad Prism 6. Data 

presented are the means ± SEM of the indicated number (n) of experiments. To calculate 
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relative ATP levels (%) in the GO-ATeam experiments, the maximum decrease in fluorescence 

from baseline (∆Rmax) was first calculated (the mean of the 10 ratios immediately prior to drug 

perfusion minus the baseline ratio reached following treatment with the ATP depletion cocktail). 

Baseline-corrected fluorescence values were then normalised to ∆Rmax and statistical 

comparisons between culture conditions performed using a two-way ANOVA with post-hoc 

Bonferroni test for multiple comparisons. Changes in resting [Ca2+]i were quantified by 

measuring both the baseline-corrected area under the curve (AUC) and maximum change in 

[Ca2+]i (max-∆[Ca2+]i) and assessed statistically using a one-way ANOVA with post-hoc 

Bonferroni’s test. Similarly, differences in cell proliferation rate were statistically assessed using 

a one-way ANOVA with post-hoc Bonferroni’s test. Differences in cell viability (% responding to 

100 µM ATP) between treatment groups was assessed using a Kruskal-Wallis test with a post-

hoc Dunn’s test. To quantify [Ca2+]i clearance rate, the linear rate over 60 seconds during the 

second influx/clearance phase (fura-2 ratio units/second) was normalised (%) to that of the first 

influx/clearance phase, beginning at a standardised fura-2 ratio value. % rate was then 

compared between treatment groups using a Mann Whitney U test. Relative recovery in our 

[Ca2+]i clearance assays was measured by normalising (%) the clearance achieved during the 

second influx/clearance phase to that of the first influx/clearance phase, again from a 

standardised fura-2 ratio value (this method differed from that used in Chapter 2 due to recovery 

during the first influx/clearance phase not reaching 100% in cells cultured in galactose or KIC - 

see 3.8.1 - Measurement of relative recovery of [Ca2+]i during in situ [Ca2+]i clearance assays). 

Differences between treatment groups was statistically assessed using a Mann Whitney U test. 
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3.4 - Results 

3.4.1 - Effect of metabolic inhibitors on ATP in galactose and KIC cultured PDAC cells vs those 

cultured in glucose  

We have previously reported that the PMCA is reliant on a glycolytic ATP supply for maintaining 

a low resting [Ca2+]i in PDAC, and that this may present a key pro-survival mechanism for this 

cancer. The aim of the present study was to further investigate the glycolytic dependency of 

both the PMCA and [Ca2+]i homeostasis in PDAC. This was achieved by “switching” the 

metabolism of cultured PDAC cells towards mitochondrial ATP production and subsequently 

testing the effects of various metabolic inhibitors on cytosolic ATP levels, resting [Ca2+]i and 

PMCA activity in these cells. To achieve this “switch” in metabolism from glycolytic to 

mitochondrial metabolism we employed two approaches; MIA PaCa-2 and PANC-1 cells were 

cultured in either 10 mM galactose or 2 mM α-ketoisocaproate (KIC) for a minimum of 3 

passages and 21 days. The original cells from which these two populations were derived were 

maintained in glucose-containing DMEM, thereby retaining their highly glycolytic cancer 

phenotype, and used as a control in all parallel experiments. It is important to note, however, 

that while glucose-free media was used, supplementation of the media with 10% FCS was 

expected to result in nominal trace amount of glucose in the final media. Nevertheless, one 

would expect this to dramatically reduce the glycolytic rate in these cells, and all imaging 

experiments in these cells were performed in the complete absence of glucose. 

Since a common characteristic of highly glycolytic cells is a high proliferation, most likely due to 

glucose carbon flux into anabolic processes, we first performed a cell proliferation assay to 

assess the growth rate of MIA PaCa-2 cells when cultured in either glucose, galactose or KIC. 

Cells seeded at an identical density into 96 well plates were fixed and stained with 

sulforhodamine B at set timepoints 24 hours apart and up to 96 hours, and protein content 

determined by solubilising the dye and measuring absorbance at 565 nm (see 3.3.4 – Cell 

proliferation assay). Growth curves were then plotted (Figure 3.1A) and average growth rates in 

absorbance units (AU) per hour were calculated between 72 and 96 hours and compared 

between groups using a one-way ANOVA with post-post hoc Bonferroni test for multiple 

comparisons. Compared to glucose-cultured cells (0.0414 ± 0.00181 AU/h, n=8, Figure 3.1B), 

cell proliferation was significantly decreased in both galactose (0.0113 ± 0.00206 AU/h, n=8, 

P<0.0001, Figure 3.1B) and KIC-cultured cells (0.0147 ± 0.00264 AU/h, n=8, P<0.0001, Figure 

3.1B). No significant difference in proliferation rate was found between galactose and KIC-

cultured cells. These results provide the first indication that a switch in metabolic rate had been 

achieved under these conditions. 
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Figure 3.1 - Culture in KIC or galactose slows the growth rate of MIA PaCa-2 cells.  

MIA PaCa-2 cells were first cultured in standard Dulbecco’s modified Eagle’s medium (DMEM) 
containing glucose or nominal glucose-free DMEM containing galactose (10 mM) and α-
ketoisocaproate (KIC, 2 mM) for a minimum of 3 passages and 21 days. Cells were then 
assayed A – Growth curves for MIA PaCa-2 cells cultured from an identical starting density in 
glucose, 10 mM galactose and 2 mM KIC over 96 hours, as measured using a sulforhodamine 
B protein assay. B – Growth rate of glucose, galactose and KIC cells between 72 and 96 hours 
post-seeding. n=8 for each condition *, p<0.05;**, p <0.01; ***, p <0.001; ****, p<0.0001, all 
statistical comparisons made between galactose or KIC-cultured cells and glucose-cultured 
cells (one-way ANOVA with post-hoc Bonferroni test for multiple comparisons). 

 

We have previously shown that inhibition of glycolysis, but not mitochondrial metabolism, results 

in ATP depletion in highly glycolytic PDAC cell lines (James et al., 2013). To test whether 

refuelling the mitochondria by culturing in galactose or KIC altered the relative source of ATP 

production, PANC-1 and MIA PaCa-2 cells from each culture condition (KIC, galactose and 

glucose) were treated with various mechanistically distinct inhibitors of either glycolytic or 

mitochondrial metabolism for 15 minutes and ATP levels then assessed using the luciferase-

based ViaLight®Plus ATP assay kit (see 3.3.3 – Luciferase-based ATP assays). To inhibit 

mitochondrial metabolism, cells were treated with oligomycin (OM, 10 µM), antimycin (AM, 0.5 

µM) or CCCP (4 µM). OM and AM are well characterised inhibitors of the mitochondrial F1/F0-

ATP synthase (Shchepina et al., 2002) and cytochrome bc1 complex (Slater, 1973), 

respectively, while CCCP is a protonophore which depolarises the mitochondrial membrane 

potential (Kaftan et al., 2000). Conversely, to inhibit glycolysis, cells were treated with 2-

deoxyglucose (2-DG, 10 mM), iodoacetate (IAA, 2 mM) or 3-bromopyruvate (BrPy, 500 µM). 2-

DG once converted to 2-deoxyglucose-6-phosphate (2-DG-6-P), is not further metabolised; 2-

DG-6-P accumulates in the cell and inhibits hexokinase (Chen and Gueron, 1992) and glucose-

6-phosphate isomerase (Wick et al., 1957). Similarly, BrPy inhibits hexokinase (Ko et al., 2001), 

while IAA inhibits glyceraldehyde-3-phosphate dehydrogenase (Schmidt and Dringen, 2009). In 

addition to each of these treatments, a positive control was performed, where cells were treated 

with a combination of OM, CCCP, IAA and BrPy at their respective concentrations. This ATP 

depletion “cocktail” was considered to induce maximal ATP depletion, and the raw 
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luminescence counts from this were subtracted from each individual treatment before 

normalization to that of untreated control cells (%).  

KIC and galactose-cultured cells were both sensitive to ATP depletion by mitochondrial 

inhibitors. In both MIA PaCa-2 and PANC-1 cell lines, treatment with OM caused a significantly 

greater decrease in ATP in the ‘switched’ cells (galactose PANC-1, 48 ± 4%, P<0.001, n=12; 

KIC PANC-1, 58 ± 5%, P<0.01, n=16; galactose MIA PaCa-2, 37 ± 3, P<0.0001, n=12; KIC MIA 

PaCa-2, 62 ± 4%, P<0.01, n=16, Figures 3.2A and 3.2B) compared to the glucose cells (PANC-

1, 91 ± 5%, n=14; MIA PaCa-2, 107 ± 5%, n=16, Figures 3.2A and 3.1B). Similarly, in both cell 

lines, AM induced a greater ATP depletion in the galactose-grown cells (galactose PANC-1, 47 

± 7%, P<0.01, n=8; galactose MIA PaCa-2, 25 ± 4%, P<0.001, n=8, Figures 3.2A and 3.2B) 

than in glucose grown cells (PANC-1, 95 ± 5%, n=8; MIA PaCa-2, 91 ± 5%, n=8, Figures 3.2A 

and 3.2B). However, although the average AM and CCCP-induced ATP depletion in KIC-

cultured PANC-1 and MIA PaCa-2 cells appeared less than that in their glucose-cultured 

counterparts, due to high variability no significant change in ATP depletion was observed in 

cells treated with these conditions (Figures 3.2A and 3.2B). 

In contrast to their increased sensitivity to mitochondrial inhibitors, glycolytic inhibitors became 

less effective at depleting ATP in MIA PaCa-2 and PANC-1 cells cultured in either galactose or 

KIC. In both cell lines, treatment with IAA caused a significantly smaller decrease in ATP in the 

‘switched’ cells (galactose PANC-1, 80 ± 4%, P<0.0001, n=12; KIC PANC-1, 61 ± 5%, P<0.01, 

n=16; galactose MIA PaCa-2, 88 ± 5%, P<0.0001, n=12; KIC MIA PaCa-2, 76 ± 7%, P<0.0001, 

n=16, Figures 3.2A and 3.2B) than in the glucose cells (PANC-1, 17 ± 3%, n=14; MIA PaCa-2, 

14 ± 2%, n=16, Figures 3.2A and 3.2B). However, only in KIC-cultured PANC-1 cells was the 

ATP depletion induced by BrPy (103 ± 4%, n=8, Figure 3.2A) significantly less than that in 

glucose-cultured PANC-1 cells (53 ± 9%, P<0.01, n=8, Figure 3.2A); due to high variability, no 

significant change in ATP depletion was observed in galactose-cultured PANC-1 or galactose or 

KIC-cultured MIA PaCa-2 cells following BrPy treatment, despite the average ATP depletion 

appearing much less under these conditions. Interestingly, 2-DG had minimal effect in glucose 

grown cells, yet induced significant ATP depletion in galactose-grown MIA PaCa-2 cells 

(galactose MIA PaCa-2, 39 ± 2%, n=8; glucose MIA PaCa-2, 89 ± 6%, n=8, P<0.01, Figure 

3.2B). 

While a clear cut switch in sensitivity was not observed for every condition tested, overall these 

data suggest that a relative switch in metabolism has been successfully achieved, since these 

cells have become less sensitive to ATP depletion following inhibition of glycolysis by IAA, yet 

exhibit significantly increased sensitivity to inhibition of mitochondrial function by OM and AM. 

Moreover, the data indicate that in KIC and galactose-cultured cells a significantly higher 

relative proportion of ATP is derived from mitochondrial oxidative phosphorylation than in 

glucose-cultured cells. However, an important caveat to consider when interpreting these data 

is that the luminescence counts following each treatment are normalised to the luminescence 
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count of their respective controls, which in turn may be different following culture in the three 

culture conditions due to different starting ATP concentrations. 

 

 

Figure 3.2 - Effect of metabolic inhibitors on ATP in galactose and KIC cultured PDAC 
cells vs those cultured in glucose.  

PANC-1 cells (A) and MIA PaCa-2 (B) cells were cultured in either glucose-containing media 
(25 mM) or nominal glucose-free media supplemented with 10 mM galactose or 2 mM KIC for a 
minimum of 3 passages and 21 days. Both were then treated with either mitochondrial inhibitors 
(oligomycin, OM, 10 µM; antimycin, AM, 0.5 µM; CCCP, 4 µM) or glycolytic inhibitors (2-
deoxyuglucose, 2DG, 10 mM; iodoacetate, IAA, 2 mM; 3-bromopyruvate, BrPy, 500 µM) for 15 
minutes. ATP depletion was determined using a luciferase-based biouminescence assay. To 
determine ATP depletion, luminescence counts for each treatment condition were normalized to 
untreated time-matched control cells (%). Data presented are mean ± SE, n=8-14. *, p  0.05; **, 
p  0.01; ***, p  0.001, all data analysed using a Kruskal-Wallis test with a post-hoc Dunn’s test 
for multiple comparisons. 
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3.4.2 - Real-time imaging of cytosolic ATP using a FRET-based reporter (GO-ATeam)  

To further interrogate the temporal effects of metabolic inhibitors on ATP depletion in KIC, 

galactose and glucose-cultured MIA PaCa-2 cells, cytosolic ATP was measured in these cells 

using the recombinant ATP reporter GO-ATeam. GO-ATeam is a Förster resonance energy 

transfer (FRET) reporter developed to allow quantitative measurements of cytosolic ATP to be 

made in intact cells (Nakano et al., 2011). Briefly, GO-Team is comprised of the ε subunit of the 

bacterial FoF1-ATP synthase sandwiched between green and orange fluorescent proteins. 

These fluorescent proteins act as the FRET donor and acceptor, respectively, and a 

conformational change in the structure of GO-ATeam upon occupation of the ATP binding site 

on the FoF1-ATP synthase subunit determines FRET efficiency. MIA PaCa-2 cells stably 

expressing GO-ATeam (See 3.3 - Experimental Procedures and 3.8 – Chapter 3 

Supplementary Methods and Results) were first cultured in DMEM or either 2 mM KIC or 10 mM 

galactose-containing media as described above to induce a switch in metabolism. Cells were 

then perfused with HEPES-PSS containing either 5.5 mM glucose, 2 mM KIC or 10 mM 

galactose. Cells were treated for 20 minutes with either 2-DG (10 mM), IAA (2 mM), OM (10 

µM) or AM (0.5 µM), followed by an ATP depletion cocktail containing all four drugs at 

equivalent concentrations until the FRET ratio had reached a plateau (Rmin, considered maximal 

ATP depletion, Figure 3.3A). Rmin–subtracted ratio values at 0, 5, 10, 15 and 20 minutes were 

then normalised to the maximum decrease in ratio (∆Rmax) from the pretreatment baseline (R0) 

to give % ATP at these timepoints (see 3.3.11 - Fluorescence imaging data acquisition, analysis 

and experimental design). The data for each timepoint were averaged across all cells in an 

experiment to give the experimental mean of one assay, which were further averaged to give 

the presented means ± SEM. 

In control experiments, no difference was observed between galactose or glucose cultured cells 

following perfusion with HEPES-PSS (time-matched controls; Figure 3.3B). Similarly, no 

difference in ATP was observed between KIC or glucose-cultured cells for 15 minutes. 

However, at 20 minutes post treatment a significant decrease in ATP was observed in KIC-

cultured cells (70 ± 9 %, n=3, Figure 3.3B) compared to glucose-cultured counterparts (87 ± 3 

%, n=7, P<0.001), suggesting that ATP was declining towards the end of these time-matched 

control experiments. 

Culture in galactose or KIC resulted in an increased sensitivity of MIA PaCa-2 cells to ATP 

depletion by mitochondrial inhibitors. In galactose-cultured cells, 10 µM OM induced significantly 

greater ATP depletion at 10 (72 ± 8 %, n=4, Figure 3.3C), 15 (57 ± 10 %, n=4, Figure 3.3C) and 

20 minutes (42 ± 14 %, n=4, Figure 3.3C) post-treatment compared to the equivalent timepoints 

in glucose-cultured cells (10 minutes, 104 ± 9 %, n=9, P<0.05; 15 minutes, 100 ± 9 %, n=9, 

P<0.01; 20 minutes, 96 ± 9 %, n=9, P<0.001, Figure 3.3C). No significant difference was 

observed in KIC-cultured cells treated with OM compared to glucose-cultured counterparts, 

however this is likely due to the small sample size for this condition (n=1, Figure 3.3C). Similar 

to OM, 0.5 µM AM induced significantly greater ATP depletion in galactose-cultured cells at 10 
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(73 ± 9 %, P<0.01, n=4, Figure 3.3D), 15 (53 ± 12 %, P<0.0001, n=4, Figure 3.3D) and 20 

minutes (36 ± 11 %, P<0.0001, n=4, Figure 3.3D) compared to glucose-cultured control cells 

(10 minutes, 104 ± 5 %, n=6; 15 minutes, 102 ± 6 %, n=6; 20 minutes, 100 ± 7 %, n=6, Figure 

3.3D). Similar effects were observed with KIC-cultured cells treated with AM compared to 

glucose-cultured counterparts, however this could not be compared statistically due to the small 

sample size for this condition (n=2, Figure 3.3D). These results were comparable to those 

observed in the previous luciferase based assays. 

 

Figure 3.3 - GO-ATeam FRET imaging reveals the effe cts of glycolytic and mitochondrial 
inhibitors on ATP in glucose, galactose and KIC cul tured cells.  

MIA PaCa-2 cells were stably transfected with the ATP probe GO-ATeam and cultured in either 
glucose-containing (25 mM, closed circles) or nominal glucose-free media supplemented with 
either 10 mM galactose (open squares) or 2 mM KIC (open triangles) for a minimum of 3 
passages and 21 days. Cytosolic ATP was then measured in cells in each culture group in 
response to various metabolic inhibitors using GO-ATeam FRET imaging. A, a representative 
trace showing a galactose-cultured cell treated with iodoacetate (IAA). ATP depletion (%) was 
calculated by subtracting the minimum ratio observed after ATP depletion cocktail addition 
(Rmin) from the FRET ratio values throughout drug treatment. These values were then 
normalised to the difference between the mean of the 10 FRET ratio values immediately prior to 
drug addition (baseline ratio, R0) and the Rmin (∆Rmax). Cells were treated with either vehicle 
alone (B, time matched control, TMC), a mitochondrial inhibitor (oligomycin, OM, 10 µM, C; or 
antimycin, AM, 0.5 µM, D) or a glycolytic inhibitor (2-deoxyuglucose, 2DG, 10 mM, E; IAA, 2 
mM, F) for 20 minutes before maximal ATP depletion was induced using an ATP depletion 
cocktail containing all four drugs at equivalent concentrations. Data presented are mean % ATP  
± S.E.M, n=1-9 for all conditions. Comparisons were made between KIC or galactose-cultured 
cells and glucose-cultured cells at 0, 5, 10, 15 and 20 minutes drug treatment using a two-way 
ANOVA with post hoc Bonferroni test for multiple comparisons. * denotes significance for 
galactose-cultured cells, while † denotes significance for KIC-cultured cells. *, p<0.05; **, 
p<0.01; ***, p<0.001.  



112 

 

 

 

KIC and galactose-cultured cells exhibited a marked attenuation in the IAA-induced ATP 

depletion in contrast to glucose-cultured cells. Treatment with 2mM IAA resulted in significantly 

less ATP depletion in galactose-cultured cells at 10 (33 ± 29 %, n=5, P<0.05, Figure 3.3F) 15 

(62 ± 14 %, n=5, P<0.001, Figure 3.3F) and 20 minutes (48 ± 17 %, n=5, P<0.001, Figure 3.3F) 

compared to glucose-cultured cells (10 minutes, 48 ± 8 %, n=13; 15 minutes, 17 ± 5 %, n=13; 

20 minutes, 7 ± 3 %, n=13, Figure 3.3F). Similar effects were observed with KIC-cultured cells 

treated with IAA compared to glucose-cultured counterparts, however this could not be 

compared statistically due to the small sample size for this condition (n=2, Figure 3.3F). 

Interestingly, however, 2-DG (10 mM) appeared to have minimal effects in glucose cultured 

cells but induced significantly greater ATP depletion in galactose-cultured cells at 10 (33 ± 12 

%, n=6, P<0.05, Figure 3.3E) 15 (27 ± 8 %, n=6, P<0.0001, Figure 3.3E) and 20 minutes (6 ± 3 

%, n=6, P<0.0001, Figure 3.3E) compared to glucose-cultured cells (10 minutes, 95 ± 2 %, n=6; 

15 minutes, 90 ± 4 %, n=6; 20 minutes, 86 ± 6 %, n=6, Figure 3.3E). Similar effects were 

observed with KIC-cultured cells treated with 2DG compared to glucose-cultured counterparts, 

however once again this could not be compared statistically due to the small sample size for 

this condition (n=2, Figure 3.3E). Initially, these observations seemed to be the complete 

opposite to what was expected according to our hypothesis. However, we reasoned that 2-DG 

may compete with glucose for uptake via GLUT transporters and thus may take much longer to 

accumulate and inhibit hexokinase at this concentration. 

Taken together, the data obtained from the luciferase and GO-ATeam ATP assays are broadly 

in line with the notion that long-term culture in glucose free medium containing either 10 mM 

galactose or 2 mM KIC reverses the sensitivity of PDAC cells to ATP depletion by glycolytic and 

mitochondrial inhibitors, indicating that a ‘switch’ towards mitochondrial metabolism can be 

successfully achieved with these culture conditions. 

3.4.3 - Mitochondrial and glycolytic metabolism are altered in galactose or KIC cultured cells  

Since culture in KIC and galactose resulted in a switch in sensitivity to metabolic inhibitors with 

respect to ATP depletion, we employed an XFe96 extracellular flux analyser (Seahorse 

Bioscience) to assess for changes in mitochondrial and glycolytic metabolism within these cells 

in comparison to glucose-cultured cells. The O2 consumption rate (OCR) and extracellular 

acidification rate (ECAR) exhibited by glucose, galactose and KIC cultured MIA PaCa-2 cells 

were measured following various pharmacological treatments to measure the key components 

of mitochondrial and glycolytic metabolism. 

We first performed an XF Cell Mito Stress Test, depicted in Figure 3.4C. Briefly, this assay 

employs oligomycin (1 µM) to reveal ATP-linked O2 consumption, followed by FCCP (0.5 µM) to 

uncouple the mitochondria and determine the maximal mitochondrial respiration rate and the 

spare respiratory capacity. All mitochondrial respiration is then inhibited by applying a 

combination of rotenone (Rot, 1 µM) and AM (1 µM), revealing the non-mitochondrial O2 
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consumption. From these values, OM-insensitive mitochondrial respiration, or proton leak, 

(across the mitochondrial inner membrane, which generates heat rather than ATP) can be 

determined. Following these measurements, OCR and ECAR measurements were normalised 

to protein using a sulforhodamine B assay (measured in absorbance units, AU). Basal 

respiration, ATP production, mitochondrial proton leak, and maximal respiration rate were then 

calculated (see Figure 3.4C and 3.3.5 – Extracellular flux measurements). 

Figures 3.4A and 3.4B present the OCR and ECAR traces for all three culture types following 

the XF Cell Mito Stress Test. Average data for the mitochondrial stress test parameters is 

presented in Figure 3.4D. Compared to the basal respiration exhibited by their glucose-cultured 

counterparts (52 ± 1 pmol/min/AU, n=15), both galactose and KIC-cultured cells exhibited a 

significant decrease in basal OCR (galactose, 7 ± 1 pmol/min/AU, P<0.0001, n=16; KIC, 40 ± 1 

pmol/min/AU, P<0.0001, n=14). Blockade of the mitochondrial F1/F0 ATP synthase with OM (1 

µM) revealed ATP production-linked OCR, which was significantly lower in both galactose (3 ± 0 

pmol/min/AU, P<0.0001, n=16) and KIC cells (29 ± 1 pmol/min/AU, P<0.0001, n=14) compared 

to glucose-cultured cells (41 ± 1 pmol/min/AU, n=15). Subsequently, treatment with FCCP (0.5 

µM) revealed the spare respiratory capacity, which when compared to glucose-cultured cells (30 

± 2 pmol/min/AU, n=15) was significantly decreased in both galactose (5 ± 1 pmol/min/AU, 

P<0.0001, n=16) and KIC-cultured cells (6 ± 3 pmol/min/AU, P<0.0001, n=14). Following 

cessation of all mitochondrial respiration using a combination dose of Rot and AM (1 µM each), 

only in galactose cells was there a significant change in proton leak-linked OCR. Compared to 

glucose-cultured cells (11 ± 0 pmol/min/AU, n=15), proton leak-linked OCR was significantly 

decreased in galactose-cultured cells (4 ± 0 pmol/min/AU, P<0.0001, n=16); no difference was 

observed in KIC-cultured cells (11 ± 0 pmol/min/AU, n=14). 

Surprisingly, these results indicated that glucose-cultured MIA PaCa-2 cells exhibit a higher 

basal OCR, and consumed more O2 for ATP generation than galactose or KIC cultured cells. 

Furthermore, glucose-cultured cells had a greater spare respiratory capacity than their 

galactose and KIC-cultured counterparts. These data suggest that despite the highly glycolytic 

phenotype, glucose-cultured cells still retain functional mitochondria. However, despite this 

apparent decline in mitochondrial respiration rate in galactose and KIC-cultured cells, basal 

ECAR in these cells was significantly decreased (Figure 3.4B). Compared to glucose-cultured 

cells (44 ± 2 mpH/min/AU, n=15) the ECAR at the third basal timepoint was significantly lower in 

cells cultured in galactose (5 ± 1 mpH/min/AU, n=15, P<0.0001, Figure 3.4E) and KIC (9 ± 1 

mpH/min/AU, n=14, P<0.0001, Figure 3.4E). Moreover, an ECAR vs OCR plot (Figure 3.4F) 

revealed that the basal metabolic phenotype of MIA PaCa-2 cells following culture in galactose 

or KIC (again taken from the third basal timepoint) had indeed shifted from a highly glycolytic 

phenotype to one exhibiting low glycolytic flux, despite slowed OCR. Interestingly, the KIC cells 

maintained a relatively high basal OCR despite exhibiting a significantly decreased ECAR. This 

is not surprising, since KIC is metabolised entirely within the mitochondria and is converted to 

mitochondrial substrates such as α-ketoglutarate (Lenzen et al., 1985, Malaisse et al., 1981) 

and acetyl-CoA (Noda and Ichihara, 1974, MacDonald et al., 2005). However, galactose-
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cultured cells exhibited a significantly lowered overall metabolism (OCR and ECAR), which is 

likely due to galactose entering glycolysis from the Leloir pathway at a slower rate than glucose 

enters glycolysis (Bustamante and Pedersen, 1977). 

 

Figure 3.4 - MIA PaCa-2 cells cultured in galactose  or KIC exhibit alterations in 
mitochondrial and glycolytic metabolism and a slowe d growth rate compared to glucose-
cultured cells  

MIA PaCa-2 cells were cultured in standard media containing glucose (Glu, 25 mM) or nominal 
glucose-free media containing galactose (10 mM Gal) and KIC (2 mM) for a minimum of 3 
passages and 21 days. Cells were then assayed using an XFe96 extracellular flux analyser 
performing an XF Cell Mito Stress Test. This assay involved the sequential addition of 
oligomycin (OM, 1 µM), FCCP (0.5 µM) and a combination dose of rotenone and antimycin A 
(Rot/AM, both 1 µM) to reveal the various components of mitochondrial metabolism. O2 
consumption rate (OCR, A) and extracellular acidification rate (ECAR, B) were measured in 
glucose (open circles), galactose (open squares) and KIC (open triangles) throughout the XF 
Mito Stress Test. C – Cartoon (supplied by Seahorse Bioscience) depicting a  typical XF Mito 
Stress Test and accompanying measurement of mitochondrial metabolic parameters. All 
calculations were made using the third baseline measurement and the third measurement post-
addition of each drug. D – Mean ± SEM measurements from one experiment for each metabolic 
parameter in glucose (n=15) galactose (n=16) and KIC (n=14). E – Mean ± SEM basal ECAR in 
measurements from the third basal measurement in glucose (n=15) galactose (n=15) and KIC 
(n=14). F - OCR vs ECAR plot of pooled baseline measurements (mean ± SEM) prior to the 
addition of OM for glucose (n=45), galactose (n=48) and KIC-cultured cells (n=42) indicates 
changes in basal metabolism. All measurements were normalised to protein content using a 
sulforhodamine B assay for protein content, measured in absorbance units (AU). *, p<0.05;**, p 
<0.01; ***, p <0.001; ****, p<0.0001, all statistical comparisons made between galactose or KIC-
cultured cells and glucose-cultured cells (one-way ANOVA with post-hoc Bonferroni test for 
multiple comparisons).  
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In the mitochondrial stress test, blockade of mitochondrial ATP generation with OM in glucose-

cultured cells resulted in compensatory increase in ECAR, presumably to maintain ATP, as 

evidenced by a corresponding increase in ECAR upon addition of OM (Figure 3.4B). Crucially, 

this was absent from galactose or KIC-cultured cells, suggesting these cells could not 

compensate for blockade of mitochondrial ATP synthesis and are more reliant on mitochondrial 

metabolism to meet their ATP demands. However, we did not know whether the absent 

compensatory increase in ECAR could be solely attributed to the absence of glucose, or 

whether a functional change in the glycolytic capacity of galactose and KIC-cultured cells 

contributed. To resolve this, we next performed a glycolysis stress test to see whether culture in 

galactose or KIC affected the ability of MIA PaCa-2 cells to utilise glucose as a substrate for 

glycolysis upon its readdition. Briefly, this assay (Figure 3.5C) involved starving the cells of all 

substrates for 2 hours, at which point cells were supplemented with glucose (10 mM) to reveal 

basal glycolytic rate, measured as ECAR. Mitochondrial respiration was then blocked using OM 

(1 µM) to reveal the glycolytic reserve capacity, followed by application of 2-DG (100 mM) to 

block all glycolytic flux. ECAR and OCR values were normalised to protein content as with the 

mitochondrial stress test, and the glycolytic parameters calculated from the ECAR 

measurements were basal glycolytic rate, maximum glycolytic capacity and glycolytic reserve 

(See Figure 3.5C). Differences between glucose and galactose or KIC cultured cells were 

assessed using a one-way ANOVA with post-hoc Bonferroni test for multiple comparisons. 

Figures 3.5A and 3.5B present the OCR and ECAR traces for all three culture types following 

the XF Glycolysis Stress Test. Following addition of 10 mM glucose, all cells from each culture 

condition exhibited a sharp increase in ECAR that represented the basal glycolytic rate. No 

significant difference in basal glycolytic ECAR was observed between glucose-cultured cells (33 

± 2 mpH/min/AU, n=8, Figure 3.5D) and either galactose (30 ± 1 mpH/min/AU, n=8, Figure 

3.5D) or KIC-cultured cells (33 ± 1 mpH/min/AU, n=6, Figure 3.5D). However, while maximum 

glycolytic capacity was significantly reduced in galactose-cultured cells (31 ± 1, mpH/min/AU, 

n=8, P<0.0001, Figure 3.5D) compared to glucose-cultured cells (44 ± 2, mpH/min/AU, n=8, 

Figure 3.5D), a modest but significant increase in maximum glycolytic capacity was observed in 

KIC-cultured cells (51 ± 2, mpH/min/AU, n=6, P<0.05, Figure 3.5D). This was reflected in the 

spare glycolytic capacity, which was significantly increased in KIC-cultured cells (19 ± 1, 

mpH/min/AU, n=6, P<0.0001, Figure 3.5D) and decreased in galactose-cultured cells (1 ± 0 

mpH/min/AU, n=8, P<0.0001, Figure 3.4D) compared to glucose-cultured cells (12 ± 0 

mpH/min/AU, n=8, Figure 3.5D). Thus, while galactose and KIC-cultured cells exhibited a 

decreased ECAR in the XF Cell Mito Stress Test, these data suggest that these cells largely 

retained their ability to utilise glycolysis upon exposure to glucose, although their maximal 

glycolytic capacity was affected. Importantly, following OM treatment, the absence of a reserve 

glycolytic capacity in the galactose cells even in the presence of glucose (Figure 3.5B and 3.5D) 

suggests that these cells cannot utilise glycolysis as efficiently as glucose-cultured cells. 
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Figure 3.5 - MIA PaCa-2 cells cultured in galactose  or KIC exhibit functional glycolysis 

MIA PaCa-2 cells were cultured in standard media containing glucose (Glu, 25 mM) or nominal 
glucose-free media containing galactose (10 mM Gal) and KIC (2 mM) for a minimum of 3 
passages and 21 days. Cells were then assayed using an XFe96 extracellular flux analyser 
performing an XF Glycolysis Stress Test. This assay involved the sequential addition of glucose 
(10 mM), oligomycin (OM, 1 µM) and 2-deoxyglucose (2-DG, 100 mM) to reveal the various 
components of glycolytic metabolism. Extracellular acidification rate (ECAR, A) and O2 
consumption rate (OCR, B) were measured in glucose (open circles), galactose (open squares) 
and KIC (open triangles) throughout the XF Glycolysis Stress Test. C – Cartoon (supplied by 
Seahorse Bioscience) depicting a  typical XF Glycolysis Stress Test and accompanying 
measurement of mitochondrial metabolic parameters. All calculations were made using the third 
baseline measurement and the third measurement post-addition of each drug. D – Mean ± SEM 
measurements from one experiment for each metabolic parameter in glucose (n=7) galactose 
(n=8) and KIC (n=6). All measurements were normalised to protein content using a 
sulforhodamine B assay for protein content, measured in absorbance units (AU). *, p<0.05;**, p 
<0.01; ***, p <0.001; ****, p<0.0001, all statistical comparisons made between galactose or KIC-
cultured cells and glucose-cultured cells (one-way ANOVA with post-hoc Bonferroni test for 
multiple comparisons). 
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3.4.4 - Culture of MIA PaCa-2 cells in galactose or KIC attenuates the effects of IAA on resting 

[Ca2+]i 

Since culturing PDAC cells in either galactose or KIC resulted in an apparent switch in their 

metabolic phenotype from a highly glycolytic phenotype to one more reliant on mitochondrial 

metabolism, we next wanted to assess whether this could be translated to the effects of both 

glycolytic and mitochondrial inhibitors on resting [Ca2+]i in these cells. We have previously 

shown that glucose-cultured PDAC cells exhibit an irreversible [Ca2+]i overload in response to 

glycolytic inhibitors, while mitochondrial inhibitors had no effect. We speculated that this [Ca2+]i 

overload was due to ATP depletion, and in the present study hypothesised that the reversal in 

the sensitivity of our galactose and KIC-cultured PDAC cells to ATP depletion by metabolic 

inhibitors (Figures 3.2 and 3.3) might result in a corresponding reversal in the [Ca2+]i overload 

response. 

To measure [Ca2+]i we employed fura-2 fluorescence imaging in cells continuously perfused with 

HEPES-PSS. Due to the reversal of their effects on ATP observed in the previous assays, OM 

(10 µM), AM (0.5 µM), IAA (2 mM) and BrPy (500 mM) were selected for use in our resting 

[Ca2+]i assays. Metabolic inhibitors were applied for 20 minutes, followed by 15 minutes washout 

and a subsequent treatment with ATP (100 µM) to activate a purinergic receptor-induced [Ca2+]i 

response, thereby testing for post-treatment recovery. Cells eliciting an increase in [Ca2+]i of 

100nM or greater in response to ATP were considered viable. To quantify [Ca2+]i overload 

responses, the area under the curve (AUC) and the maximum increase in [Ca2+]i (max-∆[Ca2+]i) 

were measured during the initial 20 minute treatment period. Differences between treatment 

groups were assessed using a Kruskal-Wallis test with a post-hoc Dunn’s test or a one-way 

ANOVA with a post hoc Bonferroni test. 

These experiments revealed a partial reversal in the sensitivity of MIA PaCa-2 cells to glycolytic 

and mitochondrial inhibitors with respect to [Ca2+]i overload. Galactose and KIC-cultured MIA 

PaCa-2 cells exhibited dramatically reduced [Ca2+]i overload responses following treatment with 

glycolytic inhibitors compared to those in their glucose-cultured counterparts. Galactose 

cultured MIA PaCa-2 cells treated with IAA (Figure 3.6Biii) exhibited a reduced AUC (27 ± 5 

µM.s, n=12, Figure 3.5C) and max-∆[Ca2+]i (76 ± 11 nM, n=12, Figure 3.6D) compared to 

glucose-cultured cells (Figures 3.6Aiii, 3.6C and 3.6D. AUC, 195 + 27 µM.s, P<0.0001, n=6; 

max-∆[Ca2+]i, 299 ± 34 nM, P<0.0001, n=6). Similarly, KIC-cultured cells treated with IAA 

(Figure 3.7Biii) also exhibited a significantly smaller AUC (21 ± 5 µM.s, n=5, Figure 3.7C) and 

max-∆[Ca2+]i (46 ± 13nM, n=5, Figure 3.7D) compared to glucose-cultured cells (Figures 3.7Aiii, 

3.7C and 3.7D. AUC, 195 ± 29 µM.s, P<0.001, n=6; max-∆[Ca2+]i, 299 ± 34 nM, P<0.0001, 

n=6). However, no significant difference in AUC or max-∆[Ca2+]i was found between galactose-

cultured and glucose-cultured cells treated with BrPy (Figures 3.6Aiv, 3.6Biv, 3.6C and 3.6D). 

On the other hand, KIC-cultured cells exhibited significantly smaller [Ca2+]i, responses following 

BrPy treatment (Figures 3.7Biv, 3.7C and 3.7D. AUC, 68 ± 22 µM.s, n=4; max-∆[Ca2+]i, 175 ± 

34 nM, n=4) in comparison to glucose-cultured cells (Figures 3.7Aiv, 3.7C and 3.7D. AUC, 285 
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± 46 µM.s, P<0.0001, n=6; max-∆[Ca2+]i, 587 ± 86 nM, P<0.0001, n=6). However, no 

differences were observed in the effects of OM or AM on resting [Ca2+]i between either 

galactose (OM, n=8; AM, n=10; Figures 3.6Bi and 3.6Bii) or KIC-cultured cells (OM, n=5; AM, 

n=4; Figures 3.7Bi and 3.7Bii) and glucose cultured MIA PaCa-2 cells (AM, n=7; OM, n=5; 

Figures 3.6Ai, 3.6Aii, 3.7Ai, 3.7Aii), as measured by max-∆[Ca2+]i and AUC (galactose, 3.6C 

and 3.6D; KIC, Figures 3.7C and 3.7D). 

Responses to ATP following treatment to mitochondrial inhibitors were also significantly 

decreased in KIC cultured cells; a decrease in post-treatment recovery was observed in KIC-

cultured cells treated with AM (0 ± 0 %, n=4, Figure 3.7E) compared to their glucose-cultured 

counterparts (81 ± 12 %, P<0.01, n=7, Figure 3.7E). However, no significant difference in post-

treatment ATP response was observed between KIC or galactose cultured cells and glucose-

cultured cells in any of the other treatment groups. 

Despite the lack of effect of mitochondrial inhibitors on resting [Ca2+]i in KIC and galactose-

cultured MIA PaCa-2 cells, the reduced [Ca2+]i overload responses following glycolytic inhibition 

supports the hypothesis that ATP derived from glycolysis is crucial for maintenance of a low 

resting [Ca2+]i. in highly glycolytic MIA PaCa-2 cells. 
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Figure 3.6 - Culture of MIA PaCa-2 cells in 10 mM g alactose attenuates the effects of IAA 
on resting [Ca 2+] i  

MIA PaCa-2 cells were cultured in standard Dulbecco’s modified Eagle’s medium containing 
glucose (25 mM) or nominal glucose-free media containing 10 mM galactose for a minimum of 3 
passages and 21 days. Using fura-2 fluorescence imaging, [Ca2+]i concentration was measured 
while cells were treated for 20 min with various metabolic inhibitors, followed by 15 minutes 
washout and subsequent stimulation with the purinergic agonist, ATP (100 µM) to test for cell 
viability. A - representative traces showing the effects of mitochondrial (oligomycin, OM, 10 µM, 
A( i); antimycin, AM, 0.5 µM, A(ii) ) or glycolytic inhibitors (iodoacetate, IAA, 2 mM, A(iii) ; 3-
bromopyruvate, BrPy, 500 µM, A(iv) ) on resting [Ca2+]i in glucose-cultured cells. B - 
representative traces showing the effects of mitochondrial (OM, 10 µM, B(i);  AM, 0.5 µM, B(ii) ) 
or glycolytic inhibitors (IAA, 2 mM, B(iii) ; BrPy, 500 µM, B(iv) ) on resting [Ca2+]i in galactose-
cultured cells. Responses were quantified by measuring the area under the curve (AUC, C) for 
the 20-min treatment with drug and maximum change in [Ca2+]i during this period (Max-∆[Ca2+]i, 
D). Recovery from metabolic inhibitor treatment was assessed by measuring the % cells that 
subsequently responded to ATP (∆[Ca2+]i>100 nM, E). Data presented are mean % ATP  ± 
S.E.M, n=6-12 for all conditions. *,p<0.05; **,p<0.01; ***,p<0.001; ****, p<0.0001 (C and D, one-
way ANOVA with post-hoc Bonferroni test for multiple comparisons; E, Kruskal-Wallis test with 
post-hoc Dunn’s test for multiple comparisons). 
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Figure 3.7 - Culture of MIA PaCa-2 cells in 2 mM KI C attenuates the effects of IAA on 
resting [Ca 2+] i  

MIA PaCa-2 cells were cultured in standard media containing glucose (25 mM) or nominal 
glucose-free media containing KIC (2 mM) for a minimum of 3 passages and 21 days. Using 
fura-2 fluorescence imaging, [Ca2+]i concentration was measured while cells were treated for 20 
min with various metabolic inhibitors, followed by 15 minutes washout and subsequent 
stimulation with the purinergic agonist, ATP (100 µM) to test for cell viability. A - representative 
traces showing the effects of mitochondrial (oligomycin, OM, 10 µM A(i) ;  antimycin A, AM, 0.5 
µM, A(ii) ) or a glycolytic inhibitors (iodoacetate, IAA, 2 mM, A(iii) ; 3-bromopyruvate, BrPy, 500 
µM, A(iv) ) on resting [Ca2+]i in glucose-cultured cells. B - representative traces showing the 
effects of mitochondrial (oligomycin, OM, 10 µM B(i) ; AM, 0.5 µM, B(ii) ) or a glycolytic inhibitors 
(IAA, 2 mM, B(iii) ; BrPy, 500 µM, B(iv) ) on resting [Ca2+]i in KIC-cultured cells. Responses were 
quantified by measuring the area under the curve (AUC, C) for the 20-min treatment with drug 
and maximum change in [Ca2+]i during this period (Max-∆[Ca2+]i, D). Recovery from metabolic 
inhibitor treatment was assessed by measuring the % cells that subsequently responded to ATP 
(∆[Ca2+]i>100 nM, E). *,p<0.05; **,p<0.01; ***,p<0.001; ****, p<0.0001 (C and D, one-way 
ANOVA with post hoc Bonferroni test for multiple comparisons; E, Kruskal-Wallis test with post 
hoc Dunn’s test for multiple comparisons). Data presented are mean % ATP  ± S.E.M, n=4-7 for 
all conditions. 

 

  



121 

 

 

 

3.4.5 - IAA-induced inhibition of the PMCA is attenuated in galactose and KIC-cultured PDAC 

cells 

Our previous study demonstrated that inhibitors of glycolytic metabolism compromise [Ca2+]i 

clearance, and therefore inhibit PMCA activity (Chapter 2,  James et al., 2013). Following on 

from this work, we wanted to test whether KIC or galactose-cultured PDAC cells were less 

sensitive to glycolytic inhibitor-induced inhibition of the PMCA by using our in situ [Ca2+]i 

clearance assay. To test this, we selected IAA (2 mM), since its effects on ATP and resting 

[Ca2+]i in PDAC cells were profoundly attenuated following their culture in nominal-glucose free 

media supplemented with galactose or KIC. 

To measure PMCA activity we employed an in situ [Ca2+]i clearance assay in which functionally 

and pharmacologically isolated PMCA activity can be measured (Mankad et al., 2012). This 

approach was modified in our more recent study to eliminate metabolic inhibitor-induced 

attenuation of store operated Ca2+ entry (SOCE) and thus the steady-state [Ca2+]i from which 

[Ca2+]i clearance can be measured (James et al., 2013). In this previous study we also 

established that the PMCA is the major Ca2+ efflux pathway in PANC-1 and MIA PaCa-2 cell 

lines and that this in situ [Ca2+]i clearance assay reflects PMCA activity. Briefly, cells were 

treated with cyclopiazonic acid (CPA) in the absence of extracellular Ca2+ and the presence of 1 

mM EGTA to inhibit the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA), resulting 

in a transient increase in [Ca2+]i as the ER Ca2+ stores depleted. This caused SOCE upon 

perfusion with 20 mM Ca2+, and at the peak of [Ca2+]i increase 1 mM La3+ in a Ca2+-free/EGTA 

free solution was applied to inhibit both Ca2+ influx and efflux and “clamp” [Ca2+]i high within the 

cell for 5 minutes. The inhibition of Ca2+ efflux by La3+ was rapidly removed by the addition of 1 

mM EGTA to rapidly chelate all La3+, resulting in rapid [Ca2+]i clearance via the PMCA. This 

influx/clearance phase was repeated a second time in the presence or absence of metabolic 

inhibitors, thereby adopting a paired experimental design to control for cell-to-cell variability. By 

applying metabolic inhibitors at the peak of the [Ca2+]i response for a sufficient period of time (5 

minutes) rather than prior to addition of 20 mM Ca2+, this approach isolated the effects of test 

reagents on [Ca2+]i clearance and eliminated the confounding effects of test reagent inhibition of 

SOCE, which would otherwise result in a significantly reduced [Ca2+]i plateau from which to 

measure [Ca2+]i clearance rate. [Ca2+]i clearance was quantified by measuring the linear 

clearance rate over 60 seconds from the same starting fura-2 value in both phases. The 

clearance rate during the second clearance phase was then normalised to that of the first (%). 

Similarly, relative recovery was measured by normalising (%) the degree of recovery achieved 

during the second clearance phase to that of the first (see 3.8.1 – Measurement of relative 

recovery of [Ca2+]i during in situ [Ca2+]i clearance assays), again from the same fura-2 ratio 

value. All statistical comparisons were performed using a Mann Whitney U test. 

In control galactose-cultured cells (Figure 3.8Bi), [Ca2+]i clearance rate was significantly slowed 

during the second clearance phase (68 ± 6%, n=5, P<0.05, Figure 3.8D) compared to glucose-

cultured cells (91 ± 5 %, n=9, Figure 3.8Ai). Relative recovery was also lower in control 
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galactose cultured cells (90 ± 3%, P<0.05, n=5) compared to control glucose-cultured cells (107 

± 4%, n=9, Figure 3.8E). However, no significant differences in [Ca2+]i clearance rate or relative 

recovery were found between control KIC (Figure 3.8Ci) and control glucose-cultured cells 

(Figure 3.8Ai, 3.8D and 8E), suggesting that metabolism of KIC provides sufficient ATP to fuel 

the PMCA. 

Despite our previous work indicating that IAA causes a significant decrease in [Ca2+]i clearance 

rate in glucose-cultured MIA PaCa-2 cells (see Chapter 2, James et al., 2013), IAA had no 

effect on [Ca2+]i clearance rate in galactose-cultured MIA PaCa-2 cells (Figures 3.8Bi, 3.8Bii and 

3.8D). Similarly, IAA had no effect on [Ca2+]i clearance rate in KIC-cultured cells (Figures 3.8Ci, 

3.8Cii and 3.8D). In contrast, consistent with our previous study, IAA treatment induced a 

profound decrease in [Ca2+]i clearance rate in glucose-cultured cells (45 ± 5%, n=11, Figure 

3.8Aii) compared to untreated control cells (91 ± 5%, n=9, P<0.0001, Figures 3.8Ai and 3.8D). 

Furthermore, relative [Ca2+]i clearance rate during the second [Ca2+]i clearance phase was 

actually significantly higher in IAA-treated galactose (69 ± 2%, n=5, P<0.05) and KIC-cultured 

cells (81 ± 7%, n=4, P<0.05) than that in the IAA-treated glucose-cultured cells (Figure 3.8E). 

In addition to IAA having no effect on [Ca2+]i clearance in galactose or KIC-cultured cells, IAA 

treatment also had no effect on recovery during the second influx/clearance phase relative to 

the first when compared to untreated control cells (Figure 3.8E). However, IAA significantly 

attenuated relative recovery in glucose-cultured cells (72 ±3%, n=11, Figure 3.8E) compared to 

untreated glucose-cultured cells (107 ± 4%, n=9, P<0.0001, Figure 3.8E). Furthermore, similar 

to [Ca2+]i clearance rate, relative recovery was significantly higher in IAA-treated galactose (91 ± 

1%, n=5, P<0.001) and KIC-cultured cells (91 ± 4%, n=4, P<0.01) than that in IAA-treated 

glucose-cultured cells (72 ± 3%, n=11, Figure 3.8E). 

Taken together, these data indicate that despite a progressive time-dependent run-down in 

[Ca2+]i clearance rate (and thus PMCA activity), galactose and KIC-cultured MIA PaCa-2 cells 

become effectively resistant to the PMCA inhibition by IAA. In light of the previous results 

described in the present study, this is likely due to cytosolic ATP levels being preserved in the 

face of glycolytic inhibition due to a switch towards mitochondrial metabolism and a decreased 

reliance on glycolysis in KIC and galactose-cultured MIA PaCa-2 cells. 
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Figure 3.8 - IAA-induced inhibition of the PMCA is attenuated in galactose and KIC-
cultured PDAC cells.  

A – C, representative traces showing the in situ [Ca2+]i clearance assay (PMCA activity) in fura-
2-loaded MIA PaCa-2 cells that had been grown in either glucose-containing (25 mM, Ai ) or 
nominal glucose-free media supplemented with 10 mM galactose (Bi ) or 2 mM KIC (Ci) for a 
minimum of 3 passages and 21 days. CPA (30 µM) was applied in the absence of external Ca2+ 

with 1 mM EGTA (white box) or 20 mM Ca2+ (grey box) to induce store-operated Ca2+ influx. 1 
mM La3+ was then applied at the peak of Ca2+ influx (striped box). Subsequent removal of 
external La3+ with 1 mM EGTA after 5 min allowed [Ca2+]i clearance. This influx-clearance phase 
was repeated either in the presence of absence of 2 mM IAA. Ca2+ influx was induced before 
application of test reagents to isolate their effects on [Ca2+]i clearance. Representative traces 
show the effects of IAA on [Ca2+]i clearance in cells cultured in 25 mM glucose (Aii ), 10 mM 
galactose (Bii ) and 2 mM KIC (Cii ). Each inset trace shows expanded time courses comparing 
the second clearance phase (grey trace) with the first (black trace). Linear clearance rate over 
60 seconds during the second clearance phase was normalized to that of the first (% relative 
clearance). Relative recovery during the second clearance phase was normalized (%) to that of 
the first influx/clearance phase. Both clearance and recovery were calculated from a 
standardized [Ca2+]i value. D, mean normalized linear rate (± S.E.M.),. E, mean recovery (± 
S.E.M.), n=4-12 for all conditions. *, p<0.05;**, p <0.01; ***, p <0.001; ****, p<0.0001 (Mann-
Whitney U test), compared with control. 
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3.5 - Discussion 

We have previously demonstrated that inhibition of glycolysis in cultured human PDAC cell lines 

(PANC-1 and MIA PaCa-2) results in ATP depletion and an inability to maintain a low resting 

[Ca2+]i that is most likely due to inhibition of the PMCA (Chapter 2, James et al., 2013). To 

further interrogate the glycolytic ATP dependency of [Ca2+]i regulation by the PMCA, the current 

study aimed to “switch” highly glycolytic MIA PaCa-2 cells towards mitochondrial metabolism by 

culturing in low glucose conditions supplemented with either galactose or α-ketoisocaproate 

(KIC). The relative sensitivity of these cells to mitochondrial and glycolytic inhibitors was then 

tested on a number of key functional readouts, including ATP depletion, oxygen consumption 

rate (OCR), extracellular acidification rate (ECAR), cytosolic [Ca2+]i overload and PMCA activity. 

Culture in either 10 mM galactose or 2 mM KIC in nominal glucose-free conditions resulted in a 

marked decrease in proliferation rate and extracellular acidification rate, indicating that the 

Warburg phenotype can be at least partially reversed under these culture conditions. Moreover, 

these “switched” cells also became less sensitive to ATP depletion by glycolytic inhibitors and 

more sensitive to that caused by inhibition of mitochondrial metabolism. Furthermore, KIC and 

galactose-cultured MIA PaCa-2 cells became resistant to [Ca2+]i overload or inhibition of the 

PMCA when glycolysis was inhibited by IAA. As such, the results support those of our previous 

study (Chapter 2, James et al., 2013), strengthening the hypothesis that glycolytic ATP is 

particularly critical for PMCA function in normal PDAC cells that exhibit a high glycolytic rate. On 

the other hand, these results indicate that this is less critical in cells that rely more on 

mitochondrial metabolism, such as non-cancerous cells or PDAC cells cultured in glucose-

deprived conditions that are supplemented with KIC or galactose. The clear reversal in the 

sensitivity of KIC or galactose-cultured cells to IAA-induced [Ca2+]i overload and PMCA 

inhibition suggests that an increased reliance on mitochondrial metabolism can maintain PMCA 

activity in the face of glycolytic inhibition in these cells. Conversely, despite these PDAC cells 

exhibiting a degree of metabolic adaptation to altered substrate conditions by slowing glycolytic 

flux, highly glycolytic PDAC cells were exquisitely sensitive to an acute challenge by glycolytic 

inhibitors. These findings suggest that PDAC cells exhibiting the Warburg phenotype, such as 

those in a hypoxic tumour core, are vulnerable to ATP depletion, [Ca2+]i overload and PMCA 

inhibition following treatment with glycolytic inhibitors, while cells dependent on mitochondrial 

metabolism are resistant. These findings corroborate our hypothesis that eliminating the 

glycolytic ATP supply to the PMCA may be a novel therapeutic strategy for selectively killing 

highly glycolytic PDAC cells. 

The luciferase and GO-ATeam based assays first revealed that culturing PDAC cells in 

galactose or KIC reversed the relative sensitivity of these cells to ATP depletion by 

mitochondrial and glycolytic inhibitors over 20 minutes. These findings are supported by those 

of previous studies. When cultured in galactose medium, HeLa cells increase the expression of 

mitochondrial respiratory chain proteins (Rossignol et al., 2004), while HepG2 and HLF-a cells 

cultured in galactose medium have both been shown to exhibit an increased reliance on 

mitochondrial ATP production (Bellance et al., 2009, Marroquin et al., 2007). It is important to 
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note, however, that in the present study the switch towards mitochondrial metabolism likely 

occurs due to relative decrease in glycolytic flux rather than its complete cessation. This is 

because glycolysis is functional but slowed when cells are cultured in galactose (Bustamante 

and Pedersen, 1977), and a small amount (~0.5 mM) of glucose remains in both KIC and 

galactose media due to FCS supplementation. Nevertheless, all imaging experiments were 

performed in conditions devoid of extracellular glucose. It is also likely that glutamine 

metabolism contributes significantly to ATP production in KIC and galactose cells. Glutamine 

has been shown to be a significant fuel for oxidative ATP production in MCF7 cells cultured in 

glucose medium (Guppy et al., 2002), and it has previously been demonstrated that following 

culture in galactose medium 98% of the ATP utilised in HeLa cells for growth is derived from 

glutamine (Reitzer et al., 1979). Moreover, the switch in metabolism observed in KIC and 

galactose-cultured cells suggests that PDAC cells exhibit a degree of metabolic adaptability 

when substrate availability changes over time, and retain functional mitochondria that can fuel 

ATP production should certain conditions prevail. 

In addition to the changes in ATP sensitivity revealed by the luciferase and GO-ATeam based 

assays, extracellular flux measurements (OCR and ECAR) of PDAC cells revealed that under 

the conditions of nominal glucose-free culture supplemented with galactose or KIC, MIA PaCa-2 

cells showed a marked decrease in ECAR, indicating that the rate of glycolysis was significantly 

reduced. Furthermore, while their basal OCR was significantly less than that of glucose-cultured 

cells in the XF Cell Mito Stress Test, no increase the ECAR was observed in galactose and KIC-

cultured cells in response to blockade of mitochondrial ATP synthesis by OM. This indicates 

that these cells possess no glycolytic reserve under these glucose-deprived culture conditions. 

In contrast, their glucose-cultured counterparts could compensate following OM treatment by 

increasing glycolytic flux, presumably to maintain ATP. The notion that MIA PaCa-2 cells 

cultured in KIC or galactose media cannot increase glycolysis to compensate for loss of 

mitochondrial ATP production is supported by the ATP depleting effects of OM in our luciferase 

and GO-ATeam ATP assays. On the other hand, while both culture conditions decreased 

ECAR, KIC and galactose supplementation had different effects on respiration rate (OCR). 

Basal OCR in cells cultured in galactose was significantly reduced, most likely because 

galactose enters the glycolytic cascade from the Leloir pathway at a slower rate than glucose 

enters glycolysis (Bustamante and Pedersen, 1977), resulting in a slowed overall metabolic rate 

(both OCR and ECAR). On the other hand, OCR was relatively well maintained in KIC cells, 

suggesting that KIC is a better substrate than galactose for switching highly glycolytic cancer 

cells back towards mitochondrial metabolism when deprived of glucose. This is likely due to 

conversion of KIC in the mitochondria into the respiratory substrates α-ketoglutarate (Lenzen et 

al., 1985, Malaisse et al., 1981), acetyl CoA and the ketone body acetoacetate (Noda and 

Ichihara, 1974, MacDonald et al., 2005), which can then be utilised by mitochondrial metabolism 

as an alternative mitochondrial fuel. Similarly, glucose deprivation coupled with an altered 

availability of ketone bodies has previously been explored as a potential treatment avenue for 

cancer. This “ketogenic diet” aims to elevate the circulating levels of ketone bodies while limiting 
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carbohydrate availability (Seyfried et al., 2003, Abdelwahab et al., 2012, Otto et al., 2008) and 

has been shown to slow glycolytic flux by reprogramming metabolism, leading to reduced cell 

survival in pancreatic cancer cell lines (Shukla et al., 2014). These results are similar to those of 

the present study, where conditions of glucose deprivation coupled with supplementation of KIC 

decreased glycolytic flux, ECAR and proliferation rate. In addition, the decreased proliferation 

rate in these cells is likely due to a decreased abundance of glycolytic intermediates available 

for fuelling cell proliferation. 

Warburg’s initial observations led him to hypothesise that upregulated glycolysis in cancer cells 

stemmed from defects in mitochondrial oxidative phosphorylation (Warburg, 1956). High 

glycolytic flux is also known to inhibit mitochondrial metabolism in cancer cells (Wu et al., 2007), 

a phenomenon known as the Crabtree Effect (Crabtree, 1929). However, it is now appreciated 

that mitochondria in cancer are indeed functional (Pedersen, 2007) and that while mitochondrial 

defects may contribute to oncogenic transformation, they are unlikely to be the main underlying 

cause of the Warburg phenotype (Frezza and Gottlieb, 2009). Indeed, the results of the present 

study indicate that MIA PaCa-2 cells retain functional mitochondria and a high basal respiratory 

capacity, despite also exhibiting a high glycolytic rate. While it is now appreciated that 

mitochondria can contribute to ATP production in cancer cells, until recently the predominant 

hypothesis has been that cancer cells upregulate glycolysis to provide the bulk of total cellular 

ATP. It is now thought that a high glycolytic rate in cancer instead supports cell proliferation by 

supplying glucose carbon in the form of glycolytic intermediates to anabolic and anapleurotic 

reactions (DeBerardinis et al., 2008, Kroemer and Pouyssegur, 2008). It is thought that this 

occurs at the expense of glycolytic ATP production and is facilitated by the low activity dimeric 

form of the M2 isoform of pyruvate kinase, which attenuates flux through the final, ATP 

generating reaction of glycolysis (Chaneton and Gottlieb, 2012). However, the large amount of 

carbon excreted as lactate presents a functional paradox, since these are carbons that could 

instead be incorporated into cell proliferation rather than excreted. This suggests that the 

fuelling of anabolic processes is unlikely the sole reason for a high glycolytic rate, and that the 

high glycolytic rate exhibited by cancer may indeed have a bioenergetic component as well as a 

predominant biosynthetic component (Frezza and Gottlieb, 2009). Moreover, this may be 

particularly pertinent when PDAC cells are faced with low O2 availability within a hypoxic tumour 

core (Guppy, 2002, Guillaumond et al., 2013). Nevertheless, the degree to which glycolysis 

contributes to ATP in cancer remains a controversial topic, as the available evidence thus far 

has been equivocal. While some studies indicate that cancer cells do still derive the majority of 

ATP from mitochondria, despite upregulated glycolysis (Zu and Guppy, 2004, Guppy et al., 

2002, Rodriguez-Enriquez et al., 2006, Martin et al., 1998), other studies suggest that cancer 

cells generate a larger proportion of ATP from glycolysis (Busk et al., 2008, Nakashima et al., 

1984, James et al., 2013, Xu et al., 2005, Bellance et al., 2009). To reconcile the discrepancies, 

it is likely that cancer cells exhibit a degree of metabolic adaptation with regards to glycolytic 

and mitochondrial ATP production when the abundance of metabolic substrates changes. A 

cancer cell’s metabolic phenotype will likely be influenced by its energetic requirements, 
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hypoxia within the tumour microenvironment, substrate availability and genetic heterogeneity 

within the tumour (Rodriguez-Enriquez et al., 2008). Indeed, it has been suggested that 

metabolic heterogeneity and adaptation to varying O2 concentrations within a tumour can in fact 

promote cancer cell survival and proliferation (Sonveaux et al., 2008, Semenza, 2008).  

The notion that cancer cells can adapt certain facets of their metabolism to maintain ATP 

production is supported by the current study, where both MIA PaCa-2 and PANC-1 cells could 

adapt to survive in nominal glucose-free conditions, but in doing so became sensitive to ATP 

depletion by inhibitors of mitochondrial metabolism. Moreover, this is also supported by the 

observation that ECAR rapidly increased following the blockade of mitochondrial ATP 

production with OM in glucose-cultured MIA PaCa-2 cells, suggesting that these cells could 

rapidly upregulate glycolytic flux within minutes or even seconds to compensate for the loss of 

mitochondrial ATP synthesis. Nevertheless, in the current study, the glycolytic inhibitors BrPy 

and IAA both caused a dramatic drop in cytosolic ATP in PDAC cells cultured in glucose. This 

suggests that while highly glycolytic PDAC cells are resistant to mitochondrial inhibitors and can 

compensate for their effects in order to maintain ATP, they are exquisitely sensitive to ATP 

depletion induced by glycolytic inhibitors. Importantly, the glycolytic inhibitor-induced ATP 

depletion was markedly attenuated in those cells cultured in galactose or KIC. A high glycolytic 

flux therefore appears to be essential for the ATP-depleting action of both BrPy and IAA, and 

supports the notion that glucose-cultured PDAC cells derive a large proportion of ATP from 

glycolysis rather than mitochondrial metabolism. Importantly, however, the different effects of 

glycolytic inhibitors on ATP in glucose vs KIC and galactose-cultured cells indicate that while 

PDAC cells can slowly adapt to survive changes in substrate availability, highly glycolytic PDAC 

cells are vulnerable to acute glycolytic inhibition. Critically, the IAA-induced ATP depletion in 

highly glycolytic cells was complemented by a corresponding inability to control resting [Ca2+]i or 

maintain PMCA activity, which would be cytotoxic. Therefore, while highly glycolytic PDAC cells 

may exhibit some metabolic plasticity in order to adapt to changing substrate availability or 

mitochondrial impairment, they appear unable to adapt to counter acute glycolytic inhibition in 

order to maintain [Ca2+]i homeostasis. This, coupled with their exquisite sensitivity to glycolytic 

inhibition compared to KIC and galactose cultured cells, has important implications for the 

potential selective targeting of cells at a hypoxic PDAC tumour core. 

Despite these findings, not all metabolic inhibitors produced such a clear cut reversal of 

responses as observed with IAA. A similar reversal in ATP depletion was observed following 

treatment of KIC and galactose-cultured cells with BrPy, and KIC cultured cells became 

relatively resistant to [Ca2+]i overload following treatment with BrPy. Despite this, in galactose-

cultured cells, the BrPy induced [Ca2+]i overload was substantial and very similar to glucose-

cultured cells, yet this was not reflected in the ATP assays. In fact, BrPy induced significantly 

less ATP depletion than OM in galactose-cultured cells, yet OM did not cause [Ca2+]i overload 

under these conditions, suggesting a disconnection between [Ca2+]i overload and ATP 

depletion. It is therefore tempting to speculate that BrPy can cause [Ca2+]i overload via an ATP-

depletion independent mechanism. Importantly, evidence suggests that PMCA inhibition and 
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[Ca2+]i overload can follow depolarisation of the mitochondria without accompanying ATP 

depletion (Baggaley et al., 2008). Indeed, BrPy has been reported to depolarise the 

mitochondrial membrane potential (∆Ψm, Ihrlund et al., 2008) and to induce dissociation of 

hexokinase from VDAC (Chen et al., 2009). Moreover, BrPy has been shown to induce the 

release of proapoptotic factors from the mitochondria (Chen et al., 2009); factors implicated in 

apoptosis such as caspases and calpain cleave and inactivate the PMCA (Schwab et al., 2002, 

Brown and Dean, 2007), however these processes may occur over a much longer time course 

than that required for initiation of BrPy-induced [Ca2+]i overload (~2 min). A more likely 

candidate may be increased ROS production following BrPy treatment (Kim et al., 2008), since 

oxidative stress is known to inhibit PMCA activity (Baggaley et al., 2008). Nevertheless, the 

effects of BrPy are less clear cut due to the numerous additional effects that BrPy has on the 

cell other than solely blockade of glycolytic flux through HK. 

Surprisingly, in glucose-cultured cells, 10 mM 2-DG had no effect on ATP over 20 minutes using 

either GO-ATeam or luciferase-based measurements of ATP. It is possible that 2-DG requires 

longer to inhibit glycolysis at 10 mM when glucose is present due to competition for the same 

uptake transporters and the HK active site. On the other hand, the effects of 2-DG on KIC and 

galactose-cultured cells are more difficult to reconcile. While in the luciferase-based 

experiments 2-DG had no effect on ATP in PANC-1 cells from any of the three culture 

conditions, 2-DG induced rapid ATP depletion in both KIC and galactose MIA PaCa-2 cells in 

both the GO-ATeam and luciferase based ATP assays. In the case of the galactose-cultured 

cells, similar to glucose-cultured cells, it is possible that 2-DG competes for the same hexose 

transporters on the plasma membrane as these substrates, thereby slowing its uptake. Given 

the low basal metabolic rate of galactose-cultured cells (both mitochondrial and glycolytic), this 

alone may be sufficient to cause ATP depletion. Moreover, since galactose is converted to 

glucose-6-phosphate via the three-step Leloir pathway (Garrett and Grisham, 2013), inhibition 

of glucose-6-phosphate isomerase by 2-DG-6-P following its conversion from 2-DG (Wick et al., 

1957) could also prevent further metabolism of galactose-derived glucose-6-phosphate through 

glycolysis. This would further limit pyruvate supply to the mitochondria in cells that already 

exhibited an attenuated glycolytic rate due to galactose culture (Bustamante and Pedersen, 

1977). Finally, it is possible that inhibition of mitochondria-bound hexokinase by 2-DG results in 

indirect effect on mitochondrial metabolism in addition to blocking glycolytic flux, which may 

explain its effects in KIC-cultured cells. Therefore, similarly to BrPy, 2-DG may affect 

mitochondrial metabolism in a fashion that KIC and galactose-cultured MIA PaCa-2 cells are 

exquisitely sensitive to, especially given the former’s greater reliance on mitochondrial ATP 

production relative to glycolysis. 

Following the marked OM and AM-induced ATP depletion observed in galactose and KIC-

cultured cells, the lack of effect in the resting [Ca2+]i experiments came as a surprise. It is 

important to note, however, that in the current study the starting absolute ATP concentration 

within cells is not known. A higher resting ATP concentration in our KIC and galactose-cultured 

cells could explain the lack of effect of mitochondrial inhibitors on resting [Ca2+]i and [Ca2+]i 
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clearance. While mitochondrial inhibitors induced a significant decrease in ATP in both KIC and 

galactose-cultured cells, these cells may exhibit a much higher starting ATP concentration than 

their glucose-cultured counterparts, meaning the degree of ATP depletion may not be sufficient 

to cause PMCA inhibition. For example, a 50% decrease in ATP under one culture condition 

may be insufficient to reach the critical threshold ATP concentration at which the PMCA is 

affected. However, under a different culture condition, cells might present with a much lower 

starting ATP concentration, and an equivalent % decrease in ATP might be sufficient to inhibit 

the PMCA. Previous studies aiming to determine the absolute ATP content of cells cultured in 

glucose free medium have yielded conflicting results, with one suggesting cellular ATP rose by 

50% in the absence of glucose (Rodriguez-Enriquez et al., 2006), while another suggested that 

cells cultured in galactose have a considerably lower ATP content than that in their glucose-

cultured counterparts (Bellance et al., 2009). Additionally, studies in multicellular tumour 

spheroids indicate that cancer cells exhibit metabolic plasticity, and have a significantly higher 

ATP content when the majority of ATP is derived via oxidative phosphorylation (Rodriguez-

Enriquez et al., 2008). Thus, different starting ATP concentrations might account for the lack of 

effect of certain drugs in the resting [Ca2+]i experiments, despite an apparent effect on ATP in 

the luciferase and GO-ATeam assays. Nevertheless, the regulation of the PMCA by ATP is 

complex (Echarte et al., 2007), and the ATP sensitivity of the PMCA can be dynamically 

regulated by [Mg2+]i, [Ca2+]i, calmodulin and the phospholipid composition of the plasma 

membrane (Rossi and Rega, 1989, Zhang et al., 2009). Therefore, the absolute concentration 

to which ATP would need to decrease to in order to affect PMCA activity in living cells is not 

clear and likely more complex than originally thought following cell-free assays. 

In addition to the absolute ATP sensitivity of the PMCA, it is possible that the source (glycolysis 

vs oxidative phosphorylation) and temporal distribution of ATP production has an important 

bearing on the vulnerability of the PMCA to ATP depletion following metabolic inhibition. In 

intact human erythrocytes, a complex of glycolytic enzymes has been shown to be associated 

with the plasma membrane in close proximity to the plasma membrane (Puchulu-Campanella et 

al., 2013, Campanella et al., 2005). Moreover, in inside-out smooth muscle plasma membrane 

vesicles, the supply of glycolytic substrates has been shown to maintain PMCA activity. This 

suggests that an endogenous glycolytic cascade fuels PMCA activity by providing a 

submembrane pool of glycolytically-derived ATP in the absence of mitochondria (Paul et al., 

1989). Furthermore, extensions of this work found that the PMCA preferentially uses this 

endogenous glycolytic ATP supply to clear [Ca2+]i instead of exogenous ATP supplemented into 

the assay buffer (Hardin et al., 1992). Interestingly, in the present study, a modest but 

significant decrease in [Ca2+]i clearance rate was observed during the second influx/clearance 

phase in control KIC and galactose cells. In light of these previous studies (Hardin et al., 1992, 

Paul et al., 1989), this decrease in PMCA rate may reflect the lack of a rapid local glycolytic ATP 

supply at the plasma membrane. Moreover, it is likely that ATP is rapidly consumed by the 

PMCA under the conditions of our in situ [Ca2+]i clearance assay, and in the absence of a 

privileged local supply of glycolytic ATP the rate of ATP diffusion from the mitochondria may 
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limit the maximum achievable [Ca2+]i clearance rate in these assays. In this instance, when ATP 

is being rapidly consumed by the PMCA the mitochondria cannot adequately replenish 

submembrane ATP fast enough, and therefore the maximum rate of [Ca2+]i clearance by the 

PMCA cannot be maintained. Importantly, however, despite this modest reduction in [Ca2+]i 

clearance rate, KIC or galactose-cultured cells could still recover to a low resting [Ca2+]i. after an 

influx/clearance challenge, suggesting that mitochondrial ATP production allows galactose and 

KIC-cultured cells to maintain [Ca2+]i homeostasis, albeit with a slightly slowed PMCA. 

In contrast to galactose and KIC-cultured cells, in the present study IAA significantly inhibited 

PMCA activity in glucose-cultured cells, as previously described (Chapter 2, James et al., 2013). 

Given the apparent lack of effect of IAA in galactose and KIC-cultured cells, we attribute the 

IAA-induced PMCA inhibition in glucose-cultured cells to profound depletion of glycolytically-

derived ATP, as evidenced by our luciferase and GO-ATeam assays. This seems to happen 

despite these cells exhibiting an apparently high respiratory rate, providing further evidence that 

PDAC cells exhibiting the Warburg phenotype are exquisitely sensitive to glycolytic inhibition, 

and that the PMCA is critically reliant on a glycolytic ATP supply for [Ca2+]i clearance when 

glycolytic flux is high. We propose that the glycolytic regulation of the PMCA in PDAC is a 

cancer-specific weakness that can be exploited, and may be an effective and previously 

untapped therapeutic locus for the selective treatment of highly glycolytic PDAC cells. 
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3.8 - Chapter 3 Supplementary Methods and Results  

3.8.1 - Measurement of relative recovery of [Ca2+]i  during in situ [Ca2+]i  clearance assays 

As previously mentioned in 2.8.4 - Measurement of % recovery of [Ca2+]i to baseline, recovery 

of [Ca2+]i in our in situ [Ca2+]i clearance assay can be assessed by measuring the degree of 

recovery during the second clearance phase to the post-CPA response baseline. This method is 

appropriate to calculate the recovery of [Ca2+]i to baseline during the second influx/clearance 

phase provided the recovery during the first control influx/clearance phase is unaffected. 

However, cells cultured in glucose-free media containing α-ketoisocaproate or galactose did not 

completely recover [Ca2+]i to baseline following the first, control influx/clearance phase. As a 

result, the measurement of recovery to the post-CPA response baseline would not distinguish 

between drug-induced effects on recovery during the second influx/clearance phase and the 

effects of the culture conditions apparent in the first influx/clearance phase. Thus a different 

method of measuring recovery is required which would control for any effect on recovery during 

the first clearance phase, In this case, recovery during the second influx/clearance phase 

relative to that of the first is a better indicator of recovery than absolute recovery to the post-

CPA, pre influx/clearance phase baseline. Therefore, in the present study, the recovery during 

the second influx/clearance phase was normalised to that of the first (%), with both 

measurements beginning at the same fura-2 ratio value, to give relative recovery 

(Supplementary Figure 3.1). 

3.8.2 - Amplification and validation of GO-ATeam Plasmid 

GO-ATeam plasmid (pcDNA-GO-ATeam1) was supplied by Imamura and colleagues (Nakano 

et al., 2011). This plasmid was constructed from the pcDNA3.1 plasmid (Invitrogen, 

Supplementary Figure 3.2A). Upon receiving the plasmid, we first transformed competent E.coli 

cells (DH5αTM, Invitrogen) using heat shock. Plasmid DNA (50 ng) was added to 50 µl 

competent cell solution, and following 10 minutes incubation on ice, cells were incubated at 

42°C in a waterbath for 45 seconds before returning to incubation on ice for a further 2 minutes. 

Cells were then incubated in 1 ml antibiotic free lysogeny broth (LB, 172 mM NaCl, 1 % (w/v) 

Tryptone, 0.5 % (w/v) yeast extract) at 37°C (200 rpm) for 1 hour, and 100 µl of the cell 

suspension was subsequently spread on pre-warmed LB agar plates (LB + 1 % (w/v) agar) 

containing ampicillin (1 µg/ml, Sigma) and grown overnight at 37°C. Between 5 and 10 colonies 

were then screened for the presence of the plasmid. Briefly, E. coli from each colony were 

grown in 3 ml LB broth containing ampicillin, at which point glycerol stocks were prepared for 

each colony and the plasmid DNA isolated and amplified using a mini-preparation kit, according 

to manufacturer’s instructions (QIAprep Spin Miniprep Kit, QIAGEN). The DNA content of each 

preparation was then quantified using a Nanodrop 2000 spectrophotometer (Thermo Scientific), 

and one preparation selected to use for amplification and transfection based on its purity and 
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concentration. Glycerol stocks were prepared for long term storage of E coli cells by adding 300 

µl of 50 % glycerol to 700 µl of transformed E coli suspension in LB. 

 

 

Supplementary Figure 3.1 - Measurement of relative recovery in an in situ [Ca2+] i 

clearance assay 

In our in situ [Ca2+]i clearance assay, 30 µM cyclopiazonic acid (CPA) was applied in the 
absence of external Ca2+ with 1 mM EGTA (white box), or 20 mM Ca2+ (grey box) to induce 
store-operated Ca2+ influx. 1 mM La3+ was then applied at the peak of Ca2+ influx (striped box). 
Subsequent removal of external La3+ and readdition of 1 mM EGTA after 5 minutes allowed 
[Ca2+]i clearance. This influx-clearance phase was repeated and metabolic inhibitors applied 
during this second influx-clearance phase. Recovery from Ca2+ influx in our in situ [Ca2+]i 
clearance assay was measured as the relative % recovery which  normalises recovery during 
the second clearance phase (Recovery 2) to that of the first (Recovery 1). Recovery 1 and 
Recovery 2 are measured from an identical fura-2 ratio value between their two respective 
recovery values. 

 

After selection of the plasmid DNA sample to be carried forward for amplification and 

transfection, a restriction digest was performed followed by analysis by agarose gel 

electrophoresis to assess pcDNA-GO-ATeam1. This was to check that the plasmid DNA vector 

and the GO-ATeam insert were the correct size, and that the GO-ATeam insert was present in 

the correct position within pcDNA-GO-ATeam1. A 1 % agarose gel was prepared using 1x TAE 

(40 mM Tris base, 20 mM acetic acid and 1 mM EDTA) buffer containing 0.001 % ethidium 

bromide. Reaction mixtures for each sample were prepared using 500 ng pcDNA, 2.5 µl 10x 

SuRE/Cut Buffer B (Roche) 1 U restriction endonuclease (0.5 µl), and made up to 25 µl. These 

were then incubated at 37°C for 1 hour, at which point the reaction was inactivated by 

incubating the sample at 65°C for 20 minutes. Samples were then diluted in 6x loading buffer 

containing 30% glycerol and 0.25% bromophenol blue to give 20% loading buffer in each 

sample immediately prior to loading sample into the gel. HindIII and XhoI restriction 

endonucleases (Roche) were used to either cut the pcDNA-GO-ATeam1 at one site adjacent to 

the GO-ATeam insert (HindIII alone) or at both at either side of the GO-ATeam insert to excise 

the GO-ATeam sequence (HindIII and XhoI in combination). Similarly, HindIII was used to 
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prepare a single-site restriction digest of the pcDNA3.1 vector. In addition to these single and 

double restriction digest samples, uncut pcDNA-GO-ATeam1 and uncut pcDNA3.1 (Vector) 

were run alongside a molecular weight ladder (HyperLadder I, Bioline) The results are 

presented in Supplementary Figure 3.2B and indicate that all DNA fragments were at their 

expected positions and at the correct sizes. Sequencing was performed by GATC Biotech using 

the CMV forward and BGH reverse primers, which confirmed the plasmid sequence was 

correct. 

 

 

Supplementary Figure 3.2 - The pcDNA3.1 plasmid and  GO-ATeam insert  

A, a diagram showing the GO-ATeam sequence insertion point on the pcDNA3.1 plasmid 
vector. Used with permission of H. Imamura. B, agarose gel electrophoresis confirmed that the 
sequence inserted into the pcDNA3.1 plasmid between Xho I and Hind III corresponded to the 
expected size of the GO-ATeam sequence, 1806 bp. 

3.8.3 - Generation of MIA PaCa-2 cells stably expressing GO-ATeam 

MIA PaCa-2 cells stably expressing GO-ATeam were selected using the neomycin resistance 

system, using resistance to the antibiotic G418 (Sigma) to select for stably transfected cells. To 

select the appropriate concentration of G418 to use to select for resistant cells, MIA PaCa-2 

cells were seeded out at a constant density (1 x 105 cells/ml) into 12 well culture plates 

(Corning), and following 24 hours culture were treated with varying concentrations of G418 (0, 

125, 250, 500, 750 and 1000 µg/ml) for 9 days. Since G418 is labile at 37°C, the media 

containing G418 was changed every day, also to remove dead cells. The concentration of G418 
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which showed complete cell death after 7 days (500 µg/ml) was selected for use generating 

stably transfected MIA PaCa-2 cells. 

pcDNA-GO-ATeam1 (Supplementary Figure 3.2A) was amplified for transfections in MIA PaCa-

2 cells using the glycerol stocks of transformed bacteria described above and a midi-preparation 

kit according to manufacturer’s instructions (Plasmid Midi Kit, QIAGEN). To generate MIA 

PaCa-2 cells stably expressing GO-ATeam, MIA PaCa-2 cells were first seeded out at a 

constant density (1 x 105 cells/ml) into 12 well culture plates (Corning). After 24 hours post-

seeding, cells were transfected with pcDNA-GO-ATeam1 using GeneCellinTM 

(BioCellChallenge) according to the manufacturer’s instructions. At 24 hours post-transfection, 

the cell culture media was subsequently changed for standard medium (DMEM, D6429, Sigma, 

supplemented with 10% FBS, 100 units/ml penicillin and 100 µg/ml streptomycin) containing 

500 µg/ml G418, and cells were cultured under these conditions for 21 days, with the G418 

containing medium being changed every 2 days. At this point, colonies expressing GO-ATeam 

were selected using a Zeiss Axio Observer D1 microscope fitted with an Axiocam CCD camera 

and FITC filter set (Zeiss), isolated using PYREX® cloning cylinders (Corning), and routinely 

cultured as normal. 

3.8.4 - GO-ATeam FRET imaging of cytosolic ATP 

To measure GO-ATeam fluorescence, one of the previously described imaging systems that 

had been used to measure fura-2 fluorescence was used, with some changes made to the 

optical hardware. Supplementary Figure 3.3 depicts the setup used to measure GO-ATeam 

fluorescence. This system was comprised of a Nikon TE2000 microscope fitted with a x40 oil 

immersion objective (numerical aperture 1.3), a CoolSNAP HQ interline progressive-scan CCD 

camera (Roper Scientific Photometrics, Tucson, AZ), and a monochromator illumination system 

with a xenon arc lamp light source (Cairn Research, Kent, UK). In order to measure GO-ATeam 

fluorescence, the microscrope was equipped with a FITC/TRITC dichroic (505 nm) and a 

59004m ET FITC/TRITC dual band emission filter to separate excitation light from emission 

light. Emitted light was then simultaneously collected at 510 nm and above 560 nm using an 

OptoSplit Image Splitter equipped with a JC1 565 nm dichroic (Cairn Research, Kent, UK), 

which allowed light at the two emission wavelengths to be captured on two separate halves of 

the CCD camera chip. The Optosplit drop-in software within Metafluor separated the different 

regions on the CCD camera, and treated these as separate images. 
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Supplementary Figure 3.3 - An inverted microscope s ystem for GO-ATeam FRET 
microscopy 

Within a monochromator system, light generated by a xenon arc lamp light source was first 
collimited using a collimiting mirror before being separated using a mobile diffraction grating. 
Using a mirror, this light was reflected through the output slit at the correct excitation 
wavelength (λ, 470 nm). This light was carried to the microscope using a quartz fibre optic 
cable, where a dichroic mirror (505 nm) reflected it up through an objective to excite the cells. 
Light emitted at both FRET wavelengths (510 nm, green, and 565 nm, orange) following 
excitation of GO-ATeam was then carried back through the objective and passed through the 
dichroic mirror and a FITC/TRITC dual band emission filter. Emission light then entered an 
Optosplit image splitter, where it was reflected and then separated using a JC1 dichroic into the 
two separate emission wavelengths, 565 nm and 510 nm. This light was detected using a 
charged coupled device (CCD) camera system, with the detection chip split into two halves in 
order to detect each wavelength separately. 
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4.1 - Abstract  

Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer with limited treatment 

options. We have previously identified that the plasma membrane calcium ATPase, which 

extrudes cytosolic Ca2+ in order to maintain a low intracellular Ca2+ concentration ([Ca2+]i) and 

thus cell survival, is critically reliant on glycolytically-derived ATP in human PDAC cells 

exhibiting the Warburg effect. Moreover, previous studies suggest that glycolytic enzymes 

dynamically associate with the plasma membrane. Whilst it is not known whether this 

phenomenon occurs in PDAC, this could provide a privileged ATP supply to the PMCA and be 

key to its glycolytic dependency, and therefore may be an important therapeutic locus. The 

present study sought to determine whether glycolytic enzymes associate with the plasma 

membrane in PDAC and whether this is regulated by tyrosine phosphorylation. Using cell 

surface biotinylation assays with subsequent western blot analysis, we show that the key 

glycolytic enzymes LDHA, PFKP, GAPDH, PFKFB3 and PKM2 associate with the plasma 

membrane in MIA PaCa-2 cells. Furthermore, western blots following tyrosine kinase inhibition 

with genistein (150 µM) and tyrphostin A23 (50 µM) or tyrosine phosphatase inhibition with 

pervanadate (10 µM) tentatively suggest that this membrane association may be regulated by 

tyrosine phosphorylation. However, while both genistein and tyrphostin A23 slowed PMCA 

activity during an in situ [Ca2+]i clearance assay, measurement of cytosolic ATP indicated that 

this was not likely due to ATP depletion. Further research is required to characterise the 

regulation of glycolytic enzyme association with the plasma membrane in PDAC and whether 

this influences PMCA activity.  
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4.2 - Introduction 

While significant advances have been made in cancer treatment, pancreatic cancer has proven 

notoriously difficult to combat with conventional chemotherapy and prognosis for patients 

remains extremely poor. At present, pancreatic cancer is the fourth leading cause of cancer-

related death in the United States with a 5 year survival rate of only 6% (Siegel et al., 2014). 

Pancreatic ductal adenocarcinoma (PDAC) accounts for around 85% of reported pancreatic 

malignancies, and commonly arises from the epithelial exocrine tissue within the head of the 

pancreas (Alexakis et al., 2004). In the case of PDAC, tumour resection remains the most 

common course of action. However, since PDAC commonly progresses to metastasis in the 

absence of noticeable clinical symptoms, only 15–20% of patients present with resectable 

disease (Amin et al., 2006). Nevertheless, of those patients undergoing surgical resection, only 

20% survive beyond 5 years (Li et al., 2004). These bleak statistics clearly illustrate that novel 

treatment approaches are required to combat this unsolved global health problem.  

One potential target for treating PDAC that is currently the focus of intense research is altered 

cell metabolism in cancer (Tennant et al., 2010). In particular, cancer cells exhibit a high 

glycolytic rate even when oxygen is abundant, a phenomenon first observed by Otto Warburg in 

the 1920s that subsequently became known as the “Warburg Effect” (Warburg, 1956). A high 

glycolytic rate is vital for the rapid proliferation of PDAC cells as it provides an abundance of 

glucose carbons in the form of glycolytic intermediates for anabolic processes and cell 

proliferation (Gillies and Gatenby, 2007, Kroemer and Pouyssegur, 2008). Though glycolysis is 

not an energetically favourable means of generating ATP in comparison to mitochondrial 

oxidative phosphorylation due to its poor yield of ATP per glucose molecule consumed, 

glycolysis is a rapid means of generating ATP (Pfeiffer et al., 2001) that can be maintained 

despite the hypoxic conditions within a tumour (Koong et al., 2000). Proteomic studies have 

revealed that PDAC exhibits key metabolic changes that promote the Warburg phenotype (Zhou 

et al., 2012), and targeting tumour energy metabolism may therefore hold promise as an 

effective therapeutic intervention for PDAC. Indeed, studies have shown that pharmacological 

inhibition of glycolysis depletes ATP levels in highly glycolytic cells (including those derived from 

pancreatic cancer) and can prevent tumour progression in xenograft models of cancer (James 

et al., 2013, Le et al., 2010, Ko et al., 2004). 

Following the upregulation of glycolysis in PDAC, one might expect that those processes 

critically dependent on a robust ATP supply may be affected due to a change in the relative 

contributions of glycolysis and mitochondrial metabolism to ATP generation. One such process 

is the ATP-dependent extrusion of cytosolic calcium (Ca2+) by the plasma membrane calcium 

ATPase (PMCA), which is crucial for maintaining a low intracellular Ca2+ concentration ([Ca2+]i, 

~100 nM). This is critical for cell survival; impaired PMCA activity is catastrophic for a cell, as it 

inevitably leads to a sustained and irreversible [Ca2+]i overload that ultimately results in cell 

death (Brini and Carafoli, 2009). We have previously shown that the PMCA utilises a supply of 

glycolytically-derived ATP in PDAC, and that glycolytic inhibition results in PMCA inhibition and 
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[Ca2+]i overload (James et al., 2013, Chapter 2). Furthermore, our follow up study showed that 

the sensitivity of the PMCA in PDAC to glycolytic inhibition was significantly attenuated when 

glycolysis was slowed, suggesting that the critical reliance of the PMCA on glycolytically-derived 

ATP in PDAC cells is specific to those cells exhibiting the Warburg phenotype (Chapter 3). We 

therefore suggested that the glycolytic ATP supply to the PMCA might be a weakness that could 

be exploited selectively in PDAC cells exhibiting a high glycolytic rate, as these cells appear 

exquisitely sensitive to the loss of a glycolytic ATP supply to the PMCA. 

Evidence suggests that glycolytic enzymes can colocalise with the plasma membrane and may 

be functionally coupled to ATP-consuming pumps such as the PMCA and the Na+/K+ ATPase, 

thereby providing them with a privileged ATP supply. A large body of evidence indicates that 

glycolytic enzymes associate with the plasma membrane in erythrocytes via interactions with 

anion exchanger 1 (AE1), also known as band 3, in a tyrosine kinase dependent fashion 

(Puchulu-Campanella et al., 2013, Campanella et al., 2005, Campanella et al., 2008). However, 

AE1 expression is largely restricted to erythrocytes. Nevertheless, early functional studies 

showed that the PMCA has its own glycolytic ATP supply in porcine smooth muscle cells 

(Hardin et al., 1992, Paul et al., 1989). More recently, however, the glycolytic enzyme PKM2 

has been shown to associate with the membrane-associated mucin 1 (MUC1) in 3Y1 fibroblasts 

in a tyrosine kinase dependent manner (Kosugi et al., 2011). Moreover, MUC1 has been shown 

to promote the glycolytic phenotype in pancreatic cancer (Chaika et al., 2012), and is aberrantly 

overexpressed in PDAC (Hinoda et al., 2003). It is not currently known whether glycolytic 

enzymes associate at the plasma membrane in PDAC, and whether this is dynamically 

regulated. Nevertheless, it is tempting to speculate that the plasma membrane localisation of 

glycolytic enzymes proximal to the PMCA in PDAC may be an important therapeutic locus in 

highly glycolytic cancer cells. 

Based on these previous studies, the present study sought to determine whether enzymes 

involved in the glycolytic cascade associate with the plasma membrane in the human PDAC cell 

line, MIA PaCa-2, and whether any association was dynamically regulated by tyrosine kinase 

activity. Furthermore, since membrane association of glycolytic enzymes in other cell types is 

known to affect their activity, the effects of tyrosine kinase inhibitors were assessed on PMCA 

activity and cytosolic [ATP]. We report for the first time that glycolytic enzymes associate with 

the plasma membrane in MIA PaCa-2 cells, potentially providing the PMCA with a privileged 

ATP supply. Tyrosine kinase inhibitors slowed PMCA activity, but did not decrease global 

cytosolic [ATP]. These results confirm the presence of membrane-bound glycolytic enzymes in 

PDAC that are proximal to the PMCA; however, it remains unclear whether this membrane 

association is regulated in a tyrosine kinase-dependent fashion and whether this regulates 

PMCA function. 
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4.3 - Experimental Procedures 

4.3.1 - Cell culture  

MIA Paca-2 cells (American Type Culture Collection) were grown in Dulbecco’s Modified 

Essential Media (DMEM, D6429, Sigma), supplemented with 10% foetal bovine serum, 100 

U/ml penicillin and 100 µg/ml streptomycin in a humidified atmosphere of air/CO2 (95%:5%) at 

37°C. Cells were used until passage 30, at which point they were discarded. 

4.3.2 - Preparation of test reagents  

Stocks of pervanadate (PV) were prepared from orthovanadate monomers by adding excess 

H2O2, which was incubated for 15 minutes at room temperature before being quenched with 

excess catalase (Sigma, see 4.7.1 – Preparation of pervanadate). Stocks of genistein and 

Tyrphostin A23 were both prepared in DMSO. HEPES-buffered physiological saline solution 

(HEPES-PSS; 138 mM NaCl, 4.7 mM KCl, 1.28 mM CaCl2, 0.56 mM MgCl2, 5.5 mM glucose, 10 

mM HEPES, pH 7.4) was used in all imaging experiments. Phosphate buffered saline (PBS) 

used in the biotinylation assays was prepared using Thermo Scientific BupH Phosphate 

Buffered Saline Packs (Pierce, 0.1M sodium phosphate, 0.15M NaCl, pH 7.2). Aliquots were 

stored at -20°C, and were defrosted and added to the appropriate solutions immediately prior to 

assay. 

4.3.3 - Western blotting  

Proteins were separated by SDS-PAGE on 6, 7.5 and 10 % resolving gels (see 4.7.3 – Gel 

preparation for western blot) using a SE300 miniVE Integrated Vertical Electrophoresis and 

Blotting Unit (Hoefer) with running buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS). 

Prestained SDS-PAGE standards (#161-0318, Bio-Rad) were used to determine molecular 

weight of bands. After resolving a gel, proteins were transferred onto a nitrocellulose membrane 

(Amersham Protran Premium 0.45 µm NC) using a Trans-Blot® SD semi-dry electrophoretic 

transfer cell (Bio-Rad) and transfer buffer (25 mM Tris base, 192 mM glycine, 20% methanol 

and 0.1% SDS). Nitrocellulose membranes were then blocked for 1 hour in either 5% BSA or 

milk in Tween Tris buffered saline (Tween TBS, pH 7.6, 20 mM Tris base, 138 mM NaCl, 0.15% 

Tween 20) at room temperature. Membranes were then washed and blotted with primary 

antibody overnight at 4°C in Tween TBS containing 5% BSA or milk. The following day the 

membranes were again washed in Tween TBS prior to applying the appropriate secondary 

antibody for 1 hour at room temperature. Following a final wash in Tween TBS, the 

nitrocellulose membranes were incubated in ECL reagent (Western Lightning Plus, Perkin 

Elmer) at room temperature, exposed to x-ray film (CL-XPosure, Pierce) and developed. 

Primary antibodies supplied by Cell Signalling Technology were PKM2 (D78A4) XP®, PKM1/2 
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(C103A3), GAPDH (D16H11) XP®, PDH (C54G1), HKI (C35C4), HKII (C64G5), LDHA (C4B5), 

PFKP (D4B2) and PFKFB3 (D7H4Q). Similarly, PMCA4 and PMCA NS primary antibodies were 

supplied by Cell Signalling, while the anti-phosphotyrosine (PY20) primary antibody was 

supplied by Sigma. Secondary antibodies used were HRP-linked anti-rabbit (Cell Signalling 

Technology) and HRP-linked anti-mouse (Dako). The MUC1 (BC-2) antibody was kindly 

donated by Professor John Aplin (Hey et al., 1995).  

4.3.4 - Phosphotyrosine western blot sample preparation  

To test the effects of tyrosine kinase inhibitors on global tyrosine phosphorylation using an 

antiphosphotyrosine antibody (PY20), MIA PaCa-2 cells were first seeded at a constant density 

in 35 mm diameter tissue culture-treated dishes (Corning) and allowed to grow until 90% 

confluent. Cells were then treated with test reagents (genistein, 50 and 150 µM, tyrphostin A23, 

10 and 50 µM, and pervanadate, PV, 10 µM) in either cell culture media or PBS for 15 minutes 

at 37°C, and then rinsed with PBS twice on ice and lysed using a RadioImmune Precipitation 

Assay (RIPA) buffer, containing 50 mM Trizma® base (Sigma), 1 mM EDTA, 1 mM EGTA, 0.1 

mM vanadate, 1 mM NaF, 40 mM Na4P2O7, 1% Triton X-100, 0.1% SDS, and cOmplete EDTA-

free protease inhibitors (Roche Applied Science). A BCA assay (Pierce) was performed on all 

samples using a Nanodrop 2000 (Thermo Scientific) and equal protein concentrations loaded 

for each condition. 

4.3.5 - Isolation of plasma membrane proteins  

MIA PaCa-2 cells were cultured in 75cm3 vented cap flasks (Corning) until 90% confluent at 

which point proteins found within or associated with the plasma membrane were isolated using 

a biotinylation-based Pierce Cell Surface Protein Isolation Kit (see 4.7.2 – Isolation of 

membrane bound proteins using cell surface biotinylation assay, Thermo Fisher). Four flasks 

were used per condition. Cells were first treated with test reagents which were subsequently 

removed prior to labelling cells with the supplied biotinylation reagent. Following labelling, cells 

were lysed using the supplied lysis buffer supplemented with cOmplete EDTA-free protease 

inhibitors (Roche Applied Science). The protein isolation of the biotinylated (membrane) fraction 

was then performed according to manufacturer’s instructions. Briefly, this involved lysis sample 

sonication (5 x 1 second bursts) followed by 30 minutes treatment with lysis buffer on ice with 

repeat vortex steps every 5 minutes, centrifugation of lysate (10000 x g at 4°C) and transfer of 

the clarified supernatant to an elution column containing NeutrAvidin™ agarose beads (Thermo 

Scientific). The sample was then incubated at room temperature for 1 hour on a rocking 

platform, after which the unbound proteins (the non-biotinylated fraction) were eluted. The non-

biotinylated eluent was retained as this fraction contained the non-membrane bound or cytosolic 

proteins. The column was rinsed and the biotinylated fraction eluted using 1x SDS sample 

buffer (62.5mM Tris HCl; pH 6.8, 2% SDS; 10% Glycerol; 1% β-mercaptoethanol) 



149 

 

 

 

supplemented with dithiothreitol (DTT, 50 mM). 5x SDS sample buffer without DTT was added 

to non-biotinylated fraction sample to give 1x SDS sample buffer and both the biotinylated and 

non-biotinylated fractions were boiled at 95 °C for 5 min, at which point they were analysed by 

western blot as described above. 

In the assays comparing protein abundance in biotinylated vs non-biotinylated fraction after 

treatment with either tyrosine kinase inhibitors or pervanadate, cells were seeded at an identical 

cell density 2 days prior to sample preparation to ensure each flask contained the same cell 

mass on the day of the assay. Cells were first treated with genistein (150 µM) and tyrphostin 

A23 (50 µM) in combination (G+T) or PV (10 µM) in PBS for 15 minutes at 37°C. Following 

treatment, cells were rinsed twice with cold PBS on ice and the biotinylation protocol performed. 

Following fraction separation, a BCA protein assay (Pierce) was performed on the non-

biotinylated fraction samples using a Nanodrop 2000 (Thermo Scientific). Samples were 

analysed by western blot as described above. 

4.3.6 - Fura-2 fluorescence imaging  

To measure [Ca2+]i clearance, MIA PaCa-2 cells were seeded onto glass coverslips and allowed 

to adhere overnight before being loaded with fura-2 AM (4 µM) for 40 minutes at room 

temperature. These cells were mounted on an imaging system, as previously described (James 

et al., 2013). This system employed a Nikon Diaphot microscope fitted with a x40 oil immersion 

objective (numerical aperture 1.3) and an Orca CCD camera (Hamamatsu). Both microscope 

systems used in this study (one for GO-ATeam FRET imaging, the other for fura-2 fluorescence 

imaging) employed a monochromator illumination system (Cairn Research,Kent, UK) controlled 

by MetaFluor image acquisition and analysis software (Molecular Devices, Downingtown, PA). 

Cells were continually perfused with HEPES-PSS by means of a gravity-operated perfusion 

system (Harvard Apparatus). Cells were excited at 340 nm and 380 nm (50 ms exposure) and 

excitation light separated from emitted light using a 400 nm dichroic with a 505LP filter. All 

experiments were performed at room temperature (22°C). 

4.3.7 - GO-ATeam FRET imaging  

To measure cytosolic ATP, MIA PaCa-2 cells were stably transfected using the FRET-based 

ATP reporter, GO-ATeam (Nakano et al., 2011) as previously described (Chapter 3). These 

cells were then seeded onto glass coverslips and allowed to adhere overnight before being 

mounted onto an imaging system. This system included a Nikon TE2000 microscope with a x40 

oil immersion objective (numerical aperture 1.3), and background subtracted images were 

acquired using a CoolSNAP HQ interline progressive-scan CCD camera (Roper Scientific 

Photometrics, Tucson, AZ). Cells were perfused with HEPES-PSS using gravity-operated 

perfusion systems (Harvard Apparatus). Cells were excited at 470 nm (500 ms exposure), and 

emitted light separated from excitation light using a 505 nm dichroic fitted with a dual band 
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emission filter (59004m ET FITC/TRITC Dual Emitter). Simultaneous collection of light emitted 

at 510 nm and above 560 nm was made possible using an OptoSplit Image Splitter fitted with a 

JC1 565 nm dichroic (Cairn Research, Kent, UK). All experiments were performed at room 

temperature (22°C). 

4.3.8 - Data analysis  

Background subtracted images of a field-of-view of cells were acquired every 5 seconds for 

each emission (GO-ATeam) or excitation (fura-2) wavelength. All analysis was performed using 

Microsoft Excel and Graphpad Prism 6, and presented data represent the means ± SEM of the 

indicated number (n) of experimental repeats. 

In order to calculate ATP (%) in the GO-ATeam experiments (See Figure 4.4A), we first 

calculated the maximum decrease in GO-ATeam FRET ratio (∆Rmax) from the pretreatment 

baseline (R0) following treatment with the ATP depletion cocktail, as this drug combination was 

assumed to cause 100% ATP depletion, thus giving the dynamic range of the experiment. 

∆Rmax was calculated by subtracting the minimum steady-state ratio observed following 

treatment with the ATP depletion cocktail (Rmin) from the baseline ratio prior to drug addition (R0, 

the mean of the 10 values immediately prior to application of test reagent). Rmin was then 

subtracted from all FRET ratio values throughout the experiment, and these corrected values 

were then normalised to ∆Rmax (%). These values were averaged across all cells in an assay to 

give the experimental mean % ATP for all time points throughout the assay. ATP depletion at 0, 

5, 10, 15 and 20 minutes treatment with the test reagent was then compared to that in untreated 

control cells. Statistical comparisons were performed using a two-way ANOVA with a post hoc 

Bonferroni test for multiple comparisons. 

To calculate [Ca2+]i clearance rate, the linear rate (60 seconds) during the second 

influx/clearance phase (fura-2 ratio units/second) was normalised (%) to that of the first 

clearance phase, with both measurements beginning at the same starting fura-2 ratio value. 

Similarly, relative recovery during the second clearance phase was normalised (%) to that of the 

first, again measured from a standardised fura-2 ratio value. In instances where recovery was 

100% across treatment groups, clearance was also assessed by measuring the relative time 

constant (tau, τ) for each clearance phase. This involved fitting the clearance curves to a single 

exponential decay from the same starting fura-2 ratio value, and normalising the time constant 

(tau, τ) of the second clearance phase to that of the first. Since the τ represents the time 

constant (in seconds) and is the reciprocal of the rate constant (in seconds-1), the inverse of the 

τ during the second clearance phase (τ2) must be normalised (%) to that of the first (τ1), or ((1/ 

τ2)/(1/τ1)) x 100. This can be simplified as (τ1/τ2) x 100 to give the relative τ %. Differences in 

[Ca2+]i clearance rate (as assessed by measuring both the linear rate and the time constant of a 

single exponential decay) and relative recovery were then statistically assessed between 

treatment groups using a Mann Whitney U test. 
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4.4 - Results 

4.4.1 - Key glycolytic enzymes associate with plasma membrane proteins in MIA PaCa-2 cells  

To determine whether glycolytic enzymes associate with the plasma membrane, cell 

membranes from MIA PaCa-2 cells were isolated using a cell surface biotinylation assay. 

Briefly, this method involved labelling the external envelope of the plasma membrane with a 

biotinylation reagent (Sulfo-NHS-SS-Biotin) that binds to primary amines (such as the side-chain 

of lysine) within the extracellular domains of transmembrane proteins. This reagent does not 

cross the plasma membrane and therefore only labels proteins from the extracellular envelope. 

Thus, following cell lysis, the labelled plasma membrane (and anything associated with it) could 

be immobilised and separated from the cytosolic fraction using NeutrAvidinTM agarose beads 

and then eluted using dithiothreitol (DTT, 50 mM). Subsequently, the biotin-labelled membrane 

fraction could be western blotted at low (10 µl) and high (30 µl) volumes alongside the retained 

non-biotinylated fraction containing cytosolic and organelle-associated protein (10 µg), with 

whole cell lysates from MIA PaCa-2 cells (5 µg) included as a positive control. 

Before assessing whether glycolytic enzymes are found in the biotinylated fraction, we first 

confirmed that this fraction is enriched with proteins typically only found at the plasma 

membrane. We therefore probed biotinylated and non-biotinylated fractions from MIA PaCa-2 

cells for the PMCA using a nonspecific antibody for all PMCA isoforms (PMCA NS) and 

antibodies specific for PMCA4. As expected, bands were found at ~140 kDa in the biotinylated 

fraction and whole cell lysate for both PMCA NS and PMCA4 (Figure 4.1). Only a faint band 

was observed within the non-biotinylated fraction for both PMCA NS and PMCA4, most likely 

due to protein in the process of either being trafficked to or endocytosed from the plasma 

membrane, or a minor contamination by unlabelled transmembrane proteins. These results 

confirmed the presence of PMCA and specifically PMCA4 in MIA PaCa-2 cells, and also 

confirmed that by using this method the biotinylated fraction is enriched with proteins that are 

known to be typically only expressed at the plasma membrane. 

Using western blotting, we next assessed the expression profile of key glycolytic enzymes 

within biotinylated vs non-biotinylated fractions from MIA PaCa-2 cells (Figure 4.1), again using 

whole cell lysates as a positive control. This included western blot for hexokinase I (HKI, 102 

kDa), lactate dehydrogenase A (LDHA, 37 kDa), phosphofructokinase, platelet (PFKP, 80 kDa), 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH, 37 kDa), 6-phosphofructo-2-

kinase/fructose-2,6-biphosphatase 3 (PFKFB3, 60 kDa), pyruvate kinase muscle 2 (PKM2, 60 

kDa) and pyruvate kinase muscle 1 and 2 isoform nonspecific (PKM1/2, 60 kDa). Bands at the 

appropriate molecular weight were detected for LDHA, PFKP, GAPDH, PFKFB3 and PKM2 

within the whole cell lysate and both biotinylated and non-biotinylated fractions. These results 

confirm that these enzymes all associate with proteins at the plasma membrane in MIA PaCa-2 

cells, as well as being found within the non-biotinylated fraction. 
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However, following western blot for and hexokinase II (HKII, 102 kDa), bands were detected at 

the appropriate molecular weight in both the whole cell lysate and the non-biotinylated fraction, 

but not the biotinylated fraction. Similarly, pyruvate dehydrogenase (PDH, 43 kDa) was only 

detected in the non-biotinylated fraction. While this indicates that MIA PaCa-2 cells do indeed 

express HKII and PDH, the absence of PDH within the whole cell lysate was surprising and was 

potentially due to low protein abundance. However, as expected, these results indicate that 

PDH does not associate with the plasma membrane. PDH and HKII are proteins found within or 

associated to the mitochondria, and the lack of bands within the biotinylated fraction suggests 

that this fraction is specific for proteins associated with the plasma membrane. Furthermore, 

these results indicate that, following this separation method, the biotinylated fraction is not 

contaminated with proteins from the non-biotinylated fraction. 

 

Figure 4.1 – Glycolytic enzymes are associated with  the plasma membrane in MIA PaCa-2 
cells.  

Using a cell surface biotinylation assay, plasma membrane was isolated from MIA PaCa-2 cells. 
Biotinylated fractions (representing the plasma membrane, PM, 10 and 30 µl) were blotted 
against non-biotinylated fractions (representing the cytosol fraction, Cyt, 10 µg) and whole cell 
lysates (Lys, 5 µg). Representative western blots are presented using antibodies against PMCA 
NS (PMCA isoform nonspecific), PMCA4 (PMCA isoform 4), hexokinase I (HKI), hexokinase II 
(HKII), pyruvate dehydrogenase (PDH), lactate dehydrogenase (LDH), phosphofructokinase 
platelet isoform (PFKP), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), pyruvate kinase M2 isoform 
(PKM2), pyruvate kinase M1 and M2 nonspecific (PKM1/2) and mucin 1 (MUC1). 

 

Evidence suggests that PKM2 can associate with mucin 1 (MUC1) in a tyrosine kinase-

dependent fashion (Kosugi et al., 2011), thereby potentially providing a candidate binding site 

for a glycolytic enzymes at the plasma membrane in PDAC. Therefore, we aimed to determine 

whether MUC1 is expressed in the plasma membrane of MIA PaCa-2 cells, since it may act to 

anchor glycolytic enzymes to the plasma membrane. The MUC1 (BC-2) antibody binds a 5 

amino acid epitope present within the 20 amino acid tandem repeat region of the MUC1 core 

protein (Xing et al., 1990, Xing et al., 1989). Following western blot for MUC1, bands were 
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observed just below the 209 kDa weight marker in the MIA PaCa-2 whole cell lysate and both 

biotinylated and non-biotinylated fractions (Figure 4.1). Surprisingly, numerous bands were 

observed in the non-biotinylated fraction, potentially due to MUC1 endocytosis, recycling and 

trafficking to exosomes (Hanisch et al., 2012). Nevertheless, these results confirm that MIA 

PaCa-2 cells do indeed express MUC1, and that this protein is expressed at the plasma 

membrane. 

4.4.2 - Regulation of glycolytic enzyme membrane association by protein tyrosine 

phosphorylation  

Previous studies have shown that tyrosine kinase-mediated phosphorylation regulates the 

formation of a submembrane glycolytic enzyme complex in human erythrocytes (Campanella et 

al., 2005), and also regulates the aforementioned association of PKM2 with MUC1 in 3Y1 

fibroblasts expressing the cytoplasmic domain of MUC1 (Kosugi et al., 2011). Therefore, after 

establishing that glycolytic enzymes are associated with plasma membrane proteins in MIA 

PaCa-2 cells, we aimed to test whether this membrane association was dynamically regulated 

by tyrosine phosphorylation. 

To test this, we set out to compare the relative protein abundance within the biotinylated vs non-

biotinylated fractions following treatment with the tyrosine kinase inhibitors genistein and 

tyrphostin A23 (to inhibit basal phosphorylation of tyrosine residues) or the tyrosine 

phosphatase inhibitor pervanadate (to induce maximal tyrosine phosphorylation). However, it 

was important to first establish the full dynamic range of protein tyrosine phosphorylation in MIA 

PaCa-2 cells following treatment with these drugs. This was achieved by applying either 

genistein (50 µM or 150 µM), tyrphostin A23 (10 µM or 50 µM) or pervanadate (PV, 10 µM), 

followed by whole cell lysis and western blot using an anti-phosphotyrosine antibody (PY20). 

Whole cell lysates were prepared from MIA PaCa-2 cells treated with test reagents in cell 

culture media for 15 minutes, and untreated cells were used as a control. Equal protein 

concentrations (30 µg) were loaded in each lane. Following treatment with pervanadate to 

inhibit tyrosine phosphatases, western blotting for phorphorylated tyrosine residues revealed 

numerous large bands due to the unopposed tyrosine kinase-mediated phosphorylation of 

cellular proteins (Figure 4.2A(i)). However, little difference in signal intensity was observed 

between the control group and those treated with genistein or tyrphostin A23. This suggests that 

basal tyrosine phosphorylation is very low in MIA PaCa-2 cells and indistinguishable from that 

following treatment with these tyrosine kinase inhibitors. This was possibly due to basal tyrosine 

phosphatase activity being higher than basal tyrosine kinase activity. The low basal tyrosine 

phosphorylation could also be explained by the fact that experiments were performed in 

HEPES-PSS and therefore in the absence of serum, which contains numerous growth factors 

which influence basal tyrosine phosphorylation by activating numerous growth factor receptor-

mediated tyrosine kinase pathways. We therefore performed side-by-side experiments with 

genistein, tyrphostin A23 and PV in both cell culture medium (Figure 4.2A(ii)) and HEPES-PSS. 
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However to our surprise, band intensities were significantly higher in cells which received drug 

treatment in HEPES-PSS (Figure 4.2A(i) and 4.2A(ii)). One possible explanation for this is that 

serum is known to bind drugs, and thus their effective concentration might be reduced in serum-

supplemented media. Therefore HEPES-PSS was used as the vehicle in all subsequent drug 

incubations. Furthermore, to our surprise, 10 µM tyrphostin A23 alone increased tyrosine 

phosphorylation compared to untreated controls, wheras 50 µM tyrphostin A23 did not. 

Subsequent experiments therefore used 50 µM tyrphostin A23. 

 

Figure 4.2 - Regulation of glycolytic enzyme membra ne association by tyrosine kinase 
phosphorylation.  

A - Western blots showing tyrosine phosphorylation in whole cell lysates from MIA PaCa-2 cells 
treated for 15 minutes with tyrphostin A23 (T), genistein (G), pervanadate (PV) or vehicle 
(control, C) at the concentrations indicated. Vehicle for treatment was HEPES-buffered 
phosphate saline solution (HEPES-PSS, A(i) ) or Dulbecco’s modified Eagle’s medium with 
supplements (DMEM, A(ii) ), with 30 µg protein loaded for each treatment sample. Western blots 
were carried out using an anti-phosphotyrosine antibody (PY20).  B - Using HEPES-PSS as the 
vehicle, MIA PaCa-2 cells were treated with genistein (150 µM) and tyrphostin A23 (50 µM) in 
combination (G+T), with PV (10 µM) or HEPES-PSS alone (control, C). A biotinylation-based 
assay was then used to separate the plasma membrane fraction (Biotinylated) and cytosolic 
fraction (Non-biotinylated), and western blots performed using primary antibodies against key 
glycolytic enzymes: B(i) , GAPDH; B(i) , PKM2; B(iii) , PFKP; B(iv) , HK1; B(v) , PFKFB3. 3 µg of 
sample was loaded for all non-biotinylated fraction samples, while in the absence of a protein 
assay 20 µl was loaded for all biotinylated fraction samples. 
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We then tested the relative level of glycolytic enzymes in biotinylated vs non-biotinylated 

fractions following treatment of MIA PaCa-2 cells with the tyrosine kinase inhibitors or 

pervanadate (see 4.7.2 – Isolation of membrane bound proteins using cell surface biotinylation 

assay). To ensure maximal inhibition of tyrosine kinases (and thus minimum tyrosine 

phosphorylation), a combination of genistein (150 µM) and tyrphostin A23 (50 µM) was used 

(G+T). If tyrosine phosphorylation dynamically regulates the association of glycolytic enzymes 

with the plasma membrane, we would expect to see corresponding and opposite changes in 

glycolytic enzyme abundance in the biotinylated vs non-biotinylated fractions following treatment 

with PV (10 µM) vs genistein and tyrophostin A23 (G+T). Since flasks were seeded at an 

identical cell density for each drug treatment, it was assumed that each flask would contain the 

same number of cells (and thus protein content) at the start of each drug treatment. However, it 

must be noted that protein concentration could not be determined for the biotinylated fractions 

due to the presence of DTT at the elution step of fraction separation. Nevertheless, protein 

concentration was determined for the non-biotinylated fraction, and 3 µg protein was loaded for 

each non-biotinylated sample. It was also anticipated that there would be significantly less 

protein in the biotinylated fractions; therefore, a roughly tenfold higher volume (equated to 20 µl) 

was loaded for all biotinylated samples. Importantly, in the absence of a protein assay, this 

volume (20 µl) was kept constant for all biotinylated fraction samples. 

Following combination treatment with G+T, the band intensity for GAPDH increased within the 

non-biotinylated fraction with a corresponding decrease in the biotinylated fraction (Figure 

4.2B(i)), compared to PV. However, no change was observed following treatment with PV 

compared to control, despite PV causing maximum tyrosine phosphorylation of cellular protein. 

These results suggest that inhibition of tyrosine kinase activity may lead to a decrease in 

membrane-associated GAPDH and that tyrosine phosphatase inhibition does not increase the 

abundance of GAPDH at the membrane, compared to control conditions. 

With regards G+T and PV treatment, qualitatively similar results were obtained when identical 

blots were re-probed for PKM2 and PFKP (Figure 4.2B(ii) and 4.2B(iii)), however only very faint 

bands were detected in the biotinylated fractions, which may reflect low protein abundance. 

Nevertheless, there appears to be an increase in the non-biotinylated fraction following 

treatment with G+T compared to treatment with PV, and a corresponding increase in the 

biotinylated fraction following treatment with PV compared to treatment with G+T. On the other 

hand, in comparison to PV treatment, HKI (Figure 4.2B(iv)) was enriched in the biotinylated 

fraction following treatment with G+T; this corresponded with an increase in the non-biotinylated 

fraction following PV treatment compared to G+T treatment. However, in contrast to the results 

presented in Figure 4.1, PFKFB3 could not be detected within the biotinylated fraction during 

these assays (Figure 4.2B(v)), suggesting that this protein is expressed at a low level at the 

plasma membrane in MIA PaCa-2 cells.  

Similar to GAPDH, the results obtained following western blot for PKM2, PFKP and HKI 

tentatively suggest that these glycolytic enzymes all dynamically associate with the plasma 
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membrane in a tyrosine kinase-dependent manner. Nevertheless, care must be taken when 

interpreting these data since the protein concentrations in the biotinylated samples could not be 

determined and due to band intensities being close to detection limits. This meant that results 

were highly variable and inconsistent in repeat experiments, and therefore may present a major 

confounding factor. Thus, the observed changes in protein abundance in the biotinylated 

fraction could be due to a difference in protein concentration between samples, rather than the 

effect of drug induced membrane association/dissociation. Nevertheless, protein concentration 

could be determined for the non-biotinylated fractions and the amount loaded standardised; 

although tenuous, these results broadly fit with the hypothesis that tyrosine phosphorylation 

status controls the translocation of these glycolytic enzymes to and from the cytosol to the 

plasma membrane. 

4.4.3 - The tyrosine kinase inhibitors reduce PMCA activity in MIA PaCa-2 cells  

Membrane association of glycolytic enzymes may be an important factor in maintaining a 

glycolytic ATP supply to the PMCA in PDAC, and thus their dissociation from the plasma 

membrane could be expected to impact on PMCA for numerous reasons. The proximity of a 

glycolytic metabolon to glucose transporters might be important in maintaining a high availability 

of glucose for rapid metabolism by HKI, while the proximity of LDHA to monocarboxylate 

transporters (MCT) might facilitate lactic acid efflux, thereby maintaining LDHA activity. 

Moreover, the LDHA reaction generates NAD+, and thus its activity at the plasma membrane 

may be important for providing NAD+ to membrane-bound GAPDH. In addition, consumption of 

ATP by the PMCA might be important for maintaining a high glycolytic rate. A high cytosolic 

concentration of ATP ([ATP]i, ~5 mM) is known to allosterically inhibit PFK activity (Dobson et 

al., 1986, Sola-Penna et al., 2010), and since the PMCA is a major consumer of cytosolic ATP, 

colocalisation of the PMCA and PFK1 might be expected to maintain the concentration of ATP 

below the inhibitory threshold, thereby maintaining glycolytic flux. Moreover, the major ATP 

generating enzyme of the glycolytic cascade is PKM2, which has been shown to have low 

catalytic activity when bound to the plasma membrane protein MUC1 (Kosugi et al., 2011). Thus 

global ATP might be expected to increase upon the dissociation of PKM2 from the membrane 

and the stabilisation of its more active tetrameric form (Christofk et al., 2008a). Nevertheless, 

the loss of a local ATP production may become a limiting factor for PMCA activity. 

Consequently, we next aimed to assess whether inhibition of tyrosine phosphorylation (and thus 

by extrapolation, inhibition of glycolytic enzyme association with the plasma membrane) would 

have any functional effect on PMCA activity. 

MIA PaCa-2 cells were treated with genistein (50 µM and 100 µM) or tyrphostin A23 (50 µM), 

and the PMCA activity and relative recovery of resting [Ca2+]i measured. To achieve this we 

employed an in situ [Ca2+]i clearance assay as previously described (Chapter 2 and Chapter 3, 

Samad et al., 2014, Mankad et al., 2012, James et al., 2013), in which PMCA activity is 

pharmacologically and functionally isolated and can be measured. Briefly, cells were treated 
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with cyclopiazonic acid (CPA) to inhibit the sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 

(SERCA), causing depletion of the ER Ca2+ stores in the absence of external Ca2+ and 

presence of 1 mM EGTA. Subsequent repeated treatment with either 20 mM Ca2+ or zero 

external Ca2+ induced rapid Ca2+ influx and clearance phases. The rate of Ca2+ clearance, due 

to PMCA activity, can be quantified during each Ca2+ clearance phase. Test reagents and 

manoeuvres can then be applied during the second influx/clearance phase, beginning 2 minutes 

prior to Ca2+ influx, and the rate of clearance and degree of recovery during the second 

clearance phase are normalised (%) to the first influx/clearance (control) phase. Linear [Ca2+]i 

clearance rate (60 seconds) and relative recovery are both measured from the same fura-2 

fluorescence value. This paired experimental design controls for cell-to-cell and time-dependent 

variations in [Ca2+]i clearance, which under the conditions of this assay is achieved almost solely 

via the PMCA in MIA PaCa-2 cells, as established previously (James et al., 2013). 

In untreated control cells, linear [Ca2+]i clearance rate during the second influx/clearance phase 

was on average 105 ± 5 % of the first (Figures 4.3A and 4.3E, n=6). Genistein caused a 

significant concentration-dependent decrease in relative linear [Ca2+]i clearance when compared 

to corresponding control cells (50 µM genistein, 63 ± 2 %, Figures 4.3B and 4.3E, n=4, P<0.01; 

100 µM genistein, 42 ± 2 %, Figures 4.3C and 4.3E, n=3, P<0.05). In contrast to genistein, 50 

µM tyrphostin A23 had no significant effect on linear [Ca2+]i clearance rate (Figures 4.3D and 

4.3E, n=3) compared to control cells. However, neither genistein or tyrphostin A23 had any 

effect on relative recovery (Figure 4.3F), and cells achieved complete clearance of [Ca2+]i 

following treatment with either drug. 

Since treatment with either genistein or tyrphostin A23 had no effect on the degree of relative 

recovery, it was valid to fit the clearance curves to a single exponential decay and compare their 

relative time constants (τ). To achieve this, starting from the same fura-2 value in each phase, 

both clearance phases were fitted to a single exponential decay. However, because τ is a time 

constant (in seconds), it is the reciprocal of the rate constant (in seconds-1). Thus the inverse of 

the τ during the second influx/clearance phase (τ2) must be normalised (%) to that of the first 

(τ1). This is simplifed as τ1/ τ2 (relative τ %, see 4.3.8 – Data analysis). In control cells, relative τ 

during the second clearance phase was 107 ± 4 % of the first (Figure 4.3A and 4.3G, n=6). 

Similar to that observed following the linear clearance rate analysis, genistein caused a 

significant concentration-dependent decrease in relative τ during the second clearance phase 

when compared to untreated control cells (50 µM genistein, 60 ± 2 %, Figure 4.3B and 4.3G, 

n=4, P<0.01; 100 µM genistein, 38 ± 2 %, Figure 4.3C and 4.3G, n=3, P<0.05). However, in 

contrast to the linear clearance rate analysis, treatment with tyrphostin A23 induced a significant 

decrease in relative τ during the second clearance phase (84 ± 4 %, Figure 4.3D and 4.3G, n=4, 

P<0.05). These results indicate that tyrphostin A23 does indeed slow PMCA activity, albeit not 

to the same degree relative to genistein. Taken together, these data indicate that treatment with 

tyrosine kinase inhibitors slow PMCA activity. However, these cells could still fully recover 

[Ca2+]i, indicating that the PMCA could still maintain a low resting [Ca2+]i despite treatment with 

these drugs. 
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Figure 4.3 - The tyrosine kinase inhibitors geniste in and tyrphostin A23 inhibit PMCA 
activity in MIA PaCa-2 cells.   

A–D, representative traces showing the in situ [Ca2+]i clearance assay (PMCA activity) in fura-2-
loaded MIA-PaCa-2 cells.  The cells were treated with 30 µM cyclopiazonic acid (CPA) in the 
absence of external Ca2+ with 1mM EGTA (white box) to block SERCA activity and deplete the 
ER Ca2+ store, at which point cells were treated with 20mM Ca2+ (grey box) to induce store-
operated Ca2+ influx. Subsequent removal of external Ca2+ allowed [Ca2+]i clearance. This influx-
clearance phase was repeated using a paired experimental design and tyrosine kinase 
inhibitors were applied during the second influx-clearance phase, starting 2 minutes prior to 
Ca2+ influx. The inset of each trace shows expanded time courses comparing the second 
(dotted trace) with the first clearance phase (black trace) in the presence of each inhibitor. A, 
time-matched control; B, 50 µM genistein (Gen50); C, 100 µM genistein (Gen100); D, 50 µM 
tyrphostin A23 (Tyr50). For the second clearance phase in each experiment, both the linear 
clearance rate over 60 seconds (in the presence of each drug) and the rate constant when fitted 
to a single exponential decay (derived from the time constant, τ) were normalized to those of the 
first clearance phase to give normalized linear [Ca2+]i clearance rate (R2/R1) and relative τ (%, 
τ1/τ2). Similarly, relative recovery during the second clearance phase was calculated and 
normalised (%) to that of the first clearance phase. All measurements were taken from the same 
fura-2 value in both clearance phases. E, mean normalised linear [Ca2+]i clearance rate 
(±S.E.M). F, mean percentage recovery (±S.E.M). G, mean relative τ (±S.E.M), n=3-6 for all 
conditions. *, p<0.05; **, p<0.01; ***, p<0.001 (Mann-Whitney U), compared with time-matched 
control experiments (white bar). 
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4.4.4 - Genistein-induced decrease in [Ca2+]i clearance rate in MIA PaCa-2 cells is independent 

of global ATP depletion  

Since treatment with the tyrosine kinase inhibitor genistein significantly inhibited PMCA activity, 

we next tested whether this was due to an effect on the cytosolic ATP concentration ([ATP]i). To 

achieve this we employed MIA PaCa-2 cells stably expressing GO-ATeam (Chapter 3), a 

recombinant FRET reporter for [ATP]i (Nakano et al., 2011). Using GO-ATeam FRET 

microscopy, cells were treated with 50 or 100 µM genistein for 20 minutes, followed by 

treatment with an ATP depletion cocktail containing oligomycin (10 µM), antimycin A (0.5 µM), 

2-deoxyglucose (10 mM) and iodoacetate (2 mM) to induce maximal ATP depletion. To 

measure % ATP, Rmin was subtracted from all GO-ATeam FRET ratio values, and these values 

were normalised (%) to ∆Rmax (Rmin subtracted from R0, Figure 4.4A, see 4.3.8 – Data analysis). 

While no difference in [ATP]i was observed between control and treated cells at the onset of 

treatment (0 min), to our surprise, treatment of MIA PaCa-2 cells with either 50 or 100 µM 

genistein caused a significant increase in [ATP]i at all other timepoints (5, 10, 15 and 20 

minutes, Figure 4.4B). At 10 minutes treatment, 50 µM genistein caused a significant and 

sustained increase in [ATP]i (115 ± 2 %, Figure 4.4B, n=5, P<0.0001), as did 100 µM (118 ± 3 

%, Figure 4.4B, n=5, P<0.0001), compared to [ATP]i in time-matched control cells (94 ± 2 %, 

Figure 4.4B, n=7). It is therefore unlikely that the decrease in PMCA activity induced by 

genistein in our [Ca2+]i clearance assays was due to a decrease in global [ATP]i. 
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Figure 4.4 - GO-ATeam FRET imaging reveals the effe cts of genistein on ATP in MIA 
PaCa-2 cells.   

MIA PaCa-2 cells stably expressing the ATP probe GO-Ateam were treated with genistein (50 
and 100 µM) and cytosolic [ATP] measured using GO-Ateam FRET imaging. Cells were treated 
with genistein for 20 minutes before maximal ATP depletion was induced using an ATP 
depletion cocktail containing inhibitors of both glycolysis and mitochondrial metabolism 
(oligomycin, 10 µM; antimycin A, 0.5 µM, 2-deoxyglucose, 10 mM; iodoacetate, 2 mM). A, a 
representative trace showing a cell treated with genistein (50 µM). ATP depletion (%) was 
calculated by first subtracting the minimum ratio observed after ATP depletion cocktail addition 
(Rmin) from the FRET ratio values at 0, 5, 10, 15 and 20 minutes genistein treatment. These 
values were then normalised to the difference between the mean of the 10 FRET ratio values 
immediately prior to drug addition (R0) and the Rmin (∆Rmax). B, % ATP in genistein-treated and 
untreated control cells at 0, 5, 10, 15 and 20 minutes drug treatment. *,p0.05; **,p0.01; 
***,p0.001; ****,p0.001. Data presented are mean % ATP ± S.E.M, n=5-7 for all conditions. 
Statistical comparisons were made to untreated control cells using a two-way ANOVA with post 
hoc Bonferroni test for multiple comparisons. 
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4.5 - Discussion 

To our knowledge, the present study is the first to show that the glycolytic enzymes HKI, LDH, 

PFKP, GAPDH, PFKFB3 and PKM2 are all found within the plasma membrane fraction of 

biotinylated human PDAC cells (MIA PaCa-2), strongly suggesting that these enzymes 

associate with plasma membrane proteins. Moreover, preliminary evidence presented here 

suggests that some of these glycolytic enzymes may dynamically associate with the membrane 

in a tyrosine phosphorylation-dependent manner. While the putative binding site for these 

enzymes is currently unknown, in the present study, the membrane-associated protein mucin 1 

was also found in the membrane fraction; MUC1 is highly expressed in advanced PDAC 

(Hinoda et al., 2003), drives the highly glycolytic phenotype (Chaika et al., 2012), and 

importantly has been shown to bind to and regulate the key glycolytic enzyme pyruvate kinase 

isoform M2 (PKM2, Kosugi et al., 2011). These data provide the first insight into a possible 

submembrane glycolytic cascade that may be important for the fuelling of ion transporters in 

PDAC.  

The notion of a membrane-bound complex of glycolytic enzymes is not new. A large body of 

evidence indicates that glycolytic enzymes form a complex at the plasma membrane of 

erythrocytes, and that the binding site of this complex is anion exchanger 1 (AE1), also known 

as band 3 (Campanella et al., 2005, Campanella et al., 2008, Puchulu-Campanella et al., 2013). 

This allows for the formation of a “pool” of glycolytically-derived ATP that is trapped within 

cytoskeletal elements (Chu et al., 2012). Studies using [γ-32P]ATP have shown that this 

submembrane pool of glycolytic ATP is used preferentially to fuel the Na+/K+ ATPase and the 

PMCA over bulk cytosolic ATP (Hoffman et al., 2009). This submembrane pool of ATP alone 

was sufficient to support the transport of Ca2+ into inside-out isolated erythrocyte plasma 

membrane vesicles, which is a measure of PMCA activity. Since erythrocytes do not contain 

mitochondria and are therefore obligated to derive their ATP from glycolysis, evidence 

suggesting that glycolytic ATP is important for PMCA activity in erythrocytes is to be expected. 

However, these data provide convincing evidence that the localisation of a privileged glycolytic 

ATP supply is critical for PMCA function in red blood cells. Given the apparent importance of a 

local glycolytic ATP supply for ion transporter function in erythrocytes, it is tempting to speculate 

that a similar phenomenon may be observed in cancer cells that exhibit a highly glycolytic 

phenotype. 

Although the membrane-bound glycolytic enzyme complex found at AE1 in erythrocytes is 

relatively well characterised, AE1 expression is largely restricted to erythrocytes, and the 

putative binding sites for glycolytic enzyme association with the plasma membrane in other cell 

types remain poorly understood. Nevertheless, evidence suggests that similar complexes of 

membrane-associated glycolytic enzymes may be important for generating a submembrane 

ATP pool and regulating ion channels and transporters in other cell types. For example, 

glycolytic enzymes have been found associated to KATP channels in membrane fractions from 
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rat heart, and further studies in COS7L cells transfected with Kir6.2 suggest that these glycolytic 

enzymes regulate the function of KATP channels by generating ATP (Dhar-Chowdhury et al., 

2005). More recent studies have also shown that the migration of highly glycolytic endothelial 

cells requires a submembrane glycolytic ATP pool at the leading edge of lamellipodia that is 

dependent on the expression of PFKFB3, which acts to activate the glycolytic cascade (De 

Bock et al., 2013). These findings have potentially important implications for [Ca2+]i homeostasis 

given the absence of mitochondria from lamellipodia in migratory cells coupled with the key role 

Ca2+ plays in migration and metastasis (Prevarskaya et al., 2011). Moreover, a large body of 

evidence indicates that glycolysis couples to and regulates the Na+/K+ ATPase in numerous cell 

types other than erythrocytes, including cardiac and smooth muscle cells (reviewed in Ueda and 

Ikemoto, 2007) and cultured tumour cells (Balaban and Bader, 1984). In light of these findings, 

it would be reasonable to propose that the PMCA may also be fuelled by a submembrane ATP 

pool in these cells, since in erythrocytes the submembrane ATP pool is apparently shared by 

both the Na+/K+ ATPase and the PMCA. Indeed, studies using inside-out plasma membrane 

vesicles from porcine smooth muscle cells have shown that when glycolytic substrates are 

supplied, PMCA activity can be fuelled by an endogenous glycolytic cascade from aldolase 

onwards (Paul et al., 1989). Moreover, further investigations found that the PMCA preferentially 

uses ATP generated by these putative membrane-associated glycolytic enzymes to fuel Ca2+ 

efflux despite the presence of exogenously-supplemented ATP (Hardin et al., 1992). These 

results clearly resemble those obtained from erythrocytes, suggesting that a similar 

submembrane ATP supply fuelling Ca2+ transport across the plasma membrane may be more 

common across cell types than previously thought. 

While the putative membrane association sites are not known for the glycolytic enzymes 

identified in the present study, one possible candidate is MUC1. The present study indicated 

that MUC1 is expressed in PDAC cell lines, consistent with previous studies using human 

PDAC tumour samples (Hinoda et al., 2003). Moreover, studies using 3Y1 fibroblasts have 

shown that PKM2 can associate with the cytoplasmic domain of MUC1 (Kosugi et al., 2011), 

and that this interaction is dynamically regulated by tyrosine phosphorylation, similar to the 

glycolytic enzyme association to AE1 in erythrocytes (Campanella et al., 2005). We therefore 

sought to determine whether the membrane association of the identified glycolytic enzymes in 

MIA PaCa-2 cells was dynamically regulated by tyrosine phosphorylation. These initial results 

tentatively suggest that global protein tyrosine phosphorylation can dynamically regulate the 

association of glycolytic enzymes to and from the membrane. Specifically, GAPDH, PKM2 and 

PFKP appeared to become more abundant in the cytosol following inhibition of tyrosine kinases 

(and vice versa for tyrosine phosphatase inhibition), suggesting that tyrosine kinase activity 

promotes membrane association of these enzymes. The opposite is true of HK1, which 

appeared to become enriched in the biotinylated fraction following treatment with tyrosine 

kinase inhibitors. However, these preliminary results require further verification, and numerous 

sources of error and alternative explanations for these observations certainly remain. It is 

possible that differences in cell growth may have resulted in inconsistencies in cell mass at the 
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beginning of the experiments, despite flasks being seeded at a constant density, and 

inconsistent protein solubilisation and separation could have further impacted on protein yields 

across samples. Indeed, inconsistencies in total protein abundance (biotinylated and non-

biotinylated) were observed between the treatment groups and untreated control cell samples. 

Therefore, while the current method is capable of identifying the presence or absence of a 

protein within isolated membrane fractions, it may not be sufficiently reliable for quantitatively 

assessing relative changes in protein abundance in the biotinylated vs non-biotinylated fractions 

from different preparations. 

Notwithstanding the cautious interpretation of the data obtained from these biotinylation-based 

assays, it is tempting to speculate that such a dynamic tyrosine kinase-mediated association of 

glycolytic enzymes with the plasma membrane might have a functional effect on PMCA activity. 

Since the PMCA appears to be reliant on a glycolytic ATP supply in highly glycolytic PDAC cells 

(Chapter 2 and Chapter 3, James et al., 2013), the dissociation of glycolytic enzymes from the 

plasma membrane following inhibition of tyrosine kinases may be expected to impact on [Ca2+]i 

clearance. We therefore also aimed to determine whether inhibition of tyrosine kinase activity 

had any effect on [Ca2+]i clearance via the PMCA. Genistein caused a significant concentration-

dependent decrease in PMCA activity in MIA PaCa-2 cells. Tyrphostin A23 also significantly 

inhibited PMCA activity at 50 µM, although to a lesser degree than genistein. Nevertheless, 

cells treated with either genistein or tyrphostin A23 were able to fully recover [Ca2+]i to baseline 

levels, suggesting that while PMCA activity was slowed, these drugs do not prevent MIA PaCa-

2 cells from recovering a low resting [Ca2+]i. Furthermore, genistein did not decrease [ATP]i in 

MIA PaCa-2 cells, but rather increased [ATP]i in comparison to untreated control cells. Together 

with the recovery data, this suggests that genistein exerts its effects on the PMCA via a 

mechanism other than ATP depletion. Interestingly, tyrosine phosphorylation of the PMCA is 

associated with a decrease in PMCA activity (Bozulic et al., 2007), and genistein has been 

shown to eliminate all tyrosine phosphorylation of the PMCA (Dean et al., 1997). Thus, one 

would expect genistein or tyrphostin A23 to increase PMCA activity if operating via this 

mechanism, however, in the present study genistein induced a concentration-dependent 

decrease in PMCA activity. However, while genistein is often used as a tyrosine kinase inhibitor 

(Akiyama et al., 1987), other studies suggest that high concentrations of genistein can also 

inhibit serine/threonine kinases (O'Dell et al., 1991) with an IC50 of around 185 µM. Importantly, 

the C-terminus of the PMCA contains sites that are the target of phosphorylation by protein 

kinase C (Monteith et al., 1998, Penniston and Enyedi, 1998) and protein kinase A (Strehler and 

Zacharias, 2001), and phosphorylation at this site confers an increase in PMCA activity (Neyses 

et al., 1985, Smallwood et al., 1988, Zylinska et al., 1998). While the concentrations of genistein 

used in the present study was selected to be below the threshold for appreciable 

serine/threonine kinase inhibition, the IC50 values for genistein were determined using in vitro 

assays rather than whole cell assays (O'Dell et al., 1991). It is therefore possible that genistein 

still exerted an effect on PKC regulation in live cells that led to the observed decrease in PMCA 

activity. 



164 

 

 

 

The observation that genistein increased global [ATP]i in MIA PaCa-2 cells came as somewhat 

of a surprise considering that genistein caused a decrease in PMCA activity. Given the increase 

in global [ATP]i coupled with PMCA inhibition following genistein treatment, it seems unlikely 

that the ATP consumption by the PMCA maintains the activity of PFK by keeping submembrane 

[ATP] below the PFK inhibitory threshold. The dissociation of PFK from the plasma membrane 

following inhibition of tyrosine kinases would be expected to slow PFK activity if proximal ATP 

consumption by the PMCA was important to prevent the allosteric inhibition of membrane-bound 

PFK by high concentrations of ATP (Sola-Penna et al., 2010). Similarly, if this were the case, 

one would not expect to see an increase in [ATP]i concomitant with a significant decrease in 

PMCA activity, as was observed following treatment with genistein. Moreover, if localisation of 

glycolytic enzymes to the plasma membrane to glucose transporters and MCTs were important 

for maintaining glycolytic flux, one would not expect to see a potential increase in glycolytic flux 

upon their dissociation from the plasma membrane. However, a possible explanation for the 

increase in global [ATP]i following genstein treatment is that the dissociation of PKM2 from the 

plasma membrane may induce an increase in ATP generation by PKM2. Importantly, PKM2 

association with MUC1 has been shown to decrease the catalytic activity of PKM2 (Kosugi et 

al., 2011). The low-activity dimeric state of PKM2 is thought to be a key factor in maintaining the 

Warburg phenotype, as the a low catalytic activity of dimeric PKM2 is thought to increase the 

availability of upstream glycolytic intermediates to anabolic processes by slowing glycolytic flux 

(Christofk et al., 2008a). Furthermore, the association of PKM2 with MUC1 appears to be 

dependent on tyrosine phosphorylation of the MUC1 cytoplasmic domain (Kosugi et al., 2011). 

It is possible that blocking tyrosine kinase activity prevents the phosphorylation of the required 

tyrosine residues on the MUC1 cytoplasmic domain for PKM2 association. This would allow 

PKM2 to dissociate from the MUC1, enter the bulk cytosol and oligermerise to form its high 

activity tetrameric state, thus increasing [ATP]i. Indeed, the western blot data presented within 

the present study tentatively support the notion that PKM2 dissociates from the plasma 

membrane upon tyrosine kinase inhibition. While speculative, this would explain the observed 

increase in global [ATP]i following genistein treatment in the GO-ATeam experiments. In 

addition, it is worth noting that PKM2 itself is known to be inactivated by tyrosine 

phosphorylation (Christofk et al., 2008b), which destabilises the more active, tetrameric state 

and disrupts the activation of PKM2 by its allosteric activator fructose-1,6-bisphosphate 

(Hitosugi et al., 2009). This provides another explanation for the increase in [ATP]i following 

genistein treatment, since genistein would be expected to relieve this inhibition by preventing 

tyrosine phosphorylation of PKM2. Nevertheless, while global [ATP]i may rise following PKM2 

dissociation from the plasma membrane, in this scenario ATP generation would no longer be in 

close proximity to the PMCA. This relocation of the ATP generating site may be enough to limit 

[Ca2+]i, clearance rate, given that ATP would need to diffuse to the PMCA rather than it being 

generated proximally in the submembrane compartment. Thus, the low activity MUC1-bound 

PKM2 may generate sufficient ATP to fuel the PMCA provided this glycolytic ATP supply is in 

close proximity. Therefore, it may not be the rate of glycolytic ATP production that is a limiting 

factor for PMCA activity, but instead its availability from within the submembrane pool. 
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In summary, the present study indicates that glycolytic enzymes associate with the plasma 

membrane in PDAC, and provides preliminary evidence that this process might be dynamically 

regulated by tyrosine phosphorylation. As such, these data present the possibility of a glycolytic 

enzyme metabolon proximal to ATP consuming pumps at the plasma membrane in PDAC. It is 

therefore tempting to speculate that this membrane-bound glycolytic metabolon might be 

important for the glycolytic dependency of the PMCA in PDAC (Chapter 2 and Chapter 3, 

James et al., 2013), and therefore might be an attractive therapeutic target for selectively 

targeting highly glycolytic PDAC cells. Further research is therefore required to fully characterise 

the mechanisms by which these glycolytic enzymes associate with the plasma membrane in 

PDAC and to determine whether they regulate the ATP-dependent ion transporters critical for 

cancer cell survival. 
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4.7 - Supplementary Methods and Results  

4.7.1 - Preparation of pervanadate 

Prior to the biotinylation assay, cells were first treated with genistein (G, 150 µM) and tyrphostin 

A23 (T, 50µM) in combination (G+T) or pervanadate (PV, 10 µM) in PBS for 15 minutes at 

37°C. To prepare 10 µM PV, a 330 µL of a 45.5 mM stock of orthovanadate (monomers only) 

was added into 170 µL H2O2 (1.51x dilution), resulting in 30 mM orthovanadate in H2O2. This 

was incubated at room temperature for 15 minutes at which time the residual H2O2 was 

quenched with 10 mg/ml catalase. Providing that H2O2 fully converts the orthovanadate 

monomers to the PV form in a 1:1 ratio, this gave a 30 mM solution PV. This could then be 

diluted to give 10 µM PV. Owing to the instability of PV, the solution was either used 

immediately or frozen in aliquots for future use (Kadota et al., 1987). 

4.7.2 - Isolation of membrane bound proteins using cell surface biotinylation assay 

To isolate membrane-associated proteins from the cytosolic fraction, a biotinylation-based 

Pierce Cell Surface Protein Isolation Kit (Thermo Fisher) was used according to the 

manufacturer’s instructions. MIA PaCa-2 cells were first seeded into 75 cm3 vented cap flasks 

(Corning) at a constant cell density 2 days prior to the biotinylation assay to ensure each flask 

contained the same cell mass when the membrane fraction was isolated. At 90% confluence, 

the membrane fraction was isolated from these cells using the biotinylation protocol 

(Supplementary Figure 4.1). Four 75 cm3 flasks were used for each sample. In some cases, 

cells were treated with various drugs prior to performing the biotinylation protocol. 

Following treatment, cells were rinsed twice with 8 ml ice cold phosphate buffered saline (PBS, 

supplied with the kit). Cells were then labelled with 10 ml of the supplied Sulfo-NHS-SS-Biotin 

reagent and incubated for 30 minutes at 4°C on a rocking platform, after which the biotinylation 

reaction was stopped using the supplied quenching solution (500 µl). Cells were then scraped 

and extracted from the flasks and centrifuged at 500 x g for 3 minutes. The supernatant was 

discarded and the cells resuspended in 5 ml Tris-buffered saline (TBS, supplied with the kit), 

before being centrifuged once more at 500 x g for 3 minutes. Again the supernatant was 

discarded, At this point, cells were lysed using the supplied lysis buffer supplemented with 

cOmplete EDTA-free protease inhibitor tablets (Roche Applied Science). Samples were 

vortexed and sonicated (5 x 1 second bursts) followed by 30 minutes lysis on ice with repeat 

vortex steps every 5 minutes. The lysate was then centrifuged (10000 x g at 4°C) and the 

clarified supernatant transferred to an elution column containing NeutrAvidin agarose beads 

(Thermo Scientific). The clarified supernatant was incubated in the column at room temperature 

for 1 hour on an end-over-end rotating platform, at which point the non-biotinylated fraction was 

eluted. This non-biotinylated eluent was retained as this fraction contained the non-membrane 

bound proteins. A BCA protein assay (Pierce) was then performed on the non-biotinylated 



171 

 

 

 

fraction samples using a Nanodrop 2000 (Thermo Scientific). The column was then rinsed three 

times with wash buffer supplied in the kit, after which the biotinylated fraction was eluted using 

1x SDS sample buffer (62.5mM Tris HCl; pH 6.8, 2% SDS; 10% Glycerol; 1% β-

mercaptoethanol) supplemented with dithiothreitol (DTT, 50mM). Similarly, 5x SDS sample 

buffer without DTT was added to the non-biotinylated fraction sample to give 1x SDS sample 

buffer, to prepare the sample for western blot. Both fractions were then boiled at 95 °C for 5 min 

and analysed by western blot. 

 

Supplementary Figure 4.1 - Isolation of plasma memb rane-associated proteins from 
cultured cells following drug treatment  

To isolate the plasma-membrane and any associated proteins, a cell surface biotinylation assay 
was used. MIA PaCa-2 cells were first seeded into 12 flasks (75 cm3) at a constant density. 
Once cells had reached 95% confluence, cells were treated for 15 minutes at 37 °C with either 
vehicle (phosphate buffered saline, PBS), a combination of 150 µM genistein and 50 µM 
tyrphostin A23, or 10 µM pervanadate, with 4 flasks in each treatment group. At this point, cells 
were rinsed twice with ice cold PBS, and the membrane-fraction isolated using the biotinylation 
assay protocol. This involved the labelling of glycosolated transmembrane proteins using Sulfo-
NHS-SS-Biotin Briefly, biotin-labelled cells were lysed, and the cell lysate clarified by 
centrifugation at 10000 x g before being added to a NeutrAvidin Agarose column. This column 
was incubated for an hour at room temperature using an end-over-end rotating mixer before the 
biotinylated and non-biotinylated fractions were separated by centrifugation. Labelled proteins 
bound to the NeutrAvidin Agarose column were eluted using 1x SDS-PAGE sample buffer 
containing 50 mM dithiothreitol (DTT). Samples were then analysed using western blot analysis. 
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4.7.3 - Gel preparation for western blot 

Resolving and stacking gels for western blot analysis were prepared as described in 

Supplementary Table 4.7.1. 

 

 Volume (ml) required for gel 

 10% 7.5% 6% Stacking 

1M Tris, pH 6.8 0 0 0 0.625 

1M Tris, pH 8.8 7.5 7.5 7.5 0 

40 % Acrylamide/Bis Solution 5 3.7 3 0.5 

H2O 6.78 8.075 8.91 3.716 

Sodium dodecyl sulfate (SDS) 

20% 
0.1 0.1 0.1 0.025 

Tetramethylethylenediamine 

(TEMED) 
0.025 0.025 0.025 0.0125 

Ammonium persulfate (10%) 0.6 0.6 0.6 0.15 

 

Supplementary Table 4.7.1 – Recipes for 6, 7.5 and 10 % gels for western blot analysis 
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Chapter 5 - Concluding Discussion and Future Work 
 

Despite pancreatic ductal adenocarcinoma (PDAC) being the 5th most common cause of 

cancer-related death, there is no effective treatment or imminent cure (Krejs, 2010). Aside from 

surgical intervention, the current treatment options for PDAC (including gemcitibine, 

FOLFIRINOX and radiotherapy) only extend median survival by a few months (Conroy et al., 

2011a, Conroy et al., 2011b, Warsame and Grothey, 2012), and therefore there is a clear unmet 

clinical need for novel ways to combat this disease. This thesis provides evidence for an entirely 

novel putative coupling between glycolytic ATP production and the plasma membrane Ca2+ 

ATPase (PMCA) which may be critical for the growth and survival of PDAC tumours, and 

therefore may be a weakness that can be exploited therapeutically. 

Recent years have seen an increased research focus on the role of altered metabolism (Cairns 

et al., 2011) and ion transport (Lang and Stournaras, 2014) in cancer cells, with the aim of 

identifying new druggable targets. Nevertheless, whilst there have been significant advances in 

our understanding of how ion transporters and channels contribute to cancer progression, little 

is known about the metabolic regulation of ATP dependent ion transporters in tumours 

exhibiting metabolic transformation. The data presented within this thesis provides the first 

insight into the regulation of the PMCA by glycolytically-derived ATP in PDAC. In line with the 

results of previous studies (Zhou et al., 2011, Zhou et al., 2012, Mikuriya et al., 2007, Chaika et 

al., 2012b), we established that PDAC cell lines (particular MIA PaCa-2 cells) exhibit a highly 

glycolytic phenotype characteristic of the Warburg phenotype. Moreover, the data presented in 

Chapter 2 and Chapter 3 together indicate that, in these highly glycolytic PDAC cells, glycolytic 

ATP is critically important for PMCA activity and the maintenance of a low resting cytosolic Ca2+ 

concentration ([Ca2+]i). This work is expanded upon in Chapter 3, where MIA PaCa-2 cells 

became significantly less sensitive to the effects of glycolytic inhibitors on PMCA activity and 

resting [Ca2+]i when their metabolic phenotype was manipulated such that they exhibited a lower 

glycolytic rate and an increased reliance on mitochondrial metabolism. Additionally, the data 

presented in Chapter 4 is the first to show that numerous key glycolytic enzymes associate with 

the plasma membrane in PDAC cells, presenting the possibility of a submembrane glycolytic 

metabolon that may provide a privileged ATP supply to cation pumps at the plasma membrane. 

Taken together, these data indicate that the PMCA in PDAC cells exhibiting the Warburg 

phenotype is exquisitely sensitive to glycolytic inhibition in comparison to cells exhibiting a more 

normal metabolic phenotype. As such, the glycolytic regulation of the PMCA in PDAC may 

provide an effective means to target highly glycolytic PDAC cells selectively while leaving 

healthy cells unharmed. Furthermore, the presence of glycolytic enzymes at the plasma 

membrane may represent an important therapeutic locus for novel treatment strategies, since 

these enzymes may be critical to the glycolytic regulation of the PMCA. Future research is 

required to determine the functional importance of the glycolytic dependency of the PMCA to 

the progression of PDAC, and to determine the structure-function relationships membrane-

bound glycolytic enzymes in facilitating this. 



175 

 

 

 

The importance of PMCA activity to the survival of PDAC cells is highlighted by the fact our data 

(Chapter 2) indicates that the PMCA is the main and most important mechanism for extruding 

Ca2+ from human PDAC cell lines (PANC-1 and MIA PaCa-2). During our in situ [Ca2+]i 

clearance assays, substitution of all Na+ within the external buffer with N-methyl D-glucamine 

(Na+ free/NMDG) had no effect on [Ca2+]i clearance rate, ruling out the possibility that the 

Na+/Ca2+ exchanger contributes significantly to [Ca2+]i clearance in these cells. Moreover, 

application of external La3+ profoundly inhibited of [Ca2+]i clearance. Since La3+ ion is charged, it 

cannot freely cross the plasma membrane, and therefore exerts its effects at the extracellular 

side of the plasma membrane. As such, we could therefore also rule out intracellular [Ca2+]i 

clearance pathways (such as mitochondrial Ca2+ uptake) as being major contributors to [Ca2+]i 

clearance. This left the PMCA as the predominant means by which MIA PaCa-2 and PANC-1 

cells clear [Ca2+]i, and any effects on [Ca2+]i clearance could be attributed to effects on PMCA 

activity. This effectively leaves the PMCA as the “final gatekeeper” to maintaining a low [Ca2+]i in 

PDAC cells. As such, unimpaired PMCA activity is crucial for PDAC cell survival, and underlines 

the glycolytic regulation of the PMCA as a potential anticancer target. 

Since the PMCA is ubiquitously expressed and is important for maintaining a low resting [Ca2+]i 

in all cells (Strehler and Zacharias, 2001b), any chemotherapeutic agent that aimed to 

compromise PMCA activity in PDAC would need to do so selectively. Moreover, the data in this 

thesis suggests that the metabolic phenotype of PDAC cells may provide a means to 

successfully achieve this selectivity. While Chapter 2 established that glycolytic inhibition 

induced ATP depletion, [Ca2+]i overload and inhibition of PMCA activity, it was not known 

whether these observations were exclusive to those cells exhibiting a highly glycolytic 

phenotype, or whether cells exhibiting a lower glycolytic rate and an increased reliance upon 

mitochondrial metabolism would respond in a similar fashion. However, when addressed in 

Chapter 3, MIA PaCa-2 cells cultured in nominal glucose-free media supplemented with KIC or 

galactose were significantly less sensitive to the effects of iodoacetate (IAA) on ATP depletion, 

[Ca2+]i overload and PMCA inhibition, and IAA had no effect on the ability of these cells to 

recover [Ca2+]i compared to control cells. Moreover, following culture in nominal glucose-free 

media supplemented with KIC or galactose, cells were sensitised to ATP depletion by 

mitochondrial inhibitors such as antimycin A (AM) and oligomycin (OM), and were less sensitive 

to the ATP depleting effects of the glycolytic inhibitors 3-bromopyruvate (BrPy) and IAA 

compared to their glucose-cultured counterparts. In addition, extracellular flux (XF) assays 

established that culture in either KIC or galactose slowed the high glycolytic rate of MIA PaCa-2 

cells, and in the case of KIC, preserved a high mitochondrial respiration rate. To our knowledge, 

this study is the first to show that a reversal in the Warburg phenotype can be been achieved 

using nominal glucose-free media supplemented with KIC. Taken together with the data 

presented in Chapter 2, these findings suggest that the high glycolytic rate in PDAC cells is a 

prerequisite for their exquisite sensitivity to inhibition of glycolytic ATP production. Crucially, 

however, this sensitivity to glycolytic inhibitors was not observed when the high glycolytic rate 
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was attenuated, suggesting that targeting the metabolic phenotype of PDAC may represent an 

effective means to compromise [Ca2+]i clearance via the PMCA selectively in PDAC. 

While the data strongly imply that glycolytic ATP depletion results in [Ca2+]i overload and PMCA 

activity, the absolute concentration to which ATP would be required to deplete to in order to 

inhibit the PMCA is unknown. Cell-free assays indicate that the ATP sensitivity of the PMCA is 

influenced by factors including calmodulin, the phospholipid composition of the plasma 

membrane and changes in [Mg2+]i and [Ca2+]i (Rossi and Rega, 1989, Zhang et al., 2009, 

Richards et al., 1978), and until recently the lack of reliable methods for measuring changes in 

cellular [ATP]i in live cells has limited our ability to reliably probe the regulation of ATP 

dependent processes such as the PMCA. However, this has been recently addressed with the 

ATeam recombinant ATP indicators (Imamura et al., 2009). Furthermore, the more recent GO-

ATeam FRET reporter was developed to have a minimal overlap with fura-2 emission spectra 

and is, in contrast to firefly luciferase (Seliger and McElroy, 1964), insensitive to pH within the 

physiological range (Nakano et al., 2011). GO-ATeam has therefore provided the first means of 

measuring cytosolic [ATP]i and [Ca2+]i simultaneously in intact, living cells. Moreover, in order to 

investigate the critical [ATP]i threshold at which PMCA becomes inhibited and [Ca2+]i overload is 

initiated, a logical future extension of the present work would be to use GO-ATeam to 

simultaneously measure [ATP]i and [Ca2+]i during an in situ [Ca2+]i. clearance assay in human 

PDAC cell lines (PANC-1 and MIA PaCa-2). Furthermore, it would also be desirable to calibrate 

the [ATP]i by permeabilising cells to known extracellular concentrations of ATP, for example 

using α-toxin (Tarasov et al., 2006) or beta-escin (Konishi and Watanabe, 1995), in a similar 

method to that used to calibrate [Ca2+]i. Previous studies have also shown the GO-ATeam can 

be targeted to specific subcellular compartments; for example, the measurement of [ATP] within 

the mitochondrial matrix was made possible using a GO-ATeam construct targeted to the 

mitochondria (Nakano et al., 2011). This raises the possibility of using a GO-ATeam targeted to 

the submembrane compartment to measure ATP levels proximal to the PMCA and to determine 

whether changes in a submembrane pool of ATP influence its activity. Furthermore, the present 

body of work indicates that GO-ATeam can be stably expressed in transfected PDAC cell lines. 

Importantly, this may provide the opportunity to measure [ATP]i in xenografted PDAC tumour 

cells in vivo using GO-ATeam. For example, dorsal window chamber intravital microscopy could 

be used to visualize PDAC cells stably expressing GO-ATeam that had been grafted into nude 

mice (Nu/Nu). Moreover, this technique could be extended to other recombinant reporters for 

[Ca2+]i and cell death, such as GECO (Zhao et al., 2011), GCaMP (Muto et al., 2011), and IMS-

RP-GFP (Earley et al., 2012), allowing changes in ATP to be correlated to changes in [Ca2+]i 

and cell viability in in vivo xenograft models of cancer. 

The data in this thesis is also the first to show that numerous key glycolytic enzymes are found 

associated with the plasma membrane in human PDAC cells (MIA PaCa-2). Membrane-bound 

glycolytic enzymes have previously been shown to be important for fuelling ATP-dependent 

cation pumps in erythrocytes (Campanella et al., 2008, Campanella et al., 2005, Puchulu-

Campanella et al., 2013, Chu et al., 2012) and for maintaining Ca2+ transport via the PMCA in 
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inside-out plasma membrane vesicles from porcine smooth muscle cells (Hardin et al., 1992, 

Paul et al., 1989). Furthermore, it is known that membrane association can affect the activity of 

glycolytic enzymes (Kosugi et al., 2011). Similarly, in Chapter 4, we show that glycolytic 

enzymes associate with the plasma membrane in human PDAC cell lines. Using a biotinylation 

based assay to isolate plasma membrane-associated proteins, hexokinase I (HKI), lactate 

dehydrogenase (LDH), phosphofructokinase (PFK), glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) 

and pyruvate kinase M2 (PKM2) were all shown to be present in the biotinylated fraction using 

western blot. Since the PMCA is exquisitely sensitive to depletion of glycolytic ATP in highly 

glycolytic PDAC cells, these findings raise the possibility that PMCA activity in PDAC is 

regulated by glycolytic ATP derived from a local, submembrane glycolytic metabolon (Figure 

6.1). Moreover, it could be hypothesised that this would provide the PMCA with a rapid and 

privileged ATP supply and that high glucose availability and lactate efflux efficiency from nearby 

membrane-bound transporters could facilitate an efficient ATP-generating locus for maintaining 

PMCA activity. Furthermore, the aberrant expression of glycolytic enzymes in PDAC (Chaika et 

al., 2012b, Zhou et al., 2011, Zhou et al., 2012) may provide a further means to selectively 

target this metabolon (and by extension, the PMCA) in PDAC. 

We also provide preliminary evidence that the membrane association of these glycolytic 

enzymes may be regulated in a tyrosine phosphorylation-dependent fashion. While this dynamic 

regulation of membrane association requires further verification, the data are consistent with 

similar mechanisms where glycolytic enzymes associate with anion exchanger 1 (AE1) in 

erythrocytes (Campanella et al., 2005, Campanella et al., 2008, Chu et al., 2012, Puchulu-

Campanella et al., 2013) and by which PKM2 associates with MUC1 in 3Y1 fibroblasts (Kosugi 

et al., 2011). Nevertheless, the putative binding sites of these enzymes remain unknown, and 

future work is required to identify physical and functional nature of the protein-protein 

interactions that facilitate glycolytic enzyme association with proteins found in the plasma 

membrane. An early candidate for this putative binding domain is MUC1, which is a 

transmembrane protein that has previously been shown to bind PKM2 (Kosugi et al., 2011) and 

is overexpressed in PDAC (Hinoda et al., 2003) and, in the present study, was found to be 

expressed in MIA PaCa-2 cells. Future studies are required to determine whether the plasma-

membrane association of glycolytic enzymes observed in the present study occurs via an 

interaction with MUC1. This could be achieved by performing a co-immunoprecipitation of 

MUC1 from human PDAC cell lines or tumour samples followed by western blot for glycolytic 

enzymes and analysis of associated proteins by mass spectrometry. Similarly, the identification 

of key plasma membrane binding proteins could be achieved by co-immunoprecipitation of 

glycolytic enzymes from plasma membrane fractions followed by analysis by mass spectrometry 

and subsequent confirmation by western blot.  
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Figure 5.1 - Diagram depicting a hypothetical subme mbrane glycolytic ATP supply to the 
plasma membrane Ca 2+ ATPase in PDAC.   

The results presented in this thesis raise the the possibility that the PMCA in PDAC is regulated 
by a local, submembrane glycolytic metabolon. In this hypothetical model, putative associations 
with plasma membrane proteins (such as the reported interaction between PKM2 and MUC1) 
allows membrane-bound glycolytic enzymes to provide the PMCA with a privelidged and rapid 
supply of submembrane glycolytic ATP (blue shading). Glucose availability for this 
submembrane glycolytic cascade might be expected to be high given its close proximity to 
glucose transporters (GLUT), with efficient efflux of lactate via nearby monocaboxylate 
transporters (MCT) facilitating glycolytic flux. In contrast, ATP derived from oxidative 
phosphorylation (OXPHOS, red shading) appears to be less important for PMCA activity in 
PDAC. This is potentially due to the upregulation of glycolysis coupled with a lower relative 
contribution of mitochondrial metabolism to ATP production. Furthermore, mitochondrial ATP 
might be less accessible as a PMCA fuel source, and may be required to diffuse larger 
distances compared to that derived from the submembrane mitochondrial metabolon. 

 

Following identification of those proteins involved in facilitating glycolytic enzyme association 

with the plasma membrane, the putative binding domains could be identified using site-directed 

mutagenesis. The importance of these glycolytic enzymes and their putative regulatory binding 

proteins could be further investigated by assessing the effects of doxycycline-induced gene 

deletion on functional readouts such as cytosolic [Ca2+]i overload, PMCA activity, ATP depletion, 

cell death and cell proliferation. Furthermore, changes in glycolytic enzyme activity following 

association with putative regulatory plasma membrane proteins could be assessed using in vitro 

enzyme-linked NADH absorbance assays of cytosolic vs membrane-associated enzyme activity, 

for example, for  PKM2, PFK1 and PFKFB3 (Smallbone et al., 2013, Marin-Hernandez et al., 

2011). Together these studies would provide a foundation from which to design small molecule 
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drugs with which to disrupt or modulate the functional coupling of this submembrane glycolytic 

cascade with ATP driven pumps, which may be expected to impair PMCA activity. 

To conclude, we propose that the regulation of the PMCA by glycolytic ATP in PDAC is critical 

for tumour growth and survival, and that this may be an “Achilles heel” that can be 

therapeutically targeted to selectively kill cancer cells while sparing healthy cells. This work 

provides a platform for future studies to further characterise the relationship between the 

Warburg phenotype, glycolytic ATP and [Ca2+]i homeostasis in PDAC, and to dissect the 

functional relationships of the enzymes and proteins key in facilitating this. 
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