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Abstract 
ABSTRACT OF THESIS entitled The role of plasma calcium membrane pump during pancreatic 

cancer submitted by Pishyaporn Sritangos to The University of Manchester 

 for the degree of PhD Pharmacology  

September 2019  

Pancreatic ductal adenocarcinoma (PDAC) is a commonly diagnosed malignancy with one of the poorest 

patient survival prognoses that has barely improved over the past three decades, prompting the need to 

find novel therapeutic target and treatment strategies. Ongoing efforts have identified metabolic 

reprogramming and remodelling of Ca2+ signalling machinery as vulnerable targets which could be 

exploited therapeutically in multiple cancers, including PDAC. Evidence suggests that plasma membrane 

Ca2+ ATPases (PMCAs), shown to be the primary Ca2+ efflux machinery in PDAC, is functionally driven 

by glycolytic ATP to prevent cytotoxic Ca2+ overload in PDAC cells, which exhibit a highly glycolytic 

phenotype. It was hypothesized that plasma membrane (PM) associated glycolytic enzymes (GEs) are 

functionally coupled to ATP-consuming pumps, including the PMCAs. Glycolytic ATP fuels the pumps 

while the consumption of ATP prevents metabolite-induce inhibition of GEs, driving the glycolytic flux. 

Therefore, understanding the role of PMCAs in PDAC, its functional coupling with glycolytic ATP, and 

identification of putative PM-GEs binding protein responsible for this functional coupling, might provide 

a novel strategy for the therapeutic targeting of PDAC. The current thesis highlights the relevance of 

PMCA4 overexpression in patient-derived PDAC tumours and survival prognosis through datamining 

and also identifies MIAPaCa-2 cell line as a glycolysis-reliant PDAC model which predominantly 

overexpresses PMCA4 at both protein and mRNA level, representing the characteristics of patient-

derived PDAC tumour. Knocking down PMCA4 expression using siRNA led to inhibited Ca2+ clearance, 

elevated resting intracellular Ca2+ ([Ca2+]i), inhibited cell migration and enhanced apoptotic cell death 

under Ca2+ stress; collectively suggesting that PMCA4 plays a critical role in Ca2+ homeostasis and 

contributes towards cancer phenotypes in PDAC. As PM-GEs and PMCA4 are reported to co-localise 

with caveolin-1 (Cav-1) enriched PM subdomains which may facilitate their functional coupling, PMCA 

and GEs co-localization with Cav-1 in MIAPaCa-2 cells was verified by sucrose gradient 

ultracentrifugation. Disruption of this Cav-1-enriched compartment, by cholesterol depletion, led to 

inhibited PMCA-mediated Ca2+ clearance which occurred independently of global ATP-depletion. This 

suggests that compartmental ATP may be important for fuelling PMCA activity. Although selective siRNA 

knockdown of Cav-1 resulted in modestly impaired PMCA activity which had no consequential effect on 

resting [Ca2+]i, nonetheless, this work provides the first evidence to suggest that Cav-1 expression could 

modulate PMCA4 activity in PDAC cells. Interestingly, neither PMCA4 nor Cav-1 siRNA knockdown had 

effect on basal metabolic phenotype as assessed by Agilent Seahorse XFe96 Mito stress and glycolytic 

stress tests. Lastly, we performed proximity-labelling bio-identification of pyruvate kinase M2 (PKM2), a 

key oncogenic GE, fused to a mutant biotin ligase BirA* and identified voltage-gated K+ channel 

subfamily H member 4 (KCNH4) as a novel putative PM-GEs binding protein potentially responsible for 

coupling glycolytic ATP to PMCA activity. However, further validation and experiments are required to 

determine whether these PM-GEs could be therapeutically targeted to inhibit oncogenic PMCA4 activity 

in PDAC.  
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Chapter 1 - Introductions  

1.1 Pancreatic ductal adenocarcinoma 

Pancreatic cancer is ranked the 11th most commonly diagnosed cancer in the United Kingdom (UK) 

[1] but is ranked the 6th leading cause of cancer-related death in 2016 [1]. According to the UK Office for 

National Statistics report (2017), pancreatic cancer had the lowest 5-year survival rate of all cancers of 

6.4% in male and 7.5% in females between 2012-2016 [2]. The main risk factors associated with 

pancreatic cancer are old age, smoking, alcohol, obesity, chronic pancreatitis [3], and diabetes [4]. These 

factors potentiate the risk of inflammation, oxidative stress, DNA damage and signalling dysfunctions 

which can potentially initiate a malignant transformation of the pancreas [5].  

There are two types of pancreatic carcinoma, deriving from either endocrine (hormone secretion 

cells) or exocrine (digestive enzyme production cells) origins. Although pancreatic exocrine cells are 

comprised of both ductal and acini cells, pancreatic ductal adenocarcinoma (PDAC) accounts for 95 % 

of pancreatic neoplasm cases [1,6]. PDAC is a malignancy derived from the ductal tissue of the 

pancreatic exocrine cell. However, pancreatic endocrine cells, e.g. the acini cells, can also de-

differentiate to acquire ductal-like characteristics upon malignant transformation [7]. As pancreatic 

cancer is often asymptomatic in the early stages of diseases [8] and approximately 80% of the patients 

are diagnosed at advanced stage III (invasive) and IV (metastasis), making the tumour unresectable 

[6,9]. This late-stage diagnosis contributed to poor disease prognosis and survival outcomes [8].  

Pathophysiology of PDAC includes several decades of asymptomatic progression from the early 

development of lesions, primarily the pancreatic intraepithelial neoplasias (PanINs), to malignant PDAC 

(Figure 1.1). PanINs are asymptomatic lesions, less than 0.5 cm in size, of the pancreatic duct and are 

classified into 3 stages based on the level of morphological abnormality. Activation of oncogenic KRAS 

[10] and ERBB2 (Erb-B2 receptor tyrosine kinase 2; HER-2/Neu) mutation are often acquired at the 

earlier stages of PanINs [11]. Moreover, telomere shortening is observed at the earliest stages PanIN in 

more than 90% of the lesion, facilitating chromosomal instability and mutations [12]. Progression of 

PanINs then involves aberrant growth due to the inactivation of multiple tumour suppressor genes 

including CDKN2A (cyclin dependent kinase inhibitor 2A/p16), TP53 (p53), SMAD4 (SMAD family 

member 4), and BRCA2 (BRCA2 DNA repair associated).  

Malignant PDAC possesses characteristic cancer hallmarks, which includes: sustained proliferative 

signalling, insensitivity to growth suppressors, immunosuppression, replicative immortality, inflammation, 

mutation, angiogenesis, metabolic reprogramming, invasion and metastasis [13] (Figure 1.2). PDAC is 

characterised by distinct stromal hypertrophy (desmoplasia), hypovascularization [14], genomic 

instabilities [15] and metabolism alterations [16,17]. Stromal desmoplasia is a common pathological 

feature of pancreatic carcinoma and may comprise up to 80% of the PDAC tumour mass [18]. As the 

fibrotic stromal hypertrophy reduces vascularization, this is responsible for the inherent hypoxic tumour 

microenvironment, limitation of nutrients, as well as protecting the tumour from anti-cancer therapies 

[18,19].  
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Clinical treatment of pancreatic cancer varies depending on disease stage and usually includes 

surgical resection of the tumour via pancreaticoduodenectomy (Whipple procedure), which involves the 

removal of the pancreatic head with or without partial removal of stomach and duodenum [20]. 

Combinations of radiotherapy and chemotherapy are commonly used as adjuvant therapies in pre- and 

post-surgical resection in an attempt to reduce tumour recurrence, although generally ineffective [21]. 

The currently used first-line chemotherapy for the treatment of PDAC often includes gemcitabine, 

FOLFIRINOX (a combination of oxaliplatin, irinotecan, leucovorin and 5-fluorouracil), S-1 (Tegafur, 

gimeracil, oteracil), and a combination of gemcitabine with Nab-paclitaxel [22,23]. Current conventional 

treatments have minimally improved the survival of pancreatic cancer patients over the past three 

decades [1,8]. Therefore, further understanding of PDAC is required to provide better insights into better 

targeting and treatment of PDAC.  

 

 

Figure 1.1 – Progression of PDAC from multiple stages of precursor pancreatic lesions and the 
hallmarks of cancer. Abbreviation – PDAC: pancreatic ductal adenocarcinoma, PanIN: pancreatic 
intraepithelial neoplasia, K-RAS: KRAS, CDK2NA: cyclin dependent kinase inhibitor 2A/p16, TP53: P53 
tumour suppressor, BRCA2: BRCA2 DNA repair associated. The green arrow indicates gene 
upregulation and the red arrow indicates gene downregulation. Orange and purple triangles depict the 
degree of desmoplasia and hypoxia, respectively. Figure modified from Perera, R.M. and Bardeesy, N. 
(2015) [10] 
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 Figure 1.2 – Hallmarks of pancreatic cancer. Key cancer hallmarks and examples of these 

characteristics in pancreatic cancer. Abbreviation – CDK: cyclin-dependent kinase, EGFR: endothelial 

growth factor receptor, HIF1-α: hypoxia inducing factor-1α, K-RAS: KRAS GTPase, MMPs: matrix 

metalloproteases, OXPHOS: oxidative phosphorylation, P53: TP 53 tumour suppressor, ROS: reactive 

oxygen species, VEGF: vascular endothelial growth factor, ECM: extracellular matrix. Figure modified 

from Hanahan, D. et al. (2011) [13] 
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1.2  Cancer metabolism in PDAC  

1.2.1 Cell metabolism – Glycolysis and Oxidative Phosphorylation 

Adenosine triphosphate (ATP) is considered the primary universal energy unit in cells. ATP is 

essential to maintain homeostatic housekeeping processes essential for cell survival, from cell 

proliferation until programmed apoptotic cell death. Aside from matching sufficient ATP supply to the 

cellular ATP demand, a constant level of ATP ranging between 1-10 mM is normally maintained despite 

fluctuations of ATP demand [24]. ATP is mainly generated from the glucose metabolism through two key 

metabolic pathways, cytosolic glycolysis and mitochondrial oxidative phosphorylation (OXPHOS), 

depending on the oxygen availability.  

Under aerobic condition (normoxia), glucose imported into eukaryotic cells undergo glycolysis in the 

cytosol to preferentially metabolize glucose into pyruvate, generating a net of 2 ATP molecules per 1 

glucose molecule. The resulting pyruvate is converted into acetyl coenzyme A (acetyl CoA) and enters 

the tricarboxylic acid cycle (TCA cycle/Krebs cycle) inside the mitochondrial matrix, generating NADH 

and FADH2. NADH and FADH2 drive the electron transport chain (ETC) complex I-IV to transport protons 

(H+) against the concentration gradient from the mitochondrial matrix into the inner membrane, using 

oxygen as the final electron acceptor. The movement of H+ down the concentration gradient is used by 

the ATP synthase/Complex V to phosphorylate ADP and produce ATP. This coupling process of ATP 

synthesis to the consumption of oxygen is known as OXPHOS which yields up to a net of 36 ATP 

molecules per molecule of glucose. Mitochondrial-mediated OXPHOS is, therefore, more energetically 

favourable and proficient in yielding more ATP molecule per glucose than glycolysis [25,26]. (Figure 1.3)  

In poorly oxygenated conditions (hypoxia), however, the lack of electron acceptor led to inefficient 

ETC function and insufficient generation of H+ gradient to drive the ATP synthase. Therefore, to maintain 

ATP production under hypoxia, cells undergo anaerobic/fermentation glycolysis. Glycolysis-derived 

pyruvate is converted by lactate dehydrogenase (LDH) to yield lactate and a net of 2 ATP molecule per 

glucose molecule without consumption of oxygen [25,26]. Although the ATP yield is much less than 

OXPHOS, anaerobic glycolysis produces ATP at a faster rate at the expense of higher glucose 

consumption [27,28]. 

 Although normal cell preferentially uses glycolytic pyruvate to drive the TCA cycle for mitochondrial 

OXPHOS, some normal cells, particularly activated immune cells and fast proliferating cells (e.g. 

vascular endothelial during angiogenesis), preferentially utilizes glycolysis under normoxia [29]. Recent 

findings suggest that aerobic glycolysis is likely a characteristic of cell proliferation and is required for 

macromolecule biosynthesis [29,30]. Similarly, cancer cells generally exhibit metabolic preference 

towards aerobic glycolysis (the Warburg effect) to accumulate biosynthetic intermediates to fuel 

malignant growth.  
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Figure 1.3 – Metabolic ATP synthesis via Oxidative Phosphorylation and Glycolysis. Glycolytic 
steps are labelled in blue, TCA cycle is labelled in green, and the electron transport chain is shown as 
orange. Abbreviation – GLUT: glucose transporter, MCT: monocarboxylate transporter, ADP: adenosine 
diphosphate, ATP: adenosine triphosphate, HK: hexokinase, GPI: glucose-6-phosphate isomerase, 
PFK: phosphofructokinase, ALD: aldolase, TPI: triosephosphate isomerase, DHAP: dihydroxyacetone 
phosphate, GAPDH: glyceraldehyde 3-phosphate dehydrogenase, PGK: phosphoglycerate kinase, 
PGM: phosphoglycerate mutase, ENO: enolase, PK: pyruvate kinase LDH: lactate dehydrogenase, PC: 
pyruvate carboxylase, PDH: pyruvate dehydrogenase, TCA: tricarboxylic acid cycle, αKG: α-
ketoglutarate. Figure modified from Vander Heiden, M.G et al. (2009) [26] and DeBerardinis, R.J et al 
(2016) [31]. 

 

1.2.2 The Warburg effect – a shift towards aerobic glycolysis 

To accommodate malignant growth and survival, most PDAC tumours exhibited metabolic 

reprogramming in preference of aerobic glycolysis – a phenomenon known as the Warburg effect and a 

well-recognized cancer hallmark [13]. The Warburg effect is a phenomenon observed by Otto Warburg 

in 1924 that, in comparison to normal cells, cancer cells showed a preference for anaerobic glycolysis 

and had enhanced lactic acid production even under normoxic conditions [26,32]. Warburg hypothesized 

that mitochondrial impairment led to an oncogenic shift towards aerobic glycolysis. However, the 

mitochondria in multiple cancers had been later shown to be functionally intact and contributed to ATP 

synthesis as well as oncogenic progression (e.g. biosynthesis of anabolic intermediates) [26,33]. In the 

presence of both oxygen and functional mitochondria, it seems counterintuitive that cancer cells would 

prefer aerobic glycolysis (2 ATP molecule per molecule of glucose) over the more energetically efficient 

OXPHOS (up to 36 ATP molecule per molecule of glucose). However, the Warburg effect offers cancer 

cells numerous oncogenic advantages which outweigh the cellular bioenergetic requirement, including: 
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pro-proliferative accumulation of biosynthetic metabolites, lactic acid-mediated malignant invasion and 

immunosuppression, as well as the production of anti-oxidative NADH to maintain redox homeostasis 

and reducing oxidative stress [13,34]. Metabolic intermediates of anaerobic glycolysis are also essential 

for anabolic biosynthesis. These metabolites can enter the pentose phosphate pathway (PPP) and/or 

truncated tricarboxylic acid (TCA) cycle to yield amino acids, nucleic acids and lipids [13,34]. (Figure 1.4) 

Unlike Warburg’s initial hypothesis, mitochondrial impairment is not solely responsible for metabolic 

reprogramming towards glycolysis. The current understanding of the Warburg phenomenon is that both 

intrinsic (e.g. oncogenes) and extrinsic (e.g. hypoxia) factors drive oncogenic metabolic reprogramming 

towards a highly glycolytic phenotype [35–37], enhancing glycolytic flux. A recent study in immortalized 

baby mouse kidney cells (iBMK cell line), by Tanner, LB et al. (2018), suggests that the Warburg effect 

is driven by the Ras oncogene and the glycolysis flux is substantially controlled at four key steps: glucose 

uptake (GLUT), hexokinase (HK) metabolism of glucose to glucose-6-phosphate, phosphofructokinase 

(PFK) conversion of fructose-6-phosphate to fructose-1,6-bisphosphate, and lactate export (MCT) [38]. 

Although controversial, PKM2 is suggested to function as a rate-limiting glycolytic enzyme due to its 

sensitivity to allosteric regulation [39,40] while conflicting findings suggest that PKM2 is not a rate-limiting 

step of glycolysis due to its high catalytic capacity in comparison to HK and PFK as well as its lack of 

effect on glycolytic flux upon overexpression [38,41].  

Upregulation of glycolytic machinery, particularly rate-limiting glycolytic enzymes (GEs), are 

commonly observed in multiple cancers. The overexpression of embryonic pyruvate kinase isoform 

PKM2 is a common characteristic of the malignant glycolytic shift [42]. PKM2, like PKM1, is the rate-

limiting GE involved in the conversion of phosphoenolpyruvate to pyruvate, yielding ATP. However, 

PKM2 can dynamically switch between an active tetrameric form to a low-activity dimeric form, 

suggested to create glycolytic bottle-neck to promote the accumulation of upstream anabolite 

metabolites at the expense of ATP production [43,44]. Conversely, oncogenic glycolytic flux is 

maintained by upregulation of hexokinase (HK) and phosphofructokinase-1 (PFK-1). These GEs act as 

glycolytic flux-limiting enzymes and consume ATP to produce glucose-6-phosphate (G6P) and F1,6BP 

glycolytic intermediates, respectively. F1,6BP, in particular, is known to allosterically promote 

tetramerization of PKM2 [45]. However, both HK and PFK-1 activity are negatively regulated by glycolytic 

metabolites. For instance, HK is allosterically inhibited by G6P [46] whereas PFK-1 is inhibited by high 

concentrations of glycolytic metabolites, including ATP (>2 mM), phosphoenolpyruvate, glyceraldehyde-

3-phosphate and citrate (0.2-0.3 mM) as well as low pH [45,47–49]. Cancer cells, thereby, enhance 

oncogenic PFK-1 activity by upregulating 6-phosphofructo 2-kinase/fructose-2,6-bisphosphatase 3 

(PFKFB3) which produces fructo-2,6-bisphosphate (F2,6BP), an allosteric activator of PFK-1 [50].  
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Figure 1.4 – Aerobic glycolysis (Warburg effect). A shift towards aerobic glycolysis is a key cancer 
hallmark which promotes anabolic synthesis of nucleotides, amino acids and lipids. Glycolytic enzymes 
are shown in blue while glycolytic intermediates/metabolites are shown in black. Blue arrow indicates 
the directional flow of glycolytic steps. ATP invested at the preparatory steps of glycolysis (grey text) and 
the ATP and NADH yields (red text) from the pay-off glycolytic steps are shown. Green dash arrow 
indicates allosteric activation of glycolytic enzymes by glycolytic metabolites. Abbreviation – GLUT: 
glucose transporter, MCT: monocarboxylate transporter, ADP: adenosine diphosphate, ATP: adenosine 
triphosphate, HK: hexokinase, GPI: glucose-6-phosphate isomerase, PFK: phosphofructokinase, ALD: 
aldolase, TPI: triosephosphate isomerase, DHAP: dihydroxyacetone phosphate, GAPDH: 
glyceraldehyde 3-phosphate dehydrogenase, PGK: phosphoglycerate kinase, PGM: phosphoglycerate 
mutase, ENO: enolase, PKM1/2: pyruvate kinase muscle isoform 1/2, LDHA: lactate dehydrogenase A, 
PC: pyruvate carboxylase, PDH: pyruvate dehydrogenase, TCA: tricarboxylic acid cycle, PPP: pentose 
phosphate pathway, F-2,6BP: fructose-2,6-bisphosphate, PFKFB: phosphofructokinase 2, PHGDH: 
phosphoglycerate dehydrogenase. Figure modified from Vander Heiden, M.G et al. (2009) [26] and 
Porporato, P.E. et al (2011) [51]. 
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Besides GEs, enhanced glycolytic flux is also modulated by upregulation of glucose transporter (GLUT) 

and lactate transporter (monocarboxylate transporter; MCT). It is well established that “glucose 

addiction” is a characteristic of cells exhibiting the Warburg phenomenon [52]. It is reasoned that aerobic 

glycolysis yields less ATP; hence, a faster ATP production rate is achieved at the expense of higher 

glucose consumption [26]. Therefore, glucose transporters (GLUT) are often upregulated to enhance 

cellular glucose uptake and further fuel this “glucose addiction” and sustain the Warburg phenomena 

[36]. Conversely, the removal of lactate, the final production of glycolysis, by MCT is also an important 

glycolytic flux-controlling step [38]. Accumulation of lactate is associated with inhibition of LDH, cytosolic 

acidification, and inhibition of key GEs (e.g. PFK), which subsequently reduces the glycolytic flux [49,53]. 

Lactate, excreted from the cell by MCTs as lactic acid into the tumour microenvironment has been linked 

to tumour invasion [54] and immunosuppression [55]. Lactate may also be symbiotically taken up by the 

aerobic tumour-associated stromal cells and converted into pyruvate to further fuel the hypoxic cancer 

cells (lactate shuttling) [56].  

 

1.2.3 Metabolic reprogramming in PDAC  

In PDAC, metabolic reprogramming towards aerobic glycolytic has been associated with multiple 

factors, including intrinsic oncogenes signalling (e.g. KRAS [55]) and extrinsic hypoxic PDAC tumour 

microenvironment (e.g. HIF-1α). These factors drive the upregulation of multiple glycolytic machineries 

involved in importing glucose (e.g. GLUT1) into the cell, metabolizing glucose (e.g. PKM2, PFK-1) as 

well as eliminating lactate (MCT1) [56]. The following section broadly introduces key aberrant signalling, 

either due to the loss of tumour suppressor genes or activation of oncogenic genes, which contributes 

to the metabolic shift in malignant PDAC. 

1.2.3.1 Oncogenes activation in PDAC 

KRAS – Considered as a PDAC tumour initiating factor, KRAS signalling has been correlated to aberrant 

growth, apoptotic resistance, immunosuppression, metastasis and metabolic reprogramming [57]. KRAS 

belongs to the RAS oncogene superfamily which encodes small guanosine-5-triphosphatase (GTPase) 

proteins known to regulate multiple cellular processes including cell growth, differentiation, adhesion, 

migration, and survival. As a GTPase, Ras hydrolyses GTP to GDP and acts as a binary switch by 

alternating between the active GTP-bound and the inactive GDP bound conformations [58]. These 

conformational changes alter the interaction interphase of Ras and its effector molecules, enabling 

specific Ras signalling upon GTP-binding and termination of signalling upon hydrolysis of GTP to GDP 

[59]. However, Ras possesses low GTPase activity and requires help from GTPase activating proteins 

(GAP) to enhance GTP hydrolysis to GDP. As Ras tightly associates to either GTP or GDP (KD ~10-100 

pM), further assistance from guanine nucleotide exchange factors (GEF) is required to weaken GDP 

association in exchange for GTP, reactivating Ras [58].  

Implicated in the early development of PanIN lesions [10] and PDAC tumour progression [57], KRAS 

mutation plays an important role in pro-survival pathways and is considered as a key driver of PDAC. 

Mutations resulting in constitutive activation has been observed in over 95% of PDAC tumours [60]. 
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Typically associated with mutations at codon 12 of KRAS oncogene, aberrant KRAS activation often 

stems from reduced sensitivity to GAP-mediated termination of KRAS signalling, resulting in 

constitutively active KRAS [61]. Downstream signalling of KRAS includes the phosphoinositide 3-kinase 

(PI3K)/Akt/mTOR signalling, Raf/mitogen-activated protein kinase (MAPK) and nuclear factor kappa B 

(NFκB). Oncogenic KRAS expression has been associated with elevation of HIF1-α expression and 

PI3K/Akt signalling which promotes pro-anabolic metabolic reprogramming toward glycolysis [57,60]. 

Oncogenic KRAS activation has been associated with upregulation of key glycolytic machineries 

including PFK1, HK, ENO, GLUT1, LDHA [62]. 

Hypoxia-inducible factor (HIF-1) – Hypoxia is one of the key extrinsic factors which promote metabolic 

reprogramming towards glycolysis and glucose addiction in multiple cancers, including PDAC. 

Overexpression of HIF-1α in PDAC has been correlated to early stages of PanIN [63], hypoxic tumour 

regions, malignant tumour growth as well as poor PDAC patient prognosis [64–66].  

HIF-1 is a hypoxic response protein which acts as a transcription factor for multiple target genes 

which regulates vascularization, promotes cell survival, proliferation and anaerobic metabolism [67]. HIF-

1 is heterodimeric and is structurally comprised of a constitutively expressed β-subunit and an oxygen-

dependent degradation domain-containing α-subunit (either HIF-1α, HIF-2α, or HIF-3α) [67,68]. Under 

normoxia, propyl hydroxylase mediates hydroxylation at the oxygen-degradation dependent domain of 

HIF α-subunits, leading to ubiquitination by von Hippel-landau tumour suppressor and subsequently 

targeted for proteasomal degradation [68]. On the contrary, HIF α-subunits are stabilized under hypoxic 

conditions, enabling the α-subunits to translocate into the nucleus to dimerize with HIF β-subunit to 

initiate transcription of hypoxia-response genes associated with anaerobic/fermentation (e.g. GLUT, 

PKM2, MCT, HK, LDH) [68–70]. As PDAC tumours are typically hypoxic, the overexpression of HIF-1α 

plays an important role in PDAC survival, metabolic reprogramming, and malignant progression [71]. 

HIF-1 transcriptional activation regulates the expression of glycolytic machineries including key glycolytic 

enzymes and glycolytic flux-controllers: glucose transporter (GLUT), hexokinases (HKs), MCT4 [69,70], 

lactate dehydrogenase (LDH) [72], PFKFB3, PFK [73], and PKM2 [74]. HIF-1 also dampens 

mitochondria functional capacity by inhibiting mitochondrial biogenesis [75], further promoting the shift 

from OXPHOS to fermentation glycolysis.  

1.2.3.2 Inactivation of tumour suppressor genes in PDAC  

p53 tumour suppressor protein – The inactivation of p53 tumour suppressor activity has been linked 

to metabolic reprogramming to fermentation glycolysis in PDAC [76]. p53 protein, encoded from the 

TP53 gene, is a strictly regulated tumour suppressor transcriptional activator which dictates cell survival 

or cell death in response to cellular stress (e.g. metabolic stress, hypoxia, and oncogenic stimuli) and 

DNA damage [77]. The activation of p53 is strictly controlled at both expression level (MDM2) and 

transcriptional activity level (MDMX). Under normal conditions, p53 protein is repressed at low levels by 

MDM2, an E3 ubiquitin protein ligase, which targets p53 for proteasomal degradation. In conjunction 

with MDM2, MDMX protein acts as a transcription repressor of p53 by suppressing the transcriptional 

activation domain [78]. Cellular stress signalling, resulting in post-translation modification of p53 (e.g. 

phosphorylation, acetylation) or sequestration/degradation of MDM2 and MDMX, leads to the disruption 
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of p53-MDM2/MDMX repressors interaction and subsequent stabilization of the p53 transcriptional 

activator [79]. Depending on the severity of the stress signal, p53 can either promote pro-survival 

responses in cells with reparable damage or mediates triggering apoptotic cell death or cellular 

senescence to prevent the propagation of severely damaged or malignantly transformed cells [80]. 

Structurally, p53 contains tetramerization domain, DNA binding domain, and transcriptional activation 

domains. Tetrameric p53, comprised of two dimeric p53 at the tetramerization domain, is required for 

DNA binding. The DNA-binding domain is critical for sequence-specific binding to p53 response 

elements which mediate tumour suppressor functions. Therefore, oncogenic inactivation mutations of 

p53 are often associated with either structural misfolding or missense mutations of this critical DNA-

binding domain which prevents p53 from binding to its response elements [80,81].  

In the context of metabolism, tumour suppressor p53 both directly and indirectly represses 

glycolysis through the downregulation and/or inhibition of key glucose machineries [76] while 

concomitantly promotes mitochondrial respiration. It is known that p53 negatively regulates glycolysis by 

downregulating GLUT1 and GLUT4 expressions [82], promoting degradation of phosphoglycerate 

mutase (PGM) downstream glycolytic enzyme [83], and enhancing the transcription of TIGAR (TP53-

induced glycolysis and apoptosis regulator) [84]. TIGAR negatively regulate glycolytic flux by 

dephosphorylating F2,6BP, a potent allosteric activator of PFK-1 [76]. Furthermore, p53 signalling also 

exerts inhibitory effects on the glucose-6-phosphate dehydrogenase (G6PD), a rate-limiting enzyme 

involved in the first step of the pentose phosphate pathway, limiting glucose use for anabolic biosynthesis 

[85]. In conjunction with glycolysis repression, p53 promotes mitochondrial oxidative phosphorylation 

through transcriptional activation of SCO2 (synthesis of cytochrome C oxidase assembly protein 2), a 

gene requires for the assembly of mitochondrial complex IV, enhancing to the activity of the electron 

transport chain [86].  

In PDAC, inactivation mutation of p53 tumour suppressor protein frequently occurs in advance 

PanIN 3 [87] and is found in 70 % of PDAC cases [88]. Missense mutation of p53, commonly found in 

PDAC, can give rise to a mutational gain of function (GOF mutp53) which can stimulate the Warburg 

effect [89]. GOF mutp53 has been shown to promote glycolysis and lactate secretion by stabilizing 

cytosolic GAPDH localization in PDAC cells [90]. Evidence suggests that p53 mutation leads to the 

paraoxonase 2-mediated stimulation of GLUT-1 activity in PDAC [91], promoting glycolysis and 

subsequently enhances the sensitivity PDAC to LDHA inhibitor [76]. The inactivation mutation of p53, 

therefore, plays a contributing role to the upregulation of glycolytic machineries and contributes towards 

the Warburg effect in PDAC [92]. 

Cyclin dependent kinase inhibitor 2A (CDKN2A/p16/p16INK4A/MTS1) – Inactivation of CDKN2A 

tumour suppressor gene increases with the advancement of PanIN stage [93] and has been observed 

in ~80 % of PDAC cases [94,95]. The CDKN2A gene encodes p16 (also known as p16INK4A or MTS1), 

an inhibitor of cyclin dependent kinase 4, which acts as a key regulator of the G1/S phase cell cycle 

progression [88,95]. Therefore, loss or inactivation of this CDKN2A critical tumour suppressor gene has 

been correlated to uncontrolled cell cycle progression and malignant growth [96].  
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Functional inactivation of CDKN2A occurs by intragenic mutation, homozygous deletion, and 

aberrant methylation silencing of p16 promoter [95]. Studies in mouse models suggest that concomitant 

aberrant KRAS activation and p16 inactivation are key oncogenic drivers of PDAC pathogenesis which 

drive the metabolic reprogramming during oncogenic PDAC progression [97,98]. Both p16 inactivation 

and KRAS activation have been suggested to upregulate NADPH oxidase 4 (NOX4) and stimulate the 

production of NAD+, an important glycolytic cofactor essential for promoting the Warburg effect in PDAC 

[98].  

SMAD4 – Approximately 50% of PDAC has shown the loss of SMAD4 gene, encoding signalling proteins 

downstream of signalling pathways which include transforming growth factor-β (TGF-β)/activin and bone 

morphogenic protein signalling pathways [99,100]. SMAD4 tumour suppressor gene encodes a Smad4 

transcription factor which mediates signal transduction downstream of the transforming growth factor 

(TGF)-β signalling pathway [99]. In PDAC, SMAD4 inactivation has been associated with the inhibition 

of TGF-β-mediated tumour suppressor functions [101].  

SMAD4 is a co-mediator which either forms homomeric or heteromeric complexes with TGF-β receptor-

activated Smad2 and Smad3 proteins to mediate TGF-β signalling [102]. Smad4 transcriptionally 

activates Smad-binding element to elicit its TGF-β-associated tumour suppressor function which 

includes cell cycle arrest at G1 and triggering apoptotic cell death. Functional TGF-β signalling potently 

inhibits PDAC by reducing vascular endothelial growth factor while enhancing angiogenesis inhibitor 

thrombospondin-1 [101,103]. Although limited evidence suggests that Smad4 directly contributes 

towards metabolic reprogramming in PDAC, Basso, D et al (2017) reported that the exosomes derived 

from PDAC lacking SMAD4 expression have been linked to overexpression of glycolytic enzymes, 

increase glucose consumption and lactic acid production in peripheral blood mononuclear cells [104]. 

Furthermore, it has been suggested that TGF-β drives metabolic reprogramming towards glycolysis in 

breast cancer-associated fibroblast [105]. Therefore, SMAD4 potentially contributes to the Warburg 

phenomenon in PDAC.  

1.3 Functional coupling between glycolysis and Ca2+ signalling 

Correlations between hypoxic tumour microenvironment and glycolytic shift are critical for PDAC 

survival and its malignant progression [106–108]. As previously described in the previous sections (1.2.2 

The Warburg effect – a shift towards aerobic glycolysis and 1.2.3 Metabolic reprogramming in PDAC), 

PDAC typically acquires metabolic reprogramming in preference of glycolysis (Warburg phenomenon) 

to fuel malignant survival and growth. Warburg phenomenon primarily manifests by upregulation of 

glycolytic machinery, enabling high glycolytic flux to facilitate ATP production rate at the expense of lower 

ATP yield (compared to OXPHOS) and enhanced glucose consumption.  

Glycolytic flux in cancer is often enhanced by the upregulation of PFKFB3 which subsequently 

promotes the production fructo-2,6-bisphosphate (F2,6BP), an allosteric activator of PFK-1 [109]. In turn, 

PFK-1 produces fructo-1,6-bisphosphate (F1,6BP), an allosteric activator of PKM2 [110]. However, 

although upregulation of glycolytic machinery can enhance glycolytic flux, the activity of key rate-limiting 

glycolytic enzymes, particularly PKM2 and PFK-1, are still allosterically inhibited by glycolytic 
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metabolites, particularly high ATP/ADP ratio (>2 mM ATP) [48,51]; thereby, hindering glycolytic flux. To 

maintain high glycolytic flux, cancer cells overcome allosteric inhibition through multiple means by: 

upregulation of glycolytic activators (F2,6BP, ADP) [109], mutational insensitivity to allosteric inhibitors 

[110,111], and consumption of glycolytic metabolites (ATP consuming processes).  

A key ATP-consuming process essential for driving cell survival is Ca2+ homeostasis. Ca2+ is a 

versatile signalling molecule required for cellular homeostasis (further discussed in section 1.4 

Regulation of Ca2+ signalling). To maintain intracellular Ca2+ concentration ([Ca2+]i), multiple Ca2+ 

regulatory requires ATP to move Ca2+ against its concentration gradient.  

The relationship between cellular metabolism and Ca2+ signalling has been continuously 

investigated for the past few decades. Evidence suggests that both plasma membrane Ca2+ ATPase 

isoform 4 [112,113] and key GEs are expressed in close proximity to caveolin-1 (CAV-1) enriched 

caveolae [114]. Evidence in erythrocyte suggests that GEs is associated with the cytosolic side of the 

plasma membrane [115]. Furthermore, Raikar, L.S. et al. (2006) reported that, in vascular smooth muscle 

cells, PFKs, aldolases and potentially other glycolytic enzymes can interact with CAV-1 to enable 

compartmentalised metabolism [116]. Since PDAC shows overexpression of CAV-1 [117] as well as 

PMCA4 [118], glycolytic enzymes may exist in association with, or in close proximity to, the ATP-

consuming PMCA, within the CAV-1 enriched caveolae. 

It is well established that the function of PMCA-mediated Ca2+ efflux is dependent on ATP availability 

[106]. Remodelling of Ca2+ signalling, particularly elevated cytosolic Ca2+, has been shown to impair 

mitochondrial OXPHOS by inhibiting Ca2+-sensitive dehydrogenases of the Kreb’s cycle [119] and 

facilitate the glycolytic shift in metabolism [120]. Glycolytic ATP has also been shown to be essential for 

PMCA activity in PDAC. James, A.D et al. (2013) have reported that glycolytic inhibition causes extreme 

ATP-depletion, compromises PMCA activity, subsequently induces Ca2+ overload and cell death in 

MIAPaCa-2 and PANC-1 PDAC cell lines [121]. Consistent with the previous study, Epstein, T et al. 

(2014) suggested that a glycolytic metabolon is required to spontaneously supply ATP to the PMCAs 

while oxidative phosphorylation (OXPHOS) is responsible for stably supplying energy for macromolecule 

synthesis and nucleus [122]. 

Indeed, our previous findings by James, A.D et al (2015) suggests that glycolysis ATP, not 

mitochondrial ATP, fuels the plasma membrane Ca2+ ATPases (PMCAs) mediated Ca2+ efflux pump, 

leading to cytotoxic Ca2+ overload and PDAC cell death [121,123]. Therefore, a better understanding of 

the relationship between glycolytic metabolism and Ca2+ homeostasis may provide novel therapeutic 

targets for the improvement of pancreatic cancer clinical treatment. 
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1.4 Ca2+ signalling and its remodelling in cancer 

Besides metabolic rewiring towards glycolysis, remodelling of Ca2+ signalling is often associated 

with multiple cancers [124]. This is because Ca2+ signalling universally regulates most aspects of cellular 

processes [125,126] from cell proliferation, cell cycle progression [127], differentiation [128], cellular 

motility [129], secretion [130], metabolic regulation [131], to apoptosis signalling [132]. Therefore, it is 

not surprising that alterations of Ca2+ signalling and homeostasis have been associated, either directly 

or indirectly, with multiple cancer hallmarks [124].  

The following section will briefly describe the importance of Ca2+ signalling, the remodelling of Ca2+ 

signalling machinery involved in the elevation of [Ca2+]i, the reduction of [Ca2+]i, and a brief summary of 

Ca2+ signal remodelling in PDAC. 

1.4.1 Ca2+ – a versatile signalling molecule 

Ca2+ is one of the most versatile and ubiquitous signalling molecules utilized by all cells. This is 

because Ca2+ can act as first and secondary messengers to modulate crucial biological processes 

[125,126] mentioned above. These diverse cellular processes are regulated by Ca2+ signalling, achieved 

through organized shaping of intracellular Ca2+ concentrations ([Ca2+]i) into different spatiotemporal 

patterns which form spatially restricted spikes/sparks, global elevations, oscillations, and waves 

[125,133]. Depending on its spatiotemporal properties, which includes signal localisation, duration, 

frequency amplitude, Ca2+ signals can modulate diverse and even opposing downstream responses 

[126]. For instance, Ca2+ can elicit diametrically opposing responses in the regulation of Ras signalling, 

a key oncogenic driver of PDAC. Elevated [Ca2+]i levels has been linked to Ca2+/calmodulin-induce 

activation KRAS [134]. In contrast, Ca2+ signals can also inhibit Ras via the activation of GTPase-

activating proteins (GAPs) [135].  

As different Ca2+ signals can differentially influence multiple cellular processes, it is critical for cells 

to sense subtle spatiotemporal changes in [Ca2+]i. Therefore, it is essential for cells to maintain a low 

resting [Ca2+]i (~100 nM) in order to efficiently propagate and respond to Ca2+
 signals. Regulation of Ca2+ 

homeostasis and signalling are dependent on Ca2+ signalling machinery which includes diverse classes 

of Ca2+ ATPases, transporters, channels and binding proteins which are responsible for either elevating 

or reducing cytosolic [Ca2+] [125,126]. (Figure 1.5) 
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Figure 1.5 – Cellular Ca2+ regulation. The cell illustrated typifies a non-contractile cell. Intracellular 
[Ca2+] during resting (blue text) and stimulation vary depending on cellular compartments and their 
contribution towards the regulation of intracellular Ca2+ ([Ca2+]i). Elevation of [Ca2+]i is achieved by two 
key mechanisms: i) concentration-gradient driven Ca2+ entry via SOCE and VDCC, and ii) release of 
Ca2+ from intracellular Ca2+ storages (e.g. ER/SR, Golgi Apparatus and Mitochondria). Reduction of 
[Ca2+]i is similarly achieved by: i) Ca2+ efflux into the extracellular environment (e.g. PMCA, NCX), and 
ii) uptake of free cytosolic Ca2+ into intracellular Ca2+ storages. Directional movement of [Ca2+]i into (red 
arrow) or out of (green arrow) the cytosol indicate Ca2+ elevation and reduction mechanisms, 
respectively. Abbreviations – VDCC: voltage-dependent Ca2+ channel, PMCAs: plasma membrane Ca2+ 
ATPase, ATP: adenosine triphosphate, ADP: adenosine diphosphate, SOCE: stores-operated Ca2+ 
entry, TRP: transient receptor potential channel, STIM: stromal interaction molecule, NCX: Na+/Ca2+ 
exchanger, SPCA: secretory pathway Ca2+ ATPase, ER: endoplasmic reticulum, SR: sarcoplasmic 
reticulum, SERCA: sarco/endoplasmic reticulum Ca2+ ATPase, RYR: ryanodine receptor, IP3R: inositol 
1,4,5-trisphosphate receptor, MCU: mitochondrial Ca2+ uniporter, MPTP: mitochondrial permeability 
transition pore, MNCX: mitochondrial Na+/Ca2+ exchanger. Figure modified from Clapham, D.E (2007) 
[125] and Laude, A.J et al (2009) [136]. 
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1.4.1.1 Elevation of [Ca2+]i 

Propagation of Ca2+ signalling involves the controlled elevation of intracellular Ca2+. This influx of 

cytosolic Ca2+ is achieved through two key mechanisms: i) extracellular Ca2+ entry and ii) Ca2+ release 

from intracellular Ca2+ storages.  

Extracellular Ca2+ concentrations are over 10,000 fold higher than the [Ca2+]i (~100 nM), ranging 

between 1-2 mM Ca2+ [125]. This creates a concentration gradient which is essential to facilitate 

extracellular Ca2+ influx into the cytosolic compartment, raising the resting [Ca2+]i from 100 nM to 500-

1000 nM during Ca2+ signalling [125]. Extracellular Ca2+ enter the cells through multiple ion permeable 

channels located on the plasma membrane which include voltage-dependent Ca2+ channels (VDCCs), 

transient receptor potential (TRP) channels, ligand-gated Ca2+ channels (LGCC), and store-operated 

Ca2+ entry (SOCE) channels. VDCCs, classified into subtypes L, N, P/Q, R and T, are commonly found 

in excitatory cells (e.g. neurons, secretory cells, skeletal muscles and, cardiomyocytes) and are activated 

by changes in membrane potential, in response to action potentials and depolarizing signals [137]. 

Conversely, TRP channels are a large family of cation channels, comprising of TRPA, TRPC, TRPM, 

TRPML, TRPP and TRPV subfamily. TRP channels are mostly Ca2+ permeable non-selective cation 

channels which exhibit varying selectivity for Ca2+ and are heterogeneously activated by ligands (e.g. 

Ca2+, menthol, calmodulin, capsaicin), chemical (e.g. pH, redox status and ATP depletion), temperature 

or mechanical stimuli. Hence, enabling the TRP channels to function as important “cellular sensor” [138]. 

LGCC are Ca2+-selective ionotropic receptors which includes glutamate-gated N-methyl D-glutamate 

(NMDA) receptors, ATP-gated P2X receptors, and acetylcholine-gated nicotinic acetylcholine receptors 

(nAChRs) [139]. SOCE is the major Ca2+ elevation pathway required to maintain intracellular Ca2+ 

storages in non-excitable cells (e.g. epithelial cells) [140]. These intracellular Ca2+ stores include 

endo/sarcoplasmic reticulum (ER/SR) and Golgi apparatus. Low luminal ER/SR Ca2+ concentration 

triggers SOCE by the activation of stromal interaction molecule (STIM) and the opening of ORAI Ca2+ 

release-activated Ca2+ modulator (Orai), enabling Ca2+ influx which refills the ER/SR intracellular Ca2+ 

stores. [141].  

The second mechanism which contributes towards the elevation of [Ca2+]i is Ca2+ release from 

intracellular storages, primarily the ER/SR. Intracellular Ca2+ release is regulated by ER/SR-localised 

ryanodine receptors (RyRs) and inositol 1,4,5-trisphosphate (IP3)-gated Ca2+ receptors (IP3Rs). While 

IP3Rs also require IP3 for its activation, the opening of both RyRs and IP3Rs are triggered by Ca2+. This 

Ca2+ induced Ca2+ release (CICR) mechanism is important for amplifying and propagating Ca2+ signals 

[142,143].  

1.4.1.2 Reduction of [Ca2+]i 

Propagation and termination of Ca2+ signals require a tightly coordinated reduction of [Ca2+]i to 

prevent unwarranted cellular responses, including Ca2+-dependent apoptosis and necrosis [144,145]. 

Ca2+ clearance is achieved through two key mechanisms: i) efflux of cytosolic Ca2+ into extracellular 

space, and ii) Ca2+ uptake into intracellular Ca2+ storages.  

Ca2+ efflux mechanisms, localised at the plasma membrane, primarily include the ATP-driven 

plasma membrane Ca2+ ATPase (PMCA) and Na+/Ca2+ exchanger (NCX). These transporters play a 
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critical homeostatic role in maintaining low resting [Ca2+]i (~100 nM) by removing Ca2+ from the cytosol, 

against its concentration gradient (~10,000 fold difference), into the extracellular space (1-2 mM Ca2+) 

[125]. The PMCAs utilizes ATP to drive the efflux of one Ca2+ ion per ATP. PMCA functions as a low 

capacity(Kcat ~100 Ca2+ ions/sec) [146] but high Ca2+ affinity (Kd ~100-200 nM) efflux pathway, 

responsible for the fine-tuning [Ca2+]i and maintaining low resting [Ca2+]i (further discussed in section 1.5 

Plasma membrane Calcium ATPases). Conversely, NCX couples the efflux of one Ca2+ ion to the uptake 

of three Na+ ions and serves as a low affinity (Km ~10–20 μM) but high capacity transporter (Kcat~ 2500 

Ca2+ ions/sec), enabling rapid removal of [Ca2+]i [147,148]. 

Following Ca2+ release from intracellular storage compartments, Ca2+ uptake is an indispensable 

mechanism required to replenish these intracellular Ca2+ stores. Ca2+ uptake machineries primarily 

include the sarco/endoplasmic reticulum (SERCA), Golgi apparatus/secretory pathway Ca2+ ATPases 

(SPCA) and the mitochondrial Ca2+ uniporter (MCU). SERCA, similar to PMCAs, are P-type ATPase 

which consumes ATP to drive the transport of two Ca2+ ions from the cytosol into the ER/SR and Golgi 

apparatus lumen. Following IP3R and RyRs-mediated Ca2+ release, SERCA functions to concurrently 

restores low resting [Ca2+]i (~100 nM) while replenishing the ER/SR luminal Ca2+ stores (~100-500 μM) 

[149]. Under basal conditions, passive Ca2+ leaks from the ER/SR lumen through RyRs and SERCA 

[150] is recovered by SERCA at the expense of ATP [151,152]. SPCA pumps are P-type ATPases which 

utilizes ATP hydrolysis to drive the transport of one Ca2+ or Mn2+ ion, from the cytosol into Golgi 

apparatus lumen [153]. SPCAs is suggested to function as a housekeeping protein and contributes 

towards the maintenance of low resting [Ca2+]i [154] and the shaping of Ca2+ signalling [155] in 

keratinocytes [156].  

The mitochondrial uniporter also serves as an important Ca2+ uptake mechanism. Following 

increases in cytosolic Ca2+, rapid and transient elevation of mitochondrial Ca2+ concentration is observed 

[157]. Although Ca2+ uptake into mitochondrial intermembrane space is driven by negative membrane 

potential, Ca2+ uptake into the mitochondrial matrix requires the activation of MCU and accessory 

proteins, including mitochondrial Ca2+ uptake 1/2 (MICU1 and MICU2) and essential MCU regulator 

(EMRE). As MCU has a low affinity for Ca2+ and a high activation threshold (Kd ~50 μM), MCU activation 

requires coupled tethering between the mitochondria and the ER. Ca2+ release from the ER/SR 

intracellular storages by the RyRs and IP3Rs at the mitochondria/ER/SR junctions generates a high Ca2+ 

microdomain which sufficiently meets the threshold of the MCU [158–160]. In addition, MCU mediated 

Ca2+ uptake also modulate mitochondrial metabolism [136] by Ca2+-mediated allosteric activation of TCA 

cycle dehydrogenases [161] and enhancing the activity of ETC [162]. 

1.4.2 Remodelling of Ca2+ signalling modulates cancer hallmarks 

As previously mentioned, Ca2+ is a versatile signalling molecule which regulates numerous cellular 

processes and functions, from cell proliferation until cell death [125,126]. Therefore, remodelling of Ca2+ 

signalling can lead to the propagation of unwarranted Ca2+ signals and aberrant cellular responses which 

facilitates malignant tumour progression. Typically, the remodelling of Ca2+ signalling is the consequence 

of alterations of various Ca2+ regulatory proteins, collectively referred to as the Ca2+ signalling machinery. 

Alterations of Ca2+ signalling machineries often manifest as altered levels of expressions, the abnormal 
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gain of Ca2+ regulatory proteins and/or isoforms not normally native to the healthy tissues, and altered 

functional activity due to mutations, post-translation modifications as well as dysregulated downstream 

responses [124]. This remodelling of Ca2+ signalling has been associated, either directly or indirectly, 

with multiple cancer hallmarks [124] which include: sustained proliferative signalling, replication 

immortality, insensitivity to growth suppression signals, apoptosis resistance, enhanced invasion, 

metastasis and angiogenesis, as well as dysregulation of cellular energetics [13].  

Sustained proliferation – Ca2+ is an important modulator of various signalling pathways and 

transcription factors which regulates cell proliferation throughout all phases of the cell cycle [127]. Ca2+ 

signalling differentially modulates direct effectors of Ca2+ such as CaM, Ca2+/CaM-dependent protein 

kinase II (CaMKII), calcineurin and PKC, which in turn, activates transcription factors regulating cell cycle 

progression [127]. These Ca2+-dependent transcription factors includes the immediate early genes (FOS, 

JUN and MYC) required during G1 phase, retinoblastoma (RB1) during G1/S phase [163], cAMP-

responsive element binding protein (CREB) [164], nuclear factor of activated T cells (NFAT), NFκB [165], 

cyclin and cyclin-dependent kinase D/E [127], as well as Ras-ERK signalling pathways [166]. In cancer, 

aberrant cell proliferation has been associated with extensive remodelling of Ca2+ signalling machinery 

which contributes towards elevation of cytosolic [Ca2+] via Ca2+ influx (e.g. TRP channels [167,168] , T-

type VDCCs [169], PMCAs [170]) or intracellular Ca2+ release (e.g. IP3Rs [171], RyRs [172], SERCAs 

[173], SPCAs [174]), or sustained refilling of ER/SR stores (e.g. STIM/ORAI [171]) [175]. These 

remodelling results in sustained activation of Ca2+-dependent transcription factors, enhancing cell cycle 

progression [127,175]. For instance, the overexpression of TRP channels in multiple cancers, including 

TRPV6 [167] and TRPM7 [168] in PDAC [167], is linked with enhanced Ca2+ influx which promotes 

downstream activation of NFAT, enhancing cell proliferation [175,176]. Moreover, C-MYC, an oncogenic 

driver of PDAC, is suggested to be upregulated by constitutively activated Ca2+-dependent calcineurin-

mediated NFAT signalling which subsequently enhances G1/S phase transition and anchorage-

independent cell growth [177].  

Apoptotic resistance – Apoptosis, or programmed cell death, is a fundamental mechanism necessary 

for the regulation of normal cell turnover and for preventing the proliferation of severely damaged and/or 

aberrantly transformed cells. Apoptosis is primarily regulated by are B-cell lymphoma 2 (Bcl-2) family 

proteins, comprised of anti-apoptotic regulators (e.g. Bcl-2 and Bcl-xL) and pro-apoptotic mediators (e.g. 

Bad, Bax and Bak) [178]. Proapoptotic stimuli can trigger Ca2+-dependent calcineurin-mediated 

dephosphorylation of Bad, allowing it to inhibit Bcl-2/Bcl-xL, promoting apoptosis [179]. Alternatively, 

Ca2+-dependent activation of proteolytic calpains has been shown to cleave anti-apoptotic Bcl-2 family 

proteins (e.g. Bcl-2, Bcl-xL) [180] as well as caspases (e.g. caspase 12) [181,182].  

Ca2+-dependent apoptotic cell death is associated with sustained global elevation of [Ca2+]i or 

cytosolic Ca2+ overload, mediated by substantial Ca2+ influx and/or persistent Ca2+-release from the ER 

intracellular stores release [183], which triggers ER-stress and mitochondrial apoptotic pathways [184]. 

Therefore, cancer cells can avoid apoptotic Ca2+ overload by reducing Ca2+ influx into the cytosol, 

promoting Ca2+ efflux into the extracellular space, and adapting to sustained SR/ER depletion-related 

stress [175,185,186]. Typically, this reduced cytosolic Ca2+ influx and enhanced cancer cells against 
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Ca2+ overload in response to pro-apoptotic stimuli, preventing downstream activation of cytosolic and 

mitochondrial apoptotic signalling pathways[175]. Similarly, cancer adaptations to decreased SR/ER 

luminal [Ca2+] impairs ER-stress mediated apoptotic response [175,185,186]. Indeed, prostate cancer 

cells downregulate SOCE components, including ORAI1 [187] and STIM1 [188], reducing Ca2+ influx 

into SR/ER intracellular stores, consequentially limiting Ca2+ release from these store into the cytosol. 

Conversely, the overexpression of PMCA2 in breast cancer is reported to lower [Ca2+]i levels, preventing 

calpain activation and apoptosis [189]. Similarly, aggressive androgen-independent prostate cancer 

exhibit adaptations to low luminal ER by downregulating calreticulin, an ER luminal Ca2+ binding protein 

which functions as a proapoptotic factor in absence of Ca2+, inducing ER adaptions which reduce the 

expression of SERCA2b mediated Ca2+ uptake into the ER [190].  

Enhanced cell migration and invasion – Cell migration is an important process necessary during 

wound healing, immune response as well as cancer metastasis [129,191]. Ca2+ signalling coordinates 

the dynamic assembly and disassembly of actin-myosin contractile machinery and focal adhesion 

complexes which drives cell protrusion, adhesion to the extracellular matrix (ECM) and retraction 

processes during migration [129,191]. An essential Ca2+ gradient is maintained during migration, where 

cytosolic Ca2+ kept low at the migration front and high towards the back of the cell [129,192]. This low 

Ca2+ levels at the migration front are achieved by enriched distribution of PMCA at the migration front 

[193], enabling IP3R and TRP to efficiently mediate localised Ca2+ pulses and flickers [192,194]. These 

transient Ca2+ signals activate Ca2+-dependent assembly of focal adhesion complexes at the migration 

front [192,194] while activating myosin light chain kinase (MLCK) [195] to induce actin-myosin 

contraction [192] responsible for rear retraction [194]. High Ca2+ towards the back of the migrating cell 

facilitates rear retraction and detachment from the ECM [129,191] via Ca2+-dependent calpain 

disassembly of focal adhesion complexes [196]. Remodelling of Ca2+ signalling typically facilitates 

metastasis and invasion by enhancing actin-myosin contractions, promoting focal adhesion disassembly 

and degradation of the ECM [194]. For example, the overexpression of TRPM7 is associated with 

increased myosin tension In breast cancer whereas the overexpression of TRPV2 in prostate cancer is 

reported to enhance malignant invasion by matrix metalloprotease-induced ECM degradation [197]. In 

PDAC, the overexpression of TRP channels, particularly TRPC1 [198], TRPM7 [199], TRPM8 [198] and 

TRPV6 [167] has been correlated to enhanced migration. TRPM7, associated with membrane stretch 

responses at the migration front [192], has been implicated in facilitating m-calpain-mediated peripheral 

adhesion complex turnover [200] and exhibits enhanced activity under low Mg2+-ATP level during 

hypoxia [201]. The overexpression of TRPM7 has been correlated with PDAC tumour progression and 

poor prognostic outcome [199].  
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1.5  Plasma membrane calcium ATPases  

As previously described (1.4 Ca2+ signalling and its remodelling in cancer), multiple cancers exhibit 

remodelling of calcium signalling machinery, including PDAC [202]. In PDAC, specifically, the 

overexpression [118] and activities of PMCAs have been associated with resistance to Ca2+ overload-

mediated cell death in PDAC [121,123,203].  

Besides NCX, PMCAs is another pathway responsible for extruding Ca2+ across the plasma 

membrane, removing Ca2+
 from the cell. PMCAs are the major ATP-consuming Ca2+ efflux machinery 

required for fine-tuning cytosolic [Ca2+]i signalling and homeostasis in eukaryotic cells [204]. In 

comparison to SERCA which transport two Ca2+ ions per ATP hydrolysed [205], the PMCAs are 

considered as a low capacity Ca2+ efflux pathway as they could only couple efflux of a Ca2+ ion to the 

uptake of 1-2 H+ ions per ATP hydrolysed [206,207]. However, uncoupling of this Ca2+ efflux to H+ uptake 

can occur under extracellular alkalinisation (pH 8.5), enabling the PMCAs to mediate Ca2+ efflux 

independent of H+ uptake [208]. Therefore, PMCAs are vulnerable to pH changes and the pump activity 

is inhibited under high extracellular pH [209] and intracellular acidification [210].  

Although the PMCAs are considered as a low capacity Ca2+ efflux pathway, these pumps possess 

high Ca2+ binding affinity (Kd 200 nM) [206,211] and the lowest activation threshold in comparison to 

other Ca2+ transporters including the SERCA, NCX, and MCU [212]. The PMCA, therefore, play an 

important role in fine-tuning Ca2+ signalling and resting [Ca2+]i at physiological concentrations of ~ 100 

nM [125,206]. PMCA mediates Ca2+ efflux by ATP-driven conformational changes, from phosphorylated 

E1 to E2 states, altering its Ca2+ binding affinity [206,213,214]. Through these conformational changes, 

the Ca2+ binding affinity of PMCA changes from high (E1) to low affinity (E2), at the cytosolic and the 

extracellular side, respectively. As a member of the P-type ATPase family, the PMCA characteristically 

exhibit auto-phosphorylation of a conserved aspartate residue, forming a high-energy covalent 

intermediate state (E2) during its reaction cycle [206,214]. This phosphorylated-E2 conformation 

transfers the bound-Ca2+ towards the extracellular side and reduces Ca2+ binding affinity of the pump, 

thereby facilitating Ca2+ release. After the release of Ca2+ from the pump, the phosphorylated-E2 

intermediate is then cleaved and the pump returns to E1 state [206,213]. 

PMCAs are independently encoded by 4 different genes (ATP2B1-4). Four isoforms of PMCA1-4 

proteins and approximately 20 spliced variants of these isoforms have been reported. The affinity and 

stimulation response of these PMCA isoforms varies. PMCA1 is a critical housekeeping Ca2+ efflux pump 

which is ubiquitously expressed in all cells. PMCA2 and PMCA3 are ‘rapid response pumps’ which are 

selectively expressed in excitatory cells of the nerves, brain and skeletal muscles. PMCA4 are also 

extensively expressed in the heart, sperm tail, endothelial cells, including the pancreas. In contrast to 

PMCA1, PMCA4 is not critical for the maintenance of Ca2+ homeostasis [215]. 

Structurally, PMCAs are 10 transmembrane proteins which feature a variable N-terminus sequence, 

two intracellular loop domains and a long C-terminus tail (Figure 1.6). The N-terminus, particularly first 

~80-90 amino acids, has a low sequence homology amongst PMCA isoforms. Despite the variation in 

sequence, the N-terminus is suggested to provide a binding site for 14-3-3ε protein, a conserved adaptor 
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protein, which negatively regulates the activity of PMCA isoforms 1,3 and 4 [216,217]. PMCAs also 

possess two intracellular loop regions – a transducer region and a catalytic region. The first intracellular 

loop is a transducer domain (A-domain) located between transmembrane domain 2-3. This domain is 

activated by acidic phospholipids and auto-inhibited by the calmodulin binding domain (CBD) [218]. The 

catalytic domain of the PMCA is located on the second intracellular loop region between transmembrane 

domain 4-5. This region contains ATP binding domain (N-domain) and a conserved aspartate 

phosphorylation site (P-domain) required for E2 conformational transition as well as an autoinhibition 

CBD [219]. The long C-terminus tail contains the primary CaM CBD (site-C) which binds with the first 

and second intracellular loop to exert an autoinhibitory effect on unstimulated PMCA (Kd ≥10 μM Ca2+) 

and would, therefore, be inactive under physiological [Ca2+]i of ~100 nM. This autoinhibition is reversed 

when calmodulin (CaM), a key activator of the PMCA, binds to the CBD, shifting the Ca2+ affinity from 

≥10 μM down to 200 nM [206,211]. The C-terminus also serves as an interaction site for kinases (e.g. 

phosphokinase A/C) and caspases (e.g. caspase-3) [220]. Isoform b of PMCAs also contains PDZ 

binding domain on the C-terminus which enables to the PMCA to interact with other signal transducing 

proteins e.g. nNOS [221]. The activity of PMCA is known to be further modulated by phospholipids, 

particularly acidic phospholipid (e.g. phosphoinositide 4,5-bisphosphate; PIP2) is also a major activator 

of PMCA and is thought to account for ∼50% of the activity of PMCA at restPIP2), binding at the CBD 

which enhances Ca2+ binding to (Kd ~100 nM) [222,223]. Moreover, the activity of PMCAs is primarily 

regulated at the transcriptional level, while the functional activity of the pump is modulated by post-

transcriptional modification and subcellular localization of pump [224,225].  

The localization of PMCAs has been associated with lipid rafts and caveolae, high lipid density 

invagination sites on the plasma membrane. El-Yazbi, A.F. et al. (2008) reported that the full-length 

PMCA4b is localised in the caveolae, associated with Cav-1, whereas the truncated PMCA4a is found 

in lipid rafts [113]. Differences in localization and post-translational modification of these PMCA4 variants 

result in different functionality, for instance, while PMCA4a is a faster response pump, PMCA4b has 

slower basal activity and activation rate [226]. In addition, PMCAs have been proposed to possess their 

own glycolytic ATP supply [203,227]. Therefore, this localisation of both PMCAs [113,228] and GEs at 

the caveolae [116,229] may also play an important role in the assembly of glycolytic machinery required 

to provide a privileged supply to the PMCAs [203]. 

As PMCA plays an important role in shaping Ca2+ signalling which regulates multiple cellular 

homeostasis processes (as previously described in 1.4 Regulation of Ca2+ signalling), it is not surprising 

that alterations of PMCA expression have been suggested to play a role in cancer [170,220,230]. 

Remodelling of PMCAs expression has been associated with dysfunctional proliferative response and 

apoptotic resistance, promoting malignant cell growth and survival [170,203]. Indeed, remodelling of 

PMCA expressions has been observed in multiple cancers [124,231–233], including PDAC [118]. 

Multiple studies suggested that overexpression of PMCA increases apoptotic resistance associated with 

Ca2+ overload [219]. For instance, PMCA2 has been reported to be overexpressed in breast cancer [231] 

while PMCA4 has been reported to decrease upon de-differentiation and has been associated with 

increased proliferative signalling in colon cancer [233]. 
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Figure 1.6 – The structure of PMCA. Structurally, PMCA is a 10-transmembrane protein which 
possesses large intracellular loops between transmembrane 2-3 (Site A, x/z splicing domain) and 4-5 
(P-domain/catalytic loop). The N-terminus (green coloured tail) acts as a binding site for 14-3-3 protein. 
The C-terminus (orange coloured tail) of PMCAs could be splice form different variants. PMCA4, in 
particular, is known to possess three splice variants at the C-terminus. E.g. PMCA4a variant is truncated 
at splice site C whereas PMCA4b possesses PDZ-binding domain, enabling PMCA4b to act as a signal 
transduction hub. PMCA is suggested to modulate cell cycle, survival, proliferation and migration. 
Abbreviations: PMCA: plasma membrane Ca2+ ATPase, CBD: Ca2+ binding domain, CaM: calmodulin, 
PKC: phosphokinase C, PKA: phosphokinase A, nNOS: neuronal nitric oxide synthase, ATP: adenosine 
triphosphate. Figure modified from Bruce, J.I.E (2018) [203] and Strehler, E.E (2013) [234]. 

 

1.5.1 Plasma membrane calcium ATPase isoform 4 (PMCA4) 

PMCA4 protein, encoded by the gene ATP2B4, is a member of the 10-transmembrane PMCA 

family. Although ubiquitously expressed in both excitatory and non-excitatory tissues (e.g. sperm, 

skeletal muscles, erythrocytes, etc.), knocking out PMCA4 is not embryonic lethal but notably resulted 

in male mice infertility [235]. Unlike the critical housekeeping role of PMCA1, PMCA4 is considered to 

possess a low basal activity and different splice variants of PMCA4 are suggested to play tissue-specific 

roles. PMCA4 splice variants are generated depending on the splicing at either the A-domain 

(PMCA4x/z) or the C-terminus (PMCA4a/b/d) [234] (Figure 1.6). These different combinations of splice 

variants led to structural variations that contribute to different PMCA4 functions and activity. Splice 

variations at the C-terminus of PMCA4a and PMCA4b result in altered basal autoinhibition, CaM-

activation and dissociation rate. Caride, A.J et al (2007) demonstrated that PMCA4a has a truncated C-

terminus which exhibits a fast CaM activation and dissociation rate by ~10-fold in comparison to PMCA4b 

which possesses a longer C-terminus [236]. In addition, increasing concentrations of Ca2+ between 0.2 

- 2 μM decreases the inactivation of PMCA4b (CaM dissociation) by ~30-fold whereas PMCA4a is less 

sensitive to the same Ca2+ concentrations (~2-fold decrease) [236]. Due to its fast activation and 

inactivation rate, PMCA4a exhibits higher basal activity than PMCA4b [236] and function as a fast 
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response pump [220]. In contrast, PMCA4b is considered a slow response pump in comparison to other 

PMCA isoforms and variants [220].  

The C-terminus of PMCA4b also contains a PDZ-binding domain which enables PMCA4b to interact 

with cytoskeletal, scaffolding and signalling molecules including nNOS [237], Ca2+/calmodulin-

dependent serine kinase (CASK) [238] and other membrane-associated guanylate kinases (MAGUKs) 

[206,214]. In addition to the PDZ-domain, other signalling molecules also interacts with PMCA4b, 

including tumour suppressor Ras-associated factor 1 (RASSF1) [239] and calcineurin [240], and 

truncated renalase RP-220 [241]. PMCA4, therefore, plays a diverse role in modulating signal 

transduction and has been suggested to participate in the vascular tone regulation via nNOS inhibition 

[242,243], G1 cell cycle progression [244], corneal epithelial cell migration during wound healing [245] 

and regulation of angiogenesis by calcineurin/NFAT modulation [246]. In addition, PMCA4 is suggested 

to play a role in cell migration as the expression of the pump is shown to be selectively enriched at the 

migration front of endothelial cells [193]. 

Remodelling of PMCA4 expression has been observed in multiple cancers, including PDAC [118]. 

Indeed, the alterations of PMCA4 expression has been associated proliferation [231,247], migration 

[246,248], and apoptosis resistance [249]. However, depending on the type of cancer, the role of PMCA4 

is shown to mediate opposing roles. For instance, the expression of PMCA4 is suggested to play a role 

in proliferation and apoptotic resistance in breast cancer [231,247,249], however, its overexpression in 

colon cancer lead to decrease cell proliferation [233]. In the context of PDAC, Nakamura, T. et al. (2004) 

reported a 5-fold ATP2B4 (PMCA4) mRNA overexpression in PDAC tumours compared to normal 

pancreatic tissue [118], suggesting that PMCA4 may potentially play a role in PDAC malignancy.  

 

1.6 Caveolae – a potential intersection between PMCA and glycolytic 

enzymes? 

1.6.1 Caveolae 

Caveolae are specialised lipid-enriched domains which manifest as 60-100 nm cave-like 

invaginations of the surface plasma membrane [250,251]. It is suggested that the caveolae facilitate 

spatial clustering of signalling components, thereby, facilitating signal transduction associated with the 

regulation of lipid homeostasis, Ca2+ signalling, metabolism, mechanoprotection and endocytosis [251–

254]. The loss of caveolae has been shown to influence plasma membrane lipid composition (e.g. 

cholesterol) [255], reduced endocytosis [256], inhibited lipid synthesis [257], altered mitochondrial 

respiration [258,259], cell migration [260], and impaired PMCA-mediated Ca2+ clearance [113].  

The following section briefly discusses the caveolae structure and function, the role of caveolin, as 

well as its potential relevance in the functional coupling between key GEs and PMCA (1.6.2 PMCA 

localisation in the caveolae and potential coupling to glycolytic enzyme) 
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1.6.1.1 Caveolae structural composition  

The two key components of the caveolae are: structural proteins and phospholipids [251]. Key 

caveolae proteins are comprised of two main classes: 1) core structural proteins and 2) accessory 

proteins [251]. Core structural proteins are indispensable proteins required for caveolae formation. 

Formation of the caveolae bulb-like structure is dependent on the presence of cholesterol-binding 

caveolin-1 and 3 (Cav-1 and Cav-3) [250,251]. Conversely, the neck of the caveolae requires the 

presence of pacsin-2 and 3/syndapin II [261]. The stability of the caveolae curvature is modulated by 

lipid-binding cavin1 while the Esps 15 homology domain (EDH) isoforms 1, 2, and 4, modulates the 

stability of the caveolae neck [262]. Key accessory proteins, such as caveolin-2 (Cav-2), cavin2,3,4 as 

well as receptor tyrosine kinase-like orphan receptor 1 (ROR1) [263] are required to further modulate 

the shape, functional activity and stability of the caveolae [251,253].  

As lipid-binding caveolins and cavins are core caveolae structural proteins, it is not surprising that 

lipids serve as a major structural component of the caveolae. Caveolins selectively binds to cholesterol, 

phosphatidylserine, phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) [251] and sphingolipids [250]. 

Similarly, cavins are known to bind to phosphatidylserine and PtdIns(4,5)P2 [251]. The lipid composition 

of the caveolar compartment, therefore, is highly enriched in cholesterol, phospholipids, sphingolipids 

[250,251] and saturated fatty acids [264]. Although the enrichment of these lipids similarly occurs in “lipid 

rafts” [250], another distinctive lipid-enriched domain of the plasma membrane; the co-localisation of 

these lipids with caveolins is a characteristic used to distinguish caveolae from lipid rafts [265]. 

1.6.1.2 Functional role of the caveolae  

Besides critical caveolar structural proteins and lipids, multiple signalling components also localise 

within the caveolae. The caveolae are suggested to act as a signalling platform by spatially clustering 

various signalling machineries, including modulators (e.g. cAMP, adenylyl cyclase), receptors (e.g. G-

protein coupled receptors, tyrosine kinase receptors) and ion channels (e.g. Orai1, TRPC, PMCA) 

[266,267]. Therefore, depending on what residential signalling machineries are present within the 

compartment, the caveolae can play diverse roles in the regulation of these signalling pathways. The 

caveolae have been functionally associated with endocytosis, lipid homeostasis, Ca2+ signalling, and 

metabolism [251–254]. 

Signal transduction – Various signalling receptors and effector molecules have been reported to reside 

within the caveolae, including TGF-β receptor (TGFβR), receptor tyrosine kinases (RTKs, e.g. VEGF, 

insulin receptor), G-protein coupled receptors (GPCRs e.g. adrenoceptor, muscarinic receptor), 

endothelial nitric oxide synthase (eNOS) [268,269]. The caveolae are suggested to compartmentally 

regulate and negatively modulate signal transductions by either inhibitory caveolin-binding or 

endocytosis. For instance, Cav-3 is suggested to bind to adenylyl cyclase, inhibiting its activation of β1-

adrenoceptor in cardiomyocytes [270]. Indeed, Agarwa, SR. et al (2011) has reported that cholesterol 

depletion-mediated caveolae, releasing adenylyl cyclase from Cav-3, leads to altered sensitivity of β1-

adrenoceptor activation of L-type Ca2+ channels in rat cardiomyocytes [271], suggesting that the 

caveolae play an important role in compartmentalising β1-adrenoceptor to a local domain [269].  
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Endocytosis – Caveolae-mediated endocytosis has also been suggested to modulate signal 

transduction by internalization of signalling components (e.g. insulin receptor), cellular uptake of specific 

ligands (e.g. albumin) as well as caveolae turnover. For example, it has been shown in rat adipocytes 

that insulin promotes caveolae-mediated internalization of the insulin receptor [272] while Cav-1 

knockout mice demonstrated insulin resistance [273]. Although caveolae are relative stable sub-domain 

structures where only 1% of formed caveolae undergo endocytosis [274], multiple ligands have been 

associated with caveolae-mediated endocytosis (e.g. albumin, folic acid, phosphatases) [275]. Findings 

in PDAC model suggest that caveolae-mediated endocytosis is important in albumin uptake [276], 

required to provide amino acids required for biosynthesis to fuel malignant growth [277].  

Lipid homeostasis – Consistent findings demonstrate that Cav-1 and cavin-1 knockout mice exhibit a 

loss of caveolae in non-muscular tissues, small adipocyte due to lipodystrophy, and dysfunctional insulin 

response [273,278]. These observations suggest that caveolae play a role in the regulation of lipid 

homeostasis. As previously described (1.6.1.1 Caveolae structural composition), caveolins and cavins 

are lipid-binding proteins which been implicated in membrane lipid-trafficking to the plasma membrane, 

thereby, regulating lipid homeostasis [279] and signal transduction efficiency [280]. Indeed, the plasma 

membrane cholesterol content is altered depending on Cav-1 expression as its overexpression leads to 

enhance cholesterol contents [255] while Cav-1 knockdown shows reduced cholesterol content [281].  

Caveolae and metabolism – The caveolae provide a clustering platform for multiple signalling 

machineries associated with glucose metabolism, such as insulin receptor, GLUT4 [282], glycolytic 

enzymes (PFK and ALD) [116,229]. Lloyd, PG and Hardin, CD (2001) have shown that methyl-β-

cyclodextrin-mediated caveolae disruption leads to decrease lactate and glucose production in pig 

vascular smooth muscle cells [283]. Therefore, it has been suggested that the caveolae play a role in 

organising glucose metabolism and caveolae disruption results in disorganization of these glycolytic 

components, consequently reducing the glycolytic efficiency [283]. The same authors also reasoned that 

that caveolae-localised glycolysis components may provide privilege ATP for ATP-consuming processes 

at the plasma membrane e.g. ATPases and migration [283].  

Caveolae and Ca2+ signalling – Multiple Ca2+ modulators (e.g. PMCAs, IP3R, NCX, RyR2, TRPC, 

VDCC) and effectors (e.g. eNOS, PKC, PLC, CaM) reside within the caveolae, suggesting the caveolae 

serves as a microdomain for Ca2+
 signalling [228]. The caveolae have been widely suggested to facilitate 

the assembly and coupling of Ca2+ signalling components. For instance, the caveolae are suggested to 

be required for the assembly/coupling of TRPC1 and IP3R, enabling SOCE in human submandibular 

cells [284,285]. In addition, Ca2+ signalling can be directly modulated by the caveolae, specifically by 

inhibitory Cav-3 binding to CaMII, preventing CaMII-mediated activation of VDCC in cardiomyocytes 

[286].  

1.6.2 Caveolin 

Caveolins (Cav) are oligomeric cholesterol-binding integral membrane proteins which are crucial 

for the formation of caveolae [251]. Caveolin possesses four domains: i) C-terminus, ii) intramembrane 

domain, iii) conserved scaffolding domain (CSD) and iv) N-terminus. A study by Ariotti, N et al. (2015) 

showed that the CSD region is important for signalling protein interaction and is critical for caveolae 
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assembly [287]. It is predicted that Cav likely assumed a hairpin conformation in the plasma membrane 

with both the N- and C-terminus facing the cytoplasm [251,287]. Cav often undergoes palmitoylation at 

the C-terminus to facilitate compartmental trafficking to the lipid-rich domains of the plasma membrane 

[288].  

The caveolin family is comprised of three caveolin genes (CAV): CAV-1, CAV-2 and CAV-3. 

Caveolin-1 protein (Cav-1) is predominantly expressed in non-muscle cells whereas Cav-3 is exclusively 

expressed in muscle cells. While Cav-1 and Cav-3 are essential core components of the caveolae, Cav-

2 requires the presence of either Cav-1 or Cav-3 to be chaperoned to the plasma membrane. Although 

the absence of Cav-2 does not affect caveolae assembly, Cav-2 is considered as a key accessory protein 

which facilitates caveolae formation and modulates the shape of caveolae. 

Although the current opinions regarding the potential interaction of Cav-1 with other proteins at 

the CSD remains controversial [289,290], Cav-1 has been suggested to potentially interact with various 

signal transduction proteins (e.g. insulin receptor, protein kinase C, eNOS) [291–293], mitochondrial 

proteins (AFG3L2 subunit of the matrix-oriented AAA mitochondrial protease) [258], and key canonical 

glycolytic enzymes (PFK and ALD) [116,229]. Cav-1 knockdown models have been shown to impair 

mitochondrial respiration due to reduced NAD+/NADH ratio[294], and dysfunction of electron transport 

chain complexes [258,294]. Similarly, Cav-1 knockdown in colorectal cancer cells has been shown to 

reduce glycolysis flux primarily by reduced GLUT3-transcription, reducing glucose uptake and lactate 

production while overexpression of Cav-1 leads to higher glycolytic flux [295].  

1.6.3 PMCA localisation in the caveolae and potential coupling to glycolytic 

enzyme 

Compartmentalization and association/coupling of glycolytic enzymes with the plasma membrane 

have been reported in multiple cell models, particularly erythrocytes [296] and vascular smooth muscles 

[116]. Erythrocytes are known to exhibit glycolytic enzyme coupling to the plasma membrane. Since they 

lack the mitochondria, erythrocytes are entirely dependent on glycolysis which essentially represents an 

extreme model of the Warburg effect. Since the major consumption of ATP by ion pumps and signalling 

occur at the membrane, that localization of ATP metabolon near the membrane where ATP consumers 

are located is potentially plausible. Campanella, M.E et al. (2005) and Chu, H. et al. (2013) showed that 

multiple glycolytic enzymes are capable of forming organized complexes in close association with the 

plasma membrane, to generate ATP pool in close proximity to ATP-consuming PMCA as well as Na+/K+ 

ATPases [297,298]. Moreover, Hardin, CD and colleagues (1992) has reported that 45Ca2+ uptake into 

plasma membrane vesicular fraction containing Ca2+/ Mg2+ ATPases, derived from pig stomach vascular 

smooth muscle, can be driven by the presence of glycolytic substrates and cofactors in absence of 

exogenous ATP [227]. This further suggests that PMCA potentially possesses its own glycolytic ATP 

supply. As both PMCA [228] and GEs have been reported to reside within the caveolae [116,229], the 

caveolae may provide a platform for this functional coupling between PMCA and GEs. 

Caveolae are specialized membrane compartment suggested to play a role in organizing signal 

transduction of multiple signalling pathways, including glycolysis. PFK1, a key glycolytic enzyme, has 
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been reported to be associate and co-localise within the same proximity as CAV-1 and CAV-3 at the 

caveolae [299,300]. Overexpression of CAV-1 has been shown to redirect PFK towards the plasma 

membrane to enhance glycolysis [116]. The upregulation of caveolae and CAV-1 have also been 

correlated with pancreatic cancer progression [301]. Besides fuelling the PMCA to maintain Ca2+ 

homeostasis, the coupling of glycolytic enzymes to the plasma membrane may also potentially promote 

glycolysis. For instance, PFK-1 is inhibited by ATP (>2 mM), producing a negative feedback mechanism. 

Therefore, it is entirely feasible that the localization of PMCA, which is a major ATP consumer, will rapidly 

reduce [ATP] within the vicinity to PFK-1, thereby enhances the function of PFK-1 and thus drives 

glycolytic flux. Conversely, increased expression of PMCA may also facilitate ATP consumption to 

enhance glycolytic flux and production of anabolic precursor to fuel cancer cell growth. This suggests 

that GEs and PMCA potentially exhibits a functionally symbiotic relation and a better understanding of 

this relationship may provide insights on the strategy to therapeutically target PDAC.  

Pancreatic cancer, due to its characteristic tumour hypovascularization, is associated with the 

hypoxic tumour microenvironment, resulting in metabolic stress which favours glycolytic-dependent 

metabolism [106,302]. A large proportion of pancreatic cancer patients also suffer from hyperglycaemia 

and diabetes [303], which may be a factor which facilitates the malignant shift to glycolytic-dependent 

metabolism. Since PDAC generally possesses K-Ras and p53 mutations, glycolysis is enhanced, and 

apoptosis is impaired [302]. Despite their apoptotic resistance, cancerous cells still require sufficient ATP 

to maintain PMCA-mediate Ca2+ efflux to prevent cytosolic Ca2+ overload and cell death [106,203]. 

Recent findings from our lab group, James, A.D et al. (2013) and (2015), have provided insights on the 

potential functional relationship between glycolytic ATP and PMCA in pancreatic cancer [121,123]. Our 

preceding data strongly suggest that PMCA is likely the main Ca2+ efflux mechanism in PDAC cells and 

glycolysis inhibitors are capable of disrupting PMCA-mediated Ca2+ clearance [17,121,123]. These 

complex relationships between PMCA localisation in the caveolae, cellular metabolism and the role of 

PMCA4 in PDAC are currently unclear.  

 

1.7 PKM2 – an oncogenic glycolytic enzyme  

Pyruvate kinase (PK) is an important canonical glycolytic enzyme responsible for catalysing 

phosphoenolpyruvate (PEP) to glycolytic ATP and pyruvate production in the final glycolytic step. PK 

has four tissue-selective isoforms: PKL (liver, kidney and erythrocytes), PKR (erythrocytes), PKM1 

(muscles, brain and other tissues) and PKM2 (embryonic and various adult tissues). These four PK 

isozymes are encoded by two distinct genes: i) PKLR and ii) PKM which encodes for PKL/R and PKM1/2 

splice variants, respectively. The current section will focus on the well-studied oncogenic protein – PKM2.  

One of the alterations in the malignant tumour is the acquisition of embryonic pyruvate kinase 

isoform, PKM2. Normally absent in most adult tissue, PKM2 is limitedly expressed in adult adipocytes 

and is highly expressed in malignant tumours [42], including PDAC [304]. A single PKM2 monomer is 58 

kDa and is comprised of three types of functional domains: A, B and C. The region between A and B 

forms the catalytic active site. The C domain contains the inter-subunit contact domain (ISCD), the 
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F1,6BP allosteric activator binding site as well as the nuclear localization sequence. Alternately spliced 

from the same 12-exons PKM gene, the mutually exclusive presence of either exon 9 or exon 10 in the 

mature PKM mRNA dictates the translation of PKM1 and PKM2, respectively. Exon 9 and 10 differ by 

22 amino acids which encode ISCD of PKM. Unlike PKM1 which only exists as an active tetramer, PKM2 

dynamically switches between the inactive dimeric to the active tetrameric conformation upon allosteric 

activation by F1,6BP. The dimeric PKM2 is formed by two PKM2 monomers interacting at their A domain 

while the tetrameric PKM2 is formed by the interactions of two dimers at the ISCD region. 

Different PKM2 oligomeric state is known to possess different kinetic properties. Tetrameric PKM2 

has a higher affinity for the PEP substrate and has higher catalytic activity. In contrast, dimeric PKM2 

has a lower PEP binding affinity and low catalytic activity. In cancer, dimeric PKM2 provides an 

advantageous glycolytic ‘bottle-neck’ by accumulating upstream glycolytic metabolites which are 

precursors required for anabolic synthesis while avoiding lactate production [45]. The formation of 

different PKM2 oligomeric states is modulated by multiple factors, including allosteric activation (e.g. 

F1,6BP), activation of oncogene/aberrant signalling (e.g. PI3K/Akt, C-Myc) post-translational 

modification. This regulation of dimeric:tetrameric PKM2 ratio is crucial to determine the glycolytic flux 

as well as the anabolic synthesis required for malignant growth.  

1.7.1 Regulation of PKM2 oligomeric states 

Allosteric Activation – Multiple metabolic intermediates have been reported to modulate the oligomeric 

state of PKM2. Two key metabolic intermediates, F1,6BP and serine, are independent allosteric 

activators which promote the assembly of the enzymatically active tetrameric PKM2. F1,6BP, a glycolytic 

intermediate produced by PFK, is a known allosteric activator of PKM2. F1,6BP binds to the PKM2 

allosteric binding site to convert the inactive dimeric to a stabilized and active tetrameric form [305]. 

Conversely, serine is reported to bind to an uncharacterized binding pocket of the PKM2 and 

allosterically activates PKM2 activity at a completely different site from F1,6BP [232]. Deprivation of 

F1,6BP and serine has been shown to inhibit the enzymatic activity of PKM2, likely by dissociation of the 

tetrameric conformation into dimer subunits [232,305]. (Figure 1.7) 
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Figure 1.7 – The dynamics of PKM2 during the Warburg Effect. Dimer/monomer PKM2 formation is 
induced by tyrosine kinase-mediated post-translational modification (phosphorylation, acetylation, 
oxidation) and oncoproteins (red text). Tetrameric PKM2 formation is induced by glycolytic metabolites 
e.g. F1,6BP, serine and SAICAR (green text). Abbreviations: F1,6BP: fructose-1,6 bisphosphate, PEP: 
phosphoenolpyruvate, GLUT1: glucose transporter 1, PK: pyruvate kinase, TCA cycle: tricarboxylic acid 
cycle, ATP: adenosine triphosphate, ADP: adenosine diphosphate, PKM1/2: pyruvate kinase muscle 
isoform 1/2, EGFR: epidermal growth factor receptor, IGFR: insulin-like growth factor receptor, FGFR: 
fibroblast growth factor receptor, ERK: extracellular signal-regulated kinase, LDHA: lactate 
dehydrogenase A, SAICAR: succinylaminoimidazolecarboxamide ribose-5′-phosphate, ROS: reactive 
oxygen species. Figure modified from Prakasam, G. et al (2018) [306]. 

Oncogenic signalling – Activation of multiple receptor tyrosine kinases (RTKs), including 

RAS/Raf/MEK/ERK/MAPK signalling pathways, is capable of modulating tumour metabolism in multiple 

ways. For instance, RTK-mediates phosphorylation of PKM2 and allosterically promotes dimeric PKM2 

formation, leading to catalytic inactivation. This consequentially produces a glycolytic bottleneck at the 

terminal end of glycolysis and accumulation of anabolic intermediates [40,42]. Moreover, some 

oncogenic proteins directly interact and regulate PKM2 enzymatic activity [306]. For instance, the 

Jumonji C domain-containing dioxygenase (JMJD5) and human papillomavirus encoded E7 oncoprotein 

have been shown to inhibit tetrameric PKM2 association, promoting the inactive dimeric PKM2 formation 

[306–308]. 

Post-translational modifications – PKM2 uniquely possesses multiple conserved sites which are post-

translationally modified by various oncogenic signalling proteins to enhance metabolic reprogramming 

towards aerobic glycolysis. Post-translational modifications (PTMs) of PKM2 regulates the functional 

activity of PKM2 and often result in inhibition of the PK activity or the dissociation of active tetrameric 
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PKM2 into its inactive dimeric state. Key PTMs which modulates the oligomeric states of PKM2 includes 

phosphorylation, acetylation, glycosylation and oxidation. Oncogenic tyrosine kinases, including JAK2 

[309] and FGFR1[310] associated with PDAC, phosphorylate PKM2 at tyrosine residue 105 (Y105). This 

phosphorylation at Y105 sterically hinders F1,6BP-mediated allosteric activation, prevents tetrameric 

formation, and consequently inhibits PKM2 activity [311]. Similar to phosphorylation at the Y105, 

acetylation of PKM2 at lysine residue 433 (K433) disrupts the binding of F1,6BP and promotes the 

dimeric form of PKM2 as well as nuclear translocation [312]. Glycosylation of O-linked β-N-

acetylglucosamine (O-GlcNAculated) at the threonine residue 405 (T405) and serine residue 406 (S406) 

has been shown to inhibit PK activity by dissociation of the tetrameric form thereby promoting the dimeric 

PKM2 conformation [313]. Besides oncogenic proteins, PKM2 is reported to be post-translationally 

modified by oxidation associated with hypoxia/oxidative stress. Oxidative PTM by reactive oxygen 

species (ROS) at the PKM2 cysteine residue 358 (C358) led to the destabilization of the active tetrameric 

PKM2 into the inactive dimeric state [314]. 

1.7.2 Non-canonical role of PKM2 

Besides its canonical glycolytic role, PKM2 uniquely mediates multiple ‘moon-lighting’ functions 

which include protein kinase activity, transcription activation, redox regulation and angiogenesis 

[306,315]. The oligomeric state of PKM2 determines the moon-lighting function of PKM2. The tetrameric 

PKM2 demonstrates pyruvate kinase activity whereas the dimeric PKM2 is associated with nuclear 

localization and protein kinase activity [316]. A study by Yang, W. et al. (2013) suggested that monomeric 

PKM2 also had non-canonical roles as a histone kinase. Translocation of monomeric PKM2 is shown to 

promote the expression of C-Myc proto-oncogene and cyclin D1, subsequently enhancing cell cycle 

progression and malignant growth [317].  
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1.8 Summary  

Pancreatic cancer, particularly PDAC, is a commonly diagnosed cancer with poor survival prognosis 

and limited treatment successes. PDAC tumours typically exhibit hypovascularization and fibrotic stromal 

hypertrophy, making the tumour phenotypically hypoxic, which in part, drives the malignant metabolic 

reprogramming towards glycolysis. PDAC exhibit aberrant overexpression of PKM2, a key mediator of 

the Warburg effect, which provides an advantageous accumulation of anabolic metabolites required for 

malignant growth. However, this Warburg shift is acquired at the expense of lower yield of ATP (2 ATP 

molecule per molecule of glucose compared to OXPHOS which yields up to 36 ATP molecule per 

molecule of glucose) and a higher rate of glucose consumption. Therefore, high glycolytic flux must be 

maintained to produce sufficient ATP to maintain cellular homeostasis processes, particularly Ca2+ 

homeostasis, to prevent Ca2+ overload-associated cell death. Previous studies by James, AD et al (2013, 

2015) suggest that glycolytic ATP, not mitochondrial-derived ATP, is required to fuel PMCA-mediated 

Ca2+ efflux in PDAC cells. Interestingly, remodelling of Ca2+ signalling machinery manifesting in PDAC 

also includes the overexpression of PMCA4. Unlike the PMCA1 housekeeping role, PMCA4 is suggested 

to play a specialised role in modulating migration and apoptosis resistance in various cancer. Moreover, 

both PMCA4 and key glycolytic enzymes (e.g. PFK-1) have been found in the caveolae – a specialised 

compartmental “signalling hub” located on the plasma membrane. This compartmentalisation is 

hypothesized to provide a symbiotic coupling of ATP-producing glycolytic enzymes to fuel PMCA activity 

to maintain Ca2+ homoeostasis. Conversely, the PMCA consumption of ATP prevents metabolite-

mediated inhibition of glycolytic enzymes (e.g. >2 mM ATP can inhibit PFK-1 and PKM2), thereby, drives 

the glycolytic flux. As PDAC demonstrates upregulation of PMCA4, Cav-1 and PKM2, understanding the 

regulatory relationship between cellular metabolism and calcium signalling may provide crucial insight to 

selectively target PDAC. 
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1.8.1 Overarching Hypothesis 

The remodelling of Ca2+ signalling machinery in PDAC includes PMCA4 overexpression, which in 

other cancers, has been associated with apoptosis resistance and enhanced cell migration. Previous 

findings from the Bruce lab, particularly by James, AD et al (2013, 2015), have shown that glycolytic ATP 

is crucial for maintaining PMCA activity and the regulation of low resting [Ca2+]i, vital for PDAC cell 

survival [121,123]. Moreover, evidence suggests that PMCAs and membrane-associated GEs may 

reside in close proximity, potentially within the caveolae, potentially coupled in a symbiotic relationship 

where ATP-generating GEs could fuel PMCA activity while ATP-consuming PMCAs drive glycolytic flux 

by preventing ATP-mediated inhibition of key GEs, particularly PFK-1 and PKM2 (Figure 1.8). The 

disruption of this potential coupling between the plasma membrane GEs and PMCA may hypothetically 

reduce glycolytic flux, the Warburg phenotype and cut off the glycolytic ATP to the PMCA, inducing Ca2+ 

overload and selective cell death in glycolytic ATP-reliant cancer cells. Therefore, understanding the role 

of PMCAs in PDAC, its potential functional coupling with ATP-providing glycolytic enzymes, and 

identification of putative GE plasma membrane-binding protein responsible for this close physical 

coupling, are of paramount importance and might provide a novel therapeutic strategy for selectively 

targeting PDAC cells.  

 
Figure 1.8 – Hypothetical functional relationship between PMCA4 and membrane-associated 
glycolytic enzymes. PDAC exhibiting the Warburg phenomenon is reliant on enhanced glycolytic flux 
to produce ATP. However, high ATP production is limited by PFK1 being allosterically inhibited by high 
ATP concentration. Evidence suggests that elevated expression of PMCA4 and membrane-associated 
glycolytic enzymes (PFK1, PFKFB3, and PKM2) are co-localised at the caveolae in PDAC. The 
localisation of key glycolytic enzymes near the ATP-consuming PMCA4 may prevent the ATP-induced 
negative feedback inhibition, enhancing glycolytic metabolism and fuelling cancer hallmarks. The red 
question mark indicates the key experimental objectives: 1) the role of PMCA4 in PDAC cancer 
hallmarks, 2) the functional relationship of caveolae, specifically caveolin-1, on PMCA4 activity, and 3) 
identification of putative GE (specifically PKM2)-plasma membrane binding protein.  
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1.8.2 Experimental objectives and specific aims 

The following thesis examined three independent but interrelated topics of research. The key theme 

of the following thesis revolves around the role of PMCA4 on pancreatic cancer hallmarks, the functional 

importance of PMCA4 co-localization with GEs, particularly oncogenic PKM2, and the possible role of 

Cav-1 in facilitating compartmental clustering and functional coupling between GEs and PMCAs at the 

plasma membrane. In addition, we have used an unbiased approach to identify all putative GE-plasma 

membrane-binding proteins, specifically focusing on the most important ATP-generating and glycolytic 

flux regulating PKM2. Three manuscript style results chapter, each addressing three different main 

objectives and specific aims, are presented in this thesis. Each results chapter will contain its own 

introduction, methods, results and discussion chapter as follow: 

Results Chapter 1  

Objective – To investigate the role of PMCA4 on different cancer hallmarks in PDAC cancer cell line.  

Specific aims: 

i. To examine the clinical correlation between the expression of different PMCA 

isoforms and PDAC patient survival – Achieved using data mining of publicly available 

databases 

ii. To examine the expression of different PMCA isoforms in different pancreatic cell 

lines and identify an in vitro PDAC model which reflects the clinical overexpression 

of PMCA4 – Achieved using western immunoblotting and qPCR 

iii. To examine the functional (Ca2+ efflux) contributions of PMCA4 in PDAC cells – 

Achieved using in situ global Ca2+ clearance and Ca2+ overload assays in control vs 

siRNA-mediated PMCA4 knockdown cells 

iv. To examine the role of PMCA4 on PDAC hallmarks – cell metabolism, cell viability, 

proliferation and cell migration – Achieved using siRNA knockdown of PMCA4 

Results Chapter 2 

Objective – To investigate the role of Cav-1 in PDAC and its potential functional relationship with 

PMCA4  

Specific aims: 

i) To examine the clinical correlation between PDAC patient survival and the 

expression of Cav-1 and its co-expression with PMCA4 – Achieved using data mining 

of publicly available databases 

ii) To examine the effect of caveolae disruption using methyl-β-cyclodextrin on PMCA 

activity, Ca2+ overload, cell viability and intracellular ATP levels – Achieved using 

methyl-β-cyclodextrin sucrose gradient ultracentrifugation and Western immunoblotting. 
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Cell viability is assessed using sulforhodamine β assay. Intracellular ATP levels are 

assessed by ATP-luciferase and GO-ATeam transfected cells.  

iii) To investigate the effects Cav-1 knockdown on PMCA4 functional activity (Ca2+ 

efflux) and metabolism in PDAC cells – Achieved using in situ global Ca2+ clearance 

and Ca2+ overload assays in comparison to siRNA knockdowns of Cav-1. Cell metabolism 

was assessed using Seahorse XFe96 Analyzer (Mito Stress test, glucose stress test, ATP 

production rate test) 

Results Chapter 3 

Objective – To screen for the putative plasma membrane PKM2-binding proteins in PDAC cancer cells  

Specific aims: 

i) To examine the clinical correlation between the expression of PKM2 and PDAC 

patient survival – Achieved by data mining from publicly available databases 

ii) To establish stable PDAC cell line (MIAPaCa-2) required for proximity-ligation bio-

identification screening of PKM2 binding protein – Cells stably transfected with 

proximity-ligation BirA* (E. Coli derived) protein fused to either PKM2-wild type, PKM2-

mutant, and non-targeting Venus fluorophore bait. The expression of bait-BirA* is verified 

by FAC sorting, Western blot and immunofluorescence.  

iii) To investigate the effects of PKM2 binding protein in MIAPaCa-2 PDAC cells stably 

expressing PKM2 -BirA* in comparison to non-targeting Venus-BirA* – Achieved by 

quantitative LC-MS/MS and publicly available protein-protein interaction databases 

iv) To screen and compare protein-protein interactions between PKM2 -BirA*, PKM2-

mutant-BirA*, and Venus-BirA* – Achieved by qualitative LC-MS/MS and publicly 

available protein-protein interaction databases 
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1.9 Journal/Alternative format thesis 

The following thesis is presented in the Journal Format in accordance with the Presentation of 

Theses Policy (April 2019) of the University of Manchester. The three results chapters have been 

presented in the style of journal manuscripts to facilitate future manuscript submission processes. 

Aspects of the results chapters presented in this thesis have been reformatted into the same style to 

ensure continuity and coherency as a single body of work. To provide a continuous overview, this thesis 

provides an “Introductions” chapter and a “Concluding Discussion and Future Works” chapter to further 

ensure that this thesis is a single cohesive body of work.  

Listed below are the title of the results chapters, author names, and the contributions of each author 

are indicated below as follow: 

o Chapter 2 – Results 1  

Title: PMCA4 is important for cell migration and apoptotic resistance of MIAPaCa-2 pancreatic 

cancer cell line 

Authors: Pishyaporn Sritangos, Andrew D. James, Ahlam Sultan, Daniel A. Richardson, Jason 

I.E. Bruce 

Author contributions: All the experiments presented in this study were designed, conducted, 

analysed and written by myself with supervision from Dr Jason Bruce. Preliminary experiments 

used as the based concept of this study were performed by Dr Andrew James. Ahlam Sultan and 

Daniel Richardson provided assistance in experimental preparations.  

o Chapter 3 – Results 2 

Title: Plasma Membrane Calcium ATPase 4 (PMCA4) functional activity is dependent on Cav-1 

expression in pancreatic ductal adenocarcinoma cell  

Authors: Pishyaporn Sritangos, Andrew D. James, Daniel A. Richardson, Eduardo Pena Alarcon, 

Ahlam Sultan, Jason I.E. Bruce. 

Author contributions: The majority of experiments presented in this study were designed, 

conducted, analysed and written by myself with supervision from Dr Jason Bruce. Sucrose 

gradient ultracentrifugation and Western immunoblot of sucrose fractions were performed by Dr 

Andrew James. Daniel Richardson, Eduardo Pena Alarcon and Ahlam Sultan provided assistance 

in experimental preparations. 
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o Chapter 4 – Results 3  

Title: Bio-identification of PKM2 interaction in MIAPaCa-2 pancreatic ductal adenocarcinoma 

Cells  

Authors: Pishyaporn Sritangos, Andrew D. James and Jason I.E. Bruce 

Author contributions: All the experiments presented in this study were conducted, analysed and 

written by myself with supervision from Dr Jason Bruce. Preliminary studies (cell surface 

biotinylation and plasmid validation) and the design of bait-BirA* plasmid were done by Dr Andrew 

James and Dr Jason Bruce. Generation of cell lines stably expressing bait-BirA* was performed 

by myself and Dr Andrew James.  
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Chapter 2 – General Methods and Optimizations 

2.1 Materials and methods  

2.1.1 Cell culture – MIAPaCa-2 cell line was purchased from American Type Culture Collection (ATCC). Cells 

were cultured in 25 mM glucose Dulbecco’s modified Eagle medium (DMEM; #D5796) supplemented 

with 10% fetal bovine serum (FBS; heat-inactivated FBS, #F9665) and 1% Penicillin/Streptomycin 

(#P0781), at 370C, 5% CO2 (g). Cells were subcultured at 80-90% confluence by washing with 

Dulbecco’s phosphate buffer saline (DPBS; #D8537) then trypsinised for 3 minutes with 0.25% Trypsin-

EDTA (#T4174). Cell suspensions were centrifuged at 93 rcf (relative centrifugal force) for 4 minutes at 

room temperature (RT) (U-32R centrifuge, BOECO Germany) then cell pellets were re-suspended in 

DMEM and transferred to either T-25 or T-75 flask (Corning®). Cells were passage 20 times or up to 

passage 30 after revival then discarded. Mycoplasma contamination was monitored using DAPI/Hoechst 

33342 staining or PCR.  

2.1.2 Chemicals and reagents – All chemicals and solvents were purchased from Sigma-Aldrich 

unless otherwise specified. 

2.1.3 Cell surface biotinylation – Cell surface biotinylation assay was used to isolate plasma-

membrane protein and any associated proteins. MIAPaCa-2 cells seeded to 95% confluence were rinsed 

twice with ice-cold phosphate buffered saline (PBS). The extracellular glycosylated transmembrane 

proteins were labelled with Sulfo-NHS-SS-Biotin. Cells were lysed and cell lysates were separated by 

centrifugation at 10000 rcf. A NeutrAvidin Agarose column (Thermo Fisher Scientific), pre-calibrated at 

room temperature (RT) on an end-over-end rotating mixer, was used to bind the biotinylated sample and 

separate the non-biotinylated fractions by centrifugation. Bounded biotinylated proteins were eluted with 

1x SDS-PAGE sample buffer containing 50 mM dithiothreitol (DTT) then analysed by Western 

immunoblot. [114] 

2.1.4 Sucrose gradient ultracentrifugation – The following method to separate proteins based on 

the density of the caveolin-rich fractions [318]. MIAPaCa-2 cells were homogenized in 400 μl 0.5 M 

Na2CO3 (pH 11) using an Omni blade homogenizer and sonication. Homogenate volume was adjusted 

to 450 μl with 0.5 M Na2CO3 buffer then mixed with 80% sucrose in MBS (2-(N-Morpholino) 

ethanesulfonic acid-buffered saline). Discontinuous sucrose gradient was produced by layering 700 μl 

of 35% sucrose then adding 625 μl of 5% sucrose on top. Samples were separated by centrifugation in 

a TLS55 rotor (Beckman TL100 centrifuge), at 131440 rcf for 16 h at 4°C. From discontinuous sucrose 

gradient, 12 fractions of 175 μl samples were precipitated with 175 μl 10% trichloroacetic acid (TCA) for 

30 minutes on ice. Precipitants were separated by centrifugation at 5654 rcf for 5 min. Precipitated pellets 

were re-suspended in 2% SDS, 1M Tris pH 8.8 and 5 x Laemmli buffer then denatured at 90ºC for 5 min. 

Cell lysates were stored at -20º C until used for Western blot analysis.[114] 

2.1.5 Western immunoblot  

Protein lysate preparation – Cells were harvested using radioimmunoprecipitation assay (RIPA) buffer 

(50 mM Tris Base, 40 mM sodium pyrophosphate, 100 mM sodium fluoride, 150 mM sodium chloride, 

1% Triton-X, 0.5 M EDTA and EGTA and 0.1 mM sodium orthovanadate, pH 7.4) supplemented with 
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cOmplete, EDTA-free protease inhibitor cocktail (#11873580001) and PhosSTOPTM phosphatase 

Inhibitor (#4906837001). Cell lysates were sonicated on ice (amplitude 7-8, at 5 seconds interval, 5 times 

using Soniprep 150 Ultrasonic disintegrator, MSE), incubated on ice for 30 minutes, and then centrifuged 

at 17136 rcf (PRISMR centrifuge, Lab International Inc.) at 4oC, for 25 minutes. Lysate supernatant was 

collected and stored at -80oC until used.  

Bradford assay protein quantification – The protein content of each protein lysates prepared were 

quantified by Bradford assay (Protein assay dye reagent, #500-0006, Bio-Rad), using a clear 96 well 

plate (Corning®) and a colourimetric plate reader (Synergy HT, BioTEK). Freshly prepared bovine serum 

albumin (BSA, #5217, Tocris) protein standards (10 μl of 0, 0.5, 1, 2, 3, 4, 5 mg BSA/ml dH2O) and 10 

μl of freshly diluted lysate samples (of 1:10-1:30 dilutions) were used for protein content quantification. 

Bradford reagent diluted according to manufacturer’s instruction (1:5 in dH2O) were added (200 μl/well) 

into the wells containing standards and samples. After 5 minutes of incubation at RT, optical density was 

measured at 595 nm absorbance. Protein standard concentrations are linearly correlated (R2 > 0.95) 

between optical density measured at (595 nm), enabling the calculation of protein contents in the 

samples using a linear regression formula: y = a + bx, where y = optical density at 595 nm, a = 

intersection, b = slope and x = protein concentration (mg/ml). Blank values (BSA 0 mg/ml) were 

subtracted to eliminate background noise. 

Gel electrophoresis and Western immunoblot detection – Equal concentrations of protein samples 

(ranging between 2-10 μg depending on the proteins probed) adjusted to equal volumes using RIPA 

buffer, were denatured in Laemmli sample buffer (Bio-Rad) at 95oC, for 5 minutes. Ladder protein 

standard (Broad range, # P7712, New England BioLabs Inc.) and denatured sample lysates were loaded 

at equal volumes into SDS-PAGE gels (4-12% NuPAGE® Bis-Tris gel, Invitrogen, Thermo Fisher 

Scientific). Using mini gel tank electrophoresis chamber, NuPAGE® MOPS SDS Running Buffer 

(#NP0001, Thermo Fisher Scientific), and electrophoresis power supply (160 Volts constant, 80-100 

minutes, E831 electrophoresis power supply, Consort bvba) were used to resolve protein lysates by size. 

Resolved proteins were transferred onto nitrocellulose membranes (0.45 μm nitrocellulose, Amersham) 

using TransBlot® Turbo transfer buffer (#10026938, Bio-Rad) and transfer system (1.3 Amps constant, 

up to 25 V, 15 minutes; Bio-Rad). Nitrocellulose membranes were blocked in 5% BSA for 1 h at RT 

before blotted with primary antibody overnight at 4°C. PMCA4 (clone JA9, #MA1-914), pan PMCA (clone 

5F10, #MA3-914), PMCA1 (#PA1-914), PMCA2 (#PA1-915), and PMCA3 (#PA1-916) primary 

antibodies were purchased from Thermo Fisher Scientific. Cav-1 (#3267), PKM2 (#4053) PFKP (#8164), 

PFKFB3 (#13123) and β-Actin (#3700) primary antibodies were purchased from Cell Signaling 

Technology. After primary antibodies incubation, membranes were washed with 0.1% Tween Tris buffer 

solution (TBST) then incubated with matching anti-Rabbit (#7074, Cell Signaling Technology) or anti-

mouse (#7076 Cell Signaling Technology) horseradish peroxidase (HRP)-linked secondary antibodies 

for 1-2 hour at RT. After rinsing with TBST, the membranes were treated with enhanced 

chemiluminescence reagent (ECL; ClarityTM Western ECL substrate, Bio-Rad) at RT, and protein signals 

were quantitated using ChemiDoc XRS+ (Bio-Rad). Membranes were then later exposed to x-ray films 

(CL-XPosure, #34090, Thermo Fisher Scientific/ Amersham Hyperfilm, #28906837, GE Healthcare Life 
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Sciences) then developed. Relative protein contents in each protein bands were quantified based on 

band density, using Image Lab™ (version 5.0, Bio-Rad). Quantified proteins were normalised to 

housekeeping protein, primarily β-Actin, to account for gel loading errors.  

2.1.6 Sulforhodamine B (SRB) protein quantification assay – Based on the protocol published by 

Vichai, V. and Kirtikara, K. (2006), SRB assay quantitates total cellular protein of cells adhering to the 

culture surface, where cell adherence is considered as criteria of cell viability [319]. Cells were seeded 

at 5,000 cells per well, in 50 µl volume, in 96-well plates. At least 4 replicates were performed per 

treatment condition. Blank wells, containing only media and no cells, were available for background 

subtraction. Cells were allowed to attach for 24 h prior to addition of 50 µl treatment media. After 

designated treatment time, cells were fixed with 100 µl chilled 10% trichloroacetic acid (TCA; #T6399) 

for 1 hr, at 40C. Fixed cells were gently rinsed under tap water and allowed to dry. Cells were stained 

with 100 µl 0.0057% SRB (#S1402) for 30 min, at RT, then rinsed in 1% acetic acid to remove excess 

dye and dried. 200 µl of 10 mM Tris base, pH 10.5 was added to each well to re-dissolve the dye. To 

facilitate dye resuspension, the Tris-added plate was placed on the shaker at 100 rpm for 5 minutes at 

RT. The protein content in each well was quantitated with a microplate reader (Synergy HT, BioTEK) at 

540 nm absorbance. Blank values were subtracted to eliminate background noise.    

2.1.7 Cell count kit-8 (WST-8) viability assay – WST-8 assay quantifies the extracellular reductive 

environment of the cells, where the reductive capability of cells is considered as criteria of cell viability. 

Cells were seeded at 5,000 cells per well, in 100 µl volume, in 96-well plates. At least 4 replicates were 

performed per treatment condition. Cells were allowed to attach for 24 h prior to treatment. Blank wells 

containing media with no cells seeded were available for background subtraction. The multichannel 

pipette was used to add 10 µl treatment media to both seeded and blank wells. After the designated 

treatment time, 10 µl of WST-8 reagent (Cell count kit-8, Dojindo) was added to each well. The WST-8 

added plates were incubated at 370C, 5% CO2 (g), for 2 h then cell viability was quantified with a 

microplate reader (Synergy HT, BioTEK) at 450 nm absorbance. Treatment matching blanks were 

subtracted to eliminate background noise.  

2.1.8 ATP-luciferase ATP quantification and cell viability assay – The ATP-luciferase assay 

employs the addition of luciferin substrate and firefly-luciferase enzyme into cell lysate, using cellular 

ATP to produce luminescence. ATP levels can be used to investigate cell metabolism and cell viability, 

where maintenance of ATP is considered as the criteria for cell viability. Cells were seeded at 5,000 cells 

per well, in 50 µl volume, into white-wall flat-bottom 96-well plates. At least 4 replicates were performed 

per treatment condition. Blank wells containing media with no cells seeded were available for background 

subtraction. Cells were allowed to attach for 24 h before the addition of 50 µl treatment media. After the 

designated treatment period, cells were lysed with 50 µl of lysis buffer for 10 min, at RT, followed by 

addition of 100 µl AMR+ (ViaLight® Plus kit, Lonza) for 2 min, at RT. Luminescence derived from ATP 

was measured by a microplate reader (Synergy HT, BioTEK) at 595 nm. Treatment matching blanks 

were subtracted to eliminate background noise.   
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2.1.9 Live-cell fluorescence microscopy  

Seeding cells on glass coverslip – Circular glass coverslips (16 mm; VWR) were sterilized with 70% 

absolute ethanol (EtOH) and placed into each well of a non-culture-coated 6-well plate and left to dry in 

the Biosafety Cabinet (Class II, Safefast Classic 212; Faster s.r.l). MIAPaCa-2 cells grown to 80% 

confluence were trypsinised and cell pellets were re-suspended in 6 ml of DMEM media. DMEM media 

and 100 µl of cell resuspension were added to each well containing sterilized coverslip. Cells were 

allowed to attach to the coverslips for at least 24 h before usage. 

Fura-2 ratiometric calcium indicator – Fura-2 is a ratiometric Ca2+ whereby binding of free Ca2+ to the 

dye shifts its peak excitation from 380 nm (Ca2+ free dye) to 340 nm (Ca2+ bound dye). A stock of 0.5 

mM fura-2 (AM, acetoxymethyl; #0103, TEFLabs) was made using 1:1 ratio of DMSO:pluronic acid. Cells 

were loaded with 4 μM fura-2 (AM) in 1x HEPES-buffered physiological saline solution (HPSS; 10 mM 

HEPES, 4.7 mM KCl, 0.56 mM MgCl2, 138 mM NaCl, 1.28 mM CaCl2, 5.5 mM Glucose, pH 7.4) at RT 

for 40 minutes. Then, dye-free HPSS was used to equilibrate de-esterified fura-2 dye loaded cells for 20 

minutes, at RT. Dye-loaded cells were mounted to form the base of a perfusion chamber attached with 

a gravity-fed perfusion system (Harvard apparatus). Fluorescent images were acquired using a 

monochromator illumination system (Cairn Research) and charge-coupled device-based camera. Cells 

were excited at 340 and 380 nm (50 msec exposure) and the emitted light (510 nm) was separated using 

a 400 nm dichroic with 505LP filter. Background-subtracted images were collected at 5 second intervals 

on a Nikon TE2000 inverted microscope fitted with x40 oil immersion objective, 1.3 numerical aperture. 

The light was detected by CoolSNAP HQ interline progressive-scan CCD (Roper Scientific 

Photometrics). Images were acquired and analysed by MetaFluor software (Molecular Devices). 

Intracellular Ca2+ ([Ca2+]i) was measured as fura-2 340/380 nm fluorescence ratio. [108] 

Fluo-4 calcium indicator – A stock of 5 mM fluo-4 (AM) dye (#F14201, Molecular probe/Thermo Fisher 

Scientific) was made with 1:1 ratio of DMSO:pluronic acid. Cells seeded on to glass coverslips were 

incubated with 5 µM fluo-4 dye in HPSS for 30 minutes at RT. De-esterified fluo-4 dyes were allowed to 

equilibrate in dye-free HPSS for 10 minutes, at RT. Dye-loaded cells were mounted onto the perfusion 

chamber attached with gravity-fed perfusion system. Fluorescent images were acquired with a 

monochromator illumination system and cells were excited at 494 nm (50 msec exposure). Background-

subtracted images acquired at 506 nm emission were collected at 5 second intervals on a Nikon TE2000 

fitted inverted microscope (x40 oil immersion objective, 1.3 numerical aperture). The light was detected 

by CoolSNAP HQ interline progressive-scan CCD camera and image were acquired and analysed with 

MetaFluor software. [Ca2+]i was obtained from 494 nm fluorescence signal. 
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2.1.11 Fura-2 calcium concentration calibration – As fura-2 340/380 nm fluorescence ratio represents the 

Ca2+ bound dye/Ca2+ free dye status, this relative fura-2 ratios ratio is proportional to [Ca2+]. The equation 

established by Grynkiewicz et al (1985) could be used to calculated [Ca2+] from fura-2 ratio [320] as 

follows: 

[𝑪𝒂𝟐+]𝒊 = 𝑲𝒅  ×  (
𝑹 − 𝑹𝒎𝒊𝒏

 𝑹𝒎𝒂𝒙 −  𝑹
) × (

𝑺𝒇𝟑𝟖𝟎

𝑺𝒃𝟑𝟖𝟎
) 

Following this equation, [Ca2+]i represents intracellular Ca2+ concentration and Kd represents the 

cytosolic Ca2+ binding affinity of fura-2 (225 nM, as determined by Grynkiewicz et al (1985)). In order to 

translate this 340/380 nm fluorescence ratio (R) into meaningful intracellular Ca2+ concentrations 

([Ca2+]i), the minimum ratio (Rmin) and maximum ratio (Rmax) as well as the raw fluorescence 380 nm 

signal of the fura-2 in the absence (Sf380; Ca2+ free dye state) and the presence of Ca2+ (Sb380; Ca2+ 

bound dye state) must be determined.  

Using 4 μM fura-2 loaded MIAPaCa-2 cells, these calibrations were performed firstly by perfusion with 

Ca2+ free HPSS (supplemented with 1 mM EGTA). Once a stable basal fura-2 ratio has been established, 

the perfusion was stopped and 10 μM ionomycin (#BP25271, Fisher Scientific) was added to the static 

bath for 2 minutes. As an ionophore, ionomycin was employed to facilitate the depletion of intracellular 

Ca2+ stores [321]. Afterwards, further perfusion with Ca2+ free HPSS with 1 mM EGTA was continued to 

facilitate cellular Ca2+ removal until a stable Rmin was reached. Later perfusion with 20 mM Ca2+ HPSS 

was done to yield the Rmax. Using Grynkiewicz et al (1985) equation, the [Ca2+]i of each individual cells 

could be calculated, converted into log[Ca2+]i and plotted against fura-2 ratio to establish a concentration 

curve (Figure 2.1). Through multiple independent calibrations experiments, a robust calibration curve 

was generated from 30-50 individual MIAPaCa-2 cells, enabling the extrapolation of this calibration for 

other fura-2 experiments done in MIAPaCa-2 cells. It should be noted, however, that fura-2 detection 

limit is reported to be 1 nM [322] and its saturation is reported to occur at 1 μM Ca2+ [323]. Therefore, 

any calculated [Ca2+]i value that fell out of this narrow 1-1000 nM range may not be an accurate 

estimation.  
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Figure 2.1 – Fura-2 Ca2+ calibration curve. A, Representative trace of Ca2+ calibration curve. White 
bar represents 0 Ca2+ HPSS perfusion whereas the grey bar represents 20 mM Ca2+ HPSS perfusion. 
The purple bar represents the treatment of 10 µM ionomycin under static bath condition. B, Ca2+ 
calibration derived from 50 individual untreated MIAPaCa-2 cells and C, calibration curved obtained from 
30 individual siNT treated (48-72 h) MIAPaCa-2 cells. Black dotted lines represent data derived from 
individual cells. The red line represents a sigmoidal best-fit data. The key values in the table represent 
the averaged best-fit data: Top: Rmax; Bottom: Rmin; IC50: Kd.   

2.1.12 Calcium overload assay – Cells were perfused with HPSS for at least 200 sec until the 340/380 

nm fluorescence ratio stabilizes. Treated HPSS was either perfused or manually added into the perfusion 

chamber then treatment incubation was done under static bath condition. Non-treated HPSS was 

perfused into the chamber for 15 minutes to remove the remaining treatment from the chamber. 

Afterwards, 100 µM ATP was added to assess Ca2+ signalling response and cell viability. The following 

equation was used to calculate concentration of intracellular Ca2+ ([Ca2+]i): [Ca2=] (nM) = Kd (nM) * ((Ratio 

- bottom)/(top - Ratio)) [324]. [Ca2+]i values calculated in this report were attained from the following two 

independent Ca2+ calibration equation (obtained from figure 2.1) as follow: 

A. Untreated MIAPaCa-2 cells: [Ca2+]i nM = 649.1 nM * ((Ratio – 0.5782)/(2.219 - Ratio)) 

B. MIAPaCa-2 cells treated with siNT: [Ca2+]i nM = 541.6 nM * ((Ratio – 0.47)/(2.101 - Ratio)).  

[Ca2+]i was quantified by the area under the curve (AUC) and maximum change in [Ca2+]i (MaxΔ[Ca2+]i) 

during treatment and washing period. Response to ATP was defined as Δ[Ca2+]i>100 nM in response to 

100 µM ATP. Data are shown as % of cells responding to ATP.[108]  
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2.1.13 Calcium clearance assay – PMCA activity was measured by in situ Ca2+ clearance assay [325]. 

MIAPaCa-2 cells were perfused with HPSS in the absence of external Ca2+ with 1 mM of EGTA, a 

divalent cation chelator [326], and 30 μM of cyclopiazonic acid (CPA; # 1235, Tocris). CPA was used to 

inhibit sarcoendoplasmic reticulum calcium ATPase (SERCA) and prevent Ca2+ uptake into the ER 

stores [327], enabling passive Ca2+ leak from the ER. This induced a transient increase in cytosolic 

[Ca2+]i and PMCA activity was assumed to restore the baseline [Ca2+]i [114]. Subsequent perfusion with 

20 mM Ca2+ HPSS supplemented with CPA (20 mM Ca2+ HPSS) induced a rapid [Ca2+]i increase due to 

store-operated Ca2+ entry (SOCE). After the Ca2+ influx phase reached a maximum plateau, external 

Ca2+ was again removed (1 mM EGTA and CPA HPSS buffer without Ca2+; 0 Ca2+ HPSS) to induce Ca2+ 

clearance [44]. When the basal [Ca2+]i recovered after the first influx/clearance phase, the perfusion was 

stopped to create a “static bath” and designated treatment was added. A static bath is beneficial when 

test reagents used are viscous (e.g. MβC) or very expensive and cannot be readily perfused (e.g. caloxin 

1c2). After treatment incubation in a static bath, a second influx/clearance rate was induced and a paired 

comparison between the first non-treated clearance (R1) and the second treated clearance phase (R2) 

could be made to yield the relative clearance rate (R2/R1). To ensure that static bath condition had no 

effect on the second Ca2+ clearance phase, cells were incubated in static condition with non-treated 0 

Ca2+ HPSS buffer for same duration as the treated cells, then a second clearance phase was induced 

(time-matched control). The Ca2+ clearance rate could be measured by multiple methods such as fitting 

the clearance phase to either: i) a single exponential decay to yield the time constant (tau, τ) or ii) linear 

fit to yield % linear clearance rate [108,114,325]. The single exponential decay model can only be fitted 

to a clearance phase where the [Ca2+]i baseline/asymptote is similar. In “unpaired” Ca2+ clearance 

experiments (e.g. siRNA knockdown), where only a single clearance curve is generated, a single 

exponential decay fit was often used for Ca2+ clearance analysis where the average time constant were 

compared between the treatment and controlled condition. However, in “paired” designed Ca2+ clearance 

experiments, when treatments (e.g. carboxyoesin) severely inhibit the Ca2+ clearance and induces a 

linear clearance phase where the basal [Ca2+]i approaches a different asymptote, the single exponential 

decay fit cannot be used to assess the changes in Ca2+ clearance rate. Linear regression was fitted over 

60 sec on the first Ca2+ efflux phase to yield the control Ca2+ clearance rate (R1). The second Ca2+ 

clearance rate over 60 seconds was calculated by fitting from the same fura-2 ratio values as the first 

clearance phase. It is important to linear-fit the first and second clearance phase from the same starting 

fura-2 ratio value to control for the possibilities that different [Ca2+]i may influence the clearance rate 

[114,121]. The % linear clearance rate was calculated by normalizing the linear clearance R2/R1. 
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Figure 2.2 –Ca2+ clearance rate calculation methods. A, Linear Ca2+ clearance rate is calculated by 
obtaining the fastest clearance, from the first (Rate 1) and second (Rate 2) clearance phases during 60 
sec duration. Then, these clearances are fitted to linear regression to obtain the clearance rate. It should 
be noted that Rate 2 starting fura-2 ratio for the linear rate calculation must be as similar, if not identical, 
to Rate 1. The % linear clearance rate comparison can then be done. This provides a paired-
experimental design where the control (Rate 1) and treatment (Rate 2) can be compared within the same 
cell. B, Single exponential decay clearance fit was performed on siRNA treated cells which displayed 
less dramatic inhibition of PMCA activity. As siRNA knockdown process requires a period of 48-72 hr, a 
paired experimental design cannot be achieved. The clearance phase of siRNA treated cells was 

obtained and fitted to a single exponential decay curve. The τ obtained represents the clearance rate. 

White bar represents 0 Ca2+ HPSS containing 30 µM while the grey bar represents 20 mM Ca2+ HPSS 
containing 30 µM CPA. The blue line represents Rate 1 (control) and the red line represents Rate 2 
(treated). Figure modified from James, A.D (2015) [114]. 

2.1.14 GO-ATeam ATP-FRET reporter assay – GO-ATeam is a Förste resonance energy transfer 

(FRET)-based fluorescent ATP probe which employs green fluorescent protein (GFP) and orange 

fluorescent protein (OFP) as the FRET pair. In ATP-free conditions, the GFP and OFP FRET pairs are 

separated and green light at 510 nm is primarily emitted. In ATP-bound conditions, the FRET pair comes 

together and the GFP excites the OFP emitting an orange/red light at 560 nm.[328] GO-ATeam 

expressing cells were mounted in the perfusion chamber and perfused with HPSS at RT. The 470 nm 

excitation wavelength was separated from the emission peaks by a 505 nm dichroic with dual-band 

emission filter (59004m ER FITC/TRITC Dual emitter). The emitted fluorescence peak at 510 nm (ATP-

free) and 565 nm (ATP-bound) was collected at 510 nm and above 560 nm using OptoSplit Image Splitter 

fitted with JC1 565 nm dichroic (Cairn Research), allowing two separate images to be projected onto the 

sensor. In situ ATP was quantified by the 565/510 nm fluorescence ratio (R). After perfusion with non-

treated HPSS for at least 200 sec, the immediate fluorescence ratio was used as the maximum in situ 

ATP signal (Rmax). Treatment was added in HPSS and was either perfused or manually added into the 

perfusion chamber. After designated treatment time in static conditions, metabolic inhibitor cocktail (MIC; 

2 mM iodoacetate, IAA; 500 µM bromopyruvate, BrPy; 10 µM oligomycin, OM; 2 µM antimycin) was 

added to demonstrate complete ATP depletion, yielding the minimum ATP signal (Rmin). Data were 

expressed as % ATP and were calculated by Rt/ΔRmax, where Rt = average of 10 ratio values at 0, 5, 

10, 20 and 30 minutes time points after treatment.[114]  
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2.1.15 Immunofluorescence imaging – MIAPaCa-2 cells were seeded at 20,000 cells onto sterile 

glass covers, into 12-well culture plates where each well contains pre-designated siRNA (25 nM of siNT, 

siPMCA4 or siCav-1) and 0.1% DharmaFect1 transfection reagent mixture. Cells were incubated in 

siRNA for at least 48 hours prior to further treatment for fixation. 

Immunofluorescence staining – Cells grown on glass coverslips were fixed with 4% paraformaldehyde 

(PFA; #P6148) in HEPES buffer (15 mM HEPES, 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 0.8 mM 

MgCl2, pH 7.4) for 30 minutes, at RT. Fixed cells were rinsed with HEPES buffer then permeabilized with 

0.1% saponin (#47036) in HEPES buffer for 3 minutes, at RT. As our experiment focuses on imaging 

plasma membrane-associated glycolytic enzymes, saponin was chosen to selectively permeabilize lipid 

enriched plasma membrane without permeabilizing the nucleus; hypothetically limiting 

immunofluorescence staining to the plasma membrane subdomains. Permeabilized cells were again 

rinsed with HEPES buffer then blocked with 1% BSA in HEPES buffer (at least 30 minutes, RT). Blocked 

coverslips were incubated with designated mixtures of primary antibody (1:400 of PMCA4, Cav-1, PKM2, 

anti-Myc, anti-biotin) overnight, at 4oC. After primary antibody incubation, coverslips were rinsed then 

further incubated with corresponding mixtures of Alexa Fluor 488 (1:400) and 594 (1:400) secondary 

antibodies (Thermo Fisher Scientific) for 2 hours, at RT. Coverslips were further rinsed then incubated 

with 300 nM Hoechst 33342 (#3570, Invitrogen Thermo Fisher Scientific) in HEPES buffer for 10 minutes, 

at RT, to enable visualization of the nucleus. Stained cells were mounted onto glass slides with 

ProLongTM Gold antifade mountant (#P36934, Thermo Fisher Scientific). Mounted slides were dried 

overnight and kept in the dark until imaged.   

MitoTracker Red – siRNA knocked down cells were treated with either 4 μM CCCP (#C2759) or 100 

nM MitoTracker Red CMXRos (#M7512, InvitrogenTM Thermo Fisher Scientific) or 0.1% DMSO vehicle 

control for 10 minutes, at 37oC, prior to fixation. Cells were fixed with 4% PFA for 15 minutes at RT, 

rinsed with HEPES buffer, then mounted on a glass slide using VectaShield containing DAPI (#H-1500, 

Vector Laboratories). Mounted slides were dried overnight and kept in the dark prior to imaging  

Immunofluorescence microscopy – Images were obtained using a Zeiss Axioimager.D2 upright 

microscope using a 63x / 1.4 Plan Apochromat (Oil, DIC) objective and captured using a Coolsnap HQ2 

camera (Photometrics) through Micromanager software v1.4.23. Specific band-pass filter sets for FITC 

and Texas red were used to prevent bleed-through from one channel to the next. Images were then 

processed and analysed using Fiji ImageJ (http://imagej.net/Fiji/Downloads). 

2.1.16 RT-qPCR – RNA samples were isolated using TRIzol Plus mRNA purification kit (#12183555, 

Thermofisher Scientific) and samples were decontaminated with RQ-1 RNAse-free DNAase (#M6101, 

Promega). Reverse transcription was performed using Taqman reverse transcription reagent 

(#N8080234, Thermofisher Scientific). Pre-designed KiCqStart®SYBR® Green primers targeting human 

ATP2B4, ATP2B1, ATP2B2, ATP2B3, PKM, PFKFB3, CAV1 and 18S rRNA (Sigma-Aldrich) and 

POWER SYBR green master mix were used for qPCR. qPCR experiments were performed on a 

StepOnePlus qPCR machine (Fisher Scientific). The relative quantification of designated mRNA was 

achieved by S18 rRNA normalisation (2-ΔCƬ) then; if possible, further comparisons were made between 

siRNA knockdown conditions and siNT control (2-ΔΔCƬ). 
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Oligo Name Primer Pair ID Tm (oC) Sequences (5’-3’) 

PMCA4a_Forward Customized oligo 66.3 AAGGCGACAGAACATGGGTC 

PMCA4a_Reverse Customized oligo 66.3 ACCACTTTGATTGCCCATAGGA 

PMCA4b_Forward customized oligo 65.4 CCAGACTCAGATCAAAGTGGTCA 

PMCA4b_Reverse Customized oligo 64.9 TCGTGGCAACTCCTCCTCTA 

ATP2B1_Forward H_ATP2B1_1 54 ATCCTCTTGTCTGTAGTGTG 

ATP2B1_Reverse H_ATP2B1_1 57.7 TCACCATATTTCACTTGAGC 

ATP2B2_Forward H_ATP2B2_1 58.3 GATAGTGATCGTGCAGTTTG 

ATP2B2_Reverse H_ATP2B2_1 59.7 AATGAATATGCACCACATCC 

ATP2B3_Forward H_ATP2B3_1 56.2 CACCCACTACAAAGAGATTC 

ATP2B3_Reverse H_ATP2B3_1 55.9 GTAGTATTTTGGTGGTATAGGC 

ATP2B4_Forward H_ATP2B4_1 57.3 AACTCTCAGACTGGAATCATC 

ATP2B4_Reverse H_ATP2B4_1 57.9 ACCTTTCTTCTTTTTCTCCC 

CAV1_Forward H_CAV1_1 55.1 CAGGGACATCTCTACACC 

CAV1_Reverse H_CAV1_1 57.6 TCAAAGTCAATCTTGACCAC 

PFKFB3_Forward H_PFKFB3_1 58.4 TGGAAGTTAAAATCTCCAGC 

PFKFB3_Reverse H_PFKFB3_1 56.4 CATAGCAACTGATCCTCTTC 

PKM2_Forward H_PKM2_1 60.9 ATGTTGATATGGTGTTTGCG 

PKM2_Reverse H_PKM2_1 60.4 ATTTCATCAAACCTCCGAAC 

S18rRNA_Forward H_RN18S1_1 62.3 ATCGGGGATTGCAATTATTC 

S18rRNA _Reverse H_RN18S1_1 59.6 CTCACTAAACCATCCAATCG 

Table 2.1 – Primer sequences targeting human designated gene. Forward and reverse primer 
sequences are shown in a 5’ prime to 3’ prime order. Abbreviation: Tm = melting temperature; A = 
adenine; T = thymine; G = guanine; C= cytosine; H_prefix = derived from human  

2.1.17 Gap closure cell migration assay – Gap closure assay, also known as area exclusion assay, 

is commonly used to assess cell migration on 2D growth surface. MIAPaCa-2 cells were seeded at 

50,000 cells per chamber of a ‘2-chamber’ Ibidi insert (#80209, Ibidi), pre-fitted into 12-well culture plates. 

At least 3 replicates were performed for each treatment condition. Seeded cells should show 95-100% 

confluence at 24 h after seeding. The Ibidi insert was removed and cells were gently rinsed with DPBS 

then immediately treated with 2 ml of treatment media. Mitomycin C (1 µg/ml, Mit C; #3258, Tocris) was 

added into all treatment conditions to prevent cell proliferation from confounding the cell migration 

results. Cell-free gaps were imaged at 1, 24, 48, 72, and 96 h intervals after treatment. Bright field images 

were acquired using an Olympus IX83 inverted microscope using a 4x / 0.13 LUC PlanFL N objective 

and captured using an Orca ER camera (Hamamatsu) using CellSens software (Olympus). Images were 

then transformed into binary images for gap comparison using Fiji ImageJ program. Data are expressed 

as the normalized area of the cell-free gap compared to the time-match gap area of the Mit C control. 

2.1.18 siRNA expression knockdown – PMCA4 or Cav-1 protein expression was knocked down 

using 12.5-25 nM ON-TARGETplus SMARTpool siRNA targeting ATP2B4 mRNA (siPMCA4; L006118-

00-0010) or CAV1 mRNA (siCav-1; L003467-00-0010). Non-targeting siRNA (siNT; D-001810-10-20) 

was used as a control. All knockdown conditions were performed using 0.1% DharmaFect1 transfection 

reagent (T-2001-03, Dharmacon). The individual target sequences of ON-TARGETplus SMARTpool 

siRNA used are listed as follow: 
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Target Gene 

ON-
TARGETplus 

catalogue 
number 

Target Sequence 

ATP2B4 

J-006118-05 UCAAAGCGUUCCAUAGUUC 

J-006118-06 GAACUGACCUGUAUCGCGG 

J-006118-07 CCUCUGAUCUCACGCACUA 

J-006118-08 UGACAAGGCUUCUAAGUUU 

CAV1 

J-003467-06 CUAAACACCUCAACGAUGA 

J-003467-07 GCAAAUACGUAGACUCGGA 

J-003467-08 GCAGUUGUACCAUGCAUUA 

J-003467-09 GCAUCAACUUGCAGAAAGA 

Non-Targeting D-001810-10-50 

UGGUUUACAUGUCGACUAA 

UGGUUUACAUGUUGUGUGA 

UGGUUUACAUGUUUUCUGA 

UGGUUUACAUGUUUUCCUA 

Table 2.2 – Gene targeting sequences of ON-TARGETplus SMARTpool siRNA purchased from 
Dharmacon. Four individual siRNA targeting difference sequences of the same gene are shown.  

siRNA knockdowns were performed according to manufacturer instructions. Only conditions that 

produced ≥70% expression knockdown in MIAPaCa-2 cells, usually requiring at least 48 hours of siRNA 

incubation, were used in the current study. RT-qPCR and Western immunoblot were used to confirm 

Cav-1 expression knockdown at the mRNA and protein level, respectively. 

2.1.19 Caspase 3/7 cleavage apoptosis assay – MIAPaCa-2 cells were seeded at 2500 cells/well 

into a black wall, glass-bottom 96 well plates. Cells were incubated with either 0.1% DharmaFect1, 25 

nM siPMCA4, or 25 nM siNT siRNA for 48 hr prior to treatment with various apoptotic inducing reagents. 

Staurosporine (STS; #J62837, Alfa AesarTM Fisher Scientific), an inhibitor of kinase proteins, was used 

as a positive control to induce caspase3/7 cleavage. Treated cells were incubated with 5 μM of Caspase 

3/7 green apoptosis reagent (#4440, IncuCyte) and 625 nM Nuclear-ID Red (#ENZ-52406, Enzo Life 

Sciences). Cells were imaged on the IncuCyte imaging system using 10x lens, on phase, red and green 

channel. Red and green signals were counted using the IncuCyte Zoom 2016 software (Incucyte). Data 

are presented as % Apoptosis [(green cell count/image ÷ red cell counts/image) x 100] 

2.1.20 BirA* proximity Bio-Identification  

2.1.20.1 Generating stably transfected BirA*-fusion cell lines  

Lentiviral plasmids – Sequences of wild type mPKM2 (catalogue # 42512) and mPKM2-K433E 

(catalogue # 42514) as well as the -MycBirA*-blue fluorescence protein (BFP) containing lentiviral 

plasmid vector were obtained and purchased from Addgene (www.addgene.org). Venus-MycBirA*-BFP 

lentiviral plasmid was a kind gift from Dr Andrew Gilmore, University of Manchester.  

Plasmid amplification – NEB® stable competent E. Coli containing lentiviral plasmids encoding either 

mPKM2-WT, mPKM2-K433E, or Venus fused to MycBirA* were grown in LB broth containing 100 µg/ml 

ampicillin at 37oC, on a shaker, overnight (14-16 hours). DNA plasmids were isolated using QIAGEN 

Plasmid Midi DNA Purification Kit according to Manufacturer’s instructions.  
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Lentiviral packaging – A mixture of non-supplemented DMEM media (serum-free and 

penicillin/streptomycin free) containing 1x PEI, 4.5 µg PSpax2, 3 µg pMD2G and 6 µg of designated 

BirA* plasmid was prepared and incubated at room temperature for 30 minutes prior to usage. HEK 293T 

cells grown to 70% confluence were used for transfection. Culture media was replaced with fresh non-

supplemented DMEM media then the cocktail containing the plasmid and lentiviral packaging was added. 

After overnight incubation, replace the media with DMEM containing 10 mM sodium butyrate for 8 hours 

then replace the media with normal supplemented DMEM (10% FBS). After a further 48 hours, media 

containing lentiviral were filtered using a 45 μm PES filter then transferred to a VIVASPIN® tube 

(Sartorius AG). Lentiviral was concentrated by ultracentrifugation (Beckman Coulter) at 30,000 rcf, 4oC, 

for 1 hour. Stocks of lentivirus were frozen at -80oC until required.  

Lentiviral transfection – MIAPaCa-2 cells were seeded at 40% confluence into 6 well culture plates. 

Polybrene (1:2000 dilution) and 2 drops of harvested lentivirus concentrate were added per well. After 

48 hours of lentiviral transfection, viral containing media was replaced with normal culture media. As the 

plasmid containing bait-MycBirA* also contained BFP, bait-BirA* and BFP were expressed on a 1:1 ratio. 

Cells were passaged normally over 2-3 weeks, checked for fluorescence expression under the 

microscope, then sorted for plasmid expression levels using fluorescence-activated cell sorting (FACs) 

for blue fluorescence protein. 

2.1.20.2 Sample processing and enrichment  

BirA* labelling of proximal proteins – MIAPaCa-2 cells stably expressing either mPKM2-WT, mPKM2-

K433E or Venus fused to MycBirA* were grown to 70% confluence prior to usage. Cells were incubated 

with culture media containing 100 µM biotin for a period of 14-16 hours overnight. Cells were rinsed with 

Dulbecco's Phosphate-Buffered Saline (DPBS) twice then harvested with modified 

radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM Tris, 5mM EDTA, 5 mM EGTA, 

1% Triton-X, 0.1% SDS, pH 7.6) supplemented with cOmplete\TM, EDTA-free protease inhibitor cocktail 

protease inhibitor cocktail and PhosSTOP™. Harvested cells were sonicated and incubated on ice for 

30 minutes. Protein concentration was determined using Bradford assay.  

Streptavidin affinity purification – Biotinylated proteins were enriched by adding 1 mg of each sample 

lysates were added to individual microtubes containing 100 µl of streptavidin agarose beads (PierceTM, 

#20349, Thermo Fisher Scientific). Samples were mixed using rotatory mixer overnight, at 4oC. Lysate 

portions unbound to the agarose beads were collected, labelled as “flow-through”, and kept aside at -

80oC until used. Streptavidin agarose beads were washed, and biotinylated proteins were eluted using 

80 µl elution buffer then incubated at 95oC for 5 minutes. Collected samples were labelled as “biotinylated 

fraction”, and then stored at -80oC until used.  

2.1.20.3 Data processing and analysis  

Liquid chromatography-tandem mass spectrometry – Equal volumes of each biotinylated fraction 

were loaded into 10 well, 10% Bolt Bis-Tris Plus gels (Thermo Fisher Scientific). Electrophoresis was 

performed at 200 V, 3 minutes, until the samples ran 0.5-0.8 cm into the gel top, without resolving the 

band. Gel top samples were then stained by InstantBlueTM gel stain then submitted for LC-MS/MS 
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processing by the University of Manchester Biological Mass Spectrometry facility, using Thermo Orbitrap 

Elite coupled with Thermo nanoRSLC system (Thermo Fisher Scientific).  

Bio-identification of interactions enrichment – Mass spectrometry spectral analysis, determining 

protein identification and enrichment comparisons were performed by Dr Julian Selly (as a part of the 

data analysis service provided by The University of Manchester Biological Mass Spectrometry facility) 

using Ingenuity® Pathway Analysis (IPA; Qiagen). Focusing on statistically significantly enrichments, 

biotinylated proteins identified were categorized based on biological processes, localisation and function 

using IPA software (https://apps.ingenuity.com/ingsso/login) and PANTHER – gene list analysis 

(www.pantherdb.org) databases. Protein-protein interactions were broadly examined using STRINGS: 

functional protein association network database (https://string-db.org).  

2.1.21 Datamining – Publicly available databases, including www.oncomine.org (ThermoFisher 

Scientific) and www.proteinatlas.org, version 18.1, were used to obtain Badea Pancreas (2008) gene 

chip microarray data and TGCA-PAAD Kaplan Meier survival data, respectively. All data used in this 

thesis were acquired between November 2018 - January 2019. 

2.1.22 Agilent Seahorse cell metabolism assays  

Agilent Seahorse XFe96 Extracellular Flux Analyzer is an instrument designed to simultaneously 

measure mitochondrial respiration and glycolysis based on oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR), respectively. Seahorse metabolic assays in this thesis were 

carried out by seeding MIAPaCa-2 cells (5,000 cells/well) into 96 well Seahorse cell culture plates. Cells 

were incubated for 48 hours in 25 nM of either siNT, siPMCA4 or siCav-1, containing 0.1% 

DharmaFECT1. Seahorse sensor cartridges were hydrated with 200 μl of PCR-grade sterile water 

(InvitrogenTM UltraPureTM DNase/RNase-free distilled water, #10977035, Fisher Scientific) per well 

overnight, in a non-CO2 (g) humidifying incubator, at 37oC. Prior to loading the cartridges with designated 

treatments, sterile water was removed then replaced with Agilent Seahorse XF Calibrant (200 μl/well). 

Simultaneously, culture media in the Seahorse cell culture plate were exchanged for appropriately 

supplemented Seahorse media and cells were allowed to equilibrate for 1 h in a non-CO2 (g) incubator, 

at 37oC. Depending on the type of assay performed, appropriate supplements were added into Agilent 

Seahorse media (Low phenol red DMEM, pH 7.4 media; # 103575-100, Agilent) and kit specific reagents 

were used for reagents loading. After loading test and kit reagents into appropriate ports, the sensor 

cartridge was further incubated at 37oC, in a non-CO2 (g) humidifying incubator. After at least 1 h of 

incubation, the sensor cartridge was then loaded into the Agilent Seahorse XFe96 Extracellular Flux 

Analyzer to initiate the experimental run. It should be noted that the present work used acute injections 

of either 0.1% vehicle control or 30 µM CPA prior to the injections of designated kit reagents for all 

metabolic assays performed, with respect to the manufacturer’s protocol. The pre-optimised carbonyl 

cyanide-p-trifluoromethoxy-phenylhydrazone (FCCP; #C2920) concentration for MIAPaCa-2 cells was 

0.5 µM [114]. Any Seahorse data obtained were analysed using Wave analysis software (Agilent 

Technologies). Depending on the type of assay performed, the media, the test reagents, and 

programmed settings would vary according to the manufacturer’s protocol as follow:  
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Agilent Seahorse XF cell energy phenotype test (phenotype test) – Designed to probe three key 

parameters of cell energy metabolism, the Seahorse phenotype test was used to assess the basal 

phenotype, stress phenotype and metabolic potential. The phenotype test performed in this work 

included a pre-injection with 30 μM CPA and a routine stressor mix injection (1 μM OM and 0.5 μM 

FCCP). Seahorse media used for this test were supplemented with 2 mM sodium pyruvate (NaPY; 

#103578-100), 4 mM L-glutamine (#103579-100), and 25 mM D-glucose (#103577-100) solutions 

purchased from Agilent.  

Agilent Seahorse XF cell Mito Stress test (Mito stress test) – The Mito stress test is designed to 

measure mitochondrial function through the assessment of OCR in real-time. Similar to the phenotype 

test media, the base Seahorse media were supplemented with 2 mM NaPY, 4 mM L-glutamine, and 25 

mM D-glucose purchased from Agilent. Acute injections of either vehicle control or 30 µM CPA were 

added prior to the injection of Mito Stress test reagents which includes the following sequence of 

injections: i) 1.5 μM OM (oligomycin; ATP synthase inhibitor), ii) 0.5 μM FCCP (proton gradient 

uncoupler), and iii) a mixture of 0.5 μM rotenone (Rot; complex I inhibitor; #R8875) and antimycin A (AA; 

complex III inhibitor; #A8674).  

Agilent Seahorse XF Glycolysis Stress test (glycolysis stress test) – Designed to monitor cellular 

glycolytic functions based on the live changes in ECAR, the glycolysis stress test measures the basal 

glycolysis, glycolysis capacity, glycolytic reserve and the background non-glycolytic acidification. The 

media used for this glycolysis stress test were glucose free and were supplemented with 1 mM L-

glutamine. Following the pre-injection with either 0.1% DMSO or 30 μM CPA, glycolysis stress test 

reagents were injected in the following order: i) 10 mM glucose (induces glycolysis; #G7021), ii) 1 μM 

OM (measures maximum glycolytic capacity), iii) 50 mM 2-deoxyglucose (2-DG; a competitive inhibitor 

of hexokinase and glycolysis; #11311867, Alfa AesarTM Fisher Scientific).  

Agilent Real-time ATP Rate Assay (ATP production rate assay) – Designed to monitor the dynamic 

changes in total ATP production rates in live cells, this metabolic assay utilizes two sequential stressor 

injections of 1.5 μM OM and 0.5 μM Rot/AA to calculate cellular ATP production rates. In response to 

these stressors, the dynamic changes of ECAR and OCR could be used to calculate glycolysis and 

mitochondrial ATP-production, respectively. Interestingly, these ATP rate stressor injections are the 

same as the stressors administered in Mito Stress tests. Therefore, as long as the buffer factor is known 

(e.g. buffer factor is 2.4 mmol/L/pH for Seahorse XF DMEM, pH 7.4 media) and glycolytic proton efflux 

rate (glycoPER) is available, existing Mito Stress test data could be used to calculate ATP production 

rates. Using Wave analysis software (Version 2.6.0; Agilent Technologies), the current work exported 

the existing Mito Stress test data using the “Glycolytic Rate Assay Reporter Generator”, yielding the 

glycoPER parameter required for ATP rate calculations. Calculation of key ATP rate parameters 

included: mitochondrial ATP (mitoATP) production rate, glycolysis ATP (glycoATP) production rate, total 

ATP production rate, and XF ATP Rate Index. (Discussed in section 2.2.4)  

2.1.23 Statistical Analysis – Prism 7 and Prism 8.2 software (GraphPad) were used for most graphing 

and statistical data analysis. All data with N≥3 independent experiments are presented as mean ± SEM 

(error bars). Normality of data was checked by the Shapiro-Wilk test. Statistical significance was 
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determined by unpaired t-test and Mann-Whitney test for comparing two groups with parametric and 

non-parametric distribution, respectively. For instance, the comparison of 3 or more groups with non-

parametric distribution, One-way ANOVA Kruskal-Wallis test with Dunn’s post-hoc test for multiple 

comparisons was used. For comparing the effects of 2 varying factors in 3 or more groups, two-way 

ANOVA with Bonferroni for multiple comparisons was used. For data with N≤2 independent experiments, 

data are represented as mean of replicates, and no statistical analysis was performed. Progenesis QI 

Nonlinear Dynamic software was used for quantitative LC-MS/MS small molecule discovery analysis 

(one-way ANOVA). Proteins identified by Quantitative LC-MS/MS are presented as the mean of 3 

independent ± standard error of means (SEM; error bars). Qualitative LC-MS/MS data is indicative of 

the potential presence of the protein identified and therefore, no statistical analysis was performed (N=1). 

Statistical significance is defined as p < 0.05. 
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2.2  Methods Optimization  

2.2.1 Comparing sulforhodamine B (SRB) and cell count kit-8 (WST-8) cell viability assay  

Cell viability assays quantify ‘living’ potential of cells and can be flexibly used to quantify cell 

proliferation (cell growth over time) and/or cytotoxicity (cell death overtime). SRB is a colourimetric dye 

which binds to the cellular protein of fixed cells thus quantifies total cellular protein content of cells 

adherent to the bottom of multi-well culture plates. The nature of this assay utilizes cell adherence as a 

criterion of cell viability. SRB protocol requires a multistep fixation, rinsing and staining before the total 

protein could be measured. Therefore, any treatments which result in a cumulative loss of cell adhesion, 

independent of cytotoxicity, cannot be accurately assessed by SRB. Furthermore, mechanical agitations 

associated with rigorous washing steps may lead to the loss of less adherent cells, confounding the 

estimation of cell viability and cell proliferation. SRB assays also dismiss the viability of live non-adherent 

cells. Therefore, it was necessary to identify an alternative cell viability assay, capable of quantifying the 

cell viability of both adherent and non-adherent cells with better sensitivity and reliability than SRB. 

Cell count kit-8, containing a tetrazolium salt variant (WST-8), assess cell viability based on the 

ability of the living cells to maintain a reducing environment. Whereas SRB is a multi-step assay, WST-

8 is a single-step colourimetric assay which quantifies the extracellular ‘reducing environment’ of both 

adherent and non-adherent viable cells. WST-8 is non-toxic and is extracellularly reduced by live cells 

in the presence of cellular electron mediators, such as dehydrogenases, to yield an orange formazan 

product [329]. Hence, the reductive condition of viable cells is directly proportional to the formazan dye 

generated. Optimization of the WST-8 assay and comparing the assay sensitivity to SRB was 

determined. As multiple routine inhibitors used in our lab are coloured and may influence the 

colourimetric measurement of WST-8, multiple coloured drugs were also tested. 

Optimization of WST-8 assay required identification of: i) cell seeding density, ii) WST-8 reagent 

incubation time, and iii) optimal range of detection. MIAPaCa-2 cells were seeded at 2500, 5000, 10000 

cell per well in 96-well plates and allowed to attach for 24 h. Cells were treated with 10 μl of coloured 

treatments such as: BrPy (glycolytic inhibitor [330]; yellow), Oligomycin (mitochondrial OXPHOS inhibitor 

[331]; colourless), shikonin (PKM2 inhibitor [332]; dark red), ATA (PMCA4 selective inhibitor [333]; dark 

red/brown), and CCCP (mitochondrial OXPHOS uncoupler [334]; yellow-orange). After variable 

treatment periods (0-72 h), 10 μl of WST-8 was added to each well then incubated for 2 and 3 h before 

measurement of absorbance at 450 nm using a colourimetric plate reader. WST-8 measured plates were 

fixed and stained with SRB for further comparisons. 

To identify the optimum condition for cell proliferation assay, the optimum seeding density and WST-

8 incubation time which did not induce saturation was chosen from a 72 h growth curve. The optimal 

seeding density for WST-8 assay was identified as 2500-5000 cell per well and the optimal reagent 

incubation time which did not cause colourimetric saturation was 2 h (Figure 2.3Aii). Multiple coloured 

reagents routinely used within the lab were tested with WST-8 assay to investigate potential colourimetric 

interference. This was achieved by incubation of WST-8 reagent with cell-free blank wells containing 

only treatment media where colourimetric changes in these cell-free blank wells indicate potential 
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interaction of each treatment with the WST-8 reagent. Results showed elevated background signal in 

BrPy spiked blank wells, suggesting that WST-8 developed colour under acidic treatment condition (e.g. 

BrPy) (Figure 2.3Bii). SRB assay seemed to underestimate cell viability at 2 h after shikonin incubation 

compared to WST-8 (Figure 2.3B-C) where SRB showed 13.32±3.96% while WST-8 showed 85.5±6% 

cell viability compared to the non-treated control. Overall, WST-8 assay is a more sensitive method to 

assess cell proliferation compared to SRB. However, at 2 h after treatment, the SRB assay demonstrated 

a similar measurement of adherent cells between each treatment conditions while WST-8 showed 

elevated and varied measurement values (Figure 2.3Ai-ii). These inconsistencies in WST-8 reading were 

likely due to pipetting error. This suggests that although WST-8 is a single-step addition assay, technical 

errors can cause great variation in the measurement. 

Overall, WST-8 assay can be used to perform both cell proliferation and cytotoxicity assays in semi/non-

adherent cells without underestimating cell viability or overestimate cytotoxicity. However, it should be 

noted that WST-8 colourimetric development depends on extracellular ‘reducing’ environment within the 

treatment well. Hence, treatments which are coloured, acidic in pH, or behave as reducing agents may 

directly influence WST-8 colour development. To correct for any background alterations caused by drug 

and WST-8 interaction, blank wells spiked with treatments should always be performed to control for 

such interactions.  



68 

 

Figure 2.3 – Optimization of Cell count kit-8 (WST-8) cell proliferation assay and parallel comparison with SRB assay. MIAPaCa-2 cells 
cultured in 25 mM D-glucose DMEM media were seeded at 2500, 5000, 10000 cells per well in 96-well plates. Cell viability was assessed at 2, 24, 
48, and 72 h after treatment. Various seeding density was compared between SRB (Ai) and WST-8 (Aii). Optimal seeding density and WST-8 
reagent incubation time were 5000 cell/well and 2 h, respectively. Potential colour interference by coloured drugs (500 µM BrPy, 10 µM Oligomycin, 
5 µM Shikonin, 10 µM ATA, and 4 µM CCCP) was tested by spiking treatments into cell-free blank wells (Bi-ii). Cells seeded at 5000 cells/well were 
treated with various coloured drugs and cell viability was assessed by SRB (Bi) and WST-8 assay (Cii). Extended panels show enlarged cell viability 
of highly cytotoxic BrPy and Shikonin. Data are expressed as raw absorbance unit (AU) subtracted by matching blank treatment conditions. Data 
are expressed as % of cell viability compared to non-treated control (Di-ii). Data is derived from N=1 independent experiment. Data are shown as 
mean ± SE of 4 replicates.   
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2.2.2 Optimization of gap closure cell migration assay  

Gap closure usually involves the quantification of 2-D horizontal cell migration into a cell-free gap 

area over time. The following thesis utilizes Ibidi chamber inserts to generate a uniformed partition cell-

free zone. Cells seeded into both sides of the partition would migrate and/or proliferate into the gap over 

time and closure of the cell-free gap can be quantified over time. Gap closure assay is preferable to the 

standard scratch assay as it minimizes mechanical injury and cellular stress at the migrating front. To 

determine the optimal gap closure protocol for MIAPaCa-2 cells, the optimization of seeding density was 

first established. Our preliminary data suggested that the seeding density of 50,000 cells per chamber 

partition was the optimum MIAPaCa-2 seeding density. For the migration front to be well defined, cells 

must be seeded to produce 95-100% confluence on both sides of the cell-free gap. Complete confluence 

and a well-distributed monolayer of MIAPaCa-2 cells were observed when cells were seeded at 50,000 

cells per chamber partition. After identifying an optimal seeding density, the next step was to identify the 

period required for complete gap closure. Closure of cell-free gap was qualitatively identified when a 

negligible gap could be observed under 4x magnification. All seeding densities demonstrated apparent 

and/or complete gap closure at approximately 48 h after removal of Ibidi insert (Figure 2.4).  

Gap closure assay is also influenced by three major factors: cell migration, cell proliferation and cell 

death. Hence, it is necessary to discern cell ‘migration’ from ‘proliferation’ without inducing ‘cytotoxicity’. 

Mitomycin C (Mit C) is an anti-proliferative agent which acts by cross-linking DNA at the guanosine 

residues, preventing transcription and translation. We identified that 1μg/ml of Mit C could inhibit cell 

proliferation while negligibly affecting cell viability during the period required for complete gap closure 

(Figures 2.4B and 2.5). Based on qualitative observations, gap closure was delayed as the concentration 

of Mit C increased but high concentrations of Mit C (4-10 µg/ml) caused notable cell detachment (Figure 

2.4B). WST-8 and SRB assays were used to ensure that the concentration of Mit C which delayed gap 

closure could effectively inhibit cell proliferation without inducing cytotoxicity (Figure 2.5). The result 

showed that 4-10 µg/ml Mit C reduced cell viability (cytotoxicity) while 0.5 µg/ml Mit C showed increased 

cell viability (proliferation) at 48 h. Therefore, these concentrations are not suitable for the gap closure 

assay. Concentrations between 1-2 µg/ml Mit C inhibited proliferation while negligibly affected cell 

viability (Figure 2.5). 
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Figure 2.4 – Identifying the optimal MIAPaCa-2 seeding density and concentration of mitomycin 
C for Ibidi gap closure assay. MIAPaCa-2 cells were seeded in sterile Ibidi 2-chambers inserts fixed 
in 12-well culture plates. Cells were allowed to attach for 24 h before removal of Ibidi chamber to create 
a “cell-free” gap area. Cell debris was removed by gently washing with 500 µl DBPS. 2 ml of treatment 
media is then added to each well. A, Seeding densities of 21000, 50000 and 75000 cells per chamber 
side were examined. B, MIAPaCa-2 cells seeded at 50000 cell/chamber side were treated with 0, 0.5, 
1, 2, 4, 10 µg/ml Mitomycin C. Qualitative observation of gaps after-treatment were made under 4x 
magnification. Complete gap closure is qualitatively identified when no cell-free gap area remained. 
Image of gaps could not be quantified as photographs were taken by Microsoft Lumia 640 LTE mobile 
phone over the microscope eyepiece. Representative images are derived from a single experimental run 
(N=1, 2 replicates per condition).  
 

 
Figure 2.5 – Validating effect of mitomycin C on MIAPaCa-2 cell viability and proliferation. 
MIAPaCa-2 cells seeded at 5000 cells/well were allowed to attach for 24 h prior to treatment. Cells were 
treated with 0 (control), 0.5, 1, 2, 4, 10 µg/ml Mitomycin C. A, Cell viability was measured after 2hr 
incubation with WST-8 reagent (A(ii)) then SRB assay was immediately performed on the same plate 
(A(i)). Extended panels show blank wells, spiked with treatment media but no seeded cells to 
demonstrate background values. Data expressed as raw absorbance unit (AU) are subtracted by 
matching blank treatment conditions. B, Cell viability is calculated from raw AU of WST-8 (B(ii)) and 
SRB (B(i)) experiments. Data are expressed as % cell viability with respect to the raw AU signal at 2 hr-
after treatment. Data is derived from 1 independent experiment, with 4 replicates per treatment condition. 
Data are shown as mean ± SE of replicate. 
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2.2.3 siRNA expression knockdown, a necessary tool to study the role of PMCA4 and Cav-1 

2.2.3.1 Selective PMCA4 inhibitors failed to inhibit PMCA activity in MIAPaCa-2 cells 

predominantly expressing PMCA4  

As PMCA4 is reported to be overexpressed in PDAC tumours [118] and is shown to be the predominant 

PMCA isoform in MIAPaCa-2 PDAC cells (discussed in Chapter 3), we wanted to examine the role of 

PMCA4 in Ca2+clearance and its contribution towards PDAC Ca2+ homeostasis. To examine the effect 

of PMCA4 inhibition on PMCA activity, three PMCA inhibitors were used in this study: i) pan PMCA 

inhibitor (carboxyeosin, CE), ii) aurintricarboxylic acid (ATA) and, iii) caloxin 1c2. Used as a positive 

control to demonstrate total inhibition of PMCA activity, CE is a potent fluorescein analogue which non-

selectively inhibits ATP binding site of all PMCA isoforms [234]. On the other hand, ATA is a small 

molecule selective inhibitor of PMCA4 demonstrated to potently inhibit PMCA4 activity at 1μM in HEK293 

human embryonic kidney cells [333]. Since ATA is a small molecule inhibitor that has been shown to 

elicit multiple effects other than PMCA4 inhibition which may influence PMCA activity, it was necessary 

to cross-validate the result with an alternative PMCA4 inhibitor such as caloxin 1c2. Caloxin 1c2 is a 

peptide inhibitor which binds to the extracellular allosteric site of PMCA4 and has been shown to inhibit 

PMCA4 ATPase activity in leaky erythrocyte ghost models [335]. 

Time-match control experiments demonstrated consistent [Ca2+]i clearance rate between the first and 

second clearance phase of 104±2.87 % relative clearance (R2/R1). CE decreased relative Ca2+ 

clearance (21.7± 6.43 %, n=3) compared to non-treated control (104±2.87 %, n=7). Although inhibition 

of PMCA activity was expected, both ATA and caloxin 1c2 (concentrations up to 100 μM, reported to 

inhibit all PMCA isoforms [335]) had no effect on relative [Ca2+]i clearance rate compared to non-treated 

control (Figure 2.6). The lack of caloxin 1c2 effect on Ca2+ clearance may potentially be due to peptide 

degradation over time in static bath conditions, leading to a loss of potency. However, it is important to 

note that caloxin 1c2 possesses adenyl butyl (Bpa) amino acid residues which may crosslink to upon 

excitation at 340 nm [335]. Since fura-2 dye requires excitation at 340 nm (near the UV spectrum), cross-

linking of peptides may potentially be responsible for the loss of peptide integrity and activity. Therefore, 

an alternative Ca2+ detection dye with higher excitation wavelengths such as fluo-4 was used to test this 

hypothesis. Unfortunately, caloxin 1c2 still fails to elicit any inhibitory effect on PMCA activity in 

MIAPaCa-2 PDAC cells (Figure 2.7). Therefore, it was necessary to selectively knockdown PMCA4 

expression in order to examine the importance of its function in MIAPaCa-2 PDAC cells (data presented 

in Chapter 3). Similarly, as MBC disruption of the caveolae results in rapid cytotoxicity, it was necessary 

to selectively disrupt the caveolae via Cav-1 selective knockdown in order to examine the importance of 

Cav-1 enrich caveolae on PMCA activity in PDAC cells (data presented in Chapter 4). 
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Figure 2.6 – Effects of PMCA Inhibitors on in situ Ca2+ clearance. PMCA-mediated [Ca2+]i clearance 
is measured in MIAPaCa-2 cells loaded with fura-2 dye. Addition of 30 µM CPA to both 0 Ca2+ + 1 mM 
EGTA HPSS buffer (white box) or 20 mM Ca2+ HPSS buffer (grey box) to inhibit uptake of Ca2+ into 
intracellular storages. Release of [Ca2+]i from intracellular storage was allowed before inducing the non-
treated first Ca2+ clearance phase. Treatments were incubated in static condition for 30 min before 
inducing a second Ca2+ clearance phase. Representative traces show in situ [Ca2+]i clearance of A, time-
match control (NT; N=7), B, 1 µM carboxyeosin positive control (CE, N=3), C, 10 µM aurintricarboxylic 
acid (ATA, N=8), D, 3 µM caloxin 1c2 (Cal 1c2, N=2) and E, 100 µM Cal 1c2 (N=2) . Expanded box of 
each representative trace compares the clearance rate of the first (black trace) and second clearance 
phase (red dash trace). The effect of each inhibitor is quantified by normalizing the linear clearance rate 
over 60 sec during the second clearance (R2) to that of the first clearance rate (R1). F, Data of % relative 
clearance rate is expressed as the mean ± SEM where ≥ 3 independent experiments were performed. 
Where N≤3 independent experiments data are expressed as mean only. Each red dot on the graph 
represents the mean of a single independent experiment. Comparisons were made between treatment 
groups using the Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparisons. 
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Figure 2.7 – Effects of Caloxin 1c2 on in situ Ca2+ clearance measured using Fluo-4 Ca2+ indicator 
dye. PMCA-mediated [Ca2+]i clearance is measured in MIAPaCa-2 cells loaded with fluo-4 dye. Addition 
of 30 µM CPA to both 0 Ca2+ + 1 mM EGTA HPSS buffer (white box) or 20 mM Ca2+ HPSS buffer (grey 
box) to inhibit uptake of Ca2+ into intracellular storages. Release of [Ca2+]i from intracellular storage was 
allowed before inducing the non-treated first Ca2+ clearance phase. Treatments were incubated in static 
condition for 30 min before inducing a second Ca2+ clearance phase. Representative traces show in situ 
[Ca2+]i clearance of A, non-treated control, B, 3 µM caloxin 1c2, C, 10 µM caloxin 1c2, and D, 100 µM 
caloxin 1c2. E, Average linear Ca2+ clearance of caloxin 1c2 treatments ranging from 0 -100 µM is shown. 
Dots indicate an average of individual experiment ran. (N≥3, data collected from at least 30 individual 
cells) 

2.2.3.2 siRNA expression knockdown optimization  

Since tested selective inhibitors of the PMCA4 (i.e. ATA and caloxin 1c2) did not inhibit PMCA 

activity in Ca2+ clearance assays performed and cholesterol depletion-induced disruption of caveolae 

disruption was not feasible due to its cytotoxicity, transient siRNA knockdown of PMCA4 and Cav-1 were 

performed. siRNA is typically 21 base pair long duplex RNA strands, comprised of the sense and 

antisense strands, designed to specifically targets its complementary mRNA for degradation. This 

sequence complementarity degradation is mediated by loading of the anti-sense siRNA to the RNA-

induced silencing complex (RISC) which guides the RISC-mediated cleavage and degradation of the 

targeted gene [336,337]. As siRNA-mediated expression knockdown is usually transient (4-7 days 

depending on siRNA) [336], careful optimization of siRNA is required to ensure high transfection 

efficiency, knockdown efficacy and stability during the experimental duration. 

As PMCA4 possess multiple variants forms, the current work utilizes ON-TARGETplus 

SMARTpooled siRNA (Dharmacon) which provides four individual siRNAs, targeting four independent 

sequences of the same gene thereby enhancing the knockdown efficacy. A pool of non-targeting siRNA 

(siNT) was also obtained as a negative control. Following the manufacturer’s protocol, optimizations 

were performed to identify optimal transfection reagent concentration (DharmaFECT1, DhF1; 

Dharmacon) and the optimal siRNA concentration required to generate ≥70% expression knockdown of 

the following genes: ATP2B4 (siPMCA4), CAV1 (siCav-1), PKM (siPKM2), PFKFB3 (siPFKFB3), and 

ATP2B1 (siPMCA1). 
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Using cell viability assay, we tested the effect of three concentrations of DhF1 (0.1, 0.2, 0.3 %) on 

MIAPaCa-2 PDAC cells (Figure 2.8). Compared to the untreated control, we found that MIAPaCa-2 cells 

were relatively sensitive to lipid transfection reagent and that 0.3% and 0.2% DhF1 led to ≥ 20% loss of 

cell viability after 24 h and 96 h, respectively. As 0.1% DhF1 demonstrated relatively feasible cell viability 

(≤80% viable cells) between 24-96 hours, this concentration was further used for siRNA transfection. 

Using RT-qPCR, we showed that post-48 h treatment with 0.1% DhF and 25 nM of most siRNAs were 

sufficient to knockdown ≥70% expression of designated proteins in comparison to siNT control (Figure 

2.9). In addition, we also showed that after siPMCA4 and siCav-1 expression knockdown, no statistical 

significant upregulation of proteins was observed. This was particularly crucial for siPMCA4 to ensure 

that no non-specific knockdown or unwarranted upregulation of other PMCA isoforms occurred as this 

could provide functional redundancy during PMCA activity assays. Although increases in PMCA3 and 

PMCA1 were observed, it should be noted that the mRNA expression present within MIAPaCa-2 (shown 

in Chapter 3) were relatively low and hence, qPCR data obtained were extremely variable.  

  

Figure 2.8 – Identification of DharmaFect1 (DhF1) transfection reagent concentration which does 
not hinder MIAPaCa-2 cell viability and growth between 0-96 h duration. MIAPaCa-2 were seeded 
at 5000 cells/well into 96 well cell culture plates containing 0, 0.1, 0.2 and 0.3 % DhF1 transfection 
reagent. At least 4 replicates were performed per treatment condition. A, Cell viability was examined 
using SRB assay based on the colourimetric optical density (OD) at 540 nm. Effect of 0.1% DhF1 (B), 
0.2% DhF1 (C), and 0.3% DhF1 (D) are shown as % cell viability with respect to the time-matched 
untreated condition (0 % DhF1). The blue line marks 80% cell viability. This experiment was a preliminary 
experiment, comprising of 4 replicates per experimental condition. According to Dharmacon 
manufacturer’s instructions, any treatment that decreases cell viability below 80% is deemed unsuitable 
for further transfection work. 
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Figure 2.9 – Identification of siRNA concentrations which provide 70% expression knockdown. 
MIAPaCa-2 were seeded at 150,000 cells/well into 6 well cell culture plates containing 0.1 % DhF1 and 
varying concentrations (12.5, 25, 50 nM) of either: siPMCA4 (A), siCAV1 (B), siPMCA1 (C), siPKM2 (D), 
and siPFKFB3 (E). Post-48 hr of siRNA treatment, mRNA samples were harvested with Trizol and RT-
qPCR was performed to determine the expression knockdown efficiency in comparison to the DhF1 
control containing 0 siRNA (0). S18 rRNA was used as a loading control. The relative expression fold 
changes (2-ΔΔCƬ) were calculated by normalization to S18 rRNA then relative comparisons were made 
between siRNA knockdown conditions versus the siNT control. The red line indicates a 70% expression 
knockdown in comparison to the DhF1 control containing 0 siRNA (0). F, Multiple genes of interests were 
monitored for changes in expression 72 h post-siRNA treatment. siPMCA4 and siCAV1 were monitored 
in comparison to siNT control. Dots represent two independent experiments, each comprising of at least 
4 replicates per treatment condition. One-Way ANOVA was used to determine statistical significance. * 
represents statistical significance where p<0.05.  
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2.2.4 Analysis of ATP production rate from existing Mito Stress Test data 

The recent availability of the Agilent Seahorse XF Real-Time ATP Rate Assay Kit has provided a 

new means to monitor the dynamic ATP production rates in live cells. Using two sequential injections of 

1.5 μM OM and 0.5 μM Rot/AA, the assay relies on the changes in OCR and ECAR which could be used 

to calculate total ATP production rate, mitochondria ATP (mitoATP) production rate and glycolysis ATP 

(glycoATP) production rate [338]as follows: 

Parameter Parameter Equations 

mitoATP  

Production Rate 

[(Last OCR rate measurement before first injection - Minimum OCR 
rate measurement after OM but before Rot/AA injection) x 2 x (P/O)] 

glycoATP  

Production Rate 
Last glycoPER measurement before the first injection 

Total ATP  

Production Rate 
(mitoATP Production Rate) + (glycoATP Production Rate) 

XF ATP Rate Index (mitoATP Production Rate) / (glycoATP Production Rate) 

Table 2.3 – Parameters equations of Agilent Seahorse XF real-time ATP rate assay. Abbreviations: 
ATP: adenosine triphosphate; mitoATP: mitochondrial respiration derived ATP; glycoATP: glycolysis 
derived ATP; OCR: oxygen consumption rate; ECAR: extracellular acidification rate; glycoPER: 
glycolysis derived proton efflux rate; P/O: theoretical number of ATP synthesized per oxygen atom; OM: 
oligomycin; Rot/AA: rotenone/antimycin A mixture. Table modified from Manufacturer’s user guide [339]. 

After basal readings of OCR and ECAR, the addition of OM leads to the inhibition of ATP synthase, 

resulting in lower OCR. The changes in OCR in combination with the theoretical ratio of number of ADP 

phosphorylated to ATP per oxygen atom (P/O, suggested to be 2.75 [338]), enables the calculation of 

mitoATP production rate. On the other hand, the calculation of glycoATP production rate is obtained from 

the ECAR readings which are converted into proton efflux rate (PER) based on the Agilent Seahorse 

media buffer factor used (i.e. Buffer factor = 2.4 mmol/L/pH for Seahorse XF DMEM, pH 7.4) and the 

CO2 contribution factor (CCF = 0.61 ± 0.13 for XFe96 and XF96 Analyzer [340]). Rot/AA mediated 

inhibition of complex I and III lead to complete inhibition of mitochondrial respiration, enabling the 

identification of mitochondrial-associated acidification.   

As these parameters, required for ATP rate calculations, could also be obtained from Mito stress 

test data, we deemed that it was possible to calculate ATP production rate from existing Mito stress 

results. Firstly, Mito stress data must be exported as to yield the glycoPER readings required for ATP 

rate calculations. Using Wave analysis software (Version 2.6.0; Agilent Technologies), this is simply 

achieved by exporting the data set through a “Seahorse XF Glycolysis Rate Assay Report Generator”. It 

should be noted that the buffer factor (e.g. assay media must be selected) must be known in order to 

generate PER and glycoPER calculations. Then, following the equations provided in Table 2.3 above, 

the key parameters of the ATP rate assays were calculated and obtained.  
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3.1 Abstract  

The expression of plasma membrane calcium ATPase isoform 4 (PMCA4) is altered in multiple 

cancers and is reported to modulate key cancer hallmarks including cell migration, growth and apoptotic 

signalling. ATP2B4 mRNA, encoding PMCA4, is reported to be overexpressed in resected pancreatic 

ductal adenocarcinoma (PDAC) tumours and has been correlated to poor PDAC patient survival. The 

current study identified MIAPaCa-2 cells as a suitable cellular PDAC model which almost exclusively 

expresses PMCA4. Using siRNA, we showed that knocking down PMCA4 led to inhibited intracellular 

Ca2+ ([Ca2+]i) clearance and subsequently resulted in elevated resting [Ca2+]i. Without affecting cell 

growth and viability, knocking down PMCA4 selectively decreased cell migration as well as sensitized 

cells to Ca2+-stress inducer (cyclopiazonic acid; CPA) and classical apoptotic inducer (staurosporine). 

However, knockdown of PMCA4 in PDAC had no effect on glycolytic and mitochondrial parameters. 

Elevation in glycolytic ATP production rate and blunted changes in mitochondrial respiration parameters 

were observed under Ca2+ stress. In conclusion, this study provides evidence that PMCA4 expression 

is mainly important for MIAPaCa-2 PDAC cell migration and apoptotic resistance. Therefore, 

understanding the role of PMCA4 may offer an attractive novel therapeutic target in PDAC. 

 

Keywords: Plasma membrane Ca2+ ATPases 4 (PMCA4), cell migration, apoptosis, cancer metabolism, 

pancreatic ductal adenocarcinoma 
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3.2 Introduction  

Pancreatic cancer, particularly pancreatic ductal adenocarcinoma (PDAC), is a commonly 

diagnosed cancer with the lowest 5-year survival rate [1]. The early stages of pancreatic cancer are often 

asymptomatic resulting in advance stage diagnosis, involving high tumour metastatic burden [2]. 

Moreover, conventional chemotherapeutics, involving combinations of gemcitabine/nab-paclitaxel, have 

failed to improve the survival prospect of pancreatic cancer patients over the past three decades [3].  

Dysregulation of calcium (Ca2+) signalling has been reported to facilitate malignancies in multiple 

types of cancer, including PDAC [4]. Spatiotemporal shaping of Ca2+ signalling is critical for regulating 

numerous physiological processes in all cells [5]. However, this can only be achieved if cytosolic Ca2+ is 

maintained very low within cells. Pathological elevation of cytosolic Ca2+, particularly irreversible 

increases in [Ca2+]i (Ca2+ overload), has been associated with apoptotic and necrotic cell death [6,7]. 

Overexpression of PMCAs, in particular, has been associated with resistance to Ca2+ overload-mediated 

cell death in PDAC [8–10].  

Plasma membrane Ca2+ ATPases (PMCAs) are major ATP-consuming pumps which regulate Ca2+ 

extrusion from the cells. There are four isoforms of PMCAs (PMCA1-4) encoded by four distinct genes 

(ATP2B1-4). PMCA1 is a ubiquitously expressed housekeeping Ca2+ efflux pump. Conversely, PMCA2-

3 isoforms are ‘rapid response pumps’ which are selectively expressed in excitatory cells (e.g. neurons). 

PMCA4, albeit ubiquitously expressed [11], has been shown to exhibit a more specific role as a signalling 

hub for proliferative signalling [12], NFkB nuclear translocation [13], TNF-induce cell death [14] and 

migration [15]. Many of these signalling pathways are important for the maintenance of cancer hallmarks 

[16]. Therefore, we hypothesized that PMCA4 may play be capable of modulating role in multiple PDAC 

hallmarks. 

Characteristics of PDAC often includes high metastasis burden and metabolic shift toward 

glycolysis [2,17]. Our previous study in PDAC cells demonstrated that PMCAs are reliant on glycolytic 

ATP [9,10]. Evidence in red blood cells suggested that glycolytic enzymes reside in close proximity to 

fuel the plasma membrane ATPases [18]. Vice versa, as a population of key glycolytic enzymes such as 

phosphofructokinase [19] and pyruvate kinase are inhibited by high ATP concentrations [20], we suspect 

that ATP-consumption by PMCA may help to maintain glycolytic flux.  

As PMCA4 regulates multiple processes associated with cancer hallmark, previous studies had 

specifically assessed the role of PMCA4 in MDA-MB-231 breast cancer cells [13] and HT-29 colon 

cancer cells [21]. Although ≥5-fold overexpression of PMCA4 mRNA has been detected in PDAC 

tumours compared to normal pancreatic ductal epithelial cells [22], limited studies have assessed the 

role of PMCA4 in PDAC.  

The current study compares PMCA isoform expressions in pancreatic cell lines and identified 

MIAPaCa-2 as a PDAC cell line model which predominantly expresses PMCA4. We showed that siRNA 

knockdown of PMCA4 led to the inhibition of Ca2+ efflux, cell migration and sensitizes cells to apoptosis 

in the presence of apoptotic inducer to stress inducers in MIAPaCa-2 PDAC cells. This work highlights 
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the importance of PMCA4 in multiple cancer hallmarks and provides insights into the potential benefits 

of clinically targeting PMCA4 in PDAC.  

3.3 Materials and Methods 

Cell culture – MIAPaCa-2 and PANC-1 were purchased from ATCC (Teddington, UK). Human 

pancreatic ductal epithelial cells (HPDE) and Human pancreatic stellate cells (hPSC) were a kind gift 

from Diane Simeone (University of Michigan) and David Yule (University of Rochester), respectively. 

MIA PaCa-2, PANC-1, and hPSC were cultured in DMEM media supplemented with 10% fetal bovine 

serum and 1% penicillin/streptomycin. HPDE were cultured in Keratinocyte-SFM media (Fisher 

Scientific, Loughborough, UK). All cells were cultured under 5% CO2 (g), at 37oC. Mycoplasma 

contaminations were screened by DAPI staining or PCR. 

Chemicals and reagents - All chemicals and solvents were purchased from Sigma-Aldrich (Gillingham, 

UK) unless otherwise specified.  

Data mining - Badea Pancreas (2008) gene chip microarray data was obtained from 

www.oncomine.org, January 2019 (ThermoFisher Scientific, Waltham, MA). TGCA-PAAD Kaplan Meier 

survival data were obtained from www.proteinatlas.org, version 18.1, January 2019. 

siRNA knockdown of PMCA4 expression – PMCA4 expression was knockdown using 25 nM ON-

TARGETplus pool siRNA targeting ATP2B4 mRNA (siPMCA4). Scramble non-targeting/siRNA was used 

as a control. (Dharmacon, Colorado, USA) Transfection conditions that yielded ≥70% expression 

knockdown between 48-96 hours were used in the study. mRNA and protein expression knockdowns 

were confirmed by RT-qPCR and western immunoblot, respectively.  

RT-qPCR – Pre-designed KiCqStart®SYBR® Green primers targeting ATP2B1-4 (PMCA1-4), ATP2B4b 

and 18S rRNA were purchased from Sigma-Aldrich (Haverhill, UK) and qPCR was performed using 

POWER SYBR green master mix. (Fisher Scientific, Loughborough, UK) 

Western immunoblotting – Pan-PMCA, PMCA1, PMCA2, PMCA3, PMCA4, anti-rabbit and anti-mouse 

antibodies were purchased from Cell Signalling Technology (Massachusetts, USA). Protein bands were 

imaged and quantified using the ChemiDoc (Fisher Scientific, Loughborough, UK).  

Sulforhodamine B (SRB) cell viability assay – Cells were fixed and stained according to the protocol 

by Vichai, V et al. (2006) [51]. Protein content was quantitated using Synergy HT microplate reader 

(BioTEK, Swindon, UK) at 540 nm absorbance.  

PMCA activity assay (Ca2+ clearance) – Cells seeded onto 16 mm circular glass coverslips were 

incubated with either siNT or siPMCA4 for 48 hours. Cells were loaded with 4 μM Fura-2 Ca2+ dye 

(TEFLabs, Texas, USA) then perfused with Ca2+-free HEPES-buffer physiological saline solution (HPPS) 

containing 1 mM EGTA and 30 μM CPA for 20 minutes. Ca2+ clearance is observed by switching from 

20 mM Ca2+ HPPS to Ca2+-free HPPS as previously described [9,10]. Fluorescent signals were acquired 

at 340/380 nm excitation and 50 ms exposure. Images were acquired using MetaFluor software 
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(Molecular Devices, California, USA). Relative [Ca2+]i clearance was determined using a single 

exponential decay fit and results expressed as a time constant (τ). 

Ca2+ overload assay – Fura2-loaded cells were perfused with HPPS until the 340/380 nm fluorescence 

ratio stabilizes. HPPS containing 30 μM CPA was perfused for 15 minutes then rinsed with CPA-free 

HPPS for another 15 minutes. All [Ca2+]i calibrations were calculated using the following equation: [Ca2+]i 

nM = 541.6 nM * ((Ratio – 0.47)/(2.101 - Ratio)). [Ca2+]i was quantified by area under curve (AUC) as 

previously described [9,10].  

Caspase3/7 apoptosis assay – siRNA treated cells were treated with apoptotic inducers (STS, OM, 

CPA, IAA). 5 μM of caspase 3/7 green apoptosis reagent (IncuCyte, Michigan, USA) and 625 nM 

Nuclear-ID Red (Enzo Life Sciences, Exeter, UK) were added 30 minutes prior to imaging. Cells were 

imaged on the IncuCyte, using 10x lens. Results were analysed using IncuCyte Zoom software and data 

are presented as % apoptosis [(green cell count/image ÷ red cell counts/image) x 100] 

Seahorse live-cell metabolic assays – Cells seeded were incubated for 48 hours in either siNT or 

siPMCA4. Seahorse cartridges and media were prepared according to manufacturer instructions. Low 

phenol-red DMEM, pH 7.4 media was used for all Seahorse-based assays. Either vehicle control (<0.1% 

DMSO) or 30 µM CPA were pre-injected in addition to the designated reagents for the Mito and glycolysis 

stress test. Seahorse data obtained were analysed using Wave analysis software (Agilent Technologies, 

Santa Clara, USA).  

Statistics – Data analysis was performed using Prism 7 software (GraphPad, San Diego, CA). Data are 

presented as means ± SEM. Parametric comparisons were performed using either Student’s t-test or 

analysis of variance (ANOVA) with Bonferroni post-test. Non-parametric comparisons were performed 

using either the Kolmogorov-Smirnov test or Kruskal Wallis with multiple comparisons test. Two-factor 

comparisons were performed using Two-ANOVA with Dunnett’s post-test. Statistical significance is 

defined as p < 0.05. 

  



82 

3.4 Results  

3.4.1 Expression of PMCA4 gene, ATP2B4, is correlated with PDAC and poor 

patient survival 

To determine whether alterations in ATP2B1-4 genes (encoding PMCA1-4 protein) in PDAC tumour 

are correlated to poor patient survival, data mining from open-source databases, Oncomine [23,24] and 

The Human Protein Atlas [25,26], was performed.  

Gene chip microarray data from a study by Badea et al. (2008), comparing gene expression in 

PDAC tumour versus resected healthy tissue from the tumour margin, showed that ATP2B4 was 

overexpressed (2.65-fold, n=39, p<4.06-10) while ATP2B1 was less overexpressed (1.24-fold, n=39, 

p<0.035) in PDAC tumour. In contrast, expression of ATP2B2 (-1.44-fold, n=39, p<1.92-9) and ATP2B3 

(-1.56-fold, n=39, p<1.95-8) were significantly reduced in PDAC. (Figure 3.1A-E)  

Patient survival data was sourced from the cancer genomic atlas - pancreatic adenocarcinoma 

cohort (TGCA-PAAD). The cohort of PDAC patients was divided into quartiles based on the median-

centred ATP2B1-4 tumour expression. Only patients with high expression of ATP2B4 had a higher risk 

of poor survival (hazard ratio= 1.83, n=45, p<0.04) whereas the expression of ATP2B1 had no effect. 

(Figure 3.1F-G) Expression of ATP2B2 and ATP2B3 were negligibly detected and could not be 

correlated to patient survival.  

Collectively, elevated ATP2B4 and low ATP2B2-3 expressions are representative characteristics of 

resected PDAC tumours and high ATP2B4 expression is associated with poor PDAC patient survival. 
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Figure 3.1 – Elevated PMCA4 mRNA expression (ATP2B4) in PDAC is correlated with low patient 

survival. A-E, Badea Pancreas (2008) gene chip microarray data, comparing resected PDAC tumour 

and healthy pancreatic tissue obtained from matching tumour margin (n=39), was obtained from 

Oncomine open-source database. A, The heat map of ATP2B1-4 gene expression in healthy pancreatic 

tissue (n=39) and PDAC tumour (n=39). Heat map colours, ranging from least expressed (blue) to most-

expressed (red), depict relative Log2 median-centre intensity within rows. Heat map colours cannot be 

compared between rows. Comparison between PDAC and healthy pancreas tissue are shown as 

individual Log2 median-centre intensity of B, ATP2B4, C, ATP2B1, D, ATP2B2 and E, ATP2B3 gene 

expression. F-G, PDAC patient survival data was sourced from TGCA-PAAD (n=176), through The 

Human Protein Atlas database (January 2019, www.proteinatlas.org). The cohort of 176 PDAC patients 

was divided into quartiles based on the median-centred gene expression (fragments per kilobase of 

transcript per million mapped reads; FPKM) into either low (25 percentile) and high (75 percentile) gene 

expression. The survival outcomes of each group were compared using the log-rank test. Kaplan-Meier 

curves correlating the survival of PDAC patients to the low (black) or high (red) expression of F, ATP2B4 

and G, ATP2B1. 
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3.4.2 PMCA4 is the major PMCA isoform expressed in MIAPaCa-2 pancreatic 

cancer cell line 

Given that high expression of ATP2B4 correlates with poor PDAC patient survival, we sought to 

determine the expression PMCA1-4 isoforms in PDAC cell lines (MIAPaCa-2 and PANC-1) and related 

non-malignant pancreatic cells (human pancreatic ductal epithelial cells and human pancreatic stellate 

cells; HPDE and hPSC, respectively), at both protein and mRNA level.  

Using Western immunoblotting, relative PMCA4 expression was the highest in both MIAPaCa-2 

and hPSC compared to HPDE and PANC-1 (Figure 3.2A-B). PMCA2 was also detected in MIAPaCa-2 

and hPSC to a greater extent than HPDE and PANC-1. However, despite high expression in the mouse 

brain lysate positive control, PMCA1 and PMCA3 were barely detected in any pancreatic cell lines 

screened. RT-qPCR further confirmed that ATP2B4 was almost exclusively expressed in MIAPaCa-2 

cells with close to undetectable levels of ATP2B1-3 (Figure 3.2C). In relative terms, PANC-1 cells 

expressed low levels of ATP2B1-4 isoforms, also consistent with Western blot data. The non-malignant 

HPDE cells abundantly expressed ATP2B1 and ATP2B4 which was not necessarily consistent with the 

Western blot data, suggesting that either the primary antibody was relatively poor at detecting PMCA1 

or that PMCA1 mRNA was silenced and not translated into protein in HPDE. hPSC expressed a similar 

pattern of mRNA expression to that observed in HPDE, albeit relatively lower and more variable than 

MIAPaCa-2.  

It should be noted that the relative ratio of ATP2B4:ATP2B1 in hPSC, HPDE and PANC-1 cell lines 

were relatively similar (0.6-1.4 fold) whereas MIAPaCa-2 substantially expresses ATP2B4 by 48-fold 

more than ATP2B1. Since MIAPaCa-2 cells almost exclusively expressed PMCA4 at both the protein 

and mRNA level, this suggests that MIAPaCa-2 represent a good cellular model of PDAC that can be 

taken forward for further functional studies. Moreover, as MIAPaCa-2 is reported to exhibit a more 

glycolytic phenotype than PANC-1 [9,10], the MIAPaCa-2 cell line is a potentially good model to 

investigate the relationship between PMCA4 and glycolysis. 
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Figure 3.2 – Expression of PMCA isoforms in multiple pancreatic cells lines. A, Representative 

Western immunoblot shows the relative protein expression of total/pan PMCA and PMCA isoform 1-4 in 

pancreatic cancer (MIAPaCa-2 and PANC-1) and non-cancer pancreatic cells (HPDE and hPSC). 

Mouse brain lysate was used as a positive control for PMCA expressions and β-Actin was used as a 

protein loading control. B, PMCA4 protein expression in each cell line was quantified from Western blot 

bands and normalized to β-Actin housekeeping protein. C, The relative mRNA expressions of PMCA1-

4 (ATP2B1-4) in each cell line was quantified by RT-qPCR. Data are expressed as relative mRNA 

expression normalized to corresponding S18 rRNA controls (2-ΔCτ). Statistical comparisons were made 

using Kruskal-Wallis test with Dunn’s multiple comparison test and two-way ANOVA with Dunnett’s 

multiple comparison test. Data are expressed as mean ± SEM. (N=4-5, 4 replicates per treatment 

condition). * represents statistical significance where p<0.05. 
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3.4.3 siRNA knockdown of ATP2B4 mRNA and PMCA4 protein expression in 

MIAPaCa-2 cells 

In order to test the functional effects of PMCA4 in MIAPaCa-2 cells, a pool of 4 siRNA was used to 

transiently knockdown the expression of ATP2B4 (siPMCA4). A similar pool of non-targeting siRNA 

(siNT) was used as a control. PMCA4 knockdown was then confirmed at the protein and mRNA level. 

Using Western immunoblotting, results show that PMCA4 protein expression decreased in a time-

dependent manner in comparison to the siNT control. PMCA4 expression decreased by 75% between 

48-96 hours post-siPMCA4 treatment (Figure 3A-B, n =3, p<0.05). At mRNA level, the total ATP2B4 and 

splice variant ATP2B4b expressions were knocked down by at least 70% between 48-72 hour (Figure 

3C-D, n =3, p<0.05). Moreover, there were no compensatory changes in ATP2B1-3 expression (data 

not shown). According to a previous study by Curry et al. (2012), conditions yielding ≥70% PMCA mRNA 

expression knockdown were sufficient to functionally inhibit cellular Ca2+ clerance and influence cell 

death responses in MDA-MB-231 breast cancer cells [13]. Therefore, siRNA incubations between 48-96 

hours, yielding ≥70% PMCA4 protein expression, were used for further experiments.  

 

Figure 3.3 – siRNA knockdown of PMCA4 in MIAPaCa-2 PDAC cells. A, Representative western blot 

comparing PMCA4 protein expression in MIAPaCa-2 cells after 24-96 hours of treatment with siNT 

(control) and siPMCA4 (PMCA4 knockdown). B, PMCA44 protein expression of siPMCA4 treated cells 

were quantified from Western blot bands and normalized to β-Actin (N=4). C, The relative expression of 

ATP2B4 (PMCA4 mRNA) and D, ATP2B4b (PMCA4b mRNA) were examined after 48 hours of siRNA 

treatment by RT-qPCR. The expressions of target mRNA were normalized to S18 rRNA and expressed 

as 2-(ΔΔCτ). Data are shown as mean ± SEM. (N=3) Comparisons were made between siNT control 

and siPMCA4 treated cells at matching time points post-drug treatment using Kolmogorov-Smirnov test 

(Unpaired, non-parametric cumulative distribution test). * represents statistically significant difference 

where P<0.05. 



87 

3.4.4 PMCA4 is the major functional Ca- efflux pathway in MIAPaCa-2 cells 

Our previous study demonstrated that PMCA is the main mechanism of intracellular Ca2+ ([Ca2+]i) 

efflux in MIAPaCa-2 cells. [9,10] As PMCA4 is the major PMCA isoform expressed in MIAPaCa-2, we 

predicted that PMCA4 is functionally critical for Ca- efflux. After establishing ≥70% of PMCA4 expression 

knockdown, we therefore wanted to confirm that this led to decreased PMCA activity using our in situ 

Ca2+ clearance assay [9,10]. 

Cells loaded with Ca2+ sensing fura-2 dye were perfused with Ca2+-free HEPES-buffered 

physiological saline solution (HPSS) containing 1mM EGTA and 30 μM cyclopiazonic acid (CPA). CPA 

is an inhibitor of a sarco endoplasmic reticulum Ca2+-ATPase (SERCA) that depletes endoplasmic 

reticulum Ca2+ storage and activates store-operated Ca2+ entry (SOCE) channels. The addition of 20 

mM Ca2+ HPSS leads to SOCE and a large increase in [Ca2+]i which reaches a high steady-state. 

Subsequent removal of external Ca2+ allows [Ca2+]i clearance, almost exclusively due to PMCA [10] to 

be assessed and quantified by fitting the falling phase of a single exponential decay to yield a time 

constant (τ). 

We found that knocking down PMCA4 led to profound inhibition of [Ca2+]i clearance compared to 

siNT control (Figure 3.4 A-B). In siPMCA4-treated cells, the mean τ was significantly higher (τ = 472 ± 

83.96 seconds) compared to siNT controls (τ = 126.8 ± 22.35 seconds), suggesting Ca2+ clearance was 

dramatically delayed (Figure 3.4C-D). In addition, the transient increase in [Ca2+]i following addition of 

CPA in zero external Ca2+ (reported as area under the curve; AUC), which reflects ER Ca2+ leak that is 

cleared from the cytosol by the PMCA, was also significantly greater in PMCA4 siRNA-treated cells (AUC 

= 525.8±65.9) compared to siNT controls (AUC = 211.6±24.8; Figure 3.4E-F). These results suggest 

that PMCA4 expression is an essential Ca2+ efflux mechanism and loss of PMCA4 induces significantly 

impaired Ca2+ clearance. 
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Figure 3.4 – PMCA4 knockdown in MIAPaCa-2 reduces PMCA-mediated Ca2+ Clearance. 

MIAPaCa-2 cells were treated with 25 nM non-targeting siRNA (siNT) or 25 nM siRNA targeting PMCA4 

mRNA (siPMCA4) for 48-72 hrs prior to performing in situ Ca2+ clearance assay using Fura-2 ratiometric 

dye. Representative in situ [Ca2+]i traces of MIAPaCa-2 incubated in either A, 25 nM siNT or B, 25 nM 

siPMCA4 for 48-72 hrs prior to imaging. Cells were perfused with 0 mM Ca2+ HPPS containing 30 μM 

CPA (white box) to induce ER intracellular Ca2+ storage depletion. Cells were then treated with 20 mM 

Ca2+ HPPS containing CPA (grey box) to induce store-operated Ca2+ entry. PMCA-associated Ca2+ efflux 

is triggered by subsequent removal of extracellular Ca2+ (0 mM Ca2+ HPPS). C, Representative 

clearance phase of siNT and siPMCA4 over 500 seconds are overlaid. D, The rate of [Ca2+]i clearance 

was fitted to a single exponential decay and the time constant (τ) was determined. E, Representative 

CPA traces of siNT and siPMCA4 over 1800 seconds is shown. F, The area under the curve of siNT and 

siPMCA4 following CPA treatment were compared. Data are shown as mean ± SEM. (N=5, data 

collected from at least 50 individual cells). Comparisons were made between siNT control and siPMCA4 

treated cells at matching time points post-drug treatment using Kolmogorov-Smirnov test (Unpaired, non-

parametric cumulative distribution test). ** and *** represents statistically significant difference where 

P<0.005 and P<0.001, respectively. 
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3.4.5 PMCA4 knockdown inhibits cell migration independent of cell proliferation 

PMCA4 associated Ca2+ efflux has been reported to be important for cell migration [15] as well as 

cell growth [27] – both important cancer hallmarks [16]. A gap closure assay was used to assess cell 

migration. As gap closure can result from both migration and cell proliferation, the anti-proliferative 

reagent mitomycin C (Mit C) was used to limit cell proliferation [28,29]. Sulforhodamine B (SRB) assay 

was used to confirm that mitomycin C successfully inhibited cell growth thereby removing any 

confounding effect on gap closure. 

In untreated controls, gap closure attributed to both cell migration and proliferation was relatively 

similar between siPMCA4 and siNT control. (Figure 3.5A-B) Furthermore, no differences between the 

growth rate of siPMCA4 and siNT control were observed from SRB assays (Figure 3.5C). Upon treatment 

with Mit C to selectively monitor cell migration, siPMCA4-treated cells exhibited significantly reduced gap 

closure (65.61±4.43 % closure) compared to siNT controls after 48 hours (80.57±3.23% closure; Figure 

3.5A-B). Mit C treatment inhibited cell growth of both siNT and siPMCA4 at 48 hours without any 

noticeable effect on cell viability. However, at 72 hours SRB absorbance declined, suggesting that Mit C 

was affecting cell viability beyond 48 hours. Nevertheless, this suggests that any changes in gap closure 

in Mit C-treated cells over 48 hours represent an effect on cell migration independent of cell viability. 

Overall, our results showed that PMCA4 knockdown significantly inhibited cell migration but had no effect 

on the growth rate of MIA PaCa-2 cells. 
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Figure 3.5 – PMCA4 knockdown cells inhibits cell migration but does not affect cell proliferation. 

MIAPaCa-2 cells seeded into Ibidi chambers were incubated with either 25 nM of non-targeting siRNA 

(siNT) or 25 nM siRNA targeting PMCA4 mRNA (siPMCA4). After 24 hours, the Ibidi chambers were 

removed to create a cell-free gap area at time 0 hour. The anti-proliferative agent, mitomycin C (Mit C), 

was added after Ibidi chamber removal to prevent gap closure by cell proliferation. A, Representative 

images of the gaps were imaged at 0, 24 and 48 hrs using an Olympus IX83 inverted microscope, on 

bright field mode with a 10x objective lens. Gap images were processed and analysed using ImageJ 

image processing software. B, Data are presented as % gap closure with respect to time 0 hour. C, SRB 

proliferation assays were run in parallel to the migration assay to ensure cell proliferation was sufficiently 

inhibited by Mit C. Data are shown as mean ± SEM. (N=4, at least 3 replicates were performed per 

treatment condition). Comparisons were made between siNT control and siPMCA4 treated cells at 

matching time points using Two-way ANOVA, Dunnett’s multiple comparison post-hoc test. * represents 

statistically significant difference where P<0.05. 
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3.4.6 PMCA4 knockdown enhances apoptosis associated with Ca2+ overload 

PMCAs have been correlated with apoptotic resistance in multiple cancers [13,30]. Therefore, to 

investigate whether PMCA4 plays a role in apoptotic resistance, different stressor reagents were used 

in caspase 3/7 cleavage assay and Ca2+ overload experiments.  

Based on our previous studies, PMCA activity is modulated by glycolytic inhibitors but not 

mitochondrial inhibitors in MIAPaCa-2 cells [10]. Therefore, the stressors used in caspase 3/7 cleavage 

assay included glycolytic inhibitors (iodoacetate, IAA), mitochondrial inhibitor (oligomycin, OM) and Ca2+ 

overload inducer (CPA). A classical apoptotic inducer, staurosporine (STS), was used as a positive 

control. Over a period of 12 hours, we found that STS significantly induced caspase 3/7 cleavage in both 

siNT (23.86 ± 2.07%) and siPMCA4 (37.47±2.71%) compared to DMSO vehicle control (11.5±1.38%; 

Figure 3.6A-B). 

Our results showed that PMCA4 knockdown cells were significantly more susceptible to STS, CPA 

and OM induced apoptosis compared to siNT control. PMCA4 knockdown cells were noticeably 

sensitized to CPA-induced cell death (52.5±9.5% at 12 hours) and significant caspase 3/7 cleavage was 

observed from as little as 7 hours (32.4±7.6% at 7 hours; Figure 3.6C). Interestingly, OM induced 

significant apoptosis in siPMCA4 but had no effect on siNT controls. Conversely, IAA caused similar 

levels of apoptosis in both siPMCA4 (40.5±16.0%) and control (44.1±16.9%; Figure 3.6B). Overall, in 

comparison to vehicle control, CPA and OM had no effect on siNT control but significantly increased 

apoptosis in PMCA4 knockdown cells. 

The impaired Ca2+ efflux in PMCA4 knockdown cells likely facilitated Ca2+ overload-associated 

apoptosis. Using the Ca2+ overload assay, we showed that CPA treatment triggered a substantial 

increase in [Ca2+]i which caused fura-2 signal saturation (Rmax), making calibration of [Ca2+]i difficult 

(Figure 3.6D). Therefore, the magnitude of these [Ca2+]i responses were quantified by measuring the 

area under the curve (AUC) of uncalibrated fura-2 signal ratio (Figure 3.6E). The AUC of siPMCA4-

treated condition was significantly higher than the PMCA4 positive siNT control by 1.5-fold. Although 

Ca2+ calibration could not be applied to CPA responses, it was possible to calibrate and compare the 

resting [Ca2+]i. Interestingly, the resting [Ca2+]i of siPMCA4 cells (286 ± 68 nM) was 3.6-fold higher than 

siNT controls resting [Ca2+]i (79±12 nM; Figure 3.6F). These results suggest that PMCA4 knockdown 

cells had inherently higher resting [Ca2+]i which may be due to impaired [Ca2+]i efflux. 
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Figure 3.6 – PMCA4 Knockdown enhances apoptosis associated with Ca2+ overload. (continuing 

next page) 
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Figure 3.6 Continued – PMCA4 Knockdown enhances apoptosis associated with Ca2+ overload. 
MIAPaCa-2 cells were seeded in either non-targeting control (siNT) or siRNA targeting PMCA4 
(siPMCA4) for 48 hours then treated with either 0.1% DMSO vehicle control (VC), apoptotic inducing 
staurosporine (STS), cyclopiazonic acid (CPA), oligomycin (OM) or iodoacetate (IAA). The cells are 
labelled with Nuclear ID red (red) and Caspase3/7 reagent (green). Cells were then imaged using the 
Incucyte, on the red and green channel, using a 10x objective lens. A, Representative images of cell 
death at 12 hours are shown and B, corresponding % apoptosis is shown as the percentage of caspase 
3/7 cleavage with respect to total nucleus count. C, The effects of CPA induced apoptosis was further 
examined at 0.5-12 hr. D, Ca2+ overload assay was used to examine the relationship between CPA and 
Ca2+ overload associated cell death. Fura-2 loaded cells were perfused with HPPS (white box) for 200 
seconds. After baseline signals stabilise, cells were perfused with 30 µM CPA added HPPS (black arrow 
and grey box) for 15 minutes then washed with HPPS for 15 minutes. Representative Ca2+ overload 
traces of siNT control (black) and siPMCA4 (grey) are shown. E, The area under the curve of the raw 
fura-2 fluorescence ratios and F, calibrated resting Ca2+ concentration were analysed. Comparisons 
were made between siNT and siPMCA4 treated conditions using the Kolmogorov-Smirnov test and 
unpaired t-test with Welch’s correction. Data are shown as mean ± SEM. (N=3, 4 replicates per treatment 
condition) * represents statistically significant difference where P<0.05.  

  



94 

3.4.7 PMCA4 is essential for metabolic flexibility during Ca2+ overload 

Ca2+ is a known modulator of both glycolytic [31] and mitochondrial metabolic activity [32]. 

Moreover, we found that knocking down PMCA4 unexpectedly sensitized cells to mitochondrial ATP 

synthase inhibitor (OM), suggesting that mitochondrial respiration was altered in the absence of PMCA4. 

As PMCA is a crucial Ca2+ efflux mechanism that is also functionally reliant on glycolytic ATP in PDAC 

cells [9,10], we hypothesized that PMCA4 knockdown will alter the metabolic phenotype of MIAPaCa-2 

PDAC cells. 

The Seahorse XFe96 Analyser was used to monitor real-time changes in oxygen consumption rate 

(OCR) and extracellular acidification rate (ECAR), indicative of baseline mitochondrial respiration 

(oxidative phosphorylation; OXPHOS) and glycolysis, respectively. The current study compared changes 

in both OXPHOS and glycolytic metabolism of siNT control versus siPMCA4 cells under basal 

(unstressed) and Ca2+ overload conditions (Ca2+ stressed). CPA was pre-injected to induce Ca2+ 

overload stress, subsequently forcing PMCA4 to function at its maximum capacity.  

In order to investigate the differences between the mitochondrial respiration of siNT control versus 

siPMCA4, key parameters of mitochondrial functions were measured using the Seahorse Mito stress 

test (Figure 3.7A-D). Under basal conditions, PMCA4 knockdown had no effect on all mitochondrial 

respiration parameters. However, we observed a 1.8-fold increase in mitochondrial membrane potential 

(ΔΨm), indicative of a larger driving force for mitochondrial ATP synthesis (Supplementary Figure 3.1).  

Under Ca2+ stress, siNT control showed decreased maximum respiration and spare respiratory 

capacity (Figure 3.7D). In contrast, siPMCA4 showed no changes in maximum respiration and spare 

respiratory capacity although mitochondria-linked ATP production was reduced (Figure 3.7D). Taken 

together, this suggests that knocking down PMCA4 abolished the effects of CPA on aerobic capacity.  

Since CPA treatment reduced mitochondrial respiration capacity in siNT control, it could be argued 

that compensatory glycolysis may be responsible for sustaining PMCA4 activity. Therefore, the 

glycolysis stress test was used to measure changes in ECAR which reflect glycolytic flux (Figure 3.7E-

H). Under basal conditions, PMCA4 knockdown had no effect on all glycolytic parameters. Under Ca2+ 

stress, the glycolytic reserve was significantly lower in siPMCA4 compared to siNT, albeit the change is 

small and may not be physiologically relevant (Figure 3.7H). It should be noted that MIAPaCa-2 cells 

had a low glycolytic reserve which is indicative of metabolic reliance on glycolysis.  

Finally, the simultaneous analysis of mitochondrial and glycolytic-linked ATP production rates was 

performed. The results revealed that over 70% of MIAPaCa-2 ATP production rate was glycolytically-

linked and this pattern did not change under Ca2+ stress condition (Figure 3.7I). This suggests that 

MIAPaCa-2 cells are heavily dependent on aerobic glycolysis regardless of PMCA4 expression. Under 

Ca2+ stress, even though ATP production rate did not change in siNT control, PMCA4 knockdown cells 

showed significantly increased glycolysis-link ATP production rate, suggesting an increase in cellular 

ATP demand (Figure 3.7J).  
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Figure 3.7 – PMCA4 knockdown has no effect on basal metabolic phenotype. MIAPaCa-2 cells 

were incubated with either 25 nM siNT control or siPMCA4 for 48 hours. (Continued next page) 
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Figure 3.7 Continued – PMCA4 knockdown has no effect on basal metabolic phenotype. A, Agilent 

Seahorse XF Mito stress test parameter profile. B, Representative Mito Stress test OCR graphs 

comparing non-treated and 30 μM CPA pre-treated siNT control and C, siPMCA4.D, Mito stress test 

data were normalized to protein content then normalized as % of OCR baseline. Statistical significance 

is determined by Kruskal Wallis; Post hoc multiple comparisons – Two-stage linear step-up procedure 

of Benjamini, Krieger and Yekutieli. E, Agilent Seahorse XF glycolysis stress test parameter profile. F, 

Representative Glyco Stress test ECAR traces are shown for control and G, CPA treated siRNA treated 

cells. H, Glyco stress test data were normalized to protein content (SRB; 540 OD). Statistical significance 

is determined One-way ANOVA with post-hoc Bonferroni. Agilent Seahorse ATP production rate was 

normalized to quantified protein content (540 OD). Data are shown as I, % ATP production rate and J, 

total ATP production rate. * represents a statistically significant difference between siNT and siNT + 

CPA, where P<0.05. (N≥3). # represents a statistically significant difference between siPMCA4 and 

siPMCA4 + CPA, where P<0.05. (N≥3). + and ++ represents statistically significant difference between 

siNT + CPA and siPMCA4 + CPA, where P<0.05 and P<0.005, respectively (N=3, 4 replicates per 

treatment condition).  

 

Overall, we found that PMCA4 expression did not alter the basal metabolic phenotype of MIAPaCa-

2 cells. Under Ca2+ stress, PMCA4 positive cells showed decreased mitochondrial respiration capacity 

and increased the shift in glycolytic reserve while demonstrating unaltered ATP production rate. In 

contrast, all CPA effects observed were abolished when PMCA4 was knocked down and enhanced 

glycolytic-linked ATP production rate was observed.  
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3.5 Discussion  

The current study has provided insights into the functional importance of PMCA4 on multiple cancer 

hallmarks in PDAC. Through data mining of available databases, we found that overexpression of 

ATP2B4 and under-expression of ATP2B1-3 are likely characteristics of PDAC tumours [24] correlated 

to poor PDAC patient survival prognosis [26]. ATP2B4 mRNA, in particular, has been reported to be 

overexpressed by 5-fold in PDAC compared to the healthy tissue margin [22]. Therefore, we consider 

ATP2B4 to be the single most important PMCA encoding gene linked with PDAC oncogenicity. We then 

identified MIAPaCa-2 as a representative cellular model of PDAC based on the almost exclusive 

expression of PMCA4 at both protein and mRNA level.  

As our previous study demonstrated that PMCA is the main Ca2+ efflux mechanism in PANC-1 and 

MIAPaCa-2 PDAC cells [10], the present study reveals that PMCA4 expression is essential for Ca2+ 

efflux in MIAPaCa-2 cells and loss of PMCA4 expression significantly impairs Ca2+ clearance, 

subsequently elevating resting [Ca2+]i. Similar observations were made where PMCA4 knockdown 

resulted in apparent inhibition of [Ca2+]i clearance and elevated resting [Ca2+]i in PMCA4 knockdown 

mice sperm [33] and Jurkat cells [34]. The inhibition of critical Ca2+ clearance mechanisms subsequently 

leads to impaired Ca2+ signalling. PMCA4 mediated Ca2+ signalling, in particular, has been reported to 

regulate cancer hallmarks including migration [15], cell cycle [27] and cell death [13]. 

As more than 40% of PDAC patients are diagnosed with metastasis [35,36], migration is an 

extremely important cancer hallmark for PDAC. Cell migration is a process regulated by the 

spatiotemporal distribution of Ca2+ within the cell and transient Ca2+ pulses which modulate the assembly 

and disassembly of the cytoskeleton and focal adhesion complexes [37,38]. With regards to resting 

cytosolic [Ca2+]i (~100 nM), the migrating cell front maintains a lower Ca2+ gradient (~30 nM) to facilitate 

Ca2+ pulse signalling and focal adhesion assembly [37]. The current study finds that PMCA4 plays an 

important role in PDAC cell migration and this migration is inhibited in Ca2+ clearance-impaired PMCA4 

knockdown cells. Similarly, in human umbilical vein endothelial cells (HUVEC), low Ca2+ is maintained 

by enrichment of PMCA4 at the migrating front [15] and knockdown of PMCA4 reduces cell migration in 

rabbit corneal epithelium cells [39]. This suggests that without efficient Ca2+ clearance at the migration 

front, cell motility is compromised.  

Cell proliferation is another cancer hallmark known to be modulated by Ca2+ signalling. PMCA4, 

particularly the PMCA4b splice variant, has been associated with cell cycle progression and proliferation 

[13,21]. Furthermore, Ca2+ efflux activity of PMCA4 is shown to be important for G1-phase progression 

and cell proliferation in mice-derived vascular smooth muscle cells [27]. We found that knocking down 

PMCA4 resulted in knockdown of PMCA4b variant but did not affect MIAPaCa-2 proliferation rate. Similar 

to our data, PMCA4 knockdown in MDA-MB-231 breast cells had no effect on cell cycle, proliferation 

and viability [13,40]. Moreover, while total PMCA1 knockout led to embryonic lethality, PMCA4 knockout 

selectively induced infertility in male mice [33]. This suggests that, albeit ubiquitously expressed, PMCA4 

may potentially be used to selectively target PMCA4-overexpressing PDAC cells while sparing normal 

cells which express other PMCA isoforms.  
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Apoptosis resistance is a key cancer hallmark responsible for insensitivity to PDAC therapeutic 

treatment [41]. Elevated [Ca2+]i induces apoptotic cell death by Ca2+ overload, the subsequent release 

of cytochrome C from the mitochondria and activation of pro-apoptotic caspases. Overexpression of 

PMCAs in cancer prevents [Ca2+]i overload under stress stimuli and subsequently leads to apoptotic 

resistance. [42] In MDA-MB-231 breast cancer cells, PMCA4 and PMCA1 distinctly mediate resistance 

to apoptotic and necrotic cell death, respectively [13]. Consistent with this observation, the current study 

shows that PMCA4 knockdown sensitized MIAPaCa-2 cells to apoptotic inducers, particularly CPA-

mediated Ca2+ overload. This suggests that PMCA4 is required for Ca2+ overload-associated apoptotic 

resistance. Further study to examine whether PMCA4 knockdown would lead to sensitization against 

first-line chemotherapeutic drugs (e.g. gemcitabine, paclitaxel, cis-platin) would provide better insights 

into the clinical relevance of targeting PMCA4 activity in PDAC. 

Moreover, both mitochondrial and glycolytic metabolism are known to be modulated by Ca2+ 

[31,43,44]. The activity of key rate-limiting glycolytic enzyme 6-phosphofructo-1-kinase (PFK) is 

modulated by Ca2+-dependent calmodulin binding [45]. Conversely, Ca2+ is reported to promote the 

activity of the tricarboxylic acid cycle (TCA) dehydrogenases required for mitochondrial respiration [46]. 

Vice versa, PMCA may play a role in the metabolic shift towards glycolysis. In red blood cells, multiple 

glycolytic enzymes are localised to the plasma membrane, providing a privilege ATP supply to the PMCA 

[6,18]. Therefore, we hypothesized that PMCA4 may be functionally involved in PDAC metabolism. 

However, we found that PMCA4 expression had no effect on both basal mitochondrial and glycolytic 

metabolism.  

Although PMCA4 knockdown did not alter mitochondrial respiration and ATP production rate, we 

observed a significant increase in resting cytosolic Ca2+ and mitochondrial membrane potential (ΔΨm). 

Similar to our observations, a study in PC12 neuronal cells showed that PMCA2 and PMCA3 knockdown 

led to increased resting TMRE signal [47]. We suspect that PMCA4 knockdown cells adapted to elevated 

resting [Ca2+]i by maintaining a higher ΔΨm to avoid mitochondrial membrane depolarization which 

subsequently triggers apoptotic cells death [5].  

Under Ca2+ stress, the reduced mitochondrial respiration in PMCA4 expressing MIAPaCa-2 cells 

may be related to SERCA inhibitor-mediated mitochondrial depolarization [48]. However, the mechanism 

of this impaired mitochondrial function remains unclear. In contrast, PMCA4 knockdown cells showed 

enhanced glycolytic-linked ATP production rate which suggests escalating demand for ATP. As PMCA4 

knockdown cells maintained a higher resting ΔΨm, this increased glycolytic-linked ATP production rate 

during Ca2+ stress may be associated to paradoxical hydrolysis of ATP by the ATP synthase to maintain 

ΔΨm [49], or apoptotic associate ATP demand [50]. However, the potential observations of ATP 

synthase functioning in reverse mode may be minimized due to the use of oligomycin (ATP synthase 

inhibitor) in Seahorse assays. 

It should be noted, however, that PMCA4 is reported to exhibit contradictory roles in different cell 

types. For instance, although we observed that PMCA4 knockdown in PDAC cells led to inhibited cell 

migration, Kurusamy, S. et al (2017) and Baggott, R.R. et al (2014) had reported that inhibition or 

knockdown of PMCA4 in HUVEC cells led to enhanced cell migration by promoting calcineurin/NFAT 
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signalling [52-53]. Moreover, decreased PMCA4 expression has been correlated to enhance proliferation 

in colon cancer [21] while the expression of PMCA4 is reported to enhance apoptosis resistance in breast 

cancer cells [13]. These different responses could be due to the different Ca2+ signalling machinery or 

remodelling present in different cellular models.  

Taken together, PMCA4 has a distinct role in Ca2+ clearance, cell migration and apoptotic resistance 

in PDAC. PMCA4 knockdown did not alter cell viability in PDAC cells. However, loss of PMCA4 

expression sensitizes PDAC cells to Ca2+ overload-associated apoptotic cell death. As PDAC is 

notoriously insensitive to current clinical therapies, acquiring the ability to selectively sensitize PMCA4-

overexpressing PDAC cells to apoptotic inducing chemotherapy is crucial. Therefore, targeting PMCA4 

may potentially be beneficial as a therapeutic adjuvant which selectively sensitizes PDAC cells to 

currently available clinical therapy while sparing healthy tissues. 
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3.8 Supplementary Data 

Supplementary Figure 3.1 – PMCA4 knockdown increased basal mitochondrial membrane 

potential. MIAPaCa-2 cells seeded with either 25 nM siNT control or siPMCA4 for 48 hours. A, 

Representative TMRE traces are shown with black arrows indicating the addition of CCCP. B, Raw 

TMRE fluorescence intensity of the basal and post-CCCP addition C, Mitochondrial membrane potential 

is shown as the change in TMRE fluorescence intensity. ** represents a statistically significant difference 

between siNT and siPMCA4, where P<0.005. (N=4, data collected from at least 40 individual cells). 
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4.1 Abstract  

Overexpression of caveolin-1 (Cav-1) and plasma membrane calcium pump isoform 4 (PMCA4) 

have been observed in tumours resected from pancreatic ductal adenocarcinoma (PDAC) patients and 

could be correlated to poor patient survival. PMCA4 activity, associated with migration and apoptotic 

resistance in PDAC, is dependent on its localization in Cav-1-expressing caveolae compartment. 

However, the relationship between Cav-1 and PMCA4 in PDAC is currently unclear. This study 

selectively examined the functional relationship between Cav-1 expression and PMCA4 activity in 

MIAPaCa-2 PDAC cells which predominantly expresses PMCA4. The localisation of Cav-1 and PMCA4 

was assessed using sucrose gradient ultracentrifugation and immunofluorescence labelling. Caveolae 

disruption was induced by either cholesterol depletion or siRNA targeting Cav-1. PMCA4-mediated Ca2+ 

efflux, ATP-depletion, cell proliferation and metabolic parameters were examined using PMCA activity 

assay, Ca2+ overload experiments, ATP-luciferase assay, sulforhodamine B/cell count kit-8, and Agilent 

Seahorse XFe96 Analyzer, respectively. We found that PMCA4 and Cav-1 colocalised in similar 

membrane fractions but were not exclusively colocalised spatially within the cell. Cholesterol depletion-

mediated caveolae disruption led to markedly inhibited Ca2+ clearance and Ca2+ overload which occurred 

independently of ATP-depletion and cell death. To a lesser extent than cholesterol depletion, Cav-1 

knockdown cells showed inhibited Ca2+ clearance and Ca2+ overload under Ca2+ stress. However, 

knocking down Cav-1 had no effect on cell proliferation, glycolytic and mitochondrial respiration 

parameters. In conclusion, although Cav-1 expression is required for optimal PMCA4 activity, Cav-1 has 

no significant role in cell proliferation and metabolism in MIAPaCa-2 PDAC cells. Further experiments 

will be required to decipher the mechanism of how Cav-1 modulates PMCA4 activity.  

 

Keywords: Pancreatic cancer, pancreatic ductal adenocarcinoma, caveolin-1, plasma membrane 

calcium ATPase isoform 4 
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4.2 Introductions  

Pancreatic cancer is the 6th leading cause of cancer-related death [1] despite being only the 11th 

most common cancer with a 5-year survival rate of 6-8% [2]. Remodelling of calcium (Ca2+) signalling 

machinery has been correlated to multiple cancer hallmarks including proliferation, apoptotic resistance 

and metastasis [3–5]. In PDAC cells, the plasma membrane calcium ATPases (PMCAs) is reported to 

be the primary ATP-consuming Ca2+ efflux pathway which is heavily dependent on glycolysis-derived 

ATP [6,7]. PMCA4, in particular, has been correlated with migration and apoptotic resistance in PDAC 

cells (discussed in Chapter 3) and also reported to be overexpressed in PDAC patient-derived tumours 

[8]. 

Similar to PMCA4, Cav-1 is reported to be upregulated in PDAC and correlates to poor PDAC 

patient survival [9]. Interestingly, PMCAs are known to reside within the Cav-1-enriched caveolae – a 

lipid-rich “signalling hub” compartment of the plasma membrane [10].  

Caveolae are omega or flask-shaped invaginations of the surface plasma membrane [11]. Key roles 

of the caveolae include compartmentalizing signal transduction including Ca2+ signalling [12,13]. 

Caveolins, comprising of caveolin-1, 2 and 3, are integral membrane proteins necessary for the formation 

of the caveolae [11]. Caveolin-1 (Cav-1) and caveolin-2 are co-expressed within the caveolae of various 

tissues. On the other hand, Caveolin-3 is selectively expressed in muscle cells. Cav-1, in particular, is a 

crucial scaffolding component of the caveolae. Cav-1 has been reported to regulate cholesterol 

homeostasis [14,15], bind multiple signal transduction proteins (e.g. eNOS, protein kinase C, insulin 

receptor) [16–18] and the rate-limiting glycolytic enzyme – phosphofructokinase [19,20].  

Although several studies have shown that PMCA activity is dependent on its localization in the Cav-

1-enriched caveolae [21,22], limited reports have examined the localization and functional relationship 

between PMCA4 and Cav-1 in PDAC models. Since Cav-1 interacts with both Ca2+ signal transducer as 

well as key glycolytic enzymes, we hypothesize that Cav-1 enriched domains may be important for 

PMCA4 activity in PDAC. The present study examined PMCA4 and Cav-1 colocalisation in MIAPaCa-2 

PDAC cell which predominantly expresses PMCA4. We then examined the effects of chemical disruption 

of the caveolae, using methyl-β-cyclodextrin (MβC) or siRNA knockdown of Cav-1, on PMCA-mediated 

Ca2+ efflux, cell proliferation and metabolism. As PMCA4-mediated Ca2+ efflux and signalling are 

suggested to play an important role in maintaining PDAC cancer hallmark, understanding the functional 

relationship between Cav-1 and PMCA4 may provide beneficial insights to selectively sensitize or 

therapeutically target PDAC. 
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4.3 Materials and Methods  

Cell culture – MIAPaCa-2 cells (purchased from ATCC) were cultured in DMEM media (D6429, Sigma 

Aldrich) with added 10% fetal bovine serum and 1% penicillin/streptomycin (P0781, Sigma Aldrich). 

Cultured cells were maintained in a temperature-controlled incubator at 5% CO2 (g), 37oC. Cultured cells 

were screened for mycoplasma contaminations using either DAPI staining or PCR. 

Data mining – Data mining of publicly available databases, including www.oncomine.org (ThermoFisher 

Scientific) and www.proteinatlas.org, version 18.1, were used to obtain Badea Pancreas (2008) gene 

chip microarray data and TGCA-PAAD Kaplan Meier survival data, respectively. All data used in this 

study were obtained in January 2019. 

Sucrose gradient ultracentrifugation – MIAPaCa-2 cells were harvested in 0.5 M Na2CO3, pH 11, 

and homogenized using Omni blade homogenizer then sonicated. All homogenate samples were volume 

adjusted and mixed with 2-(N-Morpholino) ethanesulfonic acid-buffered saline containing 80% sucrose. 

Samples were loaded into 5-35% discontinuous sucrose gradient and centrifuged at 131,440 rcf, for 16 

h, at 4°C, using a TL100 centrifuge (Beckman). 13 fractions obtained from centrifugation were 

individually precipitated using 10% trichloroacetic acid for 30 minutes. Precipitated pellets were 

denatured in Laemmli buffer for 5 minutes, at 90ºC, and then used for Western immunoblotting.  

Sulforhodamine B (SRB) – Cells were seeded at 5000 cells/well into 5 sets Corning 96-well plates 

(Sigma Aldrich). Cells were then fixed with 10% trichloroacetic acid every 24 hours for 96 hours post-

siRNA treatment. 0.057% SRB was used to stain fixed adherent cells. 10 mM Tris, pH 10.5 was added 

to resuspend the SRB dye retained within fixed cells according to Vichai, V. et al. (2006) [23]. Absorbance 

at 540 nm was measured using Synergy HT microplate reader (BioTEK). The relative protein content 

was used to calculate the cell proliferation/growth in comparison to the control cells at time 0 hr.  

Cell count Kit-8 (WST-8) – Cells were seeded at 5000 cells/well into 5 sets 96-well plates. The reduction 

potential, indicative of cell viability regardless of cell adherence, was quantified using water-soluble 

tetrazolium salt (WST-8) reagent (Dojindo Molecular Technologies) according to the manufacturer’s 

instruction. In viable cells, dehydrogenases reduced the pink tetrazolium dye to orange-coloured 

formazan. 10 µl of WST-8 reagent were added per well into 96 well plates at 0, 24, 48, 72 and 96 hours. 

After 2 hours of WST-8 incubation at 37 C, absorbance at 450 nm was measured using Synergy HT 

microplate reader (BioTEK). Measurements obtained were used to calculate the relative cell viability was 

in comparison to the untreated control cells at time 0.  

ATP-luciferase assay – Cells were seeded at 5000 cells/well into 96 well white-wall flat-bottom plates 

(Sigma Aldrich) and were allowed to attach for 24 hours prior to treatment. After incubation with 

designated treatments, cells were lysed with 50 µl of ViaLight® Plus cell lysis reagent (Lonza) for 10 

minutes, releasing intracellular ATP. 100 µl of ‘ATP monitoring regent Plus’, containing luciferin substrate 

and firefly-luciferase enzyme, was added to the lysed cells. Luminescence signal was measured at 595 

nm, using Synergy HT (BioTEK), according to ViaLight® Plus kit manufacturer’s instructions. Relative 

cellular ATP was calculated after normalization to the ATP level of untreated control cells.  
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GO-ATeam ATP-FRET reporter assay – MIAPaCa-2 cells stably expressing GO-ATeam, a Förste 

resonance energy transfer (FRET)-based fluorescent ATP probe, were seeded on glass coverslips and 

mounted onto perfusion chamber. In situ ATP was measured by the ATP bound:ATP free ratio (565/510 

nm fluorescence ratio; R) and fluorescence signals were collected using OptoSplit Image Splitter fitted 

with JC1 565 nm dichroic (Cairn Research). Cells were perfused with HEPES-buffer physiological saline 

solution (HPSS) for at least 200 seconds then the immediate fluorescence ratio was used as the basal 

in situ ATP signal (R0). After static incubation under control or 10 mM MβC treatment conditions, 

complete ATP depletion (Rmin) was demonstrated using metabolic inhibitor cocktail containing 2 mM 

iodoacetate, 500 µM bromopyruvate, 10 µM oligomycin and 2 µM antimycin. Data were expressed as % 

ATP = (Rt/ΔRmax) x 100 (Rt = the average of ratio values over 50 seconds at 0, 5, 10 ,20 and 30 minutes 

after treatment; ΔRmax= the maximum decrease in GO-ATeam signal (R0-Rmin)). [7] 

siRNA knockdown of caveolin-1 expression – Cav-1 protein expression was knocked down using 

12.5-25 nM ON-TARGETplus SMARTpool siRNA targeting CAV1 mRNA (siCav-1; L003467-00-0010). 

Non-targeting siRNA (siNT; D-001810-10-20) was used as a control. All knockdown conditions were 

performed using 0.1% DharmaFect1 transfection reagent (T-2001-03, Dharmacon). siRNA knockdowns 

were performed according to manufacturer instructions. Only conditions that produced ≥70% expression 

knockdown in MIAPaCa-2 cells were used in the current study. RT-qPCR and Western immunoblot were 

used to confirm Cav-1 expression knockdown at mRNA and protein level, respectively.  

Western immunoblotting – Cells were harvested in RIPA buffer (50 mM Tris Base, 40 mM sodium 

pyrophosphate, 100 mM sodium fluoride, 150 mM sodium chloride, 1% Triton-X, 0.5 M EDTA and EGTA 

and 0.1 mM sodium orthovanadate, pH 7.4) supplemented with cOmplete, EDTA-free protease inhibitor 

cocktail (Sigma-Aldrich) and lysates were denatured for 5 minutes at 95oC. Protein lysates were 

separated by electrophoresis using NuPAGE 4-12% Bis-Tris gel (ThermoFisher Scientific). Western 

immunoblotting was performed using PMCA4 (1:1000; clone JA9, Thermofisher Scientific) and Cav-1 

(1:2000; #3238, Cell signaling) primary antibodies. Secondary anti-rabbit (1:2000) and anti-mouse 

(1:2000-1:5000) antibodies were purchased from Cell Signalling Technology. Protein bands were 

detected using Clarity Western ECL substrate (Bio-Rad) then imaged and quantified using the ChemiDoc 

Imaging System (Fisher Scientific).  

Fura-2 live cell Ca2+ imaging – Cells seeded onto sterilized glass coverslips (VWR) were transferred 

into HEPES physiological saline solution (HPSS 10 mM HEPES, 0.56 mM MgCl2, 4.7 mM KCl, 138 mM 

NaCl, 1.28 mM CaCl2, 5.5 mM Glucose, pH 7.4) then incubated with 4 μM fura-2 (AM, acetoxymethyl; 

TEFLabs) Ca2+ ratiometric dye for 40 minutes. Fura-2 loaded cells were mounted onto a gravity-fed 

perfusion chamber (Harvard Apparatus). The 340/510 and 380/510 nm excitation/emission signal was 

separated using 400 nm dichroic with 505LP filter (Nikon). Images were collected on a Nikon TE2000 

inverted microscope fitted with x40 oil immersion objective/1.3 numerical aperture and captured using a 

CoolSNAP HQ interline progressive-scan charge-coupled device-based camera (Roper Scientific 

Photometrics) through MetaFluor software (Molecular Devices).  

PMCA activity assay (Ca2+ clearance assay) – Fura-2 loaded cells were perfused with Ca2+-free HPPS 

(1 mM EGTA and 30 μM cyclopiazonic acid; CPA) for 20 minutes before switching to 20 mM Ca2+ HPPS 
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until a new signal plateau was reached. Ca2+ clearance rate (R1) was obtained when switching 20 mM 

Ca2+ to Ca2+-free HPPS as described in our previous works [6,7]. To perform paired control experiments, 

a second clearance phase (R2) was performed after 30 minutes of designated treatment. Relative [Ca2+]i 

clearance of paired (R2/R1) and unpaired (R1) designed Ca2+ clearance experiments were determined 

using the fastest linear clearance (% R2/R1) and a single exponential decay fit (τ), respectively.  

Ca2+ overload assay – Fura-2-loaded cells were perfused with HPPS for 200 seconds to establish 

340/380 nm fluorescence ratio baseline (R0), indicative of resting intracellular Ca2+. Cells were perfused 

with 30 μM CPA for 15 minutes to inhibit SERCA, induce SOCE, and subsequently leading to Ca2+ 

overload. Ca2+ stress recovery was determined by washing the cells with HPPS for a further 15 minutes. 

All [Ca2+]i calibrations were calculated using Neher, E. (1995) published equation [24]. All [Ca2+] values 

calculated in this study were calculated from the following Ca2+ calibration equation: [Ca2+]i nM = 541.6 

nM * ((Ratio – 0.47)/(2.101 - Ratio)). [Ca2+]i was quantified by the area under the curve (AUC) and 

maximum change in [Ca2+]i (MaxΔ[Ca2+]i) during treatment and washing period as described in our 

previous works [6,7].  

RT-qPCR – RNA samples were isolated using TRIzol Plus mRNA purification kit (Thermofisher 

Scientific) and samples were decontaminated with RQ-1 RNAse-free DNAase (Promega) according to 

manufacturers’ instructions. Reverse transcription was performed using Taqman reverse transcription 

reagent (Thermofisher Scientific). Pre-designed KiCqStart®SYBR® Green primers targeting CAV1 and 

18S rRNA (Sigma-Aldrich) and POWER SYBR green master mix were used for qPCR. qPCR 

experiments were performed on a StepOnePlus qPCR machine (Fisher Scientific). The relative 

quantification of CAV1 mRNA was done by S18 rRNA normalisation following by comparing the 

normalized CAV1 expression between siCav-1 and siNT control.  

Seahorse cell metabolism assays – Cells were seeded at 5000 cells per well into 96-well Agilent 

Seahorse plates, containing either siNT or siCav-1 for 48 hours. Seahorse XFe96 sensor cartridges were 

hydrated overnight in ultrapure water (Thermofisher Scientific). Seahorse XF DMEM medium, pH 7.4 

(#103575-100, Agilent Technologies) were used for both Mito stress test (supplemented with 1 mM 

pyruvate, 2 mM L-glutamine and 25 mM D-glucose) and glycolysis stress test (supplemented with 1mM 

L-glutamine). Pre-injections of either vehicle control (<0.1% dimethylsulfoxide; DMSO) or 30 µM CPA 

were prepared in addition to the Mito stress (1.5 µM oligomycin, 0.5 µM FCCP, and 0.5 µM 

rotenone/antimycin A) and glycolysis stress test (10 mM D-glucose, 1 µM oligomycin, and 50 mM 2-

deoxyglucose) reagents which were prepared according to manufacturer’s instructions. Seahorse data 

were collected using Agilent Seahorse XFe96 and analysed using Wave analysis software, version 2.3.0 

(Agilent Technologies).  

Statistics – Prism 7 software (GraphPad) was used for statistical data analysis. All processed data are 

presented as the mean of at least 3 independent ± standard error of means (SEM; error bars). Shapiro-

Wilk normality test was performed prior to data analysis. Normally distributed parametric statistical 

comparisons were performed using Student’s t-test or one-way analysis of variance (ANOVA) with 

Bonferroni post-test. Non-parametric statistical comparisons were performed using Kolmogorov-Smirnov 

test or Kruskal Wallis with multiple comparisons test was used for non-parametric statistical 
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comparisons. Two-way ANOVA with Dunnett’s post-test was used for two-factor statistical comparisons. 

Statistical significance is defined as p < 0.05. 
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4.4 Results  

4.4.1 Elevated co-expression of CAV1 and PMCA4 gene in PDAC tumours can 

be correlated to poor survival prognosis 

Overexpression of PMCA4 encoding gene (ATP2B4) has been previously linked to poor PDAC 

patient survival (discussed in Chapter 3). PMCA4 is reported to reside within caveolin-1-enriched 

caveolae and may contribute to the assembly of PMCA4-containing signalling complexes. We, therefore, 

wanted to determine whether CAV1 gene expression in patient-derived PDAC tumours result in poor 

patient survival. This was achieved through data mining from publicly available databases including 

Oncomine [25,26] and the Human Protein Atlas [27–29].  

Badea et al. (2008) gene chip microarray data were obtained from Oncomine. The results showed 

that CAV1 gene expression in PDAC tumour, versus resected healthy tissue from the tumour margin, 

was overexpressed by 1.67-fold (n=39, p<0.005, Figure 4.1A) [26]. Patient survival data was sourced 

from the cancer genomic atlas - pancreatic adenocarcinoma cohort (TCGA-PAAD). PDAC patients were 

bifurcated into either low or high CAV1 expression based on the median-centred tumour expression. The 

Kaplan-Meier graph showed that patients expressing high tumour expression of CAV1 exhibited a 

significantly lower survival (hazard ratio= 1.61, n=88, p<0.021, Figure 4.1B). This suggests that elevated 

CAV1 expression could be correlated to PDAC tumours and is associated with poor PDAC patient 

survival.  

To further examine whether co-expression of CAV1 and ATP2B4 genes potentiates poor PDAC 

patient survival, the TCGA-PAAD patient cohort was divided into groups with either co-elevation or co-

repression of CAV1 and ATP2B4 based on the median-centred gene expression. The Kaplan-Meier 

survival curves showed that co-elevation of PMCA4 and CAV1 leads to an enhanced risk of poor survival 

(hazard ratio = 1.93, n=52, p<0.015, Figure 4.1C). Taken together, overexpression of ATP2B4 and CAV1 

are relevant characteristics of PDAC tumours and enhances the risk of poor patient survival. 
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Figure 4.1 – Elevated expression of CAV1 gene in PDAC is correlated to poor patient survival 
outcome. (A) Comparison of CAV1 gene expression in healthy pancreatic tissue (n=39) and PDAC 
tumour (n=39) is shown as individual Log2 median-centre expression intensity of CAV1 gene expression. 
Data were obtained from Badea Pancreas (2008) through the Oncomine database. (B) Kaplan Meier 
curve correlating CAV1 expression to PDAC patient survival. PDAC Patients (n=176, TCGA-PAAD) were 
divided based on either low (black, n=88) or high (red, n=88) CAV1 gene expression. (C) Kaplan Meier 
curve correlating co-expression of CAV1 and ATP2B4 gene to PDAC patient survival. TCGA-PAAD 
PDAC patients were divided based on co-repression (black, n=52) or co-elevation (red, n=52) of CAV1 
and ATP2B4. The survival outcomes of each group were compared using the log-rank test. Data were 
obtained from The Human Protein Atlas database (January 2019, www.proteinatlas.org).  

  

http://www.proteinatlas.org/
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4.4.2 Methyl-β-cyclodextrin-mediated cholesterol depletion disrupts PMCA4 

from residing in Cav-1-rich caveolae fraction in MIAPaCa-2 PDAC cells 

Since co-elevation of ATP2B4 and CAV1 genes are clinically relevant characteristics of PDAC, we 

aimed to investigate whether Cav-1 is co-expressed in MIAPaCa-2 PDAC cells in which PMCA4 is the 

predominant PMCA isoform (data presented in Chapter 3). Previous findings suggest that PMCA4 

activity is enhanced when colocalised with Cav-1 in the murine small intestine [21] and sperm [22]. 

PMCA4 is reported to colocalise with caveolins in lipid-rich domains of the cell surface plasma membrane 

known as caveolae [10,21]. Therefore, we used sucrose gradient ultracentrifugation assay to separate 

the membrane fractions by density to identify Cav-1 enriched caveolae [11,30]. Western immunoblot 

showed that PMCA4 resides in the low-density sucrose fractions. Furthermore, PMCA4 expression 

coincides with Cav-1-enrich fractions (Figure 4.2A) which suggests that PMCA4 potentially reside in low-

density Cav1-rich compartments – likely the caveolae.  

To understand the relationship between PMCA4 and Cav-1, chemical disruption of the caveolae 

with a cholesterol depleting agent (methyl-β-cyclodextrin; MβC) [31] was performed. MβC-mediated 

cholesterol depletion led to the free distribution of PMCA4 and Cav-1 across multiple random density 

fractions, suggesting successful disruption of the caveolae (Figure 4.2B). Therefore, MβC treatment was 

chosen for further functional assessment of PMCA4 and Cav-1.  

 

Figure 4.2 – Chemical disruption of the caveolae and siRNA knockdown of Cav-1 (siCav-1). 
Sucrose gradient ultracentrifugation was used to separate lysate fractions by density. Fractions 1-13 
were collected, ranging from lowest density (low density; 1) to highest density (hydrophilic;13) fractions. 
(A) Representative Western immunoblot of PMCA4 localised in low-density caveolin-1-rich fraction. (B) 
Treatment with methyl-β-cyclodextrin (MβC) disrupted the colocalization between PMCA4 and caveolin-
1 (Cav-1). (N=2) 
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4.4.3 Disruption of Cav1-rich caveolae impairs PMCA4-mediated Ca2+ clearance 

and causes Ca2+ overload in MIAPaCa-2 PDAC cell line 

Our previous studies showed that PMCA, particularly PMCA4, is the primary Ca2+ efflux mechanism 

in MIAPaCa-2 PDAC cells [6,7] (results are shown in Chapter 3). Furthermore, PMCA4 overexpression 

was correlated to poor PDAC patient survival [27–29] and multiple cancer hallmarks (discussed in 

Chapter 3). To investigate the functional importance of PMCA4 localization with Cav-1 enriched 

compartment, in situ Ca2+ clearance (PMCA activity) and Ca2+ overload experiments were performed in 

fura-2-loaded MIAPaCa-2 cells. Cells were perfused with Ca2+ free HEPES-buffered physiological saline 

solution (HPSS) containing EGTA and cyclopiazonic acid (CPA), a sarco-endoplasmic reticulum Ca2+-

ATPase (SERCA) inhibitor. This facilitates depletion of intracellular Ca2+ ([Ca2+]i) stores and activates 

store-operated Ca2+ entry (SOCE) such that immediate perfusion with 20 mM Ca2+ HPSS leads to rapid 

increase in [Ca2+]i which reaches new steady state. Subsequent removal of external Ca2+ then allows 

the assessment of [Ca2+]i clearance that occurs almost exclusively due to PMCA [6,7]. After the first 

clearance phase, designated treatment of either 0.1% DMSO control, 10 mM MβC, or 1 μM carboxyeosin 

(pan PMCA inhibitor; CE) were added for 30 minutes. Repeating a second Ca2+ influx-clearance phase 

in the presence of designated treatment then enables a “paired” comparison between the treated 

clearance rate (R2) and the untreated clearance rate (R1), giving the relative clearance (R2/R1 x 100%).  

The results showed that MβC-induced cholesterol depletion decreased [Ca2+]i clearance to 

62.4±8.9% (p<0.005, n=6, Figure 4.3B) in comparison to the time-matched control (104±2.87%, n=7, 

p<0.005, Figure 4.3A). CE was used as a positive control to demonstrate maximal inhibition of the PMCA 

activity (21.4±6.43%, p<0.005, n=3, Figure 4.3C-D). These results suggest that disruption of the 

caveolae led to impairment of PMCA4 function but not complete inhibition of PMCA4 activity in MIAPaCa-

2 PDAC cells.  

Further Ca2+ overload experiments were performed using fura-2 loaded MIAPaCa-2 cells treated 

with either 0.1% vehicle control or 10 mM MβC for 30 minutes under static conditions (Figure 3.4E-F). 

Ca2+ responses were quantified by the area under the curve (AUC), mean maximum increase in [Ca2+]i 

(ΔMax[Ca2+]i), and the subsequent response to purinergic ATP (test of Ca2+ response reversibility) were 

compared. The results demonstrated that MβC increased both AUC and maximum change in [Ca2+]i 

without significantly affecting the % ATP response (Figure 4.3G-I). MβC treatment elevated the resting 

[Ca2+]i (AUC = 206.5±81.43 μM.s, n=5, p< 0.0079) in comparison to the non-treated control (AUC = 

55.16±4.15 μM.s, n=5, Figure 4.3G), indicative of Ca2+ overload. MβC also increased the mean 

maximum [Ca2+]i change (ΔMax[Ca2+]i = 408.1±210 nM, n=5, p< 0.0079) compared to time-matched 

control (ΔMax[Ca2+]i = 48.55±4.52 nM, n=5, Figure 4.3H). Although the numbers of cells responding to 

ATP were similar (Figure 4.2I), it should be noted that the MβC treated cells showed irreversible Ca2+ 

response in comparison to the control (Figure 4.2E-F). This irreversible Ca2+ response suggests that 

MβC treatment may lead to cell death. 

Taken together, MβC-mediated cholesterol depletion leads to impaired PMCA4 Ca2+ efflux and 

subsequent Ca2+ overload, suggesting that PMCA4 activity may be modulated by its localization to Cav-

1-rich low-density membrane compartment. However, it should be noted that MβC induces non-selective 
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cholesterol depletion which may disrupt the phospholipid environment required for the regulation of 

PMCA activity independent of its localisation within the caveolae. 

 

Figure 4.3 – Disruption of caveolae leads to inhibition of Ca2+ clearance. Representative in situ Ca2+ 
clearance traces of (A) control, (B) MβC, (C) Carboxyeosin (CE) are shown. Linear clearance phases 
are shown as an overlay in adjacent square boxes. PMCA-mediated [Ca2+]i clearance is measured in 
fura-2 loaded MIAPaCa-2 cells perfused with Ca2+-free HEPES containing 30 μM CPA and 1mM EGTA 
(white bar) to induce store-operated Ca2+ influx upon perfusion with 20 mM Ca2+ (grey bar). Subsequent 
Ca2+ clearance was observed upon removal of external Ca2+ (R1). Incubation of designated treatment 
was done prior to the second Ca2+ influx-clearance phase (R2). All representative traces are presented 
as 340/380 fluorescence signal ratio units. (D) Relative Ca2+ clearance rates are expressed as the mean 
of % Ca2+ clearance (R2/R1). Representative Ca2+ overload traces of (E) untreated control and (F) 10 
mM MβC are shown. Black bar indicates treatment incubation under static conditions. Data were 
quantified as (G) area under the curve, (H) maximum change in [Ca2+]i during this period (MaxΔ[Ca2+]i), 
and (I) % of cells responding to ATP. Data are presented as mean ± SEM of 3 independent experiments 
(data collected from at least 50 individual cells). Statistical comparisons were made between treatment 
group using Mann Whitney, non-parametric, Unpaired T-Test. ** represents statistically significant 
difference where p<0.01. 
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4.4.4 MβC-induced inhibition of PMCA activity is independent of global cellular 

ATP depletion 

Our previous findings showed that glycolytic ATP depletion leads to inhibited PMCA-mediated Ca2+ 

clearance, subsequent cytotoxic Ca2+ overload and cell death. Moreover, overexpression of Cav-1 has 

been shown to enhance glycolytic enzyme (GEs) expression (phosphofructokinase and aldolase) at the 

plasma membrane [19] and enhanced glycolysis and ATP production in a panel of colon cancer cell lines 

[54]. From these studies, we hypothesized that Cav-1 may be important for GEs localization at the 

plasma membrane thereby providing privilege ATP supply to PMCA4. Hence, disrupting the caveolae 

may dissociate ATP-generating GEs near PMCA4, leading to local ATP depletion, thereby compromising 

PMCA activity and subsequently inducing cell death. Therefore, we further investigated the effects of 

MβC on ATP depletion using ATP-luciferase assay and further validated using SRB cell viability assay. 

The results showed that MβC treatment had no effect on ATP depletion and cell viability over the 1 

hour (Figure 4.4A-B). However, between 2-8 hours after treatment, MβC profoundly caused ATP 

depletion and loss of cell viability. This indicates that MβC induced cytotoxicity beyond 2 hours. The lack 

of effect on ATP depletion over the first hour was confirmed using MIAPaCa-2 cells transfected with 

FRET-based recombinant fluorescent ATP reporter (Go-ATeam) which provided real-time 

measurements of relative ATP within a single cell (Figure 4.4C-D). These data suggest that MβC has no 

effect on ATP that could account for the inhibition of Ca2+ clearance and the subsequently observed Ca2+ 

overload during the 1 hour experiment duration. However, progressive ATP-depletion and apoptosis 

were observed over the longer treatment duration of 2-8 hours.  

In conclusion, these results suggest that MβC mediated Ca2+ overload consequently resulted in 

decreased cell viability. However, the inhibition of PMCA activity was observed within 30 minutes of MβC 

exposure. Therefore, MβC-associated impairment of PMCA activity occurred independently of cellular 

ATP depletion. It should be noted that compartmental ATP depletion close to the caveolae could not be 

examined using either of these techniques. 
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Figure 4.4 – Disrupting the caveolae with methyl β-cyclodextrin induced ATP-depletion and cell 
death. MIAPaCa-2 cells were treated with 1, 5, 10 mM MβC or metabolic inhibitor cocktail using (MIC). 
A, The effect of caveolae disruption on ATP-depletion was investigated using ATP-luciferase assay. B, 
SRB cell viability assay was performed in parallel to the ATP-luciferase assay. Data are expressed as 
fold change of untreated control. Real-time changes in cellular ATP were examined by live-fluorescence 
imaging of MIAPaCa-2 cells stably transfected with GO-ATeam FRET ATP-sensing construct. 
Representative in situ ATP traces of C, untreated and D, 10 mM MβC treated conditions are shown. 
Data are expressed as ATP bound:ATP free (565/510 nm) fluorescence ratio (R). E, Comparison of ATP 
changes between untreated control and MβC are expressed as % ATP. Basal ATP level (Rmax), 
obtained prior to MβC treatment, was normalized to the minimum R value post-MIC treatment (ΔRmax). 
All data are expressed as mean± SEM. (N=4, 4 replicates per treatment condition) Statistical 
comparisons between control and treatment groups were made using two-way ANOVA, with Bonferroni 
multiple comparison post-hoc test. ** and **** represents statistically significant difference where p<0.01 
and <0.001, respectively. 
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4.4.5 Caveolin-1 knockdown does not alter cell viability and growth 

Given that MβC induced non-specific cytotoxicity and loss of cell viability within a short period of 2 

hours, an alternative method of disrupting the caveolae was considered to further functional studies 

which required longer experimental durations. As multiple studies have consistently shown that Cav-1 

knockdown leads to disruption of caveolae [32,33], this study used a pool of 4 siRNA targeting CAV1 

mRNA (siCav-1) to transiently knockdown the expression of Cav-1. A non-targeting pool of siRNA (siNT) 

was used as a control. Cav-1 knockdown was confirmed at protein and mRNA level, using western 

immunoblot and RT-qPCR, respectively (Figure 4.5A-C). 

Western immunoblot showed that Cav-1 protein expression decreased in a time-dependent manner 

in comparison to the siNT control. Cav-1 expression was reduced by ≥75% between 48-96 hours post-

siCav-1 treatment (Figure 4.5A-B, n=3, p<0.05). Similarly, CAV1 mRNA expression was knocked down 

by at least 70% between 48-72 hour (Figure 4.5C, n=3, p<0.05). As a previous study in mouse hepatoma 

cells reported that knocking down 76% of Cav-1 expression sufficiently inhibited colony formation and 

tumorigenesis [67], the following study used conditions that yielded at least 75% Cav-1 protein 

expression knockdown for subsequent functional experiments.  

The effect of CAV-1 knockdown on cell viability was examined using both SRB and tetrazolium-

formazan based cell count kit-8 (WST-8). Although SRB and WST-8 measurements were both used to 

assess similar outcomes of cell viability and proliferation, the principal of the methods differs slightly. To 

ensure that Cav-1 knockdown does not alter cellular attachment during further PMCA activity assays, 

SRB was used to assess adherent cells as the technical protocol requires multiple wash steps prior to 

protein staining. Conversely, WST-8 assay measured the reductive potential of live cells and took into 

account any live detached cells. The results showed no differences between the growth rate of siNT and 

siCav-1 treated cells assessed using both SRB and WST-8 (Figure 4.5D-E, n=4). These results suggest 

that Cav-1 knockdown had no effect on cell viability, growth rate and cell-surface adherence properties 

of MIAPaCa-2 PDAC cells, making Cav-1 knockdown cells suitable for further functional studies. 
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Figure 4.5 – Caveolin-1 knockdown does not alter cell viability and growth. A, Representative 
western blot comparing PMCA4 protein expression in MIAPaCa-2 cells after 24-96 hours of treatment 
with siNT control and siCav-1 (Cav-1 knockdown). B, Cav-1 protein expression of siCav-1 treated cells 
were quantified using band intensity normalized to corresponding time-matched β-Actin. C, The relative 
expression of CAV-1 mRNA was examined after 48 hours of siRNA treatment by RT-qPCR. The 
expressions of target mRNA were normalized to S18 rRNA and expressed as 2-(ΔΔCτ). Statistical 
comparisons between siNT control and siPMCA4 treated cells were made using the Kolmogorov-
Smirnov test (Unpaired, non-parametric cumulative distribution test). D, SRB proliferation assays were 
performed to monitor cell proliferation and adhesion while E, cell count kit-8 (WST-8) was performed to 
monitor cell viability independent of cell adhesion. Data are shown as mean ± SEM. (N=4). Statistical 
comparisons between siNT control and siPMCA4 treated cells were made using two-way ANOVA, 
Dunnett’s multiple comparison post-hoc test. * represents statistically significant difference where 
P<0.05. 
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4.4.6 Caveolin-1 knockdown inhibits Ca2+ clearance and Ca2+ overload 

To examine the importance of Cav-1 expression on PMCA4 functional activity, PMCA activity and 

CPA-induced Ca2+ overload experiments were performed on siNT versus siCav-1 treated cells (Figure 

4.6A-B). [Ca2+]i clearance rate was assessed using an unpaired experimental design in which a single 

clearance rate was fitted to a single exponential decay to yield the time constant (τ). The results showed 

that Ca2+ clearance was significantly inhibited in Cav-1 knockdown cells (τ = 472 ± 83.96 seconds) in 

comparison to siNT control (τ = 126.8 ± 22.35 seconds; Figure 4.6C-D).  

As impaired Ca2+ efflux can lead to Ca2+ overload [34], we further investigated the effects of CAV1 

knockdown using a Ca2+ overload assay in which fura-2 loaded cells were exposed to 30 µM CPA to 

induce ER depletion, activation of SOCE and subsequent cytotoxic Ca2+ overload (Figure 4.6E). 

However, CPA induced fura-2 signal saturations (Rmax) which made [Ca2+]i calibration very difficult. 

Therefore, only the AUC of uncalibrated fura-2 340/380 nm ratio could be used to quantify these [Ca2+]i 

responses. The mean AUC of siCav-1-treated cells was significantly higher than the siNT control (Figure 

4.6F). It should be noted that despite the impaired Ca2+ clearance, no changes in resting [Ca2+]i was 

observed (Figure 4.6G). Overall, these results suggest that although PMCA4-mediated Ca2+ efflux was 

impaired in Cav-1 knockdown cells, the basal Ca2+ homeostasis was not affected. 
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Figure 4.6 – Cav-1 knockdown delays Ca2+ clearance. Representative in situ [Ca2+]i clearance traces 
of MIAPaCa-2 cells incubated with either A, 25 nM siNT or B, 25 nM siCav-1 for 48-72 hrs prior to 
imaging. Fura2-loaded cells were sequentially perfused with 0 mM Ca2+ HPPS containing 30 μM CPA 
(white box) to deplete intracellular Ca2+ storage clearance and induce SOCE upon perfusion with 20 mM 
Ca2+ HPPS (grey box). Switching back to 0 mM Ca2+ HPPS then induced PMCA-mediated Ca2+ efflux. 
C, Representative clearance phase of siNT (black) and siCav-1(blue) are shown as overlays. D, [Ca2+]i 
clearance phases were fitted to single exponential decay and the results are shown as a time constant 
(τ). E, Representative CPA-mediated Ca2+ overload traces of siNT (black) and siCav-1(grey) are shown. 
White and black bars represent perfusion with HPSS and 30 µM CPA, respectively. Data are expressed 
as F, the mean area under the curve (AUC) and G, calibrated resting [Ca2+]i. All representative traces 
are presented as 340/380 fluorescence signal ratio units. Data are shown as mean ± SEM (N=4, data 
collected from at least 50 individual cells). Statistical comparisons were made between siNT control and 
siCav-1 treated using the Kolmogorov-Smirnov test (Unpaired, non-parametric cumulative distribution 
test). * and *** represent statistically significant difference where P<0.05 and P<0.001, respectively. 
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4.4.7 Caveolin-1 knockdown had no effect on OXPHOS and glycolysis 

Upregulation of Cav-1 has been associated to increase targeting of a key rate-limiting glycolytic 

enzyme (PFK-1) to the plasma membrane [20]. We hypothesized that Cav-1 targeting of PFK-1 to the 

plasma membrane, near the PMCAs, potentially prevents allosteric ATP inhibition of PFK-1 and 

subsequently drives glycolytic flux. In addition, Ca2+ is reported to modulate both glycolytic [35] and 

mitochondrial metabolic activity [36]. Furthermore, our previous study showed that PMCA4 knockdown 

impaired mitochondrial respiration (results are shown in Chapter 3). Therefore, we next wanted to 

examine whether Cav-1 knockdown also alters the metabolic phenotype of MIAPaCa-2 PDAC cells. 

Real-time changes in mitochondrial respiration (oxidative phosphorylation; OXPHOS) and 

glycolysis were measured using Mito stress test and glycolytic stress test with the Seahorse XFe96 

Analyzer. This simultaneously measures oxygen consumption rate (OCR) and extracellular acidification 

rate (ECAR), following sequential treatments with metabolic inhibitors to reveal informative metabolic 

parameters. Changes in mitochondrial respiration and glycolytic metabolism of siCav-1 treated cells 

were compared to siNT control under basal (unstressed) and Ca2+ stressed conditions following 

treatment with CPA which drives PMCA4 to function at its maximum capacity.  

Under both basal and Ca2+ stress conditions, siCav-1 treatment had no effect on all mitochondrial 

respiration parameters (Figure 4.7A-D), glycolytic metabolism (Figure 4.7E-H) and ATP production rate 

(Figure 4.7I). Compared to the basal condition, CPA-mediated Ca2+ stress-induced a statistically 

significant decrease in mitochondrial maximal respiration and spare respiration capacity in siNT control. 

Conversely, siCav-1 treated cells showed a slightly blunted loss of mitochondrial respiration capacity 

under Ca2+ stress. However, since knocking down Cav-1 had no effects on the ATP production rate 

under Ca2+ stress (Figure 4.7I), the slightly blunted mitochondrial respiration parameters may not be 

biologically relevant. 

Overall, we found that loss of Cav-1 expression did not alter the basal metabolic phenotype of 

MIAPaCa-2 cells. Under Ca2+ stress, Cav-1 knockdown cells showed a slightly blunted decrease in 

mitochondrial respiration capacity, but the overall ATP production rate was not affected. Therefore, 

despite influencing PMCA4 activity, Cav-1 expression had a minimal role in glycolytic and mitochondrial 

respiration MIAPaCa-2 cells. This suggests that Cav-1 expression functionally modulates PMCA4 

activity independent of ATP-depletion and changes in metabolic phenotype. 
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Figure 4.7 – Cav-1 knockdown had no effect on OXPHOS and glycolysis. MIAPaCa-2 cells were 
incubated with either 25 nM siNT control or siCav-1 for 48 hours. Representative Mito Stress test OCR 
graphs comparing non-treated and 30 μM CPA pre-treated A, siNT control and B, siPMCA4. C, Mito 
stress test data were normalized to protein content then normalized as % of OCR baseline. 
Representative Glycolysis Stress test ECAR traces are shown for D, control and E, CPA treated siRNA 
treated cells. F, Glycolysis stress test data were normalized to SRB and normalized as % of baseline. 
Statistical significance was determined using one-way ANOVA with post-hoc Bonferroni. (N=3, 4 
replicates per treatment condition)  
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4.5 Discussion  

Cav-1 and PMCA4 have been individually shown to play various roles in cancer hallmarks [9,37,38]. 

This study has provided evidence which links the importance of Cav-1 expression in modulating PMCA4 

activity in PDAC. Although Cav-1 expression had no effect on PDAC cell proliferation and metabolic 

phenotype, we showed for the first time in MIA-PaCa2 PDAC cell line, which in the context of PMCA4 

expression, is a good representative PDAC model, that either chemical disruption of the caveolae or 

knocking down Cav-1 consistently inhibited PMCA4 activity.  

In PDAC, upregulation of Cav-1 expression has been correlated to multiple cancer hallmarks 

including tumour progression, apoptotic resistance, [9] migration, and invasion [39]. Consistent with 

previous findings by Chatterjee, M. et al. (2015) [9], our data mining of publicly available databases 

revealed that over-expression of Cav-1 mRNA (CAV1) in patient-derived PDAC tumours [25] is 

statistically correlated to poor patient survival [27]. Furthermore, co-elevation of ATP2B4 and CAV1 in 

resected PDAC tumours is clinically correlated to even worse PDAC patient survival [27], suggesting 

that PMCA4 and Cav-1 exhibit oncogenic cooperativity. Moreover, PMCAs are known to reside in the 

Cav-1-enriched caveolae [10,21,22], therefore this co-elevation of ATP2B4 and CAV1 (encoding PMCA4 

and Cav-1) could potentially be important prognostic biomarkers of PDAC tumorigenicity.  

Cav-1 is the major component and a well-recognized marker of the caveolae [40]. Caveolae are 

lipid-rich invagination of the surface membrane reported to facilitate assembly of signalling complexes 

associated with the insulin receptor, nitric oxide synthase, G-protein coupled receptors and ion channels 

[11,12,41]. Moreover, caveolae have been suggested to play an important role in compartmentalizing 

Ca2+ signalling [13,42]; Ca2+ pumps (PMCA; [21,30]), exchangers (Na+/Ca2+ exchanger [42]) and 

channels have been found localised within lipid-rich caveolae compartments [43]. Previous work in 

mouse small intestine [21] and ECV304 endothelial cells [30] demonstrated that PMCA4 is localised to 

caveolae. Although Cav-1 has been demonstrated to be overexpressed in PDAC cell lines, including 

MIAPaCa-2 [9], limited evidence was available on the colocalization of PMCA4 with caveolae in PDAC 

cells. The current study confirmed through sucrose density ultracentrifugation that PMCA4 and Cav-1 

resided in similar low-density fractions, suggesting that PMCA4 may reside in Cav-1-enriched caveolae 

in MIAPaCa-2 PDAC cells. This is particularly important when considering the oncogenic cooperativity 

of the overexpressed PMCA4 (discussed in Chapter 3) and Cav-1 [9] in PDAC tumour. Similar to 

previous observations in pancreatic β-cells [11], we confirmed that the caveolae were successfully 

disrupted using MβC-mediated cholesterol depletion [30,44] which had a profound effect on PMCA4 

activity. Since MIAPaCa-2 almost exclusively expresses PMCA4, we consider MIA-PaCa2 to be a 

suitable PDAC model to selectively study the functional relationship between Cav-1 and PMCA4.  

PMCA is an ATP-dependent Ca2+ efflux mechanism which plays a critical role in maintaining Ca2+ 

homeostasis and Ca2+-dependent cellular processes, including adhesion, migration, cell cycle, apoptosis 

and metabolism [3–5]. PMCA is functionally activated by [Ca2+]i-dependent calmodulin (CaM), protein 

kinase C (PKC), and phospholipids. Activated PMCA then requires ATP to initiate Ca2+ efflux [4]. As 

PMCAs were found to be highly concentrated in the caveolae [10], the caveolae have been suggested 
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to act as a platform to optimally enable PMCA to maintain low [Ca2+]i microdomain necessary for 

compartmentalizing Ca2+ signal transduction [3,4,42]. Furthermore, similar to findings in vascular smooth 

muscle [20,45], we found that key glycolytic enzymes were found in all fractions including low-density 

PMCA4 and Cav-1-enriched fractions (S1 Fig), suggesting that some population of glycolytic enzymes 

may be membrane-associated. Localization of glycolytic enzymes at the plasma membrane has been 

suggested to provide a privilege ATP supply to the ATP-consuming PMCAs [46]. Moreover, the key rate-

limiting glycolytic enzyme PFK1 and PKM2 are inhibited by high concentrations of ATP (>2.5 mM) [47]. 

Therefore, it could be argued that PMCA4 consumption of glycolytic ATP may drive glycolytic flux by 

preventing allosteric inhibition by glycolytic products (e.g. high ATP/ADP ratio) [47,48]. The current study 

hypothesized that the caveolae compartment facilitates targeting of glycolytic enzymes near the PMCA 

and thus disruption of the caveolae may potentially disassociate these glycolytic enzymes, thereby 

reducing the privileged ATP supply to the PMCA. Presumably, this would inhibit PMCA resulting in 

cytosolic Ca2+ overload and the consequential cell death.  

Our previous work showed that PMCA activity is indeed selectively dependent on glycolytic ATP in 

PDAC cells [6,7]. The present study confirmed that MβC-induced caveolae disruption led to significant 

inhibition of PMCA4-mediated Ca2+ clearance and cytotoxic Ca2+ overload, independent of ATP-

depletion and cell death. Similar to our observations, a study by Zhang et al. (2009) showed that MβC-

mediated caveolae disruption led to impaired PMCA activity in ECV304 epithelial cells [30]. In addition, 

the lack of cellular ATP-depletion and preserved cell viability after short-term MβC treatment were also 

observed in rat epithelial [49] and cerebellar granule neurons [50], respectively. Although cellular ATP-

depletion was not observed during the duration of PMCA4 inhibition, it is plausible that caveolae 

disruption may dislodge glycolytic enzymes in proximity to the PMCA, leading to local ATP-depletion and 

subsequently reducing PMCA4 activity without any global changes in ATP. However, since we did not 

have the means to quantitatively measure localised ATP-depletion at the caveolae, it is not possible to 

confirm this and therefore we could only conclude that optimal PMCA4 functional activity is indeed 

dependent on its localisation in the caveolae compartment.  

An important caveat to the interpretation of the effects of MβC on PMCA activity is that PMCA 

activity is regulated by acidic phospholipids (e.g. phosphatidylserine, phosphatidylinositol and 

phosphoinositide 4,5-bisphosphate) within the membrane which are particularly abundant within 

caveolae/lipid rafts [51–53]. Binding of phosphatidylserine and phosphatidylinositol to PMCA regulatory 

C-terminus strongly enhances PMCA affinity for Ca2+ and facilitates ATP dephosphorylation [52,53]. 

Therefore, it is possible that MβC-mediated cholesterol depletion may indirectly inhibit PMCA4 activity 

by depriving essential acidic phospholipid from the PMCA microenvironment independent of ATP 

depletion [30]. Cav-1 knockdown is a subtle approach to alternatively inhibit caveolae formation in 

multiple models [21,32,54] without necessarily perturbing the phospholipid environment to the same 

extent as MβC. The current study therefore transiently knocked down Cav-1 to selectively inhibit 

caveolae formation without disturbing the membrane phospholipid microenvironment. Consistent with 

previous studies in mouse small intestine [21] and sperm [22], we showed that selective Cav-1 

knockdown led to significantly impaired PMCA4-mediated Ca2+ clearance and subsequently potentiated 

CPA-induced cytotoxic Ca2+ overload. Therefore, these experiments reinforce the evidence that Cav-1 
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enriched caveolae compartment is essential for optimal PMCA4 activity independent of cholesterol 

depletion and disruption of the lipid environment surrounding the PMCA4.  

Cav-1 has been implicated in glycolytic and mitochondrial metabolic processes [20,55]. 

Overexpression of Cav-1 has been shown to increase glycolytic enzyme expression 

(phosphofructokinase and aldolase) at the plasma membrane [20] and enhance glycolysis and ATP 

production in a panel of colon cancer cell lines [56]. Moreover, Cav-1 has been associated with 

mitochondrial function and loss of Cav-1 expression led to mitochondrial dysfunction and reduced ATP 

levels in fibroblasts [57,58]. Therefore, Cav-1 knockdown may potentially alter metabolism, reduce 

intracellular ATP, and thus inhibit PMCA4 activity. However, similar to previous findings in fibroblast [58], 

we found that knocking down Cav-1 had no effect on Seahorse XFe96 Analyzer derived ATP production 

rate, glycolytic or mitochondrial metabolic parameters in MIAPaCa-2 cells. This suggests that Cav-1 

does not modulate basal metabolism in PDAC. Despite the impaired PMCA4-mediated Ca2+ efflux in 

Cav-1 knockdown cells, under Ca2+ stress, both Cav-1 knockdown and the control conditions showed 

similar decreases in mitochondrial respiration. However, thapsigargin, a SERCA inhibitor, has been 

shown to depolarize mitochondria and decrease basal OCR [47]. Although CPA has no effects on the 

basal OCR, it is possible that the CPA is similarly facilitating mitochondrial depolarization, thereby 

reducing mitochondrial respiration over the duration of the Mito Stress test experiment. Taken altogether, 

Cav-1 knockdown linked PMCA4 inhibition occurs independently of cellular metabolic changes in 

MIAPaCa-2 PDAC cells.  

Although we postulate that compartmental ATP-depletion may be responsible for the impaired 

PMCA4 activity, this hypothesis cannot be tested under experimental conditions in this study and thus 

remains speculative. Multiple possibilities may also be responsible for PMCA4 inhibition in Cav-1 

knockdown cells. For instance, since Cav-1 may serve as a docking site for glycolytic enzymes [20], it is 

plausible that the loss of Cav-1 resulted in less glycolytic enzymes being targeted to the membrane 

thereby reducing the privileged ATP supply to the PMCA4. Moreover, Cav-1 plays an important role in 

lipid homeostasis (cholesterol transport to the membrane) [14,15]. Knocking down Cav-1 is reported to 

reduce cholesterol in the plasma membrane and alter membrane lipid environments [14,59], which may 

interfere with PMCA4 activity in a similar manner to MβC. Furthermore, PKC, an activator of the PMCA, 

is known to be targeted to the caveolae [60]. Hence, Cav-1 knockdown associated loss of caveolae may 

reduce PKC activation of PMCA4.  

Although the role of Cav-1 on cancer hallmarks had been extensively investigated in PDAC cells, 

the effect of Cav-1 knockdown in PDAC remains controversial as conflicting results were reported in 

similar PDAC cell lines across multiple studies. For instance, a study by Chatterjee et al. (2015) reported 

that Cav-1 knockdown led to inhibited cell migration and sensitized MIAPaCa-2 and BxPC3 PDAC cells 

to chemo and radiotherapy [9], suggesting that Cav-1 may be responsible for oncogenic cell migration 

and apoptotic resistance. In contrast, other studies showed that knocking down Cav-1 expression 

enhanced cell migration [39,61,62]. While Chatterjee et al. (2015) reported that knocking down Cav-1 

(siCav-1 and shCav-1 treatment) inhibited cell proliferation in BxPC3 and MIAPaCa-2 cells (WST-1, 48 

hours) and xenograft (tumour volume), a recent study by Kamposioras et al. (2019) showed that Cav-1 
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knockdown (shCav-1) in BxPC3 cells increased cell proliferation (BrdU and SRB) and enhanced cell 

migration [61]. These contradicting cell migration results were likely attributed to the different effects of 

Cav-1 knockdown on cell proliferation. At variance with these studies, our current data showed that Cav-

1 knockdown had no significant effect on MIAPaCa-2 cell proliferation between 0-96 hours post-

treatment as assessed using two separate assays (WST-8 and SRB). As knocking down Cav-1 may 

lead to compensatory redundancy of related proteins including Cav-2 or Cav-3. Moreover, Cav-2 and 

Cav-3 have been linked to the modulation of cell proliferation [63–66]. Therefore, the potential differences 

in caveolin redundancy may attribute to the differences in proliferation and migration responses in 

different PDAC cell lines. 

In conclusion, co-elevation of Cav-1 and PMCA4 is correlated to PDAC patient survival. We have 

previously shown that PMCA4 plays an important role in migration and apoptotic resistance in PDAC. 

This study provides further evidence that, in MIAPaCa-2 PDAC model, Cav-1-rich caveolae play an 

important role in modulating PMCA4 activity, albeit the mechanism is unclear. Although no effects on 

cell proliferation and metabolic phenotype were observed, Cav-1 knockdown inhibited PMCA4-mediated 

Ca2+ efflux independent of cellular ATP depletion and metabolic alteration. Since PMCA4 functional 

activity is dependent on Cav-1 expression in PDAC, further understanding the functional relationship 

between these PDAC markers may provide insights to selectively sensitize PDAC to therapeutic 

treatments. 
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4.8 Supplementary Data  

 

Supplementary Figure 4.1 – Colocalization of glycolytic enzymes in Cav-1-enriched low-density 
fraction. Sucrose gradient ultracentrifugation was used to separate lysate fractions by density. Fractions 
from lowest density (low density; 1) to highest density (hydrophilic; 13) fraction were collected. Whole-
cell lysate (WCL; 10 µg) was loaded as control. Proteins from each fraction were loaded into 4-12% Bis-
Tris gel and protein bands were separated using electrophoresis. Representative Western immunoblot 
of plasma membrane Ca2+ ATPase isoform 4 (PMCA4), hexokinase I (HKI), hexokinase II (HKII), 
phosphofructokinase-platelet type (PFKP), pyruvate kinase M2 (PKM2), 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 3 (PFKFB3), pan pyruvate kinase M1&2 isoforms (PKM1/2), lactate 
dehydrogenase A (LDHA), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and caveolin-1 (Cav-
1) are shown. (N=2) 
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5.1 Abstract  

A shift towards aerobic glycolysis and overexpression of oncogenic PKM2 has been observed in 

multiple cancers including pancreatic ductal adenocarcinoma (PDAC). Our previous studies showed that 

key glycolytic enzymes were associated with the plasma membrane fraction and that glycolytic ATP was 

shown to be important for fuelling plasma membrane Ca2+ ATPase (PMCA) activity. Previous studies 

have introduced the concept of a membrane-associated glycolytic metabolon that provides a privilege 

ATP supply to the ATP consuming pumps (e.g. PMCA) at the plasma membrane in multiple models. The 

aim of the current study was to investigate the potential interaction of pyruvate kinase (PKM2), a key 

ATP-generating glycolytic enzyme, with membrane-binding proteins responsible for associating this 

glycolytic metabolon at the plasma membrane of PDAC cells. Moreover, as datamining of publicly 

available databases suggest that PKM2 overexpression in PDAC tumours has been correlated to poor 

patient survival, the current study used proximity-dependent biotinylation identification (BioID) technique 

to screen for potential interactors of PKM2. MIAPaCa-2 PDAC cells were stably transfected with a 

designated protein bait (mouse PKM2 wildtype, mouse PKM2 K433E mutant or non-targeting Venus 

fluorophore) fused to a mutant E. Coli biotin ligase (BirA*) and the expression of these fusion proteins 

were confirmed by Western immunoblot and immunofluorescence imaging. In the presence of 

exogenous biotin, these BirA* fusion proteins can promiscuously biotinylate proteins within 10-20 nm of 

the bait. Biotin-labelled proteins were separated from unlabelled proteins using streptavidin affinity 

purification. Biotinylated proteins were then identified by LC-MS/MS using Progenesis QI software. 

Enrichment of PKM2 interacting partners was categorized based on using PANTHER (protein analysis 

through evolutionary relationships) database. Compared to the Venus-BirA*, we showed that mPKM2-

BirA* exhibited significantly enriched interactions with a transmembrane voltage-channel potassium 

channel (KCNH4) subunit. Moreover, mPKM2-BirA* also significantly interacted with a canonical 

glycolytic enzyme, aldolase (ALDOA). A further qualitative screening revealed that the Venus bait had a 

high degree of non-specific interaction which potentially led to an underestimation of relevant PKM2 

interacting partners. In contrast, the mutant PKM2 bait (mPKM2-K433E) had lower non-specific 

interactions and, therefore, may serve as a better control bait to identify relevant interacting partners of 

PKM2. The current study provides preliminary results indicating that PKM2 interacts with transmembrane 

protein and other glycolytic enzymes in MIAPaCa-2 PDAC cells. Additional work stemming from this 

study will provide novel insights into the role of PKM2 in PDAC and may reveal potential therapeutic 

targets for selective targeting of PDAC treatment.  

 

Key Words: pyruvate kinase M2, PKM2, pancreatic cancer, pancreatic ductal adenocarcinoma, 

glycolysis, BioID, BirA*, protein-protein interaction 
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5.2 Introduction  

Pancreatic ductal adenocarcinoma is one of the most common cancers with the worst patient 

survival rate of 9 % [1]. As the rate of patient PDAC survival has negligibly improved over the past three 

decades [1], it is crucial to understand the ‘mechanistic vulnerability’ of PDAC in order to identify effective 

therapeutic strategies to improve PDAC patient survival. The majority of PDAC tumour overexpresses 

oncogenic pyruvate kinase muscle isoform 2 (PKM2) [2] associated with a metabolic shift towards 

glycolysis (Warburg effect) [3] - a key cancer hallmark [4].  

Pyruvate kinase (PK) is the final ATP-generating glycolytic enzyme responsible for converting 

phosphoenolpyruvate into pyruvate while yielding two ATP molecules per molecule of glucose. Four 

tissue-selective isoforms of PK are known, including PKL (liver), PKR (erythrocytes), PKM1 (skeletal 

muscle) and PKM2 (embryonic). Encoded from the same PKM gene, PKM1 and PKM2 are splice 

variants which exclusively contained either exon 9 or exon 10, respectively. PKM1 is ubiquitously 

expressed in differentiated cells, including skeletal muscles. In contrast, PKM2 is found in highly 

proliferative cells, embryonic stem cells as well as cancer cells and some differentiated tissues, including 

pancreatic islets, adipose tissue and lungs [5].  

PKM1 is considered to have high PK activity whereas PKM2 is generally considered to possess 

lower PK activity. This is because while PKM1 exists as a permanently active tetramer, PKM2 

dynamically switches between the inactive monomeric/dimeric states to the active tetrameric state [6]. 

The active PKM2 tetramer state is stabilized by the presence of allosteric activators (e.g. fructose-1,6-

bisphosphate (F1,6BP) and serine) whereas the inactive dimeric state is regulated by post-translational 

modifications (phosphorylation, acetylation, oxidation) [7]. In highly proliferative cells and cancer cells, a 

high dimeric:tetrameric PKM2 ratio generates a bottleneck at the terminal end of glycolysis which 

facilitates the accumulation of biosynthetic glycolytic intermediates required for rapidly dividing cells. 

However, this is at the expense of ATP which is essential to maintain cellular function and survival. For 

instance, evidence from mitochondria-lacking erythrocytes suggests that key glycolytic enzymes are 

present [8] and are anchored to the cell membrane via a transmembrane protein (band-3) [9]. Therefore, 

it is hypothesized that ATP-generating PKM2 needs to be in close proximity to provide privileged ATP 

supply to critical ATP consumers. 

Our previous findings suggest that glycolytic ATP is required for maintaining PMCA activity in 

MIAPaCa-2 PDAC cells to prevent Ca2+ overload and cell death [10,11]. Furthermore, our previous cell 

surface biotinylation data revealed the presence of key glycolytic enzymes that likely associated with the 

cell membrane (e.g. transmembrane protein; results shown in Chapter 4). Therefore, in glycolysis 

dependent PDAC cells, we hypothesized that PKM2 potentially interacts with cell membrane proteins, 

likely in close proximity to key cellular ATP consumers such as PMCAs. In order to investigate the 

potential interaction of PKM2 with cell membrane proteins, the present study used proximity-dependent 

biotinylation (BioID) technique to screen for potential cell membrane interactions in MIAPaCa-2 PDAC 

cells. The current study also screened for PKM2 interactions with other canonical glycolytic enzymes 

and broadly examined the general interacting partners of PKM2 in MIAPaCa-2 PDAC cells. The current 
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work provides preliminary evidence showing that PKM2 exhibited a significant interaction with a 

transmembrane protein (voltage-gated K+ channel; KCNH4)) and a canonical glycolytic enzyme 

(aldolase A; ALDOA). Further studies based on this preliminary work may provide a better understanding 

of PKM2-cell membrane interactions and if proven to be functionally valid, may represent a novel 

therapeutic target. 
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5.3 Materials and Methods  

Cell culture – MIAPaCa-2 cell line was purchased from ATCC and was cultured in DMEM media (D6429, 

Sigma Aldrich) with added 10% fetal bovine serum and 1% of penicillin/streptomycin (Sigma Aldrich). 

Cultured cells were maintained in a temperature-controlled incubator at 37oC, 5% CO2 (g). Mycoplasma 

contaminations were tested using either DAPI staining or PCR. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Materials and reagents – All chemical, reagents and materials were obtained from Sigma Aldrich, if not 

otherwise specified.  

Data mining – Badea Pancreas (2008) gene chip microarray data sets and TCGA-PAAD Kaplan Meier 

survival data sets were obtained from www.oncomine.org (ThermoFisher Scientific) and 

www.proteinatlas.org, version 18.1. All data used in this study were publicly available and were obtained 

in June 2019. 

Lentiviral plasmids – Sequences of wild type mPKM2 (catalogue # 42512) and mPKM2-K433E 

(catalogue # 42514) as well as the -MycBirA*-blue fluorescence protein (BFP) containing lentiviral 

plasmid vector were obtained and purchased from Addgene (www.addgene.org). Venus-MycBirA*-BFP 

lentiviral plasmid was a kind gift from Dr Andrew Gilmore, University of Manchester.  

Establishing cell lines stably expressing bait-BirA*  

Plasmid amplification – NEB® stable competent E. Coli containing lentiviral plasmids encoding either 

mPKM2-WT, mPKM2-K433E, or Venus fused to Myc-BirA* were grown in LB broth containing 100 µg/ml 

ampicillin at 37oC, on a shaker, overnight (14-16 hours). DNA plasmids were isolated using QIAGEN 

Plasmid Midi DNA Purification Kit according to the manufacturer’s instructions.  

Lentiviral packaging – A mixture of non-supplemented DMEM media (serum-free and 

penicillin/streptomycin free) containing 1x PEI, 4.5 µg PSpax2, 3 µg pMD2G and 6 µg of designated 

BirA* plasmid was prepared and incubated at room temperature for 30 minutes prior to usage. HEK 293T 

cells grown to 70% confluence were used for transfection. Culture media was replaced with fresh non-

supplemented DMEM media then the cocktail containing the plasmid and lentiviral packaging was added. 

After overnight incubation, replace the media with DMEM containing 10 mM sodium butyrate for 8 hours 

then replace the media with normal supplemented DMEM (10% FBS). After a further 48 hours, media 

containing lentiviral were filtered using a 45 μm PES filter then transferred to a VIVASPIN® tube 

(Sartorius AG). Lentiviral was concentrated by ultracentrifugation (Beckman Coulter) at 30,000 rcf, 4oC, 

for 1 hour. Stocks of lentivirus were frozen at -80oC until required.  

Lentiviral transfection – MIAPaCa-2 cells were seeded at 40% confluence into 6 well culture plates. 

Polybrene (1:2000 dilution) and 2 drops of harvested lentivirus concentrate were added per well. After 

48 hours of lentiviral transfection, viral containing media was replaced with normal culture media. As the 

plasmid containing bait-MycBirA* also contained BFP, bait-BirA* and BFP were expressed on a 1:1 ratio. 

Cells were passaged normally over 2-3 weeks, checked for fluorescence expression under the 

microscope, then sorted for plasmid expression levels using FACs (e.g. blue fluorescence protein). 
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BirA* Bio-identification  

BirA* labelling of proximal proteins – MIAPaCa-2 cells stably expressing either mPKM2-WT, mPKM2-

K433E or Venus fused to MycBirA* were incubated with culture media containing 100 µM biotin for a 

period of 14-16 hours overnight. Cells were rinsed with Dulbecco's Phosphate-Buffered Saline (DPBS) 

twice then harvested with modified radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM 

Tris, 5mM EDTA, 5 mM EGTA, 1% Triton-X, 0.1% SDS, pH 7.6) supplemented with cOmplete\TM, 

EDTA-free protease inhibitor cocktail protease inhibitor cocktail and PhosSTOP™. Harvested cells were 

sonicated and incubated on ice for 30 minutes. Protein concentration was determined using Bradford 

assay.  

Streptavidin affinity purification – Biotinylated proteins were enriched by adding 1 mg of each sample 

lysates were added to individual microtubes containing 100 µl of streptavidin agarose beads (Life 

Technologies). Samples were mixed using rotatory mixer overnight, at 4oC. Lysate portions unbound to 

the agarose beads were collected, labelled as “flow-through”, and kept aside at -80oC until used. 

Streptavidin agarose beads were washed, and biotinylated proteins were eluted using 80 µl elution buffer 

then incubated at 95oC for 5 minutes. Collected samples were labelled as “biotinylated fraction”, and 

then stored at -80oC until used.  

Liquid chromatography-tandem mass spectrometry – Equal volumes of each biotinylated fraction 

were loaded into 10 well, 10% Bolt Bis-Tris Plus gels (Thermo Fisher Scientific). Electrophoresis was 

performed at 200 V, 3 minutes, until the samples ran 0.5-0.8 cm into the gel top, without resolving the 

band. Gel top samples were then stained by InstantBlueTM gel stain then submitted for LC-MS/MS 

processing by the University of Manchester Biological Mass Spectrometry facility, using Thermo Orbitrap 

Elite coupled with Thermo nanoRSLC system (Thermo Fisher Scientific).  

Identification of biotinylated proteins – LC-MS/MS data obtained were processed and analysed by 

the University of Manchester Biological Mass Spectrometry facility, using the Mascot database and 

Progenesis QI Nonlinear Dynamic software. Quantitative LC-MS/MS data were analysed based on the 

3 independent sample preparations. The interaction enrichment was determined based on statistical 

significance (p<0.05) and the maximum fold change of mPKM2-BirA* samples with respect to the Venus-

BirA* controls. Qualitative LC-MS/MS data indicated the confidence of protein identity present in the 

sample. The unique peptide hit suggests the following: 1 = possible identification, 2-3 = probable 

identification and ≥4 = almost certain identification. PANTHER (protein analysis through evolutionary 

relationships) database was used for categorization of identified proteins based on three aspects: 1) 

biological process (protein associated function), 2) protein class (enzymatic activity and structure), and 

3) cell component (cellular localisation).  

Western immunoblotting – Cells were harvested in RIPA buffer supplemented with cOmplete, EDTA-

free protease inhibitor cocktail (Sigma-Aldrich) and lysates were denatured for 5 minutes at 95oC. Protein 

bands were resolved by electrophoresis using NuPAGE 4-12% Bis-Tris gel (ThermoFisher Scientific). 

Proteins were transferred onto either nitrocellulose (GE Healthcare Life Sciences) or PVDF membrane 

(Bio-Rad) using a Trans-Blot® TurboTM blotting system (Bio-Rad). Western immunoblotting was 

performed using anti-Myc (1:1000, Sigma Aldrich), anti-biotin (1:1000, Sigma Aldrich), PMCA4 (1:1000; 
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clone JA9, Thermofisher Scientific), PKM2 (1:5000), PFK-L (1:1000), PFK-M (1:1000), PFKFB3 

(1:1000), GAPDH (1:2000), Cav-1 (1:2000), and β-Actin (1:5000) primary antibodies were purchased 

from Cell Signalling Technology. Secondary anti-rabbit (1:2000) and anti-mouse (1:2000-1:5000) 

antibodies were purchased from Cell Signalling Technology. Protein bands were detected using Clarity 

Western ECL substrate (Bio-Rad) then imaged and quantified using the ChemiDoc Imaging System 

(Fisher Scientific).  

Near-infrared (NIF) Western blot detection – Cells stably transfected with mPKM2-WT, mPKM2-

K433E and Venus fused to MycBirA* were either treated with 0.1% DMSO control or 100 µM biotin. Cells 

were harvested in RIPA buffer supplemented with cOmplete, EDTA-free protease inhibitor cocktail 

(Sigma-Aldrich) and lysates were denatured at 95 oC, for 5 minutes. Biotinylated proteins were enriched 

using streptavidin affinity purification. Protein samples in non-biotinylated and biotinylated fractions were 

resolved by electrophoresis using NuPAGE 4-12% Bis-Tris gel (ThermoFisher Scientific). Proteins were 

transferred onto either nitrocellulose (GE Healthcare Life Sciences) or polyvinylidene difluoride (PDVF) 

membrane (Bio-Rad) using a Trans-Blot® TurboTM blotting system (Bio-Rad). Anti-Myc (1:1000, clone 

4A6) and anti-biotin (1:1000) primary antibodies were purchased from Sigma Aldrich. Corresponding 

secondary antibodies, IRDye® 680RD (1:5000) and 800CW (1:5000), were obtained from LI-COR. NIF 

signals were detected using Odyssey® CLx (LI-COR).  

Immunofluorescences – MIAPaCa-2 cells stably transfected with mPKM2-WT, mPKM2-K433E and 

Venus fused to MycBirA* were either treated with 0.1% DMSO control or 100 µM biotin. Cells were fixed 

with 4% paraformaldehyde and incubated with either anti-Myc (1:400) or anti-biotin/streptavidin (1:400) 

primary antibody overnight. Corresponding Alexa Fluor 488 (1:400) and 594 (1:400) secondary 

antibodies were obtained from Thermo Fisher Scientific. Images were obtained using a Zeiss 

Axioimager.D2 upright microscope using a 63x / 1.4 Plan Apochromat (Oil, DIC) objective and captured 

using a Coolsnap HQ2 camera (Photometrics) through Micromanager software v1.4.23. Specific 

bandpass filter sets for FITC and Texas red were used to prevent bleed-through from one channel to the 

next. Images were then processed and analysed using Fiji ImageJ (http://imagej.net/Fiji/Downloads). 

Statistical analysis – Prism 7 software (GraphPad) was used for some graphing and statistical data 

analysis. Progenesis QI Nonlinear Dynamic software was used for quantitative LC-MS/MS small 

molecule discovery analysis. Proteins identified by quantitative LC-MS/MS were analysed for statistical 

significance using one-way ANOVA and data are presented as the mean of 3 independent samples ± 

standard error of means (SEM). Qualitative LC-MS/MS data only indicated the potential presence of the 

protein identified and therefore, no statistical analysis was performed (N=1). Statistical significance is 

defined as p < 0.05. 
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5.4 Results  

5.4.1 PKM2 overexpression in PDAC tumours is correlated to poor PDAC patient 

survival 

Elevation of the PKM gene, encoding for PKM1 and PKM2 protein expression, has been previously 

linked to poor PDAC patient survival [12]. Overexpression of PKM2, in particular, had been associated 

with a malignant shift towards aerobic glycolysis (Warburg effect) in multiple cancers [3]. To determine 

whether PKM2 overexpression is clinically relevant in PDAC, data mining from publicly available 

databases including Oncomine [13,14] and the Human Protein Atlas [15,16] was carried out.  

Using Oncomine.org database, Badea et al. (2008) gene chip microarray data showed that PKM 

gene expression is elevated in PDAC tumour by 1.48-fold (n=39, p<0.0001, Figure 5.1A) in comparison 

to resected healthy tissue from the tumour margin [13,14]. Moreover, patient survival data obtained from 

the cancer genomic atlas - pancreatic adenocarcinoma cohort (TCGA-PAAD) through the Human 

Protein Atlas database revealed that PKM overexpression is significantly correlated to poor PDAC 

patient survival [15,16]. PDAC patients were divided into two groups depending on the low or high PKM 

expression of the resected tumour. Kaplan-Meier survival curve suggested high tumour expression of 

PKM resulted in a significantly lower PDAC patient survival (hazard ratio= 1.60, n=88, p<0.025, Figure 

5.1B). This indicates that the elevation of PKM gene is a clinical characteristic of malignant PDAC 

tumours and is linked to poor PDAC patient survival. 

 
Figure 5.1 – Overexpression of PKM gene in PDAC tumour is correlated to poor patient survival. 
Badea Pancreas (2008) gene chip microarray data, comparing resected PDAC tumour and healthy 
pancreatic tissue obtained from matching tumour margin (n=39), was obtained from Oncomine open-
source database (June 2019, www.oncomine.org). A, Comparison of PKM gene expression in healthy 
pancreatic tissue (n=39) and PDAC tumour (n=39) is shown as individual Log2 median-centre intensity 
of PKM gene expression. B, PDAC patient survival data was sourced from TCGA-PAAD (n=176), 
through The Human Protein Atlas database (June 2019, www.proteinatlas.org). 176 PDAC patients in 
the TCGA-PAAD cohort was divided into two groups based on the median-centred gene expression 
(fragments per kilobase of transcript per million mapped reads; FPKM) into either low or high PKM gene 
expression. The survival outcomes of each group were compared using the log-rank test. Kaplan-Meier 
curves correlating the survival of PDAC patients to the low (black) or high (red) expression of the PKM 
gene. 
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5.4.2 Establishing MIAPaCa-2 PDAC cells stably expressing mouse-derived 

mPKM2-BirA* fusion protein 

Our previous studies showed that the activity of plasma membrane Ca2+ ATPases (PMCAs) in 

MIAPaCa-2 PDAC cells is dependent on glycolytic-ATP [10,11]. Furthermore, glycolytic enzymes were 

found in cell surface membrane biotinylation fractions (Supplementary Figure 5.1), suggesting that at 

least a sub-population of PKM2 and possibly other glycolytic enzymes may be associated with plasma 

membrane protein(s) where they may provide a privileged ATP supply to the ATP consuming pumps 

(e.g. PMCA4). As the key oncogenic and ATP-generating glycolytic enzyme, the potential interactions 

of PKM2 with the plasma membrane protein of PDAC cells may be therapeutically important. This is 

because the identification of such a protein potentially means that novel drugs could be designed to 

disrupt the binding of PKM2 with the cell membrane, cutting off the glycolytic ATP supply to ATP 

consumers. Such a strategy may be selective for PDAC cells that are highly dependent on glycolytic 

ATP.  

The current study employed bio identification (BioID) technique to identify PKM2 protein interactions 

in MIAPaCa-2 PDAC cells. BioID technique generally involves the expression of a designated bait protein 

fused with a mutant R118G Escherichia coli biotin ligase (BirA*). As described in Figure 5.2, in the 

presence of biotin, BirA* fusion proteins would generate a short-lived reactive biotinyl-5’ AMP which 

would promiscuously biotinylate proteins within ~10-20 nm distance of the bait [17,18]. Our experimental 

strategy involved stably expressing a mouse-derived wild-type PKM2 (mPKM2) bait or a constitutively 

active PKM2 mutant (mPKM2-K433E) bait fused to BirA* containing a myc-tagged epitope in MIAPaCa-

2 cells. The PKM2 mutation at the phosphotyrosine binding site, achieved by replacing the lysine 433 

residue with glutamate [19,20], was employed to investigate whether the active tetrameric and inactive 

dimeric PKM2 exhibited different binding interactions. To ensure that BirA* selectively biotinylates protein 

specific to the bait, cells stably expressing Venus yellow fluorescent protein fused to BirA* were used as 

a non-targeting control (Venus).  

Plasmids containing either mPKM2, mPKM2-K433E or non-targeting Venus fluorophore fused to 

myc-BirA* were transfected into MIAPaCa-2 PDAC cells using lentivirus (Figure 5.3A-B). Since the 

plasmid used for the bait-BirA* expression also co-expressed mTagBFP under the same EF1a promoter, 

the bait-BirA* and mTagBFP should be equally expressed at a 1:1 ratio. Therefore, equivalent 

expressions of each bait-BirA* could be selected through BFP expression via fluorescence-activated cell 

sorting (FACS) (Figure 5.3C). 
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Figure 5.2 –Bio-identification assay using mPKM2-BirA*. MIAPaCa-2 PDAC cells stably expressing 
mPKM2-BirA* proteins were incubated with 100 µM biotin for 14-16 hours. Proteins interacting with 
mPKM2-BirA* within the proximity of 10-20 nm will be biotinylated via BirA*. Biotinylated proteins were 
separated by incubation with streptavidin agarose beads and which allowed further qualitative or 
quantitative bio-identification using mass spectrometry. W-Z, indicates unknown proteins near PKM2; 
mPKM2 = mouse-derived PKM2; hPKM2 = inherently expressed human PKM2 
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Figure 5.3 – Plasmid construct designs and establishing stably transfected MIAPaCa-2 PDAC cell 
line. A-B, Diagram depicts Myc-tagged BirA* plasmid construct containing either A, PKM2-wild type 
(mPKM2-WT; W) and PKM2-mutant (mPKM2-K433E; M), or B, non-specific Venus fluorophore (Venus; 
V). C, Steps required to established stably transfected MIAPaCa-2 cells using lentivirus. Transfection 
process includes amplification of plasmid in E. Coli, selection with ampicillin, plasmid isolation, lentivirus 
packaging in HEK cells, isolation of lentivirus containing plasmid, transfection of lentivirus into MIAPaCa-
2 cells and selecting successfully transfected cells using FACs. Abbreviations: PKM2= pyruvate kinase 
muscle isoform 2; MycBirA*=Myc-tagged BirA*; BamHI=restriction enzyme site; NotI=rare restriction 
enzyme site; T2A=self-cleavage sequence; BFP=blue fluorescence protein; WPRE=Woodchuck 
hepatitis virus posttranscriptional regulatory element; LTR = long terminal repeat promoter; 
SV40\Ori=origin of replication; Pr\Lac = lytic promoter; pBR332\ori = origin of replication; Ampr= 
ampicillin resistance gene; LacZ = promoter; cPPT=central polypurine tract; EF1a=promoter; 
Xbal=restriction site. (Refer to Supplementary Table 5.1 for further vector component description) 
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5.4.3 Validation of MIAPaCa-2 PDAC cells stably expressing mouse-derived 

mPKM2-BirA* fusion protein 

To confirm the bait-BirA* expression post-transfection, the expression of myc-tagged BirA* was 

detected by immunofluorescence (Figure 5.4A) and near-infrared western immunoblotting using anti-

Myc antibody (Figure 5.4B). To confirm biotinylation of protein by BirA*, transfected cells were treated 

with 100 µM biotin for 12-16 hours then biotinylated proteins were probed using anti-biotin antibody. 

Immunofluorescence results showed that myc-tags were present in cell lines stably expressing mPKM2-

WT, mPKM2-K433E and Venus control, indicative of successful bait-BirA* fusion protein expression 

(Figure 5.4A). Cells not treated with biotin (negative control) had minimal basal anti-biotin signal, 

suggesting that BirA* was incapable of biotinylating proteins without exogenous biotin. In contrast, 

apparent anti-biotin signals were detected after cells were treated with 100 µM biotin. This suggests that 

myc-tagged BirA* associated with all baits (mPKM2-WT, mPKM2-K433E and Venus) were functional 

and were capable of biotinylating other proteins in the presence of biotin.  

To determine whether myc-tagged BirA* is associated with the bait proteins, Western 

immunoblotting of Myc and biotinylated proteins was performed (Figure 5.4B). Streptavidin beads were 

used to purify and enrich biotinylated proteins. In the streptavidin bead purified fraction (biotinylated 

fraction), both anti-Myc and streptavidin (anti-biotin) antibodies revealed similar molecular weight bands 

at approximately 70 and 100 kDa which corresponds to Venus-BirA* and mPKM2-WT-BirA*, 

respectively. Moreover, biotin treated cells purified with streptavidin beads show an additional band at 

100 and 130 kDa which corresponds to Venus-BirA*-BFP and mPKM2-WT-BirA*-BFP, respectively. It 

should be noted that basal biotinylation was detected in non-transfected MIAPaCa-2 cells whereas Myc 

tagged proteins were not detected.  

Taken together this suggests that PKM-2-WT, mPKM2-K433E, and Venus fused to Myc-tagged 

BirA* were successfully expressed and the BirA* expressed was able to initiate protein biotinylation in 

the presence of added biotin. 
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Figure 5.4 – Validation of plasmid transfection and BirA* activity. (Continued next page) 
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Figure 5.4 Continued – Validation of plasmid transfection and BirA* activity. After lentiviral 
transfection, ampicillin selection and FAC sorting, stably transfected MIAPaCa-2 cells were validated for 
plasmid expression using anti-biotin and anti-Myc primary antibodies to detect biotin and Myc tag, 
respectively. Venus (control), mPKM2-WT, and mPKM2-K433E stably transfected cell lines were either 
not treated (control) or treated with 100 μM biotin overnight to validate transfected BirA* activity. A, 
Immunofluorescence staining of Myc-tag (green), biotin (red) and merged (green and red overlay) 
images, at 63x magnification, are shown. B, Biotinylated proteins in both non-treated (–) and biotin 
treated (+) of non-transfected MIAPaCa-2 and stably transfected cell lines were purified using 
streptavidin beads. Proteins were detected by Near-infrared fluorescence imaging detection of biotin and 
Myc-tag in non-transfected MIAPaCa-2 control, a non-biotinylated fraction (Non-Biot), and a biotinylated 
fraction (Biot). Red arrows are indicative of bands with molecular weight which corresponds to hPKM2, 
mPKM2-BirA* and mPKM2-BirA*-BFP at 60, 99 and 125 kDa, respectively. PKM2=phosphokinase M 
isoform 2; MycBirA*=Myc-tagged BirA* 
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5.4.4 Endogenous human PKM2 and other glycolytic enzymes in PDAC cells are 

biotinylated by both mPKM2-BirA* and Venus-BirA* 

Although the molecular weights of the myc-tagged BirA* corresponds to the predicted molecular 

weight of the PKM2 bait, further confirmation was required to demonstrate that PKM2 was indeed fused 

to BirA* (mPKM2 -BirA*) through Western immunoblot of PKM2 protein (Figure 5.5A). Both untreated 

and biotin treated mPKM2-BirA* cells had three prominent PKM2 bands at 60, 99 and 125 kDa which 

corresponds to endogenous hPKM2, mPKM2-BirA* and mPKM2-BirA*-BFP, respectively. After 

streptavidin bead purification, only biotin treated mPKM2-WT-BirA* expressing cells demonstrated 

biotinylation of endogenous hPKM2 whereas the untreated control showed negligible biotinylation. This 

suggests that the mPKM2-BirA* expressed was capable of interacting, and likely forming complexes, 

with the endogenous human PKM2 in the MIAPaCa-2 PDAC cells. In contrast, Venus-BirA* samples 

expressed native PKM2 but no apparent biotinylation of PKM2 was observed after streptavidin bead 

enrichment. This indicates that the non-specific Venus bait interacted less with PKM2, making Venus a 

suitable control for randomized BirA* biotinylation.  

Puchulu-Campanella et al. (2013) proposed that a membrane-associated glycolytic metabolon 

exists in order to provide a privileged ATP supply for the plasma membrane ATPases in red blood cell 

[8]. Similarly, the current study hypothesized that PKM2 may potentially interact with other glycolytic 

enzymes in PDAC cells. A panel of key glycolytic enzymes, caveolae-1 (Cav-1) surface membrane 

marker and PMCA4 in PDAC cells were screened using Western immunoblot (Figure 5.5B). We found 

that the mPKM2-WT-BirA* biotinylated key glycolytic enzymes including the endogenous human PKM2, 

phosphofructokinase-liver isoform (PFK-L) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

However, as Venus-BirA* was also found to biotinylate PFK-L, PFK-muscle isoform (PFK-M) and 

GAPDH, this suggested that these GEs were likely abundantly expressed in MIAPaCa-2 cells.  

Contradicting our hypothesis, Cav-1 and PMCA4 were not biotinylated by either mPKM2-WT-BirA* 

and Venus-BirA*expressing cells. This suggests that either: i) both mPKM2 and the Venus baits did not 

interact with these surface membrane proteins screened, or ii) Western immunoblotting was not sensitive 

enough to detect this interaction. The protein detection limit of Western immunoblot is dependent on 

multiple factors including: i) the protein transfer efficiency, ii) primary/secondary antibodies binding 

efficiency, iii) the sensitivity of enhanced chemiluminescence (ECL) substrate used, and iv) sensitivity of 

chemiluminescence detection method used. Moreover, Western immunoblot is low throughput method 

unsuitable for broad sample screening. Therefore, a more rigorous method, capable of high-throughput 

bio-identification was required to examine interaction enrichments in mPKM2-BirA* versus the non-

specific Venus-BirA* control.  
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Figure 5.5 – Biotinylation screening of cell surface membrane and glycolytic enzymes using 
Western immunoblot. MIAPaCa-2 stably transfected with mPKM2-BirA* (mPKM2) and non-specific 
Venus- BirA* (Venus) were either non-treated (–) or 100 μM biotin (+). Biotinylated proteins were purified 
using streptavidin beads overnight. Non-streptavidin bound proteins were classified as non-biotinylated 
(NB) and streptavidin bead-associated proteins were biotinylated (Biot) protein fraction. A whole-cell 
lysate (WCL) was provided to demonstrate endogenous expression of proteins in the sample prior to 
streptavidin affinity purification. Western immunoblot of A, PKM2 is shown. Red arrows are indicative of 
bands with molecular weight which corresponds to hPKM2, mPKM2-BirA* and mPKM2-BirA*-BFP at 60, 
99 and 125 kDa, respectively. B, Western immunoblot screening of target proteins, including: PMCA4, 
PFK-L, PFK-M, PFKFB3, PKM2, GAPDH, Cav-1, and β-Actin. 
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5.4.5 Bio-identification of protein interacting partners and biological processes 

enriched in mPKM2-BirA* in comparison to the non-targeting Venus control 

Although we previously showed that mPKM2-BirA* biotinylated other glycolytic enzymes through 

Western immunoblot, the screening throughput was low and the enrichment in mPKM2 vs Venus could 

not be compared. To quantitatively examine the PKM2 interactome in PDAC cells, biotinylated proteins 

from mPKM2-BirA* and Venus-BirA* were compared using mass spectrometry. All proteins identified 

using the Ingenuity Pathway Analysis (IPA) database were classified according to gene name then 

categorized according to their associated canonical pathway. Three independent sets of mPKM2 -BirA* 

and Venus-BirA* cells were used for data analysis.  

A list of 1387 proteins was identified through quantitative mass spectrometry (LC-MS/MS), out of 

which 1106 proteins were present in both samples and could be compared for biotinylated proteins 

enriched in mPKM2-BirA* and Venus-BirA* control samples. To identify PKM2-associated protein 

interaction enrichments in PDAC cells, mPKM2 interaction partners were compared with respect to the 

non-specific Venus control. Using IPA ingenuity, 72 out of 509 identified targets were found to be 

significantly enriched in mPKM2-BirA* compared to the Venus-BirA* control (mPKM2>Venus, p<0.05; 

Supplementary Table 5.2). The current study focuses on comparing significantly enriched “proteins” of 

mPKM2 versus Venus control (mPKM2>Venus; p<0.05) and is primarily interested in PKM2 protein-

protein interactions with membrane-associated proteins. 

Comparing the biotinylated proteins in mPKM2 to the Venus samples, the IPA database suggested 

that the top 5 significant canonical pathways associated with PKM2 protein-protein interactions in PDAC 

were: 1) DNA methylation, 2) cell cycle control, 3) DNA double-strand break repair, 4) glycolysis and 5) 

caveolar mediated endocytosis (Figure 5.6A). Based on this initial analysis, we screened all identified 

targets significantly enriched in mPKM2-BirA (mPKM2>Venus, p<0.05) and Venus-BirA 

(Venus>mPKM2, p<0.05) samples using PANTHER (Protein ANalysis THrough Evolutionary 

Relationships database) to further categorized the significantly enriched proteins according to their 

cellular location (cellular components) and associated biological processes (Figure 5.6B-D). 

Interestingly, PANTHER identified KCNH4 (voltage-gated K+ channel, subfamily H, member) as the 

single plasma membrane protein. Moreover, KCNH4 is a subunit of voltage-gated K+ channel – a 

transmembrane protein primarily localised at the cell plasma membrane [21], suggesting that KCNH4 

may be the plasma membrane interacting partner of PKM2. Consistent with the other IPA results, 

PANTHER database categorization revealed that mPKM2 interacted more with cytoskeletal proteins, 

nucleic acid binding proteins and enzyme modulators. mPKM2 also interacted frequently with organelle-

specific proteins and complex associated proteins as well as proteins associated with metabolism, 

biogenesis, and cellular regulation.  

Based on the maximal fold change of proteins enriched in mPKM2>Venus, the top 10 proteins 

significantly enriched in mPKM2-BirA* samples were identified as shown in Table 5.1. Interestingly, 

KCNH4, the only transmembrane protein identified, was enriched by 38-fold and was identified as the 

9th most enriched protein in mPKM2 samples in comparison to Venus control. Out of the top 10 most 

enriched mPKM2 interacting partner, two proteins were found to be mitochondrial-linked. Ranked 1st in 
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terms of PKM2 interaction enrichment, COQ6 (Coenzyme Q6, monooxygenase) is a conserved 

mitochondrial monooxygenase required for the biosynthesis of ubiquinone (coenzyme Q10) – a critical 

electron transport chain moiety essential for mitochondrial oxidative phosphorylation [22]. Another 

mitochondrial linked protein, MRPL23 (mitochondrial ribosomal protein L23, isoform CRA_a) was ranked 

5th on the mPKM2>Venus enrichment list. MRPL23 plays a role in mitochondrial protein biosynthesis 

[23]. These enriched interactions of PKM2 with mitochondrial linked protein may hint at a potential 

regulatory relationship between glycolysis and the mitochondria.  

 

Figure 5.6 – Bio-identification categorization of enriched processes associated with PKM2 in 
comparison to Venus BirA*. MIAPaCa-2 stably transfected with mPKM2-WT (PKM2) and non-specific 
Venus (Venus) BirA* constructs were treated with 100 μM biotin overnight then biotinylated proteins 
were purified with streptavidin beads. Biotinylated proteins were identified using quantitative mass 
spectrometry. Bio-identification results were analysed using Ingenuity Pathway Analysis to yield A, 
Canonical pathways of proteins interactions enriched in mPKM2>Venus, data expressed as -log (p-
value). Significant protein interaction (p<0.05) results identified were further analysed using Panther 
version 14.1. Proteins were identified by gene name and were classified according to B, protein class, 
C, cellular components, and D, biological process. Data are expressed as a number of individual genes 
identified (gene hits). N=3. Statistical significance, defined as p<0.05, was determined using one-way 
ANOVA. 
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As an ATP-producing protein, it was interesting that the top 10 PKM2 interaction enrichments also 

included ATP-dependent proteins involved in biosynthesis (ACACA, acetyl-CoA carboxylase 1), 

transportation/trafficking (HSPA4, heat shock protein 4; PCLO, protein piccolo; PACS1, phosphofurin 

acidic cluster sorting protein 1) and cell cycle (PPP1R10, serine/threonine-protein phosphatase 1 

regulatory subunit 10; POLE, DNA polymerase epsilon catalytic subunit A). Another interesting 

observation from this screening was the interaction of mPKM2-BirA* with other canonical glycolytic 

enzymes. mPKM2-WT-BirA* interacted with endogenous human PKM (encoding either PKM1 or PKM2) 

by 188-fold, suggesting that mPKM2 could potentially form polymeric structures with inherent human 

PKM2 (hPKM2). The only non-bait canonical glycolytic enzyme significantly enriched in mPKM2-WT-

BirA* by 3.65-fold was ALDOA (fructose-bisphosphate aldolase A) – the enzyme involved in the fourth 

step of glycolysis (Figure 5.7A and Table 5.2). GOT2, encoding glutamic-oxaloacetic transaminase-2, 

which plays an important role in the tricarboxylic acid cycle (TCA) cycle and glycolysis, was also found 

to be enriched in mPKM2-WT samples by 13.5-fold with respect to Venus control. 

PKM2 has been demonstrated to play several “moonlighting” functions [31–33]. In addition to 

glucose metabolic processes, PKM2 also interacted with 13 proteins involved with cell cycle regulation 

(Figure 5.7B and Table 5.2). The top 3 PKM2-cell cycle protein interactions were POLE (DNA 

polymerase Epsilon catalytic subunit A), PSMD2 (Proteasome 26S Subunit Non-ATPase 2) and SYNE2 

(Spectrin Repeat Containing Nuclear Envelope Protein 2). PKM2 also interacted with 28 proteins 

associated with biogenesis/metabolic processes (Figure 5.7C and Table 5.2). These 28 proteins 

associated to biogenesis/metabolism were localised to the nucleus (50%), cytosol (44%) and 

mitochondria (9%), indicating the dynamic and ubiquitous role of PKM2 in cellular process regulation. 

However, it should be noted that the Venus-BirA* robustly biotinylated more protein hits than 

mPKM2-WT-BirA* in all PANTHER categorized processes (Figure 5.6B-D), potentially adding more 

noise/background to the data. This made it relatively difficult to discern ‘significant enrichment’ of 

mPKM2-BirA* interaction partner, potentially favouring false negatives. For instance, although 509 

proteins were found to be enriched in mPKM2-WT samples in comparison to Venus samples, only 70 

proteins were significantly enriched. However, although some proteins identified had shown 2 to 8-fold 

of enrichments, these other 438 proteins were not statistically significant.  

Taken together, mPKM2-BirA* exhibited enriched interactions with plasma membrane protein 

KCNH4, other glycolytic enzymes as well as proteins associated with cell cycle and 

biogenesis/metabolism. PKM2 ubiquitously interacted with proteins localised in multiple sites of the cells 

including the cytosol, nucleus and organelles. As non-targeting Venus control was used for comparison 

of mPKM2 interaction, we were able to discern mPKM2 selective enrichment from random cytosolic 

biotinylation. However, the high degree of biotinylated proteins detected by Venus-BirA* likely led to an 

underestimation of the mPKM2-specific protein enrichments identified. This suggests that Venus does 

not represent the most appropriate control and may lead to an underestimation of bona fide PKM2-

binding proteins. 
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Figure 5.7 – Enrichment of protein interaction in mPKM2-Wildtype with respect to non-specific 

Venus control. MIAPaCa-2 cells were stably transfected with mPKM2-BirA* and non-targeting Venus-

BirA*. Biotinylated proteins were identified using mass spectrometry. Biotinylated proteins were identified 

using gene name and further classified using Panther version 14.1. Significant protein interaction 

enrichments in mPKM2-WT with respect to Venus control associated with A, metabolism, B, glucose 

metabolism, and C, cell cycle are shown. Gene names listed are explained in Table 5.2. Data are 

expressed fold change of mPKM2-WT enrichment in comparison to Venus control. N=3, data are shown 

as mean ± SEM.  
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Table 5.2 – Gene names and protein description with respect to Figure 5.7 

N1 N2 N3 Mean

ALDOA Fructose-bisphosphate aldolase A 2.90 5.96 2.09 3.65

GOT2 Aspartate aminotransferase, mitochondrial 15.75 21.34 3.26 13.45

PKM Pyruvate kinase PKM 193.74 315.72 54.68 188.05

PRKAA1 5'-AMP-activated protein kinase catalytic subunit alpha-1 0.06 0.11 0.39 0.19

SLC25A11 Mitochondrial 2-oxoglutarate/malate carrier protein 0.90 0.80 0.71 0.80

Dynein, cytoplasmic 1, light intermediate chain 2,

 isoform CRA_a

HAUS6 HAUS augmin-like complex subunit 6 1.35 1.40 1.48 1.41

NPM1 Nucleophosmin isoform 2 (Fragment) 0.50 0.34 0.46 0.43

NUP153 Nucleoporin 153kDa, isoform CRA_a 0.26 0.19 0.16 0.20

ORC2 Origin recognition complex, subunit 2-like (Yeast) 0.20 0.11 0.06 0.12

POLE DNA polymerase epsilon catalytic subunit A 68.88 146.28 13.92 76.36

PSMD2 26S proteasome non-ATPase regulatory subunit 2 4.79 5.37 1.19 3.78

PSMD8 26S proteasome non-ATPase regulatory subunit 8 0.37 0.48 0.43 0.43

RAD50 DNA repair protein RAD50 0.52 0.69 0.27 0.50

RBBP7 RBBP7 protein 0.72 0.35 0.30 0.45

RPA1 Replication protein A 70 kDa DNA-binding subunit 0.23 0.32 0.33 0.29

RUVBL2 RuvB-like 2 0.02 0.03 0.33 0.13

SYNE2 Nesprin-2 2.04 3.57 2.57 2.73

AARS Alanine--tRNA ligase, cytoplasmic 5.59 4.46 2.05 4.04

ACACA Acetyl-CoA carboxylase 1 1.33 1.58 1.32 1.41

AHCY Adenosylhomocysteinase 20.71 24.74 3.62 16.36

ALDOA Fructose-bisphosphate aldolase A 2.90 5.96 2.09 3.65

AP3D1 AP-3 complex subunit delta-1 17.66 24.85 25.36 22.62

CHD3 Chromodomain-helicase-DNA-binding protein 3 4.95 6.82 5.71 5.83

CHGB Secretogranin-1 1.53 2.57 1.39 1.83

CNBP CCHC-type zinc finger nucleic acid binding protein isoform 3 11.49 26.00 1.22 12.90

COQ6 Ubiquinone biosynthesis monooxygenase COQ6, mitochondrial 2029.15 166071.00 209.31 56103.15

CTPS1 CTP synthase 1 12.73 28.46 5.39 15.53

DHX29 ATP-dependent RNA helicase DHX29 4.48 6.20 3.02 4.57

ELP3 Elongator complex protein 3 33.10 46.78 16.38 32.09

ERC1 ELKS/Rab6-interacting/CAST family member 1 1.44 1.80 1.49 1.58

Bifunctional UDP-N-acetylglucosamine 2-epimerase

/N-acetylmannosamine kinase 

GOT2 Aspartate aminotransferase, mitochondrial 15.75 21.34 3.26 13.45

IFT172 Intraflagellar transport protein 172 homolog 1.21 1.60 2.16 1.66

KCNH4 Potassium voltage-gated channel subfamily H member 4 22.17 38.90 56.66 39.24

KRT2 Keratin, type II cytoskeletal 2 epidermal 2.06 2.25 1.93 2.08

KTN1 Kinectin 1 (Kinesin receptor), isoform CRA_a 2.03 1.40 1.58 1.67

Leucine rich repeat (In FLII) interacting protein 1,

 isoform CRA_c

MGST1 Microsomal glutathione S-transferase 1, isoform CRA_a 1.96 1.91 1.27 1.71

PKM Pyruvate kinase PKM 193.74 315.72 54.68 188.05

POLE DNA polymerase epsilon catalytic subunit A 68.88 146.28 13.92 76.36

PSMD2 26S proteasome non-ATPase regulatory subunit 2 4.79 5.37 1.19 3.78

PYGB Glycogen phosphorylase, brain form 4.55 4.70 5.60 4.95

RAB40C Ras-related protein Rab-40C 17.88 14.27 8.35 13.50

RPS16 40S ribosomal protein S16 6.02 6.64 2.39 5.02

SUGP2 SURP and G-patch domain-containing protein 2 19.90 23.87 48.52 30.76

TCERG1 Transcription elongation regulator 1 2.63 2.35 6.48 3.82

TRIP12 E3 ubiquitin-protein ligase TRIP12 3.14 2.94 3.14 3.07

YBX1 Nuclease-sensitive element-binding protein 1 5.44 6.81 2.57 4.94

Cell cycle

Biogenesis/Metabolism

Fold Change of WT compared to Venus
Protein nameGene name

Glucose metabolism

9.81 11.55 1.67 7.68GNE

LRRFIP1 3.68 5.86 3.52 4.35

DYNC1LI2 1.59 2.40 1.56 1.85
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5.4.6 Characterizing protein interaction enrichment between mPKM2-wildtype, 

mPKM2-K433E mutant and Venus-non targeting control 

Due to the high degree of biotinylated protein detected and thus non-specific binding of Venus, it 

was decided that a PKM2 mutant might be a more appropriate alternative bio-identification control. 

Exclusive to exon 10 encoding PKM2, the lysine residue 433 (K433) is located in F1,6BP binding pocket 

and the binding of F1,6BP stabilizes tetrameric PKM2 [34]. Binding of phosphotyrosine to the K433 

residue leads to the release of F1,6BP from PKM2 and inhibition of PKM2 activity by destabilizing the 

tetrameric state [19]. Mutating the K433 by replacing the lysine with glutamate (K433E), resulted in 

phosphotyrosine-resistant PKM2, stabilizing tetrameric PKM2 which exhibited high PK activity [19,20]. 

Therefore, using this PKM2 mutant (PKM2-K433E-BirA*) as a control, might potentially identify more 

specific populations of proteins which interact with tetrameric mPKM2-K433E in comparison to the 

mPKM2-WT which could interchange between oligomeric states. To examine whether PKM2-mutant 

would serve as a better control bait, the current study performed a preliminary qualitative bio-

identification experiment to compare the variety (gene hits) of proteins biotinylated by mPKM2-WT-BirA*, 

mPKM2-K433E-BirA* and Venus-BirA* baits (Figure 5.8). It should be noted, however, that qualitative 

bio-identification is a screening technique which favours the broad identification of proteins without 

quantifying the interaction enrichment. 

Since dimeric PKM has been shown to participate in moonlighting functions [35] rather than PK 

activity in comparison to the tetrameric PKM2, we anticipated that wild-type PKM2 would interact with 

different populations of proteins. The current study qualitatively identified interacting partners of different 

BirA* fused baits, including the mPKM2-WT, pro-tetrameric mPKM2-K433E, and the non-targeting 

Venus. The identity of biotinylated proteins was assessed by the number of unique peptides matched, 

where 4 or more unique peptides indicated an almost certain identification. Identified interacting partners 

were then categorized using PANTHER to broadly screen for the variation of potential interactors, 

indicative of interaction selectivity.  

A list of 544 interacting partners of mPKM2-WT, mPKM2-K433E and non-targeting Venus baits was 

collectively identified through qualitative bio-identification via LC-MS/MS (unique peptide match ≥ 2; 

Supplementary Table 5.3). Screening for only proteins almost certainty identified in all samples (unique 

peptide match ≥ 4), we found that Venus-BirA* interacted with 175 proteins while mPKM2-WT-BirA* and 

mPKM2-K433E-BirA* interacted with 130 and 131 proteins, respectively. Consistent with previous 

observations, we found that Venus control generally biotinylated more proteins than mPKM2-WT and 

mPKM2-K433E in most PANTHER categorized processes. This indicated that the Venus bait produced 

high non-specific binding. It should be noted that subtle differences between mPKM2-WT and mPKM2-

K433E could be observed. For instance, mPKM2-WT interacted more with nucleic acid-binding proteins 

whereas mPKM2-WT interacted more with chaperones and cytoskeletal proteins (Figure 5.8A). 

Surprisingly, pro-tetrameric mPKM2-K433E biotinylated more proteins associated with biogenesis while 

mPKM2-WT biotinylated more proteins associated with the extracellular region/space outside the plasma 

membrane (PGK2 and annexin A1; Figure 5.8B-C). This suggests that dimer and tetramer PKM2 have 

different regulatory roles in PDAC. 
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Figure 5.8 – Categorization of biotinylated protein identified in non-specific Venus, mPKM2-
Wildtype and mPKM2-K433E. MIAPaCa-2 stably transfected with non-specific Venus, mPKM2-WT and 
mPKM2-K433E BirA* constructs were treated with 100 μM biotin overnight. Biotinylated proteins were 
separated from non-biotinylated proteins using streptavidin beads then identified using qualitative mass 
spectrometry. Proteins were identified by gene name and raw data are expressed as the number of 
unique peptides hits where the higher the unique peptide hits, the more certain the identification. Proteins 
with almost certain identification (unique peptide ≥4) were categorized using Panther version 14.1 
according to: A, protein class, B, biological process and C, cellular components. Data are expressed as 
the number of individual genes identified (gene hits). N=1. No statistical analysis was performed. 
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To further identify the distinct differences between dimeric and tetrameric PKM2 interactions, all 

probable identifications (unique protein≥2) were compared. Identified proteins were then divided into 

three distinct groups as follow: 1) unique to mPKM2-WT, 2) present in both mPKM2-WT and mPKM2-

K433E and 3) unique to mPKM2-K433E (Supplementary Table 5.3). The unique differences between 

protein enrichment in mPKM2-WT (dimer/tetramer) and pro-tetrameric mPKM2-K433E were compared 

based on protein class, cellular components and biological processes (Figure 5.9). Out of a total 380 

protein detected between both samples, 86 proteins were uniquely identified in the mPKM2-WT whereas 

90 proteins were uniquely found in mPKM2-K433E mutant. Based on PANTHER categorization, 

mPKM2-WT interacted more with organelle associated proteins, hydrolase and transporters. On the 

other hand, mPKM2-K433E mutant was shown to distinctly interact with more nucleic acid bind proteins, 

membrane-associated proteins and metabolic processes (Figure 5.9A-C; additional proteins identity 

available in Supplementary Table 5.4.1-5.4.3). Interestingly, a family member of the 14-3-3 protein 

(tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein theta isoform; YWHAQ) 

reported to exhibit inhibitory interaction with the N-terminus of PMCA4 (plasma membrane Ca2+ ATPase 

isoform 4) [36], was identified as a unique chaperone interactor of mPKM2-WT. However, the importance 

of these biotinylated proteins associated processes cannot be determined until further quantitative 

enrichment analysis is performed, and the biological functions of these individual proteins are 

considered.  
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Figure 5.9 – Categorization of biotinylated proteins unique in mPKM2-Wild type in comparison to 
pro-tetrameric mutant mPKM2-K433E. MIAPaCa-2 stably transfected mPKM2-WT (WT) and mPKM2-
K433E (MUT) BirA* constructs were treated with 100 μM biotin overnight. Biotinylated proteins were 
separated from non-biotinylated fraction using streptavidin beads then identified using qualitative mass 
spectrometry. Identified proteins were categorized using Panther version 14.1, based on: A, protein 
class, B, cellular components and C, biological process. A comparison was made between biotinylated 
proteins either: i) unique to mPKM2-WT (red) and ii) unique to mPKM2-K433E (blue). Data are 
expressed as the number of individual genes identified (gene hits). N=1. No statistical analysis was 
performed on the data. 
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5.5 Discussion & Future work  

5.5.1 Discussion 

Overexpression of PKM2 plays an important role in the metabolic shift towards aerobic glycolysis 

[3]. In PDAC, PKM2 overexpression in PDAC tumour is reported to correlate with poor PDAC patient 

survival [2,13,15]. In relation to our hypothesis that PKM2 potentially interacts with cell membrane 

proteins in order to provide a privileged ATP supply in close proximity to fuel PMCA4 activity, the present 

study attempted to examine the potential protein-protein interactions (interactome) of PKM2 with 

potential plasma membrane-associated proteins and other key glycolytic enzymes. Proximity-dependent 

biotinylation labelling technique (BioID) has been used previously to identify multiple protein-protein 

interactions, for instance, insulin signalling [1], focal adhesion complexes [2], caveolae [3] and carbonic 

anhydrase IX metabolic interactome [4]. However, to our current knowledge, no previous studies have 

used BioID to decipher protein-protein interactions between PKM2-binding partners.  

Compartmentalization of glycolytic enzymes (GEs), in mitochondria-free erythrocyte and the cell 

migration front, has been proposed by multiple studies [8,37–39]. This indicates that GEs may associate 

to membrane proteins as a complex thereby potentially providing a privileged microdomain of ATP in 

close proximity to fuel ATP consuming machineries, including the PMCAs. In erythrocytes which lack the 

mitochondria, band 3 transmembrane protein (solute carrier family 4 member 1; SLC4A1) has been 

identified as the plasma membrane binding site of the glycolytic metabolon [8]. Raikar, L.S., et al. (2006) 

reported that the overexpression of caveolin 1 (Cav-1) led to enhanced membrane targeting of key 

glycolytic enzymes, PFK and aldolase (ALD), in rat aorta vascular smooth muscle [39]. Moreover, a 

study by Wei, Y. et al. (2017) suggested that PKM2 is targeted to the plasma membrane by SNAP23, a 

vesicular transport protein, in Hela and A549 pulmonary adenocarcinoma cells [40]. As PMCA has been 

reported to reside within the lipid rafts/caveolae compartment, we initially anticipated to identify some 

caveolae marker proteins or membrane-targeting chaperone proteins, although to our surprised, this 

was not the case.  

As PKM2 is the major ATP generating glycolytic enzyme associated with malignant transformation, 

potentially responsible for fuelling PMCA activity, the current study used PKM2 as the BioID bait and 

screened for potential interactions of PKM2 with plasma membrane-associated proteins. We found that 

PKM2 had significantly enriched interactions with a transmembrane protein (voltage-gated K+ channel 

subfamily H member 4; KCNH4) and a canonical glycolytic enzyme (fructose-bisphosphate aldolase, 

muscle isoform; ALDOA) in comparison to the Venus control (p<0.05). However, our results suggested 

that PKM2 did not interact with any caveolae markers in MIAPaCa-2 PDAC cells. Interestingly, we 

identified a few members of the 14-3-3 protein isoforms (e.g. YWHAQ, 14-3-3 theta; YWHAZ, 14-3-3 

zeta/delta; YWHAE, 14-3-3 epsilon) known to mediate inhibition of PMCA4 by binding at the N-terminus. 

Although these 14-3-3 proteins were enriched in PKM2 samples and were reported to interact with PKM2 

[41,42], none of these proteins was statistically significant upon comparison to Venus control. Similarly, 

although we found that SNAP29 (synaptosome associated protein 29) was 1.6-fold enriched in mPKM2-

WT with respect to Venus control, the data was not statistically significant (p>0.05). However, as the 
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current study could only present data obtained from three independent samples (N=3) of mPKM2-BirA* 

and Venus-BirA*, care must be taken not to over interpret the data.  

KCNH4 is a gene encoding a member of voltage-gated K+ (Kv) channel known as Kv 12.3 channel. 

Kv channels play an important role in excitable tissue (e.g. cardiac) and are suggested to play a role in 

insulin secretion in pancreatic β-cells [43]. While KCNH2 overexpression has been correlated to 

pancreatic cancer [44], the role of KCNH4 in the pancreas is currently unclear. A study by Yoshida, M. 

et al. (2009) report an observation that glucose metabolism is associated with the enhanced amplitude 

of Kv channels in rat pancreatic β cells [45], suggesting that PKM2 may play a potential role in modulating 

Kv channel, although the actual mechanism is currently unknown. Since KCNH4 is a transmembrane 

protein intrinsically expressed at the cell membrane which significantly interacted with PKM2, we 

postulated that KCNH4 is likely the key PKM2-binding plasma membrane protein. However, further 

investigation with proximity-ligation assay and co-immunoprecipitation of KCNH4-PKM2 may be 

necessary to examine the nature of PKM2-KCNH4 protein-protein interaction. If KCNH4 and PKM2 do 

indeed interact, the functional role of KCNH4 in metabolism, particularly its role in providing privileged 

ATP supply to the PMCAs, could be further explored using KCNH4 inhibitors or selective siRNA 

knockdown.  

Glycolytic enzymes (GEs) have been suggested to interact with other glycolytic enzymes to form a 

glycolytic metabolon/ multiprotein complex [8,31,46]. In glycolysis-reliant erythrocyte cells, lacking the 

mitochondria, Puchulu-Campanella, E., et al. (2013) employed LC-MS/MS of cell surface biotinylation 

assay to identify cell membrane-associated GEs, including pyruvate kinase, ALD, GADPH and lactate 

dehydrogenase [8]. This led to the proposal that these GEs potentially forms a glycolytic metabolon near 

the site of ATP consuming Na+/K+ and Ca2+ pumps on erythrocyte membrane [8,47]. Another study by 

Kohnhorst, C.L, et al. (2017), using FRET tags and immunofluorescence imaging, suggested that key 

rate-liming glycolytic enzymes, comprised of PFKL, PKM2, FBP (fructose-1,6 bisphosphatase) and 

PEPCK1 (phosphoenolpyruvate carboxykinase 1), form multi-enzyme complex in human cervical 

adenocarcinoma Hela cell and Hs578T breast cancer cell lines [46]. Consistent with previous finding [8], 

we found that PKM2 had significantly enriched interactions with ALDOA in MIAPaCa-2 PDAC cells. 

Moreover, although not significantly enriched, PKM2 also interacted with PFKL, PFKP, GAPDH and 

LDHA. Our present data suggest that PKM2 does indeed interact with other canonical GEs but as we 

did not address the spatio-temporal colocalization of these GEs within live cells, the nature of these GE 

interactions remain inconclusive.  

Collectively, as PKM2 had significant interactions with KCNH4 and some interaction with SNAP29, 

this indicates that PKM2 is potentially targeted to the surface plasma membrane. However, further 

colocalization studies (e.g. confocal immunofluorescence and co-immunoprecipitation) of these GEs will 

be required to test this hypothesis.  

 

 

5.5.2 Future work 
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As the present study serves as preliminary BioID screening to identify putative PKM2 plasma 

membrane binding partners and its neighbouring proteins, further studies will be required to confirm our 

hypothesis of whether PKM2 fuels the PMCAs by interacting with membrane proteins in the proximity of 

PMCA in PDAC. (Figure 5.10) It is important to narrow down our identified proteins of interest and 

validate whether these significantly identified ‘prey’ proteins are genuine functional interacting partners 

of PKM2. PKM2 is an oligomeric protein which dynamically interchanges between monomer, dimer and 

tetrameric forms [5,19]. As different oligomeric forms have been correlated to different functional 

activities, the interactome enrichment is expected to be dependent on the proportion/ratio of each PKM2 

oligomers. Therefore, it is critical to understand that the identified ‘prey’ interactions obtained from our 

mPKM2-WT bait are likely a combination of all the dynamic changes in PKM2 forms, hence generating 

a large variability in LC-MS/MS data obtained. To identify specific oligomeric PKM2 interaction 

enrichments, mutations which restrain PKM2 to a certain oligomeric confirmation may prove to be more 

beneficial to decipher the dynamic nature of PKM2 interactomes. For example, PKM2-Y105F which locks 

PKM2 tetrameric form [20] and exon-10 mutation variants which result in reduced allostery which favours 

the formation of dimeric PKM2 conformation [48]. Alternatively, the constitutive tetrameric PKM1, 

encoded from the same PKM gene as PKM2, could be possibly used as a BirA* bait to examine the 

tetrameric pyruvate kinase protein-protein interactions. This is because PKM1 and FBP-bound PKM2 

exhibit the same tetrameric conformation and almost identical kinetic activities [49,50]. 

In order to probe the existence of a PKM2 glycolytic metabolon, it is essential to identify other 

glycolytic enzymes that significantly interact with PKM2. Since our data had revealed that ALDOA is a 

significant interacting partner of PKM2, suggesting that it is likely “closest” interacting GE with PKM2, 

ALDOA may be used as the next bait to identify other GEs which may belong to this glycolytic 

interactome as well as to validate ALD-PKM2 interaction enrichment. Other GEs identified using 

mPKM2-BirA* that were not significantly enriched could also potentially be used as BirA* baits, 

particularly PFK and PGK. PFK is a well-established rate-limiting glycolytic enzyme which is allosterically 

regulated by ATP and citrate ratio [51]. On the other hand, PGK is a critical ATP-producing GE in the 

glycolytic pay-off phase which, like PKM, has been linked to tumorigenesis [52]. Therefore, ALD, PFK 

and PGK may serve as suitable baits for further investigation of glycolytic metabolon existence in PDAC.  
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Figure 5.10 – Potential options for future proximity-dependent biotinylation experiments. The 
following flow chart lists the logical sequence of potential BioID experiments which could further expand 
on the existing work. Depending on the experimental objectives of interest, different sets of bait-BirA* 
fusion proteins should be considered for the identification of common interacting/binding protein partners 
(highlighted black on the Venn diagram). Abbreviations: BioID: bio-identification; PKM2: pyruvate kinase 
M2; GEs: glycolytic enzymes; PFK: phosphofructokinase; ALD: aldolase; PGK: phosphoglycerate 
kinase; PMCA4: plasma membrane Ca2+ ATPase isoform 4; KCNH4: voltage-gated potassium channel 
subfamily H member 4; FACs: fluorescence-activated cell sorting; IF: immunofluorescence; WB: 
Western immunoblot; LC-MS/MS: liquid chromatography with tandem mass spectrometry; ALDOA: 
aldolase A; PKM1: pyruvate kinase M1; CAV1: caveolin-1; WT: wild type; PLA: proximity ligation assay; 
Co-IP: co-immunoprecipitation. 
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To examine potential compartmentalization of glycolytic enzymes at the surface plasma membrane, 

it is critical to identify static BioID baits which are intrinsic plasma membrane proteins and/or well-

established sub-membrane domain markers (e.g. caveolae/lipid rafts). As our data revealed that KCNH4 

significantly interacted with PKM2, KCNH4 may be used as a potential bait to investigate plasma 

membrane-associated GEs. In addition, since PMCA4 has been our oncogenic target of interest, PMCA4 

may serve as a good plasma membrane marker as well as a relevant bait for ATP-producing GE 

associated to the plasma membrane. Although no caveolae markers were found in our current data, 

Cav-1 is suggested to serve as a binding site for ALD [39] and was identified as a significant interacting 

partner of PKM2. Therefore, Cav-1 could potentially serve as useful BirA* bait to identify GEs as well as 

signalling machineries found in the caveolae signalling hub. Furthermore, proximity ligation assays and 

co-immunoprecipitation assays of these membrane-associated proteins (e.g. KCNH4, PMCA4, Cav-1) 

with PKM2 should be performed to confirm the protein-protein interaction identified in this study.  

In conclusion, the overexpression of PKM2 in PDAC tumour is a relevant clinical marker associated 

with poor PDAC patient survival. Using PKM2 as a protein bait for BioID, the current study provides 

some preliminary data which identified KCNH4 and ALDOA as the interacting partners of PKM2. We 

have shown that PKM2 significantly interact with KCNH4, potentially indicating a subpopulation of PKM2 

residing near the plasma membrane in a PDAC model. Although inconclusive, these data suggested that 

PKM2 likely interacted with a bona fide plasma membrane protein as well as other canonical GEs. Since 

the majority of PDAC tumour demonstrated a metabolic shift towards glycolysis and PKM2 is a clinically 

relevant marker for PDAC, further understanding of the glycolytic interactome may provide beneficial 

insights to therapeutically target PDAC more efficiently. 
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5.8 Supplementary Data  

 

 

Supplementary Figure 5.1 – Membrane-associated glycolytic enzymes in MIAPaCa-2 PDAC cells. 
Cell surface biotinylation assay was used to isolate plasma-membrane protein and any associated 
proteins. The extracellular glycosylated transmembrane proteins of MIAPaCa-2 cells were labelled with 
Sulfo-NHS-SS-Biotin. NeutrAvidin agarose column was used to bind the biotinylated sample and 
separate the non-biotinylated fractions by centrifugation at 10000 relative centrifugal force (rcf). 
Biotinylated proteins were eluted from the agarose column using 1x Laemmli sample buffer containing 
50 mM dithiothreitol (DTT). SDS-PAGE of whole-cell lysates (Lys), non-biotinylated (NB) and biotinylated 
protein (Biot) fractions were Western blotted for key glycolytic enzymes, including: phosphofructokinase-
1 (PFK1), phosphofructokinase fructose bisphosphatase-3 (PFKFB3), glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), pyruvate kinase M2 (PKM2), hexokinase I (HKI) and lactate dehydrogenase 
(LDH). [Data was provided by Dr Andrew James] 
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Vector Components Description 

PKM2 Pyruvate Kinase Muscle isoform 2 

 MycBirA* Myc-tagged BirA* 

 BamHI Restriction enzyme site 

 NotI Rare restriction enzyme site 

 T2A Self-cleavage sequence 

 BFP Blue fluorescence protein 

 WPRE Woodchuck hepatitis virus posttranscriptional regulatory element 

 LTR Long terminal repeat promoter 

 SV40\Ori Origin of replication 

 Pr\Lac Lytic promoter 

 pBR332\ori  Origin of replication 

 Ampr Ampicillin resistance gene 

 LacZ  Promoter 

 cPPT Central polypurine tract 

 EF1a Promoter 

 Xbal Restriction site 

Supplementary Table 5.1 – Plasmid vector component description  
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Gene ID Description 

Max 
fold  

ANOVA 
(p) 

change 

FLNA* cDNA FLJ57890, highly similar to Filamin-A  
18754.6

7 2.69E-03 

COQ6 
Ubiquinone biosynthesis monooxygenase COQ6, 
mitochondrial  688.27 9.36E-03 

PPP1R10 
Serine/threonine-protein phosphatase 1 regulatory 
subunit 10  282.09 7.05E-04 

ACACA Acetyl-CoA carboxylase 1  150.23 1.05E-04 

PKM Pyruvate kinase PKM  123.33 3.78E-04 

MRPL23 Mitochondrial ribosomal protein L23, isoform CRA_a  105.93 7.7E-06 

ZC3H11A
* cDNA FLJ58196, highly similar to Zinc finger  

86.61 1.1E-05 

  CCCH domain-containing protein 11A      

HSPA4 Heat shock 70 kDa protein 4  78.49 9.01E-05 

POLE DNA polymerase epsilon catalytic subunit A  67.33 2.61E-03 

PCLO Protein piccolo  53.22 3.37E-03 

KCNH4 Potassium voltage-gated channel subfamily H member 4  38.24 9.3E-05 

ACTN2* cDNA FLJ50104, highly similar to Alpha-actinin-2  31.08 1.08E-03 

PACS1 
Phosphofurin acidic cluster sorting protein 1, isoform 
CRA_a  28.16 1.03E-03 

FGFR2-
AHCYL1 Adenosylhomocysteinase  27.85 1.72E-04 

SUGP2 SURP and G-patch domain-containing protein 2  27.81 1.11E-04 

ELP3 Elongator complex protein 3  25.91 1.43E-03 

AP3D1 AP-3 complex subunit delta-1 (Fragment)  23.16 3.87E-04 

ZC3H15 Zinc finger CCCH domain-containing protein 15  23.11 1.99E-03 

MGC167
03 Alpha tubulin-like, isoform CRA_a  19.76 1.89E-03 

RAB40C Ras-related protein Rab-40C (Fragment)  12.50 1.86E-04 

CTPS1 CTP synthase 1  12.12 2.60E-03 

KRT78 Keratin, type II cytoskeletal 78  9.95 0.0326 

MYO9B Myosin IXB variant protein  8.89 0.0345 

RPL22 Heparin-binding protein HBp15  8.27 0.0428 

AHCY Adenosylhomocysteinase  8.12 0.0158 

TTI1 TELO2-interacting protein 1 homolog (Fragment)  7.83 6.72E-04 

ASAP2 PH domain-containing protein 1  7.38 5.78E-04 

ASAP1 Arf-GAP with SH3 domain, ANK repeat and  6.38 5.78E-04 

STXBP5 Syntaxin-binding protein 5  6.24 7.30E-04 

GOT2 Aspartate aminotransferase, mitochondrial  6.09 0.0362 

CHD3 Chromodomain-helicase-DNA-binding protein 3  5.68 2.85E-03 

SPATA19 Spermatogenesis-associated protein 19, mitochondrial  5.54 0.0496 

TBC1D2B TBC1 domain family, member 2B  5.26 3.92E-04 

LRRFIP2  isoform CRA_c  5.20 3.05E-04 

Supplementary Table 5.2 – continuing next page 
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Gene ID Description 
Max 
fold 

change 

ANOVA 
(p) 

GIT1 ARF GTPase-activating protein GIT1  5.16 0.0149 

PYGB Glycogen phosphorylase, brain form  5.16 0.0277 

SPATA5 Spermatogenesis-associated protein 5  5.12 0.0468 

DAAM1* 
dishevelled associated activator of morphogenesis 1, 
mRNA  

5.01 7.20E-03 

CNBP CCHC-type zinc finger nucleic acid binding  5.00 0.0480 

  protein isoform 3 (Fragment)      

GNE Bifunctional UDP-N-acetylglucosamine 2-epimerase 4.36 0.0325 

  /N-acetylmannosamine kinase      

DHX29 ATP-dependent RNA helicase DHX29  4.36 5.60E-04 

LRRFIP1 Leucine rich repeat (In FLII) interacting protein 1, 4.20 3.05E-04 

RPS16 40S ribosomal protein S16  4.01 0.0125 

DAAM1* cDNA FLJ78680, highly similar to Homo sapiens  4.01 7.20E-03 

TCERG1 Transcription elongation regulator 1  3.97 0.0341 

YBX1 Nuclease-sensitive element-binding protein 1  3.72 0.0397 

PSMD2 26S proteasome non-ATPase regulatory subunit 2  3.34 0.0463 

AARS Alanine--tRNA ligase, cytoplasmic  3.19 0.0302 

TRIP12 E3 ubiquitin-protein ligase TRIP12  3.06 3.62E-04 

ALDOA Fructose-bisphosphate aldolase A (Fragment)  2.89 0.0486 

BCAR3* 
cDNA FLJ30880 fis, clone FEBRA2004767, highly similar 
to 

2.73 0.0117 

  Breast cancer anti-estrogen resistance protein 3      

SYNE2 Nesprin-2  2.56 0.0175 

TUBB4Q Beta-tubulin 4Q isoform 1 (Fragment)  2.51 4.56E-03 

DST Dystonin  2.20 0.0419 

KRT2 Keratin, type II cytoskeletal 2 epidermal  2.05 0.0407 
C15orf38
-AP3S2 Protein C15orf38-AP3S2  1.96 0.0122 

RSN Restin, isoform CRA_b (Reed-Steinberg cell-expressed 1.93 0.0249 

   intermediate filament-associated protein)     

DYNC1LI
2 

Dynein, cytoplasmic 1, light intermediate chain 2, 
isoform CRA_a  1.81 0.0101 

ARFGAP
1 ADP-ribosylation factor GTPase-activating protein 1  1.79 0.0154 

MSN Moesin  1.75 0.0149 

CHGB Secretogranin-1  1.74 0.0378 

MGST1 Microsomal glutathione S-transferase 1, isoform CRA_a  1.68 6.46E-03 

VDAC3 Voltage-dependent anion-selective channel protein 3  1.65 0.0454 

DNAAF2 Protein kintoun  1.64 0.0317 

KTN1 Kinectin 1 (Kinesin receptor), isoform CRA_a  1.63 0.0111 

SRGAP1 SLIT-ROBO Rho GTPase-activating protein 1  1.62 0.0122 

IFT172 Intraflagellar transport protein 172 homolog  1.61 0.0184 

ERC1 ELKS/Rab6-interacting/CAST family member 1  1.56 6.87E-03 

KRT7 Keratin, type II cytoskeletal 7  1.55 0.0309 

TNS1 Tensin-1  1.43 4.99E-03 
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HAUS6 HAUS augmin-like complex subunit 6  1.42 0.0443 

Supplementary Table 5.2 – continuing next page 

 

Gene ID Description 
Max 
fold 

change 

ANOVA 
(p) 

CEP170 Centrosomal protein of 170 kDa  1.35 0.0163 

CDV3 CDV3 homolog (Mouse), isoform CRA_a  1.33 0.0140 

Supplementary Table 5.2 – mPKM2-wildtype protein interaction enrichment in comparison to 
non-specific Venus control. 70 proteins were identified to be significantly enriched in mPKM2-WT in 
comparison to the Venus bait control. * indicates the most likely gene name corresponding to the 
proteins/cDNA identified (p<0.05, Unique peptide ≥1).  
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Unique to mPKM2-K433E 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

HIST1H2BJ  Histone H2B   35 
HIST1H2BM  Histone H2B type 1-M    26 
HIST1H4J  Histone H4   16 

  

cDNA FLJ75154, highly similar to Homo sapiens   
9  heterogeneous nuclear ribonucleoprotein C (C1/C2), 

mRNA    
HIST2H2AA3  Histone H2A type 2-A   8 
DHX9  ATP-dependent RNA helicase A    7 
HNRNPA2B1  Heterogeneous nuclear ribonucleoproteins A2/B1  5 
  Kinesin-like protein    5 
TANGO6  Transport and Golgi organization protein 6 homolog   5 
NOP56  NOP56 protein (Fragment)    5 
PTPN12  Tyrosine-protein phosphatase non-receptor type 12   4 
UBE2O  E2 ubiquitin-conjugating enzyme    4 
IRAK1  Interleukin-1 receptor-associated kinase 1   4 
H3F3A  Histone H3    4 
MATR3  Matrin-3   4 
DDX21  Nucleolar RNA helicase 2    4 
RPL6  60S ribosomal protein L6   4 
RPS9  40S ribosomal protein S9    4 
CACYBP  Calcyclin binding protein, isoform CRA_a   4 
RPL7A  60S ribosomal protein L7a (Fragment)    3 

  

cDNA, FLJ94136, highly similar to Homo sapiens 
synaptotagmin 

  

3 
 binding, cytoplasmic RNA interacting protein 
(SYNCRIP), mRNA  

PDLIM7  PDZ and LIM domain protein 7    3 
UBAP2L  Ubiquitin-associated protein 2-like   3 

  
cDNA FLJ11308 fis, clone PLACE1010074,  

  
3 

highly similar to Sorting nexin-2  
KIF4A  Chromosome-associated kinesin KIF4A   3 
DNAJB1  DnaJ homolog subfamily B member 1    3 
ATXN2L  Ataxin-2-like protein   3 
RPS18  40S ribosomal protein S18    3 
RPL8  60S ribosomal protein L8 (Fragment)   3 
RPS8  40S ribosomal protein S8    3 
HNRNPM  Heterogeneous nuclear ribonucleoprotein M   3 
RBMX  RNA-binding motif protein, X chromosome    3 
ALDH18A1  Delta-1-pyrroline-5-carboxylate synthase   3 

ILF3  
Interleukin enhancer binding factor 3, 90kDa, isoform 
CRA_d    3 

DVL3  Segment polarity protein dishevelled homolog DVL-3   3 
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Unique to mPKM2-K433E 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

  DNA-directed RNA polymerase subunit beta    3 
CLTC  Clathrin heavy chain   3 
SRP72  Signal recognition particle subunit SRP72    3 
STMN1  Stathmin   3 
RACGAP1  Rac GTPase activating protein 1, isoform CRA_a    3 
LMNA  Prelamin-A/C   3 
AARS  Alanine--tRNA ligase, cytoplasmic    3 

HNRPF  
Heterogeneous nuclear ribonucleoprotein F, isoform 
CRA_a   3 

NUDC  Nuclear migration protein nudC    3 
COPB1  Coatomer subunit beta   2 
GAF1  Putative uncharacterized protein GAF1 (Fragment)    2 
RANBP2  E3 SUMO-protein ligase RanBP2   2 
LUZP1  Leucine zipper protein 1, isoform CRA_a    2 
HN1  Haematological and neurological expressed 1 protein   2 
MGEA5  Protein O-GlcNAcase    2 
EDC4  Enhancer of mRNA-decapping protein 4   2 
  cDNA FLJ59508, highly similar to Homo sapiens    

2 
  

ubiquitin associated protein 2 (UBAP2), transcript 
variant 1, mRNA    

G3BP1  Ras GTPase-activating protein-binding protein 1   2 

FAM62A  
Family with sequence similarity 62   

2 
 (C2 domain containing), member A, isoform CRA_a    

XRN1  5'-3' exoribonuclease 1   2 

  
cDNA FLJ78677, highly similar to Homo sapiens 

  
2 

 splicing factor 3b, subunit 3, 130kDa (SF3B3), mRNA  
CTNND1  Catenin delta-1   2 
ERC1  ELKS/Rab6-interacting/CAST family member 1    2 

TNKS1BP1  
Tankyrase 1 binding protein 1, 182kDa, isoform 
CRA_a   2 

  cDNA FLJ75500, highly similar to Homo sapiens    
2 

  EH domain binding protein 1, mRNA    
  cDNA, FLJ94025, highly similar to Homo sapiens   

2 
   tripartite motif-containing 28 (TRIM28), mRNA   
RPS13  40S ribosomal protein S13    2 

HNRPA1  
Heterogeneous nuclear ribonucleoprotein A1, 
isoform CRA_b   2 

  

cDNA FLJ35376 fis, clone SKMUS2004044, highly 
similar to Homo    

2 
sapiens ribosomal protein L3 (RPL3), transcript 
variant 2, mRNA    
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Unique to mPKM2-K433E 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

HNRNPUL2  
Heterogeneous nuclear ribonucleoprotein U-like 
protein 2   2 

  cDNA FLJ77421, highly similar to Homo sapiens    
2 

  autoantigen p542 mRNA    
  cDNA FLJ51983, highly similar to    

2 
  Phosphoglycerate mutase 1 (EC 5.4.2.1)    
RSL1D1  RSL1D1 protein (Fragment)    2 
VCP  VCP protein (Fragment)   2 
PTPN11  Tyrosine-protein phosphatase non-receptor type 11    2 
DBN1  Drebrin   2 
  cDNA, FLJ94229, highly similar to Homo sapiens   

2 
  

 heterogeneous nuclear ribonucleoprotein L 
(HNRPL),mRNA    

DDX18  
DEAD (Asp-Glu-Ala-Asp) box polypeptide 18, isoform 
CRA_b   2 

GTPBP4  Nucleolar GTP-binding protein 1    2 
TBK1  Serine/threonine-protein kinase TBK1   2 
OCRL  Inositol polyphosphate 5-phosphatase OCRL-1    2 
H2AFY  Core histone macro-H2A.1   2 

NOP2  
Probable 28S rRNA (cytosine(4447)-C(5))-
methyltransferase    2 

BZW2  
Basic leucine zipper and W2 domains 2, isoform 
CRA_a   2 

DST  Dystonin    2 
EIF5B  Eukaryotic translation initiation factor 5B   2 
ATG3  Ubiquitin-like-conjugating enzyme ATG3    2 

  
cDNA FLJ60461, highly similar to Peroxiredoxin-2 (EC 
1.11.1.15)   2 

EPB41  Protein 4.1    2 

  
cDNA FLJ77615, highly similar to Homo sapiens 
nucleolar    

2 

  
complex associated 3 homolog (S. cerevisiae) 
(NOC3L), mRNA   

  
cDNA FLJ43948 fis, clone TESTI4014924, highly similar 
to Homo   

2 
  

sapiens cytoplasmic FMR1 interacting protein 1 
(CYFIP1),    

   transcript variant 1, mRNA    
HNRNPAB  Heterogeneous nuclear ribonucleoprotein A/B   2 

  
cDNA FLJ10273 fis, clone HEMBB1001137, highly 
similar to   2 

   SEC23-interacting protein    
CBL  E3 ubiquitin-protein ligase CBL   2 
NANP  N-acylneuraminate-9-phosphatase    2 
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Present in both mPKM2-K433E and mPKM2-WT 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

PKM  Pyruvate kinase PKM  164 242 
HEL113  Epididymis luminal protein 113  7 65 
ACACA  Acetyl-CoA carboxylase 1  45 51 
CCT8  T-complex protein 1 subunit theta  24 29 
HSPA8  Heat shock cognate 71 kDa protein  27 29 
AHNAK  Neuroblast differentiation-associated protein AHNAK  23 26 
ACTB  Actin, cytoplasmic 1  25 26 
EIF4G1  EIF4G1 protein  22 25 
  cDNA FLJ32131 fis, clone PEBLM2000267, 

18 22 
   highly similar to Tubulin alpha-ubiquitous chain  
PC  Pyruvate carboxylase  15 21 
HSP90AA1  Heat shock protein HSP 90-alpha  10 20 

  
cDNA FLJ53619, highly similar to Heat shock protein 
HSP 90-beta  16 19 

CKAP5  Cytoskeleton-associated protein 5  16 19 
TUBB  Beta 5-tubulin  16 17 
GEMIN5  GEMIN5 protein  14 16 
EEF1A1  Elongation factor 1-alpha 1  13 14 
CORO1B  Coronin  12 13 
ANXA2  Annexin  11 12 
ACTN4  Actinin alpha 4 isoform 1 (Fragment)  2 11 
CD2AP  CD2-associated protein  7 11 
KIAA1524  Protein CIP2A  7 10 
  Heat shock 70kDa protein 1A variant (Fragment)  7 10 

CSDE1  
Cold shock domain containing E1, RNA-binding, 
isoform CRA_a  8 10 

RAPH1  
Ras association (RalGDS/AF-6) and 

8 10 
 pleckstrin homology domains 1, isoform CRA_b  

DNMBP  Dynamin-binding protein  4 9 
DDX3X  ATP-dependent RNA helicase DDX3X  6 9 
LIMA1  LIM domain and actin-binding protein 1  6 9 
SLK  STE20-like serine/threonine-protein kinase  6 9 
KRT16  Keratin, type I cytoskeletal 16  8 9 
STAT3  Signal transducer and activator of transcription  5 8 
CORO1C  Coronin  6 8 
GART  Trifunctional purine biosynthetic protein adenosine-3  2 7 
TNS3  Tensin-3  3 7 
CEP170  Centrosomal protein 170kDa  5 7 
KIF5B  Kinesin-like protein  6 7 
STAT1  Signal transducer and activator of transcription  2 6 
  cDNA FLJ78740, highly similar to Homo sapiens 

3 6 
   sperm associated antigen 5 (SPAG5), mRNA  
  cDNA FLJ54020, highly similar to Heterogeneous  

4 6 
  nuclear ribonucleoprotein U  
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Present in both mPKM2-K433E and mPKM2-WT 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

  cDNA FLJ75516, highly similar to 
4 6 

   Xenopus tropicalis ubiquitin C, mRNA  

HSPD1  
Heat shock 60kDa protein 1 (Chaperonin), isoform 
CRA_a  4 6 

  
cDNA FLJ78413, highly similar to Homo sapiens 
albumin, mRNA  5 6 

MYH9  
Myosin, heavy polypeptide 9, non-muscle, isoform 
CRA_a  5 6 

  Ribosomal protein L4 variant (Fragment)  2 5 
USP15  Ubiquitin carboxyl-terminal hydrolase 15  2 5 
RPS14  40S ribosomal protein S14  2 5 
SNX1  Sorting nexin-1  3 5 

  
cDNA FLJ76121, highly similar to Homo sapiens zinc 
finger  

3 5 

  
CCCH-type, antiviral 1 (ZC3HAV1), transcript variant 
1, mRNA  

COPG2  Coatomer subunit gamma-2  3 5 
PCBP2  Poly(rC)-binding protein 2  3 5 
  cDNA FLJ59571, highly similar to Eukaryotic 

4 5 
   translation initiation factor 4 gamma 2  
NCAPG  Condensin complex subunit 3  2 4 
CALD1  Caldesmon  2 4 
RPS4X  40S ribosomal protein S4  2 4 
CLINT1  Clathrin interactor 1 isoform 2 (Fragment)  3 4 

C9orf88  
Chromosome 9 open reading frame 88, isoform 
CRA_a  3 4 

STK38  Serine/threonine kinase 38, isoform CRA_a  3 4 

HNRPK  
Heterogeneous nuclear ribonucleoprotein K, isoform 
CRA_d  3 4 

  cDNA, FLJ92620, highly similar to Homo sapiens 
3 4 

  
 staphylococcal nuclease domain containing 1 
(SND1),mRNA  

EEF1G  Elongation factor 1-gamma  3 4 
TP53BP2  Apoptosis-stimulating of p53 protein 2  2 3 
TXNRD1  Thioredoxin reductase 1  2 3 
HNRNPH1  Heterogeneous nuclear ribonucleoprotein H  2 3 
SNAP29  Synaptosomal-associated protein 29  2 3 
EMD  Emerin  2 3 

EPS15L1  
Epidermal growth factor receptor pathway 

2 3 
 substrate 15-like 1, isoform CRA_a  

TRIP12  E3 ubiquitin-protein ligase TRIP12  2 3 
RPL9  NPC-A-16  2 3 

IFIT5  
Interferon-induced protein with tetratricopeptide 
repeats 5  2 3 

  Peptidyl-prolyl cis-trans isomerase  2 3 
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Present in both mPKM2-K433E and mPKM2-WT 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

  cDNA, FLJ96156, highly similar to Homo sapiens 2 3 

   leucyl-tRNA synthetase (LARS), mRNA    

HDLBP  
High density lipoprotein binding protein (Vigilin), 
isoform CRA_a  13 13 

  cDNA, FLJ92973, highly similar to Homo sapiens  
11 11 

  villin 2 (ezrin) (VIL2), mRNA  

EIF5  
Eukaryotic translation initiation factor 5, isoform 
CRA_b  9 9 

NEK9  
NIMA (Never in mitosis gene a)-related kinase 9, 
isoform CRA_a  9 9 

EIF3A  Eukaryotic translation initiation factor 3 subunit A  6 6 

RPS16  40S ribosomal protein S16  6 6 

  
cDNA FLJ51907, highly similar to Stress-70 protein, 
mitochondrial  6 6 

ZYX  Zyxin  5 5 

ATP5B  ATP synthase subunit beta, mitochondrial  4 4 

ALDOA  Fructose-bisphosphate aldolase A  4 4 

TIPRL  TIP41-like protein  4 4 

RPL11 Cell growth-inhibiting protein 34  4 4 

  T-complex protein 1 subunit delta  4 4 

CPSF3  
Cleavage and polyadenylation specificity factor 
subunit 3  4 4 

CRKL  Crk-like protein  3 3 

STAU1  
Double-stranded RNA-binding protein Staufen 
homolog 1  3 3 

DBNL  Drebrin-like protein  3 3 

PXN  Paxillin  3 3 

EIF3D  Eukaryotic translation initiation factor 3 subunit D  3 3 

SERBP1  SERPINE1 mRNA binding protein 1, isoform CRA_d  3 3 

IARS  Isoleucine--tRNA ligase, cytoplasmic  3 3 

LASP1  LIM and SH3 protein 1, isoform CRA_b  3 3 

ERCC6L  DNA excision repair protein ERCC-6-like  2 2 

EXOC4  Exocyst complex component 4  2 2 

FARSA  Phenylalanine--tRNA ligase alpha subunit  2 2 

  Transketolase (Fragment)  2 2 

PDLIM1  PDZ and LIM domain protein 1  2 2 

SNX4  Sorting nexin-4  2 2 

ARCN1  Archain 1, isoform CRA_b  2 2 

EIF3S8  Eukaryotic translation initiation factor 3 subunit C  2 2 

NCL  Nucleolin, isoform CRA_b  2 2 

USP10  Ubiquitin carboxyl-terminal hydrolase 10  2 2 

PRKDC  DNA-dependent protein kinase catalytic subunit  2 2 

RPL13  60S ribosomal protein L13  2 2 
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Present in both mPKM2-K433E and mPKM2-WT 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

RPL10  60S ribosomal protein L10  2 2 

MYPN  Myopalladin  2 2 

ARFGAP2  ADP-ribosylation factor GTPase-activating protein 2  2 2 

CIAPIN1  Anamorsin  2 2 

EPS15  Epidermal growth factor receptor substrate 15  2 2 

  
cDNA FLJ76981, highly similar to Homo sapiens Golgi 
autoantigen,  

2 2 

  golgin subfamily a, 5 (GOLGA5), mRNA    

MKL2  MKL/myocardin-like protein 2  2 2 

FLNA  Filamin A  126 113 

FASN  Fatty acid synthase  116 112 

KRT8  Keratin, type II cytoskeletal 8  60 46 

KRT18  Keratin 18, isoform CRA_a  50 47 

KRT1  Keratin 1  48 37 

KRT2  Keratin, type II cytoskeletal 2 epidermal  37 24 

FLNB  Filamin-B  35 26 

KRT9  Keratin, type I cytoskeletal 9  31 16 

PRIC295  
Peroxisome proliferator activated receptor 

29 18 
 interacting complex protein  

EEF2  Elongation factor 2  26 23 

TLN1  Talin-1  26 21 

KRT10  Keratin, type I cytoskeletal 10  26 20 

MCCC1  
Methylcrotonoyl-CoA carboxylase 1 isoform 1 
(Fragment)  25 23 

SEPT9 Septin-9  19 10 

TUBB2C  Tubulin, beta 2C  17 15 

KRT6C  Keratin, type II cytoskeletal 6C  17 12 

RARS  Arginine--tRNA ligase, cytoplasmic  16 13 

ANXA1  Annexin A1  16 9 

  Dihydropyrimidinase-like 2 variant (Fragment)  14 11 

KRT14  Keratin, type I cytoskeletal 14  14 10 

PLIN3  Perilipin-3  14 9 

TPR  Nucleoprotein TPR  13 12 

  Cortactin isoform a variant (Fragment)  12 10 

VCL  Vinculin, isoform CRA_c  12 10 

KRT5  Keratin, type II cytoskeletal 5  12 9 

MCCC2  
Methylcrotonoyl-CoA carboxylase beta chain, 
mitochondrial  12 6 

DNAJC13  DnaJ (Hsp40) homolog, subfamily C, member 13  12 6 

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase  12 4 
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Present in both mPKM2-K433E and mPKM2-WT 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

RPS3  40S ribosomal protein S3  11 10 

UBE1  

Ubiquitin-activating enzyme E1 (A1S9T and BN75 
temperature  11 10 

sensitivity complementing), isoform CRA_a  

SLC25A5  ADP/ATP translocase 2  11 7 

KEAP1  Kelch-like ECH-associated protein 1, isoform CRA_a  11 6 

TAGLN2  Transgelin-2  10 7 

PAK2  Serine/threonine-protein kinase PAK 2  10 6 

MRE11A  

MRE11 meiotic recombination 11 homolog A (S. 
cerevisiae),  9 8 

isoform CRA_a  

MAP4  Microtubule-associated protein  9 7 

HSPA5  78 kDa glucose-regulated protein  9 6 

ENO1  Enolase 1, (Alpha), isoform CRA_a  9 5 

CRK  
V-crk sarcoma virus CT10 oncogene-like protein 

9 5 
 isoform 1 (Fragment)  

ATP5A1  ATP synthase subunit alpha, mitochondrial  9 4 

WARS  Tryptophanyl-tRNA synthetase, isoform CRA_a  8 6 

EPRS  Bifunctional glutamate/proline--tRNA ligase  8 4 

GAPVD1  
GTPase activating protein and VPS9 domains 1, 
isoform CRA_b  8 4 

TCP1  T-complex protein 1 subunit alpha  7 6 

PCCA  
Propionyl-CoA carboxylase alpha chain, 
mitochondrial  7 5 

PDLIM5  PDZ and LIM domain 5, isoform CRA_c  7 5 

VCPIP1  Deubiquitinating protein VCIP135  7 5 

HSPH1  Heat shock 105kDa/110kDa protein 1, isoform CRA_a  7 5 

TNRC15  Trinucleotide repeat containing 15, isoform CRA_a  7 5 

RUVBL1  RuvB-like helicase (Fragment)  7 5 

PABPC1  Polyadenylate-binding protein  7 4 

PRDX1  Peroxiredoxin-1 (Fragment)  7 3 

  T-complex protein 1 subunit gamma  7 2 

  
cDNA FLJ50778, highly similar to Protein flightless-1 
homolog  6 5 

SRP68  Signal recognition particle subunit SRP68  6 5 

RANGAP1  Ran GTPase activating protein 1, isoform CRA_d  6 5 

CCT6A  
Chaperonin containing TCP1, subunit 6A (Zeta 1), 
isoform CRA_a  6 5 

HAUS5  HAUS augmin-like complex subunit 5  6 4 

HSPB1  Heat shock protein beta-1  6 3 

VASP  Vasodilator-stimulated phosphoprotein isoform 1  6 3 

ABCF2  
ATP-binding cassette, sub-family F (GCN20), member 
2  5 4 
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Present in both mPKM2-K433E and mPKM2-WT 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

PCBP1  Poly(rC)-binding protein 1  5 4 

TJP1  Tight junction protein ZO-1  5 4 

PTBP1  Polypyrimidine tract-binding protein 1  5 3 

  
cDNA FLJ59206, highly similar to Eukaryotic 
translation 5 3 

   initiation factor 4B  

LARP1  La-related protein 1  5 3 

LDHA  L-lactate dehydrogenase A chain  5 3 

  
Chaperonin containing TCP1, subunit 7 (Eta) variant 
(Fragment)  5 2 

EIF4A2  
Eukaryotic initiation factor 4A-II  

4 3 
Capping protein (Actin filament) muscle Z-line, 

CAPZB   beta, isoform CRA_d  4 3 

  cDNA FLJ61233, highly similar to Kinesin light chain 1  4 3 

ALDH1A1  Retinal dehydrogenase 1  4 3 

  Alpha-1,4 glucan phosphorylase  4 3 

PSMD2  26S proteasome non-ATPase regulatory subunit 2  4 3 

EIF2A  Eukaryotic translation initiation factor 2A  4 3 

CCT2  T-complex protein 1 subunit beta  4 3 

RPS11  40S ribosomal protein S11  4 3 

RACK1  Receptor of-activated protein C kinase 1  4 3 

NME2  Nucleoside diphosphate kinase B  4 2 

PGK1 Phosphoglycerate kinase  4 2 

NCK1  NCK adaptor protein 1 isoform 3 (Fragment)  4 2 

RAN  GTP-binding nuclear protein Ran  3 2 

MTHFD1  

Methylenetetrahydrofolate dehydrogenase (NADP+ 
dependent) 1, 

3 2 
 methenyltetrahydrofolate cyclohydrolase,  

 formyltetrahydrofolate synthetase, isoform CRA_a  

FARSB  Phenylalanine--tRNA ligase beta subunit  3 2 

  AP-3 complex subunit beta  3 2 

ETF1  Eukaryotic peptide chain release factor subunit 1  3 2 

FXR1  
Fragile X mental retardation autosomal homolog 
variant p2K  3 2 

AHSA1  
Activator of 90 kDa heat shock protein ATPase 
homolog 1  3 2 

  
cDNA, FLJ95650, highly similar to Homo sapiens 
karyopherin 3 2 

   (importin) beta 1 (KPNB1), mRNA  

USP14  

Ubiquitin specific peptidase 14 (TRNA-guanine 
transglycosylase),  3 2 

isoform CRA_a  
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Present in both mPKM2-K433E and mPKM2-WT 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

GSTP1  Glutathione S-transferase P  3 2 

RPS3A  40S ribosomal protein S3a  3 2 

AAK1  AP2-associated protein kinase 1 (Fragment)  3 2 

Unique to mPKM2-WT 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

TUBA1C  Tubulin alpha-1C chain  21   

KRT19  Keratin, type I cytoskeletal 19  9   

TUBB6  TUBB6 protein  9   

COPA  Coatomer subunit alpha  6   

STRAP  Serine-threonine kinase receptor-associated protein  5   

RUFY1  RUN and FYVE domain-containing protein 1  5   

PAICS  

Phosphoribosylaminoimidazole carboxylase, isoform 
CRA_c phosphoribosylaminoimidazole 5   

succinocarboxamide synthetase,   

YWHAQ  14-3-3 protein theta  5   

NPM1  Nucleophosmin isoform 2 (Fragment)  5   

ACLY  ATP-citrate synthase  4   

TTC28  Tetratricopeptide repeat protein 28  4   

AAK1  AP2-associated protein kinase 1  4   

  cDNA FLJ56381, highly similar to Dynamin-1-like 
4 

  

   protein (EC 3.6.5.5)    

PABPC4  Polyadenylate-binding protein  4   

EIF2S3  Eukaryotic translation initiation factor 2 subunit 3  4   

ATP6V1A  V-type proton ATPase catalytic subunit A  4   

ANKRD17  Ankyrin repeat domain-containing protein 17  4   

KIF15  Kinesin-like protein KIF15  3   

  cDNA FLJ50442, highly similar to T-complex  
3 

  

  protein 1 subunit epsilon    

RTCB  tRNA-splicing ligase RtcB homolog  3   

EFHD2  EF-hand domain family, member D2, isoform CRA_a  3   

ANKHD1  Ankyrin repeat and KH domain-containing protein 1  3   

UNC45A  Protein unc-45 homolog A  3   

INF2  Inverted formin-2  3   

  
cDNA FLJ55542, highly similar to Ran-binding protein 
3  3   

MYOF  Myoferlin  3   

  Importin subunit alpha  3   

  cDNA FLJ57604, highly similar to GMP synthase 
3 

  

   (glutamine-hydrolyzing) (EC 6.3.5.2)    
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Unique to mPKM2-WT 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

PUF60  Poly(U)-binding-splicing factor PUF60 (Fragment)  3   

NONO  
Non-POU domain containing octamer-binding 
isoform 1 (Fragment)  3   

KRT78  Keratin, type II cytoskeletal 78  3   

RPS20  40S ribosomal protein S20  3   

  
cDNA FLJ61538, highly similar to Switch-associated 
protein 70  3   

  cDNA FLJ75085, highly similar to Homo sapiens  
3 

  

  glutaminyl-tRNA synthetase (QARS), mRNA    

PFN1  Profilin 1, isoform CRA_b  3   

COPG1  Coatomer subunit gamma-1  3   

RPL5  Ribosomal protein L5  3   

  Septin 7 variant 4  3   

OLA1  Obg-like ATPase 1  3   

SEPT2 Septin-2  3   

RPS5  Ribosomal protein S5, isoform CRA_a  2   

  cDNA FLJ76789, highly similar to Homo sapiens  
2 

  

  methionine-tRNA synthetase (MARS), mRNA    

  Condensin complex subunit 1  2   

DFNA5  Deafness, autosomal dominant 5, isoform CRA_a  2   

ABCF3  
ATP-binding cassette sub-family F member 3 isoform 
1 (Fragment)  2   

LRRFIP1  
Leucine rich repeat (In FLII) interacting protein 1, 
isoform CRA_c  2   

  
cDNA FLJ53366, highly similar to Probable ATP-
dependent 2 

  

   RNA helicase DDX5 (EC 3.6.1.-)    

PSMC1  26S protease regulatory subunit 4  2   

HSPA4  Heat shock 70 kDa protein 4  2   

SH3GL1  SH3 domain GRB2-like 1  2   

PSMC2  26S protease regulatory subunit 7  2   

SHC1  SHC-transforming protein 1  2   

  
cDNA FLJ50985, highly similar to Segment polarity 
protein 2   

   dishevelled homologDVL-2    

RUVBL2  RuvB-like 2  2   

HAUS6  HAUS augmin-like complex subunit 6  2   

  
cDNA FLJ30049 fis, clone ADRGL1000033, highly 
similar to 26S  2   

  proteasome non-ATPase regulatory subunit 3    

SLC3A2  4F2 cell-surface antigen heavy chain  2   

NUFIP2  
Nuclear fragile X mental retardation protein 
interacting protein 2  2   
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Unique to mPKM2-WT 

Gene Identified Proteins 
Unique Peptide 

WT K433E 

DOCK7  Dedicator of cytokinesis protein 7  2   

SFPQ  
Splicing factor proline/glutamine-rich  

2 
  

(Polypyrimidine tract binding protein associated)    

HCFC1  Host cell factor 1  2   

DYNC1H1  Cytoplasmic dynein 1 heavy chain 1  2   

FLG2  Filaggrin-2  2   

RPS29  40S ribosomal protein S29  2   

  Triosephosphate isomerase (Fragment)  2   

ATP5O  ATP synthase subunit O, mitochondrial  2   

  Adenylyl cyclase-associated protein  2   

KIAA1468  KIAA1468, isoform CRA_b  2   

  
cDNA, FLJ95525, highly similar to Homo sapiens 
synapse  2   

  associated protein 1, SAP47 homolog (SYAP1), mRNA    

AHCY  Adenosylhomocysteinase  2   

CLUH  Clustered mitochondria protein homolog  2   

  cDNA, FLJ94230, highly similar to Homo sapiens 
2 

  

   thioredoxin-like 1 (TXNL1), mRNA    

DHX29  ATP-dependent RNA helicase DHX29  2   

PSMD8  26S proteasome non-ATPase regulatory subunit 8  2   

  cDNA, FLJ92583, highly similar to Homo sapiens 
2 

  

   glycogenin (GYG), mRNA    

ZFYVE16  
Zinc finger, FYVE domain containing 16, isoform 
CRA_a  2   

NARS  Asparagine--tRNA ligase, cytoplasmic  2   

JTV1  JTV1 gene, isoform CRA_a  2   

  
cDNA, FLJ96812, highly similar to Homo sapiens 
threonyl-tRNA synthetase (TARS), mRNA 

2 
  

GIT1  ARF GTPase-activating protein GIT1  2   

BUB3  Mitotic checkpoint protein BUB3  2   

HN1L  
Hematological and neurological-expressed 1-like 
protein  2   

DRG1  Developmentally-regulated GTP-binding protein 1  2   

ATP5J2  ATP synthase subunit f, mitochondrial  2   

AP3M1  
Adaptor-related protein complex 3, mu 1 subunit, 
isoform CRA_a  2   

ALDH7A1  Alpha-aminoadipic semialdehyde dehydrogenase  2   

Supplementary Table 5.3 – mPKM2-WT versus mPKM2-K433E mutant protein-protein interaction 
enrichment comparisons. 380 proteins were identified in total from both mPKM2-WT (WT) and 
mPKM2-K433E (K433E) samples. 86 and 90 proteins were uniquely identified in WT and K433E mutant, 
respectively. 204 mutual proteins were identified in both WT and K433E. Data are expressed as the 
number of unique peptides hits where the higher the unique peptide hits, the more certain the 
identification. Unique peptide hit suggests the following: 1 = possible identification, 2-3 = probable 
identification, ≥4 = almost certain identification. N=1 
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Supplementary Table 5.4.1 – Bio-identification of metabolic proteins interacting with mPKM2-WT, 
mPKM2-K433E mutant and non-targeting Venus control. mPKM2-WT (WT), mPKM2-K433E mutant 
(Mutant) and non-targeting Venus control (Venus). Proteins involved in cell cycles were classified using 
Pather.org database. Data are expressed as the number of unique peptides hits where the higher the 
unique peptide hits, the more certain the identification. Unique peptide hit suggests the following: 1 = 
possible identification, 2-3 = probable identification, ≥4 = almost certain identification. N=1 

 

  

Venus WT Mutant

ACACA Acetyl-CoA carboxylase 1 44 45 51

ACLY ACLY variant protein 5 3

AHCY Adenosylhomocysteinase 2

ALDH1A1 Retinal dehydrogenase 1 4 4 3

ALDH7A1 Alpha-aminoadipic semialdehyde dehydrogenase 2

ALDOA Fructose-bisphosphate aldolase A 3 4 4

ATP5A1 ATP synthase subunit alpha, mitochondrial 5 9 4

ATP5B ATP synthase subunit beta, mitochondrial 2 4 4

ATP5J2 ATP synthase subunit f, mitochondrial 2

ATP5O ATP synthase subunit O, mitochondrial 2

ATP6V1A V-type proton ATPase catalytic subunit A 4

ENO1 Enolase 1, (Alpha), isoform CRA_a 6 9 5

EPRS Bifunctional glutamate/proline--tRNA ligase 6 8 4

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 8 12 4

GART Trifunctional purine biosynthetic protein adenosine-3 5 2 7

LDHA L-lactate dehydrogenase A chain 5 3

MCCC1 Methylcrotonoyl-CoA carboxylase 1 isoform 1 15 25 23

MCCC2 Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial 12 12 6

Methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1, 

methenyltetrahydrofolate cyclohydrolase,

formyltetrahydrofolate synthetase, isoform CRA_a

NME2 Nucleoside diphosphate kinase B 2 4 2

Phosphoribosylaminoimidazole carboxylase,  isoform CRA_c 

phosphoribosylaminoimidazole succinocarboxamide synthetase,

PC Pyruvate carboxylase 18 15 21

PCCA Propionyl-CoA carboxylase alpha chain, mitochondrial 3 7 5

PGK2 Phosphoglycerate kinase 2 3 4 2

PKM Pyruvate kinase PKM 17 164 242

Gene name Protein name
Unique Peptides

Metabolic Pathways

PAICS 3 5

MTHFD1 2 3 2
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Supplementary Table 5.4.2 – Bio-identification of cell cycle proteins interacting with mPKM2-WT, 

mPKM2-K433E mutant and non-targeting Venus control. mPKM2-WT (WT), mPKM2-K433E mutant 

(Mutant) and non-targeting Venus control (Venus). Proteins involved in cell cycles were classified using 

Pather.org database. Data are expressed as the number of unique peptides hits where the higher the 

unique peptide hits, the more certain the identification. Unique peptide hit suggests the following: 1 = 

possible identification, 2-3 = probable identification, ≥4 = almost certain identification. N=1 

 

 

 

 

 

 

 

 

Venus WT Mutant

CKAP5 Cytoskeleton-associated protein 5 27 16 19

CLTC Clathrin heavy chain 3

EMD Emerin 3 2 3

EPB41 Protein 4.1, Erythrocyte Membrane Protein Band 4.1 2

ERCC6L DNA excision repair protein ERCC-6-like 2 2 2

FLNA Filamin A 119 126 113

GRB10 Interacting GYF Protein 2, 

Trinucleotide repeat containing 15, isoform CRA_a

RACK1 Receptor of-activated protein C kinase 1 4 3

HAUS5 HAUS augmin-like complex subunit 5 6 6 4

HSP90AA1 Heat shock protein HSP 90-alpha 10 10 20

KIF4A Chromosome-associated kinesin KIF4A 4 3

KRT18 Keratin 18, isoform CRA_a 42 50 47

LMNA Prelamin-A/C 3

MAP4 Microtubule-associated protein 19 9 7

MRE11A MRE11 meiotic recombination 11 homolog A, isoform CRA_a 7 9 8

MYH9 Myosin, heavy polypeptide 9, non-muscle, isoform CRA_a 7 5 6

NCAPG Condensin complex subunit 3 2 2

NEK9 NIMA (Never in mitosis gene a)-related kinase 9, isoform CRA_a 9 9 9

NUDC Nuclear migration protein nudC 3

PRKDC DNA-dependent protein kinase catalytic subunit 2 2

PTPN11 Tyrosine-protein phosphatase non-receptor type 11 2

RACGAP1 Rac GTPase activating protein 1, isoform CRA_a 2

RAN GTP-binding nuclear protein Ran 4

RANBP2 E3 SUMO-protein ligase RanBP2 2 2

RPS3 40S ribosomal protein S3 3 2

RUVBL1 RuvB-like helicase 11 7 5

SEPT9 Septin-9 19 19 10

STMN1 Stathmin 3

TNKS1BP1 Tankyrase 1 binding protein 1, 182kDa, isoform CRA_a 6 2

TP53BP2 Apoptosis-stimulating of p53 protein 2 2 2 3

TPR Nucleoprotein TPR 14 13 12

TUBB Beta 5-tubulin 11 16 17

TUBB4B Tubulin, beta 2C; Tubulin Beta 4B Class Ivb 10 17 15

VCPIP1 Deubiquitinating protein VCIP135 6 7 5

7 5

Gene name Protein name
Unique Peptides

Cell cycle

GIGYF2 9
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Supplementary Table 5.4.3 – Bio-identification of functional proteins interacting with mPKM2-WT, 
mPKM2-K433E mutant and non-targeting Venus control. mPKM2-WT (WT), mPKM2-K433E mutant 
(Mutant) and non-targeting Venus control (Venus). Proteins were classified by biological processes using 
Pather.org database. Data are expressed as the number of unique peptides hits where the higher the 
unique peptide hits, the more certain the identification. Unique peptide hit suggests the following: 1 = 
possible identification, 2-3 = probable identification, ≥4 = almost certain identification. N=1 

 

 

  

Venus WT Mutant

PKM Pyruvate kinase PKM 17 164 242

PC Pyruvate carboxylase 18 15 21

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 8 12 4

ENO1 Enolase 1, (Alpha), isoform CRA_a 6 9 5

LDHA L-lactate dehydrogenase A-like 6A 5 3

ALDOA Fructose-bisphosphate aldolase A 3 4 4

PGK1 Phosphoglycerate Kinase 1 3 4 2

ALDH7A1 Alpha-aminoadipic semialdehyde dehydrogenase 2

ACACA Acetyl-CoA carboxylase 1 44 45 51

Epidermal growth factor receptor pathway substrate 15-like 1

, isoform CRA_a

STK38 Serine/threonine kinase 38, isoform CRA_a 5 3 4

EPS15 Epidermal growth factor receptor substrate 15 2 2

CTNND1 Catenin delta-1 5 2

TNS3 Tensin-3 9 3 7

ANXA1 Annexin A1 11 16 9

MYPN Myopalladin 2 2

ZYX Zyxin 4 5 5

TJP1 Tight junction protein ZO-1 8 5 4

Gap Junction

Gene name Protein name

Calcium  binding

EPS15L1 4 2

Cell adhesion

3

Glycolytic Enzymes

Unique Peptides
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Chapter 6 – Conclusion and Future work 

6.1  Concluding discussion 

Pancreatic cancer, particularly pancreatic ductal adenocarcinoma (PDAC), is a fatal cancer with 

limited therapeutic treatment options and successes, this malignancy has one of the poorest patient 

survival prognoses amongst all cancers [1,2]. Over the past three decades, PDAC patient survival 

prognosis has marginally improved by a few months with current treatment regimens [1,8], suggesting 

the need to identify novel targets and strategies to therapeutically target the disease. As multiple cancers 

exhibit metabolic reprogramming towards glycolysis (Warburg effect) and remodelling of Ca2+ signalling 

machinery, intensive research has been ongoing to strategically exploit these vulnerabilities 

[50,109,230,341]. Indeed, the majority of PDAC tumours overexpress oncogenic PKM2 [304] which 

drives the Warburg phenomenon as well as upregulates the expression of PMCA4 [118], a major ATP-

consuming Ca2+ efflux machinery often remodelled in multiple cancers [124]. Although controversial, the 

role of PKM2 has been extensively studied in PDAC [304,342]. However, less is known about the role 

of PMCAs in PDAC. The previous study by James, A.D et al (2015) showed that NCX minimally 

contributes towards Ca2+ clearance whereas PMCA functions as primary Ca2+efflux mechanism, 

suggesting that PMCAs play a critical role in Ca2+ homeostasis role in both MIAPaCa-2 and PANC-1 

PDAC cell lines [114,121,123]. Further linking glycolysis and PMCA, James, A.D et al (2013, 2015) also 

reported glycolytic ATP is essential for fuelling PMCA activity, preventing cytotoxic Ca2+ overload and 

potentially driving PDAC cell growth and survival [114]. The current thesis presents evidence which 

suggests that overexpression of plasma membrane Ca2+ ATPase isoform 4 (PMCA4) is essential for the 

maintenance of Ca2+ homeostasis and cancer hallmarks in PDAC cells, therefore, strategies which 

impair PMCA4 activity may therapeutically benefit PDAC treatment. These strategies, explored in parts 

in this thesis, include the disruption of Cav-1 enrich membrane subdomains and identification of putative 

PKM2-plasma membrane binding protein which may potentially be inhibited to cut-off privileged 

glycolytic ATP supply to the PMCA4.   

Focusing on the role of PMCA on cancer hallmarks, Chapter 3 of this thesis firstly highlights the 

clinical relevance of PMCA isoforms, particularly correlating PMCA4 overexpression in PDAC tumour 

with poor patient survival prognosis, through data mining of publicly available databases [343–345]. 

Furthermore, this work has identified MIAPaCa-2 as a clinically relevant PDAC model which exhibits 

overexpression PMCA4 and the Warburg phenomenon, both of which are typical characteristics of 

patient-derived PDAC tumours [118,302]. In line with findings by James, A.D et al (2013,2015) that 

PMCA is the major Ca2+ efflux mechanism in PDAC cells [121,123], we demonstrated that PMCA4 plays 

a key role in PDAC Ca2+ clearance and regulation of Ca2+ homeostasis. As glycolysis-derived ATP is 

required to fuel PMCA activity in PDAC cells [121,123], it could be inferred that overexpression of PMCA4 

requires enhanced glycolytic flux to fulfil this increased ATP-demand at the plasma membrane. 

Hypothetically, this ATP-consumption also symbiotically limits metabolite-induced inhibition of key GEs 

which drive the glycolytic flux, particularly PFK-1 and PKM2. Therefore, we predicted that inhibition of 

PMCA4, reducing the ATP-consumption at the plasma membrane, could potentially reduce glycolytic 

flux. Unexpectedly, knocking down PMCA4 expression had no effect on basal mitochondrial respiration 
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and glycolysis metabolic phenotypes, as assessed by Agilent Mito stress and glycolytic stress tests. This 

suggests that remodelling of PMCA4 expression in PDAC cells have minimal effect on basal cellular 

metabolic phenotype, including glycolytic flux. However, regardless of its lack of involvement in 

regulating metabolic phenotype, we showed that PMCA4 expression in MIAPaCa-2 PDAC cells plays a 

role in facilitating cell migration and enhanced apoptosis resistance. These observations were consistent 

with previous studies in corneal epithelial wound healing [245] and breast cancer cells [249], respectively. 

Therefore, the overexpression of PMCA4 in PDAC remains an important oncogenic alteration which 

facilitates the manifestation of cancer hallmarks, particularly cell migration and apoptosis resistance.  

Although inhibition of PMCA4 may provide a means to inhibit PDAC, currently reported selective 

inhibitors of PMCA4, including aurintricarboxylic acid (ATA) and caloxin 1c2, had minimal inhibitory 

effects on PMCA4 activity at concentrations reported to exhibit negligible non-specific effects (described 

in Chapter 2, section 2.2.3). As previous findings suggest that PMCA4 and key GEs potentially co-

localise at the Cav-1-enriched plasma membrane (PM) “caveolae” subdomain [113,116,228,229], the 

work in Chapter 4 of this thesis broadly examined the relevance of this Cav-1-enriched subdomain in 

PDAC and whether it could be exploited to target PMCA4 activity. Consistent with previous studies 

[117,346], we showed through data mining of public databases that Cav-1 is overexpressed could be 

correlated to poor PDAC patient survival. In addition, we highlighted that co-elevation of PMCA4 and 

Cav-1 had a worse impact on PDAC patient survival outcome, suggesting potential functional 

cooperation of these two genes in PDAC. In line with previous findings in mouse small intestine [113] 

and sperm cells [347], this work presented in Chapter 4 provides the evidence that the Cav-1 expression 

knockdown led to impaired PMCA activity in glycolysis-reliant MIAPaCa-2 PDAC cells. This disruption of 

Cav-1-enriched caveolae, induced by either methyl-β-cyclodextrin (MβC) or siRNA knockdown of Cav-1 

expression, leads to impaired PMCA-mediated Ca2+ clearance in MIAPaCa-2 cells, albeit these 

disruptions induce a minimal effect on Ca2+ homeostasis. This suggests that Ca2+ homeostasis was 

sufficiently maintained despite the modest impairment of PMCA4 activity in MIAPaCa-2 cells. Potential 

explanations for this PMCA4 impairment includes compartmental ATP-depletion due to the loss of 

favourable Cav-1 docking sites for glycolytic enzymes [116], and/or, the loss of Cav-1-mediated lipid 

transport (cholesterol and acidic phospholipids) to the plasma membrane [257,348] which disrupts the 

membrane lipid microenvironment [257,281] required for optimum PMCA function [349–351]. As the 

effect of Cav-1 knockdown on PMCA4 activity was very modest, it might be that PMCA4 functions 

independently of Cav-1 expression, possibly due to the non-exclusive PMCA4 expression in lipid rafts 

[112] as well as the caveolae [113,352]. This line of enquiry could be clarified by further 

immunoprecipitation and/or immunofluorescence confocal microscopy of PMCA4 and Cav-1. Overall, 

Cav-1 expression had no effect on PDAC cell viability, proliferation, glycolysis and mitochondrial 

respiration metabolic phenotypes.  

As plasma membrane-associated glycolytic enzymes (PM-GEs) may be important for providing a 

privileged ATP supply to fuel the PMCA, we hypothesized that PMCA activity could be inhibited by the 

disruption of GEs binding to the plasma membrane, cutting-off this privileged ATP supply. 

Compartmentalization of glycolytic enzymes (GEs), in erythrocytes (lacking mitochondria) and at the 

leading edge of migrating cells, has been proposed by multiple studies [116,296,298,353]. In 
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erythrocytes, band 3 transmembrane protein (solute carrier family 4 member 1; SLC4A1) has been 

identified as the plasma membrane binding site of the glycolytic metabolon [296]. In nucleated cells, 

however, Cav-1 has been suggested to target PFK and ALD to the plasma membrane in rat vascular 

smooth muscle [116] whereas PKM2 is targeted to the plasma membrane by SNAP23, an important 

component of the exosome, in Hela and A549 pulmonary adenocarcinoma cells [354]. However, limited 

evidence is available on the protein which binds or targets GEs to the plasma membrane in PDAC cells. 

As an attempt to identify this putative PM-GE binding protein, the work presented in Chapter 5 used an 

unbiased screening technique to identify putative interacting partners of PKM2, using BirA* proximity-

ligation fusion protein. Providing the first preliminary evidence that voltage-gated K+ channel subfamily 

H member 4 (KCNH4) is a putative intrinsic plasma membrane protein which significantly interacts with 

PKM2, this work strongly suggests that a subpopulation PKM2 resided near the plasma membrane in 

PDAC. In addition, we showed that PKM2 interacted with other GEs, particularly aldolase A (ALDOA), 

known to bind to Cav-1 and localised at the caveolae [116]. This screening also revealed the putative 

moonlighting functions of PKM2 in PDAC which includes processes (e.g. regulation of DNA 

replication)[306]. However, the results presented in Chapter 5, suggests that PKM2 did not interact with 

any caveolae markers and had an insignificant interaction enrichment with SNAP29 (synaptosome 

associated protein 29) in MIAPaCa-2 PDAC cells. As the results presented in Chapter 5 are very 

preliminary in nature, further extensive experimentation will be required to validate the physical 

interaction of KCNH4 and PKM2 and investigate the biological implication of disrupting this putative 

interaction in PDAC.  

In conclusion, the results presented in this current thesis suggest that PMCA4 overexpression plays 

a critical role in Ca2+ homeostasis and cancer hallmarks in PDAC. We, therefore, propose that strategies 

which enable selective inhibition or impairment of PMCA4 function may selectively sensitize PDAC cells 

to apoptotic cell death. Based on this work, future studies may be done to dissect the mechanistic 

regulation of PMCA4 in PDAC cancer hallmarks, and understand whether inhibition of PMCA4 could 

indeed be exploited to therapeutically sensitize PDAC to currently available first-line treatments, validate 

the relationship between KCNH4 and PKM2 (PM-GEs binding proteins), and identify whether the 

disruption of this interaction could be exploited to selectively target PDAC which overexpresses PMCA4.  
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Figure 6.1 – Proposed relationship between PMCA4 and putative glycolytic ATP supply at the 
membrane. In MIAPaCa-2 PDAC cells, PMCA4 is the critical Ca2+ efflux mechanism required for the 
maintenance of low resting [Ca2+]i and contributes towards cancer hallmarks, including enhanced 
migration and apoptotic resistance. PMCA4 potentially resides in lipid-rich membrane subdomains, not 
exclusive to Cav-1-enriched caveolae, but likely includes lipid rafts. KCNH4 potentially serves as an 
intrinsic transmembrane protein which binds ATP-producing PKM2 to the plasma membrane 
subdomains, in close proximity to PMCA4, providing privileged ATP supply which drives PMCA-mediated 
maintenance of Ca2+ homeostasis. This consumption of local ATP (ATPPM), however, does not impact 
global glycolytic flux and ATP (ATPglobal).  

6.2  Future work 

Based on the current evidence presented in this thesis, many potential experiments could be done 

to extensively expand on the findings: 

Chapter 3 – PMCA4 paper 

• Overexpress PMCA4 in normal pancreas cell lines (e.g. HPDE and HPNE) and/or alternative PDAC 

cell lines (e.g. PANC-1) which express low levels of PMCA4 to examine whether this remodelling 

results in cancer phenotype observed in MIAPaCa-2, particularly migration and apoptotic 

resistance. 

• Dissecting the signalling pathways involved in PMCA4 mediated cell migration and apoptosis 

resistance. As the majority of PMCA4 overexpression in MIAPaCa-2 cells are PMCA4b variant, 

known to possess PDZ binding site and is involved in mediating signal transduction via multiple 

effectors (e.g. NOS). Therefore, identification of PMCA4-mediating signalling pathway that is 

responsible for modulating these cancer phenotypes may provide insights into PDAC disease 

progression. 
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• To investigate whether PMCA4 knockdown would lead to sensitization (e.g. caspase 3/7 cleavage 

apoptotic assay) against first line PDAC chemotherapeutic drugs (e.g. gemcitabine, paclitaxel, cis-

platin) as this would provide insights into the clinical relevance of targeting PMCA4 activity in PDAC.  

Chapter 4 – Plasma Membrane Calcium ATPase 4 (PMCA4) functional activity is dependent on 

Cav-1 expression in pancreatic ductal adenocarcinoma cells 

• To validate the co-localisation of Cav-1 and PMCA4 within the same plasma membrane subdomain 

compartment, immunofluorescence confocal microscopy could be employed to image the co-

localisation of Cav-1 and PMCA4 within the same plane of view.  

• To verify whether the knockdown of Cav-1 expression could lead to the disruption of caveolae, 

scanning electron microscopy could be used to image the caveolae.  

• As Cav-1 expression had been linked to cancer hallmarks in PDAC, particularly migration and 

apoptosis resistance, further caspase 3/7 cleavage apoptosis assay and gap closure migration 

assays could be performed, respectively.  

• Overexpression of Cav-1 in normal pancreatic cell lines could be done to identify potential 

manifestation of cancer phenotypes such as growth (SRB/WST-8), cell migration (gap closure), 

alterations in PMCA4 expression (Western immunoblot) and metabolic phenotype (Agilent 

Seahorse XFe96 Mito stress, glycolysis stress and ATP production rate assay).  

• To investigate whether Cav-1 knockdown associated PMCA4 impairment could sensitize PDAC 

cells to apoptotic stimuli and/or first line PDAC therapeutics. If yes, understand how Cav-1 mediate 

this impairment could provide a novel strategy to target PDAC.  

• To understand whether PMCA4 activity impairment occurred due to Cav-1 knockdown associated 

dysregulation of membrane lipid content, measurement of cholesterol content in the plasma 

membrane could be performed. If the cholesterol content has been reduced due to the loss of Cav-

1 mediated lipid transport, we could test whether the addition of exogenous cholesterol could rescue 

PMCA4 activity.  

Chapter 5 – PKM2 chapter 

• Validation of KCNH4 interaction with PKM2 using techniques such as co-immunoprecipitation, 

proximity ligation assay, and immunofluorescence confocal microscopy.  

• KCNH4 knockdown to examine whether this putative PM-GE binding protein serves to modulate 

glycolytic flux (Agilent Seahorse XFe96 Mito stress, glycolysis stress, and ATP production rate 

assay) and/or PMCA4 activity (PMCA activity and Ca2+ overload experiments). If KCNH4 

knockdown does indeed inhibit PMCA activity or alter glycolytic flux, further efforts may be put into 

the identification of PKM2 binding site on KCNH4. This is because the disruption of PKM2-KCNH4 

interaction could potentially provide a novel therapeutic target for the treatment of PDAC. 

• The functional role of PKM2 in PDAC can be further investigated by interrogating present mass 

spectrometry data through proteomics programs (e.g. Ingenuity Pathway Analysis, PANTHER and 

Strings databases) to categorize moonlighting functions associated with cancer hallmarks. 
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• Alternative baits could be used for bio-identification to strengthen the integrity of PKM2-BirA* data, 

particularly for the identification of putative plasma membrane proteins which binds GEs. For 

instance, intrinsic plasma membrane proteins of interest could be used as baits: PMCA4b and 

KCNH4.  

• Examine the effects of PKM2-BirA overexpression in MIAPaCa-2 cell line, particularly on cell 

viability and proliferation (WST-8/ SRB) and metabolic status (Agilent Seahorse XFe96 Mito stress, 

glycolysis stress, and ATP production rate assay). 
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