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PMCA = plasma membrane calcium ATPase, referring to protein

PMCA4-GCaMP = PMCA4 attached with fusion green fluorescence protein and calmodulin-binding
domain and M13 myosin light chain kinase

PPP = pentose phosphate pathway

PTMs = post-translational modifications

Ptdins(4,5)P2 = phosphatidylinositol 4,5-bisphosphate

gPCR = quantitative polymerase chain reaction
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R1 = first calcium clearance phase
Rz = second calcium clearance phase
RASSF1 = Ras-associated factor 1
rcf = relative centrifugal force
Ref = references
rpm = rotation per minutes
Rmax = maximum ratio
o Rhax = change with respect to maximum ratio
Rmin = minimum ratio
RIPA = radioimmunoprecipitation assay
RNA = ribonucleic acid
ROR1 = receptor tyrosine kinase-like orphan receptor 1
ROS = reactive oxygen species
Rot = rotenone
Rot/AA = rotenone/antimycin A mixture
Rt = Ratio at relative time
RT = room temperature
RTKs = receptor tyrosine kinases
RYR = ryanodine receptor
SAICAR = succinylaminoimidazolecarboxamide ribose-5 -Nhosphate
SDS = sodium dodecyl sulphate
SDS-PAGE = sodium dodecyl sulphate-polyacrylamide gel electrophoresis
sec = seconds
SE = standard error
SEM = standard error of means
Ser, S = serine
SERCA = sarco/endoplasmic reticulum Ca?* ATPase
ShRNA = short hairpin RNA
siCav-1 = siRNA targeting CAV1 mRNA, generating Cav-1 expression knockdown
SiNT = non-targeting siRNA
siPMCA1 = siRNA targeting ATP2B1 mRNA, generating PMCA1 expression knockdown
siPMCAZ2 = siRNA targeting ATP2B2 mRNA, generating PMCA2 expression knockdown
SsiPMCAS = siRNA targeting ATP2B3 mRNA, generating PMCAS3 expression knockdown
SiPMCA4 = siRNA targeting ATP2B4 mRNA, generating PMCA4 expression knockdown
SiRNA = small/short interfering RNA
SMAD4 = SMAD family member 4
SOCE = store-operated calcium entry
SPCA = secretory pathway Ca?* ATPase
SR = sarcoplasmic reticulum
SRB=sulfor hodami ne b
STIM = stromal interaction molecule
T = thymine
TBS = Tris buffer solution
TBST = Tris buffer solution with added Tween
TCA = tricarboxylic acid cycle
TGCA-PAAD = the cancer genomic atlas - pancreatic adenocarcinoma cohort
TGFR = tumour growth factor receptor
TGFbR=DGF eceptor
Thr, T = threonine
TP53 = P53 tumour suppressor
TPI = triosephosphate isomerase
TRP = transient receptor potential channel
Tyr, Y = tyrosine
pl = micro litre
UM = micro molar
VDCC = voltage dependent calcium channels
VEGF = vascular endothelial growth factor
WST-8 = water-soluble tetrazolium dye-8/ cell count kit-8
WT = wild-type
TOTAL WORD COUNT: 73,361
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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 Ca?* signalling machinery as vulnerable targets which could be
exploited therapeutically in multiple cancers, including PDAC. Evidence suggests that plasma membrane
Ca?* ATPases (PMCAs), shown to be the primary Ca2* efflux machinery in PDAC, is functionally driven
by glycolytic ATP to prevent cytotoxic Ca?* 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 Ca?* clearance,
elevated resting intracellular Ca?* ([Ca?*]i), inhibited cell migration and enhanced apoptotic cell death
under Ca?* stress; collectively suggesting that PMCA4 plays a critical role in Ca?* 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 Ca?* 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 [Ca?*]i, nonetheless, this work provides the first evidence to suggest that Cav-1 expression could
modulate PMCAA4 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.

13



Declaration

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

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

Copyright Statement

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

copyright or related rights in it (the ACopyriagh

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

ii. Copies of this thesis, either in full or in extracts and whether in hard or electronic copy, may be
made only in accordance with the Copyright, Designs and Patents Act 1988 (as amended) and
regulations issued under it or, where appropriate, in accordance with licensing agreements which

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

iii. The ownership of certain Copyright, patents, designs, trademarks and other intellectual property

(the Al ntell ectual Propertyo) and any reproduct |

graphs andepraddwcst i(diRso), which may be descri
the author and may be owned by third parties. Such Intellectual Property and Reproductions cannot
and must not be made available for use without the prior written permission of the owner(s) of the

relevant Intellectual Property and/or Reproductions.

iv. Further information on the conditions under which disclosure, publication and commercialisation of
this thesis, the Copyright and any Intellectual Property and/or Reproductions described in it may
take place is available in the University IP Policy (see

http://documents.manchester.ac.uk/Doculnfo.aspx?DoclD=24420), in any relevant Thesis

restriction declarations deposited in the Univer

http://www. |l ibrary. manchester.ac.uk/ about/regul a

Presentation of Theses

14



Acknowledgements

| would like to express my sincerest thanks to my supervisor, Dr Jason Bruce, for his enthusiastic

supervision, extensive support and attentive guidance throughout this PhD project.

| would like to thank Robert Pedley and Dr Andrew Gilmore for their help with the BirA* bio-
identification technique. | must also thank the University of Manchester Bioimaging Facility staffs, the
Biological Mass Spectrometry staffs and the Flow Cytometry staffs for their technical expertise and kind
help.

My special thanks go to Bruce lab members for their warmest support and encouragements thought
out this PhD, particularly Andrew James, Ahlam Sultan, Daniel Richardson, Sarah Sugden, Rosa
Sanchez-Alvares and Eduardo Pena Alarcon. Additional thanks go to my lovely friends and Wing Al

Michael Smith colleagues for their great help.

| must express my gratitude to Suranaree University of Technology and the Royal Thai Government
(Ministry of Science and Technology) for this scholarship funding. Also, | would like to express my
gratitude to my late MSc supervisor and boss, Dr Apinya Thiantanawat, for her help during my time as a

scientific researcher in Thailand, giving me the confidence to take on this PhD opportunity.

Finally, I must express my greatest thanks to my lovely family for their endless support,
understandings and patience. Special thanks for my siblings Soraya, Apinya and Saranwich for their
moral support. | must also thank my late aunt, Mrs Pornpan Schuller, who gave me courage and her
warmest support. | am most grateful to my parents i Mrs Pannarai and Mr Udomsak Sritangos, whom |
dedicate this thesis to.

15



Chapter 1 - Introductions

1.1 Pancreatic ductal adenocarcinoma

Pancreatic cancer is ranked the 11t most commonly diagnosed cancer in the United Kingdom (UK)
[1] but is ranked the 6t 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 Il (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 PanlIN 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.

PDAC Tumour Progression
| - |_ o I paniN1a/ib | PaniN 2 I Panl I PDAC >
E €& U
: i s &‘«% 2
¥ S
=4}
é‘ t’
1= 59 oﬁb
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lolololjo[0 »f'f.-g O-.,‘*
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Desmoplasia
Hypoxia «
Activated (2 Immune cell ——_ Extracellular Matrix

Stellate/fibroblast
~@ Stellate/fibroblast (% Suppressed immune cell O Blood vessel

Figure 1.1 7 Progression of PDAC from multiple stages of precursor pancreatic lesions and the
hallmarks of cancer. Abbreviation i 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 i Hallmarks of pancreatic cancer. Key cancer hallmarks and examples of these
characteristics in pancreatic cancer. Abbreviation i CDK: cyclin-dependent kinase, EGFR: endothelial
growth factor receptor, HIF1-U: hypoxi a i-bh 0 y-RABNKRAS @TPds® 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 i 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 7 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 1 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:
pyruvat e carboxyl ase, PDH: pyruvat e dehydrogenas
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 i a shift towards aerobic glycolysis

To accommodate malignant growth and survival, most PDAC tumours exhibited metabolic
reprogramming in preference of aerobic glycolysis i 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)

Unli ke Warburgds initial hypothesis, mitnetadlc
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 [35i 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 [45,47i 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 7 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 T 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 |l actate transporter (monocarboxylate transpor

addi c t i odharacteristic af 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

[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. HIFF-1U) . These factors drive the aohneriesgul a't

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 T 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 (Kp ~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
(NFaB) . Oncogeni c hasRees assoosigred with ®levation of HIF1-U e xsgion end
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) i 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-1U i n P DAC h alatedhoearly stages ofPanIN [63], hypoxic tumour
regions, malignant tumour growth as well as poor PDAC patient prognosis [641 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-
1lis heterodimericandi s structurally compr i s e d-subuhitandanaxygent i t ut
dependent degradation domain-containing U-subunit (either HIF-1 U, -2HO0 ,F o0-8 J[6¥|68]. Under
normoxia, propyl hydroxylase mediates hydroxylation at the oxygen-degradation dependent domain of
H 1 F-suliinits, leading to ubiquitination by von Hippel-landau tumour suppressor and subsequently
targeted for proteasomal degradation [68]. On t h e ¢ o n tsubanitsyare stabilizEd ubder hypoxic
conditions, enabl isnugbutnig sUto translocate i nto -suburégttonuc]|
initiate transcription of hypoxia-response genes associated with anaerobic/fermentation (e.g. GLUT,
PKM2, MCT, HK, LDH) [68i 70]. As PDAC tumours are typically hypoxic, the overexpression of HIF-1 U
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 i 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.qg.

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/p16™K4A/MTS1) 1 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 p16'NK4A 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 1 Approximately 50% of PDAC has shown the loss of SMAD4 gene, encoding signalling proteins
downstream of signalling pathways which include transforming growth factor-b  ( TbQdetivin 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)-b si gnal | i[9]gIn PDAC, ISMADY inactivation has been associated with the inhibition
of TGF-b-mediated tumour suppressor functions [101].

SMAD4 is a co-mediator which either forms homomeric or heteromeric complexes with TGF-b receptor-
activated Smad2 and Smad3 proteins to mediate TGF-b s i g n[BOR]l Smady transcriptionally
activates Smad-binding element to elicit its TGF-b-associated tumour suppressor function which
includes cell cycle arrest at G1 and triggering apoptotic cell death. Functional TGF-b si gnal I i ng
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-b dr i ves met ab odtowardsrglygolysistpnr a mm
breast cancer-associated fibroblast [105]. Therefore, SMAD4 potentially contributes to the Warburg
phenomenon in PDAC.

1.3 Functional coupling between glycolysis and Ca?* signalling

Correlations between hypoxic tumour microenvironment and glycolytic shift are critical for PDAC
survival and its malignant progression [106i 108]. As previously described in the previous sections (1.2.2
The Warburg effect i 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 Ca?* homeostasis. Ca?* is a
versatile signalling molecule required for cellular homeostasis (further discussed in section 1.4
Regulation of Ca?* signalling). To maintain intracellular Ca?* concentration ([CaZ*]), multiple Ca?*

regulatory requires ATP to move Ca?* against its concentration gradient.

The relationship between cellular metabolism and Ca?* signalling has been continuously
investigated for the past few decades. Evidence suggests that both plasma membrane Ca?* 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.

Itis well established that the function of PMCA-mediated Ca?* efflux is dependent on ATP availability
[106]. Remodelling of Ca?* signalling, particularly elevated cytosolic Ca?*, has been shown to impair
mitochondrial OXPHOS by inhibiting Ca?*s ensi ti ve dehydr ogenas[¥SY and f t h
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 Ca?* 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 Ca?* efflux pump,
leading to cytotoxic Ca?* overload and PDAC cell death [121,123]. Therefore, a better understanding of
the relationship between glycolytic metabolism and Ca?* homeostasis may provide novel therapeutic

targets for the improvement of pancreatic cancer clinical treatment.
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1.4 Ca?'signalling and its remodelling in cancer

Besides metabolic rewiring towards glycolysis, remodelling of Ca?* signalling is often associated
with multiple cancers [124]. This is because Ca?* 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 Ca?* signalling and homeostasis have been associated, either directly
or indirectly, with multiple cancer hallmarks [124].

The following section will briefly describe the importance of Ca?* signalling, the remodelling of Ca?*
signalling machinery involved in the elevation of [Ca?*]i, the reduction of [Ca?*]i, and a brief summary of

Ca?* signal remodelling in PDAC.

1.4.1 Ca?'T aversatile signalling molecule

Ca?* is one of the most versatile and ubiquitous signalling molecules utilized by all cells. This is
because Ca?* can act as first and secondary messengers to modulate crucial biological processes
[125,126] mentioned above. These diverse cellular processes are regulated by Ca?* signalling, achieved
through organized shaping of intracellular Ca2* concentrations ([Ca?*];) 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, CaZ* signals can modulate diverse and even opposing downstream responses
[126]. For instance, Ca?* can elicit diametrically opposing responses in the regulation of Ras signalling,
a key oncogenic driver of PDAC. Elevated [Ca?*]i levels has been linked to Ca?*/calmodulin-induce
activation KRAS [134]. In contrast, Ca?* signals can also inhibit Ras via the activation of GTPase-
activating proteins (GAPSs) [135].

As different Ca?* signals can differentially influence multiple cellular processes, it is critical for cells
to sense subtle spatiotemporal changes in [Ca?*]. Therefore, it is essential for cells to maintain a low
resting [Ca?']i(~100 nM) in order to efficiently propagate and respond to Ca?* signals. Regulation of Ca?*
homeostasis and signalling are dependent on Ca?* signalling machinery which includes diverse classes
of Ca?* ATPases, transporters, channels and binding proteins which are responsible for either elevating
or reducing cytosolic [Ca?*] [125,126]. (Figure 1.5)
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Figure 1.5 1 Cellular Ca?* regulation. The cell illustrated typifies a non-contractile cell. Intracellular
[CaZ*] during resting (blue text) and stimulation vary depending on cellular compartments and their
contribution towards the regulation of intracellular Ca?* ([Ca?*]). Elevation of [Ca?*]i is achieved by two
key mechanisms: i) concentration-gradient driven Ca2* entry via SOCE and VDCC, and ii) release of
Ca?* from intracellular Ca?* storages (e.g. ER/SR, Golgi Apparatus and Mitochondria). Reduction of
[Ca?*]i is similarly achieved by: i) Ca?* efflux into the extracellular environment (e.g. PMCA, NCX), and
ii) uptake of free cytosolic Ca?* into intracellular Ca?* storages. Directional movement of [Ca2*]i into (red
arrow) or out of (green arrow) the cytosol indicate Ca2* elevation and reduction mechanisms,
respectively. Abbreviations i VDCC: voltage-dependent Ca?* channel, PMCAs: plasma membrane Ca?*
ATPase, ATP: adenosine triphosphate, ADP: adenosine diphosphate, SOCE: stores-operated Ca?*
entry, TRP: transient receptor potential channel, STIM: stromal interaction molecule, NCX: Na*/Ca?*
exchanger, SPCA: secretory pathway Ca?* 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 Ca?* uniporter, MPTP: mitochondrial permeability
transition pore, MNCX: mitochondrial Na*/Ca?* 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 [Ca?"];

Propagation of Ca?* signalling involves the controlled elevation of intracellular Ca2*. This influx of
cytosolic Ca?* is achieved through two key mechanisms: i) extracellular Ca?* entry and ii) Ca?* release

from intracellular Ca?* storages.

Extracellular Ca?* concentrations are over 10,000 fold higher than the [Ca?*]i (~100 nM), ranging
between 1-2 mM Ca?* [125]. This creates a concentration gradient which is essential to facilitate
extracellular Ca?* influx into the cytosolic compartment, raising the resting [Ca2*]i from 100 nM to 500-
1000 nM during Ca?* signalling [125]. Extracellular Ca?* 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
Ca?* 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 Ca?* permeable non-selective cation
channels which exhibit varying selectivity for Ca2* and are heterogeneously activated by ligands (e.qg.
Ca?*, menthol, calmodulin, capsaicin), chemical (e.g. pH, redox status and ATP depletion), temperature
or mechanical stimuli. Hence, enabling the TRP channelst o f uncti on as i mp {38}
LGCC are Ca?*-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 Ca?* 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 Ca?* 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 Ca%*
stores. [141].

The second mechanism which contributes towards the elevation of [Ca?'] is Ca?* release from
intracellular storages, primarily the ER/SR. Intracellular Ca?* release is regulated by ER/SR-localised
ryanodine receptors (RyRs) and inositol 1,4,5-trisphosphate (IPs)-gated Ca?* receptors (IP3Rs). While
IP3Rs also require IP3 for its activation, the opening of both RyRs and IP3Rs are triggered by Ca?*. This
Ca?* induced Ca?* release (CICR) mechanism is important for amplifying and propagating Ca?* signals
[142,143].

1.4.1.2 Reduction of [Ca?']i

Propagation and termination of Ca?* signals require a tightly coordinated reduction of [Ca?*]i to
prevent unwarranted cellular responses, including Ca?*-dependent apoptosis and necrosis [144,145].
Ca?* clearance is achieved through two key mechanisms: i) efflux of cytosolic Ca?* into extracellular

space, and ii) Ca?* uptake into intracellular Ca?* storages.

Ca?* efflux mechanisms, localised at the plasma membrane, primarily include the ATP-driven

plasma membrane Ca2* ATPase (PMCA) and Na*/Ca?* exchanger (NCX). These transporters play a
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