UNIVERSITY OF
FORVVARD
THINKING
WESTMINSTERF

WestminsterResearch
http://www.westminster.ac.uk/westminsterresearch

“Priming” as a novel strategy to enhance chemotherapeutic
efficacy

Mould, R.

This is an electronic version of a PhD thesis awarded by the University of Westminster.
© Dr Rhys Mould, 2019.

The WestminsterResearch online digital archive at the University of Westminster aims to make the
research output of the University available to a wider audience. Copyright and Moral Rights remain
with the authors and/or copyright owners.

Whilst further distribution of specific materials from within this archive is forbidden, you may freely
distribute the URL of WestminsterResearch: ((http://westminsterresearch.wmin.ac.uk/).

In case of abuse or copyright appearing without permission e-mail repository@westminster.ac.uk



http://westminsterresearch.wmin.ac.uk/
repository@westminster.ac.uk

UNIVERSITY OF WESTMINSTER

“Priming” as a novel
strategy to enhance
chemotherapeutic
efficacy

Rhys Mould
2019

A thesis submitted in partial fulfilment of the requirements of the University of
Westminster for the degree of Doctor of Philosophy



Contents

L0103 1 L) L 1
2 o 1 Tt 5
ACKNOWIEAZEIMENTS ....ceieseiaiasscsssssssssssssssssssssssssssssss s ss s s s s s AE AR SRR AR AR e A e R R R R R R AR AR RS 7
Declaration of CONIIDULOLS ... e 8
LISE Of FIGUIES ucucucuiisisisissssssssssssss s ssssmss s sssssssss s s s e s e e e e 9
0 T ] = ) (. 11
LiSt Of ADDIeVIiationS ... s 12
B ICL D 3100001 L0 ot ) o 16
R =T o= PP PPP TP 16
1.2 | Cancer Cell MetaboliSM ........cccuviiiieieiie ettt e sre e s e e e ba e e sabeeennne s 19
1.2.1 | The Hallmarks Of CANCEN ....cccuuiiieeciee ettt ettt ettt e ettt e e e re e s aae e saraeens 19
1.2.2 The Metabolic Hallmarks of CanCer........c.ccceeriiiieiiiiieeree ettt 21
1.3 | The Mitochondria & Their ROIE iN CANCEI ........ccovieeiieeectieeciee ettt e eeae s 22
1.3.1 | Mitochondrial Morphology & DYNamICS........cccueeiieeeceeeeiieeeieeeeeeeeereeeeieeeereeeereeeevee s 23
1.3.2 | Autophagy, Mitophagy, & Mitochondrial BIoZENESIS ........ccccvveeiveerciieeiie e, 24
1.3.3 | MItochoNdrial DNAL.......ccuiieeeeecee ettt et e et e e s te e s te e s ebae e sabeeeaeeessteesraeesnreanns 25
1.3.4 | Mitochondrial MetaboliSm .........c.cccciiiiiiieiiie et re e e tr e e srae s 26
1.3.5 | The Mitochondria and the Production of Reactive Oxygen Species........cccceceeevveeenneen. 30
1.3.5.1 | ROS @N0 CANCEI cnetiiieeetieee ettt ettt e e e tee e e et e e e eeate e e e seatae e e s abaee e e ssaesesnsaneesnnssneann 31
1.3.6 | Mitochondria and Calcium Signalling..........ccooeiiiiieciiie e 34
1.3.6.1 | Mitochondrial Ca?* and MetaboliSm ..........c.ccociereereerecieieeeeeeece et 35
1.3.6.2 | Mitochondrial Ca?* and Cell DEath.........cc.cveueeriereerecieeeeeeeeeeee et 35
1.3.7 | The Interplay Between Mitochondrial Ca?*, ROS, and Morphology .............ccceueruennnnn. 36
1.3.8 | NADH MetaboliSm......cccoiiiiie ettt ettt e e e ebee e e eabae e e e entae e e e anes 38
1.4 | Targeting Cancer MetaboliSM .........ooiuiiii e ettt e e et e e e aaeee s 39
1.5 | Cancer ChemMOTNEIAPY ... .cccciie ettt ettt et ete e e rtae e s te e e ta e e st e e sbaeesabeesareeebaeesaseeesneas 39
1.5.1 | Types of ChemMOThErapy ...ccccvieiieiciie ettt stte e et are s re e evae e sabeeens 40
1.5.2 | GISPIatiN.ueecureeeiieeciee ettt ete e ertee e et e e e ete e e e tteesbeeestbeeebeeebaeesabeeeeateeenraeeraeeenreeans 41
1.5.2.1 | Cisplatin CytotoXiCity & ROS......ccoociiiieeiieeeecreee ettt ettt ee e e e tre e e e are e e e areea s 42
1.5.3 | Chemotherapeutic Drug Resistance & RECUITENCE.........ccueeeeevieeeeeirieeeeetieeeeeieee e 42
1.5.4 | Chemotherapy Side EffECS .....cuuiiiiciee e e 43



1.6 | The Mechanisms of Chemotherapy — APOPLOSIS .......eeevveeriiiieiieeciee et 44
1.6.1 | EXEFINSIC APOPLOSIS 1eeeuveieiuiieeieeeetieeeiteeeetteeecteeeeteeeetteeeeteeestbeesbeeesseeesasesenseeesnseessesesnrenns 46
I3 A I [ 4 g T T Y e o o] e 1Y LSRRI 46
1.6.3 | Regulation Of APOPLOSIS ....ccccvieeiiieiiie ettt e et erte et e et e st e st e e sbee e saeeesaaeesnteeeraeesnseeans 47

1.6.3.1 | The Bcl-2 Family — Regulators of APOpPLoSiS......ccciueeveeeiieeecieeciie e eciee e eeeeens 47
1.6.4 | MOAEIS Of MOIMIP ...ttt ettt et e et e e et e eetae e sebeeeaeeeenbeeebeeennreeaas 49

L7 | PIIMING oottt ettt et e et e e e te e e e tbe e sbeeebaeesabeeetaeeasbeesbaeesabeesnbesenseeesreeeseeas 51

1.8 | Short-Chain Fatty Acids as Potential Priming AgentsS........cccvieeieeiieeeceeecieeecree e 53
RS R T T 1Y = o PSR 54
RS0 A I S o o] o] o = o <SPS 55
RS B Vol ] o USSR PSR 55

1.8.3.1 | ACELAtE TraNSPOIT ..uveievieieiieeectee ettt ceteeeette e ettt e e te e e eteeeetreeeeteeesabeeeteeeesseeetesessreens 56
1.8.3.2 | Acetate MetaboliSm . ..c.ui ittt ettt et et e e eaae e 56
1.8.3.3 | Acetate SigNalliNg ......ccccuviiiiieeiii et etee e re e see e st e e ate e et e e saaeeens 57
1.8.3.4 | Acetate and Genetic REGUIATION........ccuieiiieecieecee et 58
1.8.3.5 | Acetate and itS ROIE iN CANCEN ....ccueeeiiieciee ettt tee et ee e raae e sbre e eareeens 58
I T I 14 TSROSO 60
1.0 | HYPOTNESIS ..veiiteieeiee ettt ettt ettt e e b e et e e s be e e beeeeabeeebeeeeabeeenteeeesseesnsesenseeas 61
2.0 | Materials & Methods......ccuuiimmmsmsmnmmssnsmsmssssssssssssssssssssssnssssssssssssssssssssssssssssmsssassssssssssssssssnsnsasasas 62

A Y | Y TR 62
2000 | HCTZL6 ettt ettt st sttt e s bt e s ae e s ae e st e e bt e be e bt e smeesmteemteenneeneens 62
2.0.2 | IMICF7 ettt et h e st sttt et e he e s he e s at e st e bt bt e bt e heeeae e et e eteereen 62
2. 1.3 | IMCFLOA ..ttt ettt h ettt h et bt st e st s bt et s bt e ae e b s bt ent e bt et e st e ebe et e nbeeate b 62

A I Y| I U 14U T =TSSR 63

e B [ (T =0T o | SRR 63

D O IV AT 1 o111 4R 64

2.5 | Bradford Protein ASSAY........cccceieeeiiiieeeeeitieeeeeitieeeeeitteeeesitaeeesesaeeeeeataeeeestaeesansseseeensseeeeennsens 64

2.6 | Detection and Quantification of Apoptosis in Response to Acetate Treatment ................. 65

2.7 | Detection and Quantification of AULOPNAZY ......cccvviiiiieeiei e 66

2.8 | SEAHOISE MItOSTIESS ASSAY ..vveecureeeirrieiieeeiieeereeeiteeestreeeeteeestseessteeessseesaseeessseessessnsaeesaseesnses 67

2.9 | Detection & Quantification of Cellular ROS. ..........cooiieeiiiieieecee et 69

2.10 | Detection and Quantification of Intracellular CaZ*........covvveveveeeeeeeeeee e 69

2.11 | Observation & Quantification of Mitochondrial Morphology. .......cccccceviieeiiieeccciieecee, 70
2.11.1 | Observation of Mitochondrial Morphology by Confocal Microscopy.........ccccecvveeene. 70



2.11.2 | Analysis of MitoTracker Deep Red IMaGES......c.ccecuveeeireeiiiieeiiee et eteeeree e 70

2.11.3 | Flow Cytometric Quantification of Mitochondrial Morphology ..........ccccceeveeeverenee.. 71
2.12 | Cell CYCIE ANGIYSIS ...vveeeeieciie ettt ettt e rtte e et e st e e s te e s ba e e ebeeesaeesaseeensaeesaseeennns 71
2.13 | Quantitative Real-Time Polymerase Chain Reaction Analysis .........ccccceeevveercieescieeescreeenne 72
2.14 | SEAHOISE GIYCOSIIESS TESE ..viecuiieiieiieiiee ettt ecieeeiteertteeete e e sae e ste e e bae e eteeesaaeesareeesaeesaseeennns 74
2.15 | Acute OXPHOS MEASUIMEMENTS ...c.vveeeureeerieeireeeiteeeetreeeeteeestveeereeesseeesseeessseessesenseeesnsesenses 76
2.16 | Acute Intracellular CaZ* MEASUIEMENTS ......c.eeveevereerieriereereeteeteeeesseeeeeseeseesesseesessessesesseneas 76
2.17 | Priming Treatment ProtOCOIS .......cuiiiiieeiie ettt ettt et et e tee e b e 77
2.18 | Cell Viability in ReESPONSE tO PriMING.....cccveeiciieiiiicrieecee e seeetre et eee e e erae e eree e 77
2.19 | Induction of Apoptosis in ReSponse t0 PriMiNg .......c.cccceeevieeiieeeiiee e ee e 77
2.20 | 2-Photon Fluorescence Lifetime Imaging MiCroSCOPY .....cccvveervueeerveeeireeerieesieeecreeesvee e 78
2.21 | StatistiCal ANAIYSIS ....veiivieciee ettt et ettt et e et e e e tae e ebee e 79

3.0 | The Effects of Acetate on Cells.......iiismsssssssssssssssssssss s sssssssssssssasases 80
3.1 | The Effects of Acetate on Cell Viability .......ccccoeeeiiieiiieccei e 82
3.2 | The Effects of Acetate on Total Cellular Protein Content ........ccceeeeeeeecreeeceeecciee e 84
3.3 | The Effect of Acetate 0N APOPLOSIS....cccuiiicriieciieeciee ettt et e et e et e et eeetee e e teeeeteeeebeeenns 86
3.4 | The Effect of Acetate on Autophagy INdUCLION.........cceeeeeiiiiiiciec e 88
3.5 | The Effects of Acetate on Mitochondrial Respiration. .......ccccceeeeeeeiieeeceeccieecee e 90
3.6 | The Effect of Acetate on the Production of ROS. .........cooiuviiieiiiieeiiieee e e 93
3.7 | The Effect of Acetate on INtracellular Ca?¥........oveviveeeiiieiceece ettt 94
3.8 | The Effect of Acetate on Mitochondrial Morphology ........cccccueeeeeciieeecciiee e 97
3.9 | The Effect of Acetate 0n GENE EXPreSSiON .......ccceccuieeeeeiiieeeeeiieeeecreeeeeetre e e e ereee e esreeeeeeaees 104
3.10 | The Effect of Acetate on the Cell CYCle ......iiriiiiii e 106
3.11 | The Effect of Acute Acetate Treatment on Mitochondrial Function .........cceceevveeriernnnn 108
3.12 | The Effect of Acute Acetate Treatment on GlyCOIYSIS.......cccveviieeiiieercieecie e 110
3.13 | The Effect of Acute Acetate Treatment on Intracellular Ca% ........ccoevvvveeeveeeereseennan, 113
TR 0 R I 0 T Yol U 1 o o P SRR S 115

3.14.1 | The Effects of Acetate on Cell Viability and Apoptosis .......ccccceeecveeeeeciiieeecciiee e, 115

3.14.2 | The Effects of Acetate on Mitochondrial Respiration ..........ccccceeveieeeieeeniieeesieesneenns 117

3.14.3 | The Effects of Acetate 0N ROS........cccvieiiiiiiie ettt s e e e e sre e e sba e e saee e 118

3.14.4 The Effects of Acetate on Intracellular Ca?*..........coovveeiririeeienineeie e 120

3.14.5 | The Effects of Acetate on Mitochondrial Morphology .......cccceeeciieeiecciieeeciieeeee, 123

3.14.6 | The Effects of Acetate on AULOPhAZY......ccoccviiiiiiiiie e e e 127

3.14.7 | The Effects of Acetate on the Cell CyCle........uuviiiiiiiiee e e 128



3.14.8 | The Effects of Acetate on Gene EXPreSSioN ......cecccueeecveeeiieeeceeeeireeeereeesveeesreeesveeens 130

3.14.8.1 | The Effect of Acetate on ACSS1 and ACSS2 EXPression ......c.ccccceeeeeveeecreeenveeenne 130
3.14.8.2 | The Effect of Acetate on VDACL EXPreSSion .......ceeeceeeveeeecieeesveesieeesneesveesnens 131
3.14.8.3 | The Effect of Acetate on Nrf2 EXPression .......cccceeeceeecieescieeeseeesee e 131
3.14.8.4 | The Effect of Acetate on P53 EXPression ........ccecueeeceeeiieescieeesieecee e seee s 132
3.14.8.5 | Conclusions on the Effect of Acetate on Gene EXPression .........cccceeeevveeeeveennee. 134

3.14.9 | The Effects of Short Term Acetate Treatment on Mitochondrial Function and

INEFACEIIUIAT €A% ..ttt b e et et et e e ebe s et e s ese s esessenenens 135
3.15 | ASummary of the Effects of ACETAtE ......ceeeviieiiii e 137

4.0 | Priming With ACEtate ... sssssssssssasssssssssssssssasas 139
4.1 | Effects of Priming with Acetate on Cellular Viability.........ccccoovveeiieeeciieciecee e, 141
4.2 | Effects of Priming with Acetate 0N APOPLOSIS......ccceeiciieriieiiee e eee e e e 142
4.3 The Effect of Priming on Mitochondrial FUNCLION.........cooiiciiiiiiiie e 145
A4 | DISCUSSION ..vviieteeeeteeeetee ettt eeteeeeteeeetteeeeteeeeteeebeeeasbeessesessseesabaeeaseeesseseasseesntaeeasseessesenseens 148
4.4.1 | The Effects of Acetate Priming on Cell Viability and Apoptosis.......c.ccccceeeeveeecreeennenn. 148
4.4.2 | The effects of Priming on Mitochondrial FUNCLION .........ceeeviieiiiiicieecee e, 150

5.0 | 2P FLIM of NADH as a Measure of Cellular MetabolisSm..........c.coomnnnmnnsmsnnnssmsssssssssnnnns 152
5.1 | 2-PhOtoNn IMIICIOSCOPY ..eeouveeiteieeieeeiteeeeteeeeteeeetteeeteeeetaeeeteeeesseestteeeesesesaseeetesensseessesesnreens 152
5.2 | Basics of Fluorescence Lifetime Imaging MiCrOSCOPY ....ccuvveeveeeiieeeciereeieeeeieeeereeeeieeeeveens 155
5.3 | The Effects of Acetate on NADH Lifetime Decay........ccceecveeiieeiiieeeiiee e e esee e sivee s 159
D4 | DiSCUSSION ..ueiitieeetee ettt e eteeeetteesteesteeestteeeteeessseesases e saeesasasansseesssaesnsasesnsaeasasennsaesnseeessranans 164
5.4.1 | The Effects of Acetate on the Lifetime Decay of NAD(P)H.......c.cccoceevvveevieeecieeenieens 164

6.0 | FINAl CONCIUSIONS ....cciirmrmsmsmsmsnssssssssssssssssssssmsssasas s sssss s ssssssssssss s s s ssssasasasss e sessssusssssasas 167
6.1 | A Proposed Mechanism for Acetate Priming .......ccccccvveeeceeiiieesiiee e eveeesivee s 167
6.2 | FULUINE WOTK ..ttt ettt e e s e e e tae e s ba e e abeesataeebaeesasaesnsaeesnseesnseeessranns 170
6.3 | FINAl COMMEBNTS......uiiiiiiiie ettt ettt e e et e e e e et e e e e eta e e e e e abaeeeeaateeeeeenbaeeeeanseeaeansens 171

70 I 2] ) o o, 172




Abstract

Aims

The purpose of this thesis was to examine and quantify the effects of the short-
chain fatty acid acetate, a by-product of the microbial fermentation of dietary fibre,
on the metabolism of cancer cells, and to test whether acetate can sensitize cells

to apoptosis induced by anti-cancer drugs, by a process known as priming.
Methods

To examine the effects of acetate, several markers of metabolism were assayed in
3 cell lines HCT116 (Human colon cancer), MCF7 (Human breast cancer) and the
control cell line MCF10 (non-cancerous human breast) following 24-hour acetate
treatment in doses ranging from 1-25 mM. Reactive oxygen species and Ca?*
were measured with fluorescent spectroscopy. Mitochondrial function was
measured using the SeaHorse XFe Analyser and 2-photon-NADH FLIM.

Mitochondrial morphology was assessed with confocal microscopy.

To determine whether acetate could prime cells for death, changes in proliferation
were measured with the MTT cell viability assay and levels of apoptosis induction

were measured with Annexin-V FITC flow cytometry.
Results

Acetate induced a state of oxidative stress in the HCT116 and MCF7 cancer cell
lines, indicated by an average 17.5% significant decrease in mitochondrial basal
respiration, increased ROS production (significant 24% average increase across
the two cancer cell lines), and increased Ca?* levels (significant 22% average).
Whilst ROS and Ca?* were elevated in the non-cancerous cell line, there was no
significant change in mitochondrial basal respiration, suggesting that acetate

treatment did not cause oxidative stress in healthy cells.

When cancer cells were primed with 10 mM acetate 24 hours prior to treatment
with cisplatin, there was an average 1.85-fold increase in apoptosis compared to
treatment with the drug by itself. This effect was not observed in the non-

cancerous cell line.



Conclusions

Priming has been shown to have the potential to improve the efficacy of pre-
existing chemotherapeutic agents. With cancer incidence increasing worldwide,
there is a need to improve current treatments without exacerbating side effects
and impairing patient quality of life. In this thesis, | show that acetate improves the
effectiveness of cisplatin in inducing apoptosis, by selectively inducing oxidative
stress in a cancer cell line model. My work highlights a new mechanism for the
action of acetate and adds further evidence that priming can be used as a safe,

effective method to improve chemotherapeutic treatment.
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Bid BH3 interacting domain death agonist
Bim Bcl2-like protein 11

BSA Bovine serum albumin

Ca?* Calcium ion

[Ca?*]c Cytosolic calcium concentration
[Ca®)i Intracellular calcium concentration
[Ca?*]m Mitochondrial calcium concentration
CBD Cannabidiol

Cl Chlorine

CoA Coenzyme A

COosMmIC Catalogue of somatic mutations in cancer
Ct Cycle threshold

CTR1 Copper transporter 1

Cytc Cytochrome ¢

DAG Diacylglycerol

Ay, Mitochondrial membrane potential
DCF 2’7’ —dichlorofluorescin

DCFDA 2’7’ —dichlorofluorescin diacetate
DDP Diaminedichloroplatinum (Cisplain)
DI Deionized

DISC Death inducing signalling complex

D Loop Displacement loop

DMEM Dulbecco’s modified Eagle’s medium
DMF Dimethylformamide
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DNA
Drpl
ECAR
ECCG
ETC
FAD/FADH
FADD
FasL
FasR
FBS
FCCP
FFAR
FITC
FL
FLIM
FSC
GPCR
GDP
GLUT1
GLUT2
GSH
HAT
HDAC
hFisl
HK
HtrA2/0Omi
IAP
IMM
IP3

JC-1
LUT
LDso
MAPK
Mcl-1
MCU
MEME
MFI
miRNA
MOMP
mPTP
mMtDNA
mTOR
MTT
Na*
NAC

Deoxyribonucleic acid

Dynamin-related protein 1

Extracellular acidification rate

Epigallocatechin gallate

Electron transport chain

Flavin adenine dinucleotide

Fas-associated protein with death domain

Fas ligand

Fas receptor

Foetal bovine serum

Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
Free fatty acid receptor

Fluorescin isothiocyanate

Fluorescence channel (flow cytometry)
Fluorescence life time imaging microscopy
Forward scatter

G protein-coupled receptor

Global domestic product

Glucose transporter 1

Glucose transporter 2

Glutathione

Histone acetyltransferase

Histone deacetylase

Human mitochondrial fission protein 1

Hexokinase

Serine protease, mitochondrial. Also known as Omi
Inhibitor of apoptosis

Inner mitochondrial membrane

Inositol trisphosphate

5,5',6,6"-tetrachloro-1,1',3,3'- tetraethylbenzimidazolylcarbocyanine
iodide

Look up table

Lethal dose 50% or median lethal dose

Mitogen activated protein kinase

Induced myeloid leukaemia cell differentiation protein
Mitochondrial calcium uniporter

Modified essential media Eagle

Median fluorescence intensity

Micro ribonucleic acid

Mitochondrial outer membrane permeabilisation
Mitochondrial permeability transition pore
Mitochondrial DNA

Mechanistic target of rapamycin
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Sodium ion

N-acetyl-L-cysteine
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NAD/NADH
NADP/NADPH
NCLX

NF-kB

NO

NOX

Noxa

Nrf2

OCR

OMM

Opal
OXPHOS
PBS
PCD
Pl
PI3K
PIP;
PPP
PS
PTP
Puma
gPCR
RIPA
RN
RNA
ROS
RPMI
SCFA
SEM
SLC

Smac/DIABLO
SMCT
SMT

SSC
TCA
TCSPC
TIMP-1
TMRE
TNF-a
TNFR1

TRADD
TRPA1
TRX
TP53

Nicotinamide adenine dinucleotide

Nicotinamide adenine dinucleotide phosphate

Na*-Ca?*-Li* exchanger

Nuclear factor kappa-light-chain-enhancer of activated B cells
Nitric oxide

NADPH oxidase

Phorbol-12-myristate-13-acetate-induced protein 1

Nuclear factor (erythrioid-derived 2)-like 2 (also known as NFE2L2)
Oxygen consumption rate

Outer mitochondrial membrane
Mitochondrial dynamin like GTPase, also known as optic atrophy
protein 1

Oxidative phosphorylation

Phosphate buffered saline

Programmed cell death

Propidium iodide

Phosphoinositide 3-kinase
Phosphatidylinositol (3,4,5)-trisphosphate
Pentose phosphate pathway
Phosphatidylserine

Permeability transition pore

P53 upregulated modulator of apoptosis
Quantitative polymerase chain reaction
Radioimmunoprecipitation assay
Regulated necrosis

Ribonucleic acid

Reactive oxygen species

Roswell Park memorial institute medium
Short chain fatty acid

Standard error of the mean

Solute carrier family

Second mitochondria derived activator of caspases/Direct IAP binding
protein with low pl

Sodium coupled monocarboxylate transporters

Somatic mutation theory

Side scatter

Tricarboxylic acid cycle/Kreb’s cycle/citric acid cycle
Time-correlated single proton-counting

Tissue inhibitor of metalloproteinases
Tetramethylrhodamine ethyl ester

Tumour necrosis factor-a

Tumour necrosis factor receptor 1
Tumour necrosis factor receptor type 1 associated death domain
protein

Transient receptor potential cation channel 1
Thioredoxin
Tumour protein 53, commonly referred to as p53
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tRNA
UCP

uPA
UQ2/UQH:
uv

VDAC
VPA

Transfer RNA

Uncoupling proteins

Urinary-type plasminogen activator
Ubiquinone/ubiquinol

Ultra violet

Voltage dependant anion channel
Valproic acid
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1.0 Introduction

1.1 Cancer

Cancer is a group of widespread and potentially fatal diseases
characterised by the unregulated proliferation of abnormal cells which, if
malignant, have the potential to spread to and proliferate in other parts of the
body. The invasive cells can outgrow the surrounding healthy cells and tissue,
leading to organ failure and eventually death (World Health Organization, 2017).
There are over one hundred different types of cancer, which together accounted
for 8.8 million deaths globally in 2015, making it one of the leading causes of death
worldwide (World Health Organization, 2018). The risk of cancer increases with
age (Cancer Research UK, 2018), and the rate of cancer incidence worldwide is
increasing, particularly in developing countries, as a result of aging populations
and the rising prevalence of cancer-associated lifestyle choices, such as smoking,
alcohol consumption, diet, physical inactivity (Jemal et al., 2011), and obesity
(Flegal et al., 2013). Although a predisposition to cancer can be inherited, it is
estimated that lifestyle and environmental factors account for 90-95% of all cancer
cases (Anand et al., 2008). The total economic impact of cancer, as a
consequence of premature death and disability, was estimated to be $1.6 trillion in
2010, equating to over 1.5% of the World’s Global Domestic Product (GDP)

(Livestrong and American Cancer Society, 2010).

The term cancer refers to the disease state wherein the mechanisms that
regulate cell growth, division, and death fail, resulting in the accumulation of
abnormal cells known as a tumour or neoplasm (Bertram, 2000). Cancerous
tumours are malignant, meaning they have the potential to spread from their site of
origin to other parts of the body; a process called metastasis (National Cancer
Institute, 2015). Tumours that do not spread are considered benign and often can
be removed by surgery. Although there is a smaller chance of metastasis, benign
tumours can still pose risk to the patient by compressing surrounding tissue,

causing nerve damage (Giglio and Gilbert, 2010) and ischemia (Noje et al., 2009).
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In addition, benign tumours have the potential to become malignant if left
untreated (Clark, 1991).

Historically, the development and growth of a tumour was considered to be
driven by mutations or changes in the level of expression of genes that regulate
the division or removal of cells, broadly categorised into oncogenes or tumour
suppressor genes (Croce, 2008) (Figure 1). Oncogenes encode proteins that
control the proliferation or removal of cells. In cancer, these are often mutated or
expressed at high levels. In contrast, tumour suppressor genes govern a wider
range of cellular processes that protect against cancer, such as cell cycle control,
protein turnover, and DNA (deoxyribonucleic acid) damage repair (Sherr, 2004). In
cancer, these genes are under-expressed or express mutated, disabled proteins.
Currently, the Catalogue of Somatic Mutations in Cancer (COSMIC) database lists
719 genes for which mutations in are causally implicated in cancer (Futreal et al.,
2004). In addition to oncogenes and tumour suppressor genes, microRNA (micro
ribonucleic acid, or miRNA) genes, which code for small, non-coding RNAs, are
also implicated in tumorigenesis and resistance to treatment (Fadejeva et al.,
2017). miRNAs have roles in the regulation of gene expression and as such,
dysregulated expression of miRNAs can in turn affect the expression of
oncogenes or tumour suppressor genes (Peng and Croce, 2016). A mutation in a
single oncogene or tumour suppressor is not usually sufficient to cause cancer
alone; rather, mutations accumulate as a result of other mutations. For example, a
mutation in a gene that repairs damaged or mutated DNA can lead to the
propagation of more faulty genes, and in a chain reaction-like system, a cell can
accumulate an increasing number of mutations, and so become more resistant to
the machinery regulating normal cell proliferation (Merlo et al.,, 2006). With
sufficient growth and mutations, tumour cells can penetrate into the circulatory
system and spread to other tissues — a process known as metastasis. Once a
tumour has metastasised, the patient’s prognosis becomes substantially worse
(Jiang et al., 2015).

17



Oncogene Tumour Suppression

Healthy Cells

Gain of function Loss of function
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Oncogene "Turned on" Tumour Suppression "Turned off"

Tumour Cells @ ‘

Figure 1 | Oncogenes and Tumour Suppressors: Mechanisms of Carcinogenesis. On the left,
activation of oncogenes results in rapid cellular proliferation. On the right, deactivation of
tumour suppressor genes removes the regulation of proliferation.

More recently, evidence indicates that cancer may rather be primarily a
disease of metabolic disorder, and that genomic instability is a consequence of an
initial metabolic disturbance rather than the cause of it (Seyfried et al., 2014). This
remains a provocative viewpoint in cancer research, as the somatic mutation
theory (SMT) of cancer origin, as it became known, was near universally accepted
and drove cancer research for decades (Soto and Sonnenschein, 2004).
Nevertheless, inconsistences in SMT led scientists to question the theory,
including early experiments which showed that combining the cytoplasm of a non-
cancerous cell with the nucleus from a tumour cell led to reduced tumourgenicity
(Israel and Schaeffer, 1987), and more recent experiments that showed that
transfer of normal mitochondria into tumour cells inhibited proliferation and
increased drug sensitivity (Elliott et al.,, 2012). Whilst there remain arguments

against tumorigenesis being driven solely by metabolism, such as in immune cells
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that adopt different metabolic phenotypes in response to antigens yet rarely form
tumours (Altman and Dang, 2012), the increasing recognition of cancer as a
metabolic disease provides exciting implications for the future of cancer treatments
(Coller, 2014).

1.2 | Cancer Cell Metabolism

1.2.1 | The Hallmarks of Cancer

The hundreds of oncogenes or tumour suppressor genes, not counting
genes for which altered levels of expression or epigenetic changes are linked to
cancer (Futreal et al., 2004), creates a large number of possible genotypes which
generates enormous heterogeneity and complexity, even within similar types of
cancer, which has significant clinical implications (Marusyk and Polyak, 2011).
Despite this, cancers have been generally observed to share several key
characteristics, which became known as the “Hallmarks of Cancer” (Hanahan and
Weinberg, 2000) (Figure 2).

In 2011, these original hallmarks were revised to include genomic
instability, inflammation, evasion of the immune system, and the reprogramming of
energy metabolism, necessary to fuel the “limitless replicative potential” of cancer

cells (Hanahan and Weinberg, 2011).

19



Sustained angiogenisis

Evasion of Apoptosis
Limitless Replicative Potential

Self Sufficiency in growth signals

Evasion of the immune system he Hallmarks of Cancer

Tissue Invasion and Metastasis

Inflammation

Reprogramming of Metabolism

/

Genomic Instability

of Cancer

|
"..ll The Metabolic Hallmarks

©
g & § =
s & &£ £ B B
@ o s = 3 <
P o 7] c 2 <]
& & e} 5 g =
R S Q i o g
5 i e} c []
.%’ = L c (] o
w5 @ [©] o 5
] 9] =
oy - @O E c
S e & 3 2 E
5 = Q
@ § S’ o kS £
Q 3 (0] T -
9 £ 3 2 £
S g 5 5 3
£ c o ®
K - I c
= 2 2
5 E 3
o £ ol
5 o 2
[y 1= c
9 i<l ’
8 g3
[=]
> < 2
<
°
=

Figure 2 | The Hallmarks of Cancer. In spite of the complex genetic variety of cancer, Hanahan
and Weinberg proposed 9 characteristics that are observed in all cancer cells. Later, Pavlova and
Thompson proposed a further 6 metabolic features that are generally conserved in cancer cells
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1.2.2 The Metabolic Hallmarks of Cancer

The accelerated rate of proliferation in cancer creates new metabolic demands
of the cell: to ensure survival in stressful nutrient depleted conditions, and to
support the enhanced energetic and biosynthetic needs of rapid growth (De
Berardinis and Chandel, 2016). To meet these demands, cancer cell metabolism
is often altered relative to healthy cells. Some of these alterations are sufficiently
well-conserved across different types of cancer that the reprogramming of cellular

metabolism is considered a hallmark of cancer.

One of the first and most well-known changes that was identified was the shift
in energy production from oxidative phosphorylation (OXPHOS) to the anaerobic
process of glycolysis despite the presence of adequate oxygen, known as the
Warburg Effect (Warburg, 1956). A decrease in oxygen dependence can confer a
proliferative advantage to cancerous cells; allowing cells to migrate and thrive
further from the oxygen-rich environment around blood vessels (Hsu and Sabatini,
2008). Substrates that would normally be consumed in OXPHOS and the
tricarboxylic acid (TCA) cycle are diverted into catabolic processes that produce

fatty acids, essential for rapid cellular proliferation.

Metabolic changes in cancer cells are now a substantial field of research itself.
Progressing from Hanahan & Weinberg's Hallmarks paper, Paviova and
Thompson went on to describe six additional hallmarks of cancer metabolism

(Figure 2) (Pavlova and Thompson, 2016):

1.) Deregulated uptake of glucose and amino acids

2.) Use of opportunistic modes of nutrient acquisition

3.) Use of glycolysis/TCA cycle intermediates for biosynthesis
4.) Increased demand for nitrogen

5.) Alterations in metabolite-driven gene regulation

6.) Metabolic interactions with the microenvironment

Common deregulated mechanisms include the excessive activation of
phosphoinositide 3-kinase (PI3K), which through the protein kinase (Akt) and
mechanistic target of rapamycin (MTOR) signalling pathways can enhance
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glucose uptake into the cell via the glucose transporter 1 (GLUT1), and inhibit the
entry of metabolites into the TCA Cycle, thus conferring increased cellular
dependence on glycolysis (Courtnay et al., 2015), or increased gain of function of
MYC, a gene encoding a transcription factor, c-MYC, which amplifies the
expression of genes that promote cellular growth and proliferation (Stine et al.,
2015). Tumour protein p53 (TP53), which encodes p53 is another notable
example; primarily associated with roles in DNA repair, cell cycle arrest and
apoptosis, loss of p53 has also been associated with increased glycolysis
(Kruiswijk et al., 2015).

1.3 | The Mitochondria & Their Role in Cancer

Otto Warburg attributed his observation that cancer cells seemed to ferment
glucose despite the presence of oxygen to defects in mitochondrial respiration,
since OXPHOS occurs in the mitochondria. Nowadays, it is generally accepted
that far from being defective, mitochondria in fact play key multifunctional roles in
tumorigenesis and cancer cell progression (Zong et al., 2016). This is further
demonstrated by the observation that removing mitochondrial DNA from a cell
delays tumour growth (Tan et al., 2015). Furthermore, cancer cells that rely more
on glycolysis still retain fully functional mitochondria (Zu and Guppy, 2004).

Mitochondria are double-membrane bound organelles with integral roles in
cell metabolism — through the TCA cycle and OXPHOS they supply the majority of
a cell’'s energy, and are also vital in a number of essential cellular functions,
including various signalling, biosynthetic, and cell death pathways. In cancer,
mutations in mitochondrial genes perturb the bioenergetics and biosynthetic states
to support the altered requirements of the cells (Brandon et al., 2006). As such,
the mitochondria are essential for cancer cell growth, proliferation and survival
(Wallace, 2015). The following sections describe the key functions of
mitochondria, and how impaired or modified function can contribute not only to the
growth of cancer, but also to an extremely varied range of pathophysiologies.
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1.3.1 | Mitochondrial Morphology & Dynamics

The mitochondrial membranes consist of an outer mitochondrial membrane
(OMM) facing the cytosol, and the inner mitochondria membrane (IMM) encasing
the mitochondria’s inner space; the matrix. The IMM is folded into protrusions
called cristae, increasing the surface area for the biochemical processes, such as

OXPHOS, that occur within or across it.

Classically depicted as discrete, tubular structures, typically between 0.75
and 3 pM in diameter, mitochondria are in fact dynamic structures that can fuse
into long, elongated networks, split into smaller, singular structures and move
along microtubular networks, depending on the cell’'s energetic requirements
(Senft and Ronai, 2016). Mitochondrial fusion and fission are tightly controlled
processes, regulated by a number of proteins including the cytosolic dynamin
related protein (Drpl) (Smirnova et al., 2001), human mitochondrial fission protein
1 (hFisl1) (Yoon et al., 2003) and the mitochondrial dynamin-like GTPase (Opal)
(Meeusen et al.,, 2006). Fusion of mitochondria into elongated networks is
associated with increased ATP production (Youle and van der Bliek, 2012), and
has also been seen to act as a mitochondrial repair mechanism, with healthy
mitochondria fusing to damaged ones and removing the damaged parts (Youle
and van der Bliek, 2012). Fission of mitochondria into a more fragmented state on
the other hand has been identified as an early pre-requisite step in programmed
cell death (PCD) (Suen et al., 2008) and has also been identified as a quality
control mechanism — allowing unrepairable mitochondria to be “teased apart” from
the rest of the network, and then targeted for lysosomal degradation in a process
known as mitophagy (See section 1.3.2) (Higuchi-Sanabria et al., 2018). The
proteins that regulate fusion or fission events have themselves been shown to
have key roles in programmed cell death; the down regulation of Drpl and hFis1,;
mitochondrial fission proteins, induce a resistance to apoptosis, whilst down
regulation of Opal, which regulates fusion, enhances sensitivity to apoptosis (Lee
et al., 2004).
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1.3.2 | Autophagy, Mitophagy, & Mitochondrial Biogenesis

Autophagy describes the regulated destruction of cellular components. This
process is utilized by cells to remove unnecessary or dysfunctional organelles, or
to promote survival in conditions of starvation to maintain cellular energy levels via
a process akin to recycling (Mizushima and Komatsu, 2011). Since the removal of
malfunctioning organelles is essential for healthy cellular function, autophagy has
a key role in preventing a range of diseases. Impaired or excessive autophagy is
linked neurodegenerative disease, cardiac disease, infection, and cancer (Levine
and Klionsky, 2004).

Being at the centre of cellular metabolism and energy production, the
selective degradation of mitochondria, known as mitophagy, is of specific interest
to researchers, particularly with respect to its role in disease. The accumulation of
damaged mitochondria as a consequence of impaired mitophagy can lead to
Parkinson’s Disease (Narendra et al., 2009) and is implicated in ageing (Shi et al.,
2017), with the pathogenesis of both being tied to increased oxidative stress,

decreased Ca?* buffering, and loss of ATP.

The biogenesis of mitochondria is essential to maintaining healthy cellular
homeostasis. The removal of superfluous mitochondria and production of
additional mitochondria is dictated largely by the energetic demands of the cell.
The synthesis of mitochondria is therefore considered a stress response to
counteract decreases in ATP production (Lee and Wei, 2005). Biogenesis, like
mitophagy, is a highly regulated and complex process (Poyton and McEwen,
1996). The mitochondria, possessing its own DNA, must replicate, transcribe and
translate it's genome in coordination with mitochondrial genes within the nucleus

and direct these proteins to the appropriate space to form the mitochondria.

Mitophagy and mitochondrial biogenesis are regulated by communication
between the mitochondria and nucleus, which contains genes for both
mitochondrial genesis and autophagy regulation. The communication is referred to
as mitochondrial retrograde (mitochondria to nucleus) or anterograde (nucleus to
mitochondria) signalling. In both pathways, signals between mitochondria and

nucleus effect changes in nuclear gene transcription in order to reconfigure cellular
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metabolism based on cellular demands or mitochondrial health (Liu and Butow,
2006; Ng et al., 2014).

1.3.3 | Mitochondrial DNA

The mitochondria contains its own DNA; a circular genome of 16,569 base
pairs. In addition to ribosomal RNAs and transfer RNAs (tRNAs), 13 polypeptides
are encoded, which make up some of the complexes of the electron transport
chain (ETC) (described in section 1.5.1) (Anderson et al., 1981). Aside from its
circular structure, mitochondrial DNA (mtDNA) possesses several features that
differentiate it from nuclear DNA. It contains no introns, but rather a single non-
coding region called the displacement loop (D-Loop) (Lee and John, 2015). The
function of the D-loop has yet to be fully resolved, but researchers have identified
a protein, ATAD3p, as having a high affinity for the D-loop, which when silenced
resulted in the disruption of the structure of mitochondrial nucleoids, suggesting
the D-loop plays a role in maintaining mtDNA organisation and structure (He et al.,
2007).

Despite its small size compared to the nuclear genome, the essential
functions regulated by the mitochondria mean that mutations that occur in mtDNA
can manifest in a range of diseases in many different tissues with a wide variety of
clinical features, including diabetes, hearing loss, infantile encephalopathy (Taylor
and Turnbull, 2005) and tumour formation (Gasparre et al., 2008). Indeed, mtDNA
mutations have been detected in a large percentage of cancers, yet whilst
mutations that occur in coding regions have the potential to disrupt the cell’s
energy production and redox state, most have been found to occur in the control
region of the genome, which would suggest that it is unlikely mtDNA mutations
drive tumour growth (Kirches, 2017). The role of mtDNA in tumour development is
further complicated as each cell contains multiple mitochondria each with their
own copies of mMtDNA, meaning wild type and mutant mtDNA can co-exist within a
cell in a state called heteroplasmy. Thus, the biological impact of mtDNA
mutations depends on the proportion of mitochondria within a cell containing

mutated mtDNA compared to mitochondria with no mutations (Chatterjee et al.,
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2006). The overall copy number of mitochondria has been observed to be
decreased in cancer relative to normal cells, correlated in some types with
reduced expression of respiratory genes. On the other hand, tumours with high
mtDNA content, which may confer increased mitochondrial dependence, may

present a vulnerability to mitochondria targeted therapies (Reznik et al., 2016).

1.3.4 | Mitochondrial Metabolism

The mitochondria are primarily associated with the production of the cell’'s
energy-rich substrate, adenosine triphosphate (ATP), through the aerobic pathway
of OXPHOS. Embedded on the inner membrane of the mitochondria are a series
of 5 protein complexes which make up the ETC, which catalyse a series of redox
reactions, transferring electrons from high-energy donors to acceptors (See Table
1). The energy released in these reactions is used to generate a transmembrane
proton gradient across the inner mitochondrial membrane, which drives the
production of ATP from the final complex in the chain, ATP synthase. The final
electron acceptor in the process is oxygen, making the process aerobic. OXPHOS

is described in more detail in Table 1 and Figure 3.
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COMPLEX

NAME

REACTION

NADH Dehydrogenase

Succinate Dehydrogenase

Cytochrome bcl

Cytochrome c oxidase

ATP Synthase

Transfer of electrons from
NADH to ubiqunone (UQ) to
form ubiquinol (UQH,)

Transfer for electrons from
succinate to ubiqunone
(UQ) to form ubiquinol

(UQH>)

Electrons from the quinone
pool are transferred to
cytochrome ¢

Electrons from reduced
cytochrome c are
transferred to molecular
oxygen to produce water

Produces ATP

Table 1 | Complexes of the Electron Transport Chain. Imbedded in the inner mitochondrial
membrane, Complexes | through IV pump protons derived from metabolic intermediates into the
mitochondrial matrix. The proton gradient drives the production of ATP through Complex V.
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Figure 3 | The Electron Transport Chain. Through Complexes I-1V, metabolic intermediates
are reduced to produce high energy electrons (blue arrows), which push protons (red arrows)
across the inner mitochondrial membrane, generating an electrochemical gradient between
the intermembrane Space and the Matrix. This gradient drives the production of ATP from
Complex V, also known as ATP Synthase.

OXPHOS occurs on and across the inner membrane of the mitochondria. In
the matrix another energy releasing pathway occurs: the TCA Cycle, also known
as the citric acid cycle or Kreb’s cycle. The TCA cycle starts with acetate, in the
form of acetyl coenzyme A (Acetyl CoA), produced from sugar, fat, and protein
catabolism, and ends with the production of carbon dioxide and the electron
carriers flavin adenine dinucleotide (FADH2) and nicotinamide adenine
dinucleotide (NADH), which shuttle the high-energy electrons, derived from the
catabolism of the sugars, fats, and amino acids, to the ETC (Nelson and Cox,

2008). The cycle is illustrated fully in Figure 4.
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Figure 4 | The Tricarboxylic Acid (TCA) Cycle. The TCA cycle is a series of reactions that
produces CO,, ATP, NADH and FADH, starting with the oxidation of acetyl CoA. As well as
producing energy itself in the form of ATP, NADH and FADH are used in the electron transport
chain to generate energy though oxidative phosphorylation.
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1.3.5 | The Mitochondria and the Production of Reactive Oxygen Species

Reactive oxygen species (ROS) describes a number of highly reactive
chemicals, all of which originate from molecular oxygen (O2) (Table 2). ROS are a
natural by-product of mitochondrial respiration, in particular from Complexes | and
[l in the ETC (Holmstrom and Finkel, 2014). Members of the ROS family, such as
hydroxyl radicals and superoxide anions, are extremely reactive and can cause
DNA and RNA damage, excess oxidation of amino acids, and deactivation of
enzymes if levels are allowed to accumulate — a state known as oxidative stress
(Sosa et al., 2013).

SPECIES SOURCE ACTION

Superoxide O, Complex L1 Reacts with compounds with double bonds (e.g.
Fe-S proteins)

Hydrogen Peroxide SOD-catalysed Oxidises proteins. Forms OH-

(H202) Dismutation of

Oy
Hydroxyl Radical Reduction of Extremely reactive with all biomolecules
(OH) H202

Table 2 | The Reactive Oxygen Species produced from mitochondrial respiration, with the mode
of action of each. Hydrogen peroxide and the hydroxyl radical are not directly produced by the
mitochondria, but are rather produced as side effects of the removal of the superoxide anion.

To prevent oxidative stress, ROS levels are regulated by a cell’s antioxidant
defences, which includes enzymes such as catalase and superoxide dismutase
(SOD), which catalyse the decomposition of hydrogen peroxide into water and
oxygen and the conversion of the superoxide radical into oxygen (Birben et al.,
2012). Owing to their reactive and destructive properties (see Table 2), for a long
time ROS had been perceived as largely toxic and harmful, associated with a
variety of diseases including asthma, hypertension, and retinopathy (Auten and
Davis, 2009). The increased incidence of cancer at older age has been attributed
to elevated ROS, for example through a decline in ROS clearing enzyme-activity
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at older age (Van Remmen et al., 2003). Oxidative stress was also considered to
be a major cause of aging: numerous studies have demonstrated that ROS
accumulates in an organism as it ages, and that reducing oxidative damage
extends the lifespan of model organisms. This became known as the free radical
theory of aging (Beckman and Ames, 1998). This theory, and the overall
consensus that ROS are largely deleterious to organisms, is being increasingly
challenged by more recent research which identifies ROS as vital molecules for a
number of essential cell signalling pathways (Gladyshev, 2014). For example,
deletion of sod-2, encoding the antioxidant protein SOD, extended the lifespan of
the model organism Caenorhabditis elegans (Van Raamsdonk and Hekimi, 2009).
Examples of ROS-dependent signalling pathways include the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) pathway, which is
implicated in a number of cellular processes including cell adhesion and
differentiation, and the mitogen activated protein kinase (MAPK) pathway, crucial
in cell growth and cell death (Jixiang Zhang et al., 2016). Furthermore, ROS
production and removal affects the balance of oxidation and reduction reactions in
a cell, known as the cell’s redox state. Interestingly, the redox state of the cell
fluctuates during the cell cycle, which led researchers to propose the production of
ROS, controlling the redox state, can regulate cellular proliferation (Sarsour et al.,
2009). Direct ROS/redox regulation of a number of cell-cycle proteins, including
p21 and cyclin D1, has been observed in vitro (Fitzgerald et al., 2015; Lim et al.,
2008).

1.3.5.1 | ROS and Cancer

In cancer cells the levels of ROS can be increased, enhancing the
metabolic rate of the pathways described above, particularly those involved in
cellular proliferation (Sullivan and Chandel, 2014). At the same time, cancer cells
also increase their anti-oxidant capacity to protect against oxidative stress and cell
death (Reczek and Chandel, 2018) (See Figure 5). For example, the transient
receptor potential cation channel 1 (TRPA1l), over-expressed in cancer, is
activated by ROS, leading to the influx of Ca?* which serves to upregulate Ca?*
dependent anti-apoptotic survival pathways (Takahashi et al., 2018).
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Changes in the redox state of cancer cells are inextricably linked to
hallmark changes in cellular metabolism. Intermediates from glycolysis, elevated in
cancer cells, are funnelled into pathways such as the pentose phosphate pathway
(PPP), which produces ribose-5 phosphate, a precursor to nucleotide synthesis as
well as nicotinamide adenine dinucleotide phosphate (NADPH), a molecule
involved in ROS removal (Described in more detail in Section 1.3.8) (Panieri and
Santoro, 2016).
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Figure 5 | ROS in Cancer: A Double-Edged Sword. Elevated ROS in cancerous cells, produced
primarily by the electron transport chain within the mitochondria, can promote tumorigenesis.
If ROS levels continue to rise, it can cause oxidative stress which can lead to cell death. To
prevent this, cancer cells can increase antioxidant defences.
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1.3.6 | Mitochondria and Calcium Signalling

Calcium ions (Ca?*) are of vital importance in the physiology of cells.
Ubiquitous in cellular signalling pathways, Ca?* can interact directly in processes
such as apoptosis, protein conformation and localisation, or indirectly as a second
messenger in almost all receptor-based signalling pathways (Clapham, 2007). The
calcium based signalling mechanism is based on changes in the amplitude,
frequency, duration, and localization of cytosolic calcium ([Ca?*]c). Such
spatiotemporal changes arise from the entry of Ca?" into the cell from the
extracellular matrix, or the release of Ca?* from various intracellular stores, notably
the mitochondria, as well as the endoplasmic reticulum and the Golgi apparatus
(Contreras et al., 2010). Thus, by acting as Ca?* buffers for the cytosol, these

organelles play key roles in cellular signalling.

Ca?* freely diffuses through the outer mitochondrial membrane, primarily
through the voltage dependent anion channel (VDAC), a large, weakly selectively
anion channel, abundant on the OMM. VDAC can assume open or closed
conformations, a feature which plays a key role in the regulation of apoptosis
(Rizzuto et al., 2010). Transport across the inner membrane into the matrix is
driven by the electrochemical gradient generated across the membrane by the
ETC through ion channels — notably the mitochondrial calcium uniporter (MCU)
(Kirichok et al., 2004). Efflux out of the mitochondria is mainly attributed to the
Na*-Ca?*-Li* exchanger (NCLX). As will be described in sections 1.3.6.1 and
1.3.6.2, mitochondrial Ca?* ([Ca?*]m) flux is key in vital cell processes such as
energy metabolism and cell death. Therefore, disruptions to the mitochondrial Ca?*
transport machinery can manifest in a variety of pathologies, such as
tumorigenesis and oxidative stress (Marchi and Pinton, 2014). The entire picture of
Ca?* transport has yet to be fully realised, highlighted by studies in MCU deficient
mice, which although exhibited an impaired ability to perform “strenuous work”,
unexpectedly showed no alteration in basal metabolism rates (Pan et al., 2013),
suggesting the activity of other Ca?* influx transporters can be enhanced to

maintain a level of Ca?* homeostasis (Marchi and Pinton, 2014).
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