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Abstract

Background: Lung cancer is reported to be the most commonly occurring cancer in the
world, being the leading cause of cancer death among men, and the second most common
cause of death among women after breast cancer (Sung, Ferlay et al. 2021). The
PI3K/Akt/mTOR pathway has been strongly linked to the development and progression of
NSCLC, which constitutes 85% of all lung cancers (Cheng, Shcherba et al. 2014,
Papadimitrakopoulou 2012). This pathway is therefore a compelling target for anticancer
therapy in NSCLC due to the extensive downstream signalling effects it has on the onset
and progression of malignancy, as well as its potential impact on response and resistance
to conventional therapies (Tan 2020). Among the PI3K/Akt/mTOR inhibitors is AZD5363 —
a very potent and orally bioavailable pyrrolopyrimidine-derived pan-Akt kinase inhibitor
which competes with ATP for Akt kinase association at the ATP binding site (Andrikopoulou,
Chatzinikolaou et al. 2022). Besides the ongoing National Lung Matrix Trial (Middleton,
Fletcher et al. 2020), few other investigations have, to date, tested the efficacy of this drug
in different types of lung tumours. Aim: This study therefore aimed to investigate AZD5363
by sensitising two forms of aggressive NSCLC cells. Methodology: PrestoBlue™ cell viability
assays were carried out to test the cytotoxicity of varying concentrations of AZD5363 on
H520 (derived from squamous cell carcinoma) and A549 (originating from
adenocarcinoma) cell lines. With the identified concentration that resulted in a 30% loss in
cell viability, an ELISA assay was performed on A549 cells, to quantify how much of the
protein elFAE was being decreased. The same drug concentration was also utilised for
wound healing assays, to investigate cell migratory behaviour of A549 cells in response to
drug treatment. Results: The treatment of 10 — 100 uM AZD5363 on H520 cells failed to

achieve a 30% loss in cell viability, and therefore no further investigations were conducted
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on this cell line. With respect to A549 cells, the same treatment decreased cell viability in a
concentration-dependent fashion, such that 55 uM AZD5363 was selected as the 30%
inhibitory concentration (ICs0) for the subsequent investigations carried out on this cell line.
In the ELISA assay, treatment of A549 cells with 55 uM AZD5363 achieved a reduction of
29% in mean elF4E concentration. Following wound healing assays, percentage wound
closure of A549 cells treated with 55 uM AZD5363 reached 33% after 72 hours of treatment,
compared to 11% reached by cells treated with vehicle control solution. Conclusion: The
reduction in mean elF4E concentration achieved with 55 uM AZD5363 (IC3p), as well as the
migratory inhibition observed, indicate that this drug may be further investigated in
combination with chemotherapy or other investigational treatment regimens, to

potentially improve survival and quality of life.

v|Page



Table of Contents

FAYU R o= o a Tol AV o o o TSRS i
ACKNOWIEAZEMENTS .ottt e e e s st e e s sbae e e s s aaaeeeesstaeeeensraeeas iii
A o o ot TP U PPN iv
Table OFf CONTENTS ...t ne e saeeeneens vi
LISt OF TADIES .t sttt s e e s eans Xi
Iy e ] T =0 TR Xii
List Of ADDIreVIatioNnsS ..cc...eeiiiee e xiv
(@0 F=Y o1 (=T g A 0 ¢ Yo [0 Tt u o o TSR SUURR 1
R 0 0¥ = or- T s [l <] PP P PP PPPPPPPPPPPPPPPPPPPRt 2
1.1 Classification Of IUNG CANCEN ...cieceeiiee et e aaea s 4
1.1.1  Small cell lUNG CarCinOMa ....ccccuviiieieiiiee ettt e e e e 4
1.1.2 Non-small cell luUNg CarcinOMa ........uveiiiiiiiie e e 5
1.1.2.1 Adenocarcinoma 5
1.1.2.2 Squamous cell carcinoma 6
1.1.2.3 Large cell carcinoma 7

0 A 7= T4 1o V=d o] il or-| s [l <] (PR 7
1.3  Treatment of early stage (stage | and stage Il) NSCLC ........ccccocueeeeeiiieeeccciieee e, 8
R S Vo [ Toy d s Y=Y - | o)V AU 9
1.5  Treatment of Stage [l NSCLC .....uveiiiei ettt e e e e e e e e rarae e e e e e e 9
1.6 Advanced/metastatic (Stage IV) NSCLC .....cccveeiiieiiieie e eeereee et eeeree e e enree e 11
O A |V - 110 (=1 g = o OO OP PP 12
1.8 Components of the PI3K/Akt/MTOR pathWay.......c.ccccvveeeeieeeiiieecieeccree e 13
1.8.1  PIBK it s n e nne e 13

vi|Page



1.8.2 AKE ittt s e st naree s 14

1.8.3  MTOR ettt ettt ettt ettt et s b e s b e s ae e e n e sareereenareens 16
1.8.3.1 mTORC1 17
1.8.3.2 mTORC2 19

1.9  mMTOR pathway reguIation ........cccuueeiiiiiiee i areee s 19

19.1 Growth factors and the MTOR pathway........cccoeeviieiiiiiiee e 20

1.9.2  Carbohydrates (ZIUCOSE).....cccuiiiuieeiiie ettt e 22

1.9.3  AMINO @CHIAS c.uvtieiiiie ettt ettt et et e e eane s 22

194 1014V (=T o T PP PP U PUPTPPPRR PP PPPPPPPRIN 23

1.9.5 DINA G@MAEE.. eieiiiiiiee ettt ettt e ettt e et e e e et e e e e s e e e e e sabeeeeeeataeeeesnnaeaeeennnaees 24

1.10 Importance of PI3K/Akt/mTOR signalling pathway in cancer.........cccccceeeeveeennen.. 27

L.10.1  PIBK ittt ettt ettt ettt st ettt e bt e sht e s beesat e e bt e sabeebeenareens 27

1.10.2  MTOR ettt ettt ettt et sa e e bt e e he e e bt e s bt e sabeesne e e bt e sneeenreennneans 29

1.10.3  AKEL oot e n e eas 31

1.10.4  PTEN Lottt ettt et sa e et e s ae e et e e sae e st e e sae e e bt e enteebeenaeeans 32

1105 INPPAB ...t s 33

1.10.6  TSCL/TSC2 ettt sttt ettt st b e sttt et e b b naes 33

1.11 Importance of PI3K/Akt/mTOR signalling pathway in lung cancer....................... 34
1.12 Rationale for combination therapy.....ccoeeeeieeiieecciireeeeee e 37
1.13 Combination therapy in advanced/metastatic NSCLC........cccccceveeeirieeecreeeeneeenne 41
1.14 Inhibitors of the PI3K/Akt/mTOR signalling pathway ..........ccccouvevvviieieiicreeccnne. 43

1.14.1  Pan-class | PIBKiNhibitors. ......ccooiiiiiiiiiiceee e 45
1.14.1.1 GDC-0941 45
1.14.1.2 PX-866 46
1.14.1.3 BKM120 46

vi|Page



1.14.1.4 XL-147 47

1.14.2  Isoform-specific PI3K inhibitors.......cccuveiiiiiie e 48
1.14.2.1 BYL719 48
1.142.2 GSK2636771 49
1.14.2.3 IPI-549 49

1.14.3  Allosteric mMTOR inNhibitors........cccviiiiiiiiiiiic e 50
1.143.1 CCI-779 51
1.14.3.2 RADOO1 51
1.14.3.3 MK-8669 52

1.14.4 ATP-competitive mMTOR kinase inhibitors .......c.cccccveeiieiiieiiciieee e 53
1.14.41 AZD8055 54
1.14.4.2 AZD2014 54
1.14.4.3 INK128 55

1.14.5 DUal PI3K/MTOR INNIDITOIS ...eeeeeeeee et e e e e e e e e e e e e 55
1.14.5.1 NVP-BEZ235 56
1.14.5.2  PKI-587 56

1.14.6  AKEINIIDITOIS ..eoneiiiieeeeee e e 57
1.14.6.1 KRX-0401 57
1.14.6.2 MK-2206 58
1.14.6.3 AZD5363 59

1.15 RESEAICH @M . 62
1.16 (@] 0T =Tt u 1YL URRRRE 62
1.17 ReSearch rationale .......c.cooueeeiieiie e 63
Chapter 2 MethOdOIOZY.....ccuei it e e e e e e e s e sanrreaeeaaaaeeas 65
P2 14 o Yo [0 u [ TSSO P PR URPOPROROPR 66

vii|Page



2.1  Background to cell culture proCeduUres........ccccovuiiiiiiiiieiiiiiiee e 67

2.2 Preparation of cell culture media........cccocuvieeieciiiieece e 69
2.3 Otherreagents for Cell CUIUIE .....ooouviiiiiiiiec e e 71
N O | I d o - 1V T o = USRS 72
2.5 Cell PASSAGING .eeeeieiiieeeiiiie e ceeee ettt e st e e e e e st e e e e b e e e e s aaae e e snaraeeeennns 72
T O | ol T U o Y PSSR 74
D A -1 | Y=Y To [T Y- SR PPRRPPPPPN 75
2.8  Treatment with AZD5363 in preparation for viability assays .........cccceevieriiiciiiennns 76
2.8.1  PrestoBlue™ cell viability @SSay ......ccevievveeierrieireireecrecre et 79
2.9 Treatment of A549 cells with AZD5363 in preparation for elF4E ELISA assay ......... 80
2.9.1 Cell lysate collection in preparation for the elFAE ELISA.........cccccvivereeeeeeiennns 82
2.9.2 ELISA @SSAY eetiiiiiiiiiiiiiiiiieieteteeeteeteeeeteeeeeeeeeee e ettt e e et eeee e e et et e e e ettt e ettt et ter e e et ereaeaerarrres 83
29.2.1 Calculations to plot a standard curve 85
2.9.3  The Bradford protein @ssay ......ccccvveeeeeeiieiieiiiieeeee e eeccirreee e e e eeseenrrereeeeeeeeeanes 86
29.3.1 Calculations to plot a standard curve 87
29.4 Normalisation of elF4E to total Protein ........cccceeeevvveeeeiie e, 88
2.10 WOUN NEAIINE GSSAYS..urrerieiieiiiiiiiiiieeieeeeeieciirreee e e e e e e eesebrreeeeeeessessntrrseeeeeeeessnnsnes 88
2.11 SEAtistical @NAIYSIS e e e e 90
2.11.1  Cell VIability @SSAYS cocuurreeereeeiiiiiiirrieeieeeeeceerreeeeeeeeeesstrrreeeeeeeeessanrreseeeeeesennnnns 90
2.01.2  ELISA @SSAYS .iiiiiiiiiiuiiieieeieetettitiiiaisseeeeetttaiaeseeeestttstaaseeeeettestaiaeeeestenrrrianaes 91
2.11.3  WoUNd hEAlING @SSAYS wrvvveeiieiieiiirieeeieeeeeieeitreeeeeeeeeesittrereeeeeeeeeseanrrereeeeeesennnnes 91
(00T o =T GG T 2 (ST U] USSR 93
T 141 o Yo [0 u o o TSP PV RPOPRPRRRPR 94
3.1 PrestoBlue™ cell Viability @SSayS.....covcciieeirieieicreeerecete ettt ettt ere e 95
3.1.1 Results following the treatment of AZD5363 on H520 cells .......ceveveeeeecnnnnnneen. 95



3.1.2 Results following the treatment of AZD5363 on A549 cells .......cceeeeevvennnnneenn. 96

3.1.3  ShapirO-WIilK teSt....uueeeiieeiei e e e e e e e s e e e e e e e e nnnees 98
3.1.4  ANOVA with TUKEY COIreCHON ...c.evvieeieiiiee et 99
3.2 Result of ELISA for elF4E following treatment of A549 cells with AZD5363 .......... 101
3.2.1  Shapiro-WilK teST ..ueiiiiiiieeiiiiiee et s 103
3.2.2 Independent SAMPIE t-tESt....uuiiiiii i 104
3.3 Results of the wound healing assays ......cccueeeeriiiiiiiiiiiee et 105
3.3.1  Shapiro-WIilK tEST ..ceiieiiiie e 110
3.3.2 Independent SAMPIE t-tESt....uiiiiii i 110
Chapter 4 Discussion and CONCIUSION .......cociiieeiiiiiiee e cciieee e sree e e e e erae e e e s aaeeae s 112
A INEFOTUCTION ...eiiiitiiecee et s e s e s e e e sbe e e sanee e 113
4.1  Treatment of AZD5363 on H520 and A549 cells ......coeeeiiiiiiiiiniiiiieeeieeeeeee 114
4.1.1  Sensitivity of A549 cells to AZD5363 treatment .........cccccvvvveeeeeeicccciiieeeeee, 115
4.1.2  Resistance of H520 cells to AZD5363 treatment.........ccceceeveerieeneeeineeneennen. 117
4.2  Quantification of €IFAE Protein ......ccccuvviiiiiee e 118
4.3 Investigation of the anti-metastatic potential of AZD5363 on A549 cells.............. 120
4.4  Limitations and SOUMCES Of EITON.......cccueiiiiiiiiiiieeienee e 122
A5 CONCIUSIONS ..ottt s e bbb e e e sane e e 123
B.6  FUTUIE WOTK..ooeeiiieeieeee et 124
REFEIENCES ...ttt 126

x|Page



List of Tables

Table 1.1: List of PI3K/Akt/mTOR inhibitors, including some examples. 44

Table 2.1: The range of AZD5363 concentrations used for treatment on A549 and H520
cell lines in 96-well plates. 77

Table 2.2: Dilutions of protein standards, in preparation for the Bradford protein assay.- 86

Table 3.1: Result of the Shapiro-Wilk test which analysed the normality between each
data set of absorbance at concentrations from 10 uM to 100 uM investigated. ------------ 98

Table 3.2: Result of the Shapiro-Wilk test which analysed the normality between each
data set of absorbance at concentrations from 35 uM to 90 uM investigated. -------------- 99

Table 3.3: ANOVA with post-hoc Tukey correction comparing the absorbance of AZD5363
drug concentrations ranging from 10 uM to 100 uM at 24-, 48-, and 72-hour time points.
100

Table 3.4: ANOVA with post-hoc Tukey correction comparing the absorbance of AZD5363
drug concentrations ranging from 35 uM to 90 uM at 24-, 48-, and 72-hour time points.
101

Table 3.5: Result of the Shapiro-Wilk test which analysed the normality between 6- and
10- hour time points, for A549 cells treated with vehicle control solution, and cells treated
with 55 uM AZD5363. 104

Table 3.6: Result of the independent sample t-test, comparing the difference in
normalised elF4E concentrations between cells treated with vehicle control solution, and
cells treated with 55 uM AZD5363, at the 6- and 10-hour time points. 104

Table 3.7: Result of the Shapiro-Wilk test which analysed the normality between 24-, 48-,
and 72- hour time points, for A549 cells treated with vehicle control solution, and cells
treated with 55 uM AZD5363. 110

Table 3.8: Result of the independent sample t-test, comparing the difference in migration
between cells treated with vehicle control solution, and cells treated with 55 uM
AZD5363. 111

xi|Page



List of Figures

Figure 1.1: A representation of the PI3K/Akt/mTOR pathway ........ccccceevveevcieeeciieeecreeeee, 26
Figure 1.2: 2D structure of the drug AZD5363 ........ccooiiiiieeiiiee e e 60
Figure 2.1: The sigmoid growth pattern and phases of cells grown in culture................... 67
Figure 2.2: Haemocytometer and Neubauer grid ........cccveeeeei e 75

Figure 2.3: The organisation of the 96-well plate and concentrations of AZD5363 used... 78
Figure 2.4: PrestoBlUE™ @sSay PrOCESS......cceiveereeriereeteeteeteeeecte e ete et te et et e s e eaesreere s 80

Figure 2.5: Sample of cell culture dishes prepared for the treatment of AZD5363 on A549

cell lines in preparation for @IFAE ELISA ........ooeiieiiieeecee et eeae e 82
Figure 2.6: The process for the collection of cell lysate for elF4E ELISA ..........ccceeevervveeennes 83
Figure 2.7: Preparation of Standards for the elF4E ELISA @SSay.......ccvveeeeeieiccvrnreeeeeeeeenennns 84
Figure 2.8: The treatment of A549 cells for the wound healing assay.........ccccccvvveeeeiennnns 89

Figure 3.1: Dose response curves at 24-, 48-, and 72-hour time points, following the
treatment of H520 cells with AZD5363 at concentrations from 10 uM to 100 uM............ 95

Figure 3.2: Dose response curves at 24-, 48-, and 72-hour time points, following the
treatment of A549 cells with AZD5363 at concentrations from 10 uM to 100 pM ............ 96

Figure 3.3: Dose response curves at 24-, 48-, and 72-hour time points, following the
treatment of A549 cells with AZD5363 at concentrations from 35 uM to 90 uM .............. 97

Figure 3.4: A standard curve of the log10 elF4E standard concentrations against the
average Log10 absorbance standard ValUES.........ceeeiiiiecciiiiieeiec et 102

Figure 3.5: A standard curve of the albumin concentrations against the average
absorbance standard VAlUES ...........eeicuiiiie i 102

Figure 3.6: A box plot of normalised elF4E concentrations of A549 cells treated with 55
UM AZD5363, at 6 hours, and 10 hours post-treatment, as compared with vehicle control

Figure 3.7: Results of wound healing assays performed on A549 cells treated with vehicle
control solution, showing the gap areas at the time of treatment (0 h), and 24, 48, and 72
hours after treatment, as captured by TScratch for Windows ...........eeeeeeviiviivveeneeeeniiennns 106

Xii|Page



Figure 3.8: Results of wound healing assays performed on untreated A549 cells, showing
the gap areas at the time of treatment (0 h), and 24, 48, and 72 hours after treatment, as
captured by TScratch for WiNAOWS..........oooeiiiei et 107

Figure 3.9: Results of wound healing assays performed on A549 cells treated with 55 uM
(IC30) AZD5363, showing the gap areas at the time of treatment (0 h), and 24, 48, and 72
hours after treatment, as captured by TScratch for Windows ...........ccccceeeeeiieeeiiiiieeenns 108

Figure 3.10: Percentage-response curve of captured percentage mean gap area against
time for A549 cells treated with 55 uM AZD5363 and those treated with vehicle control
0] [V u o) o RPN 109

xiii|Page



List of abbreviations

Abbreviation

Expanded name

ADCT
4E-BP1
ABC
AC

AE

Al

Akt
ALK
AMP
AMPK
ANOVA
ASCO
ASO
ATCC®
ATG13
ATP
BAD
bFGF
CLM
CO,
CRC
CT
Deptor
DMEM
DMSO

EDTA

4-dimensional CT

Eukaryotic initiation factor 4E-binding protein 1
ATP-binding cassette

Adenocarcinoma

Adverse event

Aromatase inhibitor

Protein kinase B (PKB)

Anaplastic lymphoma kinase

5’ adenosine monophosphate

5’ adenosine monophosphate-activated protein kinase

Analysis of Variance

American Society of Clinical Oncology
Antisense oligonucleotide

American Type Culture Collection®
Autophagy-related protein 13
Adenosine triphosphatase
BCL2-antagonist of cell death

Basic fibroblast growth factor
Colorectal liver metastasis

Carbon dioxide

Colorectal cancer

Computed tomography

DEP domain-containing mTOR-interacting protein
Dulbecco’s Modified Eagle’s medium
Dimethyl sulfoxide

Ethylenediaminetetraacetic acid

xiv|Page



EGFR Epidermal growth factor receptor

elF4E Eukaryotic initiation factor 4E
ELISA Enzyme-linked immunosorbent assay
EML4-ALK Echinoderm microtubule-associated protein-like 4 and anaplastic

lymphoma kinase

ER+ Oestrogen receptor-positive

ERK Extracellular signal-regulated kinase

ESMO European Society for Medical Oncology
FBS Foetal bovine serum

FDA Food and Drug Administration

FKBP12 FK506 Binding Protein 12

FOXO Forkhead box O

GAP GTPase-activating protein

GEMMs Genetically engineered mice models

GSK3 Glycogen synthase kinase 3

GTP Guanosine 5’ triphosphate

HER Human epidermal growth factor receptor
HER2 Human epidermal growth factor receptor 2
HIF-1a Hypoxia inducible factor-1a

IARC International Agency for Research on Cancer
IC30 30% inhibitory concentration

ICso 50% inhibitory concentration

IGF-1 Insulin-like growth factor

IGFR-1 Insulin-like growth factor receptor

INPP4B Inositol polyphosphate-4-phosphatase type |l B
IRS1 Insulin receptor substrate 1

iSH2 Inter-SRC homology 2

LCeNT Lung Cancer enhanced Novel Therapy
KRAS Kirsten rat sarcoma

LA Locally advanced

xv|Page



LCC Large cell carcinoma

LCINS Lung cancer in never-smokers

LKB1 Liver kinase B1

LR Lifetime risk

LTED Long-term oestrogen deprivation

MAPK Mitogen-activated protein kinase

MCST Malta Council of Science and Technology

MDM2 Minute double minute 2

MDR Multidrug resistance

mLST8 Mammalian lethal with SEC13 protein 8

MRI Magnetic resonance imaging

mSIN1 Mammalian stress-activated protein kinase-interacting protein 1
mTOR Mammalian target of rapamycin

mTORC1 Mammalian target of rapamycin complex 1

mTORC2 Mammalian target of rapamycin complex 2

NET Neuroendocrine tumour

NFkB Nuclear Factor kappa-light-chain-enhancer of activated B cells
NS Not significant

NSCLC Non-small cell lung carcinoma

ORR Overall response rate

(0N} Overall survival

PBS Phosphate buffered solution

PDGF Platelet-derived growth factor

PDGFR Platelet-derived growth factor receptor

PDK1 3-phosphoinositide-dependent kinase 1

pen-strep Antibiotic solution containing penicillin, streptomycin and

amphotericin B

PET Positron emission tomography
PFS Progression-free survival
PH Pleckstrin homolog

xvi|Page



PHTS
PI3K
PIKK
PIP2
PIP3
PKC-a
PORT
PRAS40
Protor-1
PS
PTEN
Raptor
Ras
RCC
RCF
RECIST
REDP
Rheb
Rictor
Rpm
RPMI-1640
rpS6

RT

RTK
S6K1, p70S6K1
SBRT
scc
SCLC

SEM

PTEN hamartoma syndrome
Phosphatidylinositol 3-kinase
PI3K-related kinase
Phosphatidylinositol 4,5-bisphosphate
Phosphatidylinositol 3,4,5-trisphosphate
Protein kinase C-a

Postoperative radiotherapy
Proline-rich Akt substrate of 40kDa
Protein observed with Rictor-1
Performance status

Phosphatase and tensin homolog
Regulatory-associated protein of mTOR
Rapidly accelerated fibrosarcoma

Renal cell carcinoma

Relative centrifugal force

Response Evaluation Criteria in Solid Tumours

Research Ethics Review Procedures

Ras homologue enriched in brain

Rapamycin-insensitive companion of mTOR

Revolutions per minute

Roswell Park Memorial Institute medium
Ribosomal protein S6

Radiotherapy

Receptor tyrosine kinase

Phosphorylated 70 ribosomal S6 kinase 1
Stereotactic body radiotherapy
Squamous cell carcinoma

Small cell lung carcinoma

Standard Error of the Mean

xvii|Page



SGK1
SRE-BP1
STK11
TCA cycle
TDP
TFEB
TSC

TKI
TTF-1
ULK1
us
VEGFR

WHO

Serum and glucocorticoid-induced protein kinase 1
Sterol regulatory element-binding protein 1
Serine threonine kinase 11

Tricarboxylic acid/Krebs cycle

Technology Development Programme
Transcription factor EB

Tuberous sclerosis complex

Tyrosine kinase inhibitor

Transcription termination factor
UNC-51-like kinase 1

United States

Vascular endothelial growth factor receptor

World Health Organisation

xviii | Page



Chapter 1

Introduction



Chapter 1 Introduction

1 Lung cancer

Lung cancer is reported to be the most commonly occurring cancer in the world, being the
leading cause of cancer death among men, and the second most common cause of death
among women after breast cancer (Sung, Ferlay et al. 2021). In the most recent Global
Cancer Statistics, Sung, Ferlay et al. (2021) report that around 11.4% of cancer diagnoses
and 18% of cancer deaths are attributed to lung cancer. Furthermore, the World Health
Organisation (WHO), in its classification of thoracic tumours, estimates that in 2018 there
were two million new cases and 1.7 million deaths linked with lung cancer (IARC WHO
2021b). The highest rates of incidence and mortality were observed in high-income
economies, such as most parts of Europe and the United States (US); since the early 1990s
however, incidence in males has generally been decreasing, whereas in contrast, rates of
lung cancer among women have been on the incline (Baum, Winter et al. 2022, Lortet-
Tieulent, Renteria et al. 2013). Such trend among the female population only started to
stabilise after 2005, and this was observed in Northern Europe, Central and Eastern Europe,
Switzerland, and Malta. As of 2020, according to the Global Cancer Observatory (2021a),
lung cancer was the third most prevalent cancer diagnosis in Malta (10.3% of new cases),

and the primary cause of cancer death (20.1%) among both sexes.

The majority of lung cancer deaths are attributed to tobacco consumption, accounting for
80-85% of cases globally. Besides more than 7000 chemicals, tobacco smoke also contains
at least 69 carcinogens that include polycyclic aromatic hydrocarbons, tobacco-specific
nitrosamines, as well as benzene (IARC WHO 2020, Planchard, Popat et al. 2018). A
systematic analysis by Abdulkader, Abera et al. (2018) reported that worldwide in 2017

there were 1.19 million lung cancer deaths related to smoking, translating to an increase
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Chapter 1 Introduction

of 23.3% of such deaths when compared with 2007. This means that the global cigarette
smoking trends that have occurred over the past years are now essentially mirrored by the
current patterns of lung cancer incidence both geographically and temporally (IARC WHO
2021b, Lemjabbar-Alaoui, Hassan et al. 2015). The hazards for smokers rise with the daily
guantity of cigarettes smoked, and the number of years spent smoking; such risks gradually
decrease after quitting, though never to the same degree as in individuals who never
smoked. Lifelong non-smokers experience a much lower risk of being diagnosed or dying
with lung cancer (Thun, Hannan et al. 2008); it is estimated that there is an annual rate of
5—10 cases of lung cancer diagnoses per 100,000 population, compared with 20 — 30 times

higher rates among smokers.

Apart from tobacco smoking, around 29 substances have been identified as potential
causes of lung cancer, with varied degrees of risk and incidence of exposure (IARC WHO
2020). These include asbestos, silica, numerous heavy metals, radon, as well as indoor air
pollution resulting from solid fuel combustion and cooking emissions in poorly ventilated
households. Moreover, the International Agency for Research on Cancer (IARC) has more
recently categorised outdoor air pollution, particulate matter in outdoor air pollution, and
diesel engine exhaust as carcinogenic to humans (Cogliano, Baan et al. 2011, IARC WHO
2022). These chemicals may become more important as causes of lung cancer, particularly
in never-smokers. In a prospective observational study on lung cancer in never-smokers
(LCINS), Couraud, Souquet et al. (2015) observe that this disease appears to have a strong
geographical connection. For instance, LCINS is significantly more prevalent in Asia than in
the US or Europe. This may be due to variable inherent susceptibility characteristics, as well
as varying occupational and environmental carcinogen exposures in different geographic

regions.
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Lung cancer is very diverse and can develop in a variety of sites along the bronchial tree,
resulting in a wide range of signs and symptoms, depending on the anatomic location
(Lemjabbar-Alaoui, Hassan et al. 2015); in fact, up to 70% of lung cancers are diagnosed
when the disease is already at an advanced stage. Eapen, Hansbro et al. (2018) report that
although there may be regional disparities linking differences in treatment and diagnostic
practices, lung cancer patients currently have a poorer 5-year average survival rate (18.6%)

when compared to other prevailing cancers.

1.1 Classification of lung cancer

Almost all lung malignancies are carcinomas. Histologically lung cancer is categorised into
two main types, namely small cell lung carcinoma (SCLC) and non-small cell lung carcinoma
(NSCLC). NSCLC constitutes 85% of all lung cancers, and is further subdivided into
adenocarcinoma (AC), squamous cell carcinoma (SCC), and large cell carcinoma (LCC)
(Inamura 2017). The diagnostic workup is crucial for determining the precise type and stage
of lung cancer, and the patient's ability to tolerate treatment, since the course of treatment

differs significantly depending on the type and stage of lung carcinoma (Yoder 2006).

1.1.1 Small cell lung carcinoma

Globally small cell lung carcinoma accounts for 15% of lung cancer cases. It is a malignant
epithelial tumour that very often expresses neuroendocrine markers, and is made up of
cells with sparse cytoplasm, ill-defined cellular borders, finely granular nuclear chromatin,
absent or inconspicuous nucleoli, a high mitotic count, and frequent and extensive necrosis
and apoptosis (IARC WHO 2021b, Ryan, Burke 2017). The tumour cells typically develop in
a sheet-like manner and are tightly packed. SCLC mainly involves the major airways and
mediastinal lymph nodes; however, it can arise peripherally in 5% of patients. At
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presentation, metastasis to the liver, bone, brain, ipsilateral and contralateral lung, and
adrenal glands is prevalent, as are pleural and pericardial effusions. Patients usually present
with rapid-onset symptoms due to intrathoracic tumour growth, extrapulmonary
metastasis, paraneoplastic syndromes, or a combination of these. The complete spectrum
of lung cancer imaging abnormalities is usually observed, but due to its rapid growth, at the
point of diagnosis the tumour tends to be larger and more advanced than NSCLC, generally
appearing as a massive hilar mass and bulky mediastinal lymph nodes. MRIs (magnetic
resonance imaging) reveal metastases in about 15% of neurologically asymptomatic
patients. The majority of SCLCs occur in individuals who have a history of heavy smoking
however, though in rare cases, de novo SCLC can occur in never-smokers. Small cell
carcinoma patients are usually too advanced in their disease to be candidates for surgery,
hence chemotherapy is their first-line treatment (Ryan, Burke 2017); however despite the
fact that it is more receptive to chemotherapy and radiation therapy than any other lung
cancer type, the aggressive growth of SCLC and its widespread distribution at the time of

diagnosis make it extremely difficult to treat (Lemjabbar-Alaoui, Hassan et al. 2015).

1.1.2 Non-small cell lung carcinoma

The distribution of NSCLC histological types has shifted over the last 25 years; in the US,
incidence of AC has increased in both sexes, while SCC, which was historically the leading
histotype, has decreased. In Europe, comparable trends can be observed among males,

however both SCC and AC continue to rise among women (Planchard, Popat et al. 2018).

1.1.2.1 Adenocarcinoma

Adenocarcinoma is a malignant epithelial tumour that is usually located in peripheral
bronchi, with central fibrosis and pleural puckering, and accounts for around 40% of all
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cases of lung cancer; histologically making it the most common type of lung carcinoma
(Lemjabbar-Alaoui, Hassan et al. 2015, Ryan, Burke 2017, Zheng 2016). Despite the fact that
the majority of cases are related to smoking, AC occurs more commonly than any other
histologic form of lung carcinoma among patients who have never smoked (IARC WHO
2021b). When solid, tumours typically have a sliced surface that is grey-white and might
have lobulated, spiculated, or stellate borders (Ryan, Burke 2017). Lung AC produces mucin
or has glandular differentiation; even in small biopsy specimens, the tumour can be
classified as an adenocarcinoma when these morphologic characteristics are apparent. The
pneumocytic markers, transcription termination factor (TTF-1) and Napsin-A, which are
typically expressed by lung AC cells in more than 85% of cases, can be used as indicators of
such neoplasm or adenocarcinoma differentiation in poorly differentiated tumours, as well

as in limited biopsy sampling material (Zheng 2016).

1.1.2.2 Squamous cell carcinoma

Squamous cell carcinoma is the second most common type of lung cancer, making up about
20% of cases. Like AC, SCC is an epithelial tumour, however it is distinguished by the
presence of keratinisation, intercellular bridges, or immunohistochemical markers of
squamous cell differentiation. It usually originates from a main or lobar bronchus and, in at
least two thirds of cases, is located in the central compartment of the lung (IARC WHO
2021b). SCC signs and symptoms are comparable to those of other non-small cell lung
carcinomas; however, they are typically correlated with the site of the tumour. SCC has a
propensity to be locally aggressive, with gradual involvement of peribronchial structures
through direct invasion, but distant metastases develop similarly to other NSCLCs.

Endobronchial obstruction causes symptoms such as haemoptysis, coughing, and recurrent
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pneumonitis. SCC, like all lung cancers, but more so than adenocarcinoma, is strongly linked
to smoking, and global trends in SCC incidence closely reflect changes in smoking habits.
More than 90% of SCC patients are current or previous heavy smokers, and a male
predisposition has been noted (IARC WHO 2021b). Smoking has a rather predictable
mutagenesis signature (signature 4), acting predominantly on guanine base pairs and

causing C>A mutations.

1.1.2.3 Large cell carcinoma

Large cell carcinoma is an undifferentiated NSCLC which does not have the cytological,
architectural, immunohistochemical, or histochemical characteristics of SCLC, AC, or SCC
(IARC WHO 2021b). It is a relatively uncommon form of lung cancer and is characterised by
a poor prognosis and restricted therapeutic options (Chen, Cui et al. 2022). The tumour
typically manifests as a sizeable peripheral mass composed of sheets or nests of big
polygonal cells with conspicuous nucleoli, vesicular nuclei, modest amounts of cytoplasm,
and significant necrosis (Ryan, Burke 2017). LCC shares several characteristics with other
NSCLCs, including pathogenesis, aetiology, symptoms, imaging, and tumour dissemination.
Most patients diagnosed with LCC are either current or former smokers. The diagnosis
cannot be made with non-surgical biopsy or cytology but requires a well sampled resected

tumour.

1.2 Staging of cancer

Cancer staging is a crucial step when diagnosing a tumour, and it serves to assist the
clinician in formulating a treatment plan, provide insight into the prognosis, and assist in
the assessment of treatment outcomes (Lemjabbar-Alaoui, Hassan et al. 2015). The
anatomical extent of the disease is described using the worldwide TNM-based staging
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system. The primary tumour's size and extent are described by the T category. The N
category represents the degree of regional lymph node involvement. The M category
defines whether distant metastasis is present or not. The severity of the cancer is indicated
by the addition of numbers to these three categories. TNM subsets are constructed using
every combination of the T, N, and M categories; those subsets with comparable prognoses
are then grouped into stage groupings. Stages of NSCLC range from one to four (I through

IV); the less the cancer has spread, the lower the stage.

There are two stages that define SCLC: limited (restricted to the primary hemithorax,
mediastinum, or supraclavicular lymph nodes), and extensive (spread beyond the
supraclavicular areas). Without additional definition, the term "stage" refers to the pre-

treatment clinical stage (Lemjabbar-Alaoui, Hassan et al. 2015).

1.3 Treatment of early stage (stage | and stage II) NSCLC

In the European Society for Medical Oncology (ESMO) guidelines, Postmus, Kerr et al.
(2017) recommend surgical resection as the preferred course of action for non-centrally
located possibly resectable lung cancer, and should be made available to all patients with
stage | and stage Il NSCLC, in whom there is no nodal metastasis on both computed
tomography (CT) and positron emission tomography (PET) scans, and who are prepared to
accept procedure-related risks. Imaging, biopsies, a detailed assessment of cardiac and
pulmonary function, as well as an evaluation of other comorbidities, need to be undertaken
to calculate the risk of operative morbidity prior to considering surgical resection (Postmus,
Kerr et al. 2017, Zappa, Mousa 2016). For tumours = 2 cm and with a solid appearance on
CT, lobectomy is still regarded as the standard surgical procedure. When possible, full

resection is advised for individuals with multifocal lung cancer (Postmus, Kerr et al. 2017).
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Moreover, ESMO guidelines suggest that patients with stage Il and stage Ill NSCLC who
have had resection, and those with resected stage IB illness whose primary tumour is larger
than 4 cm, should be offered adjuvant chemotherapy; in such cases a two-drug regimen

containing cisplatin is preferred.

1.4 Radiotherapy

Tumours at specific locations in the body may be reduced or removed with the aid of
radiotherapy (RT), which utilises high-energy beams that disrupt the DNA of cancer cells
and ultimately kill them (Zappa, Mousa 2016). Stereotactic body radiotherapy (SBRT) is the
recommended course of treatment for patients with comorbidities or other reasons that
render them inoperable, patients who present with stage | NSCLC that is located
peripherally, or patients who refuse surgery (Postmus, Kerr et al. 2017, Zappa, Mousa
2016). To achieve exact placement of the tracking device, current SBRT practice typically
uses small planning margins based on 4-dimensional CT (4DCT), numerous radiation beams
or arcs, all of which lower the likelihood of non-malignant organ toxicity. Radical RT utilising
more conventional or accelerated schedules is advised for medically inoperable patients
whose tumours are larger than 5 cm and/or located in a somewhat central area (Postmus,
Kerr et al. 2017). In early-stage NSCLC that has been entirely resected, postoperative
radiotherapy (PORT) is not advised. In order to improve quality of life for NSCLC patients
who do not respond to surgery or chemotherapy, radiotherapy may potentially be included

as part of palliative care (Zappa, Mousa 2016).

1.5 Treatment of stage Ill NSCLC

Stage Il NSCLC is a diverse condition that can range from resectable tumours with
microscopic lymph node metastases, to untreatable, bulky disease with many nodal sites.
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Therefore, the position of the tumour and whether it can be removed surgically are what
determine the best treatment plan, which may include surgery, chemotherapy, and
radiotherapy (Lemjabbar-Alaoui, Hassan et al. 2015). A diagnostic contrast-enhanced CT
scan of the chest and upper abdomen, followed by a PET or a PET-CT paired with a CT
technique with a sufficiently high resolution for initial staging reasons, is recommended to
be performed on all patients who are scheduled for definitive stage Ill NSCLC treatment
(Daly, Singh et al. 2022, Postmus, Kerr et al. 2017). Furthermore, if N2 disease is only
detected after surgery despite acceptable mediastinal staging methods, adjuvant
chemotherapy should be administered after surgery. Concurrent definitive chemotherapy
and radiation therapy are preferred in cases of multi-station N2 or N3. Additionally, ESMO
guidelines advise that patients should be able to receive platinum-based chemotherapy,

ideally with cisplatin, for care with a curative objective (Postmus, Kerr et al. 2017).

In instances where, even after induction therapy and following a multidisciplinary
evaluation, resection is not feasible, the malignancy is referred to as unresectable locally
advanced (LA). Recommendations in such cases include concurrent chemoradiation as first
line management, whereby, unless contraindicated, and in the absence of conclusive
findings in favour of carboplatin as a single agent radiation sensitiser, both Daly, Singh et
al. (2022) and Postmus, Kerr et al. (2017) suggest two to four cycles of a combination of
cisplatin-based chemotherapy with radiation, targeting a total cumulative dose of cisplatin
of at least 300 mg/m?. Alternatively, sequential chemotherapy followed by definitive
radiotherapy may be another option for patients who are not candidates for concurrent
chemoradiation; the most common combinations used are cisplatin + etoposide, cisplatin
+ vinca alkaloid (usually vinorelbine), or cisplatin + pemetrexed in non-squamous histology

(Postmus, Kerr et al. 2017).
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1.6 Advanced/metastatic (stage IV) NSCLC

Consideration of the patient’s age, performance status (PS), any other comorbidities, the
patient’s preferences, as well as the histology and molecular pathology, need to be
addressed when deciding on a management plan of Stage IV NSCLC (Lemjabbar-Alaoui,
Hassan et al. 2015, Planchard, Popat et al. 2018). In the absence of any major comorbidities,
both ESMO and the American Society of Clinical Oncology (ASCO) guidelines (Hanna,
Schneider et al. 2020) recommend that all patients with PS 0 — 2 in stage IV should be given
systemic treatment. For patients with a PS of 0 or 1, the first-line therapy is advised to
consist of a combination of two cytotoxic medications; given that there are no
contraindications to such compounds, doublets of platinum-based chemotherapy (cisplatin
or carboplatin), in conjunction with comparable activity taxanes (paclitaxel or docetaxel),
antimetabolites (gemcitabine or pemetrexed), or vinca alkaloids (vinblastine or
vinorelbine) are the treatment of choice (Hanna, Schneider et al. 2020, Planchard, Popat et
al. 2018). This is to be followed by less toxic maintenance monotherapy. Lemjabbar-Alaoui,
Hassan et al. (2015) reported that compared to non-platinum combination therapy,
platinum-based combination therapies that include cisplatin or carboplatin produce higher

response and overall survival (OS) rates.

Similarly, the first line treatment of advanced stage SCC with PS 0 — 2 and without major
comorbidities, is based on platinum-based doublets in combination with a third-generation
cytotoxic drug, namely gemcitabine or vinorelbine (Planchard, Popat et al. 2018).
Additionally, for metastatic SCC, ESMO guidelines recommend a combination of the
monoclonal antibody pembrolizumab with carboplatin and paclitaxel (or albumin-bound

paclitaxel).
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1.7 Maintenance

Following first-line chemotherapy, only patients with PS 0 — 1 should be administered
maintenance chemotherapy. Histology, response to doublets of platinum-based
chemotherapy, residual toxicity from first-line treatment, PS, and the patient’s preference
should all be taken into account when deciding on maintenance. In cases where control of
the disease is achieved with four cycles of cisplatin + pemetrexed, Planchard, Popat et al.
(2018) recommend that continued maintenance with pemetrexed may be considered. Two
randomised Phase Il trials conducted by Quoix, Zalcman et al. (2011) and Zukin, Barrios et
al. (2013) report prolonged survival and improved quality of life in patients with PS of 2
who were treated with carboplatin-based combination chemotherapy, when compared to

patients treated with a single-agent chemotherapy.

The regulatory circuits that control typical cell growth and homeostasis are damaged in
lung cancer cells. It is believed that a number of genetic and epigenetic changes lead to the
transformation of a benign lung cancer phenotype into a malignant one, which then
progresses to an invasive malignancy via clonal growth. Following the onset of the initial
malignancy, clonal expansion-acquired genetic and epigenetic aberrations continue to
accumulate, and these affect the processes of invasion, metastasis, and cancer therapy
resistance. For better disease prevention, early detection, and treatment, it is crucial to
identify and characterise these molecular changes. The individualised prognosis and best
course of treatment for each patient will be much improved by knowledge of both the

tumour features and genetics of the patient (Lemjabbar-Alaoui, Hassan et al. 2015).

As a result of recent developments in molecular profiling, a personalised medicine

approach to treatment is now possible for many NSCLCs (Papadimitrakopoulou 2012). With
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a better understanding of the molecular changes and genomic biomarkers that promote
the development of lung cancer, even the traditional classification of lung cancer into SCLC
and NSCLC has been modified (Tan 2020). A crucial regulator of numerous cellular
processes which is affected by many of these mutations is the phosphatidylinositol 3-
kinase/protein kinase B (PKB, also known as Akt)/mammalian target of rapamycin
(PI3K/Akt/mTOR) pathway, whose enhanced activation results in a number of
characteristics that distinguish cancer, such as acquired growth signal autonomy,
suppression of apoptosis, persistent angiogenesis, increased tissue invasion and
metastasis, and insensitivity to antigrowth signals (Cheng, Shcherba et al. 2014,

Papadimitrakopoulou 2012, Tan 2020).

Physiologically, activation of the PI3K/Akt/mTOR pathway is initiated when extracellular
growth factors bind to transmembrane receptor tyrosine kinases (RTKs), such as epidermal
growth factor receptor (EGFR), human epidermal growth factor receptor 2 (HER2), insulin-
like growth factor receptor (IGFR-1), vascular endothelial growth factor receptor (VEGFR),
and platelet-derived growth factor receptor (PDGFR) (Fumarola, Bonelli et al. 2014,

Papadimitrakopoulou 2012, Yip 2015).

1.8 Components of the PI3K/Akt/mTOR pathway

1.8.1 PI3K

The PI3Ks, which phosphorylate the 3’-hydroxyl group of phosphatidylinositol and
phosphoinositides, are a distinct and conserved family of intracellular lipid kinases (Cantley,
Engelman et al. 2006). Depending on their structure and substrate specificity, PI3Ks are

classified into three groups (I-11l), each of which plays a unique part in signal transduction
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(Solomon, Pearson 2009). There are two types of class | PI3Ks, namely the class IA PI13Ks,
that are heterodimers made up of a p110 catalytic subunit and a p85 regulatory subunit,
and which are triggered by growth factor RTKs; and class IB PI3Ks, which are triggered by
G-protein-coupled receptors (Tewari, Patni et al. 2022). Upstream RTKs as well as growth
factor stimulation can activate class IA PI3Ks. When the PI3K regulatory subunit (p85) binds
to the RTK, the p110 catalytic subunit is released and translocates to the plasma membrane
(Papadimitrakopoulou 2012, Tan 2020), where it catalyses the phosphorylation of
phosphatidylinositol 4,5-bisphosphate (PIP2) by PI3K, resulting in the production of
phosphatidylinositol 3,4,5-trisphosphate (PIP3) (Figure 1.1). At this point, activation of the
mitogen-activated protein kinase (MAPK) cascade of the rapidly accelerated
fibrosarcoma/MAPK/extracellular signal-regulated kinase (Ras/MAPK/ERK) pathway, may
simultaneously take place and through Ras, also activate PI3K (Cheng, Shcherba et al. 2014,
Papadimitrakopoulou 2012). Subsequently, PIP3 localises Akt to the plasma membrane
where it undergoes phosphorylation by 3-phosphoinositide-dependent kinase 1 (PDK1). As
shown in Figure 1.1, this activates a cascade of target proteins that promote cell growth,
metabolism, survival, mobility, and proliferation (Cheng, Shcherba et al. 2014,

Papadimitrakopoulou 2012, Yu, Cui 2016).

1.8.2 Akt

The downstream effector kinase of PI3K, Akt, is a serine/threonine-specific protein kinase,
and is expressed as the three isoforms Akt 1 (PKBa), Akt 2 (PKB[B) and Akt 3 (PKBy), each of
which has a pleckstrin homolog (PH) domain at the amino-terminus, a serine-threonine
catalytic domain in the middle, and a short carboxy-terminal regulatory domain (Yip 2015,

Zhao, Liu et al. 2009). As mentioned earlier, the translocation of Akt to the plasma
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membrane, which is facilitated by the docking of the PH domain to PIP3 on the membrane,

is the first step in its activation process (Zhao, Liu et al. 2009). The subsequent

conformational shift in Akt exposes two essential amino acid residues for phosphorylation

that are necessary for its complete activation (Yu, Cui 2016) (Figure 1.1), namely:

phosphorylation by PDK1 at Thr308 in the catalytic domain, and
phosphorylation by mammalian target of rapamycin complex 2 (mTORC2) (which
will be further discussed in Section 1.8.3.2), at the Ser473 in the C-terminal

hydrophobic motif.

The two above processes result in full activation of Akt.

After becoming fully activated and phosphorylated, Akt has a number of potentially

significant downstream effects, including:

phosphorylation and inactivation of tuberous sclerosis complex 1 and 2 (TSC1 & 2)
(Ciuffreda, Di Sanza et al. 2010, Papadimitrakopoulou 2012). This complex is a
critical negative regulator of the multiprotein complex mTORC1 (a primary
regulator of cell growth and metabolism — discussed in Section 1.8.3.1). The small
G-protein Ras homologue enriched in brain (Rheb), when in its GTP (guanosine 5’
triphosphate)-bound form, serves as an activator of mTORC1, and is subject to
GTPase-activating protein (GAP) activity by the TSC1 and TSC2 (Ciuffreda, Di Sanza
et al. 2010, Fumarola, Bonelli et al. 2014). As a result, further downstream
activation of the eukaryotic initiation factor 4E (elF4E) complex will promote
tumorigenesis, cell cycle regulation, and inhibition of apoptosis (Tan 2020);

phosphorylation and inhibition of downstream signalling proteins, such as the pro-

apoptotic protein BCL2-antagonist of cell death (BAD), forkhead box O (FOXO)
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transcription factors, and glycogen synthase kinase 3 (GSK3), hence reducing
apoptotic signals that promote cell cycle progression (Fumarola, Bonelli et al. 2014,
Tan 2020);

« minute double minute 2 (MDM?2) is phosphorylated and activated, which results in
the downregulation of p53-mediated apoptosis (Tan 2020);

« prevention of the negative regulation of the nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB) transcription factor, which is essential for the
effects of PI3K/Akt pathway activation. Numerous genes involved in apoptosis, cell
cycle control, immunological modulation, cell survival, adhesion and differentiation
are regulated by NFkB. Akt blocks the IkB family, and in particular IkBa, from
negatively regulating NFkB (since IkBa takes NFkB out of DNA and returns it to the

cytoplasm) (Mills, Hennessy et al. 2005, Tan 2020).

1.8.3 mTOR

The 290kDa protein mTOR is a member of the PI3K families of serine-threonine kinases,
belonging to the PI3K-related kinase (PIKK) superfamily. It is in fact distinguished by the
presence of a carboxy-terminal serine/threonine kinase domain that is comparable to that

of PI3K (Dobashi, Watanabe et al. 2011).

Although there is only one MTOR gene in mammals, the mTOR product makes up the
catalytic subunit of two functionally and structurally different multiprotein complexes:
MTORC1 and mTORC2 (Krencz, Sebestyen et al. 2020), and which between them differ in
terms of their protein components, sensitivity to rapamycin, subcellular localisation,

upstream regulation, as well as downstream effectors.
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1.8.3.1 mTORC1

Krencz, Sebestyen et al. (2020) describe mTORC1 as being made up of:

« mammalian lethal with SEC13 protein 8 (mLST8),

« regulatory-associated protein of mTOR (Raptor) — Sengupta, Peterson et al. (2010)
report that Raptor has a role in controlling mTORC1 assembly, determining the
subcellular localisation of mTORC1, recruiting kinase substrates such as elF4E-
binding protein 1 (4E-BP1), and sensing amino acids,

« mMTOR as the catalytic subunit, and

« the two inhibitory subunits DEP domain-containing mTOR-interacting protein
(Deptor) and proline-rich Akt substrate of 40kDa (PRAS40) — both subunits are
phosphorylated upon activation of the mTOR component of mTORC1, weakening
their association with the rest of mMTORC1, thus increasing the kinase activity of the

complex (Sengupta, Peterson et al. 2010).

In their review on targeting PI3K/Akt/mTOR pathway in NSCLC, Fumarola, Bonelli et al.
(2014) explain that mTORC1 plays a crucial role in the management of various metabolic
processes; it stimulates cell growth and proliferation by promoting various anabolic
processes, such as the biosynthesis of proteins, lipids, and organelles, and inhibits catabolic
processes like autophagy. It therefore facilitates the adaptation to shifting environmental
conditions by maintaining the balance between anabolism and catabolism (Krencz,

Sebestyen et al. 2020).

Autophagy is an mTORC1-regulated process which has undergone extensive research due
to its relevance to cancer biology and therapy (Fumarola, Bonelli et al. 2014); mTOR

functions as a tumour suppressor by preventing the accumulation of damaged proteins and
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organelles, as well as a cell survival mechanism that gives established tumours an

advantage in terms of growth under stressful situations. Fumarola, Bonelli et al. (2014)

outline the different mechanisms via which mTORC1 inhibits autophagy, namely:

by inhibiting the interaction between 5 adenosine monophosphate (AMP)-
activated protein kinase (AMPK) and the pro-autophagic UNC-51-like kinase 1
(ULK1) at various sites, thus preventing AMPK-dependent activating
phosphorylation;

by direct phosphorylation and inhibition of the coding gene ATG13 (autophagy-
related protein 13), which is a positive regulator of ULK1;

indirectly, through phosphorylation and inhibition of the nuclear translocation of
transcription factor EB (TFEB), which controls the transcription of genes involved in

lysosome synthesis.

Another mTORC1 function is the regulation of translation. It is best described with

reference to oncogenesis and is regulated by two downstream effectors (Ciuffreda, Di

Sanza et al. 2010, Hay, Sonenberg 2004, Zhao, Liu et al. 2009):

the phosphorylated 70 ribosomal S6 kinase 1 (p70S6K1, S6K1) — a serine-threonine
kinase that is activated by phosphorylation that is mediated by mTORC1. This
activation of S6K1 then phosphorylates the 40S ribosomal protein S6 (rpS6), which
increases cap-dependent mRNA translation; and

the 4E-BP1 — by attaching to and inactivating elF4E, 4E-BP1 prevents the start of
protein translation. However, phosphorylation of 4E-BP1 by mTORC1 promotes the
dissociation of the 4EB-P1-elF4E complex, thereby permitting elF4E-dependent

translation.
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1.8.3.2 mTORC2

Similar to mTORC1, the core components mLST8, mTOR and the inhibitory subunit Deptor
are found in mTORC2. However, instead of Raptor, there is the scaffold protein rapamycin-
insensitive companion of mTOR (Rictor), which is essential for the catalytic activity of
mTORC2 (Krencz, Sebestyen et al. 2020, Sengupta, Peterson et al. 2010). Furthermore,
there are also the regulatory subunits mammalian stress-activated protein kinase-
interacting protein 1 (mSIN1) and protein observed with Rictor-1 (Protor-1) (Sengupta,
Peterson et al. 2010); by stabilising one another, mSIN1 and Rictor may help mTORC2

maintain structural integrity.

In a review on mTOR signalling, Laplante and Sabatini (2012) explain that AGC subfamily of
protein kinases, among which are Akt, serum and glucocorticoid-induced protein kinase 1

(SGK1), and protein kinase C-a (PKC-a), are regulated by mTORC2:

« through the phosphorylation of a number of effectors, Akt is directly activated by
MTORC2 and controls cellular activities including growth, metabolism, proliferation,
survival, and apoptosis;

« SGK1, which is a kinase that regulates ion transport and growth, is also directly
activated by mTORC2, and its activity is totally inhibited in the absence of mMTORC2;
and

« activation of PKC-a by mTORC2 regulates cytoskeleton organisation in a cell-type-

specific fashion.

1.9 mTOR pathway regulation

In response to different external stimuli, mTOR acts as a cellular sensor to growth factors

and nutrients to regulate processes such as cell proliferation, survival, and autophagy
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(Ciuffreda, Di Sanza et al. 2010, Hare, Harvey 2017). The positive and negative regulators
of the mTOR pathway that interact with mTOR have an impact on how this same pathway
is regulated; for example, numerous growth factors and their corresponding receptors,
including vascular endothelial growth factor and related receptor (VEGFR), insulin-like
growth factor (IGF-1) and its receptor (IGFR-1), and human epidermal growth factor and
human epidermal growth factor receptor (HER), function as positive growth regulators and
send signals to mTOR via PI3K-Akt (Tewari, Patni et al. 2022). Example of a negative
regulator of mTOR is the phosphatase and tensin homolog (PTEN), which prevents

signalling by the PI3K-Akt.

mMTOR controls homeostasis, both cellular and organismal, by integrating anabolic and
catabolic processes with growth factor signalling, energy, nutrients, as well as oxygen
availability (Sengupta, Peterson et al. 2010). Upstream signalling for regulation of mTORC1

activity takes place principally via two mechanisms:

« direct alteration of the components that make up mTORC1, or

« regulation of Rheb (as outlined in Section 1.8.2).

What follows is a discussion on how upstream signals influence mTORC1 through the

above-mentioned mechanisms.

1.9.1 Growth factors and the mTOR pathway

Growth factors such as insulin and IGF-1 are sustained when food is abundant and thus,
through mTORC1, work to support anabolic cell functions like translation, lipid
biosynthesis, and nutrient storage. Sengupta, Peterson et al. (2010) describe the process
by which insulin activates PI3K by binding to its tyrosine kinase receptor, then recruits

insulin receptor substrate 1 (IRS1) to the receptor and produces PIP3. What follows is the
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recruitment of Akt to the plasma membrane, where PDK1 and mTORC2 activate it by direct
phosphorylation; growth factor-activated Akt then phosphorylates PRAS40. By
coordinating the activation of the mTOR kinase by the TSC/Rheb pathway with the release
of PRAS40 from Raptor, phosphorylation of PRAS40 may help activate mTORC1 by giving it
access to substrates including 4E-BP1 and S6K1 (Wang, Harris et al. 2008). On the other
hand, reduced growth factor signalling inhibits mTORC1 activity; this controls the cells’
utilisation of nutrients and energy and therefore aids in their ability to withstand starvation

and intermittent fasting (Sengupta, Peterson et al. 2010).

In the mTOR domain, growth factor activation restricts the amount of growth factor
signalling by mTORC1 through a mechanism known as the "negative feedback loop". In this
case however, Sengupta, Peterson et al. (2010) explain that unlike traditional feedback
loops, inhibition does not take place once a threshold is reached, but mTORC1 appears to
suppress the signalling of growth factor in a more gradual and continuous manner. As a
result, the acute mTOR inhibitor rapamycin therapy increases PI3K signalling, in contrast to
the predicted effect of constitutively active mTORC1 signalling which consistently inhibits
PI3K signalling (Harrington, Findlay et al. 2004). Moreover, Sengupta, Peterson et al. (2010)
also report that there are other mechanisms that may also initiate this negative feedback

loop, including:

« phosphorylation of IRS1 by S6K1; this results in reduced expression and activity of
IRS1, thus hindering the binding to its receptor, leading to its degradation, and

ultimately reduced levels of its mRNA (Harrington, Findlay et al. 2004), and
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« phosphorylation of IRS1 through direct interaction with mTORC1 via Raptor,
occurring at locations on IRS1 that eventually inhibit its association with PI3K

(Tzatsos 2009).

1.9.2 Carbohydrates (glucose)

Growth factor signalling is used by multicellular organisms to transmit signals to their cells
on whether the organism is nourished; however individual cells possess mechanisms that
detect the presence of specific nutrients like carbohydrates and amino acids. Sengupta,
Peterson et al. (2010) describe the mechanisms involved through which the mTORC1

pathway detects particular nutrients.

Low glucose levels lead to decreased adenosine triphosphate (ATP) production, which
activates AMPK by increasing the AMP/ATP ratio (Sanders, Grondin et al. 2007).
Consequently, when AMP binds to AMPK, the upstream activating protein kinase liver
kinase B1 (LKB1) (also known as serine threonine kinase 11 (STK11)), phosphorylates the
kinase subunit, delaying cell growth and other ATP-consuming processes. As a result, in
response to energetic stress, AMPK directly phosphorylates and activates TSC2 and hence

suppresses mTORC1 (Shaw 2009), which eventually arrests the cell-cycle.

1.9.3 Amino acids

When the intake of amino acids is reduced, there is deprivation of substrates necessary for
protein synthesis as well as the intermediates needed to feed the TCA cycle (tricarboxylic
acid cycle, Krebs cycle) and other metabolic processes; the cells therefore respond by
inducing and suppressing a number of processes (Sengupta, Peterson et al. 2010). The Rag

GTPases are thought to interact with mTORC1 and facilitate mTORC1 translocation to a
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membrane-bound compartment that harbours the mTORC1 activator, Rheb, where it is
then believed that the Rag GTPases activate mTORC1 in response to amino acids. Sancak,
Bar-Peled et al. (2010) demonstrate that amino acids trigger the translocation of mTORC1
to the lysosomal membranes, where the Rag proteins are found. Rag GTPases interact with
one another, are attracted to lysosomes, and are necessary for the activation of mTORC1
by a complex Ragulator. The main event in amino acid signalling to mTORC1 is thus Rag-

Ragulator-mediated translocation of mMTORC1 to lysosomal membranes.

1.9.4 Oxygen

Hypoxia, or low oxygen levels, block mTORC1 signalling in a number of mechanisms. By
limiting metabolic processes like oxidative phosphorylation, hypoxia lowers cellular ATP
levels (Sengupta, Peterson et al. 2010). As a result, AMPK is activated, which, as previously
mentioned, suppresses mTORC1 via TSC2 and Raptor phosphorylation (Figure 1.1). The
suppression of mMTORC1 in hypoxia is quickly reversed upon reoxygenation, demonstrating
the very dynamic manner in which changes in oxygen concentrations govern mTORC1
activity. Findings from a study by Tan and Hagen (2013) demonstrate that the transcription
factor hypoxia inducible factor-1a (HIF-1a) or its transcriptional targets are not responsible
for the fast response of mMTORC1 to changes in oxygen concentrations. Furthermore, the
authors show that mTORC1 suppression in hypoxia occurs independently of transcription
and new protein synthesis, pointing to a post-translational control of mTORC1 activity in
response to oxygen concentration changes. Results of the study also indicate that hypoxia
directly regulates mTORC1 at the mTORC1 level, and this may involve a protein containing

haem.
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1.9.5 DNA damage

When DNA is damaged, cells respond by either repairing themselves or initiating
programmed cell death. Whereas mTORC1 inhibition is an important cellular mechanism in
response to DNA damage, mTORC1 hyperactivation brought on by TSC1 or TSC2 deficiency
makes cells more susceptible to the effects of DNA damage (Sengupta, Peterson et al.
2010). The tumour suppressor p53 plays a crucial role in the coordination of responses to
DNA damage. Inhibition of mTORC1 at various levels by p53 in response to DNA damage

has been explained by different mechanisms, namely:

« transcription activation of genes such as PTEN and TSC2 that work together to
inhibit mTORC1 (Feng, Zhang et al. 2005);

« through AMPK-dependent control of the TSC1/TSC2 complex (Budanov, Karin 2008,
Feng, Zhang et al. 2005); and

o p53 rapidly decreases translation initiation by controlling the phosphorylation of

S6K and 4E-BP1 (Horton, Bushell et al. 2002).
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Figure 1.1: A representation of the PI3K/Akt/mTOR pathway. Created with Biorender.com.

The PI3K/Akt/mTOR pathway is initiated by the activation of growth factor receptor tyrosine kinases. When the PI3K regulatory subunit (p85) binds to the receptor tyrosine kinase, the p110 catalytic subunit is released and translocates to the plasma,
where it catalyses the phosphorylation of PIP2 to PIP3. Subsequently, PIP3 localises Akt to the plasma membrane where it undergoes phosphorylation by PDK1. Following a second phosphorylation by mTORC2, the activated Akt separates from the
plasma membrane and phosphorylates TSC2, which causes the disassociation and inactivation of the TSC1/2 complex. By associating with different proteins, mTOR forms two physically and functionally distinct complexes, mTORC1 and mTORC2.
mTORC1 complex is activated with the loss of the inhibitory effect of the TSC1/2 complex, and the primary mechanism by which the mTORC1 pathway stimulates protein translation and cell proliferation is by activating S6K and blocking elF4E. The
primary downstream targets of the mTORC2 complex are PKC-a, SGK1, and Akt. In addition to mTORCI1 activation, Akt enhances cell cycle progression and survival, and inhibits apoptosis through GSK3, FOXO, MDM2, NFkB, and BAD. In conditions of
hypoxia and energetic stress, the tumour suppressor LKB1 phosphorylates TSC2 and Raptor to reduce the activity of mTORC1. Directly targeting Akt prevents the PI3K/Akt/mTOR pathway from being abnormally activated by Akt itself, as well as by
other sources including PI3K, PTEN, and mTORC2. Arrows represent activating events, whereas bars indicate inhibitory events. ‘P’ in a green circle signifies activating phosphorylation, and ‘P’ in a red circle indicates inhibitory phosphorylation.

4E-BP1 Eukaryotic initiation factor 4E-binding protein 1

Akt Protein kinase B (PKB)

AMP 5’ adenosine monophosphate

AMPK 5’ adenosine monophosphate-activated protein kinase
ATP Adenosine triphosphatase

BAD BCL2-antagonist of cell death

Deptor DEP domain-containing mTOR-interacting protein
elF4E Eukaryotic initiation factor 4E

FOXO Forkhead box O

GSK3 Glycogen synthase kinase 3

GTP Guanosine 5’ triphosphate

IRS1 Insulin receptor substrate 1

LKB1 Liver kinase B1

MDM2 Minute double minute 2

mLST8 Mammalian lethal with SEC13 protein 8

mSIN1 Mammalian stress-activated protein kinase-interacting protein 1
mTOR Mammalian target of rapamycin

mTORC1 Mammalian target of rapamycin complex 1

mTORC2 Mammalian target of rapamycin complex 2

NFkB Nuclear Factor kappa-light-chain-enhancer of activated B cells
PDK1 3-phosphoinositide-dependent kinase 1

PI3K Phosphatidylinositol 3-kinase

PIP2 Phosphatidylinositol 4,5-bisphosphate

PIP3 Phosphatidylinositol 3,4,5-trisphosphate

PKC-a Protein kinase C-a

PRAS40 Proline-rich Akt substrate of 40kDa
Protor-1 Protein observed with Rictor-1

PTEN Phosphatase and tensin homolog

Raptor Regulatory-associated protein of mTOR

Rheb Ras homologue enriched in brain

Rictor Rapamycin-insensitive companion of mTOR

rpS6 Ribosomal protein S6

S6K1 Phosphorylated 70 ribosomal S6 kinase 1

SGK1 Serum and glucocorticoid-induced protein kinase 1
TFEB Transcription factor EB

TSC Tuberous sclerosis complex

ULK1 UNC-51-like kinase 1

26 |Page



Chapter 1 Introduction

1.10 Importance of PI3K/Akt/mTOR signalling pathway in cancer

In both physiological and pathological settings, the PI3K/Akt/mTOR signalling pathway is
essential, and due to its strong linkages, it is sometimes viewed as a single, distinct route
that interacts with a number of other pathways, including Ras, MAPK, and HIFs (Tewari,
Patni et al. 2022). A competitive growth advantage, metastatic competence, angiogenesis,
and therapy resistance are all consequences of the significant disturbance of control over
cell growth and survival caused by the activation of this important pathway (Costa, Han et

al. 2018, Porta, Paglino et al. 2014, Rosenberg, Yoon et al. 2018).

Different malignancies have been shown to have somatic mutations and gene
amplifications that code for the various elements of the PI3K/Akt/mTOR signalling cascade

(Tewari, Patni et al. 2022), as will be discussed below.

1.10.1 PI3K

With regards to the 1A PI3Ks, Solomon and Pearson (2009) cite numerous studies that have
found a relationship between their abnormal activation and cancer development. Samuels,
Wang et al. (2004) report that the p110a catalytic subunit of the 1A PI3Ks, which is encoded
for by the PIK3CA gene, is the most common isoform that is implicated in malignancies,
where presence of gene mutations or amplifications of PIK3CA have been observed; in
approximately 80% of the time, such genetic changes occur in the p110a helical and kinase
domains (Mayer, Arteaga 2016). While kinase domain mutations improve the retention of
pl10a at the plasma membrane, helical domain mutations boost catalytic activity by
lowering the regulation of p110a by p85 or enhancing the interaction of p110a with IRS1;
cellular transformation, growth factor- and anchorage-independent growth, and resistance

to programmed cell death (anoikis) are all brought about by these gain-of-function
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pathways. Samuels, Wang et al. (2004) found that up to 36% of hepatocellular tumours,
26% of breast cancers, and 26% of colon cancers have been shown to have PIK3CA
mutations; lower incidences of such mutations were reported in ovarian, glioma and gastric
malignancies. Amplifications of the PIK3CA gene are also frequent, more so in squamous
cell carcinomas; Tan (2020) indicates they have been found in up to 69% of cervical
malignancies, 66% of lung SCCs, 42% of head and neck cancers, and in appreciable amounts

in gastric, thyroid, breast, oesophageal, and lung ACs.

In a review on the roles of PI3K isoforms, Thorpe, Yuzugullu et al. (2015) report that human
malignancies have also been found to harbour somatic mutations in the genes encoding
the regulatory subunits of class | PI3Ks, including PIK3R1 (which codes for the regulatory
subunits p85a, p55a, and p50a), PIK3R2 (which codes for the regulatory subunit p85p8), and
PIK3R5 (which codes for the regulatory subunit p101). Most of these mutations, which have
been found in endometrial carcinomas and pancreatic malignancies, among other cancers,
affect the inter-SRC homology 2 (iSH2) domain of p85, the area of the protein that interacts
with p110, indicating that this domain may be a mutation hot spot. Some of these iSH2
domain mutations retain their ability to stabilise and bind to p110 isoforms, but because
they are less capable of inhibiting p110, they promote increased PI3K activity and

transformation.

Malignancies such as breast and hepatocellular tumours were reported to have diminished
PIK3R1 expression, with PIK3R1 mRNA levels being inversely linked to malignancy grade
and metastasis (Cizkova, Vacher et al. 2013). Moreover, in a study on mice, Taniguchi,
Winnay et al. (2010) found that ablation of PIK3R1 exacerbated epithelial neoplasia as a

result of PTEN loss and led to the formation of aggressive liver tumours, showing that
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p85a can adversely regulate PI3K signalling in cancer and has tumour-suppressing activities

in some tissues.

Alterations in additional regulatory isoform-encoding genes have also been identified,
namely the documented increase in PIK3R2 expression in breast and colon malignancies
(Cortes, Sanchez-Ruiz et al. 2012); in vivo, wild-type p85B overexpression boosted PI3K
pathway activation in cells and tumour formation in mice. Furthermore, Thorpe, Yuzugullu
et al. (2015) cite studies that have found somatic PIK3R2 mutations in endometrial and
colorectal malignancies. All reported PIK3R2 mutations are substitutions with no hotspot
regions, and much like some p85a, mutations in p85PB boost PI3K activation without
impacting pl110 binding, implying that PI3K regulatory isoforms contribute to

carcinogenesis in multiple mechanisms.

1.10.2 mTOR

Activation of mTOR signalling in cancer is primarily dependent on three levels of

mechanisms, as explained by Conciatori, Ciuffreda et al. (2018):

« mutations in the MTOR gene, which result in a constitutively hyperactive mTOR
signalling cascade — When Grabiner, Nardi et al. (2014) analysed tumour genome
sequencing datasets, they identified 33 MTOR mutations that are involved in the
hyperactivation of mTOR signalling in distinct cancer types, the majority of which
cluster in six distinct areas of the c-terminal region of mTOR in a variety of cancers,
whereas one was found to be particularly prevalent in kidney cancer;

« mutations in the components that make up mTORC1 and mTORC2, and which give
rise to mTOR signalling activation — In NSCLC, notably in SCC, Cheng, Zou et al.
(2015) found the mTORC2 component Rictor to be amplified; a similar observation
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was reported in breast cancer by Joly, Hicks et al. (2016). Such amplification is
strongly associated with a poor prognosis and short survival (Conciatori, Ciuffreda
et al. 2018). Furthermore, nearly 70% of patients with high-Akt-activated gliomas
and HER2-positive breast malignancies were shown to have overexpression of
Rictor, which increased Akt activity and accelerated tumour progression (Joly, Hicks
et al. 2016, Masri, Bernath et al. 2007); and

most importantly, aberrant mTOR signalling can also result from mutations in
upstream genes, that is, loss-of-function suppressor gene mutations and gain-of-
function oncogene mutations — The PI3K signalling pathway, which is upstream of
both mTOR complexes, frequently experiences various types of alterations in its
constituent parts in cancer, including mutation and amplification of PIK3CA (as
discussed in Section 1.10.1) and Akt (as will be explained in Section 1.10.3), as well
as amplification of growth factor receptors EGFR and IGFR-1 (Guertin, Sabatini
2007, Zhao, Liu et al. 2009). Moreover, Efeyan, Sabatini et al. (2011) report that in
cancer, mTOR activation is caused by the loss of activities in tumour suppressor
genes such PTEN (see Section 1.10.4), TP53, TSC1/TSC2 (refer to Section 1.10.6),

and STK11.

Downstream of mTORC1, disruption of protein synthesis plays a critical role in

carcinogenesis at the 4E-BP1/elF4E level; by promoting the translation of specific pro-

oncogenic proteins, elF4E regulates cell survival, cell cycle progression, angiogenesis,

energy consumption, and metastasis. Furthermore, in order to keep high levels of cell

proliferation, mTOR activation also increases ribosome biogenesis (Laplante, Sabatini

2012). As explained earlier (Section 1.9), nutrient sensing primarily stimulates mTORC1,

and metabolic alterations in cancer cells, in turn, sustain mTORC1 activity (Mossmann, Park
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et al. 2018, Saxton, Sabatini 2017). In order to drive gene transcription in lipid synthesis,
mTORC1 activates the critical transcription factor sterol regulatory element-binding
protein 1 (SRE-BP1) via Akt activation and phosphorylation of Lipinl and S6K1 (Peterson,
Sengupta et al. 2011); increased levels of SRE-BP mRNA and protein are associated with

mTORC1 upregulation in human breast cancer tissues (Ricoult, Yecies et al. 2016).

1.10.3 Aktl

In 2007, Carpten, Faber et al. (2007) identified a somatic mutation of AKT1, involving a
substitution of glutamic acid to lysine at amino acid 17 (E17K), and was reported in ovarian,
colorectal and breast carcinomas. AKT1£7K effects are more comparable to those brought
on by PTEN loss. When evaluated on genetically engineered mice models (GEMMs), such
mutation activated Aktl by pathological localisation to the plasma membrane, resulting in
downstream signal stimulation, cell transformation, and induced leukaemia. Moreover, in
line with what has been seen in human cellular models, Malanga, Belmonte et al. (2016)
highlight the significance of Akt1 activation as an early event that drives proliferation in the
mouse lung and demonstrate that AKT157K stimulates bronchial and bronchio-alveolar
hyperplasia in mice and collaborates with chemical carcinogens to cause cancer. The type
of cell in which the oncogene is expressed possibly influences the reported difference in
tumour histotype between human and mouse tumours. Also, Bleeker, Felicioni et al. (2008)
report that this AKT1527€ variant was only found in ductal and lobular histotypes of breast-
originating neoplasms and was mutually exclusive with the PIK3CA (E454K or H1047R)
alleles. These findings therefore suggest that AKT1 mutations appear to be tissue-specific,

and it is possible that the cell and tissue environment have a direct impact on the activity
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of mutant AKT1 in oncogenic PI3K signalling, an observation which has also been suggested

by Mancini, Lien et al. (2016).

In addition to the changes outlined above, somatic changes in other components of the
PI3K/Akt/mTOR pathway, such as genes of PTEN, inositol polyphosphate-4-phosphatase
type Il B (INPP4B), and TSC1/2, are found at varying frequencies across a variety of tumour
types; all of them lead to abnormal pathway activation based on their functional roles, thus

resulting in PI3K dependency in tumours (Efeyan, Sabatini et al. 2011, Mayer, Arteaga 2016).

1.10.4 PTEN

Among cancer-related genes that encode signalling molecules for the PI3K/Akt/mTOR
pathway, PTEN is one of the most frequently mutated (Aoki, Fujishita 2017, Tian, Li et al.
2019). The function of the phosphatase PTEN is to dephosphorylate PIP3, thus inhibiting
class | PI3Ks; therefore, loss or decrease in levels of PTEN gives rise to PI3K/Akt/mTOR
pathway activation (Aoki, Fujishita 2017). By using GEMMSs, numerous studies have been
conducted on the roles of PTEN loss or mutation in neoplastic transformation. Milella,
Falcone et al. (2015) report that a significant number of human malignancies frequently
lose PTEN function due to somatic mutations, gene silencing, or epigenetic processes. The
authors further explain that the related disorders PTEN hamartoma syndromes (PHTS) are
a consequence of PTEN germline mutations, which result in uncontrolled cell proliferation,
and therefore tumorigenesis; this is brought about by mutations that result in an absent or
inactive protein. With over 80% of individuals harbouring hereditary PTEN mutations,
Cowden syndrome is the PHTS disease that is best documented (Eng 2003). In fact, Mester,
Moore et al. (2013), in their review on patients with PHTS, report that Cowden syndrome

patients have a significant lifetime risk (LR) of developing benign and malignant tumours of
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the breast (LR — 85%), thyroid (LR — 35%), kidney (renal cell carcinoma) (LR — 33%) and
endometrium (LR — 28%), which all correspond to sporadic cancer types that frequently
show somatic PTEN inactivation. Furthermore, in several sporadic tumour types, the PTEN
tumour suppressor is usually deleted, either completely or partially. Examples include
neoplastic conditions, such as melanoma, glioblastoma, colon, and endometrial

malignancies, where PTEN is somatically inactivated (Bonneau, Longy 2000).

1.10.5 INPP4B

Gewinner, Wang et al. (2009) demonstrate that the phosphoinositide phosphatase INPP4B
functions similarly to PTEN in inhibiting the PI3K/Akt signalling pathway, which in turn
inhibits the growth of tumours. Studies on breast cancer clinical samples revealed that a
low level of INPP4B was linked to a higher tumour grade and poorer prognosis. In xenograft
experiments on human mammary epithelial cells, INPP4B knockdown led to proliferation
that was anchorage-independent and enhanced migratory/invasive behaviour. The authors
further indicate that most basal-like breast malignancies, as well as a considerable
proportion of ovarian cancers and melanomas, usually lack INPP4B. Although these findings
supported INPP4B's role as a tumour suppressor, more recent research suggests that
INPP4B also plays an oncogenic role in leukaemia, breast cancer, and colorectal cancer
(Dzneladze, He et al. 2015, Gasser, Inuzuka et al. 2014, Guo, Chi et al. 2016). These results
therefore imply that, depending on the cellular environment, INPP4B can either promote

tumour growth or suppress it.

1.10.6 TSC1/TSC2

Tuberous Sclerosis and subsequently, benign tumorigenesis are caused by the inactivation
of TSC1 or TSC2, which are negative regulators of mTORC1. Though mutations in TSC1 and
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TSC2 are considerably less common than those in components further upstream in the
PI13K/Akt/mTOR signalling pathway, they have been linked to urothelial carcinoma, bladder
cancer, pancreatic neuroendocrine tumours, and clear cell renal carcinoma (Jiao, Shi et al.

2011, Platt, Hurst et al. 2009, Sjodahl, Lauss et al. 2011).

1.11 Importance of PI3K/Akt/mTOR signalling pathway in lung cancer

The PI3K/Akt/mTOR pathway has been strongly linked to the development of NSCLC and
its progression (Tan 2020), and the most downstream effectors, elF4E and rpS6, are able to
transform cells, are overexpressed in both SCC and AC, and are also poor prognostic

markers (Chen, Tan et al. 2015, Dobashi, Watanabe et al. 2011).

In a review on this signalling cascade, Yip (2015) cites numerous studies which have shown
that it is abnormally activated often in NSCLC, with a 50-70% overexpression of
phosphorylated Akt. Constitutive activation of the signalling pathway may be caused by
EGFR mutations and aberrant gene fusions involving echinoderm microtubule-associated
protein-like 4 and anaplastic lymphoma kinase (EML4-ALK), that activate both key
downstream signalling pathways Ras/MAPK/ERK and PI3K/Akt/mTOR, and which give rise
to uncontrolled cell growth and proliferation. Therefore, finding new treatments that

target this signalling pathway has garnered significant research interest.

Genetic disorders that contribute to the dysregulation of signal transduction in the
PI3K/Akt/mTOR pathway include PIK3CA mutation and amplification, PTEN loss, and
RICTOR, AKT1 and STK11 mutations (Cheng, Zou et al. 2015, Janku, Yap et al. 2018,
Papadimitrakopoulou 2012); Kirsten rat sarcoma (KRAS) mutations also have a role since
the Ras/MAPK/ERK pathway interacts with PI3K/Akt/mTOR (Carracedo, Pandolfi 2008). In
some histological subtypes of NSCLC, these genetic alterations are more common than in
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others. Adenocarcinoma, for example, is more likely to have EGFR, KRAS, and EML4-ALK
rearrangements than squamous cell carcinoma (O'Byrne, Gatzemeier et al. 2011, Wong,
Leung et al. 2009, Zhu, Da Cunha Santos et al. 2008), whereas SCC is more likely to have
PIK3CA amplification (Scheffler, Bos et al. 2015, Spoerke, O'Brien et al. 2012). Moreover,
whereas O’Byrne, Gatzemeier et al. (2011) report that in both NSCLC with squamous and
non-squamous histology, PTEN loss is equally prevalent, a study carried out by Spoerke,
O’Brien et al. (2012) has revealed that SCC may exhibit entire loss of PTEN expression more
frequently than AC. Additionally, Chaft, Arcila et al. (2012) found that in contrast to KRAS
and PIK3CA co-mutations, which are prevalent in adenocarcinoma, EGFR, KRAS, and EML4-
ALK rearrangement are mutually exclusive. With regards to STK11 mutations, both Gao,
Sun et al. (2010) and Matsumoto, Iwakawa et al. (2007) found that these frequently co-
occur with EGFR and/or KRAS mutations and are more prevalent in NSCLC with non-

squamous cell histology than squamous cell histology.

Significant numbers of NSCLC tumours have also been shown to exhibit upregulation of the
mMTOR pathway, with overexpression of phosphorylated (activated) mTOR in up to 90% of
patients with AC, 60% of patients with LCC, and 40% of patients with SCC (Dobashi, Suzuki
et al. 2011). Furthermore, with a higher prevalence in AC, S6K and 4E-BP1, which are
downstream products of mTOR activation, have also been found in up to 58% and 25% of
NSCLC specimens, respectively (Dobashi, Watanabe et al. 2011). Tan (2020) also indicates
that in early-stage NSCLC, mTOR activity may also be a poor prognostic factor, and even
refers to studies that linked increased mTOR expression to poor survival (Dhillon, Mauri et

al. 2010, Gately, Al-Alao et al. 2011).
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According to growing body of research, Rictor is overexpressed in an unfavourable manner
across a wide range of cancer types, and this is linked to poor survival (Gkountakos, Pilotto
et al. 2018). Two potential causes of abnormal Rictor expression in cancer which have been
identified to date are gene amplification, and epigenetic control, primarily by microRNAs.
The analysis of The Cancer Genome Atlas database revealed that 16% of SCC and 10% of
AC, respectively, have RICTOR amplification (Lawrence, Sivachenko et al. 2012); these
findings were corroborated by the evaluation of a separate lung cancer cohort conducted
by Cheng, Zou et al. (2015). When Krencz, Sebestyén et al. (2016) evaluated the expression
of Rictor protein in primary and brain metastatic AC, brain metastases were shown to
express more Rictor and Rictor/mTOR, when compared to primary AC; the authors also
documented a correlation between Rictor expression and a higher stage of AC. Intriguingly,
AC with brain metastasis had higher levels of Rictor expression (67%) than those without

(28%).

The Akt pathway has also been shown to be upregulated in a substantial portion of NSCLC
patients (Tan 2020). In a thorough investigation into the function of Akt signalling, Scrima,
de Marco et al. (2012) found that in the cohort of NSCLC patients investigated, the Akt
pathway was active in 62% of instances, and substantial Ser473 phosphorylation was found
more frequently in individuals with advanced disease (TNM stage Il vs stage Il) and higher
grade. They also reported Aktl and Akt2 to be overexpressed in 16% and 12% of AC, and
19% and 32% of SCC, respectively. Their findings also show that, among all genes, only

p110a overexpression was significantly related to Akt activation in NSCLC.

As already indicated above, the participation of the PI3K/Akt/mTOR pathway in tumours

with other known activating mutations, such EGFR and KRAS, also highlights the

36|Page



Chapter 1 Introduction

significance of this route. According to a study by Dobashi, Koyama et al. (2011), the
Akt/mTOR pathway is constitutively active in 67% of patients with EGFR mutations. Another
study by Dobashi, Suzuki et al. (2011), in which 18% of specimens had positive staining for
activated EGFR, activated Akt and activated mTOR, highlighted the significance of this
signalling cascade. The significance of Akt activation may potentially be connected to the
emergence of treatment resistance. Furthermore, Jacobsen, Bertran-Alamillo et al. (2017)
suggest that, according to preclinical data, Akt activation in EGFR mutant NSCLC may result
in acquired resistance to EGFR inhibitors. The PI3K/Akt/mTOR pathway is therefore a
compelling target for anticancer therapy in NSCLC due to the extensive downstream
signalling effects it has on the onset and progression of malignancy, as well as its potential

impact on response and resistance to conventional therapies (Tan 2020).

1.12 Rationale for combination therapy

Current cancer treatment options include chemotherapy, surgery, radiation, hormone
therapy, immunotherapy, and targeted therapy. Though chemotherapy continues to be the
mainstay treatment of choice for most tumour types due to its advantages over alternative
medicines, including ease of administration, good patient compliance, and superior
therapeutic outcomes (Chen, Yang et al. 2016), there are still a lot of issues with its practical
use. A significant downside is the fact that chemotherapeutic drugs kill cells in both cancer
and healthy tissues, with side effects manifesting in immunosuppression, hair loss, and
severe gastrointestinal symptoms, among others. The environment surrounding tumours
is also a barrier to the effectiveness of chemotherapy. Another important limitation is drug

resistance (Holohan, Van Schaeybroeck et al. 2013), of which there are two types:
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« intrinsic resistance, where cancer cells already contain resistance-mediating factors
that render the treatment ineffective before chemotherapy is administered, and

« acquired resistance, which develops in cancers that were initially sensitive to
treatment; this may be due to mutations that occur during treatment, as well as
other adaptive responses like increased expression of the therapeutic target and

activation of substitute compensatory signalling pathways.

Multidrug resistance (MDR), which is typically linked to chemotherapy failure and higher
cancer-related mortality, refers to the various mechanisms by which cancer cells exhibit
resistance to multiple drug treatments (Holohan, Van Schaeybroeck et al. 2013). The active
interaction of cancer cells with the extracellular environment leads to the formation of the
complex tumour microenvironment, which ultimately may encourage the growth of MDR

and tumour metastasis.

Polymorphisms in genes encoding drug targets, drug transporter proteins, and enzymes
involved in drug metabolism, are among the most significant genotypic differences for
numerous clinical uses (Hamidovic, Hahn et al. 2010). Additionally, genetic variations linked
to changes in the quantity or activity of transport proteins cause these proteins to lose their
physiological purpose and change the way that different medicines are transported. The
ATP-binding cassette (ABC) transporters are transmembrane proteins responsible for
transporting a wide range of substrates across lipid intracellular and extracellular
membranes, including metabolites, carcinogens, and cytotoxic drugs (Zawadzka, Jelen et
al. 2020). A clinically significant transport protein that has been thoroughly investigated is
p-glycoprotein; it is encoded for by the ABC gene B1 (ABCB1), also referred to as the

multidrug resistance gene (MDR1), which is polymorphic, and whose variations may be
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related to the functioning of p-glycoprotein, with an increased susceptibility to the
development of a number of diseases, including cancer, as well as interindividual variances
in drug response and toxicity. In fact, when Zhong, Guo et al. (2019) assessed the impact of
ABCB1 polymorphism on the response and toxicity to taxane-based chemotherapy in
patients with lung cancer, they observed poor response as well as an increased

predisposition to neurotoxicity.

The most extensively researched variant of this gene is a frequently synonymous Cto T
transition at nucleotide position 3435 in exon 26 (3435 C>T), which has been strongly linked
to lower mRNA expression and protein stability, and possibly, impaired drug transport
capacity (Jeler, Zebrowska-Nawrocka et al. 2023). When Subhani, Jamil et al. (2015)
investigated the role of ABCB1 C3435T polymorphisms in lung cancer patients undergoing
chemotherapy, they reported a 5.23-fold increased risk of lung cancer development.
Though these results differ from those of Sinués, Fanlo et al. (2003) and Gervasini, Carrillo
et al. (2006), who did not find any evidence linking polymorphism at position C3435T to an
increased risk of lung cancer, the findings of Subhani and colleagues were corroborated by
Zawadzka, Jelen et al. (2020), who suggested that the increased risk is linked to the
presence of at least one T allele of polymorphism at the C3435T position. Furthermore, the
TT genotype of the investigated polymorphism increased the risk of lung cancer by 5.78

times and was found to be more frequent in the SCC cohort than the AC subgroup.

Drug resistance led to the need to develop a thorough understanding of causes of MDR to
increase the effectiveness of cancer treatment. One such method is the clinical use of
combinations of anticancer drugs which, when compared to monotherapy, have been

found to increase efficiency of treatment for cancer patients (Chen, Jia et al. 2009). When
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used in an optimal synergistic ratio, reasonable combination treatment can greatly
enhance therapeutic benefit (Hu, Sun et al. 2016), lowers the therapeutic dose required for
treatment, minimises side effects, and prevents the emergence of drug resistance (Chou
2006). In fact, when Wang, Xu et al. (2021) investigated the addition of an ALK inhibitor to
AZD5363 in gastric cancer, both in vitro and in vivo, they reported that, with the use of
lower doses than those used clinically, there was an increased sensitivity to AZD5363 and
a synergistic antitumour effect, as evidenced by the considerable decrease in gastric cancer

cell proliferation and an increase in apoptosis.

In the phase | study conducted by Smyth, Tamura et al. (2020), patients received either
intermittent AZD5363 at a dose of 480 mg twice daily for 4 days, and 3 days off, or a lower
intermittent dose of 400mg twice daily for 4 days, and 3 days off, this time in combination
with fulvestrant. There were less dose interruptions, reductions, or discontinuations in the
combination cohort, due to lower incidences of treatment-related adverse effects.
Furthermore, a favourable ORR in patients receiving the combination therapy was also
observed. As the combination treatment was better tolerated, the authors attributed the
lower dose of AZD5363 in the combination cohort to have contributed to this response.
Moreover, in the CAPItello trial (Turner, Oliveira et al. 2023), in which participants were
administered intramuscular fulvestrant (initially every 14 days for the first 3 doses, and
continued every 28 days thereafter), in combination with intermittent AZD5363 (twice daily
for 4 days, followed by 3 days off) or matching placebo, the investigators suggested that
the selected intermittent schedule may have accounted for the decreased toxic effect
profile of AZD5363 and the lower prevalence of hyperglycaemia. Similarly, in a dose-
escalation study on patients with metastatic castration-resistance prostate cancer, and

who were administered a combination of AZD5363 and enzalutamide, Kolinsky, Rescigno
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et al. (2020) reported that despite such a combination resulted in a significant reduction in
plasma exposure of AZD5363 (when compared to AZD5363 monotherapy), this did not
seem to significantly inhibit the phosphorylation of GSK3B and PRAS40. This study also
observed that the typical adverse effects usually associated with AZD5363, including
diarrhoea, hyperglycaemia, and maculopapular rash, were indeed lower that those

reported in single-agent phase | studies of the drug.

1.13 Combination therapy in advanced/metastatic NSCLC

In a review on metastasis, Steeg (2016) explains that one of the main causes of death of
cancer patients is tumour metastasis, which is initiated by the infiltration of cancer cells to
surrounding tissues, and that is mediated by a variety of mechanistic routes. However,
much like the repertoire of RTKs, where the inhibition of one pathway can be countered by
activation of another kinase or a downstream mutation, the inhibition of one metastatic
pathway may not be sufficient. The author goes on to point out that the entire metastatic
process offers a possible therapeutic target for individuals with localised disease, which
unfortunately is of limited application in lung cancer, particularly at diagnosis. In fact, more
than 25% of all diagnosed thoracic tumour cases are classified as regional diseases, at which
point cancer cells are too small to be captured by imaging, but they would have most likely
dispersed throughout the body and are either latent in distant organs or starting to
colonise. In a systematic review, Peters, Bexelius et al. (2016) explain that the brain or CNS
is a common location of metastasis for NSCLC, and treatment further increase its
cumulative incidence, thus worsening prognosis and quality of life. Efflux transporters such
as the ABCB1, referred to in Section 1.13, may further complicate treatment by restricting

drug penetration across the blood-brain barrier, giving rise to intracerebral drug resistance
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and pharmacologic failure. In fact, Veerman, Boosman et al. (2023) observed significantly
lower trough levels of the EGFR-TKI osimertinib in a cohort of patients with ABCB1 3435
C>T single nucleotide polymorphism, which may have resulted in lower drug absorption
due to compromised drug transport through the basolateral intestinal cell membrane into

the systemic circulation.

As already discussed in Section 1.6, systemic therapy is generally made available to patients
with stage IV NSCLC and a PS of O to 2. In fact, regardless of age, sex, histology, or PS, ESMO
clinical practice guidelines refer to two meta-analyses that demonstrated benefits of
chemotherapy compared to best supportive care, including a 23% lower risk of death, a 9%
increase in 1-year survival, and an improvement in quality of life (Hendriks, Kerr et al. 2023),
and when compared to chemotherapy alone, a number of combination regimens have
effectively shown enhanced OS. Moreover, in patients with a PS of 2, and compared to best
supportive care, chemotherapy extends overall survival and improves quality of life. Rather
than showing a reduction in the size of known metastatic lesions, most preclinical
metastasis therapy investigations indicate a notable delay in the formation of metastases,
an endpoint which should be helpful in adjuvant setting trials for the therapeutic
prevention of an initial metastasis or the prevention of subsequent metastases in patients
with limited, treated metastatic illness (Steeg 2016). Several antimetastatic treatments are
being developed, but since they are cytostatic rather than cytotoxic, they disrupt
colonisation routes instead of eliminating a cancer cell that is actively growing, such that
only in the unlikely event that such agents coincidentally synergise with RT or
chemotherapy would an existing lesion diminish. With the use of chemotherapy in
advanced lung cancer, the observed positive therapeutic effect is often temporary. Steeg

(2016) refers to phase Ill randomised maintenance treatment trials in which, following
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standard initial chemotherapy, patients with advanced cancer were randomised to either
a long course of investigational treatment (such as chemotherapy or mutation inhibitor
therapy) or placebo until unacceptable toxicity or progression occurred. Prognostic factor
included OS or PFS. The author goes on to suggest that similar designs could be adapted to
incorporate an agent that prevents metastasis, to stop additional colonisation, or to induce

dormancy.

1.14 Inhibitors of the PI3K/Akt/mTOR signalling pathway

As already explained, all the crucial elements of carcinogenesis, including cell proliferation,
survival, and motility, are enhanced by activation of the PI3K/Akt/mTOR signalling
pathway. Given the significance of this pathway, pharmaceutical companies and academic
research facilities are currently collaborating to develop inhibitors, under various
categories, that specifically target the key components of the pathway. The classes of drugs
known to target the PI3K/Akt/mTOR pathway include pan-class | PI3K inhibitors, isoform-
specific inhibitors (such as selective PI3K inhibitors), Akt inhibitors, allosteric mTOR
inhibitors, mTOR kinase inhibitors, and dual PI3K/mTOR inhibitors (Fumarola, Bonelli et al.

2014, Tarantelli, Lupia et al. 2020) (Table 1.1).

Single-agent administration of these inhibitors is associated with stable disease and
manageable toxicity in the majority of cancer studies, with fatigue, rash and metabolic
abnormalities (such hyperglycaemia) being some of their frequent side effects (Cheng,
Shcherba et al. 2014). However, there are still many unanswered questions surrounding
the use of PI3K/Akt/mTOR pathway inhibitors, including which drugs or classes of drugs
should be used in specific cancer contexts, and whether the development of logical

combination strategies will improve clinical benefit and lead to eventual approval of such
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drugs (Janku, Yap et al. 2018). Krencz, Sebestyen et al. (2020) refer to early clinical results

which indicate that combinations of chemotherapy or other targeted therapies with

PI13K/Akt/mTOR pathway inhibitors are more successful than monotherapy alone.

Table 1.1: List of PI3K/Akt/mTOR inhibitors, including some examples

Class of
PI3K/Akt/mTOR
inhibitor

Target

Examples

Pan-class | PI3K
inhibitors

Catalytic domain of class IA
PI3K p100 subunits

GDC-0941 (pictilisib)
PX-886

BKM120 (buparlisib)
XL-147 (pilaralisib)

Isoform specific
inhibitors

Catalytic subunits a, B or y of
the class | PI3K

BLY719 (alpelisib) — inhibits la isoform
GSK2636771 — inhibits I isoform
IPI-549 — inhibits ly isoform

Akt inhibitors

Akt proteins — isoenzyme-
specific or targeting multiple
Akt isoforms

KRX-0401 (perifosine)
MK-2206
AZD5363 (capivasertib)

Allosteric mTOR

Elevated mTOR signalling

CCI-779 (temsirolimus)

kinase domain

inhibitors RADOO1 (everolimus)

MK-8669 (ridaforolimus, AP23573)
mTOR kinase Compete with ATP for AZD8055
inhibitors binding with the mTOR AZD2014 (vistusertib)

INK128 (sapanisertib)

Dual PI3K/mTOR
inhibitors

Catalytic domains of
mTORC1/2 and p110
subunits

NVP-BEZ235 (dactolisib)
PKI-587 (PF-05212384, gedatolisib)

For example, targeting multiple PI3K isoforms as well as mTOR is an intriguing alternative
to focusing on a single PI3K isoform or mTOR alone (Tarantelli, Lupia et al. 2020). Indeed,
the structural similarities between the catalytic isoform of the p110 subunit and mTOR
suggest that targeting two critical components of the same pathway could increase
efficacy, prevent feedback inhibition brought on by mTOR inhibition, and reduce the risk of
developing drug resistance that would undoubtedly arise from using drugs that only target

one isoform of the p110 subunit. Also, dual PI3K/mTOR inhibitors have demonstrated, at
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least in the preclinical environment, an improvement above what was accomplished by
targeting separately single PI3K isoforms, all PI3K isoforms, or mTOR (Tarantelli, Lupia et al.

2020).

1.14.1 Pan-class | PI3K inhibitors

The target of pan-class | PI3K inhibitors is the catalytic domain of class IA PI3K p110
subunits, the class most frequently associated with cancer. By selectively inhibiting this
class, anticancer efficacy may be achieved without causing significant damage by inhibiting
other PI3K classes involved in important cellular functions (Papadimitrakopoulou 2012).
Pan-class | PI3K inhibitors include GDC-0941 (pictilisib), PX-866, BKM120 (buparlisib), and

XL-147 (pilaralisib).

1.14.1.1 GDC-0941

GDC-0941 (pictilisib) has been tested in phase | trials, either as monotherapy, or in
combination with chemotherapy. Maculopapular rash was the dose-limiting toxicity in a
phase IA dose-escalation trial of individuals with advanced solid tumours (Sarker, Ang et al.
2015). Another phase | dose-escalation study found that the combination of GDC-0941 with
the EGFR tyrosine kinase inhibitor erlotinib was safe and effective in patients with advanced
solid tumours (Leong, Moss et al. 2017). In this trial, modest anti-tumour benefits were
seen, in that 19 (33.3%) of 57 patients had stable disease and 2 (3.5%) of them experienced
partial response. In a phase IB dose-escalation trial, Soria, Adjei et al. (2017) investigated
the administration of GDC-0941 concurrently with conventional first-line chemotherapy in
patients with advanced NSCLC. Bevacizumab was added depending on the histology, and
patients were administered GDC-0941 with carboplatin and paclitaxel or cisplatin and
pemetrexed. Out of 66 patients, 20 had stable disease, and 29 experienced partial
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response. GDC-0941 and first-line chemotherapy were then combined in the phase I
FIGARO study conducted by Chen, Chang et al. (2019), though early results did not show
any appreciable improvement in progression-free survival (PFS) or OS; a phase IA/IB trial

with a Japanese patient group reported similar findings (Yamamoto, Fujiwara et al. 2016).

1.14.1.2 PX-866

Another pan-class | PI3K inhibitor is PX-866, which binds PI3K irreversibly (Beck, Ismail et
al. 2014, Fumarola, Bonelli et al. 2014). Non-molecularly selected patients with advanced,
resistant NSCLC were enrolled in a randomised phase Il trial to test PX-866 in conjunction
with docetaxel treatment. With the addition of PX-866, there was no improvement in PFS,
response rate, or OS (Levy, Spira et al. 2014). In their review on antitumour therapies that
target the PI3K/Akt/mTOR pathway, Janku, Yap et al. (2018) report that development of
this drug was eventually terminated following several Phase | and Il studies that reported

weak antitumour activity of PX-866.

1.14.1.3 BKM120

BKM120 (buparlisib) exhibits at least 50-fold selectivity against several other protein
kinases and, without directly inhibiting mTOR, specifically targets all isoforms of Class | PI3K
in biochemical experiments; it has demonstrated antiproliferative, pro-apoptotic, and anti-
angiogenic characteristics in preclinical cancer models (Hare, Harvey 2017, Maira, Pecchi et
al. 2012). As it is being tested in a randomised placebo-controlled phase lll clinical study in
hormone receptor-positive, HER2-negative breast cancer (BKM120 + placebo versus
BKM120 + fulvestrant) (Iwata, Baselga et al. 2013), this drug has made the most progress
in the therapeutic development of all PI3K inhibitors. A combination of BKM120 and
trastuzumab was reported to be well tolerated and showed some antitumor effect in
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patients with advanced HER2-positive breast cancer that was resistant to trastuzumab-
based therapy (Saura, Bendell et al. 2014). Furthermore, Yu, Zhao et al. (2016) suggest that
BKM120 used in combination with everolimus (or trastuzumab) may be able to prevent the
development of rapalogue resistance by PI3K inhibition, which also exhibits good in vivo
growth inhibition. As for lung cancer however, further development of this drug is no longer
being researched because of the changing landscape of available treatments and the
problematic safety profile seen in the BASALT investigations (Adjei, Bennouna et al. 2016).
Similarly, a Phase Il clinical trial in advanced or recurrent endometrial carcinoma, in which
patients were administered BKM120 as monotherapy, was terminated before the end of
recruitment as BKM120 was linked to a poor safety profile and little antitumor efficacy

(Heudel, Fabbro et al. 2017).

1.14.1.4 XL-147

In phase | trials, XL-147 (SAR245408, pilaralisib) was also evaluated as a monotherapy, and
one NSCLC patient experienced a partial response (Shapiro, Rodon et al. 2014). Patients
with advanced endometrial carcinomas were included in a phase I, multicentre, single-arm
study carried out by Matulonis, Vergote et al. (2015) that found that XL-147 had a
favourable safety profile and little antitumor efficacy. XL-147 has also been tested in
combination with other drugs, such as letrozole in patients with advanced-stage hormone-
receptor positive breast cancer, carboplatin and paclitaxel in patients with advanced-stage
solid tumours, and trastuzumab with or without paclitaxel in patients with HER2-positive
metastatic breast carcinoma; however, none of these initiatives ultimately aided in the
clinical development of XL-147, which is not currently the subject of ongoing research

(Janku, Yap et al. 2018).
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1.14.2 Isoform-specific PI3K inhibitors

The original justification for creating isozyme-specific antagonists was to enable the
delivery of anti-p110a, anti-p110B, and anti-p1106 drugs at maximum target-inhibitory
concentrations while potentially avoiding the undesirable effects of non-isoform-selective
medicines as are the pan-PI3K inhibitors (Beck, Ismail et al. 2014, Janku, Yap et al. 2018,

Mayer, Arteaga 2016).

1.14.2.1 BYL719

BYL719 (alpelisib) selectively inhibits the la isoform of the PI3K catalytic subunit and has
shown a tolerable safety profile and encouraging preliminary activity in patients with
PIK3CA-altered solid tumours in a phase IA study (Juric, Rodon et al. 2018). Stable disease
was attained in 52% of patients, supporting the case for selective PI3K inhibition in
combination with other drugs for the treatment of PIK3CA-mutant tumours. A combination
of BYL719 with letrozole was administered to patients with metastatic oestrogen receptor-
positive (ER+), HER2-negative breast cancer who were resistant to endocrine treatment, in
a phase IB research led by Mayer, Abramson et al. (2017), where the clinical antitumor
activity was seen in 20% of PIK3CA wild-type tumours and 44% of patients with PIK3CA
mutations. Notably, the co-administration of BYL719 and trastuzumab emtansine was well
tolerated and showed activity in patients with metastatic, HER2-positive breast cancer that
was both taxane- and trastuzumab-resistant (Jain, Shah et al. 2018). As a result, more
research on this combination is anticipated to be successful. Furthermore, in patients with
metastatic BRAF-mutant colorectal cancer, the triple-combination therapy of encorafenib
(a RAF kinase inhibitor), cetuximab (a monoclonal antibody targeting EGFR), and BYL719

showed encouraging clinical activity and tolerability (van Geel, Tabernero et al. 2017).

48 |Page



Chapter 1 Introduction

1.14.2.2 GSK2636771

The catalytic subunit B isoform of the class | PI3K, which is frequently activated due to loss
of PTEN inhibitory function, is specifically inhibited by PI3KB inhibitors. In general, PI3K[
inhibitors appear to be well tolerated, and they are still being studied in early clinical trials,
many of which are including the biomarker-driven patient selection, frequently based on
PTEN status and the absence of activating changes in the PI3Ka catalytic subunit (Janku,
Yap et al. 2018). One such drug is GSK2636771 which, as part of the NCI-MATCH precision
medicine study, is currently being tested as a monotherapy in patients with advanced-stage
malignancies that have PTEN loss or mutations, including NSCLC (Fumarola, Bonelli et al.
2014, Tan 2020). It is also being studied in combination with pembrolizumab in patients
with PTEN-deficient melanoma, with enzalutamide in PTEN-deficient castration-resistant
prostate cancer, and with paclitaxel in gastric carcinomas that have PTEN, PIK3CB, or

PIK3R1 aberrations (Janku, Yap et al. 2018, Yang, Nie et al. 2019).

1.14.2.3 IP1-549

PI3Ky inhibitors specifically inhibit the leukocyte-expressed class | PI3K catalytic subunit y
isoform (Janku, Yap et al. 2018). Preclinical research has shown that PI3Ky is significantly
expressed in tumour-associated macrophages and may potentially play a role in immune-
checkpoint inhibitor resistance (De Henau, Rausch et al. 2016). IPI-549 is an oral, selective
PI3Ky inhibitor that is being studied by Tolcher, Hong et al. (2017) in a dose-escalation study
in patients with various advanced-stage carcinomas or melanoma, both as a monotherapy
as well as in conjunction with immune-checkpoint inhibitor pembrolizumab; treatment
seems to be well tolerated in both groups, but outcomes are still to be reported

(NCT02637531).
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1.14.3 Allosteric mTOR inhibitors

Developments have been made on therapies that utilise mTOR inhibitors which aim to
target the elevated mTOR signalling in different cancer types; the first mTOR inhibitor was
rapamycin (sirolimus), which is what caused mTOR to be discovered through the target
screening process (Tian, Li et al. 2019). Rapamycin binds to FK506 Binding Protein 12
(FKBP12), which releases Raptor from mTORC1. Additionally, by preventing
phosphorylation, the downstream action inactivates S6K1 and 4E-BP1, which reduces
protein synthesis and causes cell cycle arrest in the G1 phase. VEGF, platelet-derived
growth factor (PDGF), basic fibroblast growth factor (bFGF), and other transcriptional
targets of HIF-1a that are involved in vascular development and cancer progression are
likewise negatively regulated by rapamycin (Faivre, Raymond et al. 2006). Furthermore,
rapamycin might indirectly affect mTORC2 by binding to FKBP12, which causes Rictor to
separate from mTOR and lowers the levels of mTORC2, possibly in a cell-type-dependent

manner (Sarbassov, Ali et al. 2006).

A group of allosteric mTOR inhibitors (semi-synthetic rapamycin analogues), often known
as rapalogues, have been created to improve the efficacy in patients due to the low
solubility and erratic kinetic and pharmacological features of rapamycin (Benjamin,
Colombi et al. 2011). Examples of rapalogues include CCI-779 (temsirolimus), RAD001
(everolimus) and MK-8669 (ridaforolimus, AP23573), which have been used in
monotherapy or combination therapies in a range of cancer types in various stages of

clinical trials (Tian, Li et al. 2019).
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1.14.3.1 CCI-779

Based on the findings of the phase Ill Global ARCC trial (Hudes, Carducci et al. 2007), CCI-
779 was approved by the FDA in 2007 for the treatment of individuals with advanced-stage
renal cell carcinoma (RCC). In this study, treatment-naive patients with metastatic RCC who
received CCI-779 monotherapy had a longer OS than those who received interferon alfa
(10.9 months vs 7.3 months). However, only 8.6% of patients showed an objective response
by the Response Evaluation Criteria in Solid Tumours (RECIST). In a phase Il trial, Gandhi,
Besse et al. (2017) tested patients with advanced NSCLC who had HER2 mutations, with
CCI-779 combined with the oral HER2 inhibitor neratinib; response rate to this combination

was 19%.

1.14.3.2 RADOO1

The FDA has approved the use of RADO0O1 (everolimus), an oral rapamycin derivative, to
treat a variety of malignancies, including advanced-stage RCC, hormone receptor-positive
HER2-negative breast cancer in postmenopausal women, and pancreatic neuroendrocrine
tumours (NETs) (Janku, Yap et al. 2018). A phase lll double-blind, randomised, placebo-
controlled trial conducted by Motzer, Escudier et al. (2008) reported that in patients with
metastatic RCC who had advanced on prior targeted therapy, RADOO1 treatment increased
PFS in comparison to placebo. However, despite the longer PFS, there was no statistically
significant increase in OS, likely due to patient crossover from the placebo arm to the
RADOO1 arm as the disease advanced. RADO01 was similarly shown to extend the PFS of
patients with advanced-stage pancreatic NETs (median PFS 11.0 months vs 4.6 months) in
the randomised, phase Il RADIANT-3 trial (Yao, Shah et al. 2011). The study even reported

a lower rate of severe adverse events, however the ORR among patients in the RAD001
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arm did not exceed 5%. According to the findings of a randomised trial (BOLERO-2) that
included patients with advanced-stage hormone receptor-positive HER2-negative breast
cancer who had previously been treated with the nonsteroidal aromatase inhibitors (Als)
letrozole or anastrozole, RAD0O1 plus the Al exemestane was associated with a significantly
higher overall RR (9.5% vs 0.5%) and a longer median PFS duration (6.9 months vs 2.8
months) than placebo plus exemestane (Baselga, Campone et al. 2012). The results of
BOLERO-2 supported the idea that PI3K/Akt/mTOR signalling activity contributes to the
emergence of hormone treatment resistance. Phase Il trials have also looked at the
combination of RAD001 and EGFR inhibitors in NSCLC patients who had not been chosen
for EGFR mutation testing. RAD0OO1 with erlotinib (Besse, Leighl et al. 2014) or gefitinib
(Price, Azzoli et al. 2010) combinations both failed to demonstrate enough efficacy to move

onto a phase lll trial.

1.14.3.3 MK-8669

Riely, Brahmer et al. (2012) tested the oral rapalogue MK-8669 (ridaforolimus) in advanced
NSCLC patients with the KRAS mutation in a phase Il trial; compared to placebo, MK-8669
improved PFS by two months. Similarly, in the phase Ill SUCCEED study, patients with
previously treated metastatic soft-tissue sarcomas who received MK-8669 saw a longer PFS
than those who received placebo (median PFS 17.7 weeks vs 14.6 weeks) (Demetri, Chawla
et al. 2013). However, objective responses were rare, with a mean reduction in target
lesion size of just 1.3%, and MK-8669 did not significantly increase the median OS (90.6
weeks vs 85.3 weeks). Due to a lack of therapeutic activity, further development of this

drug for the treatment of cancer has not been undertaken.
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Based on preclinical findings, despite the potential of mTOR inhibition as an anticancer
strategy, outcomes from rapalogue clinical trials have not met expectations, at least for
single-agent therapy (Fumarola, Bonelli et al. 2014). This underwhelming performance of
rapalogues could be caused by a number of factors. Firstly, rapalogues partially block
mTORC1 activity and, through a negative feedback loop, the PI3K/Akt/mTORC2 cascade is
activated, and thus Akt promotes an anti-apoptotic response which will eventually lead to
increased cell growth and survival (Fumarola, Bonelli et al. 2014, O'Reilly, Rojo et al. 2006).
The mTOR signal pathway is a complex system with several interactions with other
signalling pathways that can interfere with the effects of rapalogues (Mendoza, Er et al.
2011). Secondly, rapalogues completely block the phosphorylation of S6K1, but only mildly
inhibit the phosphorylation of 4E-BP1. This means that, even in the presence of rapamycin,
4E-BP1-regulated protein synthesis persists at a sufficient level that will promote cell
survival and proliferation (O'Reilly, Rojo et al. 2006). Additionally, rapalogues up-regulate
levels of IRS1 protein, resulting in the activation of Akt signalling and associated
downstream pathways. Furthermore, mTORC1 inhibition can increase cell survival through
autophagy and stimulate cell proliferation by catabolising extracellular proteins in nutrient-
poor environments (Palm, Park et al. 2015). These factors led to the development of ATP-
competitive mTOR kinase inhibitors that block both mTORC1 and mTORC2, completely

inhibiting 4E-BP1 phosphorylation and preventing the feedback activation of AKT.

1.14.4 ATP-competitive mTOR kinase inhibitors

Competitive (non-allosteric) mTOR kinase inhibitors are ATP analogues that limit mTOR
kinase activity by competing with the physiological substrate ATP for binding to the mTOR

kinase domain (ATP provides mTOR with the phosphate group needed to phosphorylate its
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intended target proteins). In general, compared to rapalogues, ATP-competitive inhibitors
have demonstrated greater anticancer activity in preclinical contexts. This is caused by
efficient rapamycin-insensitive mTORC2 activity inhibition in addition to mTORC1
inhibition, as well as more thorough and prolonged mTORC1 inhibition as seen by greater
4E-BP1 phosphorylation inhibition (Benjamin, Colombi et al. 2011). These drugs may
therefore stop the feedback loop-based activation of Akt brought on by mTORC1 inhibition
but not mTORC2 inhibition. As a result, mTOR kinase inhibitors may suppress
PI3K/Akt/mTOR signalling more effectively than mTORC1-selective allosteric mTOR

inhibitors, leading to increased anticancer efficacy (Janku, Yap et al. 2018).

1.14.4.1 AZD8055

AZD8055, an inhibitor of mMTORC1 and mTORC2 (mTORC1/2), has been tested in patients
with advanced-stage solid carcinoma or lymphoma, but there were no reported RECIST
responses. Transaminitis was the most common grade 3 or 4 adverse event (AE), and this
toxicity, together with a lack of clinical activity, prevented AZD8055 from moving forward

to phase Il trials (Naing, Aghajanian et al. 2012).

1.14.4.2 AZD2014

Another mTORC1/2 inhibitor is AZD2014 (vistusertib), which was studied in patients with
advanced-stage malignancies in a phase | study, and in the phase || MANTA study, which
included postmenopausal women with advanced-stage hormone receptor-positive HER2-
negative breast cancer (Janku, Yap et al. 2018). The outcomes have been unsatisfactory,
although the drug is still being studied in numerous phase | and Il trials including patients
with prostate cancer, glioblastoma, meningioma, or tumours with TSC or RICTOR
amplification mutations, which are thought to boost the drug’s sensitivity by
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hyperactivating mTORC1 and/or mTORC2, respectively (Cheng, Zou et al. 2015). Moreover,
to circumvent resistance mechanisms and enhance patient outcomes, AZD2014 is also
being evaluated clinically in rationally planned combinations with other treatments, such
as TAX-TORC study, in which AZD2014 administered with paclitaxel showed a 33% response

rate in previously treated squamous NSCLC (Krebs, Spicer et al. 2017).

1.14.4.3 INK128

The safety and effectiveness of INK128 (sapanisertib, formerly MLN0128) were evaluated
in two independent phase | dose-escalation studies in patients with advanced-stage solid
tumours (Infante, Tabernero et al. 2013), and patients with refractory multiple myeloma,
non-Hodgkin’s lymphoma, or Waldenstrom macroglobulinemia (Ghobrial, Siegel et al.
2016). The reported drug-related AEs in the latter study were mostly consistent with those
of other drugs in the same class. Despite only a few patients from both studies experienced
partial response, INK128 has progressed to more clinical trials in a variety of tumour types

and combination therapies.

Though it is still unclear whether mTOR kinase (mTORC1/2) inhibitors have any clinically
meaningful advantages over allosteric mTORC1 inhibitors, drugs from both classes are still
being investigated in phase | and Il trials, including — and perhaps most significantly —
trials using rationally-designed combinations and investigations utilising biomarker-based

patient selection techniques (Janku, Yap et al. 2018).

1.14.5 Dual PI3K/mTOR inhibitors

One consequence of selectively blocking only a portion of a signalling system such as mTOR,

is the resultant activation of PI3K, which may ultimately promote tumour growth.
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Therefore, the simultaneous targeting of PI3K and mTOR may result in more potent
suppression (Beck, Ismail et al. 2014). Due to the structural similarity of the catalytic
domains of mTORC1/2 and the p110 subunits, some second generation mTOR kinase
inhibitors, which have been termed as dual PI3K/mTOR inhibitors, have dual activity against
both complexes, may provide an advantage of targeting several locations along the
PI3K/AKT/mTOR pathway, resulting in a more potent inhibition of the process. Naturally,
when there are more targets, there is also a greater chance for increased toxicity, which
must be weighed against any potential increase in efficacy (Fumarola, Bonelli et al. 2014,

Papadimitrakopoulou 2012).

1.14.5.1 NVP-BEZ235

The dual PI3K/mTOR inhibitor NVP-BEZ235 (dactolisib), which is an imidazo [4,5-c]
quinoline derivative that binds to the ATP binding site and blocks the activity of several
class | PI3K isoforms and mTOR kinase, is currently undergoing Phase I/1l clinical studies. In
a clinical review, Yang, Nie et al. (2019) report that although in preclinical studies NVP-
BEZ235 demonstrated good anticancer effects in colorectal cancer, renal cancer, triple-
negative breast cancer, lung cancer, lymphoma, melanoma, prostate cancer, and mucinous
adenocarcinoma of the ovary, clinical trials of this drug proved unsatisfactory. Clinical
studies of NVP-BEZ235 are now being conducted in patients with metastatic breast cancer

as well as in individuals with relapsed or refractory acute leukaemia.

1.14.5.2 PKI-587

PKI-587 (PF-05212384, gedatolisib) is another dual PI3K/mTOR inhibitor, and which is
administered intravenously. This drug was evaluated in a first-in-human study in heavily
pre-treated patients with various advanced-stage solid tumours (Shapiro, Bell-McGuinn et
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al. 2015). It demonstrated anticancer activity, and clinical benefit was noted in patients
with endometrial cancer, granulosa cell tumour of the ovary, as well as metastatic NSCLC.
Phase | or Phase Il clinical trials are ongoing to investigate the efficacy of PKI-587, both as
monotherapy and in combination with other chemotherapeutic drugs, for the treatment
of breast, lung, head & neck, ovarian, endometrial, and pancreatic cancers (Wainberg,

Shapiro et al. 2016, Yang, Nie et al. 2019).

1.14.6 Akt inhibitors

Several drugs have the ability to selectively inhibit Akt proteins, by preventing the
activation of mMTORC1 and consequently modifying the downstream effects of
PI13K/Akt/mTOR signalling. Directly targeting Akt prevents the PI3K/Akt/mTOR pathway
from being abnormally activated by Akt itself, as well as by other sources including PI3K,
PTEN, and mTORC2. Akt inhibitors, of which there are those that target multiple Akt
isoforms and those that are isoenzyme-specific, are showing potential to be generally well
tolerated both at the research stage as well as early clinical levels (Hare, Harvey 2017,

Papadimitrakopoulou 2012, Janku, Yap et al. 2018).

1.14.6.1 KRX-0401

KRX-0401 (perifosine) is a lipid-based phosphatidylinositol analogue which targets the
pleckstrin homology domain of Akt, inhibiting the binding of Akt to PIP3 and therefore its
translocation to the plasma membrane (Zhao, Liu et al. 2009). As a result, AKT remains
inactive and is prevented from activating the downstream pathways necessary for cell
growth, metabolism, survival, and proliferation. In an in vitro setting, KRX-0401 exhibited
antitumor properties against many cancer types including melanoma, nervous system,
breast cancer, prostate, colon, and lung. Its efficacy was shown to be comparable to or
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greater than that of its parent drug, miltefosine (Richardson, Eng et al. 2012). The drug is
being investigated in Phase Il trials for multiple myeloma and colorectal cancer, as well as
in a Phase I/Il trials in patients with NSCLC (Cheng, Shcherba et al. 2014). The latter trial is
being conducted with the goal of determining the maximum dose of KRX-0401 that can be
administered, comparing the gastrointestinal toxicity of various dose-schedules, and
obtaining preliminary data on the response rate of the drug in NSCLC. Although the study

has be completed, there is no available data yet (NCT00399789).

1.14.6.2 MK-2206

Allosteric inhibitor MK-2206 inhibits the activity of Akt1, Akt2, and, to a lesser extent, Akt3
(Janku, Yap et al. 2018), by preferentially binding to the inactive PH conformation at a cavity
generated between the PH and kinase domains, thus preventing phosphorylation and
activation of Akt (Savill, Lee et al. 2022). Several phase | studies have indicated that MK-
2206 may have important therapeutic benefits (Hare, Harvey 2017). Although none of the
patients experienced an objective response in the initial dose-finding study of this drug,
which included 33 patients with advanced-stage solid tumours (Yap, Yan et al. 2011), one
patient with pancreatic cancer who lacked PTEN expression however experienced tumour
shrinkage of 23.3%, as well as reduction of about 60% in the serum level of the tumour
marker CA19.9. Moreover, in a phase | trial conducted by Yap, Patnaik et al. (2010), single-
agent MK-2206 caused modest tumour regressions in one patient with melanoma and in
one patient with a neuroendocrine tumour. Tumour regressions was also reported in a
patient with pancreatic cancer who had loss of PTEN expression. A post-treatment
reduction in circulating endothelial cells, which is a sign of anti-angiogenic action, was

observed in 18 of 23 evaluable patients. Nausea, rash, exhaustion, and hyperglycaemia
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were some of the more frequent reversible drug-related toxicities. Following these
accomplishments, MK2206 has been examined in several phase | or Il studies either alone
or in conjunction with other anti-cancer drugs. In one such Phase | trial, MK-2206 was well
tolerated when used in conjunction with anastrozole in patients with metastatic ER+
/HER2-negative breast cancer, where 42% of patients experienced a therapeutic benefit
(Ma, Sanchez et al. 2016). In a Phase Ib study, MK-2206 was similarly well tolerated in
combination with paclitaxel and trastuzumab in patients with advanced HER2-amplified
solid tumour malignancies, and 63% of patients displayed a clinical response (Chien,
Cockerill et al. 2016). Furthermore, in a Phase | dosing study, the combination of MK2206
with gefitinib was well tolerated and showed early signs of efficacy in NSCLC patients with
acquired resistance to EGFR inhibitors (Lin, Yu et al. 2015). In general, preclinical and early
clinical findings suggest that MK-2206 has improved efficacy in patients with tumours that
harbour PIK3CA and PTEN changes, as was observed in a Phase Ib study in advanced solid
tumours and metastatic breast cancer (Gonzalez-Angulo, Krop et al. 2015). However,
further clinical trials have yet to confirm the prognostic use of these modifications as

biomarkers.

1.14.6.3 AZD5363

The drug investigated in the current study is AZD5363 (capivasertib), which is classified as
an ATP-competitive inhibitor; it is a very potent and orally bioavailable pyrrolopyrimidine-
derived pan-Akt kinase inhibitor, whereby it competes with ATP for Akt kinase association
at the ATP binding site (Andrikopoulou, Chatzinikolaou et al. 2022). The compound bears
the chemical name  4-amino-N-[(1S)-1-(4-chlorophenyl)-3-hydroxypropyl]-1-(7H-

pyrrolo[2,3-d]pyrimidin-4-yl)piperidine-4-carboxamide (National Center for Biotechnology
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Information 2023), has a molecular weight of 428.9 g, and its 2D structure is shown in Figure

1.2.

Much like the allosteric inhibitor MK-2206 referred to above (Section 1.12.6.2), AZD5363
inhibits all three isoforms of Akt (Addie, Ballard et al. 2013, Davies, Greenwood et al. 2012).
It is generally well tolerated, and the most commonly reported side effects include

hypertension, hyperglycaemia, diarrhoea, rash and fatigue (Smyth, Batist et al. 2021).

When AZD5363 was tested on 182 solid and haematologic tumour cell lines, Davies,
Greenwood et al. (2012) reported that at a potency of < 3 uM, growth inhibition was
observed in 41 cell lines, among which breast-cancer-derived cells or those with PIK3CA
and/or PTEN mutations exhibited the greatest sensitivity; this was further corroborated by
Li, Davies et al. (2013) who investigated the pharmacological Akt inhibition of the drug on
gastric cancer cell lines as well as on a cohort of Chinese gastric cancer patients with PIK3CA

mutations and PTEN loss. Since then, AZD5363 has been undergoing several clinical trials.

Figure 1.2: 2D structure of the drug AZD5363 (National Center for Biotechnology Information 2023)
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While the BEECH trial (Turner, Alarcén et al. 2019) demonstrated no significant
improvement in the median PFS of patients with advanced or metastatic ER+/HER2-
negative/PIK3CA-mutant breast cancer, and who were administered a combination of
AZD5363 with paclitaxel, as opposed to paclitaxel monotherapy, a combination of AZD5363
and fulvestrant increased the PFS in patients with aromatase inhibitor-resistant advance
breast cancer in the FAKTION trial (Jones, Casbard et al. 2020), as well as in patients with
hormone receptor-positive, HER2-negative advanced breast cancer who were enrolled in
the double-blind phase Ill CAPItello-291 trial (Turner, Oliveira et al. 2023). Additionally, in
the PAKT trial, Schmid, Abraham et al. (2020) reported a significant improvement in PFS
and OS when AZD5363 was added to the first-line paclitaxel therapy for triple-negative
breast cancer, with benefits being more noticeable in the PIK3CA/AKT1/PTEN-altered
subgroup. Following a phase | trial undertaken on patients with prostate cancer using a
dose escalation of AZD5363 and enzalutamide, Kolinsky, Rescigno et al. (2020) reported a
good tolerance limit and increased responsiveness in patients with PTEN loss or

overexpression of AKT mutations.

Other clinical trials have been focusing on cancers with high incidence of AKT amplification,
namely breast, ovarian, and gastric malignancies. In fact, Hua, Zhang et al. (2021) cite a
multi-histology basket study on AKTE27K-mutant cancers conducted by Hyman, Smyth et al.
(2017), and which reported a median PFS ranging from 4.2 to 6.6 months in ER+ breast,
gynaecological and other solid tumours. Similarly, in the EAY131-Y non-randomised trial
(Kalinsky, Hong et al. 2021), where patients harbouring the AKTt’¥ mutation were
administered AZD5363, the ORR was reported to be 28.6%, whereas stable disease was

documented in 46% of the patients. Patients with AKTEZ7K/ER+ metastatic breast cancer
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were investigated in a phase | trial (Smyth, Tamura et al. 2020), in which an ORR of 20% was
reported in those administered AZD5363 as monotherapy; in patients previously treated
with fulvestrant, and who were administered a combination of AZD5363 and fulvestrant,
the ORR was 36%; the same combination was also administered to fulvestrant-naive

patients, and a 20% ORR was reported.

1.15 Research aim

Among the cell lines tested on AZD5363 by Davies, Greenwood et al. (2012), the response
frequency of those derived from lung tumours was 12%. Moreover, besides the ongoing
National Lung Matrix Trial (Middleton, Fletcher et al. 2020), few other investigations have,
to date, tested the efficacy of AZD5363 in different types of lung tumours. Therefore, this
project aims to investigate the Akt inhibitor AZD5363 on two forms of aggressive non-small

cell lung cancer cells.

1.16 Objectives

The aim of this research is going to be achieved through the treatment of H520 (SCC) and
A549 (AC) with AZD5363, following which a number of end-point assays shall be

implemented:

« Cell viability assays — using PrestoBlue™ reagent, which is a live-cell viability reagent
that is made up of cell permeable resazurin-based solution. By using the reducing
power of living cells, and following an incubation time, it gives an indication of cell
viability by quantitatively measuring cell proliferation. The sensitisation
concentration IC3o shall be identified from the results obtained. The sensitisation

concentration is defined as the concentration at which 30% loss in cell viability is
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detected, and that this loss in cell viability is maintained for three further
concentrations.

« The use of protein quantification methods — using enzyme-linked immunosorbent
assay (ELISA) to quantify how much of the protein elF4E is being decreased with the
sensitisation concentration, 1Cso.

« Wound healing assays — this will be done using 2-well culture-inserts which, when
applied on a confluent cell monolayer, create an artificial gap. Once inserts are
removed, cell migration of the cells on the edge of the resulting gap can be observed

to test the anti-metastatic potential of the AZD5363.

1.17 Research rationale

This research forms part of a larger project referred to as LCeNT (Lung Cancer enhanced
Novel Therapy) that is being undertaken by the Lung Cancer Research Team at the
Department of Clinical Pharmacology and Therapeutics within the University of Malta. This
project, funded by the Technology Development Programme (TDP) of the Malta Council of
Science and Technology (MCST), is investigating combined therapy for the aggressive forms
of lung cancer. The novel combination involves the use of a small molecule targeting the
mTOR/PI13K pathway, together with the antisense oligonucleotides (ASOs) targeting TCTP
and HSP27, the rationale for which lies on the fact that targeting different components with
a common target will potentially result in lower required concentrations of each drug, as
well as a more efficacious outcome. Thereby, this may in turn lead to reduced adverse
effects. Therefore, in context of the LCeNT study, the rationale of the current research to

investigate small molecule inhibitors working on the PI3K/Akt/mTOR pathway, is to obtain
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the 1C30 of AZD5363. This result shall then be utilised further in the LCeNT study so as to

combine AZD5363 with TCTP and HSP27 ASOs at its IC3o concentration.
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2 Introduction

The materials used and the methodologies followed for the current research are described

in this chapter.

The experiments include treatment of AZD5363 on H520 and A549 cell lines, followed by:

« Cell viability assays
« Enzyme-Linked Immunosorbent Assay (ELISA) for elF4E

« Wound healing assays.

The protocols for use of the materials, as provided by the respective suppliers, were

followed, and where necessary, modifications were employed.

The panel of cells used for treatment with AZD5363 were both purchased from the
American Type Culture Collection® (ATCC®). They comprise two different types of NSCLC

cell lines, namely:

« H520(HTB-182™)—an adherent epithelial cell line, derived from a lung mass sample
of a male patient with squamous cell carcinoma, and
« A549 (CCL-185™) — an adherent epithelial cell line, derived through explant culture

of lung carcinomatous tissue of a 58-year-old Caucasian male.

All the procedures outlined above were done and used entirely for research purposes, on
cells in vitro. No experiments were carried out in vivo; a Research Ethics Review Procedures

(REDP) form (reference: MED-2022-00419) was duly submitted.
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2.1 Background to cell culture procedures

Subculturing, also known as passaging, is the procedure used to divide a population of cells
before transferring them into fresh growth vessels and culture medium. This procedure

ensures the proliferation of the cell line and is a crucial component of banking.

Mammal cells grown in culture exhibit a sigmoid growth pattern that is divided into three
phases: the Lag Phase, the Exponential (Logarithmic (Log)) Phase, and the Stationary

(Plateau) Phase, as shown in Figure 2.1 below.

The cells do not divide but begin to develop slowly after being seeded in the culture vessel
(Lag Phase) since they would be recovering from the stress that subculturing induces and
start to adjust to the new environment. The duration of this phase will be influenced by the

growth stage of the cell line at the time of subculture, as well as the seeding density.

Lag Phase Exponential Phase Stationary Phase
3x10°
Subculture
10°
s
<
2
]
o
10*
Doubling Time
3x10°
0 1 2 3 4 5 6 7 8 9 10

Days After Subculture

Figure 2.1: The sigmoid growth pattern and phases of cells grown in culture (ATCC® 2022)
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Subsequently, the rate of cell growth accelerates (Exponential Phase) as the cells adapt to
the surroundings. All the experiments in this study were carried out when cells were at this
phase, as the Log Phase is considered to be when the cells are at their healthiest. It is also
advised to evaluate cellular function at this point. Moreover, the Log Phase is also the best
phase for determining the population doubling time, since each cell line will exhibit variable

cell proliferation kinetics during this phase.

Adherent cell cultures stop growing (Stationary Phase) when toxic metabolites, such as by-
products of cell metabolism accumulate, nutrients and resources are spent, and available
space starts to run out. At this point the cells reach the confluent stage (i.e., they completely
cover the surface of the cell culture vessel), and if they are left there for a long time, they
will almost certainly die. As a result, when adherent cells reach between 70% and 80%
confluence (before cells reach the Stationary Phase), a portion of them needs to be
passaged and transferred to a new cell culture vessel with fresh culture medium. This
confluence range is important since when working with lower cell densities, cell growth
would be extremely slow and might even result in cell death. Conversely, a higher cell
density will quickly exhaust the nutrients, therefore increasing the likelihood of cell death.
This characteristic can be assessed by observing the confluency and the colour of the

culture medium, which indicates the amount of metabolites present.

For both personal safety and to avoid contaminating the cell cultures, precautions were
followed throughout the entirety of the laboratory activity for the study. All cell culture was
carried out in a Class Il laminar flow hood (Safe FAST Elite), fitted with a UV lamp and an air

filter whereby, through a fan system, 70% of the air is cycled inside the cabinet while only
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30% is vented. The purpose of such a cabinet is to safeguard the test sample, the user, as

well as the surrounding area.

Before use, every piece of glassware was autoclaved, and any used plastic instruments were

also autoclaved prior to disposal. In addition, 70% ethanol was used:

« to clean the laminar flow hood and all the glassware and reagents that were to be
utilised in it before every experimental session, and

« before disposing of any biological waste produced during the experiments.

Adherent cells make up the majority of vertebrate cells, including the sample of cells
employed in this study. Controlled temperature, a substrate for cell attachment, an
adequate growth medium, and an incubator that maintains the proper pH and osmolality
are the fundamental environmental needs for cells to proliferate optimally in vitro

(Meenakshi 2023).

For optimal growth, cells in culture require a controlled temperature of 37 °C. For the
present study, the cells were allowed to grow in a carbon dioxide (CO;) incubator with hot
air sterilisation (CB-S 260, Binder GmbH) set at this temperature, and for the regulation of
the pH, was configured to keep the level of CO; at 5%. The incubator is also equipped with
an alarm system to warn against any temperature or CO; level fluctuations outside this

optimum setting.

2.2 Preparation of cell culture media

The selection of an adequate growth/culture medium for in vitro cultivation is the most
significant and important phase in cell culture. The majority of cell culture media are made

up of components that control the cell cycle and provide an adequate source of energy. A
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standard culture medium consists of serum (with the most frequently used in animal cell
culture media being Foetal Bovine Serum (FBS)) as a source of growth factors, hormones,
and attachment factors, in addition to amino acids, vitamins, inorganic salts, fatty acids and
lipids, proteins and peptides, trace elements and carbohydrates. Furthermore, the medium
also aids in maintaining pH and osmolality (Meenakshi 2023). Moreover, although they are
not necessary for cell growth, antibiotics such as penicillin-streptomycin-amphotericin
preparations are frequently added to the cell culture medium to minimise risks of

contamination with bacteria and fungi.

The culture medium utilised for the H520 cell line was Roswell Park Memorial Institute
medium (RPMI-1640), which was obtained from Sigma-Aldrich® (R6504). For the
preparation of 1000 mL of RPMI, 900 mL of tissue culture-grade water at a temperature of
between 15 and 20 °C, free from organic, mineral and microbial contaminants including
pyrogens, was measured out. While gently stirring the water, the powdered medium was
added, and stirring was continued until all powder was dissolved. Any traces of powder
were removed from the original package by rinsing with a small amount of water and was
added to the solution. Next, for pH adjustment, 2.0 g sodium bicarbonate (5-6297, Sigma-
Aldrich®) was added and allowed to dissolve by stirring. More water was added to bring the
solution to a final volume of 1000 mL. The medium was then transferred to the laminar flow
hood, sterilised by filtration through a 0.22-micron filter membrane into a sterile container.
To this basal medium, 10% FBS (P40-37500, PAN™-Biotech GmbH) and 1% antibiotic
solution containing penicillin, streptomycin and amphotericin B (pen-strep) (A5955-100ML,
Sigma-Aldrich®) were added, and the complete cell culture medium was stored at 2-8 °Cin

the dark.
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The culture medium utilised for the A549 cell line was Dulbecco’s Modified Eagle’s medium
(DMEM) — high glucose, which was obtained from Sigma-Aldrich® (D5648-1L). For the
preparation of 1000 mL of DMEM, 900 mL of tissue culture-grade water at a temperature
of between 15 and 20 °C, free from organic, mineral and microbial contaminants including
pyrogens, was measured out. While gently stirring the water, the powdered medium was
added, and stirring was continued until all powder was dissolved. Any traces of powder
were removed from the original package by rinsing with a small amount of water and was
added to the solution. Next, for pH adjustment, 3.7 g sodium bicarbonate was added and
allowed to dissolve by stirring. More water was added to bring the solution to a final volume
of 1000 mL. The medium was then transferred to the laminar flow hood, sterilised by
filtration through a 0.22-micron filter membrane into a sterile container. This basal medium
was supplemented with 10% FBS, 1% pen-strep, and 1% L-glutamine (G6392-1VL, Sigma-

Aldrich®), and the complete cell culture medium was stored at 2-8 °C in the dark.

2.3 Other reagents for cell culture

Phosphate Buffered Solution (PBS) is a physiological buffer of balanced salt solution which,
owing to its pH and osmolarity, can be used to wash cells without harming them. The PBS
utilised in the current research was ROTI® cell 10x concentrate, obtained from Carl Roth
GmbH + Co. KG (9150.1). Prior to use, 50 mL from the stock sterile solution was diluted in

500 mL deionised water.

The use of trypsin-ethylenediaminetetraacetic acid (EDTA) is for the detachment of
adherent cells from a culture surface, and to disassociate cells from one another. Aliquots
of 0.25% concentration were prepared from the stock solution of 0.5% trypsin-EDTA (0.5%)

(15400054, Gibco™) by aseptically diluting in equal volume of PBS.
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2.4 Cell thawing

Both the A549 and H520 cell lines utilised in this study were cryogenically stored frozen in
vapour phase of liquid nitrogen, in 90% FBS and 10% dimethyl sulfoxide (DMSO) (41639,
Sigma-Aldrich®). Correct cell thawing is essential for maintaining the culture's viability and
facilitating a quicker rate of recovery. It was therefore important to thaw cells rapidly and
to dilute them in their respective culture medium to reduce toxic effects since some

cryoprotectants, including DMSO, are toxic above 4 °C.

A beaker filled with ice was used to transfer the cryovial containing the cells, from the liquid
nitrogen to the laminar flow hood. After allowing the cells to thaw, the contents were
decanted into a 15 mL falcon tube, in which 9 mL of complete culture medium was prepared
in advance, so as to dilute the DMSO that the cells were frozen in. Subsequently, the tube
was carefully balanced in a Biocen 22 R centrifuge (Ortoalresa — Alvarez Redondo, S.A.) and
centrifuged for 7 minutes; a relative centrifugal force (RCF) of 330 x g was set for the A549
cell line, whereas an RCF of 120 x g was programmed for the H520 cell line. After
centrifugation, the falcon tube was disinfected with 70% ethanol, transferred to the laminar
flow hood, and the supernatant was carefully discarded, whilst ensuring that the cell pellet
was not dislodged. Next, 6 mL of complete culture medium, supplemented with an
additional 10% FBS, was added to the cell pellet and a 10 mL serological pipette was used
to facilitate resuspension of the cells. The solution was then pipetted and transferred into

a T25 flask and incubated at 37 °C and 5% CO,.

2.5 Cell passaging

The cell culture in the medium was carefully examined visually for turbidity or any

macroscopic particles that would indicate contamination. Attention was taken to observe
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the mediume-air interface for any floating small fungal colonies, particularly the edges of the
flask which may not be obvious through a microscope. The medium was then inspected for
signs of microbial contamination using an inverted phase contrast microscope (Olympus
IX50) and the morphology of the cells was also checked. The crevices between the cells will
show up as tiny, shimmering black dots when there is bacterial infection. Whereas fungi
have thin filamentous mycelia, yeast contamination will appear as spherical or budding
particles (American Type Culture Collection® 2022). The majority of adherent cells have to
be firmly affixed to the surface of the vessel, and occasionally may round up and detach a
little bit during mitosis but reattach after this phase. On the other hand, dead cells
frequently round up and separate from the monolayer, and under the microscope are
observed as darker and smaller in size than healthy cells. The above explained observation
and examination were carried out before each experiment conducted during the entire

investigation.

The passaging procedure followed after the visual and microscopic examination of both
culture medium and the cells. The flask was thoroughly disinfected with 70% ethanol and
transferred to the laminar flow hood. The spent medium was carefully decanted from the
flask into a waste bottle, and by means of a serological pipette, 6 mL of PBS was added to
wash the cells in the flask and then discarded. The following step entailed the addition of
0.25% trypsin-EDTA to the flask: 2 mL were added to cells in a T25 flask, whereas 4 mL were
added to the cells in a T75 flask. For both A549 and H520 cell lines, the flasks were then

transferred to the incubator and were allowed to sit for 5 minutes at 37 °C and 5% CO..

Upon removal from the incubator, the flasks were observed under the microscope to ensure

that all the cells were disaggregated and detached from the culture surface, and then were

73| Page



Chapter 2 Methodology

again disinfected with 70% ethanol and transferred to the laminar flow hood. The trypsin
in the culture flask was neutralised by the addition of complete medium in double the
volume of trypsin, such that 4 mL of complete medium was added to the T25 flask, and 8
mL to the T75 flask. The cell suspension was then aspirated from the flask and transferred
to a falcon tube and centrifuged at the same setting described in the cell thawing procedure
(Section 2.4). After centrifugation, the falcon tube was disinfected with 70% ethanol,
transferred to the laminar flow hood, and the supernatant was carefully discarded, whilst
ensuring that the cell pellet was not dislodged. Next, 6 mL of complete culture medium was
added to the cell pellet and a pipette was used to facilitate resuspension of the cells. The
solution was then split by pipetting a fraction of the solution depending on the required
split ratio and was transferred into a T75 flask. The remaining volume up to 12 mL was
topped up with the respective complete medium depending on the cell line being handled
and incubated at 37 °C and 5% CO;. A very common split ratio selected is 1:3, such that
from a 6 mL of resuspended cell solution, the passaged cell culture in a T75 flask would

contain 2 mL of cell suspension and 10 mL of fresh complete medium.

2.6 Cell counting

Cell counts are required for both the establishment and monitoring of growth rates as well
as for the generation of fresh cultures with known cell numbers. Improved Neubauer
chamber haemocytometers are often used to count cells and assess their viability. A
haemocytometer is a rather thick glass slide with two counting chambers, one on each side.
The sides of the chambers are elevated such that a coverslip will fit inside precisely 0.1 mm

above the chamber floor.
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For the cell counting process, the same procedure of cell passaging, as described in Section
2.5 above, was followed up till the resuspension of cells after centrifugation. The
haemocytometer (Weber Scientific) and its cover slip were thoroughly disinfected, dried,
transferred into the laminar flow hood and assembled. Using a micropipette, 10 uL of cell
suspension was introduced through the edge of the counting chamber of the
haemocytometer. A few seconds were allowed for the cell suspension to be drawn into the
counting chamber via capillary action. The haemocytometer was then placed under the
inverted microscope, and focused on the quadrants labelled 1, 2, 3, and 4, as in Figure 2.2,
each of which holds a volume of 0.0001 mL. The number of cells in each quadrant was
recorded, averaged, and finally multiplied by the dilution factor, that is ‘average cell count

x 10* cells/mL.

.......

Figure 2.2: Haemocytometer and Neubauer grid. Created with BioRender.com

2.7 Cell seeding

Depending on the type of treatment, the investigations for this study involved seeding a

known concentration of cells in culture dishes and multi-well plates. Since cell culture
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dishes provide optimum access to the growth surface, they were the vessels of choice for
manipulations such as scraping where direct access to the monolayer was required. Drug
treatment assays, such a PrestoBlue™ cell viability assays which require a large number of
treatment wells, were however performed in 96-well plates, which offer convenient
handling and significant space, media, drug and reagent savings. The volume needed per
well or cell culture dish was determined by the size of the well or culture dish, in accordance

with the recommendations of the suppliers.

The initial cell suspension was prepared as described above in Section 2.5 and was then
counted to establish the cell density. The total volume and number of cells required for cell
treatment was calculated depending on the type of experiment and the number of wells or
cell culture dishes to be seeded, and by considering the required cell density for each
respective treatment. Finally, the volume of medium to be added to the initial cell

suspension to achieve the final cell suspension was also worked out.

The final cell suspension was carefully seeded into the wells or culture dishes, and gently
agitated to ensure homogeneity and maintain cell clumping to a minimum. Furthermore,
to reduce evaporation of the test cultures during incubation, the border wells of the 96-
well plates were seeded with PBS. The seeded cells were then incubated at 37 °C and 5%

CO..

2.8 Treatment with AZD5363 in preparation for viability assays

AZD5363 was purchased from Cayman Chemical Company (Item Number: 15406), and was
presented as a crystalline solid, stored at -20 °C. Prior to use, the drug (10mg) was allowed
to acclimatise to room temperature, and was then dissolved in 2mL of DMSO to achieve a
concentration of 5 mg/mL.
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Both H520 and A549 cell lines were cultured using the respective culture media as

described in Section 2.2. Each was then seeded in 96-well plates and treated with varying

concentrations of AZD5363 to ultimately determine, through viability assays, the

concentration at which 30% loss in cell viability was attained.

To achieve this, 111.5 pL from the 5 mg/mL (11660 uM) drug solution was diluted in 13000

pL of culture medium (according to the cell line being handled). This dilution resulted in a

100 pM drug solution, from which further dilutions were made to attain the different

concentrations of AZD5363 needed for the investigation, as shown in Table 2.1, below.

Table 2.2: The range of AZD5363 concentrations used for treatment on A549 and H520 cell lines in 96-well plates.

AZD5363 concentration Volume from the 100 uM | Volume of culture medium
(M) drug solution (uL) (pL)
10 200 1800
20 400 1600
30 601 1399
35 699 1301
40 800 1200
45 901 1099
50 1000 1000
55 1099 901
60 1198 802
65 1299 701
70 1399 601
75 1504 496
80 1600 400
85 1695 305
90 1800 200
100 2000 0

The culture media used for the test-drug treatment on the two cell lines investigated were

both prepared in the same way as described in Section 2.2; they were however

supplemented with 1% FBS (instead of 10%) and were left devoid of the antibiotic
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component. The 1% FBS supplementation (instead of 10%) was carried out due to the high
protein-binding capacity of the drug, in order to minimise loss of drug availability to the
cells, due to its binding to serum proteins. Previous studies in our lab, carried out over 5
days, have established that growth patterns and viability of these cell lines cultured with

1% FBS-containing medium, do not differ from the 10% FBS-containing medium.

Treatment with the test drug was carried out 24 hours after the seeding process. The
organisation of the 96-well plate and a sample of the concentrations of AZD5363 used is
shown in Figure 2.3, below. Four wells in each plate were seeded with culture medium only
so that this could serve as a ’blank’, whereas another four wells were seeded with DMSO
(vehicle) control solution, which was prepared by using the same concentration of DMSO

present in 100 uM of AZD5363 solution (approximately 0.8% v/v).
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Figure 2.3: The organisation of the 96-well plate and concentrations of AZD5363 used. Created with BioRender.com
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2.8.1 PrestoBlue™ cell viability assay

Changes in cell viability were measured using the PrestoBlue™ cell viability assay, which
utilises a resazurin-based reagent. Upon entering living cells, this blue, cell-permeable and
non-toxic compound is reduced to a red, highly fluorescent compound resorufin as a result
of the reducing environment within the cells. Since the amount of resorufin corresponds to
the number of viable cells present in the cell culture medium, the more viable cells are
present in a culture medium, the more the cell suspension becomes red and highly
fluorescent and can be measured through fluorescence or end-point measurements. In this
study, absorbance measurements at 570 nm were carried out as per manufacturer’s

guidelines.

A seeding density of 1 x 10° cells/mL for the A549 cell line and 4 x 10° cells/mL for the H520
cell line were used for the PrestoBlue™ cell viability assays, as was established in earlier
projects carried out within the Department of Clinical Pharmacology and Therapeutics at
the University of Malta. The seeding density ensured that the untreated cell confluency of
around 80% would be attained after 72 hours, thus ensuring that the cell population would
remain in an active growth phase for the duration of the experiment. High confluency was
avoided as this leads to contact growth inhibition, with subsequent growth retardation
which can confound experimental data. Three 96-well plates were seeded for each

biological repeat of the viability assay and each cell line investigated.

After 24 hours of treatment with AZD5363, one of the plates was taken out of the incubator
and examined under the microscope for any contamination. It was then disinfected,
transferred to the laminar flow hood, and the culture/treatment medium was carefully

aspirated from the wells containing the cells. Using a multichannel pipette, 90 uL of culture
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medium was added to the wells, followed by 10 uL of PrestoBlue™ (A13262, Invitrogen™)
reagent. To attain a homogenous solution, the 96-well plate was placed in a plate shaker
(ThermoMixer® Comfort, Eppendorf) for 1 minute at 300 revolutions per minute (rpm),

after which it was incubated at 37 °C for 2 hours.

% 2

PrestoBlue™ Add reagent to cells Incubate Read absorbance
reagent

Figure 2.4: PrestoBlue™ assay process. Created with Biorender.com

At the end of the two-hours, the plate was taken out of the incubator and inserted into a
microplate spectrophotometer (Mithras LB 940, Berthold Technologies GmbH) to capture
and record the absorbance of each well at a wavelength of 570 nm, using the MicroWin

2010 software.

This same procedure (Figure 2.4) was repeated using plate 2 after 48 hours of AZD5363

treatment and using plate 3 after 72 hours of test-drug treatment.

2.9 Treatment of A549 cells with AZD5363 in preparation for elF4E ELISA

assay

In vitro elF4E protein in human cell and tissue extracts can be quantitatively measured using
the SimpleStep ELISA® (Enzyme-Linked Immunosorbent Assay) kit, in which the sample
analyte is immunocaptured in solution using an affinity tag labelled capture antibody and a

reporter coupled detecting antibody.
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For this investigation, the A549 cell lines were treated with 55 uM of AZD5363, which was
the concentration that yielded a 30% loss in cell viability in the PrestoBlue™ viability assays
described above (Section 2.8.1). The rationale for this experiment was to determine if the

loss in cell viability is due to the PI3K/Akt/mTOR pathway inhibition.

Due to the amount of sample required for the ELISA assays, these experiments were carried
out in 10 cm diameter treated tissue cell culture dishes, having a growth surface area of 55

cm?.

Following trypsinisation of A549 cells and resuspension in DMEM supplemented with 10%
FBS, 1% pen-strep, and 1% L-glutamine, a cell count was carried out. More complete
medium was subsequently added to achieve a final seeding density of 2 x 10° cells/mL. The
culture dishes were then seeded with 10 mL of cell suspension and transferred into the

incubator set at 37 °C and 5% CO..

After 24 hours, the following solutions were prepared:

« DMEM supplemented with 1% FBS and 1% L-glutamine
« 55 uM solution of AZD5363 in the prepared DMEM, from the drug stock solution
« DMSO control solution in the prepared DMEM, to be equivalent to the DMSO

concentration present in the 55 uM AZD5363 solution (approximately 0.4% v/v).

The cell culture dishes were subsequently taken out of the incubator and were visually and
microscopically inspected for any contamination. They were then transferred to the laminar
flow hood and the culture medium was carefully aspirated. In four of the cell culture dishes,
the aspirated medium was replaced with 10 mL of DMEM supplemented with 1% FBS and
1% L-glutamine, to serve as the ‘untreated’ control. Four culture dishes were each treated

with 10 mL of the 55 uM AZD5363 solution, whereas the remaining four culture dishes were

8l |Page



Chapter 2 Methodology

treated with 10 mL of the DMSO control solution. Following this process, the culture dishes
were again transferred to the incubator. The schematic representation in Figure 2.5 shows
a sample of the cell culture dishes prepared for the treatment of AZD5363 on A549 cell lines

in preparation for elF4E ELISA.

Untreated DMSO
control control

S——

Figure 2.5: Sample of cell culture dishes prepared for the treatment of AZD5363 on A549 cell lines in preparation for elF4E
ELISA. Created with BioRender.com

2.9.1 Cell lysate collection in preparation for the elF4E ELISA

Following the treatment described in the previous section, two cell culture dishes from each
of the three test samples were used for the collection of cell lysate at the 6-hour and 10-
hour time points, respectively. This was done using the Human elF4E SimpleStep ELISA® Kit
(ab214564, Abcam). For this step, a 10 mL 1X cell extraction buffer was prepared by
combining 2 mL of 5X cell extraction buffer and 200 uL of 50X cell extraction enhancer

solution, both supplied in the kit, and diluted in 7.8 mL deionised water.

Figure 2.6 below describes the process for the collection of cell lysate for the elF4E ELISA.
Each culture dish was taken out of the incubator, observed under the microscope for any
possible contaminations, and was then transferred to the laminar flow hood. The solution
in the cell culture dish was carefully aspirated and any remaining solution was washed off
twice with 5 mL PBS. The cells were then solubilised by the addition of 750 uL 1X cell

extraction buffer to the dish and were scraped off the bottom by the use of a cell scraper.
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The resulting cell lysate was carefully pipetted into a pre-labelled microcentrifuge tube and
was then incubated for 15 minutes on ice. Next, the tube was centrifuged for 20 minutes at
18,000 x g at 4 °C, following which the supernatant was carefully pipetted and transferred
into a clean pre-labelled microcentrifuge tube and stored at -80 °C for subsequent ELISA

analysis.

L£5 Y ﬁ
‘ I

Aspirate solution and Add 750 pL 1 cell Scrape off the bottom Pipette resulting cell Incubate on ice for 15 Centrifuge for 20 Transfer supernatant to a
wash off twice with extraction buffer of the dish using a cell lysate from dish into a minutes minutes at 18,000 xg clean microcentrifuge tube
PBS a°c

scraper microcentrifuge tube at and store at -80 °C

Figure 2.6: The process for the collection of cell lysate for elF4E ELISA. Created with BioRender.com

2.9.2 ELISA assay

All reagents required for the ELISA assay were equilibrated to room temperature and freshly

prepared prior to the analysis, as described below.

« An aliquot of 50 mL 1X wash buffer PT was prepared by diluting 5mL of 10X wash
buffer PT with 45 mL deionized water, and gently mixed.

« 6 plL of detector antibody concentrate were added to 369 pL of sample diluent NS,
to achieve an aliquot of 375 uL 10X detector antibody.

« For the preparation of a 3 mL aliquot of antibody cocktail, 300 uL 10X capture
antibody and 300 plL 10X detector antibody were gently and thoroughly mixed with

2.4 mL antibody diluent 5BR.

For the preparation of the elF4E standards, 100 puL water was initially added to the protein

standard vial, allowed to stand for 10 minutes at room temperature, and then mixed gently;
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this yielded the 100,000 pg/mL stock standard solution. Next, eight microcentrifuge tubes
were prepared and labelled 1 — 8; 1X cell extraction buffer PTR was then added into each
of the tubes as follows: 344 ul into tube 1, and 150 plL into each of tube numbers 2 — 8.
Subsequently, for the preparation of the dilution series, 56 uL stock standard was added
into tube 1, and 150 plL from the resulting solution was then added into tube 2; this
procedure was repeated sequentially from tubes 2 to 7. Tube 8 did not contain any protein
and thus served as the blank control; the resulting concentrations ranged from 0 to 14,000

pg/mL as shown in Figure 2.7, below.

56
150 150 150 150 150 150

1 3
100,000 14000 7000 3500 1750 875 437.5 218.8 0
pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mlL

Figure 2.7: Preparation of Standards for the elF4E ELISA assay. (Abcam 2021)

Excess microplate strips were removed from the 96-well plate frame, placed back into the
foil pouch holding the desiccant pack, sealed, and stored at 4 °C. Next, the appropriate wells
were filled with 50 L of each sample or standard, in duplicate, followed by 50 uL of the
antibody cocktail. The plate was then sealed and allowed to sit at room temperature on a

plate shaker set at 400 rpm for one hour.

Each well was then washed three times with 350 uL 1X wash buffer PT. With each wash, it

was ensured that the wash buffer PT was left in the wells for at least 10 seconds before
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being aspirated completely. Following this step, 100 puL TMB development solution was
added to each well and the plate was then sealed again and incubated in the dark for 10

minutes on a plate shaker set at 400 rpm.

The plate was inspected for development of blue colour in the standard solutions, and more
time was allowed until a gradient could be observed. At this point 100 puL stop solution were
added to each well, and the plate was returned to the plate shaker to mix for one minute.

Using a microplate reader, the absorbance was then measured at 450 nm.

2.9.2.1 Calculations to plot a standard curve

The average absorbance value of the blank control standards (represented by well 8, where
concentration of elF4E was 0 pg/mL) was calculated, and the value obtained was then
subtracted from the absorbance values of the rest of the readings. These corrected values
were utilised for the remainder of the calculations, which consisted of the average
absorbance of the other seven elF4E standards, followed by their log, as well as the log

elF4E concentrations.

A standard curve of the Logio elF4E concentration of the standards (x-axis) against the Logio
average absorbance standard values (y-axis) was plotted to fit a linear trendline, as shown

in Section 3.2 (Figure 3.4).

A total of 4 values per condition were obtained because testing was done utilising 2
biological repeats, each with 2 analytical repeats. Each result acquired from the
spectrophotometer output was converted to a Logio scale. All of the data was backfitted
using the trendline equation y = 1.0387x — 4.3112. The amount of elF4E protein (in pg/mL)
in each sample was then determined by calculating the antilog to base 10 of the values

obtained after backfitting.
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2.9.3 The Bradford protein assay

The Bradford protein assay is a quick and precise method for measuring the concentration
of solubilised protein. It entails the addition of an acidic dye, Coomassie® Brilliant Blue G-
250, to a protein solution; this subsequently gives rise to a colour change as a result of
binding of this dye to protein, which is then recorded through absorbance measurement at

595 nm, using a microplate reader.

Below is the Bradford protein assay procedure, carried out as per manufacturer’s

instructions:

« The lyophilised bovine gamma globulin and bovine serum albumin standards were
dissolved in 20 mL deionised water.

. Analiquot of dye reagent was prepared by diluting 1 part dye reagent concentrate
in 4 parts deionised water and filtered to get rid of any particulate matter.

« Tendilutions of protein standard ranging from 50 pg/mL to 450 pg/mL, intended to
be representative of the protein solution to be analysed, were prepared as per

Table 2.2, below.

Table 3.2: Dilutions of protein standards, in preparation for the Bradford protein assay.

Standard 1 2 3 4 5 6 7 8 9 10
Protein concentration
(ng/mL)

0 50 100 150 200 | 250 300 | 350 | 400 | 450

« Using a 96-well plate, 10 pL of each standard was pipetted into separate wells.

« 5 L of each test sample, together with 5 uL of 1X cell extraction buffer PTR were
added, in duplicates, into separate wells.

o 10 pL of 1X cell extraction buffer PTR were pipetted, in duplicate, into two separate

wells, to serve as sample blanks.
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« Using a multichannel pipette, 200 pL of dye reagent were added into each well
containing the standards, test samples, and sample blanks.

« The plate was allowed to incubate at room temperature for 5 minutes, and once
the development of a clear colour gradient could be observed, absorbance was then

measured at 595 nm.

2.9.3.1 Calculations to plot a standard curve

The mean absorbance value of standard 1 (Table 2.2), in which protein concentration was
0 pg/mL, was calculated, and the value obtained was then subtracted from the absorbance
values of the rest of the standard readings. These corrected values were utilised for the
calculation of the mean absorbance values. A standard curve, plotting the standard
concentrations (x-axis) against the respective standard mean absorbance values (y-axis),

was generated, and is shown in Section 3.2 (Figure 3.5).

A total of 4 values per condition were obtained because testing was done utilising 2
biological repeats, each with 2 analytical repeats. The mean absorbance value of the sample
blanks, corresponding to 1X cell extraction buffer PTR alone, was calculated, and the value
obtained was then subtracted from the absorbance values of the rest of the sample
readings. These corrected values were utilised for the calculation of the mean absorbance
values. Next, all the data was backfitted using the trendline equation y = 0.001x + 0.0547,
and the result obtained was multiplied by the dilution factor of 2, to determine the amount

of protein (in pug/mL) in each sample.
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2.9.4 Normalisation of elF4E to total protein

The concentration of elF4E of each test sample was normalised to the total amount of
protein, by dividing the concentration values (pg/mL) obtained in the ELISA assay (Section
2.9.2.1) by the corresponding protein concentration values (ug/mL) obtained in the
Bradford protein assay (Section 2.9.3.1). This was done to account for discrepancies in elF4E

concentrations as a result of differences in cell numbers.

2.10 Wound healing assays

The wound healing collective migration cell protocol was carried out to investigate cell
migratory behaviour of A549 cells, utilising Culture-insert 2 Wells (80209, ibidi® GmbH),
each comprised of two cell culture reservoirs that are separated by a 500 um thick wall. Cell
growth is only permitted in the designated areas of the reservoirs by filling cell suspension
in both wells. Following appropriate cell attachment and removal of culture-inserts, a cell-
free gap on a confluent monolayer will be created. Cells on the edge of the generated
artificial gap will then start migrating inward until they establish new cell-cell connections,

the latter being assessed by time-lapse microscopy.

For this investigation, the A549 cell lines were treated with 55 uM of AZD5363, which was
the concentration that yielded a 30% loss in cell viability in the PrestoBlue™ viability assays

described above.

Following trypsinisation of A549 cells and resuspension in DMEM supplemented with 10%
FBS, 1% pen-strep, and 1% L-glutamine, a cell count was carried out. More complete
medium was subsequently added to achieve a final seeding density of 2.5 x 10° cells/mL;
this density was selected so that a 100% optically confluent cell layer could be reached 24

hours post-seeding.
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A culture-insert was carefully placed in the centre of 6 chambers of a 24-well plate (Figure
2.8), following which 75 pL cell suspension was added to each of the culture-insert wells.
Shaking was avoided to ensure the maintenance of a homogenous cell distribution. Another
700 plL complete medium was added to the wells enclosing the culture-inserts. Next, the
chambers surrounding the seeded wells were seeded with 1 mL PBS to reduce evaporation

of the test cultures during incubation. The seeded cells were then incubated at 37 °C and

5% CO».
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Observe the plate under the microscope and focus each treatment well until
both cell fronts can be captured in an image. Following this process, transfer
the 24-well plate to the incubator.

Figure 2.8: The treatment of A549 cells for the wound healing assay. Created with BioRender.com. Adapted from ibidi
(2021)

After 24 hours, the cell culture plate was taken out of the incubator and inspected under

the microscope to ensure that a 100% confluent cell layer was achieved. It was then
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transferred to the laminar flow hood and, using sterile tweezers, the culture-inserts were
gently removed from all 6 wells. Next, the cell suspension was carefully aspirated. In two of
the wells, the aspirated medium was replaced with 1 mL of DMEM supplemented with 1%
FBS and 1% L-glutamine, to serve as the ‘untreated’ control. Two wells were each treated
with 1 mL of the 55 uM AZD5363 solution, whereas the remaining two wells were treated
with 1 mL of the DMSO control solution (equivalent to the DMSO concentration present in
the 55 WM AZD5363 solution (approximately 0.4% v/v)). The plate was then observed under
the inverted Nikon Ti-S microscope in brightfield mode, and each treatment well was
focused until both cell fronts could be captured in an image. Following this process, the 24-

well plate was transferred to the incubator.

The same procedure of image capturing was repeated at 48, 72, and 96 hours after the start

of the experiment.

2.11 Statistical analysis

Data was analysed using SPSS for Windows v.25.

2.11.1 Cell viability assays

For each individual cell line, drug concentration and time point, the percentage cell viability
values (normalised to 100% vehicle control) from the biological and technical repeats were
grouped together and analysed for normality of distribution using the Shapiro-Wilk test.
Depending on the outcomes of these analyses, it was decided whether to proceed via
parametric or non-parametric analysis. In the case of normally distributed data,
comparisons of percentage viability changes for the same drug concentration at different

time points were carried out by Analysis of Variance (ANOVA), followed by post-hoc
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pairwise-comparison with Tukey correction for multiple analysis. In the case of data that
was not normally distributed, statistical analysis was carried out using Kruskal-Wallis testing
with post-hoc pairwise-comparison with Bonferroni-Dunn correction for multiple analysis.

Results were considered significant at a p-value of less than 0.05.

2.11.2 ELISA assays

ELISA assays were carried out in order to determine elF4E concentrations at two time
points, post exposure to the drug under study, compared to a vehicle-treated control. elF4E
concentrations were first normalised to total protein content as determined by Bradford
assays. The normalised values (4 repeats of each sample) were then analysed for
distribution normality using Shapiro-Wilk testing. Normally distributed data was analysed
at each of the two time points, for differences in elF4E concentrations between vehicle
control and cells treated with 1C3p, 6 hours and 10 hours post treatment, using the
independent sample t-test. In the case of data that was not normally distributed, statistical
analysis was carried out using the Mann Whitney U test. Results were considered significant

at a p-value of less than 0.05.

2.11.3 Wound healing assays

The wound areas for each sample were quantified using TScratch software for Windows.
Loss in wound area for drug-treated cells was expressed as a percentage of the vehicle

control wound area for each time point.

The normalised values were then analysed for distribution normality using Shapiro-Wilk
testing. Normally distributed data was analysed for differences in wound closure between

24, 48 and 72 hours. For data that showed a normal distribution, analysis was carried out
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using the independent sample t-test to compare migration differences between vehicle
control and treated cells. In the case of data that was not normally distributed, statistical
analysis was carried out using the Mann Whitney U test. Results were considered significant

at a p-value of less than 0.05.
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3 Introduction

All results obtained from this present study, together with the respective statistical analyses

carried out for each experiment are presented in this chapter as follows:

« results of cell viability assays following the treatment of AZD5363 on H520 and A549
cells,
« results of elF4E ELISA following the treatment of AZD5363 on A549 cells, and

« results of wound healing assays following the treatment of AZD5363 on A549 cells.
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3.1 PrestoBlue™ cell viability assays

3.1.1 Results following the treatment of AZD5363 on H520 cells

For the first experimental procedure, H520 cell lines were treated with various
concentrations of AZD5363 ranging from 10 uM to 100 uM, at 10 uM increments, as
described in Sections 2.8 and 2.8.1. The dose-response curves that represent the cell
viabilities following such increasing concentrations of AZD5363 treatment at 24-, 48-, and

72-hour time points are shown in Figure 3.1, below.
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Figure 3.1: Dose response curves at 24-, 48-, and 72-hour time points, following the treatment of H520 cells with AZD5363

at concentrations from 10 uM to 100 uM. The calculation of the percentage cell viability was carried out by quantifying the blank-corrected
mean absorbance values obtained from PrestoBlue™ cell viability assays in relation to the blank-corrected mean absorbance values obtained from the DMSO
vehicle control (approx. 0.8% v/v). n=4 for DMSO control, blank, and all AZD5363 concentrations. Error bars represent SEM. DMSO: Dimethyl sulfoxide; SEM:
Standard Error of the Mean.

For the current study, the point of interest is the concentration of AZD5363 that results in
a loss of 30% in cell viability. When H520 cells were treated with the drug at concentrations

ranging from 10 to 100 uM, a cell viability of 70% was not achieved at any of the time points
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investigated. In fact, the lowest mean cell viability that was recorded is 96.2%; for this

reason, no further investigations were conducted with the H520 cell line.

3.1.2 Results following the treatment of AZD5363 on A549 cells

Figure 3.2 below shows the dose-response curves that represent the resulting cell viabilities
following the treatment of A549 cells with concentrations of AZD5363 ranging from 10 uM

to 100 pM, at 10 uM increments.
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Figure 3.2: Dose response curves at 24-, 48-, and 72-hour time points, following the treatment of A549 cells with AZD5363

at concentrations from 10 uM to 100 uM. The calculation of the percentage cell viability was carried out by quantifying the blank-corrected
mean absorbance values obtained from PrestoBlue™ cell viability assays in relation to the blank-corrected mean absorbance values obtained from the DMSO
vehicle control (approx. 0.8% v/v). n=4 for DMSO control, blank, and all AZD5363 concentrations. Error bars represent SEM. DMSO: Dimethyl sulfoxide; SEM:
Standard Error of the Mean.

With respect to A549 cells, a general decrease in cell viability was observed with increasing
AZD5363 concentration, at almost all time points. Analysis of the three biological repeats
carried out resulted in an approximate 70% cell viability at AZD5363 concentrations

between 40 uM and the 90 puM. To achieve a more accurate concentration, the
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experimental procedure was therefore repeated, and this time the concentration range of
drug treatment was further narrowed down from 35 pM to 90 uM and using 5 uM

increments; the yielded dose-response curves are shown in Figure 3.3, below.

Percentage viability (%)
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Figure 3.3: Dose response curves at 24-, 48-, and 72-hour time points, following the treatment of A549 cells with AZD5363

at concentrations from 35 uM to 90 uM. The calculation of the percentage cell viability was carried out by quantifying the blank-corrected mean
absorbance values obtained from PrestoBlue™ cell viability assays in relation to the blank-corrected mean absorbance values obtained from the DMSO
vehicle control (approx. 0.8% v/v). n=4 for DMSO control, blank, and all AZD5363 concentrations. Error bars represent SEM. DMSO: Dimethyl sulfoxide; SEM:
Standard Error of the Mean.

When taking into account the viability results at the 24-hour time point, it can be observed
that 70% cell viability of A549 cells was achieved with AZD5363 concentrations ranging
from 55 to 65 uM; cell viability plummeted further with increasing AZD5363

concentrations, reaching a mean viability of 46% with 90 uM drug concentration.

At the 48-hour time point, AZD5363 concentrations ranging from 55 to 75 uM vyielded a
30% decrease in cell viability of A549 cells. Similar to what was observed after 24 hours, a
trend of further decrease in cell viability with increasing drug concentration can also be

seen after 48 hours; this time however, the mean cell viability at 90 uM AZD5363 was 41%.
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A 30% decrease in A549 cell viability at the 72-hour time point was achieved with AZD5363
concentrations ranging from 55 to 65 uM, which was a similar concentration range yielded
after 24 hours of drug treatment. This time the mean A549 cell viability reached with the

treatment of 90 uM AZD5363 was 36%.

3.1.3 Shapiro-Wilk test

The analysis for normality between each of the three data sets of absorbance per
concentration was carried out using the Shapiro-Wilk test, the results of which are

tabulated below (Tables 3.1 and 3.2).

Table 3.1: Result of the Shapiro-Wilk test which analysed the normality between each data set of absorbance at

concentrations from 10 uM to 100 uM investigated. Results were considered significant at a p-value < 0.05. NS = Not
significant.

AZD5363 Time point Normal distribution
concentration (uM) (Hours) p-value (Yes/No)
24 NS Yes
40 48 0.047 * No
72 NS Yes

The test for normality comparing the AZD5363 concentration range between 10 uM and
100 uM against different time points for the initial viability assays yielded a normal

distribution, except for the 40 uM AZD5363 concentration at the 48-hour time point.

The second viability assay on A549 cells, where AZD5363 was tested at concentrations
ranging from 35 uM to 90 uM, yielded a normal distribution at the 24-hour time point
except for the 45 uM. A similar trend of normal distribution resulted at the 48-hour time
point, where only the 70 uM and 80 uM concentrations did not follow a normal

distribution. At the 72-hour time point, the 75 uM, 85 uM and 90 uM concentrations did
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not follow a normal distribution. In view of the above results, it was therefore decided to

proceed with the parametric analysis using ANOVA.

Table 3.2: Result of the Shapiro-Wilk test which analysed the normality between each data set of absorbance at
concentrations from 35 uM to 90 uM investigated. Results were considered significant at a p-value < 0.05. Ns = Not significant.

AZD5363 Time point Normal distribution
concentration (uM) (Hours) p-value (Yes/No)
24 0.012 * No
45 48 NS Yes
72 NS Yes
24 NS Yes
70 48 0.038 * No
72 NS Yes
24 NS Yes
75 48 NS Yes
72 0.024 * No
24 NS Yes
80 48 0.009 ** No
72 NS Yes
24 NS Yes
85 48 NS Yes
72 0.040 * No
24 NS Yes
a0 48 NS Yes
72 0.016 * No

3.1.4 ANOVA with Tukey correction

The absorbance of each drug concentration at the analysed three different time points was

compared using the ANOVA with post-hoc Tukey correction to yield corrected values for

pairwise comparison; this was done for the two viability assays carried out on the A549

cells, and results are presented in Tables 3.3 and 3.4, below.

For the initial viability assay using AZD5363 concentrations ranging from 10 puM to 100 uM

(Table 3.3), there was a significant difference in cell viability between the 48-hour and 72-
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hour time points at the 20 uM concentration, with a p-value of 0.041. At the 90 uM and 100
MM concentration, there was a significant difference between the 24-hour and 48-hour time
points, with p-values of 0.011 and 0.012, respectively. The 80 uM concentration yielded a
highly significant difference (p = 0.002) in cell viability at the 48-hour time point with both
the 24- and 72-hour time points. There was no significant difference in cell viability between

the different time points at the rest of the concentrations tested.

Table 3.3: ANOVA with post-hoc Tukey correction comparing the absorbance of AZD5363 drug concentrations ranging

from 10 uM to 100 uM at 24-, 48-, and 72-hour time points. Results were considered significant at a p-value < 0.05. ns =
Not significant.

AZD5363 Time point
. . Post-hoc
concentration ANOVA comparison
Tukey p-value
(1M) (Hours)
24 vs 48 NS
20 0.041 * 24 vs 72 NS
48 vs 72 0.040 *
24 vs 48 0.002 *
80 0.002 ** 24 vs 72 NS
48 vs 72 0.038 *
24 vs 48 0.008 *
90 0.011* 24 vs 72 NS
48 vs 72 0.325
24 vs 48 0.010 *
100 0.012 * 24 vs 72 NS
48 vs 72 NS

The second viability assay that investigated the A549 cells to AZD5363 concentrations from
35 uM to 90 uM (Table 3.4) resulted in a highly significant difference in cell viability at the
65 UM concentration between the 48- and 72-hour time points (p = 0.005). A significant
difference in cell viability between the 24- and 72-hour time points was recorded at
concentrations 80 uM (p = 0.028) and 90 uM (p = 0.052), whereas at a concentration of 85

UM, a significant difference in cell viability resulted between the 24- and 48-hour time
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points (p = 0.044). The 70 uM concentration yielded a very highly significant difference (p =

<0.001) in cell viability at the 72-hour time point with both the 24- and 48-hour time points.

Table 3.4: ANOVA with post-hoc Tukey correction comparing the absorbance of AZD5363 drug concentrations ranging

from 35 uM to 90 uM at 24-, 48-, and 72-hour time points. Results were considered significant at a p-value < 0.05. NS = Not
significant.

AZD5363 Time point
. . Post-hoc
concentration ANOVA comparison
Tukey p-value
(M) (Hours)

24 vs 48 NS

65 0.005 ** 24 vs 72 NS
48 vs 72 0.004 **
24 vs 48 NS

70 <0.001 *** 24 vs 72 0.007 **
48 vs 72 < 0.001 ***
24 vs 48 NS

80 0.028 * 24 vs 72 0.021 *
48 vs 72 NS
24 vs 48 0.049 *

85 0.044 * 24 vs 72 NS
48 vs 72 NS
24 vs 48 NS

90 0.052 24 vs 72 0.041 *
48 vs 72 NS

Based on the cell viability results obtained, a concentration of 55 uM AZD5363 was

therefore chosen for subsequent investigations carried out.

3.2 Result of ELISA for elF4E following treatment of A549 cells with

AZD5363

The calibration curve of the ELISA assay described in Section 2.9.2.1 is shown in Figure 3.4,

below.

101 |Page



Chapter 3 Results

0.0 - )
y=1.0387x-4.3112
02 | R?=0.9985

0.4 A
-0.6

-0.8 4

-1.2 A

Log,, (Absorbance)

-1.4 A

-1.6 -

-2.0

2.0 2.5 3.0 35 4.0 45
Log,, (Standard elF4E concentration)

Figure 3.4: A standard curve of the log10 elF4E standard concentrations against the average Log10 absorbance standard
values.

Figure 3.5 below shows the calibration curve of the Bradford protein assay, as described in

Section 2.9.3.1.
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Figure 3.5: A standard curve of the albumin concentrations against the average absorbance standard values.

A549 cells were treated with 55 UM AZD5363, and an ELISA for elF4E was carried out to

determine the levels of elF4E, as per procedure described in Section 2.9. The normalisation
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of treated samples to their respective vehicle controls generated a box plot, as shown in

Figure 3.6, below.

The mean normalised elF4E concentration of the test samples at the 6-hour time point was
22% less than that of the vehicle control, whereas at the 10-hour time point, the mean
normalised elF4E concentration was 29% lower than the elF4E concentration of the vehicle

control.

1.00

0.80

0.60

0.40 4

Normalised elF4E concentrations

0.20 4

0.00 -

Vechicle control 6

Hours after treatment

Figure 3.6: A box plot of normalised elF4E concentrations of A549 cells treated with 55 uM AZD5363, at 6 hours, and 10

hours post-treatment, as compared with vehicle control. n=4 for vehicle control, blank, and 55 uM AZD5363 concentration utilised to treat
the cells. Error bars represent SEM. SEM: Standard Error of the Mean.

3.2.1 Shapiro-Wilk test

The analysis for normality between the two time points for each data set was carried out

using the Shapiro-Wilk test, the results of which are tabulated below (Table 3.5).
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Table 4.5: Result of the Shapiro-Wilk test which analysed the normality between 6- and 10- hour time points, for A549
cells treated with vehicle control solution, and cells treated with 55 uM AZD5363. Results were considered significant at a
p-value < 0.5. Ns = Not significant

Normal distribution
Cell treatment | Time point (Hours -value
P ( )| P (Yes/No)
. 6 NS Yes
Vehicle control 10 NS Voo
6 NS Yes
55 uM AZD5363 10 NS Vo

The tests for normality of distribution of repeats of the same time points and treatment
conditions yielded a normal distribution, since the p-value of all the data points showed no
significant difference between the data sets of each experiment as they ranged from 0.167
to 0.858. It was therefore decided to proceed with the parametric analysis using the

independent sample t-test.

3.2.2 Independent sample t-test

An independent sample t-test was carried out to compare the difference in normalised
elF4E concentrations between vehicle control and the two time points investigated. Results
are tabulated in Table 3.6, below. Despite the consistent downward trend observed, there

was no significant difference between the values obtained (p = > 0.05).

Table 3.6: Result of the independent sample t-test, comparing the difference in normalised elF4E concentrations between
cells treated with vehicle control solution, and cells treated with 55 uM AZD5363, at the 6- and 10-hour time points. Results
were considered significant at a p-value < 0.05. NS = Not significant.

Time (h)
6 10

Normalised elF4E Vehicle Control 1.00 1.00

concentration 55 uM AZD5363 | 0.78 | 0.71

p-value NS NS
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3.3 Results of the wound healing assays

For this experimental procedure, A549 cells were treated with 55 uM AZD5363, as
described in Section 2.10. The figures that follow show the gap areas at the time of
treatment (0 h), and 24, 48, and 72 hours after treatment — for cells treated with the vehicle
control solution (Figure 3.7), untreated cells (Figure 3.8), and cells treated with 55 uM

AZD5363 (Figure 3.9), as captured by TScratch for Windows.
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Figure 3.7: Results of wound healing assays performed on A549 cells treated with vehicle control solution, showing the gap areas at the time of treatment (0 h), and 24, 48, and 72 hours after
treatment, as captured by TScratch for Windows.
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Figure 3.8: Results of wound healing assays performed on untreated A549 cells, showing the gap areas at the time of treatment (0 h), and 24, 48, and 72 hours after treatment, as captured by
TScratch for Windows.
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Figure 3.9: Results of wound healing assays performed on A549 cells treated with 55 uM (ICsp) AZD5363, showing the gap areas at the time of treatment (0 h), and 24, 48, and 72 hours after

treatment, as captured by TScratch for Windows. iCs, = 30% inhibitory concentration
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Untreated cells were used as a visual cue that cell culture was successful; they were
therefore eliminated from analysis. The captured percentage mean gap area at the
investigated different time points, for the cells treated with 55 uM AZD5363 and for those
treated with the DMSO vehicle control solution, were plotted in a percentage-response

curve, as shown in Figure 3.10, below.
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Figure 3.10: Percentage-response curve of captured percentage mean gap area against time for A549 cells treated with

55 uM AZD5363 and those treated with vehicle control solution. n=6 for DMSO vehicle control, blank, and 55 uM AZD5363 concentration
utilised to treat the cells. Error bars represent SEM. DMSO: Dimethyl! sulfoxide; SEM: Standard Error of the Mean.

The percentage wound closure of the cells treated with the vehicle control decreased to an
average of 59% at the 24-hour time point; it plummeted steadily to 38% for the following

24 hours and reached 11% at the 72-hour time point.

A similar trend in the decrease in percentage gap area at the 24-hour time point was

observed for the cells treated with 55 uM AZD5363 (51%). Subsequently however, the

109 |Page



Chapter 3 Results

wound closure was less steady and was down to 41% at the 48-hour time point and 33%

after 72 hours.

3.3.1 Shapiro-Wilk test

The analysis for normality between each of the three time points for each data set was

carried out using the Shapiro-Wilk test, the results of which are tabulated below (Table 3.7).

Table 3.7: Result of the Shapiro-Wilk test which analysed the normality between 24-, 48-, and 72- hour time points, for
A549 cells treated with vehicle control solution, and cells treated with 55 uM AZD5363. Results were considered significant
at a p-value < 0.05. Ns = Not significant

. . Normal distribution

Cell treatment | Time point (Hours) | p-value (Yes/No)

24 NS Yes
Vehicle control 48 NS Yes

72 NS Yes

24 NS Yes
55 uM AZD5363 48 NS Yes

72 NS Yes

The tests for normality of distribution of repeats of the same time points and treatment
conditions yielded a normal distribution, since the p-value of all the data points showed no
significant difference between the data sets of each experiment as they ranged from 0.265
to 0.414. It was therefore decided to proceed with the parametric analysis using the

independent sample t-test.

3.3.2 Independent sample t-test

Migration differences between vehicle control and treated cells at the investigated three
different time points were compared using the independent sample t-test, and results are

tabulated below (Table 3.8).
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Table 3.8: Result of the independent sample t-test, comparing the difference in migration between cells treated with
vehicle control solution, and cells treated with 55 uM AZD5363. Results were considered significant at a p-value < 0.05. NS

= Not significant.

Time (h)
24 48 72
Percentage mean Vehicle Control 58.73 38.22 10.83
gap closure (%) | 55,.MAZD5363 | 51.34 | 4053 33.49
p-value NS NS | 0.009 **

There was no significant difference in percentage mean gap closure between the vehicle

control and the cells treated with 55 uM AZD5363 at the 24-hour (p = > 0.05) and 48-hour

(p = > 0.05) time points. However, at the 72-hour time point, the difference in percentage

mean gap closure was highly significant (p = 0.009).
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4 Introduction

As outlined in Section 1.17, this current study is part of a larger research project LCeNT,
which is investigating combined therapy for aggressive forms of lung cancer. It is funded by
the MCST and is being conducted at the Department of Clinical Pharmacology and
Therapeutics within the University of Malta. The aim of the present study is to investigate
the in vitro effects of the small molecule inhibitor AZD5363, which targets the
PI13K/Akt/mTOR pathway, and is tested on two forms of aggressive NSCLC cells with the aim
of achieving a 30% reduction in cell viability, such that cells are sensitised. Sensitisation, for
the purpose of the current research, is defined as being the use of small molecule inhibitors
to reach a 30% loss in cell viability. Following such treatment, ASOs will be added as part of

a combination treatment.

AZD5363 is an ATP-competitive inhibitor, which is a very potent, orally bioavailable pan-
Akt kinase inhibitor, and inhibits all three isoforms of Akt. The drug exhibited growth
inhibition on 41 cell lines when it was tested on a panel of 182 solid and haematologic
tumour cells in vitro (Davies, Greenwood et al. 2012). Among those that demonstrated the
most sensitivity are cells derived from breast cancer or those with mutations in PIK3CA
and/or PTEN. The drug has since been undergoing further investigations on breast cancer
cells harbouring AKT mutations (Shrestha Bhattarai, Shamu et al. 2022), liver cell lines
(Zhang, Zheng et al. 2016), and lung tumour cells (Jacobsen, Bertran-Alamillo et al. 2017,

Puglisi, Thavasu et al. 2014), among others.

As discussed in Section 1.11, Tan (2020) documents a strong link between the
PI3K/Akt/mTOR pathway and the development and progression of NSCLC. Furthermore,

the downstream effectors of this cascade, elF4E and rpS6, besides being capable of
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transforming cells, are overexpressed in AC and SCC, and are poor prognostic markers
(Chen, Tan et al. 2015, Dobashi, Watanabe et al. 2011). Additionally, PIK3CA mutations and
amplifications, PTEN loss, as well as mutations in RICTOR, AKT1 and STK11, have all been
described as genetic disorders contributing to the dysregulation of the signal transduction
in the same mMTOR pathway (Cheng, Zou et al. 2015, Janku, Yap et al. 2018,
Papadimitrakopoulou 2012). For these reasons, the present study investigated AZD5363 on
two NSCLC cell lines, namely H520, derived from squamous cell carcinoma, and A549,
originating from adenocarcinomic human alveolar basal epithelial cells. Research consisted
of treatment of both cell lines using drug concentrations from 10 to 100 uM, followed by
PrestoBlue™ viability assays to determine the approximate concentration that will result
in a 30% loss in viability. Subsequent tests entailed the quantification of the protein elF4E
through ELISA, as well as would healing assays for the investigation of the anti-metastatic

potential of AZD5363 at the determined concentration.

4.1 Treatment of AZD5363 on H520 and A549 cells

As shown in Figure 3.1, the treatment of AZD5363 at concentrations from 10 to 100 uM
on the H520 cells failed to result in a decrease in cell viability. Conversely, the same
treatment on A549 cells decreased the cell viability in a concentration-dependent fashion
(Figures 3.2 and 3.3), such that 55 uM AZD5363 was selected as the 30% inhibitory
concentration (IC3) for the subsequent investigations carried out on this cell line.
Therefore, this drug can be further investigated in the LCeNT study in order to be used in

combination with the two antisense oligonucleotides.
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4.1.1 Sensitivity of A549 cells to AZD5363 treatment

The dose- and time- dependent sensitivity of A549 cells to treatment with AZD5363
(Figures 3.2 and 3.3) is in line with what was observed in an investigation undertaken by
Zhang, Zheng et al. (2016) on a panel of two liver cancer cell lines, Hep-G2
(hepatoblastoma) and Huh-7 (adult hepatocellular carcinoma), exposed to AZD5363
concentrations ranging from 5 to 30 uM for 24, 48 and 72 hours; both cells exhibited a
similar dose-dependent growth inhibition. Furthermore, the authors reported that the 50%
inhibitory concentration (ICsp) of the drug on both cell lines decreased in a time-dependent
manner, such that at the 72-hour time point the 1Cso of the Huh-7 cells and Hep-G2 was
17.80 uM and 18.476 uM, respectively. Further investigation led to the observation that
despite that the drug increased the phosphorylation of Akt in a dose-and time-dependent
fashion in both cell lines, it inhibited the phosphorylation of GSK3. It was therefore
concluded that AZD5363 resulted in the suppression of Akt kinase activity. Furthermore,
the authors suggest that, since there were also differing reactions to the mTOR pathway by
the cells investigated, they highlight that it is therefore essential to ascertain whether traits
such as PIK3CA mutation, PTEN loss, Ras mutations and ERBB2 (HER2) amplification, are
present in liver cancer cells, as certain tumour types may be enriched for responders to Akt

inhibitors, such as AZD5363.

Jacobsen, Bertran-Alamillo et al. (2017) analysed the use of Akt inhibitors on NSCLC cells
with acquired resistance to EGFR tyrosine kinase inhibitor (TKI) treatment, and in which
phosphorylated Akt, its downstream effector, phosphorylated PRAS40, as well as
phosphorylated FOXO were all elevated. When AZD5363 was used as a single agent, the

drug inhibited cell growth at concentrations ranging from 5 to 15 uM. Moreover, when
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compared to EGFR-TKI sensitive cells, treatment with a combination of AZD5363 and EGFR
TKI on the same cells resulted in a significant increase in growth inhibition after 72 hours.
The authors thus indicated that sensitisation of the EGFR-TKI resistant cells to the addition
of AZD5363 may be due to reduced Akt pathway activation and subsequent inhibition of
PRAS40 phosphorylation and FOXO activation, strongly suggesting that Akt kinase activity
is being inhibited. A similar observation was noted by Ribas, Pancholi et al. (2015) who
investigated the effect of AZD5363, alone or in combination with endocrine therapy, on
endocrine sensitive and resistant breast cancer cells. The examined cell lines exhibited
different levels of sensitivity towards the drug; at concentrations above 10 uM, HCC1428
(breast adenocarcinoma) and their long-term oestrogen deprivation (LTED) derivative were
resistant to treatment, whereas T47D and their LTED derivative, and ZR75-LTED (two
invasive breast cancers of no special type) were sensitive to concentrations as low as
approximately 100 nM. In combination with endocrine therapy (fulvestrant, anastrozole or
tamoxifen) however, AZD5363 was more efficacious on both endocrine-sensitive and -

resistant cell lines, particularly those with PIK3CA mutations and/or PTEN loss.

Other PI3K/Akt/mTOR effectors may also be responsible, and thus explain the sensitivity of
tumour cells to AZD5363. In a study that evaluated the prevention or delay of resistance to
enzalutamide in prostate cancer, Toren, Kim et al. (2015) observed a dose-dependent
reduction in cell viability of the enzalutamide-resistant MR49C and MR49F cells (both
originating from prostate carcinoma) after 48 hours of treatment of AZD5363 at
concentrations from 0.005 to 5 uM, and reported the drug to cause a buildup of inactive
phosphorylated Akt, as shown by subsequent decreases in S6K1 and 4E-BP1. A similar

significant response was seen in vivo, where the administration of lower doses of AZD5363
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were observed to decrease tumour growth, and the concomitant administration of

enzalutamide appeared to function as an agonist.

4.1.2 Resistance of H520 cells to AZD5363 treatment

The resistance of H520 cells to the drug (Figure 3.1) might confirm what Davies, Greenwood
et al. (2012) reported when they carried out proliferation assays on a panel of 182 cell lines
from haematologic and solid tumours. The authors classified sensitivity to the drug using a
cut-off of ICso £ 3 uM AZD5363. They reported 88% of lung cancer cells to be resistant to
such treatment. Since in the present investigation, a maximum concentration of 100 uM
did not result in any loss in cell viability of H520 cells, it may mean that either a higher
concentration of the drug than what was tested is required to sensitise the cells, or lung
SCC cells are resistant to such treatment altogether. A plausible explanation could be that,
as was discussed in Section 1.11, squamous cell tumours tend to have an increased
likelihood of PTEN loss (Spoerke, O'Brien et al. 2012) and PIK3CA amplification (Scheffler,
Bos et al. 2015), both of which give rise to Akt hyperphosphorylation, and possibly
unpredictable sensitivity and response to drug treatment. In fact, when Wang, Xu et al.
(2021) evaluated the cell survival of gastric tumour cell lines with hyperphosphorylated Akt
following treatment with Akt inhibitors, one of which was AZD5363, they observed variable
sensitivity, suggesting that the therapeutic effect of Akt inhibitors on cells may be impaired.
Their research also revealed a correlation between the susceptibility to Akt inhibitors and
the reduced levels of phosphorylated GSK3, the downstream target protein of Akt.
Following this observation and further investigations on the least sensitive cell lines, cell
sensitisation only occurred when a combination of AZD5363 and ALK inhibitors was used.

This however contrasts with the highly significant correlation that Davies, Greenwood et
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al. (2012) reported between sensitivity to AZD5363 and PIK3CA mutation as well as PTEN
mutations. Instead, the authors described a significant correlation between resistance to

AZD5363 and the presence of Ras mutations.

Another possible explanation for the marked resistance to treatment of AZD5363 on H520
cells may be an elevation of SGKI mRNA expression, as was reported by Sommer, Dry et al.
(2013) who, following the treatment of AZD5363 on 21 breast cancer cell lines, identified
low SGKI mRNA expression in a number of highly AZD5363-sensitive cells, as opposed to
high SGK1 mRNA expression on resistant cells. They proposed that the monitoring of SGK1
levels to Akt inhibitor treatment may play a role in predicting tumour sensitivity to drugs

that target Akt.

4.2 Quantification of elF4E protein

Eukaryotic initiation factor 4E is essential for promoting mRNA translation (Xu, Zong et al.
2016). As a component of the elF4F complex, which also includes elF4G and elF4A, it binds
to the 5’ cap structure. For cap-dependent translation initiation, the assembly of elF4F is
typically regarded as limiting, and it is principally controlled by variations in elF4E
availability. The activity of the elF4F complex is especially sensitive to a subset of mRNAs
encoding factors that promote survival and proliferation, such as MCL1, MYC, VEGF and
CCND1 (Robichaud, Hsu et al. 2018, Sonenberg, Hinnebusch 2009). Given this, it is not
surprising that elF4E is overexpressed in a variety of malignancies, including breast
(Heikkinen, Korpela et al. 2013), gastric (Liang, Guo et al. 2013), lung (Li, Fan et al. 2012),
and prostate (Graff, Konicek et al. 2009) cancers. In fact, breast cancer patients who had

high levels of elF4E expression had worse survival and a higher rate of cancer recurrence
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(Heikkinen, Korpela et al. 2013), whereas overexpression of elF4E is linked to vascular

invasion in gastric cancer (Liang, Guo et al. 2013).

Lu, Zang et al. (2020) and Tang, Luo et al. (2022) investigated the correlation between the
expression of phosphorylated conformations of Akt, mTOR and elF4E with
clinicopathological features in NSCLC and non-cancer lung tissues. Their findings show that,
after surgical resection, increased levels of these proteins were associated with metastasis
and poor OS in NSCLC patients. Additionally, SCC and, more notably AC, were found to
significantly increase elF4E phosphorylation levels; high levels of phosphorylated elF4E

were also associated with poor prognosis.

In line with these findings, when Xu, Zong et al. (2016) evaluated elF4E levels in colorectal
cancer (CRC) tissues, they found the protein level of elF4E to be higher in colorectal liver
metastasis (CLM) and non-CLM tissues as compared to matched non-tumour tissues. Since
there was a significantly greater elFAE overexpression rate in the CLM group (82.5%)
compared to the non-CLM group (65%), the authors thus indicated that the raised elF4E
expression is linked to increased liver metastasis in CRC patients. They further corroborated
these results by following 80 CRC patients who had surgically resected tumours; after two
years, liver metastasis was found in 27 patients who had high elF4E expression, while only
three patients in the low elF4E expression group had liver metastasis. Furthermore,
through loss-of-function assays, the researchers reported that, following the knockdown
of elF4E, proliferation, migration and invasion was inhibited in both low and highly
metastatic CRC cells. When looking into the underlying mechanism in more detail, they
identified CCND1, VEGF, MMP2 and MMP9 as important components that regulate tumour

metastasis; since their expression levels were observed to be reduced with downregulation
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of elF4E, they suggested that metastasis of CRC cells may be limited in part through the

regulation of expression of these mRNAs encoding factors.

In view of the above observations, together with the results obtained in the current study,
in which a reduction of 29% in mean elF4E concentration was noted 10 hours after
treatment of A459 cells with 55 uM AZD5363 (Figure 3.6), the role of the drug in regulating
the expression of elF4E, studied in combination with other treatment regimens, may be

further investigated.

4.3 Investigation of the anti-metastatic potential of AZD5363 on A549 cells

The effect of AZD5363 on the Akt signalling pathway was investigated in a study on vascular
smooth muscle cells undertaken by Lu, Liu et al. (2016). They initially transfected the cells
with proteins that promote Akt phosphorylation, subsequent proliferation and migration,
and which ultimately led to narrowing of the vascular lumen. Next, they performed a
scratch-induced would healing assay using a concentration of 5 uM AZD5363. The authors
observed that the drug caused a significant inhibition of wound closure rate at 12- and 24-
hours post treatment, thus confirming the involvement of the Akt through the deactivation

of GSK3 phosphorylation.

Sanli, Barlak et al. (2020) investigated the migration potential of AZD5363 on larynx cancer
cells at concentrations of 1-5-10 uM. Their findings showed that, after 24 hours of
treatment, whereas cells exposed to 1 uM AZD5363 did not change in terms of their ability
to migrate, those treated with 5 and 10 uM AZD5363 covered a much smaller fraction of
the wound, in comparison to control cells. More than 50% of the wound could be closed by

control cells. The authors thus demonstrated the drug’s potential to impede larynx cancer
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cell migration, thus explaining the involvement of the Akt signalling pathway in the

regulation of cell migration.

Kano, Izumi et al. (2023) studied prostate cancer cells and the influence of chemokines,
namely CCL20 and its receptor CCR6, which are suggested to be associated with the Akt
pathway and have a role in the development of cancer microenvironment and are involved
in the migration and infiltration of both inflammatory and tumour cells. This phenomenon
is also documented to occur in gastric (Han, Wu et al. 2015), kidney (Kadomoto, Izumi et al.
2019), breast (Marsigliante, Vetrugno et al. 2016), and lung (Wang, Shi et al. 2016) cancers.
The researchers performed a cell migration assay on prostate cancer cells, and after 48
hours metastasis was observed to be inhibited more effectively with 1 uM AZD5363 than
the inhibition of CCL20-CCR6 axis alone. A similar migration assay was conducted by
Kadomoto, Izumi et al. (2019) on renal cell carcinoma cells, where the addition of AZD5363
also contributed to a decrease in cell migration. The authors suggest that, since the Akt
pathway serves as a channel for a variety of cytokine signals, such a response may be due

to other upstream signals also being suppressed, as is CCL20.

The cells’ response in the present study was in such a manner that up to 48 hours post
treatment, wound closure in both the vehicle control and treated cells was somewhat
parallel (Figure 3.10, and Table 3.8). However, at the 72-hour time point, there seemed to
be a plateau in gap closure in the treated cells which was highly significant to that of the
vehicle control. This observation indicates that AZD5363 still has the potential to effectively
regulate cell migration of the cell line investigated, however at a slower rate than that

observed on other cells.
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4.4 Limitations and sources of error

. Investigations in the current study entailed experimental procedures carried out on
cells in vitro, such that cell processes and subsequent response to treatment was
studied in a controlled environment. Thus, cells were grown in a monolayer in
culture flasks or petri dishes, as adherent 2D cell cultures which, though simple and
inexpensive to maintain, do not mimic the natural conformation of tissues and
tumours (Kapatczynska, Kolenda et al. 2018). As a result, there may be differences
in the physiology, biochemistry and morphology of cells when compared to in vivo
testing since, in contrast to 2D conformations, cells in 3D culture methods have
variable access to nutrients, oxygen, metabolites and signalling molecules.
Additionally, there is the formation of cell-cell and cell-extracellular environment
interactions. The results obtained in the present study may, therefore, not
necessarily represent what occurs in similar scenarios in animal models, or in the
human body, and thus the use of 3D models may be a more effective model in the
pursuit of novel therapeutic approaches.

« Given that in vitro investigations are performed on live cells, high error bars and
subsequently high SEMs (Standard Error of the Mean) arise due to the variability
that is associated with living cells. Increasing the number of replicates of the
experimental processes undertaken may have reduced the SEMs; a solution which
was not feasible due to time constraints.

. Despite that one or two biological repeats were performed for most of the
experiments, each procedure involved a small number of technical repeats,
resulting in relatively small sample sizes. When analysed, not all data fit a normal
distribution; however further analysis was still undertaken using parametric tests.
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Having utilised more technical repeats may have achieved normally distributed
data; this, however, was not possible due to time and financial limitations.

The ELISA assay that was performed in the current study determined the total elF4E
concentration, which does not distinguish between the phosphorylated and the
unphosphorylated protein. Running an assay that quantifies the phosphorylated
elF4E would have yielded a more accurate reading, and ultimately be more relevant

to the present investigation undertaken.

4.5 Conclusions

Treatment of 10 to 100 uM AZD5363 on the H520 cells failed to result in a decrease
in cell viability. Conversely, similar treatment on A549 cells achieved a decrease in
the cell viability in a concentration-dependent fashion, such that 55 uM AZD5363
was selected as the I1C3p for the subsequent investigations carried out on this cell
line. Therefore, this drug can be further investigated in the LCeNT study, to
ultimately be used in combination with the two antisense oligonucleotides.

Since a reduction of 29% in mean elF4E concentration was noted 10 hours after
treatment of A459 cells with 55 uM AZD5363, the role of the drug in regulating the
expression of elF4E, studied in combination with other treatment regimens, may be
further investigated.

The significant difference in gap closure observed after 72 hours post-treatment,
between cells treated with AZD5363 and those treated with vehicle control solution
indicates that AZD5363 still has the potential to effectively regulate cell migration
of the cell line investigated, however at a slower rate than that observed on other

cells.
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« The results obtained in the present study offer a compelling justification for future
investigations of AZD5363, both in combination with established treatment options,
as well as in combination with ASOs, in addressing the sensitisation of NSCLC cells,
to ultimately increase therapy efficacy.

« The results obtained in the current study, where migration of A549 cells was
somewhat regulated by treatment with AZD5363, may be further investigated for
the role in advanced stages of NSCLC, in combination with standard chemotherapy

or other investigational therapy, to potentially improve quality of life and survival.

4.6 Future work

It is proposed to carry out quantification of phosphorylated and non-phosphorylated elF4E
using phosphorylated-specific antibodies, either in an ELISA or Western Blot experiment.
Such experiments can be carried out on AZD5363-treated cells, as well as cells treated with

AZD5363 in combination with other molecules.

Further investigations of the drug AZD5363 may be carried out as part of the ongoing LCeNT
study in combination with the two antisense oligonucleotides targeting TCTP and HSP27,
combined with established treatment options for lung cancer, and for the role in advanced
stages of NSCLC, in combination with standard chemotherapy or other investigational

treatment.

The experimental conditions that yielded the optimum profile can be tested in primary
patient-derived lung cancer cells, and the results compared to experimental data derived

from normal healthy primary airway cells.

It is important to elucidate the complex pathways of multiple therapy, in order to identify

mechanisms of action which can lead to further optimisation of drugs and their targets.
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One way of doing this is to carry out RNA-Seq analysis to study transcriptomic changes
between treated and untreated cells. The differential gene expression profiles generated
will then be processed through gene pathway analysis software, to identify molecular

pathways that are modified by the combination of drugs.

Furthermore, in the longer term, drug combinations can be studied in an animal model of

human lung cancer, such as rodents xenografted with human lung cancer cells.
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