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Abstract 

Abstract of a thesis entitled “Preclinical evaluation of rational drug 
combinations with BH3 mimetics in colorectal and small cell lung cancers,” 
submitted by Danielle Potter for the degree of Doctor of Philosophy (PhD) to The 
University of Manchester, September 2015 

Colorectal (CRC) and small cell lung cancer (SCLC) are among the most common 
cancers and are leading causes of cancer related deaths worldwide. Prognosis is 
poor for both metastatic CRC (mCRC) and SCLC patients for reasons including 
eligibility for curative surgery, late diagnosis and limited treatment options. Five 
year survival rates of patients with mCRC or extensive stage SCLC are 5% and 
2% respectively.  

Standard of care (SOC) for mCRC is based on multiple chemotherapy regimens 
whilst more recently introduced targeted therapies such as Bevacizumab and 
Cetuximab have only improved survival of mCRC patients by 1.5-2.6 months. SOC 
for SCLC patients is platinum based chemotherapy +/- radiation whereby the 
majority are initially chemo-sensitive followed by an inevitable chemotherapy-
resistant relapse within 3-18 months. In both mCRC and SCLC, disease 
progression is largely due to a high degree of tumour heterogeneity and 
innate/acquired resistance to therapy due to multiple mutations in non-redundant 
pathways. As such treatment for both mCRC and SCLC has made little progress 
in 30 years resulting in a clear unmet need to improve current/develop new 
therapies for these patients.  

Several hallmarks of cancer including sustained proliferation and resistance to cell 
death implicate Phosphoinositide 3-kinase (PI3K) signaling, frequently deregulated 
in both CRC and SCLC whilst anti-apoptotic proteins including Bcl-2 family 
members are commonly upregulated in all cancers. The rational drug combination 
of a PI3K inhibitor (PI3Ki; PI-103 or GDC-0941) and a Bcl-2 family targeted BH3 
mimetic (ABT-737 or Navitoclax) was investigated in preclinical CRC and SCLC 
models. ABT-737 and Navitoclax directly interacts with the anti-apoptotic proteins, 
BCL-2, BCL-xL and BCL-w antagonising their interactions with pro-apoptotic, BH3-
only proteins and effector proteins to induce apoptosis. The findings of this thesis 
confirm that combining ABT-737 with PI-103 increases the potency of ABT-737 in 
vitro in CRC and SCLC and the GDC-0941/Navitoclax combination improved 
overall survival of mice bearing human SCLC tumours compared to either drug as 
a single agent and to SCLC SOC. For the first time the Tec kinase BMX was also 
implicated in the observed responses to this combination.  

Novel therapies are usually tested in combination with SOC in mCRC and SCLC 
patients. The BH3 profiling technique can determine how „primed‟ a tumour cell is 
for apoptosis and reports mitochondrial outer membrane permeabilization (MOMP) 
after treatment with BH3 peptides. BH3 profiling was optimised for SCLC CTC 
(circulating tumour cell) Derived eXplants (CDX) models and the approach was 
validated retrospectively on chemo-sensitive and chemo-refractory CDX. Finally, 
prospective BH3 profiling was able to predict responses to SOC chemotherapy in 
paired CDX models derived from chemotherapy-naïve patients and again at 
relapse with disease progression. The overall conclusions from this thesis are (i) 
use of PI3K inhibitors and BH3 mimetics in combination should be tested in the 
clinic, particularly in SCLC, (ii) BH3 profiling should be optimised as a CTC assay 
to predict chemotherapy responses in SCLC.   

15



 

Declaration 

No portion of this work referred to in this thesis has been submitted in support of 

an application for degree or qualification of this or any other university or other 

institution of learning. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

16

dpotter
Typewritten Text

dpotter
Typewritten Text



 

Copyright Statement  

The following four notes on copyright and the ownership of intellectual property rights must 

be included as written below:  

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

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

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

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

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

amended) and regulations issued under it or, where appropriate, in accordance with 

licensing agreements which the University has from time to time. This page must form part 

of any such copies made.  

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

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

for example graphs and tables (“Reproductions”), which may be described in this thesis, 

may not be owned by the author and may be owned by third parties. Such Intellectual 

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

prior written permission of the owner(s) of the relevant Intellectual Property and/or 

Reproductions.  

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

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

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

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

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

regulations (see http://www.manchester.ac.uk/library/aboutus/regulations) and in The 

University’s policy on Presentation of Theses  

 

17

dpotter
Typewritten Text

dpotter
Typewritten Text

dpotter
Typewritten Text



 

Acknowledgements 

Firstly, I would like to thank my two supervisors, Professor Caroline Dive and Dr 

Christopher Morrow for selecting me for this PhD project and for guidance and 

support over the last four years. They both have helped build my confidence and 

courage as a young researcher. Chris has helped me learn and develop new 

laboratory techniques. I would also like to give thanks to the preclinical in vivo 

team (Cassandra Hodgkinson, Melanie Galvin and Stewart Brown) for their 

wisdom and guidance with planning in vivo studies, for teaching me in vivo 

techniques and for help monitoring my studies if and when I needed. Additionally I 

would like to thank the preclinical team (Kathryn Simpson, Kristopher Frese, 

Francesca Trapani, Stuart Williamson, Becky Bola and Alice Lallo) for providing a 

scientific environment to discuss ideas, plan experiments, guide, troubleshoot and 

help one another. Also I am very grateful to Aileen Jardine for help with organising 

meetings and various bookings during my PhD and to the lab manager Matthew 

Lancashire for putting up with all my demands. 

The last few months of my PhD were very testing so I would like to say a special 

thank you to Kris and Kathryn for help with thesis writing. Also thanks to everyone 

that helped me proof read and edit my thesis (Aileen, Alice, Grace Hampson, 

Melanie, Scarlett Martindale, Stuart, my mum and sister-in law Anastasia). This 

was invaluable and I really appreciate the help.  

I would also like to thank all my friends (Sianette, Gabrielle, Lottie, Verity, Nicole, 

Hayley, Kelly, Gemma, Kylie and Charlie) for being so patient with me and 

understanding why I had to work so much and for giving me constant support 

throughout my life especially as a PhD student. I would like to give an extra special 

thank you to my mum, dad, step dad, twin brother, big brother and sister for their 

support throughout my life, without them I wouldn‟t be the person I am today. 

Finally I would like to thank Carlos for putting up with me over the last two years. 

For understanding why I couldn‟t give him the time and attention he deserved. He 

supported me when I was struggling. He allowed me to vent my frustrations and 

helped put things into perspective.  

18



 

Author’s contributions 
This thesis has been submitted in alternative format because the work carried out 

amounts to three distinct chapters that have been published, submitted for 

publication in peer reviewed journals or written as manuscripts. The alternative 

format therefore offers the most appropriate structure in which to present the 

results of the research performed. 

Chapter 3 

Paper 1: BMX Acts Downstream of PI3K to Promote Colorectal Cancer Cell 

Survival and Pathway Inhibition Sensitizes to the BH3 mimetic ABT-737 

Danielle S. Potter, Paul Kelly, Olive Denneny, Veronique Juvin, Len R. Stephens, 

Caroline Dive and Christopher J. Morrow 

Published in Neoplasia 2014, DOI 10.1593/neo.131376 

80% of the research in this manuscript was carried out by the first author 

(specifically Figures 1A, 1B, 2A, 2B, 2C, 3A, 3C, 3D, 4A, 4B, 4C, 4D, W1, W2, W4, 

W5, W6, W7 and W8; Tables 1, 2, W1, W3, W4, W5, W6 and W7 and writing of 

the manuscript). Paul Kelly and Olive Denneny helped Christopher Morrow with 

the remainder of the experiments. Veronique Juvin and Len R. Stephens provided 

a list of PH domain proteins they put together from a literature search. Christopher 

Morrow and Caroline Dive helped write and edit the manuscript. 

Chapter 4 

4. Paper 2: Inhibition of PI3K/BMX Cell Survival Pathway Sensitizes to BH3 

mimetics in SCLC 

Danielle S Potter, Melanie Galvin, Stewart Brown, Cassandra Hodgkinson, Fiona 

Blackhall, Christopher J Morrow and Caroline Dive 

Submitted to Molecular Cancer Therapeutics 2015 

100% of the research in this manuscript was carried out by the first author. 

Melanie Galvin provided guidance with immunohistochemistry. Stewart Brown 

19

http://mct.aacrjournals.org/


 

helped with monitoring in vivo experiments. Cassandra Hodgkinson provided 

guidance with in vivo experiment planning and set up. Fiona Blackhall is in charge 

of the patient recruitment and consent for CDX blood samples at The Christie. The 

manuscript was written by the first author and edited by Caroline Dive.  

Chapter 5 

5. Paper 3: Mitochondrial Priming for Chemotherapy-induced Apoptosis in 

Chemosensitive, Chemorefractory and Relapsed, Progressive Small Cell Lung 

Cancer 

Danielle Potter, Jeremy Ryan, Christopher Morrow, Melanie Galvin, Cassandra 

Hodgkinson, Becky Bola, Lynsey Priest, Fiona Blackhall, Tony Letai and Caroline 

Dive 

Will be submitted to Cancer Discovery 2015 

80% of the research in this manuscript was carried out by the first author (the 

preclinical in vivo team carried out all of the in vivo cisplatin/etoposide efficacy 

studies on the CDX models; in vivo team, Christopher Morrow, Melanie Galvin and 

Cassandra Hodgkinson). The manuscript was written by the first author and edited 

by Caroline Dive. This paper was carried out in collaboration with Anthony Letai‟s 

group at the Dana-Farber Cancer Institute (Boston, MA, USA). Jeremy Ryan (from 

the Letai group) helped develop the BH3 profiling assay and taught this technique 

to the first author. Fiona Blackhall is in charge of the patient recruitment and 

consent for CDX blood samples at The Christie.  

 
 

 

 

 

 

20



 

Abbreviations 

= Equal to  

– Minus 

+ Plus 

± Plus and minus 

/ Divide 

x Times 

< Less than  

> Greater than  

≤ Less than or equal to  

≥ Greater than or equal to  

°C Degree Celsius 

18S - 18S ribosomal RNA 

A - Adenine 

7-AAD - 7-Amino-Actinomycin 

ABC - ATP-binding cassette 

ACK1 - Activated CDC42 kinase 1 

AGC - cAMP-dependent protein kinase, cGMP-dependent protein kinase and                    
protein kinase C  

ALL - Acute lymphocytic leukaemia 

ANOVA - Analysis of variance 

APAF1 - Apoptotic protease activating factor-1 

APC - Adenomatous polyposis coli 

ATCC - American Type Culture Collection 

ATM - Ataxia-telangiectasia mutated 

ATP - Adenosine triphosphate 

ATR - Ataxia- and Rad3-related  

BAD - BCL2-associated agonist of cell death 

21



 

BAK - BCL2-antagonist/killer  

BAX - BCL2-associated X protein 

BBDL (BAX/BAK deficient lymphoma 

BCA - Bicinchoninic acid 

BCL-2 - B-cell lymphoma 2 

BCL-xL - B-cell lymphoma-extra Large 

BH - BCL-2 homology 

BID - BH3 interacting domain death agonist  

BIK - BCL2-interacting killer 

BIM - BCL2-interacting mediator of cell death  

BMF - BCL2-modifying factor  

BMX - Bone marrow tyrosine kinase gene in chromosome X 

BOK - BCL2-Related Ovarian Killer 

BSA - Bovine serum albumin 

BTK - Bruton‟s tyrosine kinase 

C - Cytosine 

C2 - Protein-kinase-C homology-2 domain 

CA - California  

Caspases - Cysteine-aspartic proteases 

CD45 - Cluster of differentiation 45 

CD56 - Cluster of differentiation 56 

CDKI - Cyclin dependent kinase inhibitors 

CRUK - Cancer Research United Kingdom 

cDNA - Copy deoxyribonucleic acid 

CDX - Circulating tumour cell derived xenograft 

CIN - Chromosomal instability 

CLL - Chronic lymphocytic leukaemia 
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CML - Chronic myeloid leukaemia 

CO2 - Carbon dioxide 

CRC - Colorectal cancer 

CT - Computed tomography 

CTC - Circulating tumour cell 

DAPI - 4',6-diamidino-2-phenylindole 

ddH2O – Double distilled water 

Deptor - Disheveled, Egl-10, pleckstrin domain containing mTOR interacting 
protein 

DFCI - Dana-Farber Cancer Institute 

DMEM – Dubecco‟s modified eagles medium 

DMSO – Dimethylsulfoxide 

DNA - Deoxyribonucleic acid 

DNA-PKcs - DNA-dependent protein kinase catalytic subunit 

dNTP - Nucleotide triphosphates containing deoxyribose 

EDTA – Ethylenediaminetetraacetic acid 

EGF - Epidermal growth factor 

EGFR - Epidermal growth factor receptor 

EGTA - Ethylene glycol tetraacetic acid 

EpCAM - Epithelial cell adhesion molecule  

ER - Endoplasmic reticulum 

ERK1/2 - Extracellular signal-regulated protein kinase 1 and 2 

ES - Extensive stage 

ETK - Epithelial and endothelial tyrosine kinase 

FAK - Focal adhesion kinase 

FBS – Fetal bovine serum 

FDA - US Food and Drug Administration 

FERM - Four-point-one, ezrin, radixin, moesin 
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FGFR1 - Fibroblast Growth Factor Receptor 1 

FMO - Fluorescence minus one 

FOLFIRI - Folinic acid plus 5-FU plus irinotecan 

FOLFOX - Folinic acid plus 5-fluorouracil (5-FU) plus oxaliplatin 

FOXO1 - Forkhead box protein O1 

FOXO3 - Forkhead box protein O3 

G - Guanine 

GAB - GRB2 associated protein 

GAP - GTPase activating protein 

GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 

G-CSF - Granulocyte-colony stimulating factor 

GEF - Guanine nucleotide exchange factor 

GEMMs - Genetically engineered mouse models 

GPCR - G-protein coupled receptor 

GRB2 - Growth factor receptor bound protein 2 

GSK-3β - Glycogen synthase kinase-3beta 

GTP - Guanosine-5'-triphosphate 

HBSS - Hanks' balanced salt solution 

HCl - Hydrogen chloride (when is solution hydrochloric acid) 

HEPES - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HRK - Harakiri 

HRP - Horseradish peroxidase 

IAP - Inhibitor of apoptosis protein 

IL - Illinois  

ITK - Inducible T-cell kinase 

JHU - John Hopkins University 

KCl - Potassium chloride 
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kDa - Kilodalton 

kg - Kilogram 

KOH - Potassium hydroxide 

L - Litre 

LS - Limited stage 

MA - Massachusetts 

MAD - Median absolute deviation 

MAPK - Mitogen-activated protein kinase 

MCL-1 -Myeloid Cell Leukemia 1 

mCRC - Metastatic colorectal cancer 

MDM2 - Mouse double minute 2 homolog 

MDR - Multidrug resistance 

MDR1 - Multidrug resistance 1 

MEFs - Mouse embryo fibroblasts  

MES - 2-[N-morpholino]ethanesulfonic acid 

mg - Milligram  

MI - Michigan  

mL - Millilitre 

mM - Millimolar 

mmol - Millimole 

mm - Millimetre 

M - Molar 

M-MLV RT - Moloney Murine Leukemia Virus Reverse Transcriptase  

MOMP - Mitochondrial outer membrane permeabilization 

MOPS - 3-(N-morpholino)propanesulfonic acid 

MRP1 - Multidrug resistance protein 1 

MRP2 - Multidrug resistance protein 2 
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MSI - Microsatellite instability 

mSIN1 - Mammalian stress-activated protein kinase interacting protein 

MSKCC - Memorial Sloan-Kettering Cancer Centre 

mTOR - Mammalian target of rapamycin 

mTORC1 - Mammalian target of rapamycin complex-1 

mTORC2 - Mammalian target of rapamycin complex-2 

NCI - National Cancer Institute  

ng - Nanogram 

NJ - New Jersey 

nM – Nanomolar 

nmol - Nanomole 

NRTK - Non-receptor tyrosine kinase 

NSCLC - Non-small cell lung cancer 

NSG - Non obese diabetic severe combined immunodeficient gamma  

NT - Non-targeting  

Oligo-dT - Short sequence of deoxy-thymine nucleotides 

OMM - Outer mitochondrial membrane 

OS - Overall survival 

PBS - Phosphate buffered saline 

PDGF - Platelet-derived growth factor 

PDGFR - Platelet-derived growth factor receptor 

PDPK1 - Phosphoinositide dependent protein kinase-1 

PDX - Patient derived xenografts 

PH - Pleckstrin homology 

PI3K - Phosphoinositide 3-kinase 

PKA - cAMP-dependent protein kinase  

PKC - Protein kinase C 
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PKG - cGMP-dependent protein kinase 

pmol - Pico moles 

PRAS40 - Proline-rich AKT substrate of 40 kDa 

PRR5 - Proline-rich protein 5 

PtdIns - Phosphatidylinositol  

PtdIns4P - PtdIns-4-phosphate  

PtdIns(4,5)P2 - PtdIns-4,5-bisphosphate  

PtdIns(3,4,5)P3 -PtdIns-3,4,5-triphosphate  

PTEN - Phosphatase and tensin homologue deleted from chromosome 10 

PUMA - p53 up-regulated modulator of apoptosis 

qPCR - Quantitative or real time Polymerase Chain Reaction 

RB1 - Retinoblastoma 1 

RBD - RAS-binding domain 

RECIST - Response evaluation criteria in solid tumors 

RHEB - RAS homolog enriched in brain 

Rictor - Rapamycin insensitive companion of TOR 

RLK - Resting lymphocyte kinase 

RNA - Ribonucleic acid 

RNAi - RNA interference 

rpm - Revolutions per minute 

RPMI - Roswell Park Memorial Institute 

RT - Room temperature 

RTK - Receptor tyrosine kinase 

S6 - Ribosomal protein S6 

S6K - Ribosomal protein S6 kinase 

SCID - Severe combined immunodeficient 

SCLC - Small cell lung cancer 
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SDS - Sodium dodecyl sulphate 

SEM - Standard error of the mean 

SGK3 - Serum/glucocorticoid regulated kinase 3 

SH2 - SRC Homology 2 

SH3 - SRC Homology 3 

siRNA - Small interfering RNA 

SMAC - Second mitochondria derived activator of caspases 

SMART - Simple modular architecture research tool 

SOC - Standard of care 

SOS - Son of sevenless 

SRB - Sulforhodamine B 

STAT - Signal transducer and activator of transcription 

T - Thymine 

TCA - Trichloroacetic acid 

TFRC - Transferrin Receptor 

TH - Tec homology 

TNM - Staging system referring to tumour, lymph nodes and metastasis 

TRAIL - Tumour necrosis factor-related apoptosis-inducing ligand 

TRIS - Tris(hydroxymethyl)aminomethane 

TRRAP - Transformation/transcription domain-associated protein 

TSC1 - Tuberous sclerosis complex-1 

TSC2 - Tuberous sclerosis complex-2 

UK - United Kingdom 

USA - United States of America 

V – Volts 

VA - Virginia 

VEGF - Vascular endothelial growth factor 
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VEGFR2 - Vascular endothelial growth factor receptor 2 

Vol - Volume 

VPS34 - Vacuolar protein sorting-associated protein 

WI – Wisconsin 

Wt - Weight 

XIAP - X-linked inhibitor of apoptosis protein 

XELOX - Capecitabine plus oxaliplatin 

μg - Microgram 

μL - Microlitre 

μm – Micrometre (micron) 

μM - Micromolar 
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1. Introduction 

1.1 Cancer 

Cancer is a heterogeneous genetic disease caused by somatic or inherited 

mutations, leading to cellular transformation, uncontrolled proliferation, enhanced 

survival and ultimately tumour formation with capacity for invasion and 

dissemination to distant sites. Tumorigenesis requires cells to acquire a series of 

characteristics, coined the „hallmarks of cancer‟ by Hanahan and Weinberg (Figure 

1; (1, 2)). Cancer is a global problem with 14.1 million new cases and 8.2 million 

deaths a year. Lung, liver, stomach and colorectal cancers account for nearly a 

half of all cancer deaths. Lung cancer has a particularly poor prognosis, 

responsible for a fifth (the most) of all cancer deaths each year (3). As such there 

is an urgent need to improve or develop new therapeutic agents, determine 

mechanisms of acquired and innate drug resistance and identify with predictive 

biomarkers genetic subsets of patients who will respond to particular therapies. 

Due to the unmet clinical need, the focus of this thesis is on colorectal cancer 

(CRC) and small cell lung cancer (SCLC); which accounts for ~15% of lung cancer 

cases (4). 

 

 

 

 

 

 

 

Figure 1: Hallmarks of cancer. Figure adapted from Hanahan and Weinberg (1, 2). 
Cancer is caused by acquired characteristics that drive tumorigenesis coined the 
hallmarks of cancer. The hallmarks of cancer are evolving as our understanding of cancer 
biology increases and to date ten hallmarks have been proposed. 
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1.1.1 Colorectal cancer 

1.1.1.1 Colorectal cancer, staging and survival rates 

During 2012, 1.4 million people were diagnosed with CRC (bowel cancer) 

worldwide (5). CRC is localised to the colon or rectum which constitutes the 

majority of the large intestine (Figure 2). CRC can be hereditary (8-15% of cases) 

or sporadic (85% of cases) (6) and 95 % of CRC are adenocarcinomas with the 

remainder being mucinous carcinomas and adenosquamous carcinomas (7). The 

major CRC risk factors are consumption of alcohol, red meat and processed meat 

as well as high whole body and abdominal fat (8). The Continuous Update Project 

analyses global research on diet, nutrition, exercise and weight and how this 

affects cancer risk and survival and estimated that 47 % of CRC could be 

prevented by eating and drinking healthily, exercising regularly and maintaining a 

healthy weight (9).  

 

 

 

 

 

 

 

 

Figure 2: Schematic of the large intestine and colorectal cancer. Colorectal cancer 
(CRC) is located in the colon or rectum area. The colon is made up of the ascending, 
transverse, descending and the sigmoid colon. This diagram shows the increase staging 
of CRC as the tumour mass increases and spreads through the colon wall. Illustration 
made using Servier Medical Art. 
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Diagnosis of CRC is determined following colonoscopy (examines the whole 

colon) or sigmoidoscopy (examines the sigmoid colon) which uses an endoscope 

to transmit images of the colon to a camera (10). Biopsy of the tumour allows 

tumour staging which will determine the course of therapy (6). The common 

staging system used for CRC is the TNM staging system where these three 

factors each receives a score between 1-4 and these factors combined result in an 

individual stage (I-IV, with IV having the poorest prognosis) (Table 1; (6, 11)). The 

stage specific five year survival rate for CRC (Table 2) reveals that increased 

stage inversely correlates with survival. Early, low stage CRC is more curable 

primarily due to increased success of surgical intervention (6). Once distant 

metastases are present (stage IV) prognosis worsens significantly as complete 

tumour resection is not possible and the five year survival is ~5% (6, 12). 

T = Primary Tumour N = Regional lymph 
nodes 

M = Distant 
metastasis 

TX = primary tumour 
cannot be assessed 

NX = regional lymph 
nodes cannot be 
assessed 

MX = distance 
metastasis cannot be 
assessed  

T0 = no evidence of 
primary tumour 

N0 = no regional lymph 
node metastasis 

M0 = no distance 
metastasis 

Tis = carcinoma in situ N1a = metastasis in one 
regional 

M1a = distance 
metastasis to one site 

T1 = tumour invades 
submucosa 

N1b = metastasis in two to 
three regional lymph 
nodes 

M1b = distant 
metastasis to more 
than one site 

T2 = tumour invades 
muscularis propria 

N2a = metastasis in four 
or six regional lymph 
nodes 

 

T3 = tumour invades into 
subserosa/non-
peritonealised pericolic/ 
perirectal tissue 

N2b = metastasis in seven 
or more regional lymph 
nodes 

 

T4a = tumour penetrates 
the surface of the visceral 
peritoneum 

  

T4b = tumour directly 
invades other organs or 
structure 

  

Table 1: Colorectal cancer staging, based on TNM classification. T describes the 
primary tumour and disease localisation. N describes the presence and number of 
regional lymph nodes affected and M describes whether metastases are present and at 
how many sites (6, 11).  
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Stage Five year survival rate (%) 

Stage I (T1, T2, N0) 97.1  

Stage IIA (T3, N0) 87.5 

Stage IIB (T4, N0) 71.5 

Stage IIIA (T1, T2, N1) 87.7 

Stage IIIB (T1, T2, N2) 75.0 

Stage IIIB (T3, N1) 68.7 

Stage IIIC (T3, N2) 47.3 

Stage IIIC (T4, N1) 50.5 

Stage IIIC (T4, N2) 27.1 

Stage IV   (M1a, M1b) 5 

Table 2: Stage-specific five year survival rate for colorectal cancer (CRC). Stage-
specific survival rate percentage for CRC, stage number is shown and in brackets the 
specific TNM staging (6, 12).  

 

1.1.1.2 Colorectal cancer treatment 

First line treatment for patients staged I-III is surgery. The aim is total tumour 

resection with adequate margins (6). High risk stage II (T4) patients and stage III 

(T3/4, N1/2) patients usually receive adjuvant chemotherapy in addition to surgical 

resection which consist of either FOLFOX (folinic acid plus 5-fluorouracil (5-FU) 

plus oxaliplatin) or capecitabine as a monotherapy (Figure 3). The mechanism of 

action for these drugs is to inhibit DNA synthesis and repair. Thus leading to 

accumulation of irreparably damaged DNA and eventual cell death (13-15). 5-FU 

is an analogue of uracil and interferes with dTMP synthesis. 5-FU is converted into 

a fraudulent nucleotide that can interact with thymidylate synthase (which 

generates dTMP) but cannot be converted into dTMP therefore inhibiting the 

enzyme and blocking DNA synthesis and repair. Folinic acid is used to enhance 

the efficacy of 5-FU by stabilising the 5-FU metabolite/thymidine synthase complex 

(16). Oxaliplatin forms intra-strand or inter-strand cross-links with DNA, which 

leads to defects in DNA replication and DNA damage; Capecitabine is a prodrug 

that is metabolised into 5-FU (13-15). 
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Surgical resection is not an option for patients with metastatic CRC (mCRC; stage 

IV) therefore treatment revolves around a chemotherapy regime (6). 

Chemotherapy typically involves FOLFOX as first line treatment followed by single 

agent irinotecan (a topoisomerase I inhibitor which prevents DNA from unwinding 

leading to inhibition of DNA replication and transcription) or FOLFOX as a first line 

treatment then FOLFIRI (folinic acid plus 5-FU plus irinotecan) as second line of 

treatment (Figure 3). Another option for these patients is XELOX (capecitabine 

plus oxaliplatin) as first line treatment then FOLFIRI as second line treatment (17). 

Radiotherapy can be used in locally advanced rectal cancer (stage II/III) primarily 

in the neoadjuvant setting in order to shrink the tumour before surgery, or in 

combination with chemotherapy (18). Radiotherapy is not the standard of care 

(SOC) for colon cancer because of potential serious toxicity to the small intestines 

and difficulties in specifically targeting the colon due to its mobility. 

Targeted therapies are drugs designed to inhibit specific signalling pathways that 

drive tumorigenesis. The addition of such drugs to SOC (Figure 3) has led to a 

subtle improvement in mCRC patient overall survival (OS) (6). Treatment with 

monoclonal antibodies Bevacizumab (Avastin) and Cetuximab (Erbitux) which 

inhibit angiogenic and proliferative signalling via growth factor receptors VEGFR2 

(vascular endothelial growth factor receptor 2) and EGFR (epidermal growth factor 

receptor) respectively were approved for use in 2004 by the FDA (US Food and 

Drug Administration) (14, 19). Bevacizumab binds to the VEGFR2 ligand VEGF-A, 

preventing activation of the pro-angiogenic receptor, reducing blood vessel 

formation in the tumour and starving the tumour of oxygen and nutrients (20, 21). 

Patients with mCRC OS was increased by 5 months and 2.2 months with the 

addition of bevacizumab to first line and second line therapy respectively (22). 

Cetuximab binds EGFR preventing binding and activation by EGF (epidermal 

growth factor) ligand which can be essential for CRC proliferation and survival 

(20). Cetuximab in combination with SOC increased OS by 2.6 months in mCRC 

patients (23). Single agent cetuximab is used as second line therapy for mCRC 

patients who were intolerant to chemotherapy and increased OS by 1.5 months 

(24). However, EGFR signal transduction pathway depends on activation of 

downstream effectors RAS/MAPK (mitogen-activated protein kinase) and PI3K 

(phosphoinositide 3-kinase) signalling pathways and clinical studies have already 
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CRC staging and standard of care

Stage I

Stage II & III

Stage IV

First line of treatment

Surgery: Colectomy or proctectomy with 

adequate margins and lymphadenectomy

First line of treatment

Surgery: Colectomy or proctectomy with 

adequate margins and lymphadenectomy

Adjuvant chemotherapy:

• FOLFOX (folinic acid plus 5-fluorouracil 

plus oxaliplatin)

• Capecitabine

Radiotherapy: Neoadjuvant in rectal 

cancer only

First line of treatment

Chemotherapy:

• FOLFOX +/- bevacizumab or cetuximab

• XELOX (capecitabine plus oxaliplatin) 

+/- bevacizumab or cetuximab

Second line of treatment

Chemotherapy: 

• FOLFIRI (folinic acid plus 5-

fluorouracil) +/- bevacizumab or 

cetuximab 

• Irinotecan +/- bevacizumab or 

cetuximab 

• Cetuximab

Or clinical trials

demonstrated that cetuximab treatment is not effective in patients harbouring a 

KRAS mutation, whilst preclinical studies suggest the same may be true for 

patients with BRAF and PIK3CA mutations (20). Recently several other targeted 

therapies which inhibit the EGFR or VEGFR pathway have been approved by the 

FDA for treatment in CRC (Chapter 1.4.1, Table 4).  

Figure 3: Colorectal stage specific first and second line therapy. Colorectal cancer 
treatment can involve surgery, chemotherapy, targeted therapy and radiotherapy 
depending on the stage and area of the cancer involved (6, 17, 20). 

 

1.1.1.3 Multistep tumorigenesis and heterogeneity of colorectal cancer 

CRC starts as a benign adenomatous polyp. CRC tumorigenesis has been 

described as an adenoma-carcinoma sequence of molecular events leading to 

cancer progression (25). Tumorigenesis is a complex multistep process with a 

number molecular events driving tumour formation that usually proceeds over a 
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period of years to decades. On average the transition from adenoma to carcinoma 

takes 8-12 years (6, 26, 27). Fearon and Vogelstein (26) proposed a linear 

tumorigenic model for CRC in 1990 (Figure 4) in which an initial inactivation of a 

tumour suppressor gene occurs followed by at least four more genetic mutations in 

oncogenes and/or tumour suppressors (26). Since its inception this basic model 

has been extended with knowledge gained about acquisition of specific mutations 

leading to tumour progression such as the hallmarks of cancer (Figure 1; (1, 2) 

which drive tumorigenesis. The initial mutation is rare but once it occurs, genomic 

instability can jeopardises the integrity of the genome increasing the likelihood of 

future mutations. A common initial mutation found in CRC is inactivation/loss of 

APC (adenomatous polyposis coli). Loss of APC been reported in 80 % of CRC 

cell lines (28). APC forms a destruction complex with other proteins such as GSK-

3β (glycogen synthase kinase 3-beta) and Axin that negatively regulate β-catenin.  

β-catenin is a transcription factor/cell-cell adhesion molecule that drives the 

proliferative Wnt signalling pathway (29). Following the initial mutation, it is not the 

order of mutations that drive tumorigenesis but the accumulation of mutations 

which convey the various hallmarks of cancer (1, 2, 26) (Figure 4). 

Common early mutations in CRC that drive tumorigenesis from a small to 

intermediate adenoma (25) include mutually exclusive activating mutations of the 

oncogenes KRAS (34% carcinomas and none in hyperplastic polyps) or BRAF 

(5.1% adenocarcinoma and 33% hyperplastic polyps), which activate the MAPK 

signalling pathway (Figure 4; (30)). Other mutations that drive tumorigenesis in 

CRC are activating mutations in PIK3CA causing activation of the PI3K pathway 

(PIK3CA mutations, pertinent to this thesis, will be discussed in more detail later), 

loss of the tumour suppressor p53 and inactivation of the TGFβ (transforming 

growth factor-β) signalling pathway (31, 32). 

CRC is a highly heterogeneous disease due to this large variety and combination 

of molecular aberrations which occur during tumorigenesis as a result of genomic 

instability. CRC can differ in clinical presentation, molecular characterisation and 

prognosis. Even patients with clinically similar tumours can have a dramatically 

different response to therapy and OS, highlighting the problem of such a 

heterogeneous disease. CRC heterogeneity is further increased by the 
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involvement of factors such as tumour microenvironment, immune response or the 

intestinal microbiome (33, 34). CRC can be subtyped depending on molecular 

characteristics and this influences prognosis (Figure 5; (34)). 

Figure 4: The Genetic Model for Tumorigenesis in Colorectal Cancer (CRC). 
Proposed by Fearon and Vogelstein (26), CRC tumour progression proceeds by the 
multistep accumulation of mutations in tumour suppressor genes and oncogenes. Normal 
colon/rectal epithelium acquire either an inherited or sporadic mutation likely to be in 
tumour suppressor genes such as APC (Adenomatous polyposis coli) gene or the genes 
coding the proteins involved in the mis-match repair (MMR) pathway. This can result in 
genomic instability which compromises the integrity of the genome resulting in further 
mutations over time. Mutation in oncogenes such as KRAS/BRAF causes progression to a 
larger more dysplastic adenoma tumour through clonal expansion. Further loss of 
chromosomal segments can be found, this is common in 5q, 17q and 18q regions of the 
genome and cause tumour progression to carcinoma. The accumulation rather than order 
of these mutations seem to be of importance in CRC tumorigenesis (26). 
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Figure 5: Molecular classification of colorectal cancer (CRC). Figure taken from 
Linnekamp et al. Molecular characteristics (shown in orange) can be sub-divided into 
groups containing dominant features (epithelial, microsatellite instability (MSI) or 
mesenchymal), mutations (KRAS, BRAF or mixed), genomic instability (chromosomal 
instability (CIN), MSI or mixed) and histology (well differentiated, poor differentiated or 
poor differentiated mucinous). CCS1 are more sensitive to EGFR targeted therapies such 
as cetuximab. CCS1 and CCS2 have a better prognosis compared to CCS3 CRC subtype 
(34).  
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1.1.2 Small Cell Lung Cancer (SCLC) 

The CRUK Lung Cancer Centre of Excellence was established in 2014 at 

Manchester and UCL (University College London). This created a collaborative, 

integrated environment where lung cancer research can prosper. Professor Dive is 

the Manchester centre lead and over the previous years there has been an 

increased focus of Professor Dive‟s group on SCLC. Once I discovered that BMX 

(bone marrow tyrosine kinase gene in chromosome X) acted downstream of PI3K 

(Phosphoinositide 3-kinase) to promote CRC cell survival (Chapter 3) I wanted to 

investigate whether this mechanism was used in other cancer types. This lead to 

the discovery that BMX was expressed at relatively high levels in SCLC cell lines 

compared to other cancer types and that BMX acted downstream of PI3K to 

promote survival in SCLC cells (Chapter 4). This was an exciting find because of 

the focus of our group on SCLC and lead to my transition from CRC to SCLC.  

1.1.2.1 Small Cell Lung Cancer, Staging and Survival 

The two major histological types of lung cancer are non-small cell lung cancer 

(NSCLC) and SCLC. Lung cancer accounts for ~13% of newly diagnosed cases of 

cancer worldwide (35) with NSCLC accounting for ~85% of cases and SCLC 

accounting for the remainder (4). SCLC is characterised by small cells (generally 

less than the diameter of three small resting lymphocytes), scant cytoplasm, 

absent or faint nucleoli and high mitotic rate. SCLC is of neuroendocrine origin 

(36) and expressing neuroendocrine markers such as chromogranin, 

synaptophysin and CD56 in 90% of cases (37). Patients with SCLC are commonly 

elderly and either heavy or former smokers (38). Tobacco smoking is a major risk 

factor in SCLC that increases with intensity and duration but in a few rare cases 

SCLC patient have never smoked (39). Other risk factors include occupational or 

environmental exposures to uranium, radon, beryllium and silica for example (40). 

SCLC is classified as either limited stage (LS, confined to one hemithorax; TNM 

stage I-III; Figure 6) or extensive stage (ES, more widespread; TNM stage IV; 

Figure 6). SCLC is a highly aggressive disease with ~70% of patients diagnosed 

with ES disease (41). Due to this advanced stage at diagnosis most patients have 

compromised lymph nodes and distant metastasis (42) and only 5% of patients 
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are eligible for surgery (43). Without any treatment the median OS of SCLC 

patients is 2-4 months (44). First line treatment is platinum based chemotherapy 

such as cisplatin or carboplatin combined with etoposide and in some cases 

sequential or concomitant lung radiotherapy (Figure 7; (45)). Cisplatin and 

carboplatin forms intra-strand or inter-strand crosslinks with DNA which inhibits 

DNA synthesis and repair thus leading to accumulation of irreparably damaged 

DNA and eventual cell death (46). The enzyme topoisomerase II is needed to 

unwind DNA during replication and etoposide is a topoisomerase II inhibitor which 

prevents DNA from unwinding leading DNA breaks (47). LS SCLC patients have a 

median OS of 15-20 months and ES SCLC patients have a median OS survival of 

8-13 months following first and second line treatment (48). Brain metastases are 

common and as SOC chemotherapy is unable to cross the blood brain barriers all 

patients with brain metastases are offered prophylactic cranial irradiation (37). The 

five year survival rate for patients with LS SCLC are 31%, 19% and 8% for stage I, 

II and III respectively and for ES (IV) is 2% (49).  

 

 

 

 

 

 

 

Figure 6: Limited and Extensive stage Small cell lung cancer (SCLC) schematic. 
Limited stage SCLC confined to one hemithorax (left) and extensive stage SCLC (right) 
that has metastasised and is more widespread. The lungs lobes and primary, secondary 
and tertiary bronchus are labelled. Illustration made using Servier Medical Art. 
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1.1.2.2 Chemotherapy resistance in small cell lung cancer 

SCLC tumours can be classified as either chemo-sensitive (complete or partial 

response to therapy lasting greater than 90 days), chemo-resistant (partial 

response to therapy lasting less than 90 days after therapy) or refractory 

(progressive disease throughout therapy; (37)). Response to chemotherapy is 

determined according to RECIST (Response Evaluation Criteria In Solid Tumors) 

criteria. A complete response is determined when all lesions have disappeared, 

partial response is determined when at least 30% decrease in lesion is observed 

and progressive disease 20% increase in lesions is observed (50). SCLC is unique 

amongst solid tumours in that it is often exquisitely sensitive to first-line 

chemotherapy but this is followed by rapid relapse, potentially due to selection of 

pre-existing chemo-resistant cells (51). Patients whose tumours were chemo-

sensitive to first-line therapy receive the same treatment as second line therapy. 

However, patients with resistant or refractory tumours will receive a different 

chemotherapy regimen in second line, which in the UK is topotecan (Figure 7; 

(37)). 
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Figure 7: Small cell lung cancer progression and therapy. As small cell lung cancer 
(SCLC) progresses the staging increases and treatment can change. This figure 
summarises the current first line treatment for patients with SCLC depending on staging 
and the second line treatment depending on whether the tumour is sensitive, resistant or 
refractory to chemotherapy (37) 

 

Chemotherapy resistance could be due to a number of factors such as blood flow 

and drug delivery to the tumour (effects amount of active drug reaching the 

tumour), extracellular matrix components (protect/prevent drug from reaching the 

tumour efficiently (52)), DNA repair (such as defects in mis-match repair pathway 

causing increased tolerance of DNA damaging agents (53)) and reduced apoptotic 

response (which is investigated in detail in this thesis) (52, 54). The intrinsic 

apoptotic pathway is regulated by the Bcl-2 family of proteins which are made up 

of anti-apoptotic members and pro-apoptotic members. Apoptosis is dependent on 

activation of caspases (cysteine-aspartic proteases). The caspase family are 

proteases that cleave proteins within the cell resulting in apoptosis (55). Apoptosis 
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and the Bcl-2 family will be discussed in detail in Chapter 1.4. Cisplatin treatment 

activates the apoptotic pathway in response to the increase in DNA damage 

caused by cisplatin intra- and inter-crosslinks. Many cisplatin resistance cancer 

cell lines exhibit downregulation of the pro-apoptotic Bcl-2 family members such as 

pro-apoptotic BAX and upregulation of the anti-apoptotic Bcl-2 family members 

such as BCL-2 (54) leading to a higher ratio of anti-apoptotic proteins present 

which buffer pro-apoptotic signals in response to cisplatin treatment therefore 

reducing cisplatin efficacy. IAPs (inhibitor of apoptosis proteins) inhibit pro-

apoptotic proteins released from the mitochondria in response to pro-apoptotic 

signals (56). Overexpression of the IAPs such as XIAP (X-linked inhibitor of 

apoptosis protein) that inhibit caspases (56) has also been associated with 

cisplatin resistance and inhibition of XIAP increases cisplatin sensitivity in cancer 

cells (57, 58). Drugs directly targeting components of the apoptotic pathway will be 

discussed in Chapter 1.4. 

Multidrug resistance (MDR) can hinder chemotherapy response whereby tumour 

cells that have been exposed to one cytotoxic agent can acquire resistance to 

multiple unrelated drugs (59). This usually occurs via upregulation of cell 

membrane transporters such as of MDR1 (multidrug resistance 1 also known as 

P-glycoprotein) which is from the family of ABC (ATP-binding cassette) 

transporters which pumps cytotoxic drugs out of the cancer cell therefore lowering 

the intracellular drug concentration. This can also occur intrinsically in some 

cancers with no prior exposure to cytotoxic agents. MRP1 (multidrug resistance 

protein 1) and MRP2 are the drug pumps responsible for efflux of etoposide and 

cisplatin, respectively (59). Biricodar (Vertex Pharmaceuticals) is a MDR1 inhibitor 

that was used in the clinical setting in SCLC. The rationale was that inhibition of 

MDR1 would reduce chemotherapy efflux out the cell and therefore increase the 

efficacy of the chemotherapy agent. Unfortunately this produced disappointing 

phase II clinical trial results highlighting the complexity of chemotherapy resistance 

(60). 

SCLC patients have a high response rate of 70-90% to first line therapy (61, 62) 

but only 20% will respond to second line chemotherapy rechallenge, if they are 

able to tolerate further treatment (62). In 95% of SCLC cases, patients who 
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respond to first- and second-line therapy will eventually succumb to their disease. 

A greater understanding of the mechanisms of resistance is needed in order to 

discover new ways to target this disease and increase progression free survival 

(PFS) and OS (63). Moreover between 10-20% of LS and 15-30% of ES patients 

are considered resistant or refractory to first line chemotherapy (48, 61). 

Chemotherapy is likely to create a selection pressure which drives clonal 

expansion of resistant cells (64) and tumours may use a number of resistance 

mechanisms to escape cytostasis or cytotoxicity, highlighting that resistance is 

multifactorial (65). 

1.1.2.3 Small cell lung cancer heterogeneity  

Four recent comprehensive studies have described the genetic characterisation of 

SCLC tumour samples and cell lines (66-69). This revealed the high mutation rate 

(5.5-7.4 protein-changing mutations per million base pairs) (66, 67) and high 

degree of genetic diversity in SCLC compared to other cancer types (70). The high 

mutation rate is consistent with DNA damage caused by tobacco smoke 

carcinogens which induce a high frequency of G to T transversions and G to A and 

A to G transitions (71). The high degree of heterogeneity in SCLC was confirmed  

when ~8000 protein coding mutations were identified (30 % of total mutations 

identified) and only 22 were co-expressed in multiple SCLC tumours (67). 

Consequently identifying novel anti-cancer strategies for the treatment of SCLC 

patients remains extremely challenging.  

The major genetic aberrations in SCLC involve the tumour suppressors TP53 

(mutated in 75-90% of cases; (72)) and RB1 (Retinoblastoma 1; lost in 60-90% of 

cases; (4, 73)). Furthermore, amplification of MYC family genes was found to be 

mutually exclusive in 18-31% of SCLC samples (72) and amplification or 

overexpression of SOX2 was identified in 27 % of SCLC tumours (67), both are 

transcription factors. The transmembrane receptor NOTCH family genes are 

mutated in 25 % of SCLC (68). One genomic study showed PI3K pathway 

components were mutually exclusively altered in 36 % of SCLC patients. PI3K is a 

lipid kinase that regulates proliferative and survival pathway and will be discussed 

in detail in section 1.2 (69). Furthermore, 2-5 % of SCLC tumour samples have 
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inactivating mutations in PTEN (phosphatase and tensin homologue deleted from 

chromosome 10), the phosphatase that negatively regulates the PI3K pathway 

(74-76). Alterations in the PI3K signalling pathway were mutually exclusive with 

amplification of MYC family members (69) suggesting that PI3K pathway 

mutations are drivers in some SCLC and making it an attractive drug target (69).  

Intra-tumour heterogeneity can occur on a genetic, phenotypic and functional level 

leading to the creation of diverse subclones (Figure 8). Adding to this complexity is 

the effect of the tumour microenvironment which can influence tumour behaviour 

by specific effects on certain tumour subpopulations (77). An example of this could 

be physical separation of a subclone by blood vessels creating differing 

environments within the tumour (Figure 8, subclone 2). Genetically similar 

subclones can function differently (Figure 8, TP53 mutation found in subclone 1 

(chemo-resistant) and subclone 3 (chemo-sensitive)). Genetically diverse 

subclones may  function similarly (Figure 8, subclone 1 (RB, PIK3CA, SOX2 

mutations) and subclone 2 (TP53, MYC, NOTCH mutations) are both chemo-

resistant (78)). Inter-cellular genetic heterogeneity may also be observed when a 

subclone shows diversity. This could be due to genomic instability, and could 

result in the emergence of a new tumour subclone (Figure 8, subclone 2 shows 

intercellular genetic diversity; (78)).  

While 80-90% of LS and 70-80% of ES patients initially respond to therapy, 

virtually all will eventually relapse (48, 62). Inter-tumour heterogeneity of SCLC 

(Figure 8) makes the one size fits all treatment option highly unlikely to be 

successful (as shown by the eventual relapse to SOC in SCLC). The rapid rate of 

relapse and subsequent insensitivity to chemotherapy in the majority of SCLC 

cases highlights that chemotherapy resistance, where heterogeneity is  likely to be 

a key factor, is a major problem in the treatment of SCLC (79). Personalised 

medicine for such a heterogeneous cancer is a major challenge, especially due to 

the lack of predictive biomarkers in SCLC and until recently a lack of druggable 

drivers of the disease.  
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Figure 8: Inter-tumour and intra-tumour heterogeneity in small cell lung cancer. 
Small cell lung cancer displays inter-tumour heterogeneity between patients; intra-tumour 
heterogeneity between tumour subclones and inter-cellular genetic heterogeneity within 
the same subclone (subclone 2 newly acquired mutations in a cell). Illustration made 
using Servier Medical Art. 
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1.1.2.4 Preclinical models of small cell lung cancer 

Only 5 % of SCLC tumours are surgically resected, (80) and although a diagnostic 

biopsy specimen is obtained from all patients, these specimens contain very few 

tumour cells. Specimens can be taken from the primary tumour, lymph nodes or 

any metastatic site by bronchoscopic biopsy or fine-needle aspiration (37) and 

often results in limited or no tumour tissue available after diagnosis is made for 

subsequent research purposes. Tumour samples are also often necrotic 

hampering molecular analyses. This lack of quantity and/or quality of tumour 

sample availability has limited our understanding of SCLC biology. Researchers 

are therefore reliant on preclinical models of SCLC such as cell lines and animal 

models to help further our understanding of disease progression and resistance to 

therapies. Although there are many advantages to using such resources, studies 

must be conducted with an awareness of the limitations of each SCLC preclinical 

models (81-86). 

Historically, SCLC cell lines have been the „workhorse‟ tools to enhance our 

understanding of SCLC and provide a cheap, accessible model to learn about the 

nature of SCLC such as molecular abnormalities and mutational profiles of the 

disease (66, 67). SCLC cell lines available represent all the genetic features 

discovered so far in patients but the disadvantage is they lack the degree of 

heterogeneity, do not readily mimic disease progression and do not model the 

tumour microenvironment. SCLC cell lines can be implanted into an 

immunocompromised mouse to produce xenograft (also referred to as secondary 

xenograft) models to study SCLC and treatment in vivo, as can Patient Derived 

Xenografts (PDX). However, cell lines, xenografts and PDX derived from the same 

patient sample had significant differences in gene expression (86) which suggests 

a possible reason for lack of efficacy in clinic for various novel agents tested in 

SCLC cell lines and xenografts with promising results. For example, the BH3 

mimetics ABT-737 and Navitoclax (see Chapters 1.3.7 for more details) proved 

efficacious in cell lines (87) and cell line xenografts (88) but efficacy was not 

observed in the clinic (89) suggesting that important changes in gene expression 

cannot be rescued once lost due to cell culture conditions which may determine 

the efficacy of therapies. 
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Genetically Engineered Mouse Models (GEMMs) of SCLC have proven invaluable 

for studying SCLC development and progression because they provide a tumour 

microenvironment that can more closely recapitulate human SCLC than cell lines 

and cell line xenografts. Because TP53 mutation and RB1 loss are found in the 

majority of SCLC, a GEMM was developed containing a double conditional knock-

out of TP53 and RB1 in mouse pulmonary epithelial cells (84). The inactivation of 

both genes led to the development of SCLC that resembled human SCLC within 

approximately 12 months and these tumours were highly aggressive and 

metastatic (81). Triple knock-outs additionally harbouring a conditional p130 or 

PTEN knock-out allele in the TP53/RB1 null background were subsequently 

developed which significantly reduced the latency phase for SCLC development 

(90). Furthermore the triple knock-out of TP53, RB1 and PTEN deletion in 

neuroendocrine cells increased metastasis suggesting PTEN is a driver mutation 

in SCLC (82, 91). SCLC GEMMs have proved useful in studying novel therapies 

such as the CDK 7 inhibitor, THZ1 (92) but GEMMs are costly and time consuming 

to produce and thus makes routine drug screening unfeasible. Additionally, the 

high degree of heterogeneity in human SCLC is not fully recapitulated in GEMMs 

of SCLC and the absence of tobacco mutagens, known to be key factors in the 

development of SCLC means that GEMMs do not represent the true nature of 

SCLC genetic instability and complexity and therefore other preclinical models 

should be considered (93, 94). 

As mentioned previously, PDX models offer an opportunity to study SCLC and 

have been found to retain important biological properties of the primary tumour 

such as gene amplification (95), gene expression (96) and cancer „stem‟ cell or 

more accurately, tumour initiating biology (97, 98). SCLC PDX models have been 

successful in studying novel drug combinations (84) but unfortunately in addition to 

the lack of primary SCLC source material and the time consuming and labour 

intensive nature of this approach, evidence suggests that PDX models acquire 

new genomic changes, a faster growth rate and nuclear pleomorphism causing  

them to differ significantly from their primary tumour (99, 100). However SCLC 

PDXs may be the most appropriate preclinical tool to study SCLC disease 

progression and therapies as they capture the heterogeneity of the tumour (84-
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86). PDX models are not suitable as true avatars because of the fast disease 

progression of SCLC and thus they cannot be used in co-clinical trials (84-86). 

SCLC CDX (CTC (circulating tumour cell) derived xenograft) models have been 

recently developed in the Dive Laboratory (83) and offer an attractive alternative to 

PDX without the restrictions of challenging patient biopsies. CDX are developed 

using CTCs enriched from the blood of a SCLC patient. Enriched CTCs from a 

single patient are implanted subcutaneously into an immunocompromised mouse 

and in approximately 50% of cases the mice go on to develop tumours which can 

be readily passaged in vivo. CDX closely mimic the donor patient pathology and 

response to chemotherapy and highlights the high degree tumorigenicity of CTCs 

in SCLC (83): as few as 10 disaggregated CDX cells can rederive the tumour 

(Dive Laboratory submitted data).  One of the main advantages of CDX compared 

to PDX is the ability to generate models serially at any stage of disease 

progression where resection or routine biopsy is not performed, without major 

deviation from standard clinical practice because only minimally invasive blood 

samples, routinely obtained are required.  

 

 

 

 

 

 

 

 

 

 

51



 

1.2 Phosphoinositide 3-kinase (PI3K) Signalling Pathway  

The focus on this thesis is the impact of targeting the PI3K pathway in CRC and 

SCLC in combination with Bcl-2 family targeted drugs. 

1.2.1 Classification of Phosphoinositide 3-kinases 

The Phosphoinositide 3-kinases are a conserved family of lipid kinases that 

catalyse the phosphorylation of the D-3 hydroxyl position on the inositol ring of 

phosphatidylinositol (PtdIns) species such as PtdIns, PtdIns-4-phosphate 

(PtdIns4P) and PtdIns-4,5-bisphosphate (PtdIns(4,5)P2), acting as a signal 

transducer to pathways involved in cellular metabolism, cytoplasmic 

rearrangement, proliferation, polarity and survival (32, 101). The PI3K family is 

made up of eight isoforms split into three classes (class I, II and III; Figure 9) 

depending on their structure and substrate specificity (102, 103). Class I PI3K 

preferentially utilise PtdIns(4,5)P2 as a substrate, producing PtdIns-3,4,5-

triphosphate (PtdIns(3,4,5)P3). This class is further divided into class IA and IB 

depending on how they are activated. Class IA PI3K are activated by RTKs 

(receptor tyrosine kinase) or by certain oncogene products such as the monomeric 

G-protein, RAS. This class of PI3K are the focus of this thesis. Class IB are 

activated by GPCRs (G-protein coupled receptors), through interaction with 

trimeric G-proteins via the Gβγ subunit (31, 32). 

Class II PI3K preferentially binds to the substrates PtdIns and PtdIns4P and 

consists of three isoforms that can be activated by RTKs, cytokine receptors and 

integrins. Class III PI3K consists of VPS34 (vacuolar protein sorting-associated 

protein) which is an essential regulator of vesicle transport that signals via mTOR 

(mammalian target of rapamycin). VPS34 uses PtdIns as a substrate producing 

PtdIns3P which is localised to the early and late endosome (103).  

The PIKKs (phosphoinositide kinase related kinases) are a group of kinases 

closely related to PI3K family and consist of protein kinases that have evolved 

from a common ancestor to lipid PI3K. This includes proteins such as ATM 

(ataxia-telangiectasia mutated), ATR (ataxia- and Rad3-related), DNA-PKcs (DNA-
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dependent protein kinase catalytic subunit), mTOR and TRRAP 

(transformation/transcription domain-associated protein; (104)). 

1.2.2 Class IA PI3K structure 

PI3K class IA are the most thoroughly studied of the lipid kinases and have been 

shown to be important in tumorigenesis (103). They are heterodimers made up of 

a p110 catalytic subunit and p85 regulatory subunit (Figure 9). The p110 catalytic 

subunit has three isoforms, p110α, p110β and p110δ, encoded by the PIK3CA, 

PIK3CB and PIK3CD genes respectively. These isoforms are highly homologous 

and share five distinct evolutionarily conserved domains. The p110 catalytic 

subunit contains a p85 binding domain that interacts with p85 regulatory subunit 

forming a heterodimer (105). The RAS binding domain in the p110 catalytic 

subunit mediates PI3K activation via the GTPase RAS (Figure 9; (106)). The 

catalytic domain catalyses the transfer of the gamma phosphate from adenosine 

triphosphate (ATP) to the OH group at the D-3 position of the inositol ring (31).   

The p85 regulatory subunit consists of three isoforms, p85α (plus splice variants 

p55α and p50α), p85β and p55γ (Figure 9) that are encoded for by the PIK3R1, 

PIK3R2 and PIK3R3 genes respectively (107). All the p85 regulatory subunits 

contain two SH2 domains that recognise specific phosphorylated tyrosine (pY) 

residues (Figure 9). RTKs are activated by their appropriate ligand causing 

autophosphorylation and/or transphosphorylation of specific tyrosine residues 

within the cytoplasmic domain of the receptor which produces a docking site for 

binding to the SH2 domain in the regulatory subunit (Figure 9). The regulatory 

subunit acts as an adaptor that co-localises the catalytic subunit and substrate to 

the plasma membrane (31). The p85α and p85β isoforms both contain an SH3 

domain that is involved in protein-protein interactions with proline rich domains and 

a breakpoint cluster region (BCR) homology domain (BH). The SH3 and BH 

domains have negative regulatory functions towards the catalytic subunit (108). 

P85 binds the p110 catalytic domain via the p110 binding domain (also known as 

inter-Src homology 2 (iSH2) domain (105)) recruiting the PI3K heterodimer to the 

plasma membrane (Figure 9; (31)). 
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Figure 9: Phosphoinositide 3-kinase family classification. The three main classes of 
Phosphoinositide 3-kinase (PI3K) are class 1A, class 1B, class II and class III. This is 
based on their substrate specificity towards phosphoinositides and structure. Class IA are 
made up of a catalytic domain, p110 that binds the regulatory domains p85 via the p85 
binding domain forming a heterodimer. Monomeric G protein RAS binds p110 catalytic 
subunit via the RAS binding domains (103). p85 binds GAB (GRB2 associated protein) via 
the SH2 domain. Illustration made using Servier Medical Art. 

 

1.2.3 Class IA PI3K activation and negative regulation 

Class IA PI3K are activated by three independent pathways, all of which involve 

binding of a ligand to an RTK such as EGFR, insulin receptors (for example 

insulin-like growth factor-1 receptor) or PDGFR (platelet-derived growth factor 

receptor). In unstimulated cells, the PI3K heterodimer is located in the cytoplasm 

where via intramolecular interactions the regulatory subunit inhibits the catalytic 

subunit from accessing its substrate. When a growth factor such as EGF binds to 

the extracellular domain of EGFR it induces EGFR dimerisation and 

autophosphorylation of the cytoplasmic domain of several tyrosine residues which 
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allows SH2 domain containing proteins to interact (Figure 9). The SH2 domains in 

the regulatory subunit of class IA PI3K recognise a specific phospho-tyrosine motif 

(YXXM, where X is any amino acid) and binds with high affinity thus interfering 

with autoinhibitory intramolecular interacting and activating the catalytic subunit 

(Figure 9). Activated PI3K co-localises with PtdIns(4,5)P2 at the plasma 

membrane (32, 103, 109, 110).  

Other modes of PI3K activation rely on GRB2 (growth factor receptor bound 

protein 2) adaptor protein that preferentially binds to the phospho-tyrosine motif 

(YXN). GRB2 binds to other scaffold proteins such as GAB (GRB2 associated 

protein) which also binds to the PI3K regulatory subunit p85 and results in 

activation of PI3K catalytic domain as previously described (Figure 9; (111, 112)). 

Lastly PI3K can be activated via RAS (106). GRB2 can also form a complex with 

SOS (son of sevenless) which is a GEF (guanine nucleotide exchange factors) 

that localises RAS to the plasma membrane where RAS is activated, resulting in 

activation of the RAS/MAPK pathway (113). RAS binds to the PI3K catalytic 

domain via the RAS binding domain (Figure 9) which activates p110 independently 

of p85 (114). Active PI3K is then able to phosphorylate PtdIns(4,5)P2 to produce 

PtdIns(3,4,5)P3 which acts as a secondary messenger by transmitting the signal 

from the RTK to effectors such as AKT and PDPK1 (PDK1; phosphoinositide 

dependent protein kinase-1) which contain a PH (Pleckstrin homology) domain 

(Figure 10 (32, 103, 109, 110)). Currently it is not clear which of these PI3K 

activation pathways predominates in different physiological situations.  

PTEN is a lipid and protein phosphatase that acts as a tumour suppressor (115). It 

negatively regulates the PI3K pathway through its ability to dephosphorylate the D-

3 phosphate on the inositol ring of PtdIns(3,4,5)P3 and converts PtdIns(3,4,5)P3 to 

PtdIns(4,5)P2. Therefore loss of PTEN results in hyperactivation of the PI3K 

pathway. Other phosphatases such as SHIP1/2 (SH2 domain-containing inositol 

5'-phosphatase) are important in PtdIns(3,4,5)P3 metabolism as they 

dephosphorylate the D-5 position in the inositol ring and convert PtdIns(3,4,5)P3 

into PtdIns(3,4)P2 (31, 110, 116, 117). 
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Figure 10: Class IA phosphoinositol 3-kinase signalling. Activated class IA 
phosphoinositol 3-Kinase (PI3K) phosphorylates PtdIns(4,5)P2 (PIP2) producing 
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main known downstream effectors of PI3K (101). Illustration made using Servier Medical 
Art. 

1.2.4 AKT – The main PI3K downstream effector  

AKT (also known as PKB (protein kinase B)) is a serine/threonine protein kinase of 

which there are three distinct isoforms; AKT1, 2 and 3 encoded by the AKT1, 

AKT2 and AKT3 genes respectively (31). The different AKT isoforms appear to 

target similar effectors (Figure 10; (118)). However, increasing evidence suggests 

that the three AKT isoforms are non-redundant and function in an isoform specific 

manner in signal transduction pathways (119, 120). Although AKT1 and AKT2 

knock-out mice are both small, suggesting some overlap in function, only AKT2 
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knock-out mice display a diabetic phenotype, suggesting a non-redundant function 

of the two isoforms (120, 121).  

Once PI3K activation has resulted in PtdIns(3,4,5)P3, this provides a specific 

phospholipid surface that the PH domains found in AKT and PDPK1 (another 

serine/threonine kinase) can recognise, allowing the co-localization of these two 

proteins at the plasma membrane. PDPK1 was thought to be constitutively active 

however emerging evidence indicates that PDPK1 is regulated through 

phosphorylation of multiple serine, threonine and tyrosine residues but the exact 

mechanism remains unknown (122). Docking of AKT causes a conformational 

change which exposes two phosphorylation sites on AKT, T308 which is 

phosphorylated by PDPK1 (123, 124) and S473 which is phosphorylated by 

mTORC2 (mTOR complex-2) leading to complete activation of AKT (125). 

mTORC2 is made up of mTOR, mLST8 (GTPase β-subunit like protein GβL), 

deptor (disheveled, Egl-10, pleckstrin (DEP) domain containing mTOR interacting 

protein), rictor (rapamycin insensitive companion of TOR), mSIN1 (mammalian 

stress-activated protein kinase (SAPK)-interacting protein) and PRR5 (Proline-rich 

protein 5, also known as protor) (126-130). mTORC2 is thought to be activated by 

PI3K via an unknown mechanism involving mTORC2 associating with ribosomes 

(131). In addition, AKT can be ubiquitinated by the E3 ligase TRAF6 at lysine 63, 

which targets AKT to the plasma membrane. This ubiquitination is also important 

for phosphorylation and activation of AKT (132). Activated AKT regulates a vast 

number of effectors involved in a variety of biological processes such as cellular 

survival, metabolism, proliferation and angiogenesis. This regulation occurs via 

phosphorylation that can either be activating or inhibitory it its effect (31, 32). 

AKT promotes cellular survival via multiple mechanisms that regulate apoptosis 

(Figure 10). BAD is a pro-apoptotic protein that forms a heterodimer with anti-

apoptotic BCL-2, BCL-xL and BCL-w proteins, neutralising their anti-apoptotic 

effect. The phosphorylation of BAD (S146) by AKT causes BAD to be recognised 

by the phosphoserine binding protein 14-3-3. BAD/14-3-3 interaction blocks the 

pro-apoptotic function of BAD promoting survival (1, 2, 133). GSK3β is a 

serine/threonine kinase that phosphorylates the anti-apoptotic Bcl-2 family protein 

MCL-1 which causes it to be targeted for degradation (134). AKT negatively 
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regulates GSK3β thus stabilising MCL-1 (135). AKT phosphorylates and 

antagonises the upstream apoptotic protease caspase 9 by altering its catalytic 

activity promoting survival (136). AKT negatively regulates members of the 

forkhead family of transcription factors. FOXO1 (Forkhead box protein O1) 

promotes transcription of the pro-apoptotic proteins, BIM (Bcl-2 family) and FAS 

ligand; however AKT mediated phosphorylation results in cytoplasmic 

sequestering via 14-3-3 (137). When cell stress such as irreparable DNA damage 

occurs, p53 activates a pro-apoptotic response by both activating transcription of 

pro-apoptotic Bcl-2 family BH3-only proteins like NOXA and PUMA and 

inactivating transcription of anti-apoptotic family members like BCL-2. MDM2 

(Mouse double minute 2 homolog) is an E3 ubiquitin-protein ligase that negatively 

regulates p53. AKT phosphorylates MDM2 which promotes nuclear translocation 

and enhances p53 degradation (138, 139). 

In addition to its anti-apoptotic role AKT can also regulate cell proliferation in a 

number of ways (Figure 10). Cyclin D1, a critical regulator of G1-S phase 

progression is inhibited by GSK3β via several mechanisms. GSK3β can 

phosphorylate cyclin D1 and targets it for degradation (135). GSK3β can also 

promote degradation of β-catenin a transcriptional activator of cyclin D1 (140). 

Therefore GSK3β inhibition by AKT can elevate cyclin D1 levels both 

transcriptionally and post-translationally (135, 140). Furthermore AKT promotes 

cell cycle progression via phosphorylation and inhibition of cyclin dependent 

kinase inhibitors (CDKI) p27 and p21. CDKIs block cyclin/CDK (cyclin dependent 

kinase) complexes which are essential for cell cycle progression (141).  

mTORC1 (mTOR complex-1) is an important downstream effector of AKT, 

involved in a variety of cellular processes including cell growth, proliferation, and 

ribosomal biogenesis. mTORC1 is a multi-subunit complex comprising mTOR, the 

scaffold protein Raptor (regulatory associated protein of TOR), mLST8 and deptor 

(142, 143). RHEB (RAS homolog enriched in brain) is a RAS-family small GTPase 

that activates mTORC1 in its GTP bound form via an incompletely defined 

mechanism (144-146). TSC2 (tuberous sclerosis complex-2) forms part of the 

TSC1/TSC2 tumour suppressor complex which has GTPase activating protein 

(GAP) function that antagonizes the association between RHEB and mTORC1. 
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AKT promotes mTORC1 activation via an inhibitory phosphorylation event that has 

been reported to decrease TSC1/TSC2 GAP activity (Figure 10; (147)). PRAS40 

(proline-rich AKT substrate of 40 kDa) can form part of the mTORC1 complex 

inhibiting it. Activated AKT phosphorylates PRAS40 which causes it to be 

disassociated from the mTORC1 complex and be sequestered by the phospho 

binding protein 14-3-3 therefore releasing its inhibitory effect (129, 148). The 

mTOR subunit in mTORC1 is a serine/threonine kinase that regulates multiple 

effectors involved in mRNA translation. mTORC1 phosphorylates and activates 

the serine/threonine kinase S6K (Ribosomal Protein S6 Kinase), which in turn 

phosphorylates and activates the S6 (ribosomal protein S6). Active S6 stimulates 

the translation of mRNA containing a 5‟polypyrimidine tract (104). Another 

important effector of mTORC1 is 4EBP1, a repressor of CAP-dependent 

translation. Active mTORC1 phosphorylates 4EBP1 which primes 4EBP1 for 

further phosphorylation leading to the release of the CAP-binding protein eIF4E 

and subsequent assembly of the eIF4E/eIF4G complex required for translation 

initiation (149, 150).  

1.2.5 PI3K-dependent, AKT-independent pathway 

AKT is one of the major downstream effectors of PI3K, however there are over 

560 other proteins in humans with PH domains according to SMART (Simple 

Modular Architecture Research Tool (151, 152)) although not all these bind 

phosphoinositides with high affinity and specificity (153). Proteins that have PH 

domains and bind PtdIns(3,4,5)P3 have the potential to be regulated by PI3K. 

Proteins that have PH domains are involved in a wide variety of cellular functions 

from metabolism to signalling and trafficking. Whilst knockout of an activating 

mutant PIK3CA allele in CRC cell lines led to a decrease in AKT phosphorylation 

(154) it is not clear whether AKT is essential for PIK3CA-driven tumorigenesis. 

Indeed, in a panel of breast cancer and CRC cell lines with PIK3CA mutations‟ 

PI3K was found to be essential for proliferation, whilst AKT was not essential in a 

subset of these cell lines including HCT-116 and HT-29 (155). Another AGC 

(cAMP-dependent protein kinase 1 (PKA), cGMP-dependent protein kinase (PKG) 

and protein kinase C (PKC)) kinase closely related to AKT (156), SGK3 

(serum/glucocorticoid regulated kinase 3), was activated in a PI3K- and PDPK1-
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dependent manner, and was essential for cellular proliferation, suggesting the 

presence of an alternative PI3K signalling pathway in some PIK3CA mutant cells 

(155). A proteomic study demonstrated that upregulation of the STAT (signal 

transducer and activator of transcription) family transcription factors may be AKT-

independent function of PI3K (157). STAT3 is important in mutant PIK3CA-

induced transformation and that it is phosphorylated in response to PI3K activation 

by the NRTK (non-receptor tyrosine kinase) BMX (158). Whilst PI3K pathways 

independent of AKT are poorly studied, they clearly exist in a cell-context 

dependent manner and understanding mechanism of activation and their 

downstream effects have the potential to inform on tumorigenesis and future drug 

targets to treat cancer. 

1.2.6 BMX and the PI3K pathway 

The role of BMX in CRC and SCLC drug responses is a focus on this thesis. BMX 

also known as ETK (epithelial and endothelial tyrosine kinase), is a member of the 

Tec family of NRTK. The Tec family are made up of BMX, BTK (Bruton‟s tyrosine 

kinase), ITK (inducible T-cell kinase), TEC and TXK (also known as resting 

lymphocyte kinase (RLK)). They contain a PH, SH2, SH3, TH (Tec homology) and 

a tyrosine kinase domain with the exception of BMX that lacks the TH domain and 

TXK that lacks the PH domain (159). The Tec family of kinases are primarily 

expressed in the hematopoietic cell linage with the exception of BMX which has a 

much broader expression profile and has been shown to be expressed in 

endothelium and in epithelial cells as well as cells of the brain, prostate, lung and 

heart (160-162).  

BMX is targeted to the plasma membrane via the secondary messenger 

PtdIns(3,4,5)P3 (Figure 10) which interacts with BMX via its N-terminal PH domain 

(Figure 11). The PH domain in BMX regulates the activation of the protein via 

intra-molecular interactions with the tyrosine kinase domain having an 

autoinhibitory effect on the protein in an unstimulated cell. BMX activity is 

regulated by multiple mechanisms which are likely to be cell context dependent. 

Multiple studies have reported that BMX is regulated by PI3K via its interaction 

with PtdIns(3,4,5)P3 (159, 163, 164). The NRTK SRC is then able to 
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phosphorylate membrane bound BMX on the kinase domain (Y566) leading to 

BMX activation (159, 164). Alternatively the PH domain of BMX can bind to the 

NRTK FAK‟s (focal adhesion kinase) FERM (four-point-one, ezrin, radixin, moesin) 

domain where is can be activated by SRC. FAK has also been shown to 

phosphorylate the PH domain (Y40) on BMX which releases its autoinhibitory 

effect on the tyrosine kinase domain (165). BMX‟s preferred target motif is pYpY, a 

site found in many RTKs and NRTKs. Usually the RTK ligand induces 

autophosphorylation or transphosphorylation but requires a further 

phosphorylation of the second tyrosine before the receptor is fully activated. BMX 

has been proposed to be required for this second tyrosine phosphorylation 

amplifying tyrosine kinase signalling. BMX has shown to increase phosphorylation 

of multiple tyrosine kinases including MET, FAK, FGFR1 (Fibroblast Growth Factor 

Receptor 1), ACK1 (Activated CDC42 kinase 1) and InsR (166) suggesting BMX is 

a key regulator of many biological processes. 

Figure 11: Tec family kinases structure. The Tec family of non-receptor tyrosine 
kinases are made up of 5 family members. They all contain a tyrosine kinase domain in 
the C-terminus and a SH2 (SRC homology 2) and SH3 domain. BMX, BTK, TEC and ITK 
all have a PH (Pleckstrin homology) domain in the N-terminus but TXK lacks this and 
instead has a cysteine rich motif. BTK, TEC,ITK and TXK contain a TH (Tec homology) 
domain but BMX lacks this (167). 

BMX has been implicated in regulating multiple biological processes including 

proliferation, differentiation, motility and apoptosis but despite this, direct 

downstream targets of BMX and the exact mechanism of BMX function remain 

largely unknown (157, 168-171). Depending on cellular context BMX has been 

shown to have both pro- and anti-apoptotic functions in vitro. For example, 

expression of BMX protects the LNCAp prostate cells from apoptosis induced by 

photodynamic therapy or thapsigargin (172), but sensitises mast cells (32D) to 

apoptosis after treatment with G-CSF (granulocyte-colony stimulating factor; (163)) 
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and in both cases this was PI3K dependent. There is also evidence for a role for 

BMX in DNA-damage response mediated via p53 via a direct interaction between 

the SH3 domain of BMX and the proline rich domain of p53. Treatment of LNCaP 

cells with doxorubicin caused up-regulation of the p53 regulatory protein p21 (cell 

cycle inhibitor) and down-regulation of survivin (IAP family member that negatively 

regulates apoptosis). However, the opposite effect was seen when BMX was 

stably over-expressed in LNCaP cells (LNCaP-BMX) leading to decreased p21 

and increased survivin levels, suggesting that BMX inhibits p53 transcriptional 

activity in these cells. Furthermore, p53 also inhibited BMX activity suggesting a 

bi-directional regulation between p53 and BMX in LNCaP cells (168). 

In a study of 71 patients with SCLC BMX was expressed in 75% (43 patients) of 

SCLC tumours and BMX expression correlated with expression of the anti-

apoptotic BCL-2 family members, BCL-2 and BCL-xL (173). Furthermore, over-

expression of BMX in H446 SCLC cells led to a 6-fold decrease in doxorubicin 

sensitivity and concomitant upregulation of BCL-2 and BCL-xL (173). BMX was 

also overexpressed in the chemo-resistant SCLC cell line H69AR relative to the 

chemo-sensitive parental cell line and BMX knockdown re-sensitised H69AR cells 

to a panel of chemotherapy drugs, potentially via downregulation of BCL-xL (174). 

These data suggest that BMX has an anti-apoptotic role in SCLC, potentially via 

BCL-xL and BCL-2 but the molecular mechanism and role of PI3K remains unclear 

(investigated in Chapter 3 and 5). Up-regulation of BMX correlated with poor 

prognosis in bladder cancer where BMX localised predominantly to the cytoplasm 

but was also found in the mitochondria (175). BMX does not contain a 

mitochondrial localising signal suggesting it localises there through protein-protein 

interactions. Co-immunoprecipitation studies showed a direct interaction between 

BMX and BCL-xL and co-localisation at the mitochondria which may suggest that 

this interaction is responsible for the mitochondrial localisation of BMX (175).  

1.2.7 Aberrations in the PI3K pathway  

Several components of the PI3K pathway (Figure 10) are frequently mutated in 

multiple cancers such as CRC and SCLC, causing gain or loss of function which 

typically leads to increased PI3K pathway signalling and tumour formation. The 
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PIK3CA gene encoding the catalytic p110α subunit is mutated in a range of 

cancers such as breast, brain, and of relevance in this thesis in CRC and SCLC 

(176-178). The PIK3CA mutations found in CRC and SCLC tumours are somatic 

(Figure 12; (75, 76)). Two major hotspot regions in exons 9 and 20 corresponding 

to the helical (PIK domain) and kinase catalytic domains respectively have been 

identified in the genome of CRC and SCLC cells (Figure 12). These hot spot point 

mutations result in missense mutation, indeed no truncating or nonsense 

mutations have been found. Validation of PIK3CA mutations have shown increase 

in levels of PtdIns(3,4,5)P3 leading to AKT and PDPK1 activation and cellular 

transformation although the exact molecular mechanism remains unknown (75, 

76, 176, 177, 179, 180). The three most frequent PIK3CA point mutations found in 

CRC and SCLC are E542, E545 and H1047, highlighted in red on Figure 12 (75, 

76, 180). This indicates the occurrence of non-random, selective mutations 

resulting in a cellular advantage such as increased proliferation. The helical 

domain mutations are thought to interfere with the intramolecular interactions 

between the p110α and p85 subunits that cause inhibition of PI3K in a resting cell, 

resulting in a constitutively active PI3K. The kinase catalytic domain mutation in 

located near the activation loop which results in a constitutively active p110 

catalytic subunit and therefore constitutively active PI3K signalling (181, 182). The 

main difference between the PIK3CA helical and kinase catalytic domain mutants 

is highlighted when the RAS binding domain is also mutated. In this situation the 

helical domain mutant are no longer oncogenic whereas the kinase domain 

mutants are, confirming they have different mechanism for PI3K activation (183). 

Depending on cellular context, constitutively active p110α may allow cells to 

sustain proliferative signals in the absence of growth factors and resist cell death 

by activating survival signalling pathways such as PI3K/AKT, both of which are 

hallmarks of cancer (1, 2).  

Mutations in PIK3R1, which encodes the p85α, p55α and p50α regulatory subunits 

have been identified in cancers such as ovarian, CRC and SCLC (32, 75, 76, 184, 

185). Most mutations were found in the SH2 and p110 binding (iSH2) domains, 

and crystallographic data suggests these mutations abrogate antagonistic intra-

molecular interactions between p85α and p110α and therefore promote 

constitutive activation of p110α (186). In CRC, mutations in p110 binding domain 
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rendering it non-functional have been observed. This type of mutation can lead to 

constitutive activation of the PI3K pathway by releasing the negative regulation of 

p85α thereby allowing p110 to bind its substrate and activate the PI3K pathway 

which is independent of RTK regulation and signalling. The frequency of mutations 

in the other regulatory subunits, p85β and p55γ, is low or absent suggesting an 

isoform specific function for p85α in cancer (32, 184, 185, 187). 

Loss of function mutations in PTEN have been found in many cancers such as 

breast, CRC, SCLC, endometrial, skin and prostate cancer, highlighting the 

significance of this protein in negatively regulating the PI3K pathway. 9% of CRC 

(188) and 2-5% of SCLC (74-76) have inactivating PTEN mutations. However, 

PI3K and PTEN mutations are not mutually exclusive and are found together in 

5.6% CRC (188) and 2.5% SCLC (75, 76). Coexistence of these mutations 

suggests a difference in oncogenic molecular mechanism and implies that their 

effect provides selective advantage to cells that harbour both mutations (189-191). 

This could be via PTENs PI3K independent function (115). PTEN can localise to 

the cytoplasm and the nucleus and has phosphatase independent functions. When 

PTEN is in the nucleus it regulates double-stranded DNA break repair via 

induction of RAD51 (192) which is a protein critical for invading the sister 

chromatid during DNA repair (193). In the nucleus, PTEN is involved in global 

transcriptional regulation through chromatin remodelling via direct interaction with 

histone H1 which chromatin condensation and downregulation of transcription in 

that region of the genome (194). PTEN has also been shown to regulate p53 

activity independent of PTENs phosphatase activity. The cross-talk between p53 

and PTEN appears complex; stabilised p53 in response to DNA damage can 

increase PTEN expression through p53 binding PTENs promoter. This is PI3K 

independent but PTEN also indirectly stabilises p53 via PI3K/AKT/MDM2 pathway 

(Figure 10; (195)).   

In vitro studies  revealed other mutations in the PI3K pathway in CRC cells such 

as mutation in AKT1 and AKT2 which results in growth factor independence by 

allowing ATK1 to translocate to the plasma membrane in the absence of growth 

factor-induced production of PtdIns(3,4,5)P3 (196-198). This plasma membrane 

localisation allows AKT1 to be phosphorylated, and activated by mTORC2 and 
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PDPK1 (199). Three mutations have also been found in PDPK1, with two affecting 

the same residue in the kinase domain (197). Activating mutations in RTK such as 

EGFR and IGFR-1 and mutations in (30, 75, 76, 180). These mutations activate 

the PI3K/AKT pathway by activating PI3K directly or indirectly as described 

previously. 

CBioPortal for cancer genomics is a tool developed and maintained by MSKCC 

(Memorial Sloan-Kettering Cancer Centre) and contains data from 21441 tumour 

samples from 91 cancer studies (75, 76). This tool was used to analyse the 

frequency of mutations data of PI3K pathway components in the available studies 

on CRC (four studies) and SCLC (two studies). The PI3K pathway component 

genes (PIK3CA, PIK3CB, PIK3CD, PIK3R1, PIK3R2, PIK3R3, AKT1, AKT2, 

AKT3, PTEN, MTOR, RPS6KA2, RPS6KA6 and PDPK1), were analysed for 

frequency of mutations in each study (Figure 13). PI3K pathway mutations were 

frequent and of comparable levels in CRC and SCLC, with between 29-45.8% in 

CRC (200-202) and 24.1-38.1% in SCLC (66, 67). This suggests that PI3K is an 

attractive drug target in both cancer types, although with the caveat that a large 

portion of the mutation data available via cBioPortal has not yet been verified. 

However, informatics tools such as mutationassessor.org (203) and Polyphen2 

(204) are available to assess the likely functional impact of specific mutations on a 

protein of interest, revealing whether the mutation is likely to be a driver or 

passenger mutation.  

BMX is altered most frequently in prostate cancer with gene amplification found in 

19% (205). Of all 91 cancer studies on cBioPortal (75, 76) 52 had documented 

changes in BMX (mutation, deletion, amplification or multiple alterations). Of the 

six CRC and SCLC studies available, four of them documented mutations in BMX 

(three CRC and one SCLC). CRC studies reported mutations in 1.9-2.8% of cases 

(200-202) and 6.9% in SCLC (66) which was second to prostate with most 

frequently mutated BMX. In the CRC and SCLC studies,  3/12 studies contained  

mutations in the PH and tyrosine kinase domains of BMX that had a predicted 

functional impact score of „medium‟ using the mutation assessor (203). The other 

BMX mutations had low or neutral scores. However, the actual effects of any of 
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these mutations on BMX functions are currently unknown.  These data do however 

implicate a role for BMX in many cancer types including CRC and SCLC.  

 

Figure 12: Point mutations found in PIK3CA in colorectal and small cell lung 
cancer. Analysis of the PIK3CA gene in colorectal (CRC) and small cell lung cancer 
(SCLC) tumour samples have identified somatic point mutations in specific exons. The 
mutations localize to various domains of the p110α primary structure as indicated. The 
three major hotspot mutations that occur in CRC and SCLC are located at residues E542, 
E545 and H1047, highlighted in red. Protein domains are p85-binding domain (p85), RAS-
binding domain (RBD), protein-kinase-C homology-2 domain (C2), Helical domain (PIK) 
and a kinase catalytic domain (75, 76). 

 

 

 

 

 

 

 

 

Figure 13: Frequency of mutations in PI3K pathway genes. Analysis of PI3K pathway 
gene mutations found in colorectal (CRC) and small cell lung cancer (SCLC). Data for 
CRC (green) and SCLC (blue) using CBioPortal (PIK3CA, PIK3CB, PIK3CD, PIK3R1, 
PIK3R2, PIK3R3, AKT1, AKT2, AKT3, PTEN, MTOR, RPS6KA2, RPS6KA6 and PDPK1 
genes analysed; (75, 76)). The CRC studies were carried out by Genentech (200), The 
Cancer genome Atlas Network (TCGA (206) (201)) and Memorial Sloan-Kettering Cancer 
Center (MSKCC; (202)) and the SCLC studies were carried out by John Hopkins 
University (JHU; (67)) and Clinical Lung Cancer Genome Project (CLCGP; (66)). 
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1.2.8 PI3K pathway inhibitors 

The high frequency of mutation in PI3K pathway components found in a broad 

spectrum of cancers suggests that activation of this pathway is important for 

transformation and oncogenesis. Thus, the PI3K pathway provides an attractive 

drug target as inhibition of inappropriate signalling could provide a therapeutic 

strategy for selectively blocking cell division of cancer cells and therefore tumour 

growth. As such many pharmaceutical companies and academic laboratories have 

designed small molecule inhibitors that can be used to target the PI3K pathway 

(Table 3 and Figure 14). 

The first generation of PI3K inhibitors were wortmannin (207) and LY294002 

(208). Wortmannin is a natural compound isolated from Penicillium wortmannin 

and binds covalently to the lysine residue essential for catalytic activity in PI3K. 

This reaction is irreversible and it shows little selectivity within the PI3K family and 

is toxic to animals. LY294002 the first synthetic PI3K inhibitor, is reversible but 

again lacks selectivity resulting in high toxicity (209, 210). Despite their clinical 

limitations they proved invaluable in preclinical studies that contributed to our 

molecular understanding of the PI3K pathway. Table 3 lists the preclinical PI3K 

inhibitors, including the dual class I PI3K and mTOR inhibitor PI-103 that were 

used in this project (PI-103 chemical structure found in Appendix I, Figure 26 

(211)).  

Dual inhibitors of the p110 catalytic domain of PI3K and mTOR opened up a new 

cancer therapeutic strategy to inhibit proliferation and sensitise cancer cells to 

apoptosis. Dual PI3K and mTOR pathway inhibitor drugs are currently in clinical 

trials and include BEZ235 (Novartis) which is in phase I/II clinical trials in patients 

with solid tumours such as breast, pancreatic, prostate and renal cell carcinoma 

(212). BEZ235 causes competitive inhibition of the ATP-binding pocket in the 

kinase domain of p110 and mTOR thus inhibiting PI3K and mTOR catalytic activity 

(213). BEZ235 has anti-proliferative activity in tumour xenografts containing either 

PIK3CA activating mutations or inactivating PTEN mutations (214).  

As previously described, BMX is a Tec family kinase. Ibrutinib (PCI-32765, 

chemical structure found in Appendix I, Figure 26), is an irreversible Tec family 
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kinase inhibitor that has recently been granted FDA approval (215) for second line 

therapy in haematological malignancies such as chronic lymphocytic leukaemia 

(CLL) and mantle cell lymphoma where Tec family kinase signalling through BTK 

is a major drivers of oncogenesis (216). PCI-32765 binds covalently to the 

cysteine residue (Cys-481) in the kinase active site of Tec family kinases and 

although PCI-32765 binds most strongly to BTK it also binds to BMX, albeit with a 

1.6 fold reduction in potency (217). Only 10 kinases contain the Cys-481 residue 

or analogous cysteine residues in their active site whose activity can also be 

inhibited by PCI-32765 and five of those are the Tec kinase family members (217, 

218).  

Type of 
inhibitor 

Name Target Specificity Reference 

PI3K 

LY294002 p110 Pan PI3Ks (208) 

Wortmannin p110 Pan PI3Ks (208) 

IC87114 p110δ lipid 
kinase activity 

p110δ lipid kinase 
activity only 

(219) 

TG100-115 All class I 
isoforms 

5 to 10 X potency 
p110δ/p110γ 

(220) 

ZSTK474 ATP 
competitive 
pan class I 

Minimal isoform 
selectivity but no activity 
against protein kinase 

(221) 

XL147 ATP 
competitive 
pan class I 

No activity against other 
kinases 

(222) 

PI-103 ATP 
competitive 

All 4 class I PI3Ks and 
mTOR 

(211) 

PI-540 ATP 
competitive 

All 4 class I PI3Ks and 
mTOR 

(223) 

PI-620 ATP 
competitive 

All 4 class I PI3Ks and 
mTOR 

(224) 

Table 3: Preclinical phosphoinositol 3-Kinase pathway inhibitors 
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PI3K

BMX AKT

mTOR

EGFR VEGFR

• PI-103

• BEZ235

• BGT226

• XL765

• XL147

• SF1126

• Gefitinib

• Erlotinib

• Cetuximab

• BevacizumabEGF VEGF-A

• Pazopanib

• MK-2206

• Perifosine

• VQD-002

• PCI-32765
• KU-0063794*

• AZD8055*

• OSI-027*

• Rapamycin

• AP23573

• RAD001

• CCI-779

• GDC-0941

• BKM120

• XL147

• GSK1059615

 

Figure 14: Phosphoinositol 3-kinase (PI3K) pathway inhibitors in clinical trials and 
their proposed modes of action. (225). These inhibitors can target the PI3K pathway 
either upstream of PI3K via EGFR (epidermal growth factor receptor), VEGFR (vascular 
endothelial growth factor receptor) or the VEGFR ligand VEGF-A, the catalytic p110 
domain of PI3K or via downstream effectors AKT, BMX or mTOR (31). PI-103 and KU-
0063794 shown in purple are not in clinical trials but are shown here because they are 
used in vitro in this project. * KU-0063794, AZD8055 and OSI-027 target mTORC1 and 
mTORC2. Illustration made using Servier Medical Art.  
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1.3. Resisting cell death  

1.3.1 Apoptosis 

Apoptosis is a form of physiological programmed cell death, which is critical during  

development and throughout the lifespan of an organism, and is therefore tightly 

regulated (226). Apoptotic cells acquire classical morphological changes such as 

shrinkage, cytoskeletal collapse, nuclear envelope disassembly and chromatin 

condensation (1, 227). Resisting apoptosis is a hallmark of cancer and is 

recognised to result in resistance to anti-cancer therapies (1, 2). The two major 

apoptotic pathways are the intrinsic pathway which is the focus of this thesis and 

extrinsic pathways (Figure 15). Both pathways ultimately result in the activation of 

initiator caspases (cysteinyl aspartate specific protease; caspase 8 and 9) that in 

turn activate downstream effector caspases (caspase 3 and 7). Activation of 

effector caspases results in cell-wide specific proteolysis which amplifies the 

apoptotic signal, decreased ATP production and labelling of the cell with signals 

recognised by phagocytic cells such as macrophages leading to their engulfment 

and degradation. This process of dead cell removal maximises recycling of cellular 

components as well as limiting any resultant immunological response (228-230).  

1.3.2 Intrinsic apoptotic pathway and the Bcl-2 family 

The intrinsic apoptotic pathway (Bcl-2 pathway or mitochondrial pathway) 

ultimately results in mitochondrial outer membrane permeabilization (MOMP) 

which causes the release of pro-apoptotic factors such as cytochrome c and 

SMAC (second mitochondria derived activator of caspases) from the 

intermembrane space (231). Once cytochrome c enters the cytosol, it interacts 

with APAF1 (apoptotic protease activating factor-1), the initiator procaspase 9 and 

ATP to form a holoenzyme known as the apoptosome (Figure 15). The formation 

of the apoptosome results in activation of caspase 9. This then cleaves 

procaspase 3 into caspase 3 (229) and the activated caspase cascade causes 

cell-wide specific proteolysis, dysfunction, decrease in ATP production and 

remodelling of the cell surface with „molecular flags‟ such as externalisation of 

Phosphatidylserine. This allows the cell to be recognised by phagocytic cells such 

as macrophages that then engulf the apoptotic cell. This efficient removal of dying 
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cells allows „biological building blocks‟ to be recycled, an immune response to 

dead cells is contained and damage to healthy cells in the vicinity of apoptotic cells 

is minimised, in contrast to necrotic cell death (228-230).  

MOMP is regulated by the Bcl-2 family of proteins and can be activated by various 

mechanisms such as developmental cues, growth factor deprivation and DNA 

damage (232-235). The Bcl-2 family of proteins can be grouped into three sub-

families, the pro-apoptotic effectors, the anti-apoptotic and the pro-apoptotic BH3-

only proteins (Figure 10). The effector subfamily are multi-domain proteins 

containing BH (BCL-2 homology) domains 1-3, however structure alignment has 

revealed a conserved BH4 domain (236-238). The members of this subfamily are 

BAK (BCL2-Antagonist/Killer), BAX (BCL2-Associated X Protein) and BOK (BCL2-

Related Ovarian Killer) (232), the latter having restricted expression in 

reproductive tissue (239). In healthy cells, BAX is mostly cytosolic or lightly 

attached to the outer mitochondrial membrane (OMM), whereas BAK is an integral 

mitochondrial protein found on the cytosolic side of the OMM. Before MOMP 

occurs BAK and BAK undergoes a conformational change in the N-terminus. In 

BAK this reveals a newly exposed epitope (240) and a change in the BH1 domain 

that parallels the release of anti-apoptotic Bcl-2 family members such as BCL-xL 

(B-cell lymphoma-extra Large; (241). A change in BAX conformation is followed by 

translocation to the OMM (242) where BAK and BAX form homo-oligomers in the 

OMM (243), forming pores through which intermembrane proteins such as 

cytochrome c are released (244, 245). BAK and BAX are functionally redundant, 

however loss of both prevents intrinsic apoptosis, showing BAX and BAK are 

essential for MOMP (246). 

The anti-apoptotic subfamily consists of the multi-domain proteins BCL-2 (B-cell 

lymphoma 2), BCL-xL, BCL-w, MCL1 (Myeloid Cell Leukemia 1), and A1 (BFL-1) 

(Figure 15). These conserved proteins share homology in BH1-4 domains and are 

predominantly located in the OMM, but are also present in the cytosol and 

endoplasmic reticulum (ER) (247, 248). The Bcl-2 anti-apoptotic members prevent 

MOMP via antagonising interactions with the pro-apoptotic Bcl-2 family members 

(249). The BH1-3 domains of the anti-apoptotic family members fold into a 

globular tertiary structure forming a hydrophobic groove on its surface. The 
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hydrophobic groove provides a platform for the pro-apoptotic Bcl-2 family 

members to interact via their amphipathic alpha helix (~24 amino acid residues) in 

the BH3 domain (249-252).  

The pro-apoptotic BH3-only subfamily consists of BAD (BCL2-Associated Agonist 

of Cell Death), BID (BH3 Interacting Domain Death Agonist), BIK (BCL2-

Interacting Killer), BIM (BCL2-Interacting Mediator of Cell Death), BMF (BCL2-

Modifying Factor), HRK (Harakiri), NOXA and PUMA (p53 Up-Regulated 

Modulator of Apoptosis; (232)) (Figure 15). The BH3-only proteins are so-called 

due to shared homology of BH3 domains and they have little homology with the 

other Bcl-2 family members (253) (Figure 16). They show specificity in their 

binding to the anti-apoptotic Bcl-2 family members (Figure 17). BID, BIM and 

PUMA are antagonists of all the anti-apoptotic proteins and therefore potent 

inducers of apoptosis. BAD is a BCL-2, BCL-w and BCL-xL antagonist. HRK is a 

specific BCL-xL antagonist and NOXA is a specific MCL-1 antagonist. BIK and 

BMF antagonise BCL-2, BCL-w, BCL-xL and MCL-1 (249, 250, 254, 255).  
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Figure 15: Intrinsic and extrinsic apoptotic pathways. The intrinsic apoptotic pathway 
can be activated by various factors such as growth factor deprivation and stress (232-
235). Apoptotic signals result in an increase in active/available pro-apoptotic Bcl-2 family 
members (green) and/or decrease in active/available anti-apoptotic Bcl-2 family members 
(red) shifting the cell survival equilibrium towards apoptosis. This allows the pro-apoptotic 
effectors BAK and BAX to be released and activated by pro-apoptotic BH3-only proteins 
BIM or BID resulting in BAX/BAK homo-oligomerization in the outer mitochondrial 
membrane, mitochondrial outer membrane permeabilization and apoptosis. Cell surface 
receptors, such as FAS and tumour necrosis factor receptor-1 (TNFR-1) can activate 
apoptosis, resulting in activation of the extrinsic apoptotic pathway. The extrinsic pathway 
can feed into the intrinsic pathway via BID cleavage and activation (232). Illustration made 
using Servier Medical Art. 
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Figure 16: Schematic diagram of Bcl-2 subfamily representative. The Bcl-2 family of 
proteins contain BCL-2 homology (BH) domains. BCL-2, BAX and BID are examples of 
the Bcl-2 family members and each one is representative of Bcl-2 three subfamilies, anti-
apoptotic, pro-apoptotic effectors and pro-apoptotic BH3-only respectively. BCL-2 is a 
multi-domain anti-apoptotic protein that contains a BH1, BH2, BH3 and BH4 domain. BAX 
is a pro-apoptotic effector protein that contains a BH1, BH2, BH3 and BH4 domain. BID is 
a BH3-only protein that contains just a BH3 domain. The numbered domains represent 
the alpha-helices within the protein structure (249). 

 

 

 

 

 

 

 

 

Figure 17: Specificity in binding of the BH3-only proteins to the anti-apoptotic Bcl-2 
family members BCL-2, BCL-xL and MCL-1. BH3-only proteins are divided into 
activator or sensitizers depending on their apoptotic properties. BH3-only peptides bind 
and antagonise specific anti-apoptotic family members. Red indicates high affinity binding 
and green indicates no binding (250). 
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1.3.2.1 Regulation of the Bcl-2 family 

The Bcl-2 family are tightly regulated by several transcriptional and post-

transcriptional (PTM) mechanisms (256-258). As previously described active AKT 

regulates multiple members of the Bcl-2 family including stabilisation of anti-

apoptotic MCL-1, sequestering of pro-apoptotic BAD blocking pro-apoptotic 

function and downregulation of pro-apoptotic BIM (Chapter 1.2.4). Under 

environmental stress BIM can be transcriptionally upregulated by transcription 

factors such as FOXO3A (forkhead box protein O3; cytokine deprivation) or 

C/EBPa (CCAAT-enhancer-binding proteins; ER stress) and CHOP (C/EBP 

homologous protein; ER stress) (259). The transcription factor RUNX3 (runt-

related transcription factor 3), can upregulate BIM via its interaction with FOXO3A 

on the BIM promoter (260, 261). There are three major alternatively spliced 

isoforms of the BIM gene, BIM-S, BIM-L and BIM-EL. The BIM isoforms have 

distinct sizes and pro-apoptotic function (259, 262). MicroRNAs (miRNA) such as 

miRNA-17-92, negatively regulate the translation of BIM and over-expression of 

this miRNA results in a BIM-deficient phenotype (263). BIM activity can also be 

regulated by PTM. Activation of the MAPK pathway leads to activation of the 

serine/threonine protein kinase ERK1/2 (extracellular-signal-regulated kinases 1/2) 

and phosphorylation of BIM-EL (S69; (264)) causing BIM ubiquitination and its 

degradation by the proteasome (265, 266). Conversely, TGFβ (transforming 

growth factor beta) signalling through SMAD3 activates the MAPK phosphatase, 

MKP2 (MAPK phosphatase 2) which dephosphorylates ERK1/2 resulting in the 

stabilisation and increase in BIM (267). 

Cleavage of the large unstructured loop between the N-terminal and C-terminal 

BH3 domain of BID produces pro-apoptotic tBID, the active form of BID. Cleavage 

can be carried by extrinsic factors such as caspases 8 (Figure 15), granzyme B 

(produced by cytotoxic lymphocytes) and caspase 2 (produced during heat shock) 

(249). There appears to be multiple distinct mechanisms regulating BID cleavage 

by caspase 8 and 3, which will likely be cellular context-dependent (268). N-

myristoylation of tBid has been shown to increase its localisation to the OMM and 

increase BAK activation (269).  
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Phosphorylation of anti-apoptotic proteins BCL-2 and BCL-xL occurs at many sites 

during cell cycle arrest and acts as a sensors for when a cell should switch from 

cell cycle arrest to apoptosis due to its environment (256, 257, 270). 

Phosphorylation of BCL-xL (S62) regulates its antagonising function releasing 

BCL-xL from BAX. A decrease in phospho- BCL-xL promotes anti-apoptotic 

function by increasing BCL-xL bound to BAX (256). BCL-2 is negatively regulated 

by phosphorylation at various sites (S70, S87 and T69; (257)). Mutating the 

phospho-sites to alanine increases the anti-apoptotic activity of both BCL-2 and 

BCL-xL (256, 257). JNK kinase can phosphorylate BCL-2 and BCL-xL (256, 257) 

and more recently Terrano et al., suggest that CDK1/Cyclin B phosphorylatesBCL-

2 and BCL-xL to disable their anti-apoptotic function when cells are in mitotic arrest 

(270). Over-expression of non-degradable cyclin B causes apoptosis but this can 

be blocked by a BCL-xL phospho-defective mutant but not by a phospho-mimic 

mutant suggesting that prolonged mitotic arrest increases phosphorylation of BCL-

xL resulting in inactivation of the anti-apoptotic proteins thus linking the cell cycle 

block to apoptosis (270).  

Recently the Tec kinase BMX was identified as the tyrosine kinase that negatively 

regulates BAK through phosphorylation (Y108) retaining BAK in the inactive 

confirmation (Figure 10) (258). Only when this tyrosine is dephosphorylated is 

BAK free (271) to be activated by BH3-only proteins such as BIM (272). Activated 

BAK can homo- oligomerize creating pores in the OMM resulting in MOMP (Figure 

15). 

1.3.3 The direct and indirect models for BAK and BAX activation 

There are two competing models which attempt to explain how the pro-apoptotic 

effector proteins, BAK and BAX are activated to cause MOMP (Figure 18). These 

models are similar in that they both depend upon the pro-apoptotic BH3-only 

proteins, however their precise roles differ between the two models (273). The 

direct model divides the BH3-only proteins into two categories, sensitizers (BAD, 

BIK, HRK, NOXA and PUMA) and activators (BID and BIM). There is some 

evidence that PUMA can act as an activator (274). In this model the activators can 

directly interact with and activate BAK and BAX thus promoting homo-
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oligomerization and MOMP (Figure 18A-B). BID and BIM are sequestered by 

binding of their BH3 domains to the hydrophobic cleft of the anti-apoptotic proteins 

which prevents BID and BIM from directly activating BAK and BAX. The 

sensitizers compete with BID and BIM for binding to the hydrophobic cleft on the 

anti-apoptotic proteins  displacement of BID and BIM allows them to directly 

activate BAK and BAX causing a conformational change, leading to the formation 

of homo-oligomers and MOMP (255, 275-278). This hypothesis is supported by 

evidence showing that triple knockout Bim/Bid/Puma cells are not able to undergo 

apoptosis (272) and NMR studies which demonstrated that BIM and BAX interact 

(279). 

The indirect model states that there is no direct activation of pro-apoptotic BAK 

and BAX by the pro-apoptotic BH3-only proteins. Instead BAK and BAX are 

constantly inhibited from forming homo-oligomers by their interaction with the Bcl-2 

anti-apoptotic proteins (Figure 18C-D). This model does not discriminate between 

pro-apoptotic BH3-only members as they are all classed as antagonists of the Bcl-

2 anti-apoptotic proteins. The BH3-only proteins interact with the Bcl-2 anti-

apoptotic family members only and disrupt the Bcl-2 anti-apoptotic-BAK/BAX 

interaction causing BAK and BAX to be released and therefore free to form homo-

oligomers leading to MOMP. This model acknowledges that BAK and BAX must 

undergo a conformational change to form homo-oligomers but the exact 

mechanism for this remains unanswered (254, 280-282). As previously mentioned 

both BAK and BAX have been observed undergoing an N-terminal conformational 

change before MOMP occurs, induced by apoptotic signals (142, 242). 
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Figure 18: The direct and indirect model for BAK and BAX activation. The direct 

model splits the pro-apoptotic BH3-only proteins into activators; BIM and BID; and 
sensitizers BAD, PUMA, NOXA, BMF and HRK. Both activators and sensitizers are anti-
apoptotic antagonists. (A) Anti-apoptotic Bcl-2 family members such as BCL-2 and BCL-
xL directly inhibit the pro-apoptotic effectors BAX and BAK. (B) When BH3-only proteins 
are upregulated such as PUMA, they bind the anti-apoptotic members causing then to 
release their inhibitory effect on pro-apoptotic proteins BAX, BAK and BIM. Activator BIM 
is now available to directly activate BAX and BAK which causes homo-oligomerization 
creating pores in the mitochondrial outer membrane and induces mitochondrial outer 
membrane permeabilization (MOMP) and cytochrome c release leading to apoptosis. 
According to the indirect model all pro-apoptotic BH3-only proteins are the same (no 
activator or sensitizer). (C) Anti-apoptotic Bcl-2 family members BCL-2 and BCL-xL 
directly inhibit the pro-apoptotic effectors BAX and BAK. PUMA and BIM inhibit BCL-2 and 
BCL-xL. (D) Upregulation of PUMA due to apoptotic signalling causes increase interaction 
between pro-apoptotic BH3-only proteins and anti-apoptotic proteins releasing their effect 
of BAX and BAK. BAX and BAK are now free to be activated by an unknown mechanism 
causing MOMP and apoptosis(249). Illustration made using Servier Medical Art. 
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1.3.4 BH3 Profiling to interrogate apoptosis 

A „primed‟ cell has a low apoptotic threshold meaning that apoptosis can be more 

easily induced by apoptotic drugs such as BH3 mimetics, discussed later (Chapter 

1.3.7). To measure „priming‟ the BH3 profiling assay was developed by Anthony 

Letai‟s group at the Dana Farber Cancer Institute (DFCI, Boston, MA, USA). BH3 

profiling uses synthetic BH3 peptides derived from the BH3 domain of the pro-

apoptotic BH3-only proteins (activator and sensitizer) to interrogate the propensity 

of cytochrome c release from mitochondria. Cytochrome c release is used as a 

surrogate for MOMP because cytochrome c is released from the mitochondria 

intermembrane space once MOMP occurs. When a carefully selected panel of 

BH3 peptides are used, BH3 profiling can reveal what apoptotic block cancer cells 

are likely using to evade apoptosis and thus provide a measure of how „primed‟ 

that cell is (Figure 19). A cell that evades apoptosis via downregulation of pro-

apoptotic BH3-only activators will only respond to activator peptides in the BH3 

profiling assay (Figure 19A (red bars)). The inability of either activator or sensitizer 

BH3 peptides to induce cytochrome c release by BH3 profiling would suggest a 

lack of functional BAX/BAK in those cells (Figure 19B). If both activator and 

sensitizer BH3 peptides could induce cytochrome c release then a mechanism of 

evading apoptosis via upregulation of anti-apoptotic Bcl-2 family members would 

be suggested (Figure 19C (red and green bars). This type of cell would be classed 

as „primed‟ because all the components to induce apoptosis are present but they 

are neutralised by the anti-apoptotic Bcl-2 family members (Figure 19). 

BH3 profiling can also reveal which anti-apoptotic proteins a cell has become 

reliant on through the response of specific sensitizers BH3 peptides to cause 

cytochrome c release. This is because sensitizers BH3-only proteins show 

specificity in their binding to the anti-apoptotic proteins (Figure 17). For example if 

a BH3 profile revealed that the sensitizer BH3 peptides, PUMA, BAD and BMF 

caused cytochrome c release but NOXA and HRK didn‟t, this would suggest that 

this population of cells are likely dependent on BCL-2 but not BCL-xL or MCL-1. 

NOXA is a specific antagonist for MCL-1 and HRK is a specific antagonist for BCL-

xL so would cause cytochrome c release if cells were dependent on them for 

evading apoptosis (Figure 19C BH3 profile). 
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Figure 19: Anti-apoptotic mechanisms in cancer cells. Cancer cells can evade 

apoptosis via three mechanisms involving the Bcl-2 family and BH3 profiling can 
distinguish these mechanisms via cytochrome c released after exposure to individual 
activator or sensitizer BH3 peptides. Cytochrome c release is a surrogate for MOMP 
(mitochondrial outer membrane permeabilization) because cytochrome c is released from 
the mitochondria intermembrane space once MOMP has occurred. Downregulation of pro-
apoptotic BH3-only activators would evade apoptosis because pro-apoptotic effectors 
BAX/BAK cannot be activated in the absence of activators and therefore no MOMP and 
no cytochrome c released. BH3 profiling on this type of cell would be determined because 
activator peptides (red bars) would release cytochrome c but sensitizer peptides (green 
bars) would not. The Second mechanism of evading apoptosis is through inactivation or 
downregulation of BAK/BAX because without BAX/BAK no MOMP and no cytochrome c 
released. BH3 profiling on a cell that uses this block would be determined when none of 
the BH3 peptides (activators or sensitizers) cause cytochrome c release. The final 
mechanism to evade apoptosis is via upregulation of anti-apoptotic Bcl-2 family members 
as this would neutralise any pro-apoptotic effectors or BH3-only proteins preventing 
MOMP. BH3 profiling on cells that use this block would be determined when both activator 
and sensitizer peptides cause cytochrome c release. 
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1.3.5 The extrinsic pathway 

The extrinsic pathway is mediated through interactions of ligands with the death 

receptors (Figure 15). Death receptors (DR) are members of the tumour necrosis 

factor (TNF) receptor family and include FAS and TNFR1 (283, 284). Death 

receptors contain a death domain (DD) within the cytoplasmic region of the 

receptor. Once the receptor is activated this DD binds the DD of adaptor proteins 

such as FAS-associated death domain (FADD). This active complex now recruits 

procaspase 8 where it can be activated. Active caspase 8 then amplifies the 

caspases signal via activation of other caspase members such as caspase 3, 6 

and 7. The extrinsic pathway does not rely on the Bcl-2 family of proteins to elicit 

apoptosis, however crosstalk between the pathways can occur in some cell types 

such as hepatocytes, where active caspase 8 can cleave BID, forming truncated 

Bid (tBID) which translocates to the mitochondria to promote BAX and BAK homo-

oligomerization and MOMP (Figure 15; (283, 284)). 

1.3.6 Aberrations in apoptotic proteins found in cancer 

The original Bcl-2 family member, BCL-2 was discovered because of its 

involvement in a reciprocal translocation t(14;18), characteristic of follicular B-cell 

lymphoma (285, 286). This translocation causes a fusion between BCL-2 and the 

immunoglobulin heavy chain gene under the regulation of the immunoglobulin 

heavy chain enhancer region causing high expression of BCL-2 (287). The BCL-2 

gene is also amplified in some cancers such as non-Hodgkin‟s lymphoma and 

SCLC (288, 289), whilst BCL-2 is overexpressed in more than 70 % of CLL due to 

either deletion or inactivation of miR15 or miR16 which target BCL-2 mRNA for 

degradation or hypomethylation of the BCL-2 promoter (290, 291). Other anti-

apoptotic Bcl-2 family members can also be upregulated in cancer, for instance 

miR-29 represses the expression of the anti-apoptotic family member MCL-1 and 

loss of miR29 has been observed in CRC (292, 293). 

Aberrations in the pro-apoptotic Bcl-2 family members such as BAX also occur in 

cancer. BAX contains a guanosine stretch (8 amino acids) and slippage of the 

replication folk during S-phase can occur on repetitive DNA sequences. Cancers 

with defective MMR pathway, such as some CRC, are more prone to mutations 
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within repetitive regions of DNA which can lead to frame-shift mutations in BAX 

(294). Reduced levels of BIM and/or PUMA are associated with poor prognosis in 

CRC (295). Mutated BRAF and NRAS constitutively activate the MAPK pathway 

leading to BIM degradation (Chapter 1.3.2.1) and melanoma cells have been 

observed to be resistant to anoikis, a form of apoptosis in anchorage dependent 

cells via downregulation of BIM (296, 297). Low levels of RUNX3 have been 

observed in gastric cancer resulting in a decrease in BIM expression discussed 

previously (Chapter 1.3.2.1; (260, 261)).  

The most common oncogenic mutation affecting apoptosis is loss of the tumour 

suppressor TP53 (298). The p53 pathway regulates cellular response to 

environmental stress such as DNA damage or oncogene activation (299, 300). 

Loss of p53 leads to deregulation of vital checkpoints that cause either cell cycle 

arrest whilst defects are repaired or induce apoptosis if that damage is too severe 

(301). Wild type p53 regulates the transcription of various pro-apoptotic Bcl-2 

family genes such as BAX, BID, NOXA and PUMA in both a cell-type and 

environmental stress-dependent manner (302-304). P53 also up-regulates genes 

involved in apoptosis downstream of the mitochondria such as APAF-1 (305-308) 

and caspase 8 and 6 (309, 310). p53 has also been shown to have a transcription-

independent function in apoptosis regulation at the mitochondria where it can form 

a complex with anti-apoptotic proteins BCL-xL and BCL-2 thus promoting MOMP 

and cytochrome c release in response to apoptotic signals (311). The TP53 gene 

is commonly mutated in a variety of cancers; specifically mutations are found in 

40-50% of CRC (312) and 75-90% of SCLC (72). 

According to the cBioPortal, aberrations in the Bcl-2 family genes (BCL2, BAK1, 

BAX, BCL2A1, BCL2L11, BCL2L1, BCL2L15, BCL2L13, BCL2L14, BCL2L12, 

BCL2L10, BCL2L12P1, BCL2L2, BOK, MCL1, BID, BAD, HRK, NOXA1, BBC3 

and BMF) are found in 74 of the 91 cancer studies available which includes three 

of four CRC studies and both SCLC studies, highlighting the importance of this 

anti-apoptotic pathway in cancer.  
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1.3.7 Apoptotic targeting drugs 

Alterations in the function and expression of the Bcl-2 family of proteins 

contributes to cancer progression (2), highlighting  their potential as sensible drug 

targets. Compared to normal cells cancer cells have increased apoptotic signalling 

caused by factors such as oncogene activation and changes in the 

microenvironment (1, 2). To avoid apoptosis these cancer cells upregulate anti-

apoptotic proteins such as BCL-2 and/or downregulate pro-apoptotic proteins such 

as BIM (Figure 19). Cancer cells become reliant on anti-apoptotic signalling in 

order to survive, known as „oncogene addiction‟ and drugs have been developed 

which target and exploit this. As this effect is specific to cancer cells, normal cells 

are not targeted by apoptotic-inducing drugs. The first biological therapy designed 

to target the apoptotic pathway was the antisense DNA agent targeting BCL-2, 

Oblimersen (Genasense/G3139; Genentech, San Francisco, USA) which was 

shown to induce apoptosis in cancer cell lines (313). Although single agent clinical 

trials have not shown promising results Oblimersen combined with chemotherapy 

agents is more efficacious (314). 

An alternative approach is the use of small molecules antagonists that can block 

interactions between anti-apoptotic and pro-apoptotic Bcl-2 family members, 

known as BH3 mimetics (87, 315, 316). These are designed based on the BH3 

domain of the pro-apoptotic BH3-only Bcl-2 family members and act as 

competitive inhibitors of the anti-apoptotic Bcl-2 family members. Their binding to 

anti-apoptotic proteins releases the pro-apoptotic Bcl-2 family members to induce 

apoptosis (Figure 20; chemical structure found in Appendix I, Figure 26). The first 

BH3 mimetic, ABT-737 was developed in 2005 (AbbVie, Chicago, IL, USA) and is 

based on the structure of the BH3 domain of BAD and thus antagonises BCL-2, 

BCL-xL and BCL-w (317). Preclinical studies demonstrated that ABT-737 has 

single agent activity in some SCLC, lymphoma and CLL cell lines in vitro and in 

vivo (87, 317-319) and acts synergistically with a wide range of conventional 

chemotherapeutic agents (320) and targeted therapies in a wide range of cancer 

types (84, 321). ABT-737 has been reported to be more effective under hypoxic 

conditions (322, 323), which is in contrast to radiotherapy and the majority of 

chemotherapy agents for which hypoxia drives resistance (324). Cells which rely 
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on BCL-2, BCL-w or BCL-xL for survival are particularly sensitive to ABT-737. 

ABT-737 is unable to interact with MCL-1, expression of this Bcl-2 family member 

is a resistance factor for ABT-737 efficacy (325). Indeed ABT-737 sensitisation 

caused by other drugs or the tumour microenvironment is often associated with 

MCL-1 downregulation (84, 322).  

The clinical derivative of ABT-737 is Navitoclax (ABT-263; Figure 20; chemical 

structure found in Appendix I, Figure 26), an orally bioavailable BH3 mimetic. 

Navitoclax has shown promise in the phase I setting, where biomarkers of 

apoptotic cell death were detected in patients treated with Navitoclax (326). It is 

currently in phase I/II clinical trials in SCLC, ALL and CLL patients as a single 

agent and in combination with chemotherapy (327). Navitoclax showed promising 

single agent efficacy in phase II clinical trials in CLL (328) but not in in SCLC 

(326). Combing Navitoclax with targeted agents such as MEK or mTOR inhibitors 

appears to increase the potency of Navitoclax in preclinical models in NSCLC, 

pancreatic and SCLC (85, 329, 330), although the clinical impact of these findings 

remains to be determines. 

Another BH3 mimetic currently in clinical trials in haematological malignancies 

(CLL and lymphoma) is Venetoclax (ABT-199, co-developed by AbbVie and 

Genentech, San Francisco, CA, USA), a BCL-2 specific antagonist (Figure 20; 

(331)). Recently it was show that the Tec kinase inhibitor Ibrutinib sensitised to 

Venetoclax in CLL where Ibrutinib has already been approved for second line 

treatment. Sensitisation is via inhibition of the Tec family kinase BTK and was 

associated with a decrease in MCL-1 and BCL-xL levels (332). In another study in 

CLL, Venetoclax-resistant cells are sensitised to Venetoclax when Venetoclax is 

combined with the BEZ235 (dual PI3K/mTOR inhibitor) and this is associated with 

MCL-1 downregulation due to PI3K pathway inhibition (333). 

Other BH3 mimetics are being developed which target combinations of Bcl-2 

family members. Obatoclax (Cephalon, Frazer, PA, USA) is reported to target all 

the anti-apoptotic Bcl-2 family (Figure 20) (334) and should therefore be effective 

in tumours which rely on MCL-1 overexpression for survival.  However, the mode 

of action of Obatoclax is not clear as BAX/BAK-null cells can also be killed by 

84



 

Obatoclax (335, 336), suggesting an atypical mechanism not dependent on 

MOMP. Phase II clinical trials in ES and chemo-refractory SCLC with Obatoclax in 

combination with SOC or second line therapy topotecan were disappointing 

because Obatoclax failed to improve response to chemotherapy and OS (337, 

338). Recently BH3 mimetics targeting BCL-xL (Figure 20; A-1155463, AbbVie) or 

MCL-1 (Figure 20; Maritoclax (is a natural compound called marinopyrrole A, 

identified from a species of marine-derived streptomycetes (339)) have been 

developed/identified but these are still under  preclinical testing (340).  

Other apoptotic pathway-targeting drugs include SMAC mimetics, otherwise 

known as IAP antagonists (341, 342). IAPs such as XIAP are a family of proteins 

that interact with caspases (caspase 9, 7, 3) inhibiting their activation and 

preventing apoptosis (343). SMAC is a pro-apoptotic protein that is sequestered in 

the inner mitochondrial membrane. Once MOMP occurs, SMAC is released and 

binds IAPs blocking them from inhibiting caspases. SMAC mimetics are small 

molecule antagonist that binds IAP causing the release of caspases which allows 

them to be activated in the response to apoptotic signals (344, 345). SMAC 

mimetics are currently in phase I/II clinical trials both as single agents and in 

combination with chemotherapy in both solid tumours and haematological 

malignancies (346). Tumour necrosis factor-related apoptosis-inducing ligand 

(TRAIL) is a cytokine ligand from the TNF family that induces the extrinsic 

apoptotic pathway by binding to its transmembrane death receptors 4 and 5 (DR4 

and 5). This can also cross talk with the intrinsic pathway to activate apoptosis via 

active caspase 8 cleaving BID to tBID (Figure 15; (347)). A humanised mAb, HGS-

ETR1 (Mapatumumab; Human Genome Sciences, Inc, Rockville, MD, USA) 

recognises DR4 to activate the extrinsic apoptotic pathway (348) and is currently 

in phase II clinical trials in NSCLC and Non-Hodgkin lymphoma (349).  

 

 

 

 

85

https://en.wikipedia.org/wiki/Human_Genome_Sciences


 

BCL-xL

BCL-2

MCL-1

BCL-w

A-1

• ABT-737*

• Navitoclax

• Obatoclax

• AT-101

• Venetoclax

• A-1155463*

• Maritoclax *

 

Figure 20: BH3 mimetics that target the intrinsic apoptotic pathway. BH3 mimetics 
are small molecule antagonists modelled on the pro-apoptotic BH3-only proteins and 
target specific  anti-apoptotic Bcl-2 family members (BCL-2, BCL-xL, BCL-w, MCL-1 and 
A-1) depending on the specificity of the BH3-only protein modelled.  Navitoclax, 
Obatoclax, AT-101 and Venetoclax are currently being tested in clinical trials (350). * ABT-
737, A-1155463 and Maritoclax are preclinical compounds. 
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1.4 The future direction of cancer treatment 

1.4.1 Targeted therapy and precision medicine 

Targeted therapies are drugs which are designed to inhibit specific signalling 

pathways essential for tumour survival, growth and dissemination. The concept of 

targeted therapy is based on the idea of oncogene addiction (351) which 

hypothesize that an activated oncogene is essential for the proliferation and/or 

survival of cancer cells (1, 2, 352). Whereby, inhibition of the oncogene or its 

essential downstream targets will impede tumour progression (188, 189, 353, 

354). Examples of targeted therapies are signal transduction inhibitors, apoptosis 

inducers, hormone therapies, angiogenesis inhibitors and immunotherapies (355). 

The great advances in understanding tumour biology over the past 20 years has 

paralleled advances in cancer drug discovery as new molecular drug targets on 

which a particular tumour might be dependent upon for one or more of its functions 

are uncovered. A major strategy for drug discovery is to identify mutated genes 

that cause deregulation of signalling pathways and drive tumorigenesis and to 

identify biomarkers that allow stratification of those patients who are most likely to 

benefit from a particular targeted therapy (356-358). This has led to development 

of the field of precision medicine (also termed personalised of stratified medicine) 

in the treatment of cancer whereby treatment is determined at the individual 

patient level based on the unique molecular pathology of their cancer (356-358). 

Figure 21 brings together the concept of precision medicine in the treatment of 

cancer.  

The „poster child‟ of targeted therapy in the treatment of cancer is the tyrosine 

kinase inhibitor imatinib (Gleevec, Novartis, Basel, Switzerland) in the treatment of 

chronic myeloid leukaemia (CML; (359, 360)). A subset of CML patients have 

aberrant activation of the NRTK ABL (Abelson murine leukemia viral oncogene 

homolog 1) caused by a t(9:22) chromosome translocation that fuses the ABL and 

BCR (breakpoint cluster region protein) genes, generating the proto-oncogenic 

fusion gene, BCR-ABL (361, 362). Inhibition of BCR-ABL with imatinib can lead to 

eradication of the disease in early chronic phase CML (363). However, in more 

advanced CML (accelerated or blast crisis phase) imatinib is not as effective, 
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possibly due to the accumulation of additional mutations and increased 

heterogeneity which allow inhibition of BCR-ABL to be overcome (364). 

Highlighting one of the main problems with targeted therapies; acquired and innate 

drug resistance. Another example of targeted therapy is treatment of NSCLC 

patients with activating EGFR mutations with the small molecule EGFR inhibitors 

erlotinib (Roche, Basel, Switzerland) and gefitinib (AstraZeneca, London, 

England). However relapse occurs in most patients due to acquired resistance. In 

some cases this is due to the acquisition of a second mutation in EGFR that leads 

to EGFR inhibitor resistance (365). The next generation EGFR inhibitors, such as 

AZD9291 (AstraZeneca) and rociletinib (Clovis Oncology, Denver, CO, USA), can 

overcome resistance to the most common EGFR mutation (EGFR T790M) and 

prolong OS (366).  

Acquired resistance also occurs in patients with metastatic melanoma carrying the 

V600E BRAF mutation who have been treated with vemurafenib (PLX4032; 

Daiichi-Sankyo, Tokyo, Japan and Genentech) where a remarkable 80% of 

patients had partial or complete tumour regression (367). Acquired resistance to 

vemurafenib does not develop by secondary mutation in BRAF but through 

upregulation of PDGFRβ or NRAS mutations which result in reactivation of the 

MEK/ERK pathway (368).  

Despite their proposed precise molecular targets present only in cancer cells, 

targeted therapies can cause substantial side effects such as high blood pressure, 

gastrointestinal perforation, problems with blood clotting and skin problems (369, 

370). In some cases the more severe side effects can be associated with better 

patient outcome. For example NSCLC patients with serve skin rash during 

treatment with the EGFR small molecule inhibitor erlotinib (Tarceva) or gefitinib 

(Iressa; Figure 14) have a better response than patients that do not develop the 

rash (370). Better outcomes are also associated with mCRC patients that develop 

high blood pressure due to bevacizumab treatment ((369); Figure 14). 
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Figure 21: Strategy for exploiting the mechanisms that cause tumorigenesis. This 
strategy is to exploit our understanding of cancer genes and signalling pathways to 
develop personalised therapies which target the molecular pathology of the individual 
patient (357). 

Currently there are phase II clinical trials in various cancers including CRC and 

SCLC where patients are profiled for molecular abnormalities and as a result are 

assigned to treatment groups whereby they receive given different targeted 

therapies according to whether they have a mutation in EGFR (erlotinib), KRAS, 

BRAF, HRAS, NRAS (AZD6244, MEK inhibitor), PIK3CA, AKT, PTEN (MK-2206, 

allosteric AKT inhibitor), KIT, PDGFRA (sunitinib, inhibits multiple RTK such as 

VEGFR and PDGFR) or ERBB2 (lapatinib, HER2 and EGFR inhibitor). Targeted 

therapies are currently used to treat a wide range of cancer, as shown in Table 4. 

However, a major drawback observed in patients receiving targeted therapies is 

innate/acquired resistance along with heterogeneity (20, 77, 368, 371). One 

proposed route to overcome this problem in order to improve clinical outcome is 

with the use of rational drug combinations which target multiple cellular 

components simultaneously or sequentially (372). 
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Cancer Type FDA Approved Targeted Therapy 

Adenocarcinoma of the stomach 
or gastroesophageal junction 

Trastuzumab (Herceptin), ramucirumab (Cyramza) 

Basal cell carcinoma Vismodegib (Erivedge), sonidegib (Odomzo)   

Brain cancer Bevacizumab (Avastin), everolimus (Afinitor) 

Breast cancer Everolimus (Afinitor), tamoxifen, toremifene 
(Fareston), Trastuzumab (Herceptin), fulvestrant 
(Faslodex),anastrozole (Arimidex), exemestane 
(Aromasin), lapatinib (Tykerb), letrozole (Femara), pertuzumab 
(Perjeta), ado-trastuzumab emtansine (Kadcyla), palbociclib 
(Ibrance) 

Cervical cancer Bevacizumab (Avastin) 

Colorectal cancer Cetuximab (Erbitux), panitumumab (Vectibix), bevacizumab 
(Avastin), ziv-aflibercept (Zaltrap),regorafenib 
(Stivarga), ramucirumab (Cyramza) 

Dermatofibrosarcoma 
protuberans 

Imatinib mesylate (Gleevec) 

Endocrine/neuroendocrine 
tumours 

Lanreotide acetate (Somatuline Depot) 

Head and neck cancer Cetuximab (Erbitux) 

Gastrointestinal stromal tumour Imatinib mesylate (Gleevec), sunitinib (Sutent), regorafenib 
(Stivarga) 

Giant cell tumour of the bone Denosumab (Xgeva) 

Kaposi sarcoma Alitretinoin (Panretin) 

Kidney cancer Bevacizumab (Avastin), sorafenib (Nexavar), sunitinib 
(Sutent), pazopanib (Votrient), temsirolimus 
(Torisel), everolimus (Afinitor), axitinib (Inlyta) 

Leukaemia Tretinoin (Vesanoid), imatinib mesylate (Gleevec), dasatinib 
(Sprycel), nilotinib (Tasigna), bosutinib (Bosulif),rituximab 
(Rituxan), alemtuzumab (Campath)  

Liver cancer Sorafenib (Nexavar) 

None Small Cell Lung cancer Bevacizumab (Avastin), crizotinib (Xalkori), erlotinib 
(Tarceva), gefitinib (Iressa), afatinib dimaleate 
(Gilotrif), ceritinib (LDK378/Zykadia), ramucirumab 
(Cyramza), nivolumab (Opdivo) 

Lymphoma Ibritumomab tiuxetan (Zevalin), denileukin diftitox 
(Ontak), brentuximab vedotin (Adcetris), rituximab 
(Rituxan), vorinostat (Zolinza), romidepsin 
(Istodax), bexarotene (Targretin), bortezomib 
(Velcade), pralatrexate (Folotyn)  

Melanoma Ipilimumab (Yervoy), vemurafenib (Zelboraf), trametinib 
(Mekinist), dabrafenib (Tafinlar), pembrolizumab 
(Keytruda), nivolumab (Opdivo) 

Multiple myeloma Bortezomib (Velcade), carfilzomib (Kyprolis), lenaliomide 
(Revlimid), pomalidomide (Pomalyst),panobinostat (Farydak) 

Myelodysplastic/myeloproliferativ
e disorders 

Imatinib mesylate (Gleevec), ruxolitinib phosphate (Jakafi) 

Neuroblastoma Dinutuximab (Unituxin) 

Ovarian epithelial/fallopian 
tube/primary peritoneal cancers 

Bevacizumab (Avastin), olaparib (Lynparza) 

Pancreatic cancer Erlotinib (Tarceva), everolimus (Afinitor), sunitinib (Sutent) 

Prostate cancer Cabazitaxel (Jevtana), enzalutamide (Xtandi), abiraterone 
acetate (Zytiga), radium 223 chloride (Xofigo) 

Soft tissue sarcoma Pazopanib (Votrient) 

Systemic mastocytosis Imatinib mesylate (Gleevec) 

Thyroid cancer Cabozantinib (Cometriq), vandetanib (Caprelsa), sorafenib 
(Nexavar), lenvatinib mesylate (Lenvima) 

Table 4: FDA approved drugs in cancer treatment (373). 
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1.4.2 Rational drug combinations 

Understanding signalling pathways and their interactions along with an enhanced 

understanding of the hallmarks of cancer, drug resistance and heterogeneity (1, 2, 

77) has led to the development of rational drug combinations in the treatment of 

cancer. Advanced and metastatic tumours display staggering levels of 

heterogeneity which means a one size fits all therapy will not be curative (77, 371, 

374). Heterogeneous tumours which are initially responsive will almost certainly 

develop drug resistance and a secondary outgrowth of these resistant cells will 

ultimately cause relapse. Heterogeneity plays a crucial part in resistance to 

targeted therapy because tumours are made up of subclones (77, 78, 371). For 

example, a biopsy from a sub-section of tumour reveals wild-type KRAS in a 

mCRC patient so this patient is put on Cetuximab. However, this patient had a 

KRAS mutant subclone and Cetuximab treatment drives selection of this 

aggressive subclone and resistance to the targeted therapy. Where possible there 

is a need for multiple tumour biopsies to get as much mutational information on 

that specific tumour. No targeted therapies have yet been approved in SCLC 

(Table 4) and this is due to the remarkable heterogeneity of SCLC and lack of 

prevalent and druggable drive mutations (66-69) (Chapter 1.1.2.2 and 1.1.2.3). 

The rationale behind drug combinations is that by targeting two driver pathways 

simultaneously this reduces the cancers ability to become resistant, having a 

synergistic effect. 

A common mechanism of resistance to targeted therapies is due to complex 

nature of crosstalk between different signal transduction pathways. Targeted 

inhibition of a specific pathway can cause upregulation of another aspect of the 

same pathway or other pathways due to feedback loops and crosstalk (375). It is 

important to understand the molecular mechanism of the drug targets in order to 

rationally combine two synergistic drugs successfully. An example of drug 

resistance due to pathway feedback loops in response to targeted therapy was 

observed in breast and CRC patient tumours treated with the mTORC1 inhibitor, 

the rapamycin derivative RAD001 (Everolimus, Novartis). RAD001 treatment 

caused feedback activation of AKT observed by increased phospho-AKT (S473), 

resulting in resistance. However, rationally combining RAD001 with IGF-1R 
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reversed the feedback loop by blocking AKT activation (376). An interesting 

example of feedback activation and pathway crosstalk was observed in CRC 

where patients harbouring the V600E BRAF mutation had a poor response to 

vemurafenib (377). As previously mentioned vemurafenib initially has excellent 

single agent efficacy in melanoma patients harbouring this BRAF mutation, 

however, in CRC vemurafenib-induced inhibition of V600E BRAF caused feedback 

activation of EGFR resulting in vemurafenib resistance (377). This is because the 

mechanism of action downstream of active BRAF/ERK pathway is cell-context 

dependent and CRC mechanism is different to melanoma. In CRC downstream of 

active BRAF the phosphatase CDC25C negatively regulates EGFR. Vemurafenib 

inhibition of BRAF inactivates CDC25C, resulting in continuation of EGFR 

signalling pathway via PI3K and therefore resistance to vemurafenib. This 

feedback activation of EGFR suggests that EGFR expression levels may be a 

useful predictive biomarker for response to therapy in CRC patients with BRAF 

mutation (377). This data also provides strong rationale for combining BRAF and  

EGFR inhibitors in V600E BRAF mutant CRC patients, further strengthened by the 

finding that combining vemurafenib with the EGFR inhibitors cetuximab, gefitinib or 

erlotinib caused inhibition of EGFR/PI3K signalling and proved efficacious in vivo 

(377).   

Various rational drug combinations are currently in phase II clinical trial in 

individuals with advanced CRC that have not responded to standard 

chemotherapy (378). One involves the combination of the MEK inhibitor AZD6244 

with the AKT inhibitor MK-2206. The rationale being that simultaneous inhibition of 

the MEK pathway and PI3K pathway (via AKT) will have a synergistic effect on two 

of the most commonly altered oncogenic pathways that drive tumorigenesis in 

CRC. In addition, a phase II clinical trial in advanced solid tumours (NSCLC, CRC, 

breast cancer, pancreatic cancer and malignant melanoma) with KRAS, NRAS 

and/or BRAF mutations using BEZ235 (dual PI3K/mTOR inhibitor) in combination 

with MEK162 (MEK1/2 inhibitor) is also underway (379).  

Whilst the results of these trials using rational drug combinations are eagerly 

awaited much work is still required to understand which combinations will have the 

greatest efficacy in which tumours and that novel treatments are urgently required, 
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particularly in aggressive diseases like SCLC in which therapy options are limited. 

The aim is that future treatment for CRC and SCLC will limit the use of cytotoxic 

therapies and instead will revolve around the use of less toxic targeted drugs used 

in a rational combination for maximal effect, in order to reduce the overall drug 

toxicity in patients which can both limit the patients response and cause significant 

short and long-term morbidity and even result in death. Mainstay of treatment in 

CRC and SCLC as discussed revolves around chemotherapy regimens therefore 

rational drug combinations must be tested alongside SOC until such a day until 

evidence supports rational drug combinations are more beneficial for the patient 

over standard of care. The FDA are now considering rational combinations in early 

phase clinical trials without the necessity for prior single-agent approval as long as 

the combination proves to increase the efficacy of either drug as a single agent 

and there is sound scientific rationale for the combination in that specific disease 

(380). 

1.4.3 Rational drug combination of a PI3K pathway inhibitor with ABT-737 or 

Navitoclax in CRC and SCLC 

Current PI3K pathway literature discussed in detail in Chapter 1.2.4 describes the 

role of active PI3K/AKT pathway in positively regulating survival pathways via 

regulation of the Bcl-2 family (133, 135, 381), caspases activity (136) and FAS 

ligand expression (137). However, inhibition of the PI3K pathway does not activate 

apoptosis in many types of cancer cell lines such as CRC which suggests that the 

role of PI3K and the activation of survival pathways may be cell-context dependent 

(223, 382). As previously discussed, components of the PI3K pathway are 

frequently mutated in both CRC and SCLC making the PI3K pathway an attractive 

drug target in these cancers (Chapter 1.2.7, Figure 13) and another potential 

avenue is directly targeting the anti-apoptotic pathways, which is characteristic in 

cancers (1, 2). In this thesis we hypothesise that combining a PI3K inhibitor (PI3Ki) 

with a BH3 mimetic in CRC and SCLC is rational because PI3K pathway inhibition 

will „prime‟ a cell therefore lowering the apoptotic threshold to potentiates BH3 

mimetic efficacy. This „double attack‟ on cells with the rational combination blocks 

proliferative signals (PI3K pathway (382)) and survival signals (Bcl-2 family (249, 

273)) simultaneously to reduce therapy resistance. The synergistic approach 
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means lower concentration of drug may prove clinically efficacious therefore 

lowering the toxic side effects observed with these targeted therapies.  
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1.5 Project aims and objectives 

1.5.1 Overall project aims 

Metastatic CRC and SCLC patient prognosis is poor and curative surgery is rarely 

an option. Treatment options are limited, thus representing an area of unmet 

clinical need in both diseases. 10-30% SCLC patients are chemo-refractory 

highlighting a need to identify such patients and provide alternative therapies. 

PI3K pathway genes are frequently mutated in both CRC and SCLC and 

upregulation of anti-apoptotic pathways are present in the majority of cancers 

making the PI3K pathway and the anti-apoptotic pathway attractive drug targets. In 

an attempt to improve the therapeutic strategy for patients with mCRC and SCLC, 

the rational drug combination of a PI3K inhibitor with a BH3 mimetic was assessed 

in CRC and SCLC preclinical models. The downstream effectors of PI3K and the 

molecular mechanism underpinning drug combination effects were investigated. If 

the therapeutic strategy explored in this thesis is successful, the preclinical data 

produced could support applications for clinical trials using this combination of 

drugs for patients with CRC and SCLC. 

1.5.2.1 Specific Objectives 

1.5.2.2 Chapter 3 

Objective 1: To determine the effect of PI3K pathway inhibition with various 

inhibitors against PI3K, AKT or mTOR on the sensitivity of the BH3 mimetic ABT-

737 in CRC cells lines and whether the drug combination increase apoptosis 

compared to single agent drug. 

Objective 2: To determine the effect of PI3K pathway inhibitors on Bcl-2 family 

protein expression levels in CRC cell lines.  

Objective 3: To investigate the effect of the Bcl-2 anti-apoptotic protein MCL-1 on 

ABT-737 sensitivity in CRC cell lines and determine whether MCL-1 is regulated 

by the PI3K pathway in these cells.  
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Objective 4: To carry out a siRNA library screen to identify PI3K downstream 

effectors and determine whether knock down of candidate mRNA sensitises CRC 

cell lines to ABT-737. The siRNA screen will focus on targeting mRNA of proteins 

with a PH domain as they are have potential to be regulated by PI3K. 

Objective 5: To validate any potential siRNA hits from the siRNA screen that 

sensitise CRC cells to ABT-737 to determine sensitisation is due to on-target 

effects. Use individual siRNA that make up the SMARTpool siRNA to knock down 

target and determine whether knock-down significantly sensitises to ABT-737 

compared to the non-targeting siRNA control. Further investigate targets in other 

CRC cells and use pharmacological inhibitors available (if any) inhibit and does 

this sensitise to ABT-737.  

1.5.2.3 Chapter 4 

Objective 6:  To determine what cancer cell lines express the highest levels of 

BMX using the cancer cell line encyclopaedia (CCLE). 

Objective 7: To investigate the role of PI3K/BMX pathway in cell lines that 

express BMX. To determine whether inhibition of the PI3K/BMX pathway inhibitors 

sensitises SCLC cells to ABT-737 and whether this increases levels of apoptosis 

compared to single agent drugs. 

Objective 8:  To investigate the role of BMX in SCLC cell lines by knocking down 

BMX and whether this sensitises to ABT-737. Determine if BMX is acting 

downstream of PI3K in these cells. To treat SCLC BMX RNAi cells with PI3Ki and 

analyse the effect on ABT-737 efficacy.  

Objective 9: To investigate the role of AKT and mTOR on SCLC cell lines 

sensitivity to ABT-737 using AKT and mTOR inhibitors in combination with ABT-

737.  

Objective 10: To determine the effect of PI3K, BMX, AKT and mTOR inhibitors on 

Bcl-2 family protein expression levels in SCLC cell lines.  
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Objective 11: To investigate the downstream effectors of BMX in SCLC cell lines 

using a phospho-kinase array on cells that have BMX knocked down by RNAi or 

treated with the Tec kinase inhibitor Ibrutinib. 

Objective 12: To interrogate SCLC preclinical in vivo models to assess the 

rational drug combination of a PI3K inhibitor and BH3 mimetic using the clinically 

relevant class I PI3K inhibitor GDC-0941 and the ABT-737 oral derivative 

Navitoclax. Use cell line xenograft and CDX models with the aim to show proof of 

mechanism of drug. 

1.5.2.4 Chapter 5 

Objective 13: To determine whether BH3 profiling on CDX tumours is feasible and 

optimise a workflow. 

Objective 14: To BH3 profile CDX models with known response to SOC 

(cisplatin/etoposide) retrospectively. To determine whether chemo-sensitive and 

chemo-refractory CDX models respond differently to BH3-only peptides and 

whether this information can be used to predict of CDX response to standard of 

care.  

Objective 15: To BH3 profile CDX models derived at baseline and again at 

relapse prospectively to further validate the process for prediction of response to 

SOC and to clarify whether BH3 profiles can be used as predictive biomarkers for 

chemotherapy responses in SCLC.  

 

 

 

 

 

 

97



 

 

 

 

 

Chapter 2 

Materials and Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

98



 

2. Materials and methods 

2.1 Materials 

All materials were purchased from Sigma Aldrich (Poole, UK) unless otherwise 

specified 

2.1.1 BH3 profiling reagents 

DTEB Buffer (kept at 4°C for 6 months and no freeze thawing) 

DTEB buffer contained 135 mM Trehalose, 10 mM HEPES (pH 7.5 with KOH), 20 

µM EDTA (pH 7.5 with KOH), 20 µM EGTA (pH 7.5 with KOH), 5 mM Succinate 

acid, 0.1% BSA and 50 mM KCl in sterile ddH2O and sterile filter (pH 7.5 +/- 0.1 

with KOH). 

BH3 peptide buffer (made freshly on day of use) 

BH3 peptide buffer contained DTEB and 0.002% digitonin (5% stock digitonin in 

DMSO (dimethylsulfoxide), kept at -20°C). 

Extracellular staining buffer (kept sterile and stored at 4°C) 

Extracellular staining buffer contained 2% FBS (fetal bovine serum, BioWest, 

Nuaillé, France) and 1X HBSS (Hank‟s Balanced Saline Solution; Life 

Technologies, Inc, Paisley, UK) in sterile ddH2O. 

Neutralising Buffer (kept at room temperature) 

Neutralising buffer contained 1.7 M Tris (Trizma base) and 1.25 M glycine (pH 9.1 

with KOH). 

Intracellular Staining Buffer 10X (kept sterile and stored at 4°C) 

Intracellular staining buffer contained 1% Saponin, 10% BSA, 20% FBS and 15 

mM sodium azide in PBS (Phosphate-buffered saline, made in house by 

laboratory services) and sterile filtered. 
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Formaldehyde 

Formaldehyde is diluted to 4% (vol/vol) with PBS.   

2.1.2 Drugs 

ABT-737 (a kind gift from AbbVie, Chicago, IL, USA), PI-103, rapamycin, Akti1/2, 

KU-0063794 (Merck, Nottingham, UK), GDC-0941 (in vitro use), MK-2206, and 

Ibrutinib (Selleck Chemicals, Houston, TX, USA) were all dissolved to 10 mM in 

DMSO and stored as single use aliquots at −20°C/−80°C. Navitoclax (a kind gift 

from AbbVie) was stored at 4°C and formulated in 10% ethanol, 30% polyethylene 

glycol 400, and 60% Phosal 50 PG (American Lecithin Company, Oxford, CT, 

USA). GDC-0941 (Lancrix Chemicals, Shanghai, China) was stored at -20°C and 

formulated in 10% DMSO, 5% Tween 20, and 85% sterile saline (Fresenius Kabi, 

Cheshire, UK). Once formulated, Navitoclax and GDC-0941 were stored at room 

temperature for up to 7 days. All drug structures are in Appendix I Figure 26 (383). 

2.1.3 Cell line freezing media (kept at -20°C) 

Cell line freezing media contained 90% FBS and 10% DMSO. 

2.1.4 HITES medium (kept at 4°C) 

HITES medium contained 5 μg/mL insulin, 10 μg/mL transferrin, 10 nM β-estradiol, 

30 nM sodium selenite and 10 nM hydrocortisone in RPMI phenol red free media 

(Roswell Park Memorial Institute; Life Technologies, Inc). 

2.2 In vitro methods 

2.2.1 Cell culture 

HCT116, DLD-1 (American Type Culture Collection (ATCC) Manassas, VA, USA) 

cells were cultured in McCoy‟s 5A media (Life Technologies, Inc) supplemented 

with 10% FBS. SW620 (ATCC) cells were cultured in Dulbecco‟s modified Eagle‟s 

medium (Life Technologies, Inc) supplemented with 10% FBS and 2 mmol/L L-

glutamine (Life Technologies, Inc). NCI-H146, NCI-H526, NCI-H1048 and 

100



 

DMS114 (ATCC) cells were cultured in RPMI 1640 media supplemented with 10% 

FBS. CRC and SCLC cell lines were authenticated using the AmpFlSTR system 

(Applied Biosystems, Paisley, UK). SU-DHL-4 and BBDL (BAX/BAK deficient 

lymphoma; originally misreported as SU-DHL-10 by the Letai laboratory DFCI. 

Recently identified as distinct from SU-DHL-10) lymphoma cells were cultured in 

RPMI 1640 media supplemented with 10% FBS and used as BH3 profiling positive 

controls. SU-DHL-4 and BBDL cells were authenticated using the Promega 

GenePrint® 10 System (DFCI molecular biology core facility). All cell lines were 

incubated in a humidified atmosphere at 37°C and 5% CO2. 

2.2.2 Concentration response 

Cells were seeded into 96 well plate(s). DLD-1 cells were seeded at 500 cells per 

well, HCT-116 cells were seeded at 1000 cells per well, and SW620 cells were 

seeded at 5000 cells per well. H1048 and DMS114 cells were seeded at 7300 

cells per well, H526 cells were seeded at 14000 cells per well and H146 cells were 

seeded at 15000 cells per well. 24 hours after seeding cells were treated with the 

indicated concentration of drug(s) and cultured for a further 72 hours. Adherent 

cells (DLD-1, HCT-116, SW620, H1048 and DMS114) were then subjected to a 

SRB (sulforhodamine B) assay and suspension cells (H146 and H526) were 

subjected to a resazurin assay. To determine logGI50, log drug concentration was 

plotted against raw absorbance, and nonlinear curve fit analysis was performed 

(GraphPad Prism; GraphPad Software, Inc, La Jolla, CA, USA). For display 

purposes only, drug concentration (log scale) has been plotted against normalized 

absorbance. Statistical analysis was carried out on three independent logGI50 

readings and transformed to growth inhibition 50 (GI50). 

2.2.2.1 Sulforhodamine B (SRB) assay 

SRB assay (adherent cells) was carried out on cells after drug treatment for 72 

hours. SRB is an aminoxanthene dye that binds to cellular protein and once the 

dye is resuspended the absorbance of the dye is directly proportional to the mass 

thereby enabling a determination of cellular biomass. Adherent cells were washed 

in PBS and then fixed with ice cold 10% TCA (trichloroacetic acid) for 60 minutes 

at 4°C. Cells were then washed with PBS and left to air dry. Fixed cells were then 
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stained with 0.4% SRB (wt/vol) for 15 minutes and washed with 1% acetic acid 

(vol/vol). Stained protein was then resuspended with 100 µL 1.5 M Tris-HCl (pH 

8.8) to release the dye and the absorbance was read at OD540 nm on a 96-well 

plate spectrophotometer (Labsystems, Original multiskan EX, Vienna, VA, USA). 

2.2.2.2 Resazurin assay  

Resazurin assay (suspension cells) was carried out after drug treatment for 72 

hours and measures the metabolic activity of living cells. Bioreduction of the 

resazurin dye by viable cells increases the fluorescent intermediate and this can 

be used as an indication of compound toxicity. Suspension cells were removed 

from incubator into sterile tissue culture hood. Resazurin solution 10X stock (2 

mM) was added to culture media and returned to incubator for 4 hours. The 96 

well plate was lightly shaken and the fluorescence (λex 530 nm, λem 590 nm) was 

recorded using a fluorescence spectrophotometer (FLUOstar, BMG LABTECH, 

Ortenberg, Germany). 

2.2.3 Measurement of apoptosis 

2.2.3.1 Annexin V/7-aminoactinomycin D (7-AAD) assay 

Annexin V/7-AAD assay is used to distinguish viable cells from early or late 

apoptotic cells and was performed in HCT-116 and SW620 cells after indicated 

drug treatment. Cells were harvested by trypsinization and resuspended in 

Annexin Binding Buffer (BD Biosciences) and incubated with 7-AAD (BD 

Bioscience) and/or Annexin V-APC (BD Bioscience) in the dark for 15 minutes at 

room temperature. Cells were then analysed by flow cytometry on a BD 

FACSArray Bioanalyzer (BD Bioscience).  

2.2.3.2 Cytochrome c release assay 

The cytochrome c release assay was performed in H526, H1048 and DMS114 

cells to measure the percentage of cells that retained cytochrome c in the 

mitochondria after indicated drug treatment. A cell that is cytochrome c negative 

suggests that MOMP has occurred releasing the cytochrome c and therefore the 

cytochrome c release assay is used as a surrogate for apoptosis. Cells (5x105–
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1x106) were pelleted after indicated drug treatment and resuspend in 100 µL of 

DTEB and 0.002% digitonin in a clean tube and incubated for 15 minutes at room 

temperature. Cells were fixed in formaldehyde (1% final concentration) for 15 

minutes at room temperature in the dark and tubes were gently flicked. Cells were 

diluted with 3X neutralising buffer for 15 minutes at room temperature in the dark. 

Cells were stained with cytochrome c antibody 1:400 (Alexa 488, clone 6h2.b4, BD 

biosciences) in intracellular staining buffer overnight at 4°C. The next day cells 

were analysed by flow cytometry (BD LSRFortessa™ analyzer) using Diva 

software (BD Biosciences). Cytochrome c released was calculated from 

cytochrome c positive cells minus 100%. Cytochrome c released was normalised 

to DMSO and no antibody control. Statistical analysis was carried out on three 

independent raw cytochrome c released readings. 

2.2.3.3 BAK conformational change assay 

Before MOMP occurs BAK undergoes a conformational change in the N-terminus 

(Chapter 1.3.2). This reveals a new epitope in BAK that can be detected by 

immunofluorescence. For assessment of BAK conformational change, cells were 

cultured in a 96 well plate and treated with the indicated drug(s) for 24 hours. Cells 

were fixed with 1% formaldehyde and sent to Imagen Biotech (Cheshire, UK) 

where immunofluorescence staining for conformation changed BAK and high-

content analysis were carried out using proprietary protocols using BAK 

conformation–specific antibodies (BAK Ab-1 (#AM03) raised against a peptide 

corresponding to N-terminal residues 1-52 amino acids; BAK Ab-3 (#AM15) raised 

against an epitope encompassing the BH-1 domain (amino acids 82-135); BAK 

(#66026E) all from Calbiochem).  

2.2.3.4 Caspase 3/7 assay 

Effector Procaspases 3 and 7 are cleaved and activated to caspase 3 and 7 in 

response to pro-apoptotic signals (Chapter 1.3.2, Figure 15). Real time 

assessment of cells with activated caspase 3/7 was carried out using the 

CellPlayer apoptosis caspase 3/7 reagent (Essen BioScience, Ann Arbor, MI, 

USA) following manufacturer‟s recommendations. Cells were placed in an 

IncuCyte (Essen BioScience) and imaged every 2 hours. The number of 
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fluorescent cells per field of view was determined using IncuCyte software (Essen 

BioScience) following manufacturer‟s recommendations. 

2.2.4 BCA assay 

The Pierce BCA (bicinchoninic acid assay) protein assay kit (Thermo Scientific, IL, 

USA) was used to determine protein concentration of a cell lysate sample. 

Samples were diluted 10X in sterile ddH2O to ensure protein concentration was 

below 1 mg/mL. Protein standards (2 mg/mL BSA) were diluted with a 1:1 serial 

dilution in sterile ddH2O to get a range from 1 mg/mL to 0.0625 mg/mL. Lysis 

buffer was diluted 10X in sterile ddH2O and used as a 0 mg/mL control. 20 µL of 

each protein standard and diluted lysate sample were added to duplicate wells of a 

96 well plate. The BCA reagents were made up 1 part reagent B to 50 parts 

reagent A (1:50) and mixed together. 200 µL of the mixed BCA reagents was 

added to each well and the plate was incubated at 37ºC for 30 minutes. The plate 

absorbance was read at OD540 nm on a 96-well plate spectrophotometer. The 

protein standard readings were used to make a line of best fit and then the protein 

concentration for each lysate sample was calculated using the BCA assay 

equation shown in Table 5. 

Line equation y=mx+c  

Protein 
concentration x=y-c/m 

BCA assay x=((mean of duplicate readings-c)/m)*10(sample dilution factor) 
Table 5: Equations for BCA assay 

2.2.5 Western Blotting 

Cells were washed with ice cold PBS and lysed directly into 10% cell lysis buffer 

(Cell Signalling Technology, MA, USA) supplemented with 1% Protease Inhibitor 

Cocktail and 1% Phosphatase Inhibitor Cocktail I and II. Protein concentrations 

were determined using a Pierce BCA Protein Assay Kit (Chapter 2.2.4). Protein 

samples were separated on, 4-12% (gradient), 10% or 12% NuPAGE Novex Bis-

Tris Gels (Thermo Fisher Scientific, Waltham, MA, USA) with NuPAGE MES or 

MOPS SDS Running Buffer (Thermo Fisher Scientific) depending on protein size 

(Figure 22) and gels were run for ~90 minutes at 120V. Polyvinylidene fluoride 
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membranes (Perkin Elmer, MA, USA) were activated in methanol for 1 minute 

prior to use. Proteins were transferred to polyvinylidene fluoride membranes for 1 

hour by electroblotting at 30V using NuPAGE transfer buffer (Thermo Fisher 

Scientific) with 20% methanol. Membranes were blocked in 10% dried milk 

(Marvel, Ireland) in PBST (PBS containing 1% Tween-20) for 30 minutes at room 

temperature on a rocking platform. Membranes were washed 3 times in PBST (10 

minutes each) and incubated overnight at 4°C with appropriate primary antibody. 

Membranes were washed 3 times in PBST (10 minutes each) then re-incubated 

with an appropriate species specific secondary antibody conjugated to horseradish 

peroxidise for 1 hour at room temperature. Membranes were then washed an 

additional 3 times in PBST (10 minutes each). Proteins were detected using 

electrochemical luminescence reagents, Western Lightning (Perkin Elmer, UK). 

Protein weights were determined using Colour Prestained Protein Standard (New 

England BioLabs, Ipswich, MA, USA). Bands were visualised using a Fujifilm LAS 

1000 Luminescence Image Analyser (Fujifilm, Tokyo, Japan). All primary and 

secondary antibodies used for Western blotting are in Table 6. 
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Figure 22: NuPAGE Bis-Tris gel migration chart. Figure adapted from NuPAGE 
technical guide. The migration pattern of protein standards according to size, percentage 
gel and buffer used. The chart was used to select the appropriate gel for separating 

proteins of interest based on size. 
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Antibody Species Dilution Source 

Anti- human Actin Mouse 1:2000 Sigma 

Anti- human GAPDH Mouse 1:2000 Sigma 

Anti- human α-tubulin Mouse 1:2000 Merck 

Anti-human BCL-2 Mouse 1:1000 Dako  

Anti-human BCL-xL Rabbit 1:1000 Becton Dickinson 

Anti-human MCL-1 Mouse 1:1000 Becton Dickinson 

Anti-human PUMA Rabbit 1:1000 Sigma 

Anti-human BAK Mouse 1:1000 Calbiochem 

Anti-human BAX Rabbit 1:1000 Cell signalling 

Anti-human BAD Rabbit  1:500 R&D Systems 

Anti-human BID Goat 1:1000 R&D Systems 

Anti-human BIM Rabbit 1:1000 Cell signalling 

Anti-human BMX Mouse 1:1000 Becton Dickinson 

Anti-human pS473 AKT Rabbit 1:1000 Cell signalling 

Anti-human pT308 AKT Rabbit 1:1000 Cell signalling 

Anti-human total AKT Rabbit 1:1000 Cell signalling 

Anti-human pT246 PRAS40 Rabbit 1:1000 Cell signalling 

Anti-human total PRAS40 Rabbit 1:1000 Cell signalling 

Anti-human pS235/236 S6 Rabbit 1:1000 Cell signalling 

Anti-human pS240/244 S6 Rabbit 1:1000 Cell signalling 

Anti-human total S6 Rabbit 1:1000 Cell signalling 

Anti-human cleaved caspase 3 Rabbit 1:1000 Cell signalling 

Anti-human PARP Rabbit 1:1000 Cell signalling 

Anti-mouse horseradish peroxidase Goat  1:2000 Dako 

Anti-rabbit horseradish peroxidase Goat  1:2000 Dako 

Anti-goat horseradish peroxidase Mouse 1:2000 Dako 
Table 6: Antibodies used for Western blotting  

2.2.6.1 RNA interference (forward transfection with siRNA) 

SMARTpool small interfering RNA (siRNA) or individual oligos (Thermo Fisher 

Scientific) were transfected into SW620 or HCT116 cells using DharmaFECT 2 

(Thermo Fisher Scientific) and H1048 cells using RNAiMAX (Thermo Fisher 

Scientific) according to manufacturer‟s instructions. All siRNAs were resuspended 

in 1X siRNA buffer (5X siRNA buffer (Thermo Fisher Scientific) diluted to 1X in 

RNase-free water (Thermo Fisher Scientific)) to 20 µM stock. All cells were 

transfected in a 6 well plate. In HCT-116 and SW620 cells, 2.5 µL (20 µM siRNA 

stock) was mixed with 197.5 µL OptiMEM (Thermo Fisher Scientific; 50 pmol 

siRNA) by inversion and incubated for 5 minutes. In HCT-116 cells 1 µL, or 

SW620 cells 3 µL, of DharmaFECT 2 was mixed with 199 µL or 197 µL OptiMEM 

respectively by inversion and incubated for 5 minutes. Then the siRNA and 

transfection reagent were mixed together and incubated at room temperature for 
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20 minutes. 4x105 HCT116 and 1x106 SW620 cells were seeded in 1.6 mL of 

media and the siRNA-lipid complex was added to the cells. In H1048 cells, 1.5 µL 

(20 µM siRNA stock) was mixed with 148.5 µL OptiMEM by inversion. 9 µL of 

RNAiMAX was mixed with 141 µL OptiMEM by inversion and both solutions were 

diluted 1:1 and incubated for 5 minutes. 250 µL of the siRNA-lipid (25 pmol siRNA) 

complex was added to 1x106 H1048 cells seeded the previous day in 1.75 mL of 

media. The next day cells were reseeded into appropriate culture vessels 

depending on the experiment (drug treatment (SRB), Western blotting or qPCR 

(quantitative or real time Polymerase Chain Reaction). Non-targeting, BMX 

SMARTpool and MCL-1 SMARTpool siRNAs target sequence can be found in 

Appendix II Table 13. 

2.2.6.2 siRNA library screen (reverse transfection) 

The siRNA library screen was to identify potential PI3K downstream effectors that 

sensitise to ABT-737 when knocked down by RNA interference (RNAi). The siRNA 

library consisted of 65 SMARTpool siRNA candidates (Table 7). The majority of 

the candidate siRNAs targeted the mRNA of proteins with a PH domain because 

they have the potential to be regulated by PI3K (via interacting with 

PtdIns(3,4,5)P3, Chapter 1.2.5). SW620 cells were reverse transfected with 5 

pmol of each SMARTpool siRNA candidate from the mother plate 1 and 2, in 1 

well of a 96-well plate (6 replicate daughter plates). Then 48 hours later 3 replicate 

daughter plates were treated with 4 μM ABT-737, and 3 were treated with DMSO 

equivalent. Then 72 hours later cells were subjected to a SRB assay (Chapter 

2.2.2.1). Each of the candidate siRNAs target sequence and the layout of the 

siRNA screen mother plate 1 and 2 are in Appendix III Table 14 and Appendix IV 

Figure 27 respectively. 
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SOS1 CYTH2 GAB1 MCF2 PLEKHB2 AKAP13 FGD6 

PLCXD2 DOCK2 PIK3CA GAB2 CYTH1 RASA1 BMX 

CYTH4 TEC RASA3 VAV1 PLEKHA2 BTK PTPN9 

VAV3 ARAP3 RASA2 PHLDB1 ARAP1 GAB3 GSK3A 

TIAM1 PREX1 DOCK1 SWAP70 AKT2 AKT1 PIK3R2 

SGK1 ARAP2 PIK3CD MTOR PREX2 PHLDB3  

PIK3R1 PLCL2 PIK3CB AKT3 MYO10 RPTOR  

ITK SBF1 PDPK1 CYTH3 RICTOR DAPP1  

ARHGEF4 GSK3B SGK2 PLEKHA1 ARHGEF6 SH3BP2  

VAV2 SGK3 ADAP1 ARHGAP1 PLEK2 ADAP2  
Table 7: siRNA library screen candidates 

2.2.6.3 ABT-737 sensitivity of each siRNA candidate in the siRNA screen 

library 

SW620 cells sensitivity to ABT-737 after transfection with each siRNA 

SMARTPool was assessed by calculating the surviving fraction following treatment 

for 72 hours with 4 μM ABT-737 (Table 7). Surviving fraction = replicate well with 

ABT-737 / (average of three replicate wells with DMSO). The robust Z-score was 

used to analyse siRNA screen data. Robust Z-score is the number of median 

absolute deviations a value is from the median value of the data set. The robust Z-

score is used because it reduces the effect of outliers on the results and prevents 

missing potential significant changes in sensitivity to ABT-737. Firstly the new 

surviving fractions are calculated. New surviving fraction = median surviving 

fraction for all 65 siRNAs – individual surviving fraction. New negative surviving 

fractions are converted to positive values and the median absolute deviation 

(MAD) is then calculated. MAD = Standard deviation (new surviving fractions) x 

1.4826. The robust Z-score for each individual replicate can be calculated. Robust 

Z-score = ((survival fraction – median survival fraction) / MAD) x 1.4826. A 

threshold of median +/- 2 standard deviations is usually defined as a screen hit. 

 

Unpaired two tailed t-test was used to calculate the P-value for each siRNA 

compared to non-targeting siRNA (negative control). A P-value below 0.05 would 

show a significant difference between that specific candidate siRNA and the non-

targeting siRNA. P-values were plotted against Robust Z-scores to identify the 

most likely ABT-737 sensitizers because no Z-scores reached +/- 2 standard 

deviations.  
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2.2.7.1 Reverse transcription 

 

Levels of BMX, SGK1 or SOS1 mRNA were assessed in SW620 RNAi cells. 

qPCR was performed on cDNA reverse transcribed from RNA isolated from 

SW620 RNAi cells. RNA was isolated from cells using RNeasy kit according to 

manufacturer‟s instructions (Qiagen, Limburg, Netherlands). Isolated RNA was 

stored at -20°C. 2 µg RNA was made up to 13 µL in sterile ddH2O and 2µL Oligo 

dT (Thermo Fisher Scientific) was added to this and then heated at 70°C for 5 

minutes. Then the sample was cooled on ice for 5 minutes, after a quick spin 

down. A reverse transcription master mix was made up with the following 

components: 90 µL 5X RT reaction buffer (Promega, Madison WI, USA), 22.5 µL 

dNTP (Thermo Fisher Scientific), 18 µL RNasin (Thermo Fisher Scientific), 18 µL 

M-MLV RT (Promega) and 301.5 µL sterile ddH2O and gently mixed. 25 µL of the 

master mix was added to each RNA sample with a gentle flick to mix and quick 

spin down, and then incubated at 42°C for 60 minutes. The cDNA samples were 

stored at -20°C until qPCR was carried out. 

2.2.7.2 Quantitative polymerase chain reaction (qPCR) 

qPCR was carried out on cDNA, reverse transcribed from RNA, isolated from 

SW620 cells. qPCR assays for BMX, SOS1, and SGK1 were designed with the 

Universal Probe Library-Assay Design Centre (Roche; West Sussex, UK) (Table 

8). 18S (18S ribosomal RNA) and TFRC (Transferrin Receptor) were selected as 

housekeeper genes to normalise qPCR data (Table 8). 5 µL cDNA at 1 ng/µL was 

mixed with 6 µL qPCR mater mix (Promega), left and right primers and probe (5.25 

µL master mix, 0.25 µL of each primer (100 µM) and probe (100 µM)) were added 

to a well (in triplicate). The plate was run on a 384 well qPCR machine (7900 Real-

Time PCR system; Applied Biosystems, Waltham, MA, USA) and data was 

analysed using SDS 2.1 software (Applied Biosystems).  

 

 

 

110



 

Oligo name Sequence (5’-3’) Probe # 

BMX qPCR left TGATTCCATTCCAAAGCTTATTC 50 

BMX qPCR right CCTTGTTGGCCTTTGTTGAC 50 

SGK1 qPCR left GACAGGACTGTGGACTGGTG 24 

SGK1 qPCR right TTTCAGCTGTGTGTTTCGGCTA 24 

SOS1 qPCR left GCAATGATACCGTCTTTATCCAA 43 

SPS1 qPCR right CACTTCATCAGTGCCTTTGGT 43 

18S (housekeeper) left GCAATTATTCCCARGAACG 48 

18S (housekeeper) right GGGACTTAATCAACGCAAGC 48 

TFRC (housekeeper) left TGAAGAGAAAGTTGTCGGAGAAA 56 

TFRC (housekeeper) right CAGCCTCGAGGGACATA 56 

Table 8: Left and right oligo primer sequence and probe used for qPCR 

2.2.8 Drug treatment 

All cell lines were seeded into 6 well plates at 106 cells per well. After 24 hours, 

cells were treated with the indicated (on Figure) concentration of drug(s) for either 

4 or 24 hours. Cells were harvested and washed with ice cold PBS then lysed 

directly into 10% cell lysis buffer (supplemented with 1% Protease Inhibitor 

Cocktail and 1% Phosphatase Inhibitor Cocktail I and II). Protein concentrations 

were assessed using BCA assay (Chapter 2.2.4) and proteins of interest were 

analysed by Western blotting analysis (Chapter 2.2.5).  

2.2.9 Phospho-kinase array 

Drug treatment (Ibrutinib 4 hours) or RNAi (BMX SMARTpool and non-targeting 

control siRNA) was conducted as previously described in Chapter 2.2.8 and 

Chapter 2.2.6.1 respectively. BMX knock-down and inhibition of the PI3K pathway 

was determined by Western blotting analysis using antibodies against BMX and 

the pharmacodynamic biomarkers of the PI3K pathway, phospho-AKT and 

phospho-S6 (antibodies found in Table 6; PI3K pathway discussed in Chapter 

2.2.5). Lysates from non-targeting RNAi, BMX RNAi or Ibrutinib treated cells were 

then used in a phospho-kinase array according to manufacturer‟s instructions 

(Catalogue Number ARY003B, R&D Systems, Minneapolis, MN, USA). 
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2.2.10 Statistical analysis 

Statistical analysis of in vitro preclinical studies was carried out using unpaired, 

two-tailed t tests to compare treated and control groups. T-tests were performed in 

Excel (Microsoft, Redmond, WA) to determine significance. P < 0.05 was 

considered statistically significant.  

2.3 Patient recruitment, ethics and consent 

Between August 2012 and December 2013, 35 patients were recruited through 

The Christie Hospital NHS Trust to our SCLC biomarker research program. 

Patients had histologically or cytologically confirmed SCLC and were 

chemotherapy-naïve. These patients provided additional informed consent that 

specified samples collected could be used for in vivo studies and genetic analysis 

in accordance with UK regulatory requirements. Patients were selected and 

approached for inclusion in the CDX study as their clinic appointments matched 

the capacity within the in vivo research team for blood processing and enriched 

CTC implantation in mice. Of the 35 patients 30 had the additional clinical feature 

of ES disease. The study was prospectively approved by the NHS NorthWest 9 

Research Ethical Committee and included the collection of clinical and 

demographic data.  

2.3.1 Patient blood collection and response to chemotherapy 

Blood (10 mL) was drawn into CellSave Presevative tubes (Janssen Diagnostics, 

NJ, USA) for CTC enumeration using the CellSearch platform (385). CTCs thus 

defined expressed EpCAM and cytokeratins (cytokeratins, 8, 18 and 19), were >4 

μm in diameter and had an intact DAPI stained nucleus. A paired blood sample 

(10 mL) was drawn into EDTA vacutainers (Becton Dickinson, Oxford, UK). 

Patients‟ subsequent response to treatment was evaluated by computed 

tomography (CT) imaging performed before and following 4 cycles of 

chemotherapy, or earlier if clinically indicated. Patients who had a radiological 

response to chemotherapy that was sustained for greater than 3 months following 

completion of therapy were classified as chemo-sensitive. Patients with 
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progressive disease within 3 months following completion of therapy were 

classified as chemo-refractory (384). 

A second paired blood sample ((10 mL) CellSave preservative tubes for CTC 

enumeration and (10 mL) EDTA vacutainers for CDX study) were drawn from 

patient 3 and patient 8 after initial response to first line therapy and relapse with 

progressive disease (the first paired blood sample from patients 3 and 8 produced 

CDX3 and CDX8 (chemotherapy-naïve) respectively). Routine clinical practice 

was to perform a reassessment CT upon completion of chemotherapy. Patients 

were followed up every 3 months with chest x-rays and clinical review. Repeat CT 

was performed if there were clinical and radiological (chest x-ray) findings 

consistent with progressive disease. 

2.4 In vivo methods 

2.4.1 In vivo ethics 

All in vivo procedures were carried out in accordance with Home Office 

Regulations (UK) and the UK Coordinating Committee on Cancer Research 

guidelines and by approved protocols (Home Office Project Licence no. 70/8252 

which was reviewed by Cancer Research UK Manchester Institute Animal Welfare 

and Ethical Review Body). In vivo work was reported according to the ARRIVE 

(Animal Research Reporting of In Vivo Experiments) guidelines (2010). 

2.4.2 Circulating tumour cell (CTC) enrichment before implantation into mice  

An EDTA blood sample from a patient with SCLC was mixed with 500 μL 

RosetteSep Human Circulating Epithelial Tumour Cell Cocktail (Stem Cell 

Technology, Vancouver, Canada) and incubated for 20 minutes at room 

temperature with constant mixing. This was diluted with 10 mL 9:1 1X HBSS: 

HITES medium in a 50 mL tube layered over 15 mL Ficoll-Plaque Plus (GE 

Heathcare, Little Chalfont, UK) and centrifuged at 1,200 x g for 20 minutes. Cells 

at the medium-Ficoll boundary were collected, washed with 30 mL 9:1 

HBSS:HITES and centrifuged at 250 × g for 5 minutes. The cell pellet was 
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resuspended in 100 μL ice cold HITES and mixed with 100 μL Matrigel (BD 

Biosciences) and kept on ice. 

2.4.3 Growth of CDX tumours in immunocompromised mice 

Enriched CTC sample/HITES/Matrigel (100–200 μL) was injected subcutaneously 

into one, or both, mid-dorsal flanks of 8 week old female NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice (Charles River, Edinburgh, UK). Mice were 

housed together in vented caging systems in a 12 hour light/12 hour dark 

environment and maintained at uniform temperature and humidity. Mice were 

monitored twice weekly for signs of tumour growth. Once a palpable tumour was 

detected, measurements were taken twice a week with callipers. Tumour volume 

was calculated using the formula 0.5 x (longest measurement) x (shortest 

measurement)2. When the total tumour burden reached 1,000 mm3 or there were 

demonstrable signs of ill health, the animal was sacrificed and tumour fragments 

were passaged into NSG mice.  

2.4.4 Growth of CDX tumours in immunocompromised mice for BH3 profiling 

CDX models were generated as described above in Chapter 2.4.3. For each CDX 

model tumour fragments, from passage 4, were subcutaneously implanted into the 

mid-dorsal flank of 8 week old female NSG mice. Six mice per CDX model were 

housed, maintained and tumour growth monitored as previously described in 

Chapter 2.4.3. When each individual tumour reached 400 mm3 the animal was 

sacrificed and the tumour processed. The BH3 profiling method can be found in 

the ex vivo methods, Chapter 2.5.1 and 2.5.2. 

2.4.5 In vivo tolerance of combined GDC-0941 and Navitoclax 

Three 8 weeks old female SCID-beige mice (C.B-17/IcrHsd-PrkdcscidLystbg-J; 

Harlan Laboratories, UK) were treated for 21 days by oral gavage with 75 mg/kg 

GDC-0941 followed one hour later with 100 mg/kg Navitoclax. For the duration of 

the dosing mice were monitored twice daily for any changes in weight and 

appearance. Monitoring was continued for a further two weeks after which the 

animals were sacrificed.   
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2.4.6 In vivo efficacy of GDC-0941 and Navitoclax 

H1048 xenografts were grown by subcutaneous injection of 5x106 cells in 0.2 mL 

of 1:1 RPMI:Matrigel into the mid-dorsal flank of 8 week old female SCID-beige 

mice. CDX2 were generated as described in Chapter 2.4.3. CDX2 passage 4 

tumour fragments were subcutaneously implanted into the mid-dorsal flank of 8 

week old female SCID-beige mice. These mice were housed (6 mice to a cage), 

maintained and tumour growth monitored as previously described in Chapter 

2.4.3. Seven days after implantation mice bearing H1048 xenograft tumours 

measuring between 150-250 mm3 were randomized, using the deterministic 

method, into four groups of 10 mice. Eleven weeks after implantation of the CDX2 

fragments, mice were put onto a randomized (sequential) rolling recruitment over 4 

weeks when CDX2 tumours reached between 150-250 mm3. They were allocated 

into 4 groups of 7 mice. H1048 xenograft and CDX2 tumour bearing mice were 

split into the following treatment groups; vehicle only, 75 mg/kg GDC-0941 only, 

100 mg/kg Navitoclax only or 75 mg/kg GDC-0941 followed one hour later with 

100 mg/kg Navitoclax. Treatments were administered by oral gavage for 21 days. 

Tumour measurements were continued three times a week until the tumour 

reached four times initial tumour volume (4xITV) or the mouse had been on study 

for 6 months after which the mouse was sacrificed.   

2.4.7.1 In vivo pharmacodynamics biomarkers of GDC-0941 and Navitoclax 

activity 

H1048 xenografts or CDX2 were generated as described above in Chapter 2.4.6 

and Chapter 2.4.3 respectively. Mice with H1048 xenografts were allocated into 8 

groups of five mice and CDX2 tumour bearing mice into 8 groups of four mice. 

Each group was treated with either, vehicle only, 75 mg/kg GDC-0941 only, 100 

mg/kg Navitoclax only or 75 mg/kg GDC-0941 followed one hour later with 100 

mg/kg Navitoclax by oral gavage. Animals were sacrificed at either 4 hours or 24 

hours post dose. Tumours were fixed in 4% formalin for 24 hours and then placed 

in 70% ethanol.  

 

115



 

2.4.7.2 Immunohistochemistry pharmacodynamics biomarkers of GDC-0941 

and Navitoclax activity 

Immunohistochemistry (IHC) was performed on formalin fixed paraffin embedded 

tissue from CDX2 tumours and H1048 derived xenograft. Sections (4 μm) were 

stained using antibodies against cleaved caspase 3 (CC3) (Cell Signaling 

Technology, Danvers, MA, USA; product number 9661; 1:200 dilution) and 

Phospho-S6 Ribosomal Protein (Ser235/236; pS6) (Cell Signaling Technology; 

product number 4857; 1:200 dilution). Both IHC assays were performed on LEICA 

Bond Max Platform. Deparaffinization was performed automatically in the 

autostainer with BondDewax solution at 72 °C for 30 minutes followed by 3 rinses 

in reagent alcohol and BondWash solution. CC3 antibody staining was performed 

following antigen retrieval in Bond Epitope Retrieval Solution 1 (HIER1) (Leica 

Microsystems, Wetzlar, Germany) for 20 minutes. Optimal pS6 antibody staining 

required Epitope Retrieval Solution 2 for 10 minutes. Control tissue for CC3 

staining was MDA-231 XG4 breast carcinoma cells ± 1 μM staurosporin (untreated 

was negative control and treated was positive). Control tissue for pS6 staining was 

the SCLC cell lines DMS114 (positive) and DMS79 (negative). Staining was 

quantified using the following workflow. Digital images of whole-tissue sections 

were acquired using a Leica SCN400 histology scanner (Leica Microsystems, 

Milton Keynes, UK). Images were subsequently analysed using Definiens 

Developer XD version 2.0.4 and the Tissue Studio (Definiens AG, Munich, 

Germany). Regions of interest (ROIs) within the tissue sections were first identified 

using Definiens Tissue Studio which utilised machine learning technology across 

several samples to ensure that the full range of intensity was determined. Within 

these ROIs, cytoplasmic and nuclear protein expression was measured and 

classified as either positive or negative based on the haematoxylin and IHC 

staining thresholds. Thresholds were fixed across all tissue sections analysed.  

2.4.8 Statistical analysis 

Statistical analysis, to determine significance, of in vivo preclinical studies was 

carried out using unpaired, two-tailed t tests, performed in Excel, unless otherwise 

specified. Overall Survival rates were assessed using Kaplan-Meier analysis, while 
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a log-rank test was used for comparison of the survival distributions. In addition, 1-

way ANOVA multiple comparisons analysis was used to compare multiple drug 

treatment groups effect on tumour doubling time. These analyses were conducted 

using GraphPad Prism software. P < 0.05 was considered statistically significant. 

2.5 Ex vivo methods 

2.5.1 CDX tumour dissociation 

CDX tumours were dissociated using the gentleMACS dissociator and human 

tumour dissociation kit according to manufacturer‟s instructions (Miltenyi Biotec 

Ltd, Surrey, UK). This works through both enzymatic action and mechanic force to 

break down the extracellular matrix, leaving a single cell suspension. CDX 

tumours were cut into small pieces (2-4 mm) and transferred into a gentleMACS C 

tube containing an enzyme mix in media (4.7 mL RPMI media, 200 µL of Enzyme 

H, 100 µL of Enzyme R and 25 µL of Enzyme A; Miltenyi Biotec Ltd). The tube 

was then attached to the gentleMACS dissociator and the appropriate programs 

run followed by 30 minute incubation at 37°C under continuous rotation using the 

MACSmix Tube Rotator (Miltenyi Biotec Ltd). This was completed three times as 

follows; first run (program h_tumor_01), followed by 30 minutes incubation, second 

run (program h_tumor_02), followed by 30 minutes incubation and then the third 

run (program h_tumor_03) twice. Sample was then added to a 70 µm cell strainer 

(Corning, Wiesbaden, Germany), placed on a sterile 50 mL tube for collection of 

single cells. Red blood cells were lysed with RBC lysis buffer (G-Biosciences, 

USA). A cell viability check trypan blue exclusion preceded incubation of the 

suspension with dead cell removal beads (Miltenyi Biotec Ltd) and with anti-mouse 

IgG2a + b microBeads (Miltenyi Biotec Ltd) with anti-mouse MHCI (H-2kd/H-2Dd) 

antibody (eBiosciences, San Diego, CA, USA) for 15 minutes at room 

temperature. The cell suspension was diluted in binding buffer (Miltenyi Biotec Ltd) 

and added to LS-column to remove dead and mouse cells from the cell 

suspension where upon cell viability was reassessed.  
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2.5.2.1 Staining of CDX dissociated cells 

Disaggregated CDX tumour cells were stained to identify viable, human SCLC 

cells using live/dead dye (1:1000; near-IR (NIR) fluorescent reactive dye, 

#L10119; Invitrogen) and the following cell surface antibodies: anti-human CD56 

to identify human neuroendocrine (SCLC) cells (1:10; PE mouse anti-human 

CD56, #555516; BD Biosciences) and anti-mouse CD45 (1:50; BV421 rat anti-

mouse CD45, #563890; BD Biosciences) to identify mouse cells for 30 minutes on 

ice. Amine reactive live/dead dye works by crossing the cell membranes of dead 

cells, and reacting with free amines within the cell. Live cells do not take up this 

reactive dye because their cell membranes are intact. This causes differential 

fluorescence between the live/dead cell populations. After staining CDX tumour 

cells were then subjected to BH3 profiling. 

2.5.2.2 BH3 Profiling on CDX tumours 

BH3 peptides were diluted in BH3 peptide buffer to the concentrations shown in 

Table 9. Digitonin in the BH3 peptide buffer lightly permeabilized the plasma 

membrane but keeps the organelles intact. Approximately 105 CDX tumour cells 

were diluted in DTEB and added to the tubes containing diluted BH3 peptide. This 

was incubated for 1 hour in the dark at room temperature. SU-DHL-4 and BBDL 

cells were BH3 profiled as a positive and negative control respectively. Cells were 

then fixed with formaldehyde (1% final concentration) at room temperature for 15 

minutes in the dark. After fixation cells were diluted 2:1 with neutralising buffer and 

incubated at room temperature for 15 minutes in the dark. Fixed cells were then 

stained with cytochrome c antibody (1:400; Alexa 488, Clone 6h2.b4 mouse anti-

human cytochrome c, #560263; BD Biosciences) diluted in intracellular staining 

buffer overnight at 4°C. Cells were analysed the next day by flow cytometry (BD 

LSRFortessa™ analyzer) using FACSDiva software (BD Biosciences). The flow 

cytometry gating strategy is shown in Figure 23 and 24. The laser filter and voltage 

used for each antibody is summarised in Table 10. Cells were initially gated based 

on forward and side scatter characteristics. Dead cells were then excluded using a 

side scatter vs Live/Dead NIR gating strategy. Human SCLC cells were 

distinguished from viable mouse cells via a hCD56 vs mCD45 gate before 
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cytochrome c fluorescent human CDX tumour cells were enumerated using a 

PUMA2A peptide treated sample as negative control. A no cytochrome c antibody 

(FMO (fluorescence minus one)) control was used to set the staining threshold. 

PUMA2A is a mutant PUMA peptide with a non-functional BH3 domain so cannot 

activate MOMP. After optimisation of the gating strategy samples were batch 

analysed to determine the percentage of CDX tumour cells in the cytochrome c 

positive gate and determine the percentage of cells with cytochrome c released 

(Figure 24). BH3 peptide sequence is shown in Table 11 and each BH3 peptide, 

expected behaviour towards MOMP activation and therefore cytochrome c release 

is shown in Table 12. 

2.5.3 Generation of CDX2 and drug treatment 

CDX2 tumours were generated as described in Chapter 2.4.3. CDX2 tumours 

were dissociated immediately after sacrifice of the mouse host when the tumour 

reached 400 mm3 as described in Chapter 2.5.1. CDX2 tumour cells were 

subsequently cultured in RPMI 1640 media supplemented with 10% FBS and 

seeded into a 96 well plate at 5000 cells per well and incubated in a humidified 

atmosphere at 37°C and 5% CO2. After 24 hours cells were treated with the 

indicated (on Figure) concentration of drug(s) and cultured for a further 72 hours 

after which they were subjected to a resazurin assay (Chapter 2.2.2.2). 

BH3 Peptide Concentrations (µM) 

BIM 75, 7.5, 0.75 and 0.075 

BID  75, 7.5 and 0.75 

PUMA 75, 7.5 and 0.75 

BMF 75, 7.5 and 0.75 

BAD 75 and 7.5 

NOXA A 75 and 7.5 

HRK 75 and 7.5 

PUMA2A 75 

Table 9: BH3 peptides and concentrations used to run a full BH3 profile 
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Table 10: Voltage and filter for BD LSRFortessa™ analyser 
 

 

Peptide Sequence BH3-only class 

BIM MRPEIWIAQELRRIGDEFNA Activator 

BID EDIIRNIARHLAQVGDSMDRY Activator 

PUMA EQWAREIGAQLRRMADDLNA Sensitizer 

BMF HQAEVQIARKLQLIADQFHRY Sensitizer 

BAD LWAAQRYGRELRRMSDEFEGSFKGL Sensitizer 

NOXAA AELPPEFAAQLRKIGDKVYC Sensitizer 

HRK WSSAAQLTAARLKALGDELHQ Sensitizer 

PUMA2A EQWAREIGAQARRMAADLNA Control 

Table 11: BH3 peptide sequence and BH3-only class 

 

Peptide Expected peptide behaviour 

BIM 
Rapid MOMP when BAX and BAK are present/functional 

BID 

PUMA 
MOMP primed cells (Pan-sensitizers) 

BMF 

BAD MOMP if dependent on BCL-2, BCL-w or BCL-xL 

NOXA MOMP only if dependent on MCL1 

HRK MOMP only if dependent on BCL-xL 

PUMA2A Mutant control peptide. No depolarization 

Table 12: BH3 peptide expected behaviour towards mitochondria outer membrane 
permeabilization (MOMP) 

 

Variable Voltage [laser] filter 

FSC  500 

SSC  200 

mCD45-BV421 350 [405] 450/50 

hCD56-PE 600 [561] 586/15 

Cytochrome c-Alexa488 450 [488] 525/50 

Live/Dead NIR 400 [640] 780/60 
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Figure 23: BH3 profiling gating strategy for SCLC CDX. Flow cytometry was used to 
analyse cells (LSRFortessa™ analyzer) and then batch analysis was carried out on all 
BH3 peptides and controls. (A) Cells were gated based on side scatter area vs forward 
scatter area. (B) Cell singlets were gated from doublets by side scatter width vs side 
scatter height. (C) Live cells were gated away from dead cells by side scatter area vs 
live/dead NIR [640 nm]. (D) Human SCLC cells (hCD56+) were gated away from mouse 
cells (mCD45+) by hCD56 [561 nm] vs mCD45 [405 nm]. This is the final parent 
population of live, human SCLC cells. (E) Statistics table of events in each group, 
percentage parent population and median events. 
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Figure 24: BH3 profiling gating strategy for cytochrome c positive SCLC CDX cells. 
Cytochrome c positive cells are identified within the parent population of viable human 
SCLC cells from Figure 23. Within this parent population the percentage of cells that stain 
positive for cytochrome c can be determined using side scatter area vs human 
cytochrome c [488]. The percentage parent population within each gate was set using the 
gating strategy shown in Figure 23. This is shown here for the (A) FMO control (no 
cytochrome c antibody), No peptide control (B), 75 µM PUMA2A peptide negative control 
(C) and 75 µM BIM (D). The percentage cytochrome c positive cells within the final parent 
population can be converted to percentage cytochrome c released (cytochrome c positive 
percentage minus 100). This was then put into a bar chart for each peptide to make the 
BH3 profile shown in Figure 2, 3 and 4. 
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Abstract
Evasion of apoptosis is a hallmark of cancer, and reversing this process by inhibition of survival signaling pathways
is a potential therapeutic strategy. Phosphoinositide 3-kinase (PI3K) signaling can promote cell survival and is
upregulated in solid tumor types, including colorectal cancer (CRC), although these effects are context dependent.
The role of PI3K in tumorigenesis combined with their amenability to specific inhibition makes them attractive drug
targets. However, we observed that inhibition of PI3K in HCT116, DLD-1, and SW620 CRC cells did not induce
apoptotic cell death. Moreover, these cells were relatively resistant to the Bcl-2 homology domain 3 (BH3) mimetic
ABT-737, which directly targets the Bcl-2 family of apoptosis regulators. To test the hypothesis that PI3K inhibition
lowers the apoptotic threshold without causing apoptosis per se, PI3K inhibitors were combined with ABT-737. PI3K
inhibition enhanced ABT-737–induced apoptosis by 2.3- to 4.5-fold and reduced expression levels of MCL-1, the
resistance biomarker for ABT-737. PI3K inhibition enhanced ABT-737–induced apoptosis a further 1.4- to 2.4-fold
in CRC cells with small interfering RNA–depleted MCL-1, indicative of additional sensitizing mechanisms. The obser-
vation that ABT-737–induced apoptosis was unaffected by inhibition of PI3K downstream effectors AKT and mTOR,
implicated a novel PI3K-dependant pathway. To elucidate this, an RNA interference (RNAi) screen of potential down-
stream effectors of PI3K signaling was conducted, which demonstrated that knockdown of the TEC kinase BMX
sensitized to ABT-737. This suggests that BMX is an antiapoptotic downstream effector of PI3K, independent of AKT.

Neoplasia (2014) 16, 147–157

Introduction
Single-agent treatments rarely prove sufficient for cancer cure. This is
in part due to a variety of innate or acquired, drug-specific, or pleio-
tropic drug resistance mechanism(s), one of which is suppression of
drug-induced cell death. Consequently, there is considerable motiva-

tion to overcome drug resistance mechanisms by identifying rational
combinations of molecular targeted drugs. To aid this, the US Food
and Drug Administration (FDA) is considering early-phase drug
combination trials without the necessity for prior single-agent
approval [1]. Historically, choice of drug combinations is predicated

Abbreviations: CRC, colorectal cancer; PI3K, phosphoinositide 3-kinase; PtdIns(3,4,5)P3, phosphatidylinositol-3,4,5-triphosphate; PH, pleckstrin homology; siRNA, small
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on nonoverlapping drug toxicities; however, the concept of targeting
multiple different hallmarks of cancer is an emerging approach [2].
Two such hallmarks are sustained inappropriate proliferative signal-
ing and suppression of apoptotic cell death [2]. Molecular features
that contribute to these hallmarks in several human tumors, includ-
ing colorectal cancer (CRC), are aberrations in the phosphoinositide
3-kinase (PI3K) signaling pathway and up-regulation of antiapopto-
tic Bcl-2 family proteins. This study examines the combined effect
of inhibiting PI3K signaling and interrupting the protein-protein
interactions between proapoptotic and antiapoptotic members of the
Bcl-2 family in CRC cells.

PI3K phosphorylates the 3-hydroxy group of phosphatidylinositol
lipid rings to generate a secondary messenger that is implicated in
many intracellular signaling pathways. The most studied are the class
I PI3Ks, which phosphorylate phosphatidylinositol-4,5-bisphosphate
generating phosphatidylinositol-3,4,5-triphosphate [PtdIns(3,4,5)P3]
[3]. PtdIns(3,4,5)P3 is a docking site for a number of proteins that
contain PtdIns(3,4,5)P3-binding motifs such as pleckstrin homology
(PH) domains, frequently leading to activation of the docked protein.
The best characterized effectors of the pathway are phosphoinositide-
dependent kinase 1 (PDK1) and AKT (AKA protein kinase B). PDK1
and AKT bind to PtdIns(3,4,5)P3, allowing PDK1 to phosphorylate
and activate AKT [4]. Activation of AKT has multiple cell fate out-
comes including increased cell survival, sustained cell proliferation,
and enhanced cell migration, all of which have potential to promote
oncogenesis [5]. Aberrant PI3K signaling is implicated in many cancer
types. For example, loss of the PI3K antagonistic phosphatase PTEN
and activating mutations in PIK3CA, the gene encoding the catalytic
PI3K subunit p110α, are among the most common genetic aberrations
in cancer [6]. Consequently, the PI3K signaling pathway is a major
focus of drug discovery programs, with multiple small-molecule in-
hibitors targeting PI3K, AKT, and other PI3K pathway components
undergoing clinical trials [6]. Multiple lines of preclinical evidence
suggest that PI3K signaling acts to suppress apoptosis through mecha-
nisms including the modulation of Bcl-2 family proteins that control
the release of potent apoptogens from mitochondria [5]. However,
despite this body of evidence, apoptosis is not induced in many cancer
cell lines after specific inhibition of PI3K pathway signaling [7,8].
Furthermore, emerging evidence shows that, whereas in some cell
types, combining PI3K inhibition with conventional chemotherapeutic
agents induces apoptosis [9,10], this is not the case with CRC cells [7],
a disease where aberrant PI3K activation is common.

Drug development efforts to disrupt interactions between proapop-
totic and antiapoptotic proteins of the Bcl-2 family yielded the Bcl-2
homology domain 3 (BH3) mimetic class of drugs [11]. The “poster-
child” BH3 mimetic ABT-737 and its related clinical candidate navi-
toclax readily induce apoptosis in small cell lung cancer in vitro and
in vivo as a single agent [12] and kill lymphoma cell lines and primary
lymphoma cells ex vivo [12,13], and navitoclax has demonstrated prom-
ising results in a phase I clinical trial in patients with chronic lympho-
cytic leukemia [14]. However, in several cancer cell types, including
CRC, ABT-737 treatment alone does not induce apoptosis at clini-
cally relevant concentrations [15]. In a broad range of cancer cell
types, ABT-737 acts synergistically with a variety of conventional
and novel chemotherapeutic agents [16], including agents that tar-
get the PI3K pathway [17,18]. This suggests that a lowering of the
apoptotic threshold by ABT-737 facilitates the coupling of drug-
induced damage and/or the interruption of survival signaling events
to the commitment to apoptotic cell death. Therefore, the hypothesis

tested in this study was that PI3K pathway ablation using small-
molecule inhibitors could “prime” CRC cells for apoptosis but that
cell death would only be realized if the actions of antiapoptotic Bcl-2
family proteins were negated by a BH3 mimetic.

Materials and Methods

Cell Culture and Drugs
HCT116, DLD-1 [American Type Culture Collection (ATCC),

Manassas, VA], and isogenic pairs of HCT116 and DLD-1 expressing
only wild-type or mutant PIK3CA (a kind gift from B. Vogelstein)
were cultured in McCoy’s 5A media (Life Technologies, Inc, Paisley,
United Kingdom) supplemented with 10% FBS (BioWest, Nuaillé,
France). SW620 (ATCC) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS and glutamine (Life Technolo-
gies, Inc). All cells were maintained in a humidified atmosphere at 37°C
and 5% CO2. Cell lines were authenticated using the AmpFlSTR
system (Applied Biosystems, Paisley, United Kingdom) during the
study. ABT-737 (a kind gift from AbbVie, Chicago, IL), PI-103,
rapamycin, Akti1/2, KU-0063794 (Merck, Nottingham, United
Kingdom), GDC-0941, MK-2206, and PCI-32765 (Selleck Chemi-
cals, Houston, TX) were all dissolved to 10 mM in DMSO (Sigma,
Dorset, United Kingdom) and stored as single use aliquots at −20°C/
−80°C (Figure W1).

Concentration Response
Cells were seeded into 96-well plates. After 24 hours, cells were

treated with the indicated concentration of drug(s) and cultured for a
further 72 hours in the presence of drug(s). Plates were stained with
sulforhodamine B (SRB) and processed as previously described [7] to
give an indication of cellular biomass. To determine logGI50, log drug
concentration was plotted against raw absorbance, and nonlinear
curve fit analysis was performed (GraphPad Prism; GraphPad Soft-
ware, La Jolla, CA). Statistical analysis was carried out on three
independent logGI50 readings and transformed to growth inhibition
50 (GI50) for presentation. For display purposes only, drug concentra-
tion (log scale) has been plotted against normalized absorbance.

Western Blot Analysis
Cell lysis and Western blot analysis were carried out as previously

described [7]. The following primary antibodies were used: rabbit
anti-pS473AKT (No. 4058), rabbit anti-AKT (No. 9297), rabbit
anti-pT246 40-kDa proline-rich AKT substrate (PRAS40) (No. 2997),
rabbit anti-PRAS40 (No. 2691), pS240/244S6 (No. 4838), rabbit
anti-S6 (No. 2217), rabbit anti–cleaved caspase 3 (No. 9661), rabbit
anti-PARP (No. 9542), rabbit anti-Bax (No. 2774; all from Cell
Signaling Technology, Danvers, MA), mouse anti–Bcl-2 (M0887;
Dako, Glostrup, Denmark), rabbit anti–BCL-XL (No. 610211;
Becton Dickinson, Oxford, United Kingdom), mouse anti-human
MCL-1 (No. 559027; Becton Dickenson), rabbit anti–MCL-1
(sc819; Santa Cruz Biotechnology, Inc, Dallas, TX), rabbit anti-Bad
(AF819; R&D Systems, Minneapolis, MN), rabbit anti-Bim (No.
202000; Merck), mouse anti-Bak (AM03; Merck), mouse anti–α-
tubulin (CP06; Merck), and mouse anti-GAPDH (G9545; Sigma).

Measurement of Apoptosis
Annexin V/7-aminoactinomycin D (7AAD) flow cytometry was

performed as previously described [7]. For assessment of Bak con-
formational change, cells were cultured in a 96-well plate and
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treated with the indicated drug(s) for 24 hours. Cells were fixed with
1% formaldehyde and sent to Imagen Biotech (Cheshire, United
Kingdom) where immunofluorescent staining for conformationally
changed Bak and high-content analysis were carried out using pro-
prietary protocols using Bak conformation–specific antibodies. Real-
time assessment of cells with activated Caspase 3/7 was carried out
using the CellPlayer apoptosis Caspase 3/7 reagent (Essen BioScience,
Ann Arbor, MI) following manufacturer’s recommendations. Cells
were placed in an IncuCyte (Essen BioScience) and imaged every
2 hours. The number of fluorescent cells per field of view was de-
termined using IncuCyte software (Essen BioScience) following
manufacturer’s recommendations.

RNA Interference (RNAi)
siRNA SMARTpools or individual oligos (Thermo Scientific,

Leicestershire, United Kingdom) were transfected into SW620 or
HCT116 cells using DharmaFECT 2 (Thermo Scientific) according
to manufacturer’s instructions. For the small interfering RNA (siRNA)
library screen, cells were reverse transfected with 5 pmol of siRNA
in 6 wells of a 96-well plate per SMARTpool and left for 48 hours,
3 wells were treated with 4 μM ABT-737, and 3 wells were treated
with DMSO equivalent. For other siRNA experiments, siRNA were
transfected in six-well plates, reseeded into appropriate culture vessels
24 hours later, and drug treated after another 24 hours. Calcula-
tion of robust z score is described in Supplemental Materials and
Methods section.

Real-Time Quantitative Polymerase Chain Reaction
Quantitative polymerase chain reaction (qPCR) was carried out as

previously described [19]. Assays for bone marrow tyrosine kinase gene in
chromosome X protein (BMX), SOS1, and SGK1 were designed with
the Roche (West Sussex, United Kingdom) Universal ProbeLibrary
Assay Design Center.

Statistical Analysis
Unpaired, two-tailed t tests were performed in Excel (Microsoft,

Redmond, WA) to determine significance. P < .05 was consid-
ered significant.

Results

PI-103 Sensitized CRC Cell Lines to ABT-737
The purpose of this study was to investigate the effect of combin-

ing ABT-737 with PI3K pathway inhibitors in CRC cell lines. The
lines used were HCT116 and DLD-1, which carry oncogenic acti-
vating mutations in PIK3CA, and SW620 cells that are wild type for
PIK3CA [20]. All three cell lines also harbor mutant KRAS (www.
sanger.ac.uk/genetics/CGP/cosmic/), which can activate the PI3K
signaling pathway [4]. All cell lines were responsive to the PI3K/
mammalian target of rapamycin (mTOR) inhibitor PI-103 in the
SRB assay, which measures cellular biomass, with GI50 values of
288 nM in HCT116 [95% confidence interval (CI) = 255-325 nM],
184 nM in DLD-1 (95% CI = 132-256 nM), and 636 nM in SW620
cells (95% CI = 508-797 nM) (Figure W2A). The phosphorylation of
PI3K and/or mTOR effectors AKT, PRAS40, and S6 was inhibited by
PI-103 in all cell lines (Figure W2B), confirming that PI-103 inhibited
PI3K and mTOR. To determine whether PI-103 treatment affected
CRC cell sensitivity to ABT-737, HCT116, SW620, and DLD-1 cells

were treated concomitantly with PI-103 and/or ABT-737 (Figure 1A
and Table 1). All cell lines exhibited a concentration-dependent re-
sponse to ABT-737 alone, and the ABT-737 GI50 was reduced sig-
nificantly in a concentration-dependent manner by PI-103. This is
consistent with PI3K inhibition sensitizing CRC cells to ABT-737.
The observation that PI-103 increased the sensitivity toward ABT-
737 irrespective of PIK3CA mutation status suggests that PIK3CA
mutation is not essential for this effect.

PI-103 Enhanced ABT-737–Induced Apoptosis
The effect of PI-103 on the levels of ABT-737–induced apoptosis

was determined by several methods. First, the effect of ABT-737
and/or PI-103 on caspase 3 and PARP cleavage was determined by
Western blot analysis (Figure 1B). ABT-737 alone induced some
caspase 3 and PARP cleavage, whereas PI-103–only treatment had
no effect. Combining the two agents increased caspase 3 and PARP
cleavage, suggesting that the combination caused more apoptosis
than either agent alone. The effect of ABT-737 and PI-103 on the
externalization of phosphatidylserine, another classic biomarker of
apoptosis, was determined by flow cytometry in HCT116 and SW620
cells (Figure 1C ). In both cases, neither PI-103 nor ABT-737 alone
caused a significant level of apoptosis compared to untreated cells,
whereas combining ABT-737 and PI-103 gave significantly more
apoptosis than any other condition.

PI3K signaling can promote numerous antiapoptotic mechanisms
that act upstream or downstream of cytochrome c release from mito-
chondria, for example, Bad sequestration and caspase 9 inhibition,
respectively [21,22]. To determine whether the PI-103–induced
ABT-737 sensitization was upstream of cytochrome c release, the per-
centage of HCT116 cells exhibiting the early activating N-terminal
conformational change in the multidomain proapoptotic protein
Bak [23] was assessed by immunofluorescence. The combination of
PI-103 and ABT-737 resulted in a significantly higher proportion of
cells with activated Bak than either agent alone (Figure 1D). This
confirmed that PI-103 sensitized CRC cells to ABT-737–induced
apoptosis and that this effect was mediated upstream of cytochrome
c release.

ABT-737 Sensitization Was Not Solely due to
MCL-1 Down-Regulation

There is precedence for PI3K inhibition affecting several Bcl-2 fam-
ily members including Bad, Bim, Bcl-2, MCL-1, and Bax [5]. When
the effect of PI-103 on expression levels of 10 Bcl-2 family members
was assessed byWestern blot analysis in HCT116 and SW620 cells, the
only observed change was a reduction in MCL-1 level (Figure 2A).
MCL-1 is an established resistance biomarker for ABT-737, due to
the poor affinity of ABT-737 for this antiapoptotic Bcl-2 family
member [24,25]. Moreover, MCL-1 stability is known to be decreased
by PI3K inhibition due to activation of GSK3β [26]. To test the
hypothesis that PI-103–induced sensitivity to ABT-737 was solely
due to a reduction of MCL-1 levels, MCL-1 was depleted by siRNA
(Figure 2B), and the effect of PI-103 on ABT-737 sensitivity was
reassessed. If the effect of PI3K inhibition on ABT-737 sensitivity is
mediated only through MCL-1 down-regulation, treatment with
PI-103 should not further sensitize MCL-1–depleted cells to ABT-
737. MCL-1 knockdown significantly sensitized both HCT116 and
SW620 to ABT-737, reducing the GI50 to a similar extent to that in
cells transfected with nontargeting siRNA and treated with PI-103
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(Figure 2C and Table W1). However, PI-103 significantly increased
sensitivity to ABT-737 in MCL-1 knockdown cells. To determine
whether this additional increase in ABT-737 sensitivity was due to
apoptosis, cells were transfected with nontargeting siRNA or MCL-1–
specific siRNA, treated with combinations of ABT-737 and/or
PI-103, and analyzed by annexin V/7AAD flow cytometry (Figure 2D).
This confirmed that, in MCL-1–depleted HCT116 and SW620 cells,
PI-103 treatment increased ABT-737–induced apoptosis. One experi-
mental caveat is that, whereas MCL-1 was clearly depleted by siRNA, a
detectable level remained, and PI-103 could be reducing the MCL-1
levels further (beyond the resolution of the assay). Thus, the increased

apoptosis observed could still be MCL-1 dependent. To address this,
similar studies were performed in MCL-1−/− mouse embryonic fibro-
blasts (MEFs). MCL-1 knockout was confirmed (Figure W3A), and
combining ABT-737 and PI-103 gave a significantly greater decrease
in colony formation than either agent alone (FigureW3B). Furthermore,
the combination gave enhanced cell death in parental and MCL-1−/−

MEFs (Figure W3C ). Although the mechanism of PI-103–induced
sensitization to ABT-737 may be different between CRC cell lines
and MEFs, this further demonstrates that MCL-1 is not essential for
PI-103–induced sensitization. Taken together, these data suggest that,
although reduced levels of MCL-1 in PI-103–treated cells caused

Figure 1. PI-103 sensitized CRC Cell Lines to ABT-737–induced apoptosis. (A) Cells were exposed to DMSO or the indicated concen-
tration of PI-103 and the indicated concentration of ABT-737 for 3 days. Cells were fixed and stained with SRB, and the absorbance
relative to untreated (UnT) cells was determined relative to DMSO or PI-103 only–treated cells as appropriate for individual concentration
response curves. (B–D) Cells were treated with the indicated combinations of 4 μMABT-737 (A and B) or 8 μMABT-737 (C) and 2 μMPI-103
for 24 hours. (A) The level of cleaved caspase 3, full-length PARP, cleaved PARP, and α-tubulin was assessed by Western blot analysis.
Results are representative of three independent experiments. (B) Cells were stained with allophycocyanin (APC)-conjugated annexin V
and 7AAD, and the percentage of annexin V–positive/7AAD-negative cells was determined by flow cytometry. (C) Cells were fixed and
stained for conformationally changed BAK, and the percentage of positive cells was determined by immunofluorescence. All graphs
represent the means of three independent experiments carried out in triplicate (A) or duplicate (C and D) ± SEM. *P < .05 according to
two-tailed unpaired t test.
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sensitization to ABT-737, there are additional MCL-1–independent
events that influence the response to ABT-737.

ABT-737 Sensitization Was due to Inhibition of PI3K but
Not AKT or mTOR
PI-103 is a dual PI3K/mTOR inhibitor; therefore, it was investi-

gated whether the effect of PI-103 on ABT-737 sensitivity was due
to PI3K inhibition, mTOR inhibition, and/or off-target effects. To
assess this, PI3K signaling was genetically altered. This was achieved
using HCT116 and DLD-1 cells, both of which normally express
one mutant and one wild-type PIK3CA allele (labeled Parental). In
the isogenic cell lines, one allele had been silenced by insertion of an
adeno-associated virus (AAV)–targeting system into exon 1 of either
the wild-type or mutant PIK3CA [27]. If the AAV inserted into the
wild-type PIK3CA allele, only the mutant protein was expressed,
resulting in higher PI3K activity compared to parental cells (labeled
Mutant). Conversely, if the AAV inserted into the mutant PIK3CA
allele, only the wild-type protein was expressed, resulting in lower
PI3K activity (labeled Wild-Type). This was confirmed by assessing
the level of AKT and PRAS40 phosphorylation in the isogenic cells
(Figure 3A). HCT116 and DLD-1 cells that only expressed wild-
type PIK3CA (low PI3K activity) were significantly more sensitive
to ABT-737 than corresponding parental cells (Figure 3B and
Table W2). HCT116 cells that only expressed mutant PIK3CA (high
PI3K activity) were significantly more resistant to ABT-737 than
HCT116 parental cells, and DLD-1 cells with mutant PIK3CA were
as resistant as parental cells. These data demonstrate that reduced
PI3K activity correlates with increased ABT-737 sensitivity, suggest-
ing that the observed effect of PI-103 was not due to off-target
effects. However, as both targets of PI-103 are components of the
PI3K signaling pathway, it remained unclear which target of PI-103
was responsible for the enhanced ABT-737 sensitivity. To investigate
this further, the effect of a panel of PI3K pathway inhibitors on ABT-
737 sensitivity was assessed in HCT116 and SW620 cells, specifically
GDC-0941, a class I PI3K-specific inhibitor [28], rapamycin, an
mTOR complex 1 (mTORC1)-specific inhibitor [29], KU-0063794,
an ATP-competitive mTOR inhibitor that inhibits mTORC1 and
mTORC2 but not PI3K [30], and AKTi1/2 and MK-2206, two
allosteric AKT inhibitors [31,32]. All agents were used at concentra-
tions that demonstrably inhibited their primary targets: GDC-0941
and KU-0063794 inhibited phosphorylation of AKT, PRAS40, and
S6; rapamycin inhibited S6 phosphorylation but increased AKT and
PRAS40 phosphorylation; and AKTi1/2 and MK-2206 inhibited

AKT and PRAS40 but not S6 phosphorylation (Figure 3C ). In
HCT116 and SW620 cells, GDC-0941 significantly sensitized to
ABT-737, whereas rapamycin and KU-0063794 were without effect
(Figure 3D and Table 2), suggesting that PI3K inhibition, rather than
mTORC1/2 inhibition, was responsible for ABT-737 sensitization.
Contrary to expectations, KU-0063794 did not sensitize to ABT-
737 despite the fact that AKT is a target of mTORC2 (Figure 3C )
and AKT is considered the main downstream effector of PI3K [6].
To explore this further, the effect of AKT inhibition on ABT-737 sen-
sitivity was investigated. In both cell lines, neither AKTi1/2 nor
MK-2206 had a significant effect on the sensitivity to ABT-737 (Fig-
ure 3D and Table 2), strongly suggesting that the downstream target of
PI3K responsible for ABT-737 sensitization is AKT independent and
implicating a novel, antiapoptotic PI3K-dependent, AKT-independent
signaling pathway. The ABT-737 concentration-response data were
verified by combining ABT-737 with each of the PI3K pathway inhi-
bitors and monitoring caspase activation in SW620 cells (Figure 3E).
Only PI-103 and GDC-0941 when combined with ABT-737 caused a
significant increase in the number of cells with activated caspase com-
pared to ABT-737 alone, consistent with the ABT-737 concentration-
response data. Furthermore, the PI-103–induced down-regulation
of MCL-1 was not observed with Akti1/2 or rapamycin treatment
(Figure W4), and neither Akti1/2 nor rapamycin was able to further
sensitize MCL-1–depleted SW620 cells to ABT-737 (Figure W5 and
Table W3). These data are consistent with at least two antiapoptotic
AKT/mTOR-independent pathways acting downstream of PI3K, only
one of which affects MCL-1 levels.

BMX Down-Regulation Sensitized to ABT-737
The secondary messenger generated by class I PI3K, PtdIns(3,4,5)

P3, has the potential to regulate many proteins in addition to AKT.
Indeed, there are reported to be >50 proteins that can bind to PtdIns
(3,4,5)P3 [3]. To determine whether any of these proteins may be
involved in the PI3K inhibition–induced sensitization to ABT-737,
a SMARTpool siRNA library targeting mRNA for each of 52 proteins
containing a PH domain that interacts with PtdIns(3,4,5)P3 and
other core PI3K pathway proteins was designed (Table W4). SW620
cells, which exhibited the greatest degree of sensitization to ABT-737
when PI3K signaling was inhibited, were transfected with each siRNA,
and the effect of ABT-737 treatment determined relative to non-
targeting siRNA–transfected cells (Figure 4A, left panel ). Four siRNAs
were shown to induce a significant (P < .05; robust z score < −0.9)
increase in ABT-737 sensitivity (Figure 4A, right panel, and Table W4).
Of these four siRNAs, BMX, SOS1, and SGK1 were chosen for
further analysis. A complete ABT-737 concentration response was
carried out on cells transfected with each of the individual siRNA
oligos that made up the SMARTpool with some oligos demonstrat-
ing a degree of sensitization for all three targets (Figures 4B and
W6). However, only oligos 1 and 3 targeting BMX produced a sig-
nificant sensitization to ABT-737 (P = .041 and .022, respectively;
Table W5). Furthermore, when the association between the level of
mRNA knockdown for each oligo set and the sensitization toward
ABT-737 was assessed, only knockdown of BMX significantly cor-
related with ABT-737 efficacy (P = .0015; Figures 4C and W6B). The
BMX siRNA oligos that gave the greatest degree of ABT-737 sensiti-
zation, SMARTpool, oligos 1 and 3, also caused the greatest reduc-
tion of BMX protein expression (Figure W7). BMX knockdown in
HCT116 cells also sensitized to ABT-737 (Figure 4D and Table W6).
Moreover, pharmacological inhibition of BMX with the TEC family

Table 1. Effect of PI-103 Treatment on ABT-737 GI50.

Cell Line Treatment ABT-737 GI50 (μM ± 95% CI) Significance*

HCT116 DMSO 5.80 (5.16-6.52)
0.5 μM PI-103 4.70 (4.30-5.15) 0.0495
1 μM PI-103 4.39 (3.78-5.09) 0.0439
2 μM PI-103 3.11 (2.26-4.29) 0.0231

SW620 DMSO 15.5 (14.2-16.8)
0.5 μM PI-103 5.07 (3.75-6.84) 0.0022
1 μM PI-103 2.88 (2.14-3.88) 0.0004
2 μM PI-103 2.22 (1.86-2.66) <0.0001

DLD-1 DMSO 5.35 (5.15-5.55)
0.5 μM PI-103 2.44 (2.19-2.71) 0.0002
1 μM PI-103 1.82 (1.60-2.07) 0.0001
2 μM PI-103 1.36 (0.99-1.87) 0.0011

*Two-tailed unpaired t test versus DMSO-treated GI50 for same cell line.
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Figure 2. Reduced MCL-1 level is not solely responsible for increased ABT-737 sensitivity. (A) HCT116 and SW620 cells were treated
with DMSO equivalent or 2 μM PI-103 for 24 hours, and the level of Bcl-2, BCL-XL, MCL-1, Bax, Bak, Bim, Bid, Puma, Bad, and Noxa was
determined by Western blot analysis. (B–D) HCT116 and SW620 cells were transfected with nontargeting siRNA (NT RNAi) or siRNA
targeting MCL-1 (MCL-1 RNAi) and plated for experiments 24 hours later. Cells were treated with 2 μM PI-103 for 24 hours, and the
effect on levels of MCL-1, pS473 AKT, and GAPDH was determined by Western blot analysis (B). RNAi cells were treated with 2 μM
PI-103 or DMSO equivalent and the indicated concentration of ABT-737 for 3 days and processed as in Figure 1A (C). RNAi cells were
treated with 2 μMPI-103 and/or 4 μMABT-737 (NT RNAi), 2 μMABT-737 (HCT116 MCL-1 RNAi), or 1 μMABT-737 (SW620 MCL-1 RNAi)
for 24 hours. Cells were stained with APC-conjugated annexin V and 7AAD and analyzed by flow cytometry (D). All blots are represen-
tative of three independent experiments, and all graphs represent the means of three independent experiments carried out in triplicate (C)
or duplicate (D) ± SEM. *P < .05, **P < .01, and ***P < .001 according to two-tailed unpaired t test.
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Figure 3. ABT-737 sensitization was PI3K dependent but AKT and mTOR independent. (A and B) Parental HCT116 and DLD-1 cells or
cells expressing only the mutant or wild-type PIK3CA allele were assessed for the level of pS473 AKT, total AKT, pT246 PRAS40, or
total PRAS40 by Western blot analysis (A) or exposed to the indicated concentrations of ABT-737 and processed as in Figure 1A (B).
(C) HCT116 and SW620 cells were exposed to 2 μMPI-103, 2 μMGDC-0941, 10 nM rapamycin, 2 μMKU-0063794, 1 μMAKTi1/2, or 1 μM
MK-2206 for 4 hours, and the effect on level of pS473 AKT, total AKT, pT246 PRAS40, total PRAS40, pS240/244 S6, and total S6 was
determined byWestern blot analysis. (D) HCT116 and SW620 cells were treated with the same concentrations of PI3K pathway inhibitors
as in C and the indicated concentrations of ABT-737 for 3 days and processed as in Figure 1A. (E) SW620 cells were treated with the same
concentrations of PI3K pathway inhibitors as in C with or without 4 μM ABT-737 plus CellPlayer Caspase 3/7 reagent, which fluoresces
after cleavage by caspases. Number of fluorescent cells was determined 8 hours after start of treatment. All blots are representative of
three independent experiments, and all graphs represent the means of three independent experiments carried out in triplicate (B and D)
or duplicate (E) ± SEM. **P < .01 and ***P < .001 according to two-tailed unpaired t test.
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kinase inhibitor PCI-32765 (ibrutinib [33]) in SW620, HCT116, and
DLD-1 cells sensitized to ABT-737 (Figures 4E and W8, and
Table W7). To determine whether BMX acted downstream of PI3K
with regard to ABT-737 sensitization, the effect of BMX knockdown
and PI-103 treatment on ABT-737 sensitivity was assessed. Knockdown
of BMX did not further sensitize PI-103–treated SW620 cells to
ABT-737 (Figure 4F and Table W8), suggesting that BMX-induced
sensitization to ABT-737 is downstream of PI3K. BMX inhibition,
either by RNAi or treatment with PCI-32765, did not affect expression
of MCL-1 (Figure W9), suggesting that sensitization to ABT-737
is through an MCL-1–independent mechanism. Together, these data
suggest that inhibition of BMX activity, either through knockdown or
pharmacological inhibition, can sensitize CRC cell lines to ABT-737.
This indicates that this PH domain–containing protein may represent a
key AKT-independent effector downstream of PI3K that is responsible
for PI3K inhibition–induced ABT-737 sensitization.

Discussion
In this study, we presented evidence that the inhibition of PI3K sig-
naling increased the sensitivity of CRC cells to ABT-737–induced
apoptosis. This effect was shown to be independent of AKT inhibi-
tion and in part due to factors additional to the observed MCL-1
down-regulation. Furthermore, we present data demonstrating that
inhibition of the TEC kinase BMX also sensitizes to ABT-737. This
raises the possibility that BMX is a key downstream target of PI3K
signaling mediating ABT-737 sensitivity and suggests that the PI3K/
BMX axis may have antiapoptotic activity in CRC cells.

Other studies in non–small cell lung cancer [18] and lymphoma
cell lines [17] have demonstrated that canonical PI3K pathway inhibi-
tion downstream of PI3K increased apoptosis in response to ABT-737
(or navitoclax). BCL-XL prevented PI3K inhibition–induced apoptosis
in non–small cell lung cancer cells, and this was overcome by ABT-737;
however, PI3K inhibition was phenocopied in AKT-depleted cells,
suggesting that the antiapoptotic effect of PI3K signaling was AKT
dependent [18]. Rapamycin increased navitoclax-induced apoptosis
in lymphoma cells in vitro and in vivo, although the mechanism of
action was not investigated [17]. Taken together, these three studies
suggest that there are different mechanisms downstream of PI3K sig-
naling to suppress ABT-737–induced apoptosis and that these mech-
anisms are context dependent. In support of this, a study investigating
the importance of AKT in cellular proliferation/survival across a panel

of human tumor cell lines revealed that a subset of cell lines (including
HCT116 and DLD-1) was dependent on PI3K but not on AKT for
proliferation and survival [34]. The lack of an absolute requirement for
AKT in CRC cells has also been reported. When either PDK1 or AKT1
and AKT2 were knocked out in both HCT116 and DLD-1 cells [35],
the cells were able to survive in standard culture conditions. However,
inhibition of PI3K signaling by pharmacological intervention or
expression of a dominant negative PI3K subunit in the same cell lines
([7] and Figure W2) caused a profound proliferation delay. Overall,
there are clearly cell line–dependent differences in signaling down-
stream of PI3K, and this emphasizes the need to broaden our under-
standing of this important signaling pathway beyond AKT and its
known downstream targets.

The TEC family of kinases is the second largest family of non-
receptor protein tyrosine kinases, comprising five members, namely,
TEC, BTK, ITK, TXK, and BMX (also known as ETK). Whereas
TEC kinases are primarily expressed in hematopoietic cells, BMX
and TEC have a broader expression profile. Specifically, BMX is
expressed in endothelial linages as well as epithelial cancers such as
breast and prostate [36]. All TEC kinases except TXK have a PH
domain that interacts with PtdIns(3,4,5)P3 and can be activated
by PI3K signaling [37–39]. Furthermore, BMX has recently been
implicated in mutant PIK3CA transformation [40]. BMX has been
suggested to have an antiapoptotic function in prostate cancer cell
lines [41], where expression of dominant negative BMX enhances
chemotherapy- and radiotherapy-induced apoptosis. The down-
stream targets of BMX are not fully elucidated; although research
has demonstrated that BMX can activate STAT3 [42] and also bind
to and activate PAK1 [43], whether these targets are responsible for
the antiapoptotic effect of BMX is unclear. BMX has been reported
to bind to BCL-XL in bladder cancer cell lines [44], although the
functional consequences of this interaction and how it is regulated
have not been investigated. In the study reported here, we were
unable to detect any change in phosphorylation of STAT proteins
after treatment with PI3K or TEC kinase inhibitors (data not
shown), and further investigation is now required to understand
the antiapoptotic role of BMX in CRC better.

In addition to BMX, the RNAi library screen identified three
other potential sensitizers to ABT-737, namely, SOS1, SGK1, and
PLEKHB2. Further study with deconvolved SMARTpool siRNA
oligos (Figures 4C and W5) suggested that the efficacy of SOS1
and SGK1 RNAi was probably due to off-target effects of some of
the oligos, rather than knockdown of the intended target. PLEKHB2
was not investigated further as PLEKHB2’s PH domain has recently
been suggested to bind preferentially to phosphatidylserine rather
than PtdIns(3,4,5)P3 [45], and therefore, it is unlikely that PLEKHB2
is a downstream target of PI3K signaling. It is also interesting to note
that knockdown of two PI3K subunits, PIK3CB and PIK3R1, was
implicated in causing resistance to ABT-737 (Figure 4A). One possi-
bility is that down-regulation of specific PI3K subunits (e.g., PIK3CB)
leads to a compensatory up-regulation of other subunits (e.g., PIK3-
CA), and it is the upregulated subunit that drives ABT-737 resistance,
a hypothesis that will be tested in future studies.

From a clinical perspective, the data presented here suggest that
combining navitoclax with PI3K inhibitors or TEC kinase inhibitors
may prove beneficial to patients with metastatic CRC, a population
of patients with a 6% chance of 5-year survival (Colorectal Cancer
Survival by Stage—NCIN Data Briefing 2009, http://tinyurl.com/
pf5hl45), exemplifying the clinical need for improved therapy.

Table 2. Effect of PI3K Pathway Inhibitors on ABT-737 GI50.

Cell Line Treatment ABT-737 GI50 (μM ± 95% CI) Significance*

HCT116 DMSO 4.95 (4.15-5.90)
2 μM PI-103 3.33 (2.88-3.84) 0.0268
2 μM GDC0941 2.73 (2.54-2.93) 0.0036
1 μM AKTi1/2 4.32 (4.17-4.46) 0.2092
1 μM MK2206 4.06 (3.72-4.43) 0.1189
10 nM rapamycin 6.19 (5.77-6.64) 0.0821
2 μM KU0063794 6.57 (6.10-7.07) 0.0441

SW620 DMSO 16.9 (15.4-18.5)
2 μM PI-103 3.15 (2.45-4.05) 0.0002
2 μM GDC0941 6.09 (3.10-11.9) 0.0424
1 μM AKTi1/2 14.5 (11.4-18.5) 0.3140
1 μM MK2206 20.0 (10.6-37.6) 0.6317
10 nM rapamycin 15.3 (12.8-18.4) 0.4049
2 μM KU0063794 16.4 (12.9-20.8) 0.8369

*Two-tailed unpaired t test versus DMSO-treated GI50 for same cell line.
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Figure 4. BMX knockdown and inhibition sensitized to ABT-737. (A) SW620 cells were transfected with an siRNA SMARTpool targeting
1 of 65 mRNA that encode proteins potentially involved in PI3K signaling or a nontargeting control. Forty-eight hours later, cells were
treated with 4 μM ABT-737 or DMSO equivalent for 72 hours, and cellular biomass was determined by SRB staining. Robust z score of
ABT-737–treated cells compared to DMSO control cells was calculated, and the P value for each SMARTpool compared to nontargeting
control was determined by two-tailed unpaired t test. Values for SMARTpool that induce ABT-737 resistance (▲.) and sensitivity (▾) are
shown in right-hand table. (B and C) SW620 cells were transfected with nontargeting siRNA (•), SMARTpool siRNA, or individual oligos
targeting BMX, SOS1, or SGK1 (□), and an ABT-737 concentration response was carried out, or the appropriate mRNA level was deter-
mined by qPCR. B shows the concentration response curve for the most effective siRNA oligo, and C shows the correlation between
knockdown efficiency and ABT-737 efficacy. (D) HCT116 cells were transfected with nontargeting siRNA, BMX siRNA, or MCL-1 siRNA
and the indicated concentration of ABT-737 for 3 days and processed as in Figure 1A. (E) SW620 cells were treated with 4 μM PCI-32765
or DMSO equivalent and the indicated concentration of ABT-737 for 3 days and processed as in Figure 1A. (F) SW620 cells were
transfected with nontargeting siRNA or BMX oligo 1, treated with 2 μM PI-103 or DMSO equivalent and the indicated concentration
of ABT-737 for 3 days, and processed as in Figure 1A. All graphs represent the means of three independent experiments carried out
in triplicate ± SEM.
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However, more research is needed to identify phenotypic and/or geno-
typic traits that predict for combinatorial efficacy. The data presented
here demonstrate that PI3K inhibition increased apoptosis induced by
ABT-737 more in SW620 cells (PIK3CA wild type) than in DLD-1 or
HCT116 cells (PIK3CA mutant). However, we lack sufficient statisti-
cal power to conclude that these differences are due to PIK3CA status
due to the plethora of other genetic differences between the cell lines.
Therefore, to develop predictive biomarkers for this drug combination
expansion to a larger panel of CRC cell lines with known genetic aber-
rations is required.
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Supplemental Materials and Methods

Robust Z Score Calculation
Sensitivity to ABT-737 for each siRNA SMARTPool was assessed

calculating the surviving fraction following treatment with 4 μM ABT-
737 for 72 hours for each siRNA target. Surviving fraction = replicate
well with ABT-737/(average of three replicate wells with DMSO).
The robust z score was used to analyze siRNA screen data. Robust
z score is the number of median absolute deviations (MADs); a value

is from the median value of the data set. The robust z score is used be-
cause it reduces the effect of outliers on the results and prevents missing
potential significant changes in sensitivity to ABT-737. First, the new
surviving fractions are calculated. New surviving fraction = median sur-
viving fraction for all 65 siRNAs − individual surviving fraction.Negative
new surviving fractions are converted to positive values, and the MAD is
then calculated. MAD = SD (new surviving fractions) × 1.4826. The
robust z score for each replicate can be calculated. Robust z score =
[(surviving fraction − median surviving fraction)/MAD] × 1.4826.

Figure W1. Structures of inhibitors used in study. (A) ABT-737, (B) PI-103, (C) GDC-0941, (D) rapamycin, (E) KU-0063794, (F) AKTi1/2,
(G) MK-2206, and (H) PCI-32765.
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Figure W2. PI-103 inhibited cell proliferation and PI3K and mTOR signaling. (A) Cells were exposed to the indicated concentration of
PI-103 for 3 days. Cells were fixed and stained with SRB, and the absorbance relative to untreated (UnT) cells was determined. Data
represent the means of three independent experiments carried out in triplicate ± SEM. (B) Cells were exposed to the indicated
concentration of PI-103 for 4 hours, and the effect on level of pS473 PKB, total PKB, pT246 PRAS40, total PRAS40, pS240/244 S6,
and total S6 was determined by Western blot analysis. Results are representative of three independent experiments.

Table W1. Effect of MCL-1 RNAi on ABT-737 GI50.

Cell Line Treatment* ABT-737 GI50
(μM ± 95% CI)

Significance†

vs NT DMSO vs MCL-1 DMSO

HCT116 NT DMSO 5.83 (5.39-6.31)
NT PI-103 3.64 (3.20-4.15) 0.0037
MCL-1 DMSO 3.07 (2.59-3.65) 0.0027
MCL-1 PI-103 1.90 (1.75-2.06) <0.0001 0.0079

SW620 NT DMSO 18.0 (17.1-19.0)
NT PI-103 3.54 (2.75-4.55) 0.0002
MCL-1 DMSO 2.09 (1.76-2.48) <0.0001
MCL-1 PI-103 0.71 (0.56-0.92) <0.0001 0.0022

The table relates to Figures 4B, C , and W6.
*Cells were transfected with either nontargeting siRNA (NT) or MCL-1 targeting siRNA (MCL-1).
Cells were also treated with 2 μM PI-103 or a DMSO equivalent.
†Two-tailed unpaired t test versus indicated treatment for the same cell line.
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Figure W3. MCL-1−/− MEFs were sensitized to ABT-737–induced
apoptosis by PI-103. (A) The level ofMCL-1 in parental andMCL-1−/−

MEFs was determined by Western blot analysis. *, nonspecific
background band that acts as a loading control. (B) Parental and
MCL-1−/− MEFs seeded at a low density were exposed to 2 μM
PI-103 and/or 10 μM ABT-737 (parental) or 0.15 μM ABT-737
(MCL-1−/−) for 3 days. Drugs were removed, and cells were
left for 1 week for colonies to form. The number of colonies were
counted and expressed as a surviving fraction relative to DMSO
control. (C) Parental and MCL-1−/− MEFs were exposed to the
same concentrations of PI-103 and ABT-737 as in B for 24 hours
and stained with APC-conjugated annexin V. All graphs repre-
sent the means of three independent experiments carried out in
duplicate ± SEM.

Table W2. Effect of PI3K Activity on ABT-737 GI50.

Cell Line PIK3CA Status ABT-737 GI50 (μM ± 95% CI) Significance*

HCT116 Parental 4.89 (4.55-5.24)
Mutant 8.16 (7.18-9.26) 0.0023
Wild-type 3.40 (3.13-3.71) 0.0031

DLD-1 Parental 7.92 (7.29-8.61)
Mutant 6.97 (5.37-9.04) 0.4085
Wild-type 3.76 (2.96-4.76) 0.0043

The table relates to Figure 3B.
*Two-tailed unpaired t test versus GI50 of parental cells for same cell line.
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Figure W5. Neither AKTi1/2 nor rapamycin further sensitized MCL-1 knockdown SW620 cells to ABT-737. SW620 cells were transfected
with NT RNAi or MCL-1 RNAi and plated for experiments 24 hours later. Cells were treated with 1 μM AKTi1/2 (A), 10 nM rapamycin
(Rapa; B), or DMSO equivalent and the indicated concentration of ABT-737 for 3 days and processed as in Figure 1A. All graphs rep-
resent the means of three independent experiments carried out in triplicate ± SEM.

Table W3. Effect of MCL-1 RNAi on ABT-737 GI50.

Cell Line Treatment* ABT-737 GI50
(μM ± 95% CI)

Significance†

vs NT DMSO vs MCL-1 DMSO

SW620 NT DMSO 17.7 (17.3-18.2)
NT AKTi1/2 15.1 (13.0-17.7) 0.12
NT rapamycin 16.2 (14.5-18.1) 0.20
MCL-1 DMSO 2.1 (1.8-2.5) <0.0001
MCL-1 AKTi1/2 1.6 (1.3-2.0) <0.0001 0.11
MCL-1 rapamycin 1.6 (1.3-2.1) <0.0001 0.17

The table relates to Figure W5.
*Cells were transfected with either nontargeting siRNA (NT) or MCL-1 targeting siRNA (MCL-1).
Cells were also treated with 1 μM AKTi1/2 or 10 nM rapamycin or a DMSO equivalent.
†Two-tailed unpaired t test versus indicated treatment for the same cell line.

Figure W4. AKT and mTORC1 inhibition did not effect MCL-1
expression. HCT116 cells were treated with DMSO equivalent, 2 μM
PI-103, 1 μM AKTi1/2, or 10 nM rapamycin for 24 hours, and the
level of MCL-1 and Bad was determined by Western blot analysis.
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Table W4. Results of siRNA Screen.

siRNA SMARTpool Robust Z Score P Value

MCL1 −4.669 4.66E-15
SOS1 −1.348 .018
PLEKHB2 −1.213 .030
BMX −1.080 .002
SGK1 −0.944 .006
PIK3R2 −0.915 .074
AKT1 −0.746 .114
PHLDB3 −0.718 .013
PLEKHA2 −0.706 .089
SGK3 −0.649 .032
PIK3CD −0.619 .067
AKT2 −0.535 .147
MCF2 −0.488 .261
DAPP1 −0.484 .156
FGD6 −0.456 .067
PREX2 −0.444 .054
ARAP3 −0.393 .149
VAV2 −0.382 .127
VAV1 −0.359 .140
ARHGEF4 −0.338 .183
DOCK1 −0.311 .336
GSK3B −0.290 .163
PLEKHA1 −0.250 .216
TIAM1 −0.224 .206
PHLDB1 −0.197 .249
ADAP2 −0.186 .305
MTOR −0.169 .320
GAB3 −0.141 .355
PIK3CA −0.127 .419
ARAP1 −0.119 .434
SH3BP2 −0.079 .651
NT −0.077 .539
SGK2 −0.056 .497
ARHGAP1 −0.055 .541
ADAP1 −0.045 .632
RASA2 −0.043 .552
VAV3 −0.025 .559
GSK3A 0.015 .726
SBF1 0.023 .733
PLCXD2 0.029 .732
CYTH4 0.031 .716
PLEK2 0.032 .758
ITK 0.046 .851
TEC 0.049 .796
PTPN9 0.067 .833
GAB1 0.078 .848
ARHGEF6 0.080 .865
SWAP70 0.083 .924
GAB2 0.084 .879
RASA3 0.131 .995
PREX1 0.167 .890
RICTOR 0.223 .830
PDPK1 0.224 .773
DOCK2 0.230 .712
CYTH2 0.301 .519
AKT3 0.303 .580
CYTH1 0.318 .498
ARAP2 0.345 .482
MYO10 0.482 .426
RASA1 0.572 .133
CYTH3 0.612 .201
BTK 0.751 .104
RPTOR 0.825 .075
AKAP13 0.861 .013
PLCL2 1.015 .008
PIK3R1 1.404 .001
PIK3CB 1.571 .002
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Figure W6. Deconvolution of BMX, SOS1, and SGK1 SMARTpool. SW620 cells were transfected with nontargeting siRNA, SMARTpool
siRNA, or individual oligos targeting BMX, SOS1, or SGK1, and an ABT-737 concentration response was carried out, or the appropriate
mRNA level was determined by qPCR. (A and B) A shows the concentration response curves, and B shows the correlation between knock-
down efficiency and ABT-737 efficacy. All graphs represent the means of three independent experiments carried out in triplicate ± SEM.

Table W5. ABT-737 GI50 from Deconvolved siRNA Transfection.

RNAi Target Oligo ABT-737 GI50 (μM ± 95% CI) Significance*

Nontargeting SMARTpool 12.04 (10.07-14.10)
BMX 1 6.92 (5.02-9.52) 0.041

2 9.87 (6.06-16.08) 0.496
3 7.42 (6.13-8.99) 0.022
4 8.80 (4.68-16.56) 0.402
SMARTpool 9.38 (8.95-9.83) 0.057

SOS1 1 9.33 (7.87-11.06) 0.113
2 9.42 (8.16-10.91) 0.107
3 7.70 (4.49-13.20) 0.198
4 11.13 (8.98-13.81) 0.613
SMARTpool 9.64 (5.04-18.44) 0.552

SGK1 1 13.11 (11.26-15.26) 0.516
2 9.10 (6.96-11.89) 0.163
3 11.46 (9.26-14.17) 0.744
4 11.58 (8.69-15.44) 0.832
SMARTpool 12.25 (8.85-16.96) 0.931

The table relates to Figures 4, B and C , and W4.
*Two-tailed unpaired t test versus nontargeting siRNA ABT-737 GI50.

Figure W7. BMX RNAi reduced levels of BMX protein. SW620
cells were transfected with BMX siRNA SMARTpool, individual
BMX siRNA oligos, or nontargeting control siRNA SMARTpool. After
48 hours, cells were harvested, and the level of BMX was assayed
byWesternblot analysis. Tubulinwasusedasa loading control. Blots
are representative of three independent experiments.
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Table W6. ABT-737 GI50 from HCT116 BMX RNAi.

RNAi Target ABT-737 GI50 (μM ± 95% CI) Significance*

Nontargeting 5.32 (4.40-6.43)
BMX 2.94 (2.83-3.05) 0.027
MCL-1 1.70 (1.28-2.24) 0.022

The table relates to Figure 4D.
*Two-tailed unpaired t test versus nontargeting siRNA ABT-737 GI50.

Table W7. ABT-737 GI50 from SW620, HCT116 and DLD-1 PCI-32765 Treatment.

Cell Line Treatment ABT-737 GI50 (μM ± 95% CI) Significance*

SW620 DMSO 10.8 (10.3-11.2)
4 μM PCI-32765 6.4 (5.9-6.9) 0.0005

HCT116 DMSO 4.2 (3.8-4.7)
4 μM PCI-32765 2.3 (2.0-2.7) 0.005

DLD-1 DMSO 5.4 (5.1-5.8)
4 μM PCI-32765 1.8 (1.7-1.8) >0.0001

The table relates to Figures 4E and W8.
*Two-tailed unpaired t test versus nontargeting DMSO-treated ABT-737 GI50.

Figure W8. PCI-32765 increased the sensitivity of HCT116 and DLD-1 cells to ABT-737. HCT116 and DLD-1 cells were treated with
4 μM PCI-32765 or DMSO equivalent and the indicated concentration of ABT-737 for 3 days and processed as in Figure 1A. All graphs
represent the means of three independent experiments carried out in triplicate. SEM error bars are not visible due to being smaller than
the symbols.
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Figure W9. Neither BMX RNAi nor inhibition affected levels of
MCL-1. SW620 cells were transfected with nontargeting siRNA,
BMX siRNA, or MCL-1 siRNA SMARTpool and harvested 48 hours
later to be treated with 4 μM PCI-32765 or DMSO equivalent and
harvested 24 hours later. The level of BMX and MCL-1 was assayed
by Western blot analysis. Tubulin was used as a loading control.
Blots are representative of three independent experiments.

Table W8. ABT-737 GI50 from SW620 BMX RNAi +/− PI-103.

Treatment* ABT-737 GI50 (μM ± 95% CI) Significance†

vs NT DMSO vs NT PI-103

NT DMSO 15.4 (14.3-16.6)
NT PI-103 3.79 (3.02-4.76) 0.0003
BMX oligo 1 DMSO 8.0 (7.2-8.87) 0.0006
BMX oligo 1 PI-103 2.93 (2.4-3.57) 0.0001 0.171

The table relates to Figure 4F .
*Cells were transfected with either nontargeting siRNA (NT) or BMX oligo 1. Cells were also
treated with 2 μM PI-103 or a DMSO equivalent.
†Two-tailed unpaired t test versus indicated treatment for the same cell line.

142



 

 

 

 

 

Chapter 4 

Paper 2: 

Inhibition of PI3K/BMX Cell Survival Pathway Sensitizes to 

BH3 mimetics in SCLC 

 

 

 

 

 

 

 

 

 

 

 

143



Inhibition of PI3K/BMX Cell Survival Pathway Sensitizes 

to BH3 mimetics in SCLC 

Danielle S Potter1, Melanie Galvin1, Stewart Brown1, Cassandra Hodgkinson1, Fiona 

Blackhall2,3, Christopher J Morrow1 and Caroline Dive1 

1Clinical and Experimental Pharmacology Group, Cancer Research UK Manchester 

Institute and 2Institute of Cancer Sciences, University of Manchester, 3Christie NHS 
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Abstract  

Most Small Cell Lung Cancer (SCLC) patients are initially responsive to cytotoxic 

chemotherapy but almost all undergo fatal relapse with progressive disease, 

highlighting urgent need for improved therapies and better patient outcomes. The 

pro-apoptotic BH3 mimetic ABT-737, targeting BCL-2 family proteins 

demonstrated good single agent efficacy in preclinical SCLC models. Clinical trials 

of the BH3 mimetic Navitoclax were disappointing. We previously demonstrated 

that inhibition of a PI3K/BMX cell survival signalling pathway sensitised colorectal 

cancer cells to the ABT-737. Here we show that SCLC cell lines, which express 

high levels of BMX, become sensitized to ABT-737 upon inhibition of PI3K in vitro, 

and this is dependent on inhibition of the PI3K-BMX-AKT/mTOR signalling 

pathway in SCLC cells. Consistent with cell line data, combined BH3 mimetic and 

PI3K inhibition suppressed tumor growth in both an established SCLC xenograft 

model and in a newly circulating tumor cell derived explant (CDX) model 

generated from chemorefractory SCLC patient’s blood sample. These data show 

for the first time that a PI3K/BMX pathway plays a role in survival signalling in 

SCLC and that combined BH3 mimetic and PI3K inhibition causes prolonged 

tumor regressions in a chemorefractory SCLC patient derived model in vivo. The 

data add to a body of evidence that this combination should move towards the 

clinic. 

Keywords 

Apoptosis, Bcl-2 family, BH3 mimetic, BMX, CDX models, PI3K, Tec family non-receptor 

tyrosine kinases 
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Introduction 

Small cell lung cancer (SCLC), an aggressive neuroendocrine tumor, accounts for 

~15% of newly diagnosed lung cancer cases and ~200,000 deaths worldwide 

each year (1). Patients with SCLC are commonly elderly and either heavy or ex-

smokers (2) with only rare cases of never smokers (3). SCLC is classified as either 

limited stage (LS; confined to one hemithorax) or extensive stage (ES; more 

widespread (4)). LS and ES patients have a 5 year survival rate of between 8-31% 

and 2% respectively (5). Surgery is performed on <5% SCLC patients and 

standard of care (SOC) is cytotoxic chemotherapy +/- radiation (6). First line 

treatment is cisplatin or carboplatin combined with etoposide and LS patients may 

also receive sequential or concomitant thoracic radiotherapy (4). Patients with 

brain metastases are also offered prophylactic cranial irradiation as a palliative 

treatment (7).  

Without any treatment the median overall survival (OS) of SCLC patients is 2-4 

months (8). LS and ES SCLC patients have a median OS of 15-20 months and 8-

13 months respectively, following the recommended first and second line therapy 

(9). Although 80-90% of LS and 70-80% of ES patients initially respond to therapy, 

virtually all patients eventually relapse with progressive disease within 3-18 

months (9-11) and response rates to second line therapy are far lower than first 

line therapies with only 20% response rate (10). The molecular mechanism(s) 

underlying acquired drug resistance at relapse have yet to be elucidated and 

current research focuses on a potential selection of pre-existing chemo-resistant 

clones (12). Approximately 10-30% patients are classified as chemo-refractory 

with disease progression within 90 days of chemotherapy (9, 11). 

Multiple targeted therapies have been tested in SCLC, yet none have improved 

patient outcomes (13) and platinum-based chemotherapy combined with 

etoposide remains SOC, three decades after its introduction. A better 

understanding of the biology of SCLC, improved preclinical models, discovery of 

druggable targets and biomarker led clinical trials are clearly warranted in this 

dismal disease.  
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The hallmark genetic aberrations in SCLC involve the tumor suppressors TP53 

(mutated in 75-90% of cases; (14)) and RB1 (lost in 60-90% of cases; (1, 15)), 

consistent with the observed rapid tumor proliferation. Other common aberrations 

in SCLC is amplification of MYC family genes (in 18-31% of patients (14)) and 

amplification of BCL-2 (in ~40% patients (16, 17)). Commonly recurring and 

druggable oncogenic drivers of SCLC have yet to be identified, although mutually 

exclusive mutations are observed in genes within the PI3K (phosphoinositide 3-

kinase) pathway in 36% of SCLC patients (18). Three landmark studies 

comprehensively characterised the genomic landscape of SCLC cell lines and 

tumor samples, identifying alterations in genes encoding histone modifying 

proteins and transcription factors including SOX2 and the NOTCH family genes 

(19-21). These studies also revealed a mutation rate of 5.5-7.4 coding mutations 

per Mb, second only to melanoma amongst human cancers (22). These data 

report only 22 of 8000 protein coding mutations were observed in more than one 

SCLC tumor, indicating a high degree of diversity in SCLC (20). Consequently, 

identifying novel anti-cancer strategies for the treatment of SCLC is challenging. 

Given the overexpression of anti-apoptotic BCL-2 protein in SCLC (16, 17), one 

rational drug combination approach under investigation in SCLC is to target the 

Bcl-2 family core machinery that regulates commitment to apoptosis, together with 

putative survival signals such as those delivered via PI3K and mTOR that can 

modulate the threshold for apoptotic cell death (23, 24).    

The intrinsic apoptotic pathway, regulated by the balance of  pro- and anti-

apoptotic Bcl-2 family proteins, is frequently modulated during tumor development 

allowing enhanced tumor cell survival in hostile nutrient and oxygen deprived 

tumor microenvironments (25, 26). The Bcl-2 family is subdivided into anti-

apoptotic proteins, pro-apoptotic effectors and the pro-apoptotic BH3-only 

proteins. Pro-apoptotic effectors such as BAX and BAK, once activated, form 

homo-oligomers that create pores in the outer mitochondrial membrane causing 

mitochondrial outer membrane permeabilization (MOMP) and release of apoptotic 

factors such as cytochrome c (27). The anti-apoptotic subfamily (BCL-2, BCL-xL, 

BCL-w, MCL-1, and A1) prevent MOMP via interactions with pro-apoptotic family 

members. Pro-apoptotic BH3-only proteins are further sub-divided into activators 

(BIM and BID) or sensitizers (BAD, BMF, HRK, NOXA and PUMA). Activators 
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directly activate effector proteins BAX and BAK and are potent initiators of 

apoptosis. Both activators and sensitizers antagonise anti-apoptotic family 

members, releasing pro-apoptotic effectors for activation (28-31).  BH3 mimetic 

drugs were modelled on BH3-only protein structure and block anti- and pro-

apoptotic Bcl-2 family member interactions. ABT-737, the first BH3 mimetic 

developed by Abbvie was modelled on BAD and binds BCL-2 and BCL-xL but has 

poor affinity for MCL-1. In vitro ABT-737 showed good single agent efficacy within 

a panel of SCLC cell lines and in several cell line derived xenograft models (32-35). 

SCLC cell lines that were most sensitive to ABT-737 expressed higher levels of 

BCL-2, BCL-xL, BIM and NOXA with low levels of MCL-1 (33), conversely high 

expression of MCL-1 was considered to be one mechanism of ABT-737 resistance 

(32, 33). Despite promising preclinical data (32, 36), clinical trials of Navitoclax 

(ABT-263, the clinical candidate analogue of ABT-737) as a single agent in SCLC 

were disappointing (37) and rational combination strategies are considered critical 

to make progress. 

Phosphoinositide 3-kinases are a conserved family of lipid kinases split into three 

classes that catalyse the phosphorylation of the D-3 hydroxyl position on the 

inositol ring of phosphatidlyinositol (Ptdlns) species. Class I PI3K preferentially 

utilise PtdIns(4,5)P2 as a substrate, producing PtdIns(3,4,5)P3. PI3K class IA are 

the most thoroughly studied of the lipid kinases and have been shown to be 

important in tumorigenesis (38). Class IA PI3Ks are heterodimers composed of a 

p110 catalytic subunit and p85 regulatory subunit and once activated serve as 

signal transducers in pathways involved in cellular metabolism, cytoplasmic 

rearrangement, proliferation, polarity and cell survival (39, 40). Recently, we 

demonstrated that BMX, a seldom studied PI3K downstream effector, has anti-

apoptotic function in colorectal cancer (CRC) cell lines and inhibition of PI3K/BMX 

pathway resulted in sensitisation to ABT-737 (41) in CRC cell line that were 

insensitive to ABT-737.  

BMX, a member of the TEC family of non-receptor tyrosine kinases (NRTK) is 

expressed in endothelium, epithelial and hematopoietic cells (42, 43). BMX plays a 

role in the activation of many tyrosine kinases signalling pathways by 

phosphorylation of proteins such as MET, FAK, FGFR1, ACK1 and Insulin 
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receptor (44), suggesting a role in many biological processes. BMX is targeted to 

the plasma membrane via its Pleckstrin homology (PH) domain interacting with the 

PI3K product PtdIns(3,4,5)P3. BMX was detected in 75% of SCLC patient samples 

where its expression correlated with that of BCL-2 and BCL-xL (45). Furthermore, 

over-expression of BMX in the SCLC cell line H446, lead to a 6-fold decrease in 

doxorubicin sensitivity and upregulation of BCL-2 and BCL-xL, suggesting an anti-

apoptotic role for BMX in this disease (45). BMX was over-expressed in the 

chemo-resistant SCLC cell line H69AR relative to its parental cell line and BMX 

knockdown in these cells re-sensitised the cells to a panel of chemotherapy drugs 

(including cisplatin and etoposide), potentially via downregulation of BCL-xL (46).  

Here we set out to establish preclinical evidence for the combination of BH3 

mimetics and PI3K inhibitors in SCLC and examined the role of BMX downstream 

of PI3K signalling in setting the threshold for apoptosis using traditional cell line 

models and a novel patient derived Circulating tumor cell Derived eXplant (CDX) 

model (47).  

Materials and methods 

Cell culture and drugs 

NCI-H146, NCI-H526, NCI-H1048 and DMS114 (American Type Culture 

Collection (ATCC) Manassas, VA, USA) cells were cultured in RPMI media (Life 

Technologies, Inc, Paisley, UK) supplemented with 10% FBS (fetal bovine serum, 

BioWest, Nuaillé, France). All cell lines were incubated in a humidified atmosphere 

at 37°C and 5% CO2. Cell lines were authenticated using the AmpFlSTR system 

(Applied Biosystems, Paisley, UK). ABT-737 (a kind gift from AbbVie, Chicago, IL, 

USA), PI-103, KU-0063794 (Merck, Nottingham, UK), MK-2206, and Ibrutinib 

(Selleck Chemicals, Houston, TX, USA) were all dissolved to 10 mM in DMSO 

(Sigma, Poole, UK) and stored as single use aliquots at −20°C/−80°C. Navitoclax 

(a kind gift from AbbVie) was stored at 4°C and formulated in 10% ethanol, 30% 

polyethylene glycol 400 (Sigma), and 60% Phosal 50 PG (American Lecithin 

Company, Oxford, CT, USA). GDC-0941 (Lancrix Chemicals, Shangai, China) was 

stored at -20°C and formulated in 10% DMSO, 5% Tween 20 (Sigma), and 85% 
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sterile saline. Once formulated, Navitoclax and GDC-0941 were stored at room 

temperature for up to 7 days.   

Generation of CDX2 and CDX tumor dissociation 

CDX2 tumors were generated as previously described (47). CDX2 tumors were 

disaggregated using the gentleMACS dissociator and human tumor dissociation 

kit, according to manufacturer’s instructions (Miltenyi Biotec Ltd, Surrey, UK), 

immediately after sacrifice of the mouse host when the tumor reached 400 mm3. 

Red blood cells were lysed with RBC lysis buffer (G-Biosciences, USA) and 

remaining cells were filtered through a 70 µm cell strainer (Corning, Wiesbaden, 

Germany). Cell viability was checked by trypan blue exclusion. CDX2 cells were 

maintained in the same culture conditions as described above for established 

SCLC cell lines.  

Drug concentration responses and drug treatments 

Cells were seeded into 96 well plates. H1048 and DMS114 cells were seeded at 

7300 cells per well, H526 cells were seeded at 14000 cells per well, H146 cells 

were seeded at 15000 cells per well and disaggregated CDX2 tumor cells were 

seeded at 5000 cells per well. 24 hours after seeding, cells were treated with the 

indicated (on Figure) concentration of drug(s) and cultured for a further 72 hours in 

the presence of drug(s). Adherent cells H1048 and DMS114 were stained with 

sulforhodamine B (SRB) as previously described (48) and suspension cells H146, 

H526 and CDX2 were assessed using the resazurin assay as previously described 

(49). To determine logGI50, log drug concentration was plotted against raw 

absorbance, and nonlinear curve fit analysis was performed (GraphPad Prism, 

GraphPad Software, Inc, La Jolla, CA, USA). For display purposes only, drug 

concentration (log scale) has been plotted against normalized absorbance. 

Statistical analysis was carried out on three independent logGI50 readings and 

transformed to growth inhibition 50 (GI50). 

To assess Bcl-2 family expression levels, PI3K or apoptotic pharmacodynamic 

biomarkers after drug treatment, 106 cells were seeded into a 6 well plate (per 
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well). 24 hours later cells were treated with indicated concentration of drug (on 

Figure, GI50) for either 4 hours or 24 hours. 

Measurement of apoptosis 

Apoptosis was measured as a function of mitochondrial cytochrome c release in 

H526, H1048 and DMS114 cells. Cells (106) were pelleted and washed in PBS 

after indicated drug treatment(s). Cells were resuspend and incubated in DTEB 

buffer (135 mM trehalose, 10 mM HEPES, 20 µM EDTA, 20 µM EGTA, 5 mM 

succinate acid, 0.1 % BSA and 50 mM KCl in sterile ddH2O at pH 7.5 (KOH)) and 

0.002% digitonin for 15 minutes at room temperature. Cells were fixed with 

formaldehyde (1% final concentration) at room temperature for 15 minutes in the 

dark and then diluted with 2:1 with neutralising buffer (1.7 M Tris and1.25 M 

glycine at pH 9.1) at room temperature for 15 minutes in the dark. Fixed cells were 

stained with cytochrome c antibody (1:400, Alexa 488, Clone 6h2.b4, BD 

Biosciences) diluted in staining buffer (1% saponin and 10% bovine serum 

albumins (Sigma) in sterile ddH2O) overnight at 4°C and analysed the next day by 

flow cytometry (BD LSRFortessa™ analyzer) using Diva software (BD 

Biosciences). 

In vivo efficacy of GDC-0941 and Navitoclax 

All in vivo procedures were carried out in accordance with Home Office 

Regulations (UK) and the UK Coordinating Committee on Cancer Research 

guidelines and by approved protocols (Home Office Project Licence no. 70/8252 

which was reviewed by Cancer Research UK Manchester Institute Animal Welfare 

and Ethical Review Body, and in vivo work reported according to the ARRIVE 

(Animal Research Reporting of In Vivo Experiments) guidelines (2010)). H1048 

xenografts were grown by s.c injection of 5x106 cells in 0.2 mL of 1:1 

RPMI:Matrigel (BD Biosciences) into the mid-dorsal flank of 8 week old female 

SCID-beige mice (C.B-17/IcrHsd-PrkdcscidLystbg-J; Harlan Laboratories, UK). CDX2 

were generated as previously described (47). CDX2 (passage 4) tumor fragments 

were implanted s.c. into 8 week old female SCID-beige mice. Six mice were 

housed together in vented caging systems in a 12-hours light/12-hours dark 

environment and maintained at uniform temperature and humidity. Mice were 
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monitored twice weekly for signs of tumor growth, and once a palpable tumor was 

present, this was measured twice a week by callipers and tumor volume calculated 

as 0.5 x (longest measurement) x (shortest measurement)2. Seven days after 

implantation mice bearing H1048 xenograft tumors of 150-250 mm3 were 

randomized into 4 groups of 10 mice. Eleven weeks after implantation of CDX2 

fragments, mice were put onto a randomized rolling recruitment over 4 weeks 

when CDX2 tumors reached between 150-250 mm3 they were allocated into 4 

groups of 7 mice. The treatment groups for both H1048 xenograft and CDX2 

bearing mice were; vehicle only, 75 mg/kg GDC-0941 only, 100 mg/kg Navitoclax 

only, 75 mg/kg GDC-0941 and one hour later 100 mg/kg Navitoclax. Treatments 

were administered by oral gavage for 21 days. Tumor measurements were 

continued three times a week until the tumor reached four times initial tumor 

volume (4xITV) or the mouse had been on study for 6 months and then the mouse 

was sacrificed.  

In vivo pharmacodynamics biomarkers of GDC-0941 and Navitoclax activity 

H1048 xenografts or CDX2 were generated as described above. Mice with H1048 

xenografts were allocated into 8 groups of 5 mice and CDX2 explant bearing mice 

into 8 groups of 4 mice. Each group were treated with either, vehicle only, 75 

mg/kg GDC-0941 only, 100 mg/kg Navitoclax only, 75 mg/kg GDC-0941 and one 

hour later 100 mg/kg Navitoclax by oral gavage and sacrificed at 4 hours or 24 

hours after dosing. Tumors were fixed in 4% formalin for 24 hours and then placed 

in 70% ethanol. Immunohistochemistry staining was carried out as previously 

described (50) to assess the percentage of apoptosis (cleaved caspase 3) and 

PI3K inhibition (phospho-S6). The following primary antibodies were used, cleaved 

Caspase 3 (D175) and pS235/236S6 (91B2) from Cell Signaling. Staining was 

quantitated as follows: digital images of whole-tissue sections were acquired using 

a Leica SCN400 histology scanner (Leica Microsystems, Milton Keynes, UK). 

Images were analysed using Definiens Developer XD version 2.0.4 and the Tissue 

Studio (Definiens AG, Munich, Germany). 
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In vivo tolerance of combined GDC-0941 and Navitoclax 

Three 8 weeks old female SCID-beige mice were treated with 75 mg/kg GDC-

0941 and one hour later 100 mg/kg Navitoclax by oral gavage for 21 days. Mice 

were monitored twice daily for any changes in weight and appearance for the 

duration of the dosing and for two weeks after and then sacrificed.   

RNA interference (RNAi) 

siRNA SMARTpools or individual oligos (Table 1; Thermo Scientific, 

Leicestershire, United Kingdom) were transfected into H1048 cells using 

Lipofectamine RNAiMAX (Life Technologies) according to the manufacturer’s 

instructions. Cells were transfected in six-well plates and reseeded into 

appropriate culture vessels 24 hours later, and then drug treated 24 hours after 

that. 

Target Target sequence 

BMX 

GUACCAGUCUAGCGCAAUA 

GAAGAUACCUCGGGCAGUU 

GAAGAGAGCCGAAGUCAGU 

GAGCAUUUAUGGUUAGAAA 

MCL-1 

GGUUUGGCAUAUCUAAUAA  

GAAGGUGGCAUCAGGAAUG 

GAUUAUCUCUCGGUACCUU  

CGAAGGAAGUAUCGAAUUU 

Non-targeting UGGUUUACAUGUCGACUAA 

Table 1: BMX, MCL-1 and non-targeting siRNAs target sequence. 

Western blotting 

Cell lysis, protein quantification and Western blotting analysis were carried out as 

previously described (48). The following primary antibodies were used: rabbit anti-

AKT, rabbit anti-pS473AKT, rabbit anti-pT308AKT, rabbit anti-BAX, rabbit anti-

BIM, rabbit anti-cleaved caspase 3, rabbit anti-PARP, rabbit anti-S6, rabbit anti-

pS235/236S6 (Cell Signaling Technology, Danvers, MA), mouse anti-BCL-2 

(Dako, Glostrup, Denmark), rabbit anti–BCL-xL, mouse anti-BMX, mouse anti-

MCL-1 (Becton Dickenson, Oxford, United Kingdom), rabbit anti-BAD (R&D 

Systems, Minneapolis, mouse anti-BAK (Merck), mouse anti–α-tubulin (Merck), 

mouse anti-Actin and rabbit anti-PUMA (Sigma). 
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Phospho-kinase array 

Drug treatment (Ibrutinib 4 hours) or RNAi (BMX SMARTpool and non-targeting 

(control) siRNA) was conducted as previously described in Chapter 2.2.8 and 

Chapter 2.2.6.1 respectively. BMX knock-down and inhibition of the PI3K pathway 

was determined by Western blotting analysis using the pharmacodynamic 

biomarkers of the PI3K pathway, phospho-AKT and phospho-S6 (antibodies found 

in Table 6; PI3K pathway discussed in Chapter 2.2.5). Lysates from non-targeting 

RNAi, BMX RNAi or Ibrutinib treated cells were then used in a phospho-kinase 

array according to manufacturer’s instructions (catalogue number ARY003B, R&D 

Systems, Minneapolis, MN, USA). 

Statistical analysis 

Statistical analysis, to determine significance, of preclinical experiments comparing 

treated and control groups, was carried out using unpaired, two-tailed t tests, 

performed in Excel, unless otherwise specified. Overall Survival rates were 

assessed using Kaplan-Meier analysis, while a log-rank test was used for 

comparison of the survival distributions. In addition, 1-way ANOVA multiple 

comparisons analysis was used to compare multiple drug treatment groups effect 

on tumor doubling time.  These analyses were conducted using GraphPad Prism 

software. P < 0.05 was considered statistically significant 
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Results 

BMX expression in SCLC 

The PI3K/BMX pathway is implicated as having anti-apoptotic function in CRC 

cells where its inhibition sensitises to the BH3 mimetic ABT-737 (41). We 

hypothesised that other cancer cell types that express relatively high levels of 

BMX may use this PI3K/BMX anti-apoptotic pathway where combined PI3K 

inhibitor and BH3 mimetics would prove beneficial. BMX mRNA expression data 

(~1000 cancer cell lines) was obtained from the Broad institute’s Cancer Cell Line 

Encyclopaedia (CCLE). BMX mRNA was expressed at relatively low levels in the 

majority of cancer cell lines, although some cancer types had examples of specific 

cell lines with high BMX expression. Most notable was the SCLC cell line group, 

which contained the top three BMX expressing cell lines (H211, H526 and 

CORL311 – Supplementary Figure 1A). To confirm the data obtained from the 

CCLE, the level of BMX protein expression was determined by Western blot 

across a panel of 9 SCLC cell lines. Five of the SCLC cell lines expressed BMX 

(H526, H1048, DMS114, H82 and DMS79; Supplementary Figure 1B). The 

combination of PI3K/BMX inhibitors with ABT-737 was assessed in 3 BMX 

expressers (H526, H1048 and DMS114) and one non-expresser (H146). H1048 

and DMS114 grow as adherent monolayers whereas H146 and H526 grown as 

loose clusters in suspension. The H1048 SCLC cell line harbours an oncogenic 

activating mutation in PIK3CA and the rest are wildtype for PIK3CA (51). 

PI3K/BMX pathway inhibition sensitised SCLC cell lines to ABT-737 

PI-103, a dual class I PI3K/mTOR (mammalian target of rapamycin) inhibitor was 

used in inhibit PI3K signalling (52). The Tec kinase inhibitor Ibrutinib (PCI-32765 

(53)) was used to inhibit BMX (which it inhibits with similar potency to the Tec 

kinase BTK (Bruton’s Tyrosine Kinase, its primary target). PI-103 and Ibrutinib 

were assessed in combination with ABT-737. All 4 SCLC cell lines were 

responsive to PI-103 in either an SRB assay (adherent cells) which measures 

cellular biomass or a resazurin assay (suspension cells) which measures cellular 

viability through metabolic activity of live cells. The GI50 of PI-103 was 175 nM in 

H1048, 300 nM in H526, 330 nM in DMS114 and 30 nM in H146 cells 
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(Supplementary Figure 2). As pharmacodynamic biomarkers, phosphorylation of 

AKT and S6 was observed in response to GI50 concentrations of PI-103 confirming 

PI3K pathway inhibition in H1048, H526 and DMS114 cells. This was not observed 

in H146 cells which had less phospho-AKT but more phospho-S6 compared to 

untreated (DMSO) indicating incomplete inhibition of the PI3K pathway (Figure 

1A).  

SCLC cell lines were less sensitive to Ibrutinib with GI50 values of 4 µM in H1048, 

15 µM in H526, 12 µM in DMS114 and 8 µM in H146 cells (supplementary Figure 

2). Ibrutinib treatment inhibited phosphorylation of AKT and S6 in H1048 and H526 

but had a similar effect to PI-103 in H146 cells which had less phospho-AKT but 

more phospho-S6 compared to untreated (DMSO) (Figure 1A). Ibrutinib had no 

effect on phospho-AKT and phospho-S6 levels compared to untreated (DMSO) in 

DMS114 (Figure 1A).   

To determine whether PI3K/BMX pathway inhibition affected SCLC cell sensitivity 

to ABT-737, H1048, H526, DMS114 and H146 cells were treated concomitantly 

with PI-103 and/or ABT-737, or with Ibrutinib and/or ABT-737. All cell lines 

exhibited a concentration dependent response to ABT-737 alone (Figure 1B) 

consistent with previous studies (32, 33). In H1048 and H526 cells, the ABT-737 

GI50 was significantly reduced in a concentration dependent manner by PI-103 or 

Ibrutinib but not in DMS114 and H146 (Figure 1B and supplementary Figure 3). 

This suggests that PI3K pathway inhibition sensitises to ABT-737 in a cell context 

dependent manner as not all SCLC cell lines were sensitised to ABT-737 when the 

PI3K pathway was inhibited. The observation that PI3K pathway inhibition 

sensitised towards ABT-737 in H1048 and H526 was irrespective of PIK3CA 

mutation status confirming the findings observed in CRC cell lines (41).  

PI3K pathway inhibition enhanced ABT-737-induced apoptosis 

We sought to confirm that increased sensitivity to ABT-737 in H1048 and H526 

cells treated with PI-103 or Ibrutinib was due to increased apoptosis. DMS114 

cells (which showed no combination response below 10µM) were included as a 

negative control. The effect of PI-103 only, Ibrutinib only, ABT-737 only, PI-103 

plus ABT-737 or Ibrutinib plus ABT-737 on cytochrome c release was determined 
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by flow cytometry (Figure 2A). As single agents, neither PI-103 or Ibrutinib caused 

significant mitochondrial cytochrome c release in H1048 and H526 compared to 

untreated (DMSO) cells,  ABT-737 caused cytochrome c release in 20% of H1048 

cells (P = 0.011) and 11% of H526 cells (P = 0.0007). ABT-737-induced apoptosis 

was significantly increased when combined with either PI-103 or Ibrutinib 

compared to ABT-737 treatment alone in H1048 and H526 cells (Figure 2B). 

Cytochrome c release was not detected in DMS114 cells with any single agent or 

combination treatment (Figure 2A). 

Consistent with these data, PI-103 and Ibrutinib treatment alone did not increase 

the cellular levels of cleaved Caspase 3 or cleaved Poly ADP-ribose polymerase 

(PARP) in H1048 and H526 cells. ABT-737 as a single agent did increase levels of 

these apoptosis biomarkers that were further increased when ABT-737 was 

combined with either PI-103 or Ibrutinib (Figure 2C). No cleaved Caspase 3 and 

cleaved PARP were observed with any treatment of DMS114 (Figure 2C). Taken 

together these data suggest that the increased ABT-737 sensitivity caused by PI-

103 or Ibrutinib treatment in H1048 and H526 cells is due to increased ABT-737-

induced apoptosis.  

PI-103 sensitize to ABT-737 independent of MCL-1 

The PI3K pathway regulates multiple Bcl-2 family members including BIM (54), 

BAD (55) and MCL-1 (56).  We hypothesised that changes in expression of these 

proteins could represent the molecular mechanism underlying ABT-737 

sensitisation. Therefore, the effect of PI-103, Ibrutinib, MK-2206 (allosteric AKT 

inhibitor) and KU-0063794 (ATP competitive mTORC1/2 inhibitor) treatment on 

expression levels of 8 Bcl-2 family members including BIM, BAD and MCL-1 was 

assessed after 24 hours of treatment in H1048, H526 and DMS114 cells. There 

were no changes in expression of any of these Bcl-2 family members after 

treatment with any of the PI3K pathway inhibitors suggesting sensitisation to ABT-

737 is not due to regulating the expression levels of these Bcl-2 family members 

(supplementary Figure 4A).  

MCL-1 is an established resistance factor for ABT-737 and Navitoclax efficacy (33, 

36) and has been shown by others to be downregulated by mTOR pathway 
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leading to Navitoclax sensitisation (23). Although PI3K pathway inhibitors did not 

downregulate MCL-1 in H1048 cells (Figure 2D), others have shown that the 

mTOCR1/2 inhibitor AZD8055 downregulates MCL-1 in these cells. So we 

investigated whether PI-103 treatment could further sensitise MCL-1 RNAi cells to 

ABT-737. Further sensitisation would suggest that inhibition of the PI3K pathway 

sensitises to ABT-737 independently of MCL-1 downregulation. As expected, 

MCL-1 RNAi sensitised H1048 cells to ABT-737. However, PI-103 caused a 4.1 

fold sensitisation to ABT-737 in control cells and a 9.1 fold sensitisation to ABT-

737 in MCL-1 RNAi cells (Figure 2E-F and Supplementary Figure 4B) confirming 

that MCL-1 downregulation does not underlie PI-103 induced ABT-737 

sensitisation in this cellular context.  

PI-103 does not further sensitise BMX RNAi cells to ABT-737 

To determine whether BMX inhibition sensitised to ABT-737 downstream of PI3K, 

the effect of BMX RNAi combined with PI-103 treatment on ABT-737 sensitivity 

was assessed in H1048 cells. Cells were transfected with SMARTpool siRNA 

targeting BMX mRNA and the individual siRNA oligos that make up the 

SMARTpool. BMX RNAi cells were treated with ABT-737 (Figure 3A) and BMX 

knockdown was confirmed by western blot (Figure 3B). SMARTpool siRNA and 

oligos 1 and 3 caused a significant sensitisation to ABT-737 (Supplementary 

Figure 5A, P = 0.033, 0.006 and 0.037 respectively) and gave the greatest degree 

of BMX knockdown (consistent with our previous observations in CRC cells (41)). 

If BMX is acting downstream of PI3K then BMX RNAi should not significantly 

further sensitise PI-103 treated cells to ABT-737. H1048 cells were transfected 

with either siRNA targeting BMX or non-targeting control siRNA and treated 

concomitantly with PI-103 and/or ABT-737 (Figure 3C). As expected BMX RNAi 

and PI-103 treatment alone significantly sensitised to ABT-737. PI-103 treated 

cells were not significantly further sensitised to ABT-737 by knock-down of BMX 

(Figure 3D and Supplementary Figure 5B). These data suggest that BMX acts 

downstream of PI3K in a pro-survival signalling pathway. A phospho-kinase array 

carried out in BMX RNAi cells or Ibrutinib treated cells confirm that BMX regulates 

the AKT/mTOR pathway in H1048 cells (Figure 3E-F). This array also revealed 
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that BMX may regulate STAT3 in these cells (Figure 3E-F) which is consistent with 

the literature (57).   

ABT-737 sensitisation by PI3K pathway inhibition is AKT and mTOR 

dependent in SCLC 

BMX was identified as a downstream effector of PI3K in CRC and inhibition of this 

pathway sensitised to ABT-737 independently of the canonical PI3K downstream 

effectors AKT and mTOR (41). In H1048 and H526 SCLC cell lines that were 

sensitised by the PI3K inhibitor and BH3 mimetic combination, Ibrutinib inhibited 

the AKT/mTOR pathway (Figure 1A) and the phospho-kinase array confirmed this 

observation (Figure 3E-F). We next investigated AKT/mTOR pathway signalling to 

determine whether inhibition sensitises to ABT-737 in SCLC. Cell lines showed 

mixed sensitivity to the allosteric AKT inhibitor MK-2206 but were all responsive to 

the ATP competitive mTORC1/2 inhibitor KU-0063794 (Supplementary Figure 2). 

The GI50 of MK-2206 was 500 nM in H1048, 250 nM in H526, 8.8 µM in DMS114 

and 12.8 µM in H146 cells. The GI50 of KU-0063794 was 200 nM in H1048, 400 

nM in H526, 400 nM in DMS114 and 350 nM in H146 cells. A decrease in the 

phosphorylation of AKT and S6 confirmed inhibition of the PI3K pathway with MK-

2206 and KU-0063794 treatment in H1048, H526 and DMS114 cells (Figure 4A). 

KU-0063794 treatment inhibited the PI3K pathway in H146 cells but MK-2206 

treatment caused a decrease in phospho-AKT and an increased phospho-S6 

(Figure 4A) consistent with what was observed with PI-103 and Ibrutinib inhibitors 

(Figure 1A). 

All cell lines were treated concomitantly with MK-2206 and/or ABT-737, or with 

KU-0063794 and/or ABT-737. In H1048 and H526 cells the ABT-737 GI50 was 

significantly reduced in a concentration dependent manner by MK-2206 or KU-

0063794 but not in DMS114 and H146 (Figure 4B and Supplementary Figure 3). 

Taken together the data suggest that PI3K pathway inhibition can sensitise H1048 

and H526 cells to ABT-737 via both BMX (Figure 1B, 2A-C and 3A-C) and 

AKT/mTOR dependent (Figure 4B) mechanisms and this is cell context 

dependent. 
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Effect of combined PI3K inhibition and BH3 mimetic in vivo    

Next, we assessed the efficacy of the drug combination of a PI3K inhibitor and 

BH3 mimetic in vivo. PI-103 and ABT-737 are not orally bioavailable compounds 

so GDC-0941, a clinically relevant class I PI3K inhibitor (currently in various 

clinical trials in solid tumors (58)), and Navitoclax (tested in phase II trials in SCLC 

(37)) were used for the in vivo studies.  The combination was well tolerated in 

SCID-beige mice with an average body weight decrease of 5.3% after 21 days of 

treatment which rapidly recovered after cessation of treatment (Supplementary 

Figure 6). The efficacy of the combination was assessed in mice bearing H1048 

xenografts, the cell line which exhibited the highest degree of sensitisation in vitro 

(Figure 1B). Mice bearing H1048 xenograft reached 4xITV in 9 days (vehicle 

group) and single agent GDC-0941 or Navitoclax in 14 days. When GDC-0941 

and Navitoclax were combined there was a significant increase in days taken for 

tumor to reach the specified end point (32 days) compared to either drug as a 

single agent or the vehicle group (Vehicle, P = 0.0001; GDC-0941, P = 0.001; 

Navitoclax, P = 0.001 according to log-rank test; Figure 5A-C). GDC-0941 and 

Navitoclax in combination significantly increased tumor doubling time compared to 

vehicle and either drug as a single agent (Figure 5D). Navitoclax alone caused 

increased level of apoptosis compared to vehicle control after 24 hours which was 

further enhanced by combining with GDC-0941 (Figure 5E and F). GDC-0941, as 

a single agent or in combination with Navitoclax, caused downregulation of 

phospho-S6 after 4 hours of treatment, consistent with its primary pharmacology 

(Figure 5E and G).     

The clinical relevance of long established SCLC cell lines are open to question 

(59) and SCLC patient derived xenografts (PDX) have been demonstrated to 

better reflect the underwhelming clinical results seen with single agent Navitoclax 

(60). Therefore, to expand our results to a mouse model that more accurately 

effects tumors in patients, we assessed efficacy of GDC-0941 and Navitoclax in a 

SCLC patient derived CDX (47). This is considered to be a high hurdle for drug 

development as the SCLC cells that derived the model have already invaded 

tissue and were disseminating, and proved tumorigenic in the host mouse. We 

previously demonstrated that CDX mouse models, derived from CTCs enriched 
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prior to donor patient’s chemotherapy, mirror the subsequent chemotherapy 

response of the donor patient (47). CDX2 was derived from a chemo-refractory 

patient, whose disease progressed throughout treatment. Treatment of CDX2 with 

cisplatin and etoposide only delayed tumor growth by 19 days (47).   

Initial ex vivo culture experiments suggested that disaggregated CDX2 cells were 

sensitive to ABT-737 and that sensitivity was enhanced by co-treatment with PI-

103 (Figure 6A). Therefore, the efficacy of GDC-0941 and Navitoclax alone and in 

combination was assessed in mice bearing CDX2. The combination caused the 

greatest effect compared to either drug as a single agent or vehicle (Vehicle, P = 

0.0002; GDC-0941, P = 0.0003; Navitoclax, P = 0.033 according to log-rank test; 

Figure 6B-D). In the combination group, no tumors reached 4xITV over the 

experimental time course and mean maximum tumor regression was 94%. 

Navitoclax single agent had a significant effect on tumor growth compared to 

vehicle and GDC-0941 single agent (vehicle, P = 0.0005; GDC-0941, P = 0.010 

according to log-rank test; Figure 6D) although only one tumor failed to reach 

4xITV over the experimental time course. Mean maximum tumor regression was 

80%, but tumors began to regrow as soon as the Navitoclax treatment was ceased 

whereas in the combination group tumors began to regrow only after ~30 days 

post treatment cessation (Figure 6B) and one mouse treated with the combination 

had no detectable tumor at end of the experiment (Figure 6C). As in the H1048 

xenograft model, GDC-0941 caused a significant decrease in phospho-S6 at 4 

hours and the combination caused more apoptosis than single agent Navitoclax at 

24 hours after treatment (Figure 6E-G). Taken together, these data suggest that 

combined GDC-0941 and Navitoclax is more efficacious in vivo than either drug 

alone and could prove a beneficial rational combination in SCLC patients, 

including chemo-refractory patients.  
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Figure 1: 
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Figure 1: PI3K/BMX pathway inhibition sensitized H1048 and H526 cells to 
ABT-737. (A) H1048 cell were treated with 0.1 μM PI-103 or 4 μM Ibrutinib; H526 
and DMS114 were treated with 0.25 μM PI-103 or 8 μM Ibrutinib; H146 were 
treated with 0.025 μM PI-103 or 8 μM Ibrutinib; or DMSO equivalent for 4 hours, 
and the effect on levels of pS473 AKT, total AKT, pS235/236 S6 and total S6 was 
determined by Western blotting. Western blot is a representative of three 
independent experiments. (B) H1048, H526, DMS114 and H146 cells were 
exposed to the indicated concentration of either, PI-103, Ibrutinib or DMSO 
equivalent and the indicated concentration of ABT-737 for 3 days. H1048 and 
DMS114 cells were fixed and stained with SRB. H526 and H146 stained with 
resazurin for 4 hours. Absorbance (SRB, 540 nm) or fluorescence (resazurin) 
relative to untreated (UnT) cells was determined relative to PI-103, Ibrutinib, or 
DMSO only treated cells as appropriate for individual concentration response 
curves. Data represents the mean of three independent experiments carried out in 
triplicate ± SEM.   
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Figure 2: 
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Figure 2: PI3K/BMX inhibition increases ABT-737-induced apoptosis in 
sensitive SCLC cell lines. (A-C) H1048 cells were treated with 0.1 µM PI-103, 4 
µM Ibrutinib or 2 µM ABT-737 alone; H526 and DMS114 were treated with to 0.25 
µM PI-103, 8 µM Ibrutinib or 4 µM ABT-737 alone; or ABT-737 in combination with 
PI-103 or Ibrutinib at the same concentration as single agent for 4 hours. (A) Cells 
were fixed and stained with cytochrome c antibody and analysed using flow 
cytometry the next day to measure the percentage of cytochrome c positive cells 
within total population of cells. Cytochrome c positive cells were converted to 
percentage cytochrome c released (cytochrome c positive -100) and normalised to 
the controls (DMSO treated = 0%) and FMO (fluorescence minus one, no 
cytochrome c antibody = 100%). All graphs represent the means of three 
independent experiments ± SEM. *P < .05, **P < .01, and ***P < .001 according to 
two-tailed unpaired t test. (B) Table to show the percentage cytochrome c release 
from part (A) in H1048 and H526 cells. *Two-tailed unpaired t test versus 
cytochrome c release ABT-737-treated for same cell line. (C) Protein levels of 
cleaved Caspase 3 and cleaved PARP (poly ADP-ribose polymerase) was 
determined by Western blotting in H1048, H526 and DMS114 cells. Results are 
representative of three independent experiments. (D) H1048 cells were treated 
with 0.1 µM PI-103, 4 µM Ibrutinib, 0.5 µM MK-2206 and 0.25 µM KU-0063794 or 
DMSO equivalent for 24 hours, and the protein level of MCL-1 and α-tubilin 
(loading control) was determined by Western blotting. (E-F) H1048 cells were 
transfected with SMARTpool siRNA targeting MCL-1 mRNA or non-targeting 
control. (E) 48 hours post transfection MCL-1 protein levels were determined by 
Western blotting. Results are representative of three independent experiments. (F) 
48 hours post transfection cells were treated with 0.1 µM PI-103 or DMSO 
equivalent and the indicated concentration of ABT-737 for 3 days. Cells were 
processed as in Figure 1B. Data represents the mean of three independent 
experiments carried out in triplicate ± SEM.  
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Figure 3: 
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Figure 3: BMX RNAi does not further sensitise PI-103 treated cells to ABT-
737. (A-B) H1048 cells were transfected with SMARTpool siRNA or individual 
siRNA oligos targeting BMX mRNA or non-targeting control (NT). (A) 48 hours 
post transfection cells were treated with indicated concentration of ABT-737 for 3 
days. Cells were processed as in Figure 1B. Data represents the mean of three 
independent experiments carried out in triplicate ± SEM. (B) 48 hours post 
transfection BMX protein levels were determined in BMX and NT RNAi by Western 
blotting. Results are representative of three independent experiments. (C) H1048 
cells were transfected with SMARTpool siRNA targeting BMX mRNA or NT 
control. 48 hours post transfection cells were treated with 0.1 µM PI-103 or DMSO 
equivalent and the indicated concentration of ABT-737 for 3 days. Cells were 
processed as in Figure 1B. Data represents the mean of three independent 
experiments carried out in triplicate ± SEM. (D) ABT-737 GI50 from Figure 3C 
carried out in triplicate ± SEM.  
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Figure 4: 
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Figure 4: AKT/mTOR pathway inhibition sensitized H1048 and H526 cells to 
ABT-737. (A) H1048 cells were treated with to 0.5 μM MK-2206 and 0.25 μM KU-
0063794; H526 cells were treated with to 0.25 μM MK-2206 and 0.4 μM KU-
0063794; DMS114 cells were exposed to 8 μM MK-2206 and 0.4 μM KU-0063794 
and H146 cells were exposed to 8 μM MK-2206 and 0.4 μM KU-0063794; or 
DMSO equivalent for 4 hours. DMSO blot is from the same gel but PI-103 and 
Ibrutinib treatment from Figure 1A was removed for display purpose. Effect on 
levels of pS473 AKT, total AKT, pS235/236 S6 and total S6 was determined by 
Western blotting. Blot is representative of three independent experiments. (B) 
H1048, H526, DMS114 and H146 cells were exposed to the indicated 
concentration of either, MK-2206, KU-0063794 or DMSO equivalent and the 
indicated concentration of ABT-737 for 3 days. Cells were processed as in Figure 
1B. Data represents the mean of three independent experiments carried out in 
triplicate ± SEM.   
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Figure 5: 
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Figure 5: GDC-0941 and Navitoclax in combination proves efficacious in vivo 
in H1048 xenograft. (A-D) 40 SCID-beige mice were implanted with 5x106 H1048 
cells and randomised into 4 groups of 10 mice when tumors size reached between 
150-250 mm3. Group 1 was vehicle only, group 2 was 75 mg/kg GDC-0941 only, 
group 3 was treated 100 mg/kg Navitoclax only and group 4 was treated with 75 
mg/kg GDC-0941 and one hour later 100 mg/kg Navitoclax. All groups were 
treated every day for 21 days (orange arrow indicates last day of dosing), unless 
tumors reached the end point of 4 x initial tumor volume (4xITV) early. All mice 
were monitored until tumors reached the end point. (A) Mean relative tumor growth 
(10 animals per treatment group). Line stops on day the first animal in that 
treatment group reached the 4xITV endpoint. (B) Relative tumor volumes for 
individual animal within each treatment group (C) Kaplan-Meier survival curve 
where animal was sacrificed when reached 4xITV endpoint. GDC-0941/Navitoclax 
combination was significant compared to all other treatment groups, P < 0.0001 
calculated by log-rank test. (D) Tumor doubling time for vehicle, GDC-0941, 
Navitoclax and GDC-0941/Navitoclax groups. GDC-0941/Navitoclax combination 
tumor doubling time is significant compared to all other treatment groups ***P < 
0.0001 according to 1way ANOVA multiple comparisons. (E) 20 SCID-beige mice 
were implanted with 5x106 H1048 cells and randomised into 8 groups of 5 mice 
when tumors size reached between 150-250 mm3. Group 1/5 was vehicle only, 
group 2/6 was 75 mg/kg GDC-0941 only, group 3/7 was treated 100 mg/kg 
Navitoclax only and group 4/8 was treated with 75 mg/kg GDC-0941 and one hour 
later 100 mg/kg Navitoclax. Groups 1-4 were culled 4 hours after dosing and 
groups 5-8 were culled 24 hours after dosing. Tumors were stained for either 
cleaved Caspase 3 (CC3, 24 hours) or phosphoS235/236-S6 (pS6, 4 hours) and 
percentage positive (F) CC3 and (G) pS6 was determined. Scale bar, 50µm. *P < 
0.05, **P < 0.01, and ***P < 0.001 according to two-tailed unpaired t test. 
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Figure 6: 
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Figure 6: GDC-0941 and Navitoclax in combination proves efficacious in vivo 
in CDX2. (A) CDX2 tumors were disaggregated and 24 hours later drug treated 
with indicated concentration of drug for 3 days and cells were processed as in 
Figure 1B. Data represents the mean of three independent experiments ± SEM. 
(B-D) 24 SCID-beige mice were implanted with CDX2 tumor fragments and 
randomised into 4 groups of 6 mice when tumors reached between 150-250 mm3. 
Four treatment groups were the same as Figure 5A. All groups were treated every 
day for 21 days (orange arrow indicates last day of dosing) and tumor end point 
was 4 x initial tumor volume (4xITV) or when the mouse had been on study for 6 
months. (B) Mean relative tumor growth curve (6 animals per treatment group). 
Line stops on day the first animal in that treatment group reached the 4xITV 
endpoint. No animals reached 4xITV in the GDC-0941/Navitoclax combination 
group (C) Relative tumor volumes for individual animal within each treatment 
group (D) Kaplan-Meier survival curve where animal was sacrificed when reached 
4xITV endpoint or had been on the study for 6 months. GDC-0941/Navitoclax 
combination was significant compared to all other treatment groups (Vehicle, P < 
0.0002; GDC-0941, P <0.0003; Navitoclax, P < 0.033 according to log-rank test). 
(E) Eight treatment groups were the same as Figure 5E. Tumors were stained for 
either cleaved Caspase 3 (CC3, 24 hours) or phosphoS235/236-S6 (pS6, 4 hours) 
and percentage positive (F) CC3 and (G) pS6 was determined. Scale bar, 50µm. 
*P < 0.05, **P < 0.01, and ***P < 0.001 according to two-tailed unpaired t test. 
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Supplementary Figure 1: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 1: BMX expression in SCLC. (A) Box-and-whisker plot of 
BMX mRNA expression across a panel of 1000 cell lines grouped by cancer type. 
mRNA data obtained from the Broad Institutes cancer cell line encyclopaedia (68). 
The Red Box identifies the SCLC cell lines in the plot. (B) BMX and α-tubulin 
(loading control) protein levels were determined by Western blotting of a panel of 9 
SCLC cell lines. This western blot is a representative of three independent 
experiments.  
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Supplementary Figure 2: 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Supplementary Figure 2: PI3K pathway inhibitors GI50 in SCLC cell lines. 
H1048, H526, DMS114 and H146 cells were treated with increasing concentration 
of either, PI-103 (up to 5 µM), Ibrutinib (up to 32 µM), MK-2206 (up to 32 µM), or 
KU-0063794 (up to 32 µM), for 3 days. Cell were processed as in Figure 1B. Data 
represents the mean GI50 of three independent experiments carried out in triplicate 
± SEM. 
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Supplementary Figure 3: 
 

(A) H1048 
 

Treatment ABT-737 GI50 (μM ± 95% CI) Significance* 

DMSO 1.91 (1.32-2.77)  

0.1 μM PI-103 0.23 (0.08-0.70) 0.024 

0.2 μM PI-103 0.004 (0.0001-0.2) 0.032 

   

DMSO 2.19 (1.85-2.58)  

1 μM PCI-32765 0.54 (0.21-1.36) 0.043 

4 μM PCI-32765 0.19 (0.04-0.84) 0.033 

   

DMSO 2.63 (1.94-3.55)  

0.25 μM MK2206 0.82 (0.69-0.97) 0.003 

0.5 μM MK2206 0.57 (0.45-0.72) 0.001 

   

DMSO 2.30 (1.56-3.38)  

0.25 μM KU0063794 0.87 (0.52-1.45) 0.026 

0.5 μM KU0063794 0.72 (0.42-1.25) 0.017 

 
(B) H526 

 

 
Supplementary Figure 3: PI3K pathway inhibitors effect on ABT-737 GI50 in 
SCLC cell lines. (A) H1048 and (B) H526 cells were treated as described in 
Figure 1B and 4B. This table shows the effect of PI-103, Ibrutinib, MK-2206 and 
KU-0063794 on ABT-737 GI50. *Two-tailed unpaired t test versus DMSO-treated 
GI50 for same cell line 
 
 
 
 

Treatment ABT-737 GI50 (μM ± 95% CI) Significance* 

DMSO 7.95 (6.41-8.52)  

0.1 μM PI-103 0.55 (0.16-1.81) 0.003 

0.2 μM PI-103 0.19 (0.03-1.42) 0.002 

   

DMSO 7.44 (6.28-8.82)  

4 μM PCI-32765 3.37 (3.10-3.66) 0.0001 

8 μM PCI-32765 0.92 (0.31-2.70) 0.001 

   

DMSO 7.95 (6.41-8.52)  

0.25 μM MK2206 2.61 (1.73-3.94) 0.049 

0.5 μM MK2206 1.21 (0.43-3.42) 0.013 

   

DMSO 7.44 (6.28-8.82)  

0.5 μM KU0063794 3.80 (2.64-5.47) 0.003 

1 μM KU0063794 1.78 (1.21-2.61) <0.0001 
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Supplementary Figure 3 (continued): 
 

(C) DMS114 
 

Treatment ABT-737 GI50 (μM ± 95% CI) Significance* 

DMSO 12.4 (11.0-14.3)  

0.1 μM PI-103 13.7 (11.4-16.5) 0.404 

0.2 μM PI-103 14.1 (12.5-15.3) 0.302 

   

DMSO 12.4 (10.7-14.5)  

4 μM PCI-32765 11.4 (9.26-13.9) 0.522 

8 μM PCI-32765 10.2 (8.29-12.5) 0.210 

   

DMSO 13.3 (12.9-13.7)  

0.5 μM MK2206 13.1 (12.6-13.6) 0.480 

1 μM MK2206 12.8-12.0-13.8) 0.428 

   

DMSO 13.3 (12.2-14.5)  

0.5 μM KU0063794 14.9 (12.0-18.5) 0.390 

1 μM KU0063794 13.5 (12.5-14.6) 0.847 

 
(D) H146 

 

 
Supplementary Figure 3 (continued): PI3K pathway inhibitors effect on ABT-
737 GI50 in SCLC cell lines. (C) DMS114 and (D) H146 cells were treated as 
described in Figure 1B and 4B. This table shows the effect of PI-103, Ibrutinib, 
MK-2206 and KU-0063794 on ABT-737 GI50. *Two-tailed unpaired t test versus 
DMSO-treated GI50 for same cell line. 
 
 
 

Treatment ABT-737 GI50 (μM ± 95% CI) Significance* 

DMSO 0.017 (0.006-0.046)  

0.1 μM PI-103 0.007 (0.001-0.034) 0.389 

0.2 μM PI-103 0.011 (0.003-0.036) 0.598 

   

DMSO 0.017 (0.006-0.046)  

1 μM PCI-32765 0.017 (0.008-0.038) 0.969 

4 μM PCI-32765 0.020 (0.016-0.024) 0.772 

   

DMSO 0.017 (0.006-0.046)  

0.5 μM MK2206 0.016 (0.009-0.028) 0.939 

1 μM MK2206 0.007 (0.005-0.011) 0.296 

   

DMSO 0.029 (0.013-0.061)  

0.5 μM KU0063794 0.032 (0.027-0.037) 0.804 

1 μM KU0063794 0.023 (0.005-0.103) 0.818 
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Supplementary Figure 4 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 4: Bcl-2 family expression after treatment with PI3K 
pathway inhibitors. H1048, H526 and DMS114 cells were treated with the same 
concentration of PI-103, Ibrutinib, MK-2206 and KU-0063794 as described in 
Figure 1A and 4A or DMSO equivalent for 24 hours. Protein level of MCL-1, BCL-
xL, BCL-2, PUMA, BIM, BAD, BAK, BAX and α-tubilin (loading control) was 
determined by Western blotting. (B) H1048 cells ABT-737 GI50 ± 95 % CI 
(confidence interval) from Figure 2F carried out in triplicate ± SEM. *Two-tailed 
unpaired t test versus 0.1 µM PI-103-treated MCL-1 RNAi on GI50 for same cell 
line 
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Supplementary Figure 5: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 5: BMX RNAi effect on ABT-737 GI50. (A) H1048 cell 
ABT-737 GI50 ± 95 % CI (confidence interval) in H1048 from Figure 4A. 
Significance* calculated using two-tailed unpaired t test versus non-targeting (NT) 
RNAi GI50 for same cell line. (B) H1048 cell ABT-737 GI50 ± 95 % CI (confidence 
interval) in H1048 from Figure 4C.Table shows the effect of BMX RNAi and/or 0.1 
µM PI-103 treatment on cells ABT-737 GI50 ± 95 % CI (confidence interval). 
Significance* is calculated using a two-tailed unpaired t test versus 0.1  µM PI-103 
treated NT RNAi GI50 for same cell line. (C) H1048 cells were transfected with 
either siRNA targeting BMX or NT control and 48 hours post transfection cells 
were harvested. H1048 cells were treated with 4 µM Ibrutinib for 4 hours and then 
cells were harvested. Protein level of BMX, pS473AKT, pT308AKT, AKT, 
pS235/236S6, S6 and Actin (loading control) was determined by Western blotting. 
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Supplementary Figure 6: 
 
 
 

 
Supplementary Figure 6: GDC-0941 and Navitoclax tolerance in vivo. Three 
mice were treated with 75 mg/kg GDC-0941 and one hour later 100 mg/kg 
Navitoclax for 21 days (orange arrow indicates last day of dosing). (A) Individual 
mouse weights during dosing of combination and for two weeks after. (B) 
Percentage body weight change for each mouse calculated using body weight of 
animal on day zero.  
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Supplementary Figure 7: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 7: PI3K Pathway expression in CDX2. PI3K pathway 
components were determined in three CDX2 tumors from different host mice. 
Protein level of BMX, pS473AKT, AKT, pT246PRAS40, PRAS40, S6 
pS235/236S6, S6 and α-tubulin (loading control) was determined by Western 
blotting. 
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Discussion 

Improved outcomes for SCLC patients remain elusive, despite numerous clinical 

trials of targeted therapeutics. New approaches that extend progression free 

survival after initially successful chemotherapy and alternatives to chemotherapy 

in chemorefractory SCLC are urgently required. Here we demonstrate that 

inhibition of PI3K pathway signalling can increase the sensitivity of SCLC cells 

(H1048 and H526) to a BCL-2/BCLxL targeting BH3 mimetic by lowering the 

threshold for apoptosis. Our data in SCLC cell lines in vitro is recapitulated in vivo 

in the H1048 xenograft and in a newly developed patient CDX from a 

chemorefractory patient. These data provide additional weight to an increasing 

body of evidence that suggests SCLC clinical trials of combined PI3K/mTOR 

pathway inhibitors and BH3 mimetics are warranted. There appear to be however, 

multiple PI3K downstream effector signalling networks and modulation of different 

Bcl-2 family proteins that affect PI3K/mTOR inhibitor/BH3 mimetic synergy that are 

cell-context dependent.  

In our study, the increased sensitivity to combined PI3K inhibition and BH3 

mimetic was dependent on activities of BMX, AKT and mTOR downstream of 

PI3K. Our data suggest that BMX can regulate AKT/mTOR pathway activity in 

SCLC, the first time this has been observed. Both inhibition of BMX activity using 

the small molecule inhibitor Ibrutinib (Figure 1B and Supplementary Figure 5C) 

and reduction of BMX level by RNAi (Figure 3E-F Supplementary Figure 5C) 

reduced activation of pathways downstream of BMX including AKT and mTOR, 

consistent with on target effects. The mechanism by which BMX regulates 

AKT/mTOR signalling in SCLC is not yet clear, but precedents that link BMX to 

AKT/mTOR signalling have been reported in other cell types (61, 62). Active BMX 

mediates TNF-induced recruitment of the p85 subunit of PI3K resulting in AKT 

activation in human umbilical vein endothelial cells (HUVEC), whilst knock-out of 

BMX in mouse lung endothelial cells blocks TNF-induced activation of AKT 

compared to wild type (61). BMX has also been implicated in a positive feed-

forward mechanism, where active BMX upregulates VEGF, which when secreted 

binds its receptors and further activates BMX resulting in AKT activation in 

endothelial and epithelial cells (62).  
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We observed a significant increase in apoptosis 4 hours after combined drug 

treatment in vitro suggesting that drug synergy most likely involves post-

translational modification(s) (PTM) due to PI3K inhibition. Recently BMX was 

identified as the tyrosine kinase that phosphorylates BAK, keeping it in the inactive 

conformation (63). BMX inactivation by PI3K/BMX inhibitors could therefore lead to 

BAK dephosphorylation in SCLC. In this theoretical model, addition of ABT-737 by 

antagonism of BCL-2, BCL-xL or BCL-w would release BIM to activate available 

dephosphorylated BAK, resulting in BAK homo-oligomerisation, MOMP, 

cytochrome c release and apoptosis. This putative mechanism now warrants 

further investigation. 

Depending on cellular context, upregulation of PI3K signalling, for instance by 

PIK3CA mutation or PTEN deletion, may allow cells to sustain proliferation in the 

absence of growth factors and resist cell death by activation of survival signalling, 

two hallmarks of cancer (25, 26). Of the two cell lines which were sensitized to 

ABT-737 by PI3K or BMX inhibition, only H1048 has a known activating PI3K 

pathway mutation (although we cannot rule out that H526 cells have activated 

PI3K signalling via a mechanism yet to be determined). Whilst CDX2 does not 

harbour known PI3K pathway mutations, one copy of chromosome 10 has been 

lost (47), which could decrease PTEN expression and increase PI3K signalling 

(Supplementary Figure 7 shows CDX2 expression of BMX and PI3K/AKT pathway 

components). BMX is important in mutant PIK3CA-induced transformation via 

phosphorylation (on Y705) and activation of STAT3 causing homo- and hetero-

dimerization to activate STAT3 transcriptional regulator function (57). Consistent 

with this function of BMX, we observed decreased phospho-STAT3 (Y705 and 

S727) in BMX depleted and Ibrutinib treated H1048 cells (Figure 3E-F). mTOR can 

phosphorylate and activate STAT3 (on S727) (64). One hypothesis therefore is 

that PI3K/BMX/mTOR inhibition sensitises to ABT-737 via repression of STAT3. 

STAT3 is a key regulator of BCL-xL expression, a key target of ABT-737 (65). 

However, this mechanism is unlikely to explain our data, as we see no treatment 

effects on BCL-xL at 24 hours (Supplementary Figure 4A). 

PI3K pathway inhibition mediated sensitization to ABT-737 has been shown in 

other cancer types, including our study in CRC cell lines, which showed this 
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occurs via a PI3K/BMX pathway dependent but AKT/mTOR independent route 

(41).  PI3K/AKT/mTOR pathway dependent sensitisation to ABT-737/ Navitoclax 

has also been reported in NSCLC (66) and lymphoma (67) cell lines. Two recent 

studies demonstrate that PI3K/mTOR pathway inhibition sensitises to BH3 

mimetics in SCLC, consistent with our observations. There are both similarities 

and differences in the mechanism(s) underpinning the combination synergies 

observed between the two prior studies and the results we present here.  

Gardner et al., showed that the mTOCR1 inhibitor rapamycin increased the 

efficacy of ABT-737 in H146 cells and in several PDX models (24). In the Gardner 

et al., study, rapamycin prevented ABT-737 mediated down-regulation of BAX 

resulting in increased BAX dependent apoptosis. BAX protein levels were not 

decreased in H1048, H526 or DMS114 cells after treatment with PI3K pathway 

inhibitors (PI-103, MK-2206 or KU-0063794) in our study (Supplementary Figure 

4A),  consistent with the observations of Faber et al., in H1048 cells and in a PDX 

model using the TORC1/2 inhibitor AZD8055 (23). Moreover, we saw no synergy 

in H146 cells treated with ABT-737 plus any of the PI3K pathway inhibitors we 

examined. In our hands PI-103 and Ibrutinib resulted in mTOR pathway activation 

(increased pS6) in H146.  

Faber et al., report a different mechanism to explain how AZD8055 sensitises to 

Navitoclax in SCLC cell lines, xenografts, a PDX and a genetically engineered 

model (51). They demonstrated in H1048 cells that AZD8055 sensitises to 

Navitoclax, consistent with our finding for all PI3K pathway inhibitors in the same 

cell line (Figure 1B and 4B). However, they showed that sensitization was via 

MCL-1 down-regulation, which was not observed in H1048 cells or any cell line 

used in our study (Figure 2D and Supplementary Figure 4A), nor in the cell line 

panel and PDX studied by Gardner et al.  Faber et al., address this issue 

suggesting that as an mTORC1/2 ATP competitive inhibitor AZD8055 is uniquely 

capable of downregulating MCL-1, unlike rapamycin. This explanation does not 

reconcile our data using KU-0063794 which is also an mTORC1/2 ATP 

competitive inhibitor but did not decrease MCL-1 levels in H1048 cells (at the 

concentration used and time-point studied). We show that enforced 

downregulation of MCL-1 with RNAi does indeed sensitise to ABT-737 in H1048 
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cells, but that sensitivity was significantly further increased by PI-103, suggesting a 

MCL-1 independent element for this effect (Figure 2E-F and Supplementary Figure 

4B).  

Approximately 25-30% of LS and 70-80% of ES patients are classified as 

chemorefractory, where disease progression occurs within 3 months of SOC 

treatment (9, 10). We assessed the combination of the class I PI3K inhibitor GDC-

0941 and Navitoclax in CDX2 to set a ‘high hurdle’ for this combination. CDX2 was 

derived from CTCs enriched at baseline from a patient subsequently shown to be 

chemorefractory. We previously showed that cisplatin (5mg/kg day 1) plus 

etoposide (8mg/kg, days 1,2,3) administered to mice bearing CDX2 tumors (at 

200-250mm3) regressed to ~50%, but regrew within the subsequent 10 days at a 

rate not dissimilar to vehicle treated controls, mirroring the response and rapid 

relapse of the patient. Here we show, dosing CDX2 bearing mice up to 21 days, 

that GDC-0941 alone slowed CDX2 growth and Navitoclax alone caused tumor 

regression during the dosing period, but with immediate regrowth after treatment 

ceased. However, combination resulted in a durable regression beyond 30 days 

after treatment. These data from a chemorefractory model of SCLC provide some 

optimism that the PI3K pathway/BH3 mimetic combination may have impact in the 

most resistant cases of SCLC.   

Taken together, our study and that of Gardner et al., (24) and Farber et al., (23)  

suggest that there are different mechanisms downstream of PI3K signalling that 

suppress BH3 mimetic-induced apoptosis and we introduce a new component, 

BMX, within the complex signalling networks downstream of PI3K and upstream of 

the Bcl-2 family gatekeepers of an apoptotic cell fate. Overall, despite cell line and 

pathway inhibitor dependent differential mechanisms, the efficacy of GDC-0941 

and Navitoclax in a CDX model derived from a chemo refractory patient highlights 

the potential clinical utility of this combination and strongly supports initiation of a 

clinical trial with a BH3 mimetic and a PI3K pathway inhibitor in SCLC patients. 
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Small cell lung cancer (SCLC) is an aggressive tumor that accounts for 200,000 

deaths each year. Although 70-90% of patients initially respond to standard of care 

(SOC) chemotherapy, virtually all relapse with progressive disease within 3-18 

months. Currently, there is a lack of predictive biomarkers to identify 

chemorefractory patients and poor preclinical models to study disease 

progression. We have developed a unique model to study SCLC, called circulating 

tumor cell derived explant (CDX). CDX are generated from circulating tumor cells 

isolated from patient blood and we demonstrated that CDX chemotherapy 

response mirror donor patient response. Moreover, blood samples can be easily 

taken at any stage throughout disease progression, allowing the generation of 

‘matched pair’ CDXs. Here for the first time, we provide ‘matched pair’ of CDX 

models from a patient at baseline (chemotherapy naϊve) and again when the 

patient had relapsed with progressive disease, after initial response to 

chemotherapy. BH3 profiling assay was developed to measure cellular ‘priming’ to 

apoptosis, using BH3 peptides derived from the BH3 domain of the pro-apoptotic 

BH3-only proteins. BH3 peptides interrogate the propensity of cytochrome c 

release from mitochondria of cancer cells, revealing likely response to cytotoxic 

therapies. We use BH3 profiling on disaggregated CDX tumors cells ex vivo, to 

predict response to chemotherapy. Prospectively, we are able to define a CDXs as 

chemosensitive or chemorefractory by how ‘primed’ the model was.  
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Introduction 

Small Cell Lung Cancer (SCLC) is an exceptionally aggressive tumor of 

neuroendocrine origin and accounts for 15% of newly diagnosed lung cancer 

cases, causing 220,000 deaths each year [1]. It is commonly diagnosed in heavy 

or former smokers [2] and is clinically classified as two stages, limited stage (LS, 

confined to one hemithorax) and extensive stage (ES, more widespread). 

Approximately 70% of SCLC patients present with ES disease [3] and only 5% of 

patients at presentation are eligible for surgery due to late diagnosis accompanied 

with widespread distant metastases [4]. Without treatment, median overall survival 

(OS) is just 2-4 months [5] and LS and ES SCLC patients experience a median 

OS of 15-20 months and 8-13 months, respectively, following first and second line 

chemotherapy [6]. Platinum combined with etoposide remains the mainstay 

treatment since its introduction in the 1980s [7]. 

Although 10-30% of SCLC patients are defined as chemorefractory and progress 

within 90 days after first line chemotherapy [6, 8], the majority are initially 

extremely chemosensitive and experience either a partial or complete radiologic 

response. Unfortunately most of these patients relapse with progressive disease 

within 3-18 months and only 20% respond to chemotherapy rechallenge if they are 

able to tolerate further treatment [9]. Chemotherapy may select for resistant 

subpopulations and a SCLC ‘stem cell’ hypothesis has been posited to explain the 

rapid relapse [10-12]. Characterisation of tumor-initiating SCLC subclones at 

progression has proven elusive thus far and preclinical models to study relapsing 

human SCLC are scarce.  

A number of targeted therapies have been clinically tested in SCLC, but none 

have been successful. Nevertheless, burgeoning knowledge of SCLC biology has 

suggested promising new therapeutic strategies including DNA damage repair 

inhibitors [13, 14], epigenetic targeted agents [15-18] and immunotherapies [19, 

20]. As the therapeutic landscape for SCLC expands and rational therapy 

combinations are evaluated, biomarkers to anticipate backbone chemotherapy 

responses at baseline and at progression would inform clinical trial design and 

assist future treatment decision making. 
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After melanoma, SCLC has the highest frequency of genetic aberrations of any 

human cancer [21] leading to considerable inter- and intra-patient tumor 

heterogeneity. The genomic landscape of SCLC was recently comprehensively 

defined in three landmark papers [22-24]. Clinically applicable insight of the 

molecular mechanisms that underpin whether or not a SCLC patient will respond 

to a particular treatment is confounded by this profound genetic instability and 

resultant tumor heterogeneity [25]. A number of pathway- and drug-specific 

resistance mechanisms together with microenvironmental factors are likely to be 

involved [26]. Complex interactions between pro- and anti-apoptotic Bcl-2 family 

proteins regulate the ‘coupling’ of upstream drug-induced cellular damage to the 

downstream engagement of apoptosis via the intrinsic pathway [27-29]. Cisplatin 

and etoposide activate the intrinsic apoptotic pathway in SCLC [30], where the 

anti-apoptotic BCL-2 protein is overexpressed in ~40% cases [31, 32]. Bcl-2 

family-targeted BH3 mimetic drugs that interrupt binding of pro- and anti-apoptotic 

family members showed great promise in established SCLC cell lines [33, 34] and 

xenograft models [35] but failed to improve OS in Phase II clinical trials [36, 37]. 

However, impressive preclinical studies combining BH3 mimetics with inhibitors of 

PI3K/mTOR signalling in SCLC patient derived explant models (PDX) demonstrate 

that this combination merits evaluation in the clinic [38, 39].  

Until recently, one significant hurdle to improving the treatment of SCLC has been 

a lack of relevant preclinical models. Novel therapeutics will most likely be 

evaluated after standard chemotherapy has failed, and preclinical models of this 

relapsed stage of disease are needed to best assess their merit. Whilst genetically 

engineered mouse models are instrumental contributors to the emerging 

knowledge of the biology of SCLC [40-42], they are rarely used to test novel 

therapies because they do not represent the true nature of SCLC genetic 

instability and complexity [43, 44]. PDX models better capture tumor heterogeneity 

and are amenable to precision medicine-based strategies, but require fresh 

biopsies that are difficult to obtain, particularly at relapse. Circulating tumor cells 

(CTCs) are relatively prevalent in SCLC [45] and we took advantage of this non-

invasive ‘liquid biopsy’ approach to develop SCLC CTC derived explant (CDX) 

mouse models that mimic patient’s response to chemotherapy [46]. One main 

advantage of CDX is the ability to generate models from patients with progressive 
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disease where tumor biopsy is rarely performed. Here we describe the first 

‘matched pairs’ of CDX derived from 2 patients at baseline and again at 

progression after an initial response to first line chemotherapy (CDX3 and 3P, 

CDX8 and 8P).  

Resistance to conventional chemotherapeutics in SCLC cell lines has been linked 

to high expression of BCL-2 [30] although this is cell context dependent [47]. 

Simple measurement of Bcl-2 family protein expression is insufficient to predict 

their propensity for drug-induced apoptosis as a highly regulated series of protein-

protein interactions between Bcl-2 family members situated on intracellular 

membranes dictates whether or not a drug-treated cell will undergo apoptosis. The 

Bcl-2 family is subdivided into functional subgroups; anti-apoptotic proteins (e.g., 

BCL-2, BCLxL, MCL-1), pro-apoptotic effectors (e.g., BAX, BAK) and the activator 

or sensitizer pro-apoptotic BH3-only proteins (e.g., BIM, BID or BAD, NOXA 

respectively). The anti-apoptotic subfamily prevents mitochondrial outer 

membrane permeabilization (MOMP) via antagonistic interactions with pro-

apoptotic effector and BH3-only proteins [48]. BH3-only activators directly activate 

effectors and are potent initiators of apoptosis. Both BH3-only activators and 

sensitizers can antagonise anti-apoptotic family members and some show great 

specificity in their binding [48-51]. Activated pro-apoptotic effectors form homo-

oligomers that create pores in the outer mitochondrial membrane causing MOMP, 

cytochrome c release and activation of ‘executioner’ caspases [52]. 

Mechanisms by which cancer cells avoid intrinsic apoptosis are subdivided into 

three categories: downregulation of the pro-apoptotic BH3-only activator proteins, 

inactivation/downregulation of BAK/BAX and upregulation of anti-apoptotic Bcl-2 

family members (Figure 1A; [50, 53]). Therapies that upregulate pro-apoptotic 

proteins or reduce levels of any anti-apoptotic Bcl-2 family members would shift 

the apoptotic regulatory equilibrium toward apoptosis. We have previously shown 

that, in haematological and ovarian cancers, it is possible to predict patient 

responses to chemotherapy using an approach termed BH3 profiling that reports 

how ‘primed’ a tumor cell is for apoptosis. ‘Priming’ is measured by either MOMP 

or mitochondrial release of cytochrome c after addition of synthetic BH3 peptides, 

derived from the BH3 domain of BH3-only proteins, to tumor cells [54, 55]. 
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As a step towards prediction of SCLC patient responses to chemotherapy and 

mechanisms of apoptosis evasion, we tested retrospectively whether BH3 profiling 

of disaggregated CDX tumors predicted clinical response. We then set out to 

prospectively anticipate the chemotherapy responses from tumor cells 

disaggregated from unique matched CDX models derived at disease progression 

from patients 3 and 8.    
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Patient Selection and Blood Collection  

The ethical approval, selection and consent of SCLC patients into our CDX 

programme is detailed in Hodgkinson et al [46]. Briefly, enrolled patients had 

histologically or cytologically confirmed chemotherapy-naϊve SCLC and clinical 

and demographic data were collected. Blood was drawn at CDX study entry before 

administration of chemotherapy and immediately transferred to the laboratory for 

processing. Blood (10 ml) was drawn into CellSave preservative tubes (Janssen 

Diagnostics, NJ, USA) for CTC enumeration using the CellSearch platform [45]. A 

paired blood sample (10 ml) was drawn into EDTA vacutainers (Becton Dickinson, 

Oxford, UK). Patients’ subsequent response to treatment was evaluated by 

computed tomography (CT) imaging performed before and following 4 cycles of 

chemotherapy, or earlier if clinically indicated. Patients who had a radiological 

response to chemotherapy that was sustained for greater than 3 months following 

completion of therapy were classified as chemosensitive. Patients with no 

evidence of response to therapy or progression within 3 months following 

completion of therapy were classified as chemorefractory [56].  

A second paired blood sample (CellSave preservative tubes for CTC enumeration 

[45] and EDTA vacutainers for CDX study) was drawn from patient 3 and patient 8 

after initial response to first line therapy and relapse with progressive disease (the 

first paired blood sample from patients 3 and 8 produced CDX3 and CDX8 

(chemotherapy-naïve) respectively). Routine clinical practice was to perform a 

reassessment CT upon completion of chemotherapy. Patients were followed up 

every 3 months with chest x-rays and clinical review. Repeat CT was performed if 

there were clinical and radiological (chest x-ray) findings consistent with 

progressive disease. 

Methods and Materials 

Cell Culture 

SU-DHL-4 and BBDL (BAX/BAK deficient lymphoma; originally misreported as 

SU-DHL-10 by the Letai laboratory. Recently identified as distinct from SU-DHL-

10) lymphoma cells were cultured in RPMI 1640 media (Life Technologies, Inc, 
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Paisley, UK) supplemented with 10% FBS (BioWest, Nuaillé, France) and used as 

positive and negative controls respectively. Both cell lines were incubated in a 

humidified atmosphere at 37°C and 5% CO2. Cell lines were authenticated using 

the Promega GenePrint® 10 System (Promega Corporation, WI, USA; 

authenticated at Dana-Farber Cancer Institute, Molecular Biology Core Facility).  

Growth of CDX Tumors in Immunocompromised Mice 

All procedures were carried out in accordance with Home Office Regulations (UK) 

and the UK Coordinating Committee on Cancer Research guidelines and by 

approved protocols (Home Office Project Licence no. 70/8252, which was 

reviewed by Cancer Research UK Manchester Institute Animal Welfare and 

Ethical Review Body, and in vivo work reported according to the ARRIVE (Animal 

Research Reporting of In Vivo Experiments) guidelines (2010)). 

CDX models were generated as previously described [46]. For each CDX model, 

passage four CDX tumor fragments were implanted subcutaneously into mid-

dorsal flank of 8 week old female NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice 

(Charles River, Edinburgh, UK). 30 mice were implanted for each 

cisplatin/etoposide study and 6 mice were implanted for each model for ex vivo 

BH3 profiling. Mice were housed in vented caging systems in a 12hour light/12 

hour dark environment and maintained at uniform temperature and humidity. Mice 

were monitored twice weekly for signs of tumor growth. Once a palpable tumor 

was detected measurements were taken twice a week using calipers and tumor 

volume calculated using the formula 0.5 x (longest measurement) x (shortest 

measurement)2. For BH3 profiling, when each individual tumor reached 400 mm3 

the animal was sacrificed and tumor was processed. For cisplatin/etoposide 

efficacy study, when mice reached 200-250 mm3 they were randomised by 

sequential assignment to cisplatin/etoposide or vehicle group. Mice were treated 

by intraperitoneal injection with 5 mg mg/kg cisplatin (Sigma) dissolved in 0.9% 

saline solution on day 1, and 8 mg/kg etoposide (Sigma) dissolved in 12.5:1 0.9% 

saline solution:0.1% citric acid in 1-methyl-2-pyrrolidinone on days 1, 2 and 3, or 

corresponding vehicle only. Tumor measurements were continued three times a 

week until the tumor reached four times initial tumor volume (4xITV) or until animal 
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health deteriorated (censored in survival analysis). Survival analysis was 

performed in Graphpad Prism software with comparison of survival curves by log-

rank test. 

CDX Tumors Dissociation and Staining 

CDX tumors were dissociated using the gentleMACS dissociator and human tumor 

dissociation kit according to manufacturer’s instructions (Miltenyi Biotec Ltd; 

Surrey, UK). Red blood cells were lysed with RBC lysis buffer (G-Biosciences, 

USA) and remaining cells were filtered through a 70 µm cell strainer (Corning, 

Wiesbaden, Germany). A cell viability check via trypan blue exclusion preceded 

incubation of the suspension with dead-cell removal beads (Miltenyi Biotec Ltd) 

and with anti-mouse IgG2a + b microBeads (Miltenyi Biotec Ltd) with anti-mouse 

MHCI (H-2kd/H-2Dd) antibody (eBiosciences, San Diego, USA) for 15 minutes at 

room temperature. The cell suspension was diluted in binding buffer (Miltenyi 

Biotec Ltd) and added to LS-column (Miltenyi Biotec Ltd) to remove dead and 

mouse cells from the cell suspension whereupon cell viability was reassessed. 

The resultant cell suspension was stained with live/dead dye (1:1000; near-IR 

(NIR) fluorescent reactive dye, #L10119; Invitrogen) and the following cell surface 

antibodies: anti-human CD56 (1:10; PE mouse anti-human CD56, #555516; BD 

Biosciences) and anti-mouse CD45 (1:50; BV421 rat anti-mouse CD45, #563890; 

BD Biosciences) for 30 minutes on ice.   

BH3 Profiling   

BH3 peptides (listed in Supplementary Table 1, peptide sequence found in Ryan 

et al.,  [57]) were diluted in DTEB buffer (135 mM trehalose, 10 mM HEPES, 20 

µM EDTA, 20 µM EGTA, 5 mM succinate acid, 0.1% BSA and 50 mM KCl at pH 

7.5 +/- 0.1 with KOH in sterile ddH2O) and 0.002% digitonin which lightly 

permeabilizes the plasma membrane but keeps the organelles intact. Then 105 

cells diluted in DTEB were added to each tube containing diluted BH3 peptide and 

incubated for 1 hour in the dark at room temperature. Cells were then fixed with 

formaldehyde (1% final concentration) at room temperature for 15 minutes in the 

dark and then diluted with 2:1 neutralising buffer (1.7 M Tris and1.25 M glycine at 

pH 9.1) at room temperature for 15 minutes in the dark. Fixed cells were then 
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stained with cytochrome c antibody (1:400; Alexa 488, Clone 6h2.b4 mouse anti-

human cytochrome c, #560263; BD Biosciences) diluted in intracellular staining 

buffer (1% Saponin (Sigma) and 10% BSA (Sigma) in sterile ddH2O) overnight at 

4°C and analysed by flow cytometry (BD LSRFortessa™ analyzer) using Diva 

software (BD Biosciences) the next day. The flow cytometry gating strategy 

applied is detailed in Supplementary Figures 1-2. Initially cells were gated based 

on forward and side scatter characteristics. Dead cells were then excluded using a 

side scatter vs Live/Dead NIR gating strategy. Human SCLC cells were 

distinguished from viable mouse cells via a hCD56 vs mCD45 gate before 

cytochrome c fluorescent human CDX cells were enumerated using a PUMA2A 

peptide treated sample as negative control and a no cytochrome c antibody (FMO 

(fluorescence minus one)) control to set the staining threshold. With the gating 

strategy optimised, samples were batch analysed to determine the percentage of 

CDX cells in the cytochrome c positive gate and determine the percentage of cells 

with cytochrome c released.   

Western Blotting 

Tumor/cell lysis, protein quantification and Western blotting analysis were carried 

out as previously described [58]. The following primary antibodies were used: 

rabbit anti-BAX (No. 2774) and rabbit anti-BIM (34C5; Cell Signaling Technology, 

Danvers, MA, USA), mouse anti-BCL-2 (M0887; Dako, Glostrup, Denmark), rabbit 

anti–BCL-xL (No. 610211; Becton Dickinson, Oxford, UK), mouse anti-human 

MCL-1 (No. 559027; Becton Dickenson), rabbit anti-BAD (AF819; R&D Systems, 

Minneapolis), mouse anti-BAK (AM03; Merck), mouse anti–α-tubulin (CP06; 

Merck), and mouse anti-Actin (Sigma).  

Results 

Derivation of Matched Pairs of SCLC CDX at Patient Presentation and at 

Relapse  

BH3 profiling was performed on six CDX models (disaggregated CDX tumor cells). 

Characteristics and therapy responses of CDX donor patients 2, 3 and 4 together 

with the derivation of CDX2, CDX3, CDX4 at baseline (chemotherapy-naïve) and 

their in vivo responses to cisplatin/etoposide are as previously described [46]. 
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Here, we report the derivation of the three new CDX models: CDX3P derived after 

initial response to chemotherapy and relapse with progressive disease from 

patient 3 (also produced CDX3), CDX8 and CDX8P, a second matched pair of 

CDX at baseline (chemotherapy-naïve) and after initial response to chemotherapy 

and relapse with progressive disease from patient 8. Patient 3 and 8, response to 

chemotherapy, OS and progression free survival (PFS) are shown in Table 1. CTC 

count (10 ml) using the CellSearch platform is shown in Table 2 for baseline 

sample (produced CDX3 and CDX8) and progression sample (produced CDX3P 

and CDX8P). CDX3 and CDX3P had comparable CTC numbers, 507 and 463 

respectively. However, CDX8P had a 4.6 fold increase in CTCs compared to 

CDX8. CDX progression sample from patient 3 and 8 were taken on day 241 and 

161 respectively, from day of consent (Table 2). 

BH3 Profiling vs Patients Clinical Response to Chemotherapy  

The BH3 profiling workflow for SCLC CDX tumors is shown in Figure 1B and to 

our knowledge this constitutes the first study to directly explore the mechanisms of 

engagement of the intrinsic pathway in SCLC tumors ex vivo. CDX tumors at 400 

mm3 were disaggregated for BH3 profiling as this tumor volume provides 2-4x106 

cells that are sufficient to run a full BH3 profile (Supplementary Table 1) and 

tumors above this size display a greater degree of necrosis confounding the 

assay. The response of CDX3, 2 and 4 to cisplatin/etoposide in vivo mirrored the 

donor patient response to cisplatin/etoposide [46]. CDX3 was sensitive to 

cisplatin/etoposide with 95% median tumor regression upon treatment followed by 

tumor regrowth. CDX2 and CDX4 exhibited with minimal or no tumor regression, 

respectively, after treatment and were classified as chemorefractory [46].  

BH3 profiling of baseline CDX3, 2 and 4 was used to assess whether 

chemosensitive and chemorefractory CDX models display the predicted difference 

in cytochrome c release in response to addition of activator and sensitizer BH3 

peptides. First, to confirm that the BH3 profiling workflow performed reliably, we 

applied it to the lymphoma cell line SU-DHL-4, which is known to be dependent on 

BCL-2, and the BBDL cell line, which is BAX/BAK deficient. A BCL-2 dependent 

cell line should show high response to activator BH3 peptides BIM and BID and 

sensitizer BH3 peptides such as PUMA, BMF, and BAD, as they can interact and 
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antagonise BCL-2 releasing BIM and BID to activate BAX and BAK, to induce 

MOMP. A BAX/BAK-deficient cell line should be resistant to all activator and 

sensitizer BH3 peptides as MOMP cannot be activated via the intrinsic apoptotic 

pathway. As expected, SU-DHL-4 cells showed high percentage cytochrome c 

released after addition of activator (BIM and BID) and sensitizer (PUMA, BMF, and 

BAD) BH3 peptides but not after addition of NOXA or HRK BH3 peptides as these 

family members do not antagonise BCL-2 (Figure 2A). Furthermore BBDL cells did 

not release cytochrome c in response to any of the added BH3 peptides (Figure 

2B).  

We next tested whether BH3 profiling retrospectively discriminated between 

samples from patients who subsequently had either a response or no response to 

chemotherapy. CDX3, CDX2 and CDX4 tumors with known chemotherapy 

responses [46] were disaggregated and incubated with either activator or 

sensitizer BH3 peptides. The CDX3 BH3 profile showed activator BH3 peptides 

BIM and BID caused a concentration-dependent cytochrome c release suggesting 

functional BAK and/or BAX (Figure 2C). Sensitizer BH3 peptides PUMA, BMF, 

BAD and HRK but not NOXA caused cytochrome c release (Figure 2C). As NOXA 

is a specific MCL-1 antagonist, these data indicate that CDX3 is not reliant on 

MCL-1 [59]. The high response to activator and sensitizer BH3 peptides suggests 

that CDX3 is a ‘primed’ model that likely evades apoptosis via upregulation of anti-

apoptotic BCL-2 family members with the exception of MCL-1 (Figure 1A). The 

CDX2 and CDX4 BH3 profiles showed a concentration-dependent response to 

activator BH3 peptide BIM suggesting functional BAX and/or BAK. CDX2 and 

CDX4 cells also responded to activator BID peptide. Sensitizer BH3 peptides 

caused a low percentage of cytochrome c release in CDX2 cells (< 16% in all 

sensitizer peptides; Figure 2D) and CDX4 cells (< 24% in all sensitizer peptides; 

Figure 2E) compared to CDX3 (< 70% in all sensitizer peptides; Figure 2C). These 

sensitizer response data suggests that CDX2 and 4 are not ‘primed’ and likely use 

downregulation of BH3-only activator proteins to evade apoptosis (Figure 1A). 

Consistent with in vivo chemosensitivity date, the CDX3 BH3 profile was 

statistically distinct from both CDX2 and CDX4 profiles (P < 0.05; Figure 2F) 
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The data described from the retrospective analyses of BH3 profiles of CDX2, 

CDX3 and CDX4 (Figure 2) and their in vivo responses to cisplatin/etoposide [46] 

suggests that BH3 profiling can predict chemotherapy response. To test this 

hypothesis, we took advantage of the newly derived CDX3P (derived at disease 

progression and matched to CDX3) and the baseline-progression pair of CDX 

derived from patient 8 (CDX8 and CDX8P) to determine whether prospective BH3 

profiling using sensitizer peptides could predict in vivo response to 

cisplatin/etoposide.  

BH3 Profiling vs SCLC CDX Response to Chemotherapy 

The derivation of CDX matched pairs from SCLC patients before chemotherapy 

and again after initial treatment response had relapsed with progressive disease 

overcomes a major obstacle and represents a new avenue for research into the 

mechanisms of acquired chemotherapy resistance. Based on the validation data 

above, we hypothesised that BH3 profiling would predict SCLC responses to 

chemotherapy and that CDX3P and CDX8P would reveal altered BH3 profiles 

compared to their baseline counterparts. The CDX3P BH3 profile was broadly 

similar to that of CDX3 although CDX3P was more ‘primed’ as evidenced by a 1.6 

fold increase in cytochrome c release in response to all of the added BH3 peptides 

(Figure 3A and 3B). BIM and BID caused a concentration dependent cytochrome c 

release in CDX3P (Figure 3B) and the BH3 sensitizer peptides PUMA, BMF, BAD 

and HRK caused 54-81% (75 µM) increases in cytochrome c release. In contrast, 

NOXA peptide had no effect, implying no dependency on MCL-1 for evading 

apoptosis. These data would suggest evasion of apoptosis in CDX3P remains via 

upregulation of another anti-apoptotic Bcl-2 family member (Figure 1A). Closer 

examination of the profile shows that the response to the HRK sensitizer peptide in 

CDX3P is significantly different to CDX3 (P = 0.015) suggesting CDX3P has 

increased its dependency on BCL-xL for evading apoptosis which could explain the 

more ‘primed’ profile overall. Western blotting analysis of CDX3 and CDX3P 

showed significantly higher levels of MCL-1, BCL-2, BIM and BAX in the relapse 

model, suggesting that CDX3P is more ‘primed’ than CDX3 (Figure 5A and B). 

Although CDX3P did not display elevated BCL-xL levels, the dependency towards 

BCL-xL could be due to a change in BCL-xL phosphorylation (S62) that has been 
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shown to antagonize the interaction between BCL-xL and BAX. A decrease in 

phospho-BCL-xL results in more BCL-xL bound to BAX, thus increasing BCL-xL 

anti-apoptotic function [60]. These data predict that in in vivo efficacy experiments, 

the CDX derived at patient relapse with disease progression would remain 

chemosensitive.  

Cells from disaggregated CDX8 and CDX8P were also subjected to BH3 profiling 

before in vivo cisplatin/etoposide responses were known. In contrast to CDX3 and 

CDX3P, this matched pair of CDX displayed strikingly different BH3 profiles from 

one another. CDX8 exhibited a high response (> 53% cytochrome c released) to 

all 75 µM peptides, except the sensitizer NOXA peptide, consistent with a highly 

‘primed’ MCL-1 independent model more likely to rely on BCL-xL (based on 

sensitizer HRK peptide response; Figure 4A). Activator BH3 peptides had less of 

an effect on CDX8P compared to CDX8 and the sensitizer BH3 peptides response 

were minimal (< 17% in all sensitizer peptides; Figure 4B) in this model. Eight of 

the BH3 peptide conditions selected, were significantly different (P < 0.05) 

between CDX8 and CDX8P. Whilst, the BH3 profile of CDX8 suggests evasion of 

apoptosis via upregulation of anti-apoptotic Bcl-2 family members (Figure 1A), the 

BH3 profile of CDX8P implies an apoptotic block via downregulation of BH3-only 

activator Bcl-2 family proteins (Figure 4A and B).   

These data imply that during disease progression following chemotherapy in 

patient 8, alterations in how the Bcl-2 family regulates apoptosis have occurred. As 

a result we predicted that CDX8 would respond better to cisplatin/etoposide 

compared to CDX8P. There was no difference in the expression of Bcl-2 family 

members between CDX8 and CDX8P by Western blotting analysis (Figure 5A and 

C) suggesting that the BH3 profile-implied change in apoptotic block mechanism is 

more likely due to changes in post-translational modifications to the Bcl-2 family 

members to alter their interactions. 

Comparative analysis of cisplatin/etoposide treatment of baseline and 

relapse CDX derived from patient 3 and 8.  

Neither patient 3 nor patient 8 were re-challenged with chemotherapy after their 

relapses with progressive disease due to inability to tolerate further chemotherapy.  
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Based on their respective disease free intervals, patient 3 but not patient 8 might 

have been expected to respond to chemotherapy rechallenge. Adopting the same 

cisplatin/etoposide preclinical drug study design as previously reported [46] we 

interrogated CDX3P and CDX8/8P chemosensitivity in vivo. When mice bearing 

CDX3P were treated with cisplatin/etoposide, there was a greater than 70% 

median tumor regression and the median time to four times initial tumor volume 

(4xITV) increased from 20 days for vehicle control to 63 in treated mice (log-rank P 

< 0.0001; Figure 4D and F). In agreement with our previous study of CDX3 [46], 

the median time to 4xITV in CDX3 went from 24 for vehicle control to 62 days in 

treated mice (log-rank P < 0.0001) compared to the vehicle treated group (Figure 

3E). There was no significant difference between time to 4xITV for vehicle treated 

CDX3 vs. CDX3P or cisplatin/etoposide treated CDX3 vs. CDX3P indicating that 

both models are similar in chemotherapy response.  

In contrast, when CDX8 was treated with cisplatin/etoposide the tumors regressed 

by ~50% before tumor regrowth and the median time to 4xITV was 40 days in 

vehicle treated tumors compared to 72 days in cisplatin/etoposide treated tumors 

(log-rank p=0.005; Figure 4C). As observed with the other patient baseline CDX 

models [46], the in vivo chemotherapy response in CDX8 mirrored that of the 

donor patient (Table 1, Figure 4C and E). CDX8P, however, did not regress when 

challenged with cisplatin/etoposide (Figure 4D) and the median time to 4xITV was 

17 days and 24 days for vehicle and cisplatin/etoposide treated animals 

respectively which, whilst still significant (log-rank P = 0.007) was considerably 

less than in CDX8 (Figure 4E and F). CDX8P grew significantly faster than CDX8 

(log-rank P < 0.0001) and therefore the reduced efficacy of cisplatin/etoposide is 

not a simple manifestation of reduced proliferation rate known to decrease 

responses to both cisplatin and etoposide. 

BH3 Profiling as a Predictive Biomarker for Chemotherapy Responses in 

SCLC 

The data in Figures 3 and 4 testify that BH3 profiling successfully predicted the 

responses of CDX models to cisplatin/etoposide treatment. A significant difference 

in response to sensitizer BH3 peptides between clinical partial response and 
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progressive disease was observed (P = 9x10-6; Figure 5D). We also tested the 

strength of these predictions based on BH3 profiling to segregate clinical 

chemotherapy partial response and progressive disease with no response to 

chemotherapy in a binary fashion with ROC analysis. The area under the resultant 

ROC curve was 1 (P = 0.049; Figure 5E), supporting the ability of BH3 profiling to 

discriminate clinical response and progressive disease patients and we propose 

that BH3 profiling can be used as a binary predictor to of chemotherapy response 

in SCLC.  
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Table 1: Clinical response, overall survival and progression free survival of CDX 
donor patient 3 and 8. Overall survival was calculated from day of consent until 
death and progression free survival was calculated from day of consent to date of 
progression. 

 

CDX CTC # 

baseline 

CTC # 

progression 

Site of 

progression 

Progressive CDX 

sample taken on day 

3 507 463 Nodes 241 

8 388 1796 Bone and Liver 161 

Table 2: Circulating tumor cell (CTC) count using the CellSearch platform for 
baseline and progression blood sample for patient 3 and 8. Site of patient 
progression and day progression sample was taken (calculated from day of 
consent) are indicated. 

 

 

 

 

 

 

 

CDX Patient Initial Response to 

Chemotherapy 

Overall 

Survival (Days) 

Progression Free 

Survival (Days) 

3 Partial response, 

chemotherapy sensitive 

295 241 

8 Partial response, 

chemotherapy refractory 

182 153 

206



Figure 1:  

 

 

 

 

207



Figure 1: Apoptotic blocks and BH3 profiling in CDX Schematic. (A) Cancer 
cells can evade intrinsic apoptosis by three main mechanisms involving the Bcl-2 
family members; down regulation of BH3-only activators, Loss or inactivation of 
pro-apoptotic effectors BAX and BAK or upregulation of anti-apoptotic Bcl-2 family 
members. All prevent mitochondrial outer membrane permeabilization (MOMP). 
(B) CDX tumors were resected at 400 mm3 and disaggregated using tumor 
dissociation enzyme kit and dissociator to break up the extracellular matrix (ECM). 
Cells were run on a column to remove dead cells and mouse cells. Viable cells 
were then labelled with humanCD56 a neuroendocrine marker that identifies 
human SCLC cells, mouseCD45 marker to identify mouse cells and live/dead dye 
to identify viable cells. Permeabilized cells were then added to specific pro-
apoptotic BH3 peptides for one hour and then fixed and stained with cytochrome c 
antibody. The next day cells were analysed by flow cytometry for cytochrome c 
positive cells. 
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Figure 2: 
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Figure 2: BH3 profiling in Lymphoma Cell Lines and SCLC CDX. (A-B) SU-
DHL-4 and BBDL cell lines were lightly permeabilized and treated with indicated 
concentration of BH3 peptide for 1 hour and then fixed and stained with 
cytochrome c antibody overnight. Cell were analysed by flow cytometry the next 
day to determine the percentage of cytochrome c positive cells within the parent 
population. (C-E) CDX3, CDX2 and CDX4 tumors were disaggregated and stained 
with human neuroendocrine marker (hCD56) to identify human SCLC cells, mouse 
cell marker (mCD45) to gate away from mouse cells and a live/dead dye to identify 
viable cells and BH3 profiled as in Figure 2A-B. The next day CDX tumor cells 
were analysed by flow cytometry to determine the percentage of cytochrome c 
positive cells within the parent population of viable, hCD56+ and mCD45- cells. 
Percentage cytochrome c positive cells were converted to percentage cytochrome 
c released (% positive minus 100). All BH3 peptides were normalised to FMO 
(fluorescence minus one; no cytochrome c antibody) and PUMA2A controls. 
PUMA2A is a mutated PUMA peptide that cannot induce mitochondrial outer 
membrane permeabilization. (F) CDX3, CDX2 and CDX4 were separated 
depending on donor patient clinical response to chemotherapy; progressive 
disease (CDX2 and CDX4, dark grey bars) or partial response (CDX3, light grey 
bar). The total response to sensitizer BH3 peptides (total cytochrome c released) 
was calculated for each biological replicate for each model. All graphs represent 
the means of ≥ 3 independent experiments ± SEM.  *P < 0.05 according two tailed 
unpaired t-test.  
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Figure 3: 
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Figure 3: BH3 profiling in paired presentation and relapse SCLC CDX3 vs in 
vivo cisplatin/etoposide efficacy. CDX3 (A) and CDX3P (B) tumors were BH3 
profiled and processed as in Figure 2. All graphs represent the means of ≥ 3 
independent experiments ± SEM. Each BH3 peptide at indicated concentration 
was compared between CDX3 and CDX3P, * P < 0.05 according two tailed 
unpaired t-test. Tumor volume of vehicle and cisplatin/etoposide treated groups in 
CDX3 (C) and CDX3P (D) over time after randomisation, represent mean ± SEM. 
Kaplan-Meier survival curve comparing vehicle and cisplatin/etoposide treated 
groups in CDX3 (E) and CDX3P (F) from randomisation until the tumor reaches 
four times initial tumor volume (4xITV). P calculated by log-rank test. Figure 3A is 
the same BH3 profile from Figure 2C and Figures 3C was taken from Hodgkinson 
et al., to allow side by side comparison of BH3 profiles and tumor volume of 
baseline (CDX3) and progression (CDX3P) models [46]. 
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Figure 4: 
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Figure 4: BH3 profiling in paired presentation and relapse SCLC CDX8 vs in 
vivo cisplatin/etoposide efficacy. CDX8 (A) and CDX8P (B) tumors were BH3 
profiled and processed as in figure 2. All graphs represent the means of ≥ 3 
independent experiments ± SEM. Each BH3 peptide at indicated concentration 
was compared between CDX8 and CDX8P, *P < 0.05 according two tailed 
unpaired t-test. Tumor volume of vehicle and cisplatin/etoposide treated groups in 
CDX8 (C) and CDX8P (D) over time after randomisation, represent mean ± SEM. 
Kaplan-Meier survival curve comparing vehicle and cisplatin/etoposide treated 
groups in CDX8 (E) and CDX8P (F) from randomisation until the tumor reaches 
four times initial tumor volume (4xITV). P calculated by log-rank test.  
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Figure 5: 
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Figure 5: BH3 profiling as a predictive biomarker for chemotherapy 
response. (A) Protein levels of MCL-1, BCL-xL, BCL-2, PUMA, BIM, BAD, BAK, 
and BAX was determined by Western blotting analysis in CDX3, CDX3P, CDX8, 
and CDX8P tumors. Loading control for CDX3 and CDX3P was α-tubulin and for 
CDX8 and CDX8P was Actin. Western blots are representative of three 
independent experiments. (B-C) 2D densitometry was carried out on n=3 Western 
blot from figure 5A for CDX3, CDX3P, CDX8, and CDX8P. All CDX replicates were 
normalised to loading control and then relative expression compared to the 
average baseline model (CDX3 or CDX8) was determined for baseline and 
progression (CDX3P or CDX8P) replicates. The graphs compare CDX3 to CDX3P 
(B) and CDX8 to CDX8P (C). (D) CDX3, CDX2, CDX4, CDX8 were separated 
depending on donor patients clinical response to chemotherapy; progressive 
disease (CDX2 and CDX4) or partial response (CDX3 and CDX8) (Table 1 [46]). 
CDX3P and CDX8P were placed into either progressive disease (CDX8P) or 
partial response (CDX3P) depending on chemotherapy in vivo efficacy. Each CDX 
mean total response to sensitizer BH3 peptides was plotted in the corresponding 
groups; progressive disease or partial response. The mean for progressive 
disease (CDX2, CDX4 and CDX8P) or partial response (CDX3, CDX3P and 
CDX8) was determined ± SEM. (E) ROC curve analysis on data from Figure 5D. 
*P < 0.05, **P < 0.01 and ***P < 0.001 according two tailed unpaired t-test. 
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Supplementary Figure 1 

 

Supplementary Figure 1: BH3 profiling gating strategy for SCLC CDX. Flow 
cytometry was used to analyse cells (LSRFortessa™ analyzer) and then batch 
analysis was carried out on all BH3 peptides and controls. (A) Cells were gated 
based on side scatter area vs forward scatter area. (B) Cell singlets were gated 
from doublets by side scatter width vs side scatter height. (C) Live cells were 
gated away from dead cells by side scatter area vs live/dead NIR [640 nm]. (D) 
Human SCLC cells (hCD56+) were gated away from mouse cells (mCD45+) by 
hCD56 [561 nm] vs mCD45 [405 nm]. This is the final parent population of live, 
human SCLC cells. (E) Statistics table of events in each group, percentage parent 
population and median events. 
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Supplementary Figure 2: 

 

Supplementary Figure 2: BH3 profiling gating strategy for cytochrome c 
positive SCLC CDX cells. Cytochrome c positive cells are identified within the 
parent population of viable human SCLC cells from Supplementary Figure 1D. 
Within this parent population the percentage of cells that stain positive for 
cytochrome c can be determined using side scatter area vs human cytochrome c 
[488]. (A) The percentage parent population within each gate was set using the 
gating strategy shown in Supplementary Figure 1. This is shown here for the (A) 
FMO control (no cytochrome c antibody), No peptide control (B), 75 µM PUMA2A 
peptide negative control (C) and 75 µM BIM (D). The percentage cytochrome c 
positive cells within the final parent population can be converted to percentage 
cytochrome c released (cytochrome c positive percentage minus 100). This was 
then put into a bar chart for each peptide to make the BH3 profile shown in Figure 
2, 3 and 4.  
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BH3 Peptide Concentrations studied 

(µM) 

BIM 75, 7.5, 0.75 and 0.075 

BID  75, 7.5 and 0.75 

PUMA 75, 7.5 and 0.75 

BMF 75, 7.5 and 0.75 

BAD 75 and 7.5 

NOXA 75 and 7.5 

HRK 75 and 7.5 

PUMA2A 75 

Supplementary Table 1: BH3 peptides used to run a full BH3 profile 
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Discussion  

Improved treatment outcomes for SCLC patients are long overdue. Resurgence in 

SCLC research is ongoing and the NCI recently classed SCLC as a priority 

disease of unmet need [61]. Recent developments have included expansion of 

SCLC GEMMs [43], more comprehensive genomic profiling of SCLC biopsies [22-

24] and broader use of SCLC PDX [38, 39] and our exploitation of CTCs to 

develop CDX models [46]. As novel therapeutics enter the clinic, predictive 

biomarkers are required for patient stratification. It is highly likely that these 

targeted drugs and therapies will be combined with the standard of care (SOC), 

platinum based chemotherapy and topoisomerase inhibitors, and we reason that 

prediction of chemotherapy response, both at patient presentation and upon 

relapse would assist trial design and treatment selection.    

BH3 profiling uses synthetic BH3 peptides derived from the BH3 domain of the 

pro-apoptotic BH3-only activator and sensitizer proteins to interrogate the 

propensity of cytochrome c release from mitochondria. When carefully selected 

panel of BH3 peptides are used, BH3 profiling can reveal what apoptotic block 

tumor cells are likely using to avoid apoptosis and thus how ‘primed’ for apoptosis 

the model is to predict response to cytotoxic therapies. It is also possible to infer 

which anti-apoptotic proteins a cell has become most reliant through the response 

to specific sensitizers and the specificity in binding amongst Bcl-2 family of 

proteins [50, 52, 62]. 

The two step (retrospective then prospective) data sets presented here 

demonstrate that sensitivity to BH3 peptides predicts for response to 

chemotherapy in SCLC CDX models, which mirror initial donor patient response to 

chemotherapy and their likelihood of response to chemotherapy rechallenge at 

disease progression. A biomarker to stratify upfront the SCLC patients that are 

chemorefractory (10-30%) should be of benefit as it may give them the option to 

enter clinical trials at an earlier stage of their disease, resulting in a greater OS.  

BH3 profiling is a tool to understand mechanisms of response/resistance to 

chemotherapy and how this may change with disease progression using the CDX 

matched pair baseline and progression models (Figure 3A-B and Figure 4A-B). 
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BH3 profiling on a larger dataset of CDX with a range of response to 

chemotherapy may be used to identify common patterns of sensitivity to specific 

BH3 peptides and mechanisms to evade apoptosis (Figure 1A). This information 

could aid therapeutic decisions of rational drug combinations with SOC, which 

could then be tested in vivo in CDX. For example CDX3, CDX3P and CDX8 had a 

large response to the BAD peptide (Figure 3A-B and 4A respectively) suggesting 

that the BH3 mimetic Navitoclax (modelled on BAD [33, 63, 64]), may be 

efficacious in these models in combination with SOC.  

Patient 3 had a partial response to SOC, lasting more than three months and were 

determined chemosensitive (Table1). CDX3 response to SOC mirrored the donor 

patient response [46]. CDX3P BH3 profile and response to SOC mirrored CDX3 

and the CTC count between this matched pair were comparable (Table 2). This 

suggests the relapse of patient 3, was likely due to outgrowth of sensitive clones 

that were not eradicated by first line SOC. Unfortunately this patient did not 

tolerate SOC, completing 2 out of 4 cycles so was not able to have chemotherapy 

rechallenge. The second line response rate to SOC of a group of SCLC patients 

with sensitive cell clones is much higher (50-60% [9]) compared to the average 

second line response rate (20% [9]). 

CDX8 BH3 profile revealed a ‘primed’ model but CDX8P had a significantly 

different BH3 profile (Figure 4A-B), identifying a resistant model. This matched pair 

BH3 profiles (Figure 4A-B) suggests that initially the model would respond to SOC 

indicated by CDX8 tumor cells high response to sensitizer BH3 peptides. 

However, this would result in relapse, indicated by CDX8P tumor cells poor 

response to sensitizer BH3 peptides. Patient 8 had a partial response to SOC but 

relapsed in under three months (Table 1). CDX8 response to SOC mirrored donor 

patient response (Figure 4C and E). The rapid growth of CDX8P tumors and poor 

response to SOC in vivo, suggests the outgrowth was likely due to resistant cell 

clones. SOC in CDX8P did not cause any tumor regression whereas SOC caused 

51% mean tumor regression in CDX8 (Figure 4C-D), suggesting CDX8P was a 

more aggressive and resistant tumor. The progressive disease blood sample from 

patient 8 had 4.6 fold higher CTC count (Table2), suggesting a more aggressive 
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disease. CTC count has prognostic value in SCLC. Patients with a higher CTC 

count had a poorer OS [45].  

BH3 profiling of CDX cannot offer direct benefit to donor patients because of the 

lag time to generate these models and the aggressive course of the disease but it 

does show proof of principle. In ongoing efforts, the next objective is to migrate the 

CDX BH3 profiling approach for application to single freshly enriched CTCs in real 

time, allowing BH3 profiling to be used as a predictive biomarker for response to 

chemotherapy in patients.  

Finally, we report here for the first time, using minimally invasive clinical sampling, 

patient derived models of progressive SCLC that can be directly compared to the 

patient’s tumor biology at disease presentation and prior to treatment. This 

matched pair CDX approach provides a unique platform to study progression of 

the disease and acquired chemotherapy resistance. The first two such CDX pairs 

contrast relapse with little change in chemotherapy response (CDX3/3P) with the 

more anticipated scenario of acquired drug resistance (CDX8/8P). We anticipate 

that as the panels of available matched CDX models expand, studies to examine 

therapy resistance mechanisms and the SCLC stem cell hypothesis will progress. 
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6. Discussion 

6.1 Overview 

Prognosis is poor for both mCRC and SCLC patients and curative surgery is rarely 

an option. Treatment options are limited, thus representing an area of unmet 

clinical need in both diseases.  

CRC patient prognosis worsens with increased stage, and the five year survival 

rate of mCRC is 5% (Chapter 1.1.1.1; Table 2; (6, 12)). First line therapy for 

mCRC revolves around chemotherapy and targeted therapies such as 

Bevacizumab and Cetuximab (previously described in Chapter 1.1.1.2, Table 3; (6, 

17, 20)). The addition of targeted therapies on a chemotherapy backbone has only 

improved the OS of mCRC patients by 1.5-2.6 months (386). This is largely due to 

the heterogeneity of advanced disease and innate/acquired resistance to therapy 

due to multiple mutations in non-redundant pathways (33, 34). In England, the 

NHS offers routine CRC screening via faecal occult blood test to all adults over 60 

years of age (387). This CRC screening method has proved successful with a 15-

33% reduction in CRC specific mortality in the screened groups whereby CRC was 

detected earlier in the screened groups than those not screened and therefore, 

curative surgery was possible (388). 

Unfortunately and in contrast to CRC, early screening methods to detect SCLC 

have been unsuccessful (389) and currently no SCLC screening programmes are 

available on the NHS (390). Lung Health UK (391) are a private company that 

provide SCLC screening to people that are over 40 years of age and are current or 

former smokers. This service involves a blood test (EarlyCDT® - Lung) which 

measures a panel of 7 autoantibodies associated specifically with lung cancer. 

Currently this screening method has not proved successful in increasing OS but 

may be used as a complimentary tool with CT scans for early detection (392, 393). 

Ability to detect SCLC early has contributed to a major obstacle in SCLC treatment 

where most patients present with ES (41) or LS (stage III) disease with 

unresectable tumours (37). SCLC has a poor prognosis, the five year survival rate 

for patients with LS SCLC is 31%, 19% and 8% for stage I, II and III respectively 

and for ES (IV) is 2% (394). Surgery is only performed on approximately 5% of 
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SCLC patients therefore first line therapy consists of chemotherapy +/- radiation 

(previously described Chapter 1.1.2.2, Figure 7; (42)). Initially, the majority of 

SCLC patients respond to first line therapy (80-90% of LS and 70-85% of ES 

patients) however, virtually all patients will relapse with progressive disease within 

3-18 months (48, 62), highlighting another obstacle in SCLC treatment: the rapid 

development of chemotherapy resistant disease.  

As such, treatment for mCRC and SCLC has made little progress in 30 years. 

There is a clear unmet need to improve current therapies and develop new ones, 

with the goal to increase PFS and OS in both diseases. In order for this approach 

to be successful predictive biomarkers must be developed to stratify patients that 

will respond to these therapies. Currently, CRC patients are screened for KRAS 

mutations prior to Cetuximab treatment, an example of precision medicine and the 

first use of genetic screening as a predictive biomarker in CRC patients (20, 395). 

There is also evidence that CRC patients with other alterations, such as BRAF or 

PIK3CA mutations, will respond poorly to Cetuximab (20). New predictive 

biomarkers are needed to stratify all the different CRC subtypes (previously 

discussed Chapter 1.1.1.3, Figure 5), to ensure the most suitable treatment. There 

is a lack of predictive biomarkers and genetic screening in SCLC and no available 

targeted therapies in the clinic (Chapter 1.4.1, Table 4; (396)). This is largely due 

to the heterogeneity of the disease and innate/acquired chemotherapy resistance 

(previously discussed Chapter 1.1.2.2 and 1.1.2.3, Figure 8). The aim of this PhD 

project was to develop a rational drug combination to improve current treatment of 

mCRC and SCLC and to develop a predictive biomarker to identify chemo-

refractory SCLC patients (10-20% of LS and 15-30% of ES patients; (48, 61)).  

The rational drug combination of a PI3Ki (PI3K inhibitor; PI-103 or GDC-0941) and 

BH3 mimetic (ABT-737 or Navitoclax) was investigated in preclinical CRC and 

SCLC models. The research in my thesis confirmed that combining ABT-737 with 

PI-103 was more effective than either drug alone in vitro in CRC and SCLC 

(Chapter 3, Figure 1; Chapter 4, Figure 1 and 2), and GDC-0941/Navitoclax 

combination improved OS in vivo, compared to either drug as a single agent and 

SOC in SCLC CDX (Chapter 4, Figure 5 and 6; (83)). ABT-737/Navitoclax directly 

interacts with the anti-apoptotic proteins, BCL-2, BCL-xL and BCL-w (317), 
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antagonising their interactions with pro-apoptotic BH3-only proteins and effector 

proteins. The exact mechanism of PI3Ki sensitisation to ABT-737 or Navitoclax 

has not yet been determined in the preclinical models used in this study. However, 

PI3K inhibition is likely causing sensitivity to ABT-737 through a mechanism 

altering the availability of Bcl-2 family members binding sites (84, 85, 258). This 

could be via a decrease in available binding sites (through PTM or protein 

expression) for anti-apoptotic Bcl-2 family members or conversely via an increase 

in binding sites (also through PTM or protein expression) for pro-apoptotic Bcl-2 

family members causing a shift in cell survival equilibrium, thus „priming‟ (lowering 

the apoptotic threshold), which subsequently increases cellular sensitivity to ABT-

737 or Navitoclax. Preclinical data (Chapter 3 and 4) provides support for any 

future clinical trials in CRC and SCLC with the PI3Ki and BH3 mimetic 

combination. 

BH3 profiling was carried out on SCLC CDX in order to identify any differences 

between chemo-sensitive (CDX3) and chemo-refractory models (CDX2 and 

CDX4), therefore potentially enabling BH3 profiling to predict for CDX response to 

SOC in vivo. The method employs BH3 peptides derived from the BH3 domain of 

the pro-apoptotic BH3-only proteins, to interrogate MOMP (discussed in Chapter 

1.3.4, Figure 19). A common mechanism for cancer cells to evade apoptosis is via 

dysregulation of the Bcl-2 family proteins, which regulate the intrinsic apoptotic 

pathway (250). BH3 profiling can distinguish between the three main so-called 

apoptotic blocks involving Bcl-2 family proteins via measurement of the cellular 

response to specific pro-apoptotic activator or sensitizer BH3 peptides (previously 

discussed Chapter 1.3.4, Figure 19). Responses of CDX2, CDX3 and CDX4 to 

SOC (cisplatin/etoposide) mirrors the patient response in the original tumour from 

which CTCs and subsequent CDX were presumably derived (83). BH3 profiling 

revealed that the chemo-sensitive model, CDX3, was highly sensitive to sensitizer 

BH3 peptides compared to the chemo-refractory models (CDX2 and CDX4) 

(Chapter 5, Figure 2). This suggests that CDX3 is a „primed‟ model that would 

likely respond to cytotoxic treatment, which was indeed the case (83). Furthermore 

in three recently established CDX models; CDX3P (paired progression model of 

CDX3), CDX8 and CDX8P (paired progression model of CDX8), BH3 profiling 

carried out prospectively to chemotherapy response, indicated that CDX3P and 
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CDX8 would likely respond well to cytotoxic treatment and CDX8P would exhibit a 

poorer response (Chapter 5, Figure 3 and 4 green bars). Indeed, this was shown 

to be an accurate prediction following completion of in vivo SOC chemotherapy 

efficacy studies (Chapter 5, Figure 3 and 4), thus BH3 profiling can be used as a 

predictive biomarker for CDX response to cytotoxic therapy (Chapter 5). 

Unfortunately due to the lag time from patient blood being taken to palpable CDX, 

BH3 profiling of CDX tumours could not currently be used in real time to help aid 

treatment decisions, but the aim is to develop this method in order to apply BH3 

profiling to freshly enriched CTCs from patients in order to augment clinical 

decision-making. In this case chemo-refractory patients  could be identified prior to 

administration of toxic and potentially ineffective chemotherapy and instead be 

prioritised for clinical trials, or once proven in the clinic, offered alternative 

therapeutic options, such as the combination with PI3Ki (GDC-0941) and 

Navitoclax (Chapter 4, Figure 5 and 6).  

6.2 PI3K pathway inhibitors in combination with BH3 mimetics 

The rational drug combination of a PI3K pathway inhibitor and BH3 mimetic was 

first investigated in haematological malignancies (332, 333, 397). Lymphoma cell 

lines and cell line xenografts were sensitised to Navitoclax when combined with 

rapamycin, which inhibits the mTORC1 pathway. Data suggested that cell cycle 

arrest caused by rapamycin potentiates Navitoclax, although a mechanism was 

not proposed and there were no changes described in protein levels of the Bcl-2 

family proteins, including MCL-1 (397). This is consistent with our findings in vitro 

in SCLC cell lines (Chapter 4, Figure 2D and supplementary Figure 4A). 

Furthermore, a study in NSCLC showed that cells that expressed high levels of 

BCL-xL were resistant to PI3K inhibitor LY294002-induced apoptosis (398). 

Subsequently, the combination of ABT-737 (to target BCL-xL) with LY294002 (to 

target PI3K) led to enhanced apoptosis. This sensitisation was associated with an 

increase in BIM levels after PI3K inhibition (398), which we did not observe in vitro 

in CRC or SCLC cell lines (Chapter 3, Figure 2A; Chapter 4, supplementary Figure 

4A). Two recent studies have described mTOR inhibition sensitising to ABT-

737/Navitoclax in various SCLC preclinical models (84, 85). Gardner et al., 

demonstrated that rapamycin rescues ABT-737 efficacy in SCLC cell lines 
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(including H146, used in results described in Chapter 4) and PDX models (84). 

Furthermore ABT-737 treatment reduced BAX levels, which is self-limiting in 

nature due to the BAX-dependent induction of apoptosis by ABT-737. The 

combination of rapamycin with ABT-737 prevented this ABT-737-induced 

reduction of BAX, therefore restoring ABT-737-induced apoptosis (84). Faber et 

al., demonstrated that in preclinical studies the mTORC1/2 inhibitor AZD8055 

sensitised to Navitoclax in SCLC cell lines (including H1048, also used in results 

described in Chapter 4), GEMMS and PDX models, an effect that  was consistent 

with MCL-1 downregulation by AZD8055 (85). However, this finding was not 

recapitulated in experiments using H1048 cells described in Chapter 4 (Figure 2D) 

where MCL-1 levels were unaffected by treatment with PI3K pathway inhibitors. 

Data presented in this thesis, in addition to current literature, demonstrates that 

PI3K pathway inhibitors and BH3 mimetics prove efficacious in preclinical models. 

However, it suggests that the PI3K downstream mechanism is likely to be cell-

context dependent and warrants further investigation. 

6.3 PI3K-dependent MCL-1-independent sensitisation to ABT-737 

ABT-737/Navitoclax is a BCL-2, BCL-xL and BCL-w antagonist with poor affinity 

for MCL-1 (315, 316, 336, 399)  which is an established resistance factor for this 

combination, whereby high MCL-1 can compensate for ABT-737/Navitoclax 

antagonism of BCL-2, BCL-xL and BCL-w (previously discussed in Chapter 1.3.7). 

Furthermore, in the presence of ABT-737/Navitoclax, resistant cells can become 

dependent on MCL-1 for survival (315, 316, 336, 399). 

As previously described, the active PI3K/AKT pathway positively regulates MCL-1 

via inactivation of GSK3β, which negatively regulates MCL-1 stability (Chapter 

1.2.4, Figure 10; (134)). In the CRC cell lines HCT-116 and SW620, levels of nine 

Bcl-2 family proteins were assessed after treatment with the dual PI3K/mTOR 

inhibitor PI-103. Of those, only MCL-1 levels were reduced after treatment 

(Chapter 3, Figure 2A). This was consistent with data shown by Faber et al., 

where treatment with AZD8055 led to downregulation of MCL-1 in SCLC 

preclinical models (85). In contrast to findings in CRC, in the SCLC cell lines 

H1048, H526 and DMS114 MCL-1 levels were unaffected by treatment with any of 
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the PI3K pathway inhibitors (Chapter 4, supplementary Figure 4A). This is 

consistent with data from Gardner et al., Ackler et al., and Qian et al., who all 

observed no change in MCL-1 levels after treatment with rapamycin or  LY294002 

(84, 397, 398). Taken together this suggests that MCL-1 regulation by PI3K/AKT is 

cell context dependent and/or PI3K pathway inhibitor dependent.  

The work presented in this thesis confirms that an MCL-1-independent pathway 

sensitises cells to ABT-737 in MEFs (mouse embryonic fibroblasts), CRC and 

SCLC cell lines (Chapter 3, Figure 2B-D and W3A-C; Chapter 4, Figure 2D-F and 

supplementary Figure 4). MCL-1 knockdown sensitised both CRC and SCLC cells 

to ABT-737 (Chapter 3, Figure 2B-C; Chapter 4, Figure 2D-F) suggesting that 

MCL-1 is downstream of PI3K. However, PI-103 treatment further and significantly 

sensitised MCL-1 knock-down cells to ABT-737 which suggests that an MCL-1-

independent mechanism is also partly responsible for sensitisation to ABT-737 

when PI3K is inhibited in both CRC and SCLC (Chapter 3, Figure 2B-D; Chapter 

4, Figure 2D-F). A similar study was carried out in MEFs in order to confirm an 

MCL-1-independent mechanism for sensitising cells to ABT-737 following PI3K 

inhibition. The combination of PI-103 and ABT-737 caused significant cell death in 

both the parental and MCL-1-/- MEFs (Chapter 3 Figure W3A-C) which indicates 

MCL-1 is not essential for PI-103 sensitisation to ABT-737. The mechanism for PI-

103 sensitisation to ABT-737 may be different in CRC, SCLC and MEFs. Although 

data in this thesis confirms that MCL-1 is a resistance factor for ABT-737 efficacy, 

and targeting MCL-1 downregulation to increase the potency of ABT-737 is a 

rational approach, we highlight that additional MCL-1-independent pathways 

influence response to ABT-737 when PI3K pathway is inhibited. 

6.4 PI3K-dependent AKT/mTOR-independent sensitisation to ABT-737 

AKT and mTOR are the main known downstream effectors of the PI3K pathway. 

However, none of the CRC cell lines used in this study (SW620, HCT-116 or DLD-

1), were sensitised to ABT-737 in combination with the AKT inhibitors MK-

2206/AKTi1/2, or the mTOR inhibitors KU-0063794/rapamycin. It is possible that 

the PI3K signalling mechanism, which causes sensitivity to ABT-737 when PI3K is 

inhibited, is PI3K-dependent, but AKT- and mTOR-independent in CRC (Chapter 
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3, Figure 3C-E and Table 2). In support of these findings Vasudevan et al., 

demonstrated that some PIK3CA mutant cell lines were dependent on PI3K 

signalling for proliferation and/or survival but not dependent on AKT. This included 

the CRC cell lines HCT-116 and DLD-1, used in this study (155). Whilst AKT is the 

main known effector of PI3K signalling pathway in the majority of cell types, AKT-

independent PI3K-dependent signalling pathways have been suggested (155, 157, 

158, 291).  

To investigate potential downstream effectors of the PI3K pathway, a siRNA library 

screen was designed to identify siRNA sensitizers to ABT-737. Many PH domain 

containing proteins can interact with PtdIns(3,4,5)P3, the product of Class I PI3K  

(151, 152). Because PH domain containing proteins have the potential to interact 

with PtdIns(3,4,5)P3, these therefore formed the foundation of the siRNA library 

screen. SW620 cells were chosen because they showed the greatest sensitisation 

to ABT-737 when PI3K was inhibited (Chapter 3, Figure 1A). None of the 

candidate siRNAs demonstrated a sensitisation towards ABT-737 on the same 

scale as MCL-1 siRNA and whilst some hits were deemed to be significant based 

on a t-test, none of the mean robust Z-scores reached a score of <-2 or >2 

(Chapter 3, Figure 4A). However, siRNA library screens have inherent problems 

that could account for these observations. Firstly, it is not known whether the 

siRNA in the library actually caused knock-down of their target proteins at the time 

of ABT-737 treatment. Secondly, it is not known to what degree knock-down 

occurred for each of these target proteins, something that is not practical to 

determine for each of the siRNAs in the library. The transfection protocol was 

optimised to ensure maximal effect of MCL-1 siRNA, and it is therefore likely that 

other proteins would not have been depleted to the same extent as MCL-1 

following the addition of ABT-737. Based on this, it was pertinent to further pursue 

the hits which had the greatest effect on ABT-737 sensitivity in order to confirm or 

discount them.  

Three of the top four sensitizer candidate siRNAs (SOS1, BMX and SGK1) were 

further validated. PLEKHB2 was discounted due to the recent findings that its PH 

domain binds preferentially to phosphatidylserine, rather than PtdIns(3,4,5)P3 

(400), and is therefore an unlikely downstream target of PI3K signalling. SW620 
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cells were transfected with SMARTpool siRNA or individual oligos that make up 

the SMARTpool targeting SOS1, BMX or SGK1 mRNA, and a concentration 

response to ABT-737 was carried out (Chapter 3, Figure 4B and Figure W6A). 

SOS1, BMX or SGK1 mRNA was measured by qPCR (Chapter 3, Figure 4C and 

Figure W6B). BMX knock-down positively correlated with ABT-737 efficacy 

suggesting that cells that expressed less BMX mRNA were more sensitive to ABT-

737(Chapter 3, Figure 4B-C and Figure W6A-B). PI-103 treatment did not further 

sensitise BMX RNAi cells to ABT-737 indicating that BMX acts downstream of 

PI3K in SW620 cells (Chapter 3, Figure 4F). SOS1 and SGK1 knock-down did not 

positively correlate with ABT-737 efficacy suggesting that sensitisation was due to 

off-target effects of some of the oligos, rather than knockdown of the intended 

target (Chapter 3, Figure 4B-C and Figure W6A-B). BMX knock-down was further 

investigated in an additional CRC cell line (HCT116) whereby siRNA-mediated 

knock-down of BMX caused sensitisation to ABT-737 (Chapter 3, Figure 4D). As 

previously mentioned BMX is a member of the Tec family of NRTK (Chapter 1.2.6) 

and the Tec kinase inhibitor Ibrutinib sensitised DLD-1, HCT-116 and SW620 cells 

to ABT-737 (Chapter 3, Figure 4E and Figure W8) confirming that BMX inhibition 

by RNAi and pharmacological inhibitors sensitise to ABT-737 via on-target effects. 

Relatively little is known about BMX and its downstream effectors despite it being 

implicated in regulating many signal transduction pathways including apoptosis, 

proliferation and angiogenesis (As discussed previously in Chapter 1.2.6; (163, 

166, 168, 170-173, 258, 401)). A main known downstream target of BMX is 

STAT3. Activation of STAT3 via BMX has been shown to be required for mutant 

PIK3CA induced transformation, independent of AKT and mTOR activation (157). 

STAT3 may regulate apoptosis by controlling levels of BCL-xL (402) or p53 (403), 

thus PI3K inhibition could sensitise to ABT-737 via inhibition of BMX and STAT3. 

Interestingly a phospho-kinase array in H1048 cells revealed decreased phospho-

STAT3 in both BMX knock down cells and Ibrutinib treated cells compared to the 

untreated cells (Chapter 4, Figure 3E-F), indicating a link between the two 

pathways. However, further validation of the role of STAT3 as a BMX effector in 

CRC and SCLC and its ability to regulate ABT-737-induced apoptosis is required.  
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The siRNA screen revealed two interesting siRNAs that caused resistance to ABT-

737 (Chapter 3, Figure 4A). These were siRNAs targeting PIK3CB or PIK3R1 

mRNA. PIK3CB encodes the p110β catalytic subunit (Chapter 1.2.2, Figure 9) and 

the different p110 isoforms have been demonstrated to have different effects in 

several studies (e.g. (404)), Knock-down of PIK3CB could therefore lead to a 

compensatory up-regulation of a different p110 isoform which may be  responsible 

for activating the signalling pathway responsible for ABT-737 sensitivity. In this 

scenario, PIK3CB knockdown would cause ABT-737 resistance. PIK3R1 encodes 

the three PI3K regulatory isoforms p85α, p55α and p50α (Chapter 1.2.2, Figure 9) 

therefore, knock down of PIK3R1 should reduce levels of all three proteins. Abell 

et al., showed that p55α and p50α are negative regulators of PI3K activity and 

STAT3-dependent upregulation of p55α and p50α during breast involution causes 

the switch from survival to apoptosis (405). Hence one hypothesis is that PIK3R1 

RNAi could cause a decrease in p55α and p50α, preventing their negative 

regulation of p110 and therefore upregulating PI3K activity. 

6.5 BMX is a PI3K downstream effector 

Findings described in Chapter 3 in CRC led to the hypothesis that cells which 

express high levels of BMX would likely use the PI3K/BMX pathway for survival. 

Data obtained from CCLE revealed relatively high levels of BMX mRNA in SCLC 

cell lines compared to other cancer types (406) and BMX has also been shown to 

be expressed in 75% of SCLC patient samples (173). Whilst preclinical studies in 

SCLC demonstrated good single agent ABT-737 efficacy (87, 88, 317), 

disappointingly this did not translate to the clinic (89). Therefore, SCLC was a 

good candidate to further study the rational drug combination of PI3Ki with ABT-

737. We hypothesised that inhibition of the PI3K/BMX pathway in SCLC would 

increase the potency of ABT-737. Interestingly, inhibition with PI-103 or Ibrutinib 

significantly increased ABT-737-induced apoptosis in H1048 and H526 cells 

(Chapter 4, Figure 2A-B), confirming my results in CRC, although BMX was shown 

to regulate the AKT/mTOR pathway in those SCLC cell lines (Chapter 4, Figure 1A 

and 3E-F). Further studies confirmed that AKT or mTOR inhibitors, MK-2206 and 

KU-0063794 respectively, also sensitised to ABT-737 in H1048 and H526 cells 

(Chapter 4, Figure 4) suggesting that in SCLC AKT/mTOR is important in 
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mediating ABT-737 sensitivity. The results of this thesis (Chapter 4) show for the 

first time that BMX can regulate AKT/mTOR pathway activity in SCLC. 

Furthermore, these data again highlight cell-context dependent mechanism(s) 

acting downstream of PI3K, where ABT-737 sensitivity can be regulated via both 

AKT/mTOR-dependent and –independent pathways. 

The mechanism by which BMX regulates AKT/mTOR signalling in SCLC is not yet 

understood although mechanisms that link BMX to AKT/mTOR signalling have 

been reported in other cell types (171, 401). Active BMX mediates TNF-induced 

recruitment of the p85 subunit of PI3K resulting in AKT activation in human 

umbilical vein endothelial cells (HUVEC), whilst knock-out of BMX in mouse lung 

endothelial cells blocks TNF-induced activation of AKT compared to wild type 

(401). BMX has also been implicated in a positive feed-forward mechanism in 

endothelial and epithelial cells, where active BMX upregulates VEGF, which is 

secreted and binds to its receptors, further activating BMX and resulting in AKT 

activation (171). 

We observed a significant increase in ABT-737-induced apoptosis when combined 

with PI-103 or Ibrutinib after only 4 hours (Chapter 4. Figure 2A-B) suggesting that 

sensitisation to ABT-737 involves post-translational modification(s) (PTM) which 

commonly occur more rapidly than changes in gene expression. Recently BMX 

was identified as the tyrosine kinase that phosphorylates and inactivates the pro-

apoptotic effector protein BAK (258). Inactivation of BMX through PI3K/BMX 

pathway inhibition could therefore lead to BAK dephosphorylation in SCLC. In this 

model, ABT-737-induced BCL-2, BCL-xL or BCL-w antagonism would release BIM 

to activate available dephosphorylated BAK resulting in BAK homo-oligomerization 

and MOMP, cytochrome c release and activation of apoptosis.  

6.6 BMX mutation in H1048 cells 

H1048 cells have a heterozygous mutation in the BMX tyrosine kinase domain 

(R656C (180)). Using the informatics tool mutationassessor.org (203), R656C 

BMX scores a high functional impact score (FIS, 4.705), however, the actual 

impact of this mutation on BMXs function is unknown. The functional mutation 

could affect BMX in various ways and would need to be further investigated but, 
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for example, it could change BMX specificity for its effector protein. This could 

either be via reduced specificity (loss of function), increased specificity for an 

effector (gain of function) or gain of new effector(s) (switch of function) resulting in 

a new biological function (203). Since knock-down of BMX by RNAi (Chapter 4, 

Figure 3A-D) has a functional effect in sensitising H1048 cells to ABT-737, it is 

likely that the functional impact of R656C mutation has retained wild-type 

PI3K/BMX pathway properties. H1048 also has an oncogenic activating mutation 

in PIK3CA (180) and as BMX is downstream of PI3K this suggests that 

coexistence of BMX and PIK3CA mutations would engender differing oncogenic 

mechanisms to provide a selective advantage to cells that harbour both mutations.  

6.7 Hypothetical mechanism of ABT-737-induced apoptosis by PI3K pathway 

inhibition 

As previously described, cancer cells have evolved mechanisms to evade 

apoptosis via dysregulation of the Bcl-2 family of proteins (Chapter 1.3.4, Figure 

19). Figure 25 is a schematic of the Bcl-2 family which describes how their 

interactions may alter after treatment with a PI3Ki and/or ABT-737. The schematic 

refers to four different cell-context dependent scenarios (Figure 25A-D) which 

represent an untreated cancer cell (A), a PI3Ki treated cancer cell (B), an ABT-737 

treated cancer cell (C) and a cancer cell treated with PI3Ki and ABT-737 in 

combination (D). In this schematic the untreated cancer cell (Figure 25A) has 

activated PI3K signalling and evades apoptosis via upregulation of the anti-

apoptotic proteins, BCL-2, BCL-xL and MCL-1. As described previously (Chapter 

1.2.4), active PI3K signalling stabilises MCL-1 (134) and phosphorylates the pro-

apoptotic BH3-only protein BAD. Phospho-BAD, is sequestered thus preventing 

antagonism of BCL-2 and BCL-xL (133). Following treatment with a PI3Ki alone 

(Figure 25B) the PI3K pathway is blocked causing cell cycle arrest in this model 

(382). MCL-1 is no longer stable resulting in MCL-1 downregulation and BAD is no 

longer sequestered leaving it free to antagonise BCL-2 and BCL-xL. The overall 

effect of PI3Ki is a decrease in available anti-apoptotic protein binding sites and an 

increase in pro-apoptotic protein binding sites, thus „priming‟ the cell by lowering 

the apoptotic threshold. In this model when cancer cells are treated with ABT-737 

alone (Figure 25C), ABT-737 antagonises BCL-2 and BCL-xL. The PI3K pathway 
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is active in this scenario and therefore MCL-1 is stable and phospho-BAD, is 

sequestered. The overall effect of ABT-737 is a low level of apoptosis as ABT-737 

binds BCL-2 and BCL-xL, lowering the number of anti-apoptotic binding sites 

available, and releasing the pro-apoptotic BH3-only protein BIM that can activate 

BAX/BAK. Therefore when the cells are treated with a PI3Ki and ABT-737 in 

combination (Figure 25D), the PI3Ki „primes‟ the cell for apoptosis, as described in 

Figure 25B, and this lowering of the apoptotic threshold potentiates ABT-737 

resulting in increased apoptosis compared to ABT-737 treatment alone.  

Figure 25: A model for Bcl-2 family interactions in cancer cells after PI3K inhibition 
and/or ABT-737 treatment. (A) Untreated cancer cell evades apoptosis via upregulation 
of anti-apoptotic Bcl-2 family proteins (BCL-2, BCL-xL and MCL-1). Active PI3K pathway 
signalling stabilises MCL-1 and sequesters pro-apoptotic phospho-BAD. (B) PI3K pathway 
is blocked with a PI3K inhibitor (PI3Ki) which destabilises MCL-1 and releases BAD. The 
cell cycle is blocked but cells are „primed‟ as the apoptotic threshold has been reduced. 
(C) ABT-737 treatment antagonises BCL-2 and BCL-xL, which releases BIM to activate 
apoptosis (low levels). (D) PI3Ki and ABT-737 in combination „primes‟ the cell, which 
potentiates ABT-737-induced apoptosis. Illustration made using Servier Medical Art. 
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6.8 GDC-0941 and Navitoclax combination increases overall survival in vivo 

compared to standard of care 

In SCLC in vivo preclinical models (H1048 xenograft and CDX2) the rational drug 

combination, GDC-0941 and Navitoclax, showed greater efficacy than either drug 

as a single agent (Chapter 4, Figure 5 and 6). The rationale for this combination in 

vivo is that PI3K pathway inhibition by GDC-0941 „primes‟ the tumour for 

apoptosis, which potentiates the effect of Navitoclax. The H1048 xenograft was 

chosen to investigate the GDC-0941/Navitoclax combination in vivo due to the 

high level of sensitisation shown in vitro (Chapter 4, Figure 1B and Supplementary 

Figure 3) and therefore, it was hypothesised that the combination would improve 

the modest single agent efficacy of Navitoclax shown by Shoemaker et al., (88). In 

agreement with Shoemaker et al., H1048 xenograft tumours grow rapidly and 

reached tumour endpoint (four times the initial tumour volume (4xITV)) within 9 

days. However, the GDC-0941/Navitoclax combination significantly increased 

tumour end point to 32 days and proved more efficacious than either drug as a 

single agent (Chapter 4, Figure 5C). The H1048 tumour doubling time was 

significantly increased (2 fold) in the GDC-0941/Navitoclax combination group 

compared to single agent GDC-0941 or Navitoclax, suggesting that only the 

combination impedes tumour growth (Chapter 4, Figure 5D).  

CDX2 is a chemo-refractory model with a poor response to cisplatin/etoposide, 

mirroring the response to SOC of donor patient (83). It was therefore a „high 

hurdle‟ to test the GDC-0941/Navitoclax combination in CDX2. The combination 

proved efficacious in CDX2 with none of the animals reaching the experimental 

endpoint (4xITV) on day 93, which was significant compared to either drug as a 

single agent (Chapter 4, Figure 6D). Furthermore the GDC-0941/Navitoclax 

combination caused prolonged tumour regression (~30 days, 94% mean tumour 

regression) compared to either drug as a single agent (Chapter 4, Figure 6B-C) 

and remarkably one animal had no palpable tumour at the end of the experimental 

time course (Chapter 4, Figure 6C). This combination was also more efficacious 

than cisplatin/etoposide (83) treatment, which caused 51% tumour regression and 

all animals reached their endpoint by day 50, suggesting that GDC-
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0941/Navitoclax combination could offer an alternative therapy for chemo-

refractory patients.  

6.9 CDX2 BH3 profiling versus in vivo Navitoclax efficacy  

BH3 profiling of treatment-naïve CDX2 tumours demonstrated a poor response to 

the pro-apoptotic BH3-only sensitizer peptides (Chapter 5, Figure 2D). This 

suggests CDX2 tumour cells evade apoptosis via downregulation of pro-apoptotic 

activator BH3-only proteins such as BIM (previously discussed Chapter 1.3.4, 

Figure 19) thus confirming the chemo-refractory nature of this model (83). From 

the poor response of CDX2 tumours to sensitizer BH3 peptides I hypothesised that 

Navitoclax would have poor single agent efficacy because Navitoclax is modelled 

on pro-apoptotic BH3-only BAD protein (317, 336). However, Navitoclax showed 

good single agent efficacy in CDX2 causing 80% mean tumour regression 

although tumours regrew as soon as Navitoclax was removed at the end of the 

dosing period (Chapter 4 Figure 6B). The BH3 profiling of CDX2 tumour cells 

showed the greatest amount of cytochrome c release of all the sensitizer peptides 

with the BAD peptide (9-16%; Chapter 5, Figure 2D). This coupled with the slow 

growth of CDX2 tumours (Vehicle group 37 day 4xITV compared to H1048 

xenograft, 9 day 4xITV; Chapter 4 Figure 5 and 6) could explain the apparent 

discrepancy between the BH3 profiling data and in vivo Navitoclax efficacy 

whereby albeit low levels of apoptosis (if continually present) would result in 

tumour regression where the opposing tumour growth rate was low. 

6.10 Overall conclusions of this thesis  

The rational drug combination of a PI3Ki with BH3 mimetic has proved to be an 

efficacious combination in multiple cancers using various preclinical models. Data 

described in this thesis demonstrates that this is also the case in CRC and SCLC 

and supports additional recently published data in SCLC (84, 85) and is also 

consistent with parallel studies in NSCLC (398) and haematological malignancies 

(332, 333, 397).  

BMX has been shown to be an important PI3K downstream effector (Chapter 3, 

Figure 4; Chapter 4, Figure 3A-D and Supplementary Figure 5A-C) and the 
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PI3K/BMX pathway has been shown to have anti-apoptotic functions in some 

cancer contexts, suggesting it has potential as an attractive drug target. Evidence 

presented here demonstrates that a rational drug combination of GDC-0941 or 

Ibrutinib with Navitoclax could provide an alternative treatment in mCRC and 

SCLC and should be considered in clinical trials in these cancers.  

BH3 profiling on disaggregated CDX tumours presented in this thesis also 

demonstrates the ability to identify chemo-refractory and chemo-sensitive CDX 

models. There is potential to build on these findings in order to develop this 

technology for use on patients in real time through tumour biopsies or CTCs in 

order to identify chemo-refractory patients and enable alternative therapy such as 

the PI3Ki/BH3 mimetic combination. 

6.11 Possible directions for future work 

This thesis has highlighted a number of findings which warrant further study. 

1. Development of BH3 profiling on a single cell platform which could be used 

on CTCs enriched from patient blood. This would be useful in cancers such 

as SCLC where patient biopsy samples are challenging. BH3 profiling could 

be used to predict in real time how patients will respond to chemotherapy 

and may be used to aid therapeutic decision making. 

2. Development of BH3 profiling on patient tumour specimens such as CRC 

(where surgery is more routinely carried out) to investigate if this BH3 

profiling can predict for response to chemotherapy.  

3. Investigation of dynamic BH3 profiling ex vivo on CDX, PDX or patient 

samples to identify potential therapies that would be beneficial to that 

specific model/patient. In dynamic BH3 profiling cells are treated with a drug 

prior to BH3 profiling and BH3 profiling can reveal whether the drug 

increases „priming‟. Multiple drugs can be used to target various pathways 

to reveal which therapy would be most beneficial to treat that specific 

cancer (precision medicine).  

4. Further exploration of the mechanisms downstream of PI3K in CRC and 

SCLC in order to determine which downstream effectors sensitise cells to 

ABT-737/Navitoclax when PI3K is inhibited. Given the evidence presented 
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in this thesis, focus would initially be on BMX and the importance of STAT3 

and BAK as potential downstream effectors of PI3K signalling. Initial studies 

would include the design of a phospho-kinase array containing all Bcl-2 

family members in order to identify any PTMs which occur after PI3K 

pathway inhibition with the goal of defining the precise mechanisms that 

underpin the drug combination effects. 

5. Investigation of the potential correlation between BMX expression and 

prognosis in SCLC using a SCLC Tissue Microarray (TMA) to determine 

BMX expression and prognostic significance. 

6. Investigation of the rational drug combination of GDC-0941/Navitoclax in 

other CDX models (the laboratory now has 15 CDX) to determine whether 

OS can be improved compared to SOC therefore providing much-needed 

alternative therapies in chemo-sensitive, chemo-refractory patients and 

relapsed SCLC patients. 
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8. Appendices 
 
 
 
 
8.1 Appendix I 

ABT-737 Navitoclax

PI-103 KU-0063794

Rapamycin

Ibrutinib AKTi 1/2

GDC-0941

MK-2206

 
Figure 26: Chemical structure of drugs used in this thesis. ABT-737 (PubChem CID: 
11228183) and Navitoclax (PubChem CID:  249785338) are BH3 mimetics that target the 
anti-apoptotic Bcl-2 members. P1-103 (PubChem CID: 9884685) is a dual PI3K/mTOR 
inhibitor and GDC-0941 (PubChem CID: 17755052) is a specific class I PI3K inhibitor. 
Rapamycin (PubChem CID: 5284616) and KU-0063794 (PubChem CID: 16736978) are 
mTORC1 and mTORC1/2 inhibitors respectively. MK-2206 (PubChem CID: 24964624) 
and AKTi 1/2 (PubChem CID: 10196499) are allosteric AKT inhibitors. Ibrutinib (PubChem 
CID: 24821094) is a TEC kinase inhibitor. All drug structures were taken from PubChem. 
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8.2 Appendix II 
 
 

BMX 

GUACCAGUCUAGCGCAAUA 

GAAGAUACCUCGGGCAGUU 

GAAGAGAGCCGAAGUCAGU 

GAGCAUUUAUGGUUAGAAA 

MCL-1 

GGUUUGGCAUAUCUAAUAA  

GAAGGUGGCAUCAGGAAUG 

GAUUAUCUCUCGGUACCUU  

CGAAGGAAGUAUCGAAUUU 

Non-
targeting UGGUUUACAUGUCGACUAA 

Table 13: BMX, MCL-1 and non-targeting siRNAs target sequence. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

270



 

8.3 Appendix III 
 
 

Plate Well Gene 
Symbol 

Sequence 

Plate 1 B04 

SOS1 

AACAGAAGCUGAUCGCAUA 

Plate 1 B04 GGCAGAAAUUCGACAAUAU 

Plate 1 B04 GGAUAUGUUUCAUCAAGAU 

Plate 1 B04 UAGUAGCAGUCUUAGAAUA 

Plate 1 B05 

CYTH2 

UGGCAGUGCUCCAUGCUUU 

Plate 1 B05 AAACCGAACUGCUUUGAAC 

Plate 1 B05 GUAAGACCUUGCAACGGAA 

Plate 1 B05 GAACACACCCGAGGAGAUC 

Plate 1 B06 

SWAP70 

CAGGAGAGCUUUACGCUAA 

Plate 1 B06 GCAUAGUGUUACCGAUUUA 

Plate 1 B06 AGGAUUAAUUCGACUGAUA 

Plate 1 B06 CCGAGUAUGUGCUGUUAAA 

Plate 1 B09 

AKAP13 

UGGAUGAGCUGAUCAGUAU 

Plate 1 B09 ACACAUAGCCCUAGAGUUC 

Plate 1 B09 GGUCAAACGGCAAGAAGUA 

Plate 1 B09 GAUGAGCAGUUCAGUUGUU 

Plate 1 C04 

PLCXD2 

GGGAUGGGCUGAUGGAAAU 

Plate 1 C04 GAACCUGACAUUUCGAGAA 

Plate 1 C04 ACAAGUGUGCGCAAACUAA 

Plate 1 C04 GGACAAAGACAUCAUCGGA 

Plate 1 C05 

DOCK2 

GGUCUUUGAUGCGAAGUUA 

Plate 1 C05 CUACAUUACUCUCUUACAA 

Plate 1 C05 GGUACAAGCUUGGUCAGAA 

Plate 1 C05 CAAGGUGGCUGUCCCUAUU 

Plate 1 C06 

PIK3CA 

GCGAAAUUCUCACACUAUU 

Plate 1 C06 GUGGUAAAGUUCCCAGAUA 

Plate 1 C06 GCUUAGAGUUGGAGUUUGA 

Plate 1 C06 GACCCUAGCCUUAGAUAAA 

Plate 1 C07 

GAB2 

GAUGCAGGCCUGACCUUUA 

Plate 1 C07 UCAAGUCCAUGGCUUCUAU 

Plate 1 C07 CAACUCUGUUCACGUUUGA 

Plate 1 C07 GCACCGGCAGCGUUGAUUA 

Plate 1 C08 

CYTH1 

GAGAUGAGUUUAAUAUCCA 

Plate 1 C08 AAGAGACGCUGGUUCAUUC 

Plate 1 C08 ACAGCUACGUUCCCAGUGA 

Plate 1 C08 UCACUGAUCUUAAUCUCGU 

Plate 1 C09 

RASA1 

GAACAUACUUUCAGAGCUU 

Plate 1 C09 GCAAGGAAAUCUAUAAUAC 

Plate 1 C09 CCACCGACAUUGAGAUAUA 

Plate 1 C09 GAACAAGUACUCAAUGACA 

Plate 1 D04 

CYTH4 

UUGCACGGUUCCUGUAUAA 

Plate 1 D04 GAGAAGGAGCUGUGUAUUG 

Plate 1 D04 GAAUUAUACCUCUUGAGAA 

Plate 1 D04 UGAGAUUGCAGAUGUGUUU 

Plate 1 D05 

TEC 

GAAAUUGUCUAGUAAGUGA 

Plate 1 D05 GUACAAAGUCGCAAUCAAA 

Plate 1 D05 GUAAUUACGUAACGGGAAA 
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Plate 1 D05 GAAGGUGGUUUUAUGGUAA 

Plate 1 D06 

RASA3 

AAAGAAGGGUUCAUGAUCA 

Plate 1 D06 CCGGAGGGAUUCCAUCAUA 

Plate 1 D06 GAUCGACAUUCUCACCAAA 

Plate 1 D06 UGAAAUUCCUCGGAGCUUU 

Plate 1 D07 

VAV1 

CGACAAAGCUCUACUCAUC 

Plate 1 D07 GCAGCGAGUUCUCAAAUAU 

Plate 1 D07 GCCAUCAGCAUUAAAUAUA 

Plate 1 D07 UCAAAUACAAGGAGAGGUU 

Plate 1 D09 

BTK 

GCGGAAGGGUGAUGAAUAU 

Plate 1 D09 GGUGAUACGUCAUUAUGUU 

Plate 1 D09 CAACUCUGCAGGACUCAUA 

Plate 1 D09 UGAGCAAUAUUCUAGAUGU 

Plate 1 E04 

VAV3 

GAAACAUUAUCACGACUUU 

Plate 1 E04 GCAAUUAGCAUUAAGUACA 

Plate 1 E04 AGUACAAGAUAGCCAAUAA 

Plate 1 E04 AGACCGAACUUAUUAAUAG 

Plate 1 E05 

ARAP3 

GUAAUGAGAUAGUACAGUU 

Plate 1 E05 GCAGAAAUGUGCGGCUCUA 

Plate 1 E05 ACACGGGAGUGGACAGUGA 

Plate 1 E05 GAACGGGAGUGGCCUUUGG 

Plate 1 E06 

RASA2 

GCAAAUAACUGUGUAGAAG 

Plate 1 E06 AAACGAUGGUUCUGCUUAA 

Plate 1 E06 AUUCAGAGGUUCAGGGUAA 

Plate 1 E06 ACUAAAGAGUCCAGUGGUA 

Plate 1 E07 

PHLDB1 

CUGCAGAGGCCAUGCGUAU 

Plate 1 E07 CUGAAAGUGCAAACGGACA 

Plate 1 E07 GCCCUCACCUUCUGCGUAA 

Plate 1 E07 UGGAGAGGCUGGAACGCCA 

Plate 1 E08 

ARAP1 

GGAGUGGCCUAUUAAGAGU 

Plate 1 E08 UAACAAGGACGCUUACUCU 

Plate 1 E08 CCGCAGGGAUCUUACAUCU 

Plate 1 E08 GAUCACCUGCGAUACUUUG 

Plate 1 E09 

GAB3 

GGACUUCAAUUCAGCAUCA 

Plate 1 E09 GAGAUGACCCAAACACUAA 

Plate 1 E09 CCAAUGAACUCAGGAAGCA 

Plate 1 E09 UGUGAUAGCUGGUCAAACU 

Plate 1 F04 

TIAM1 

GCAGGCUACUGUCGGAAUU 

Plate 1 F04 GUAUAAAGAUGGUUCCAAA 

Plate 1 F04 GAACCGAAGCUGUAAAGAA 

Plate 1 F04 CAAAUUAGCCAUAGCAACA 

Plate 1 F05 

PREX1 

AAGAUGGGACAGCGGAUUA 

Plate 1 F05 CCACGGACAUCAUGCGGAA 

Plate 1 F05 ACGUCAUGAUUGCGGAGAA 

Plate 1 F05 CCUUUAAGCAGCUGGACGA 

Plate 1 F06 

DOCK1 

GUACCGAGGUUACACGUUA 

Plate 1 F06 GAAAGUCGAUGGUGGUGAA 

Plate 1 F06 UAAAUGAGCAGCUGUACAA 

Plate 1 F06 GGCCCAAGCCUGACUAUUU 

Plate 1 F07 

GAB1 

CAUCAAAGCUAGACACUAU 

Plate 1 F07 GAUGCUGGAUUGACAUUUA 

Plate 1 F07 GAGGAGAUGGUUCGUGUUA 
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Plate 1 F07 UGACCGAUCUCCUGUGGAA 

Plate 1 F08 

AKT2 

ACACAAGGUACUUCGAUGA 

Plate 1 F08 GCAAGGCACGGGCUAAAGU 

Plate 1 F08 GUGAAUACAUCAAGACCUG 

Plate 1 F08 CAUGAAUGACUUCGACUAU 

Plate 1 F09 

AKT1 

CAUCACACCACCUGACCAA 

Plate 1 F09 ACAAGGACGGGCACAUUAA 

Plate 1 F09 CAAGGGCACUUUCGGCAAG 

Plate 1 F09 UCACAGCCCUGAAGUACUC 

Plate 1 G04 

SGK1 

UCAUGGAGAUUAAGAGUCA 

Plate 1 G04 GUCCAAUCCUCAUGCUAAA 

Plate 1 G04 GGAUGGGUCUGAACGACUU 

Plate 1 G04 GGAGCUGUCUUGUAUGAGA 

Plate 1 G05 

ARAP2 

GGACGAUAAACUUCGAAAU 

Plate 1 G05 CUAAGGAGCUCUACCCAUA 

Plate 1 G05 GUAAGAAGACAUUGGGUUA 

Plate 1 G05 GCAAAUUUGUCUAUGCUUA 

Plate 1 G06 

PIK3CD 

ACGAUGAGCUGUUCCAGUA 

Plate 1 G06 CCAAAGACAACAGGCAGUA 

Plate 1 G06 GCGUGGGCAUCAUCUUUAA 

Plate 1 G06 CGAGUGAAGUUUAACGAAG 

Plate 1 G07 

MTOR 

GGCCAUAGCUAGCCUCAUA 

Plate 1 G07 CAAAGGACUUCGCCCAUAA 

Plate 1 G07 GCAGAAUUGUCAAGGGAUA 

Plate 1 G07 CCAAAGCACUACACUACAA 

Plate 1 G08 

PREX2 

GAAGCGGACUCCACGGAAA 

Plate 1 G08 GAACACCUAUGUCAGAGAA 

Plate 1 G08 CAAGAUACCUGGGUCAUGA 

Plate 1 G08 GAAGCGAAUUUGUGUCAUG 

Plate 1 G09 

PHLDB3 

GAACUGUGGCCGUGGGAAU 

Plate 1 G09 GCAUUUGGAUGGACGUCAU 

Plate 1 G09 UGGCCUACUAUGCGGACAA 

Plate 1 G09 CUCCUGUGAUACCGAAUUA 

  
 

 

Plate 2 B04 

PIK3R1 

AGUAAAGCAUUGUGUCAUA 

Plate 2 B04 CCAACAACGGUAUGAAUAA 

Plate 2 B04 GACGAGAGACCAAUACUUG 

Plate 2 B04 UAUUGAAGCUGUAGGGAAA 

Plate 2 B05 

PLCL2 

GGUUUAGGCAGAACGGAAA 

Plate 2 B05 AGGAGAUGUUACUGACGAA 

Plate 2 B05 GAAGAUACAUGCCGAGUCA 

Plate 2 B05 CGAGCAAAAUUGAGCUUAA 

Plate 2 B06 

PIK3CB 

GGAUUCAGUUGGAGUGAUU 

Plate 2 B06 GGCGGUGGAUUCACAGAUA 

Plate 2 B06 GAUUAUGUGUUGCAAGUCA 

Plate 2 B06 CCAUAGAGGCUGCCAUAAA 

Plate 2 B07 

AKT3 

GCACACACUCUAACUGAAA 

Plate 2 B07 GAAGAGGGGAGAAUAUAUA 

Plate 2 B07 GUACCGUGAUCUCAAGUUG 

Plate 2 B07 GACAGAUGGCUCAUUCAUA 

Plate 2 B08 
MYO10 

GGACAUAAAUCUCAACUUG 

Plate 2 B08 CGUCGUAGCUGAUGUCUUA 
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Plate 2 B08 GCGGGAGAAUUGUAGAUUA 

Plate 2 B08 GGAGGAAAUUUCAGGGAAU 

Plate 2 B09 

RPTOR 

UGGCUAGUCUGUUUCGAAA 

Plate 2 B09 CACGGAAGAUGUUCGACAA 

Plate 2 B09 AGAAGGGCAUUACGAGAUU 

Plate 2 B09 UGGAGAAGCGUGUCAGAUA 

Plate 2 C04 

ITK 

AGACAUCAGUACCGGAUUU 

Plate 2 C04 ACAGUUUGGUGCCUAAAUA 

Plate 2 C04 UCAACUAUCACCAACAUAA 

Plate 2 C04 CCACACACGUCUACCAGAU 

Plate 2 C05 

SBF1 

GCGCCGAGCUCUUCCGUAA 

Plate 2 C05 CUACGGACCUGUUCGAUGA 

Plate 2 C05 GCGGAGCCUUCACAGGAAA 

Plate 2 C05 GAUACAGCUUCACCUAUGU 

Plate 2 C06 

PDPK1 

UAUAUUAUGUGGAUCCUGU 

Plate 2 C06 GACCAGAGGCCAAGAAUUU 

Plate 2 C06 GCAGCAACAUAGAGCAGUA 

Plate 2 C06 GAAGCAGGCUGGCGGAAAC 

Plate 2 C07 

CYTH3 

GGGAAUUCAGUUUCUAAUA 

Plate 2 C07 GAACGAGCCAUUUAAGAUC 

Plate 2 C07 GAGAAGGCCUAAAUAAGAC 

Plate 2 C07 AGAGAUCCCUUCUAUGACA 

Plate 2 C08 

RICTOR 

GACACAAGCACUUCGAUUA 

Plate 2 C08 GAAGAUUUAUUGAGUCCUA 

Plate 2 C08 GCGAGCUGAUGUAGAAUUA 

Plate 2 C08 GGGAAUACAACUCCAAAUA 

Plate 2 C09 

DAPP1 

GCACUCUGAUGGUUCUAAA 

Plate 2 C09 GAUCCUAGACCUAACAGAA 

Plate 2 C09 GCUGGAAAUUGGUCAAGGA 

Plate 2 C09 GGAAUGAACUGAAAUACUU 

Plate 2 D04 

ARHGEF4 

UGUCUGCGCUGACGAAGUG 

Plate 2 D04 GCUCAGAACUCAUCUACUC 

Plate 2 D04 CAACGGGACUGAACCACAU 

Plate 2 D04 CAGCGAAUGUUCUUUCUCU 

Plate 2 D05 

GSK3B 

GAUCAUUUGGUGUGGUAUA 

Plate 2 D05 GCUAGAUCACUGUAACAUA 

Plate 2 D05 GUUCCGAAGUUUAGCCUAU 

Plate 2 D05 GCACCAGAGUUGAUCUUUG 

Plate 2 D06 

SGK2 

GAAAGAGCCUUAUGAUCGA 

Plate 2 D06 GGGAUGACCUGUACCACAA 

Plate 2 D06 GAGAUUAAGAACCAUGUAU 

Plate 2 D06 GUUCUACGCUGCUGAGGUG 

Plate 2 D07 

PLEKHA1 

GGAAUGGGUAAAUGUGUUA 

Plate 2 D07 GUAACAACGUCUCGAACUU 

Plate 2 D07 CCUAAACCACCUCAAGAUA 

Plate 2 D07 GCAAAGCGACAUAAUGAUG 

Plate 2 D08 

ARHGEF6 

GAGGAUGUCUUAUAUCUUA 

Plate 2 D08 GGACGUUCCUCUUCUCUUA 

Plate 2 D08 GAGGAGGAAUAUGUGAUUA 

Plate 2 D08 GGACAUCAUUUACGUCACA 

Plate 2 D09 
SH3BP2 

GUGAGGAACUAUCGCAUUU 

Plate 2 D09 GGACGAAACCUCUAACAAA 
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Plate 2 D09 GCAGGGAGAUUGGCCACUU 

Plate 2 D09 GGAGGGCGAGGUCCUGUUU 

Plate 2 E04 

VAV2 

CUGAAAGUCUGCCACGAUA 

Plate 2 E04 UGGCAGCUGUCUUCAUUAA 

Plate 2 E04 GUGGGAGGGUCGUCUGGUA 

Plate 2 E04 GCCGCUGGCUCAUCGAUUG 

Plate 2 E05 

SGK3 

GAAAGCUGCCCAAGUGUAA 

Plate 2 E05 GGAGAUAUGCAGAGUUUGA 

Plate 2 E05 GUGUGUAUCUUCUGACUAU 

Plate 2 E05 GCAUUGGGUUACUUACAUU 

Plate 2 E06 

ADAP1 

AGCAUAAACCUUAGCGAGU 

Plate 2 E06 GGGCCAAGUACGAGCGACA 

Plate 2 E06 UCGGGAAUCCACCGGAAUA 

Plate 2 E06 CGUGUCGCAUCCUGGAAUA 

Plate 2 E07 

ARHGAP1 

GCCAAGUGCUCAAAUAUGA 

Plate 2 E07 GGCGGAAGAUCAUUGUGUU 

Plate 2 E07 UAACCUGGCUGUUGUUUUC 

Plate 2 E07 GGGAAGUGCAGCAGAAGUA 

Plate 2 E08 

PLEK2 

GAGCAGGGAAGCACCUAUA 

Plate 2 E08 CCGAGUGGAUUGAAGCUAU 

Plate 2 E08 GAAGGUGCGUCGCUUUGUU 

Plate 2 E08 GACACACACUAUUACAUUC 

Plate 2 E09 

ADAP2 

GAGUUAAAUCUGUGCGACU 

Plate 2 E09 AAGUAUGAGAGACGGGAAU 

Plate 2 E09 CUUCAAGCACCACGCAGAA 

Plate 2 E09 GAUAUGAAGCCUACGAAGA 

Plate 2 F04 

FGD6 

GAAGGGACCGGUUUUAUAA 

Plate 2 F04 GAAUUCCGAGUCUAAAGUA 

Plate 2 F04 CUAAGCAGCUCAAAUUAAC 

Plate 2 F04 GCUCGUCUGUUACGCCAAA 

Plate 2 F05 

BMX 

GUACCAGUCUAGCGCAAUA 

Plate 2 F05 GAAGAUACCUCGGGCAGUU 

Plate 2 F05 GAAGAGAGCCGAAGUCAGU 

Plate 2 F05 GAGCAUUUAUGGUUAGAAA 

Plate 2 F06 

PTPN9 

GAAAACAACGCUAGAAAUU 

Plate 2 F06 GGACAGUUCAGUACAAUGU 

Plate 2 F06 GUCAGUAACUCUCCUACGA 

Plate 2 F06 AAAUUGAUCUCGCCACUUG 

Plate 2 F07 

GSK3A 

UCACAAGCUUUAACUGAGA 

Plate 2 F07 GAAGGUGACCACAGUCGUA 

Plate 2 F07 GAGUUCAAGUUCCCUCAGA 

Plate 2 F07 CUGGACCACUGCAAUAUUG 

Plate 2 F08 

PLEKHA2 

AGCAAGGGAAUGUGCGGAA 

Plate 2 F08 GCAAGUUUCUGCGGAGGUA 

Plate 2 F08 UUCGAAGGUCUCAGAGUUA 

Plate 2 F08 ACAUCGAGGAGCAUGAGAA 

Plate 2 F09 

PLEKHB2 

CGAGAGCGCUAUCGAGACA 

Plate 2 F09 GGACAAACACAGCGUAUGU 

Plate 2 F09 GCAGUUUAGCACAGCGAAU 

Plate 2 F09 CCAGAUUGUUUGUCGAGAU 

Plate 2 G04 
PIK3R2 

GCGCCCAGCUUAAGGUCUA 

Plate 2 G04 GGAACGCACUUGGUACGUG 
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Plate 2 G04 GGACAAGAGCCGCGAGUAU 

Plate 2 G04 GGAAAGGCGGGAACAAUAA 

Plate 2 G05 

MCF2 

GAACUGGGCAAGAUGAUAA 

Plate 2 G05 UAACAGAACGGGAUAAGUU 

Plate 2 G05 GAAGAAGGCACUCGAUGCA 

Plate 2 G05 GAGCUCAGUUAGUGAUUUG 

Positive    

MCL-1 

GGUUUGGCAUAUCUAAUAA  

    GAAGGUGGCAUCAGGAAUG 

    GAUUAUCUCUCGGUACCUU  

    CGAAGGAAGUAUCGAAUUU 

Negative   Non-
targeting 

GAACUGGGCAAGAUGAUAA 

Table 14: Candidates for siRNA library screen and controls (MCL-1 and non-
targeting) siRNAs target sequence. 
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8.4 Appendix IV 
 
PLATE 

1 Mother plate

1 2 3 4 5 6 7 8 9 10 11 12

A

B SOS1 CYTH2 SWAP70 MCL-1 NT AKAP13

C PLCXD2 DOCK2 PIK3CA GAB2 CYTH1 RASA1

D CYTH4 TEC RASA3 VAV1 BTK

E VAV3 ARAP3 RASA2 PHLDB1 ARAP1 GAB3

F TIAM1 PREX1 DOCK1 GAB1 AKT2 AKT1

G SGK1 ARAP2 PIK3CD MTOR PREX2 PHLDB3

H

PLATE 

2 Mother plate

1 2 3 4 5 6 7 8 9 10 11 12

A

B PIK3R1 PLCL2 PIK3CB AKT3 MYO10 RPTOR

C ITK SBF1 PDPK1 CYTH3 RICTOR DAPP1

D ARHGEF4 GSK3B SGK2 PLEKHA1 ARHGEF6 SH3BP2

E VAV2 SGK3 ADAP1 ARHGAP1 PLEK2 ADAP2

F FGD6 BMX PTPN9 GSK3A PLEKHA2 PLEKHB2

G PIK3R2 MCF2 MCL-1 NT

H

Figure 27: Mother plate layout for siRNA library screen. The siRNA library screen 
consisted of 65 candidate SMARTpool siRNAs targeting the mRNA of potential 
downstream effectors of PI3K. The candidates were randomly split into two pates and the 
SMARTpool siRNA for each candidate was reconstituted in one well of the mother plate 
(mother plate 1 or 2). From the mother plate the daughter plates were produced. Daughter 
plates were drug treated with either 4 µM ABT-737 or DMSO equivalent for 72 hours and 
then analysed by SRB assay.  
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