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Abstract 

Approximately 10% of non-small cell lung cancers (NSCLCs) have an activating mutation within 

the kinase domain of epidermal growth factor receptor (EGFR). Competitive tyrosine kinase 

inhibitors (TKIs), such as Erlotinib and Gefitinib, have been developed to therapeutically exploit 

this. These compounds have shown excellent clinical responses in approximately 77% of 

patients with EGFR-mutant driven lung cancer. However, despite positive initial response, 

patients develop resistance, and this is often attributed (50% of cases) to the T790M secondary 

mutation in the ATP binding pocket of EGFR. This mutation increases the receptors affinity for 

ATP which competes out reversible first-generation inhibitors such as erlotinib and gefitinib. 

This thesis aims to better understand the underlying mechanisms involved in the resistance to 

this compound.  

Changes in metabolism have frequently been associated with tumour progression and 

drug resistance in many cancer types. Here, to identify novel resistance mechanisms, 1H-NMR 

metabolic profiling was performed on EGFR-driven NSCLC cells with and without, the additional 

T790M-EGFR resistance mutation. This study identified both glutathione (GSH) and 

phosphatidylcholine metabolism as two key pathways perturbed in erlotinib-resistant cells. 

Interestingly, 1H-NMR revealed lower levels of both oxidised and reduced forms of GSH 

in erlotinib-resistant cell lines and this was verified by colorimetric assays. This change 

correlated with reduced mRNA expression of GSH synthesizing enzymes in resistant cell lines. 

Increasing cellular GSH levels by siRNA-mediated targeting of GSH degrading enzymes sensitised 

erlotinib-resistant cells to erlotinib treatment. In addition, the use of GSH synthesizing enzyme 

inhibitors such as Buthionine Sulfoximine (BSO), which targets the gamma-glutamylcysteine 

synthetase (GCS, GSH synthesising enzyme) and degrading enzyme inhibitors such as Ethacrynic 

acid (EA) (inhibits glutathione S-transferase) increased and decreased resistance to erlotinib, 

respectively. EA also showed promising results in vivo as BALB/c nude mice, injected 

subcutaneously with PC9ER cells, showed increased sensitivity to erlotinib treatment when co-

administered with EA. Furthermore, we demonstrated that mutant EGFR signalling can 

modulate the transcription of GSH enzymes likely via changes in the regulation of the 

transcription factor, Nuclear Factor (Erythroid-Derived 2)-Like 2 (NRF2).  Targeting NRF2 using 

siRNAs decreased GSH abundance and increased erlotinib resistance. However, at present we 

do not understand how raised GSH levels might cause resistance to erlotinib in lung cancer cells 

expressing activated T790M-EGFR. 
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To discover other differences between erlotinib-resistant and sensitive cells, we 

employed reverse phase protein array (RPPA) and, following DAVID bio-informatics analysis, 

identified changes in both beta-oxidation and ataxia telangiectasia mutated kinase (ATM)/Ataxia 

Telangiectasia and Rad3-related kinase (ATR) cell cycle checkpoint proteins. Changes in these 

signalling molecules were confirmed by Western blotting. Yet, only targeting the ATR pathway 

affected the resistance to erlotinib in PC9ER cell lines. Indeed, inhibition of WEE1 with the 

compound MK1775 may hold promise as a treatment for patients with erlotinib-resistant 

NSCLC. 

In short, this work has identified GSH degrading enzymes and WEE1 as novel targets for 

reversing erlotinib resistance in EGFR-driven NSCLC.  However, further investigation is needed to 

understand the mechanisms involved.  
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DMEM Modified Eagle’s medium  

DMSO Dimethyl Sulfoxide 

DNA Deoxyribonucleic Acid 

dNTP Deoxynucleotide 

DPP3 Dipeptidyl peptidase 3  

DTNB 5,5'-dithiobis(2-nitrobenzoic acid)  

EA Ethacrynic Acid  

ECL Enhanced Chemiluminescence  

EDTA Ethylenediamine Tetra Acetic Acid  

EGF Epidermal Growth Factor 

EGFRm activated mutant EGFR 

EK  Ethanolamine Kinase  

EMBL European Molecular Biology Laboratory 

EMSA electrophoretic mobility shift assay 

EMT Epithelial-Mesenchymal Transition  

EpRE Electrophile Responsive 

EPT Ethanolamine:1,2-diacylglycerol Ethanolamine-Phosphotransferase 

ERK Extracellular signal-Regulated Kinase 

ET  CTP:phosphoethanolamine cytidylyltransferase  

FAD Flavin Adenine Dinucleotide (Reduced) 

FADH2 Flavin Adenine Dinucleotide (Oxidised) 

FAK1 Focal Adhesion Kinase 1  

FCS Foetal Calf Serum  

FDA Food and Drug Administration  

FDR false discovery rates 

FGF Fibroblast Growth Factor  

FGF2 Fibroblast Growth Factor 2 

FGFR1 Fibroblast growth factor receptor 1 

FRA1 Fos-related antigen 1  

Gab-1 GRB2-associated-binding protein 1 

GAP RAS GTPase-activating protein 

GC gas chromatography  

GCL Glutathione Cysteine Ligase  

GCLc Glutamate-Cysteine Ligase Catalytic Subunit  
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GCLm Glutamate-Cysteine Ligase Modifier Subunit  

GDNF glial cell line-derived neurotrophic factor  

GDPD  Glycerophosphodiester Phosphodiesterase  

GFAP Glial Fibrillary Acidic Protein 

GFLs  glial cell line-derived family ligands  

GFRα GDNF family receptor-α  

GGT Gamma-Glutamyl Transferase  

GGT1 gamma-glutamyltransferase 1 

GPX Glutathione Peroxidase 

Grb2 Growth factor receptor-bound protein 2 

GSH Glutathione 

GSK3β  glycogen synthase kinase 3β 

GSK3β Glycogen synthase kinase-3  

GSR Glutathione-Disulphide Reductase  

GSS Glutathione Synthetase  

GSSG Glutathione Disulfide 

GST glutathione-S-transferase 

GST Glutathione S-Transferase  

GSTT2 glutathione-S-transferase theta 2 

H2O2 Hydrogen Peroxide  

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

HIF-1α hypoxia-inducible factor-1α  

HPLC high-performance liquid chromatography  

HSP27 Heat shock protein 27 

HSP90 Heat Shock Protein 90 

IP3 inositol 1,3,5-triphosphate  

JAK Janus kinase  

JNK c-Jun N-terminal kinases 

KEAP1 Kelch-Like ECH-Associated Protein 1  

KIF5B kinesin family member 5B gene  

LB Luria-Bertani  

LC liquid chromatography  

LC-ESI-
MS/MS 

 liquid chromatography-electrospray ionization-tandem mass 
spectrometry  

LKB1 Liver kinase B1  

LTK Leukocyte Receptor Tyrosine Kinase 

Maf Masculoaponeurotic Fibrosarcoma  

MDK PTN-related factor midkine 

MDR 1 Multidrug Resistance Protein 1  

MEK 1/2 mitogen-activated protein kinase kinase 1/2 

MEKK1 ERK Kinase Kinase-1  

MET Mesenchymal–epidermal transition 

MKK4/7 MAP Kinase Kinase-4/7  

MO25 mouse protein 25  
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MRE metal response  

MS mass spectrometry  

mTOR  mechanistic target of rapamycin  

MUC-1 Mucin-1  

Myt1 Myelin Transcription Factor 1 

NADP Nicotinamide Adenine Dinucleotide 

NADPH Nicotinamide Adenine Dinucleotide Phosphate 

NCAM neuronal cell adhesion molecules  

Nck non-catalytic region of tyrosine kinase adaptor protein 1  

NCOA4 Nuclear Receptor Coactivator 4  

NEB Neuroepithelial bodies  

NF1 Neurofibromin 1 

NF-κB  nuclear factor κ-light-chain-enhancer of activated B cells 

NKX2-1 NK2 homebox 1  

NMR Nuclear Magnetic Resonance  

NO Nitric Oxide  

NRF1 Nuclear Respiratory Factor 1  

NRF2 Nuclear Ractor (Erythroid-Derived 2)-Like 2  

NRTN  neurturin  

NSCLC Non Small Cell Lung Cancer 

OPLS-DA Orthogonal Projections To Latent Structure Discriminant Analysis 

p70S6K Ribosomal Protein S6 Kinase 

PAK1 P21 Protein (Cdc42/Rac)-Activated Kinase 1  

PALB2 Partner And Localizer Of BRCA2  

Par Pareto Variance  

PBS Phosphate-Buffered Saline  

PCYT1 Phosphate Cytidylyltransferase 1  

PEMT Phosphatidylethanolamine N-Methyltransferase 

PI3K Phosphoinositide 3-Kinase  

PIK3CA phosphatidylinositol-3-kinase, catalytic, alpha  

PIP2 phosphatidylinositol 4,5-diphosphate 

PIP3 PI-(3,4,5)-triphosphate 

PKA protein kinase A  

PKC protein kinase C  

PL  Phospholipases   

PLA Phospholipase A 

PLA2G6 Phospholipase A2, Group VI  

PLAG215 Phospholipase A2, group XV  

PLC phospholipase C  

PLD Phospholipase D  

PSPN persephin  

PTEN Phosphatase and tensin homolog deleted on chromosome ten  

PTN Pleiotrophin 

qPCR  Quantitative Real-Time PCR  

https://en.wikipedia.org/wiki/Sirolimus
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Rb retinoblastoma protein  

RIPA Radioimmunoprecipitation Assay 

RNA Ribonucleic Acid 

ROR1 receptor tyrosine kinase-like orphan receptor 1  

ROS Reactive Oxygen Species 

RPPA Reverse Phase Protein Array 

RSK p90 ribosomal S6 kinase  

S6K Ribosomal Protein S6 Kinase 

SAPKs stress-activated protein kinases  

SEM Standard Error Of The Mean  

Seq Sequencing 

SH2 Src homology 2 

shRNA short hairpin RNA  

siRNA Small Interfering RNA  

SOC Super Optimal broth Catabolite 

SOS Son of Sevenless 

SPC Surfactant Protein C  

SQSTM1 Sequestosome 1 

STK11 Serine/Threonine Kinase 11  

STRAD STE20-Related Kinase Adaptor  

TAE Tris-Acetate-EDTA  

TAP Tandem affinity purification  

TBST Tris-Buffered Saline/Tween  

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin 

TEMED Tetramethylethylenediamine 

TGF alpha Transforming growth factor alpha  

TITF-1 Thyroid transcription factor 1  

TKI Tyrosine Kinase Inhibitor 

TRIM33 tripartite motif-containing 33 

TSC2 tuberin  

VEGFA vascular endothelial growth factor A  

XREL xenobiotic response element-like elements  

γ-GC Gamma-Glutamylcysteine  
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1.1 Cancer 

Cancer is a group of diseases characterised by abnormal cellular proliferation and the ability to 

invade and metastasise to local lymph nodes or distant parts of the body. It is often defined by 

hallmarks which were proposed by Hanahan and Weinberg. They initially identified 6 hallmarks 

that differentiate cancer from normal cells. These included the ability of cancer cells to evade 

apoptosis, insensitivity to growth suppressors, deregulated/sustained growth signals, sustained 

angiogenesis, limitless replicative potential and finally the ability to invade tissue and 

metastasize (Hanahan and Weinberg, 2000). New hallmarks have now been added to this list that 

includes dysregulation of cellular energetics, avoiding immune destruction, genomic instability 

and mutations as well as tumour promoting inflammation (Hanahan and Weinberg, 2011)  

(Figure 1.1).  

 

 

Figure 1.1: Therapeutic Targeting of the Hallmarks of Cancer . Hanahan and Weinberg 

have identified 10 hallmarks of cancer which may provide therapeutic target strategies for 

treatment.  A number of drug compounds have been developed to interfere with each of the 

capabilities that are essential for tumour growth and progression (taken from (Hanahan and 

Weinberg, 2011)).  
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1.1.1 Stage and grading of cancer 

In the clinics severity of cancer is further defined by their stage and grade. The staging system 

used is dependent on the type of cancer and determines how far the cancer has spread within 

the body. Grading is used by pathologists to describe how aggressive the tumour is in terms of 

its microscopic appearance. The majority of staging systems are based upon tumour size, 

localisation, cell type and its metastatic spread to nearby lymph nodes or distant parts of the 

body. The TNM staging system is probably the most widely used staging system (Greene; et al., 

2013). T refers to the primary tumour; N to the number of lymph nodes colonised and M to the 

presence of distant metastasis (Rami-Porta et al., 2009, Lababede et al., 1999, Greene; et al., 

2013). The tumour size (T) is described as one of the following TX (tumour cannot be measured), 

T0 (Tumour cannot be found), T1, T2, T3 and T4 the higher the number the larger the primary 

tumour (Rami-Porta et al., 2009, Lababede et al., 1999). The region of the lymph nodes (N) is 

described in a similar pattern NX (cannot be measured), N0 (no cancer in lymph nodes) and 

increase N number by the amount of lymph nodes where cancer is present (Rami-Porta et al., 

2009, Lababede et al., 1999). Distant metastasis (M) is either described as MX (metastasis 

cannot be measured), M0 (cancer has not metastasized to other parts of the body) or M1, 

(cancer has spread to other parts of the body) (Rami-Porta et al., 2009, Lababede et al., 1999, 

Greene; et al., 2013). The TNM staging system gives great detail on the stage of cancer, 

however, combinations are normally then grouped into 5 stages: 

Stage 0 – Abnormal cells are present although, they have not spread to nearby tissue  
      (carcinoma in situ (CIS)) 

Stage I   –  The cancer is relatively small and has not spread 

Stage II  –  The cancer has grown but has not spread 

Stage III – The cancer is large and may have metastasized to surrounding tissues and/or 
      lymph nodes. 

Stage IV – The cancer has metastasized to distant parts of the body 

Cancer grade unlike stage is not dependent on localisation but rather histology of the cancer 

tissue. It is dependent on if the cells are well differentiated, undifferentiated or poorly 

differentiated. As with staging, the grading system can also differ dependent on the cancer type, 

however, the most commonly used is outlined below (Greene; et al., 2013): 

GX: Grade cannot be assessed (undetermined grade) 

G1: Well differentiated (low grade) 

G2: Moderately differentiated (intermediate grade) 

http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000046445&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000386213&version=Patient&language=English
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G3: Poorly differentiated (high grade) 

G4: Undifferentiated (high grade) 

 

1.1.2 Cancer incidence and statistics 

Cancer is the leading cause of death worldwide (WHO, 2014b). The WHO estimated in 2012 that 

there was 8.2 million cancer-related deaths and 14 million new cases (WHO, 2014b).  This 

number is expected to rise, possibly in response to population growth and an aging population. 

The WHO proposed that by 2030 there will be in excess of 20 million new cases diagnosed and 

13 million cancer-related deaths (WHO, 2014b).   

Cancers are commonly sub-divided on the basis of the tissue/cells in which they originate from 

within the body. This results in 5 broad categories: (1) Carcinomas, which arise from epithelial 

tissues such as the skin or the lining of the gut or covering layer of internal organs. An example 

of an epithelial cancer is basal cell carcinoma (WHO, 2014b); (2) Sarcomas, which originate from 

supporting tissues such as bone, cartilage, fat, muscle and connective tissue e.g. osteosarcoma 

(WHO, 2014b); (3)  Leukaemia, which originate from blood forming tissue e.g. acute lymphocytic 

leukaemia (WHO, 2014b); (4)  Lymphomas or myelomas, which originate from cells involved in 

the immune system e.g. Hodgkin lymphoma (WHO, 2014b); (5) Central nervous system (CNS) 

cancers, which begin in the brain or spinal cord e.g. Brain stem glioma (WHO, 2014b). There are 

over 200 different types of cancer, the most common of which are shown in Figure 1.2. Lung 

cancer is an example of an epithelial-derived cancer and is the commonest cancer killer. When 

separated into sexes it is more prevalent in men than women (WHO, 2014b). 

 

http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000386205&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000044775&version=Patient&language=English
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Figure 1.2: Estimated number of cancer cases .  The incidence of cancer types worldwide in 

both man and women in 2012. Numerical Data was obtained from the world health organisation 

(WHO, 2014b).   

1.1.3 Economic impact 

While discussing cancer statistics it is important to discuss the economic burden associated with 

cancer. The annual economic cost attributed to cancer has been calculated to be 1.16 Trillion 

USD per year (WHO, 2014b). This figure is accounting for prevention and treatment, as well as 

the annual economic value of disability-adjusted life years (DALYs). However, this fails to 

account for the long-term costs to families and caregivers, in addition to the value of human 

suffering, which are likely to be significantly higher than the value predicted by DALYs. 

Alternative statistics such as a value of statistical life (VSL) approach, which tries to account for 

these additional costs, estimates the total cost to be nearer to 2.5 trillion USD (WHO, 2014b). 

These estimates highlight the need for investments in cancer control and prevention due to the 

economic potential return that could be achieved through access to prevention, early detection 

and better targeted treatments. 

1.2 Lung Cancer 

Lung cancer is the most prominent cause of cancer related deaths worldwide (WHO, 2014a).  In 

the UK, there were around 35,900 lung cancer related deaths in 2014, which accounted for 22% 

of all cancer deaths in the UK (Cancer Research UK, 2015). Lung cancer is subcategorised into 
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two main sub-types small cell lung cancers (SCLC) and non-small cell cancer (NSCLC). SCLCs are 

fast growing, metastasize quickly and are rare in non-smokers (Jackman and Johnson, 2005). 

NSCLC are more common in smokers and they account for 85-90 % of lung cancer cases (Molina 

et al., 2008, Jemal et al., 2011). NSCLCs are sub-categorised into Adenocarcinoma, Squamous 

cell carcinoma and large cell carcinoma. The survival of lung cancer patients varies depending on 

the type, stage at diagnosis and treatment available. Survival of lung cancer patients is poor, in 

England and Wales only 5 % of people who are diagnosed with lung cancer survive their disease 

for 10 years or more (Cancer Research UK, 2015). However, survival is increased in patients who 

get diagnosed under the age of 40 (Cancer Research UK, 2015). The poor survival rate associated 

with lung cancer is commonly attributed to the early dissemination of the disease as well as the 

development of resistance to drug treatments (Woodhouse et al., 1997). Indeed, at the time of 

diagnosis ~70% of NSCLC patients have locally advanced or metastatic disease (Yang et al., 

2005a).  

1.2.1 Aetiology  

Major determinants in lung cancer incidence include smoking and to a lesser extent radon and 

asbestos exposure (commonly associated with mesothelioma). It is estimated that tobacco 

smoking accounts for 86 % of lung cancers this is by direct (active smoking, 83 %) and indirect 

exposure (passive-smokers, 3 %) (Parkin, 2011).  The prevalence of smoking has started to 

decline in recent years, which has led to lung cancer becoming more frequent in former smokers 

(Molina et al., 2008, Yang et al., 2005b) and also in life-long non-smokers. 

1.2.2 Origin of lung cancer cell linages  

The origin of the different lung cancers varies between subtypes. Indeed, adenocarcinomas are 

typically localised to the lower airway, the bronchioles or alveoli while squamous cell 

carcinomas are within the upper airways and SCLC is in the mid-level bronchi (Sutherland and 

Berns, 2010, Hanna and Onaitis, 2013). The localisation of specific subtypes to certain areas of 

the lung led to the reasoning that they arise from cell types specific to those regions. In order to 

understand this, we must first discuss the structure and cell types which are localised within 

each region of the pulmonary system. The nose and throat are the location of the pulmonary 

airways which lead to the pharynx and trachea. The trachea is comprised of basal, goblet 

(mucosal), clara and ciliated cells (Breeze and Turk, 1984). As the airways continue the 

epithelium-variant clara cells and pulmonary neuroendocrine cells cluster to form 

neuroepithelial bodies (NEB) (Breeze and Turk, 1984). The airways then divide into bronchi 
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which are further subdivided into more bronchi and bronchioles, which are predominantly 

covered in clara and ciliated cells (Breeze and Turk, 1984). The Bronchioles end with alveolar 

sacs where gas exchange occurs within the alveoli clusters (Breeze and Turk, 1984). In order to 

facilitate this function alveoli contain specialised alveolar cells that form extremely thin (~0.5 

micrometres) walls (Breeze and Turk, 1984). Epithelial alveolar cells can be subdivided into 

alveolar type-I cells (type I pneumocytes) and the more abundant alveolar type-II cells (type II 

pneumocytes) (Breeze and Turk, 1984). The alveoli are surrounded by a network of capillaries 

which aid gas exchange (Breeze and Turk, 1984). 

The basal layer of the bronchial epithelium, give rise to SCLC. These cells contain neuronal cell 

adhesion molecules (NCAM) and neurosecretory granules which led to the suggestion that they 

may arise from neuroendocrine cells that make up NEBs (Neal and Hoskin, 2009, Onganer et al., 

2005). In contrast, adenocarcinoma cells are derived from bronchioalveolar stem cells (BASCs), 

characterised by the presence of the Clara cell marker CC10 and the alveolar type-II marker, 

Surfactant Protein C (SPC) (Sutherland and Berns, 2010). Squamous cell carcinoma are 

preferentially localised to the upper trachea in which tracheal basal cells are localised 

(Sutherland and Berns, 2010). Keratin 5 and 14, markers of tracheal basal cells, are expressed in 

squamous cell carcinoma, implying that these may be the cells from which originates this cancer 

type (Sutherland and Berns, 2010). Figure 1.3 shows a simplified diagram summarising the 

origins of these 3 lung cancer types. 
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Figure 1.3 Origin of lung cancer.  Squamous cell carcinoma and SCLC originate in the 
upper airways. Squamous cell carcinoma believed to develop from tracheal basal cells, whereas, 
SCLC are thought to be from neuroendocrine cells. Adenocarcinomas originate in the lower 
airways and are thought to develop from bronchioalveolar stem cells (BASCs). 

 

 

 

 

 

 

 

Origin of Squamous cell carcinoma
Trachea containing tracheal basal, goblet (mucosal), clara 

and ciliated cells.

Origin of SCLC
Bronchi containing clara cells and pulmonary 

neuroendocrine cells cluster to form neuroepithelial bodies 
(NEB). 

Origin of Adenocarcinoma
Bronchioles which contain clara and ciliated cells  and 

Alveoli containing alveolar type-I cells (type I pneumocytes) 
and the more abundant alveolar type-II cells (type II 

pneumocytes). Adenocarcinoma is thought to develop from 
BACS cells. 
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1.2.3 Presentation, diagnosis and standard treatments of lung cancer 

Lung cancer can present in many ways and often the symptoms are not specific but common to 

other chest conditions. This generally results in a delayed diagnosis. A simple way to consider 

symptoms for any cancer including lung cancer is to divide them into symptoms caused by the 

primary cancer, by the metastases and the generalised features of malignancy. The primary 

tumour growing in the lung typically causes cough and, because of obstruction of airways, may 

trigger chest infections. As the tumour grows is may press on nerves causing local chest pain or 

a hoarse voice and if it erodes into blood vessels the patient may start to cough up blood and 

become short of breath. Central chest tumours may press on the oesophagus and cause 

difficulty with swallowing. Symptoms from metastases depend on their location. For example 

metastases to the bones causes bone pain and those to the brain might result in headaches and 

epileptic convulsions. Generalised features of cancer include loss of appetite, energy, weight 

and development of fevers (Hopwood and Stephens, 1995).  

Lung cancer diagnosis requires for nearly all patients a biopsy to enable histopathological 

examination. There are broadly two types of lung cancer defined by the histological appearance, 

the commonest being non-small cell (NSCLC) and the remainder being small cell lung cancer 

(SCLC). NSCLC can be further subdivided into adenocarcinomas, squamous carcinomas and large 

cell carcinomas but from a therapy perspective they are either treated as squamous or non-

squamous (adeno) carcinomas.   

The treatment of NSCLC generally can involve surgery, chemotherapy and/or radiotherapy. 

Surgery has been shown to be the most effective treatment for NSCLC with the greatest chance 

of achieving long-term cure (Myrdal et al., 2001). However, surgery is only an option for patients 

with earlier stage disease. As the vast majority of patients are diagnosed at later stages they are 

reliant on non-surgical therapies. The therapy given is also dependent on the type of lung 

cancer. SCLC for example, is nearly always metastatic from the outset and so rarely amenable to 

surgical cure. Therefore, cisplatin or carboplatin combined with etoposide with or without 

additional radiotherapy is the current standard of care for SCLC patients (Stevenson, 2016b). 

NSCLC patients presenting with advanced/non-operable disease also require radiotherapy 

and/or combination chemotherapy. Patients with locally advanced inoperable disease are often 

treated initially with radical radiotherapy with or without additional chemotherapy, whilst those 

with metastatic disease receive combination agents chemotherapy with or without additional 

radiotherapy. The type of chemotherapy varies, with adenocarcinomas receiving pemetrexed in 
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combination with cisplatinum or carboplatin, whilst patients with squamous carcinomas receive 

gemcitabine with platinum agent. More recently, several new molecular changes have been 

identified in NSCLC that drive the malignant phenotype and for which new targeted therapies 

exist. These will be discussed in sections 1.2.4 below (Blais and Hirsh, 2014, Stevenson, 2016a).  

1.2.4 Genetic aberration in lung cancer 

A number of genetic changes have been found within lung cancer cells. The risk of Lung cancer 

and susceptibility is increased by the presence of germ-line mutations in genes such as p53 

(Hwang et al., 2003), retinoblastoma (Sanders et al., 1989) and EGFR (Bell et al., 2005). The 

prevalence of the most common gene mutations in lung cancer is outlined in Table 1.1 and a 

number of those will be discussed within this section.  

  



30 
 

Table 1.1 Common genetic and epigenetic transformations associated with different 
subtypes of lung cancer. Percentage of cases for each mutation or amplification event is shown. 
*Mutations have been identified within patient samples but incidence is unknown. Adapted from 
(Herbst et al., 2008) including data from (Hammerman PS, 2012, Jin et al., 2010, Yokomizo et al., 
1998, Bergethon et al., 2012, Shan et al., 2015, Miao et al., 2014, Kohno et al., 2012, Dabir et al., 
2014, Takeuchi et al., 2012b, Abdelraouf et al., 2015, Ding et al., 2008). 

Histological Subtype Non Small-Cell Lung Cancer Small-Cell Lung 
Cancer 

 Squamous-Cell 
Carcinoma 

Adenocarcinoma  

Precursor  
Genetic Change  

p53 mutation  KRAS mutation, 
EGFR mutation  

Overexpression of  
c-Met  

Cancer  

KRAS mutation  Very rare  10-30%  Very rare  

BRAF mutation  3%  2%  Very rare  

EGFR  

Kinase domain mutation  Very rare  10-40%  Very rare  

Amplification  30%  15%  Very rare  

Variant III mutation  5%  Very rare  Very rare  

FGFR1  
Amplification  

20%  Very rare  ~50%  

HER2  

Kinase domain mutation  Very rare  4%  Very rare  

Amplification  2%  6%  Unknown  

ALK Fusion  Very rare  7%  Unknown  

MET  

Mutation  12%  14%  13%  

Amplification  2-21%  2-20%  Unknown  

TITF-1 amplification  15%  15%  Very rare  

p53 mutation  60-70%  50-70%  75%  

LKB1 mutation  19%  34%  Very rare  

PIK3CA  

Mutation  2%  2%  Very rare  

Amplification  33%  6%  4%  

PTEN mutation 10.2% 1.7% 10% 

ROS1 rearrangement 4%-2% 1.2-2.6 Unknown 

NRAS 
mutation/amplification 

1 % Rare Very rare 

DDR2 mutation 4% Rare (0.5%) 4.6 % 

RET rearrangement Very rare 1-2% Unknown* 
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1.2.4.1 P53 mutations 

The tumour suppressor protein p53 is a hub for a number of signalling pathways including the 

control of cell cycle and apoptosis (Vousden and Prives, 2009). It is nearly always mutated in 

SCLC and frequently so in NSCLC primary tumours and cell lines (Brauch et al., 1987, Chiba et al., 

1990, Nigro et al., 1989). Due to the large number of mutations identified, a database was 

established to show known mutations in various tumour types and cell lineages (Hollstein et al., 

1994, Hainaut et al., 1997). Mutations in p53 resulting in its inactivation or loss of function are 

the most common of the genetic mutations (Campling and el-Deiry, 2003). Such mutations have 

been shown to have an increased incidence in smokers, particularly in the case of SCLC and 

squamous cell carcinoma (Gibbons et al., 2014). A number of studies have implied p53 mutant 

tumours have a worse prognosis and may be less susceptible to chemotherapy and radiation 

treatments (Campling and el-Deiry, 2003). 

1.2.4.2 RAS subfamily amplification and mutations  

RAS subfamily of the small GTPase superfamily, consists of HRas, KRas, and NRas, and are 

involved in a multitude of signalling pathways relevant to health and disease. Moreover, 

although the Ras subfamily share conserved sequences, their protein products have distinct 

roles in development and tumorigenesis (Esteban et al., 2001, Haigis et al., 2008, Quinlan et al., 

2008). The principles of activation of Ras proteins are similar. They act as molecular switches 

that are turned-on upon GTP binding while they are turned off by the hydrolysis of this 

nucleoside triphosphate into GDP. This process of GDP for GTP exchange is tightly regulated by 

exchange factors such as Son of Sevenless (SOS) that turn on Ras signalling and GTPase 

activating proteins (RasGAPs) that hydrolyse GTP to turn off Ras signalling. In lung cancer, 

mutations in both KRas and to a lesser frequency NRas have been identified (Ding et al., 2008). 

These leave Ras in a constitutively active state. Despite the close relationship between NRas and 

KRas the distribution and the type of mutations identified are different. Indeed, the most 

frequent mutation in NRAS occurs through changes to codon Q61 (80%) causing a glutamine to 

leucine substitution at position 61 (NRas Q61L) in about 50% of cases (Ohashi et al., 2013). In 

contrast, KRAS mutations are predominantly G:C>T:A transversions (Ohashi et al., 2013). NRAS 

mutated cell lines showed sensitisation to MEK inhibition via selumetinib and trametinib 

treatment leading to inactivation of ERK (Ohashi et al., 2013). The importance of NRAS to lung 

cancer cell growth was demonstrated by siRNA knockdown resulting in growth inhibition 

(Ohashi et al., 2013). KRAS, unlike NRAS, is one of the most commonly mutated proteins in  lung 

adenocarcinoma (Riely et al., 2009). The majority (97%) of KRAS mutations are localised to exon 
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2 and 3 (Brose et al., 2002). KRas mutations are common within lung adenocarcinoma and rare 

in squamous cell carcinoma (Brose et al., 2002). These mutations commonly result in the 

constitutive activation of this small GTPase (Riely et al., 2009). While there has been no 

identification of over-lapping function of mutated KRAS with other known oncogenic mutations,  

KRAS mutations have been shown to be negative predictive markers for the  efficiency of the 

epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) such as erlotinib and 

gefitinib (Riely and Ladanyi, 2008, Riely et al., 2009).  

1.2.4.3 MET amplification and mutation 

The proto-oncogene MET is otherwise known as the hepatocyte growth factor receptor. Binding 

of its ligand, hepatocyte growth factor, results in activation of this receptor tyrosine kinase, 

which then phosphorylates a series of tyrosine residues within the receptor. These serve as 

docking sites for a series of second messenger molecules which themselves become targets for 

tyrosine phosphorylation by the activated receptor (Organ and Tsao, 2011). This results in the 

activation of a number of signalling pathways including the Ras/ERK, Phosphatidylinositol-4,5-

bisphosphate 3 kinase (PI3K)/AKT, or Phospholipase C gamma (PLC gamma)/Protein kinase C 

(PKC) pathways (Organ and Tsao, 2011). MET amplification has been shown to have increased 

incidence in patients with, and be mechanistically responsible for, acquired resistance to EGFR 

TKI treatment (da Cunha Santos et al., 2011). Indeed, MET amplifications have been identified as 

a mechanism of acquired resistance to treatment with EGFR-TKI (Engelman et al., 2007b).  In 

such settings, the dual inhibition of EGFR and MET led to apoptosis in a preclinical model (Xu et 

al., 2012). Indeed, MET overcomes inhibition of EGFR by TKIs through heterodimerization with 

ERBB3, resulting in sustained activation of the PI3K/AKT signalling pathway (Engelman et al., 

2007b). In addition to amplifications, a number of mutations in MET have been noted including, 

point mutations within the kinase domain as well as the Y1003 mutation in the juxta-membrane 

domain have shown to result in constitutive activation and expression of MET, respectively 

(Giordano et al., 2000, Kong-Beltran et al., 2006, Peschard et al., 2001). 

1.2.4.4 BRAF mutations 

The proto-oncogene BRAF, is a serine/threonine protein kinase, which has a role in proliferation 

and cell survival (Luk et al., 2015). Mutations in BRAF have been identified in a number of 

malignancies including lung carcinoma (~3%) (Davies et al., 2002), hairy-cell leukaemia (100%) 

(Tiacci et al., 2011), melanoma (~40%) (Platz et al., 2008), papillary thyroid carcinoma (30-50%) 

(Davies et al., 2002) and colorectal carcinoma (~10%) (Davies et al., 2002). In a study by Paik et 
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al of 697 lung adenocarcinoma patients, 18 patients with BRAF mutations were identified (Paik 

et al., 2011). Furthermore, this study showed these mutations to occur within the kinase 

domain, including the V600E (50%), G469A (39%), and D594G (11%) mutations (Paik et al., 

2011). The V600E mutation results in the constitutive activation of BRAF, which in turn results in 

the phosphorylation of MEK (Wan et al., 2004). Activated MEK phosphorylates/activates ERK 

resulting in activation of a number of transcription factors including c-fos and Elk-1 and 

subsequent driving of cell cycle progression and cell survival (Torii et al., 2006). In addition to 

V600E, the G469A and D594G mutations have both been implicated in increased kinase activity 

(Davies et al., 2002). BRAF inhibition has shown to increase progression free survival of patients 

harbouring the BRAF V600E mutation in advanced stage melanoma patients (Hauschild et al., 

2012). Moreover, the targeting of BRAF has shown promise in a number of cancers including 

gastrointestinal stromal tumours, papillary thyroid cancers, ovarian cancer, colorectal cancer as 

well NSCLC (Falchook et al., 2012). 

1.2.4.5 Fibroblast growth factor receptor 1 (FGFR1) amplifications 

FGFRs are a family of receptor tyrosine kinases (RTKs) consisting of four members denoted 1-4. 

They differ from other RTKs in that they have a split rather than single tyrosine kinase domain. 

The FGFR signalling pathway has been shown to be involved in a number of processes including 

proliferation, anti-apoptosis, stemness, and angiogenesis (Katoh and Nakagama, 2014). 

Oncogenic development has been shown through dysregulation of FGFR signalling via gene 

amplification, chromosomal translocation, and point mutation (Ahmad et al., 2012). In lung 

cancer, amplification of FGFR1 is predominantly found in small cell and squamous cell carcinoma 

in former and current smokers (Seo et al., 2014, Schultheis et al., 2014). In addition, activating 

mutations of the receptor is also rarely found. Furthermore, early studies indicated that 

inhibition of FGFR using specific FGFR TKIs significantly reduced tumour size in a few squamous 

carcinoma lung cancer patients (Turner and Seckl, 2010). 

1.2.4.6 HER2 amplification/mutations 

HER2 also known as Neu or ErbB2 is a member of the transmembrane receptor tyrosine kinase 

EGFR family of receptors which include EGFR (ErbB1), HER3 (ErbB3), and HER4 (ErbB4). Binding 

of ligand to any of the other EGFR family members results in the formation of homo or 

heterodimers, the preferred binding partner of which is HER2 (Yarden and Sliwkowski, 2001, 

Graus-Porta et al., 1997). While HER2 is not able to bind directly to ligand, it can potently 

amplify signalling by increasing the binding affinity of heterodimers to ligands as well as 
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promoting receptor recycling/stability (Graus-Porta et al., 1997, Pinkas-Kramarski et al., 1996, 

Wang et al., 1998, Worthylake et al., 1999). Following hetero or homodimerization, C-terminal 

tyrosine residues are autophosphorylated and cytoplasmic signal transducers recruited. 

Cytoplasmic signal transducers include PLC-γ1, the Ras-Raf-MEK-MAPKs and PI3K-Akt-ribosomal 

S6 kinase 1 (S6K1) pathways, Src, the stress-activated protein kinases (SAPKs), the PAK-JNKK-JNK 

pathway and the signal transducers as well as activators of transcription (STATs) (Yarden and 

Sliwkowski, 2001). The variety of downstream mediators explains the ability of activated HER2 

to regulate a number of processes including proliferation, differentiation, motility, adhesion, 

protection from apoptosis, and transformation (Wang et al., 2006b). HER2 has been found to be 

overexpressed in NSCLC patients and increased copy number for this gene was associated poor 

prognosis (Hirsch et al., 2002). However, EGFR TKIs have shown a positive response in patients 

with this molecular profile (Cappuzzo et al., 2005, Hirsch et al., 2002). In addition to 

amplifications, a number of mutations have been identified within HER2 in NSCLC patients 

(Shigematsu et al., 2005). The majority of these mutations fall within the kinase domain 

(Shigematsu et al., 2005). The most commonly identified mutation is G776 (YVMA), an in-frame 

insertion in exon 20 (Wang et al., 2006b). This mutation results in an increase in HER2 kinase 

activity as well as enhanced downstream signalling leading to increased cell survival, 

invasiveness and tumorigenicity (Wang et al., 2006b). 

1.2.4.7 Anaplastic lymphoma kinase (ALK) fusion 

ALK also known as CD246 (cluster of differentiation 246) belongs to the insulin receptor 

superfamily. It is comprised of an extracellular domain, single-pass transmembrane region and 

an intracellular kinase domain (Iwahara et al., 1997). ALK is activated by ligand binding; ligands 

which bind to ALK include the secreted growth factor pleiotrophin (PTN) and the PTN-related 

factor midkine (MDK) (Wellstein, 2012). ALK activation has been shown to activate a number of 

pathways including the MAPK and PI3K pathways, which induce proliferation (Palmer et al., 

2009). It has also been shown to activate NF-kappa-B possibly downstream of IRS1 and AKT (Kuo 

et al., 2007). Activating mutations and translocations in ALK have been identified in a number of 

cancers including neuroblastoma (George et al., 2008), anaplastic large-cell lymphoma (Kutok 

and Aster, 2002) and NSCLC (Soda et al., 2007). An ALK fusion protein, EML4-ALK is found in 

about 4-6% of lung adenocarcinomas. This constitutes a cytoplasmic chimeric protein with 

constitutive kinase activity (Li et al., 2013). Although the EML4-ALK is fairly uncommon in NSCLC, 

it is more prevalent in never-smoker adenocarcinoma patients (Li et al., 2013). Additional ALK 

rearrangements have been identified including fusion with KIF5B and TFG (Takeuchi et al., 2009, 
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Rikova et al., 2007). Patients with ALK gene rearrangement in their tumours respond very well 

to therapy with an orally bioavailable targeted agent called crizotinib, which inhibits the ALK 

kinase (Kwak et al., 2010, Shaw et al., 2013). This small-molecule is now used as first line 

therapy in such patients (Chuang and Neal, 2015).  

1.2.4.8 Thyroid transcription factor 1 (TITF-1) amplification 

TITF-1 also known as NK2 homebox 1 (NKX2-1), is a homeodomain-containing transactivating 

factor with a role in lung development as well as in  transactivation of surfactant proteins (SPs) 

predominantly expressed in Clara cells (Minoo et al., 1999, Ghaffari et al., 1997, Tang et al., 

2011). Furthermore, it has been implicated in the etiology of NSCLC (Kwei et al., 2008, Tanaka et 

al., 2007). The dependency of lung adenocarcinoma on TITF-1 was shown via knockdown by RNA 

interference resulting in inhibition of growth and apoptosis (Tanaka et al., 2007). Conversely, 

expression of TITF-1 was associated with good prognosis in stage-I adenocarcinoma patients 

(Anagnostou et al., 2009). While amplification of TITF-1 was also identified within lung 

squamous cell carcinomas (Perner et al., 2009), the pertinence of this in the clinical outcome of 

NSCLC patients is unclear. Indeed, Weir and colleagues showed no difference in survival of 

adenocarcinoma patients with and without amplification of TITF-1 (Weir et al., 2007).  This was 

disputed by Tang et al who showed increased TITF-1 copy number gain was associated with 

improved prognosis and overall survival (Tang et al., 2011). Furthermore, TITF-1 copy gain 

showed a strong association with KRAS mutant patients and to a lesser extent in EGFR mutated 

patients (Tang et al., 2011). Indeed, TITF-1 protein expression was prevalent in lung 

adenocarcinomas only and furthermore was significantly associated with female, never-smokers 

and the presence of EGFR mutations (Tang et al., 2011). 

1.2.4.9 Liver kinase B1 (LKB1) mutations 

LKB1 also known as Serine/threonine kinase 11 (STK11) is the upstream kinase of adenosine 

monophosphate-activated protein kinase (AMPK) and AMPK-related kinases (Lizcano et al., 

2004). As such it has an important role in the regulation of beta oxidation and fatty acid 

synthesis as well as maintaining cell polarity, thereby inhibiting inappropriate expansion of 

tumour cells (Jansen et al., 2009). Furthermore, through interaction with P53, LKB1 has been 

shown to induce apoptosis (Karuman et al., 2001). LKB1, acts within a heterotrimeric complex 

with the pseudokinase STE20-related adaptor (STRAD alpha/beta) and the scaffolding protein 

mouse protein 25 (MO25) (Zeqiraj et al., 2009). It is important to note that germ-line mutations 

in LKB1 result in the development of Peutz–Jeghers syndrome - benign hamartomatous polyps 
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as well as mucocutaneous pigmentation (Mehenni et al., 1998). The Peutz–Jeghers syndrome 

confers an increased risk of cancer, most significantly in gastrointestinal tumours, but also lung 

cancer (Giardiello et al., 1987, van Lier et al., 2010). LKB1 was identified to be bi-allelically and 

somatically mutated and inactivated in lung adenocarcinoma (Sanchez-Cespedes et al., 2002). 

LKB1 mutations are predominantly nonsense or frameshift mutations or large intragenic 

deletions which are thought to result in truncated proteins (Sanchez-Cespedes, 2011). In 

addition, mutations have also been identified within the kinase domain e.g. A205T in head and 

neck squamous cell carcinoma, these result in inability of LKB1 to phosphorylate substrates such 

as AMPK (Mehenni et al., 1998, Ylikorkala et al., 1999, Qiu et al., 2006).   

1.2.4.10 Phosphatidylinositol-3-kinase, catalytic, alpha (PIK3CA) mutations 

and amplifications 

Mutations in PIK3CA have thus far been found in the helical or catalytic domains which result in 

constitutive activation of the PI3K/AKT pathway (Samuels et al., 2004). The majority of 

mutations occur within exon 9 encoding the helical domain, and exon 20 which encodes the 

kinase domain of PIK3CA (Samuels et al., 2004). Three mutational hotspots within PIK3CA have 

been identified: E542K, E545K, and H1047R (Kang et al., 2005). Mutations within these hotspots 

have shown an increased kinase activity leading to activation of the AKT-signalling pathway 

(Samuels et al., 2004, Kang et al., 2005). Mutations within PIK3CA have shown to coexist with 

EGFR/KRAS mutations (Wang et al., 2014). Patients who carry mutations within PIK3CA alone 

showed significantly worse survival than those with both PIK3CA and EGFR or KRAS mutations 

(Wang et al., 2014). In addition to mutations, gain in copy number of PIK3CA has also been 

reported in squamous cell carcinoma, adenocarcinoma and SCLC cases (Wang et al., 2014). 

1.2.4.11 Phosphatase and tensin homolog deleted on chromosome ten 

(PTEN) mutations 

The tumour suppressor protein PTEN is a lipid and protein phosphatase (Li et al., 1997).  PTEN 

dephosphorylates PI-(3,4,5)-triphosphate (PIP3) and thereby negatively regulates the 

PI3K/AKT/mTOR (mechanistic target of rapamycin) pathway leading to G1 cell cycle arrest 

(Georgescu, 2010). It has also been implicated in the inhibition of migration via the regulation of 

FAK (Tamura et al., 1999). In a study by Jin et al of 176 NSCLC tumours, PTEN tumours were only 

noted in patients who had previously smoked and was more frequent in squamous cell 

carcinoma (10.2%) than adenocarcinoma (1.7%) cases (Jin et al., 2010). No mutational hotspots 

have thus far been identified.  
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1.2.4.12 ROS1 rearrangement 

The receptor tyrosine kinase ROS1, is part of the insulin receptor family, closely related to ALK 

and Leukocyte Receptor Tyrosine Kinase (LTK) human RTKs (Robinson et al., 2000). It is a single-

pass transmembrane protein consisting of an intracellular C-terminal tyrosine kinase domain 

and a large extracellular N-terminal domain (Davies and Doebele, 2013). The function of ROS-1 

has yet to be fully explained and the ligand which activate ROS-1 are as yet unknown. Due to its 

structure, it is thought to be involved in cellular attachment (Acquaviva et al., 2009). 

Interestingly, chromosomal translocation of ROS1 has been identified in lung cancer (Rikova et 

al., 2007). Indeed, SLC34A2-ROS1 was identified within the HCC78 NSCLC cell line and 

additionally the CD74-ROS1 fusion was identified in a NSCLC patient sample (Rikova et al., 2007). 

ROS1 fusion proteins result in constitutive kinase activity and sensitivity to TKIs in vitro (Kohno 

et al., 2015). ROS1 rearrangement has not been shown to have over-lapping function with other 

oncogenic mutations such as those in EGFR (Kohno et al., 2015). Indeed, preclinical studies 

showed that cells containing ROS1 fusion do not respond to EGFR TKIs (Rikova et al., 2007). 

However, treatment with the ALK and ROS1 inhibitor, crizotinib, has shown a good clinical 

response in tumours which harbour ROS1 fusions and has been approved by the Food and Drug 

Administration (FDA) for treatment in this patient group (Mazieres et al., 2015).  

1.2.4.13 Discoidin domain receptor tyrosine kinase 2 (DDR2) mutations  

 DDR2 is a receptor tyrosine kinase, which is activated by ligand binding to extracellular collagen. 

In tumour cells the function of DDRs is believed to be to interrupt cell-matrix communication 

and facilitate pro-migratory and pro-invasive cascades (Valiathan et al., 2012). In a study by 

Hammerman et al on samples from 290  squamous cell carcinoma patients, 11 showed 

mutations in various regions of DDR2, including the kinase domain (Hammerman et al., 2011). 

Furthermore, DDR2 mutated squamous cell carcinoma cell lines had increased sensitivity to the 

tyrosine kinase inhibitor dasatinib and sh-RNAs targeting DDR2 resulted in decreased 

proliferation possibly as a result of cell death (Hammerman et al., 2011). Dasatinib treatment 

has shown to have positive clinical effects in patient tumours harbouring mutations in DDR2, 

resulting in partial remission in the clinic (Hammerman et al., 2011). No mutations within DDR2 

have been identified in SCLC, however mutations have been noted in adenocarcinoma patients 

although these are rare (Ding et al., 2008, Yashima et al., 2014).  
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1.2.4.14 RET fusion proteins 

RET is a single-pass transmembrane RTK, composed of a large extracellular domain, a trans-

membrane region followed by an intracellular kinase domain (Ibanez, 2013). The receptor is 

activated through binding to glial cell line-derived neurotrophic factor (GDNF) family ligands 

(GFLs) such as neurturin (NRTN), artemin (ARTN) and persephin (PSPN). This is facilitated by the 

GDNF family receptor-α (GFRα) family of co-receptor, which are attached to the cell surface by 

glycosylphosphatidylinositol linkage (Arighi et al., 2005). Following ligand binding RET forms 

homodimers, which results in autophosphorylation of intracellular tyrosine residues and 

recruitment of adapter and signalling proteins causing activation of a number of downstream 

pathways (Arighi et al., 2005, Ibanez, 2013). RET activates many signalling molecules a number 

of which bind to its docking sites at phosphotyrosine residues 1062 (pY1062) and pY1096 

(Mulligan, 2014). This leads to the activation of  the RAS/MAPK and PI3K/AKT pathways as well 

as the recruitment of the ubiquitin ligase, Casitas B-Lineage Lymphoma Proto-Oncogene (CBL) 

that is involved in the down-regulation of  RET (Scott et al., 2005, Hayashi et al., 2000, Besset et 

al., 2000). RET chromosomal rearrangement has been noted in NSCLC, more frequently in 

adenocarcinoma. Chromosomal rearrangement, produces a fusion gene made up of 

juxtaposition of the C-terminal region of the RET protein with the N-terminal portion of another 

protein which leads to the constitutive activation of RET (Takeuchi et al., 2012a). A number of 

RET fusion genes partners have been identified in NSCLC including kinesin family member 5B 

gene (KIF5B) (Ju et al., 2012), Coiled-Coil Domain Containing 6 (CCDC6) (Chao et al., 2012, Wang 

et al., 2012), Nuclear Receptor Coactivator 4 (NCOA4) (Wang et al., 2012), ALK (Lipson et al., 

2012) and tripartite motif-containing 33 (TRIM33) (Falchook et al., 2016). Interestingly, 

treatment of NSCLC tumours containing RET fusion proteins have shown positive response to 

the TKIs cabozantinib (inhibitor of VEGFR and to a lesser extent MET, Kit, Flt-1/3/4, Tie2, AXL, c-

Met and RET) and vandetanib (inhibitor of VEGFR2, EGFR and RET) (Drilon et al., 2013, Gautschi 

et al., 2013). 

1.3 EGFR  

As EGFR is so important for the work of this thesis, we shall introduce background information 

on this receptor before describing its role in lung cancer. 

1.3.2 EGFR protein 

EGFR is a 486 amino-acid tyrosine kinase receptor. It is made of 4 extracellular domains denoted 

as ligand binding 1 (L1), cysteine rich 1(CR1), (L2) and (CR2) (Bajaj et al., 1987), and three 
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intracellular domains separated by a single transmembrane sequence (Ferguson, 2008) (Figure 

1.4).  

The extracellular domain L1 and L2, are predominantly the domains that facilitate ligand binding 

(Garrett et al., 2002). Whereas, the CR2 domain has shown to be involved in the localisation of 

EGFR to caveolae/lipid rafts prior to ligand binding (Yamabhai and Anderson, 2002). A number 

of ligands have been suggested to bind to the EGFR receptor including EGF, transforming growth 

factor alpha (TGF alpha), amphiregulin or heparin (Khazaie et al., 1993). Binding of ligand results 

in the formation of homodimers or heterodimers with other members of the EGFR family of 

receptors HER2 (neu, erbB2), HER3 (erbB3), and HER4 (erbB4) (Tao and Maruyama, 2008, 

Carpenter, 1987).  The intracellular domain consists of 3 subdomains the juxtamembrane 

domain, a kinase domain, and a C-terminal regulatory domain (Ferguson, 2008) (Figure 1.4). 

The juxtamembrane domain has been shown to be essential to the activation of the kinase 

(Thiel and Carpenter, 2007), by stabilisation of the activated asymmetric kinase dimer, through 

the formation of an antiparallel dimer with juxtamembrane domains of other receptors (Red 

Brewer et al., 2009, Jura et al., 2009). In addition, it has also been shown to have a role in ligand 

binding to the extracellular domain (Macdonald-Obermann and Pike, 2009). 

The kinase domain of EGFR differs to that of other RTKs in that its conformation is similar to 

those seen in active kinases (Stamos et al., 2002).  This may in part be due to EGFR not requiring 

activation-loop phosphorylation for activation (Gotoh et al., 1992). The C-terminal regulatory 

domain is rich in proline residues and contains a number of phosphorylation sites (Figure 1.5) 

(Gajiwala, 2013). These phosphorylation sites specifically recruit proteins involved in a number 

of signalling pathways (Yarden and Sliwkowski, 2001). Phosphorylation of these sites is not 

required for enzyme activity, as the receptor can be allosterically activated by asymmetric 

dimerization of its kinase domain (Zhang et al., 2006b). It is important to note that both the C-

terminal and the juxtamembrane domains are both involved in the stabilisation of the kinase 

domain (Gajiwala, 2013). 

In lung cancer, the targeting of EGFR for therapeutic benefit began before the identification of 

specific activating mutations were known. Indeed, in unselected populations, the EGFR inhibitor, 

gefitinib, showed a response rate of 10-20% (Fukuoka et al., 2003, Kris et al., 2003). This led a 

number of studies to research why a particular subset of patients showed a positive initial 

response to such treatments.  
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Figure 1.4: The structure of EGFR . EGFR extracellular domain composed of 2 Leucine rich 
domains L1 and L2 and 2 cysteine rich domains CCR1 and CCR2. A single pass transmembrane 
domain separates the intracellular domain from the extracellular domain consisting of 3 
subdomains the juxtamembrane domain, a tyrosine kinase domain, and a C-terminal regulatory 
domain.  
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Figure 1.5 A representation of EGFR showing the distribut ion of exons and mutations 
within the transmembrane domain (TM) and the intracellular domain comprised of 

tyrosine kinase and autophosphorylation regions of the C -terminal domain.       Left 
panel: The most common mutations are located within the tyrosine kinase domain. Mutations 
associated with sensitivity and resistance to Gefitinib/Erlotinib are indicated in pale blue and in 
pale pink, respectively. The most prevalent mutations are in bold. Right panel: EGFR 
phosphorylation sites and the pathways they activate. 
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1.3.1 EGFR mutations in NSCLC 

Somatic mutations in the EGFR kinase domain were simultaneously reported by two groups in 

2004 (Paez et al., 2004, Lynch et al., 2004). These studies showed that the activating mutations 

within the EGFR have clinical implications as they increased sensitivity to first generation EGFR 

TKIs (see section 1.4 below) such as Gefitinib (Lynch et al., 2004, Paez et al., 2004). Since these 

initial studies a number of EGFR mutations have been identified (Figure 1.5). The 4 most 

common activating mutations in EGFR identified include point mutations in exon 18 (G719X, 

G719S, G719A), deletions in exon 19, insertions in exon 20, and point mutations in exon 21 

(L858R and L861Q) (Sharma et al., 2007). The two most frequently identified mutations are 

those in exon 19 of which there are over 20 different variants, and the L858R mutation, 

whereby the 858 codon in exon 21 is converted from leucine to arginine (Sharma et al., 2007). 

These mutations increase the autophosphorylation activity of EGFR on intracellular tyrosine 

residues (de Gunst et al., 2007). The mutated EGFRs show increased sensitivity to first 

generation TKIs, possibly as a result of an increase in drug affinity for the receptor (Mulloy et al., 

2007) 

Despite the increase in sensitivity of mutant EGFR to these targeted agents, resistance inevitably 

develops and is commonly attributed to additional mutations within the receptor (Sharma et al., 

2007). The most common additional mutation is in exon 20 involving the substitution mutation 

of threonine to methionine at codon 790 (Oxnard et al., 2011, Maemondo et al., 2010, 

Kobayashi et al., 2005). This insertion of the bulky methionine has been suggested to reduce the 

ability of TKIs such as Erlotinib and Gefitinib to bind to the ATP binding pocket, resulting in an 

increase in ATP binding (Yun et al., 2008). However, this has been disputed, predominantly due 

to the fact that the receptor remains sensitive to structurally similar irreversible inhibitors 

indicating that drug binding to the T790M mutated receptor may not be reduced. Other 

secondary mutations have also been identified, although far less common than the T790M. 

These include T854A in exon 21 (Bean et al., 2008) and L747S and D761Y in exon 19 (Costa et al., 

2008, Balak et al., 2006). Each of these mutations renders patients resistant to first line TKI 

treatment through distinct mechanisms of action. The T854A mutation may affect drug 

sensitivity in a similar manner as the T790M mutation. Indeed, first-generation EGFR TKIs  

contact with residue T854 and its change to alanine may increase the size of the binding pocket, 

negatively influencing Erlotinib binding (Lin and Bivona, 2012). The mechanisms of resistance for 

L747S and D761Y are less well known, although, it is believed that the L747S mutation induces 
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the active conformation of the receptor and the D761Y is thought to affect the receptor’s 

catalytic cleft (Lin and Bivona, 2012).  

1.3.2 Mechanism of EGFR activation and regulation 

Ligand binding to the EGFR via its extracellular domain results in an increase in receptor 

dimerization, accompanied by increased intracellular tyrosine kinase activation (Yarden and 

Schlessinger, 1987). EGFR catalyses the transfer of γ-phosphate from ATP to the C-terminal 

domain of EGFR in a trans manner, as well as to tyrosine residues on exogenous substrates 

(Honegger et al., 1989). Following auto-phosphorylation adapter/signalling molecules identify 

the phosphorylated tyrosine residues within the C-terminus, resulting in the activation of a 

number of signalling pathways (Hackel et al., 1999). The activation of EGFR has also been 

proposed as the mechanism by which this receptor migrates from caveolae rich/lipid raft to the 

bulk of the membrane component (Mineo et al., 1999). EGFR expression can then be regulated 

through receptor internalisation via clathrin-coated pits (Wiley et al., 1991). 

EGFR protein interactions have been the focus of many studies and thus far over 100 different 

interacting proteins have been identified (Morandell et al., 2008). A basic overview of EGFR 

signalling pathways is seen in Figure 1.6. A number of these pathways are outlined below:  

A number of Src homology 2 (SH2) domain containing proteins interact with EGFR including 

phospholipase C-γ1, phosphatidylinositol-3-kinase, growth factor receptor-binding protein 2 

(Grb2) and Src. The role of the SH2 domain is vitally important for EGFR signal through their 

ability to bind to phosphorylated tyrosine residue. Indeed, with the SH2 domain representing 

one of the largest classes of phosphor-tyrosine recognition domains (Pawson et al., 2001, Huang 

et al., 2008). SH2 domains interact with phosphor-tyrosine residues in a sequence specific 

manor (Pawson, 1995).  Through this action it is able to regulating intra- and intermolecular 

protein—protein interactions. 

Activation of the RAS/RAF/MEK/ERK pathway by EGFR has shown to regulate cellular 

proliferation and survival. Upon EGFR activation, a complex of adapter proteins, Grb2 and Son of 

Sevenless (SOS), bind directly or through association with Shc to docking sites on EGFR 

(Lowenstein et al., 1992, Batzer et al., 1994). This results in the conformational modification of 

SOS, which is able to recruit and activate RAS (Freedman et al., 2006). RAS-GTP activates RAF-1, 

which phosphorylates mitogen-activated protein kinase kinase 1/2 (MEK1/2), ultimately leading 

to the activation of transcription factors involved in cell proliferation (Hallberg et al., 1994, 
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Liebmann, 2001, Hill and Treisman, 1995). Those transcription factors  include MYC, ELK and Fos 

(Zhang and Liu, 2002). 

The activation of the PI3K/AKT pathway facilitates cell growth, resistance to apoptosis, cell 

invasion and migration (Vivanco and Sawyers, 2002, Shaw and Cantley, 2006). The dimeric 

enzyme PI3K consists of the p85 regulatory subunit and the p110 catalytic subunit (Vivanco and 

Sawyers, 2002). The most efficient mechanism for EGFR-dependent activation of PI3K involves 

dimerization with HER3, due to the multiple docking sites for the p85 subunit available on that 

isoform (Carpenter et al., 1993, Yarden and Sliwkowski, 2001). The p85 subunit is responsible for 

binding to docking sites on EGFR, while p110 generates PIP3, a second messenger involved in the 

phosphorylation and activation of AKT (Vivanco and Sawyers, 2002). AKT is a serine/threonine-

specific protein kinase, which regulates a number of downstream pathways involved in cell 

survival, cell cycle, regulation of metabolism as well as angiogenesis. AKT regulates cell survival 

through direct and indirect interaction with, and phosphorylation of, the pro-apoptotic BCL2 

family member, BAD (Datta et al., 1997). In addition, AKT has been shown to inactivate glycogen 

synthase kinase 3 (GSK3)-beta, which leads to increased cyclin D1. This increase inhibits the 

Forkhead family transcription factors and the tumour suppressor tuberin (TSC2), resulting in 

reduction of p27Kip1 and subsequent progression into the G1 phase of the cell cycle (Liang and 

Slingerland, 2003). AKT’s role in metabolism is mediated through its interaction with GSK-3 and 

its role in the translocation of the glucose transporter 4 (GLUT4) (Cross et al., 1995a, Cong et al., 

1997). Regulation of angiogenesis occurs through the  ability of AKT to increase the secretion of 

VEGF through hypoxia-inducible factor 1 (HIF-1)-dependent and independent mechanisms 

(Karar and Maity, 2011).  

Interaction of EGFR with Phospholipase Cγ results in the hydrolysis of phosphatidylinositol 4,5-

diphosphate (PIP2) producing secondary messengers inositol 1,3,5-triphosphate (IP3), a soluble 

molecule capable of diffusing from the membrane, and diacylglycerol (DAG), a co-factor in 

activation of protein kinase C (PKC) (Patterson et al., 2005, Chattopadhyay et al., 1999). PKC can 

phosphorylate IκB kinase (IKK), which results in the activation of the transcription factor NF-κB 

(Lallena et al., 1999). Through this action it is able to regulate a number of pathways including 

innate and adaptive immunity, inflammation and cellular stress responses. 

EGFR interacts and activates STAT proteins both directly through the SH2 domain and indirectly 

through Src (Quesnelle et al., 2007, Silvennoinen et al., 1993). Following activation, STATs 

dimerize and translocate to the nucleus, activating the transcription of target genes including B-



45 
 

cell CLL/lymphoma 2 (BCL2) (Bhattacharya et al., 2005), cyclin D1 and D2 (Leslie et al., 2006, 

Martino et al., 2001) and vascular endothelial growth factor A (VEGFA) (Wei et al., 2003). 

Through this pathway STATs regulate cell proliferation, differentiation and survival (Quesnelle et 

al., 2007). Increased activity of upstream STAT regulators such as EGFR and HER-2 promotes the 

persistent activation of STAT3, which has been implicated in oncogenic development as well as 

tumour progression (Bromberg, 2002) 

SRC is a tyrosine kinase which plays a role in multiple signalling pathways. It is involved in the 

regulation of cell proliferation, migration, adhesion, angiogenesis, as well as immune function 

(Yeatman, 2004, Summy and Gallick, 2006). SRC is able to regulate these pathways in part 

through the activation of a number of proteins including FAK, PI3K and STATs (Summy and 

Gallick, 2006, Yeatman, 2004). SRC has multiple roles in EGFR signalling in addition to acting as a 

signal transducer and enhancer of EGFR activation (Leu and Maa, 2003). It has also been 

suggested to have a role in resistance to EGFR-targeting therapies through independent 

activation and association with alternative signalling pathways (Ochi et al., 2014, Filosto et al., 

2013). 

Casitas B-lineage Lymphoma (c-CBL) associates with the SH3 domain of Grb2, which has been 

implicated in endocytosis of EGFR (Huang and Sorkin, 2005). In addition, c-CBL interacts with the 

non-catalytic region of tyrosine kinase adaptor protein 1 (Nck), resulting in activation of P21 

Protein (Cdc42/Rac)-Activated Kinase 1 (PAK1)(Lu et al., 1997). PAK1 in turn activates c-Jun 

Kinases (JNKs) through MAP/ERK Kinase Kinase-1 (MEKK1) and MAP Kinase Kinase-4/7 

(MKK4/7)(Su et al., 1997). Activated JNKs enter the nucleus and phosphorylate transcription 

factors such as c-Jun and c-Fos (Smeal et al., 1991). EGFR also activates the oncogene VAV of the 

Rho family GTPases, which, in addition to its ability to turn on RHO and RAC leading to 

cytoskeletal rearrangement, also activates the aforementioned pathway (Bustelo, 2000, Miranti 

et al., 1998). 

EGFR activation turns on Focal Adhesion Kinase 1 (FAK1), which is involved in cell motility (Mitra 

et al., 2005). Furthermore, several proteins that regulate cytoskeletal organisation are also 

downstream targets of EGFR including Paxillin, Caveolin, E-Cadherin and, indirectly, Catenin-

Beta (CNNTB) through the phosphorylation and activation of Mucin-1 (MUC-1)(Li et al., 2001, 

Sen et al., 2010, Jawhari et al., 1999, Couet et al., 1997). 

 One factor which largely influences the ability of EGFR to activate downstream signalling 

molecules is its localisation. EGFR activation of a number of signalling pathways including MAPK 

and PI3K, occur predominantly at the plasma membrane. Therefore, receptor internalisation 

would reduce activation of these pathways (Sousa et al., 2012, Brankatschk et al., 2012). 
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However, internalisation of the activated EGFR has been shown to be required for optimal 

activation of a subset of signal transducers (Vieira et al., 1996, Teis et al., 2006). Following 

activation of EGFR it is rapidly internalised and then sorted through the early endosome and is 

then recycled or subject to lysosomal degradation (Wiley et al., 1991). However, more recently 

it has been established that the fate of activated EGFR is not limited EGFR degradation and 

recycling. Indeed, EGFR has also been shown to traffic to both the nucleus and the mitochondria 

(Demory et al., 2009, Wang and Hung, 2009). In the nucleus EGFR has been shown to associate 

with proliferating cell nucleus antigen (PCNA) and DNA dependent protein kinase, which 

facilitates EGFR function via the promotion of DNA replication and repair (Wang et al., 2006a, 

Bandyopadhyay et al., 1998, Dittmann et al., 2005). In addition, nucleus EGFR has also shown to 

have a role in resistance to multiple cancer therapies such as cetuximab (Li et al., 2009), gefitinib 

(Huang et al., 2011) and cisplatin (Liccardi et al., 2011). Thereby highlighting the significance of 

EGFR localisation on downstream signalling. 
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Figure 1.6 EGFR signalling pathway. A schematic figure demonstrating multiple different 
signalling pathways activated by the EGFR resulting in several different cellular effects such as 
cell proliferation, survival and migration. 
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1.4 Tyrosine kinase inhibition of EGFR 

A number of TKIs have been developed against EGFR for the treatment of NSCLC. First 

generation inhibitors are still used in the clinic today. However, there has been a vast amount of 

research to try and improve these therapies, which has led to the development of second, third 

and fourth generation inhibitors each of which will be discussed. 

1.4.1 First generation EGFR inhibitors 

Gefitinib is an orally administered low-molecular-weight anilinoquinazoline. It inhibits the 

receptors tyrosine kinase activity by outcompeting ATP for the ATP-binding domain/pocket of 

EGFR (Tiseo et al., 2010). This binding results in the inhibition of autophosphorylation of the 

receptor, thereby, impeding downstream signal transduction (Tiseo et al., 2010). Indeed, 

gefitinib treatment has shown to result in the inhibition of proliferation, possibly through the 

increase in G1 cell cycle arrest following up-regulation of cell cycle inhibitors such as p27 and 

down-regulation of transcription factors such as c-FOS (Di Gennaro et al., 2003). Gefitinib has 

also been shown to induce autophagy and apoptosis through the blockage of the 

PI3K/AKT/mTOR pathway (Zhao et al., 2016). 

Treatment of an unselected patient population with gefitinib resulted in a response rate of 10-

20% (Lynch et al., 2004, Paez et al., 2004). It was the first cancer therapy to be given accelerated 

approval by the FDA for the treatment of patients with locally advanced or metastatic NSCLC 

that did not respond to either platinum-based or docetaxel chemotherapies (Cohen et al., 

2003). However, approval was later retracted due to the failure to show clinical benefit by 

extended life and to a number of adverse effects associated with treatment (FDA, 2009). Indeed, 

a number of cases reported adverse hepatic and pulmonary events associated with gefitinib 

treatment (Li et al., 2009, Inomata et al., 2004). The mechanism behind these associated 

toxicities is relatively unknown. However, a study by Li et al suggested that this possibly 

occurred via a GSH-related mechanism. They demonstrated that gefitinib can be bioactivated in 

hepatic, intestinal, and pulmonary microsomes, forming in a reactive metabolite that reacts with 

GSH to form gefitinib-GSH adducts (Li et al., 2009, Paez et al., 2004). As a consequence of its 

limited efficiency and toxicity, gefitinib was then only indicated for patients who had previously 

shown a benefit from its use. 

Erlotinib, like gefitinib is a first generation TKI. It shares a similar structure as both have a 4-

anilino-quinazoline pharmacophore base (Figure 1.7). Due to the similarities in structure it is 

unsurprising that they have similar pharmacokinetic and toxicity profiles in patients. However, 
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differences in their clinical effectiveness have been identified (Wu et al., 2011). The mechanism 

behind this may be a result of differential binding of these compounds to the catalytic site of the 

mutant active EGFR. Indeed, identified mutations cluster around the catalytic cleft and differing 

mutations have been shown to alter sensitivity to inhibitors to varying degrees (Yun et al., 

2007). Clinical trials comparing gefitinib with erlotinib showed erlotinib to increase progression-

free survival and be associated with reduced adverse hepatic and pulmonary events (Urata et 

al., 2016). However, patients inevitably progress following acquired resistance to these drugs 

with the most prominent mechanism being the appearance of the secondary T790M mutation 

(Godin-Heymann et al., 2008).    

 

 

Figure 1.7 Chemical structures of erlotinib and gefitinib.  The molecular mass of erlotinib 

and gefitinib are 429.9 and 446.9 respectively. Figure adapted from (Gonzalez de Castro et al., 

2013) 

1.4.2 Second generation EGFR inhibitors 

Second generation inhibitors were developed in the hope of overcoming the T790M-mediated 

resistance. These inhibitors were irreversible EGFR TKIs that were proposed to bind well to the 

T790M mutant receptor. The three discussed in this thesis are afatinib (BIBW2992), dacomitinib 

(PF0299804) and Neratinib (HKI-272) (Ou, 2012, Rabindran et al., 2004). These are inhibitors of 

both EGFR and human epidermal receptor 2 (HER2) (Li et al., 2008, Rabindran et al., 2004), with 

dacomitinib also reported to inhibit HER4 (Gonzales et al., 2008). 

1.4.2.1 Afatinib 

Afatinib is an anilinoquinazoline based irreversible inhibitor of EGFR and HER2. It was designed 

to bind covalently to the cysteine 773 of EGFR and the cysteine 805 of HER2 (Li et al., 2008). Pre-

clinical assays by li et al demonstrated an increase in the efficiency of afatinib over first 

generation TKIs (Li et al., 2008). These promising results led to afatinib entering clinical trials. 

The LUX-LUNG 2 trials, was a Phase II single-arm study, which assessed afatinib as first- or 

second-line therapy for NSCLC patients whose tumours harboured EGFR activating mutations 

within exons 18–21  (Yang et al., 2012). The results of this trial showed promise with 61% of 

A. B.
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patients having an objective response (1.6 % complete responses, 59.4% partial responses) 

(Yang et al., 2012). The LUX-LUNG 3 trial compared the efficacy of chemotherapy with afatinib, 

whereby the latter prolonged progression-free survival in advanced lung adenocarcinoma with 

EGFR mutations (Sequist et al., 2013). Furthermore, treatment with afatinib resulted in 

improved quality of life and a delay in lung cancer-related symptoms (Sequist et al., 2013). This 

finding was confirmed by the LUX-LUNG 6 study, which compared afatinib with 

cisplatin/gemcitabine and again showed an improvement in progression-free survival (Wu et al., 

2014). The LUX-LUNG 7 study was a direct comparison of afatinib and gefitinib-based treatment 

(Park et al., 2016). Progression-free survival appeared relatively unchanged between these two 

therapies. However, time to treatment failure was significantly longer in the afatinib treated 

group at 13.7 months versus 11.5 months for gefitinib. Finally, the LUX-LUNG-8 trial, compared 

afatinib to erlotinib as second-line treatment of patients with advanced squamous cell 

carcinoma (Soria et al., 2015). The objective response, tumour shrinkage and adverse event 

profiles showed no difference between erlotinib and afatinib treated patients. However, there 

was an increase in progression-free survival and overall survival in the afatinib-treated group 

(Soria et al., 2015). Despite these positive data disease progression inevitably followed in nearly 

every patient. Studies by Wu et al have identified the T790M mutation in lung adenocarcinoma 

that had acquired resistance to afatinib (Wu et al., 2016). Thus, afatinib may not be an adequate 

treatment to overcome T790M-mediated resistance.   

1.4.2.2 Dacomitinib 

Dacomitinib is a small-molecule, irreversible tyrosine kinase inhibitor of EGFR, ERBB2 (HER2) and 

HER4. Pharmacokinetic studies demonstrated its high bioavailability and half-life (Gonzales et 

al., 2008). It inhibits EGFR through binding cysteine-797 at the ATP-binding site, leading to 

suppression of EGFR tyrosine kinase activity (Gonzales et al., 2008). Preclinical studies, both in 

vivo and in vitro, indicated dacomitinib to be a potent inhibitor of EGFR barring activating 

mutations as well as the EGFR T790M resistance mutation (Engelman et al., 2007a). The Archer 

1009 study compared dacomitinib to erlotinib treatment in 878 unselected previously treated 

NSCLC patients with advanced stage NSCLC (Ramalingam et al., 2014). Results showed that 

dacomitinib treatment did not enhance progression-free survival when compared to erlotinib 

and  was associated with an increase in adverse events. The Phase 3 double-blind, randomised, 

placebo-controlled, BR.26 trial studied patients with advanced or metastatic NSCLC that had 

previously been treated with three rounds of chemotherapy and either gefitinib or erlotinib 

(Ellis et al., 2014). This study concluded that Dacomitinib did not increase overall survival in this 
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treatment group. There are still a number of ongoing clinical trials including a comparison with 

Gefitinib as a first line treatment of advanced NSCLC. 

1.4.2.3 Neratinib  

Neratinib is an irreversible TKI, which targets cysteine residues in the ATP binding pocket of 

HER2 (Wissner et al., 2003). This site is conserved in EGFR, HER2, and HER4 and therefore, 

neratinib is a pan-HER inhibitor. Treatment with neratinib arrests cells at the G1/S phase 

transition of the cell cycle and thereby decreases cellular proliferation (Rabindran et al., 2004). 

In vitro studies showed that neratinib was three to four-fold more effective in suppressing 

proliferation than gefitinib in cell lines containing both EGFR activating mutations and the 

T790M resistant mutation (Kwak et al., 2005). A Phase I clinical trials in pre-treated NSCLC 

patients suggested the maximum tolerated dose to be 320 mg/day (Wong et al., 2009). 

However, the Phase II clinical trial imposed a low dose limit due to development of grade 3 

diarrhoea in more than 50% of patients (Sequist et al., 2010). This study showed that neratinib 

had low bioavailability, possibly as a result of the low dose limitation (Sequist et al., 2010). 

Despite poor clinical results in NSCLC trials there is currently an ongoing open-label phase 2 

study of neratinib in patients with solid tumours containing somatic EGFR, HER2 and HER3 

mutations or EGFR gene amplifications. 

1.4.3 Third generation EGFR inhibitors 

Despite the initial hopes for second generation inhibitors none have shown to efficiently target 

the T790M in the clinic. A number of third generation inhibitors have been developed including 

AZD9291 (osimertinib, mereletinib), CO-1686 (rociletinib), HM61713 (BI 1482694), ASP8273, 

EGF816, and PF-0674777. Unlike first and second generation inhibitors third generation 

inhibitors have an increase in potency for the T790M mutation over wild-type (wt) EGFR. 

1.4.3.1 WZ4002 

The covalent pyrimidine EGFR inhibitor, WZ4002, was originally identified as one of three 

compounds (WZ4002, WZ3146 and WZ8040) which showed an increase in potency from a 

screening of irreversible kinase inhibitor library specifically targeting the T790M-mutant EGFR 

(Zhou et al., 2009). Treatment of NSCLC cell lines resulted in inhibition of EGFR, AKT and ERK1/2 

phosphorylation (Zhou et al., 2009). The first published crystal structure of EGFR T790M mutant 

bound to the WZ4002 showed that the compound binds to the ATP binding pocket of EGFR 

through a covalent bond with cysteine 797 (Zhang et al., 2006b) (figure 1.8). The 

anilinopyrimidine core of WZ4002 forms a bidentate hydrogen bonding interaction with the 
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hinge residue Met 793 of EGFR (Zhang et al., 2006b). This results in a hydrophobic interaction 

between 5-Cl substituent on the pyrimidine ring of WZ4002 and the side chain of the 

gatekeeper residue Met 790 (Zhang et al., 2006b). This interaction is suggested to explain the 

potency of WZ4002 for the T790M-mutated EGFR. Despite these initial positive results WZ4002 

did not progress into clinical trials due to legal issues between the Dana-Farber Cancer Institute 

and Novartis regarding the rights to develop WZ4002.  

 

 

Figure 1.8 Co-crystal structure of EGFR T790M bound with WZ4002  

(Taken from (Zhang et al., 2006b)). 

 

1.4.3.2 CO-1686 (rociletinib) 

The 2, 4-disubstituted pyrimidine compound, CO-1686, is a novel irreversible mutant-selective 

inhibitor for the EGFR exon deletion, the L858R and the T790M mutants (Walter et al., 2013a). 

Indeed, pre-clinical trials showed CO-1686 to have little activity against wild-type EGFR (Walter 

et al., 2013a). CO-1686 covalently modifies cysteine 797 in the ATP binding pocket of EGFR, 

inducing apoptosis in vitro and anti-tumour activity in vivo (Walter et al., 2013a). EGFR-mutated 

NSCLC patients who had acquired resistance to EGFR inhibitors were enrolled in a phase I/II CO-

1686 study (Sequist et al., 2015). This study demonstrated CO-1686 to be active in NSCLC 

patients with T790M-mutated EGFR. Indeed, a 59 % response rate was noted in patients with 

T790M-positive tumours (Sequist et al., 2015). However, an update presented at the JP Morgan 

Healthcare Conference (13th January 2016) showed a considerably smaller confirmed response 
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rate of 34 %. The most frequent reason for lack of response was due to progression, principally 

due to brain metastasis and the absence of tumour shrinkage of greater than 30 %. There are 

currently a number of ongoing trials for CO-1686 shown in table 1.2. Despite CO-1686 showing 

positive results in the early stages of clinical trials, acquired resistance has already been noted 

(Sequist et al., 2015). Indeed, Piotrowska and colleagues showed that progression following 

treatment with CO-1686 of T790M-positive EGFR-mutant lung cancers resulted in the 

emergence of T790-wild-type EGFR populations (Piotrowska et al., 2015). Therefore, T790-wild-

type clones become the dominant source of resistance. Moreover, the FDA has recently 

declined approval of this drug because of poor response rates and toxicity profile, so further 

clinical development has stopped. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



54 
 

 

 

 

 

Table 1.2 Ongoing clinical trials for CO-1686 in NSCLC (updated using (ClinicalTrials.gov, 
2016c)) 

Trial name  ClinicalTrials.gov 
Identifier: 

Status 

A phase I/II, multicenter, open-label study of 
EGFRmut-TKI EGF816, administered orally in 
adult patients with EGFRmut solid 
malignancies 

NCT02108964 This study is currently 
recruiting participants 

A phase 1b/2 study of safety and efficacy of 
Rociletinib in combination with MPDL3280A 
in patients with advanced or metastatic 
EGFR-mutant NSCLC 

NCT02630186 This study is ongoing, 
but not recruiting 
participants. 

TIGER-1: Safety and efficacy study 
of rociletinib (CO-1686) or erlotinib in 
patients with EGFR-mutant/metastatic 
NSCLC who have not had any previous EGFR 
directed therapy 

NCT02186301 This study is ongoing, 
but not recruiting 
participants. 

TIGER-2: A phase 2, open-label, multicenter, 
safety and efficacy study of oral CO-1686 as 
2nd line EGFR-directed TKI in patients with 
mutant EGFR non-small Cell Lung Cancer 
(NSCLC) 

NCT02147990 This study is ongoing, 
but not recruiting 
participants. 

TIGER-3: Open label, multicenter study of 
Rociletinib (CO-1686) mono therapy versus 
single-agent cytotoxic chemotherapy in 
patients with mutant EGFR NSCLC who have 
failed at least one previous EGFR-directed 
TKI and platinum-doublet chemotherapy 

NCT02322281 This study has closed 
early and Clovis have 
stopped clinical 
development of this 
molecule. 

Study to evaluate safety, pharmacokinetics, 
and efficacy of Rociletinib (CO-1686) in 
previously treated mutant epidermal growth 
factor receptor (EGFR) in non-small cell lung 
cancer (NSCLC) patients 

NCT01526928 This study is ongoing, 
but not recruiting 
participants 
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1.4.3.3 HM61713 (BI 1482694)  

HM61713, an irreversible EGFR tyrosine kinase inhibitor which binds to a cysteine residue close 

to the kinase domain (Lee et al., 2014). In vitro and in vivo studies showed HM61713 to be a 

potent inhibitor of growth with limited toxicity (Lee et al., 2014). A phase I/II study of patients 

with advanced EGFR mutation-driven NSCLC who had previously failed on EGFR TKIs is still 

ongoing but so far showed an objective clinical response rate of 58.8 % (Park K et al., 2015). 

They identified a number of dose limitation toxicities involving GI symptoms and elevation of 

liver and pancreatic enzymes such as aspartate aminotransferase, alanine aminotransferase, 

amylase, and lipase (Park K et al., 2015). A further update presented at ESMO Asia 2015 showed 

an additional increase to the objective response rate to 62% in T790M-positive patient (Lee et 

al., 2015). This led to HM61713 being granted Breakthrough Therapy Designation by the FDA 

(Stockwell, 2015). However, resistance mechanisms to HM61713 have already been identified 

including the acquisition of the EGFR C797S mutation (Song et al., 2016) 

1.4.3.4 AZD9291 (Osimertinib) 

AZD9291 is a potent irreversible EGFR tyrosine kinase inhibitor that is selective for the T790M 

mutation (Cross et al., 2014). AZD9291 is structurally and pharmacologically distinct from other 

third generation TKIs such as CO-1686 (Cross et al., 2014). It is a mono-anilino-pyrimidine the 

structure of which is depicted in Figure 1.9 A. The pyrimidine core of AD9291 binds to the hinge 

region of EGFR (Met-973) by the formation of 2 hydrogen bonds, while its acrylamide group 

forms a covalent bond with Cys-797 (Figure 1.9 B). There are a number of differences which 

make AZD9291 distinct from TKIs such as CO-1686 including the electrophilic functionality which 

resides within the pyrimidine C-2 substituent ring, the C-linked and heterocyclic of pyrimidine 4-

substituent, and the absence of substitution of pyrimidine 5-position (Cross et al., 2014). Cross 

and colleagues have shown that AZD9291 potently inhibits both active as well as T790M-mutant 

EGFRs in vitro and in vivo (Cross et al., 2014). 

There have been a number of clinical trials for AZD9291 in NSCLC, some of which are still 

ongoing (Gil-Bazo and Rolfo, 2016, Janne et al., 2015, Yang et al., 2016). However, initial results 

showed a response rate of 59% and duration of response to be 12.4 months (Sequist et al., 

2015). In November 2015 it was FDA approved for the treatment of patients with metastatic 

EGFR T790M mutation-positive NSCLC, who have shown progression following treatment with 

EGFR TKI therapy (FDA, 2015, Greig, 2016). The drug has also now been approved for use in 

Europe and recently by NICE in the UK. However, alternative escape mechanisms have already 
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emerged, including loss of the T790M mutation, activation of the HER2 or MET pathways as well 

as FGFR1 amplification (Kim et al., 2015, Thress et al., 2015, Planchard et al., 2015). In addition 

Thress and colleagues identified an additional C797S mutation within EGFR which appears to 

mediate resistance (Thress et al., 2015). The C797S mutation has also been identified in patients 

resistant to HM61713 (BI 1482694) treatment (Song et al., 2016). Therefore, despite these 

promising results resistance to EGFR targeted treatment remains an issue. This highlights the 

need for further research into resistance mechanisms.    

 
Figure 1.9 AZD9291 chemical structure and structural model showing binding of 

AZD9291 to EGFR T790M  (Taken from (Cross et al., 2014)). 

1.4.3.5 ASP8273 

ASP8273 is a small molecule irreversible TKI inhibitor, whose structure has not been disclosed 

(Cheng et al., 2016). ASP8273 has been shown, in vitro, to inhibit both the active as well as 

T790M EGFR mutants with higher potency than the wild-type EGFR (Sakagami et al., 2014). This 

was shown to be through covalent binding of ASP8273 to the cysteine 797 residue in the kinase 

domain of EGFR (L858R/T790M) (Sakagami et al., 2014). Interestingly, ASP8273 also showed 

activity in cell lines which had resistance to AZD9291 and CO-1686 (Konagai et al., 2015). 

Furthermore, in mouse xenograft models ASP8273 induced tumour regression at 10, 30 and 

100mg/kg (Konagai et al., 2015). A phase I/II study of patients in which erlotinib treatment had 

previously failed showed 25% (3/12) patients carrying the T790M mutation  had a partial or 

complete response to ASP8273 treatment (Yu et al., 2015). There are a number of clinical trials 

ongoing for ASP8273 shown in table 1.3. 
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Table 1.3 Ongoing clinical trials for ASP8273  (updated using (ClinicalTrials.gov, 2016a) ) 

Trial name  ClinicalTrials.gov 
Identifier 

Status 

A study of ASP8273 in epidermal growth factor 
receptor (EGFR) tyrosine kinase inhibitor-naïve 
patients with non-small cell lung cancer 
harbouring EGFR mutations 

NCT02500927 Active, not recruiting 

An open study of ASP8273 in patients with 
non-small-cell lung cancer (NSCLC) who have 
epidermal growth factor receptor (EGFR) 
mutations 

NCT02192697 Active, not recruiting 

A study to investigate the absorption, 
metabolism and excretion of [14C]ASP8273 in 
subjects with solid tumours 

NCT02674555 This study is not yet open 
for participant 
recruitment 

A Dose Escalation Study of ASP8273 in Subjects 
With Non-Small-Cell Lung Cancer (NSCLC) Who 
Have Epidermal Growth Factor Receptor 
(EGFR) Mutations 

NCT02113813 Recruiting 

A study of ASP8273 vs. erlotinib or gefitinib in 
first-line treatment of patients with stage 
IIIB/IV non-small cell lung cancer tumours with 
EGFR activating mutations 

NCT02588261 Recruiting 

A phase I/II, multicenter, open-label study of 
EGFRmut-TKI EGF816, administered orally in 
adult patients with EGFRmut solid 
malignancies 

NCT02108964 Recruiting 
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1.4.4 Fourth-generation selective inhibitor overcoming EGFR C797S 

The presence of the additional C797S mutation following treatment with third generation 

inhibitors has led to the development of fourth generation inhibitors. EAI045 is a fourth-

generation selective inhibitor, which overcomes EGFR C797S mediated resistance (Jia et al., 

2016). Unlike previous EGFR TKIs which target the ATP-binding sites of the kinase, EAI045 is an 

allosteric inhibitor (Jia et al., 2016). Crystal structure analysis revealed that it binds to an 

allosteric site on EGFR created by the displacement of the regulatory C-helix in the inactive 

conformation of the kinase (Jia et al., 2016). Dimerization-defective/independent mutants were 

shown to be more sensitive to EAI045 treatment. The combined treatment with cetuximab 

which is known to block EGFR dimerization, showed a reduction in tumour growth in both 

L858R/T790M/C797S, and L858R/T790M —mutant-driven lung cancer mouse models (Jia et al., 

2016).  

Overall, this data highlights the profound effort made by academic and pharmaceutical 

industries to develop second, third and fourth generation TKIs that bind directly to the T790M-

mutated EGFR. Some of these treatments have shown promise and were even incorporated into 

clinical use. However, the eventual development of resistance to these treatments remains an 

issue. Furthermore, the presence of secondary mutations within these resistant tumours and 

the re-occurrence of the T790 wild-type receptor create further challenges. Therefore, a better 

understanding of changes which occur as a result of the T790M mutation may hold the key to 

better treatment opportunities for these patients.   

1.5 Signalling changes in response to EGFR mutations 

The mutated EGFR are catalytically active and tumorigenic and their activation profiles are 

different from that of the ligand activated wild-type receptors. The phosphorylation status of 

the mutated receptor exceeds that of unstimulated wild type counterpart. Indeed, the basal 

EGFR activation induces differential phosphorylation of tyrosine residues (Carey et al., 2006). 

These induce activation of the MAPK/ERK1/2 and PI3K/AKT pro-survival pathways among others 

that will be discussed in this section. 

An RPPA study of 84 NSCLC cell lines was carried out by Ummanni et al. Although the primary 

aim of this study was not to identify signalling changes associated with EGFR TKIs sensitivity, 

they have included a small amount of data in this area (Ummanni et al., 2014). They identified 

that increased phosphorylation, rather than expression, of EGFR was indicative of drug 

sensitivity. Furthermore, they showed that reduction in proteins involved in the 
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PI3K/AKT/p70S6K signalling pathway was associated with sensitivity to erlotinib. This pathway 

was also highlighted by transcriptional analysis of 57 patients with EGFR mutant NSCLC from the 

EURTAC trial (Karachaliou et al., 2015). Indeed, patients with down-regulation of mTOR upon 

treatment with Erlotinib demonstrated increased progression-free survival (Karachaliou et al., 

2015).  

MET 

MET expression is increased in EGFR-mutant NSCLC cells (Xu et al., 2010). This is believed to be 

through the EGFR-mediated activation of hypoxia-inducible factor-1α (HIF-1α) (Xu et al., 2010). 

Furthermore, amplification of MET has been shown to mediate resistance to targeted 

compounds such as gefitinib (Xu et al., 2010) by driving ERBB3 (HER3)-dependent activation of 

PI3K (Xu et al., 2010). MET functions through HIF-1α to induce invasiveness of EGFR-driven 

NSCLC cells (Xu et al., 2010). Therefore, dual treatment with EGFR and MET inhibitors may 

prevent tumour metastasis beyond what can be achieved with EGFR TKIs alone. 

Nuclear factor (erythroid-derived 2)-like 2 (NRF2) 

A study by Yamadori et al identified the NRF2-Kelch-like ECH-associated protein 1(KEAP1) 

regulatory pathway to play a key role in exacerbating sensitivity to erlotinib (Yamadori et al., 

2012). NRF2, is a key regulator of the antioxidant response and therefore has a protective role 

and that is commonly recognised to modulate drug sensitivity (Wang et al., 2008). The study by 

Yamadori and colleagues identified that the PC9 NSCLC cell line, which contains the EGFR 

activating mutation in exon 19, had a constitutively activated NRF2 (Yamadori et al., 2012). 

Furthermore, they show that induction of cellular stress or the inhibition of KEAP1 reduced the 

sensitivity to TKI treatment (Yamadori et al., 2012). This highlights the possible role of the 

NRF2/KEAP1 pathway in the regulation of sensitivity to TKIs such as erlotinib. 

Wnt signalling 

The Wnt signalling pathway has been implicated in EGFR signalling through its ability to 

transactivate EGFR (Chen et al., 2001, Hu and Li, 2010, Ji et al., 2009, Sharma et al., 2002). A 

positive correlation was found in patient tumour samples between EGFR activating mutations 

and the nuclear accumulation of β-catenin (Suzuki et al., 2007). Furthermore, a whole genome 

short hairpin RNA (shRNA) screen revealed that the Wnt-tankyrase-β-catenin pathway played a 

role in resistance to EGFR TKIs (Casas-Selves et al., 2012). Indeed, the inhibition of the activators 

of the Wnt signalling pathway poly-ADP-ribosylating enzymes tankyrase 1 and 2, was shown to 

increase sensitivity to EGFR inhibitors (Casas-Selves et al., 2012). This may be explained by the 
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fact that tankyrase 1 and 2 mediate poly-ADP-ribosylation of AXIN1 and AXIN2 targeting them 

for degradation resulting in the activation of Wnt signalling. AXIN along with glycogen synthase 

kinase 3β (GSK3β), casein kinase I (CKI) and adenomatous polyposis coli (APC) form the β-

catenin destruction complex. Inhibition of tankyrase 1 and 2 results in negatively regulated WNT 

signalling and its associated downstream pathways such as the transcription of cyclin D1, C-

MYC, C-MET etc. (Huang et al., 2009).  

Neurofibromin 1 (NF1) 

The NF1 gene encodes a RAS GTPase-activating protein (GAP), a protein which binds to G 

proteins to stimulate GTPase activity. A study demonstrated that lung adenocarcinoma patients 

who had acquired resistance to EGFR TKIs exhibited low NF1 expression (de Bruin et al., 2014). 

Indeed, silencing of NF1 in vitro using siRNAs increased the resistance of cells to EGFR TKIs (de 

Bruin et al., 2014).  Low levels of NF1 correlated with the inability of erlotinib to fully inhibit the 

RAS-ERK signalling pathway, thereby suggesting that EGFR-mutant lung adenocarcinoma 

patients, who are resistant to EGFR TKIs, may benefit from combination therapy with MEK 

targeted agents (de Bruin et al., 2014). 

Death-Associated Protein Kinase (DAPK) 

 In a methylation-specific array DAPK was found to be hypermethylated in cells which were 

resistant to erlotinib compared to their sensitive counterparts (Ogawa et al., 2012). 

Furthermore, stable transfection of DAPK re-sensitised these cells to erlotinib treatment (Ogawa 

et al., 2012). Although, this was not formally demonstrated, the role of DAPK in regulating 

apoptosis in addition to reciprocal regulation between DAPK and the EGFR down-stream 

transducer ERK were proposed as possible mechanisms of DAPK-mediated resistance to EGFR 

TKIs (Chen et al., 2005). Indeed, the death domain of DAPK interacts with ERK to promote its 

retention in the cytoplasm (Chen et al., 2005), preventing the transcriptional activities of this 

kinase.  

Fibroblast Growth Factor (FGF) 

A study by Terai and colleagues identified overexpression of FGF2 and fibroblast growth factor 

receptor 1 (FGFR1) to be associated with resistance to gefitinib (Terai et al., 2013). Furthermore, 

they showed that the FGF2/FGFR1 pathway promoted proliferation of gefitinib-resistant cells 

(Terai et al., 2013). Similarly, the levels of FGFR2 and FGFR3 have been shown to rapidly increase 

in response to gefitinib treatment in both wild type and mutated EGFR, mediating a cellular 

protective function (Ware et al., 2010). 
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ADAM metallopeptidase domain 17 (ADAM17) 

Zhou and colleagues suggested that the up-regulation of ADAM17, a protein involved in the 

cleavage of membrane bound proteins, membrane-anchored cytokines, cell adhesion 

molecules, receptors, ligands, and enzymes, played a role in resistance to EGFR TKIs (Zhou et al., 

2006). Indeed, the ADAM inhibitor, INCB3619, enhanced gefitinib-mediated inhibition of EGFR 

signalling in NSCLC (Zhou et al., 2006). ADAM17, through shedding various substrates such as 

ligands of EGFR, is able to regulate various cellular functions including cell proliferation and 

migration (Huang et al., 2014). A possible resistance mechanism is the activation of alternative 

EGFR family members and downstream pathways through release of its ligands. Indeed, an anti-

ADAM17 inhibitory antibody was shown to suppress proliferation and motility in both the 

presence and absence of gefitinib. Treatment with this antibody led to the decrease in both the 

endogenous and the bradykinin-stimulated shedding of HER ligands, which was accompanied by 

a reduction in phosphorylation of HER receptors and downstream signalling pathways (Huang et 

al., 2014). 

Janus kinase (JAK) 

JAK2 has been implicated as a resistance mechanism independent of the EGFR T790M mutation 

and amplification of MET (Harada et al., 2012). Indeed, inhibition of JAK2 with the compound 

TG101348 resulted in enhanced cytotoxicity of erlotinib (Zhang et al., 2015). The combination 

was shown to induce apoptosis and downregulation of EGFR, BCL-XL and survivin expression as 

well as phosphorylation of EGFR and STAT3 (Zhang et al., 2015). A further study by Ochi and 

colleagues in xenograft models demonstrated that dual inhibition of JAK and EGFR with 

pacritinib inhibitor and erlotinib respectively, resulted in increased tumour shrinkage when 

compared to treatment with either drug alone (Ochi et al., 2016). 

Receptor tyrosine kinase-like orphan receptor 1 (ROR1) 

Induction of NK2 homeobox 1 (NKX2-1) has been shown to induce expression of ROR1, which 

results in an increase in pro-survival signalling (Yamaguchi et al., 2012). Knockdown of ROR1 

inhibits proliferation of lung adenocarcinoma cell lines, including those carrying EGFR-resistance 

mutations (Yamaguchi et al., 2012). Indeed, high levels of ROR1 have been shown to be 

associated with a decrease in progression-free survival in patients carrying the T790M mutation, 

while ROR1 inhibitors enhanced the efficiency of erlotinib treatment (Karachaliou et al., 2014). 

Epithelial-Mesenchymal Transition (EMT) 
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Lastly, Increased epithelial-mesenchymal transition (EMT) as a result of overexpression of the 

single-pass transmembrane receptor Notch-1, has been implicated in resistance as well as 

cancer cell metastasis (Xie et al., 2012). EGFR TKI-resistant cell lines showed an upregulation of 

Notch-1 (Xie et al., 2013). Conversely, the silencing of Notch-1 in gefitinib-resistant cell lines 

resulted in re-sensitisation to Gefitinib treatment, which was associated with impairment of cell 

invasion and anchorage-independent growth (Xie et al., 2013). Furthermore, in vivo studies 

showed that treatment of resistant lung cancer xenografts with the notch inhibitor N-[N-(3,5-

difluorophenacetyl)-L-alanyl]-(S)-phenylglycine t-butyl ester (DAPT) decreased proliferation and 

increased apoptosis, resulting in tumour growth retardation (Xie et al., 2013). 

In short, a number of signalling pathways have been shown to be altered in response to 

mutations in EGFR. However, as yet, these findings have mostly not been translated to the clinic.  

1.6 Metabolic changes in response to EGFR mutations 

Metabolic changes have long been shown to be associated with cancer development. Indeed, 

Hanahan and Weinberg highlighted abnormal metabolic pathways as a hallmark of cancer back 

in 2011 (Hanahan and Weinberg, 2011). Furthermore, in addition to their role in cancer 

development, changes in metabolism have also been implicated in drug resistance (Rahman and 

Hasan, 2015).  

A number of metabolic characteristics have been associated with sensitivity to 

chemotherapeutic agents and radiation (Harper et al., 2002). Indeed, cells which are sensitive to 

these treatments are associated with the following traits: (1) Higher mitochondrial membrane 

potential, (2) an increase in proton transfer against the proton gradient of the mitochondria, (3) 

production of ATP primarily through glucose metabolism, (4) higher levels of reactive oxygen 

species (ROS) in stressed conditions, resulting in increased DNA damage and susceptibility to 

apoptosis (Harper et al., 2002). In contrast, parameters associated with resistance include: (1) 

Lower mitochondrial membrane potential, (2) reduction in transfer of protons against the 

proton gradient of the mitochondria (proton leak), (3) higher use of beta-oxidation and 

increased cytosolic glycolysis, (4) lower levels of ROS production under stressed conditions, with 

associated reduced DNA damage and decreased susceptibility to apoptosis (Harper et al., 2002). 

Furthermore, metabolic changes have also been linked to resistance to targeted therapies 

(Locasale, 2012). Indeed, studies into resistance to lapatinib, an inhibitor of EGFR and HER2 

receptor autophosphorylation, showed that resistance was not a result of abrogation of the 

RAS, PI3K and mTOR pathways (Komurov et al., 2012). Instead, resistant cells showed an 
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increased expression of a number of metabolic pathways including glucagon signalling, glucose 

uptake and gluconeogenesis (Komurov et al., 2012). This suggested an increase in the glucose 

deprivation response network, which correlated with high clinical relapse rates in HER2-positive 

breast cancer patients (Komurov et al., 2012). Furthermore, targeting of the glucose deprivation 

response networks could modulate the response to lapatinib treatment. This study highlights 

the role of metabolism in resistance to targeted therapies and suggests that novel combination 

therapies may hold the key to overcoming acquired resistance. 

There have been a number of studies which have discussed EGFR mutations driving alteration in 

metabolic signatures (Makinoshima et al., 2015, Serizawa et al., 2014, Xie et al., 2016). Indeed, 

Serizawa and colleagues utilised capillary electrophoresis time-of-flight mass-spectrometry (MS) 

analysis to compare the profiles of the erlotinib-sensitive cell line PC9 and its resistant 

counterpart PC9ER (Serizawa et al., 2014). This study identified an increased representation of 

enzymes involved in the metabolism of the antioxidant molecule glutathione (GSH) in PC9ER 

cells. The levels of glutathione-S-transferase theta 2 (GSTT2), gamma-glutamyltransferase 1 

(GGT1) and GGT5 were all increased in the resistant cell line PC9ER (Serizawa et al., 2014). 

GSTT2 is a member of the glutathione-S-transferase (GST) family of proteins, which catalyse the 

conjugation of reduced GSH to a variety of compounds. GGT1 and GGT5 are both members of 

the gamma-glutamyltransferase family of enzyme, which cleaves the gamma-glutamyl bond of 

GSH resulting in the release of the dipeptide, cysteinyl-glycine and glutamate. This was an 

interesting insight into metabolic changes that could occur in response to erlotinib, particularly 

since increase in GSH levels, rather than its degradation, is traditionally associated with drug 

resistance (Zhang et al., 1998). 

1.6.1 The role of GSH in drug resistance 

GSH is a cellular detoxification antioxidant molecule. It is known to react with a number of 

molecules within the cell, including reactive oxygen species (ROS) and drug compounds (Masella 

et al., 2005, Mates, 2000). GSH has been suggested to be involved in drug resistance through 

modulation of a number of pathways or via its action as an antioxidant, reducing oxidative stress 

within the cell. The antioxidant function of GSH is particularly involved in resistance to alkylating 

agents and redox cycling drugs (Colvin et al., 1993). Indeed, reduction in GSH resulted in 

increased sensitivity to these agents (Colvin et al., 1993).  

GSH has been shown to directly conjugate with xenobiotic compounds (Figure 1.10 A). A 

number of erlotinib-GSH and gefitinib-GSH conjugates have been identified (Li et al., 2010b, Li et 
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al., 2009). These conjugates have been suggested to result in toxicities associated with 

treatment. The mercapturic acid pathway is involved in detoxification of glutathione-conjugate 

and extracellular export of drug compounds (Figure 1.10 B), resulting formation of mercapturic 

acid (Meister, 1988). Hence, GSH and the mercapturic acid pathway is involved in resistance to a 

number of drug compounds, although some drugs may become activated though this pathway 

resulting in cytotoxicity (Commandeur et al., 1995).  

As such, GSH metabolic enzymes such as GSTs have an important role in drug resistance to a 

number of compounds including chemotherapy agents, insecticides and herbicides (Tew, 1994, 

McLellan and Wolf, 1999, Cummins et al., 2013, Enayati et al., 2005). High levels of GST have 

been shown in various cancer types (Tew, 1994). It has been proposed that GST mediates 

resistance through two mechanisms: the detoxification of drugs as well as the sequestration of 

JNKs (Adler et al., 1999). Indeed, JNK has a key role in the activation of apoptosis via both 

phosphorylation of pro- and anti-apoptotic proteins and transactivation of transcription factors 

such as c-Jun (Dhanasekaran and Reddy, 2008).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 
 

 

 

 

Figure 1.10 GSH conjugates with xenobiotic via GST mediated mechanism and 

simplified schematic of detoxification via the mercapturic synthesis pathway . (A) The 
sulfhydryl group of GSH interacts with a number of xenobiotic molecules in a reaction which is 
catalysed by GST.  (B) Xenobiotics (including drug compounds) are represented as X. Xenobiotic 
bind to GSH, which renders them more hydrophilic. This reaction can be catalysed via GSH 
although, this could also be a spontaneous reaction (Armstrong, 1997). The newly formed GSH-
conjugate is then pumped out of the cell by members of the multidrug resistance-associated 
protein family (MRP) (Borst et al., 2000). The cell surface bound gamma-glutamyl transferase 
(γGT) catalyses removal of γ-glutamyl group of GSH. Dipeptidases/aminopeptidases (Peptidase) 
then remove the glycyl group, resulting in the formation of cysteine S-conjugates. The 
cysteine S-conjugates re-enter the cell via a number of transporters including organic anion 
transport polypeptides and cystine/cysteine importers (Import). Once inside the cell two 
different mechanisms have been reported. The acetylation by N-acetyl transferases action 
which results in the formation of mercapturic acid versions of the xenobiotics which are more 
polar and water soluble, hence generally less toxic and can be excreted out of the body. 
Alternatively cysteine S-conjugate β-lyase which results in the production of highly reactive thiol 
(Cooper et al., 2011). Figure adapted from (Ramsay and Dilda, 2014). 

A.

B.
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1.6.1.1 Mechanism of modulation of glutathione levels 

GSH is vital to the antioxidant response and its levels are tightly regulated within the cell. GSH is 

synthesised in two ATP-dependent steps, initially L-glutamate and cysteine are combined to 

form gamma-glutamylcysteine in a reaction which is catalysed by glutamate cysteine ligase 

(GCL) (Meister, 1988). This being a rate limiting step, expression of GCL is important in the 

regulation of this pathway. The second step in this reaction is catalysed by gamma-

glutamylcysteine, whereby, glycine is added to the C-terminus of the gamma-glutamylcysteine 

(Meister, 1988). The efficiency of this step is dependent on the availability of precursor 

molecules such as cysteine, glycine and glutamate and the activity of enzymes which catalyse 

the reactions for GSH synthesis (Meister, 1988).  

As GCL is the rate limiting enzyme of GSH synthesis, there have been a number of studies into its 

transcriptional regulation. The promoter region of GCL was found to contain activator protein-2 

(AP-2), metal response (MRE), and antioxidant response (ARE)/electrophile responsive (EpRE) 

elements (Lu, 2009). The MRE element is a cis-acting transcription factor that is responsible for 

metal-responsive control and is found within genes which are involved in metal metabolism and 

homeostasis (Giedroc et al., 2001). This may be in response to induction of oxidative stress due 

to increase metal levels (Woods and Ellis, 1995). ARE is a cis-acting transcriptional enhancer, 

which activates the transcription of a number of anti-oxidant genes within the cell (Rushmore et 

al., 1990). An ARE sequence has also been identified within promoter region of GSS, the second 

enzyme in the GSH synthesis reaction (Lee et al., 2005).  Furthermore, overexpression of the 

transcription factors, Nuclear respiratory factor 1 (NRF1) and Nuclear factor (erythroid-derived 

2)-like 2 (NRF2) significantly increased promoter activity of GSH metabolic enzymes (Lee et al., 

2005). 

NRF1 and NRF2 are Cap ‘n’ collar-based leucine zipper proteins (CNC-bZIP), which can trans-

activate target genes (Ohtsuji et al., 2008). They contain the following domain structures: the 

conserved Neh2 domain (an N terminal regulatory domain), the transactivation domain and the 

C-terminal bZIP domain (Ohtsuji et al., 2008). The C-terminal bZIP domain allows NRF1 and NRF2 

to heterodimerize with members of the small Avian Musculoaponeurotic Fibrosarcoma (MAF) 

protein family that is required for their DNA binding (Jaiswal, 2004). NRF2 has shown to be more 

potent than NRF1 in the transactivation of antioxidant genes (Ma, 2013, Ohtsuji et al., 2008, Lee 

et al., 2005). Due to the importance of NRF2 in antioxidant response its activity is tightly 

regulated. Kelch-like ECH-associated protein 1 (KEAP1) has been identified as an NRF2 
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interactive partner (Itoh et al., 1999a, Dhakshinamoorthy and Jaiswal, 2001). Further 

characterisation revealed that homodimerization of KEAP1 is required for binding to NRF2 (Tong 

et al., 2006a) (Figure 1.11A). The mechanism by which KEAP1 regulates NRF2 was demonstrated 

through expression of NRF2 alone or in combination with KEAP1. Expression of NRF2 alone 

resulted in its accumulation in the nucleus, while co-expression with KEAP1 prevented this and 

the presence of a panel of electrophiles restored NRF2 nuclear localisation (Itoh et al., 2010a).  

This suggested that KEAP1 sequesters NRF2 in the cytoplasm until oxidative or electrophilic 

insult frees it to enter the nucleus. Under oxidative stress the DLG motif of NRF2 is thought to 

dissociate from KEAP1 due to a conformational change as a result of electrophilic modifications 

of cysteine residues within KEAP1 (Bryan et al., 2013) (Figure 1.11B). This NRF2, now solely 

bound to KEAP1 by the ETGE motif, cannot be degraded and sequesters KEAP1. Newly formed 

NRF2 molecules can then translocate to the nucleus where it heterodimerizes with small MAF 

proteins to bind the ARE of target genes (Bryan et al., 2013, Itoh et al., 1997). The expression 

levels and function of NRF2 are regulated both transcriptionally and post–transcriptionally. 

Some of these mechanisms will be discussed below. 
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Figure 1.11 Schematic representation of KEAP1 regulation of NRF2 . (A) KEAP1 binds to 
NRF2 via both the ETGE and DLG motif and targets NRF2 for ubiquitination and proteasomal 
degradation. (B) Oxidative stress allows NRF2 to dissociate from KEAP1 ETGE motif, thereby avoiding 
proteasomal degradation. Newly formed NRF2 is then able to translocate to the nucleus to form 
heterodimers with MAF proteins and transcribe ARE containing genes. (C) Alternative KEAP1 binding 
partners such as SQSTM1, bind to KEAP1 via the STGE motif displacing NRF2.  SQSTM1 contains an 
ARE sequence and therefore is also transcribed by NRF2 thereby creating a positive feedback loop. 
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1.6.1.1.2 Additional KEAP1 binding partners  

A number of studies have identified additional KEAP1 binding partners (summarised in Figure 

1.12) through a variety of approaches including affinity purifications and mass-spectrometry. 

Furthermore, as some of these interactions have been found to occur through a conserved STGE 

motif, these additional KEAP1 binding partners may have a role in NRF2 regulation. A number of 

these will be discussed within this thesis. 

Liquid chromatography-electrospray ionization-tandem mass-spectrometry (LC-ESI-MS/MS) 

identified SQSTM1 as a KEAP1 binding partner, and this was validated by co-

immunoprecipitation (Co-IP) experiments (Copple et al., 2010).  SQTSM1 is a scaffolding/adapter 

protein involved in multiple signalling pathways (Moscat et al., 2007, Seibenhener et al., 2007). 

In addition, it plays a role in sequestering damaged/misfolded proteins into aggregates and the 

shuttling of polyubiquitinated proteins for both proteasomal and lysosomal degradation 

(Moscat et al., 2007, Seibenhener et al., 2007). The silencing of SQSTM1 increases the levels of 

KEAP1 and decreases those of NRF2 (Copple et al., 2010). This resulted in the decrease of the 

basal mRNA and protein levels of a number of ARE-containing genes (Copple et al., 2010). 

SQSTM1 regulates KEAP1 by localising it into aggregates, preventing the degradation of NRF2 

due to its inability to interact with the E3 ubiquitin ligase complex (Lau et al., 2010). Komatsu 

and colleagues identified the consensus sequence that enables SQSTM1 to bind to KEAP1 as 

(D/N)X(E/S)(T/S)GE (Komatsu et al., 2010). Furthermore, they showed that increased SQSTM1 

results in increased NRF2 due to SQSTM1 outcompeting NRF2 for KEAP1 binding sites (Komatsu 

et al., 2010) (Figure 5.11C). Interestingly, SQSTM1 is transcribed in an NRF2-dependent manner 

as its promoter region contains an ARE, thereby forming a positive feedback loop (Ishii et al., 

2000, Jain et al., 2010) (Figure 5.11C). 
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Figure 1.12 Representation of KEAP1 protein interaction network identified through 

affinity purification and mass-spectrometry. The colour and size of each of the nodes 
represent their probabilistic scoring approach, sequence and source of data. Circular nodes 
sized upon their probability scoring using SPOTLITE analysis software (10% false discovery rates; 
FDR) (Goldfarb et al., 2014). Triangular nodes represent borderline SPOTLITE scores observed 
across multiple affinity purification and mass-spectrometry (APMS) runs. Taken from (Hast et al., 
2013). 
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KEAP1 has many other interacting partners amongst which is the Partner and localizer of BRCA2 

(PALB2), a nuclear protein involved in the intranuclear localization, stability, as well as DNA 

repair function of BRCA2 (Ma et al., 2012). This interaction was shown to be direct via an 

extended ETGE (LDEETGE) KEAP1 binding motif (Ma et al., 2012). Although, the majority of 

KEAP1 is cytoplasmic, evidence suggests KEAP1 to have a nuclear role, via blocking NRF2 access 

to ARE, facilitating its export out of the nucleus for its degradation (Sun et al., 2007). PALB2 is 

able to inhibit this interaction by outcompeting NRF2 for KEAP1 binding sites (Ma et al., 2012) 

Mass-spectrometry-based proteomics has identified another binding partner of KEAP1, namely 

the Wilms Tumour Gene on X Chromosome (WTX) protein (Major et al., 2007). This tumour 

suppressor protein is also known to negatively regulate WNT/beta-catenin signalling via 

interaction with ubiquitin ligase adaptor family containing β-transducin repeat promoting 

ubiquitination and degradation of β-catenin (Camp et al., 2012). The interaction of WTX with 

KEAP1 is direct and achieved through its ETGE motif (Camp et al., 2012). Furthermore, WTX was 

shown to compete with NRF2 for KEAP1 binding sites and inhibition of WTX resulted in 

ubiquitination and degradation of NRF2 following cytotoxic insult (Camp et al., 2012). 

Dipeptidyl peptidase 3 (DPP3) was identified by Hast and colleagues to be a further interacting 

partner of KEAP1 through proteomic analysis (Hast et al., 2013). DPP3 is a zinc-dependent 

hydrolase that cleaves dipeptides from the N-termini of a number of proteins and as such plays 

a role in a number of physiological processes (Kumar et al., 2016). Hast and colleagues showed a 

direct interaction of the ETGE domain of DPP3 and KEAP1 (Hast et al., 2013). In addition, as seen 

for PALB2, SQSTM1, and WXT, DPP3 competes with NRF2 for KEAP1 binding sites so that its 

increased expression correlates with an increase in NRF2 activity (Hast et al., 2013).  

This accumulating body of evidence therefore highlights the importance of KEAP1 binding 

partners in the activity of NRF2. Changes in expression of these proteins could directly influence 

transcription of NRF2 target genes. There are a number of additional pathways that impact on 

NRF2 transcription directly which will be discussed below. 

1.6.1.1.3 Transcriptional regulation of NRF2 

NRF2 can regulate its own transcription via the ARE sequence in the NRF2 promoter. (Kwak et 

al., 2002). In addition to the ARE sequence, three xenobiotic response element-like elements 

(XREL1, XREL2 and XREL3) are also present within its promoter region (Miao et al., 2005). These 

were shown to be functional, although XREL2 is the most potent (Miao et al., 2005). These are 
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activated by the aryl hydrocarbon receptor (AHR) inducer TCDD (2, 3, 7, 8-tetrachlorodibenzo-p-

dioxin) (Miao et al., 2005). AHR, when activated by ligands such as TCDD, heterodimerizes with 

AHR nuclear translocator (ARNT). These heterodimers activate XRE, which induce expression of 

phase I drug metabolising enzymes such as cytochrome p450s (Rushmore and Kong, 2002) that 

promotes the generation of reactive intermediates which may  activate the ARE in target genes 

(Bryan et al., 2013). 

A number of studies have identified cross-talks between NRF2 and the transcription factor, NF-

κB. Indeed, nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) down-regulates the 

transcription of ARE-containing genes (Nair et al., 2008). The promoter region of NRF2 has been 

shown to contain an NF-κB binding region (Nair et al., 2008), suggesting that NF-κB has a role in 

NRF2 transcription. Furthermore, KEAP1 has been identified as a negative regulator of the NF-κB 

pathway through its ability to bind to IκB Kinase β (IKKβ), resulting in its ubiquitination and 

degradation (Kim et al., 2010). 

1.6.1.1.4      Post-translational modification of NRF2 

NRF2 contains serine, threonine and tyrosine residues that could be phosphorylated by a 

number of different kinases. A number of pathways have been implicated in the 

phosphorylation of NRF2 including the mitogen-activated protein kinase cascades (MAPK), the 

phosphatidylinositol 3-kinase (PI3K/AKT), protein kinase C (PKC), GSK3β pathway as well as ERK 

signalling pathways. The most predominant part of the NRF2 pathway affected by these 

phosphorylation’s are the nuclear import/export of NRF2 itself or the interaction of KEAP1 with 

NRF2.  These will be discussed below and are summarised in Figure 1.13. 

NRF2 nuclear localisation 

The tyrosine kinase Fyn has been shown to phosphorylate NRF2 at tyrosine-568, resulting in its 

nuclear export and degradation (Jain and Jaiswal, 2006). This was confirmed by mutational 

studies which revealed that mutations at this residue resulted in the nuclear accumulation of 

NRF2 due to loss of interaction with exportin chromosomal maintenance 1 (Crm1), also known 

as Exportin 1 (Jain and Jaiswal, 2006). Exportin Crm1 is the most prominent export protein for 

the transport of macromolecules across the nuclear membrane (Nguyen et al., 2012). In 

addition, 13 different locations within the Neh4 and Neh5 transcriptional activation domains of 

NRF2, have been identified as protein kinase casein kinase II phosphorylation sites in vitro 

(Apopa et al., 2008). These phosphorylations have been shown to enhance the translocation  of 
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NRF2 into the nucleus to transcribe ARE responsive genes (Apopa et al., 2008). Lastly, 

phosphorylation of NRF2 by p38 mitogen-activated protein kinases prevents NRF2 nuclear 

localisation by promoting its association with KEAP1 (Keum et al., 2006). 

Interaction of NRF2 with KEAP1 

Studies have also shown the involvement of JNK and ERK in NRF2 activation through 

phosphorylation. Indeed, ERK is able to phosphorylate NRF2, resulting in the dissociation of 

NRF2 from KEAP1. NRF2 is subsequently imported into the nucleus (Cullinan et al., 2003). PKC, 

specifically PKC delta, phosphorylates serine 40 on NRF2, which lies within the Neh2 domain 

(Huang et al., 2002, Numazawa et al., 2003, Niture et al., 2009). Phosphorylation at this site 

disrupts its interaction with KEAP1, leading to stabilisation of NRF2 (Huang et al., 2002, 

Numazawa et al., 2003, Niture et al., 2009), thereby increasing expression of ARE-containing 

genes (Huang et al., 2002). However, other reports also suggest that this phosphorylation only 

induces stability of NRF2 and its nuclear localisation requires dissociation from KEAP1 via 

antioxidant modifications of the 151 cysteine residues of KEAP1 (Niture et al., 2009, Bloom and 

Jaiswal, 2003).  

In addition to cytoplasmic protein kinases, EGFR has also been shown to have a role in NRF2 

activation. A study by Yamadori and colleagues suggested that NRF2 is regulated in an EGFR 

ligand-dependent manner (Yamadori et al., 2012). They demonstrate that a constitutively active 

EGFR leads to constitutive activation of NRF2 while the inhibition of EGFR and downstream 

mediators MEK1/2 and PI3K results in a decrease in NRF2 expression. Furthermore, they 

propose NRF2 as a critical molecular target to improve sensitivity to EGFR-TKIs in NSCLC. An 

additional study by Huo and colleagues showed that EGFR associates with KEAP1 in the nucleus 

(Huo et al., 2010). Upon ligand binding, EGFR internalises and translocates to the nucleus to 

fulfil its role in gene transcription, DNA repair and DNA replication (Wang et al., 2010c, Han and 

Lo, 2012, Wang and Hung, 2012). Nuclear EGFR interacts with and phosphorylates Y206, Y263, 

and Y334 residues on nuclear KEAP1. Phosphorylation at these sites results in a reduction in 

nuclear KEAP1, thereby enhancing NRF2 transcriptional activity (Huo et al., 2014). 
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Figure 1.13 Structure of NRF2, dom ains and phosphorylation sites . NRF2 is comprised of 
6 Neh domains 1-6. The Neh2 domain allows NRF2 to bind to KEAP1 facilitating its degradation. 
Whereas Neh1 enables NRF2 to interact with Maf proteins required for DNA binding. The Neh3 
region is required for interaction with the nuclear import protein CRM1, which allows NRF2 to 
cross the nuclear membrane. A number of proteins including Fyn, CK2, and PKC delta are known 
to phosphorylate NRF2, their function has been associated with interfering with NRF2/KEAP1 or 
import of NRF2 into the nucleus. 
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1.6.2 The role of phosphatidylcholine metabolism in drug resistance 

Phosphatidylcholine and phosphatidylethanolamine are major components of biological 

membranes (Gibellini and Smith, 2010). Increased levels of these molecules have been 

implicated in oncogenic development and tumour progression (Baenke et al., 2013). This is 

thought to help satisfy the demand for lipids in highly proliferative tissue. However, in addition 

to this a number of enzymes within both the synthesis and degradation pathways have been 

implicated in drug resistance. An example of this is choline kinase, the first enzyme of the CDP-

choline/Kennedy pathway (Gibellini and Smith, 2010). It has been shown to be overexpressed in 

a number of cancers including lung, prostate and breast (Shah et al., 2010, Ramirez de Molina et 

al., 2007, Challapalli et al., 2015). Overexpression of choline kinase correlates with poor 

prognosis, disease progression (Shah et al., 2010, Glunde and Bhujwalla, 2007) and resistance to 

the thymidylate synthase inhibitor 5-fluorouracil. The latter was associated with increased 

rhodamine-123 efflux (Shah et al., 2010), suggesting that choline kinase can modulate multidrug 

resistance protein 1 (MDR1) or other ABC transporters, although the mechanism remains to be 

elucidated (Shah et al., 2010). These and other findings lead to the development of small 

molecular inhibitors of choline kinase alpha and a first-generation example of these compounds 

is the competitive inhibitor MN58b that shows anti-tumoural activity (Hernandez-Alcoceba et 

al., 1997, Hernandez-Alcoceba et al., 1999, Sanchez-Martin et al., 2005). Moreover, a second-

generation inhibitor, RSM-932A (TCD-717), has now completed phase I clinical testing (Lacal and 

Campos, 2015, ClinicalTrials.gov, 2014). 

The phosphatidylcholine degradation pathway has also been implicated in cancer progression 

through the generation of second messenger molecules. Phosphatidylcholine is hydrolysed by 

phospholipase enzymes, which results in the production of a number of second messengers 

such as phosphatidic acid (PA) and diacylglycerol (DAG) (Besterman et al., 1986). Indeed 

phospholipase D (PLD), which catalyses the cleavage of phosphodiester bonds in 

phosphatidylcholine and phosphatidylethanolamine resulting in the release of choline and 

phosphatidic acid, has been shown to induce DNA synthesis and cell proliferation (Knauss et al., 

1990). Increase in phospholipase activity has been found in multidrug-resistant breast cancer 

cells (Welsh et al., 1994). PLD was also shown to increase resistance to rapamycin treatment 

(Chen et al., 2003) , although the underlying mechanism for this is unclear. Nevertheless, here 

again, it is thought to involve an increase in DNA synthesis and cell proliferation via a 

phosphatidic acid-driven mechanism. The activity of PLD has been shown to increase following 
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EGF stimulation and, therefore, this enzyme may have a role in EGFR-driven cancers (Fisher et 

al., 1991).  

In addition to PLD, PLC, of which there are six isoforms (β, γ, δ, ε, ζ, η), hydrolyses 

phosphatidylcholine and phosphatidylethanolamine. This results in the release of 

phosphocholine and the second messenger diacylglycerol (DAG). Increased DAG has been 

shown to activate conventional (α, βI, βII, and γ) and novel (δ, ε, η,) PKCs, (Sharkey et al., 1984). 

The activation of PKC induces the expression of the MDR1 gene through the RAF-MAPK 

pathway, affecting the cellular response to drug treatments (Yang et al., 2001). 

The degradation of phosphatidylcholine and phosphatidylethanolamine by phospholipase A 

results in the formation of free fatty acids (FAs). FAs have been implicated in a number of 

signalling pathways including the activation of AMPK, ERK, GPCR, Toll-like receptor 4/NF-κB, 

Src/JNK, and PKC as well as sphingomyelinase/ceramide signalling (Huang and Freter, 2015).  

Therefore, activation of these pathways may lead to an increase in a number of cellular survival 

responses to promote drug resistance.  

Taken together, these data highlight the importance of metabolic pathways in oncogenic 

development and their potential role in resistance to targeted compounds such as erlotinib. 

However, until now, nothing is known about a direct role of metabolic changes in mediating 

resistance to erlotinib in EGFR-T790M mutant-expressing lung cancer cells. In this thesis, we 

used metabonoimics analysis to address this issue. 

1.7 Metabolomics in cancer 

Hanahan and Weinberg have proposed changes in metabolism or deregulated cellular energetics to 

be a hallmark of cancer (Hanahan and Weinberg, 2011). Indeed, they suggested that a well-

documented feature of neoplastic transformation is alterations in metabolic pathways that facilitate 

survival (Hsu and Sabatini, 2008, Hanahan and Weinberg, 2011). The highly proliferative nature of 

cancer cells leads to a continuous need for carbohydrates, amino acids and fatty acids to synthesise 

DNA, RNA, protein and lipid required for increasing the biomass. Cancer cells have an increased rate 

of nutrient consumption but also need to maintain a pool of substrates which are required for de 

novo synthesis.  

The most well document change in metabolism is “the Warburg effect,” in which, cells rely primarily 

on mitochondrial oxidative phosphorylation for the generation of energy (Warburg, 1956b). 

Metabolism in cancer cells is adapted to facilitate the uptake and incorporation of nutrients to 

increase cellular biomass required for cellular division (Vander Heiden et al., 2009). Oncogene status 
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and tumour microenvironment select for alterations in metabolism which are beneficial for the cell 

survival and growth (Vander Heiden et al., 2009).  Several signalling pathways implicated in cellular 

proliferation also have role in the regulation of metabolic pathways.  

One metabolic protein which has a key role within glycolysis has been shown to be regulated by 

several tyrosine phosphorylated proteins, is the M2 isoform of the glycolytic enzyme pyruvate kinase 

(PK-M2). This enzyme catalyses the last step of glycolysis, and therefore has a pivotal role in tumour 

metabolism and growth (Christofk et al., 2008b). PKM2 is regulated through binding to and fructose-

1,6-biphosphate, an intermediate of glycolysis (Christofk et al., 2008c). However, fructose-1,6-

biphosphate can be displaced by tyrosine-phosphorylated proteins such as FGFR, resulting in an 

increase in lactate production and decrease in oxygen consumption (Christofk et al., 2008c, Hitosugi 

et al., 2009). In addition to regulation through phosphorylation, other proteins have been identified 

to have a role in transcription of PK-M2. mTOR has been shown to induce expression of PKM2 via 

binding with hypoxia-inducible factor 1 at the promotor region of PKM, (Sun et al., 2011). A number 

of additional proteins have also been suggested to have a role in PKM2 regulation, including EGFR, c-

MYC (Yang et al., 2012b, David et al., 2010). 

Other signalling molecules have been highlighted to have a role in metabolism including P53 which 

has a role at multiple stages of glycolysis and oxidative phosphorylation (Puzio-Kuter, 2011). 

Mutations which occur within this protein have been shown to result in changes in metabolism 

which are advantageous to cancer cells. An example of which is loss of P53, which prevents the 

expression of cytochrome c oxidase, thereby interfering with mitochondrial respiratory chain 

(Matoba et al., 2006). P53 also affects TP53-induced glycolysis and apoptosis regulator through 

inhibition of glycolysis by decreasing fructose-2,6-bisphosphate levels, a stimulator of glycolysis as 

well as an inhibitor of gluconeogenesis (Kawauchi et al., 2008). 

 In addition to these downstream proteins, RTKs have also shown to have a role within cell 

metabolism. EGFR signalling has been shown to increase aerobic glycolysis as well as activate de 

novo pyrimidine synthesis in EGFR-mutated lung adenocarcinoma cells (Makinoshima et al., 2014). 

Makinoshima and colleagues went on to show that EGFR inhibitors such as gefitinib and erlotinib 

were able to repress aerobic glycolysis in these EGFR mutated cell lines (Makinoshima et al., 2014). 

Thereby highlighting that EGFR not only has a role within metabolism, but also that this can be 

modulated by targeting the RTK with small molecular inhibitors.  

Due to the importance of metabolism in the pathology of cancer and other diseases, a number of 

techniques such as mass-spectrometry and nuclear magnetic resonance (NMR) have been used to 



78 
 

compare normal with diseased state and monitor disease progression and the development of drug 

resistance. 

1.7.1 Mass-spectrometry 

Mass-spectrometry (MS) can be coupled with liquid chromatography (LC), gas chromatography (GC) 

or high-performance liquid chromatography (HPLC) to generate metabolic data, but GC-MS has 

proven to have the highest resolving power (O'Hagan et al., 2007). However, a number of 

compounds cannot be analysed directly due to their polarity (Lenz and Wilson, 2007). Also, while it 

has a lower resolving power than GC-MS, LC-MS is often the method of choice due to the small 

amount of sample required for analysis and the minimal number of steps involved in sample 

preparation.  

All MS machines proceed through 5 basic features to enable sample analysis: 1) The vaporised 

sample is injected into the machine; 2) The sample is ionised resulting in the formation of positive 

ions; 3) The positive ions are accelerated by an electric field; 4) The newly formed positive ions are 

deflected by a magnetic field. 4) Ions are then detected based on their mass/charge ratio. A basic 

overview of the MS machine is shown in Figure 1.14. 
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Figure 1.14 Schematic representation of a Mass spectrometer . 
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1.7.2 Nuclear magnetic resonance 

NMR is a technique which detects molecules based on their magnetic properties (Briefly 

summarised in figure 1.15). A number of nuclei can be used for this purpose, including 1H, 31P, 

and 19F as well as stable isotope labelled 13C and 15N. The most predominantly used is 1H-NMR, which 

produces high resolution spectra and high sensitivity. The instrumentation used has vastly improved 

in recent years with the advent of high-field, ultra-shielded magnets and cryoprobes that have 

increased their sensitivity.  

The technique exploits the proton spin and changes to its behaviour when a magnetic field is 

applied. Simplistically, when a compound is pulse-radiated, the low energy nuclei absorb the waves 

and flip to a higher energy level. The release of this energy leads a change in the magnetic 

momentum that is translated into a peak in the NMR spectrum. The amount of energy which is 

required to raise a proton to a higher energy level and the strength of the magnetic field 

experienced by the nucleus is dependent on the chemical environment of the nucleus itself. 

Therefore, the combination of peaks produced on a spectrum are characteristic of the proton’s 

chemical environment and this can be used to identify the detected molecule. 

 

 

Figure 1.15 Hydrogen nuclei behaviour when external magnet is applied . (A) Hydrogen 
nuclei (protons) spin and thereby generate a small magnetic field. (B) Magnetic fields of spinning 
protons are arranged randomly in the absence of an external magnetic fields. (C) When a magnetic 
field is applied the majority of protons align with its direction but some oppose it. (D) Those which 
oppose the magnetic field have a higher energy than that which align with it. 
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1.7.3 Data analysis 

Data analysis methods which are used in the comparison of disease vs normal or resistant to drug vs 

sensitive, use methods which are based on metabolomic fingerprinting. The most commonly used 

methods for this type of analysis include unsupervised, principal component analysis (PCA) and 

supervised methods such as partial least squares with discriminate analysis (PLS-DA), orthogonal 

PLS-DA and orthogonal partial least squares (Mao et al., 2009, Maher et al., 2007, Kinross et al., 

2008, Cloarec et al., 2005, Nicholson et al., 1999). The use of these analysis methods enables the 

identification of features which contribute most to variations or separation between samples, prior 

to further analysis. 

Unsupervised methods such as PCA, are commonly used in metabolic studies such as disease models 

and drug toxicity studies, where metabolites of interest are not know. PCA is an algorithm which 

reduces a high-dimensional data set to a smaller number of dimensions, to identify the dimensions 

responsible for the majority of the variation within the data set. Each of the principle components is 

a linear combination of the original variables. The principle components (PCs) are orthogonal 

(uncorrelated), with the first few containing the largest amount of variation, with each following PC 

containing and decreasing amounts of variation (Nicholson et al., 1999). Once the PCs have been 

identified they can be plotted on a PCA map. The data points generally appear as clusters on a PCA 

map, with the clusters representing a metabolic fingerprints. These fingerprints can then be used to 

identify potential biomarkers, which show the strongest variation. Despite the efficiency with which 

PCA can identify clusters and outliers, it is often only used to indicate future directions of data 

processing as its accuracy can be improved by further analysis with supervised methods. 

Supervised analysis is commonly used to maximise separation between classes in order to identify 

robust biomarkers (Mao et al., 2009). Supervised methods include partial least squares with 

discriminate analysis (PLS-DA), orthogonal PLS-DA, and orthogonal partial least squares. PLS-DA 

utilises the produced spectra as well as descriptor (e.g. class) in n-dimensional space (Nicholson and 

Lindon, 2008). The presence of noise is an issue for this analysis method, as it can make it difficult to 

interpret data. In order to reduce the noise, which is common within biological samples, additional 

methods are needed such as orthogonal signal correction (OSC) to improve the integrity of the 

dataset as well as increase accuracy (Gavaghan et al., 2002, Griffin, 2006, Mao et al., 2009). Methods 

such as orthogonal PLS-DA is an extension of PLS-DA that integrates an OSC filter and models the 

variation to X and Y separately from uncorrelated variation  (Bylesjö et al., 2006). This method 

produces a model which is easier to interpret. 
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There are a number of other methods which can be utilised dependent on the requirements of the 

chosen dataset. For example, geometric trajectory analysis can be used when tracking sequential 

time points on a PCA map in the case of disease progression tracking (Keun et al., 2004). 

1.7 The Thesis 

In this thesis, we hypothesize that acquisition of the second resistance mutation, T790M, in 

EGFR will induce specific metabolic changes that may constitute a signature for,  and/or offer 

actionable mechanistic understanding of erlotinib resistance. 

Here, we will: 

 Firstly, determine if there are changes in metabolic pathways between erlotinib-
resistant EGFR-T790M expressing and erlotinib-sensitive single activated mutant EGFR 
expressing NSCLC cell line pairs using 1H-NMR and MS. 
 

 Validate these changes in vitro and identify if modulation of the identified pathways  
alters response to erlotinib treatment. 
 

 Identify if in vitro findings extend to the in vivo setting in animal models and/or in 
human tissue material. 

 

 Use reverse phase protein array (RPPA) to identify signalling pathways changed in EGFR-
T790M containing cells and attempt to link these to the previously highlighted metabolic 
changes. 
 

 Validate the RPPA findings and identify if targeting of these pathways alters response to 
erlotinib treatment. 
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Chapter 2.0 Materials and methods 
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2.1 Material 

Table 2.1 Equipment and software  

Item Company 

7900 HT Fast-Real-Time PCR system Applied Biosystems, UK 

Adobe Illustrator CS6 Adobe Systems Incorporated, San Jose, CA, 
USA 

Aire Laboratory CO2 Incubators NuAire, USA 

Aushon 1740 Arrayer Platform Aushon 

Avid nitrocellulose slide  Grace Biolabs 

FACSCanto A flow cytometer BD Biosciences, UK 

FIJI ImageJ NIH, USA 

FlowJo version 7.6.5 Tree Star Inc., USA 

Fusion SOLO Chemiluminescence Imager PEQLAB, UK 

FUSION-CAPT software  PEQLAB, Erlangen, Germany 

GraphPad software La Jolla, CA, USA 

hybridisation cassette ArrayIt Corporation 

iBlot® Dry Blotting System Invitrogen, UK 

Image Studio Lite software LI-COR Biosciences, Lincoln, NE, USA 

Inopsys 710 slide scanner Inopsys 

Inverted research microscope IMT-2  Olympus, Tokio, Japan 

KONICA SRX-101A film processor  Konica Minolta 

Microsoft Office Microsoft, USA 

Milli-Q® Integral Water Purification Systems Merck Millipore Billerica, MA, USA 

Mini-PROTEAN® 3 cell and Mini Trans-Blot 
module 

Bio-Rad Laboratories LTD, UK 

MP225 General Purpose GLP pH /mV / T 
Meter 

Mettler-Toledo, Greifensee, Switzerland 

Nalgene, Mr. Frosty Sigma-Aldrich, St. Louis, MO, USA 

NanoDrop 1000 Spectrophotometer  Thermo Fisher Scientific, UK 

qbasePLUS 2.1 software Biogazelle, Belgium 

SDS v2.3 Applied Biosystems, UK 

Sorvall® Legend RT centrifuge Thermo Fisher Scientific, UK 

Sunrise™ microplate absorbance reader Tecan Trading AG, Switzerland 

Veriti® Thermal Cycler Applied Biosystems, USA 

VORTEX GENIE 2 Scientific Industries, Bohemia, NY, USA 
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Table 2.2 Reagents  

Item Company 

1 Kb Plus DNA Ladder Thermo Fisher Scientific, UK 

Acetic acid (glacial) Thermo Fisher Scientific, UK 

AllStars Negative Control siRNA QIAGEN, UK 

Ammonium persulfate (APS) Sigma-Aldrich, Germany 

Ampicillin Sigma-Aldrich, Germany 

Attractene Transfection Reagent QIAGEN, UK 

Avid Nitrocellulose slides  Grace Biolabs, US 

Bio-Rad protein assay reagent Bio-Rad Laboratories Ltd, UK 

Bovine serum albumin (BSA) Sigma-Aldrich, Germany 

Bromophenol blue sodium salt Sigma-Aldrich, Germany 

Buthionine sulphoximine (BSO) Sigma-Aldrich, Germany 

Crystal violet Sigma-Aldrich, Germany 

DAF-FM probe  Thermo Fisher Scientific, UK 

Dasatinib Selleckchem 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Germany 

Dithiothreitol (DTT) Fluka Chemicals, Switzerland 

Dorsomorphin  Selleckchem 

Dulbecco’s Modified Eagle’s Medium (DMEM) Sigma-Aldrich, Germany 

EDTA-free protease inhibitor  Roche 

Enhanced chemiluminescence system (ECL) 
reagent 

Thermo Fisher Scientific, UK 

Epidermal Growth Factor human (EGF) Sigma-Aldrich, Germany 

Erlotinib Selleckchem 

Ethacrynic acid (EA) Sigma-Aldrich, Germany 

Ethanol Sigma-Aldrich, Germany 

Ethylenediamine tetra acetic acid (EDTA) Thermo Fisher Scientific, UK 

Etomoxir Tocris Bioscience 

etomoxir  Tocris Bioscience 

Fast SYBR® Green PCR Master Mix Applied Biosystems, USA 

Foetal Calf Serum (FCS) First Link Ltd., UK 

FUJIFILM High contrast X-ray film (blue sensitive) FUJIFILM, Photon Imaging Systems Ltd, UK 

GelDoc-It®2 Imager  UVP, USA 
Gibco™ Opti-MEM™ Thermo Fisher Scientific, UK 

Glycerol Thermo Fisher Scientific, UK 

Glycine (electrophoresis grade) Sigma-Aldrich, Germany 

High Capacity cDNA Reverse Transcription Kit Applied Biosystems, USA 

Hydrochloric acid 37% Thermo Fisher Scientific, UK 

Isopropyl alcohol Thermo Fisher Scientific, UK 

L-Glutamine GIBCO Invitrogen, UK 

Lipofectamine™ RNAiMAX Invitrogen, UK 

LY2603618   Eli Lilly 

Methanol Thermo Fisher Scientific, UK 

Nitrocellulose iBlot® membranes Invitrogen, UK 
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Item Company 

Nocodazole Sigma-Aldrich, Germany 

One Shot® TOP10 Chemically Competent E.coli Invitrogen, UK 

PageRuler™ Prestained Protein Ladder Fermentas, UK 

Phosphate buffered saline (PBS) OXOID, UK 

Poly-L-lysine Sigma-Aldrich, Germany 

Polyvinylidene difluoride (PVDF) iBlot® 
membranes 

Invitrogen, UK 

Protease inhibitor mix Hoffmann-La Roche, Switzerland 

ProtoGel® Acrylamide 30% National Diagnostics, UK 

PureLink® HiPure Plasmid Filter Maxiprep Kit Invitrogen, UK 

RNeasy® kit QIAGEN, UK 

RPMI 1640 Sigma-Aldrich, Germany 

Skim milk powder AppliChem GmbH, Germany 

Sodium azide Sigma-Aldrich, Germany 

Sodium chloride Thermo Fisher Scientific, UK 

Sodium Dodecyl Sulfate (SDS) Thermo Fisher Scientific, UK 

Sodium fluoride Sigma-Aldrich, Germany 

Sodium orthovanadate Sigma-Aldrich, Germany 

Superblock T20  Thermo Fisher Scientific, UK 

SYTOX® Green Invitrogen, UK 

TEMED (N,N,N’,N’-tetramethylethylene diamine) Sigma-Aldrich, Germany 

Tris-(hydroxymethyl) aminomethane VWR International, Belgium 

Trypsin Sigma-Aldrich, Germany 

Tween 20 Sigma-Aldrich, Germany 

VX970  Vertex Chemical 
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Table 2.3 Antibodies used in westen blotting 

Antibody Company 

ACC Cell Signaling 

AKT Cell Signaling 

AMPK Cell Signaling 

ATR Santa Cruz 

CHK1 Cell Signaling 

ERK Cell Signaling 

HSP90 NeoMarkers 

KEAP1 Proteintech Europe 

Lamin Santa Cruz 

NRF2 Santa Cruz  

P53 Santa Cruz 

pACC  Cell Signaling 

pAKT  Cell Signaling 

PALB2 Novus 

pATR  Cell Signaling 

pERK  Cell Signaling 

p-P53 (Ser15) Cell Signaling 

SQSTM1 Abcam 

Tubulin Sigma 

WEE1 Cell Signaling 

YES Cell Signaling 
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2.2 Methods 

 2.2.1 Cell lines and cultures 

PC9, PC9ER, H3255 and H1975 were kindly gifted from Julian Downward (Cancer research 

UK/London Research Institute, London, UK). The PC9, H3255 and H1975 gifted from Julian 

Downward were from the CRUK cell bank where they were authenticated and mycoplasma 

tested.  The PC9ER cell line was made within Julian Downwards lab the method by which this 

was achieved is outlined in de Bruin et al 2014. PC9ER cells were generated by continued 

culturing of PC9 cells with 1µM erlotinib. The surviving clones were then picked and cultured in 

the presence of 1µM erlotinib for 3 months. Cells were authenticated and presence of the 

T790M mutation identified through DNA sequencing. HEK293 cells were purchased from ATCC. 

All cell lines used are listed below.  

Table 2.4: Cell lines utilised in th is study including details of the cell lines including 

their origin and culturing conditions.  

Cell lines Type Culture Medium 

PC9 NSCLC, Human 
adenocarcinoma 

Adherent RPMI 

PC9ER NSCLC, Human 
adenocarcinoma 

Adherent RPMI 

H3255 NSCLC, Human 
adenocarcinoma 

Adherent RPMI 

H1975 NSCLC, Human 
adenocarcinoma 

Adherent RPMI 

HEK293 Human Embryonic Kidney Adherent RPMI 

HEK293 – EV Human Embryonic Kidney Adherent RPMI 

HEK293 – L858R Human Embryonic Kidney Adherent RPMI 

HEK293 – L858R + T790M Human Embryonic Kidney Adherent RPMI 

PC9, PC9ER, H3255 and H1975 cell lines were maintained in RPMI 1640 medium supplemented 

with 10% FCS, 2 mM L-glutamine, 50U/ml penicillin and 50 μg/ml streptomycin.  PC9ER and 

H1975 were maintained with the addition of erlotinib (2µm) (Selleckchem) for 2 weeks, 1 month 

prior to experimental use. All 4 cell lines were  kept  at  5%  CO2 at  37°C  in  a  humidified  

atmosphere. HEK293 cells stably transfected with empty vector, EGFR L858R, EGFR L858R + 

T790M were incubated at 5% CO2 and 37°C.  Dulbecco’s Modified Eagle’s medium (DMEM) was  
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used,  supplemented  with  20 %  FCS,  3mM  L-glutamine,  50  U/ml  penicillin, 50  μg/ml  

streptomycin  and cell selection via puromycin treatment.  

All cell lines were maintained at a sub-confluent density, typically passaged twice a week. This 

was achieved by  initially  washing the  cells  with  phosphate-buffered saline (PBS) before  

incubation  in  2.5  mg/ml  trypsin  in 0.02%  EDTA,  0.09%  NaCl  at  37°C.  Once cells have 

detached from the flask trypsin was inhibited by addition of culture media. Trypsin was removed 

by centrifugation and cells were passaged into new culture flasks at a suitable ratio. All cells 

were mycoplasma tested on a monthly basis to ensure the absence of contamination. 

2.2.2 RNA interference 

Cells were reverse transfected and therefore, plated at the time of transfection. The density of 

cells seeded is dependent on the format used for 6 well plates 110 thousand cells were used 1.5 

million cells were used for 10 cm dishes. Cells transfected for use in survival assays were 

reseeded 24 hours (hrs) post transfection. Cells were then transfected with 20 nM siRNA 

(Dharmacon)   using   Lipofectamine™ RNAiMAX   transfection   reagent (Invitrogen), which was 

diluted in OptiMEM reduced serum medium (Invitrogen).  In the case of a 6 well plate 0.17 µl 

siRNA and 2.5 µl Lipofectamine™RNAiMAX of was added to 250 µl OptiMEM. This solution was 

then incubated for 10 minutes (min) at room temperature to allow for complex formation. This 

was then added drop-wise to the well, giving a final volume of 2.5 ml. As a control for these 

experiments AllStars Negative Control siRNA (QIAGEN, Netherlands) was used. The sequences 

for siRNA used in this thesis are detailed in table 2.5. 

Table 2.5 siRNA sequences 

Supplier  Target 
gene 

Dharmacon siGENOME 
siRNA ID 

Sequence 

Thermofisher 
scientific 

BHMT 

D-008422-01 UGAAGGAGAUGCUUUGGUA 

D-008422-03 GAGUGAAACUGAAGUCAAA 

D-008422-05 GUUGAAAACCUUGAUAGCAU 

D-008422-19 GAGAAGAGGGGCUACGUAA 

Thermofisher 
scientific 

CHDH 

D-008123-01 GCAAGCGGCUCUCGUGGAA 

D-008123-02 GGAAACAGGUGGGUUCAUC 

D-008123-03 GAGUGGCUCUGGAAAUUCA 

D-008123-04 GGACAUCCAGUUCCAUUUC 

Thermofisher 
scientific 

CHKA 

D-006704-01 GAAUUAAGUUUGCCAGAUA 

D-006704-03 GAGCAAACAUCCGGAAGAU 

D-006704-04 GAAUACAGCAGUUACAAUU 
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Supplier  Target 
gene 

Dharmacon siGENOME 
siRNA ID 

Sequence 

D-006704-17 UGAAAUGUCCUGCGGGAUA 

Thermofisher 
scientific 

CHKB 

D-006705-01 GGAAUGGCCUUUCUACAAA 

D-006705-02 GUGAGUGGGUUUAUGAUUA 

D-006705-03 CCACGAAGAUGGCGCAAUU 

D-006705-04 CAUAGAAUUUGGUUACUUG 

Thermofisher 
scientific 

CHPT1 

D-009775-01 GAACUUAUCCUGACUGGUU 

D-009775-06 UUCAGGCAUGUUGAGAUU 

D-009775-19 GCGCUCAUUGGCAGACUUA 

D-009775-20 CUUCAUUUGAUAUGGUGAU 

Thermofisher 
scientific 

EGFR- 
T790M 

TMOSLR-002091 CCACCGUGCAGCUCAUCAUGCUU 

TMOSLR-002093 CCGUGCAGCUCAUCAUGCAGCUU 

TMOSLR-002095 UGCAGCUCAUCAUGCAGCUCAUU 

TMOSLR-002097 GCUCAUCAUGCAGCUCAUGCCUU 

Qiagen GCLC 

Hs_GCLC_5 TAGGATCAGTAAATCCCATA 

Hs_GCLC_4 AAGGCTTTCTTTGGTAGGTAA 

Hs_GCLC_6 CCGGATCATATTTACATGGAT 

Hs_GCLC_7 CATCGACTTGACGATAGATAA 

Thermofisher 
scientific 

GCLM 

D-011670-19 CCGACAUUAUCUACUUAAA 

D-011670-20 GGUAUUCGGUCAUUGUGAA 

D-011670-21 GAAUGAAUGGAGUUCCCAA 

D-011670-22 GGCAGAUAUUCUUUCGUCA 

Thermofisher 
scientific 

GDPD1 

D-018992-02 GAAGCGGUAUAAUCGAGAA 

D-018992-03 CAACUGGGGUCAAUGUAAA 

D-018992-04 CCUAACUGCUCGAGGCAUU 

D-018992-17 CCUUUCAGCAUGCGGUUAA 

Thermofisher 
scientific 

GPX1 

D-008982-01 GCAAGGUACUACUUAUCGA 

D-008982-02 UGAAUUCCCUCAAGUACGU 

D-008982-03 GGAGAACGCCAAGAACGAA 

D-008982-04 GCAACCAGUUUGGGCAUCA 

Thermofisher 
scientific 

GPX2 

D-011675-01 GAAGCAGCAUCCUGUCUUC 

D-011675-02 GAAGGUAGAUUUCAAUACG 

D-011675-03 CAGGAGAACUGUCAGAAUG 

D-011675-04 GCAGGGCCGUGCUGAUUGA 

Thermofisher 
scientific 

GPX3 

D-006485-01 GUACGGAGCCCUCACCAUU 

D-006485-02 GGAUGUCAAUGGAGAGAAA 

D-006485-03 AGGAAGAGCUUGCACCAUU 

D-006485-04 GAGGCUUUGUCCCUAAUUU 

Thermofisher 
scientific 

GSR 

D-009647-01 GAACACAGCUGUCCACUCU 

D-009647-02 GAUUAUGGCUUUCCAAGUU 

D-009647-03 GAUACGGCAUGAUAAGGUA 

D-009647-04 UCAAUUGGCGUGUUAUUAA 

Thermofisher 
scientific 

GSS 
D-009586-01 CAAAGAAGCUGGCAAGAUC 

D-009586-02 CGACGAACAUUUGAAGAUA 
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Supplier  Target 
gene 

Dharmacon siGENOME 
siRNA ID 

Sequence 

D-009586-03 CUACAUGCCUCGUCAGUAC 

D-009586-04 GCAUCUACUUCGAACCAAA 

Thermofisher 
scientific 

GSTM1 

D-011118-01 CAGCUACAAUCCAGAAUUU 

D-011118-03 CAAUCCAGAAUUUGAGAAA 

D-011118-04 GGGCAUGAUCUGCUACAAU 

D-011118-14 GGCCAUGGUUUGCAGGAAA 

Thermofisher 
scientific 

Thermofisher 
scientific 

 
GSTpi 

 
GSTpi 

D-011179-01 GCAGGAGGGCUCACUCAAA 

D-011179-02 CCUACACCGUGGUCUAUUU 

D-011179-03 ACGGAGACCUCACCCUGUA 

D-011179-04 GCUGAUCCAUGAGGUCCUA 

Thermofisher 
scientific 

GSTZ1 

D-011290-01 GGCAAAUGCUGAAAGAUUC 

D-011290-02 CCACUGAGCUGAGGGCCUA 

D-011290-03 GCACAGCGGGCAUAUACUG 

D-011290-04 GCUUUAACGCCCUGGAGCA 

Thermofisher 
scientific 

KEAP 1 

D-012453-01    GGACAAACCGCCUUAAUUC 

D-012453-02 CAGCAGAACUGUACCUGUU 

D-012453-03 GGGCGUGGCUGUCCUCAAU 

D-012453-04 CGAAUGAUCACAGCAAUGA 

Thermofisher 
scientific 

LDHA 

D-008201-02 GGCAAAGACUAUAAUGUAA 

D-008201-03 GAAGAGGCCCGUUUGAAGA 

D-008201-04 CUAGCUGGCUUGGAAGAUA 

D-008201-17 UAAGGGUCUUUACGGAAUA 

Thermofisher 
scientific 

NFE2L2 

D-003755-01 GAGAAAGAAUUGCCUGUAA 

D-003755-02 CCAAAGAGCAGUUCAAUGA 

D-003755-04 UAAAGUGGCUGCUCAGAAU 

D-003755-05 UGACAGAAGUUGACAAUUA 

Thermofisher 
scientific 

PALB2 

D-012928-01 GAAGCAACCUCUCCUCUUU 

D-012928-02 GAUAAUGACUUGUCUAGGA 

D-012928-03 GCAGUGAACUUACUACUCA 

D-012928-04 GAAGUCACCUCACACAAAU 

Thermofisher 
scientific 

PCYT1A 

D-008642-01 GGAGAGGGUUGACAAAGUA 

D-008642-02 UGAAACAUAUGCUGAAAGA 

D-008642-04 GGAGAAGUCCCGAGAAUUC 

D-008642-17 UGUGAGAGUUUAUGCCGAU 

Thermofisher 
scientific 

PCYT1B 

D-009611-02 GGACAUCAUUACCAGAAUU 

D-009611-03 AAAGAGCCAUGAUCUAAUU 

D-009611-17 GGAAAUAACUAAUGCCUAU 

D-009611-18 CUUAGUCACCUGUGCGAAA  

Thermofisher 
scientific 

SiT790M 
1 

Custom Oligo CCACCGUGCAGCUCAUCAUGCUU 

Thermofisher 
scientific 

SiT790M 
2 

Custom Oligo CCGUGCAGCUCAUCAUGCAGCUU 

Dharmacon WEE1 LU-005050-00-002-05 AAUAGAACAUCUCGACUUA 



92 
 

Supplier  Target 
gene 

Dharmacon siGENOME 
siRNA ID 

Sequence 

LU-005050-00-002-06 AAUAUGAAGUCCCGGUAUA 

LU-005050-00-002-07 GAUCAUAUGCUUAUACAGA 

LU-005050-00-002-08 CGACAGACUCCUCAAGUGA 

Thermofisher 
scientific 

YES 

D-003184-05  GAAGGACCCUGAUGAAAGA 

D-003184-07 UCAAGAAGCUCAGAUAAUG 

D-003184-08 CAGAAUCCCUCCAUGAAUU 

 D-003184-09 GCGACUAGAGGUUAAACUA 

 

2.2.3 Bacterial transformation and Plasmid preparation 

The amplification of plasmids containing the chosen gene of interest was done by heat shock 

into chemically competent bacteria. One Shot® TOP10 Chemically Competent E.coli cells 

(Invitrogen) were used 2.5 µl of plasmid was mixed with 25 µl competent bacteria which were 

subsequently incubated once for 30 min. The bacteria were then placed into 42°C for 30 

seconds before being placed back on ice. The transformed bacteria were then mixed with 250µl 

of Super Optimal broth Catabolite (SOC) repression media for 1 hour (h) at 37°C to allow cells to 

recover. The bacteria cell suspension was then added to 250 ml of Luria-Bertani (LB) broth 

containing 100 μg/ml Ampicillin which was then grown overnight at 37°C while shaking. Plasmid 

was amplified and extracted from bacteria cultures using the PureLink® HiPure Plasmid Filter 

Maxiprep Kit (Invitrogen) carried out by following the manufacturer’s instructions. 

2.2.4 Plasmid transfections 

HEK-293 cells were used for plasmid transfections using the DNA transfection reagent 

Attractene (QIAGEN) following manufacturers guidelines. The amount of DNA varied dependent 

on the size of the dish used for transfection. In the case of 15 cm dishes 15 µg of plasmid was 

used. Plasmid transfection reagent for 15 cm dishes contained 37 µl of Attractene reagent with 

1 ml of OptiMEM (Thermo Fisher) and 10 µg of plasmid and was incubated for 10 mins at room 

temperature. Once the complexes had formed they were added drop-wise to the plate. The 

overexpression was then measured at 24 hrs post transfection. The Negative control for the 

plasmids used in this thesis was pBABE as this was the backbone for EGFR L858R and EGFR 

L858R + T790M plasmids. 
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2.2.5 Cell proliferation and viability assay  

Cells were seeded 24 hours post transfection into clear 96 well plates. If required cells were 

treated with increasing concentration of drug e.g. Erlotinib (Selleckchem). Forty-eight hours 

following treatment cells were washed twice with Phosphate buffered saline (PBS) prior to 

staining and fixation with 25% methanol solution containing 0.08% crystal violet solution for 30 

minutes. The plates were then washed in water to remove the excess crystal violet and then air 

dried. Quantitative data was obtained by solubilisation of crystal violet precipitates in 10% (v/v) 

acetic acid while gently shaking at room temperature for 30 min. The intensity of the staining 

was then measured with the use of the sunrise (TECAN) absorbance microplate reader at the 

absorbance 595 nm. The mean and standard error of the mean (SEM) of each independent 

experiment was then calculated. Each treatment response to drug was then normalised to the 

vehicle control with each condition present with at least three biological repeats.  

2.2.6 Cell extracts preparation 

Cells were washed using cold PBS and then placed on ice. The cells were then lysed with the use 

of radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCL pH 7.4, 0.5% (v/v) NP-40, 150 

mM NaCl, 1 mM EDTA, 1 mM Na3VO4 and cOmplete and Mini, EDTA-free protease inhibitor 

cocktail (Roche)). Samples were then incubated on ice for 10 minutes. Samples were then 

centrifuged at 16.2 RCF for 20 min at 4 °C to remove DNA and the protein lysates were then 

placed into fresh tubes. The protein concentration was then quantified using Bradford assay 

following the manufacturer’s instructions. The samples were then normalised to a typically 

protein concentration of 1 µg/ul and the addition of Laemmli buffer [0.25 M Tris HCl, pH 6.8, 8% 

(w/v) SDS, 40% glycerol, 0.042% (w/v) bromophenol blue, 10% β-mercaptoethanol] followed by 

boiled at 95 °C for 5 min prior to use or short term storage at -20°C. 

2.2.7 SDS PAGE and western blotting 

The mini-PROTEAN II gel electrophoresis system (Bio-Rad) was used. The stacking gels were 

prepared with 5% stacking gel ((v/v) acrylamide, 0.125 M Tris, pH 6.8, 0.1% (w/v) SDS, 0.075% 

(v/v) ammonium persulphate (APS) and 0.083% (v/v) Tetramethylethylenediamine (TEMED)) 

and a 10% acrylamide resolving gel (10% (v/v) acrylamide, 0.375 M Tris pH 8.8, 0.1% (w/v) SDS, 

0.06% (v/v) APS, 0.07% (v/v) TEMED). When lower molecular weight proteins are required 12 % 

acrylamide resolving gel was used (12% (v/v) acrylamide, 0.375 M Tris pH 8.8, 0.1% (w/v) SDS, 

0.06% (v/v) APS, 0.07% (v/v) TEMED). Electrophoresis was performed using 1x SDS-PAGE 

running buffer (2.5 mM Tris, 0.2 M Glycine and 0.1% (w/v) SDS) at 100 mV until the dye front 
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has reached the bottom of the gel. In order to identify protein size PageRuler™ Plus Prestained 

Protein Ladder (Fermentas) was resolved alongside the protein samples. 

The gels were electrophoretically transferred onto nitrocellulose membranes (Invitrogen) using 

the Invitrogen iBlot® Dry Blotting System (Invitrogen). Once transferred the membranes were 

blocked for 1-2 h at room temperature in Tris-buffered saline/Tween (TBST) (0.01 M Tris, pH7.4, 

75 mM NaCl, 1.25 mM EDTA, and pH 8.0, 0.1% (v/v) Tween 20) containing ether 5% (w/v) fat-

free milk or 5% bovine serum albumin (BSA). The membranes are then incubated overnight in 

primary antibody diluted in 5% (w/v) BSA/TBST, containing 0.04% sodium azide, or if specified 

by the manufacturer, 5% (w/v) fat-free milk/TBST.  The membranes were then washed four 

times in TBST to remove unbound antibody. HRP-conjugated secondary antibody was then 

diluted in 5% (w/v) fat-free milk/TBST and the membrane subsequently incubated for 1 h at 

room temperature.  The membranes are then washed 4 times with PBST at room temperature 

over the course of 1 h. The secondary antibody is then detected using enhanced 

chemiluminescence (ECL) solution (Thermo-fisher Scientific), according to the manufacturer’s 

instructions. The luminescence was then detected via imaging the chemiluminescence using 

Fusion Solo Chemiluminescence Imager (PEQLAB) or by exposure of the membranes to   X-Ray 

film (FUJIFILM) then developing the film using a Konica SRX-101A film processor. 

2.2.8 Quantitative Real-time PCR (qPCR)  

 2.2.8.1 RNA extraction  

RNA was extracted from cells using the RNeasy® Mini kit (QIAGEN) following the manufacturer’s 

protocol. The cells were lysed in 350 μl RLT buffer and scraped from the plate and then mixed 

with equal volume of 70% (v/v) ethanol before being loaded into the RNeasy column and 

centrifuged at 13,000 g for 15 seconds. The bound RNA then washed initially by 700 µl of RW1 

buffer and then twice with 500µl of RPE buffer. The column was then spun at high speed for 1 

min to remove excess buffer remaining in column. The RNA was then eluted in RNAase-free 

water. 

The concentration of RNA extracted was then quantified using NanoDrop 1000 

spectrophotometer (Thermo Fisher Scientific). The RNA was then transcribed by High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems) following the manufacturer protocol as 

follows. A 20 µl reaction containing 1 x RT Buffer, 1 x Deoxynucleotide (dNTP) mixture, 1 x RT 

Random primers, 1 μl MultiScribe™ Reverse Transcriptase (50 U/μl) and 1 μg of RNA were 
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combined. Veriti® Thermal Cycler (Applied Biosystems) was used for reverse transfection. The 

program selected was as follows: Initially 10 min at 25°C followed by 120 min at 37°C. This 

allowed for the reverse transcription of the RNA into cDNA. The final step results in the 

deactivation of the reverse transcriptase by heating to 85°C for 5 min. The samples were then 

stored at -20°C for long term storage or 4°C for short term. 

2.2.8.2 Quantitative Real-time PCR (qPCR) 

The levels of gene expression were quantified using cDNA obtained from RNA conversion, which 

was subsequently analysed using quantitative real-time (qPCR) on the Applied Biosystems 

7900HT Real-time PCR System.  An estimated total of 1 µg of cDNA (1:1 ratio of conversion 

assumed) was obtained from the conversion, was then diluted to 2 ng/ul with the use of 

nuclease-free water. A 20 µl reaction mixture was then made of 5 μl of diluted cDNA, 10 µl 2x 

Fast SYBR® Green PCR Master Mix, 0.6 µl of both forward and reverse qPCR primers (5 μM 

stock) with the addition of 3.8 µl nuclease-free water. qPCR was then carried out on an Applied 

Biosystems 7900HT Real-time PCR System with the thermal cycler conditions were as follows: 

Initial activation of 20 sec at 95 °C, 40 cycles; denaturation for 1 min at 95 °C; annealing / 

extension for 20 sec at 60 °C; final melting curve was carried out for 15 sec at 95 °C and then 15 

sec at 60 °C. Every reaction was present in triplicate. The quantification of gene expression was 

performed using qbase+ software. The housekeeping genes used were hypoxanthine 

phosphoribosyl-transferase (HPRT), TATA Box Binding Protein (TBP) and Vinculin. Analysis of 

relative gene expression was done in qbasePLUS 2.1 software (Biogazelle) with the use of the 2(-

Delta Delta C (T)) method (Livak & Schmittgen 2001). The sequences of all primers used in this 

thesis are in table 2.6.  

Table 2.6 Primer sequences  

Gene Protein Forward primer Reverse primer 

GSS glutathione synthetase  
 
 
 
 
 
 

 
Qiagen primers (sequences unavailable) 

 
 

GSR glutathione reductase 

GCLc glutamate-cysteine 
ligase, catalytic subunit 

GPX1 Glutathione peroxidase 
1 

GSTPi Glutathione S-
transferase pi 1 

GCLm Glutamate-cysteine 
ligase modifier subunit 

GPX3 glutathione peroxidase 3 
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GPX2 glutathione peroxidase 2  
 
 
 
 
 

GGT Gamma-
Glutamyltransferase 1 

GSTzi Glutathione S-
transferase zeta 

GSTm1 Glutathione S-
transferase m1 

EGFR Epidermal growth factor 
receptor 

ACTB Beta actin TTCTACAATGACTGCGTG GGGGTGTTGAAGGTCTCAA 

CHKA Choline kinase alpha GAGGACGAGTTCCACATCA
GTG 

ATACAGCCGCAGGAGCACTT
TC 

CHKB  Choline kinase beta GGTCCAGTTTACGGCGATAC CCTCTCATGGTGAACAGCAA 

CHPT1 Cholinephosphotransfer
ase 1 

CTTCTGGCTTGTTTCCCATC CATCTCCTACTGTCCCACGG 

HPRT  Hypoxanthine-guanine 
phosphoribosyltransfera
se 

 
 

Qiagen primers (sequences unavailable) 
 
 

KEAP1 Kelch-like ECH-
associated protein 1  

CAGATTGGCTGTGTGGAGTT GCTGTTCGCAGTCGTACTTG 

NRF2 Nuclear Factor, 
Erythroid 2-Like 2 

GAGAGCCCAGTCTTCATTGC TGCTCAATGTCCTGTTGCAT 

PCYT1A phosphate 
cytidylyltransferase 1, 
choline, alpha. 

GTTCCTTCCAAAGTGCAGCG
CT 

AGGAGTTCCTCTGCTGGCTT
CT 

PCYT1B phosphate 
cytidylyltransferase 1, 
choline, beta 

ACCAACTGCCAGTGTCAAGC
AC 

TGCATGACCTGAGTGGAAGA
GG 

PEMT Phosphatidylethanolami
ne N-methyltransferase 

CTCTAAGCGTCACCATCCTG
CT 

GGTGTCCAGGCTCTCCATCCT 

PLA2G1
5 

Phospholipase A2 Group 
XV 

ACCAACTGCCAGTGTCAAGC
AC 

TGCATGACCTGAGTGGAAGA
GG 

PLA2G6 Phospholipase A2 Group 
VI 

CCTCATCGTGTTCGGAGCAG
AA 

CACGGTTCTCAGCAGAGTCA
AG 

PLD1 Phospholipase D1 TCCTGAAACGCCCAGTGGTT
GA 

ATGCCAAGAGCGAGTTCCAC
CT 

PLD2 Phospholipase D2 TGCCACAGCAGCAAAGTAAC  CCCAGGCAGAGACTTCCTAC  

SQSTM
1 

Sequestosome 1  CTGGGACTGAGAAGGCTCAC  GCAGCTGATGGTTTGGAAAT 

TBP TATA box binding 
protein 

TGCACAGGAGCCAAGAGTG
AA 

CACATCACAGCTCCCCACCA 

VCL Vinculin CTTTGCTGCTACAGGGGAAG GGATAGGGACGGGAAGTT 

2.2.9 Glutathione (GSH) colourmetric assay 

Cells were seeded into 6 well plates 24 hours prior to collection at a density of 160,000 cells per 

well. As additional positive and negative controls, cells were treated for 24 hours with either 50 
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μM ethacrynic acid (EA) or 40 μM buthionine sulfoximine (BSO). Cell lysates were collected and 

then sonicated in 50 mM PBS and 1 mM EDTA. The concentration was determined using 

Bradford assay according to the manufacture’s protocol and protein was subsequently 

normalised to 1 µg/µl of protein. The samples GSH levels were then quantified using an adapted 

version of manufacturer’s protocol (BioAssay systems). In summery the basis for this assay is the 

use of reagent A which is a modified 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) method which 

combines deproteination and detection into one reagent. The DTNB solution is able to react 

with reduced glutathione to form a yellow product. Samples were prepared by the addition of 

120 µl of cell lysates with 120 µl of buffer A.  Then 200 µl of this solution (lysates + buffer A) was 

vortexed until homogenous. The addition of 100 µl of buffer B was added and then incubated 

for 25 minutes. Samples were then placed into a clear bottom 96 well plate. The blank was 

prepared by adding 100 µl of 50 mM PBS and 1 mM EDTA with 100 µl of reagent A and 100 µl of 

reagent B. The calibrator which acts as a positive control is prepared by the addition of 200 µl of 

distilled water to 100 µl of calibrator. The plate was then read at an OD412nm using the 

Sunrise™ microplate absorbance reader (Tecan). 

2.2.10 Reverse Phase Protein Array 

 2.2.10.1 Sample preparation 

The cells were lysed on ice for 20 min using cold lysis buffer (1% Triton X-100, 50mM HEPES, pH 

7.4, 150mM NaCl, 1.5mM MgCl2, 1mM EGTA, 100mM NaF, 10mM Na pyrophosphate, 1mM 

Na3VO4, 10% glycerol, containing freshly added protease and phosphatase inhibitors (Roche)). 

The cell lysates were then collected post centrifuged at 12,000 g for 10 minutes at 4°C. 

2.2.10.2 Microarray layout 

The protein lysates were spotted at four dilutions 2.0mg/ml (4/4), 1.0mg/ml (3/4), 0.5mg/ml 

(2/4), 0.25mg/ml (1/4) in PBS with 10% Glycerol in arrays consisting of 20 x 20 spots at a 250 μm 

spot-to-spot distance. The array was carried out using Aushon 1740 Arrayer Platform using 8 x 

85uM pins, two rounds of spotting were carried out. The sample dilution series were carried out 

in triplicate on each array, on each 1 pad Avid nitrocellulose slide (Grace Biolabs). Sample 

dilution series were spotted in triplicate on each array, with 1 array per pad, on 1 pad Avid 

Nitrocellulose slides (Grace Biolabs). 
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2.2.10.3 Assay procedure 

After slides had been spotted the chips were blocked with superblock T20 (Thermo Fisher) 

buffer. Each individual array was separated using a hybridisation cassette (ArrayIt Corporation). 

The arrays were incubated with primary analyte specific antibody in superblock buffer overnight 

at 4°C. A list of antibodies which were used in this study is detailed in appendix table 8.1. The 

sides were then washed with TBS-Tween three times for 10 minutes. The slides were then 

incubated with fluorescence Dylight-800-labeled anti-species antibodies in superblock for 1 hour 

at room temperature in the dark. The slides were then washed three times with TBS-T. The 

slides were then washed with distilled water and spun to remove excess moisture. The arrays 

were then imaged using Inopsys 710 slide scanner. In order to identify non-specific signals one 

array omitted primary antibody from the first incubation step for one array. 

2.2.10.4 Data analysis  

Microarray images were analysed using Mapix software (Inopsys). The spot diameter was set to 

120 μm. Fluorescence intensity for each spot on the array was measured. The linear fit was 

found using the fluorescent signal from each dilution series of all samples on the array. The flag 

system was then used to analyse samples where R2 > 0.9 was deemed good, >0.8 was deemed 

acceptable and <0.8 was considered poor and therefore excluded from further data analysis. 

The median values from the 4 point dilution series were calculated using the measure of 

fluorescence intensity. The sample data was then grouped using a GAL file and the mean and 

standard deviation values were calculated for all samples across the triplicates. The mean data 

for each of the array is then normalised to the total amount of protein which is identified from 

fastgreen stain. The nonspecific signal values are then subtracted from each of the samples. 

2.2.11 FLOW cytometry analysis of nitric oxide species 

PC9 and PC9ER cells were seeded into a 6 well plate, 200,000 cells per well and allowed to 

adhere overnight. The cells were then washed with cold PBS and then trypsinized at 37°C in the 

presence of 5% CO2. The trypsin was neutralised with RPMI and cell suspension was then 

washed with cold PBS three times to remove any RPMI present. The cells were then incubated 

with 10 µM DAF-FM for 1 hour at 4°C. The DAF-FM probe is a cell permeable probe which was 

for quantify the levels of nitric oxide (NO) present within each sample. The probe is non-

fluorescent until it reacts with NO to form a fluorescent benzotriazole. As a negative control 

unstained cells for each cell line were used. The excess DAF-FM was removed by washing 5 
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times with cold PBS. The samples were then analysed on FACSCanto A flow cytometer and 

FlowJo version 7.6.5 (Tree Star Inc.). 

2.2.12 DNA isolation 

Cells were seeded into 6 well plates 200,000 cells per well and allowed to adhere overnight at 

37°C in the presence of 5% CO2. The cells were then washed with cold PBS and then trypsinized 

until all cells were detached. The trypsin was neutralised with RPMI and cell suspension was 

then washed and then resuspended in cold PBS three times to remove any RPMI present. In 

order to extract DNA from the cells QIAamp® DNA Mini and Blood Mini kit (Qiagen) was used 

the protocol is as followed. The cell suspension was then added to RNAse and DNAse free 

microcentrifuge tubes containing 20 µl of proteinase K. The cells were then lysed using 200 μl of 

AL buffer and pulse vortexed for 15 seconds.  The cells were then Incubated at 56°C for 10 min. 

Ethanol was then added to the lysates the samples were then again mixed by pulse-vortexing. 

The solution was then added to QIAamp Mini spin column and centrifuged at 6,000 g for 1 min. 

The buffer AW1 was added to the QIAamp Mini spin column and it was then centrifuged for 1 

min at 6000g. The buffer AW2 was then added to the QIAamp Mini spin column and then it was 

centrifuged at 20,000 g. The spin column was then centrifuged at full speed for 1 minute to 

remove excess buffer from the spin column. The DNA was then eluted in 200 μl of AE buffer.  

2.2.13 PCR 

PCR was performed on genomic DNA isolated using QIAamp® DNA Mini and Blood Mini kit as 

described as above or plasmid DNA. The reaction mixture was as follows: 1 x Phusion HF, 200 

µM dNTPs, 0.5 µM forward Primer, 0. 5 µM reverse Primer, 200 ng of Template DNA or 10 ng 

plasmid DNA, Phusion DNA Polymerase 0.5 µl per 50 µl reaction and distilled RNAse and DNAse 

free water. The PCR reaction mixture was then run on Veriti Thermal Cycler the program run is 

as follows: Initial denaturation step of 98°C for 30 minutes, followed by 35 cycles of a 

denaturing steps at 98°C for 10 sec, annealing temperature is primer Tm dependent within the 

range of 45-72°C, 72°C extension step for 30 seconds per kb.  Finally a last denaturation step at 

72°C for 10 minutes the product can then be stored at 4°C.  

2.2.14 DNA gel electrophoresis 

Samples were run on a 1 % Agarose gel in Tris-acetate-EDTA (TAE) buffer (0.04 M Tris - Acetate  

0.001 M EDTA) in replacement of the commonly used ethidium bromide, SYBR® Safe DNA Gel 

Stain (Thermo Fisher) was used at a 1:10,000 dilution. Gel Loading Dye (NEB) was added to each 



100 
 

of the sample prior to loading and Quick-Load® 1 kb DNA Ladder used (NEB). The gel was run at 

90 volts (V) until the dye front was 80 % of the way down the gel. The gel was then imaged on 

the GelDoc-It®2 Imager (UVP, USA). Samples were then purified and sequenced using Beckman 

Coulter Genomics (Takeley, UK). 

2.2.15.1 Mass spectrometry (Metabolon) 

PC9, PC9ER, H3255 and H1975 cells were seeded into 15 cm 37°C in the presence of 5% CO2. The 

cells were then then washed with cold PBS and then trypsinized until all cells were detached. 

The trypsin was neutralised with RPMI and cell suspension was then washed and then re-

suspended in cold PBS three times to remove any RPMI present. The samples were then sent to 

Metabolon (Durham, US) for MS analysis. The methods for which have been explained briefly in 

a number of publications (DeHaven et al., 2010, Evans et al., 2009, Evans et al., 2012). 

Metabolon platform utilises both (Ultra Performance Liquid Chromatography) UPLC/MS and 

GC/MS. The spectra which are then produced by these techniques are compared to an in-house 

library. These libraries include data such as retention time, reference spectra from mass scan as 

well as fragmentation of molecules. The initial chromatography is used to separate metabolites 

followed by electro spray ionization the newly charged molecules then pass through the 

spectrometer. Metabolon uses of both GC-MS and UPLC-MS, which use chromatography for 

separation prior to MS in order to identify a large number of metabolites (Lawton et al., 2008). 

GC-MS combines gas chromatography with mass spectrometry using electro ESI-MS/MS. 

Molecular mass can then be detected by electron impact ionization and chemical ionisation. The 

use of chemical ionization has shown to be more successful in providing information to identify 

molecules of unknown mass. UPLC-MS is an improvement on the capabilities of liquid 

chromatography mass spectrometry. It is extremely powerful as it has high sensitivity and 

selectivity and as such it has been used in many applications (Ardrey, 2003). When compared to 

GC, UPLC is not as sensitive as a separation technique, however, it requires limited sample 

preparation (Wilson et al., 2005). Both separation techniques are useful for the separation of 

different substrates. In this study Metabolon identified 395 metabolites of several classes of 

molecules including amino acid, peptides, carbohydrate, energy, lipid, nucleotide, cofactors and 

vitamins, and xenobiotics. 

The cell lysates were treated with methanol, shaken for 2 minutes, followed by centrifugation. 

The extract was divided into three parts UPLC-MS/MS where analysis was based on positive 

ions, UPLC-MS/MS where analysis was based on negative ions and one for GC-MS analysis. 

Experimental controls consisted of water samples for blanks and a standard spiked into every 
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analysis to allow instrumental monitoring. The samples as well as controls were randomized 

through the run. The UPLC/MS utilised ESI and the instrument was set up to identify positive 

ions from acidic extracts or negative ions from basic extracts. The extracts are then loaded into 

columns with the addition 95% methanol containing 0.1% formic acid or 6.5mM ammonium  

bicarbonate.  

GC-MS was dried under a vacuum pump for a minimum of 18 hours prior to derivatized in dried 

nitrogen. The derivatized samples were then separated on a 5% phenyldimethyl silicone column 

with helium used as a gas carrier. The temperature ramp was 60° c to 340° c across a 17 minute 

period. Samples were then analysed with a resolving power using electron impact ionization and 

a 50-750 atomic mass unit scan range. 

The metabolites were subsequently analysed by an automatic comparison with experimental 

samples to the reference library based on retention time, molecular weight, and in-source 

fragments (Suhre et al., 2011). The identification of metabolites was based on comparison to the 

mass spectrometry library of more than 2,400 purified standards. The concentrations of the 

analysed metabolites are reported as relative concentrations. 

2.2.16 1H NMR 

 2.2.16.1 Extraction of the intracellular metabolites 

The cells were 1 x 107 cells per condition were trypsinized and washed three times in ice-cold 

PBS prior to the extraction of metabolites. The cells were then re-suspended in 0.6 ml cold H2O 

with methanol solution (1:2). The cells were then put under three freeze-thaw cycles and then 

sonicated in an ice bath for 15 minutes in 1 min pulses followed by 1 min rests. The samples 

were then centrifuged at 3200 g at 4°C for 10 min. The samples were then freeze-dried followed 

vacuum-driven methanol evaporation. The lyophilized samples were then stored at -80°C. 

2.2.16 1H NMR profiling 

The freeze-dried intracellular metabolites were extracted by dissolving in 600 μl of phosphate 

buffer 0.1 M (pH 7.4, 99.9% D2O) containing 0.001% sodium 3-trimethylsilyl-1-[2,2,3,3-2H4] 

propionate (TSP). The samples were then centrifuged at 12,000 g at 4°C for 10 min, the samples 

were then vortexed and the supernatant was then transferred to 5 mm NMR tubes for NMR 

detection. The 1D 1H-NMR spectra were acquired using Bruker AVIII 600 MHz NMR 

spectrometer which is equipped with a cryogenic probe (BrukerBiospin, Germany) at 298 K. The 

first increment of Nuclear Overhauser Effect SpectroscopY (NOESY) pulse sequence with 

continuous wave irradiation on the water peak during recycle delay and mixing time for water 
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suppression was employed. The recycle delay of 2 sec and mixing time of 100 ms were set. The 

90° pulse was adjusted to 10 μs approximately and 64 scans were then collected into 32,000 

data points with the spectral width of 20 ppm. In order to assign metabolites a number of 2D-

NMR spectra were used including 1H−1H COSY, 1H−1H TOCSY, 1H J-resolved, 1H−13C HSQC and 1H-

13C HMBC in a process previously described by Dai and colleagues (Dai et al., 2010) . 

2.2.16.1 NMR data analysis 

Using the software AMIX package (v3.8, BrukerBiospin) the spectral region from δ0.5 to 9.5 was 

then integrated into bins with the width of 0.002 ppm. Each of the bin areas were normalised to 

the total area of the respective spectrum. The multivariate data analysis was performed using 

software SIMCA-P+ (v 12.0, Umetrics, Sweden). This was done using orthogonal projection to 

latent structure-discriminant analysis (OPLS-DA) 34 with Pareto variance (Par) scaling and 7-fold 

cross validation. The parameter R2X was the variation of X which is explained by the model. The 

predictability of the model is represented by Q2. In order to access the validity of the model was 

made confirmed by CV-ANOVA (p < 0.05). Using an in-house script within MATLAB 7.1 to assist 

the biological interpretation generated from the models. The loadings were back-transformed 

and then plotted with colour- coded OPLS-DA coefficients. The colour code corresponded to the 

absolute value of the OPLS-DA coefficients (|r|), which indicated the contribution of each 

variable to explain the intergroup differentiation. The value of |r|, greater than 0.602, was 

considered to be significant (n = 10, p < 0.05). 

2.2.17 Animal experiment 

A total of 5x106 PC9ER cells were injected subcutaneously into the flank of BALB/c nude mice. 

The tumours were grown until they reached 100 mm3. The mice were then randomised into 3 

groups of 10. The mice were then intraperitoneal injected with 25 mg/kg/day Erlotinib/0.5% w/v 

methylcellulose and/or 6 mg/kg/day ethacrynic acid/1% Tween 80 in distilled water. The 

treatments were administered daily from day 7 to day 26. The tumours were measured using 

caliper and the tumour volumes were then calculated using the following equation V = ½*L*W2 

(Length, W; width of tumour). 

2.2.18 Tissue mRNA extraction and qPCR 

The origin of tissues and techniques used are as previously reported (de Bruin et al., 2014). In 

short, samples were obtained from EGFR-mutant lung adenocarcinoma patients with acquired 

erlotinib resistance under Human Investigations Protocol #111000928 (Yale Cancer Center, New 
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Haven, CT). Those were reviewed by a pathologist to ensure adequate tumour content. Tumour 

areas were circled and micro dissection performed to enrich for tumour content.  

2.2.19 Tissue mRNA extraction and RNA-Seq 

The Illumina TruSeq RNA Sample Preparation Kit was used for RNA tissue extraction and analysis 

done as previously described (Huang et al., 2012). A brief outline will follow: Total mRNA was 

converted into a library of template molecules. Sequence reads were then generated using 

Illumina HiSeq 2000 with TruSeq v3 reagent kits and software. The sequences were then 

mapped to the human reference genome using TopHat (Trapnell et al., 2009), followed by 

generation of a list of total number of uniquely mapped reads for each gene present using open-

source tool HTSeq-count (v. 0.5.3p3) available from the European Molecular Biology Laboratory 

(EMBL). The determination of differentially expressed genes was determined using R package 

DEGseq (Wang et al., 2010a). The method used to identify genes which were differentially 

expressed was MA-plot-based method with technical Replicates (MATR).  

2.2.20 Subcellular fractionation 

Cells were seeded onto 15cm dishes and left until cells were 80-90% confluent. The cells were 

then washed with cold PBS and lysed in a fractionation lysis buffer (10mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) pH7.6, 3mM MgCl2, 40mM KCl, 5% glycerol, 1% Triton X-

100, protease and phosphatase inhibitors) on ice for 10 min. The cell lysate were centrifuged at 

2,500 rpm at 4°C for 5 min to collect the cytoplasmic fraction (supernatant). The pellet was 

washed in a fractionation wash buffer (10mM HEPES pH7.6, 1.5mM MgCl2, 10mM KCl, protease 

and phosphatase inhibitors) and centrifuged at 2,500 rpm at 4°C for 5 min. The pellet was re-

suspended in a fractionation extraction buffer (20mM HEPES pH7.6, 1.5mM MgCl2, 420mM 

NaCl, 25% glycerol, 0.2mM EDTA, protease and phosphatase inhibitors) and probe sonicated for 

15s on ice. The lysate was then centrifuged at 13,300 rpm at 4°C for 10 in to collect the nuclear 

fraction (supernatant). Then the samples were processed the same way as in SDS-PAGE and 

western blotting section mentioned above. 

2.2.21 Statistical Analysis 

All data was normalised to the relevant control values. The error which is displayed unless 

otherwise stated represents +/- the standard error of the mean (SEM). GraphPad was used to 

carry out all statistical analysis other than MS and NMR. In the case of only two data sets 

Students T-Test was performed (two sample equal variance; two tailed distribution) and 
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statistical significance was determined by a p value which was lower than 0.05. When required 

and differences are calculated for more than two data sets the significance was determined 

using ANOVA, Bonferroni’s multiple comparison test. The degrees of significance is noted as 

follows; *, P<0.05; **, P<0.01; ***, P<0.001, ****, P<0.0001. 
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3.1 Introduction 

Hanahan and Weinberg have described changes in metabolism or deregulated cellular 

energetics to be a hallmark of cancer (Hanahan and Weinberg, 2011). A well-documented 

feature of neoplastic transformation is alterations in metabolic pathways that facilitate survival 

(Hsu and Sabatini, 2008, Hanahan and Weinberg, 2011). The highly proliferative nature of 

cancer cells results in the continuous need for carbohydrates, amino acids and fatty acids to 

synthesise DNA, RNA, protein and lipid to increase biomass. Cancer cells have an increased rate 

of nutrient consumption but also need to maintain a pool of substrates which are required for 

de novo synthesis. In addition to the well-known ‘Warburg effect’, re-programming in lipid 

metabolism is an important underlying feature of malignant growth (Menendez and Lupu, 

2007). Cancer cells require fatty acid for the synthesis of membranes but also for the generation 

of lipid signalling molecules which enhance cell proliferation.  

A number of lipid metabolites have been detected to have increased levels in cancer cells 

including phosphocholine (Eliyahu et al., 2007, Nakagami et al., 1999, Glunde et al., 2011). 

Phosphocholine is a precursor of membrane lipid synthesis and is modified in the Kennedy 

pathway to result in the formation of Phosphatidylcholine, a major component in biological 

membranes. It has been suggested to be utilised in cancer to satisfy the demand for lipids in 

highly proliferative tissue (Trousil, 2014). In addition to this, increase in phosphocholine and 

other lipid membrane precursors may have additional implications within oncogenic 

development, as well as, disease progression (Baenke et al., 2013). A number of enzymes 

involved in the phosphatidylcholine synthesis pathway (Kennedy Pathway) have been associated 

with drug resistance, including choline kinase (Janardhan et al., 2006). Choline kinase is the first 

enzyme within the phosphatidylcholine synthesis pathway and converts choline into 

phosphocholine. It has been known to be over-expressed in a number of cancers including lung, 

prostate and breast (Shah et al., 2010, Ramirez de Molina et al., 2007, Challapalli et al., 2015).  

In both lung and breast cancer choline kinase alpha over-expression has been demonstrated to 

correlate with poor prognosis and disease progression (Shah et al., 2010, Glunde and Bhujwalla, 

2007). However, the mechanism(s) by which choline kinase displays this phenotype are 

relatively unknown. 

The degradation pathway for phosphatidylcholine has also been implicated in cancer biology. 

Phosphatidylcholine is hydrolysed by phospholipase enzymes, which results in the production of 

a number of second messenger molecules such as phosphatidic acid (PA) and diacylglycerol 



107 
 

(DAG). Moreover, degradation of phosphatidylcholine by phospholipase D (PLD) that results in 

the formation of the second messenger PA, which has been shown to induce DNA synthesis and 

cell proliferation (Knauss et al., 1990). Therefore, it is not surprising that PLD has been proposed 

as a novel therapeutic target in cancer treatment (Bruntz et al., 2014). Interestingly, EGF 

stimulation activates phospholipase D (PLD) and therefore, may have a prominent role within 

EGFR driven cancers (Fisher et al., 1991). The production of the second messenger DAG in 

phosphatidylcholine hydrolysis is predominantly associated with phospholipase C (PLC). 

Increased levels of DAG result in the intracellular re-localisation and activation of protein kinase 

C (PKC) (Sharkey et al., 1984).  It has long been established that PKCs have a role within 

carcinogenesis with activation of PKC-alpha and beta isoenzymes have frequently being 

associated with the malignant phenotype (Koivunen et al., 2006). However, it is important to 

note that some PKC have anti-cancer properties such as PKC-delta (Koivunen et al., 2006). The 

degradation of phosphatidylcholine does not only produce second messenger molecules but 

also results in the formation of free fatty acids (FAs). Huang and Freter suggest that FAs have a 

role in a number of signalling pathways including the activation of adenosine monophosphate 

(AMP)-activated protein kinase, extracellular signal-regulated kinase (ERK), GPCR signalling, Toll-

like receptor 4/NF-κB, Src-JNK, and PKC signalling, as well as, sphingomyelinase-ceramide 

signalling (Huang and Freter, 2015).   

A number of studies have utilised metabolomics to identify possible erlotinib resistance 

mechanisms. Indeed, Fan and colleagues utilised Nuclear Magnetic Resonance (NMR) and Mass 

Spectrometry (MS)-based metabolomic analysis to study lung lesions (Fan et al., 2009). In this 

work they identified changes in phospholipid metabolism and suggested metabolic analysis 

could be used to differentiate early stage erlotinib sensitive and insensitive NSCLC (Fan et al., 

2009).  

In this thesis our studies relate to the development of erlotinib resistance driven by the T790M 

additional mutation, occurring in 50% of NSCLC that become resistant to first-line EGFR TKIs 

such as erlotinib. In view of the importance of changes in metabolism associated with oncogenic 

development, progression and the development of drug resistance, we have utilised 1H-NMR to 

study the metabolic profiles of erlotinib-resistant and sensitive cell line pairs. This identified a 

number of altered metabolic pathways in erlotinib-resistance cells. One of the most prominent 

pathways identified was the phosphatidylcholine pathway. There was a significant increase in 

both choline and phosphocholine levels in erlotinib-resistant cell lines. Therefore, we used RNA 
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interference to target key enzymes within this pathway and assess how this impacted on 

erlotinib resistance. However, targeting these enzymes did not affect the survival of our cell 

lines to erlotinib treatment. As mass spectrometry is known to have higher sensitivity compared 

to NMR, it was subsequently used to identify additional changes which may occur within this 

pathway. A number of key metabolites in phosphatidylcholine degradation pathway were 

identified to be increased within resistant cell lines. However, modulation of key enzymes in this 

pathway by RNA interference also failed to alter survival to erlotinib treatment.  
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3.2 1H-NMR-based metabolic profiling identified changes in a number of 

metabolites in erlotinib resistant cell lines. 

Two erlotinib resistant/sensitive cell line pairs were utilised for metabolic analysis. The first pair is 

made of the isogenically matched PC9 (erlotinib sensitive) and PC9ER (erlotinib resistant) cells that 

harbours the ∆E746-A750 deletion mutation in EGFR with the additional EGFR/T790M mutation in 

the PC9ER cell line. The second cell line pair is made of the H3255 (erlotinib sensitive) and the 

genetically unrelated H1975 (erlotinib resistant) cell lines, sharing the L858R activating mutation, but 

with an additional T790M mutation in the H1975 cells. The response of the two cell line pairs to 

erlotinib was assessed by performing cell survival assays (Figure 3.1A and B). As expected, PC9 and 

H3255 showed significantly greater sensitivity to erlotinib compared to their resistant counterparts. 

It was previously suggested that T790M-mediated EGFR resistance was due to an increased affinity 

for ATP. This would thereby infer that treatment with irreversible inhibitors such as 324674 should 

be able to restore killing in resistant cells. However, both PC9ER and H1975, continued to display 

significant erlotinib resistance in the presence of 324674 compared to their respective sensitive 

counterparts (Appendix figure 8.1). This suggests that additional resistance mechanisms, distinct 

from altered ATP competition, might be involved in the resistance of T790M-containing cell lines to 

erlotinib.  

Changes in metabolism have frequently been implicated in tumour progression and drug resistance 

in many cancer types. Therefore, we used metabolic profiling to identify these additional resistance 

mechanisms. One-dimensional 1H-NMR analysis of aqueous cell extracts from all 4 cell lines was 

performed. Thirty six metabolites were identified (Figure 3.1C) and each were assigned a 

corresponding number as shown in appendix Table 8.2. Orthogonal projections to latent structure 

discriminant analysis (OPLS-DA) showed clear separation between the erlotinib resistant and 

erlotinib sensitive cell lines (Figure 3.2). This highlighted statistically significant changes in the levels 

of 14 metabolites, in both cell line pairs, between erlotinib-sensitive and resistant cell lines, including 

glutathione, amino acids, nucleotides as well as choline metabolites (Table 3.1).  

 

 

 

 

 

 

 



110 
 

 

 

 

 

Figure 3.1: Erlotinib resistance confers an altered metabolite profile . Cell survival was 
measured in response to increasing concentrations of erlotinib treatment (48 hours) and quantified by 
crystal violet staining (A) PC9 and PC9ER (B) H3255 and H1975. Figures represent the mean of 3 
independent biological experiments ± SEM. (C) Typical 600 MHz 1H-NMR spectra of aqueous extracts 
from PC9, PC9ER, H3255 and H1975 cells. The region enclosed in the dashed box (δ5.0-9.5) is vertically 
expanded four times (×4). Data is representative of 10 independent experiments. The identification of 
peak numbers is shown in Appendix table 8.2. 1H-NMR analysis was carried out by Hongde Li at the 
Chinese Academy of Sciences, China. 
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Figure 3.2: Orthogonal projections to latent structures discriminant analysis (OPLS -
DA) demonstrated clear distinction between erlotinib resistant and erlotin ib 
sensitive cell lines . OPLS-DA score plots showing (left) and coefficient plots (right) for 1H-NMR 
spectra of aqueous cellular extracts from (A) PC9 and PC9ER (B) H3255 and H1975. Models validated by 
CV-ANOVA, (A) p=2.36 × 10-17 and (B) p=3.04 × 10-19. The Q2 is 0.99 for both models. The colour scale 
for coefficient plots reflects the differences in the contribution of metabolite variations between groups. 
|r| cut-off value is 0.602 (n=10, p<0.05). The identification of peak numbers is shown in Appendix table 
8.2. 

1H-NMR analysis was carried out by Hongde Li at the Chinese Academy of Sciences, China. 
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Table 3.1: 1H-NMR analysis of Metabolites that had consistently altered abundance 
between erlotinib resistant and erlotinib sensitive cell lines . Metabolites identified from 
1H-NMR which were similarly regulated in both cell line pairs (erlotinib-sensitive vs resistant cells). Key 
refers to the peaks labelled on Figure 3.1C and Figure 3.2. 

1H-NMR analysis was carried out by Hongde Li 
at the Chinese Academy of Sciences, China. 

Key  Metabolite  Variation 
tendency 

Chemical 
shift  

Coefficient 
PC9 vs ER 

Coefficient 
1975 vs 3255 

2 Adenosine Decreased 6.087 0.81 0.72 

4 Aspartate  Decrease  2.805 0.99 0.96 

5  Choline Increase  3.211 0.71 0.95 

15  Inosine  Decrease 6.111 0.86 0.93 

17 Isoleucine Increase  1.019 0.99 0.87 

19 Leucine  Increase  0.961 0.99 0.80 

21 N-acetyl aspartate  Decrease 2.023 0.99 0.99 

23 GSSG  Decrease  3.327 0.90 0.79 

25 Phosphocholine  Increase  3.227 0.98 0.99 

26 GSH  Decrease  4.571 0.96 0.69 

30 UDP Increase  7.995 0.96 0.93 

31 UDPG  Increase  5.607 0.72 0.87 

35 Uridine  Increase  5.909 0.87 0.68 

36 Valine  Increase  1.053 0.97 0.87 
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3.3 Targeting of phosphatidylcholine synthesis pathway does not affect erlotinib 

resistance. 

NMR identified the levels of both choline and phosphocholine as being significantly increased in 

erlotinib resistant cell lines. Figure 3.3 shows a schematic representation of the phosphatidylcholine 

pathway, highlighting metabolites that were increased with erlotinib resistance (red text) with key 

synthesizing (white boxes) and catabolising (grey boxes) enzymes. The basal levels of a number of 

key enzymes were assessed by qPCR in both erlotinib resistant and sensitive cell line pairs to gain an 

insight as to which enzymes might be key to the increased levels of choline and phosphocholine in 

the erlotinib resistant cells. In addition, the enzymes were silenced using siRNAs to access if their 

modulation affected sensitivity to erlotinib treatment and qPCR was performed to ensure adequate 

knockdown. A number of these enzymes will be discussed in the following section.  

 

Figure 3.3: Simplified schematic representation of the Phosphatidylcholine 
metabolic pathway . Choline, phosphocholine are highlighted in red, as they showed a significant 
increase in the resistant cell line based on the 1H NMR analysis. Enzymes are denoted in white and grey 
boxes for synthesising enzymes and degradation enzymes respectively. Acetylcholine is converted to 
choline by acetylcholinesterase (ACHE). This reaction can be reversed by choline acetyltransferase 
(ChAT). Choline is phosphorylated by choline kinase (CHK) to form phosphocholine. Phosphocholine is 
converted to CDP-choline by the enzyme CTP:phosphocholine cytidylyltransferase (CCT) the rate limiting 
enzyme within this pathway. Choline phosphotransferase (CPT) the last enzyme in the Kennedy pathway 
leads to the formation of Phsosphatidylcholine. Phosphatidylcholine can also be formed by the 
alternative PEMT pathway. Ethanolamine is phosphorylated in an ATP-dependent manner by 
ethanolamine kinase (EK) to form Phosphoethanolamine. Phosphoethanolamine is then converted to 
CDP-ethanolamine by Phosphorylethanolamine Transferase (ET). Ethanolamine:1,2-diacylglycerol 
ethanolamine-phosphotransferase (EPT) then catalyses the production of phosphethanolamine from 
CDP-ethanolamine. Finally, Phosphoethanolamine is then converted to phosphatidylcholine by the 
transferase enzyme phosphatidylethanolamine N-methyltransferase (PEMT). Phosphatidylcholine can be 
converted into glycerophosphocholine by a number of phospholipase (PL) enzymes. 
Glycerophosphocholine is then hydrolysed to produce choline by the enzyme Glycerophosphodiester 
phosphodiesterase (GDPD).  
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3.3.1 Choline kinase altered mRNA expression in erlotinib-resistant H1975 

cell line 

Choline kinase (CHK) is the enzyme which catalyses the first reaction in the phosphatidylcholine 

biosynthesis pathway, leading to the formation of phosphocholine. There are three known isoforms 

of CHK which include CHKα-1, CHKα-2 and CHKβ (Aoyama et al., 2004). These are encoded by two 

different genes choline kinase alpha (CHKα) and choline kinase beta (CHKβ). The different isoforms 

are thought to have different functions. 

CHKα is primarily associated with phosphorylation of both choline and ethanolamine. CHKα levels 

were shown to have a decreased mRNA expression in PC9ER compared to PC9 (Figure 3.4A). 

However, H1975 had an increased mRNA expression compared to H3255 (Figure 3.4B). Despite 

inconsistent changes at the mRNA level between cell line pairs, changes in the levels/activity of the 

enzymes may still occur at a translational level. Hence, we used siRNAs to target CHKα in our cell 

lines. H3255 could not be tested owing to its very low transfection efficiency. PC9, PC9ER and H1975 

cells were transfected with siRNAs against CHKα and survival to erlotinib treatment was assessed by 

crystal violet assay (Figure 3.4 C, D and E). The knockdown of CHKα was confirmed by qPCR (Figure 

3.4F, G and H). Despite obtaining an efficient knockdown for CHKα in all cell lines, downregulation of 

this enzyme did not modulate the sensitivity to erlotinib treatment. 

CHKβ is the enzyme which catalyses the phosphorylation of ethanolamine but not choline. The 

mRNA expression of CHKβ showed no significant difference between PC9 and PC9ER cells (Figure 

3.5A). However, there was a significant increase of around 6 fold in the mRNA levels of CHKβ in 

H1975 compared to H3255 cells (Figure 3.5B). However, despite the increase at the mRNA level, 

siRNA-mediated knockdown of this enzyme did not change cellular survival to erlotinib treatment 

(Figure 3.5C, D and E). The knockdown was confirmed by qPCR (Figure 3.5F, G and H). CHKα-1, 

CHKα-2 and CHKβ are reported to be active when they are in hetero/homo and oligomeric form 

(Aoyama et al., 2004). Therefore a double knockdown was performed for CHKα and CHKβ (Appendix 

figure 8.2). However, this also failed to modulate the response to erlotinib treatment. 
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Figure 3.4: Effect of silencing CHKA on cell survival to erlotinib treatments . (A,B) Basal 
mRNA levels of CHKA were quantified by qPCR in both cell line pairs. (C) PC9, (D) PC9ER and (E) H1975 
were transfected with siRNA against CHKA or the non-targeting (NT) control. Twenty-four hours post 
transfection cells were treated with increasing concentrations of erlotinib (48h) prior to fixation and 
crystal violet staining. The obtained values were normalised against the DMSO control. siRNA efficiency 
was confirmed by qPCR in (F) PC9, (G) PC9ER and (H) H1975. Figures represent the mean of three 
biological repeats with each replicate done in technical triplicate (±SEM). Statistical analysis was done 
using Student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. 
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Figure 3.5: Effect of silencing CHKB effect on cell survival to erlotinib treatment . (A, B) 
Basal mRNA levels of CHKB were quantified by qPCR in both cell line pairs. (C) PC9, (D) PC9ER and (E) 
H1975 were transfected with siRNA against CHKB or the NT control. Twenty-four hours post transfection 
cells were treated with increasing concentrations of erlotinib (48h) prior to fixation and crystal violet 
staining. The obtained values were normalised against the DMSO control. siRNA efficiency was confirmed 
by qPCR in (F) PC9, (G) PC9ER and (H) H1975. Figures represent the mean of three biological repeats with 
each replicate done in technical triplicate (±SEM). Statistical analysis was done using Student’s t-test. * P≤ 
0.05, ** P ≤ 0.01 and *** P ≤ 0.001 
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3.3.2. Phosphate cytidylyltransferase 1 (PCYT1) does not affect survival to 

erlotinib treatment. 

PCYT1 catalyses the formation of CDP-choline and diphosphate from Cytidine triphosphate (CTP) and 

choline phosphate. There are 2 known isoforms of this gene, PCYT1A and PCYT1B. The basal mRNA 

levels of both PCYT1A (Figure 3.6A) and PCTY1B (Figure 3.7A) showed no significant difference 

between PC9 and PC9ER cells. However, there was a significant increase in transcript levels of both 

PCYT1A (Figure 3.6B) and PCYT1B (Figure 3.7B) in the erlotinib-resistant H1975, when compared to 

the sensitive H3255, cells. We therefore, tested if this transcriptional upregulation was involved in 

the response to erlotinib using siRNAs to target either PCYT1A (Figure 3.6C, D and E) or PCTY1B 

(Figure 3.7C, D and E) in PC9, PC9ER and H1975 cells. Unfortunately, despite efficient knockdown of 

the genes (Figure 3.6F, G, H and Figure 3.7F, G and H), no significant change in sensitivity to erlotinib 

treatment was observed in any of the cell lines. 
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Figure 3.6: Effect of silencing PCYT1A on cell survival to erlotinib treatments . (A, B) 
Basal mRNA levels of PCYT1A were quantified by qPCR in both cell line pairs. (C) PC9, (D) PC9ER and (E) 
H1975 were transfected with siRNA against PCYT1A or the NT control. Twenty-four hours post 
transfection cells were treated with increasing concentrations of erlotinib (48h) prior to fixation and 
crystal violet staining. The obtained values were normalised against the DMSO control. siRNA efficiency 
was confirmed by qPCR in (F) PC9, (G) PC9ER and (H) H1975. Figures represent the mean of three 
biological repeats with each replicate done in technical triplicate (±SEM). Statistical analysis was done 
using Student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001 
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 Figure 3.7: Effect of silencing PCTY1B on cell survival to erlotinib treatments . (A, B) 
Basal mRNA levels of PCYT1B were quantified by qPCR in both cell line pairs. (C) PC9, (D) PC9ER and (E) 
H1975 were transfected with siRNA against PCYT1B or the non-targeting (NT) control. Twenty-four hours 
post transfection cells were treated with increasing concentrations of erlotinib (48h) prior to fixation and 
crystal violet staining. The obtained values were normalised against the DMSO control. siRNA efficiency 
was confirmed by qPCR in (F) PC9, (G) PC9ER and (H) H1975. Figures represent the mean of three 
biological repeats with each replicate done in technical triplicate (±SEM). Statistical analysis was done 
using Student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001 
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3.3.3 Choline Phosphotransferase 1 (CHPT1) does not affect survival to 

erlotinib treatment. 

Choline Phosphotransferase 1 is encoded by the gene CHPT1. CHPT1 catalyses the last step within 

this pathway, whereby it combines phosphocholine to the hydroxyl group on the 3rd carbon of 

diacylglycerol (DAG), resulting in the formation of phosphatidylcholine (Cansev et al., 2008). The 

mRNA levels of CHPT1 did not show any change between PC9 and PC9ER cells (Figure 3.8A). 

However, H1975 cells showed a significant increase in transcript levels of CHPT1 compared to H3255 

cells (Figure 3.8B). siRNA-mediated knockdown of CHPT1 had no effect on survival to erlotinib 

treatment (Figure 3.8C, D and E) despite efficient knock down (Figure 3.8F, G and H).  

 

Figure 3.8: Effect of silencing CHPT1 on cell survival to erlotinib treatments . (A, B) 
Basal mRNA levels of CHPT1 were quantified by qPCR in both cell line pairs. (C) PC9, (D) PC9ER and (E) 
H1975 were transfected with siRNA against CHPT1 or the NT control. Twenty-four hours post transfection 
cells were treated with increasing concentrations of erlotinib for (48h) prior to fixation and crystal violet 
staining. The obtained values were normalised against the DMSO control. siRNA efficiency was confirmed 
by qPCR in (F) PC9, (G) PC9ER and (H) H1975. Figures represent the mean of three biological repeats with 
each replicate done in technical triplicate (±SEM). Statistical analysis was done using Student’s t-test. * P≤ 
0.05, ** P ≤ 0.01 and *** P ≤ 0.001 
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3.3.4 Phosphatidylethanolamine N-Methyltransferase (PEMT) does not 

affect survival to erlotinib treatment. 

PEMT encodes the gene phosphatidylethanolamine N-Methyltransferase which converts 

phosphatidylethanolamine to phosphatidylcholine. The basal quantification of PEMT levels mRNA 

showed a decrease in PC9ER compared to PC9 cells (Figure 3.9A), while  the converse relationship 

was observed for the H3255/H1975 cell line pair with increased levels found in the resistant H1975 

cell line (Figure 3.9B). The siRNA-mediated downregulation of PEMT did not affect survival to 

erlotinib in any of the cell lines tested (Figure3. 9 C, D and E). This was despite efficient knock down 

as confirmed by qPCR (Figure 3.9 F, G and H). 

Figure 3.9: Effect of silencing PEMT on cell survival to erlotinib treatments . (A,B) Basal 
mRNA levels of PEMT were quantified by qPCR in both cell line pairs. (C) PC9, (D) PC9ER and (E) H1975 
were transfected with siRNA against PEMT or the non-targeting (NT) control. Twenty-four hours post 
transfection cells were treated with increasing concentrations of erlotinib (48h) prior to fixation and 
crystal violet staining. The obtained values were normalised against the DMSO control. siRNA efficiency 
was confirmed by qPCR in (F) PC9, (G) PC9ER and (H) H1975. Figures represent the mean of three 
biological repeats with each replicate done in technical triplicate (±SEM). Statistical analysis was done 
using Student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. 
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Overall, our data indicate a possible increase in the phosphatidylcholine synthesis enzymes in H1975 

compared to H3255. This was not mirrored in the PC9 and PC9ER cell line pairs.  In addition, 

decreasing the levels of these enzymes using RNA interference did not affect survival to erlotinib 

treatment. This was despite a consistent increase in choline and phosphocholine in both resistant 

cell lines compared to their sensitive counterpart. Therefore, further metabolomic studies were 

needed to increase our understanding of the changes in choline metabolism. 

3.4 Mass spectrometry confirmed an increase in metabolites of the 

phosphatidylcholine bio-synthetic pathway in H1975 cells compared to its 

sensitive counterpart. 

Mass spectrometry was used to quantify the metabolic changes which occur within our cell line 

pairs. Although, this confirmed changes in the phosphatidylcholine pathway in resistance cell lines, 

the majority of the changes identified within the phosphatidylcholine synthesis pathway (Figure 

3.10A) were not consistent between both cell line pairs (Figure B-G). Only choline showed a 

significant increase in both the resistant cell lines (Figure 3.10B). Ethanolamine did however show a 

general trend of increase in resistant cell lines compared to their sensitive counterparts, but this was 

not significant between H3255 and H1975 cells (Figure 3.10C). Interestingly, contrary to the results 

obtained by NMR, phosphocholine was found to be decreased in PC9ER cells compared to PC9 cells 

(Figure 3.10D).  In addition, phosphoethanolamine also showed lower levels in PC9ER compared to 

PC9 cells (Figure 3.10E). Although PC9 and PC9ER showed no difference in their levels of cytidine 

diphosphate-choline (CDP)-choline (Figure 3.10 F), CDP-ethanolamine was significantly decreased in 

PC9ER compared to PC9 cells (Figure 3.10G). The levels of keys synthesising metabolites  were 

decreased in PC9ER compared to PC9 cells, while H1975 showed increased levels compared to 

H3255 cells in all metabolites tested (Figure 3.10 B, C, D, E, F and G) although this was not significant 

for ethanolamine (Figure 3.10C). This may suggest that there is differential regulation within this 

pathway between our two cell line pairs.  
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Figure 3.10: Erlotinib resistance affects abundance of met abolites involved in 
phosphatidylcholine synthesis pathway . (A) Schematic diagram of the Kennedy pathway with 
enzymes denoted as follows (1) Choline kinase (CK), (2) CTP:phosphocholine cytidylyltransferase (CCT), 
(3) Choline phosphotransferase (CPT). Mass spectrometry analysis of (B) choline, (C) ethanolamine, (D) 
phosphocholine, (E) phosphoethanolamine, (F) cytidine diphosphate-choline (CDP)-choline, (G) CDP-
ethanolamine. PC9ER and H1975 each normalised to their sensitive counterpart PC9 and H3255 
respectively. All MS data are the average of five biological repeats. Statistical analysis was done using 
Student’s t-test: * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. Mass spectrometry analysis was carried out by 
Metabolon (Durham, US). 
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3.5 Mass spectrometry indicated an increase in phosphatidylcholine degradation 

pathway  

In addition to the role of choline and ethanolamine in the phosphatidylcholine synthesis pathway 

they are also products of phosphatidylcholine degradation as can be seen in Figure 3.11. The 

increased abundance of choline and ethanolamine in erlotinib resistant cells may be due to 

enhanced degradation of phosphatidylcholine. Indeed, there are three key pathways involved in 

phosphatidylcholine degradation two of which have products including choline and ethanolamine 

(Figure 3.11). Therefore our studies concentrated on these two pathways. The mRNA levels of key 

enzymes within the pathway before and after silencing with siRNA were quantified and the effect on 

erlotinib resistance measured by crystal violet based survival assay. 

3.5.1 Phospholipase D knockdown did not affect resistance to erlotinib. 

Phospholipase D (PLD) catalyses the hydrolysis of phosphatidylcholine to produces phosphatidic acid 

and choline. It is able to mediate downstream signalling through the production of phosphatidic 

acid. However, it also interacts with a number of intracellular molecules, which in turn interact with 

and regulate EGFR function and therefore could be potentially an interesting target. There are two 

known isoforms of phospholipase D, PLD1 and PLD2. The basal mRNA levels of PLD1 were lower in 

both resistant cell lines compared to their sensitive counterparts (Figure 3.12A and B). However, 

siRNA-mediated knockdown of PLD1, did not modulate the sensitivity to erlotinib treatment in any 

of the cell lines tested (Figure 3.12 C, D and E). The knockdown was confirmed by qPCR (Figure 

3.12F, G and H). PLD2 basal mRNA levels showed no change between either cell line pairs (Figure 

3.13A and B). In addition, PLD2 knockdown did not affect survival to erlotinib treatment in any of 

the cell lines tested (Figure 3.13 C, D and E), despite efficient knockdown, which was confirmed by 

qPCR (Figure 3.13F, G and H).  As both PLD1 and PLD2 show no change or lower mRNA levels in 

resistant cell lines and their targeting did not affect survival to erlotinib treatment other degradation 

pathways were studied.  
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Figure 3.11: Schematic diagram of phosphatidylcholine degradation . Phosphatidylcholine 
is degraded by three principle degradation pathways. Phosphatidylcholine is hydrolysed by 
phospholipase D, which produces phosphatidic acid and soluble choline. Phospholipase A has two 
isoforms phospholipase A1 and Phospholipase A2. Phospholipase A1 (PLA1) catalyses the cleavage at the 
SN-1 position of phospholipids, producing fatty acid and a lysophospholipid. Phospholipase A2 specifically 
catalyses the hydrolysis of the SN-2 acyl bond of phospholipids, which results in the release of 
arachidonic acid and lysophospholipids. Lysophospholipase then hydrolyse the carboxylic ester bond, 
which results in the formation of glycerophosphorylcholine or glycerophosphoethanolamine. This is then 
further hydrolysed by glycerophosphocholine phosphodiesterase, producing choline or ethanolamine and 
glycerol-3-phosphate.    
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Figure 3.12: Effect of silencing PLD1 on cell survival to erlotinib treatments . (A, B) 
Basal mRNA levels of PLD1 were quantified by qPCR in both cell line pairs. (C) PC9, (D) PC9ER and (E) 
H1975 were transfected with siRNA against PLD1 or the NT control. Twenty-four hours post transfection 
cells were treated with increasing concentrations of erlotinib for (48h) prior to fixation and crystal violet 
staining. The obtained values were normalised against the DMSO control. siRNA efficiency was confirmed 
by qPCR in (F) PC9, (G) PC9ER and (H) H1975. Figures represent three biological repeats with error bars 
showing ±SEM. Statistical analysis were done using Student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 
0.001. 
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Figure 3.13: Effect of silencing PLD2 on cell survival to erlotinib treatments . (A, B) 
Basal mRNA levels of PLD2 were quantified by qPCR in both cell line pairs. (C) PC9, (D) PC9ER and (E) 
H1975 were transfected with siRNA against PLD2 or the NT control. Twenty-four hours post transfection 
cells were treated with increasing concentrations of erlotinib (48h) prior to fixation and crystal violet 
staining. The obtained values were normalised against the DMSO control. siRNA efficiency was confirmed 
by qPCR in (F) PC9, (G) PC9ER and (H) H1975. Figures represent the mean of three biological repeats with 
each replicate done in technical triplicate (±SEM). Statistical analysis was done using Student’s t-test. * P≤ 
0.05, ** P ≤ 0.01 and *** P ≤ 0.001 
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3.5.2 Increased phosphatidylcholine degradation in erlotinib resistant cell 

lines 

Analysis of mass spectrometry data revealed changes in some of the key metabolites in the 

phospholipase A driven degradation pathway (Figure 3.14).  There is significantly higher abundance 

of both glycerophosphocholine (Figure 3.14B) and glycerophosphoethanolamine (Figure 3.14C) in 

both resistant cell lines. In addition, glycerol-3-phosphate (Figure 3.14D), choline (Figure 3.14E) and 

ethanolamine (Figure 3.14 F) were increased in resistant cell lines compared to their sensitive 

counterparts. 

 

Figure 3.14: Mass spectrometry identified phosphatidylcholine metaboli tes were 
increased in erlotinib resistant cell lines . (A) Schematic diagram of phosphatidylcholine 
hydrolysis pathway mediated by phospholipase A. Metabolites shown in grey, enzymes in blue and fatty 
acid (FA) represented in pink. Quantitative data from MS showing the abundance of B) 
Glycerophosphorylcholine, (C) Glycerophosphoethanolamine, (D) Glycerol 3-phosphate, (E) Choline, (F) 
Ethanolamine. PC9ER and H1975 were each normalised to their sensitive counterpart PC9 and H3255 
respectively. All MS data were the average of five biological repeats. Statistical analysis was done using 
Student’s t-test: * P≤ 0.05, ** P ≤ 0.01. Mass spectrometry analysis was carried out by Metabolon 
(Durham, US). 
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3.5.3 siRNA targeting of Phospholipase A2, Group VI (PLA2G6) does not 

alter sensitivity to erlotinib treatment. 

Phospholipase A (PLA) has two isoforms PLA1 and PLA2, both of which hydrolyse phospholipids to 

release fatty acids. In addition, PLA2 has a number of human isozymes which are grouped as follows 

Group I: PLA2G1B, Group II: PLA2G2A, PLA2G2C, PLA2G2D, PLA2G2E, PLA2G2F, Group III: PLA2G3, 

Group IV: PLA2G4A, PLA2G4B, PLA2G4C, PLA2G4D, PLA2G4E, PLA2G4F, Group V: PLA2G5, Group VI: 

PLA2G6, Group VII: PLA2G7, Group X: PLA2G10 and lastly Group XII: PLA2G12A, PLA2G12B. Due to 

the large number of isoforms which could be targeted and the cost involved, this study focused on 

PLA2G6. PLA2G6 is a cytosolic, calcium-independent phospholipase enzyme, which is expressed 

within a number of organs including the lung. It was chosen due to its functions as an A2 

phospholipase by the hydrolysing the sn-1 acyl chain of phosphatidylcholine. In addition, it can 

function as a lysophospholipase by hydrolysing the sn-1 acyl chain of lysophosphatidylcholine (LPC) 

(Engel et al., 2010). It has also been shown to be significantly associated with risk of lung cancer 

(Hosgood et al., 2008). The basal mRNA levels of this enzyme quantified by qPCR were consistently 

higher in sensitive cell lines compared to their resistant counterpart (Figure 3.15A and B).  However, 

siRNA-mediated targeting of PLA2G6 in PC9, PC9ER and H1975 did not alter the response to erlotinib 

(Figure 3.15C, D and E). Efficient knockdown of the gene was confirmed by qPCR (Figure 3.15F, G 

and H). 

3.5.4 siRNA-mediated targeting of Lysophospholipase (PLA2G15) does not 

affect sensitivity to erlotinib treatment. 

The lysophospholipase enzyme encoded by the phospholipase A2, group XV (PLA2G15) gene 

hydrolyses lysophosphatidylcholine to glycerophosphorylcholine and free fatty acid. There was no 

difference in mRNA levels for PLAG15 between erlotinib resistant and sensitive cell lines as shown by 

qPCR analysis (Figure 3.16A and B). Nevertheless, this could not discount possible changes in protein 

levels or activity. Therefore, PC9, PC9ER and H1975 cells were transfected with siRNAs against 

PLA2G15 and survival to erlotinib treatment was assessed by crystal violet assays (Figure 3.16C, D 

and E). This showed that PLA2G15 down regulation did not lead to changes in survival following 

erlotinib treatment for any of the cell lines tested despite efficient knockdown confirmed by qPCR 

(Figure 3.16F, G and H).  

Overall this data indicates that there is an increase in phosphatidylcholine degradation indicated by 

metabolomics analysis of erlotinib-resistant and sensitive cell line pairs. However, the mRNA 

quantification of key enzymes within this pathway, failed to show transcriptional up-regulation of 

any of these phosphatidylcholine degradation enzymes in resistant cell lines. Furthermore, targeting 

by siRNA-mediated knockdown of these enzymes did not affect survival to erlotinib treatment. 
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However, due to the large number of isoforms for each of the phospholipase enzymes there is a 

possibility of redundant functions between the isoforms and further studies would be required to 

dissect out this pathway.  

 

 

 

 

Figure 3.15: Effect of silencing PLA2G6 on cell survival to erlotinib treatments . (A, B) 

Basal mRNA levels of PLA2G6 were quantified by qPCR in both cell line pairs. (C) PC9, (D) PC9ER and (E) 

H1975 were transfected with siRNA against PLA2G6 or the NT control. Twenty-four hours post 

transfection cells were treated with increasing concentrations of erlotinib (48h) prior to fixation and 

crystal violet staining. The obtained values were normalised against the DMSO control. siRNA efficiency 

was confirmed by qPCR in (F) PC9, (G) PC9ER and (H) H1975. Figures represent the mean of three 

biological repeats with each replicate done in technical triplicate (±SEM). Statistical analysis was done 

using Student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. 
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Figure 3.16: Effect of silencing PLA2G15 on cell survival to erlotinib treatments . (A, B) 
Basal mRNA levels of PLA2G15 were quantified by qPCR in both cell line pairs. (C) PC9, (D) PC9ER and (E) 
H1975 were transfected with siRNA against PLA2G15 or the NT control. Twenty-four hours post 
transfection cells were treated with increasing concentrations of erlotinib (48h) prior to fixation and 
crystal violet staining. The obtained values were normalised against the DMSO control. siRNA efficiency 
was confirmed by qPCR in (F) PC9, (G) PC9ER and (H) H1975. Figures represent the mean of three 
biological repeats with each replicate done in technical triplicate (±SEM). Statistical analysis was done 
using Student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001 
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3.6 Discussion 

The aim of this thesis is to understand alternative resistance mechanisms to erlotinib which may 

occur as a result of the T790M mutation. This study used two cell line pairs with the resistant cell 

line harbouring the T790M mutation. These cells lines were chosen on the basis of the PC9/PC9ER 

and H3255/H1975 cell line pairs differing in their EGFR activating mutation while PC9ER and H1975 

share the same secondary resistance T790M mutation. This minimised the chance of the metabolic 

differences observed between sensitive and resistant cells in both cell line pairs being driven by the 

EGFR activating event rather than the common resistance mutation. We initially used 1H-NMR to 

metabolically profile these cell lines. Statistical analysis of our NMR data by OPLS-DA revealed 

significant differences in the metabolic signatures between the erlotinib-resistant cell lines and their 

respective sensitive counterparts (Figure 3.2). The metabolites that were found to be significantly 

altered between the cell line pairs are listed in Table 3.1. Two key metabolites, phosphocholine and 

choline were identified to be increased in our resistant cell lines. This confirms previous studies 

which correlated erlotinib resistance to increased phospholipid metabolites (Fan et al., 2009, 

Weaver et al., 2012).      

Utilising qPCR, we were able to confirm an increase in the levels of several key synthesising enzymes 

in the phosphatidylcholine pathway in H1975 when compared to its sensitive counterpart (Figure 

3.4B, 3.5B, 3.6B, 3.7B and 3.9B). This increase may or may not translate to changes in protein levels 

and/or activity of the enzymes. However, siRNA-mediated knockdown failed to alter the response to 

erlotinib treatment (Figure 3.4C-E, 3.5C-E, 3.6C-E, 3.7C-E, 3.8 C-E and 3.9C-E). Given the biological 

importance of this pathway, it is likely that downregulation of its key enzymes may result in the 

activation of alternative pathways and thereby negate the effect of our RNA interference on 

erlotinib resistance. Additionally, the effect of siRNA-mediated knockdown is short-lived and the 

length of time during which these enzymes must be reduced to observe a significant effect may be 

longer than what we achieve here. Hence, shRNA may be better adapted to address the potential 

role of these enzymes in T790M-mediated resistance. Taken together, we suggest that there is an 

increase in the phosphatidylcholine synthesis pathway in H1975 compared to H3255, although its 

involvement in erlotinib resistance is still currently unclear.  

PC9 and PC9ER cells showed no difference in CHKB, PCYT1A, PCYT1B and CHPT1 basal mRNA 

expression levels (Figure 3.4A, 3.5A, 3.6A, 3.7A and 3.9A). CHKA other than PEMT was the only 

enzyme which showed a significant decrease in mRNA expression in PC9ER compared to PC9 cells 

(Figure 3.4A). In agreement with previously published results, transcripts levels of CHKA was found 

to be lower in PC9ER compared to the PC9 cells (Slade, 2013). The importance of CHKA in EGFR 
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signalling has also been demonstrated in breast cancer cell lines, where it was shown to complex 

with EGFR in a c-SRC-dependent manner (Miyake and Parsons, 2012). In addition, CHKA expression 

has been linked to decrease in glutathione levels, with silencing of CHKA resulting in decrease in a 

decrease of GSH in both its oxidised and reduced forms (Granata et al., 2015). Indeed, our 1H NMR 

studies demonstrated PC9ER cells to have significantly lower levels of glutathione (Table 3.1). 

However, targeting of CHKA failed to alter response to erlotinib treatment (Figure 3.4C and D). As 

the knockdown was confirmed to be efficient at the mRNA level, this suggests that choline kinase 

may not have a role in erlotinib resistance. However, there may be additional explanations for this 

lack of impact on the response to erlotinib treatment such as alternative pathways, for example that 

of ethanolamine, being activated leading to compensation. Short-term siRNA-mediated knockdown 

may be insufficient to cause changes in metabolism. Due to the lack of consistency in the results 

obtained between our cell line pairs, we suggest that it is unlikely that phosphatidylcholine synthesis 

has a role in erlotinib resistance. 

 To gain further insights into the metabolic changes, we used mass spectrometry to get a detailed 

metabolic profile for these cell lines. This confirmed an increase in choline levels in both resistant 

cell lines compared to their sensitive counterpart (Figure 3.10B). Interestingly, this approach also 

confirmed that the levels of many of the metabolites in this synthesis pathway were lower in PC9ER 

compared to PC9 cells (Figure3. 10D, E and G). In addition, there was a significant increase in 

ethanolamine in the PC9ER cell line suggesting that phosphatidylcholine synthesis is ethanolamine-

driven rather than obtained through the classical Kennedy pathway. H1975 cells show an increase in 

many of the key metabolites involved within the synthesis pathway, suggesting an increase in 

phosphatidylcholine synthesis in H1975 compared to its sensitive counterpart. This further confirms 

that there is a lack of consistent changes in this pathway suggesting that it is not associated with 

resistance. 

Choline and ethanolamine which had increased levels in both resistant cell lines are known products 

of phosphatidylcholine degradation (Figure 3.14A). Mass spectrometry data indicated that a number 

of metabolites involved in phosphatidylcholine degradation are increased in both the resistant cell 

lines (Figure 3.14). This pathway involves the use of a number of phospholipase enzymes. As mass 

spectrometry data showed the abundance of phosphocholine not to be consistent between our cell 

line pairs (Figure 3.10E), we hypothesised that that phospholipase C was unlikely to affect resistance 

and therefore excluded it from further studies. Phospholipase D (PLD) has previously been linked to 

drug resistance (Welsh et al., 1994, Chen et al., 2003, Fiucci et al., 2000). It is also known to be a key 

mediator of EGFR function in an EGF-dependent manner directly regulated by upstream binding 
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partners (Lee et al., 2009). Therefore, although it has not been directly linked to erlotinib resistance 

it became of interest in this study. The basal mRNA expression of PLD1 showed a decrease in H1975 

compared to H3255 cells (Figure 3.12B). However, no difference was noted between PC9 and PC9ER 

cells (Figure 3.12A).  PLD2 was not differentially expressed in either of the cell line pairs (Figure 3.13  

A, B). While we cannot confirm what effect the differences in mRNA levels in our study have on 

protein expression, the knockdown of either PLD1 or PLD2 had no effect on survival to erlotinib 

treatment (Figure 3.12 C-E, 3.13 C-E).  

The metabolites identified by mass spectrometry were predominantly involved in the degradation of 

phosphatidylcholine by phospholipase A. This degradation pathway involves three steps which lead 

to the formation of choline, ethanolamine and glycerol-3-phosphate. Our mass spectrometry data 

showed that the abundance of these was increased in both resistant cell lines (figure 3.14). 

Phospholipase A exists in both a cytosolic and secreted form. In a review by Park et al they 

highlighted that different isoforms of PLA2 may have differing function (Park et al., 2012). Indeed, 

they suggested that the cytosolic forms are predominantly involved in the generation of arachidonic 

acid to produce prostaglandin resulting in enhanced tumorigenesis (Park et al., 2012). This is in 

contrast to the secreted form which were suggested to have a tumour suppressive function (Park et 

al., 2012).  

 In this work we investigated the possible role of PLA2G6 in resistance to erlotinib. PLA2G6 is a IV 

cytosolic PLA2 protein and was chosen for this study due to its role as a phospholipase, hydrolysing 

the sn-1 acyl chain of phosphatidylcholine and also its function as a lysophospholipase able to 

hydrolyse the sn-1 acyl chain of LPC. A study by Li and colleagues showed that knockdown of PLA2G6 

in ovarian cancer resulted in reduced tumorigenesis (Li et al., 2010a). However, despite PLA2G6 

suggested role in tumorigenesis its function in resistance to RTK inhibitors such as erlotinib has not 

been established and therefore, provided an interesting target for this study. 

The basal transcript level of PLA2G6, which encodes phospholipase A2, were significantly lower in 

resistant cell lines (Figure 3.15 A and B). This is in conflict with our mass spectrometry data that 

showed increased levels of a number of downstream metabolites in erlotinib-resistant cell lines 

(Figure 3.14). However, there are a number of phospholipase A isoforms and changes in an 

alternative form may be responsible for the increase in phosphatidylcholine degradation metabolites 

identified in the mass spectrometry data. As siRNA-mediated targeting of PLA2G6 did not affect 

survival to erlotinib treatment this further support this hypothesis (Figure 3.15C, D and E). In 

addition, the knockdown of a singular PLA may not be sufficient to lead to a response, as alternative 

PLAs may compensate for this.  
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Lastly this study looked at the Lysophospholipase enzyme, PLA2G15, which showed no significant 

difference in mRNA levels between resistant and sensitive cell lines (Figure 3.15 A and B). Although 

no change was noted at the mRNA level, this does not always correlate directly with protein 

expression. The knockdown of PLA2G15 did not affect the response to erlotinib treatment in any of 

the cell lines tested (Figure 3.15 C, D and E). However, again this may be as a result compensation 

from additional proteins with the ability to hydrolyze lysophosphatidylcholine to form 

glycerophosphorylcholine and a free fatty acid such as PLA2G6 (Engel et al., 2010). 

Overall this data indicates there is an increase in the levels of phosphatidylcholine degradation in 

resistant cell lines. This was demonstrated by an increased abundance of a number of metabolites 

involved in its degradation. However, the targeting of enzymes within this pathway did not affect 

survival to erlotinib treatment. Therefore, a more comprehensive approach may be needed to 

correct the altered metabolic networks. 
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Chapter 4.0 EGFR T790M-mediated erlotinib 

resistance is functionally associated with decreased 

intracellular levels of glutathione 
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4.1 Introduction 

Lung cancer is the commonest cancer killer with non-small cell lung cancer (NSCLC) comprising about 

85% of cases. About 10% and 30% of NSCLCs in Western and Asian populations, respectively, express 

an activated mutant EGFR (EGFRm) and 90% of these patients respond to ATP-competitive EGFR TKIs 

such as gefitinib or erlotinib (Mok et al., 2009, Lynch et al., 2004, Paez et al., 2004). Unfortunately, 

TKI-resistance develops within months, thereby reducing the survival benefits of these drugs. Several 

resistance mechanisms have been identified; including an additional T790M gatekeeper mutation 

within the mutant EGFR in 50% of patients (Kosaka et al., 2006, Balak et al., 2006, Kobayashi et al., 

2005, Pao et al., 2005). The latter enhances kinase activity by increasing the affinity of EGFR for ATP, 

competing out TKI binding (Yoshikawa et al., 2013). This led to the development of compounds 

irreversibly interacting with EGFRm/T790M, such as afatinib, 324674 and more recently AZD9291 

and CO1686 (Walter et al., 2013b, Zhang et al., 2006a, Miller et al., 2012a). However, thus far clinical 

trials of afatinib failed to demonstrate improved response in EGFRm/T790M patients, and although 

initial trials with the irreversible inhibitor AZD9291 showed great promises, additional resistance 

mechanisms to these inhibitors have already appeared (Miller et al., 2012a, Costa and Kobayashi, 

2015). Consequently, there is great interest in further understanding the mechanisms of resistance 

that can occur in the presence of the T790M mutation. 

Interestingly, changes in metabolite concentrations can specifically reflect the onset of therapy 

resistance, providing response/outcome biomarkers and novel therapeutic strategies to reverse 

resistance (Zhao et al., 2013, Sreekumar et al., 2009). Both 1H-nuclear magnetic resonance (NMR) 

and mass spectrometry are efficient tools to investigate these metabolic changes (Boros et al., 2002, 

Wang et al., 2013, Tian et al., 2015, Serkova et al., 2007). Changes in metabolism have frequently 

been linked to tumour progression and drug resistance in various cancer types (Zhao et al., 2013). 

Therefore, in order to identify alternative resistance mechanisms, we previously carried out 1H-NMR 

metabolic profiling of EGFR-driven NSCLC cells with (PC9ER and H1975) and without (PC9 and 

H3255) the T790M resistance mutation. This revealed that the levels of the antioxidant molecule 

glutathione (GSH), in both its reduced (GSH) and oxidised form (GSSG), was decreased in EGFR-

T790M containing cells. This is in marked contrast to prior reports showing that increased levels of 

GSH are implicated in chemotherapy resistance, due to its function as an antioxidant as well as its 

ability to complex with chemotherapeutic drugs leading to their GST-mediated export (Spitz et al., 

1993, Corti et al., 2010, Meister, 1988). Indeed, a number of chemotherapeutic compounds rely on 

the production of ROS to elicit their cytotoxic actions (Bracht et al., 2006, Backos et al., 2012). This 

process is counteracted by GSH and increased levels of GSH therefore may facilitate drug resistance. 
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However, in agreement with our preliminary data, in 2014 Serizawa et al also identified enhanced 

GSH degradation in erlotinib-resistant cell line PC9ER through mass spectrometry analysis.  They 

identified this change to be a possible biomarker of resistance to erlotinib but did not determine 

whether it was functionally linked to resistance (Serizawa et al., 2014). In addition, strategies to 

reduce the intracellular levels of GSH have also been shown to be effective in the sensitisation of 

tumour cells to other anticancer drugs (Nagata et al., 2001, Wang et al., 2010b). However, the 

functional role and mechanism by which low GSH levels induce resistance to targeted therapies such 

as erlotinib remains to be clarified. 

 Here, we validate the decrease in GSH and GSSG in cells resistant to erlotinib previously observed 

using 1H-NMR profiling. Further characterization revealed changes at the transcriptional level of a 

number of enzymes involved in GSH metabolism downstream of T790M mutation. The targeting of 

synthesizing or degrading enzymes within this metabolic pathway, through both siRNA and small-

molecular compounds, was able to modulate not only GSH levels but also response to erlotinib 

treatment. These in vitro results were then validated in a mouse xenograft model, where dual 

treatment with GST inhibitor ethacrynic acid (EA) and erlotinib resulted in a significant reduction in 

tumour burden of erlotinib-resistant T790M EGFR expressing PC9ER xenografts. 
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4.2 Glutathione levels are reduced in erlotinib-resistant cell lines 

Glutathione levels were identified to be decreased by 1H-NMR in erlotinib-resistant  cell lines. 

Gluathione exisits in both an oxidised (GSSG) and reduced form (GSH) and a number of enzymes 

regulate the GSH pathway (Figure 4.1A, with enzymes involved in its formation shown in clear boxes 

and its degredation in grey). It is important to note that the stability of GSH/GSSG during sample 

processing and NMR can be variable because of its oxidoreductive activity largely due to the –SH 

group. This may reduce the ability to distinguish between the oxidised and reduced form of GSH. 

However, this results held some validity as there was a decrease in both the oxidised and reduced 

forms of GSH, suggesting in a decrease in total GSH. To validate the NMR data, the levels of GSH 

were quantified within the resistant (PC9ER and H1975) and sensitive (PC9 and H3255) cell line pair 

using a colorimetric assay and confirmed low GSH in the erlitinib-resistant cells (Figure 4.1B and D). 

In order to identify if these changes are a direct consequence of deregulation of enzymes involved in 

GSH metabolism, qPCR was perfomed to assess their basal mRNA levels (Figure 4.1C and E). The 

qPCR data indicated a significant decrease in the levels of glutathione cysteine ligase (GCL) in 

resistant cell lines. GCL is involved in the ATP-dependent condensation of cysteine and glutamate to 

form gamma-glutamylcysteine (γ-GC). GCL consists of two subunits, glutamate-cysteine ligase 

catalytic subunit (GCLc) and the regulatory subunit glutamate-cysteine ligase modifier subunit 

(GCLm). Both sub-units had decreased expression in resistant cells, although this was not significant 

for GLCm in the PC9/PC9ER cell line pair. The mRNA levels of the gene encoding glutathione-

disulphide reductase (GSR), the dimeric disulfide oxidoreductase that utilises Flavin Adenine 

Dinucleotide (FAD) and NADPH to reduce GSSG to GSH,  were significantly reduced in both resistant 

cell lines. Finally, the expression of glutathione synthetase (GSS), that catalyses the condensation of 

gamma-glutamylcysteine and glycine, to form glutathione, was also significantly decreased in both 

cell line pairs. The levels of enzymes involved in GSH degradation however, showed  a variable 

pattern of expression (Figure 4.1C and E).  
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Figure 4.1: Decreased Glutathione in erlotinib-resistant cell lines . (A) Schematics of the 
GSH metabolic pathway. The white boxes represent the synthesising enzymes and grey boxes represent 
the catabolic enzymes. GSH levels were determined by colourmetric assay in (B) PC9 and PC9ER or (D) 
H3255 and H1975. Quantification of GSH metabolic enzymes by qPCR in (C) PC9 relative to PC9ER and (E) 
H3255 relative to H1975. Figures represent the mean of three biological repeats with each replicate done 
in technical triplicate (±SEM). Statistical analysis was done using Student’s t-test.* P≤ 0.05, ** P ≤ 0.01 
and *** P ≤ 0.001. I am grateful to Mr William Stokes for carrying out the qPCR arrays in figure C and E. 
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In an effort to assess whether that these changes in mRNA levels were linked to the presence of the 

T790M mutation, siRNA against the T790M mutation were introduced in the erlotinib-resistant  cell 

line PC9ER. The knockdown of the T790M mutation by T790M-targeting siRNAs was confirmed by 

qPCR quantification of EGFR expression (Figure 4.2A). This confirmed that the siRNA specifically 

targeted the EGFR expression in PC9ER cell line carrying the T790M mutation and not in the PC9 cell. 

The effect of the T790M downregulation on survival to erlotinib treatment was quantified by crystal 

violet assay (Figure 4.2B). This revealed that there was a significant decrease in survival to erlotinib 

treatment following T790M knockdown. However, it is important to note this did not sensitise 

PC9ER cells to levels similar these seen seen in PC9 cells. The targeting of T790M also significantly 

increased the levels of GSH in the PC9ER cell line (Figure 4.2C). This correlated with an increase in 

the transcription of the GSH synthesizing enzyme GSS and a decrease in the GSH catabolising 

enzymes GGT and GPX3 (Figure 4.2D). 

To further study a direct correlation between GSH levels and the T790M mutation, HEK293 cells 

stably expressing  EGFR-L858R, EGFR-L858R/T790M constructs or an empty vector control were 

used. The levels of EGFR were quantified by qPCR to confirm the mutated EGFR had been efficiently 

transfected (Figure 4.3A). Quantification of the relative GSH levels within these cells revealed a 

significant decrease with the presence of the T790M mutation (Figure 4.3B). This did not correlate 

with changes in transcription of GSH synthesizing or degrading enzymes (Figure 4.3C). 
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Figure 4.2: siRNA against EGFR T790M increased GSH levels and decreased survival in 
erlotinib-resistant cell  line PC9ER . (A) EGFR mRNA levels were quantified by qPCR in PC9 and 
PC9ER cells, 48 hours post transfection with siRNA T790M or NT. (B) PC9ER cells were transfected with 
siRNA against T790M or the NT control. Forty-eight hours post transfection cells were treated with 
increasing concentrations of erlotinib (48h) prior to fixation and crystal violet staining. The obtained 
values were normalised against the DMSO control. Statistical analysis was done using two-way ANOVA. 
(C) GSH levels in PC9ER were quantified by colourmetric assay 48 hours post transfection with siRNA. (D) 
GSH enzyme mRNA levels were quantified by qPCR 48 hour post transfection with siT790M or siNT. 
Figures represent the mean of three biological repeats with each replicate done in technical triplicate 
(±SEM). Statistical analysis was done using Student’s t-test unless otherwise stated.* P≤ 0.05, ** P ≤ 0.01 
and *** P ≤ 0.001.  
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Figure 4.3: HEK293 cells stably transfected with mutated EGFR showed decreased 
GSH in response to T790M . HEK293 cells were stably transfected with empty vector, EGFR-L858R or 
EGFR-L858R/T790M followed by the quantification of (A) EGFR by qPCR, (B) GSH levels by colourmetric 
assay, (C) and GSH metabolic enzyme mRNA levels by qPCR. Figures represent the mean of three 
biological repeats with each replicate done in technical triplicate (±SEM). Statistical analysis was done 
using Student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. 
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4.3 Targeting of GSH metabolic enzymes can modulate the response to erlotinib 

treatment 

The change identified in GSH levels between erlotinib-resistant and sensitive cell lines occurred at a 

transcriptional level. Therefore, it was hypothesised that targeting key enzymes within this pathway 

may alter erlotinib resistance. Initially, this was done using siRNA to target key enzymes within the 

synthesis and degradation pathways.  The targeting of GSH synthesising enzymes showed a subtle 

but significant increase in survival of PC9 cells to treatment with erlotinib, without significantly 

changing survival capability of PC9ER cells (Figure 4.4A). Furthermore, the targeting of GSH 

degrading enzyme significantly increased sensitivity to erlotinib treatment in both PC9 and PC9ER 

cell lines (Figure 4.4A). The knockdown of each of the enzymes was confirmed by qPCR (Figure 

4.4B). The levels of GSH following knockdown of synthesising and degrading enzymes were 

quantified by colourimetric assay (Figure 4.4C). The targeting of GSH synthesising enzymes 

significantly decreased GSH levels in both cell lines, with the exception of GSR in PC9ER cells, in 

which knockdown failed to cause a significant decrease in GSH levels. Furthermore, siRNA-mediated 

targeting of the degrading enzymes GSTpi and GPX1 significantly increased GSH levels. Taken 

together this data has highlighted that siRNA-mediated silencing of GSH regulating enzymes is not 

only capable of modulating GSH levels, but also the response to erlotinib treatment.  
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Figure 4.4: Modulation of GSH by siRNA targeting of GSH metabolic enzymes affects 

the response to erlotinib treatment . (A) PC9 and PC9ER cells were transfected with siRNA 

targeting GSH synthesizing enzymes (light bars) and catabolic enzymes (dark patterned bars) or NT 

control (black bars) and cell survival to erlotinib treatment (50 nM) was monitored by crystal violet 

staining. Data is presented as relative survival to erlotinib normalised to the NT control. (B) siRNA 

knockdown was confirmed by qPCR. (C) The GSH levels 48 hours post siRNA treatment was determined 

by colourmetric assay in PC9 and PC9ER. Figures represent the mean of three biological repeats with each 

replicate done in technical triplicate (±SEM). Statistical analysis was done using Student’s t-test. * P≤ 0.05, 

** P ≤ 0.01 and *** P ≤ 0.001. I am grateful to Mr William Stokes for carrying out the qPCR arrays in 

figure B. 
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To further substantiate these findings and to potentially make our observations clinically relevant we 

next employed small-molecule inhibitors of GSH synthesizing or catabolising enzymes. Chemical 

compounds have been designed to regulate GSH levels by targeting enzymes within its metabolic 

pathway.  One such compound is the clinically used diuretic, EA. EA is a potent inhibitor of the GSH 

degrading enzyme GST. Treatment with EA produced a significant increase in GSH levels in all 4 cell 

lines (Figure 4.5A). This change in GSH was accompanied by increased sensitivity to erlotinib 

treatment in both PC9ER (Figure 4.5B) and H1975 cell lines (Figure 4.5C). This was repeated in the 

PC9 cell line but no significant change was seen following EA treatment (Appendix figure 8.6). In 

addition, treatment with Buthionine sulfoximine (BSO), an inhibitor of the GSH synthesising enzymes 

GCLc, significantly decreased GSH  levels in all four cell lines (Figure 4.5D). This decrease in GSH 

conferred a significant increased resistance to erlotinib in both sensitive cell lines PC9 (Figure 4.5E) 

and H3255 (Figure 4.5F). This was repeated in the PC9ER cell line but no significant change was seen 

following BSO treatment (Appendix figure 8.6). 

Although this work was predominantly focused on erlotinib resistance it was of interest to see if EA 

could also sensitise resistant cells to other TKIs used in the clinic to treat patients with EGFR mutant 

positive lung cancers.  Gefitinib, like erlotinib is a first-generation small molecule, reversible EGFR 

TKI. The T790M mutation confers considerable resistance to gefitinib (figure 4.6 A and B) and is 

accompanied by a decrease in GSH (Figure 4.6 C). EA could significantly sensitize both PC9ER (Figure 

4.6D) and H1975 (Figure 4.6E) to gefitinib. This was associated with an increase in GSH levels (Figure 

4.6 F). 
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Figure 4.5: Modulation of GSH by EA and BSO treatment effected survival to 
erlotinib. (A) PC9, PC9ER, H3255 and H1975 cells were treated with EA and GSH levels were 
subsequently quantified by colourmetric assay. (B) PC9ER and (C) H1975 were treated with EA alone and 
in combination with Erlotinib for 48 hours and survival were monitored by crystal violet assay. (D) PC9, 
PC9ER, H3255 and H1975 cells were treated with BSO and GSH levels were subsequently quantified by 
colourmetric assay. (E) PC9 and (F) H3255 cells were treated with BSO alone and in combination with 
erlotinib for 48 hours and survival were monitored by crystal violet assay.  Data are the relative 
responsiveness to erlotinib normalised to vehicle (-; DMSO). Figures represent the mean of three 
biological repeats with each replicate done in technical triplicate (±SEM). Statistical analysis was done 
using Student’s t-test.* P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. I am grateful to Mr William Stokes for his 
carrying out survival assays shown in B, C, D and E. 
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Figure 4.6: Modulation of GSH and survival by treatment with EA increased 
sensitivity to gefitinib . Cell survival was measured in response to increasing concentrations of 
gefitinib treatment (48 hours) and quantified by crystal violet staining in (A) PC9/PC9ER and (B) 
H3255/H1975. (C) PC9, PC9ER, H3255 and H1975 cells were treated with EA and GSH levels were 
subsequently quantified by colourmetric assay. (D) PC9ER and (E) H1975 were treated with EA alone and 
in combination with gefitinib for 48 hours and survival were monitored by crystal violet assay. (F) PC9, 
PC9ER, H3255 and H1975 cells were treated with EA and GSH levels were subsequently quantified by 
colourmetric assay. Data are the relative responsiveness to Gefitinib normalised to vehicle (-; DMSO).  
Figures represent the mean of three biological repeats with each replicate done in technical triplicate 
(±SEM). Statistical analysis was done using Student’s t-test.* P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. 
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We next examined third generation TKIs that irreversibly bind to the T790M mutated receptor to 

test whether EA might increase sensitivity to these agents. The most successful of these is AZD9291 

(Osimertinib) which inhibits both the EGFR sensitizing mutation, as well as, the resistant T790M 

(Ward et al., 2013, Cross et al., 2014). AZD9291 has shown promise in clinical trials, but development 

of resistance occurs through, for example, the occurrence of additional mutations (Eberlein et al., 

2015b, Ercan et al., 2015). Using PC9, PC9ER (Figure 4.7A) and H3255 and H1975 cell lines (Figure 

4.7B), survival to AZD9291 treatment was quantified to confirm sensitisation of T790M containing 

cell lines. As previously reported, both PC9ER and H1975 cell lines were highly sensitive to AZD9291 

compared to that previously seen for erlotinib and gefitinib (Cross et al., 2014, Eberlein et al., 

2015a). The levels of GSH were quantified in all 4 cell lines to confirm that GSH levels were indeed 

decreased in resistant cell lines (Figure 4.7C). Treatment with EA resulted in a significant increase in 

the GSH levels (Figure 4.7F), but did not further sensitize the resistant cell lines PC9ER (Figure 4.7D) 

and H1975 (Figure 4.7 E) to AZD9291. 

 
Figure 4.7: Modulation of GSH with GST inhibitor EA did not affec t survival to 
AZD9291 . Cell survival was measured in response to increasing concentrations of AZD9291 treatment 
(48 hours) and quantified by crystal violet staining in (A) PC9 and PC9ER, (B) H3255 and H1975 cell lines. 
(C) The GSH levels in PC9, PC9ER, H3255 and H1975 cell lines were subsequently quantified by 
colourmetric assay. (D) PC9ER and (E) H1975 were treated with EA alone and in combination with 
AZD9291 for 48 hours and their survival were monitored by crystal violet assay. (F) PC9, PC9ER, H3255 
and H1975 cells were treated with EA and GSH levels were subsequently quantified by colourmetric 
assay. Data are the relative responsiveness to AZD9291 normalised to vehicle (-; DMSO). Figures 
represent the mean of three biological repeats with each replicate done in technical triplicate (±SEM). 
Statistical analysis was done using Student’s t-test.* P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001.  
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4.4 Systemic administration of Ethacrynic acid re-sensitises PC9ER NSCLC 

tumours to erlotinib in a mouse xenografts model. 

We have shown that modulating levels of GSH can influence the responsiveness to erlotinib 

treatment in vitro. In particular, the treatment of resistant cell lines PC9ER and H1975 with GST 

inhibitor, EA, significantly sensitized the cells to erlotinib. Hence, it is hypothesised that co-

administration of physiologically relevant doses of EA may improve the responsiveness of EGFR TKI-

resistant tumours to erlotinib in vivo. Therefore, PC9ER cells were injected subcutaneously into the 

flank of BALB/c nude mice and tumours were allowed to form. The mice were then treated daily with 

erlotinib and EA alone or in combination. The treatment with either compound alone could not 

prevent exponential growth of the tumours. However, co-administration of the erlotinib and EA 

significantly inhibited the rate of tumour growth by 60 %, showing tumour volumes of   300 mm3 at 

25 days, while those treated with either drug alone all had a far more extensive tumour burden (Fig 

4.8A). The survival of the mice was monitored for 27 days, during which the mice were sacrificed 

once the tumours had reached 300 mm3. Mice which underwent dual treatment with both EA and 

erlotinib showed an increase in survival (Figure 4.8B). Following sacrifice of the mice, the tumours 

were collected and snap-frozen for quantification of their GSH content. The systemic co-

administration of EA and erlotinib resulted in an increase of intra-tumoural GSH levels when 

compared to those treated with erlotinib alone (Fig 4.7C). Taken together, these data suggest that 

increasing intra-tumoural GSH levels, through inhibition of GST may be a viable strategy for the 

management of erlotinib-resistant disease in humans. 
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Figure 4.8: Systemic EA administration re-sensitised PC9ER mouse zenografts to 
erlotinib . Nude mice (n=10/condition) were injected subcutaneously with PC9ER cells. Once tumours 
had reached 100 mm3 treatments were initiated. Mice randomised into 3 groups (n=10) and treated by 
intraperitoneal injection of physiologically relevant doses as follows 25 mg kg-1 per day erlotinib/0.5% w/v 
methylcellulose and/or 6 mg kg−1 per day EA/1% Tween 80 in distilled water. Such treatments were 
administered daily from day 7 to 26. (A) Tumour volume was measured for 27 days and statistical analysis 
was done using ANOVA. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. (B) Survival was monitored for 27 days, 
the end-point events occurred when the volumes of tumours had reached 300 mm3. Statistical analysis 
was done using log-Rank test, P= ab<0.01, P=bc<0.01. (C) Intra-tumoral GSH levels were measured ex vivo 
by colorimetric assay following last treatment. Statistical analysis was done using student t-test. * P≤ 
0.05, ** P ≤ 0.01 and *** P ≤ 0.001. In vivo studies have been carried out by Hongde Li at the Chinese 
Academy of Sciences, China.  
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4.5 mRNA levels of key GSH synthesising enzymes decrease in patients following 

onset of EGFR TKI-resistance 

Biopsies in NSCLC patients following the onset of EGFR TKI-resistance are rare, although the practice 

is becoming more common. Therefore, the patient numbers in this study are low and represent a 

proof-of-concept that requires further validation.  The mRNA levels of GSH synthesising enzymes 

were quantified in two patients before (pre-T790M) and after (post-T790M) onset of T790M 

mediated resistance (Figure 4.9A). This indicated a decrease in the expression of GSS, GSR, GCLc and 

GCLm following the appearance of the T790M mutation. To further validate these changes RNA-Seq 

was carried out in four unrelated patients with (Patient 1-4) and without (patient 5-8) the presence 

of the T790M mutation. This revealed that patients with the T790M mutation had a decreased 

expression of a number of GSH synthesising enzymes (Figure 4.9 B).  The most prominent change 

was a decreased level of the GSH synthesising enzyme GCLc in all patients with the T790M mutation. 

The levels of GCLm, GSR and GSS show decrease in some but not all patients tested. Due to the 

limited number of patients sampled, this is not conclusive and would require further validation. 

Taken together our data suggest that probing for the expression of these enzymes in biopsies may 

aid to predict the responsiveness of patients to erlotinib treatment. 
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Figure 4.9: mRNA levels of GSH synthesising enzymes are decreased in 
EGFRm/T790M patient tumours . (A) mRNA levels of GSH metabolic enzymes indicated, were 
quantified via qPCR in two patients before (pre-T790M) and after (post-T790M) the onset of T790M-
mediated resistance. Quantification was carried out in technical triplicate error bars represent SEM. (B) 
RNA-Seq of 4 pairs of unrelated patients Pt 1-4 T790M was absence and in Pt 5-8 the T790M mutation 
was present. Data in T790M samples are normalised to those in the corresponding non-T790M samples. I 
would like to thank Elza de Bruin the data in figure A and Guus J.J.E. Heynen for the data in figure B. 
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4.6 Discussion 

Erlotinib and other EGFR TKIs have been very successful in treatment of NSCLC patients with active 

EGFR. However, development of secondary mutation such as T790M has prevented these inhibitors 

from significantly increasing the long-term survival of patients. Accumulating evidence suggests that, 

while EGFR mutations drive alterations in metabolic signatures, the majority of treatments fail to 

target these changes in clinical settings or in vivo models (Makinoshima et al., 2015, Serizawa et al., 

2014, Xie et al., 2016). Therefore, we employed 1H-NMR metabolic profiling of two NSCLC erlotinib-

sensitive/resistant cell line pairs in the hope of identifying novel mechanisms of resistance. These 

NSCLC cell lines were chosen based on three criteria. The first is that both resistant cell lines contain 

the T790M resistance mutation. Second, PC9 and PC9ER are relatively isogenic, as PC9ER were 

derived through erlotinib selection of PC9 whereas, H3255/H1975 are genetically unrelated. The 

final Criterion was that the initial activating mutation was different in each of the cell line pairs; 

PC9/PC9ER carrying the E746-A750 activating deletion, while H3255/H1975 cells share a L858R 

point mutation. This would maximise the chances of identifying metabolic changes which occur in 

both cell lines to be solely dependent on the T790M mutation and independent of additional genetic 

factors. One of the most significant changes identified was the decrease in GSH levels in erlotinib-

resistant cell lines compared to their sensitive counterpart. This pathway is well known to be 

involved in drug resistance in cancer cells. However, the majority of studies suggest drug resistance 

is associated with an increase in GSH (Backos et al., 2012, Bracht et al., 2006, Ripple et al., 1993). 

GSH has been shown to interact directly with certain drug molecules leading to their cellular export 

through a GST-dependent pathway (Provost et al., 2009, Rappa et al., 1997, Zaman et al., 1995). In 

addition, GSHs role as an antioxidant molecule decreases the levels of oxidative species, which are 

often required for the action of these compounds. Interestingly a study by Schwartz and colleagues 

has shown that cysteine oxidation is a posttranslational modification which can occur on EGFR 

(Schwartz et al., 2014). This study showed that EGFR-L858R and EGFR-L858R/T790M proteins 

oxidised by glutathione and H2O2, resulted in oxidation exclusively at Cys797 (Schwartz et al., 2014). 

This is of particular interest as covalent inhibitors are known to target this residue.  Glutathiolation 

resulted in a weaker affinity of reversible quinazoline drugs, Quinazoline covalent inhibitors and 

pyrimidine inhibitor WZ4002 to both EGFR-L858R and L858R/T790M (Schwartz et al., 2014). 

Therefore, a decrease in GSH in erlotinib-resistant cell lines required further investigation. 

The levels of GSH were initially confirmed to be down regulated by the use of a colourmetric assay 

(Figure 4.1 B and D). This decrease in levels of GSH could be directly attributed to transcriptional 

changes in enzymes involved in GSH metabolism (Figure 4.1 C and E).  These changes were 

confirmed to be a direct consequence of the T790M mutation. The siRNA targeting of EGFR 
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harbouring the T790M mutation, increased GSH levels (Figure 4.2C) and sensitivity to erlotinib (Fig 

4.2B) as previously reported (Chen et al., 2013). Due to the T790M mutation being a point mutation 

confirmation of knockdown proved difficult.  Comparison of EGFR transcript levels between PC9 and 

PC9ER cells following treatment with T790M-targeting siRNAs confirmed knockdown of the mutated 

transcript in PC9ER cells (Figure 4.2 A). Other methods that could be used to further confirm 

selective knockdown such as deep sequencing of cDNA or TaqMan PCR. A further limitation of this 

experiment was the absence of a wt-control. Although knock-down of the T790M mutated EGFR 

showed an increase in GSH levels and decreased survival to erlotinib treatment, we cannot discount 

the possibility that a similar result may be seen from the knockdown of wt-EGFR. Therefore, further 

experimentation including a wt control is needed to validate this result. It would also be of interest 

to see the effect of transfection of the T790M mutant EGFR in the PC9 cell line.  

To try and further demonstrate direct correlation between the T790M resistance mutation and the 

associated changes in GSH, HEK-293 cells stably transfected with mutant EGFRs were utilised (Figure 

4.3). The levels of GSH were decreased in the presence of the T790M mutation (Figure 4.3B). 

However, this did not appear to be regulated at a transcriptional level (Figure 4.3C). Therefore, this 

change may be due to changes in additional mechanisms of GSH regulation such as a change in the 

availability of precursor molecules cysteine and sulfur amino acids (Lu, 2009). Indeed, while cysteine 

availability is largely dependent on diet,  it can also be dependent  on the transport of cysteine into 

the cell via the amino acid transport systems (ASC) (Bannai and Tateishi, 1986). 

Comparative analysis revealed that changes in GSH levels could be attributed to transcriptional 

regulation of GSH metabolising enzymes. Our experiments demonstrated that the inhibition of GSH 

synthesising enzymes by either RNA interference (Figure 4.4), or small molecular compounds (Figure 

4.5) in sensitive PC9 cells rendered these cells resistant to erlotinib treatment. Conversely, the 

inhibition of GSH-degrading enzymes sensitised PC9ER cells to erlotinib (Figure 4.4 and 5.5). The use 

of EA co-treatment also sensitised cells to gefitinib, although to a lesser extent to the sensitisation 

observed in the case of erlotinib (Figure 4.6). The survival of all cell lines treated with the third 

generation inhibitor AZD9291 were not affected by EA co-treatment (Figure 4.7). This may be in part 

due to the fact that AZD9291 is a monoanilino-pyrimidine compound and as such is structurally 

distinct, it therefore has a pharmacologically differentiated profile from earlier generation of EGFR 

TKIs (Cross et al., 2014). Alternatively, it could be speculated that a much higher level of changes in 

GSH is required to see any discernible effect in cell survival to AZD9291. 

Finally, the therapeutic benefit of modulation of the GSH pathway was assessed in vivo. This study 

used a physiologically relevant dose of the GST inhibitor, EA, which was systemically administered 
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into nude mice. This showed a significant reduction in tumour burden associated with a decrease in 

intra-tumoural concentration of GSH (Figure 4.8).  EA has a limited toxicity and is widely used as a 

loop diuretic in the clinic (Somberg and Molnar, 2009). Therefore, this could rapidly be translated 

into clinical practice. Moreover, EA has previously shown to improve clinical outcome when used in 

combination with chemotherapies such as alkylating agents, due to EAs role in the prevention of 

GST-mediated export of these compounds (O'Dwyer et al., 1991, Somberg and Molnar, 2009). Our 

data therefore suggest that EA may not only improve treatment of NSCLC patients with EGFR 

activating mutations, but also improve their response to follow-on chemotherapy. It is important to 

note there are some limitations within our in vivo experiments which need to be addressed. There is 

a lack of vehicle only control in figure 4.8, it would be advantageous to show vehicle control in any 

future experiments. Furthermore, as an additional control, PC9 xenografts could have been included, 

which would have given a clearer idea if this treatment would enhance the effectiveness of EA with 

erlotinib in single mutants. However, cell experimentation of EA and erlotinib co-treatment in PC9 

showed limited change in survival to treatment, when compared to erlotinib alone (Appendix figure 

8.6).  

There are some questions which remain unanswered and require further research including if this 

decrease in GSH level only occurs downstream of the T790M or if this is a common feature of other 

erlotinib resistance pathways. It is also important to understand the exact mechanism by which 

decreased GSH facilitates erlotinib resistance. The treatment of the PC9ER cell line with GST-

inhibitor, EA, resulted in increased sensitivity to erlotinib treatment which suggests this is via a GST 

mediated mechanism. However, this requires further confirmation by experimentation such as using 

CRISPR GST mutants to identify if there is an increased sensitivity to erlotinib. It would also be of 

interest to see if CRISPR GST mutants treated with erlotinib with and without EA show any change in 

survival to erlotinib thereby confirming that this is a GST mediated mechanism. 

Overall this data demonstrates that GSH abundance in erlotinib-resistant cell lines is decreased, this 

appears to be regulated via modulation of transcriptional activity of GSH metabolising enzymes. 

Furthermore, targeting of enzymes within the GSH metabolic pathway with both siRNA and small-

molecule compounds could directly influence sensitivity to erlotinib. In vivo studies further 

suggested that decreasing the intracellular GSH in erlotinib-resistant cells may provide a novel 

therapeutic strategy to improve survival of patients with tumours driven by T790M-EGFR. 
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5.1 Introduction 

This thesis has shown that GSH appears to be modulated downstream of EGFR. Indeed, GSH levels 

are decreased upon expression of the T790M mutant EGFR. A number of previous studies have 

shown that EGFR is able to regulate the transcription factor Nuclear factor (erythroid-derived 2)-like 

2 (NRF2) that is responsible for the transcription of GSH metabolic enzymes (Huo et al., 2014, 

Yamadori et al., 2012).  A study by Yamadori showed that PC9 cells, which contained an activated 

version of EGFR, have constitutively activated NRF2. Furthermore, they showed that directly 

targeting EGFR using the inhibitor AG1478, as well as targeting downstream mediators such as 

MEK1/2 and to a lesser extent PI3K, resulted in a decreased expression of NRF2. In addition, Huo and 

colleagues have shown that EGFR is able to regulate NRF2 activation and protein stability (Huo et al., 

2014). This occurs through nuclear interaction of EGFR with the negative NRF2 regulator, Kelch-like 

ECH-associated protein 1 (KEAP1) (Huo et al., 2014). 

NRF2 is a Cap ‘n’ collar-basic leucine zipper (CNC-bZIP) transcription factor, known to be able to 

trans-activate the ARE in target genes such as GCLC  (Ohtsuji et al., 2008).  KEAP1 has been 

demonstrated to bind to the Neh 2 region of NRF2, resulting in its ubiquitination and degradation 

(Itoh et al., 1999b). Indeed, NRF2 binds to KEAP1 via two well defined binding motifs within the 

Neh2 domain, ETGE with high affinity and DLG with lower affinity (Tong et al., 2006a). The ETGE 

motif is required for the binding of NRF2 to KEAP1, while the DLG motif positions lysine residues 

within the Neh2 region of NRF2 to promote ubiquitination (Tong et al., 2006b). NRF2 is sequestered 

in the cytosol by KEAP1 homodimers that act as an adaptor for cullin-3 (Cul3) dependent 

ubiquitination of NRF2 (Kobayashi et al., 2004). The poly-ubiquitination of NRF2 results in its 

degradation via the 26S proteasome (Kobayashi et al., 2004). The overexpression of NRF2, results in 

its accumulation in the nucleus (Itoh et al., 2010b). However, when co-expressed with KEAP1, NRF2 

is localised to the cytosol and the presence of a panel of electrophiles can restore NRF2 nuclear 

localisation (Itoh et al., 2010b). This highlights the mechanism by which KEAP1 sequesters NRF2 in 

the cytoplasm until oxidative or electrophilic insult dissociates NRF2 from KEAP1, allowing it to 

translocate to the nucleus and transcribe target genes (Itoh et al., 2010b). Indeed, oxidative stress or 

electrophiles modify cysteine residues in KEAP1, resulting in a conformational change and release of 

NRF2 at the DLG, but not the ETGE motif (Bryan et al., 2013). Therefore, KEAP1 is saturated by NRF2, 

as it is now unable to be degraded. The newly synthesised NRF2 then accumulates and translocates 

to the nucleus, where it recruits and heterodimerizes with one of 3 small masculoaponeurotic 

fibrosarcoma (MAF) proteins which enable it to bind to the AREs (Bryan et al., 2013, Itoh et al., 

1997). 
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Additional binding partners of KEAP1 have since been discovered such as the substrate adapter 

protein Sequestosome1 (SQSTM1) and partner and localizer of BRCA2 (PALB2) (Komatsu et al., 2010, 

Lau et al., 2010, Ma et al., 2012). Interestingly, the SQSTM1 gene contains an ARE sequence and can 

therefore be transcribed by NRF2, thus creating a positive feedback loop (Jain et al., 2010). Jain et al 

went on to suggest that SQSTM1 may be able to displace NRF2 and target KEAP1 for degradation 

thereby, allowing NRF2 to translocate to the nucleus and transcribe AREs – containing target genes 

(Jain et al., 2010). 

This chapter will examine if the NRF2 is differentially regulated between erlotinib-sensitive and 

resistant cell lines as a result of the T790M mutation in EGFR.  Initally examining the 

localisation/activation of NRF2 and its interacting partner KEAP1, as well as additional KEAP1 binding 

partners. Our data shows that the NRF2-KEAP1 pathway is differentially regulated by the presence of 

the T790M mutation. Furthermore, targeting this pathway with the use of RNA interference is able 

to modulate not only GSH levels but the response to erlotinib treatment. 

5.2 Changes in NRF2 regulation in erlotinib-resistant cell lines 

GCLc, GSS and GSR are transcriptional targets of NRF2, a downstream target of EGFR (Huo et al., 

2014). Therefore, in order to explain the decrease in the expression of these enzymes in erlotinib-

resistant cells, it was hypothesised that NRF2 activity might be impaired in EGFRm/T790M cells. 

Figure 5.1 A summarises the negative regulation of NRF2 by KEAP1 and how KEAP1 itself is 

negatively regulated by several other proteins including PALB2 and SQSTM1 (Fig 5.1B), a process 

described in detail in the introduction to this thesis (Hast et al., 2013). Analysis of nuclear-

cytoplasmic fractions in our cell lines revealed that while NRF2 or KEAP1 localisation remained 

unchanged between PC9 and PC9ER cells, H3255 cells showed higher nuclear expression of NRF2 

compared to H1975  (Figure 5.2 A and C). This was accompanied by an increase in cytoplasmic 

KEAP1 expression in H1975 compared to H3255 cells (Figure 5.2 A and D). Although these results 

alone may explain the changes identified in the GSH pathway between H3255 and H1975, they do 

not account for the changes identified in PC9 and PC9ER cells. However, PALB2 levels were lower in 

PC9ER compared to PC9 cells (Figure 5.2 B and F). In addition, SQSTM1, a known target for NRF2 

mediated transcription, was down-regulated in both the erlotinib-resistant cell lines compared to 

their sensitive counterparts (Figure 5.2 B and E). Collectively, these data suggest that reduced NRF2 

activity may lead to the observed decreased transcription of GSH synthesizing enzymes seen in the 

erlotinib-resistant as opposed to sensitive cell line pairs.   
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Figure 5.1: NRF2 regulation via KEAP1 mediated pathway . (A) In the cytoplasm KEAP1 is 
able to bind to NRF2 via two binding domains consisting of the amino acid sequences DLG and ETGE. 
KEAP1 binding results in poly-ubiquitination via the cul3 E3 ligase and is consequently degraded by the 
26S proteasome. (B) NRF2 binding to KEAP1 may be counteracted by KEAP1 binding to additional binding 
partners such as SQSTM1. When NRF2 is not bound to KEAP1 it is able to translocate to the nucleus. NRF2 
heterodimerizes with small Maf proteins which facilitate its ability to bind to the Antioxidant Response 
Element (ARE) in the promoter region of NRF2-regulated genes. These genes include SQSTM1 creating a 
positive feedback loop.  
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Figure 5.2: NRF2 signalling is altered in erlotinib -resistant cells . (A, B) Sub-cellular 
fractionation followed by SDS-PAGE/Western blotting of PC9, PC9ER, H3255 and H1975. Detection of 
Lamin and Tubulin was used as loading controls for nuclear and cytoplasmic fractions, respectively. Data 
shown are representative of three biological repeats. Western blots were quantified using the optical 
densitometry function in ImageJ and the results obtained for (C) NRF2, (D) KEAP1, (E) SQSTM1 and (F) 
PALB2 normalised to the corresponding control cell line and plotted. For PC9ER, PC9 cells were used as 
control while for H1975, H3255 were used for normalisation. Statistical analysis; t-test. ***; p ≤0.001, ** 
P ≤ 0.01 and * p ≤0.05. I am grateful to Dr Rajat Roy for his carrying out SDS-PAGE/Western blotting in 
figures A and B. 
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Our results suggest that mutant EGFR containing T790M is associated with reduced NRF2-mediated 

transcription of GSH enzymes levels. To test this hypothesis more directly, the active (L858R) or 

active/resistant (L858R/T790M) EGFR mutants were over-expressed in the HEK293 cells that have 

low endogenous expression of EGFR (Figure 5.3 A), and downstream changes in the NRF2 pathway 

were investigated. The levels of GSH were decreased in cells expressing the T790M EGFR mutation 

compared to the single L858R mutant or empty vector control (Figure 5.3 B). This change in 

expression was associated with reduced PALB2 and SQSTM1 expression (Figure 5.3 C). Furthermore, 

siRNAs targeting T790M-mutated EGFR in PC9ER cells were used to independently validate the direct 

role of the resistance mutation in regulating the NRF2 pathway. To confirm specificity of the T790M 

siRNA, mRNA levels of total EGFR was accessed in both PC9 and PC9ER cell lines (Figure 5.3 D). A 

significant decrease in the levels of EGFR mRNA was observed exclusively in PC9ER cells, suggesting 

specific silencing of the T790M-mutated EGFR (Figure 5.3D). The GSH levels in PC9ER cells showed a 

significant increase following siRNA-mediated knockdown of T790M with two independent 

oligonucleotide sequences (Figure 5.3 E). Furthermore, this was accompanied by an increase in 

SQTSM1, PALB2 and NRF2 expression (Figure 5.3 F). Our results indicate that lower GSH levels in 

erlotinib-resistant EGFR mutant NSCLC cells are a direct consequence of the T790M mutation, which 

is accompanied by impairment of NRF2 activity. 
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Figure 5.3 The T790M mutation directly affects NRF2 regulation . HEK293 cells were stably 
transfected with empty vector, EGFR-L858R or EGFR-L858R/T790M (48 hours). (A) EGFR levels were 
quantified by qPCR. (B) GSH levels were quantified by colourmetric assay. (C) Sub-cellular fractions from 
HEK293 cells stably transfected with L858R, L858R/T790M or empty vector control cells were analysed by 
SDSPAGE/Western blotting for the indicated proteins. Detection of Lamin and Tubulin were used as 
loading controls for nuclear fractions cytoplasmic fractions, respectively. PC9 and PC9ER cells were 
transfected with 2 independent siRNA oligos against the siT790M #1 and #2 or NT control (48 hours) and 
(D) EGFR levels were quantified by qPCR. PC9ER cells were transfected with siT790M #1 and #2 or NT 
control (48 hours) and (E) GSH levels were quantified by colourmetric assay. (F) Protein lysates were 
analysed 48 hours post transfection via SDS-PAGE/Western blotting for SQSTM1, PALB2 and NRF2. 
Detection of Tubulin was used as loading controls. Western blots are representative of 3 biological 
repeats. qPCR and GSH colourmetric assays are shown as a mean of 3 biological repeats carried out in 
technical triplicate. Statistical analysis; t-test. ***; p ≤0.001, ** P ≤ 0.01 and * p ≤0.05. I am grateful to Dr 
Rajat Roy for carrying out SDS-PAGE/Western blotting shown in figures C and F. 
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5.3 Targeting of the NRF2 pathway modulates the response to erlotinib treatment 

The NRF2 pathway is known to regulate GSH levels through transcriptional regulation of GSH 

metabolic enzymes and the results presented suggest this pathway to be modulated in response to 

the T790M mutation. It was therefore hypothesised that targeting this pathway would modulate 

GSH levels and by virtue erlotinib resistance, as we have shown that increasing GSH levels leads to 

an increase in sensitivity to erlotinib treatment (Chapter 4). This hypothesis was tested via the direct 

targeting of NRF2 using siRNAs, in the PC9/PC9ER cell line pair. We were unable to compare the 

effects of these siRNAs in the other cell line pair due to our lack of ability to transfect the H3255 

cells. NRF2 silencing resulted in an increased resistance to erlotinib in the PC9 cell line (Figure 5.4 A), 

whilst no significant effect was observed in PC9ER cells (Figure 5.4B). This was accompanied by a 

significant decrease in levels of GSH in PC9 and to a lesser extent in PC9ER (Figure 5.4C). These 

results emphasised the importance of NRF2 in the regulation of GSH as well as erlotinib resistance. 

We then further investigated the role of other key proteins involved in NRF2 regulation. Silencing of 

KEAP1 using siRNA in PC9ER cells resulted in a significant increase in sensitivity to erlotinib and to a 

lesser extent in the PC9 cells (Figure 5.4E and F). This was accompanied by a significant increase in 

GSH levels (Figure 5.4G). Furthermore, siRNA targeting of SQSTM1, resulted in an increased level of 

erlotinib resistance in PC9 cells (Figure 5.5A), although it did not alter resistance in PC9ER cells 

(Figure 5.5B). As expected, silencing SQSTM1 was associated with a decrease in GSH levels (Figure 

5.5C). All knockdowns were confirmed by qPCR (Figure 5.4D, 5.4H and 5.5D). Overall these data 

indicate that the NRF2 pathway could regulate GSH metabolism and also response to erlotinib 

treatment in NSCLC cell lines.  
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Figure 5.4: Targeting of the NRF2 pathway alters response to erlotinib treatment . (A) 
PC9 and (B) PC9ER cells were transfected with siRNA against NRF2 or NT control. Cells were treated with 
a range of concentrations of erlotinib close to the IC50 (PC9). Statistical analysis was done using two-way 
ANOVA. (C) GSH levels were quantified by colourmetric assay 48 hours post transfection. (D) qPCR 
quantification of NRF2 levels 48 hours post transfection. (E) PC9 and (F) PC9ER cells were transfected 
with siRNA against KEAP1 or NT control. Cells were treated with a range of concentrations of erlotinib 
close to the IC50 (PC9). Statistical analysis was done using two-way ANOVA.  (G) GSH levels were 
quantified by colourmetric assay 48 hours post transfection. (H) qPCR quantification of KEAP1 levels 48 
hours post transfection.  Figures represent three biological repeats with error bars showing ±SEM. 
Statistical analysis were done using Student’s t-test unless otherwise stated. * P≤ 0.05, ** P ≤ 0.01 and 
*** P ≤ 0.001. 
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Figure 5.5: siRNA depletion of SQSTM1 increased sensitivity to erlotinib . (A) PC9 and (B) 
PC9ER cells were transfected with siRNA against SQSTM1 or NT control. Cells were treated with a range 
of concentrations of erlotinib close to the IC50 (PC9). Statistical analysis was done using two-way ANOVA. 
(C) GSH levels were quantified by colourmetric assay 48 hours post transfection. (D) qPCR quantification 
of SQSTM1 levels 48 hours post transfection. Figures represent three biological repeats with error bars 
showing ±SEM. Statistical analysis were done using Student’s t-test unless otherwise stated. * P≤ 0.05, ** 
P ≤ 0.01 and *** P ≤ 0.001. 
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5.4 Discussion 

The importance of GSH in erlotinib resistance has been highlighted in Chapter 4, whereby erlotinib-

resistant cell lines have been shown to have a decrease in levels of GSH via direct transcriptional 

regulation of GSH-metabolising enzymes. Furthermore, targeting of GSH-catabolising enzymes by 

either siRNA or small molecular inhibitors sensitised resistant cells to erlotinib treatment. NRF2 is a 

transcription factor which binds to the ARE of target genes such as GSH synthesising enzymes GCLC 

and GST  (Gorrini et al., 2013). NRF2 in turn is tightly regulated by its ubiquitin ligase KEAP1, 

targeting NRF2 for proteasome-mediated degradation (Kobayashi et al., 2004).  This pathway is 

modulated in erlotinib-resistant cell lines (Figure 5.2). Indeed, erlotinib-resistant H1975 cells show a 

decrease in the nuclear localisation of NRF2 when compared to H3255 cells. This was accompanied 

by a decrease in cytoplasmic KEAP1. However, the localisation of NRF2 and KEAP1 appears 

unchanged in the PC9/PC9ER cell lines. Nevertheless, there was a decrease in expression of SQSTM1 

in PC9ER compared to PC9 cells. SQSTM1 contains an ARE sequence within its promoter region and, 

therefore, its transcription is regulated by NRF2 (Jain et al., 2010). In addition, we have previously 

shown that other NRF2 target genes containing ARE sequences, such as the GSH synthesizing 

enzyme GCLC, showed decreased expression in erlotinib-resistant PC9ER cells when compared to the 

sensitive PC9 cells (Chapter 4). Taken together, these data suggest a decrease in NRF2 activity. The 

identification of the exact mechanisms leading to changes in NRF2 activation downstream of the 

T790M mutation requires further research. A number of studies have previously used Chromatin 

Immunoprecipitation (ChIP) and luciferase assays to profile NRF2 activity (Chorley et al., 2012, Kwak 

et al., 2002). Therefore, we suggest utilisation of these techniques would allow us to identify the 

extent of changes in NRF2 activity between sensitive and resistant cell lines. As no change in NRF2 

localisation occurs in the PC9/PC9ER cell line pair, we suggest that there are additional pathways of 

NRF2 regulation at play. This may be through NRF2 interaction with small Maf proteins or post-

translational events. These proteins are DNA-binding, leucine zipper-containing transcription factors, 

which act as homodimers or heterodimers (Itoh et al., 1997). Maf G, Maf K and Maf F proteins have 

all shown to be vital to NRF2 transcription of GSH metabolic enzymes (Katsuoka et al., 2005). 

Monitoring expression of Maf F, G and H proteins in the sensitive versus resistant cell lines could 

offer clues to how NRF2 activity is regulated in these cells.  In addition to this, assays such as 

electrophoretic mobility shift assay (EMSA) will enable us to identify if Maf proteins are bound to 

NRF2 at ARE sites of the target genes.    

The change in regulation of NRF2 regulation appears to be a direct consequence of the T790M 

mutation. This was confirmed in both siRNA targeting of the T790M mutation in PC9ER cells, and the 

stable transfection of EGFR active (L858R) and EGFR active resistant (L858R/T790M) in the HEK293 
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cell line (Figure 5.3). The presence of the T790M mutation conferred a decrease in the expression of 

KEAP1 binding partners SQSTM1 and PALB2. This was accompanied by a decrease in GSH. 

Furthermore, the absence of the T790M mutation in the PC9ER cell line following siRNA targeting 

resulted in an increase in NRF2. This increase in NRF2 may be responsible for the associated increase 

in GSH. 

Using siRNAs, we were able to show that direct targeting of NRF2 increased resistance to erlotinib 

treatment in the PC9 cell line (Figure 5.4 A). This increased resistance was associated with a 

significant decrease in GSH (Figure 5.4 C). This highlights the importance of NRF2 in erlotinib 

resistance within NSCLC cell lines. In addition, siRNA-mediated targeting of the negative NRF2 

regulator, KEAP1, decreased survival to erlotinib treatment (Figure 5.4 E and F). This change was 

associated with an increase in GSH (Figure 5.4 G); therefore suggesting that KEAP1 has a role in 

erlotinib resistance, possibly through a GSH mediated pathway. The KEAP1 binding partner, 

SQSTM1, is able to bind to KEAP1 by its STGE motif (Jain et al., 2010). Indeed SQSTM1 is able to 

displace NRF2, thus inhibiting its ubiquitination and degradation, thereby, driving NRF2-dependent 

transcription (Hast et al., 2013). Hence, SQSTM1 is a negative regulator of KEAP1. Decreasing 

SQSTM1 levels using siRNAs results in an increase in survival (Figure 5.5A), which is accompanied by 

a decrease in GSH levels (Figure 5.5C). This is possibly due to the absence of SQSTM1-mediated 

competition for KEAP1 binding sites. Thereby, resulting in an increase in NRF2 binding to KEAP1, 

ultimately exacerbating its degradation. NRF2 degradation would result in a reduction in the 

transcription of GSH metabolic enzymes; this would explain the decrease in GSH seen following 

SQSTM1 inhibition (Figure 5.5 C).  

A number of genes are downstream targets of NRF2, in additional to GSH synthesising enzymes 

genes, including several ATP-dependent multidrug-resistant drug efflux pumps (Meijerman et al., 

2008). Therefore, by altering NRF2 expression either by the direct (NRF2) or indirect 

(KEAP1/SQSTM1) modulation of the NRF2 regulatory processes may affect alternative pathways 

such as those involving ATP-dependent multidrug-resistant drug efflux pumps. However, as the 

nuclear levels of NRF2 are lower in H1975 compared to that of H3255, this would suggest that the 

levels of ATP-dependent multidrug-resistant drug efflux pumps are also reduced. This implies that 

the resistance to erlotinib may be independent of NRF2-related changes in multidrug-resistant drug 

efflux pumps. However, this would require further experimental confirmation. 

Taken together our data has underlined the role of NRF2 in the modulation of GSH synthesising 

enzymes in NSCLC cell lines. Furthermore, through its regulation of GSH levels it is able to modulate 

the response to erlotinib treatment. This emphasises the importance of GSH regulation in erlotinib-
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resistant NSCLC cell lines. However, although NRF2 has been suggested to be an interacting partner 

of EGFR, the mechanism by which the T790M confers a change in its regulation requires further 

investigation. Furthermore, as we show no change in the nuclear localisation of NRF2 between PC9 

and PC9ER, methods such as luciferase reporter assays and ChIP are required to validate the 

proposed reduced activity of NRF2 in erlotinib-resistant cell lines. 
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Chapter 6.0 Reverse Phase Protein Array 

identification of signalling changes in response to 

the T790M mutation 
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6.1 Introduction 

Our preceding data has shown that T790M mutant EGFR leads to reduced GSH levels via an NRF2-

mediated pathway. However, the signalling mechanism coupling EGFR to NRF2 remains to be 

elucidated. Moreover, the regulation of protein expression and function can occur at many levels 

including transcription, mRNA stability, translational and post-translational modifications. High-

throughput technologies have been used to assess DNA and mRNA levels for many years. However, 

high-throughput protein quantification technologies are a far more recent concept. RPPA is a 

sensitive, high-throughput functional proteomics technology (Akbani et al., 2014). It allows the 

relative quantification of expression of total and phosphorylated proteins and can therefore be used 

to access the activation/functionality of a given protein/pathway (Creighton and Huang, 2015). This 

technology allows for the quantification of multiple samples simultaneously, with a small amount of 

protein required per sample (Akbani et al., 2014). The basic outline of this assay is described in 

figure 6.1. The intensity of each spot is proportional to the concentration of the protein. Relative 

quantification comparisons of protein concentration can be made between multiple samples using 

total protein markers such as fast green (Loebke et al., 2007) or Sypro Ruby (Berggren et al., 

2002).The most prominent limitation of this technique is that it can only be used to quantify the 

expression of known proteins. RPPA requires antibody binding to the protein to produce a signal for 

quantification. As such, antibody specificity and availability are limiting factors (Liotta et al., 2003). 

To help circumvent this limitation, a number of online resources have become available including 

validation protocols and published lists of validated RPPA antibodies currently in use (Akbani et al., 

2014). These efforts have enabled RPPA to demonstrate potential clinical applications (Paweletz et 

al., 2001, Zha et al., 2004).  

A number of studies have utilised the RPPA platform to identify signalling changes in several cancers 

including NSCLC. Indeed, Ummanni et al., previously utilised RPPA in the study of 85 NSCLC cell lines 

(Ummanni et al., 2014). This identified cells with sensitivity to anti-EGFR drugs based on increased 

levels of EGFR phosphorylation, rather than increased abundance of EGFR itself. In addition, they 

showed a correlation of erlotinib sensitivity with a reduction in the expression of proteins involved 

within the PI3K/AKT/p70S6K signalling pathway (Ummanni et al., 2014). A further study by Byers et 

al., utilised the RPPA platform to analyse NSCLC cell lines and identified an inverse correlation 

between markers of sensitivity to docetaxel and erlotinib (Byers et al., 2008). Indeed, markers such 

as TSC2, LKB1 and AMPK were associated with docetaxel sensitivity and resistance to erlotinib.  
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The majority of published studies have focused on cells which are sensitive to drug treatments, with 

an aim to discover novel biomarkers. This study was particularly focussed on identifying targets 

differentially expressed between cells expressing activated EGFR with or without the additional 

T790M mutation. We hoped to highlight signalling changes in response to the T790M mutation, 

which could be targeted to improve the efficiency of erlotinib treatment and reveal more 

information about the signalling molecules coupling EGFR to NRF2. 

 

 

Figure 6.1: Reverse Phase Protein Array protocol outline . Lysis and printing: RPPAs are 
constructed by preparing the samples in a microtiter plates. Samples are prepared in serial dilutions prior 
to being deposited via a robotic arrayer onto nitrocellulose coated slides. Each spot within an array 
represents a protein composition of the same sample at the same time of stabilisation. Staining and 
measuring: A single array slide is stained with one validated antibody that has been shown to be specific 
for the protein of interest. Detection solutions can be fluorescent, chemiluminescent or chromogenic. 
Planar waveguide is an example of fluorescent spot analysis which can be seen above. However, 
fluorescent spot analysis is also commonly analysed via confocal laser scanning. Analysis: A number of 
spot finding software have been developed. These programs convert pixel density for each of the spots 
into a numerical value. Histograms of the spots morphology can also be viewed to ensure the signal is 
uniform across the indicated spot. The quantities of pixel intensity can then be normalised to appropriate 
controls, statistical and bioinformatics analysis can then be performed (Taken from (Mueller et al., 
2010)). 
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6.2 Epidermal growth factor (EGF) stimulation of PC9 and PC9ER cell lines  

RPPA was utilised to identify changes in response to the T790M mutation by comparing the 

relatively isogenic cell line pair of PC9 and PC9ER.  The resistant PC9ER cells were derived from the 

PC9 cells by dose escalation of erlotinib. PC9 and PC9ER cells were stimulated with EGF, to activate 

EGFR signalling pathways and changes in the phosphorylation or total levels of protein studied over 

a period of time. Time points up to 4 hours, post EGF stimulation. Data showed a significant increase 

in phosphorylation of ERK and AKT in both PC9 and PC9ER cell lines with no significant difference 

between PC9 and PC9ER (Figure 6.2A-C). 

 

 

 

Figure 6.2: Confirmation of stimulation of PC9 and PC9ER with EGF  (10ng/ml). (A) PC9 

and PC9ER cells were stimulated with 10 ng/ml of EGF for a time course of 0, 5, 10, 30 min and 4 hours 

followed by SDS-PAGE/Western blotting for relevant proteins. β Actin was used as a loading control, 

figure is representative of 3 biological repeats (B)  Quantification of phosphorylation of ERK normalised to 

total ERK levels. (C) Quantification of phosphorylation of AKT at Serine 473 normalised to total AKT. 

Figures B and C show the mean of three biological repeats (±SEM). Statistical analysis was done using 

Student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. 
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Protein lysates from PC9 and PC9ER cell lines stimulated with EGF across a time course were run 

through RPPA to identify changes in 94 proteins simultaneously (Appendix Table 8.1). The levels of 

ERK and AKT phosphorylation were quantified and showed a similar pattern of expression to that 

seen earlier (Figure 6.3). However, the levels of phosphorylation appear to peak at an earlier time 

point (10 minute), than that seen via western blots (30 mins), although, this was not significant 

(Figure 6.3).   

 

Figure 6.3: RPPA confirmation of activation of ERK and AKT following stimulation 

with EGF. PC9 and PC9ER cells were stimulated with EGF for 0, 5, 10, 30 mins and 4 hours. The levels of 

phosphorylation were quantified and normalised to total levels of protein for (A) ERK (B) AKT Serine 473 

(C) AKT Threonine 308. Figures represent the mean of three biological repeats with each done in 

technical triplicate (±) SEM. Statistical analysis was done using student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and 

*** P ≤ 0.001. I am grateful to Kenneth Macleod for his help with this RPPA study. 
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6.3 Increased activation of beta oxidation pathway in PC9ER cell line 

RPPA is commonly used as an indicator of alterations within pathways rather than the identification 

of changes in specific proteins. This RPPA study identified a number of pathways which may be 

altered in response to erlotinib. One of which was the beta oxidation pathway. Beta oxidation is the 

catabolic process by which fatty acid molecules are broken down within the mitochondria to 

generate acetyl-CoA, nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide 

(FADH2). Changes in cellular energetics are a commonly noted hallmark of cancer (Hanahan and 

Weinberg, 2011). The pathway of beta oxidation is outlined in Figure 6.4. 

LKB1 also known as serine/threonine kinase 11 (STK11) is an upstream kinase of AMPK. LKB1 when 

in complex with STRAD and MO25, phosphorylates AMPK at Threonine 172 (Hawley et al., 2003). 

There is a significant increase in protein levels of LKB1 at the 30 minute time point (Figure 6.5 A). 

However, as LKB1 needs to be in complex with STRAD and MO25 for its action, this information 

alone does not signify an increase in beta oxidation. The level of phosphorylated AMPK at threonine 

172, were increased in PC9ER compared to PC9 however, only at the 0 minute time point (Figure 6.5 

B).  This suggests that the change seen at the 30 minute time point does not directly affect the 

phosphorylation status AMPK. However, due to the variation seen between repeats this needs 

further validation. Unfortunately, we were unable to validate the level of phosphorylation of AMPK 

via western blot using the same antibody employed in the RPPA study. This may suggest the 

antibody is not specific or the level of protein is not high enough to be detected with this method, as 

no signal was detected via western blot despite several rounds of optimisation. However, we were 

able to quantify the amount of total AMPK, which indicated a significant increase in PC9ER 

compared to PC9 (Figure 6.6).  

Taken together these data indicate an increase in the levels of LKB1 and AMPK upstream of beta-

oxidation. An increase in the phosphorylation of AMPK may lead to an increase in the 

phosphorylation of its downstream target ACC. ACC is key in the regulation of both beta-oxidation 

and fatty acid synthesis (Berg JM, 2002). When ACC is phosphorylated it is inactivated allowing 

acetyl-carnitine to be formed. In the absence of this phosphorylation malonyl CoA is formed and 

fatty acid synthesis proceeds (Berg JM, 2002). Here, we show that ACC phosphorylation was higher 

in PC9ER at the 0 mins, 5 mins and 30 mins time points (Figure 6.7).   
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Figure 6.4: Schematic diagram of the beta oxidation pathway . Free fatty acid gained from 

phospholipid degradation, fatty acid uptake or triacylglyceride hydrolysis is converted to long chain 

Acetyl-CoA. At this stage beta oxidation or fatty acid synthesis occurs dependent on the phosphorylation 

status of Acetyl-CoA carboxylase (ACC). Adenosine monophosphate (AMP) binds to adenosine 

monophosphate-activated protein kinase (AMPK) causing a conformational change, enabling its 

phosphorylation by Liver kinase B1 (LKB1)/ STE20-Related Kinase Adaptor (STRAD)/ mouse protein 25 

(MO25). The activated AMPK phosphorylates and inactivates ACC thereby allowing the formation of 

acetyl-carnitine as oppose to malonyl-CoA, which is required for beta oxidation and fatty acid synthesis 

respectively.  Acetyl-carnitine is then transported across the mitochondrial membrane by carnitine 

acetyltransferases (CAT) also known as carnitine palmitoyltransferase I (CPT1) which can itself be 

inhibited by malonyl CoA. In the mitochondria the long chain acyl-CoA molecules are broken down to 

acetyl-CoA. The number of acetyl-CoA produced is dependent on the length of the fatty acid being 

oxidised. The four main enzymes are; acyl-CoA dehydrogenase, enoyl-CoA hydratase, hydroxyacyl-CoA 

dehydrogenase, and ketoacyl-CoA thiolase. At the end of each beta oxidation cycle two new molecules 

are formed acetyl CoA and acetyl CoA which is reduced by 2 carbons. In addition NADH and FADH2 are 

produced which are then used by the electron transport chain. 
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Figure 6.5: RPPA analysis identified increased activation and abundance of inhibitors 

of fatty acid synthesis in PC9ER . PC9 and PC9ER cells were stimulated with EGF for 0, 5, 10, 30 

min and 4 hours and the levels of proteins were quantified. (A) Total LKB1 were quantified and 

normalised to total protein amount identified by fast green staining. (B) Phosphorylation of AMPK at 

threonine 172 was normalised to total AMPK. Figures represent the mean of three biological repeats with 

each done in technical triplicate (±) SEM. Statistical analysis was done using student’s t-test. * P≤ 0.05, ** 

P ≤ 0.01 and *** P ≤ 0.001. I am grateful to Kenneth Macleod for his help with this RPPA study. 
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Figure 6.6 PC9ER have higher expression of AMPK than PC9 . (A) PC9 and PC9ER cells were 
stimulated with 10 ng/ml of EGF for a time course of 0, 5, 10, 30 min and 4 hours followed by SDS-
PAGE/Western blotting for relevant proteins. Heat shock protein 90 (HSP90) was used as a loading 
control. Figure is a representative of three biological repeats. (B) Quantification of AMPK normalised to 
HSP90 shown as the mean of three independent biological repeats (±) SEM. Statistical analysis was done 
using student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001. I am grateful to Chun Hang Lau for his 
contributions to SDS PAGE / Western blotting under my supervision. 
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Figure 6.7: PC9ER have an increase in the inactivating phosphorylation of ACC in 
PC9ER compared to PC9 . (A) PC9 and PC9ER cells were stimulated with 10 ng/ml of EGF for a time 
course of 0, 5, 10, 30 min and 4 hours followed by SDS-PAGE/Western blotting for relevant proteins. 
HSP90 was used as a loading control. Figure is a representative of three biological repeats. (B) 
Quantification of ACC phosphorylation at serine 79 normalised to HSP90 shown as the mean of three 
independent biological repeats (±) SEM. Statistical analysis was done using student’s t-test. * P≤ 0.05, ** 
P ≤ 0.01 and *** P ≤ 0.001. 
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Taken together these data suggest an increase in beta-oxidation. Analysis of metabolites from PC9, 

PC9ER, H3255 and H1975, using mass-spectrometry, also revealed an increase in the levels of 

metabolites involved within the beta–oxidation, further validating these findings. The mass-

spectrometry data indicated an increase in acetyl CoA in resistant cell lines, although this was only 

significant between H3255 and H1975 (Figure 6.8 A). This was accompanied by an increase in a 

number of acetylcarnitines, which were significantly higher in resistant cell lines (Figure 6.8 B, C, D, 

E, F, G, H and I). In addition, an increase in the levels of a number of long-chain fatty acids was 

observed within both the resistant cell lines (Table 6.1).   
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Figure 6.8: Mass spectrometry identified increase in metabolites in the beta 
oxidation pathway. Mass spectrometry analysis of metabolites in the beta oxidation pathway (A) 
acetylcarnitine, (B) hexanoylcarnitine, (C) palmitoylcarnitine, (D) stearoylcarnitine, (E) oleoylcarnitine, (F) 
deoxycarnitine, (G) carnitine and (H) 3-dehydrocarnitine. Resistant cell lines PC9ER and H1975 were each 
normalised to their sensitive counterpart PC9 and H3255 respectively. All MS data are the average of five 
biological repeats. Statistical analysis was done using Student’s t-test: * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 
0.001. Mass spectrometry analysis was carried out by Metabolon (Durham, US). 
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Table 6.1: Mass spectrometry identified an increase in long chain fatty acid 
abundance in erlotinib resistance compared to erlotinib sensitive cell line . Metabolites 
from PC9, PC9ER, H3255 and H1975 were quantified using mass spectroscopy and shown as fold change 
where PC9ER and H1975 were normalised to PC9 and H3255 respectively. Mass spectrometry analysis 
was carried out by Metabolon (Durham, US). 

 

 

 

 

 

 

 

Fold of Change

Sub Pathway Biochemical Name Platform

H1975 Res PC9ER Res

H3255 Sens PC9 Sens

Long Chain 

Fatty Acid

myristoleate (14:1n5) LC/MS neg 2.81 1.26

pentadecanoate (15:0) GC/MS 1.1 1.28

margarate (17:0) LC/MS neg 1.78 1.14

10-heptadecenoate (17:1n7) LC/MS neg 2.78 1.07

stearate (18:0) LC/MS neg 1.9 1.08

oleate (18:1n9) GC/MS 1.01 1.3

13-octadecenoate (18:1n5) GC/MS 0.92 1.14

nonadecanoate (19:0) LC/MS neg 1.15 1.07

10-nonadecenoate (19:1n9) LC/MS neg 1.73 1.23

arachidate (20:0) LC/MS neg 1.89 1.1

eicosenoate (20:1n9 or 11) LC/MS neg 1.22 1.07

behenate (22:0) GC/MS 1.09 1.24

erucate (22:1n9) LC/MS neg 2.02 1.27

lignocerate (24:0) GC/MS 1.55 1.4

hexacosanoate (26:0) GC/MS 0.57 1.97
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This study revealed an increase in beta-oxidation in PC9ER cell line compared to PC9 cells. Next, we 

investigated the response to Erlotinib upon perturbation of the beta-oxidation pathway using small 

molecule inhibitors. However, Dorsomorphin a potent, selective, reversible ATP-competitive 

inhibitor of AMPK, showed only minor sensitisation when used in combination with erlotinib in cell 

survival assays (Figure 6.9 A and B). In addition, etomoxir, an irreversible inhibitor of carnitine 

palmitoyltransferase-1 (CPT-1), resulting in the formation of acylcarnitines, also failed to cause any 

change in sensitivity to erlotinib in either PC9 or PC9ER cell lines (Figure 6.9 C and D). 

 

  

Figure 6.9 Modulation of beta oxidation pathway does not affect sensitivity to 
erlotinib. Cells were treated with (A, B) dorsomorphin (6.25 µM), (C, D) etomoxir (100 µM) or vehicle 
control for 24 hours prior to 48 hours treatment with erlotinib or vehicle control. Survival was monitored 
by crystal violet assay. Data are the relative responsiveness to erlotinib normalised to vehicle (-; DMSO).  
Figures represent the mean of three biological repeats with each replicate done in technical triplicate 
(±SEM).   
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6.4 Increased activation of Cell cycle checkpoint proteins in PC9ER compared to 

PC9 cells. 

In addition to the beta-oxidation pathway, RPPA analysis also identified changes in the expression of 

a number of cell cycle checkpoint proteins. Ataxia telangiectasia mutated kinase (ATM) and ataxia 

telangiectasia and rad3-related kinase (ATR) are related kinases that are involved in cell cycle 

checkpoints and DNA damage response (Kastan and Lim, 2000). There are a number of substrates of 

ATM/ATR including p53, checkpoint kinase 1 (ChK1), checkpoint kinase 2 (ChK2) and eukaryotic 

translation initiation factor 4E-binding protein 1 (4EBP1) (Zhao and Piwnica-Worms, 2001, Smith et 

al., 2010, Tibbetts et al., 1999, Kastan and Lim, 2000).  RPPA analysis, using a pan-phospho Ser/Thr 

antibody that specifically recognises substrates of ATM/ATR, revealed higher activity of these kinases 

in the erlotinib-resistant cells, independent of EGF stimulation (Figure 6.10 A). This change was then 

validated via quantification of phosphorylation of known substrates. The levels of total P53 (Figure 

6.10 B) and phosphorylation at serine 15 (Figure 6.10 C) were both higher in PC9ER compared to PC9 

cells. ChK1 activation and nuclear localisation requires phosphorylation by ATM/ATR at serine 317 

and 345, respectively. Levels of phosphorylation of CHK1 at serine 345 were significantly higher in 

PC9ER compared to PC9 following 0, 5, 10 and 30 minutes of stimulation with EGF (Figure 6.10 D). 

The levels of Chk1 phosphorylation in PC9ER remain unchanged, regardless of stimulation with EGF. 

However, in the PC9 cell line, the levels of ChK1 increased following 4 hour stimulation with EGF 

(Figure 6.10 D). Chk1 phosphorylates cdc25C at serine 216, which allows Cdc25 to bind 14-3-3 and 

target it for proteolytic degradation (Donzelli and Draetta, 2003). No significant changes in 

phosphorylation of cdc25C at serine 216 were observed (Figure 6.10 E). This may be due to large 

variations seen in technical and biological repeats and therefore, requires further validation. Cyclin 

dependent kinases (CDKs1-11) are classified depending on the cell cycle phase in which they exert 

their effects. CDK1 is able to stimulate M-phase initiation and progression (Nigg, 2001). A critical 

step in the activation of CDK1 is CDK1 de-phosphorylation at threonine 14 and tyrosine 15 (Wells et 

al., 1999a).   Total levels of CDK1 increased in PC9ER cells (Figure 6.10 F), however, this was coupled 

with an increase in phosphorylation at Tyrosine 15 (Figure 6.10 G). This suggested that despite an 

increase in total levels of CDK1, there was no increase in the activation levels of this kinase. The 

protein levels of CDK2 showed an increase following stimulation with EGF for 30 minutes (Figure 

6.10 H). However, due to lack of an appropriate antibody, we were unable to verify its 

phosphorylation status in this study.    
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Figure 6.10: Increase in ATM/ATR substrate activation . PC9 and PC9ER cells were stimulated 
with EGF for 0, 5, 10, 30 mins and 4 hours. The levels of either total or phosphorylated protein were then 
quantified by RPPA. (A) pATM/ATR substrate (B) total p53 (C) p-p53 ser15*, (D) pChk1 Serine 345*, (E) 
pcdc25c serine 216, (F) total CDK1 (G) phosphorylated CDK1 at tyrosine 15 (H) total CDK2. The levels of 
each of the proteins were normalised against total protein quantified via fastgreen with the exception of 
those labelled (*) where phosphorylation levels are normalised to that of the specific protein. Figures 
represent the mean of three biological repeats with each done in technical triplicate (±) SEM. Statistical 
analysis was done using student’s t-test. * P≤ 0.05, ** P ≤ 0.01 and *** P ≤ 0.001.  I am grateful to 
Kenneth Macleod for his help with this RPPA study.  

A T M /A T R  S u b s tr a te  P  S e r /T h r

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

ss
io

n
 (

fo
ld

)

0  m in 5  m in 1 0  m in 3 0  m in 4  h rs

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

P C 9

P C 9 E R

*** * ***** ***

p 5 3

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

ss
io

n
 (

fo
ld

)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

P C 9

P C 9 E R
** ** **

*

p 5 3  P  S e r 1 5

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

ss
io

n
 (

fo
ld

)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

P C 9

P C 9 E R

** ** **
* *

C h k 1  P  S e r 3 4 5

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

ss
io

n
 (

fo
ld

)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

P C 9

P C 9 E R

*** ** ** **
***

c d c 2 5 c  P  S e r 2 1 6

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

ss
io

n
 (

fo
ld

)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

P C 9

P C 9 E R

C D K 1  (p 3 4 c d c 2 )  P  T y r 1 5

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

ss
io

n
 (

fo
ld

)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

P C 9

P C 9 E R

*** *

*

*

C D K 1  (c d c 2 )

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

ss
io

n
 (

fo
ld

)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

P C 9

P C 9 E R

** *
NS

C D K 2

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

ss
io

n
 (

fo
ld

)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

P C 9

P C 9 E R

**

A. B.

C. D.

E.

F.E.

G. H.



186 
 

Taken together these RPPA data suggest an increase in the levels of a number of cell cycle 

checkpoint proteins, with an emphasis on those which are regulated by ATM/ATR. Western blotting 

was used to further validate these changes, as well as, upstream and downstream regulators of this 

pathway.  ATR protein levels were found to be elevated in PC9ER cells (0min, 10 min and 30 minute 

of EGF stimulation) (Figure 6.11, repeat shown in appendix figure 8.7). Phosphorylation of ATR has 

been implicated in its activation (Vauzour et al., 2007, Smith et al., 2010).  Here, ATR 

phosphorylation at serine 428 of un-stimulated PC9ER cells was significantly higher compared to PC9 

(Figure 6.11). Furthermore, there was a significant increase in expression of the downstream protein 

CHK1 independently of EGF stimulation (Figure 6.11). However, we were unable to confirm the 

levels of CHK1 phosphorylation via western blot. The levels of total P53 show little change between 

PC9 and PC9ER cells. However, there is an increase in the levels of P53 phosphorylation at Serine 15 

following stimulation with EGF for 0, 5 and 10 mins. 

 

 

 

Figure 6.11: Expression of cell cycle checkpoint proteins in PC9 and PC9ER following 
EGF stimulation. PC9 and PC9ER cells were stimulated with 10 ng/ml of EGF for a time course of 0, 5, 
10, 30 min and 4 hours followed by SDS-PAGE/Western blotting for relevant proteins. HSP90 was used as 
a loading control. Figure is a representative of three biological repeats. I am grateful to Chun Hang Lau for 
his contributions to SDS PAGE / Western blotting under my supervision. 
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The cell cycle is a highly controlled process which is inhibited upon DNA damage in response to 

drug toxicity, ionising radiation or by-products of metabolism. We propose that the increase in 

cell cycle checkpoint proteins may be a result of increased ROS as a consequence of decreased 

level of GSH in the resistant cell lines (Chapter 4, figure 4.1). Indeed, the levels of Nitric oxide 

(NO) were compared between PC9 and PC9ER cells and showed to be higher in PC9ER cells 

(Figure 6.12). 

 

 

 

 

Figure 6.12 Increase in NO levels in PC9ER compared to PC9 . The levels of nitric oxide in 
PC9 and PC9ER were compared by FACS using the DAF-FM probe, (A) FACS profile and (B) Fold changes in 
the geometric mean of the signal are shown. Figures represent the mean of three biological repeats with 
each replicate done in technical triplicate (±SEM).   
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As both RPPA and western blot data indicated an increase in the levels of ATM/ATR substrates, it 

was of interest to identify if inhibition of these substrates affected sensitivity to erlotinib treatment. 

Three inhibitors were utilised in this study VX970, LY2603618 and MK1775. The ATR inhibitor VX970 

did not significantly affect PC9 cells response to erlotinib treatment (Figure 6.13 A). However, there 

is a small but significant increase in sensitivity to erlotinib in PC9ER (Figure 6.13 B). It is important to 

note that treatment with VX970 alone induced a significant amount of death in both PC9 and PC9ER 

cells (Figure 6.13 C). 

 

 

 

 

Figure 6.13 Inhibition of ATR by VX970 in both PC9 and PC9ER increased sensitivity 

to erlotinib. (A) PC9 and (B) PC9ER cells were treated with VX970 (500 nM) 24 hours prior to 

treatment with erlotinib for 48 hours. Survival was normalised to vehicle control or VX970 alone 

respectively. (C) The toxicity of VX790 was monitored by treatment of PC9 and PC9ER with VX970 (500 

nM) or Vehicle control. Survival was monitored by crystal violet assay. Figures represent the mean of 

three biological repeats with each replicate done in technical triplicate (±SEM) Statistics: two-way ANOVA 

for (A-C). *p≤0.05, **p≤0.01, ***p≤0.001. I am grateful to Chun Hang Lau for his contribution to survival 

and toxicity assays under my superversion. 
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CHK1 previously showed higher expression in PC9ER when compared to PC9 (Figure 6.11-6.12). 

Therefore, we hypothesised that CHK1 inhibition may affect sensitisation to erlotinib. LY2603618 is a 

potent and selective small molecular inhibitor of CHK1. LY2603618 has been shown to enhance 

efficiency of nucleoside analogues, such as gemcitabine (Doi et al., 2015). The inhibition of CHK1 via 

LY2603618 did not affect sensitivity to erlotinib in either PC9 or PC9ER cells (Figure 6.14 A and B).  

 

 

 

 

Figure 6.14 Inhibition of ATR by LY2603618 in both PC9 and PC9ER increased 
sensitivity to erlotinib . (A) PC9 and (B) PC9ER cells were treated with LY2603618 (625 nM) 24 hours 
prior to treatment with erlotinib for 48 hours. Survival was normalised to vehicle control or LY2603618 
alone respectively. (C) The toxicity of LY2603618 was monitored by treatment of PC9 and PC9ER with 
LY2603618 (625 nM) or Vehicle control. Survival was monitored by crystal violet assay. Figures represent 
the mean of three biological repeats with each replicate done in technical triplicate (±SEM) Statistics: 
two-way ANOVA for (A-C). *p≤0.05, **p≤0.01, ***p≤0.001. I am grateful to Chun Hang Lau for his 
contribution to survival and toxicity assays under my supervision. 
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In addition, the Inhibition of WEE1 activity was carried out using the ATP-competitive, reversible 

inhibitor MK1775. The inhibition of WEE1 led to an increase in sensitisation to erlotinib treatment in 

both PC9 (Figure 6.15 A) and PC9ER (Figure 6.15 B).  Treatment with MK1775 induced significant 

death in the PC9 cell line, but not PC9ER cells (Figure 6.15 C and D). 

The fact that direct inhibition of CHK1 did not affect sensitivity to erlotinib but knockdown of its 

downstream target WEE1 showed a significant increase in sensitivity, suggests that a parallel 

pathway may be at play. Indeed Hirai et al., have shown that MK1775 also targets YES a member of 

the Src family of RTKs (Hirai et al., 2009).  Therefore, for further validation, YES and WEE1 were 

silenced by siRNA targeting and sensitisation was assessed following treatment with erlotinib (Figure 

6.15 E and F). Confirmation of knockdown was obtained following western blotting (Figure 6.15 G, 

H). Treatment with siRNAs targeting YES did not affect the sensitivity to erlotinib treatment in PC9ER 

cells (Figure 6.15 E). However, siRNA targeting of WEE1 showed a significant increase in sensitivity to 

erlotinib treatment (Figure 6.15 F). We can therefore confirm that the response to MK1775 was as a 

result of its action on WEE1. 
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Figure 6.15 Inhibition of WEE1 increased sensitivi ty to erlotinib treatment . (A) PC9 and 
(B) PC9ER cells were treated with MK1775 (156 nM) 24 hours prior to treatment with erlotinib for 48 
hours. Survival was normalised to vehicle control or MK1775 alone respectively. The toxicity of MK1775 
was monitored by treatment of (C) PC9 and (D) PC9ER with MK1775 (156 nM) or Vehicle control. Survival 
was monitored by crystal violet assay. PC9ER cells were targeted using siRNA against (E) YES or (F) WEE1 
or NT control for 24 hours prior survival was monitored after 48 hours by crystal violet assay. Data are the 
relative responsiveness to erlotinib normalised to vehicle (-; DMSO).  PC9ER were transfected with siRNA 
against (G) YES or (H) WEE1 or NT control for 48 hours prior to western blotting. Figures represent the 
mean of three biological repeats with each replicate done in technical triplicate (±SEM) Statistics: two-
way ANOVA for (A-C). *p≤0.05, **p≤0.01, ***p≤0.001. I am grateful to Chun Hang Lau for his 
contribution to survival and toxicity assays under my supervision. 
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6.5 Discussion 

The T790M mutated EGFR has been shown to have enhanced kinase activity due to an increased 

affinity of the receptor for ATP, therefore competing out the binding for reversible inhibitors 

(Yoshikawa et al., 2012, Yun et al., 2007). This has led to the development of new covalent drugs 

such as afatinib and AZD9291. However, in the clinical setting, these agents have thus far either 

failed to show improvement in the resistant patients or have shown that continual treatment leads 

to additional mutations that overcome inhibition (Miller et al., 2012b, Kim et al., 2015). Therefore, 

we suggest that decreased affinity of EGFR for ATP competitor drugs is not the singular reason for 

resistance in the T790M background. So far, this thesis has highlighted a decrease in the abundance 

of GSH and GSSG in cells with the T790M-EGFR resistance mutation, which we propose is due to a 

change in the regulation of NRF2. The mechanism by which T790M-mutated EGFR confers this 

change remained unknown. Therefore, using RPPA we hoped to identify signalling changes which 

occur at a protein level in response to the T790M mutation. 

The RPPA platform was used to analyse the expression profiles of PC9 and PC9ER cells stimulated 

with or without EGF. This showed that despite constitutive activation of the EGFR, treatment with 

EGF further activated this pathway (Figure 6.2 and 6.3).  Furthermore, both Western blotting and 

RPPA indicated that there was no significant difference in the phosphorylation of either AKT or ERK 

between PC9 and PC9ER cells. This was surprising as previous studies by Yamadori et al., showed 

that EGFR signals to NRF2 through a MEK-1/2, and to a lesser extent AKT-dependent, pathway 

(Yamadori et al., 2012). However, as no significant change was noted it is unlikely to be the 

mechanism that explains the decrease in GSH levels in erlotinib-resistant cell lines. 

RPPA was run using 94 different antibodies; each protein expression was quantified and run through 

DAVID bioinformatics analysis to reveal signalling pathways which were altered between our cell line 

pairs. This unveiled two key pathways which were altered between the erlotinib-sensitive and 

resistant cell lines, PC9 and PC9ER, respectively. The first discussed in this thesis was the beta-

oxidation pathway. There was a significant increase in the levels of both LKB1 and phosphorylation 

of AMPK in PC9ER compared to PC9 cells. Although, the change in LKB1 levels only occurred at the 

30 minute time point, whereas, phosphorylation of AMPK showed a significant increase at the 0 min 

of stimulation (Figure 6.5). LKB1 is active when in complex with MO25 and STRAD (Hawley et al., 

2003, Boudeau et al., 2004).  However, in the absence of studies such as co-IP, we could not confirm 

an increase in complex formation.  Phosphorylation of LKB1 has also been suggested to play a role in 

its regulation. Indeed, ATM is able to phosphorylate LKB1 at threonine 366, this phosphorylation is 

known to increase LKB1s catalytic activity (Sapkota et al., 2002, Baas et al., 2003). We have shown an 
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increase in ATR in PC9ER cell lines and we therefore propose that the increase in LKB1 may be 

through an ATR-regulated mechanism. This requires further investigation. 

The increase in AMPK activation in PC9ER compared to PC9 cells at the 0 minute may suggest that 

under starved conditions PC9ER cells are better adapted to induce beta-oxidation for energy 

production. Furthermore, the levels of total AMPK were also increased at all-time points following 

EGF stimulation. However, this was only significant for the 0, 10 and 30 mins time-points (Figure 

6.6). The switch between beta-oxidation and fatty acid synthesis is largely dependent on the 

phosphorylation status of ACC (Mihaylova and Shaw, 2011). Phosphorylation of ACC allows for the 

formation of acetyl-carnitine, which is required for beta oxidation. Indeed we have shown an 

increase in the phosphorylation of ACC in the resistant cell line PC9ER when compared to its 

sensitive counterpart (Figure 6.7). Using mass-spectrometry we were able to confirm an increase in 

a number of acetyl-carnitines in both resistant cell lines compared to their sensitive counterparts 

(Figure 6.8). This was accompanied by an increase in the levels of a number of long-chain fatty acids 

(Table 6.1). These data strongly suggest an increase in the levels of beta-oxidation in cells containing 

the T790M-mutated EGFR. Despite this, further clarification is required ideally through the direct 

quantification of beta oxidation with the use of assays such as metabolic flux. This would be required 

to confirm there is an increase in this pathway, through the quantification of turnover of key 

molecules. 

An increase in beta-oxidation has been noted in prostate cancer, where it has been shown to be the 

dominant bioenergetics pathway (Liu, 2006). A number of inhibitors have been developed to 

modulate beta-oxidation activity. Dorsomorphin and etomoxir are two such molecules used in this 

study.  Treatment with Dorsomorphin is expected to result in decreased beta-oxidation through its 

inhibition of AMPK. Despite the increase previously seen in the levels of AMPK in PC9ER compared to 

PC9 cells, treatment with Dorsomorphin caused no significant change in sensitivity to erlotinib 

(Figure 6.9 A and B). Etomoxir is a reversible inhibitor of CPT1, thereby preventing the formation of 

acyl carnitines required for transport of fatty acyl chains into the intermembrane space of the 

mitochondria. Because of this, CPT1 has been highlighted as a possible target in the treatment of 

prostate cancer (Schlaepfer et al., 2014). Interestingly Zaugg et al., previously identified CPT1 as a 

potential oncogene. They showed that expression of CPT1 in cancer cells promoted beta-oxidation 

and ATP production, tumour growth, as well as rescue from metabolic stress and resistance to mTOR 

complex 1 inhibitors (Zaugg et al., 2011). However, treatment of both PC9 and PC9ER cells did not 

affect sensitivity to erlotinib treatment (Figure 6.9 C and D). Therefore, although our data strongly 

suggest that beta-oxidation is elevated in cells resistant to erlotinib, we were unable to improve 
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response to this drug with compounds targeting this pathway. This suggests that although there is 

an increase in beta-oxidation in resistant cell lines this may be a consequence of, rather than a cause 

of, resistance. However, we did not have biomarker measurements in our study to confirm that 

these drugs efficiently inhibited their targets in our cell lines. Hence further studies should be carried 

out to confirm our results. 

Key components of cell cycle checkpoint were shown to be significantly increased in PC9ER 

compared to PC9 cells (Figure 6.10). However, it is worth noting the expression of ATR and p-ATR 

has shown an unusual pattern of expression. Therefore, a repeat blot is shown in the appendix 

figure 8.7. This may be a result of incomplete solubilisation of the sample in RIPA buffer and 

therefore needs further investigation.  

Higher levels of ROS, such as NOS, have frequently been implicated in activation of cell cycle 

checkpoints downstream of ATM/ATR (Shackelford et al., 2000). Indeed, NOS levels were increased 

in PC9ER compared to PC9 cells (Figure 6.12). This may be a result of the decreased levels of GSH 

metabolites discussed in chapter 4. Up-regulation of cell cycle checkpoint proteins has frequently 

been implicated in drug resistance, primarily with drugs which induce DNA damage (Eich et al., 

2013). No studies have thus far linked erlotinib resistance directly to cell cycle checkpoint proteins. 

Nevertheless, we have shown that inhibition of ATR via VX790 treatment enhanced response to 

erlotinib in both PC9 and PC9ER cells (Figure 6.13). VX790 is the first clinical ATR inhibitor. It has 

been shown to sensitise lung cancer cell lines to platinum-based DNA-damaging chemotherapy in 

vitro (Hall et al., 2014). In addition, in vivo studies showed that treatment with VX970 blocked ATR 

activity and enhanced the efficiency of Cisplatin (Hall et al., 2014). Next, we tested whether 

inhibition of components downstream of ATR, such as Chk1, was able to alter sensitivity to erlotinib. 

LY2603618, was the first selective Chk1 inhibitor to enter clinical cancer trial. Its use results in 

impaired DNA synthesis, elevated H2A.X phosphorylation, as well as, premature entry into mitosis 

(King et al., 2014). Chk1 inhibition did not affect survival to erlotinib treatment in either PC9 or 

PC9ER cell lines (Figure 6.14). However, the inhibition of WEE1, a downstream kinase of Chk1, using 

the small-molecule inhibitor MK1775 as well as siRNA-mediated silencing of WEE1, showed a strong 

sensitisation to erlotinib treatment in both PC9 and PC9ER cells (Figure 6.15). Indeed, there are 

several ongoing clinical trials studying the effects of MK1775 for combination treatment with 

radiotherapy and chemotherapy (clinicaltrials.gov, 2016b, Clinicaltrials.gov, 2016e, Clinicaltrials.gov, 

2016d). We suggest WEE1 may be a possible target for enhancing the efficacy of erlotinib treatment 

in NSCLC. A possible explanation as to why inhibition of WEE1 resulted in a change in sensitivity, 

while that of CHK1 did not may lie in the regulation of WEE1 itself. Indeed, WEE1 has been shown to 
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be phosphorylated by a number of kinases through its multiple phosphorylation sites including Y90, 

Y103, Y110, Y295, Y362 and S642 that regulate its activity (Murakami et al., 1999, Katayama et al., 

2005, Lee et al., 2001, Rothblum-Oviatt et al., 2001, Stanford and Ruderman, 2005). Therefore, 

inhibition of CHK1 may not be sufficient to completely prevent WEE1 activation. 

Overall these data have shown that there is indeed an increase in beta-oxidation in resistant cell 

lines PC9ER and H1975 compared to their sensitive counterparts PC9 and H3255, respectively. 

However, approaches such as metabolic flux analysis could be used to further confirm this finding. 

As treatment with inhibitors of both AMPK and CPT-1 did not affect sensitivity to erlotinib, we 

propose this may be a marker of resistance rather than a cause. In order to confirm this, the 

expression of key molecules within this pathway should be analysed in NSCLC patient prior to and 

after acquiring the T790M mutation. In regards to cell cycle checkpoint proteins, there appears to be 

an increase in the levels of a number of proteins downstream of ATM/ATR. Furthermore, targeting 

WEE1 specifically led to significant sensitisation to erlotinib treatment. Therefore, we suggest that 

combination therapy with erlotinib and the WEE1 inhibitor, MK1175, may hold promise in the 

treatment of erlotinib-resistant NSCLC. This clearly requires further research both in vitro and in vivo. 

In vitro experiments are required to understand the mechanism by which depletion of WEE1 

enhances the effects of erlotinib.  In addition, testing in a larger panel of cell lines is also needed. 
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7.1 General discussion 

Lung cancer is the second most common cancer in the UK, and 85-90% of these fall into the 

NSCLC category (Jemal et al., 2011). In western countries around 10% of NSCLC patients have 

been identified to have activating mutations within their EGFR. This increases to 30-50 % in 

Asian countries (Sharma et al., 2007). The use of EGFR inhibitors have been shown to work well 

within this patient subset. However, resistance quickly develops so progression-free survival is 

around 6-9 months (Ganjoo and Wakelee, 2007). In around 50 % of cases, this is due to the 

acquisition of an additional T790M mutation within the mutant activated EGFR (Sequist et al., 

2011, Yu et al., 2013). The mechanism of resistance due to the T790M mutation was originally 

thought to be due to changes in the affinity of erlotinib to the dually mutated EGFR (Yun et al., 

2008). However, emerging data has suggested that the T790M mutation might drive erlotinib 

resistance through additional mechanisms (Miller et al., 2012a, Li et al., 2008). Here, we have 

used 1H-NMR, mass spectrometry and RPPA to gain further insight into the mechanisms 

underlying T790M-mediated erlotinib resistance. Using these techniques to compare erlotinib-

sensitive and T790M mutant resistant cell lines, we identified a number of differences that are 

discussed below. We expect that some of these might lead to new therapies to reverse T790M-

mediated erlotinib resistance.  

7.1.1 Modulation by siRNA of phosphatidylcholine metabolism in erlotinib-

resistant cells does not affect resistance to erlotinib treatment 

1H-NMR identified a number of metabolites that were altered our erlotinib-sensitive and 

resistant NSCLC cell lines. Phosphocholine and choline which are involved in the 

phosphatidylcholine pathway (Gibellini and Smith, 2010), were both shown to be increased in 

erlotinib-resistant cell lines. This pathway is responsible for producing the majority of 

phospholipid species present within the eukaryotic membranes and, therefore, has a significant 

role in the structure and function of this compartment (Gibellini and Smith, 2010). Using siRNAs 

to target enzymes controlling this pathway (i.e. synthesizing or degrading enzymes), we 

attempted to determine whether modulation of the expression of these enzymes might directly 

influence erlotinib sensitivity/resistance in our NSCLC cell lines. However, targeting this pathway 

had no impact on erlotinib resistance in T790M-expressing cells nor induce resistance in 

erlotinib sensitive cells. Whilst this suggests that increased phosphocholine and choline seen in 

T790M-expressing cells might simply be a bystander phenomenon rather than a driver of 

resistance, our study had some limitations. For example, we did not show that targeting these 

enzymes resulted in a change in the production or degradation of phosphatidylcholine. Analysis 
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of the phosphatidylcholine pathway could be achieved via the use of assays such as metabolic 

flux. The use of mass-spectrometry highlighted the possibility that the changes identified were 

metabolites involved in phosphatidylcholine degradation, rather than formation. However, an 

additional layer of complexity in this study was the degradation pathways reliance on 

phospholipase enzymes. There are a number of phospholipase enzymes which have the ability 

to degrade phosphatidylcholine. Therefore, although no change is seen following silencing of a 

single phospholipase enzyme, we cannot confirm that phosphatidylcholine metabolism has no 

effect on erlotinib resistance in T790M expressing cells. Due to the importance of the 

phosphatidylcholine pathway in the generation of not only phospholipids, but also signalling 

molecules, it is unsurprising that there are a large number of compensatory mechanisms in 

place. Therefore, we propose that this pathway may prove difficult to modulate for therapeutic 

purposes.  

7.1.2 Acquisition of the T790M mutation lowers GSH levels in association 

with decreased mRNA expression of GSH synthesizing enzymes 

The levels of GSH and GSSG were found to be decreased in both our resistant cell lines when 

compared to their sensitive counterparts. This change in GSH was unusual as the majority of 

studies have indicated an increase in GSH to accompany drug resistance (Corti et al., 2010, Spitz 

et al., 1993). Interestingly, we were able to reveal that mRNA expression levels of key enzymes 

controlling the production of GSH were reduced, whilst the levels of degrading enzymes were 

variably modulated in T790M EGFR mutant expressing NSCLC cells as compared to their single 

activated mutant counterparts. The most prominent changes were the decrease in the mRNA 

for the synthesising enzymes GSS, but also GCLC and GSR.  

7.1.3 Inhibition of GST enhances the response to erlotinib treatment in 

cells contain the T790M mutation 

Using siRNA, we were able to show that targeting of this pathway modulated the response to 

erlotinib treatment. Indeed, targeting of GSH degrading enzymes increased the sensitivity of 

erlotinib-resistant cell lines to erlotinib treatment. This was further supported by the use of the 

molecular inhibitor of GST, EA that increased response to erlotinib treatment. EA is loop diuretic 

that is frequently used in the clinic for the treatment of conditions such as high blood pressure 

and is therefore ideal for use in vivo. Furthermore, nude mice subcutaneously injected with 

PC9ER cells treated with a combination of EA and erlotinib showed a significant reduction in 

tumour burden when compared to treatment with erlotinib alone. Quantification of intracellular 
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levels of GSH in these tumours showed a significant increase in this metabolite in EA-treated 

tumours. This highlighted that erlotinib and EA may be the basis for a combination therapy 

targeting erlotinib-resistant NSCLC. This was supported by NSCLC patient data, which showed a 

significant reduction in the levels of GSH synthesising enzymes in patients baring the T790M 

mutation. Despite this convincing data to support that GSH has a role in erlotinib resistance, the 

mechanism by which the T790M mutation confers this change required further investigation. 

7.1.3.4 Inhibition of NRF2 activity and decrease in GSH levels are direct 

consequences of acquisition of the T790M-EGFR mutation 

NRF2 is a master regulator of the antioxidant responses (Gorrini et al., 2013). It is able to bind 

the promoter region of ARE target genes such as GCLC and GSS (Huo et al., 2014). As such it is 

able to regulate GSH levels. Due to the importance of the antioxidant response, there are many 

levels of control in the regulation of NRF2 activity (Bryan et al., 2013). However, the best 

investigated is that of the KEAP1-NRF2 complex (Kansanen et al., 2013). The localisation of NRF2 

is key to its action, KEAP1 is able to bind NRF2 and hold it in the cytosol, where it is 

ubiquitinated and degraded. We have shown there is a significant difference in the localisation 

of NRF2 and KEAP1 in H1975 compared to H3255 cells. However, we were unable to show a 

significant change in PC9 and PC9ER cells. However, SQSTM1 did show a significant down-

regulation in the resistant cell lines H1975 and PC9ER, compared to their sensitive counterparts. 

SQSTM1 contains an ARE sequence within its promoter region and its expression is therefore 

regulated by NRF2 (Jain et al., 2010). We have previously shown a decrease in the expression of 

a number of NRF2 target genes in resistant cell lines when compared to their sensitive 

counterparts (Chapter 4.0). Therefore, we suggest that there is a decrease in NRF2 activity, 

independent of changes in NRF2 localisation. MAF proteins play a key role in NRF2 regulation. 

Indeed, heterodimerization of MAF proteins with NRF2 is required for NRF2 to bind to the ARE 

therefore, their expression affects the transcription of NRF2 target genes (Bryan et al., 2013, 

Itoh et al., 1997). We thereby suggest that NRF2 activity may be altered through MAF-mediated 

regulation of NRF2 activity.  

In order to identify if the changes in NRF2 activity were a direct response to the T790M 

mutation, we utilised siRNAs against the T790M mutation in the PC9ER cell line. We also used 

HEK293 cells stably transfected with both the EGFR active and active/resistant mutated 

receptor. We were able to confirm that EGFR T790M confers a change in the NRF2 pathway. 

Indeed, HEK293 cells stably transfected with EGFR T790M, showed higher cytoplasmic 
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expression of KEAP1 and decreased expression of KEAP1 binding partners SQSTM1 and PALB2. 

This finding was supported by siRNA down-regulation of T790M in PC9ER cells, resulting in an 

increase in NRF2 protein expression and increased expression levels of KEAP1 binding partners 

SQSTM1 and PALB2. This finding supports previously published data showing EGFR to have a 

role in NRF2 regulation (Huo et al., 2014, Yamadori et al., 2012). Furthermore, we have shown 

that the T790M mutation directly affects the NRF2 signalling pathway. 

Also, we have shown that targeting of the NRF2 pathway modulates the response to erlotinib 

treatment, with corresponding changes in GSH levels. The targeting of NRF2 significantly 

increased resistance in PC9 cell line and was accompanied by a decrease in GSH levels. 

Conversely, the targeting of KEAP1 and SQSTM1 resulted in an increase in sensitivity to erlotinib 

treatment and increased GSH levels. This highlights the role of NRF2 in the regulation of GSH 

levels and erlotinib resistance. 

7.1.3.5 Inhibition of WEE1 decreases survival to erlotinib treatment 

Cell cycle checkpoint proteins were identified to be significantly up regulated in the PC9ER cell 

line when compared to its sensitive counterpart, PC9. Indeed, RPPA analysis identified 

substrates of ATM/ATR to be significantly up regulated in PC9ER cells. ATM and ATR are known 

to phosphorylate downstream substrates including P53 and Chk1 (Sancar et al., 2004, Canman 

et al., 1998). Phosphorylation of these proteins was increased in PC9ER compared to PC9 cells 

regardless of EGF stimulation. Furthermore, Western blot analysis went on to show a significant 

increase in ATR at both the total and phosphorylation levels. To identify if this pathway has a 

role in erlotinib resistance, we used the ATR inhibitor, VX970. Treatment with this molecule 

increased the response to erlotinib treatment in both PC9 and PC9ER cell lines. However, 

treatment with VX970 alone induced a significant amount of death in both cell lines, which 

prevented definite conclusions to be drawn on the validity of this approach as an erlotinib-

sensitising strategy. In contrast, Chk1 inhibition did not affect survival to erlotinib treatment. 

However, inhibition of WEE1 via both siRNA-mediated silencing and the molecular inhibitor, 

MK1775, significantly increases response to erlotinib treatment in both PC9 and PC9ER cells. 

There are several ongoing clinical trials studying the effects of MK1775 for combination 

treatment with radiotherapy or chemotherapy (clinicaltrials.gov, 2016b, Clinicaltrials.gov, 

2016e, Clinicaltrials.gov, 2016d). Currently there are no ongoing trials for MK1775 with TKIs, 

such as erlotinib. However, co-treatment in the NSCLC cell lines, PC9 and PC9ER has shown 
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promise. Further validation is needed in order to identify if these findings can be generalised to 

additional tumour cell line pairs.  

7.1.6 Increased beta-oxidation in erlotinib-resistant cell lines 

This thesis has identified an increase in the levels of beta-oxidation in erlotinib-resistant cell 

lines compared to their sensitive counterparts.  This increase was initially identified through 

RPPA analysis, which showed an increase in both LKB1 and AMPK in resistant cells. The total 

levels of LKB1 were increased in PC9ER compared to PC9. However, its phosphorylation of AMPK 

requires interaction with its binding partners STRAD and MO25 (Hawley et al., 2003). LKB1 is 

regulated by a number of proteins including HSP90 and Cdc37, which aid in the stability and 

assembly of the LKB1-STRAD-MO25 complex (Boudeau et al., 2003). The increased protein 

expression of LKB1 in PC9ER compared to PC9 correlated with an increase in the levels of 

phosphorylation of AMPK at threonine 172. However, phosphorylation of AMPK did not follow 

the same pattern as that seen for LKB1. Indeed, PC9ER had the highest levels of phosphorylated 

AMPK at the 0 time-point. This may suggests that PC9ER cells may be better primed to induce 

beta-oxidation in low energy levels. AMPK activation results in the phosphorylation of ACC at 

serine 79, which is significantly increased in PC9ER cells. ACC is responsible for the change 

between fatty acid synthesis and beta-oxidation. ACC when phosphorylated is inactivated and 

allows for the formation of acetyl-carnitine; whereas the absence of this phosphorylation results 

in the formation of Malonyl-CoA required for fatty acid synthesis (Berg JM, 2002). Our increase 

in ACC phosphorylation is accompanied by increase in a number of acetyl-carnitines identified 

by mass-spectrometry. Taken together, these data supports our initial finding suggesting an 

increase in beta-oxidation in erlotinib-resistant cell lines, which could be further validated by 

assays such as metabolic flux.  

7.1.3 Targeting of beta-oxidation does not affect resistance to erlotinib 

treatment 

Our data strongly suggested an increase in beta-oxidation in the resistant cell lines. However, 

further validation of this would require metabolic flux analysis. Due to the time restraints and 

cost involved, we initially sought to confirm if modulation of this pathway results in an altered 

response to erlotinib treatment. Dorsomorphin and etomoxir are the two inhibitors which were 

utilised within this study. PC9 and PC9ER cells were treated with erlotinib in the presence or 

absence of these inhibitors and the response to erlotinib was accessed by crystal violet assays. 

Dorsomorphin is a potent, selective, reversible ATP-competitive inhibitor of AMPK. Whereas 
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Etomoxir, is an irreversible inhibitor of CPT-1. CPT-1 is responsible for catalysing the transfer of 

the acyl group of a long-chain fatty acyl-CoA from coenzyme A to carnitine, resulting in the 

formation of acetylcarnitines. However, treatment with either of these inhibitors failed to show 

a synergistic effect to erlotinib treatment. Therefore, we suggest beta-oxidation may be a 

response to erlotinib resistance but not one of its causes. This change in beta-oxidation may 

instead occur as a result of alterations within other signalling pathways such as the cell cycle 

checkpoint proteins (i.e. ATR) that we have found to be modified in our resistant cell lines. 

However, further research is needed to confirm this. 

7.2 Further directions 

A number of novel findings came out of this thesis. However, several questions remain to be 

addressed.  Therefore, the main points of future research based on this project are outlined in 

the following sections.  

7.2.1 How does the T790M mutation confer a change in GSH metabolism? 

The levels of GSH are lower in erlotinib-resistant cell lines. Furthermore, this change occurs as a 

consequence of modifications of the transcription of GSH-synthesising enzymes. NRF2 is known 

to be a key regulator of GSH metabolism enzymes (Ramos-Gomez et al., 2001, McMahon et al., 

2001) and we have found changes to the activity of this transcription factor to be involved. 

Indeed, siRNA targeting of NRF2 and KEAP1 does modulate the response to erlotinib and GSH 

levels within the PC9ER cell line. The activity of NRF2 was suggested to be altered regardless of 

the absence of change being consistently seen in NRF2 localisation. Therefore, another 

explanation must exist for changes in NRF2 activity. To assess this we could employ luciferase 

reporter assays that would confirm changes to the overall NRF2 activity. In addition Chromatin 

Immunoprecipitation (ChIP)-sequencing (seq) could be used to identify specific changes to the 

binding of NRF2 to GSH-synthesising genes in resistant versus sensitive cells. If indeed we 

confirm a change in the activity of NRF2 we then need to elucidate the underlying causes for 

this. The most prominent regulatory pathway other than NRF2s interaction with its negative 

regulator KEAP1, is the need for NRF2 to bind to MAF proteins in the nucleus (Bryan et al., 2013, 

Itoh et al., 1997). This could be achieved via co-IP of NRF2 and then probing for interaction with 

MAF proteins in both PC9 and PC9ER. Furthermore, the use of electrophoretic mobility shift 

assay (EMSA) would enable to assess if NRF2 is bound to MAF proteins at ARE binding sites.  
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7.2.2 How does the GSH impact on the response to erlotinib? 

The majority of studies have suggested that GSH is increased in cells with drug resistance. 

However, we have shown that decreased GSH appears to facilitate drug resistance to erlotinib 

treatment. The mechanism by which GSH achieves this change in erlotinib resistance is not 

currently understood and therefore requires further research. GSH has previously been 

reported to interact directly with certain drug compounds (David-Cordonnier et al., 2003). The 

ability of GSH to interact with drug compounds results in their cellular export via a GST 

dependent pathway (Provost et al., 2009, Rappa et al., 1997, Zaman et al., 1995). In addition 

GSH-conjugates have shown to bind directly to MDR 1 which facilitates their export out of the 

cell (Loe et al., 1997, Priebe et al., 1998). Indeed, a number of GSH-erlotinib conjugates have 

been identified (Li et al., 2010b). Therefore, changes in the conjugates formed in our cell lines 

may be a possible mechanism by which GSH modulates response to erlotinib. The presence 

and/or nature of such conjugates in our cell lines would need to be investigated. Finally, a study 

by Schwartz and colleagues identified a reduced affinity to multiple EGFR inhibitors following 

direct oxidation of EGFR by GSH. Therefore, it would also be of interest to identify if there is a 

difference in the oxidisation of EGFR between resistant and sensitive cell lines.  

7.2.3 Are GSH levels decreased in patients following onset of EGFR TKI-

resistance? 

This study provided an indication that the expression of GSH synthesising enzymes is lower in 

tumours which are resistant to erlotinib. However this data only provided a proof of concept 

and requires further validation with a higher number of patient samples. However, second 

biopsies in NSCLC patients following onset of EGFR TKI-resistance are rare and this may 

therefore prove difficult. This practice is becoming more common and therefore, this study may 

become a possibility in the future. In addition to the quantification of enzyme levels, the direct 

quantification of intratumoural GSH would also prove useful. This would enable adequate 

stratification of patients to maximise the chances of combinational treatments with erlotinib 

being beneficial. 

7.2.4 Can EA be used in combination with erlotinib to improve response to 

erlotinib in clinical settings? 

EA is a loop diuretic that is currently used in the clinic for the treatment of high blood pressure 

(Cannon et al., 1965, Ledingham and Bayliss, 1965). This thesis has highlighted that EA increases 

the efficiency of erlotinib in cells containing the T790M mutation in vitro and in vivo. Therefore, 



204 
 

the next logical step is to assess whether these effects can be translated in patients who are 

resistant to erlotinib. For this, clinical trials to evaluate safety and effectiveness of this new 

combination would need to be initiated and the pathway for this is outlined below.  

Table 7.1 Brief overview of clinical trials  

 Phase I Phase II Phase III  

FDA 

Approval 

Phase IV 

Number of 
patients 

15 – 30 
Fewer than 

100 
100s  to 1000s  

Purpose Determine safety 
and dosage 

Evaluate 
effectiveness 
and identify 
any side 
effects 

Confirm 
effectiveness 
and monitor 
adverse 
reactions for 
long term use 

Studies the 
long term 

effects and 
cost 

effectiveness 

 

7.3.5 Could increase in beta-oxidation be used as a clinical marker of resistance to 

erlotinib?  

Beta-oxidation is increased in erlotinib-resistant cell lines. However; its inhibition did not appear 

to affect survival to erlotinib treatment in vitro. This suggested that changes in beta-oxidation 

are the result of erlotinib resistance and not one of its causes. The mechanism by which 

erlotinib resistance confers this change remains relatively unknown. The levels of beta-oxidation 

have previously been shown to be significantly affected by expression of EGFR (Yang et al., 

2010). However, how the T790M could affect this pathway requires further research. Initially, 

this could be done via co-IP of EGFR and proteins involved within this pathway such as AMPK. 

AMPK has been shown to be modulated in response to erlotinib resistance and, therefore, 

provides an ideal candidate for these studies. In addition to this, Tandem affinity purification 

(TAP)-TAG may prove a useful technique to address this as it would allow the identification of 

unknown mutant EGFR interactors. TAP-TAG involves the creation of a fusion protein with a 

TAP-tag at one end (Burckstummer et al., 2006). The plasmid is transfected into cells, lysates 

from which are then used in a two-step purification process. This two-step purification process 

is designed to remove non-specific interaction. The eluate of this purification ideally contains 

only proteins that interact with the protein of interest, in our case EGFR with or without the 

T790M mutation. 
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7.2.6 Mechanism of altered WEE1 expression in response to the T790M mutation  

The inhibition of WEE1 has shown to increase the sensitivity of PC9 and PC9ER cell lines to 

treatment with erlotinib. However, the mechanism of how this occurs remains unknown. 

Indeed, the levels of ATR and Chk1 have shown to be higher in PC9ER compared to PC9. 

Therefore, validation of WEE1 phosphorylation status would be a vital information going 

forward. This may propose novel therapeutic strategies out of our research as the inhibition of 

WEE1 has previously been used in combinational studies with chemotherapeutic treatments 

(clinicaltrials.gov, 2016b, Clinicaltrials.gov, 2015) where inhibition of WEE1 is thought to thrust 

cancer cells into mitotic catastrophe (De Witt Hamer et al., 2011).  

7.2.7 Is the effect of WEE1 inhibition on erlotinib sensitivity dependent on the T790M 

mutation? 

Although inhibition of WEE1 via MK1775 treatment has shown an increase in the sensitivity of 

PC9ER to erlotinib treatment, we do not know if this is an artefact of the PC9/PC9ER cell lines 

background. Therefore, this study needs to be extended to additional cell lines, possibly 

including H3255 and H1975. Also, to see if changes to WEE1 are in direct response to the T790M 

mutation, we can use our HEK293 cell lines expressing the mutated T790M-mutated EGFR as 

well as siRNAs targeting the T790M mutation in resistant cell lines and assess how this 

modulates WEE1 activity.  

7.3 Final Conclusion 

This work aimed to identify novel therapeutic strategies to tackle erlotinib resistance in the 

clinic. Indeed, we have found that GSH degrading enzymes may be novel therapeutic targets and 

also identified a compound, ethacrynic acid, which could be combined with erlotinib for clinical 

use. However, further mechanistic studies are needed to understand how the T790M mutation 

on EGFR modifies GSH metabolism to induce resistance to first-generation EGFR TKIs. We have 

also identified WEE1 as a possible additional therapeutic target to revert resistance and the 

existence of compounds against this kinase currently used in the clinic may accelerate future 

translation of our findings. However, further research is needed to confirm the widespread 

applicability of our results. Despite the need for further research, we have gained invaluable 

insight into signalling and metabolic pathways associated with erlotinib resistance and may in 

the future participate to the translation of our findings to the clinic. 
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Appendix table 8.1: RPPA antibodies . PC9 and PC9ER cells were stimulated with EGF over a time course of 0, 5, 10, 30 mins and four hours. Lysates 

were then run through RPPA analysis to analyse the expression profiles of the following antibodies. Each experiment was carried out in biological and 

technical triplicate. 

Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

4E-BP1 P Ser65 4E-BP1 is a translation repressor 
protein, which inhibits cap-dependent 
translation via its ability to bind to 
eIF4E a translation initiation factor 
(Pause et al., 1994). Its 
Hyperphosphorylation disrupts this 
interaction and results in activation of 
cap-dependent translation (Pause et 
al., 1994).  
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

4E-BP1 P 
Thr37,Thr46 

Cell Signaling 
Technologies 
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AMPK alpha P 
Thr172 

Activated AMPK modulates the 
metabolic switch from an anabolic to 
catabolic state (Luo et al., 2005). 
AMPK is phosphorylated and 
activated by LKB1-STRAD-MO25 
complex (Hawley et al., 2003, Hawley 
et al., 1996, Lizcano et al., 2004). 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

ATM/ATR 
Substrate P 
Ser/Thr 
 
 
 
 
 
 
 
 

Ataxia telangiectasia mutated kinase 
(ATM) and ataxia telangiectasia and 
Rad3-related kinase (ATR) are related 
kinases that regulate cell cycle 
checkpoints and DNA repair (Kastan 
and Lim, 2000). CST has developed 
antibody that recognizes 
phosphorylated substrates which 
contain and are phosphorylated on 
serine or threonine in the S*/T*Q 
motif. 

Cell Signaling 
Technologies 
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BAX In cellular stress conditions Bcl-2-

associated X protein (BAX) 
translocates to the mitochondrion 
membrane, this results in release of 
cytochrome c and triggers apoptosis 
(Jurgensmeier et al., 1998). Its action 
is repressed by binding to the 
repressor of apoptosis B-cell 
lymphoma 2 (Bcl-2) (Wei et al., 2001). 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

Bcl-2 Bcl-2 has a role in survival through 
inhibition of cytochrome C release 
from the mitochondria via inhibition 
of BAX in response to various stimuli 
(Murphy et al., 2000). 
Phosphorylation at serine 70 in the 
flexible loop domain has been shown 
to be required for enhancement of 
Bcl-2 anti-apoptotic function (Ruvolo 
et al., 2001). 
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Bcl-2 P Ser70 Cell Signaling 

Technologies 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

Bcl-x Bcl-x, is a member of the Bcl-2 protein 
family. It is involved in the inhibition 
of cell death, or apoptosis (Yang et al., 
1995, Adams and Cory, 1998). 
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beta-Catenin β-Catenin is a key downstream 

effector in the Wnt signalling pathway 
(Cadigan and Nusse, 1997). Has been 
suggested to have a role in 
tumorigenesis (Polakis, 1999) and 
embryonic development (Funayama 
et al., 1995). It is phosphorylated at 
Threonine 41 and serine 45 by GSK-3β 
which results in its destabilization 
(Yost et al., 1996). 

Cell Signaling 
Technologies 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

beta-Catenin P 
Thr41,Ser45 

Cell Signaling 
Technologies 
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BID BH3 Interacting Domain Death 

Agonist (BID), a pro-apoptotic 
member of the Bcl-2 family (Gross et 
al., 1999). BID protein interacts with 
BAX leading to insertion of BAX into 
the mitochondrial membrane(Eskes et 
al., 2000).  
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

Bim BIM a pro-apoptotic member of the 
BCL-2 protein family, which induces 
Bax/Bak-oligomerization on 
mitochondria membrane (Gross et al., 
1999). 

Epitomics 1036 rabbit 
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Calmodulin Calmodulin is a small protein which 

mediates many cellular effects such as 
apoptosis (Persechini et al., 1989). It is 
able to bind to four Ca2+ ions, 
resulting in conformational changes 
(Finn et al., 1995). It can then complex 
with and activate a number of 
enzymes e.g.  nitric oxide synthase 
(Weissman et al., 2002). 

Calbiochem   mouse
IgG1 

C a lm o d u lin

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

s
s

io
n

 (
fo

ld
)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

P C 9

P C 9 E R

**

 



214 
 

Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

Calpain2                      Calpain2 is a calcium-dependent thiol 
proteinase, which is regulated by a 
number of mechanism including its 
subcellular localisation, 
phosphorylation by EGFR-ERK 
signalling cascade as well as 
endogenous inhibitor calpastatin 
(Perrin and Huttenlocher, 2002). It 
has a role in migration by 
modifications of substrates involved 
in cell adhesion and cytoskeletal 
arrangement (Perrin and 
Huttenlocher, 2002). 

Cell Signaling 
Technologies 
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CamKII alpha 
(22B1) P  Thr286 

CaMKII is an important member of 
the calcium/calmodulin-activated 
protein kinase family, which has a role 
in neural synaptic stimulation and T 
cell receptor signalling (Hughes et al., 
2001, Barria et al., 1997). 
Phosphorylation at threonine 286 
results in its constitutive activation 
(Barkai et al., 2000) 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

CamKII P Thr286 Cell Signaling 
Technologies 
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Caspase 3 Caspase-3 is involved in the caspase 

cascade, the sequential activation of 
caspases plays a central role in the 
execution-phase of cell apoptosis 
(Slee et al., 1999). 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

cdc2 Cdc2 regulates eukaryotic cells entry 
into mitosis. The inhibitory 
phosphorylation at threonine 14 and 
tyrosine 15 are catalysed by WEE1 
and Myelin Transcription Factor 1 
(Myt1) (Wells et al., 1999b). 

Cell Signaling 
Technologies 

9112 rabbit 
C D K 1  (c d c 2 )

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

s
s

io
n

 (
fo

ld
)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

P C 9

P C 9 E R

** *
NS

 
cdc25c P Ser216 Cdc25 is responsible for regulating 

eukaryotic cells into mitosis through 
its action as a protein phosphatase, 
responsible for dephosphorylating 
and activating cdc2 (Jessus and Ozon, 
1995). During interphase c-TAK1 
constitutively phosphorylates cdc25C  
at Serine 216, although during G2/M 
checkpoint this phosphorylation is 
DNA damage-dependent (Peng et al., 
1997). Following phosphorylation at 
serine 216, cdc25C binds to 14-3-3 
family members sequestering it to the 
cytoplasm and preventing entry into 
mitosis (Kumagai and Dunphy, 1999). 

Cell Signaling 
Technologies 

4901 rabbit 
c d c 2 5 c  P  S e r 2 1 6

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

s
s

io
n

 (
fo

ld
)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

P C 9

P C 9 E R

 



217 
 

Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

CDK1 (p34cdc2)  
P Tyr15 
 
 
 
 
 
 
 
 

Cyclin-dependent kinase 1 (CDK1) 
regulates eukaryotic cells into mitosis. 
This is controlled by a number of 
processes  including cyclin binding 
and phosphorylation of cdc2 at 
Thr161 (Norbury et al., 1991). 
Furthermore, dephosphorylation at  
threonine 14 and tyrosine 15 is 
required for its activation and 
therefore, progression into mitosis 
(Wells et al., 1999b). 

Cell Signaling 
Technologies 
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CDK2  Cyclin-dependent kinase 2 (CDK2) is a 

protein involved in G1/S transition. Its 
activation requires dephosphorylation 
at threonine 14 and tyrosine 15 
residues and phosphorylation at 
threonine 160 by the CAK complex 
(CDK7 and cyclin H) (Gu et al., 1992, 
Fesquet et al., 1993). 
G1 to S phase transition is regulated 
by CDK2/cyclin E kinase activity, 
which also has a role in 
phosphorylation of Rb protein (Bertoli 
et al., 2013). In S-phase the activated 
complex phosphorylate E2F (Morgan, 
1997). 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

Chk1 P Ser345 Chk1 kinase acts downstream of 
ATM/ATR (Liu et al., 2000). 
Genotoxic stress results in activation 
of Chk1 by phosphorylation of the 
Serine 317 residue resulting in 
blocked DNA replication (Zhao and 
Piwnica-Worms, 2001).  

Cell Signaling 
Technologies 
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c-Jun N-term c-Jun interacts with DNA sequences 

and regulates gene expression of a 
number of genes involved in cell 
growth (Bohmann et al., 1987).   
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

c-Myc P 
Thr58,Ser62 

c-Myc is a transcriptional regulator 
which has a function in a number of 
pathways including proliferation, 
differentiation and apoptosis 
(Baudino and Cleveland, 2001). 
Phosphorylation of c-Myc results in an 
increased protein stability (Wang et 
al., 2011). 
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CrkL CrkL is involved in a number of  

signaling pathways include the 
modulation of cell adhesion, cell 
migration and immune cell responses 
initiated by different cytokines and 
growth factors (Feller, 2001). The 
Tyrosine 207 of CrkL is 
phosphorylated by BCR/Abl and 
potentially for other SH2-containing 
proteins (de Jong et al., 1997). 

Cell Signaling 
Technologies 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

CrkL P Tyr207 Cell Signaling 
Technologies 

3181 rabbit 
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Cyclin D1 Cyclin D1 is a regulator of cell cycle G1 
to S phase progression (Sherr, 1996). 
Cyclin D1 is known to bind to cyclin 
dependent kinase 4 and 6, and these 
complexes promote progression 
through the phosphorylation of 
retinoblastoma protein (RB) (Kato et 
al., 1993, Lundberg and Weinberg, 
1998, Weinberg, 1995). In addition it 
has a role in transcriptional 
modulation, through regulation of 
transcription factors as well as histone 
deacetylase (Coqueret, 2002). 
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E-Cadherin E-Cadherin is a calcium-dependent 
cell-cell adhesion glycoprotein 
composed of five extracellular 
cadherin repeats (Wheelock and 
Johnson, 2003). 
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FAK1   Focal adhesion kinase (FAK) is a 

widely expressed cytoplasmic protein 
tyrosine kinase involved in integrin-
mediated signal transduction (Parsons 
et al., 2000). FAK is activated by 
intergrin clustering, which leads to 
autophosphorylation, providing a 
binding site for both PI3K and PLCγ 
(Schaller et al., 1994, Cobb et al., 
1994, Chen et al., 1996, Zhang et al., 
1999b).  
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FAK1 P TYR 397 Cell Signaling 
Technologies 
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FLT3 P Tyr591 P 
Tyr591 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FLT3, also known as Flk2, is a member 
of the type III receptor tyrosine kinase 
family, which includes c-Kit, PDGFR 
and M-CSF receptors. It has shown to 
have a role in growth and 
differentiation following activation by 
ligand (FL) binding, which results in 
activation of a number of 
downstream signalling pathways 
(Namikawa et al., 1996). Known 
downstream substrates of FLT3 
include p85 subunit of PI3K, SHP2, 
GRB2 and Shc (Beslu et al., 1996, 
Zhang and Broxmeyer, 2000, Zhang et 
al., 1999a). Phosphorylation at 
Tyrosine 589 and 591 are required for 
its activation (Vempati et al., 2008) 
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FRA1 (R20) Fos-related antigen 1 (FRA1) is part of 
the FOS family of proteins consisting 
of c-Fos, FosB, FRA1, and Fos-related 
antigen 2 (FRA2) (Tulchinsky, 2000). 
Both FRA1 an FRA2 act as  
transcriptional activators through 
their ability to form heterodimers 
with Jun proteins (Tulchinsky, 2000)  
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GAPDH GAPDH is an enzyme that catalyses 

the phosphorylation of 
glyceraldehyde-3-phosphate during 
glycolysis (Krasnov et al., 2013) 
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GFAP Glial Fibrillary Acidic Protein (GFAP), a 
class-III intermediate filament, is a 
cell-specific marker that, during the 
development of the 
central nervous system, distinguishes 
astrocytes from other glial cells (Eng, 
1985, Eng et al., 2000) 
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GSK-3-beta Glycogen synthase kinase-3 (GSK-3) is 

an enzyme which regulates glycogen 
synthesis in response to insulin 
(Welsh et al., 1996). GSK-3 
phosphorylates and inactivates 
glycogen synthase. GSK-3 can be 
inhibited by phosphorylated at Serine 
9 by AKT (Srivastava and Pandey, 
1998, Cross et al., 1995b).  
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GSK-3-beta P 
Ser9 
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Hexokinase II Hexokinases catalyse glucose 

conversion into glucose-6-phosphate. 
Hexokinase I, II and III are responsible 
for maintaining elevated rate of 
aerobic glycolysis in cancer cells 
(Warburg, 1956a). 
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HSP27 (HSPB1) Hsp27 is a chaperone of the sHsp 
(small heat shock protein) family 
which facilitates refolding of damaged 
proteins in response to heat shock, 
oxidative and chemical stress (Jakob 
et al., 1993, Rogalla et al., 1999, 
Arrigo et al., 2005, Lanneau et al., 
2008). 
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IGF-1R beta P 
Tyr1162, 
Tyr1163 

Type I insulin-like growth factor 
receptor (IGF-IR) is a transmembrane 
receptor tyrosine kinase. 
Phosphorylation of the receptor at 
tyrosine 1162 and 1163 results in 
receptor activation (Hubbard, 1997). 
The activated receptor signals to 
several pathways including MAPK, 
Raf/Ras and PI3K cascades (Denduluri 
et al., 2015). 
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IkB-alpha IkB-alpha is an inhibitor of NF-κB/Rel 
transcription factors. Phosphorylation 
at serine 32 and 35 residues result in 
IkB-alpha proteasomal degredation an 
release of activated NF-κB (Finco et 
al., 1994, Brown et al., 1995). 
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IkB-alpha P 
Ser32 
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JAK1 Janus kinase 1 (JAK1) is a member of 
the Janus family of tyrosine kinases 
(JAK1, JAK2, JAK3, and Tyk2), which 
are activated by ligands binding to a 
number of associated cytokine 
receptors (Leonard and O'Shea, 
1998). Activation of cytokine 
receptors result in 
autophosphorylation of JAK proteins, 
which then phosphorylate their 
associated receptor creating binding 
sites for signalling proteins including 
STATs, SHC, FAK etc. (Darnell, 1997, 
Zhu et al., 1998, VanderKuur et al., 
1995). JAK phosphorylation at 
tyrosine 1022 and 1023 residues have 
been implicated in kinase activity due 
to the homologous tyrosine residues 
1054/1055 in Tyk2 (Gauzzi et al., 
1996) 
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JAK1 P 
Tyr1022,Thr102
3 
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LKB1 
 
 
 
 
 
 
 
 
 
 
 

LKB1 is a serine/threonine kinase,  
tumour suppressor that is involved in 
the control cell structure, apoptosis 
and energy homeostasis through 
regulation of numerous downstream 
kinases (Baas et al., 2004, Hardie, 
2004). LKB1 is activated when in 
complex with, putative kinase STRAD, 
and the MO25 scaffold protein 
(Hawley et al., 2003). When activated 
it is able to phosphorylate and 
activate AMPK and several AMPK-
related kinases (Baas et al., 2003).  
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MAPKAPK-2 MAP kinase-activated protein kinase 2 

(MAPKAPK-2) is a serine /threonine 
protein kinase regulated through 
direct phosphorylation by p38 MAP 
kinase (Rouse et al., 1994). Activated 
MAPKAPK-2 a wide range of proteins 
which leads to regulation of a number 
of signalling pathways. 
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M-CSF P Tyr723 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
M-CSF P Tyr723 
continued… 

Macrophage-colony stimulating factor 
(M-CSF, CSF-1) receptor is an integral 
membrane tyrosine kinase encoded 
by the c-fms proto-oncogene (Sherr et 
al., 1985). In monocytes the M-CSF 
receptor has shown to drive growth 
and development of this blood cell 
lineage (Stanley et al., 1978, Byrne et 
al., 1981, Bourette and 
Rohrschneider, 2000). Ligand binding 
to the receptor induces receptor 
dimerization and 
autophosphorylation of cytoplasmic 
tyrosine residues which are docking 
sites for SH2-containing Signaling 
proteins (Bourette and 
Rohrschneider, 2000). The 
phosphorylated tyrosine residue 723 
has shown to bind to the p85 subunit 
of PI3 kinase in addition to PLCγ2 
(Bourette et al., 1997).  
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MEK1/2 MEK1 and MEK2 are protein kinases 
which have a role in cell growth and 
proliferation though activation of  
protein kinase cascade (Crews et al., 
1992, Cowley et al., 1994). It is 
activated through phosphorylation at 
serine 217 and 211 (Alessi et al., 
1994) 
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MEK1/2 P 
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Met Met, a high affinity tyrosine kinase 
receptor for hepatocyte growth factor 
(HGF) (Cooper et al., 1984, Bottaro et 
al., 1991). Phosphorylation of tyrosine 
residues 1234/1235 are critical for 
MET activation (Longati et al., 1994). 
The phosphorylation at Tyrosine 1349 
provides a docking site for Gab1 
(Schaeper et al., 2000).  
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Met P Tyr1234 Signalway 11227-1 rabbit 
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Met P Tyr1349 Signalway 11238 rabbit 
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MNK1 (MKNK) P 
Thr197,Thr202 
 
 
 
 
 
 

MNK1 a CAM kinase of the 
MAPKKAPK family that can regulate 
translation through phosphorylation 
of eIF4E at Ser209, increasing its 
affinity for the 7-methylguanosine-
containing mRNA cap (Waskiewicz et 
al., 1999).  MNK1 is activated by 
MAPK phosphorylation at threonine 
197 and 202 residues (Waskiewicz et 
al., 1999). 
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MSK1 P Ser376 
 
 
 
 
 
 
 

MSK1 is a mitogen and stress 
activated protein kinase (Deak et al., 
1998). It is activated by ERK in 
response to growth factor stimulation 
and p38 MAPK in response cellular 
stress (Deak et al., 1998). 
Phosphorylation of MSK1 at Ser360  
and Ser376 have been implicated in 
increasing MSK1 activity (McCoy et 
al., 2005). 
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NFkB p105/p50 NFkB p105/p50 is part of the nuclear 

factor κB (NF-κB)/Rel family it is 
proteolytically processed to produce 
p50 and p52. p50 and p52 form 
dimers with Rel proteins, which 
regulate transcription by DNA binding 
(Baeuerle and Baltimore, 1996). 

GeneTex GTX110
585 

Rabbit 
N F k B  p 1 0 5 /p 5 0

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

s
s

io
n

 (
fo

ld
)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

P C 9

P C 9 E R

 



235 
 

Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

NFkB p65 
Ser536 

NFkB-p65 is a subunit of NF-kappa-B 
transcription complex the inhibitory 
action of I-kappa-B is predominantly 
through interaction with the p65 
subunit (Mattioli et al., 2004). 
Additionally the p65 subunit has 
shown to contribute to the DNA 
binding of the NF-kappa-B complex 
(Hansen et al., 1992). 
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p21 CIP/WAF1 The tumour suppressor p21Cip/WAF1,  

Is an important regulator of cell cycle 
progression through its ability to 
inhibit CDK2 complexes blocking 
progression through G1/S (Pestell et 
al., 1999). Phosphorylation at 
threonine 145 and serine 146 by AKT 
has been implicated to increase 
stability of p21Cip/WAF1 as well as 
promotes cell survival (Li et al., 2002). 
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p21 CIP/WAF1 p 
Thr145 
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p38 MAPK p38 MAP kinase (MAPK) is involved in 

a number of signalling cascades 
including cellular response to 
cytokines and stress (Rouse et al., 
1994, Han et al., 1994, Lee et al., 
1994, Freshney et al., 1994). Indeed, it 
is activated by a number of cellular 
stresses including osmotic shock, 
inflammatory cytokines, 
lipopolysaccharide (LPS), UV light, and 
growth factors (Rouse et al., 1994, 
Han et al., 1994, Lee et al., 1994, 
Freshney et al., 1994, Raingeaud et 
al., 1995). Phosphorylation by MKK3, 
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p38 MAPK 
PThr180,Tyr182 

MKK6, and SEK at threonine 180 and 
tyrosine 182 result in its activation 
and ability to phosphorylate 
downstream signalling proteins 
MAPKAP kinase 2 (Lee et al., 1994), 
the transcription factors ATF-2 
(Raingeaud et al., 1995), Max (Zervos 
et al., 1995) and MEF2 (Raingeaud et 
al., 1995). 
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p53 P53 is important in the cells response 

to DNA damage. The activation of p53 
results in either cell cycle arrest and 
DNA repair or apoptosis (Chehab et 
al., 1999). DNA damage results in the 
phosphorylation of p53 at Ser15 and 
Ser20. Phosphorylation at these sites 
leads to a reduced in its interaction 
with its negative regulator, 
MDM2 (Milczarek et al., 1997). 
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p53 P Ser15 
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PARP PARP is polymerase involved in DNA 

repair in response to environmental 
stress (Satoh and Lindahl, 1992) 

Cell Signaling 
Technologies 

9542 Rabbit 
P A R P

T im e

R
e

la
ti

v
e

 p
ro

te
in

 e
x

p
re

s
s

io
n

 (
fo

ld
)

0
 m

in

5
 m

in
s

1
0
 m

in
s

3
0
 m

in
s

4
 h

o
u

rs

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

P C 9

P C 9 E R

*

 



239 
 

Antibody Description Supplier Order 
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PDGFR P 
Tyr1021 
 
 
 
 
 

Platelet derived growth factor 
receptor (PDGFR) binds to ligand 
resulting in dimerization of receptor 
followed by autophosphorylation at 
Tyrosine 1009 and 1021 residues 
followed by activation of signal 
transduction molecules containing 
SH2 (Rönnstrand et al., 1992). 
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PDK-1 P Ser241 Phosphoinositide-dependent protein 

kinase 1 (PDK1) has a role in a number 
of signalling pathways through the 
activation of a number of substrates 
including PKC, PKA and p70 S6 kinase 
(Belham et al., 1999). 
Autophosphorylation of the the 
receptor at serine 241 is required for 
PDK1 activity (Casamayor et al., 
1999). 
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Number 
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PKA 
 
 
 
 
 
 
 
 
 
 

Protein kinase A (PKA) activity is 
dependent on cellular levels of cyclic 
AMP (cAMP) (Hubbard and Till, 2000). 
PKA’s catalytic subunit phosphorylate 
proteins on a target sequence 
predominantly [Arg-Arg-X-Ser/Thr-X] 
(X represents hydrophobic amino 
acid) on threonine and serine residues 
(Pearce et al., 2010). It is able to 
phosphorylate a number of molecules 
including enzymes, ion channels, 
chromosomal proteins e.g. Histone H1 
as well as transcription factors e.g. 
cyclic AMP response element binding 
proteins (CREB) (Pearce et al., 2010). 
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PKC (pan) P 
Ser660 (beta-2) 

PKC is a family of 12 serine/threonine 
kinases including conventional or 
classical (α, β, and γ), novel (δ, ε, η 
and θ), atypical (ζ and ι/λ) and PKN 
and PKC-related (PKN1, PKN2 and 
PKN3) (Pearce et al., 2010). Each of 
which differ in cofactor requirement, 
tissue distribution and substrate 
specificity. PKC activity is controlled 
by distinct phosphorylation events, 
initial phosphorylation of the  
activation loop at threonine 500, 
autophosphorylation at 641 and 
phosphorylation at serine 660 the 
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Number 
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PKC-alpha carboxy-terminal hydrophobic site 
(Keranen et al., 1995). 
Phosphorylation at threonine 638 of 
PKC-alpha although not required for 
activation its absence results in 
increased sensitivity to phosphatase 
action (Bornancin and Parker, 1996). 
PDK-1 has been shown phosphorylate 
PKCγ at threonine 514 resulting in a 
conformational change enabling 
phosphorylation at two carboxyl-
terminal sites which results in its 
release into the cytoplasm (Seki et al., 
2006). 
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PKC-alpha  P 
Thr638 
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PKC-gamma P 
Thr514 

 GeneTex GTX257
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PKC-zeta  Cell Signaling 

Technologies 
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PKC substrate P 
(R/K)X(S*)(Hyd)(
R/k) 

Activated PKC phosphorylate a 
number of substrates containing 
serine or threonine, with arginine or 
Lysine residues at the -3, -2, and +2 
positions, and a hydrophobic amino 
acid at position +1 (Pearson and 
Kemp, 1991, Obata et al., 2000, 
Nishikawa et al., 1997). CST has 
developed an antibody which 
recognizes this motif. 
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PKM2  XP(R) 
 
 
 
 
 
 
 
 

Pyruvate kinase is a glycolytic enzyme 
that catalyses the conversion of 
phosphoenolpyruvate to pyruvate 
(Christofk et al., 2008a). The M2 
isoform (PKM2) is expressed during 
embryonic development and in 
cancer cells (Christofk et al., 2008a). 
PKM2 is shown to be essential for 
aerobic glycolysis in tumour cells 
(Christofk et al., 2008a). 
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Prohibitin 
 
 
 
 
 
 
 
 
 
 
 
 

Prohibitin is a tumour suppressor 
protein involved in the control of cell 
cycle (McClung et al., 1995). In 
mitochondria prohibitin function as 
chaperone, maintaining mitochondrial 
protein stability during protein 
synthesis and transportation 
(Nijtmans et al., 2000). In the nucleus 
prohibitin interact with transcription 
factors such as Rb and p53 to regulate 
target gene transcription (Mishra et 
al., 2006, Fusaro et al., 2003). 
Extracellular prohibitin can bind and 
activate C3 to enhance complement 
activation (Mishra et al., 2007). 
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Raf1 (C-12) Serine/threonine-protein kinase that 
is involved in the recruitment of GTP-
bound Ras, resulting in the activation 
of the MEK-MAP kinase pathway 
(Avruch et al., 1994).  
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Rap1 Acts both as a regulator of telomere 
function and as a transcription 
regulator (Hardy et al., 1992).  

Cell Signaling 
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Ras 
 
 
 
 

Ras is a guanine-nucleotide binding 
proteins which cycles between active 
(GTP-bound) and inactive (GDP-
bound) forms (Boguski and 
McCormick, 1993). Receptor tyrosine 
kinases and G protein-coupled 
receptors are able to activate Ras 
leading to the activation of Raf-MEK-
MAPK pathway (Avruch et al., 1994).  
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Rb P  
Ser807,Ser811 

The tumour suppressor protein Rb 
regulates cell proliferation via its 
control of progression through the 
G1-phase of the cell cycle (Sherr, 
1996). Cell cycle-dependent 
phosphorylation of Rb by CDK inhibits 
Rb and thereby allows cell cycle 
progression (Knudsen and Wang, 
1997). 
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Rsk2 Pser 227 The 90 kDa ribosomal S6 kinases 
(RSK1-4) are a family of widely 
expressed Ser/Thr kinases (Frodin and 
Gammeltoft, 1999). Phosphoinositide-
dependent kinase-1 (PDK1) 
phosphorylates Serine 227 leading to 
substantial activation (Frodin et al., 
2000) 
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SAPK/JNK P 
Thr183,Tyr185 

Stress-activated protein kinase/Jun-
amino-terminal kinase (SAPK/JNK), is 
activated by a number of 
environmental stresses including UV 
and gamma radiation, ceramides, 
inflammatory cytokines, as well as 
growth factors and GPCR agonists 
(Davis, 1999, Leppa and Bohmann, 
1999, Whitmarsh and Davis, 1998, 
Kyriakis, 1999, Kyriakis and Avruch, 
2001, Ichijo, 1999). Phosphorylation 
at threonine 183 and tyrosine 185 
have shown to activate SAPK/JNK 
(Cobb and Goldsmith, 1995). It has 
shown to have a number of cellular 
function  including  regulating cell 
survival, apoptosis, and proliferation 
(Nishina et al., 2004). 
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SHP2 P Tyr542 
 
 
 
 
 
 
 
 
 
 
 

SHP-2 is a nonreceptor protein 
tyrosine phosphatase (PTP) which is 
involved in transducing mitogenic, 
pro-survival, cell-fate and/or pro-
migratory signals from a number of 
growth-factor, cytokine and transduce 
mitogenic extracellular-matrix 
receptors (QU, 2000). Activation of 
growth receptors results in 
phosphorylation of SHP-2 in the 
carboxy-terminus at tyrosine 542 and 
580 which relieve its inhibition and 
stimulate its tyrosine phosphatase 
activity (Bennett et al., 1994, Edouard 
et al., 2007).  
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STAT3 STAT3 is a transcription factor and has 
shown to have a role as a signalling 
molecule for cytokines and growth 
factor receptors (Darnell et al., 1994). 
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STAT5  P Tyr694 STAT5 is a transcription factor which 
is activated in response to a wide 
variety of stimuli including IL-2, GM-
CSF, growth hormone and prolactin. 
Phosphorylation at Tyrosine 694 is 
required for STAT5 activation 
(Okutani et al., 2001). 
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Survivin 
 
 
 
 
 
 

Survivin is highly expressed in fetal 
development and in cancer (Reed and 
Reed, 1999). It binds and inhibits 
caspase-3s and controls G2/M-phase 
of cell cycle (Li et al., 1999). It is 
thereby able to inhibit apoptosis and 
promote cell division.  

Cell Signaling 
Technologies 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

Tau  Tau is a microtubule-associated 
protein which promotes and stabilizes 
microtubule assembly (Kadavath et 
al., 2015). Phosphorylation of Tau at 
Serine 305 disrupts Tau-microtubule 
binding (Hanger et al., 2007). 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

TBK1/NAK TBK1 (TANK-binding kinase 1)/NAK 
(NF-κB activating kinase) is a kinase 
that is able to activate IKK through 
direct phosphorylation (Tojima et al., 
2000). 

Cell Signaling 
Technologies 
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Tsc-2  Tuberin (TSC-2) is a tumour 

suppressor protein that is involved in 
the regulation of cell proliferation and 
tumour development (Soucek et al., 
1998). Phosphorylation at threonine 
1462 regulates tuberin-hamartin 
complexes and tuberin activity 
(Manning et al., 2002). TSC-2 is able 
to inhibit mTOR resulting in inhibition 
of translation through a 4EBP1 
mediated pathway (Goncharova et al., 
2002, Manning et al., 2002, Inoki et 
al., 2002). In addition, AMPK 
phosphorylates TSC2 at serine 1387, 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

Tsc-2 P 
Threonine 1462 
 
 

which controls the response to energy 
deprivation (Inoki et al., 2003). 

Cell Signaling 
Technologies 
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Tsc-2  P Serine 
1387 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

TYK2 P Tyr1054, 
Tyr1055 
 
 
 
 

Tyrosine kinase 2 (TYK2), a member of 
the JAK family is activated by 
receptors for many cytokines e.g. IL-
13, the IL-6 family, IL-10, and IFN-α 
and β (Velazquez et al., 1995, Leonard 
and O'Shea, 1998, Stahl et al., 1994). 
When bound to ligand  TYK2 is 
phosphorylated at tyrosine 1054 
and/or tyrosine 1055 resulting in its 
activation (Gauzzi et al., 1996). Tyk2 is 
needed for the tyrosine 
phosphorylation of STAT3 (Rani et al., 
1999). 
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Ubiquitin (P4D1) Ubiquitin is involved in the 

proteasome degradation pathway 
(Lecker et al., 2006). Ubiquitin targets 
proteins for degradation via the 26S 
proteasome (Lecker et al., 2006).  

Cell Signaling 
Technologies 
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Antibody Description Supplier Order 
Number 

Type Effect of EGF stimulation 

VEGFR2 P 
Tyr1175  
 
 
 
 
 
 
 

Vascular endothelial growth factor 
receptor 2 (VEGFR2) is a major 
receptor for VEGF-induced signalling 
in endothelial cells. Upon ligand 
binding, VEGFR2 undergoes 
autophosphorylation and becomes 
activated (Meyer et al., 1999). 
Phosphorylation at Tyr1175 provides 
a docking site for p85 subunit of PI3 
kinase,  Phosphoinositide 
phospholipase C γ (PLCγ) and  SH2 
Domain Containing Adaptor Protein B 
(Shb) (Meyer et al., 1999, Kroll and 
Waltenberger, 1997, Rahimi et al., 
2000).  

Cell Signaling 
Technologies 
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XIAP XIAP is an inhibitor of apoptotic cell 
death via its ability to bind to and 
inhibition of caspases 3, 7 and 9  
(Deveraux et al., 1997).  

Cell Signaling 
Technologies 
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Appendix table 8.2: Full list of the assigned metabolites identified through NMR -
based metabolic profiling . Keys refer to the peaks labelled on Figure 3.1 and table 3.1. The chemical 

shifts for proton (δ1H) and carbon (δ13C) NMR are shown. a Multiplicity: singlet(s), doublet(d), triplet(t), 
quartet(q), doublet of doublets(dd), double of triplets (dt), multiplet(m). b The signals or the multiplicities 
were not determined. 

Key Metabolite Assignment  δ1H(multiplicitya)  δ13C 

1 Acetate CH3 1.92(s) 26.1 

  COO-  184.2 

2 Adenosine CH-ring 8.34(s) 8.34(s) 

  CH-ring 8.178(s) 8.178(s) 

  C1H-ribose 6.08(d) 6.08(d) 

  C2H-ribose 4.77 4.77 

  C4H-ribose 4.28 4.28 

  C3H-ribose 4.42 4.42 

  C5H-ribose 3.85/3.9 3.85/3.9 

3 Alanine (Ala) α-CH 3.78(q) 53.1 

  β-CH3 1.48(d) 18.9 

  COO(H)  178.5 

4 Aspartate (Asp) α-CH 3.90(m) 54.8 

  β-CH 2.69(dd) 39.2 

  β’-CH 2.81(dd)  

  γCOO(H)   

  COO(H)   

5 Choline α-CH2 3.99 70 

  β-CH2 3.56 58.6 

  N-CH3 3.20(s) 56.6 

6 Creatine CH3 3.04(s) 39.6 

  CH2 3.93(s) 56.5 

  N=C  159.6 

  COO(H)  177.3 

7 Formate H COO- 8.46(s) B 

8 Fumarate C2,3H 6.52(s) 138.2 

  COO-  B 

9 Glutamate (Glu) α-CH 3.76(t) 57.3 

  β-CH2 2.08(m) 29.8 

  γ-CH2 2.35(m) 36.2 

  δCO  183.9 

  COO(H)  177.4 

10 Glycerophosphocholine(GPC) 1-CH2 3.60(dd) B 

  2-CH 3.89(m) B 

  3-CH2 3.72(dd) B 

  α-CH2 4.32(t) B 

  β-CH2 3.68(t) B 

  N-CH3 3.23(s) 56.7 

11 Glycine (Gly) α-CH2 3.56(s) 44.1 
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Key Metabolite Assignment  δ1H(multiplicitya)  δ13C 

  COO(H)  175.1 

12 Glycogen  5.41(broad peak) 102.4 

   3.97 B 

   3.85 B 

   3.7 B 

13 Guanosine CH-ring 8.0(s) 140.9 

  C1H-ribose 5.92(d) 91.7 

  C3H-ribose 4.41(dd) 73.4 

  C4H-ribose 4.24(dt) 88.21 

  C5H-ribose 3.84 64 

14 Histidine (His) C4H,ring 7.08(s) 119.8 

  C2H,ring 7.85(s) 137 

  COO(H)  176.8 

15 Inosine CH-ring 8.35(s) 143.2 

  CH-ring 8.24(s) 155.6 

  C1H-ribose 6.10(d) 91.2 

  C2H-ribose 4.78 76.65 

  C3H-ribose 4.44 B 

  C4H-ribose 4.28 B 

  C5H-ribose 3.87 B 

16 Inosine-5’-
monophosphate(IMP) 

CH-ring 8.54(s) 142.5 

  CH-ring 8.24(s) 149.1 

  C1H-ribose 6.14(d) 89.9 

  C2H-ribose 4.77 77.1 

  C3H-ribose 4.51 73.2 

  C4H-ribose 4.37 87.5 

  C5H-ribose 4.03 66.2 

17 Isoleucine (Ile) α-CH 3.67(m) 62.3 

  β-CH 1.98(m) 38.6 

  γ-CH 1.27(m) 27.8 

  γ’-CH 1.47(m) 27.8 

  δ-CH3 0.94(t) 13.9 

  3- CH3 1.01(d) 17.3 

  COO(H)  176.4 

18 Lactate α-CH 4.11(q) 71.2 

  β-CH3 1.33(d) 22.7 

  COO-  185.2 

19 Leucine(Leu) α-CH 3.73(t) 56 

  β-CH2 1.72(m) 42.6 

  γ-CH 1.69(m) 26.8 

  δ-CH3 0.97(d) 24.7 

  δ’-CH3 0.96(d) 23.7 

  COO(H)  177.3 

20 Myo-inositol C1,3H 3.54(dd) 3.54(dd) 
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Key Metabolite Assignment  δ1H(multiplicitya)  δ13C 

  C2H 4.06(t) 4.06(t) 

  C5H 3.26(t) 75.23 

  C4,6H 3.62(t) 72.01 

21 N-acetyl Aspartate α-CH 4.39(dd) 54.01 

  β-CH 2.68(dd) 40.54 

  β’-CH 2.49(dd)  

  CH3 2.02(s) 22.85 

22 NAD N5ring 8.20(m) 131.2 

  N4ring 8.83(d) 148.7 

  N2ring 9.34(s) 142.9 

  N6ring 9.14(d) 145.2 

  A2Hring 8.0(s) 126 

  A8H ring 8.43(s) 143.3 

  A4ring  151.2 

  A1’H 6.09(d) 102.6 

  N1’H 5.99 B 

23 Oxidative Glutathione (GSSG) S-CH2 3.314(dd)/2.98(dd) 41.3 

  CH 4.76 55.4 

  CH2 3.76(m) 46 

  CH2 2.16(m) 29.2 

  CH2 2.51(m) 34.1 

  C=O  177.8 

  COOH  176.5 

24 Phenylalanine (Phe) α-CH 3.99(dd) 58.8 

  β-CH 3.13(dd) 38.9 

  β’-CH 3.27(dd) 38.9 

  C1,ring  137.9 

  C2,6,ring 7.33(m) 132 

  C3,5,ring 7.42(m) 131.5 

  C4,ring 7.38(m) 130.5 

  COO(H)  176.7 

25 Phosphocholine α-CH2 3.60(m) 69.5 

  β-CH2 4.17(m) B 

  N-CH3 3.22(s) 56.7 

26 Reduced Glutathione Glu α 3.78(t) 56.8 

  Glu β 2.16(m) 29.2 

  Glu γ 2.56(m) 34.1 

  Cys α 4.57(dd) 58.6 

  Cys β 2.94(m) 28.3 

  Gly α b B 

  C=O  174.5 

    177.2 

27 Succinate CH2 2.40(s) 35.9 

  COO-  183.6 
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Key Metabolite Assignment  δ1H(multiplicitya)  δ13C 

28 Taurine N-CH2 3.27(t) 50.3 

  S-CH2 3.42(t) 38.2 

29 Tyrosine (Tyr) C3,5H,ring 6.90(d) 118.6 

  C2,6H,ring 7.19(d) 133.3 

  C1,ring  129.5 

  α-CH 3.94(dd) 58.9 

  β-CH2 3.06 39 

30 Uridine 5’-diphosphate (UDP) CH-ring 7.99(d) B 

  CH-ring 5.97(d) B 

  C1H-ribose 5.96(broad,s) B 

  C3H-ribose 4.43(t) B 

  C2H-ribose 4.39(t) B 

  C4H-ribose 4.27(m) B 

  C5H-ribose 4.23(c) B 

31 UDP-glucose (UDPG) G1-H 5.61 98.65 

  C6,ring 7.96(d) 144.4 

  C5,ring 5.98(d) 105.4 

  C1’H,ribose 5.99(d) 91.3 

  C2’3’H,ribose 4.38(m) 72.2/76.5 

  C4’,ribose 4.29(m) 85.9 

  C5’H,ribose 4.26/4.21(m) 67.8 

  G2-H 3.9 73.1 

  G6-H 3.86/3.78 63.36 

  G3-H 3.77 74.7 

  G4-H 3.54 74 

  G5-H 3.47 72 

32 UDP-N-acetyl glucosamine C6,ring 7.96(d) 144.1 

  C1’H,ribose 5.98(d) 91.1 

  C5,ring 5.97(d) 105.4 

  C2’3’H,ribose 4.37(m) 72.2 

  C5’H,ribose 4.23/4.17(m) 66.2 

  C4’H,ribose 4.29(m) 86 

  C2,ring  156.6 

  G1-H 5.52(dd) 97.2 

  G2-H 3.99 56.5 

  G3-H 3.82 73.7 

  G4-H 3.55 72.2 

  G5-H 3.93/3.867  

  NA-H 2.08 24.9 

  NA-C=O  177.4 

33 UDP-N-Acetyl Galactosamine G1-H 5.55(dd) 97.4 

  G2-H 4.05(m) 71.2 

  G3-H 3.97(dd) 70.3 

  G4-H 3.76(m) 57.4 
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Key Metabolite Assignment  δ1H(multiplicitya)  δ13C 

  G5-H 3.79 63.6 

  G6-H 3.78 63.6 

  C2’3’H,ribose 4.37(m) 76.6 

  C4’,ribose 4.29(m) 85.9 

  C5’H,ribose 4.25/4.19(m) 67.8 

  NA-H 2.089(s) 24.9 

  C1’H,ribose 5.99(d) 91.1 

  C5,ring 5.97(d) 105.4 

  C6,ring 7.96(d) 144.1 

34 Uracil C5H 5.80(d) B 

  C6H 7.54(d) B 

35 Uridine C6,ring 7.87(d) 144.1 

  C1’H,ribose 5.92(d) 92 

  C5,ring 5.90(d) 105.1 

  C3’H,ribose 4.34(t) 72.2 

  C5’H,ribose 4.12(q) 66.2 

  C4’H,ribose 4.23(t) 86 

  C2,ring  156.6 

36 Valine (Val) α-CH 3.61(d) 63.1 

  β-CH 2.28(m) 31.9 

  γ-CH3 0.99(d) 19.5 

  γ’-CH3 1.04(d) 20.7 

  COO(H)  176.8 
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Appendix figure 8.1:  EGFRI 324674 survival assays . PC9, PC9ER, H3255 and H1975 cells were 

treated with increasing concentrations of EGFRI 324674 (48 hours) and quantified by crystal violet staining. 

Figures represent the mean of 3 independent biological experiments ± SEM. Statistical analysis; ANOVA, 

Student t-test. ***;  p ≤0.001, *; p ≤ 0.05. 
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Appendix figure 8.2: Double knockdown of CHKA and CHKB does not affect survival 

to erlotinib treatment.  PC9 (A, B and C), PC9ER (D, E and F) and H1975 (G, H and I) cells were 

transfected with siRNA against both CHKA and CHKB or NT control. Twenty-four hours post transfection cells 

were treated with increasing concentrations of erlotinib (48h) prior to fixation and crystal violet staining. The 

obtained values were normalised against the DMSO control. siRNA efficiency was confirmed by qPCR for CHKA 

(B, E and H) and CHKB (C, F and I). Figures represent the mean of three biological repeats with each replicate 

done in technical triplicate (±SEM). Statistical analysis was done using Student’s t-test. * P≤ 0.05, ** P ≤ 0.01 

and *** P ≤ 0.001. 
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Appendix figure 8.3: Double knockdown of PCYT1A and PCYT1B does not affect 

survival to erlotinib treatment.  PC9 (A, B and C), PC9ER (D, E and F) and H1975 (G, H and I) cells were 

transfected with siRNA against both PCYT1A and PCYT1B or NT control. Twenty-four hours post transfection 

cells were treated with increasing concentrations of erlotinib (48h) prior to fixation and crystal violet staining. 

The obtained values were normalised against the DMSO control. siRNA efficiency was confirmed by qPCR for 

PCYT1A (B, E and H) and PCYT1B (C, F and I). Figures represent the mean of three biological repeats with each 

replicate done in technical triplicate (±SEM). Statistical analysis was done using Student’s t-test. * P≤ 0.05, ** P 

≤ 0.01 and *** P ≤ 0.001. 
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Appendix figure 8.4: Double knockdown of CHKA and PEMT does not affect survival 

to erlotinib treatment.  PC9 (A, B and C), PC9ER (D, E and F) and H1975 (G, H and I) cells were 

transfected with siRNA against both CHKA and PEMT or NT control. Twenty-four hours post transfection cells 

were treated with increasing concentrations of erlotinib (48h) prior to fixation and crystal violet staining. The 

obtained values were normalised against the DMSO control. siRNA efficiency was confirmed by qPCR for CHKA 

(B, E and H) and PEMT (C, F and I). Figures represent the mean of three biological repeats with each replicate 

done in technical triplicate (±SEM). Statistical analysis was done using Student’s t-test. * P≤ 0.05, ** P ≤ 0.01 

and *** P ≤ 0.001. 
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Appendix figure 8.5: Double knockdown of CHPT1 and PEMT does not affect survival 

to erlotinib treatment.  PC9 (A, B and C), PC9ER (D, E and F) and H1975 (G, H and I) cells were 

transfected with siRNA against both CHPT1 and PEMT or NT control. Twenty-four hours post transfection cells 

were treated with increasing concentrations of erlotinib (48h) prior to fixation and crystal violet staining. The 

obtained values were normalised against the DMSO control. siRNA efficiency was confirmed by qPCR for 

CHPT1 (B, E and H) and PEMT (C, F and I). Figures represent the mean of three biological repeats with each 

replicate done in technical triplicate (±SEM). Statistical analysis was done using Student’s t-test. * P≤ 0.05, ** P 

≤ 0.01 and *** P ≤ 0.001. 
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Appendix figure 8.6: Treatment of PC9 with EA and PC9ER with BSO did not 
significantly affect survival to erlotinib treatment .  (A) PC9 cells were treated with EA alone 
and in combination with Erlotinib for 48 hours and survival were monitored by crystal violet assay. (B) 
PC9ER cells were treated with BSO alone and in combination with erlotinib for 48 hours and survival were 
monitored by crystal violet assay.  Data are the relative responsiveness to erlotinib normalised to vehicle 
(-; DMSO). Figures represent the mean of three biological repeats with each replicate done in technical 
triplicate (±SEM).  
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Appendix figure 8.7: Expression of cell cycle checkpoint proteins in PC9 and PC9ER 
following EGF stimulation.  PC9 and PC9ER cells were stimulated with 10 ng/ml of EGF for a time 
course of 0, 5, 10, 30 min and 4 hours followed by SDS-PAGE/Western blotting for relevant proteins. 
HSP90 was used as a loading control. Figure is a representative of three biological repeats. I am grateful 
to Chun Hang Lau for his contributions to SDS PAGE / Western blotting under my supervision. 

 

 

 

 

 

 



268 
 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 9.0 References 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



269 
 

ABDELRAOUF, F., SHARP, A., MAURYA, M., MAIR, D., WOTHERSPOON, A., LEARY, A., GONZALEZ DE 
CASTRO, D., BHOSLE, J., NASSEF, A., GAAFAR, T., POPAT, S., YAP, T. A. & O'BRIEN, M. 2015. 
Focused molecular analysis of small cell lung cancer: feasibility in routine clinical practice. 
BMC Res Notes, 8, 688. 

ACQUAVIVA, J., WONG, R. & CHAREST, A. 2009. The multifaceted roles of the receptor tyrosine 
kinase ROS in development and cancer. Biochim Biophys Acta, 1795, 37-52. 

ADAMS, J. M. & CORY, S. 1998. The Bcl-2 protein family: arbiters of cell survival. Science, 281, 1322-
6. 

ADLER, V., YIN, Z., FUCHS, S. Y., BENEZRA, M., ROSARIO, L., TEW, K. D., PINCUS, M. R., SARDANA, M., 
HENDERSON, C. J., WOLF, C. R., DAVIS, R. J. & RONAI, Z. 1999. Regulation of JNK signaling by 
GSTp. EMBO J, 18, 1321-34. 

AHMAD, I., IWATA, T. & LEUNG, H. Y. 2012. Mechanisms of FGFR-mediated carcinogenesis. Biochim 
Biophys Acta, 1823, 850-60. 

AKBANI, R., BECKER, K. F., CARRAGHER, N., GOLDSTEIN, T., DE KONING, L., KORF, U., LIOTTA, L., 
MILLS, G. B., NISHIZUKA, S. S., PAWLAK, M., PETRICOIN, E. F., 3RD, POLLARD, H. B., SERRELS, 
B. & ZHU, J. 2014. Realizing the promise of reverse phase protein arrays for clinical, 
translational, and basic research: a workshop report: the RPPA (Reverse Phase Protein Array) 
society. Mol Cell Proteomics, 13, 1625-43. 

ALESSI, D. R., SAITO, Y., CAMPBELL, D., COHEN, P., SITHANANDAM, G., RAPP, U., ASHWORTH, A., 
MARSHALL, C. & COWLEY, S. 1994. Identification of the sites in MAP kinase kinase-1 
phosphorylated by p74raf-1. The EMBO journal, 13, 1610. 

ANAGNOSTOU, V. K., SYRIGOS, K. N., BEPLER, G., HOMER, R. J. & RIMM, D. L. 2009. Thyroid 
transcription factor 1 is an independent prognostic factor for patients with stage I lung 
adenocarcinoma. J Clin Oncol, 27, 271-8. 

AOYAMA, C., LIAO, H. & ISHIDATE, K. 2004. Structure and function of choline kinase isoforms in 
mammalian cells. Prog Lipid Res, 43, 266-81. 

APOPA, P. L., HE, X. & MA, Q. 2008. Phosphorylation of Nrf2 in the transcription activation domain 
by casein kinase 2 (CK2) is critical for the nuclear translocation and transcription activation 
function of Nrf2 in IMR-32 neuroblastoma cells. J Biochem Mol Toxicol, 22, 63-76. 

ARDREY, R. E. 2003. Liquid chromatography-mass spectrometry: an introduction, John Wiley & Sons. 

ARIGHI, E., BORRELLO, M. G. & SARIOLA, H. 2005. RET tyrosine kinase signaling in development and 
cancer. Cytokine Growth Factor Rev, 16, 441-67. 

ARMSTRONG, R. N. 1997. Structure, catalytic mechanism, and evolution of the glutathione 
transferases. Chem Res Toxicol, 10, 2-18. 

ARRIGO, A.-P., VIROT, S., CHAUFOUR, S., FIRDAUS, W., KRETZ-REMY, C. & DIAZ-LATOUD, C. 2005. 
Hsp27 consolidates intracellular redox homeostasis by upholding glutathione in its reduced 
form and by decreasing iron intracellular levels. Antioxidants & redox signaling, 7, 414-422. 

AVRUCH, J., ZHANG, X. F. & KYRIAKIS, J. M. 1994. Raf meets Ras: completing the framework of a 
signal transduction pathway. Trends Biochem Sci, 19, 279-83. 

BAAS, A. F., BOUDEAU, J., SAPKOTA, G. P., SMIT, L., MEDEMA, R., MORRICE, N. A., ALESSI, D. R. & 
CLEVERS, H. C. 2003. Activation of the tumour suppressor kinase LKB1 by the STE20-like 
pseudokinase STRAD. EMBO J, 22, 3062-72. 

BAAS, A. F., SMIT, L. & CLEVERS, H. 2004. LKB1 tumor suppressor protein: PARtaker in cell polarity. 
Trends Cell Biol, 14, 312-9. 



270 
 

BACKOS, D. S., FRANKLIN, C. C. & REIGAN, P. 2012. The role of glutathione in brain tumor drug 
resistance. Biochem Pharmacol, 83, 1005-12. 

BAENKE, F., PECK, B., MIESS, H. & SCHULZE, A. 2013. Hooked on fat: the role of lipid synthesis in 
cancer metabolism and tumour development. Dis Model Mech, 6, 1353-63. 

BAEUERLE, P. & BALTIMORE, D. 1996. NF-kappa B: ten years after. Cell, 87, 13. 

BAJAJ, M., WATERFIELD, M. D., SCHLESSINGER, J., TAYLOR, W. R. & BLUNDELL, T. 1987. On the 
tertiary structure of the extracellular domains of the epidermal growth factor and insulin 
receptors. Biochim Biophys Acta, 916, 220-6. 

BALAK, M. N., GONG, Y., RIELY, G. J., SOMWAR, R., LI, A. R., ZAKOWSKI, M. F., CHIANG, A., YANG, G., 
OUERFELLI, O., KRIS, M. G., LADANYI, M., MILLER, V. A. & PAO, W. 2006. Novel D761Y and 
common secondary T790M mutations in epidermal growth factor receptor-mutant lung 
adenocarcinomas with acquired resistance to kinase inhibitors. Clin Cancer Res, 12, 6494-
501. 

BANDYOPADHYAY, D., MANDAL, M., ADAM, L., MENDELSOHN, J. & KUMAR, R. 1998. Physical 
interaction between epidermal growth factor receptor and DNA-dependent protein kinase in 
mammalian cells. J Biol Chem, 273, 1568-73. 

BANNAI, S. & TATEISHI, N. 1986. Role of membrane transport in metabolism and function of 
glutathione in mammals. J Membr Biol, 89, 1-8. 

BARKAI, U., PRIGENT-TESSIER, A., TESSIER, C., GIBORI, G. B. & GIBORI, G. 2000. Involvement of SOCS-
1, the suppressor of cytokine signaling, in the prevention of prolactin-responsive gene 
expression in decidual cells. Mol Endocrinol, 14, 554-63. 

BARRIA, A., MULLER, D., DERKACH, V., GRIFFITH, L. C. & SODERLING, T. R. 1997. Regulatory 
phosphorylation of AMPA-type glutamate receptors by CaM-KII during long-term 
potentiation. Science, 276, 2042-2045. 

BATZER, A. G., ROTIN, D., URENA, J. M., SKOLNIK, E. Y. & SCHLESSINGER, J. 1994. Hierarchy of binding 
sites for Grb2 and Shc on the epidermal growth factor receptor. Mol Cell Biol, 14, 5192-201. 

BAUDINO, T. A. & CLEVELAND, J. L. 2001. The Max network gone mad. Mol Cell Biol, 21, 691-702. 

BEAN, J., RIELY, G. J., BALAK, M., MARKS, J. L., LADANYI, M., MILLER, V. A. & PAO, W. 2008. Acquired 
resistance to epidermal growth factor receptor kinase inhibitors associated with a novel 
T854A mutation in a patient with EGFR-mutant lung adenocarcinoma. Clinical cancer 
research, 14, 7519-7525. 

BELHAM, C., WU, S. & AVRUCH, J. 1999. Intracellular signalling: PDK1--a kinase at the hub of things. 
Curr Biol, 9, R93-6. 

BELL, D. W., GORE, I., OKIMOTO, R. A., GODIN-HEYMANN, N., SORDELLA, R., MULLOY, R., SHARMA, S. 
V., BRANNIGAN, B. W., MOHAPATRA, G., SETTLEMAN, J. & HABER, D. A. 2005. Inherited 
susceptibility to lung cancer may be associated with the T790M drug resistance mutation in 
EGFR. Nat Genet, 37, 1315-6. 

BENNETT, A. M., TANG, T. L., SUGIMOTO, S., WALSH, C. T. & NEEL, B. G. 1994. Protein-tyrosine-
phosphatase SHPTP2 couples platelet-derived growth factor receptor beta to Ras. Proc Natl 
Acad Sci U S A, 91, 7335-9. 

BERG JM, T. J., STRYER L 2002. Biochemistry, New York. 

BERGETHON, K., SHAW, A. T., OU, S. H., KATAYAMA, R., LOVLY, C. M., MCDONALD, N. T., MASSION, 
P. P., SIWAK-TAPP, C., GONZALEZ, A., FANG, R., MARK, E. J., BATTEN, J. M., CHEN, H., 
WILNER, K. D., KWAK, E. L., CLARK, J. W., CARBONE, D. P., JI, H., ENGELMAN, J. A., MINO-



271 
 

KENUDSON, M., PAO, W. & IAFRATE, A. J. 2012. ROS1 rearrangements define a unique 
molecular class of lung cancers. J Clin Oncol, 30, 863-70. 

BERGGREN, K. N., SCHULENBERG, B., LOPEZ, M. F., STEINBERG, T. H., BOGDANOVA, A., SMEJKAL, G., 
WANG, A. & PATTON, W. F. 2002. An improved formulation of SYPRO Ruby protein gel stain: 
comparison with the original formulation and with a ruthenium II tris (bathophenanthroline 
disulfonate) formulation. Proteomics, 2, 486-98. 

BERTOLI, C., SKOTHEIM, J. M. & DE BRUIN, R. A. 2013. Control of cell cycle transcription during G1 
and S phases. Nature reviews Molecular cell biology, 14, 518-528. 

BESLU, N., LAROSE, J., CASTERAN, N., BIRNBAUM, D., LECOCQ, E., DUBREUIL, P. & ROTTAPEL, R. 
1996. Phosphatidylinositol-3' kinase is not required for mitogenesis or internalization of the 
Flt3/Flk2 receptor tyrosine kinase. J Biol Chem, 271, 20075-81. 

BESSET, V., SCOTT, R. P. & IBANEZ, C. F. 2000. Signaling complexes and protein-protein interactions 
involved in the activation of the Ras and phosphatidylinositol 3-kinase pathways by the c-Ret 
receptor tyrosine kinase. J Biol Chem, 275, 39159-66. 

BESTERMAN, J. M., DURONIO, V. & CUATRECASAS, P. 1986. Rapid formation of diacylglycerol from 
phosphatidylcholine: a pathway for generation of a second messenger. Proceedings of the 
National Academy of Sciences, 83, 6785-6789. 

BHATTACHARYA, S., RAY, R. M. & JOHNSON, L. R. 2005. STAT3-mediated transcription of Bcl-2, Mcl-1 
and c-IAP2 prevents apoptosis in polyamine-depleted cells. Biochem J, 392, 335-44. 

BLAIS, N. & HIRSH, V. 2014. Chemotherapy in Metastatic NSCLC - New Regimens (Pemetrexed, Nab-
Paclitaxel). Front Oncol, 4, 177. 

BLOOM, D. A. & JAISWAL, A. K. 2003. Phosphorylation of Nrf2 at Ser40 by protein kinase C in 
response to antioxidants leads to the release of Nrf2 from INrf2, but is not required for Nrf2 
stabilization/accumulation in the nucleus and transcriptional activation of antioxidant 
response element-mediated NAD(P)H:quinone oxidoreductase-1 gene expression. J Biol 
Chem, 278, 44675-82. 

BOGUSKI, M. S. & MCCORMICK, F. 1993. Proteins regulating Ras and its relatives. Nature, 366, 643-
54. 

BOHMANN, D., BOS, T. J., ADMON, A., NISHIMURA, T., VOGT, P. K. & TJIAN, R. 1987. Human proto-
oncogene c-jun encodes a DNA binding protein with structural and functional properties of 
transcription factor AP-1. Science, 238, 1386-92. 

BORNANCIN, F. & PARKER, P. J. 1996. Phosphorylation of threonine 638 critically controls the 
dephosphorylation and inactivation of protein kinase Calpha. Curr Biol, 6, 1114-23. 

BOROS, L. G., CASCANTE, M. & LEE, W.-N. P. 2002. Metabolic profiling of cell growth and death in 
cancer: applications in drug discovery. Drug discovery today, 7, 364-372. 

BORST, P., EVERS, R., KOOL, M. & WIJNHOLDS, J. 2000. A family of drug transporters: the multidrug 
resistance-associated proteins. J Natl Cancer Inst, 92, 1295-302. 

BOTTARO, D. P., RUBIN, J. S., FALETTO, D. L., CHAN, A. M., KMIECIK, T. E., VANDE WOUDE, G. F. & 
AARONSON, S. A. 1991. Identification of the hepatocyte growth factor receptor as the c-met 
proto-oncogene product. Science, 251, 802-4. 

BOUDEAU, J., DEAK, M., LAWLOR, M. A., MORRICE, N. A. & ALESSI, D. R. 2003. Heat-shock protein 90 
and Cdc37 interact with LKB1 and regulate its stability. Biochem J, 370, 849-57. 



272 
 

BOUDEAU, J., SCOTT, J. W., RESTA, N., DEAK, M., KIELOCH, A., KOMANDER, D., HARDIE, D. G., 
PRESCOTT, A. R., VAN AALTEN, D. M. & ALESSI, D. R. 2004. Analysis of the LKB1-STRAD-MO25 
complex. J Cell Sci, 117, 6365-75. 

BOURETTE, R. P., MYLES, G. M., CHOI, J. L. & ROHRSCHNEIDER, L. R. 1997. Sequential activation of 
phoshatidylinositol 3‐kinase and phospholipase C‐γ2 by the M‐CSF receptor is necessary for 
differentiation signaling. The EMBO journal, 16, 5880-5893. 

BOURETTE, R. P. & ROHRSCHNEIDER, L. R. 2000. Early events in M-CSF receptor signaling. Growth 
Factors, 17, 155-66. 

BRACHT, K., BOUBAKARI, GRUNERT, R. & BEDNARSKI, P. J. 2006. Correlations between the activities 
of 19 anti-tumor agents and the intracellular glutathione concentrations in a panel of 14 
human cancer cell lines: comparisons with the National Cancer Institute data. Anticancer 
Drugs, 17, 41-51. 

BRANKATSCHK, B., WICHERT, S. P., JOHNSON, S. D., SCHAAD, O., ROSSNER, M. J. & GRUENBERG, J. 
2012. Regulation of the EGF transcriptional response by endocytic sorting. Sci Signal, 5, ra21. 

BRAUCH, H., JOHNSON, B., HOVIS, J., YANO, T., GAZDAR, A., PETTENGILL, O. S., GRAZIANO, S., 
SORENSON, G. D., POIESZ, B. J., MINNA, J. & ET AL. 1987. Molecular analysis of the short arm 
of chromosome 3 in small-cell and non-small-cell carcinoma of the lung. N Engl J Med, 317, 
1109-13. 

BREEZE, R. & TURK, M. 1984. Cellular structure, function and organization in the lower respiratory 
tract. Environ Health Perspect, 55, 3-24. 

BROMBERG, J. 2002. Stat proteins and oncogenesis. J Clin Invest, 109, 1139-42. 

BROSE, M. S., VOLPE, P., FELDMAN, M., KUMAR, M., RISHI, I., GERRERO, R., EINHORN, E., HERLYN, 
M., MINNA, J., NICHOLSON, A., ROTH, J. A., ALBELDA, S. M., DAVIES, H., COX, C., BRIGNELL, 
G., STEPHENS, P., FUTREAL, P. A., WOOSTER, R., STRATTON, M. R. & WEBER, B. L. 2002. BRAF 
and RAS mutations in human lung cancer and melanoma. Cancer Res, 62, 6997-7000. 

BROWN, K., GERSTBERGER, S., CARLSON, L., FRANZOSO, G. & SIEBENLIST, U. 1995. Control of 
IkappaB-alpha proteolysis by site-specific, signal-induced phosphorylation. Science, 267, 
1485. 

BRUNTZ, R. C., LINDSLEY, C. W. & BROWN, H. A. 2014. Phospholipase D signaling pathways and 
phosphatidic acid as therapeutic targets in cancer. Pharmacol Rev, 66, 1033-79. 

BRYAN, H. K., OLAYANJU, A., GOLDRING, C. E. & PARK, B. K. 2013. The Nrf2 cell defence pathway: 
Keap1-dependent and -independent mechanisms of regulation. Biochem Pharmacol, 85, 
705-17. 

BURCKSTUMMER, T., BENNETT, K. L., PRERADOVIC, A., SCHUTZE, G., HANTSCHEL, O., SUPERTI-
FURGA, G. & BAUCH, A. 2006. An efficient tandem affinity purification procedure for 
interaction proteomics in mammalian cells. Nat Methods, 3, 1013-9. 

BUSTELO, X. R. 2000. Regulatory and signaling properties of the Vav family. Molecular and cellular 
biology, 20, 1461-1477. 

BYERS, L. A., NANJUNDAN, M., GIRARD, L., COOMBES, K., XIE, Y., PEYTON, M., ZACHARIAH, S., 
WEBER, S., SIWAK, D., NIKOLINAKOS, P., WISTUBA, I., ROTH, J., MILLS, G., MINNA, J. & 
HEYMACH, J. 2008. Reverse-phase protein array (RPPA) profiling of response to taxanes and 
epidermal growth factor receptor (EGFR) inhibitors identifies an inverse correlation between 
markers of sensitivity to docetaxel and erlotinib in non-small cell lung cancer lines. Cancer 
Research, 68, 3937-3937. 



273 
 

BYLESJÖ, M., RANTALAINEN, M., CLOAREC, O., NICHOLSON, J. K., HOLMES, E. & TRYGG, J. 2006. OPLS 
discriminant analysis: combining the strengths of PLS‐DA and SIMCA classification. Journal of 
Chemometrics, 20, 341-351. 

BYRNE, P. V., GUILBERT, L. J. & STANLEY, E. R. 1981. Distribution of cells bearing receptors for a 
colony-stimulating factor (CSF-1) in murine tissues. J Cell Biol, 91, 848-53. 

CADIGAN, K. M. & NUSSE, R. 1997. Wnt signaling: a common theme in animal development. Genes 
Dev, 11, 3286-305. 

CAMP, N. D., JAMES, R. G., DAWSON, D. W., YAN, F., DAVISON, J. M., HOUCK, S. A., TANG, X., ZHENG, 
N., MAJOR, M. B. & MOON, R. T. 2012. Wilms tumor gene on X chromosome (WTX) inhibits 
degradation of NRF2 protein through competitive binding to KEAP1 protein. J Biol Chem, 
287, 6539-50. 

CAMPLING, B. G. & EL-DEIRY, W. S. 2003. Clinical implications of p53 mutations in lung cancer. 
Methods Mol Med, 75, 53-77. 

CANCER RESEARCH UK. 2015. Lung Cancer Statistics [Online]. Available: 
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-
type/lung-cancer#heading-One [Accessed 05/08/2016 2016]. 

CANMAN, C. E., LIM, D. S., CIMPRICH, K. A., TAYA, Y., TAMAI, K., SAKAGUCHI, K., APPELLA, E., 
KASTAN, M. B. & SILICIANO, J. D. 1998. Activation of the ATM kinase by ionizing radiation 
and phosphorylation of p53. Science, 281, 1677-9. 

CANNON, P. J., HEINEMANN, H. O., STASON, W. B. & LARAGH, J. H. 1965. ETHACRYNIC ACID: 
EFFECTIVENESS AND MODE OF DIURETIC ACTION IN MAN. Circulation, 31, 5-18. 

CANSEV, M., WURTMAN, R. J., SAKAMOTO, T. & ULUS, I. H. 2008. Oral administration of circulating 
precursors for membrane phosphatides can promote the synthesis of new brain synapses. 
Alzheimers Dement, 4, S153-68. 

CAPPUZZO, F., VARELLA-GARCIA, M., SHIGEMATSU, H., DOMENICHINI, I., BARTOLINI, S., CERESOLI, G. 
L., ROSSI, E., LUDOVINI, V., GREGORC, V., TOSCHI, L., FRANKLIN, W. A., CRINO, L., GAZDAR, A. 
F., BUNN, P. A., JR. & HIRSCH, F. R. 2005. Increased HER2 gene copy number is associated 
with response to gefitinib therapy in epidermal growth factor receptor-positive non-small-
cell lung cancer patients. J Clin Oncol, 23, 5007-18. 

CAREY, K. D., GARTON, A. J., ROMERO, M. S., KAHLER, J., THOMSON, S., ROSS, S., PARK, F., HALEY, J. 
D., GIBSON, N. & SLIWKOWSKI, M. X. 2006. Kinetic analysis of epidermal growth factor 
receptor somatic mutant proteins shows increased sensitivity to the epidermal growth 
factor receptor tyrosine kinase inhibitor, erlotinib. Cancer Res, 66, 8163-71. 

CARPENTER, C. L., AUGER, K. R., CHANUDHURI, M., YOAKIM, M., SCHAFFHAUSEN, B., SHOELSON, S. 
& CANTLEY, L. C. 1993. Phosphoinositide 3-kinase is activated by phosphopeptides that bind 
to the SH2 domains of the 85-kDa subunit. J Biol Chem, 268, 9478-83. 

CARPENTER, G. 1987. Receptors for epidermal growth factor and other polypeptide mitogens. Annu 
Rev Biochem, 56, 881-914. 

CASAMAYOR, A., MORRICE, N. A. & ALESSI, D. R. 1999. Phosphorylation of Ser-241 is essential for the 
activity of 3-phosphoinositide-dependent protein kinase-1: identification of five sites of 
phosphorylation in vivo. Biochem J, 342 ( Pt 2), 287-92. 

CASAS-SELVES, M., KIM, J., ZHANG, Z., HELFRICH, B. A., GAO, D., PORTER, C. C., SCARBOROUGH, H. 
A., BUNN, P. A., JR., CHAN, D. C., TAN, A. C. & DEGREGORI, J. 2012. Tankyrase and the 
canonical Wnt pathway protect lung cancer cells from EGFR inhibition. Cancer Res, 72, 4154-
64. 

http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/lung-cancer#heading-One
http://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/lung-cancer#heading-One


274 
 

CHALLAPALLI, A., TROUSIL, S., HAZELL, S., KOZLOWSKI, K., GUDI, M., ABOAGYE, E. O. & MANGAR, S. 
2015. Exploiting altered patterns of choline kinase-alpha expression on human prostate 
tissue to prognosticate prostate cancer. J Clin Pathol, 68, 703-9. 

CHAO, B. H., BRIESEWITZ, R. & VILLALONA-CALERO, M. A. 2012. RET fusion genes in non-small-cell 
lung cancer. J Clin Oncol, 30, 4439-41. 

CHATTOPADHYAY, A., VECCHI, M., JI, Q., MERNAUGH, R. & CARPENTER, G. 1999. The role of 
individual SH2 domains in mediating association of phospholipase C-gamma1 with the 
activated EGF receptor. J Biol Chem, 274, 26091-7. 

CHEHAB, N. H., MALIKZAY, A., STAVRIDI, E. S. & HALAZONETIS, T. D. 1999. Phosphorylation of Ser-20 
mediates stabilization of human p53 in response to DNA damage. Proc Natl Acad Sci U S A, 
96, 13777-82. 

CHEN, C. H., WANG, W. J., KUO, J. C., TSAI, H. C., LIN, J. R., CHANG, Z. F. & CHEN, R. H. 2005. 
Bidirectional signals transduced by DAPK-ERK interaction promote the apoptotic effect of 
DAPK. EMBO J, 24, 294-304. 

CHEN, G., KRONENBERGER, P., TEUGELS, E., UMELO, I. A. & DE GREVE, J. 2013. Effect of siRNAs 
targeting the EGFR T790M mutation in a non-small cell lung cancer cell line resistant to EGFR 
tyrosine kinase inhibitors and combination with various agents. Biochem Biophys Res 
Commun, 431, 623-9. 

CHEN, H. C., APPEDDU, P. A., ISODA, H. & GUAN, J. L. 1996. Phosphorylation of tyrosine 397 in focal 
adhesion kinase is required for binding phosphatidylinositol 3-kinase. J Biol Chem, 271, 
26329-34. 

CHEN, S., GUTTRIDGE, D. C., YOU, Z., ZHANG, Z., FRIBLEY, A., MAYO, M. W., KITAJEWSKI, J. & WANG, 
C.-Y. 2001. Wnt-1 signaling inhibits apoptosis by activating β-catenin/T cell factor–mediated 
transcription. The Journal of cell biology, 152, 87-96. 

CHEN, Y., ZHENG, Y. & FOSTER, D. A. 2003. Phospholipase D confers rapamycin resistance in human 
breast cancer cells. Oncogene, 22, 3937-42. 

CHENG, H., NAIR, S. K. & MURRAY, B. W. 2016. Recent progress on third generation covalent EGFR 
inhibitors. Bioorganic & medicinal chemistry letters, 26, 1861-1868. 

CHIBA, I., TAKAHASHI, T., NAU, M. M., D'AMICO, D., CURIEL, D. T., MITSUDOMI, T., BUCHHAGEN, D. 
L., CARBONE, D., PIANTADOSI, S., KOGA, H. & ET AL. 1990. Mutations in the p53 gene are 
frequent in primary, resected non-small cell lung cancer. Lung Cancer Study Group. 
Oncogene, 5, 1603-10. 

CHORLEY, B. N., CAMPBELL, M. R., WANG, X., KARACA, M., SAMBANDAN, D., BANGURA, F., XUE, P., 
PI, J., KLEEBERGER, S. R. & BELL, D. A. 2012. Identification of novel NRF2-regulated genes by 
ChIP-Seq: influence on retinoid X receptor alpha. Nucleic Acids Res, 40, 7416-29. 

CHRISTOFK, H. R., VANDER HEIDEN, M. G., HARRIS, M. H., RAMANATHAN, A., GERSZTEN, R. E., WEI, 
R., FLEMING, M. D., SCHREIBER, S. L. & CANTLEY, L. C. 2008a. The M2 splice isoform of 
pyruvate kinase is important for cancer metabolism and tumour growth. Nature, 452, 230-3. 

CHRISTOFK, H. R., VANDER HEIDEN, M. G., WU, N., ASARA, J. M. & CANTLEY, L. C. 2008b. Pyruvate 
kinase M2 is a phosphotyrosine-binding protein. Nature, 452, 181-6. 

CHUANG, J. C. & NEAL, J. W. 2015. Crizotinib as first line therapy for advanced ALK-positive non-
small cell lung cancers. Transl Lung Cancer Res, 4, 639-41. 

CLINICALTRIALS.GOV. 2014. Study of Intravenous TCD-717 in Patients With Advanced Solid Tumors 
[Online]. Available: https://clinicaltrials.gov/ct2/show/NCT01215864 [Accessed 21/08/2016 
2016]. 



275 
 

CLINICALTRIALS.GOV. 2015. A Dose Escalation Study of MK1775 in Combination With Either 
Gemcitabine, Cisplatin, or Carboplatin in Adults With Advanced Solid Tumors (MK-1775-001 
AM7) [Online]. Available: 
https://clinicaltrials.gov/show/NCT00648648?link_type=CLINTRIALGOV&access_num=NCT0
0648648. 

CLINICALTRIALS.GOV. 2016a. ASP8273 [Online]. 2016. Available: 
https://clinicaltrials.gov/ct2/results?term=ASP8273&Search=Search [Accessed 01.07.16 
2016]. 

CLINICALTRIALS.GOV. 2016b. AZD1775 Plus Chemotherapy in Patients With Platinum-Resistant 
Ovarian, Fallopian Tube, or Primary Peritoneal Cancer. [Online]. Available: 
https://clinicaltrials.gov/ct2/show/NCT02272790?term=AZD1775&rank=3 [Accessed 2016 
21/07/2016]. 

CLINICALTRIALS.GOV. 2016c. CO-1686 (rociletinib) [Online]. Available: 
https://clinicaltrials.gov/ct2/results?term=+CO-1686+%28rociletinib%29&Search=Search 
[Accessed 13/08/2016 2016]. 

CLINICALTRIALS.GOV. 2016d. WEE1 Inhibitor AZD1775, Radiation Therapy, and Temozolomide in 
Treating Patients With Newly Diagnosed or Recurrent Glioblastoma Multiforme [Online].  
[Accessed 21/07/2016. 

CLINICALTRIALS.GOV. 2016e. Wee1 Kinase Inhibitor AZD1775 and Combination Chemotherapy in 
Treating Children, Adolescents and Young Adults With Relapsed or Refractory Acute Myeloid 
Leukemia [Online].  [Accessed 21/07/2016 2016]. 

CLOAREC, O., DUMAS, M. E., CRAIG, A., BARTON, R. H., TRYGG, J., HUDSON, J., BLANCHER, C., 
GAUGUIER, D., LINDON, J. C., HOLMES, E. & NICHOLSON, J. 2005. Statistical total correlation 
spectroscopy: an exploratory approach for latent biomarker identification from metabolic 
1H NMR data sets. Anal Chem, 77, 1282-9. 

COBB, B. S., SCHALLER, M. D., LEU, T. H. & PARSONS, J. T. 1994. Stable association of pp60src and 
pp59fyn with the focal adhesion-associated protein tyrosine kinase, pp125FAK. Mol Cell Biol, 
14, 147-55. 

COBB, M. H. & GOLDSMITH, E. J. 1995. How MAP kinases are regulated. J Biol Chem, 270, 14843-6. 

COHEN, M. H., WILLIAMS, G. A., SRIDHARA, R., CHEN, G. & PAZDUR, R. 2003. FDA drug approval 
summary: gefitinib (ZD1839) (Iressa) tablets. Oncologist, 8, 303-6. 

COLVIN, O. M., FRIEDMAN, H. S., GAMCSIK, M. P., FENSELAU, C. & HILTON, J. 1993. Role of 
glutathione in cellular resistance to alkylating agents. Adv Enzyme Regul, 33, 19-26. 

COMMANDEUR, J. N., STIJNTJES, G. J. & VERMEULEN, N. P. 1995. Enzymes and transport systems 
involved in the formation and disposition of glutathione S-conjugates. Role in bioactivation 
and detoxication mechanisms of xenobiotics. Pharmacol Rev, 47, 271-330. 

CONG, L. N., CHEN, H., LI, Y., ZHOU, L., MCGIBBON, M. A., TAYLOR, S. I. & QUON, M. J. 1997. 
Physiological role of Akt in insulin-stimulated translocation of GLUT4 in transfected rat 
adipose cells. Mol Endocrinol, 11, 1881-90. 

COOPER, A. J., KRASNIKOV, B. F., NIATSETSKAYA, Z. V., PINTO, J. T., CALLERY, P. S., VILLAR, M. T., 
ARTIGUES, A. & BRUSCHI, S. A. 2011. Cysteine S-conjugate beta-lyases: important roles in 
the metabolism of naturally occurring sulfur and selenium-containing compounds, 
xenobiotics and anticancer agents. Amino Acids, 41, 7-27. 



276 
 

COOPER, C. S., PARK, M., BLAIR, D. G., TAINSKY, M. A., HUEBNER, K., CROCE, C. M. & VANDE WOUDE, 
G. F. 1984. Molecular cloning of a new transforming gene from a chemically transformed 
human cell line. Nature, 311, 29-33. 

COPPLE, I. M., LISTER, A., OBENG, A. D., KITTERINGHAM, N. R., JENKINS, R. E., LAYFIELD, R., FOSTER, 
B. J., GOLDRING, C. E. & PARK, B. K. 2010. Physical and functional interaction of 
sequestosome 1 with Keap1 regulates the Keap1-Nrf2 cell defense pathway. J Biol Chem, 
285, 16782-8. 

COQUERET, O. 2002. Linking cyclins to transcriptional control. Gene, 299, 35-55. 

CORTI, A., FRANZINI, M., PAOLICCHI, A. & POMPELLA, A. 2010. Gamma-glutamyltransferase of 
cancer cells at the crossroads of tumor progression, drug resistance and drug targeting. 
Anticancer Res, 30, 1169-81. 

COSTA, D. B. & KOBAYASHI, S. S. 2015. Whacking a mole-cule: clinical activity and mechanisms of 
resistance to third generation EGFR inhibitors in EGFR mutated lung cancers with EGFR-
T790M. Translational lung cancer research, 4, 809. 

COSTA, D. B., SCHUMER, S. T., TENEN, D. G. & KOBAYASHI, S. 2008. Differential responses to erlotinib 
in epidermal growth factor receptor (EGFR)-mutated lung cancers with acquired resistance 
to gefitinib carrying the L747S or T790M secondary mutations. J Clin Oncol, 26, 1182-4; 
author reply 1184-6. 

COUET, J., SARGIACOMO, M. & LISANTI, M. P. 1997. Interaction of a receptor tyrosine kinase, EGF-R, 
with caveolins. Caveolin binding negatively regulates tyrosine and serine/threonine kinase 
activities. J Biol Chem, 272, 30429-38. 

COWLEY, S., PATERSON, H., KEMP, P. & MARSHALL, C. J. 1994. Activation of MAP kinase kinase is 
necessary and sufficient for PC12 differentiation and for transformation of NIH 3T3 cells. 
Cell, 77, 841-52. 

CREIGHTON, C. J. & HUANG, S. 2015. Reverse phase protein arrays in signaling pathways: a data 
integration perspective. Drug Des Devel Ther, 9, 3519-27. 

CREWS, C. M., ALESSANDRINI, A. & ERIKSON, R. L. 1992. The primary structure of MEK, a protein 
kinase that phosphorylates the ERK gene product. Science, 258, 478-480. 

CROSS, D. A., ALESSI, D. R., COHEN, P., ANDJELKOVICH, M. & HEMMINGS, B. A. 1995a. Inhibition of 
glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature, 378, 785-789. 

CROSS, D. A., ALESSI, D. R., COHEN, P., ANDJELKOVICH, M. & HEMMINGS, B. A. 1995b. Inhibition of 
glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature, 378, 785-9. 

CROSS, D. A., ASHTON, S. E., GHIORGHIU, S., EBERLEIN, C., NEBHAN, C. A., SPITZLER, P. J., ORME, J. 
P., FINLAY, M. R., WARD, R. A., MELLOR, M. J., HUGHES, G., RAHI, A., JACOBS, V. N., RED 
BREWER, M., ICHIHARA, E., SUN, J., JIN, H., BALLARD, P., AL-KADHIMI, K., ROWLINSON, R., 
KLINOWSKA, T., RICHMOND, G. H., CANTARINI, M., KIM, D. W., RANSON, M. R. & PAO, W. 
2014. AZD9291, an irreversible EGFR TKI, overcomes T790M-mediated resistance to EGFR 
inhibitors in lung cancer. Cancer Discov, 4, 1046-61. 

CULLINAN, S. B., ZHANG, D., HANNINK, M., ARVISAIS, E., KAUFMAN, R. J. & DIEHL, J. A. 2003. Nrf2 is a 
direct PERK substrate and effector of PERK-dependent cell survival. Mol Cell Biol, 23, 7198-
209. 

CUMMINS, I., WORTLEY, D. J., SABBADIN, F., HE, Z., COXON, C. R., STRAKER, H. E., SELLARS, J. D., 
KNIGHT, K., EDWARDS, L., HUGHES, D., KAUNDUN, S. S., HUTCHINGS, S. J., STEEL, P. G. & 
EDWARDS, R. 2013. Key role for a glutathione transferase in multiple-herbicide resistance in 
grass weeds. Proc Natl Acad Sci U S A, 110, 5812-7. 



277 
 

DA CUNHA SANTOS, G., SHEPHERD, F. A. & TSAO, M. S. 2011. EGFR mutations and lung cancer. Annu 
Rev Pathol, 6, 49-69. 

DABIR, S., BABAKOOHI, S., KLUGE, A., MORROW, J. J., KRESAK, A., YANG, M., MACPHERSON, D., 
WILDEY, G. & DOWLATI, A. 2014. RET mutation and expression in small-cell lung cancer. J 
Thorac Oncol, 9, 1316-23. 

DAI, H., XIAO, C., LIU, H., HAO, F. & TANG, H. 2010. Combined NMR and LC− DAD-MS analysis reveals 
comprehensive metabonomic variations for three phenotypic cultivars of Salvia Miltiorrhiza 
Bunge. Journal of proteome research, 9, 1565-1578. 

DARNELL, J. E. 1997. STATs and gene regulation. Science, 277, 1630-1635. 

DARNELL, J. E., JR., KERR, I. M. & STARK, G. R. 1994. Jak-STAT pathways and transcriptional activation 
in response to IFNs and other extracellular signaling proteins. Science, 264, 1415-21. 

DATTA, S. R., DUDEK, H., TAO, X., MASTERS, S., FU, H., GOTOH, Y. & GREENBERG, M. E. 1997. Akt 
phosphorylation of BAD couples survival signals to the cell-intrinsic death machinery. Cell, 
91, 231-41. 

DAVID-CORDONNIER, M. H., LAINE, W., JOUBERT, A., TARDY, C., GOOSSENS, J. F., KOUACH, M., 
BRIAND, G., THI MAI, H. D., MICHEL, S., TILLEQUIN, F., KOCH, M., LEONCE, S., PIERRE, A. & 
BAILLY, C. 2003. Covalent binding to glutathione of the DNA-alkylating antitumor agent, 
S23906-1. Eur J Biochem, 270, 2848-59. 

DAVIES, H., BIGNELL, G. R., COX, C., STEPHENS, P., EDKINS, S., CLEGG, S., TEAGUE, J., WOFFENDIN, H., 
GARNETT, M. J., BOTTOMLEY, W., DAVIS, N., DICKS, E., EWING, R., FLOYD, Y., GRAY, K., HALL, 
S., HAWES, R., HUGHES, J., KOSMIDOU, V., MENZIES, A., MOULD, C., PARKER, A., STEVENS, 
C., WATT, S., HOOPER, S., WILSON, R., JAYATILAKE, H., GUSTERSON, B. A., COOPER, C., 
SHIPLEY, J., HARGRAVE, D., PRITCHARD-JONES, K., MAITLAND, N., CHENEVIX-TRENCH, G., 
RIGGINS, G. J., BIGNER, D. D., PALMIERI, G., COSSU, A., FLANAGAN, A., NICHOLSON, A., HO, J. 
W., LEUNG, S. Y., YUEN, S. T., WEBER, B. L., SEIGLER, H. F., DARROW, T. L., PATERSON, H., 
MARAIS, R., MARSHALL, C. J., WOOSTER, R., STRATTON, M. R. & FUTREAL, P. A. 2002. 
Mutations of the BRAF gene in human cancer. Nature, 417, 949-54. 

DAVIES, K. D. & DOEBELE, R. C. 2013. Molecular pathways: ROS1 fusion proteins in cancer. Clin 
Cancer Res, 19, 4040-5. 

DAVIS, R. J. 1999. Signal transduction by the c-Jun N-terminal kinase. Biochem Soc Symp, 64, 1-12. 

DE BRUIN, E. C., COWELL, C., WARNE, P. H., JIANG, M., SAUNDERS, R. E., MELNICK, M. A., 
GETTINGER, S., WALTHER, Z., WURTZ, A., HEYNEN, G. J., HEIDEMAN, D. A., GOMEZ-ROMAN, 
J., GARCIA-CASTANO, A., GONG, Y., LADANYI, M., VARMUS, H., BERNARDS, R., SMIT, E. F., 
POLITI, K. & DOWNWARD, J. 2014. Reduced NF1 expression confers resistance to EGFR 
inhibition in lung cancer. Cancer Discov, 4, 606-19. 

DE GUNST, M. M., GALLEGOS-RUIZ, M. I., GIACCONE, G. & RODRIGUEZ, J. A. 2007. Functional 
analysis of cancer-associated EGFR mutants using a cellular assay with YFP-tagged EGFR 
intracellular domain. Mol Cancer, 6, 56. 

DE JONG, R., TEN HOEVE, J., HEISTERKAMP, N. & GROFFEN, J. 1997. Tyrosine 207 in CRKL is the 
BCR/ABL phosphorylation site. Oncogene, 14, 507-13. 

DE WITT HAMER, P. C., MIR, S. E., NOSKE, D., VAN NOORDEN, C. J. & WURDINGER, T. 2011. WEE1 
kinase targeting combined with DNA-damaging cancer therapy catalyzes mitotic 
catastrophe. Clin Cancer Res, 17, 4200-7. 



278 
 

DEAK, M., CLIFTON, A. D., LUCOCQ, L. M. & ALESSI, D. R. 1998. Mitogen- and stress-activated protein 
kinase-1 (MSK1) is directly activated by MAPK and SAPK2/p38, and may mediate activation 
of CREB. EMBO J, 17, 4426-41. 

DEHAVEN, C. D., EVANS, A. M., DAI, H. & LAWTON, K. A. 2010. Organization of GC/MS and LC/MS 
metabolomics data into chemical libraries. Journal of cheminformatics, 2, 9. 

DEMORY, M. L., BOERNER, J. L., DAVIDSON, R., FAUST, W., MIYAKE, T., LEE, I., HÜTTEMANN, M., 
DOUGLAS, R., HADDAD, G. & PARSONS, S. J. 2009. Epidermal Growth Factor Receptor 
Translocation to the Mitochondria REGULATION AND EFFECT. Journal of Biological 
Chemistry, 284, 36592-36604. 

DENDULURI, S. K., IDOWU, O., WANG, Z., LIAO, Z., YAN, Z., MOHAMMED, M. K., YE, J., WEI, Q., 
WANG, J., ZHAO, L. & LUU, H. H. 2015. Insulin-like growth factor (IGF) signaling in 
tumorigenesis and the development of cancer drug resistance. Genes Dis, 2, 13-25. 

DEVERAUX, Q. L., TAKAHASHI, R., SALVESEN, G. S. & REED, J. C. 1997. X-linked IAP is a direct inhibitor 
of cell-death proteases. Nature, 388, 300-4. 

DHAKSHINAMOORTHY, S. & JAISWAL, A. K. 2001. Functional characterization and role of INrf2 in 
antioxidant response element-mediated expression and antioxidant induction of NAD (P) H: 
quinone oxidoreductasel gene. ONCOGENE-BASINGSTOKE-, 20, 3906-3917. 

DHANASEKARAN, D. N. & REDDY, E. P. 2008. JNK signaling in apoptosis. Oncogene, 27, 6245-51. 

DI GENNARO, E., BARBARINO, M., BRUZZESE, F., DE LORENZO, S., CARAGLIA, M., ABBRUZZESE, A., 
AVALLONE, A., COMELLA, P., CAPONIGRO, F., PEPE, S. & BUDILLON, A. 2003. Critical role of 
both p27KIP1 and p21CIP1/WAF1 in the antiproliferative effect of ZD1839 ('Iressa'), an 
epidermal growth factor receptor tyrosine kinase inhibitor, in head and neck squamous 
carcinoma cells. J Cell Physiol, 195, 139-50. 

DING, L., GETZ, G., WHEELER, D. A., MARDIS, E. R., MCLELLAN, M. D., CIBULSKIS, K., SOUGNEZ, C., 
GREULICH, H., MUZNY, D. M., MORGAN, M. B., FULTON, L., FULTON, R. S., ZHANG, Q., 
WENDL, M. C., LAWRENCE, M. S., LARSON, D. E., CHEN, K., DOOLING, D. J., SABO, A., HAWES, 
A. C., SHEN, H., JHANGIANI, S. N., LEWIS, L. R., HALL, O., ZHU, Y., MATHEW, T., REN, Y., YAO, 
J., SCHERER, S. E., CLERC, K., METCALF, G. A., NG, B., MILOSAVLJEVIC, A., GONZALEZ-GARAY, 
M. L., OSBORNE, J. R., MEYER, R., SHI, X., TANG, Y., KOBOLDT, D. C., LIN, L., ABBOTT, R., 
MINER, T. L., POHL, C., FEWELL, G., HAIPEK, C., SCHMIDT, H., DUNFORD-SHORE, B. H., KRAJA, 
A., CROSBY, S. D., SAWYER, C. S., VICKERY, T., SANDER, S., ROBINSON, J., WINCKLER, W., 
BALDWIN, J., CHIRIEAC, L. R., DUTT, A., FENNELL, T., HANNA, M., JOHNSON, B. E., ONOFRIO, 
R. C., THOMAS, R. K., TONON, G., WEIR, B. A., ZHAO, X., ZIAUGRA, L., ZODY, M. C., 
GIORDANO, T., ORRINGER, M. B., ROTH, J. A., SPITZ, M. R., WISTUBA, II, OZENBERGER, B., 
GOOD, P. J., CHANG, A. C., BEER, D. G., WATSON, M. A., LADANYI, M., BRODERICK, S., 
YOSHIZAWA, A., TRAVIS, W. D., PAO, W., PROVINCE, M. A., WEINSTOCK, G. M., VARMUS, H. 
E., GABRIEL, S. B., LANDER, E. S., GIBBS, R. A., MEYERSON, M. & WILSON, R. K. 2008. Somatic 
mutations affect key pathways in lung adenocarcinoma. Nature, 455, 1069-75. 

DITTMANN, K., MAYER, C., FEHRENBACHER, B., SCHALLER, M., RAJU, U., MILAS, L., CHEN, D. J., 
KEHLBACH, R. & RODEMANN, H. P. 2005. Radiation-induced epidermal growth factor 
receptor nuclear import is linked to activation of DNA-dependent protein kinase. J Biol 
Chem, 280, 31182-9. 

DOI, T., YOSHINO, T., SHITARA, K., MATSUBARA, N., FUSE, N., NAITO, Y., UENAKA, K., NAKAMURA, T., 
HYNES, S. M. & LIN, A. B. 2015. Phase I study of LY2603618, a CHK1 inhibitor, in combination 
with gemcitabine in Japanese patients with solid tumors. Anticancer Drugs, 26, 1043-53. 

DONZELLI, M. & DRAETTA, G. F. 2003. Regulating mammalian checkpoints through Cdc25 
inactivation. EMBO Rep, 4, 671-7. 



279 
 

DRILON, A., WANG, L., HASANOVIC, A., SUEHARA, Y., LIPSON, D., STEPHENS, P., ROSS, J., MILLER, V., 
GINSBERG, M., ZAKOWSKI, M. F., KRIS, M. G., LADANYI, M. & RIZVI, N. 2013. Response to 
Cabozantinib in patients with RET fusion-positive lung adenocarcinomas. Cancer Discov, 3, 
630-5. 

EBERLEIN, C. A., STETSON, D., MARKOVETS, A. A., AL-KADHIMI, K. J., LAI, Z., FISHER, P. R., MEADOR, 
C. B., SPITZLER, P., ICHIHARA, E. & ROSS, S. J. 2015a. Acquired resistance to the mutant-
selective EGFR inhibitor AZD9291 is associated with increased dependence on RAS signaling 
in preclinical models. Cancer research, 75, 2489-2500. 

EBERLEIN, C. A., STETSON, D., MARKOVETS, A. A., AL-KADHIMI, K. J., LAI, Z., FISHER, P. R., MEADOR, 
C. B., SPITZLER, P., ICHIHARA, E., ROSS, S. J., AHDESMAKI, M. J., AHMED, A., RATCLIFFE, L. E., 
O'BRIEN, E. L., BARNES, C. H., BROWN, H., SMITH, P. D., DRY, J. R., BERAN, G., THRESS, K. S., 
DOUGHERTY, B., PAO, W. & CROSS, D. A. 2015b. Acquired Resistance to the Mutant-
Selective EGFR Inhibitor AZD9291 Is Associated with Increased Dependence on RAS Signaling 
in Preclinical Models. Cancer Res, 75, 2489-500. 

EDOUARD, T., MONTAGNER, A., DANCE, M., CONTE, F., YART, A., PARFAIT, B., TAUBER, M., SALLES, J. 
P. & RAYNAL, P. 2007. How do Shp2 mutations that oppositely influence its biochemical 
activity result in syndromes with overlapping symptoms? Cell Mol Life Sci, 64, 1585-90. 

EICH, M., ROOS, W. P., NIKOLOVA, T. & KAINA, B. 2013. Contribution of ATM and ATR to the 
resistance of glioblastoma and malignant melanoma cells to the methylating anticancer drug 
temozolomide. Mol Cancer Ther, 12, 2529-40. 

ELIYAHU, G., KREIZMAN, T. & DEGANI, H. 2007. Phosphocholine as a biomarker of breast cancer: 
molecular and biochemical studies. Int J Cancer, 120, 1721-30. 

ELLIS, P. M., SHEPHERD, F. A., MILLWARD, M., PERRONE, F., SEYMOUR, L., LIU, G., SUN, S., CHO, B. C., 
MORABITO, A., LEIGHL, N. B., STOCKLER, M. R., LEE, C. W., WIERZBICKI, R., COHEN, V., BLAIS, 
N., SANGHA, R. S., FAVARETTO, A. G., KANG, J. H., TSAO, M. S., WILSON, C. F., GOLDBERG, Z., 
DING, K., GOSS, G. D. & BRADBURY, P. A. 2014. Dacomitinib compared with placebo in 
pretreated patients with advanced or metastatic non-small-cell lung cancer (NCIC CTG 
BR.26): a double-blind, randomised, phase 3 trial. Lancet Oncol, 15, 1379-88. 

ENAYATI, A. A., RANSON, H. & HEMINGWAY, J. 2005. Insect glutathione transferases and insecticide 
resistance. Insect Mol Biol, 14, 3-8. 

ENG, L. F. 1985. Glial fibrillary acidic protein (GFAP): the major protein of glial intermediate filaments 
in differentiated astrocytes. Journal of neuroimmunology, 8, 203-214. 

ENG, L. F., GHIRNIKAR, R. S. & LEE, Y. L. 2000. Glial fibrillary acidic protein: GFAP-thirty-one years 
(1969–2000). Neurochemical research, 25, 1439-1451. 

ENGEL, L. A., JING, Z., O'BRIEN, D. E., SUN, M. & KOTZBAUER, P. T. 2010. Catalytic function of PLA2G6 
is impaired by mutations associated with infantile neuroaxonal dystrophy but not dystonia-
parkinsonism. PLoS One, 5, e12897. 

ENGELMAN, J. A., ZEJNULLAHU, K., GALE, C. M., LIFSHITS, E., GONZALES, A. J., SHIMAMURA, T., 
ZHAO, F., VINCENT, P. W., NAUMOV, G. N., BRADNER, J. E., ALTHAUS, I. W., GANDHI, L., 
SHAPIRO, G. I., NELSON, J. M., HEYMACH, J. V., MEYERSON, M., WONG, K. K. & JANNE, P. A. 
2007a. PF00299804, an irreversible pan-ERBB inhibitor, is effective in lung cancer models 
with EGFR and ERBB2 mutations that are resistant to gefitinib. Cancer Res, 67, 11924-32. 

ENGELMAN, J. A., ZEJNULLAHU, K., MITSUDOMI, T., SONG, Y., HYLAND, C., PARK, J. O., LINDEMAN, 
N., GALE, C. M., ZHAO, X., CHRISTENSEN, J., KOSAKA, T., HOLMES, A. J., ROGERS, A. M., 
CAPPUZZO, F., MOK, T., LEE, C., JOHNSON, B. E., CANTLEY, L. C. & JANNE, P. A. 2007b. MET 



280 
 

amplification leads to gefitinib resistance in lung cancer by activating ERBB3 signaling. 
Science, 316, 1039-43. 

ERCAN, D., CHOI, H. G., YUN, C. H., CAPELLETTI, M., XIE, T., ECK, M. J., GRAY, N. S. & JANNE, P. A. 
2015. EGFR Mutations and Resistance to Irreversible Pyrimidine-Based EGFR Inhibitors. Clin 
Cancer Res, 21, 3913-23. 

ESKES, R., DESAGHER, S., ANTONSSON, B. & MARTINOU, J.-C. 2000. Bid induces the oligomerization 
and insertion of Bax into the outer mitochondrial membrane. Molecular and cellular biology, 
20, 929-935. 

ESTEBAN, L. M., VICARIO-ABEJON, C., FERNANDEZ-SALGUERO, P., FERNANDEZ-MEDARDE, A., 
SWAMINATHAN, N., YIENGER, K., LOPEZ, E., MALUMBRES, M., MCKAY, R., WARD, J. M., 
PELLICER, A. & SANTOS, E. 2001. Targeted genomic disruption of H-ras and N-ras, 
individually or in combination, reveals the dispensability of both loci for mouse growth and 
development. Mol Cell Biol, 21, 1444-52. 

EVANS, A. M., DEHAVEN, C. D., BARRETT, T., MITCHELL, M. & MILGRAM, E. 2009. Integrated, 
nontargeted ultrahigh performance liquid chromatography/electrospray ionization tandem 
mass spectrometry platform for the identification and relative quantification of the small-
molecule complement of biological systems. Analytical chemistry, 81, 6656-6667. 

EVANS, A. M., MITCHELL, M. W., DAI, H. & DEHAVEN, C. D. 2012. Categorizing Ion? Features in Liquid 
Chromatography/Mass Spectrometry Metobolomics Data. Metabolomics: Open Access, 
2012. 

FALCHOOK, G. S., LONG, G. V., KURZROCK, R., KIM, K. B., ARKENAU, T. H., BROWN, M. P., HAMID, O., 
INFANTE, J. R., MILLWARD, M., PAVLICK, A. C., O'DAY, S. J., BLACKMAN, S. C., CURTIS, C. M., 
LEBOWITZ, P., MA, B., OUELLET, D. & KEFFORD, R. F. 2012. Dabrafenib in patients with 
melanoma, untreated brain metastases, and other solid tumours: a phase 1 dose-escalation 
trial. Lancet, 379, 1893-901. 

FALCHOOK, G. S., ORDONEZ, N. G., BASTIDA, C. C., STEPHENS, P. J., MILLER, V. A., GAIDO, L., 
JACKSON, T. & KARP, D. D. 2016. Effect of the RET Inhibitor Vandetanib in a Patient With RET 
Fusion-Positive Metastatic Non-Small-Cell Lung Cancer. J Clin Oncol, 34, e141-4. 

FAN, T. W.-M., LANE, A. N., HIGASHI, R. M., BOUSAMRA, M., KLOECKER, G. & MILLER, D. M. 2009. 
Metabolic profiling identifies lung tumor responsiveness to erlotinib. Experimental and 
molecular pathology, 87, 83-86. 

FDA. 2009. Gefitinib (Iressa) FDA Alert for Healthcare Professionals [Online]. Available: 
http://www.fda.gov/downloads/drugs/drugsafety/postmarketdrugsafetyinformationforpati
entsandproviders/ucm126182.pdf [Accessed 09/08/2016 2016]. 

FDA. 2015. FDA approves new pill to treat certain patients with non-small cell lung cancer [Online]. 
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm472525.htm. 
Available: 
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm472525.htm 
[Accessed 14/08/2016 2016]. 

FELLER, S. M. 2001. Crk family adaptors-signalling complex formation and biological roles. Oncogene, 
20, 6348-71. 

FERGUSON, K. M. 2008. Structure-based view of epidermal growth factor receptor regulation. Annu 
Rev Biophys, 37, 353-73. 

FESQUET, D., LABBE, J. C., DERANCOURT, J., CAPONY, J. P., GALAS, S., GIRARD, F., LORCA, T., 
SHUTTLEWORTH, J., DOREE, M. & CAVADORE, J. C. 1993. The MO15 gene encodes the 

http://www.fda.gov/downloads/drugs/drugsafety/postmarketdrugsafetyinformationforpatientsandproviders/ucm126182.pdf
http://www.fda.gov/downloads/drugs/drugsafety/postmarketdrugsafetyinformationforpatientsandproviders/ucm126182.pdf
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm472525.htm
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm472525.htm


281 
 

catalytic subunit of a protein kinase that activates cdc2 and other cyclin-dependent kinases 
(CDKs) through phosphorylation of Thr161 and its homologues. EMBO J, 12, 3111-21. 

FILOSTO, S., BASTON, D. S., CHUNG, S., BECKER, C. R. & GOLDKORN, T. 2013. Src mediates cigarette 
smoke-induced resistance to tyrosine kinase inhibitors in NSCLC cells. Mol Cancer Ther, 12, 
1579-90. 

FINCO, T. S., BEG, A. A. & BALDWIN, A. S. 1994. Inducible phosphorylation of I kappa B alpha is not 
sufficient for its dissociation from NF-kappa B and is inhibited by protease inhibitors. 
Proceedings of the National Academy of Sciences, 91, 11884-11888. 

FINN, B. E., EVENAS, J., DRAKENBERG, T., WALTHO, J. P., THULIN, E. & FORSEN, S. 1995. Calcium-
induced structural changes and domain autonomy in calmodulin. Nat Struct Biol, 2, 777-83. 

FISHER, G. J., HENDERSON, P. A., VOORHEES, J. J. & BALDASSARE, J. J. 1991. Epidermal growth factor-
induced hydrolysis of phosphatidylcholine by phospholipase D and phospholipase C in 
human dermal fibroblasts. J Cell Physiol, 146, 309-17. 

FIUCCI, G., CZARNY, M., LAVIE, Y., ZHAO, D., BERSE, B., BLUSZTAJN, J. K. & LISCOVITCH, M. 2000. 
Changes in phospholipase D isoform activity and expression in multidrug-resistant human 
cancer cells. Int J Cancer, 85, 882-8. 

FREEDMAN, T. S., SONDERMANN, H., FRIEDLAND, G. D., KORTEMME, T., BAR-SAGI, D., MARQUSEE, 
S. & KURIYAN, J. 2006. A Ras-induced conformational switch in the Ras activator Son of 
sevenless. Proc Natl Acad Sci U S A, 103, 16692-7. 

FRESHNEY, N. W., RAWLINSON, L., GUESDON, F., JONES, E., COWLEY, S., HSUAN, J. & SAKLATVALA, J. 
1994. Interleukin-1 activates a novel protein kinase cascade that results in the 
phosphorylation of Hsp27. Cell, 78, 1039-49. 

FRODIN, M. & GAMMELTOFT, S. 1999. Role and regulation of 90 kDa ribosomal S6 kinase (RSK) in 
signal transduction. Mol Cell Endocrinol, 151, 65-77. 

FRODIN, M., JENSEN, C. J., MERIENNE, K. & GAMMELTOFT, S. 2000. A phosphoserine-regulated 
docking site in the protein kinase RSK2 that recruits and activates PDK1. EMBO J, 19, 2924-
34. 

FUKUOKA, M., YANO, S., GIACCONE, G., TAMURA, T., NAKAGAWA, K., DOUILLARD, J. Y., NISHIWAKI, 
Y., VANSTEENKISTE, J., KUDOH, S., RISCHIN, D., EEK, R., HORAI, T., NODA, K., TAKATA, I., 
SMIT, E., AVERBUCH, S., MACLEOD, A., FEYEREISLOVA, A., DONG, R. P. & BASELGA, J. 2003. 
Multi-institutional randomized phase II trial of gefitinib for previously treated patients with 
advanced non-small-cell lung cancer (The IDEAL 1 Trial) [corrected]. J Clin Oncol, 21, 2237-
46. 

FUNAYAMA, N., FAGOTTO, F., MCCREA, P. & GUMBINER, B. M. 1995. Embryonic axis induction by 
the armadillo repeat domain of beta-catenin: evidence for intracellular signaling. J Cell Biol, 
128, 959-68. 

FUSARO, G., DASGUPTA, P., RASTOGI, S., JOSHI, B. & CHELLAPPAN, S. 2003. Prohibitin induces the 
transcriptional activity of p53 and is exported from the nucleus upon apoptotic signaling. J 
Biol Chem, 278, 47853-61. 

GAJIWALA, K. S. 2013. EGFR: tale of the C-terminal tail. Protein Sci, 22, 995-9. 

GANJOO, K. N. & WAKELEE, H. 2007. Review of erlotinib in the treatment of advanced non-small cell 
lung cancer. Biologics, 1, 335-46. 

GARRETT, T. P., MCKERN, N. M., LOU, M., ELLEMAN, T. C., ADAMS, T. E., LOVRECZ, G. O., ZHU, H. J., 
WALKER, F., FRENKEL, M. J., HOYNE, P. A., JORISSEN, R. N., NICE, E. C., BURGESS, A. W. & 



282 
 

WARD, C. W. 2002. Crystal structure of a truncated epidermal growth factor receptor 
extracellular domain bound to transforming growth factor alpha. Cell, 110, 763-73. 

GAUTSCHI, O., ZANDER, T., KELLER, F. A., STROBEL, K., HIRSCHMANN, A., AEBI, S. & DIEBOLD, J. 2013. 
A patient with lung adenocarcinoma and RET fusion treated with vandetanib. J Thorac Oncol, 
8, e43-4. 

GAUZZI, M. C., VELAZQUEZ, L., MCKENDRY, R., MOGENSEN, K. E., FELLOUS, M. & PELLEGRINI, S. 
1996. Interferon-alpha-dependent activation of Tyk2 requires phosphorylation of positive 
regulatory tyrosines by another kinase. J Biol Chem, 271, 20494-500. 

GAVAGHAN, C. L., WILSON, I. D. & NICHOLSON, J. K. 2002. Physiological variation in metabolic 
phenotyping and functional genomic studies: use of orthogonal signal correction and PLS-
DA. FEBS Lett, 530, 191-6. 

GEORGE, R. E., SANDA, T., HANNA, M., FROHLING, S., LUTHER, W., 2ND, ZHANG, J., AHN, Y., ZHOU, 
W., LONDON, W. B., MCGRADY, P., XUE, L., ZOZULYA, S., GREGOR, V. E., WEBB, T. R., GRAY, 
N. S., GILLILAND, D. G., DILLER, L., GREULICH, H., MORRIS, S. W., MEYERSON, M. & LOOK, A. 
T. 2008. Activating mutations in ALK provide a therapeutic target in neuroblastoma. Nature, 
455, 975-8. 

GEORGESCU, M. M. 2010. PTEN Tumor Suppressor Network in PI3K-Akt Pathway Control. Genes 
Cancer, 1, 1170-7. 

GHAFFARI, M., ZENG, X., WHITSETT, J. A. & YAN, C. 1997. Nuclear localization domain of thyroid 
transcription factor-1 in respiratory epithelial cells. Biochem J, 328 ( Pt 3), 757-61. 

GIARDIELLO, F. M., WELSH, S. B., HAMILTON, S. R., OFFERHAUS, G. J., GITTELSOHN, A. M., BOOKER, 
S. V., KRUSH, A. J., YARDLEY, J. H. & LUK, G. D. 1987. Increased risk of cancer in the Peutz-
Jeghers syndrome. N Engl J Med, 316, 1511-4. 

GIBBONS, D. L., BYERS, L. A. & KURIE, J. M. 2014. Smoking, p53 mutation, and lung cancer. Mol 
Cancer Res, 12, 3-13. 

GIBELLINI, F. & SMITH, T. K. 2010. The Kennedy pathway--De novo synthesis of 
phosphatidylethanolamine and phosphatidylcholine. IUBMB Life, 62, 414-28. 

GIEDROC, D. P., CHEN, X. & APUY, J. L. 2001. Metal response element (MRE)-binding transcription 
factor-1 (MTF-1): structure, function, and regulation. Antioxid Redox Signal, 3, 577-96. 

GIL-BAZO, I. & ROLFO, C. 2016. AZD9291 in TKI EGFR resistance in non-small cell lung cancer and the 
new concept of phase I trials. Transl Lung Cancer Res, 5, 85-8. 

GIORDANO, S., MAFFE, A., WILLIAMS, T. A., ARTIGIANI, S., GUAL, P., BARDELLI, A., BASILICO, C., 
MICHIELI, P. & COMOGLIO, P. M. 2000. Different point mutations in the met oncogene elicit 
distinct biological properties. FASEB J, 14, 399-406. 

GLUNDE, K. & BHUJWALLA, Z. M. 2007. Choline kinase alpha in cancer prognosis and treatment. 
Lancet Oncol, 8, 855-7. 

GLUNDE, K., BHUJWALLA, Z. M. & RONEN, S. M. 2011. Choline metabolism in malignant 
transformation. Nat Rev Cancer, 11, 835-48. 

GODIN-HEYMANN, N., ULKUS, L., BRANNIGAN, B. W., MCDERMOTT, U., LAMB, J., MAHESWARAN, S., 
SETTLEMAN, J. & HABER, D. A. 2008. The T790M "gatekeeper" mutation in EGFR mediates 
resistance to low concentrations of an irreversible EGFR inhibitor. Mol Cancer Ther, 7, 874-9. 

GOLDFARB, D., HAST, B. E., WANG, W. & MAJOR, M. B. 2014. Spotlite: web application and 
augmented algorithms for predicting co-complexed proteins from affinity purification--mass 
spectrometry data. J Proteome Res, 13, 5944-55. 



283 
 

GONCHAROVA, E. A., GONCHAROV, D. A., ESZTERHAS, A., HUNTER, D. S., GLASSBERG, M. K., YEUNG, 
R. S., WALKER, C. L., NOONAN, D., KWIATKOWSKI, D. J., CHOU, M. M., PANETTIERI, R. A., JR. 
& KRYMSKAYA, V. P. 2002. Tuberin regulates p70 S6 kinase activation and ribosomal protein 
S6 phosphorylation. A role for the TSC2 tumor suppressor gene in pulmonary 
lymphangioleiomyomatosis (LAM). J Biol Chem, 277, 30958-67. 

GONZALES, A. J., HOOK, K. E., ALTHAUS, I. W., ELLIS, P. A., TRACHET, E., DELANEY, A. M., HARVEY, P. 
J., ELLIS, T. A., AMATO, D. M., NELSON, J. M., FRY, D. W., ZHU, T., LOI, C. M., FAKHOURY, S. 
A., SCHLOSSER, K. M., SEXTON, K. E., WINTERS, R. T., REED, J. E., BRIDGES, A. J., LETTIERE, D. 
J., BAKER, D. A., YANG, J., LEE, H. T., TECLE, H. & VINCENT, P. W. 2008. Antitumor activity and 
pharmacokinetic properties of PF-00299804, a second-generation irreversible pan-erbB 
receptor tyrosine kinase inhibitor. Mol Cancer Ther, 7, 1880-9. 

GONZALEZ DE CASTRO, D., CLARKE, P., AL‐LAZIKANI, B. & WORKMAN, P. 2013. Personalized cancer 
medicine: molecular diagnostics, predictive biomarkers, and drug resistance. Clinical 
Pharmacology & Therapeutics, 93, 252-259. 

GORRINI, C., HARRIS, I. S. & MAK, T. W. 2013. Modulation of oxidative stress as an anticancer 
strategy. Nat Rev Drug Discov, 12, 931-47. 

GOTOH, N., TOJO, A., HINO, M., YAZAKI, Y. & SHIBUYA, M. 1992. A highly conserved tyrosine residue 
at codon 845 within the kinase domain is not required for the transforming activity of 
human epidermal growth factor receptor. Biochem Biophys Res Commun, 186, 768-74. 

GRANATA, A., NICOLETTI, R., PEREGO, P., IORIO, E., KRISHNAMACHARY, B., BENIGNI, F., RICCI, A., 
PODO, F., BHUJWALLA, Z. M., CANEVARI, S., BAGNOLI, M. & MEZZANZANICA, D. 2015. Global 
metabolic profile identifies choline kinase alpha as a key regulator of glutathione-dependent 
antioxidant cell defense in ovarian carcinoma. Oncotarget, 6, 11216-30. 

GRAUS-PORTA, D., BEERLI, R. R., DALY, J. M. & HYNES, N. E. 1997. ErbB-2, the preferred 
heterodimerization partner of all ErbB receptors, is a mediator of lateral signaling. EMBO J, 
16, 1647-55. 

GREENE;, F. L., DAVID L. PAGE, IRVIN D. FLEMING, APRIL G. FRITZ, CHARLES M. BALCH, DANIEL G. 
HALLER & MORROW, M. 2013. AJCC Cancer Staging Manual, Springer Science & Business 
Media. 

GREIG, S. L. 2016. Osimertinib: First Global Approval. Drugs, 76, 263-273. 

GRIFFIN, J. L. 2006. The Cinderella story of metabolic profiling: does metabolomics get to go to the 
functional genomics ball? Philos Trans R Soc Lond B Biol Sci, 361, 147-61. 

GROSS, A., MCDONNELL, J. M. & KORSMEYER, S. J. 1999. BCL-2 family members and the 
mitochondria in apoptosis. Genes Dev, 13, 1899-911. 

GU, Y., ROSENBLATT, J. & MORGAN, D. O. 1992. Cell cycle regulation of CDK2 activity by 
phosphorylation of Thr160 and Tyr15. EMBO J, 11, 3995-4005. 

HACKEL, P. O., ZWICK, E., PRENZEL, N. & ULLRICH, A. 1999. Epidermal growth factor receptors: 
critical mediators of multiple receptor pathways. Curr Opin Cell Biol, 11, 184-9. 

HAIGIS, K. M., KENDALL, K. R., WANG, Y., CHEUNG, A., HAIGIS, M. C., GLICKMAN, J. N., NIWA-
KAWAKITA, M., SWEET-CORDERO, A., SEBOLT-LEOPOLD, J., SHANNON, K. M., SETTLEMAN, J., 
GIOVANNINI, M. & JACKS, T. 2008. Differential effects of oncogenic K-Ras and N-Ras on 
proliferation, differentiation and tumor progression in the colon. Nat Genet, 40, 600-8. 

HAINAUT, P., SOUSSI, T., SHOMER, B., HOLLSTEIN, M., GREENBLATT, M., HOVIG, E., HARRIS, C. C. & 
MONTESANO, R. 1997. Database of p53 gene somatic mutations in human tumors and cell 
lines: updated compilation and future prospects. Nucleic Acids Res, 25, 151-7. 



284 
 

HALL, A. B., NEWSOME, D., WANG, Y., BOUCHER, D. M., EUSTACE, B., GU, Y., HARE, B., JOHNSON, M. 
A., MILTON, S., MURPHY, C. E., TAKEMOTO, D., TOLMAN, C., WOOD, M., CHARLTON, P., 
CHARRIER, J. D., FUREY, B., GOLEC, J., REAPER, P. M. & POLLARD, J. R. 2014. Potentiation of 
tumor responses to DNA damaging therapy by the selective ATR inhibitor VX-970. 
Oncotarget, 5, 5674-85. 

HALLBERG, B., RAYTER, S. I. & DOWNWARD, J. 1994. Interaction of Ras and Raf in intact mammalian 
cells upon extracellular stimulation. J Biol Chem, 269, 3913-6. 

HAMMERMAN PS, L. M., VOET D, JING R, CIBULSKIS K, SIVACHENKO A, STOJANOV P, MCKENNA A, 
LANDER ES, GABRIEL S, GETZ G, SOUGNEZ C, IMIELINSKI M, HELMAN E, HERNANDEZ B, PHO 
NH, MEYERSON M, CHU A, CHUN HJ, MUNGALL AJ, PLEASANCE E, ROBERTSON A, 
SIPAHIMALANI P, STOLL D, BALASUNDARAM M, BIROL I, BUTTERFIELD YS, CHUAH E, COOPE 
RJ, CORBETT R, DHALLA N, GUIN R, HE A, HIRST C, HIRST M, HOLT RA, LEE D, LI HI, MAYO M, 
MOORE RA, MUNGALL K, NIP KM, OLSHEN A, SCHEIN JE, SLOBODAN JR, TAM A, THIESSEN N, 
VARHOL R, ZENG T, ZHAO Y, JONES SJ, MARRA MA, SAKSENA G, CHERNIACK AD, 
SCHUMACHER SE, TABAK B, CARTER SL, PHO NH, NGUYEN H, ONOFRIO RC, CRENSHAW A, 
ARDLIE K, BEROUKHIM R, WINCKLER W, HAMMERMAN PS, GETZ G, MEYERSON M, 
PROTOPOPOV A, ZHANG J, HADJIPANAYIS A, LEE S, XI R, YANG L, REN X, ZHANG H, SHUKLA S, 
CHEN PC, HASELEY P, LEE E, CHIN L, PARK PJ, KUCHERLAPATI R, SOCCI ND, LIANG Y, SCHULTZ 
N, BORSU L, LASH AE, VIALE A, SANDER C, LADANYI M, AUMAN T, HOADLEY KA, WILKERSON 
MD, SHI Y, LIQUORI C, MENG S, LI L, TURMAN YJ, TOPAL MD, TAN D, WARING S, BUDA E, 
WALSH J, JONES CD, MIECZKOWSKI PA, SINGH D, WU J, GULABANI A, DOLINA P, 
BODENHEIMER T, HOYLE AP, SIMONS JV, SOLOWAY MG, MOSE LE, JEFFERYS SR, BALU S, 
O'CONNOR BD, PRINS JF, LIU J, CHIANG DY, HAYES D, PEROU CM, COPE L, DANILOVA L, 
WEISENBERGER DJ, MAGLINTE DT, PAN F, VAN DEN BERG DJ, TRICHE T JR, HERMAN JG, 
BAYLIN SB, LAIRD PW, GETZ G, NOBLE M, VOET D, SAKSENA G, GEHLENBORG N, DICARA D, 
ZHANG J, ZHANG H, WU CJ, LIU SY, LAWRENCE MS, ZOU L, SIVACHENKO A, LIN P, STOJANOV 
P, JING R, CHO J, NAZAIRE MD, ROBINSON J, THORVALDSDOTTIR H, MESIROV J, PARK PJ, 
CHIN L, SCHULTZ N, SINHA R, CIRIELLO G, CERAMI E, GROSS B, JACOBSEN A, GAO J, AKSOY B, 
WEINHOLD N, RAMIREZ R, TAYLOR BS, ANTIPIN Y, REVA B, SHEN R, MO Q, SESHAN V, PAIK 
PK, LADANYI M, SANDER C, AKBANI R, ZHANG N, BROOM BM, CASASENT T, UNRUH A, 
WAKEFIELD C, CASON R, BAGGERLY KA, WEINSTEIN JN, HAUSSLER D, BENZ CC, STUART JM, 
ZHU J, SZETO C, SCOTT GK, YAU C, NG S, GOLDSTEIN T, WALTMAN P, SOKOLOV A, ELLROTT K, 
COLLISSON EA, ZERBINO D, WILKS C, MA S, CRAFT B, WILKERSON MD, AUMAN J, HOADLEY 
KA, DU Y, CABANSKI C, WALTER V, SINGH D, WU J, GULABANI A, BODENHEIMER T, HOYLE AP, 
SIMONS JV, SOLOWAY MG, MOSE LE, JEFFERYS SR, BALU S, MARRON J, LIU Y, WANG K, LIU J, 
PRINS JF, HAYES D, PEROU CM, CREIGHTON CJ, ZHANG Y, TRAVIS WD, REKHTMAN N, YI J, 
AUBRY MC, CHENEY R, DACIC S, FLIEDER D, FUNKHOUSER W, ILLEI P, MYERS J, TSAO MS, 
PENNY R, MALLERY D, SHELTON T, HATFIELD M, MORRIS S, YENA P, SHELTON C, SHERMAN 
M, PAULAUSKIS J, MEYERSON M, BAYLIN SB, GOVINDAN R, AKBANI R, AZODO I, BEER D, 
BOSE R, BYERS LA, CARBONE D, CHANG LW, CHIANG D, CHU A, CHUN E, COLLISSON E, COPE 
L, CREIGHTON CJ, DANILOVA L, DING L, GETZ G, HAMMERMAN PS, HAYES D, HERNANDEZ B, 
HERMAN JG, HEYMACH J, IDA C, IMIELINSKI M, JOHNSON B, JURISICA I, KAUFMAN J, KOSARI 
F, KUCHERLAPATI R, KWIATKOWSKI D, LADANYI M, LAWRENCE MS, MAHER CA, MUNGALL A, 
NG S, PAO W, PEIFER M, PENNY R, ROBERTSON G, RUSCH V, SANDER C, SCHULTZ N, SHEN R, 
SIEGFRIED J, SINHA R, SIVACHENKO A, SOUGNEZ C, STOLL D, STUART J, THOMAS RK, 
TOMASZEK S, TSAO MS, TRAVIS WD, VASKE C, WEINSTEIN JN, WEISENBERGER D, WHEELER 
D, WIGLE DA, WILKERSON MD, WILKS C, YANG P, ZHANG JJ, JENSEN MA, SFEIR R, KAHN AB, 
CHU AL, KOTHIYAL P, WANG Z, SNYDER EE, PONTIUS J, PIHL TD, AYALA B, BACKUS M, 
WALTON J, BABOUD J, BERTON DL, NICHOLLS MC, SRINIVASAN D, RAMAN R, GIRSHIK S, 
KIGONYA PA, ALONSO S, SANBHADTI RN, BARLETTA SP, GREENE JM, POT DA, TSAO MS, 
BANDARCHI-CHAMKHALEH B, BOYD J, WEAVER J, WIGLE DA, AZODO IA, TOMASZEK SC, 



285 
 

AUBRY MC, IDA CM, YANG P, KOSARI F, BROCK MV, RODGERS K, RUTLEDGE M, BROWN T, 
LEE B, SHIN J, TRUSTY D, DHIR R, SIEGFRIED JM, POTAPOVA O, FEDOSENKO KV, 
NEMIROVICH-DANCHENKO E, RUSCH V, ZAKOWSKI M, IACOCCA MV, BROWN J, RABENO B, 
CZERWINSKI C, PETRELLI N, FAN Z, TODARO N, ECKMAN J, MYERS J, RATHMELL W, THORNE 
LB, HUANG M, BOICE L, HILL A, PENNY R, MALLERY D, CURLEY E, SHELTON C, YENA P, 
MORRISON C, GAUDIOSO C, BARTLETT JM, KODEESWARAN S, ZANKE B, SEKHON H, DAVID K, 
JUHL H, VAN LE X, KOHL B, THORP R, NGUYEN VT, NGUYEN VB, SUSSMAN H, PHU BD, HAJEK 
R, NGUYEN PH, KHAN KZ, MULEY T, SHAW KR, SHETH M, YANG L, BUETOW K, DAVIDSEN T, 
DEMCHOK JA, ELEY G, FERGUSON M, DILLON LA, SCHAEFER C, GUYER MS, OZENBERGER BA, 
PALCHIK JD, PETERSON J, SOFIA HJ, THOMSON E. 2012. Comprehensive genomic 
characterization of squamous cell lung cancers. Nature, 489, 519-25. 

HAMMERMAN, P. S., SOS, M. L., RAMOS, A. H., XU, C., DUTT, A., ZHOU, W., BRACE, L. E., WOODS, B. 
A., LIN, W., ZHANG, J., DENG, X., LIM, S. M., HEYNCK, S., PEIFER, M., SIMARD, J. R., 
LAWRENCE, M. S., ONOFRIO, R. C., SALVESEN, H. B., SEIDEL, D., ZANDER, T., HEUCKMANN, J. 
M., SOLTERMANN, A., MOCH, H., KOKER, M., LEENDERS, F., GABLER, F., QUERINGS, S., 
ANSEN, S., BRAMBILLA, E., BRAMBILLA, C., LORIMIER, P., BRUSTUGUN, O. T., HELLAND, A., 
PETERSEN, I., CLEMENT, J. H., GROEN, H., TIMENS, W., SIETSMA, H., STOELBEN, E., WOLF, J., 
BEER, D. G., TSAO, M. S., HANNA, M., HATTON, C., ECK, M. J., JANNE, P. A., JOHNSON, B. E., 
WINCKLER, W., GREULICH, H., BASS, A. J., CHO, J., RAUH, D., GRAY, N. S., WONG, K. K., 
HAURA, E. B., THOMAS, R. K. & MEYERSON, M. 2011. Mutations in the DDR2 kinase gene 
identify a novel therapeutic target in squamous cell lung cancer. Cancer Discov, 1, 78-89. 

HAN, J., LEE, J. D., BIBBS, L. & ULEVITCH, R. J. 1994. A MAP kinase targeted by endotoxin and 
hyperosmolarity in mammalian cells. Science, 265, 808-11. 

HAN, W. & LO, H. W. 2012. Landscape of EGFR signaling network in human cancers: biology and 
therapeutic response in relation to receptor subcellular locations. Cancer Lett, 318, 124-34. 

HANAHAN, D. & WEINBERG, R. A. 2000. The hallmarks of cancer. Cell, 100, 57-70. 

HANAHAN, D. & WEINBERG, R. A. 2011. Hallmarks of cancer: the next generation. Cell, 144, 646-74. 

HANGER, D. P., BYERS, H. L., WRAY, S., LEUNG, K. Y., SAXTON, M. J., SEEREERAM, A., REYNOLDS, C. 
H., WARD, M. A. & ANDERTON, B. H. 2007. Novel phosphorylation sites in tau from 
Alzheimer brain support a role for casein kinase 1 in disease pathogenesis. J Biol Chem, 282, 
23645-54. 

HANNA, J. M. & ONAITIS, M. W. 2013. Cell of origin of lung cancer. Journal of carcinogenesis, 12, 6. 

HANSEN, S. K., NERLOV, C., ZABEL, U., VERDE, P., JOHNSEN, M., BAEUERLE, P. & BLASI, F. 1992. A 
novel complex between the p65 subunit of NF-kappa B and c-Rel binds to a DNA element 
involved in the phorbol ester induction of the human urokinase gene. The EMBO journal, 11, 
205. 

HARADA, D., TAKIGAWA, N., OCHI, N., NINOMIYA, T., YASUGI, M., KUBO, T., TAKEDA, H., ICHIHARA, 
E., OHASHI, K., TAKATA, S., TANIMOTO, M. & KIURA, K. 2012. JAK2-related pathway induces 
acquired erlotinib resistance in lung cancer cells harboring an epidermal growth factor 
receptor-activating mutation. Cancer Sci, 103, 1795-802. 

HARDIE, D. G. 2004. The AMP-activated protein kinase pathway--new players upstream and 
downstream. J Cell Sci, 117, 5479-87. 

HARDY, C. F., SUSSEL, L. & SHORE, D. 1992. A RAP1-interacting protein involved in transcriptional 
silencing and telomere length regulation. Genes Dev, 6, 801-14. 

HARPER, M. E., ANTONIOU, A., VILLALOBOS-MENUEY, E., RUSSO, A., TRAUGER, R., VENDEMELIO, M., 
GEORGE, A., BARTHOLOMEW, R., CARLO, D., SHAIKH, A., KUPPERMAN, J., NEWELL, E. W., 



286 
 

BESPALOV, I. A., WALLACE, S. S., LIU, Y., ROGERS, J. R., GIBBS, G. L., LEAHY, J. L., CAMLEY, R. 
E., MELAMEDE, R. & NEWELL, M. K. 2002. Characterization of a novel metabolic strategy 
used by drug-resistant tumor cells. FASEB J, 16, 1550-7. 

HAST, B. E., GOLDFARB, D., MULVANEY, K. M., HAST, M. A., SIESSER, P. F., YAN, F., HAYES, D. N. & 
MAJOR, M. B. 2013. Proteomic analysis of ubiquitin ligase KEAP1 reveals associated proteins 
that inhibit NRF2 ubiquitination. Cancer Res, 73, 2199-210. 

HAUSCHILD, A., GROB, J. J., DEMIDOV, L. V., JOUARY, T., GUTZMER, R., MILLWARD, M., RUTKOWSKI, 
P., BLANK, C. U., MILLER, W. H., JR., KAEMPGEN, E., MARTIN-ALGARRA, S., KARASZEWSKA, 
B., MAUCH, C., CHIARION-SILENI, V., MARTIN, A. M., SWANN, S., HANEY, P., MIRAKHUR, B., 
GUCKERT, M. E., GOODMAN, V. & CHAPMAN, P. B. 2012. Dabrafenib in BRAF-mutated 
metastatic melanoma: a multicentre, open-label, phase 3 randomised controlled trial. 
Lancet, 380, 358-65. 

HAWLEY, S. A., BOUDEAU, J., REID, J. L., MUSTARD, K. J., UDD, L., MAKELA, T. P., ALESSI, D. R. & 
HARDIE, D. G. 2003. Complexes between the LKB1 tumor suppressor, STRAD alpha/beta and 
MO25 alpha/beta are upstream kinases in the AMP-activated protein kinase cascade. J Biol, 
2, 28. 

HAWLEY, S. A., DAVISON, M., WOODS, A., DAVIES, S. P., BERI, R. K., CARLING, D. & HARDIE, D. G. 
1996. Characterization of the AMP-activated protein kinase kinase from rat liver and 
identification of threonine 172 as the major site at which it phosphorylates AMP-activated 
protein kinase. J Biol Chem, 271, 27879-87. 

HAYASHI, H., ICHIHARA, M., IWASHITA, T., MURAKAMI, H., SHIMONO, Y., KAWAI, K., KUROKAWA, K., 
MURAKUMO, Y., IMAI, T., FUNAHASHI, H., NAKAO, A. & TAKAHASHI, M. 2000. 
Characterization of intracellular signals via tyrosine 1062 in RET activated by glial cell line-
derived neurotrophic factor. Oncogene, 19, 4469-75. 

HERBST, R. S., HEYMACH, J. V. & LIPPMAN, S. M. 2008. Lung cancer. N Engl J Med, 359, 1367-80. 

HERNANDEZ-ALCOCEBA, R., FERNANDEZ, F. & LACAL, J. C. 1999. In vivo antitumor activity of choline 
kinase inhibitors: a novel target for anticancer drug discovery. Cancer Res, 59, 3112-8. 

HERNANDEZ-ALCOCEBA, R., SANIGER, L., CAMPOS, J., NUNEZ, M. C., KHALESS, F., GALLO, M. A., 
ESPINOSA, A. & LACAL, J. C. 1997. Choline kinase inhibitors as a novel approach for 
antiproliferative drug design. Oncogene, 15, 2289-301. 

HILL, C. S. & TREISMAN, R. 1995. Transcriptional regulation by extracellular signals: mechanisms and 
specificity. Cell, 80, 199-211. 

HIRAI, H., IWASAWA, Y., OKADA, M., ARAI, T., NISHIBATA, T., KOBAYASHI, M., KIMURA, T., KANEKO, 
N., OHTANI, J., YAMANAKA, K., ITADANI, H., TAKAHASHI-SUZUKI, I., FUKASAWA, K., OKI, H., 
NAMBU, T., JIANG, J., SAKAI, T., ARAKAWA, H., SAKAMOTO, T., SAGARA, T., YOSHIZUMI, T., 
MIZUARAI, S. & KOTANI, H. 2009. Small-molecule inhibition of Wee1 kinase by MK-1775 
selectively sensitizes p53-deficient tumor cells to DNA-damaging agents. Mol Cancer Ther, 8, 
2992-3000. 

HIRSCH, F. R., VARELLA-GARCIA, M., FRANKLIN, W. A., VEVE, R., CHEN, L., HELFRICH, B., ZENG, C., 
BARON, A. & BUNN, P. A., JR. 2002. Evaluation of HER-2/neu gene amplification and protein 
expression in non-small cell lung carcinomas. Br J Cancer, 86, 1449-56. 

HOLLSTEIN, M., RICE, K., GREENBLATT, M. S., SOUSSI, T., FUCHS, R., SORLIE, T., HOVIG, E., SMITH-
SORENSEN, B., MONTESANO, R. & HARRIS, C. C. 1994. Database of p53 gene somatic 
mutations in human tumors and cell lines. Nucleic Acids Res, 22, 3551-5. 



287 
 

HONEGGER, A. M., KRIS, R. M., ULLRICH, A. & SCHLESSINGER, J. 1989. Evidence that 
autophosphorylation of solubilized receptors for epidermal growth factor is mediated by 
intermolecular cross-phosphorylation. Proc Natl Acad Sci U S A, 86, 925-9. 

HOPWOOD, P. & STEPHENS, R. J. 1995. Symptoms at presentation for treatment in patients with 
lung cancer: implications for the evaluation of palliative treatment. The Medical Research 
Council (MRC) Lung Cancer Working Party. Br J Cancer, 71, 633-6. 

HOSGOOD, H. D., 3RD, MENASHE, I., SHEN, M., YEAGER, M., YUENGER, J., RAJARAMAN, P., HE, X., 
CHATTERJEE, N., CAPORASO, N. E., ZHU, Y., CHANOCK, S. J., ZHENG, T. & LAN, Q. 2008. 
Pathway-based evaluation of 380 candidate genes and lung cancer susceptibility suggests 
the importance of the cell cycle pathway. Carcinogenesis, 29, 1938-43. 

HSU, P. P. & SABATINI, D. M. 2008. Cancer cell metabolism: Warburg and beyond. Cell, 134, 703-7. 

HU, T. & LI, C. 2010. Convergence between Wnt-β-catenin and EGFR signaling in cancer. Molecular 
cancer, 9, 1. 

HUANG, C. & FRETER, C. 2015. Lipid metabolism, apoptosis and cancer therapy. Int J Mol Sci, 16, 
924-49. 

HUANG, F. & SORKIN, A. 2005. Growth factor receptor binding protein 2-mediated recruitment of 
the RING domain of Cbl to the epidermal growth factor receptor is essential and sufficient to 
support receptor endocytosis. Molecular biology of the cell, 16, 1268-1281. 

HUANG, H., LI, L., WU, C., SCHIBLI, D., COLWILL, K., MA, S., LI, C., ROY, P., HO, K., SONGYANG, Z., 
PAWSON, T., GAO, Y. & LI, S. S. 2008. Defining the specificity space of the human SRC 
homology 2 domain. Mol Cell Proteomics, 7, 768-84. 

HUANG, H. C., NGUYEN, T. & PICKETT, C. B. 2002. Phosphorylation of Nrf2 at Ser-40 by protein kinase 
C regulates antioxidant response element-mediated transcription. J Biol Chem, 277, 42769-
74. 

HUANG, S.-M. A., MISHINA, Y. M., LIU, S., CHEUNG, A., STEGMEIER, F., MICHAUD, G. A., CHARLAT, O., 
WIELLETTE, E., ZHANG, Y. & WIESSNER, S. 2009. Tankyrase inhibition stabilizes axin and 
antagonizes Wnt signalling. Nature, 461, 614-620. 

HUANG, S., HOLZEL, M., KNIJNENBURG, T., SCHLICKER, A., ROEPMAN, P., MCDERMOTT, U., 
GARNETT, M., GRERNRUM, W., SUN, C., PRAHALLAD, A., GROENENDIJK, F. H., 
MITTEMPERGHER, L., NIJKAMP, W., NEEFJES, J., SALAZAR, R., TEN DIJKE, P., URAMOTO, H., 
TANAKA, F., BEIJERSBERGEN, R. L., WESSELS, L. F. & BERNARDS, R. 2012. MED12 controls the 
response to multiple cancer drugs through regulation of TGF-beta receptor signaling. Cell, 
151, 937-50. 

HUANG, W. C., CHEN, Y. J., LI, L. Y., WEI, Y. L., HSU, S. C., TSAI, S. L., CHIU, P. C., HUANG, W. P., 
WANG, Y. N., CHEN, C. H., CHANG, W. C., CHANG, W. C., CHEN, A. J., TSAI, C. H. & HUNG, M. 
C. 2011. Nuclear translocation of epidermal growth factor receptor by Akt-dependent 
phosphorylation enhances breast cancer-resistant protein expression in gefitinib-resistant 
cells. J Biol Chem, 286, 20558-68. 

HUANG, Y., BENAICH, N., TAPE, C., KWOK, H. F. & MURPHY, G. 2014. Targeting the sheddase activity 
of ADAM17 by an anti-ADAM17 antibody D1(A12) inhibits head and neck squamous cell 
carcinoma cell proliferation and motility via blockage of bradykinin induced HERs 
transactivation. Int J Biol Sci, 10, 702-14. 

HUBBARD, S. R. 1997. Crystal structure of the activated insulin receptor tyrosine kinase in complex 
with peptide substrate and ATP analog. EMBO J, 16, 5572-81. 



288 
 

HUBBARD, S. R. & TILL, J. H. 2000. Protein tyrosine kinase structure and function. Annual review of 
biochemistry, 69, 373-398. 

HUGHES, K., EDIN, S., ANTONSSON, Å. & GRUNDSTRÖM, T. 2001. Calmodulin-dependent kinase II 
mediates T cell receptor/CD3-and phorbol ester-induced activation of IκB kinase. Journal of 
Biological Chemistry, 276, 36008-36013. 

HUO, L., LI, C. W., HUANG, T. H., LAM, Y. C., XIA, W., TU, C., CHANG, W. C., HSU, J. L., LEE, D. F., NIE, 
L., YAMAGUCHI, H., WANG, Y., LANG, J., LI, L. Y., CHEN, C. H., MISHRA, L. & HUNG, M. C. 
2014. Activation of Keap1/Nrf2 signaling pathway by nuclear epidermal growth factor 
receptor in cancer cells. Am J Transl Res, 6, 649-63. 

HUO, L., WANG, Y. N., XIA, W., HSU, S. C., LAI, C. C., LI, L. Y., CHANG, W. C., WANG, Y., HSU, M. C., YU, 
Y. L., HUANG, T. H., DING, Q., CHEN, C. H., TSAI, C. H. & HUNG, M. C. 2010. RNA helicase A is 
a DNA-binding partner for EGFR-mediated transcriptional activation in the nucleus. Proc Natl 
Acad Sci U S A, 107, 16125-30. 

HWANG, S. J., CHENG, L. S., LOZANO, G., AMOS, C. I., GU, X. & STRONG, L. C. 2003. Lung cancer risk 
in germline p53 mutation carriers: association between an inherited cancer predisposition, 
cigarette smoking, and cancer risk. Hum Genet, 113, 238-43. 

IBANEZ, C. F. 2013. Structure and physiology of the RET receptor tyrosine kinase. Cold Spring Harb 
Perspect Biol, 5. 

ICHIJO, H. 1999. From receptors to stress-activated MAP kinases. Oncogene, 18, 6087-93. 

INOKI, K., LI, Y., ZHU, T., WU, J. & GUAN, K. L. 2002. TSC2 is phosphorylated and inhibited by Akt and 
suppresses mTOR signalling. Nat Cell Biol, 4, 648-57. 

INOKI, K., ZHU, T. & GUAN, K. L. 2003. TSC2 mediates cellular energy response to control cell growth 
and survival. Cell, 115, 577-90. 

INOMATA, S., TAKAHASHI, H., NAGATA, M., YAMADA, G., SHIRATORI, M., TANAKA, H., SATOH, M., 
SAITOH, T., SATO, T. & ABE, S. 2004. Acute lung injury as an adverse event of gefitinib. 
Anticancer Drugs, 15, 461-7. 

ISHII, T., ITOH, K., TAKAHASHI, S., SATO, H., YANAGAWA, T., KATOH, Y., BANNAI, S. & YAMAMOTO, 
M. 2000. Transcription factor Nrf2 coordinately regulates a group of oxidative stress-
inducible genes in macrophages. J Biol Chem, 275, 16023-9. 

ITOH, K., CHIBA, T., TAKAHASHI, S., ISHII, T., IGARASHI, K., KATOH, Y., OYAKE, T., HAYASHI, N., SATOH, 
K., HATAYAMA, I., YAMAMOTO, M. & NABESHIMA, Y. 1997. An Nrf2/small Maf heterodimer 
mediates the induction of phase II detoxifying enzyme genes through antioxidant response 
elements. Biochem Biophys Res Commun, 236, 313-22. 

ITOH, K., MIMURA, J. & YAMAMOTO, M. 2010a. Discovery of the negative regulator of Nrf2, Keap1: a 
historical overview. Antioxidants & redox signaling, 13, 1665-1678. 

ITOH, K., MIMURA, J. & YAMAMOTO, M. 2010b. Discovery of the negative regulator of Nrf2, Keap1: a 
historical overview. Antioxid Redox Signal, 13, 1665-78. 

ITOH, K., WAKABAYASHI, N., KATOH, Y., ISHII, T., IGARASHI, K., ENGEL, J. D. & YAMAMOTO, M. 
1999a. Keap1 represses nuclear activation of antioxidant responsive elements by Nrf2 
through binding to the amino-terminal Neh2 domain. Genes & development, 13, 76-86. 

ITOH, K., WAKABAYASHI, N., KATOH, Y., ISHII, T., IGARASHI, K., ENGEL, J. D. & YAMAMOTO, M. 
1999b. Keap1 represses nuclear activation of antioxidant responsive elements by Nrf2 
through binding to the amino-terminal Neh2 domain. Genes Dev, 13, 76-86. 



289 
 

IWAHARA, T., FUJIMOTO, J., WEN, D., CUPPLES, R., BUCAY, N., ARAKAWA, T., MORI, S., RATZKIN, B. & 
YAMAMOTO, T. 1997. Molecular characterization of ALK, a receptor tyrosine kinase 
expressed specifically in the nervous system. Oncogene, 14, 439-49. 

JACKMAN, D. M. & JOHNSON, B. E. 2005. Small-cell lung cancer. The Lancet, 366, 1385-1396. 

JAIN, A., LAMARK, T., SJOTTEM, E., LARSEN, K. B., AWUH, J. A., OVERVATN, A., MCMAHON, M., 
HAYES, J. D. & JOHANSEN, T. 2010. p62/SQSTM1 is a target gene for transcription factor 
NRF2 and creates a positive feedback loop by inducing antioxidant response element-driven 
gene transcription. J Biol Chem, 285, 22576-91. 

JAIN, A. K. & JAISWAL, A. K. 2006. Phosphorylation of tyrosine 568 controls nuclear export of Nrf2. J 
Biol Chem, 281, 12132-42. 

JAISWAL, A. K. 2004. Nrf2 signaling in coordinated activation of antioxidant gene expression. Free 
Radic Biol Med, 36, 1199-207. 

JAKOB, U., GAESTEL, M., ENGEL, K. & BUCHNER, J. 1993. Small heat shock proteins are molecular 
chaperones. Journal of Biological Chemistry, 268, 1517-1520. 

JANARDHAN, S., SRIVANI, P. & SASTRY, G. N. 2006. Choline kinase: an important target for cancer. 
Curr Med Chem, 13, 1169-86. 

JANNE, P. A., YANG, J. C., KIM, D. W., PLANCHARD, D., OHE, Y., RAMALINGAM, S. S., AHN, M. J., KIM, 
S. W., SU, W. C., HORN, L., HAGGSTROM, D., FELIP, E., KIM, J. H., FREWER, P., CANTARINI, M., 
BROWN, K. H., DICKINSON, P. A., GHIORGHIU, S. & RANSON, M. 2015. AZD9291 in EGFR 
inhibitor-resistant non-small-cell lung cancer. N Engl J Med, 372, 1689-99. 

JANSEN, M., TEN KLOOSTER, J. P., OFFERHAUS, G. J. & CLEVERS, H. 2009. LKB1 and AMPK family 
signaling: the intimate link between cell polarity and energy metabolism. Physiol Rev, 89, 
777-98. 

JAWHARI, A. U., FARTHING, M. J. & PIGNATELLI, M. 1999. The E-cadherin/epidermal growth factor 
receptor interaction: a hypothesis of reciprocal and reversible control of intercellular 
adhesion and cell proliferation. J Pathol, 187, 155-7. 

JEMAL, A., BRAY, F., CENTER, M. M., FERLAY, J., WARD, E. & FORMAN, D. 2011. Global cancer 
statistics. CA Cancer J Clin, 61, 69-90. 

JESSUS, C. & OZON, R. 1995. Function and regulation of cdc25 protein phosphate through mitosis 
and meiosis. Prog Cell Cycle Res, 1, 215-28. 

JI, H., WANG, J., NIKA, H., HAWKE, D., KEEZER, S., GE, Q., FANG, B., FANG, X., FANG, D. & LITCHFIELD, 
D. W. 2009. EGF-induced ERK activation promotes CK2-mediated disassociation of α-catenin 
from β-catenin and transactivation of β-catenin. Molecular cell, 36, 547-559. 

JIA, Y., YUN, C. H., PARK, E., ERCAN, D., MANUIA, M., JUAREZ, J., XU, C., RHEE, K., CHEN, T., ZHANG, 
H., PALAKURTHI, S., JANG, J., LELAIS, G., DIDONATO, M., BURSULAYA, B., MICHELLYS, P. Y., 
EPPLE, R., MARSILJE, T. H., MCNEILL, M., LU, W., HARRIS, J., BENDER, S., WONG, K. K., JANNE, 
P. A. & ECK, M. J. 2016. Overcoming EGFR(T790M) and EGFR(C797S) resistance with mutant-
selective allosteric inhibitors. Nature, 534, 129-32. 

JIN, G., KIM, M. J., JEON, H. S., CHOI, J. E., KIM, D. S., LEE, E. B., CHA, S. I., YOON, G. S., KIM, C. H., 
JUNG, T. H. & PARK, J. Y. 2010. PTEN mutations and relationship to EGFR, ERBB2, KRAS, and 
TP53 mutations in non-small cell lung cancers. Lung Cancer, 69, 279-83. 

JU, Y. S., LEE, W. C., SHIN, J. Y., LEE, S., BLEAZARD, T., WON, J. K., KIM, Y. T., KIM, J. I., KANG, J. H. & 
SEO, J. S. 2012. A transforming KIF5B and RET gene fusion in lung adenocarcinoma revealed 
from whole-genome and transcriptome sequencing. Genome Res, 22, 436-45. 



290 
 

JURA, N., ENDRES, N. F., ENGEL, K., DEINDL, S., DAS, R., LAMERS, M. H., WEMMER, D. E., ZHANG, X. & 
KURIYAN, J. 2009. Mechanism for activation of the EGF receptor catalytic domain by the 
juxtamembrane segment. Cell, 137, 1293-307. 

JURGENSMEIER, J. M., XIE, Z., DEVERAUX, Q., ELLERBY, L., BREDESEN, D. & REED, J. C. 1998. Bax 
directly induces release of cytochrome c from isolated mitochondria. Proc Natl Acad Sci U S 
A, 95, 4997-5002. 

KADAVATH, H., HOFELE, R. V., BIERNAT, J., KUMAR, S., TEPPER, K., URLAUB, H., MANDELKOW, E. & 
ZWECKSTETTER, M. 2015. Tau stabilizes microtubules by binding at the interface between 
tubulin heterodimers. Proc Natl Acad Sci U S A, 112, 7501-6. 

KANG, S., BADER, A. G. & VOGT, P. K. 2005. Phosphatidylinositol 3-kinase mutations identified in 
human cancer are oncogenic. Proc Natl Acad Sci U S A, 102, 802-7. 

KANSANEN, E., KUOSMANEN, S. M., LEINONEN, H. & LEVONEN, A. L. 2013. The Keap1-Nrf2 pathway: 
Mechanisms of activation and dysregulation in cancer. Redox Biol, 1, 45-9. 

KARACHALIOU, N., CODONY-SERVAT, J., TEIXIDO, C., PILOTTO, S., DROZDOWSKYJ, A., CODONY-
SERVAT, C., GIMENEZ-CAPITAN, A., MOLINA-VILA, M. A., BERTRAN-ALAMILLO, J., GERVAIS, 
R., MASSUTI, B., MORAN, T., MAJEM, M., FELIP, E., CARCERENY, E., GARCIA-CAMPELO, R., 
VITERI, S., GONZALEZ-CAO, M., MORALES-ESPINOSA, D., VERLICCHI, A., CRISETTI, E., CHAIB, 
I., SANTARPIA, M., LUIS RAMIREZ, J., BOSCH-BARRERA, J., FELIPE CARDONA, A., DE MARINIS, 
F., LOPEZ-VIVANCO, G., MIGUEL SANCHEZ, J., VERGNENEGRE, A., SANCHEZ HERNANDEZ, J. J., 
SPERDUTI, I., BRIA, E. & ROSELL, R. 2015. BIM and mTOR expression levels predict outcome 
to erlotinib in EGFR-mutant non-small-cell lung cancer. Sci Rep, 5, 17499. 

KARACHALIOU, N., GIMENEZ-CAPITAN, A., DROZDOWSKYJ, A., VITERI, S., MORAN, T., CARCERENY, E., 
MASSUTI, B., VERGNENEGRE, A., DE MARINIS, F. & MOLINA, M. A. 2014. ROR1 as a novel 
therapeutic target for EGFR-mutant non-small-cell lung cancer patients with the EGFR 
T790M mutation. Translational lung cancer research, 3, 122-130. 

KARAR, J. & MAITY, A. 2011. PI3K/AKT/mTOR Pathway in Angiogenesis. Front Mol Neurosci, 4, 51. 

KARUMAN, P., GOZANI, O., ODZE, R. D., ZHOU, X. C., ZHU, H., SHAW, R., BRIEN, T. P., BOZZUTO, C. D., 
OOI, D., CANTLEY, L. C. & YUAN, J. 2001. The Peutz-Jegher gene product LKB1 is a mediator 
of p53-dependent cell death. Mol Cell, 7, 1307-19. 

KASTAN, M. B. & LIM, D. S. 2000. The many substrates and functions of ATM. Nat Rev Mol Cell Biol, 
1, 179-86. 

KATAYAMA, K., FUJITA, N. & TSURUO, T. 2005. Akt/protein kinase B-dependent phosphorylation and 
inactivation of WEE1Hu promote cell cycle progression at G2/M transition. Mol Cell Biol, 25, 
5725-37. 

KATO, J., MATSUSHIME, H., HIEBERT, S. W., EWEN, M. E. & SHERR, C. J. 1993. Direct binding of cyclin 
D to the retinoblastoma gene product (pRb) and pRb phosphorylation by the cyclin D-
dependent kinase CDK4. Genes and Development, 7, 331-331. 

KATOH, M. & NAKAGAMA, H. 2014. FGF receptors: cancer biology and therapeutics. Med Res Rev, 
34, 280-300. 

KATSUOKA, F., MOTOHASHI, H., ISHII, T., ABURATANI, H., ENGEL, J. D. & YAMAMOTO, M. 2005. 
Genetic evidence that small maf proteins are essential for the activation of antioxidant 
response element-dependent genes. Mol Cell Biol, 25, 8044-51. 

KAWAUCHI, K., ARAKI, K., TOBIUME, K. & TANAKA, N. 2008. p53 regulates glucose metabolism 
through an IKK-NF-kappaB pathway and inhibits cell transformation. Nat Cell Biol, 10, 611-8. 



291 
 

KERANEN, L. M., DUTIL, E. M. & NEWTON, A. C. 1995. Protein kinase C is regulated in vivo by three 
functionally distinct phosphorylations. Curr Biol, 5, 1394-1403. 

KEUM, Y. S., YU, S., CHANG, P. P., YUAN, X., KIM, J. H., XU, C., HAN, J., AGARWAL, A. & KONG, A. N. 
2006. Mechanism of action of sulforaphane: inhibition of p38 mitogen-activated protein 
kinase isoforms contributing to the induction of antioxidant response element-mediated 
heme oxygenase-1 in human hepatoma HepG2 cells. Cancer Res, 66, 8804-13. 

KEUN, H. C., EBBELS, T. M., BOLLARD, M. E., BECKONERT, O., ANTTI, H., HOLMES, E., LINDON, J. C. & 
NICHOLSON, J. K. 2004. Geometric trajectory analysis of metabolic responses to toxicity can 
define treatment specific profiles. Chem Res Toxicol, 17, 579-87. 

KHAZAIE, K., SCHIRRMACHER, V. & LICHTNER, R. B. 1993. EGF receptor in neoplasia and metastasis. 
Cancer Metastasis Rev, 12, 255-74. 

KIM, J. E., YOU, D. J., LEE, C., AHN, C., SEONG, J. Y. & HWANG, J. I. 2010. Suppression of NF-kappaB 
signaling by KEAP1 regulation of IKKbeta activity through autophagic degradation and 
inhibition of phosphorylation. Cell Signal, 22, 1645-54. 

KIM, T. M., SONG, A., KIM, D. W., KIM, S., AHN, Y. O., KEAM, B., JEON, Y. K., LEE, S. H., CHUNG, D. H. 
& HEO, D. S. 2015. Mechanisms of Acquired Resistance to AZD9291: A Mutation-Selective, 
Irreversible EGFR Inhibitor. J Thorac Oncol, 10, 1736-44. 

KING, C., DIAZ, H., BARNARD, D., BARDA, D., CLAWSON, D., BLOSSER, W., COX, K., GUO, S. & 
MARSHALL, M. 2014. Characterization and preclinical development of LY2603618: a selective 
and potent Chk1 inhibitor. Invest New Drugs, 32, 213-26. 

KINROSS, J. M., VON ROON, A. C., HOLMES, E., DARZI, A. & NICHOLSON, J. K. 2008. The human gut 
microbiome: implications for future health care. Curr Gastroenterol Rep, 10, 396-403. 

KNAUSS, T. C., JAFFER, F. E. & ABBOUD, H. E. 1990. Phosphatidic acid modulates DNA synthesis, 
phospholipase C, and platelet-derived growth factor mRNAs in cultured mesangial cells. Role 
of protein kinase C. J Biol Chem, 265, 14457-63. 

KNUDSEN, E. S. & WANG, J. Y. 1997. Dual mechanisms for the inhibition of E2F binding to RB by 
cyclin-dependent kinase-mediated RB phosphorylation. Mol Cell Biol, 17, 5771-83. 

KOBAYASHI, A., KANG, M. I., OKAWA, H., OHTSUJI, M., ZENKE, Y., CHIBA, T., IGARASHI, K. & 
YAMAMOTO, M. 2004. Oxidative stress sensor Keap1 functions as an adaptor for Cul3-based 
E3 ligase to regulate proteasomal degradation of Nrf2. Mol Cell Biol, 24, 7130-9. 

KOBAYASHI, S., BOGGON, T. J., DAYARAM, T., JANNE, P. A., KOCHER, O., MEYERSON, M., JOHNSON, 
B. E., ECK, M. J., TENEN, D. G. & HALMOS, B. 2005. EGFR mutation and resistance of non-
small-cell lung cancer to gefitinib. N Engl J Med, 352, 786-92. 

KOHNO, T., ICHIKAWA, H., TOTOKI, Y., YASUDA, K., HIRAMOTO, M., NAMMO, T., SAKAMOTO, H., 
TSUTA, K., FURUTA, K., SHIMADA, Y., IWAKAWA, R., OGIWARA, H., OIKE, T., ENARI, M., 
SCHETTER, A. J., OKAYAMA, H., HAUGEN, A., SKAUG, V., CHIKU, S., YAMANAKA, I., ARAI, Y., 
WATANABE, S., SEKINE, I., OGAWA, S., HARRIS, C. C., TSUDA, H., YOSHIDA, T., YOKOTA, J. & 
SHIBATA, T. 2012. KIF5B-RET fusions in lung adenocarcinoma. Nat Med, 18, 375-7. 

KOHNO, T., NAKAOKU, T., TSUTA, K., TSUCHIHARA, K., MATSUMOTO, S., YOH, K. & GOTO, K. 2015. 
Beyond ALK-RET, ROS1 and other oncogene fusions in lung cancer. Transl Lung Cancer Res, 
4, 156-64. 

KOIVUNEN, J., AALTONEN, V. & PELTONEN, J. 2006. Protein kinase C (PKC) family in cancer 
progression. Cancer Lett, 235, 1-10. 

KOMATSU, M., KUROKAWA, H., WAGURI, S., TAGUCHI, K., KOBAYASHI, A., ICHIMURA, Y., SOU, Y. S., 
UENO, I., SAKAMOTO, A., TONG, K. I., KIM, M., NISHITO, Y., IEMURA, S., NATSUME, T., UENO, 



292 
 

T., KOMINAMI, E., MOTOHASHI, H., TANAKA, K. & YAMAMOTO, M. 2010. The selective 
autophagy substrate p62 activates the stress responsive transcription factor Nrf2 through 
inactivation of Keap1. Nat Cell Biol, 12, 213-23. 

KOMUROV, K., TSENG, J. T., MULLER, M., SEVIOUR, E. G., MOSS, T. J., YANG, L., NAGRATH, D. & RAM, 
P. T. 2012. The glucose-deprivation network counteracts lapatinib-induced toxicity in 
resistant ErbB2-positive breast cancer cells. Mol Syst Biol, 8, 596. 

KONAGAI, S., SAKAGAMI, H., YAMAMOTO, H., TANAKA, H., MATSUYA, T., MIMASU, S., TOMIMOTO, 
Y., MORI, M., KOSHIO, H. & HIRANO, M. 2015. ASP8273 selectively inhibits mutant EGFR 
signal pathway and induces tumor shrinkage in EGFR mutated tumor models. Cancer 
Research, 75, 2586-2586. 

KONG-BELTRAN, M., SESHAGIRI, S., ZHA, J., ZHU, W., BHAWE, K., MENDOZA, N., HOLCOMB, T., 
PUJARA, K., STINSON, J., FU, L., SEVERIN, C., RANGELL, L., SCHWALL, R., AMLER, L., 
WICKRAMASINGHE, D. & YAUCH, R. 2006. Somatic mutations lead to an oncogenic deletion 
of met in lung cancer. Cancer Res, 66, 283-9. 

KOSAKA, T., YATABE, Y., ENDOH, H., YOSHIDA, K., HIDA, T., TSUBOI, M., TADA, H., KUWANO, H. & 
MITSUDOMI, T. 2006. Analysis of epidermal growth factor receptor gene mutation in 
patients with non–small cell lung cancer and acquired resistance to gefitinib. Clinical Cancer 
Research, 12, 5764-5769. 

KRASNOV, G. S., DMITRIEV, A. A., SNEZHKINA, A. V. & KUDRYAVTSEVA, A. V. 2013. Deregulation of 
glycolysis in cancer: glyceraldehyde-3-phosphate dehydrogenase as a therapeutic target. 
Expert Opin Ther Targets, 17, 681-93. 

KRIS, M. G., NATALE, R. B., HERBST, R. S., LYNCH, T. J., JR., PRAGER, D., BELANI, C. P., SCHILLER, J. H., 
KELLY, K., SPIRIDONIDIS, H., SANDLER, A., ALBAIN, K. S., CELLA, D., WOLF, M. K., AVERBUCH, 
S. D., OCHS, J. J. & KAY, A. C. 2003. Efficacy of gefitinib, an inhibitor of the epidermal growth 
factor receptor tyrosine kinase, in symptomatic patients with non-small cell lung cancer: a 
randomized trial. JAMA, 290, 2149-58. 

KROLL, J. & WALTENBERGER, J. 1997. The vascular endothelial growth factor receptor KDR activates 
multiple signal transduction pathways in porcine aortic endothelial cells. J Biol Chem, 272, 
32521-7. 

KUMAGAI, A. & DUNPHY, W. G. 1999. Binding of 14-3-3 proteins and nuclear export control the 
intracellular localization of the mitotic inducer Cdc25. Genes Dev, 13, 1067-72. 

KUMAR, P., REITHOFER, V., REISINGER, M., WALLNER, S., PAVKOV-KELLER, T., MACHEROUX, P. & 
GRUBER, K. 2016. Substrate complexes of human dipeptidyl peptidase III reveal the 
mechanism of enzyme inhibition. Sci Rep, 6, 23787. 

KUO, A. H., STOICA, G. E., RIEGEL, A. T. & WELLSTEIN, A. 2007. Recruitment of insulin receptor 
substrate-1 and activation of NF-kappaB essential for midkine growth signaling through 
anaplastic lymphoma kinase. Oncogene, 26, 859-69. 

KUTOK, J. L. & ASTER, J. C. 2002. Molecular biology of anaplastic lymphoma kinase-positive 
anaplastic large-cell lymphoma. J Clin Oncol, 20, 3691-702. 

KWAK, E. L., BANG, Y. J., CAMIDGE, D. R., SHAW, A. T., SOLOMON, B., MAKI, R. G., OU, S. H., DEZUBE, 
B. J., JANNE, P. A., COSTA, D. B., VARELLA-GARCIA, M., KIM, W. H., LYNCH, T. J., FIDIAS, P., 
STUBBS, H., ENGELMAN, J. A., SEQUIST, L. V., TAN, W., GANDHI, L., MINO-KENUDSON, M., 
WEI, G. C., SHREEVE, S. M., RATAIN, M. J., SETTLEMAN, J., CHRISTENSEN, J. G., HABER, D. A., 
WILNER, K., SALGIA, R., SHAPIRO, G. I., CLARK, J. W. & IAFRATE, A. J. 2010. Anaplastic 
lymphoma kinase inhibition in non-small-cell lung cancer. N Engl J Med, 363, 1693-703. 



293 
 

KWAK, E. L., SORDELLA, R., BELL, D. W., GODIN-HEYMANN, N., OKIMOTO, R. A., BRANNIGAN, B. W., 
HARRIS, P. L., DRISCOLL, D. R., FIDIAS, P., LYNCH, T. J., RABINDRAN, S. K., MCGINNIS, J. P., 
WISSNER, A., SHARMA, S. V., ISSELBACHER, K. J., SETTLEMAN, J. & HABER, D. A. 2005. 
Irreversible inhibitors of the EGF receptor may circumvent acquired resistance to gefitinib. 
Proc Natl Acad Sci U S A, 102, 7665-70. 

KWAK, M. K., ITOH, K., YAMAMOTO, M. & KENSLER, T. W. 2002. Enhanced expression of the 
transcription factor Nrf2 by cancer chemopreventive agents: role of antioxidant response 
element-like sequences in the nrf2 promoter. Mol Cell Biol, 22, 2883-92. 

KWEI, K. A., KIM, Y. H., GIRARD, L., KAO, J., PACYNA-GENGELBACH, M., SALARI, K., LEE, J., CHOI, Y. L., 
SATO, M., WANG, P., HERNANDEZ-BOUSSARD, T., GAZDAR, A. F., PETERSEN, I., MINNA, J. D. 
& POLLACK, J. R. 2008. Genomic profiling identifies TITF1 as a lineage-specific oncogene 
amplified in lung cancer. Oncogene, 27, 3635-40. 

KYRIAKIS, J. M. 1999. Signaling by the germinal center kinase family of protein kinases. J Biol Chem, 
274, 5259-62. 

KYRIAKIS, J. M. & AVRUCH, J. 2001. Mammalian mitogen-activated protein kinase signal transduction 
pathways activated by stress and inflammation. Physiol Rev, 81, 807-69. 

LABABEDE, O., MEZIANE, M. A. & RICE, T. W. 1999. TNM staging of lung cancer: a quick reference 
chart. Chest, 115, 233-5. 

LACAL, J. C. & CAMPOS, J. M. 2015. Preclinical characterization of RSM-932A, a novel anticancer drug 
targeting the human choline kinase alpha, an enzyme involved in increased lipid metabolism 
of cancer cells. Mol Cancer Ther, 14, 31-9. 

LALLENA, M. J., DIAZ-MECO, M. T., BREN, G., PAYA, C. V. & MOSCAT, J. 1999. Activation of IkappaB 
kinase beta by protein kinase C isoforms. Mol Cell Biol, 19, 2180-8. 

LANNEAU, D., BRUNET, M., FRISAN, E., SOLARY, E., FONTENAY, M. & GARRIDO, C. 2008. Heat shock 
proteins: essential proteins for apoptosis regulation. Journal of cellular and molecular 
medicine, 12, 743-761. 

LAU, A., WANG, X. J., ZHAO, F., VILLENEUVE, N. F., WU, T., JIANG, T., SUN, Z., WHITE, E. & ZHANG, D. 
D. 2010. A noncanonical mechanism of Nrf2 activation by autophagy deficiency: direct 
interaction between Keap1 and p62. Mol Cell Biol, 30, 3275-85. 

LAWTON, K. A., BERGER, A., MITCHELL, M., MILGRAM, K. E., EVANS, A. M., GUO, L., HANSON, R. W., 
KALHAN, S. C., RYALS, J. A. & MILBURN, M. V. 2008. Analysis of the adult human plasma 
metabolome. 

LECKER, S. H., GOLDBERG, A. L. & MITCH, W. E. 2006. Protein degradation by the ubiquitin-
proteasome pathway in normal and disease states. J Am Soc Nephrol, 17, 1807-19. 

LEDINGHAM, J. G. & BAYLISS, R. I. 1965. Ethacrynic acid: two years' experience with a new diuretic. 
Br Med J, 2, 732-5. 

LEE, C. S., KIM, K. L., JANG, J. H., CHOI, Y. S., SUH, P. G. & RYU, S. H. 2009. The roles of phospholipase 
D in EGFR signaling. Biochim Biophys Acta, 1791, 862-8. 

LEE, J.-S., PARK, K., HAN, J.-Y., LEE, K., KIM, J.-H., CHO, E., CHO, J., MIN, Y., KIM, J.-S. & KIM, H.-G. 
2015. 425PDClinical activity and safety of the EGFR mutant-specific inhibitor, BI1482694, in 
patients (pts) with T790M-positive NSCLC. Annals of Oncology, 26, ix128-ix129. 

LEE, J., KUMAGAI, A. & DUNPHY, W. G. 2001. Positive regulation of Wee1 by Chk1 and 14-3-3 
proteins. Molecular biology of the cell, 12, 551-563. 



294 
 

LEE, J. C., LAYDON, J. T., MCDONNELL, P. C., GALLAGHER, T. F., KUMAR, S., GREEN, D., MCNULTY, D., 
BLUMENTHAL, M. J., HEYS, J. R., LANDVATTER, S. W. & ET AL. 1994. A protein kinase involved 
in the regulation of inflammatory cytokine biosynthesis. Nature, 372, 739-46. 

LEE, K.-O., CHA, M. Y., KIM, M., SONG, J. Y., LEE, J.-H., KIM, Y. H., LEE, Y.-M., SUH, K. H. & SON, J. 
2014. Abstract LB-100: Discovery of HM61713 as an orally available and mutant EGFR 
selective inhibitor. Cancer Research, 74, LB-100-LB-100. 

LEE, T. D., YANG, H., WHANG, J. & LU, S. C. 2005. Cloning and characterization of the human 
glutathione synthetase 5'-flanking region. Biochem J, 390, 521-8. 

LENZ, E. M. & WILSON, I. D. 2007. Analytical strategies in metabonomics. J Proteome Res, 6, 443-58. 

LEONARD, W. J. & O'SHEA, J. J. 1998. Jaks and STATs: biological implications. Annu Rev Immunol, 16, 
293-322. 

LEPPA, S. & BOHMANN, D. 1999. Diverse functions of JNK signaling and c-Jun in stress response and 
apoptosis. Oncogene, 18, 6158-62. 

LESLIE, K., LANG, C., DEVGAN, G., AZARE, J., BERISHAJ, M., GERALD, W., KIM, Y. B., PAZ, K., DARNELL, 
J. E., ALBANESE, C., SAKAMAKI, T., PESTELL, R. & BROMBERG, J. 2006. Cyclin D1 is 
transcriptionally regulated by and required for transformation by activated signal transducer 
and activator of transcription 3. Cancer Res, 66, 2544-52. 

LEU, T. H. & MAA, M. C. 2003. Functional implication of the interaction between EGF receptor and c-
Src. Front Biosci, 8, s28-38. 

LI, D., AMBROGIO, L., SHIMAMURA, T., KUBO, S., TAKAHASHI, M., CHIRIEAC, L. R., PADERA, R. F., 
SHAPIRO, G. I., BAUM, A., HIMMELSBACH, F., RETTIG, W. J., MEYERSON, M., SOLCA, F., 
GREULICH, H. & WONG, K. K. 2008. BIBW2992, an irreversible EGFR/HER2 inhibitor highly 
effective in preclinical lung cancer models. Oncogene, 27, 4702-11. 

LI, F., ACKERMANN, E. J., BENNETT, C. F., ROTHERMEL, A. L., PLESCIA, J., TOGNIN, S., VILLA, A., 
MARCHISIO, P. C. & ALTIERI, D. C. 1999. Pleiotropic cell-division defects and apoptosis 
induced by interference with survivin function. Nat Cell Biol, 1, 461-6. 

LI, H., ZHAO, Z., WEI, G., YAN, L., WANG, D., ZHANG, H., SANDUSKY, G. E., TURK, J. & XU, Y. 2010a. 
Group VIA phospholipase A2 in both host and tumor cells is involved in ovarian cancer 
development. The FASEB Journal, 24, 4103-4116. 

LI, J., YEN, C., LIAW, D., PODSYPANINA, K., BOSE, S., WANG, S. I., PUC, J., MILIARESIS, C., RODGERS, L., 
MCCOMBIE, R., BIGNER, S. H., GIOVANELLA, B. C., ITTMANN, M., TYCKO, B., HIBSHOOSH, H., 
WIGLER, M. H. & PARSONS, R. 1997. PTEN, a putative protein tyrosine phosphatase gene 
mutated in human brain, breast, and prostate cancer. Science, 275, 1943-7. 

LI, X., KAMENECKA, T. M. & CAMERON, M. D. 2009. Bioactivation of the epidermal growth factor 
receptor inhibitor gefitinib: implications for pulmonary and hepatic toxicities. Chem Res 
Toxicol, 22, 1736-42. 

LI, X., KAMENECKA, T. M. & CAMERON, M. D. 2010b. Cytochrome P450-mediated bioactivation of 
the epidermal growth factor receptor inhibitor erlotinib to a reactive electrophile. Drug 
Metab Dispos, 38, 1238-45. 

LI, Y., DOWBENKO, D. & LASKY, L. A. 2002. AKT/PKB phosphorylation of p21Cip/WAF1 enhances 
protein stability of p21Cip/WAF1 and promotes cell survival. J Biol Chem, 277, 11352-61. 

LI, Y., LI, Y., YANG, T., WEI, S., WANG, J., WANG, M., WANG, Y., ZHOU, Q., LIU, H. & CHEN, J. 2013. 
Clinical significance of EML4-ALK fusion gene and association with EGFR and KRAS gene 
mutations in 208 Chinese patients with non-small cell lung cancer. PLoS One, 8, e52093. 



295 
 

LI, Y., REN, J., YU, W., LI, Q., KUWAHARA, H., YIN, L., CARRAWAY, K. L., 3RD & KUFE, D. 2001. The 
epidermal growth factor receptor regulates interaction of the human DF3/MUC1 carcinoma 
antigen with c-Src and beta-catenin. J Biol Chem, 276, 35239-42. 

LIANG, J. & SLINGERLAND, J. M. 2003. Multiple roles of the PI3K/PKB (Akt) pathway in cell cycle 
progression. Cell Cycle, 2, 339-45. 

LICCARDI, G., HARTLEY, J. A. & HOCHHAUSER, D. 2011. EGFR nuclear translocation modulates DNA 
repair following cisplatin and ionizing radiation treatment. Cancer Res, 71, 1103-14. 

LIEBMANN, C. 2001. Regulation of MAP kinase activity by peptide receptor signalling pathway: 
paradigms of multiplicity. Cell Signal, 13, 777-85. 

LIN, L. & BIVONA, T. G. 2012. Mechanisms of resistance to epidermal growth factor receptor 
inhibitors and novel therapeutic strategies to overcome resistance in NSCLC patients. 
Chemotherapy research and practice, 2012. 

LIOTTA, L. A., ESPINA, V., MEHTA, A. I., CALVERT, V., ROSENBLATT, K., GEHO, D., MUNSON, P. J., 
YOUNG, L., WULFKUHLE, J. & PETRICOIN, E. F., 3RD 2003. Protein microarrays: meeting 
analytical challenges for clinical applications. Cancer Cell, 3, 317-25. 

LIPSON, D., CAPELLETTI, M., YELENSKY, R., OTTO, G., PARKER, A., JAROSZ, M., CURRAN, J. A., 
BALASUBRAMANIAN, S., BLOOM, T., BRENNAN, K. W., DONAHUE, A., DOWNING, S. R., 
FRAMPTON, G. M., GARCIA, L., JUHN, F., MITCHELL, K. C., WHITE, E., WHITE, J., ZWIRKO, Z., 
PERETZ, T., NECHUSHTAN, H., SOUSSAN-GUTMAN, L., KIM, J., SASAKI, H., KIM, H. R., PARK, S. 
I., ERCAN, D., SHEEHAN, C. E., ROSS, J. S., CRONIN, M. T., JANNE, P. A. & STEPHENS, P. J. 
2012. Identification of new ALK and RET gene fusions from colorectal and lung cancer 
biopsies. Nat Med, 18, 382-4. 

LIU, Q., GUNTUKU, S., CUI, X. S., MATSUOKA, S., CORTEZ, D., TAMAI, K., LUO, G., CARATTINI-RIVERA, 
S., DEMAYO, F., BRADLEY, A., DONEHOWER, L. A. & ELLEDGE, S. J. 2000. Chk1 is an essential 
kinase that is regulated by Atr and required for the G(2)/M DNA damage checkpoint. Genes 
Dev, 14, 1448-59. 

LIU, Y. 2006. Fatty acid oxidation is a dominant bioenergetic pathway in prostate cancer. Prostate 
Cancer Prostatic Dis, 9, 230-4. 

LIZCANO, J. M., GORANSSON, O., TOTH, R., DEAK, M., MORRICE, N. A., BOUDEAU, J., HAWLEY, S. A., 
UDD, L., MAKELA, T. P., HARDIE, D. G. & ALESSI, D. R. 2004. LKB1 is a master kinase that 
activates 13 kinases of the AMPK subfamily, including MARK/PAR-1. EMBO J, 23, 833-43. 

LOCASALE, J. W. 2012. Metabolic rewiring drives resistance to targeted cancer therapy. Mol Syst Biol, 
8, 597. 

LOE, D. W., STEWART, R. K., MASSEY, T. E., DEELEY, R. G. & COLE, S. P. 1997. ATP-dependent 
transport of aflatoxin B1 and its glutathione conjugates by the product of the multidrug 
resistance protein (MRP) gene. Mol Pharmacol, 51, 1034-41. 

LOEBKE, C., SUELTMANN, H., SCHMIDT, C., HENJES, F., WIEMANN, S., POUSTKA, A. & KORF, U. 2007. 
Infrared-based protein detection arrays for quantitative proteomics. Proteomics, 7, 558-64. 

LONGATI, P., BARDELLI, A., PONZETTO, C., NALDINI, L. & COMOGLIO, P. M. 1994. Tyrosines1234-
1235 are critical for activation of the tyrosine kinase encoded by the MET proto-oncogene 
(HGF receptor). Oncogene, 9, 49-57. 

LOWENSTEIN, E. J., DALY, R. J., BATZER, A. G., LI, W., MARGOLIS, B., LAMMERS, R., ULLRICH, A., 
SKOLNIK, E. Y., BAR-SAGI, D. & SCHLESSINGER, J. 1992. The SH2 and SH3 domain-containing 
protein GRB2 links receptor tyrosine kinases to ras signaling. Cell, 70, 431-42. 

LU, S. C. 2009. Regulation of glutathione synthesis. Mol Aspects Med, 30, 42-59. 



296 
 

LU, W., KATZ, S., GUPTA, R. & MAYER, B. J. 1997. Activation of Pak by membrane localization 
mediated by an SH3 domain from the adaptor protein Nck. Curr Biol, 7, 85-94. 

LUK, P. P., YU, B., NG, C. C., MERCORELLA, B., SELINGER, C., LUM, T., KAO, S., O'TOOLE, S. A. & 
COOPER, W. A. 2015. BRAF mutations in non-small cell lung cancer. Transl Lung Cancer Res, 
4, 142-8. 

LUNDBERG, A. S. & WEINBERG, R. A. 1998. Functional inactivation of the retinoblastoma protein 
requires sequential modification by at least two distinct cyclin-cdk complexes. Molecular and 
cellular biology, 18, 753-761. 

LUO, Z., SAHA, A. K., XIANG, X. & RUDERMAN, N. B. 2005. AMPK, the metabolic syndrome and 
cancer. Trends Pharmacol Sci, 26, 69-76. 

LYNCH, T. J., BELL, D. W., SORDELLA, R., GURUBHAGAVATULA, S., OKIMOTO, R. A., BRANNIGAN, B. 
W., HARRIS, P. L., HASERLAT, S. M., SUPKO, J. G., HALUSKA, F. G., LOUIS, D. N., CHRISTIANI, 
D. C., SETTLEMAN, J. & HABER, D. A. 2004. Activating mutations in the epidermal growth 
factor receptor underlying responsiveness of non-small-cell lung cancer to gefitinib. N Engl J 
Med, 350, 2129-39. 

MA, J., CAI, H., WU, T., SOBHIAN, B., HUO, Y., ALCIVAR, A., MEHTA, M., CHEUNG, K. L., GANESAN, S., 
KONG, A. N., ZHANG, D. D. & XIA, B. 2012. PALB2 interacts with KEAP1 to promote NRF2 
nuclear accumulation and function. Mol Cell Biol, 32, 1506-17. 

MA, Q. 2013. Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol Toxicol, 53, 401-26. 

MACDONALD-OBERMANN, J. L. & PIKE, L. J. 2009. The intracellular juxtamembrane domain of the 
epidermal growth factor (EGF) receptor is responsible for the allosteric regulation of EGF 
binding. J Biol Chem, 284, 13570-6. 

MAEMONDO, M., INOUE, A., KOBAYASHI, K., SUGAWARA, S., OIZUMI, S., ISOBE, H., GEMMA, A., 
HARADA, M., YOSHIZAWA, H., KINOSHITA, I., FUJITA, Y., OKINAGA, S., HIRANO, H., 
YOSHIMORI, K., HARADA, T., OGURA, T., ANDO, M., MIYAZAWA, H., TANAKA, T., SAIJO, Y., 
HAGIWARA, K., MORITA, S. & NUKIWA, T. 2010. Gefitinib or chemotherapy for non-small-cell 
lung cancer with mutated EGFR. N Engl J Med, 362, 2380-8. 

MAHER, A. D., ZIRAH, S. F., HOLMES, E. & NICHOLSON, J. K. 2007. Experimental and analytical 
variation in human urine in 1H NMR spectroscopy-based metabolic phenotyping studies. 
Anal Chem, 79, 5204-11. 

MAJOR, M. B., CAMP, N. D., BERNDT, J. D., YI, X., GOLDENBERG, S. J., HUBBERT, C., BIECHELE, T. L., 
GINGRAS, A. C., ZHENG, N., MACCOSS, M. J., ANGERS, S. & MOON, R. T. 2007. Wilms tumor 
suppressor WTX negatively regulates WNT/beta-catenin signaling. Science, 316, 1043-6. 

MAKINOSHIMA, H., TAKITA, M., SARUWATARI, K., UMEMURA, S., OBATA, Y., ISHII, G., MATSUMOTO, 
S., SUGIYAMA, E., OCHIAI, A., ABE, R., GOTO, K., ESUMI, H. & TSUCHIHARA, K. 2015. Signaling 
through the Phosphatidylinositol 3-Kinase (PI3K)/Mammalian Target of Rapamycin (mTOR) 
Axis Is Responsible for Aerobic Glycolysis mediated by Glucose Transporter in Epidermal 
Growth Factor Receptor (EGFR)-mutated Lung Adenocarcinoma. J Biol Chem, 290, 17495-
504. 

MANNING, B. D., TEE, A. R., LOGSDON, M. N., BLENIS, J. & CANTLEY, L. C. 2002. Identification of the 
tuberous sclerosis complex-2 tumor suppressor gene product tuberin as a target of the 
phosphoinositide 3-kinase/akt pathway. Mol Cell, 10, 151-62. 

MAO, H., WANG, H., WANG, B., LIU, X., GAO, H., XU, M., ZHAO, H., DENG, X. & LIN, D. 2009. Systemic 
metabolic changes of traumatic critically ill patients revealed by an NMR-based 
metabonomic approach. J Proteome Res, 8, 5423-30. 



297 
 

MARTINO, A., HOLMES, J. H. T., LORD, J. D., MOON, J. J. & NELSON, B. H. 2001. Stat5 and Sp1 
regulate transcription of the cyclin D2 gene in response to IL-2. J Immunol, 166, 1723-9. 

MASELLA, R., DI BENEDETTO, R., VARI, R., FILESI, C. & GIOVANNINI, C. 2005. Novel mechanisms of 
natural antioxidant compounds in biological systems: involvement of glutathione and 
glutathione-related enzymes. J Nutr Biochem, 16, 577-86. 

MATES, J. M. 2000. Effects of antioxidant enzymes in the molecular control of reactive oxygen 
species toxicology. Toxicology, 153, 83-104. 

MATOBA, S., KANG, J. G., PATINO, W. D., WRAGG, A., BOEHM, M., GAVRILOVA, O., HURLEY, P. J., 
BUNZ, F. & HWANG, P. M. 2006. p53 regulates mitochondrial respiration. Science, 312, 1650-
3. 

MATTIOLI, I., SEBALD, A., BUCHER, C., CHARLES, R. P., NAKANO, H., DOI, T., KRACHT, M. & SCHMITZ, 
M. L. 2004. Transient and selective NF-kappa B p65 serine 536 phosphorylation induced by T 
cell costimulation is mediated by I kappa B kinase beta and controls the kinetics of p65 
nuclear import. J Immunol, 172, 6336-44. 

MAZIERES, J., ZALCMAN, G., CRINO, L., BIONDANI, P., BARLESI, F., FILLERON, T., DINGEMANS, A. M., 
LENA, H., MONNET, I., ROTHSCHILD, S. I., CAPPUZZO, F., BESSE, B., THIBERVILLE, L., 
ROUVIERE, D., DZIADZIUSZKO, R., SMIT, E. F., WOLF, J., SPIRIG, C., PECUCHET, N., LEENDERS, 
F., HEUCKMANN, J. M., DIEBOLD, J., MILIA, J. D., THOMAS, R. K. & GAUTSCHI, O. 2015. 
Crizotinib therapy for advanced lung adenocarcinoma and a ROS1 rearrangement: results 
from the EUROS1 cohort. J Clin Oncol, 33, 992-9. 

MCCLUNG, J. K., JUPE, E. R., LIU, X. T. & DELL'ORCO, R. T. 1995. Prohibitin: potential role in 
senescence, development, and tumor suppression. Exp Gerontol, 30, 99-124. 

MCCOY, C. E., CAMPBELL, D. G., DEAK, M., BLOOMBERG, G. B. & ARTHUR, J. S. 2005. MSK1 activity is 
controlled by multiple phosphorylation sites. Biochem J, 387, 507-17. 

MCLELLAN, L. I. & WOLF, C. R. 1999. Glutathione and glutathione-dependent enzymes in cancer drug 
resistance. Drug Resist Updat, 2, 153-164. 

MCMAHON, M., ITOH, K., YAMAMOTO, M., CHANAS, S. A., HENDERSON, C. J., MCLELLAN, L. I., WOLF, 
C. R., CAVIN, C. & HAYES, J. D. 2001. The Cap'n'Collar basic leucine zipper transcription factor 
Nrf2 (NF-E2 p45-related factor 2) controls both constitutive and inducible expression of 
intestinal detoxification and glutathione biosynthetic enzymes. Cancer Res, 61, 3299-307. 

MEHENNI, H., GEHRIG, C., NEZU, J., OKU, A., SHIMANE, M., ROSSIER, C., GUEX, N., BLOUIN, J. L., 
SCOTT, H. S. & ANTONARAKIS, S. E. 1998. Loss of LKB1 kinase activity in Peutz-Jeghers 
syndrome, and evidence for allelic and locus heterogeneity. Am J Hum Genet, 63, 1641-50. 

MEIJERMAN, I., BEIJNEN, J. H. & SCHELLENS, J. H. 2008. Combined action and regulation of phase II 
enzymes and multidrug resistance proteins in multidrug resistance in cancer. Cancer Treat 
Rev, 34, 505-20. 

MEISTER, A. 1988. Glutathione metabolism and its selective modification. J Biol Chem, 263, 17205-
17208. 

MENENDEZ, J. A. & LUPU, R. 2007. Fatty acid synthase and the lipogenic phenotype in cancer 
pathogenesis. Nat Rev Cancer, 7, 763-77. 

MEYER, M., CLAUSS, M., LEPPLE-WIENHUES, A., WALTENBERGER, J., AUGUSTIN, H. G., ZICHE, M., 
LANZ, C., BUTTNER, M., RZIHA, H. J. & DEHIO, C. 1999. A novel vascular endothelial growth 
factor encoded by Orf virus, VEGF-E, mediates angiogenesis via signalling through VEGFR-2 
(KDR) but not VEGFR-1 (Flt-1) receptor tyrosine kinases. EMBO J, 18, 363-74. 



298 
 

MIAO, L., WANG, Y., ZHU, S., SHI, M., LI, Y., DING, J., YANG, J., YE, Q., CAI, H., ZHANG, D., LIU, H. & 
SONG, Y. 2014. Identification of novel driver mutations of the discoidin domain receptor 2 
(DDR2) gene in squamous cell lung cancer of Chinese patients. BMC Cancer, 14, 369. 

MIAO, W., HU, L., SCRIVENS, P. J. & BATIST, G. 2005. Transcriptional regulation of NF-E2 p45-related 
factor (NRF2) expression by the aryl hydrocarbon receptor-xenobiotic response element 
signaling pathway: direct cross-talk between phase I and II drug-metabolizing enzymes. J Biol 
Chem, 280, 20340-8. 

MIHAYLOVA, M. M. & SHAW, R. J. 2011. The AMPK signalling pathway coordinates cell growth, 
autophagy and metabolism. Nat Cell Biol, 13, 1016-23. 

MILCZAREK, G. J., MARTINEZ, J. & BOWDEN, G. T. 1997. p53 Phosphorylation: biochemical and 
functional consequences. Life Sci, 60, 1-11. 

MILLER, V. A., HIRSH, V., CADRANEL, J., CHEN, Y. M., PARK, K., KIM, S. W., ZHOU, C., SU, W. C., 
WANG, M., SUN, Y., HEO, D. S., CRINO, L., TAN, E. H., CHAO, T. Y., SHAHIDI, M., CONG, X. J., 
LORENCE, R. M. & YANG, J. C. 2012a. Afatinib versus placebo for patients with advanced, 
metastatic non-small-cell lung cancer after failure of erlotinib, gefitinib, or both, and one or 
two lines of chemotherapy (LUX-Lung 1): a phase 2b/3 randomised trial. Lancet Oncol, 13, 
528-38. 

MILLER, V. A., HIRSH, V., CADRANEL, J., CHEN, Y. M., PARK, K., KIM, S. W., ZHOU, C., SU, W. C., 
WANG, M., SUN, Y., HEO, D. S., CRINO, L., TAN, E. H., CHAO, T. Y., SHAHIDI, M., CONG, X. J., 
LORENCE, R. M. & YANG, J. C. 2012b. Afatinib versus placebo for patients with advanced, 
metastatic non-small-cell lung cancer after failure of erlotinib, gefitinib, or both, and one or 
two lines of chemotherapy (LUX-Lung 1): a phase 2b/3 randomised trial. Lancet Oncol. 

MINEO, C., GILL, G. N. & ANDERSON, R. G. 1999. Regulated migration of epidermal growth factor 
receptor from caveolae. J Biol Chem, 274, 30636-43. 

MINOO, P., SU, G., DRUM, H., BRINGAS, P. & KIMURA, S. 1999. Defects in tracheoesophageal and 
lung morphogenesis in Nkx2.1(-/-) mouse embryos. Dev Biol, 209, 60-71. 

MIRANTI, C. K., LENG, L., MASCHBERGER, P., BRUGGE, J. S. & SHATTIL, S. J. 1998. Identification of a 
novel integrin signaling pathway involving the kinase Syk and the guanine nucleotide 
exchange factor Vav1. Current biology, 8, 1289-1299. 

MISHRA, S., MOULIK, S. & MURPHY, L. J. 2007. Prohibitin binds to C3 and enhances complement 
activation. Mol Immunol, 44, 1897-902. 

MISHRA, S., MURPHY, L. C. & MURPHY, L. J. 2006. The Prohibitins: emerging roles in diverse 
functions. J Cell Mol Med, 10, 353-63. 

MITRA, S. K., HANSON, D. A. & SCHLAEPFER, D. D. 2005. Focal adhesion kinase: in command and 
control of cell motility. Nat Rev Mol Cell Biol, 6, 56-68. 

MIYAKE, T. & PARSONS, S. J. 2012. Functional interactions between Choline kinase alpha, epidermal 
growth factor receptor and c-Src in breast cancer cell proliferation. Oncogene, 31, 1431-41. 

MOK, T. S., WU, Y.-L., YU, C.-J., ZHOU, C., CHEN, Y.-M., ZHANG, L., IGNACIO, J., LIAO, M., 
SRIMUNINNIMIT, V. & BOYER, M. J. 2009. Randomized, placebo-controlled, phase II study of 
sequential erlotinib and chemotherapy as first-line treatment for advanced non–small-cell 
lung cancer. Journal of Clinical Oncology, 27, 5080-5087. 

MOLINA, J. R., YANG, P., CASSIVI, S. D., SCHILD, S. E. & ADJEI, A. A. 2008. Non-small cell lung cancer: 
epidemiology, risk factors, treatment, and survivorship. Mayo Clin Proc, 83, 584-94. 



299 
 

MORANDELL, S., STASYK, T., SKVORTSOV, S., ASCHER, S. & HUBER, L. A. 2008. Quantitative 
proteomics and phosphoproteomics reveal novel insights into complexity and dynamics of 
the EGFR signaling network. Proteomics, 8, 4383-401. 

MORGAN, D. O. 1997. Cyclin-dependent kinases: engines, clocks, and microprocessors. Annu Rev Cell 
Dev Biol, 13, 261-91. 

MOSCAT, J., DIAZ-MECO, M. T. & WOOTEN, M. W. 2007. Signal integration and diversification 
through the p62 scaffold protein. Trends Biochem Sci, 32, 95-100. 

MUELLER, C., LIOTTA, L. A. & ESPINA, V. 2010. Reverse phase protein microarrays advance to use in 
clinical trials. Mol Oncol, 4, 461-81. 

MULLIGAN, L. M. 2014. RET revisited: expanding the oncogenic portfolio. Nature Reviews Cancer, 14, 
173-186. 

MULLOY, R., FERRAND, A., KIM, Y., SORDELLA, R., BELL, D. W., HABER, D. A., ANDERSON, K. S. & 
SETTLEMAN, J. 2007. Epidermal growth factor receptor mutants from human lung cancers 
exhibit enhanced catalytic activity and increased sensitivity to gefitinib. Cancer research, 67, 
2325-2330. 

MURAKAMI, M. S., COPELAND, T. D. & WOUDE, G. F. V. 1999. Mos positively regulates Xe-Wee1 to 
lengthen the first mitotic cell cycle of Xenopus. Genes & development, 13, 620-631. 

MURPHY, K. M., RANGANATHAN, V., FARNSWORTH, M. L., KAVALLARIS, M. & LOCK, R. B. 2000. Bcl-2 
inhibits Bax translocation from cytosol to mitochondria during drug-induced apoptosis of 
human tumor cells. Cell Death Differ, 7, 102-11. 

MYRDAL, G., GUSTAFSSON, G., LAMBE, M., HORTE, L. G. & STAHLE, E. 2001. Outcome after lung 
cancer surgery. Factors predicting early mortality and major morbidity. Eur J Cardiothorac 
Surg, 20, 694-9. 

NAGATA, J., KIJIMA, H., HATANAKA, H., ASAI, S., MIYACHI, H., TAKAGI, A., MIWA, T., MINE, T., 
YAMAZAKI, H., NAKAMURA, M., KONDO, T., SCANLON, K. J. & UEYAMA, Y. 2001. Reversal of 
cisplatin and multidrug resistance by ribozyme-mediated glutathione suppression. Biochem 
Biophys Res Commun, 286, 406-13. 

NAIR, S., DOH, S. T., CHAN, J. Y., KONG, A. N. & CAI, L. 2008. Regulatory potential for concerted 
modulation of Nrf2- and Nfkb1-mediated gene expression in inflammation and 
carcinogenesis. Br J Cancer, 99, 2070-82. 

NAKAGAMI, K., UCHIDA, T., OHWADA, S., KOIBUCHI, Y., SUDA, Y., SEKINE, T. & MORISHITA, Y. 1999. 
Increased choline kinase activity and elevated phosphocholine levels in human colon cancer. 
Jpn J Cancer Res, 90, 419-24. 

NAMIKAWA, R., MUENCH, M. O. & RONCAROLO, M. G. 1996. Regulatory roles of the ligand for 
Flk2/Flt3 tyrosine kinase receptor on human hematopoiesis. Stem Cells, 14, 388-95. 

NEAL, A. J. & HOSKIN, P. J. 2009. Clinical Oncology Fourth Edition: Basic Principles and Practice, CRC 
Press. 

NGUYEN, K. T., HOLLOWAY, M. P. & ALTURA, R. A. 2012. The CRM1 nuclear export protein in normal 
development and disease. Int J Biochem Mol Biol, 3, 137-51. 

NICHOLSON, J. K. & LINDON, J. C. 2008. Systems biology: Metabonomics. Nature, 455, 1054-6. 

NICHOLSON, J. K., LINDON, J. C. & HOLMES, E. 1999. 'Metabonomics': understanding the metabolic 
responses of living systems to pathophysiological stimuli via multivariate statistical analysis 
of biological NMR spectroscopic data. Xenobiotica, 29, 1181-9. 



300 
 

NIGG, E. A. 2001. Mitotic kinases as regulators of cell division and its checkpoints. Nat Rev Mol Cell 
Biol, 2, 21-32. 

NIGRO, J. M., BAKER, S. J., PREISINGER, A. C., JESSUP, J. M., HOSTETTER, R., CLEARY, K., BIGNER, S. H., 
DAVIDSON, N., BAYLIN, S., DEVILEE, P. & ET AL. 1989. Mutations in the p53 gene occur in 
diverse human tumour types. Nature, 342, 705-8. 

NIJTMANS, L. G., DE JONG, L., ARTAL SANZ, M., COATES, P. J., BERDEN, J. A., BACK, J. W., MUIJSERS, 
A. O., VAN DER SPEK, H. & GRIVELL, L. A. 2000. Prohibitins act as a membrane-bound 
chaperone for the stabilization of mitochondrial proteins. EMBO J, 19, 2444-51. 

NISHIKAWA, K., TOKER, A., JOHANNES, F. J., SONGYANG, Z. & CANTLEY, L. C. 1997. Determination of 
the specific substrate sequence motifs of protein kinase C isozymes. J Biol Chem, 272, 952-
60. 

NISHINA, H., WADA, T. & KATADA, T. 2004. Physiological roles of SAPK/JNK signaling pathway. J 
Biochem, 136, 123-6. 

NITURE, S. K., JAIN, A. K. & JAISWAL, A. K. 2009. Antioxidant-induced modification of INrf2 cysteine 
151 and PKC-delta-mediated phosphorylation of Nrf2 serine 40 are both required for 
stabilization and nuclear translocation of Nrf2 and increased drug resistance. J Cell Sci, 122, 
4452-64. 

NORBURY, C., BLOW, J. & NURSE, P. 1991. Regulatory phosphorylation of the p34cdc2 protein kinase 
in vertebrates. The EMBO journal, 10, 3321. 

NUMAZAWA, S., ISHIKAWA, M., YOSHIDA, A., TANAKA, S. & YOSHIDA, T. 2003. Atypical protein 
kinase C mediates activation of NF-E2-related factor 2 in response to oxidative stress. Am J 
Physiol Cell Physiol, 285, C334-42. 

O'DWYER, P. J., LACRETA, F., NASH, S., TINSLEY, P. W., SCHILDER, R., CLAPPER, M. L., TEW, K. D., 
PANTING, L., LITWIN, S., COMIS, R. L. & ET AL. 1991. Phase I study of thiotepa in combination 
with the glutathione transferase inhibitor ethacrynic acid. Cancer Res, 51, 6059-65. 

O'HAGAN, S., DUNN, W. B., KNOWLES, J. D., BROADHURST, D., WILLIAMS, R., ASHWORTH, J. J., 
CAMERON, M. & KELL, D. B. 2007. Closed-loop, multiobjective optimization of two-
dimensional gas chromatography/mass spectrometry for serum metabolomics. Anal Chem, 
79, 464-76. 

OBATA, T., YAFFE, M. B., LEPARC, G. G., PIRO, E. T., MAEGAWA, H., KASHIWAGI, A., KIKKAWA, R. & 
CANTLEY, L. C. 2000. Peptide and protein library screening defines optimal substrate motifs 
for AKT/PKB. J Biol Chem, 275, 36108-15. 

OCHI, N., ISOZAKI, H., TAKEYAMA, M., SINGER, J. W., YAMANE, H., HONDA, Y., KIURA, K. & 
TAKIGAWA, N. 2016. Synergistic effect of pacritinib with erlotinib on JAK2-mediated 
resistance in epidermal growth factor receptor mutation-positive non-small cell lung cancer. 
Cancer Research, 76, 4675-4675. 

OCHI, N., TAKIGAWA, N., HARADA, D., YASUGI, M., ICHIHARA, E., HOTTA, K., TABATA, M., 
TANIMOTO, M. & KIURA, K. 2014. Src mediates ERK reactivation in gefitinib resistance in 
non-small cell lung cancer. Exp Cell Res, 322, 168-77. 

OGAWA, T., LIGGETT, T. E., MELNIKOV, A. A., MONITTO, C. L., KUSUKE, D., SHIGA, K., KOBAYASHI, T., 
HORII, A., CHATTERJEE, A., LEVENSON, V. V., KOCH, W. M., SIDRANSKY, D. & CHANG, X. 2012. 
Methylation of death-associated protein kinase is associated with cetuximab and erlotinib 
resistance. Cell Cycle, 11, 1656-63. 

OHASHI, K., SEQUIST, L. V., ARCILA, M. E., LOVLY, C. M., CHEN, X., RUDIN, C. M., MORAN, T., 
CAMIDGE, D. R., VNENCAK-JONES, C. L., BERRY, L., PAN, Y., SASAKI, H., ENGELMAN, J. A., 



301 
 

GARON, E. B., DUBINETT, S. M., FRANKLIN, W. A., RIELY, G. J., SOS, M. L., KRIS, M. G., DIAS-
SANTAGATA, D., LADANYI, M., BUNN, P. A., JR. & PAO, W. 2013. Characteristics of lung 
cancers harboring NRAS mutations. Clin Cancer Res, 19, 2584-91. 

OHTSUJI, M., KATSUOKA, F., KOBAYASHI, A., ABURATANI, H., HAYES, J. D. & YAMAMOTO, M. 2008. 
Nrf1 and Nrf2 play distinct roles in activation of antioxidant response element-dependent 
genes. J Biol Chem, 283, 33554-62. 

OKUTANI, Y., KITANAKA, A., TANAKA, T., KAMANO, H., OHNISHI, H., KUBOTA, Y., ISHIDA, T. & 
TAKAHARA, J. 2001. Src directly tyrosine-phosphorylates STAT5 on its activation site and is 
involved in erythropoietin-induced signaling pathway. Oncogene, 20, 6643-50. 

ONGANER, P., SECKL, M. & DJAMGOZ, M. 2005. Neuronal characteristics of small-cell lung cancer. 
British journal of cancer, 93, 1197-1201. 

ORGAN, S. L. & TSAO, M. S. 2011. An overview of the c-MET signaling pathway. Ther Adv Med Oncol, 
3, S7-S19. 

OU, S. H. 2012. Second-generation irreversible epidermal growth factor receptor (EGFR) tyrosine 
kinase inhibitors (TKIs): a better mousetrap? A review of the clinical evidence. Crit Rev Oncol 
Hematol, 83, 407-21. 

OXNARD, G. R., ARCILA, M. E., CHMIELECKI, J., LADANYI, M., MILLER, V. A. & PAO, W. 2011. New 
strategies in overcoming acquired resistance to epidermal growth factor receptor tyrosine 
kinase inhibitors in lung cancer. Clin Cancer Res, 17, 5530-7. 

PAEZ, J. G., JANNE, P. A., LEE, J. C., TRACY, S., GREULICH, H., GABRIEL, S., HERMAN, P., KAYE, F. J., 
LINDEMAN, N., BOGGON, T. J., NAOKI, K., SASAKI, H., FUJII, Y., ECK, M. J., SELLERS, W. R., 
JOHNSON, B. E. & MEYERSON, M. 2004. EGFR mutations in lung cancer: correlation with 
clinical response to gefitinib therapy. Science, 304, 1497-500. 

PAIK, P. K., ARCILA, M. E., FARA, M., SIMA, C. S., MILLER, V. A., KRIS, M. G., LADANYI, M. & RIELY, G. J. 
2011. Clinical characteristics of patients with lung adenocarcinomas harboring BRAF 
mutations. J Clin Oncol, 29, 2046-51. 

PALMER, R. H., VERNERSSON, E., GRABBE, C. & HALLBERG, B. 2009. Anaplastic lymphoma kinase: 
signalling in development and disease. Biochem J, 420, 345-61. 

PAO, W., MILLER, V. A., POLITI, K. A., RIELY, G. J., SOMWAR, R., ZAKOWSKI, M. F., KRIS, M. G. & 
VARMUS, H. 2005. Acquired resistance of lung adenocarcinomas to gefitinib or erlotinib is 
associated with a second mutation in the EGFR kinase domain. PLoS Med, 2, e73. 

PARK, J. B., LEE, C. S., JANG, J.-H., GHIM, J., KIM, Y.-J., YOU, S., HWANG, D., SUH, P.-G. & RYU, S. H. 
2012. Phospholipase signalling networks in cancer. Nature Reviews Cancer, 12, 782-792. 

PARK K, LEE J-S, LEE KH, KIM J-H, MIN YJ, CHO JY, HAN J-Y, KIM B-S, KIM J-S, LEE DH, KANG JH, CHO 
EK, JANG I-J, JUNG J, KIM H-Y, SIN HJ, SON J, WOO JS & D-W, K. 2015. Updated safety and 
efficacy results from phase I/II study of HM61713 in patients (pts) with EGFR mutation 
positive non-small cell lung cancer (NSCLC) who failed previous EGFR-tyrosine kinase 
inhibitor (TKI) ASCO Meet Abstr. 

PARK, K., TAN, E. H., O'BYRNE, K., ZHANG, L., BOYER, M., MOK, T., HIRSH, V., YANG, J. C., LEE, K. H., 
LU, S., SHI, Y., KIM, S. W., LASKIN, J., KIM, D. W., ARVIS, C. D., KOLBECK, K., LAURIE, S. A., 
TSAI, C. M., SHAHIDI, M., KIM, M., MASSEY, D., ZAZULINA, V. & PAZ-ARES, L. 2016. Afatinib 
versus gefitinib as first-line treatment of patients with EGFR mutation-positive non-small-cell 
lung cancer (LUX-Lung 7): a phase 2B, open-label, randomised controlled trial. Lancet Oncol, 
17, 577-89. 



302 
 

PARKIN, D. M. 2011. 2. Tobacco-attributable cancer burden in the UK in 2010. Br J Cancer, 105 Suppl 
2, S6-S13. 

PARSONS, J. T., MARTIN, K. H., SLACK, J. K., TAYLOR, J. M. & WEED, S. A. 2000. Focal adhesion kinase: 
a regulator of focal adhesion dynamics and cell movement. Oncogene, 19, 5606-13. 

PATTERSON, R. L., VAN ROSSUM, D. B., NIKOLAIDIS, N., GILL, D. L. & SNYDER, S. H. 2005. 
Phospholipase C-gamma: diverse roles in receptor-mediated calcium signaling. Trends 
Biochem Sci, 30, 688-97. 

PAUSE, A., BELSHAM, G. J., GINGRAS, A. C., DONZE, O., LIN, T. A., LAWRENCE, J. C., JR. & 
SONENBERG, N. 1994. Insulin-dependent stimulation of protein synthesis by 
phosphorylation of a regulator of 5'-cap function. Nature, 371, 762-7. 

PAWELETZ, C. P., CHARBONEAU, L., BICHSEL, V. E., SIMONE, N. L., CHEN, T., GILLESPIE, J. W., 
EMMERT-BUCK, M. R., ROTH, M. J., PETRICOIN, I. E. & LIOTTA, L. A. 2001. Reverse phase 
protein microarrays which capture disease progression show activation of pro-survival 
pathways at the cancer invasion front. Oncogene, 20, 1981-9. 

PAWSON, T. 1995. Protein modules and signalling networks. Nature, 373, 573-80. 

PAWSON, T., GISH, G. D. & NASH, P. 2001. SH2 domains, interaction modules and cellular wiring. 
Trends Cell Biol, 11, 504-11. 

PEARCE, L. R., KOMANDER, D. & ALESSI, D. R. 2010. The nuts and bolts of AGC protein kinases. Nat 
Rev Mol Cell Biol, 11, 9-22. 

PEARSON, R. B. & KEMP, B. E. 1991. Protein kinase phosphorylation site sequences and consensus 
specificity motifs: tabulations. Methods Enzymol, 200, 62-81. 

PENG, C.-Y., GRAVES, P. R., THOMA, R. S., WU, Z., SHAW, A. S. & PIWNICA-WORMS, H. 1997. Mitotic 
and G2 checkpoint control: regulation of 14-3-3 protein binding by phosphorylation of 
Cdc25C on serine-216. Science, 277, 1501-1505. 

PERNER, S., WAGNER, P. L., SOLTERMANN, A., LAFARGUE, C., TISCHLER, V., WEIR, B. A., WEDER, W., 
MEYERSON, M., GIORDANO, T. J., MOCH, H. & RUBIN, M. A. 2009. TTF1 expression in non-
small cell lung carcinoma: association with TTF1 gene amplification and improved survival. J 
Pathol, 217, 65-72. 

PERRIN, B. J. & HUTTENLOCHER, A. 2002. Calpain. Int J Biochem Cell Biol, 34, 722-5. 

PERSECHINI, A., MONCRIEF, N. D. & KRETSINGER, R. H. 1989. The EF-hand family of calcium-
modulated proteins. Trends Neurosci, 12, 462-7. 

PESCHARD, P., FOURNIER, T. M., LAMORTE, L., NAUJOKAS, M. A., BAND, H., LANGDON, W. Y. & 
PARK, M. 2001. Mutation of the c-Cbl TKB domain binding site on the Met receptor tyrosine 
kinase converts it into a transforming protein. Mol Cell, 8, 995-1004. 

PESTELL, R. G., ALBANESE, C., REUTENS, A. T., SEGALL, J. E., LEE, R. J. & ARNOLD, A. 1999. The cyclins 
and cyclin-dependent kinase inhibitors in hormonal regulation of proliferation and 
differentiation. Endocr Rev, 20, 501-34. 

PINKAS-KRAMARSKI, R., SOUSSAN, L., WATERMAN, H., LEVKOWITZ, G., ALROY, I., KLAPPER, L., LAVI, 
S., SEGER, R., RATZKIN, B. J., SELA, M. & YARDEN, Y. 1996. Diversification of Neu 
differentiation factor and epidermal growth factor signaling by combinatorial receptor 
interactions. EMBO J, 15, 2452-67. 

PIOTROWSKA, Z., NIEDERST, M. J., KARLOVICH, C. A., WAKELEE, H. A., NEAL, J. W., MINO-KENUDSON, 
M., FULTON, L., HATA, A. N., LOCKERMAN, E. L., KALSY, A., DIGUMARTHY, S., MUZIKANSKY, 
A., RAPONI, M., GARCIA, A. R., MULVEY, H. E., PARKS, M. K., DICECCA, R. H., DIAS-



303 
 

SANTAGATA, D., IAFRATE, A. J., SHAW, A. T., ALLEN, A. R., ENGELMAN, J. A. & SEQUIST, L. V. 
2015. Heterogeneity Underlies the Emergence of EGFRT790 Wild-Type Clones Following 
Treatment of T790M-Positive Cancers with a Third-Generation EGFR Inhibitor. Cancer 
Discov, 5, 713-22. 

PLANCHARD, D., LORIOT, Y., ANDRE, F., GOBERT, A., AUGER, N., LACROIX, L. & SORIA, J. C. 2015. 
EGFR-independent mechanisms of acquired resistance to AZD9291 in EGFR T790M-positive 
NSCLC patients. Ann Oncol, 26, 2073-8. 

PLATZ, A., EGYHAZI, S., RINGBORG, U. & HANSSON, J. 2008. Human cutaneous melanoma; a review 
of NRAS and BRAF mutation frequencies in relation to histogenetic subclass and body site. 
Mol Oncol, 1, 395-405. 

POLAKIS, P. 1999. The oncogenic activation of beta-catenin. Curr Opin Genet Dev, 9, 15-21. 

PRIEBE, W., KRAWCZYK, M., KUO, M. T., YAMANE, Y., SAVARAJ, N. & ISHIKAWA, T. 1998. 
Doxorubicin- and daunorubicin-glutathione conjugates, but not unconjugated drugs, 
competitively inhibit leukotriene C4 transport mediated by MRP/GS-X pump. Biochem 
Biophys Res Commun, 247, 859-63. 

PROVOST, K., BOUVET-MULLER, D., CRAUSTE-MANCIET, S., MOSCOVICI, J., OLIVI, L., VLAIC, G. & 
MICHALOWICZ, A. 2009. EXAFS structural study of platinum-based anticancer drugs 
degradation in presence of sulfur nucleophilic species. Biochimie, 91, 1301-6. 

PUZIO-KUTER, A. M. 2011. The role of p53 in metabolic regulation. Genes & cancer, 2, 385-391. 

QIU, W., SCHÖNLEBEN, F., THAKER, H. M., GOGGINS, M. & SU, G. H. 2006. A novel mutation of 
STK11/LKB1 gene leads to the loss of cell growth inhibition in head and neck squamous cell 
carcinoma. Oncogene, 25, 2937-2942. 

QU, C. K. 2000. The SHP-2 tyrosine phosphatase: signaling mechanisms and biological functions. Cell 
research, 10, 279-288. 

QUESNELLE, K. M., BOEHM, A. L. & GRANDIS, J. R. 2007. STAT-mediated EGFR signaling in cancer. J 
Cell Biochem, 102, 311-9. 

QUINLAN, M. P., QUATELA, S. E., PHILIPS, M. R. & SETTLEMAN, J. 2008. Activated Kras, but not Hras 
or Nras, may initiate tumors of endodermal origin via stem cell expansion. Mol Cell Biol, 28, 
2659-74. 

RABINDRAN, S. K., DISCAFANI, C. M., ROSFJORD, E. C., BAXTER, M., FLOYD, M. B., GOLAS, J., HALLETT, 
W. A., JOHNSON, B. D., NILAKANTAN, R., OVERBEEK, E., REICH, M. F., SHEN, R., SHI, X., TSOU, 
H. R., WANG, Y. F. & WISSNER, A. 2004. Antitumor activity of HKI-272, an orally active, 
irreversible inhibitor of the HER-2 tyrosine kinase. Cancer Res, 64, 3958-65. 

RAHIMI, N., DAYANIR, V. & LASHKARI, K. 2000. Receptor chimeras indicate that the vascular 
endothelial growth factor receptor-1 (VEGFR-1) modulates mitogenic activity of VEGFR-2 in 
endothelial cells. J Biol Chem, 275, 16986-92. 

RAHMAN, M. & HASAN, M. R. 2015. Cancer Metabolism and Drug Resistance. Metabolites, 5, 571-
600. 

RAINGEAUD, J., GUPTA, S., ROGERS, J. S., DICKENS, M., HAN, J., ULEVITCH, R. J. & DAVIS, R. J. 1995. 
Pro-inflammatory cytokines and environmental stress cause p38 mitogen-activated protein 
kinase activation by dual phosphorylation on tyrosine and threonine. J Biol Chem, 270, 7420-
6. 

RAMALINGAM, S. S., JANNE, P. A., MOK, T., O'BYRNE, K., BOYER, M. J., VON PAWEL, J., PLUZANSKI, 
A., SHTIVELBAND, M., DOCAMPO, L. I., BENNOUNA, J., ZHANG, H., LIANG, J. Q., DOHERTY, J. 
P., TAYLOR, I., MATHER, C. B., GOLDBERG, Z., O'CONNELL, J. & PAZ-ARES, L. 2014. 



304 
 

Dacomitinib versus erlotinib in patients with advanced-stage, previously treated non-small-
cell lung cancer (ARCHER 1009): a randomised, double-blind, phase 3 trial. Lancet Oncol, 15, 
1369-78. 

RAMI-PORTA, R., CROWLEY, J. J. & GOLDSTRAW, P. 2009. The revised TNM staging system for lung 
cancer. Ann Thorac Cardiovasc Surg, 15, 4-9. 

RAMIREZ DE MOLINA, A., SARMENTERO-ESTRADA, J., BELDA-INIESTA, C., TARON, M., RAMIREZ DE 
MOLINA, V., CEJAS, P., SKRZYPSKI, M., GALLEGO-ORTEGA, D., DE CASTRO, J., CASADO, E., 
GARCIA-CABEZAS, M. A., SANCHEZ, J. J., NISTAL, M., ROSELL, R., GONZALEZ-BARON, M. & 
LACAL, J. C. 2007. Expression of choline kinase alpha to predict outcome in patients with 
early-stage non-small-cell lung cancer: a retrospective study. Lancet Oncol, 8, 889-97. 

RAMOS-GOMEZ, M., KWAK, M. K., DOLAN, P. M., ITOH, K., YAMAMOTO, M., TALALAY, P. & KENSLER, 
T. W. 2001. Sensitivity to carcinogenesis is increased and chemoprotective efficacy of 
enzyme inducers is lost in nrf2 transcription factor-deficient mice. Proc Natl Acad Sci U S A, 
98, 3410-5. 

RAMSAY, E. E. & DILDA, P. J. 2014. Glutathione S-conjugates as prodrugs to target drug-resistant 
tumors. Front Pharmacol, 5, 181. 

RANI, M. R., LEAMAN, D. W., HAN, Y., LEUNG, S., CROZE, E., FISH, E. N., WOLFMAN, A. & 
RANSOHOFF, R. M. 1999. Catalytically active TYK2 is essential for interferon-beta-mediated 
phosphorylation of STAT3 and interferon-alpha receptor-1 (IFNAR-1) but not for activation of 
phosphoinositol 3-kinase. J Biol Chem, 274, 32507-11. 

RAPPA, G., LORICO, A., FLAVELL, R. A. & SARTORELLI, A. C. 1997. Evidence that the multidrug 
resistance protein (MRP) functions as a co-transporter of glutathione and natural product 
toxins. Cancer Res, 57, 5232-7. 

RED BREWER, M., CHOI, S. H., ALVARADO, D., MORAVCEVIC, K., POZZI, A., LEMMON, M. A. & 
CARPENTER, G. 2009. The juxtamembrane region of the EGF receptor functions as an 
activation domain. Mol Cell, 34, 641-51. 

REED, J. C. & REED, S. I. 1999. Survivin' cell-separation anxiety. Nat Cell Biol, 1, E199-200. 

RIELY, G. J. & LADANYI, M. 2008. KRAS mutations: an old oncogene becomes a new predictive 
biomarker. J Mol Diagn, 10, 493-5. 

RIELY, G. J., MARKS, J. & PAO, W. 2009. KRAS mutations in non-small cell lung cancer. Proc Am 
Thorac Soc, 6, 201-5. 

RIKOVA, K., GUO, A., ZENG, Q., POSSEMATO, A., YU, J., HAACK, H., NARDONE, J., LEE, K., REEVES, C., 
LI, Y., HU, Y., TAN, Z., STOKES, M., SULLIVAN, L., MITCHELL, J., WETZEL, R., MACNEILL, J., REN, 
J. M., YUAN, J., BAKALARSKI, C. E., VILLEN, J., KORNHAUSER, J. M., SMITH, B., LI, D., ZHOU, X., 
GYGI, S. P., GU, T. L., POLAKIEWICZ, R. D., RUSH, J. & COMB, M. J. 2007. Global survey of 
phosphotyrosine signaling identifies oncogenic kinases in lung cancer. Cell, 131, 1190-203. 

RIPPLE, M., MULCAHY, R. T. & WILDING, G. 1993. Characteristics of the glutathione/glutathione-S-
transferase detoxification system in melphalan resistant human prostate cancer cells. J Urol, 
150, 209-14. 

ROBINSON, D. R., WU, Y. M. & LIN, S. F. 2000. The protein tyrosine kinase family of the human 
genome. Oncogene, 19, 5548-57. 

ROGALLA, T., EHRNSPERGER, M., PREVILLE, X., KOTLYAROV, A., LUTSCH, G., DUCASSE, C., PAUL, C., 
WIESKE, M., ARRIGO, A.-P. & BUCHNER, J. 1999. Regulation of Hsp27 oligomerization, 
chaperone function, and protective activity against oxidative stress/tumor necrosis factor α 
by phosphorylation. Journal of Biological Chemistry, 274, 18947-18956. 



305 
 

RÖNNSTRAND, L., MORI, S., ARRIDSSON, A., ERIKSSON, A., WERNSTEDT, C., HELLMAN, U., 
CLAESSON-WELSH, L. & HELDIN, C.-H. 1992. Identification of two C-terminal 
autophosphorylation sites in the PDGF beta-receptor: involvement in the interaction with 
phospholipase C-gamma. The EMBO journal, 11, 3911. 

ROTHBLUM-OVIATT, C. J., RYAN, C. E. & PIWNICA-WORMS, H. 2001. 14-3-3 binding regulates 
catalytic activity of human Wee1 kinase. Cell growth & differentiation: the molecular biology 
journal of the American Association for Cancer Research, 12, 581-589. 

ROUSE, J., COHEN, P., TRIGON, S., MORANGE, M., ALONSO-LLAMAZARES, A., ZAMANILLO, D., HUNT, 
T. & NEBREDA, A. R. 1994. A novel kinase cascade triggered by stress and heat shock that 
stimulates MAPKAP kinase-2 and phosphorylation of the small heat shock proteins. Cell, 78, 
1027-37. 

RUSHMORE, T. H., KING, R. G., PAULSON, K. E. & PICKETT, C. B. 1990. Regulation of glutathione S-
transferase Ya subunit gene expression: identification of a unique xenobiotic-responsive 
element controlling inducible expression by planar aromatic compounds. Proc Natl Acad Sci 
U S A, 87, 3826-30. 

RUSHMORE, T. H. & KONG, A. N. 2002. Pharmacogenomics, regulation and signaling pathways of 
phase I and II drug metabolizing enzymes. Curr Drug Metab, 3, 481-90. 

RUVOLO, P. P., DENG, X. & MAY, W. S. 2001. Phosphorylation of Bcl2 and regulation of apoptosis. 
Leukemia, 15, 515-22. 

SAKAGAMI, H., KONAGAI, S., YAMAMOTO, H., TANAKA, H., MATSUYA, T., MORI, M., KOSHIO, H., 
YURI, M., HIRANO, M. & KUROMITSU, S. 2014. ASP8273, a novel mutant-selective 
irreversible EGFR inhibitor, inhibits growth of non-small cell lung cancer (NSCLC) cells with 
EGFR activating and T790M resistance mutations. Cancer Research, 74, 1728-1728. 

SAMUELS, Y., WANG, Z., BARDELLI, A., SILLIMAN, N., PTAK, J., SZABO, S., YAN, H., GAZDAR, A., 
POWELL, S. M., RIGGINS, G. J., WILLSON, J. K., MARKOWITZ, S., KINZLER, K. W., VOGELSTEIN, 
B. & VELCULESCU, V. E. 2004. High frequency of mutations of the PIK3CA gene in human 
cancers. Science, 304, 554. 

SANCAR, A., LINDSEY-BOLTZ, L. A., UNSAL-KACMAZ, K. & LINN, S. 2004. Molecular mechanisms of 
mammalian DNA repair and the DNA damage checkpoints. Annu Rev Biochem, 73, 39-85. 

SANCHEZ-CESPEDES, M. 2011. The role of LKB1 in lung cancer. Fam Cancer, 10, 447-53. 

SANCHEZ-CESPEDES, M., PARRELLA, P., ESTELLER, M., NOMOTO, S., TRINK, B., ENGLES, J. M., 
WESTRA, W. H., HERMAN, J. G. & SIDRANSKY, D. 2002. Inactivation of LKB1/STK11 is a 
common event in adenocarcinomas of the lung. Cancer Res, 62, 3659-62. 

SANCHEZ-MARTIN, R., CAMPOS, J. M., CONEJO-GARCIA, A., CRUZ-LOPEZ, O., BANEZ-CORONEL, M., 
RODRIGUEZ-GONZALEZ, A., GALLO, M. A., LACAL, J. C. & ESPINOSA, A. 2005. Symmetrical bis-
quinolinium compounds: new human choline kinase inhibitors with antiproliferative activity 
against the HT-29 cell line. J Med Chem, 48, 3354-63. 

SANDERS, B. M., JAY, M., DRAPER, G. J. & ROBERTS, E. M. 1989. Non-ocular cancer in relatives of 
retinoblastoma patients. Br J Cancer, 60, 358-65. 

SAPKOTA, G. P., DEAK, M., KIELOCH, A., MORRICE, N., GOODARZI, A. A., SMYTHE, C., SHILOH, Y., 
LEES-MILLER, S. P. & ALESSI, D. R. 2002. Ionizing radiation induces ataxia telangiectasia 
mutated kinase (ATM)-mediated phosphorylation of LKB1/STK11 at Thr-366. Biochem J, 368, 
507-16. 

SATOH, M. S. & LINDAHL, T. 1992. Role of poly(ADP-ribose) formation in DNA repair. Nature, 356, 
356-8. 



306 
 

SCHAEPER, U., GEHRING, N. H., FUCHS, K. P., SACHS, M., KEMPKES, B. & BIRCHMEIER, W. 2000. 
Coupling of Gab1 to c-Met, Grb2, and Shp2 mediates biological responses. J Cell Biol, 149, 
1419-32. 

SCHALLER, M. D., HILDEBRAND, J. D., SHANNON, J. D., FOX, J. W., VINES, R. R. & PARSONS, J. T. 1994. 
Autophosphorylation of the focal adhesion kinase, pp125FAK, directs SH2-dependent 
binding of pp60src. Mol Cell Biol, 14, 1680-8. 

SCHLAEPFER, I. R., RIDER, L., RODRIGUES, L. U., GIJON, M. A., PAC, C. T., ROMERO, L., CIMIC, A., 
SIRINTRAPUN, S. J., GLODE, L. M., ECKEL, R. H. & CRAMER, S. D. 2014. Lipid catabolism via 
CPT1 as a therapeutic target for prostate cancer. Mol Cancer Ther, 13, 2361-71. 

SCHULTHEIS, A. M., BOS, M., SCHMITZ, K., WILSBERG, L., BINOT, E., WOLF, J., BUTTNER, R. & 
SCHILDHAUS, H. U. 2014. Fibroblast growth factor receptor 1 (FGFR1) amplification is a 
potential therapeutic target in small-cell lung cancer. Mod Pathol, 27, 214-21. 

SCHWARTZ, P. A., KUZMIC, P., SOLOWIEJ, J., BERGQVIST, S., BOLANOS, B., ALMADEN, C., NAGATA, A., 
RYAN, K., FENG, J. & DALVIE, D. 2014. Covalent EGFR inhibitor analysis reveals importance of 
reversible interactions to potency and mechanisms of drug resistance. Proceedings of the 
National Academy of Sciences, 111, 173-178. 

SCOTT, R. P., EKETJALL, S., AINESKOG, H. & IBANEZ, C. F. 2005. Distinct turnover of alternatively 
spliced isoforms of the RET kinase receptor mediated by differential recruitment of the Cbl 
ubiquitin ligase. J Biol Chem, 280, 13442-9. 

SEIBENHENER, M. L., GEETHA, T. & WOOTEN, M. W. 2007. Sequestosome 1/p62--more than just a 
scaffold. FEBS Lett, 581, 175-9. 

SEKI, T., IRIE, N., NAKAMURA, K., SAKAUE, H., OGAWA, W., KASUGA, M., YAMAMOTO, H., OHMORI, 
S., SAITO, N. & SAKAI, N. 2006. Fused protein of δPKC activation loop and PDK1‐interacting 
fragment (δAL‐PIF) functions as a pseudosubstrate and an inhibitory molecule for PDK1 
when expressed in cells. Genes to Cells, 11, 1051-1070. 

SEN, A., O'MALLEY, K., WANG, Z., RAJ, G. V., DEFRANCO, D. B. & HAMMES, S. R. 2010. Paxillin 
regulates androgen- and epidermal growth factor-induced MAPK signaling and cell 
proliferation in prostate cancer cells. J Biol Chem, 285, 28787-95. 

SEO, A. N., JIN, Y., LEE, H. J., SUN, P. L., KIM, H., JHEON, S., KIM, K., LEE, C. T. & CHUNG, J. H. 2014. 
FGFR1 amplification is associated with poor prognosis and smoking in non-small-cell lung 
cancer. Virchows Arch, 465, 547-58. 

SEQUIST, L. V., BESSE, B., LYNCH, T. J., MILLER, V. A., WONG, K. K., GITLITZ, B., EATON, K., 
ZACHARCHUK, C., FREYMAN, A., POWELL, C., ANANTHAKRISHNAN, R., QUINN, S. & SORIA, J. 
C. 2010. Neratinib, an irreversible pan-ErbB receptor tyrosine kinase inhibitor: results of a 
phase II trial in patients with advanced non-small-cell lung cancer. J Clin Oncol, 28, 3076-83. 

SEQUIST, L. V., SORIA, J. C., GOLDMAN, J. W., WAKELEE, H. A., GADGEEL, S. M., VARGA, A., 
PAPADIMITRAKOPOULOU, V., SOLOMON, B. J., OXNARD, G. R., DZIADZIUSZKO, R., AISNER, D. 
L., DOEBELE, R. C., GALASSO, C., GARON, E. B., HEIST, R. S., LOGAN, J., NEAL, J. W., 
MENDENHALL, M. A., NICHOLS, S., PIOTROWSKA, Z., WOZNIAK, A. J., RAPONI, M., 
KARLOVICH, C. A., JAW-TSAI, S., ISAACSON, J., DESPAIN, D., MATHENY, S. L., ROLFE, L., 
ALLEN, A. R. & CAMIDGE, D. R. 2015. Rociletinib in EGFR-mutated non-small-cell lung cancer. 
N Engl J Med, 372, 1700-9. 

SEQUIST, L. V., WALTMAN, B. A., DIAS-SANTAGATA, D., DIGUMARTHY, S., TURKE, A. B., FIDIAS, P., 
BERGETHON, K., SHAW, A. T., GETTINGER, S., COSPER, A. K., AKHAVANFARD, S., HEIST, R. S., 
TEMEL, J., CHRISTENSEN, J. G., WAIN, J. C., LYNCH, T. J., VERNOVSKY, K., MARK, E. J., LANUTI, 
M., IAFRATE, A. J., MINO-KENUDSON, M. & ENGELMAN, J. A. 2011. Genotypic and 



307 
 

histological evolution of lung cancers acquiring resistance to EGFR inhibitors. Sci Transl Med, 
3, 75ra26. 

SEQUIST, L. V., YANG, J. C., YAMAMOTO, N., O'BYRNE, K., HIRSH, V., MOK, T., GEATER, S. L., ORLOV, 
S., TSAI, C. M., BOYER, M., SU, W. C., BENNOUNA, J., KATO, T., GORBUNOVA, V., LEE, K. H., 
SHAH, R., MASSEY, D., ZAZULINA, V., SHAHIDI, M. & SCHULER, M. 2013. Phase III study of 
afatinib or cisplatin plus pemetrexed in patients with metastatic lung adenocarcinoma with 
EGFR mutations. J Clin Oncol, 31, 3327-34. 

SERIZAWA, M., KUSUHARA, M., ZANGIACOMI, V., URAKAMI, K., WATANABE, M., TAKAHASHI, T., 
YAMAGUCHI, K., YAMAMOTO, N. & KOH, Y. 2014. Identification of metabolic signatures 
associated with erlotinib resistance of non-small cell lung cancer cells. Anticancer Res, 34, 
2779-87. 

SERKOVA, N. J., SPRATLIN, J. L. & ECKHARDT, S. G. 2007. NMR-based metabolomics: translational 
application and treatment of cancer. Curr Opin Mol Ther, 9, 572-85. 

SHACKELFORD, R. E., KAUFMANN, W. K. & PAULES, R. S. 2000. Oxidative stress and cell cycle 
checkpoint function. Free Radic Biol Med, 28, 1387-404. 

SHAH, T., WILDES, F., PENET, M. F., WINNARD, P. T., JR., GLUNDE, K., ARTEMOV, D., ACKERSTAFF, E., 
GIMI, B., KAKKAD, S., RAMAN, V. & BHUJWALLA, Z. M. 2010. Choline kinase overexpression 
increases invasiveness and drug resistance of human breast cancer cells. NMR Biomed, 23, 
633-42. 

SHAN, L., LIAN, F., GUO, L., QIU, T., LING, Y., YING, J. & LIN, D. 2015. Detection of ROS1 gene 
rearrangement in lung adenocarcinoma: comparison of IHC, FISH and real-time RT-PCR. PLoS 
One, 10, e0120422. 

SHARKEY, N. A., LEACH, K. L. & BLUMBERG, P. M. 1984. Competitive inhibition by diacylglycerol of 
specific phorbol ester binding. Proc Natl Acad Sci U S A, 81, 607-10. 

SHARMA, M., CHUANG, W. W. & SUN, Z. 2002. Phosphatidylinositol 3-kinase/Akt stimulates 
androgen pathway through GSK3β inhibition and nuclear β-catenin accumulation. Journal of 
Biological Chemistry, 277, 30935-30941. 

SHARMA, S. V., BELL, D. W., SETTLEMAN, J. & HABER, D. A. 2007. Epidermal growth factor receptor 
mutations in lung cancer. Nat Rev Cancer, 7, 169-81. 

SHAW, A. T., KIM, D. W., NAKAGAWA, K., SETO, T., CRINO, L., AHN, M. J., DE PAS, T., BESSE, B., 
SOLOMON, B. J., BLACKHALL, F., WU, Y. L., THOMAS, M., O'BYRNE, K. J., MORO-SIBILOT, D., 
CAMIDGE, D. R., MOK, T., HIRSH, V., RIELY, G. J., IYER, S., TASSELL, V., POLLI, A., WILNER, K. 
D. & JANNE, P. A. 2013. Crizotinib versus chemotherapy in advanced ALK-positive lung 
cancer. N Engl J Med, 368, 2385-94. 

SHAW, R. J. & CANTLEY, L. C. 2006. Ras, PI(3)K and mTOR signalling controls tumour cell growth. 
Nature, 441, 424-30. 

SHERR, C. J. 1996. Cancer cell cycles. Science, 274, 1672-7. 

SHERR, C. J., RETTENMIER, C. W., SACCA, R., ROUSSEL, M. F., LOOK, A. T. & STANLEY, E. R. 1985. The 
c-fms proto-oncogene product is related to the receptor for the mononuclear phagocyte 
growth factor, CSF-1. Cell, 41, 665-76. 

SHIGEMATSU, H., TAKAHASHI, T., NOMURA, M., MAJMUDAR, K., SUZUKI, M., LEE, H., WISTUBA, II, 
FONG, K. M., TOYOOKA, S., SHIMIZU, N., FUJISAWA, T., MINNA, J. D. & GAZDAR, A. F. 2005. 
Somatic mutations of the HER2 kinase domain in lung adenocarcinomas. Cancer Res, 65, 
1642-6. 



308 
 

SILVENNOINEN, O., SCHINDLER, C., SCHLESSINGER, J. & LEVY, D. E. 1993. Ras-independent growth 
factor signaling by transcription factor tyrosine phosphorylation. Science, 261, 1736-9. 

SLADE, R. L. 2013. Investigation of positron emission tomography for pharmacological assessment of 
epidermal growth factor receptor-directed therapies. 

SLEE, E. A., HARTE, M. T., KLUCK, R. M., WOLF, B. B., CASIANO, C. A., NEWMEYER, D. D., WANG, H. G., 
REED, J. C., NICHOLSON, D. W., ALNEMRI, E. S., GREEN, D. R. & MARTIN, S. J. 1999. Ordering 
the cytochrome c-initiated caspase cascade: hierarchical activation of caspases-2, -3, -6, -7, -
8, and -10 in a caspase-9-dependent manner. J Cell Biol, 144, 281-92. 

SMEAL, T., BINETRUY, B., MERCOLA, D. A., BIRRER, M. & KARIN, M. 1991. Oncogenic and 
transcriptional cooperation with Ha-Ras requires phosphorylation of c-Jun on serines 63 and 
73. Nature, 354, 494-6. 

SMITH, J., THO, L. M., XU, N. & GILLESPIE, D. A. 2010. The ATM-Chk2 and ATR-Chk1 pathways in DNA 
damage signaling and cancer. Adv Cancer Res, 108, 73-112. 

SODA, M., CHOI, Y. L., ENOMOTO, M., TAKADA, S., YAMASHITA, Y., ISHIKAWA, S., FUJIWARA, S., 
WATANABE, H., KURASHINA, K., HATANAKA, H., BANDO, M., OHNO, S., ISHIKAWA, Y., 
ABURATANI, H., NIKI, T., SOHARA, Y., SUGIYAMA, Y. & MANO, H. 2007. Identification of the 
transforming EML4-ALK fusion gene in non-small-cell lung cancer. Nature, 448, 561-6. 

SOMBERG, J. C. & MOLNAR, J. 2009. The pleiotropic effects of ethacrynic acid. Am J Ther, 16, 102-4. 

SONG, H. N., JUNG, K. S., YOO, K. H., CHO, J., LEE, J. Y., LIM, S. H., KIM, H. S., SUN, J. M., LEE, S. H., 
AHN, J. S., PARK, K., CHOI, Y. L., PARK, W. & AHN, M. J. 2016. Acquired C797S Mutation upon 
Treatment with a T790M-Specific Third-Generation EGFR Inhibitor (HM61713) in Non-Small 
Cell Lung Cancer. J Thorac Oncol, 11, e45-7. 

SORIA, J. C., FELIP, E., COBO, M., LU, S., SYRIGOS, K., LEE, K. H., GOKER, E., GEORGOULIAS, V., LI, W., 
ISLA, D., GUCLU, S. Z., MORABITO, A., MIN, Y. J., ARDIZZONI, A., GADGEEL, S. M., WANG, B., 
CHAND, V. K. & GOSS, G. D. 2015. Afatinib versus erlotinib as second-line treatment of 
patients with advanced squamous cell carcinoma of the lung (LUX-Lung 8): an open-label 
randomised controlled phase 3 trial. Lancet Oncol, 16, 897-907. 

SOUCEK, T., YEUNG, R. S. & HENGSTSCHLAGER, M. 1998. Inactivation of the cyclin-dependent kinase 
inhibitor p27 upon loss of the tuberous sclerosis complex gene-2. Proc Natl Acad Sci U S A, 
95, 15653-8. 

SOUSA, L. P., LAX, I., SHEN, H., FERGUSON, S. M., DE CAMILLI, P. & SCHLESSINGER, J. 2012. 
Suppression of EGFR endocytosis by dynamin depletion reveals that EGFR signaling occurs 
primarily at the plasma membrane. Proc Natl Acad Sci U S A, 109, 4419-24. 

SPITZ, D. R., PHILLIPS, J. W., ADAMS, D. T., SHERMAN, C. M., DEEN, D. F. & LI, G. C. 1993. Cellular 
resistance to oxidative stress is accompanied by resistance to cisplatin: the significance of 
increased catalase activity and total glutathione in hydrogen peroxide-resistant fibroblasts. J 
Cell Physiol, 156, 72-9. 

SREEKUMAR, A., POISSON, L. M., RAJENDIRAN, T. M., KHAN, A. P., CAO, Q., YU, J., LAXMAN, B., 
MEHRA, R., LONIGRO, R. J. & LI, Y. 2009. Metabolomic profiles delineate potential role for 
sarcosine in prostate cancer progression. Nature, 457, 910-914. 

SRIVASTAVA, A. K. & PANDEY, S. K. 1998. Potential mechanism(s) involved in the regulation of 
glycogen synthesis by insulin. Mol Cell Biochem, 182, 135-41. 

STAHL, N., BOULTON, T. G., FARRUGGELLA, T., IP, N. Y., DAVIS, S., WITTHUHN, B. A., QUELLE, F. W., 
SILVENNOINEN, O., BARBIERI, G., PELLEGRINI, S. & ET AL. 1994. Association and activation of 
Jak-Tyk kinases by CNTF-LIF-OSM-IL-6 beta receptor components. Science, 263, 92-5. 



309 
 

STAMOS, J., SLIWKOWSKI, M. X. & EIGENBROT, C. 2002. Structure of the epidermal growth factor 
receptor kinase domain alone and in complex with a 4-anilinoquinazoline inhibitor. J Biol 
Chem, 277, 46265-72. 

STANFORD, J. S. & RUDERMAN, J. V. 2005. Changes in regulatory phosphorylation of Cdc25C Ser287 
and Wee1 Ser549 during normal cell cycle progression and checkpoint arrests. Molecular 
biology of the cell, 16, 5749-5760. 

STANLEY, E. R., CHEN, D. M. & LIN, H. S. 1978. Induction of macrophage production and proliferation 
by a purified colony stimulating factor. Nature, 274, 168-70. 

STEVENSON, M. M. 2016a. Non-Small Cell Lung Cancer Treatment Protocols [Online]. Available: 
http://emedicine.medscape.com/article/2007153-overview. 

STEVENSON, M. M. 2016b. Small Cell Lung Cancer Treatment Protocols: Treatment Protocols 
[Online]. Available: http://emedicine.medscape.com/article/2007031-overview. 

STOCKWELL, S. 2015. FDA Breakthrough Therapy Status to Third-Generation TKI for NSCLC. Oncology 
Times. 

SU, Y. C., HAN, J., XU, S., COBB, M. & SKOLNIK, E. Y. 1997. NIK is a new Ste20-related kinase that 
binds NCK and MEKK1 and activates the SAPK/JNK cascade via a conserved regulatory 
domain. EMBO J, 16, 1279-90. 

SUHRE, K., SHIN, S.-Y., PETERSEN, A.-K., MOHNEY, R. P., MEREDITH, D., WÄGELE, B., ALTMAIER, E., 
DELOUKAS, P., ERDMANN, J. & GRUNDBERG, E. 2011. Human metabolic individuality in 
biomedical and pharmaceutical research. Nature, 477, 54-60. 

SUMMY, J. M. & GALLICK, G. E. 2006. Treatment for advanced tumors: SRC reclaims center stage. 
Clin Cancer Res, 12, 1398-401. 

SUN, Z., ZHANG, S., CHAN, J. Y. & ZHANG, D. D. 2007. Keap1 controls postinduction repression of the 
Nrf2-mediated antioxidant response by escorting nuclear export of Nrf2. Mol Cell Biol, 27, 
6334-49. 

SUTHERLAND, K. D. & BERNS, A. 2010. Cell of origin of lung cancer. Molecular oncology, 4, 397-403. 

SUZUKI, M., SHIGEMATSU, H., NAKAJIMA, T., KUBO, R., MOTOHASHI, S., SEKINE, Y., SHIBUYA, K., 
IIZASA, T., HIROSHIMA, K. & NAKATANI, Y. 2007. Synchronous Alterations of Wnt and 
Epidermal Growth Factor Receptor Signaling Pathways through Aberrant Methylation and 
Mutation in Non–Small Cell Lung Cancer. Clinical Cancer Research, 13, 6087-6092. 

TAKEUCHI, K., CHOI, Y. L., TOGASHI, Y., SODA, M., HATANO, S., INAMURA, K., TAKADA, S., UENO, T., 
YAMASHITA, Y., SATOH, Y., OKUMURA, S., NAKAGAWA, K., ISHIKAWA, Y. & MANO, H. 2009. 
KIF5B-ALK, a novel fusion oncokinase identified by an immunohistochemistry-based 
diagnostic system for ALK-positive lung cancer. Clin Cancer Res, 15, 3143-9. 

TAKEUCHI, K., SODA, M., TOGASHI, Y., SUZUKI, R., SAKATA, S., HATANO, S., ASAKA, R., HAMANAKA, 
W., NINOMIYA, H. & UEHARA, H. 2012a. RET, ROS1 and ALK fusions in lung cancer. Nature 
medicine, 18, 378-381. 

TAKEUCHI, K., SODA, M., TOGASHI, Y., SUZUKI, R., SAKATA, S., HATANO, S., ASAKA, R., HAMANAKA, 
W., NINOMIYA, H., UEHARA, H., LIM CHOI, Y., SATOH, Y., OKUMURA, S., NAKAGAWA, K., 
MANO, H. & ISHIKAWA, Y. 2012b. RET, ROS1 and ALK fusions in lung cancer. Nat Med, 18, 
378-81. 

TAMURA, M., GU, J., DANEN, E. H., TAKINO, T., MIYAMOTO, S. & YAMADA, K. M. 1999. PTEN 
interactions with focal adhesion kinase and suppression of the extracellular matrix-
dependent phosphatidylinositol 3-kinase/Akt cell survival pathway. J Biol Chem, 274, 20693-
703. 

http://emedicine.medscape.com/article/2007153-overview
http://emedicine.medscape.com/article/2007031-overview


310 
 

TANAKA, H., YANAGISAWA, K., SHINJO, K., TAGUCHI, A., MAENO, K., TOMIDA, S., SHIMADA, Y., 
OSADA, H., KOSAKA, T., MATSUBARA, H., MITSUDOMI, T., SEKIDO, Y., TANIMOTO, M., 
YATABE, Y. & TAKAHASHI, T. 2007. Lineage-specific dependency of lung adenocarcinomas on 
the lung development regulator TTF-1. Cancer Res, 67, 6007-11. 

TANG, X., KADARA, H., BEHRENS, C., LIU, D. D., XIAO, Y., RICE, D., GAZDAR, A. F., FUJIMOTO, J., 
MORAN, C., VARELLA-GARCIA, M., LEE, J. J., HONG, W. K. & WISTUBA, II 2011. Abnormalities 
of the TITF-1 lineage-specific oncogene in NSCLC: implications in lung cancer pathogenesis 
and prognosis. Clin Cancer Res, 17, 2434-43. 

TAO, R. H. & MARUYAMA, I. N. 2008. All EGF(ErbB) receptors have preformed homo- and 
heterodimeric structures in living cells. J Cell Sci, 121, 3207-17. 

TEIS, D., TAUB, N., KURZBAUER, R., HILBER, D., DE ARAUJO, M. E., ERLACHER, M., OFFTERDINGER, 
M., VILLUNGER, A., GELEY, S., BOHN, G., KLEIN, C., HESS, M. W. & HUBER, L. A. 2006. p14-
MP1-MEK1 signaling regulates endosomal traffic and cellular proliferation during tissue 
homeostasis. J Cell Biol, 175, 861-8. 

TERAI, H., SOEJIMA, K., YASUDA, H., NAKAYAMA, S., HAMAMOTO, J., ARAI, D., ISHIOKA, K., OHGINO, 
K., IKEMURA, S. & SATO, T. 2013. Activation of the FGF2-FGFR1 autocrine pathway: a novel 
mechanism of acquired resistance to gefitinib in NSCLC. Molecular Cancer Research, 11, 759-
767. 

TEW, K. D. 1994. Glutathione-associated enzymes in anticancer drug resistance. Cancer Res, 54, 
4313-20. 

THIEL, K. W. & CARPENTER, G. 2007. Epidermal growth factor receptor juxtamembrane region 
regulates allosteric tyrosine kinase activation. Proc Natl Acad Sci U S A, 104, 19238-43. 

THRESS, K. S., PAWELETZ, C. P., FELIP, E., CHO, B. C., STETSON, D., DOUGHERTY, B., LAI, Z., 
MARKOVETS, A., VIVANCOS, A., KUANG, Y., ERCAN, D., MATTHEWS, S. E., CANTARINI, M., 
BARRETT, J. C., JANNE, P. A. & OXNARD, G. R. 2015. Acquired EGFR C797S mutation mediates 
resistance to AZD9291 in non-small cell lung cancer harboring EGFR T790M. Nat Med, 21, 
560-2. 

TIACCI, E., TRIFONOV, V., SCHIAVONI, G., HOLMES, A., KERN, W., MARTELLI, M. P., PUCCIARINI, A., 
BIGERNA, B., PACINI, R., WELLS, V. A., SPORTOLETTI, P., PETTIROSSI, V., MANNUCCI, R., 
ELLIOTT, O., LISO, A., AMBROSETTI, A., PULSONI, A., FORCONI, F., TRENTIN, L., SEMENZATO, 
G., INGHIRAMI, G., CAPPONI, M., DI RAIMONDO, F., PATTI, C., ARCAINI, L., MUSTO, P., 
PILERI, S., HAFERLACH, C., SCHNITTGER, S., PIZZOLO, G., FOA, R., FARINELLI, L., HAFERLACH, 
T., PASQUALUCCI, L., RABADAN, R. & FALINI, B. 2011. BRAF mutations in hairy-cell leukemia. 
N Engl J Med, 364, 2305-15. 

TIAN, Y., NIE, X., XU, S., LI, Y., HUANG, T., TANG, H. & WANG, Y. 2015. Integrative metabonomics as 
potential method for diagnosis of thyroid malignancy. Scientific reports, 5. 

TIBBETTS, R. S., BRUMBAUGH, K. M., WILLIAMS, J. M., SARKARIA, J. N., CLIBY, W. A., SHIEH, S. Y., 
TAYA, Y., PRIVES, C. & ABRAHAM, R. T. 1999. A role for ATR in the DNA damage-induced 
phosphorylation of p53. Genes Dev, 13, 152-7. 

TISEO, M., BARTOLOTTI, M., GELSOMINO, F. & BORDI, P. 2010. Emerging role of gefitinib in the 
treatment of non-small-cell lung cancer (NSCLC). Drug Des Devel Ther, 4, 81-98. 

TOJIMA, Y., FUJIMOTO, A., DELHASE, M., CHEN, Y., HATAKEYAMA, S., NAKAYAMA, K., KANEKO, Y., 
NIMURA, Y., MOTOYAMA, N., IKEDA, K., KARIN, M. & NAKANISHI, M. 2000. NAK is an 
IkappaB kinase-activating kinase. Nature, 404, 778-82. 



311 
 

TONG, K. I., KATOH, Y., KUSUNOKI, H., ITOH, K., TANAKA, T. & YAMAMOTO, M. 2006a. Keap1 recruits 
Neh2 through binding to ETGE and DLG motifs: characterization of the two-site molecular 
recognition model. Mol Cell Biol, 26, 2887-900. 

TONG, K. I., KOBAYASHI, A., KATSUOKA, F. & YAMAMOTO, M. 2006b. Two-site substrate recognition 
model for the Keap1-Nrf2 system: a hinge and latch mechanism. Biol Chem, 387, 1311-20. 

TORII, S., YAMAMOTO, T., TSUCHIYA, Y. & NISHIDA, E. 2006. ERK MAP kinase in G cell cycle 
progression and cancer. Cancer Sci, 97, 697-702. 

TRAPNELL, C., PACHTER, L. & SALZBERG, S. L. 2009. TopHat: discovering splice junctions with RNA-
Seq. Bioinformatics, 25, 1105-11. 

TROUSIL, S. 2014. Choline Kinase Inhibition as a Treatment Strategy of Cancers with Deregulated 
Lipid Metabolism. Imperial College. 

TULCHINSKY, E. 2000. Fos family members: regulation, structure and role in oncogenic 
transformation. Histol Histopathol, 15, 921-8. 

TURNER, N. C. & SECKL, M. J. 2010. A therapeutic target for smoking-associated lung cancer. Sci 
Transl Med, 2, 62ps56. 

UMMANNI, R., MANNSPERGER, H. A., SONNTAG, J., OSWALD, M., SHARMA, A. K., KONIG, R. & KORF, 
U. 2014. Evaluation of reverse phase protein array (RPPA)-based pathway-activation 
profiling in 84 non-small cell lung cancer (NSCLC) cell lines as platform for cancer proteomics 
and biomarker discovery. Biochim Biophys Acta, 1844, 950-9. 

URATA, Y., KATAKAMI, N., MORITA, S., KAJI, R., YOSHIOKA, H., SETO, T., SATOUCHI, M., IWAMOTO, 
Y., KANEHARA, M., FUJIMOTO, D., IKEDA, N., MURAKAMI, H., DAGA, H., OGURI, T., GOTO, I., 
IMAMURA, F., SUGAWARA, S., SAKA, H., NOGAMI, N., NEGORO, S., NAKAGAWA, K. & 
NAKANISHI, Y. 2016. Randomized Phase III Study Comparing Gefitinib With Erlotinib in 
Patients With Previously Treated Advanced Lung Adenocarcinoma: WJOG 5108L. J Clin 
Oncol. 

VALIATHAN, R. R., MARCO, M., LEITINGER, B., KLEER, C. G. & FRIDMAN, R. 2012. Discoidin domain 
receptor tyrosine kinases: new players in cancer progression. Cancer Metastasis Rev, 31, 
295-321. 

VAN LIER, M. G., WAGNER, A., MATHUS-VLIEGEN, E. M., KUIPERS, E. J., STEYERBERG, E. W. & VAN 
LEERDAM, M. E. 2010. High cancer risk in Peutz-Jeghers syndrome: a systematic review and 
surveillance recommendations. Am J Gastroenterol, 105, 1258-64; author reply 1265. 

VANDER HEIDEN, M. G., CANTLEY, L. C. & THOMPSON, C. B. 2009. Understanding the Warburg 
effect: the metabolic requirements of cell proliferation. science, 324, 1029-1033. 

VANDERKUUR, J., ALLEVATO, G., BILLESTRUP, N., NORSTEDT, G. & CARTER-SU, C. 1995. Growth 
hormone-promoted tyrosyl phosphorylation of SHC proteins and SHC association with Grb2. 
Journal of Biological Chemistry, 270, 7587-7593. 

VAUZOUR, D., VAFEIADOU, K., RICE-EVANS, C., CADENAS, E. & SPENCER, J. P. 2007. Inhibition of 
cellular proliferation by the genistein metabolite 5,7,3',4'-tetrahydroxyisoflavone is 
mediated by DNA damage and activation of the ATR signalling pathway. Arch Biochem 
Biophys, 468, 159-66. 

VELAZQUEZ, L., MOGENSEN, K. E., BARBIERI, G., FELLOUS, M., UZE, G. & PELLEGRINI, S. 1995. Distinct 
domains of the protein tyrosine kinase tyk2 required for binding of interferon-alpha/beta 
and for signal transduction. J Biol Chem, 270, 3327-34. 

VEMPATI, S., REINDL, C., WOLF, U., KERN, R., PETROPOULOS, K., NAIDU, V. M., BUSKE, C., 
HIDDEMANN, W., KOHL, T. M. & SPIEKERMANN, K. 2008. Transformation by oncogenic 



312 
 

mutants and ligand-dependent activation of FLT3 wild-type requires the tyrosine residues 
589 and 591. Clinical Cancer Research, 14, 4437-4445. 

VIEIRA, A. V., LAMAZE, C. & SCHMID, S. L. 1996. Control of EGF receptor signaling by clathrin-
mediated endocytosis. Science, 274, 2086-9. 

VIVANCO, I. & SAWYERS, C. L. 2002. The phosphatidylinositol 3-Kinase AKT pathway in human 
cancer. Nat Rev Cancer, 2, 489-501. 

VOUSDEN, K. H. & PRIVES, C. 2009. Blinded by the Light: The Growing Complexity of p53. Cell, 137, 
413-31. 

WALTER, A. O., SJIN, R. T., HARINGSMA, H. J., OHASHI, K., SUN, J., LEE, K., DUBROVSKIY, A., 
LABENSKI, M., ZHU, Z., WANG, Z., SHEETS, M., ST MARTIN, T., KARP, R., VAN KALKEN, D., 
CHATURVEDI, P., NIU, D., NACHT, M., PETTER, R. C., WESTLIN, W., LIN, K., JAW-TSAI, S., 
RAPONI, M., VAN DYKE, T., ETTER, J., WEAVER, Z., PAO, W., SINGH, J., SIMMONS, A. D., 
HARDING, T. C. & ALLEN, A. 2013a. Discovery of a mutant-selective covalent inhibitor of 
EGFR that overcomes T790M-mediated resistance in NSCLC. Cancer Discov, 3, 1404-15. 

WALTER, A. O., SJIN, R. T. T., HARINGSMA, H. J., OHASHI, K., SUN, J., LEE, K., DUBROVSKIY, A., 
LABENSKI, M., ZHU, Z. & WANG, Z. 2013b. Discovery of a mutant-selective covalent inhibitor 
of EGFR that overcomes T790M-mediated resistance in NSCLC. Cancer discovery, 3, 1404-
1415. 

WAN, P. T., GARNETT, M. J., ROE, S. M., LEE, S., NICULESCU-DUVAZ, D., GOOD, V. M., JONES, C. M., 
MARSHALL, C. J., SPRINGER, C. J., BARFORD, D. & MARAIS, R. 2004. Mechanism of activation 
of the RAF-ERK signaling pathway by oncogenic mutations of B-RAF. Cell, 116, 855-67. 

WANG, L., FENG, Z., WANG, X., WANG, X. & ZHANG, X. 2010a. DEGseq: an R package for identifying 
differentially expressed genes from RNA-seq data. Bioinformatics, 26, 136-8. 

WANG, L., HU, H., PAN, Y., WANG, R., LI, Y., SHEN, L., YU, Y., LI, H., CAI, D., SUN, Y. & CHEN, H. 2014. 
PIK3CA mutations frequently coexist with EGFR/KRAS mutations in non-small cell lung 
cancer and suggest poor prognosis in EGFR/KRAS wildtype subgroup. PLoS One, 9, e88291. 

WANG, L. M., KUO, A., ALIMANDI, M., VERI, M. C., LEE, C. C., KAPOOR, V., ELLMORE, N., CHEN, X. H. 
& PIERCE, J. H. 1998. ErbB2 expression increases the spectrum and potency of ligand-
mediated signal transduction through ErbB4. Proc Natl Acad Sci U S A, 95, 6809-14. 

WANG, R., HU, H., PAN, Y., LI, Y., YE, T., LI, C., LUO, X., WANG, L., LI, H., ZHANG, Y., LI, F., LU, Y., LU, 
Q., XU, J., GARFIELD, D., SHEN, L., JI, H., PAO, W., SUN, Y. & CHEN, H. 2012. RET fusions 
define a unique molecular and clinicopathologic subtype of non-small-cell lung cancer. J Clin 
Oncol, 30, 4352-9. 

WANG, S.-C. & HUNG, M.-C. 2009. Nuclear translocation of the epidermal growth factor receptor 
family membrane tyrosine kinase receptors. Clinical Cancer Research, 15, 6484-6489. 

WANG, S. C., NAKAJIMA, Y., YU, Y. L., XIA, W., CHEN, C. T., YANG, C. C., MCINTUSH, E. W., LI, L. Y., 
HAWKE, D. H., KOBAYASHI, R. & HUNG, M. C. 2006a. Tyrosine phosphorylation controls 
PCNA function through protein stability. Nat Cell Biol, 8, 1359-68. 

WANG, S. E., NARASANNA, A., PEREZ-TORRES, M., XIANG, B., WU, F. Y., YANG, S., CARPENTER, G., 
GAZDAR, A. F., MUTHUSWAMY, S. K. & ARTEAGA, C. L. 2006b. HER2 kinase domain mutation 
results in constitutive phosphorylation and activation of HER2 and EGFR and resistance to 
EGFR tyrosine kinase inhibitors. Cancer Cell, 10, 25-38. 

WANG, W., SUN, Y. P., HUANG, X. Z., HE, M., CHEN, Y. Y., SHI, G. Y., LI, H., YI, J. & WANG, J. 2010b. 
Emodin enhances sensitivity of gallbladder cancer cells to platinum drugs via glutathion 
depletion and MRP1 downregulation. Biochem Pharmacol, 79, 1134-40. 



313 
 

WANG, X., CUNNINGHAM, M., ZHANG, X., TOKARZ, S., LARAWAY, B., TROXELL, M. & SEARS, R. C. 
2011. Phosphorylation regulates c-Myc's oncogenic activity in the mammary gland. Cancer 
Res, 71, 925-36. 

WANG, X. J., SUN, Z., VILLENEUVE, N. F., ZHANG, S., ZHAO, F., LI, Y., CHEN, W., YI, X., ZHENG, W., 
WONDRAK, G. T., WONG, P. K. & ZHANG, D. D. 2008. Nrf2 enhances resistance of cancer 
cells to chemotherapeutic drugs, the dark side of Nrf2. Carcinogenesis, 29, 1235-43. 

WANG, Y., ZHANG, L., CHEN, W.-L., WANG, J.-H., LI, N., LI, J.-M., MI, J.-Q., ZHANG, W.-N., LI, Y. & WU, 
S.-F. 2013. Rapid diagnosis and prognosis of de novo acute myeloid leukemia by serum 
metabonomic analysis. Journal of proteome research, 12, 4393-4401. 

WANG, Y. N. & HUNG, M. C. 2012. Nuclear functions and subcellular trafficking mechanisms of the 
epidermal growth factor receptor family. Cell Biosci, 2, 13. 

WANG, Y. N., YAMAGUCHI, H., HSU, J. M. & HUNG, M. C. 2010c. Nuclear trafficking of the epidermal 
growth factor receptor family membrane proteins. Oncogene, 29, 3997-4006. 

WARBURG, O. 1956a. On the origin of cancer cells. Science, 123, 309-14. 

WARBURG, O. 1956b. On the origin of cancer cells. Science, 123, 309-314. 

WARD, P. S. & THOMPSON, C. B. 2012. Signaling in control of cell growth and metabolism. Cold 
Spring Harbor perspectives in biology, 4, a006783. 

WARD, R. A., ANDERTON, M. J., ASHTON, S., BETHEL, P. A., BOX, M., BUTTERWORTH, S., 
COLCLOUGH, N., CHORLEY, C. G., CHUAQUI, C., CROSS, D. A., DAKIN, L. A., DEBRECZENI, J. E., 
EBERLEIN, C., FINLAY, M. R., HILL, G. B., GRIST, M., KLINOWSKA, T. C., LANE, C., MARTIN, S., 
ORME, J. P., SMITH, P., WANG, F. & WARING, M. J. 2013. Structure- and reactivity-based 
development of covalent inhibitors of the activating and gatekeeper mutant forms of the 
epidermal growth factor receptor (EGFR). J Med Chem, 56, 7025-48. 

WARE, K. E., MARSHALL, M. E., HEASLEY, L. R., MAREK, L., HINZ, T. K., HERCULE, P., HELFRICH, B. A., 
DOEBELE, R. C. & HEASLEY, L. E. 2010. Rapidly acquired resistance to EGFR tyrosine kinase 
inhibitors in NSCLC cell lines through de-repression of FGFR2 and FGFR3 expression. PloS 
one, 5, e14117. 

WASKIEWICZ, A. J., JOHNSON, J. C., PENN, B., MAHALINGAM, M., KIMBALL, S. R. & COOPER, J. A. 
1999. Phosphorylation of the cap-binding protein eukaryotic translation initiation factor 4E 
by protein kinase Mnk1 in vivo. Molecular and cellular biology, 19, 1871-1880. 

WEAVER, Z., DIFILIPPANTONIO, S., CARRETERO, J., MARTIN, P. L., EL MESKINI, R., IACOVELLI, A. J., 
GUMPRECHT, M., KULAGA, A., GUERIN, T., SCHLOMER, J., BARAN, M., KOZLOV, S., MCCANN, 
T., MENA, S., AL-SHAHROUR, F., ALEXANDER, D., WONG, K. K. & VAN DYKE, T. 2012. 
Temporal molecular and biological assessment of an erlotinib-resistant lung adenocarcinoma 
model reveals markers of tumor progression and treatment response. Cancer Res, 72, 5921-
33. 

WEI, D., LE, X., ZHENG, L., WANG, L., FREY, J. A., GAO, A. C., PENG, Z., HUANG, S., XIONG, H. Q., 
ABBRUZZESE, J. L. & XIE, K. 2003. Stat3 activation regulates the expression of vascular 
endothelial growth factor and human pancreatic cancer angiogenesis and metastasis. 
Oncogene, 22, 319-29. 

WEI, M. C., ZONG, W. X., CHENG, E. H., LINDSTEN, T., PANOUTSAKOPOULOU, V., ROSS, A. J., ROTH, K. 
A., MACGREGOR, G. R., THOMPSON, C. B. & KORSMEYER, S. J. 2001. Proapoptotic BAX and 
BAK: a requisite gateway to mitochondrial dysfunction and death. Science, 292, 727-30. 

WEINBERG, R. A. 1995. The retinoblastoma protein and cell cycle control. Cell, 81, 323-330. 



314 
 

WEIR, B. A., WOO, M. S., GETZ, G., PERNER, S., DING, L., BEROUKHIM, R., LIN, W. M., PROVINCE, M. 
A., KRAJA, A., JOHNSON, L. A., SHAH, K., SATO, M., THOMAS, R. K., BARLETTA, J. A., BORECKI, 
I. B., BRODERICK, S., CHANG, A. C., CHIANG, D. Y., CHIRIEAC, L. R., CHO, J., FUJII, Y., GAZDAR, 
A. F., GIORDANO, T., GREULICH, H., HANNA, M., JOHNSON, B. E., KRIS, M. G., LASH, A., LIN, 
L., LINDEMAN, N., MARDIS, E. R., MCPHERSON, J. D., MINNA, J. D., MORGAN, M. B., NADEL, 
M., ORRINGER, M. B., OSBORNE, J. R., OZENBERGER, B., RAMOS, A. H., ROBINSON, J., ROTH, 
J. A., RUSCH, V., SASAKI, H., SHEPHERD, F., SOUGNEZ, C., SPITZ, M. R., TSAO, M. S., TWOMEY, 
D., VERHAAK, R. G., WEINSTOCK, G. M., WHEELER, D. A., WINCKLER, W., YOSHIZAWA, A., YU, 
S., ZAKOWSKI, M. F., ZHANG, Q., BEER, D. G., WISTUBA, II, WATSON, M. A., GARRAWAY, L. 
A., LADANYI, M., TRAVIS, W. D., PAO, W., RUBIN, M. A., GABRIEL, S. B., GIBBS, R. A., 
VARMUS, H. E., WILSON, R. K., LANDER, E. S. & MEYERSON, M. 2007. Characterizing the 
cancer genome in lung adenocarcinoma. Nature, 450, 893-8. 

WEISSMAN, B. A., JONES, C. L., LIU, Q. & GROSS, S. S. 2002. Activation and inactivation of neuronal 
nitric oxide synthase: characterization of Ca(2+)-dependent [125I]Calmodulin binding. Eur J 
Pharmacol, 435, 9-18. 

WELLS, N. J., WATANABE, N., TOKUSUMI, T., JIANG, W., VERDECIA, M. A. & HUNTER, T. 1999a. The C-
terminal domain of the Cdc2 inhibitory kinase Myt1 interacts with Cdc2 complexes and is 
required for inhibition of G (2)/M progression. J Cell Sci, 112, 3361-3371. 

WELLS, N. J., WATANABE, N., TOKUSUMI, T., JIANG, W., VERDECIA, M. A. & HUNTER, T. 1999b. The C-
terminal domain of the Cdc2 inhibitory kinase Myt1 interacts with Cdc2 complexes and is 
required for inhibition of G(2)/M progression. J Cell Sci, 112 ( Pt 19), 3361-71. 

WELLSTEIN, A. 2012. ALK receptor activation, ligands and therapeutic targeting in glioblastoma and 
in other cancers. Front Oncol, 2, 192. 

WELSH, C. J., YEH, G. C. & PHANG, J. M. 1994. Increased phospholipase D activity in multidrug 
resistant breast cancer cells. Biochem Biophys Res Commun, 202, 211-7. 

WELSH, G. I., WILSON, C. & PROUD, C. G. 1996. GSK3: a SHAGGY frog story. Trends Cell Biol, 6, 274-9. 

WHEELOCK, M. J. & JOHNSON, K. R. 2003. Cadherins as modulators of cellular phenotype. Annu Rev 
Cell Dev Biol, 19, 207-35. 

WHITMARSH, A. J. & DAVIS, R. J. 1998. Structural organization of MAP-kinase signaling modules by 
scaffold proteins in yeast and mammals. Trends Biochem Sci, 23, 481-5. 

WHO 2014a. World cancer report 2014. 

WHO 2014b. World cancer report 2014  

WILEY, H. S., HERBST, J. J., WALSH, B. J., LAUFFENBURGER, D. A., ROSENFELD, M. G. & GILL, G. N. 
1991. The role of tyrosine kinase activity in endocytosis, compartmentation, and down-
regulation of the epidermal growth factor receptor. J Biol Chem, 266, 11083-94. 

WILSON, I. D., PLUMB, R., GRANGER, J., MAJOR, H., WILLIAMS, R. & LENZ, E. M. 2005. HPLC-MS-
based methods for the study of metabonomics. Journal of Chromatography B, 817, 67-76. 

WISSNER, A., OVERBEEK, E., REICH, M. F., FLOYD, M. B., JOHNSON, B. D., MAMUYA, N., ROSFJORD, E. 
C., DISCAFANI, C., DAVIS, R., SHI, X., RABINDRAN, S. K., GRUBER, B. C., YE, F., HALLETT, W. A., 
NILAKANTAN, R., SHEN, R., WANG, Y. F., GREENBERGER, L. M. & TSOU, H. R. 2003. Synthesis 
and structure-activity relationships of 6,7-disubstituted 4-anilinoquinoline-3-carbonitriles. 
The design of an orally active, irreversible inhibitor of the tyrosine kinase activity of the 
epidermal growth factor receptor (EGFR) and the human epidermal growth factor receptor-2 
(HER-2). J Med Chem, 46, 49-63. 



315 
 

WONG, K. K., FRACASSO, P. M., BUKOWSKI, R. M., LYNCH, T. J., MUNSTER, P. N., SHAPIRO, G. I., 
JANNE, P. A., EDER, J. P., NAUGHTON, M. J., ELLIS, M. J., JONES, S. F., MEKHAIL, T., 
ZACHARCHUK, C., VERMETTE, J., ABBAS, R., QUINN, S., POWELL, C. & BURRIS, H. A. 2009. A 
phase I study with neratinib (HKI-272), an irreversible pan ErbB receptor tyrosine kinase 
inhibitor, in patients with solid tumors. Clin Cancer Res, 15, 2552-8. 

WOODHOUSE, E. C., CHUAQUI, R. F. & LIOTTA, L. A. 1997. General mechanisms of metastasis. 
Cancer, 80, 1529-37. 

WOODS, J. S. & ELLIS, M. E. 1995. Up-regulation of glutathione synthesis in rat kidney by methyl 
mercury. Relationship to mercury-induced oxidative stress. Biochem Pharmacol, 50, 1719-
24. 

WORTHYLAKE, R., OPRESKO, L. K. & WILEY, H. S. 1999. ErbB-2 amplification inhibits down-regulation 
and induces constitutive activation of both ErbB-2 and epidermal growth factor receptors. J 
Biol Chem, 274, 8865-74. 

WU, J. Y., WU, S. G., YANG, C. H., CHANG, Y. L., CHANG, Y. C., HSU, Y. C., SHIH, J. Y. & YANG, P. C. 
2011. Comparison of gefitinib and erlotinib in advanced NSCLC and the effect of EGFR 
mutations. Lung Cancer, 72, 205-12. 

WU, S. G., LIU, Y. N., TSAI, M. F., CHANG, Y. L., YU, C. J., YANG, P. C., YANG, J. C., WEN, Y. F. & SHIH, J. 
Y. 2016. The mechanism of acquired resistance to irreversible EGFR tyrosine kinase inhibitor-
afatinib in lung adenocarcinoma patients. Oncotarget, 7, 12404-13. 

WU, Y. L., ZHOU, C., HU, C. P., FENG, J., LU, S., HUANG, Y., LI, W., HOU, M., SHI, J. H., LEE, K. Y., XU, C. 
R., MASSEY, D., KIM, M., SHI, Y. & GEATER, S. L. 2014. Afatinib versus cisplatin plus 
gemcitabine for first-line treatment of Asian patients with advanced non-small-cell lung 
cancer harbouring EGFR mutations (LUX-Lung 6): an open-label, randomised phase 3 trial. 
Lancet Oncol, 15, 213-22. 

XIE, C., JIN, J., BAO, X., ZHAN, W. H., HAN, T. Y., GAN, M., ZHANG, C. & WANG, J. 2016. Inhibition of 
mitochondrial glutaminase activity reverses acquired erlotinib resistance in non-small cell 
lung cancer. Oncotarget, 7, 610-21. 

XIE, M., HE, C. S., WEI, S. H. & ZHANG, L. 2013. Notch-1 contributes to epidermal growth factor 
receptor tyrosine kinase inhibitor acquired resistance in non-small cell lung cancer in vitro 
and in vivo. Eur J Cancer, 49, 3559-72. 

XIE, M., ZHANG, L., HE, C. S., XU, F., LIU, J. L., HU, Z. H., ZHAO, L. P. & TIAN, Y. 2012. Activation of 
notch‐1 enhances epithelial–mesenchymal transition in gefitinib‐acquired resistant lung 
cancer cells. Journal of cellular biochemistry, 113, 1501-1513. 

XU, L., KIKUCHI, E., XU, C., EBI, H., ERCAN, D., CHENG, K. A., PADERA, R., ENGELMAN, J. A., JANNE, P. 
A., SHAPIRO, G. I., SHIMAMURA, T. & WONG, K. K. 2012. Combined EGFR/MET or 
EGFR/HSP90 inhibition is effective in the treatment of lung cancers codriven by mutant EGFR 
containing T790M and MET. Cancer Res, 72, 3302-11. 

XU, L., NILSSON, M. B., SAINTIGNY, P., CASCONE, T., HERYNK, M. H., DU, Z., NIKOLINAKOS, P. G., 
YANG, Y., PRUDKIN, L., LIU, D., LEE, J. J., JOHNSON, F. M., WONG, K. K., GIRARD, L., GAZDAR, 
A. F., MINNA, J. D., KURIE, J. M., WISTUBA, II & HEYMACH, J. V. 2010. Epidermal growth 
factor receptor regulates MET levels and invasiveness through hypoxia-inducible factor-
1alpha in non-small cell lung cancer cells. Oncogene, 29, 2616-27. 

YAMABHAI, M. & ANDERSON, R. G. 2002. Second cysteine-rich region of epidermal growth factor 
receptor contains targeting information for caveolae/rafts. J Biol Chem, 277, 24843-6. 



316 
 

YAMADORI, T., ISHII, Y., HOMMA, S., MORISHIMA, Y., KURISHIMA, K., ITOH, K., YAMAMOTO, M., 
MINAMI, Y., NOGUCHI, M. & HIZAWA, N. 2012. Molecular mechanisms for the regulation of 
Nrf2-mediated cell proliferation in non-small-cell lung cancers. Oncogene, 31, 4768-77. 

YAMAGUCHI, T., YANAGISAWA, K., SUGIYAMA, R., HOSONO, Y., SHIMADA, Y., ARIMA, C., KATO, S., 
TOMIDA, S., SUZUKI, M. & OSADA, H. 2012. NKX2-1/TITF1/TTF-1-Induced ROR1 is required to 
sustain EGFR survival signaling in lung adenocarcinoma. Cancer cell, 21, 348-361. 

YANG, E., ZHA, J., JOCKEL, J., BOISE, L. H., THOMPSON, C. B. & KORSMEYER, S. J. 1995. Bad, a 
heterodimeric partner for Bcl-XL and Bcl-2, displaces Bax and promotes cell death. Cell, 80, 
285-91. 

YANG, H., MAGILNICK, N., OU, X. & LU, S. C. 2005a. Tumour necrosis factor alpha induces co-
ordinated activation of rat GSH synthetic enzymes via nuclear factor kappaB and activator 
protein-1. Biochem J, 391, 399-408. 

YANG, J., RAMALINGAM, S. S., JÄNNE, P. A., CANTARINI, M. & MITSUDOMI, T. 2016. LBA2_PR: 
Osimertinib (AZD9291) in pre-treated pts with T790M-positive advanced NSCLC: updated 
Phase 1 (P1) and pooled Phase 2 (P2) results. Journal of Thoracic Oncology, 11, S152-S153. 

YANG, J. C., SHIH, J. Y., SU, W. C., HSIA, T. C., TSAI, C. M., OU, S. H., YU, C. J., CHANG, G. C., HO, C. L., 
SEQUIST, L. V., DUDEK, A. Z., SHAHIDI, M., CONG, X. J., LORENCE, R. M., YANG, P. C. & 
MILLER, V. A. 2012. Afatinib for patients with lung adenocarcinoma and epidermal growth 
factor receptor mutations (LUX-Lung 2): a phase 2 trial. Lancet Oncol, 13, 539-48. 

YANG, J. M., VASSIL, A. D. & HAIT, W. N. 2001. Activation of phospholipase C induces the expression 
of the multidrug resistance (MDR1) gene through the Raf-MAPK pathway. Mol Pharmacol, 
60, 674-80. 

YANG, P., ALLEN, M. S., AUBRY, M. C., WAMPFLER, J. A., MARKS, R. S., EDELL, E. S., THIBODEAU, S., 
ADJEI, A. A., JETT, J. & DESCHAMPS, C. 2005b. Clinical features of 5,628 primary lung cancer 
patients: experience at Mayo Clinic from 1997 to 2003. Chest, 128, 452-62. 

YANG, W., CAI, Q., LUI, V. W., EVERLEY, P. A., KIM, J., BHOLA, N., QUESNELLE, K. M., ZETTER, B. R., 
STEEN, H., FREEMAN, M. R. & GRANDIS, J. R. 2010. Quantitative proteomics analysis reveals 
molecular networks regulated by epidermal growth factor receptor level in head and neck 
cancer. J Proteome Res, 9, 3073-82. 

YARDEN, Y. & SCHLESSINGER, J. 1987. Self-phosphorylation of epidermal growth factor receptor: 
evidence for a model of intermolecular allosteric activation. Biochemistry, 26, 1434-42. 

YARDEN, Y. & SLIWKOWSKI, M. X. 2001. Untangling the ErbB signalling network. Nat Rev Mol Cell 
Biol, 2, 127-37. 

YASHIMA, H., SHIMIZU, K., ARAKI, T., AOMORI, T., OHTAKI, Y., NAGASHIMA, T., ENOKIDA, Y., ATSUMI, 
J., NAKAMURA, T., TAKEYOSHI, I. & YAMAMOTO, K. 2014. Assessment of DDR2, BRAF, EGFR 
and KRAS mutations as therapeutic targets in non-adenocarcinoma lung cancer patients. Mol 
Clin Oncol, 2, 714-718. 

YEATMAN, T. J. 2004. A renaissance for SRC. Nat Rev Cancer, 4, 470-80. 

YLIKORKALA, A., AVIZIENYTE, E., TOMLINSON, I. P., TIAINEN, M., ROTH, S., LOUKOLA, A., HEMMINKI, 
A., JOHANSSON, M., SISTONEN, P., MARKIE, D., NEALE, K., PHILLIPS, R., ZAUBER, P., TWAMA, 
T., SAMPSON, J., JARVINEN, H., MAKELA, T. P. & AALTONEN, L. A. 1999. Mutations and 
impaired function of LKB1 in familial and non-familial Peutz-Jeghers syndrome and a 
sporadic testicular cancer. Hum Mol Genet, 8, 45-51. 



317 
 

YOKOMIZO, A., TINDALL, D. J., DRABKIN, H., GEMMILL, R., FRANKLIN, W., YANG, P., SUGIO, K., 
SMITH, D. I. & LIU, W. 1998. PTEN/MMAC1 mutations identified in small cell, but not in non-
small cell lung cancers. Oncogene, 17, 475-9. 

YOSHIKAWA, S., KUKIMOTO-NIINO, M., PARKER, L., HANDA, N., TERADA, T., FUJIMOTO, T., 
TERAZAWA, Y., WAKIYAMA, M., SATO, M., SANO, S., KOBAYASHI, T., TANAKA, T., CHEN, L., 
LIU, Z. J., WANG, B. C., SHIROUZU, M., KAWA, S., SEMBA, K., YAMAMOTO, T. & YOKOYAMA, 
S. 2012. Structural basis for the altered drug sensitivities of non-small cell lung cancer-
associated mutants of human epidermal growth factor receptor. Oncogene. 

YOSHIKAWA, S., KUKIMOTO-NIINO, M., PARKER, L., HANDA, N., TERADA, T., FUJIMOTO, T., 
TERAZAWA, Y., WAKIYAMA, M., SATO, M., SANO, S., KOBAYASHI, T., TANAKA, T., CHEN, L., 
LIU, Z. J., WANG, B. C., SHIROUZU, M., KAWA, S., SEMBA, K., YAMAMOTO, T. & YOKOYAMA, 
S. 2013. Structural basis for the altered drug sensitivities of non-small cell lung cancer-
associated mutants of human epidermal growth factor receptor. Oncogene, 32, 27-38. 

YOST, C., TORRES, M., MILLER, J. R., HUANG, E., KIMELMAN, D. & MOON, R. T. 1996. The axis-
inducing activity, stability, and subcellular distribution of beta-catenin is regulated in 
Xenopus embryos by glycogen synthase kinase 3. Genes Dev, 10, 1443-54. 

YU, H. A., ARCILA, M. E., REKHTMAN, N., SIMA, C. S., ZAKOWSKI, M. F., PAO, W., KRIS, M. G., MILLER, 
V. A., LADANYI, M. & RIELY, G. J. 2013. Analysis of tumor specimens at the time of acquired 
resistance to EGFR-TKI therapy in 155 patients with EGFR-mutant lung cancers. Clin Cancer 
Res, 19, 2240-7. 

YU, H. A., OXNARD, G. R., SPIRA, A. I., HORN, L., WEISS, J., FENG, Y., WEST, H. J., GIACCONE, G., 
EVANS, T. L. & KELLY, R. J. Phase I dose escalation study of ASP8273, a mutant-selective 
irreversible EGFR inhibitor, in subjects with EGFR mutation positive NSCLC.  ASCO Annual 
Meeting Proceedings, 2015. 8083. 

YUN, C. H., BOGGON, T. J., LI, Y., WOO, M. S., GREULICH, H., MEYERSON, M. & ECK, M. J. 2007. 
Structures of lung cancer-derived EGFR mutants and inhibitor complexes: mechanism of 
activation and insights into differential inhibitor sensitivity. Cancer Cell, 11, 217-27. 

YUN, C. H., MENGWASSER, K. E., TOMS, A. V., WOO, M. S., GREULICH, H., WONG, K. K., MEYERSON, 
M. & ECK, M. J. 2008. The T790M mutation in EGFR kinase causes drug resistance by 
increasing the affinity for ATP. Proc Natl Acad Sci U S A, 105, 2070-5. 

ZAMAN, G. J., LANKELMA, J., VAN TELLINGEN, O., BEIJNEN, J., DEKKER, H., PAULUSMA, C., OUDE 
ELFERINK, R. P., BAAS, F. & BORST, P. 1995. Role of glutathione in the export of compounds 
from cells by the multidrug-resistance-associated protein. Proc Natl Acad Sci U S A, 92, 7690-
4. 

ZAUGG, K., YAO, Y., REILLY, P. T., KANNAN, K., KIARASH, R., MASON, J., HUANG, P., SAWYER, S. K., 
FUERTH, B., FAUBERT, B., KALLIOMAKI, T., ELIA, A., LUO, X., NADEEM, V., BUNGARD, D., 
YALAVARTHI, S., GROWNEY, J. D., WAKEHAM, A., MOOLANI, Y., SILVESTER, J., TEN, A. Y., 
BAKKER, W., TSUCHIHARA, K., BERGER, S. L., HILL, R. P., JONES, R. G., TSAO, M., ROBINSON, 
M. O., THOMPSON, C. B., PAN, G. & MAK, T. W. 2011. Carnitine palmitoyltransferase 1C 
promotes cell survival and tumor growth under conditions of metabolic stress. Genes Dev, 
25, 1041-51. 

ZEQIRAJ, E., FILIPPI, B. M., DEAK, M., ALESSI, D. R. & VAN AALTEN, D. M. 2009. Structure of the LKB1-
STRAD-MO25 complex reveals an allosteric mechanism of kinase activation. Science, 326, 
1707-1711. 

ZERVOS, A. S., FACCIO, L., GATTO, J. P., KYRIAKIS, J. M. & BRENT, R. 1995. Mxi2, a mitogen-activated 
protein kinase that recognizes and phosphorylates Max protein. Proc Natl Acad Sci U S A, 92, 
10531-4. 



318 
 

ZHA, H., RAFFELD, M., CHARBONEAU, L., PITTALUGA, S., KWAK, L. W., PETRICOIN, E., 3RD, LIOTTA, L. 
A. & JAFFE, E. S. 2004. Similarities of prosurvival signals in Bcl-2-positive and Bcl-2-negative 
follicular lymphomas identified by reverse phase protein microarray. Lab Invest, 84, 235-44. 

ZHANG, F. Q., YANG, W. T., DUAN, S. Z., XIA, Y. C., ZHU, R. Y. & CHEN, Y. B. 2015. JAK2 inhibitor 
TG101348 overcomes erlotinib-resistance in non-small cell lung carcinoma cells with 
mutated EGF receptor. Oncotarget, 6, 14329-43. 

ZHANG, K., MACK, P. & WONG, K. P. 1998. Glutathione-related mechanisms in cellular resistance to 
anticancer drugs. Int J Oncol, 12, 871-82. 

ZHANG, Q., LIU, Y., GAO, F., DING, Q., CHO, C., HUR, W., JIN, Y., UNO, T., JOAZEIRO, C. A. & GRAY, N. 
2006a. Discovery of EGFR selective 4, 6-disubstituted pyrimidines from a combinatorial 
kinase-directed heterocycle library. Journal of the American Chemical Society, 128, 2182-
2183. 

ZHANG, S. & BROXMEYER, H. E. 2000. Flt3 ligand induces tyrosine phosphorylation of gab1 and gab2 
and their association with shp-2, grb2, and PI3 kinase. Biochem Biophys Res Commun, 277, 
195-9. 

ZHANG, S., MANTEL, C. & BROXMEYER, H. E. 1999a. Flt3 signaling involves tyrosyl-phosphorylation of 
SHP-2 and SHIP and their association with Grb2 and Shc in Baf3/Flt3 cells. J Leukoc Biol, 65, 
372-80. 

ZHANG, W. & LIU, H. T. 2002. MAPK signal pathways in the regulation of cell proliferation in 
mammalian cells. Cell Res, 12, 9-18. 

ZHANG, X., CHATTOPADHYAY, A., JI, Q. S., OWEN, J. D., RUEST, P. J., CARPENTER, G. & HANKS, S. K. 
1999b. Focal adhesion kinase promotes phospholipase C-gamma1 activity. Proc Natl Acad Sci 
U S A, 96, 9021-6. 

ZHANG, X., GUREASKO, J., SHEN, K., COLE, P. A. & KURIYAN, J. 2006b. An allosteric mechanism for 
activation of the kinase domain of epidermal growth factor receptor. Cell, 125, 1137-49. 

ZHAO, H. & PIWNICA-WORMS, H. 2001. ATR-mediated checkpoint pathways regulate 
phosphorylation and activation of human Chk1. Mol Cell Biol, 21, 4129-39. 

ZHAO, Y., BUTLER, E. B. & TAN, M. 2013. Targeting cellular metabolism to improve cancer 
therapeutics. Cell Death Dis, 4, e532. 

ZHAO, Z. Q., YU, Z. Y., LI, J. & OUYANG, X. N. 2016. Gefitinib induces lung cancer cell autophagy and 
apoptosis via blockade of the PI3K/AKT/mTOR pathway. Oncol Lett, 12, 63-68. 

ZHOU, B. B., PEYTON, M., HE, B., LIU, C., GIRARD, L., CAUDLER, E., LO, Y., BARIBAUD, F., MIKAMI, I., 
REGUART, N., YANG, G., LI, Y., YAO, W., VADDI, K., GAZDAR, A. F., FRIEDMAN, S. M., 
JABLONS, D. M., NEWTON, R. C., FRIDMAN, J. S., MINNA, J. D. & SCHERLE, P. A. 2006. 
Targeting ADAM-mediated ligand cleavage to inhibit HER3 and EGFR pathways in non-small 
cell lung cancer. Cancer Cell, 10, 39-50. 

ZHOU, W., ERCAN, D., CHEN, L., YUN, C. H., LI, D., CAPELLETTI, M., CORTOT, A. B., CHIRIEAC, L., 
IACOB, R. E., PADERA, R., ENGEN, J. R., WONG, K. K., ECK, M. J., GRAY, N. S. & JANNE, P. A. 
2009. Novel mutant-selective EGFR kinase inhibitors against EGFR T790M. Nature, 462, 
1070-4. 

ZHU, T., GOH, E. L. & LOBIE, P. E. 1998. Growth hormone stimulates the tyrosine phosphorylation 
and association of p125 focal adhesion kinase (FAK) with JAK2 Fak is not required for stat-
mediated transcription. Journal of Biological Chemistry, 273, 10682-10689. 

 



319 
 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter10.0 Publications 

 

 

 

 



OPEN

ARTICLE

Decreased glutathione biosynthesis contributes to EGFR
T790M-driven erlotinib resistance in non-small cell
lung cancer
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Epidermal growth factor receptor (EGFR) inhibitors such as erlotinib are novel effective agents in the treatment of EGFR-
driven lung cancer, but their clinical impact is often impaired by acquired drug resistance through the secondary T790M
EGFR mutation. To overcome this problem, we analysed the metabonomic differences between two independent pairs of
erlotinib-sensitive/resistant cells and discovered that glutathione (GSH) levels were significantly reduced in T790M EGFR
cells. We also found that increasing GSH levels in erlotinib-resistant cells re-sensitised them, whereas reducing GSH levels in
erlotinib-sensitive cells made them resistant. Decreased transcription of the GSH-synthesising enzymes (GCLC and GSS)
due to the inhibition of NRF2 was responsible for low GSH levels in resistant cells that was directly linked to the T790M
mutation. T790M EGFR clinical samples also showed decreased expression of these key enzymes; increasing intra-tumoural
GSH levels with a small-molecule GST inhibitor re-sensitised resistant tumours to erlotinib in mice. Thus, we identified a new
resistance pathway controlled by EGFR T790M and a therapeutic strategy to tackle this problem in the clinic.
Keywords: metabolomics; glutathione; lung cancer; drug resistance; TKI
Cell Discovery (2016) 2, 16031; doi:10.1038/celldisc.2016.31; published online 27 September 2016

Introduction

Lung cancer is the main cancer killer and non-small
cell lung cancer (NSCLC) represents ~ 85% of such
cases. About 10% and 30% of NSCLCs in Western and
Asian populations, respectively, express an activated
mutant epidermal growth factor receptor (EGFRm)
and the vast majority (90%) of such patients
respond to ATP-competitive EGFR tyrosine kinase
inhibitors (TKIs) such as gefitinib or erlotinib [1–3].
Unfortunately, most patients can quickly acquire TKI
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resistance limiting the benefits of these drugs to
patients' survival.

Resistance mechanisms include Met amplification
(~5% of cases) [4] and more frequently (50% of cases) an
additional T790M gatekeeper mutation within the
EGFRm [5–8]. The latter enhances kinase activity by
increasing the affinity of EGFR for ATP, competing out
TKI binding [9]. This led to the development of com-
pounds irreversibly interacting with EGFRm/T790M,
such as afatinib, 324674 andmore recently AZD9291 and
CO1696 [10–12]. However, thus far clinical trials of afa-
tinib failed to demonstrate improved response in
EGFRm/T790M patients [13], and although initial trials
with the irreversible inhibitor AZD9291 showed great
promises, additional resistance mechanisms to these
inhibitors have already surfaced [14].

Changes in cellular metabolism accompany
tumourigenesis and classical chemoresistance [15–17].
Hence, changes in metabolite concentrations can
specifically reflect the onset of therapy resistance,
providing response/outcome biomarkers and novel
therapeutic strategies to reverse resistance [18, 19].
Both 1H-nuclear magnetic resonance (NMR) and mass
spectrometry are efficient tools to investigate these
metabolic changes [20–23].

Here we used 1H-NMR to compare the metabolic
signatures of paired NSCLC cell lines expressing
EGFRm without (erlotinib sensitive) or with the
additional T790M mutation (erlotinib resistant). We
showed that glutathione (GSH) levels were reduced in
erlotinib-resistant NSCLC cells in a T790M-dependent
manner due to the decreased expression of
GSH-synthesising enzymes. Correcting this defect
re-sensitised resistant cells to erlotinib in vitro and
in vivo. Moreover, ethacrynic acid (EA), a glutathione-
S-transferase inhibitor, reversed erlotinib resistance in
T790M NSCLC cells in vitro and in vivo by increasing
GSH levels. As EA is a clinically used diuretic, it could
be repurposed to reverse T790M-mediated erlotinib
resistance in NSCLC patients. Overall, our work
demonstrated the power of metabonomic screening to
generate novel research hypotheses and discover
unexplored strategies to tackle drug resistance in lung
cancer treatments.

Results

1H-NMR-based metabolic profiling reveals decreased
GSH levels in erlotinib-resistant NSCLC cells

Two pairs of cell lines were employed to obtain
generic metabonomic phenotypes for the erlotinib-
sensitive and erlotinib-resistant NSCLC cells. The

first pair were the isogenically matched PC9 (erlotinib
sensitive) and PC9ER (erlotinib resistant) cells both
containing ΔE746-A750 EGFRm with an additional
T790M (EGFRm/T790M) mutation in PC9ER cells.
The second pair included the H3255 and genetically
unrelated erlotinib-resistant H1975 cell lines sharing
L858R EGFRm, but with an additional T790M
mutation in the H1975. PC9ER and H1975 cells dis-
played significant resistance to erlotinib as compared
with their sensitive counterparts (Supplementary
Figure S1A). This resistance was limited to EGFR
TKIs as PC9ER and PC9 cells were equally sensitive to
conventional chemotherapeutic agents (Supplementary
Figure S1B). It has been suggested that the EGFR
T790M-mediated TKI resistance is due to increased
affinity of the receptor for ATP, which displaces com-
petitive inhibitors such as erlotinib [24]. However, both
PC9ER and H1975 showed significant resistance even
to the irreversible EGFR inhibitor 324674 compared
with PC9 and H3255 cells, respectively (Supplementary
Figure S1C). This clearly suggests that other
unidentified molecular mechanisms also contribute to
T790M-mediated TKI resistance.

To identify these, we comprehensively analysed the
1H-NMR metabonomic profiles of our erlotinib-
sensitive and -resistant cells. 1H-NMR analysis of cell
extracts from our cell lines identified 36 metabolites
(Figure 1a) for which unambiguous assignments were
obtained using various two-dimensional NMR meth-
ods (Supplementary Table S1). Statistical analysis of
the spectral data by orthogonal projections to latent
structures discriminant analysis (OPLS-DA) showed
significant metabonomic differences between the
erlotinib-resistant and -sensitive cells (Figure 1b and c).
Changes in 14 metabolites mainly involved in GSH,
amino acids, nucleotides and choline metabolism
(Supplementary Figure S2A–C) correlated with resis-
tance in both cell line pairs (Figure 1d; Supplementary
Table S2). Noticeably, a significant drop in the intra-
cellular levels of GSH accompanied erlotinib resistance
(Figure 1d; Supplementary Table S2). Such GSH
decrease observed by NMR was independently con-
firmed using a colorimetric assay (Figure 1e and f).
This was intriguing, as drug resistance was tradition-
ally associated with increased GSH levels [25, 26].
Nevertheless, GSH covalently binds some
chemotherapeutic drugs leading to their glutathione-
S-transferase-mediated extracellular export and
resistance of cancer cells to these compounds [27, 28].
Hence, the increased export of this metabolite in
complex with erlotinib could account for the lower
GSH levels in these resistant cell lines. 1H-NMR
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Figure 1Metabolic characteristics for the erlotinib-resistant and -sensitive cells. (a) Typical 600 MHz 1H-NMR spectra of aqueous
extracts from PC9, PC9ER, H3255 and H1975 cells. The region (δ 5.0–9.5) is vertically expanded four times (4 × ). Data
representative of n = 10. Orthogonal projections to latent structures discriminant analysis (OPLS-DA) score plots (left) and
coefficient plots (right) for 1H-NMR spectra of aqueous cellular extracts from PC9ER and PC9 showing significantly differentiated
metabolites (b), H1975 and H3255 (c). Models validated by CV-ANOVA, P = 2.36 × 10− 17 (b) and P = 3.04 × 10− 19 (c). The Q2 is
0.99 for both models. The colour scale for coefficient plots reflects the differences in the contribution of metabolite variations
between groups. |r| cutoff value is 0.602 (n = 10, Po0.05). For identification of peak numbers, see Supplementary Table S1
and d. (d) Metabolites showed statistically significant differences between resistant and sensitive cells in both cell line pairs with
statistically significant ‘decreases’ or ‘increases’ detected in the erlotinib-resistant (ER) cells as compared with
erlotinib-sensitive (ES) ones. (e, f) GSH levels in PC9 and PC9ER (e) or H3255 and H1975 (f) cells determined by colorimetric
assay. Data are average± s.e.m. of n = 4. Statistics: Student’s t-test. ***Po0.001. See also Supplementary Figures S1 and S2.
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analysis of the culture medium from our four cell lines
disproved this possibility by showing no difference in
secreted GSH between TKI-resistant and -sensitive
cells (Supplementary Figure S2D). Hence, decreased
intracellular GSH levels in erlotinib-resistant cells are
likely due to the changes in GSH metabolism.

Erlotinib-resistant cells have lower expression of
GSH-synthesising enzymes

We investigated whether erlotinib-resistant cells
differed from their sensitive counterparts in
their GSH-metabolic enzymes expression pattern.
Quantitative PCR analysis revealed lower messenger

RNA (mRNA) levels for GSH-synthesising enzymes
(GCLC, GSS and GSR) in erlotinib-resistant cells
compared with sensitive ones (Figure 2a and b). In
addition, mRNA levels for GCLM, the modulatory
subunit of GCLC, were significantly lower in H1975
than in H3255 cells. In contrast, changes in the levels
for GSH-catabolic enzymes (GPX1/2/3, GGT and
GSTpi/m1/zi) varied greatly between cell line pairs
and enzyme subtypes indicating no clear pattern
(Figure 2b). Therefore, a reduction in GSH bio-
synthesis becomes a sound explanation for the
decreased GSH levels in EGFRm/T790M erlotinib-
resistant cells.

Figure 2 Intracellular GSH levels modulate response to erlotinib. (a) Schematics of the GSH metabolic pathway. White boxes,
synthesising enzymes; and grey boxes, catabolic enzymes. (b) Quantitative reverse transcription PCR for GSH pathway enzymes
in PC9, PC9ER, H3255 and H1975 cells. Data are relative mRNAs levels in PC9ER (upper panel) and H1975 (lower panel)
normalised to those in PC9 and H3255 cells, respectively. (c) PC9 and PC9ER cells were transfected with siRNA targeting GSH-
catabolic (grey bars) and synthesising (white bars) enzymes or a non-targeting control (NT) and cell survival to erlotinib (50 nM)
monitored by crystal violet staining. Data for the relative survival to erlotinib are normalised to non-targeting control.
Survival to erlotinib of PC9ER (e) and H1975 (f) cells treated with ethacrynic acid (EA) or PC9 (g) and H3255 (h) cells treated
with buthionine sulphoximine (BSO) was monitored by crystal violet staining. Accompanying changes in GSH levels in PC9ER (d)
and PC9 (i) cells were assessed by colorimetric assay. (e–h) Data are the relative responsiveness to erlotinib normalised to vehicle
(− ; DMSO). (b–i) Data representative of ⩾3 experiments and are average of n =3± s.e.m. Statistics: (e–h) analysis of variance,
(b–d, i) Student’s t-test, *P⩽0.05, **P⩽0.01, ***P⩽0.001. See also Supplementary Figures S3 and S4.
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Targeting GSH metabolism modulates the cellular
response to erlotinib

NMR results suggested that lower GSH levels
associated with erlotinib resistance. To strengthen this
link, we employed small interfering RNAs (siRNAs)
for GSH-metabolic enzymes to modulate GSH levels
in our cell lines. Silencing of GSH-catabolic enzymes
(GGT1, GPX1 and GSTpi) increased the response

to erlotinib in both the EGFRm PC9 and
EGFRm/T790M PC9ER and H1975 cells (Figure 2c;
Supplementary Figure S3C). This correlated with
efficient targets’ downregulation and a corresponding
increase in GSH levels (Supplementary Figure S3A and
B). Conversely, silencing GSH-synthesising enzymes
(GCLC, GSS and GSR) lowered cellular GSH levels
(Supplementary Figure S3A and B) and rendered the
sensitive PC9 cells erlotinib-resistant (Figure 2c).

To validate our siRNA data, we used small-
molecule inhibitors targeting the activity of GSH
pathway enzymes. Treatment with EA, a known GST
inhibitor, increased GSH levels in erlotinib-resistant
cells (Figure 2d) causing re-sensitisation of PC9ER and
H1975 cells to erlotinib (Figure 2e and f). Similarly,
GPXs inhibition using mercaptosuccinate increased
intracellular GSH levels (Supplementary Figure S3D)
and the response of H1975 cells to erlotinib
(Supplementary Figure S3E). Conversely, GCLC
inhibition using buthionine sulphoximine in sensitive
cells made them erlotinib resistant (Figure 2g and h),
an effect associated with decreased GSH levels
(Figure 2i). Furthermore, EA was also able to sensitise
PC9ER cells to gefitinib by increasing intracellular
GSH (Supplementary Figure S4A–C). Taken together,
these data suggest that manipulating GSH levels
controls the responsiveness of our cell lines to erlotinib.

The NRF2 pathway controls GSH synthesis and
responsiveness to erlotinib

GCLC, GSS and GSR are transcriptional targets of
NFE2-related factor 2 (NRF2) [29–31], a downstream
target of EGFR [32]. We therefore hypothesised that
NRF2 activity might be impaired in EGFRm/T790M
cells. NRF2’s transcriptional activity requires its
nuclear localisation and NRF2 is also degraded
through binding to KEAP1, a process counteracted by

Figure 3 Erlotinib resistance correlates with decreased NRF2
activity. (a, b) Subcellular fractions (a) and total lysates (b) from
PC9, PC9ER, H3255 and H1975 cells were analysed by
SDS-PAGE/western blotting for the indicated proteins. Detection
of lamin and tubulin was used as loading controls for nuclear
fractions and total lysates or cytoplasmic fractions, respectively.
(c–h) PC9 cells transfected with non-targeting (NT), NRF2 or
SQSTM1 siRNAs (c–f) or PC9ER cells transfected with KEAP1 or
NT siRNAs (g, h) were treated with erlotinib and survival
assessed by crystal violet staining (c, e, g). GSH levels were
measured by colorimetric assay (d, f, h). (c–h) Data are average
of n = 4± s.e.m. Statistics: Student’s t-test,*P⩽ 0.05, **P⩽ 0.01,
***P⩽ 0.001. See also Supplementary Figures S5 and S6.
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competitive interaction of the latter protein with
PALB2 and/or SQSTM1. Analysis of nucleocyto-
plasmic fractions and total lysates from our four cell
lines revealed that NRF2 or KEAP1 localisation/
expression had no differences between PC9 and
PC9ER cells, whereas H3255 cells showed higher level
of nuclear NRF2 than H1975 cells (Figure 3a;
Supplementary Figure S5A). This correlated with
increased KEAP1 expression in H1975 as compared
with H3255 cells (Figure 3a; Supplementary
Figure S5B). Although these results alone may
explain the difference in GSH pathway enzymes
expression between the latter two cell lines, they cannot
account for that seen between PC9 and PC9ER cells.
However, SQSTM1 was downregulated in both
PC9ER and H1975 cells as compared with their
erlotinib-sensitive counterparts (Figure 3b;
Supplementary Figure S5C), whereas PALB2 levels
were lower in PC9ER as compared with PC9 cells
(Figure 3b; Supplementary Figure S5D). Furthermore,
NRF2 has been shown to be a transcriptional regulator
of SQSTM1 and, indeed, mRNA levels of SQSTM1
were found to be significantly lower in both the resis-
tant cell line pair (Supplementary Figure S5E and F).
Hence, inhibition of NRF2 activity through various
mechanisms may be linked to erlotinib resistance in
NSCLC cells.

To test this hypothesis, we silenced NRF2, SQSTM1,
PALB2 and KEAP1 in our cells. siRNA-mediated
silencing of NRF2 (Supplementary Figure S6A) ren-
dered PC9 cells erlotinib resistant, a change associated
with lower intracellular GSH (Figure 3c and d).
Indeed, NRF2-silenced cells showed downregulation of
the GSH-synthesising enzymes GCLC and GSR
(Supplementary Figure S6B), demonstrating a direct
link between NRF2 activity and GSH synthesis. Simi-
larly, SQSTM1 silencing (Supplementary Figure S6C
and D) decreased the sensitivity of PC9 cells to erlotinib
(Figure 3e) in association with a drop in GSH levels
(Figure 3f). Conversely, KEAP1 downregulation
(Supplementary Figure S6E) sensitised EGFRm/
T790M PC9ER cells to erlotinib (Figure 3g), accom-
panied by the increased GSH levels (Figure 3h) and
increased transcription of GSH-synthesising enzymes
GCLC, GSR and GSS (Supplementary Figure S6F).
Finally, despite the changes in PALB2 between PC9ER
and PC9 cells (Figure 3b), silencing this protein in PC9
cells failed to induce erlotinib resistance or alter GSH
levels (Supplementary Figure S7A and B). Hence, the
modulation of NRF2 activity through KEAP1 and
SQSTM1 regulates the sensitivity of NSCLC cells to
erlotinib.

Inhibition of NRF2 activity and decreased GSH levels
are direct consequences of the T790M mutation

Although lower GSH levels and NRF2 activity were
associated with T790M-driven erlotinib resistance in
our cell lines, this may still be incidental unless the
T790M mutation directly induces these changes. We
further expressed the active (L858R) or active/resistant
(L858R/T790M) EGFR mutants in HEK293 cells that
contain low endogenous EGFR levels (Figure 4a).
Unlike expression of the L858R-EGFR, expression of
the L858R/T790M double-mutant receptor reduced
intracellular GSH levels (Figure 4b). This was
associated with reduced PALB2 and SQSTM1
expression (Figure 4c). Conversely, transfection with
two independent siRNA sequences previously
shown to selectively target T790M-mutant EGFR [33]-
sensitised PC9ER cells to erlotinib (Figure 4d;
Supplementary Figure S7C and D) and increased GSH
levels (Figure 4e). The latter correlated with a reversal
of changes in the expression pattern of GSH metabolic
enzymes observed between PC9 and PC9ER cells
(Figure 4f vs Figure 2b) and with increased PALB2,
SQSTM1 and NRF2 levels in T790M-silenced cells
(Figure 4g). Therefore, lower GSH levels in T790M
NSCLC cells are a direct consequence of acquiring this
mutation and the accompanying impairment of NRF2
activity.

Decrease in GSH correlates with increased nitric oxide
levels

As GSH buffers reactive oxidative species, we
investigated whether lower GSH levels in erlotinib-
resistant cells associated with elevated reactive
oxidative species. We performed flow cytometry
analysis in the presence of dihydroethidine and DAF-
FM (4-amino-5-methylamino-2′,7′-difluorofluorescein
diacetate) to detect superoxide and nitric oxide (NO)
species, respectively. Erlotinib-resistant cells showed an
increase in NO species (Figure 5a), although they did
not show increased superoxide levels. To assess
whether this could influence erlotinib resistance, we
first silenced the expression of the three NO synthases,
NOS1–3. Although siRNA-mediated downregulation
of NOS2 and 3 did not impact on erlotinib resistance
(not shown), NOS1 silencing sensitised PC9ER cells to
erlotinib (Figure 5b). Next, we quenched cellular NO in
erlotinib-resistant cells with the NO-trap carboxy-
PTIO and revealed that this partially re-sensitised
PC9ER cells to erlotinib (Figure 5c). Although these
data suggest a role for NO in erlotinib resistance, the
levels of changes observed as compared with those seen
earlier (Figures 2 and 3) suggest that changes in NO are
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not solely responsible for resistance downstream of
decreased GSH levels.

EA administration re-sensitises EGFRm/T790M
tumours to erlotinib in mouse xenografts

The GST inhibitor EA restored GSH levels and
erlotinib sensitivity in EGFRm/T790M cells in vitro
(Figure 2). EA is still used as a diuretic in humans
for conditions including high blood pressure and
heart failure [34]. Hence, we hypothesised that
co-administration of physiologically relevant doses of
EA might improve the responsiveness of EGFRm/
T790M tumours to erlotinib in vivo. PC9 or PC9ER
cells were injected subcutaneously in nude mice and
tumours were left to grow to 100mm3. The animals
were then treated daily with erlotinib and EA alone or
in combination. Co-administration of the drugs greatly
inhibited tumour growth with 60% of the animals

showing tumour volumes ⩽ 300mm3 at 25 days,
whereas those treated with either drug alone showed
more extensive disease (Figure 6a). This was associated
with increased survival (Figure 6b) and intra-
tumoural GSH levels in combination-treated animals
(Figure 6c). EA did not have any effect on erlotinib
sensitivity of PC9 xenografts in agreement with the lack
of further added sensitisation to erlotinib obtained with
this inhibitor in vitro (Supplementary Figure S7E).
Thus, co-administration of EA is probably a viable
strategy for the management of erlotinib-resistant
cancers in humans.

Decreased GSH synthetic enzymes expression
characterises erlotinib-resistant patients

Finally, we assessed whether the decrease in
GSH-synthetising enzymes observed in EGFRm/
T790M cell lines in vitro also occurred in patients.

Figure 4 Expression of EGFRm/T790M decreases intracellular GSH levels and NRF2 activity. (a–d) HEK293 cells were
transfected with empty vector control (EV), activated L858R-EGFR or activated/resistant L858R/T790M EGFR-mutant
constructs. (a) Quantitative reverse transcription PCR for EGFR, (b) colorimetric assay for GSH levels and (c) cell fractionation
followed by SDS-PAGE/western blotting for the indicated proteins were done on stable cell lines. Detection of lamin and tubulin
was used as loading controls for nuclear and cytoplasmic fractions, respectively. (d–g) PC9ER cells transfected with an EGFR
T790M-specific or NT siRNAs were subjected to (d) treatment with erlotinib before crystal violet staining, (e) colorimetric assay for
intracellular GSH levels, (f) quantitative PCR for GSH metabolic enzymes or (g) SDS-PAGE/western blotting. All data
representative of ≥ 3 experiments. (a,b,d–f) Values are average of n = 4± s.e.m. Statistics: (a,b) analysis of variance, (d,e,f)
Student’s t-test, *P⩽ 0.05, **P⩽ 0.01, ***P⩽ 0.001. See also Supplementary Figures S6 and S7.
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First, we performed quantitative PCR for GSS, GSR,
GCLC and GCLM in paired biopsy samples from two
patients before (EGFRm alone) and after acquiring
EGFRm/T790M-mediated erlotinib resistance. In both
cases, resistance was accompanied by a decrease in one
or both of the rate-limiting enzymes for GSH bio-
synthesis, GCLC and GSS (Figure 6d). Moreover, this
association was not limited to syngeneic samples, as
RNA-Seq of four pairs of unrelated patients’ biopsies
revealed lower expression of at least one of these
enzymes in T790M tumours as compared with
non-T790M samples (Figure 6e). Therefore, decreased
expression of GSH synthetic enzymes is probably
associated with T790M-mediated erlotinib resistance in
lung cancer patients.

Discussion

EGFR TKIs such as erlotinib offer therapeutic
benefit to NSCLC patients harbouring EGFRm [1–3].
However, the rapid development of resistance due in
50% of cases to acquisition of the secondary T790M
EGFR mutation greatly limits the ability of these
agents to prolong patient survival [5–8]. Although
decreased affinity of the EGFRm/T790M for erlotinib
was thought responsible and new irreversible inhibitors

may be promising in circumventing this, additional
mechanisms of resistance are likely to be present.
Indeed, EGFRm/T790M cells still demonstrate
significant loss of sensitivity to an irreversible com-
pound (Supplementary Figure S1C). This suggested
that resistance to erlotinib in EGFRm/T790MNSCLC
cells is mediated through additional mechanisms.

Accumulating evidence suggests EGFR mutations
to drive alteration in metabolic signatures, however,
majority of them fail to demonstrate efficacy of tar-
geting these molecules in clinical settings or in vivo
models [35–37]. To identify novel resistance pathways,
we performed 1H-NMR metabonomic analysis of two
independent NSCLC erlotinib-sensitive/resistant cell
line pairs (PC9/PC9ER and H3255/H1975 cell lines).
These were chosen according to the several criteria.
First, both resistant cell lines shared the same T790M
resistance mutation. Second, although PC9ER cells
were obtained through selecting PC9 cells with
erlotinib making these two lines relatively isogenic,
H3255 and H1975 cells are genetically unrelated.
Third, the primary EGFR-activating mutations in the
two cell line pairs were different (ΔE746-A750 for
PC9/PC9ER cells, L858R for H3255/H1975 cells).
These criteria maximised the opportunity for metabolic
changes shared by both cell line pairs to be solely

Figure 5 Changes in NO levels modulate erlotinib response. (a) NO levels in PC9 and PC9ER cells were compared by
fluorescence-activated cell sorting (FACS) using DAF-FM. Left: FACS profile; right: fold changes in geometric mean. (b) PC9ER
cells transfected with non-targeting (NT) or NOS1 siRNAs or (c) PC9 and PC9ER cells treated± an NO-trap were exposed to a
dose range of erlotinib. Cell survival was determined by crystal violet staining. Statistics: Student’s t-test, *P⩽ 0.05.
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Figure 6 Systemic EA administration re-sensitises PC9ER mouse xenografts to erlotinib. Nude mice (n = 10/condition) were
injected subcutaneously with PC9ER cells and treatment started when tumours reached 100 mm3. (a) Tumour volume and (b)
animals survival were monitored for 27 days. (a) Data are average± s.e.m. (b) End-point events occur when tumour volumes
⩾ 300 mm3. Log-rank test, Pabo0.01, Pbco0.01. (c) Following the last treatment, intratumoral GSH levels were measured
ex vivo by colorimetric assay. Statistics: (a) analysis of variance, (c) Student’s t-test, *Po0.05; **Po0.01. GSH-synthesising
enzymes expression is decreased in EGFRm/T790M patient tumours. mRNA levels for the indicated enzymes were compared by
quantitative PCR in two patients before (pre-T790M) and after (post-T790M) the onset of T790M-mediated erlotinib resistance (d)
or by RNA-Seq in four pairs of unrelated patients with (Pt1-4) or without (Pt5-8) T790M (e). Data in T790M samples are
normalised to those in the corresponding non-T790M samples. (f) Model of changes occurring downstream of T790M EGFR.
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dependent on the T790M mutation. One of the most
striking differences highlighted by our analysis was a
decrease in GSH levels in erlotinib-resistant cells
(Figure 1). The GSH pathway has long been involved
in cancer drug resistance [27, 28]. However, this was
traditionally associated with increased GSH levels [25,
26]. Indeed, GSH covalently binds to some drug
molecules in a GST-dependent manner leading to their
cellular export and quenches reactive oxidative species
often requiring for these compounds to act
[27, 28]. Therefore, an association between decreased
GSH levels and EGFR TKI resistance was surprising
and warranted further investigation of its relevance to
erlotinib responses.

Our experiments demonstrated that inhibition of
GSH biosynthesis by either RNAi or small molecules
made erlotinib-sensitive cells resistant to the drug
(Figure 2d–i). Conversely, inhibition of GSH-
degradation re-sensitised resistant cells to erlotinib
(Figure 2d–f). Hence, changes in GSH levels alone can
modulate the response of NSCLC cells to this drug and
decreased GSH levels accounts for erlotinib resistance
in PC9ER and H1975 cells. Comparative analysis
revealed a transcriptional downregulation of GSH-
synthesising enzymes in T790M cells (Figure 2b)
due to the impairment of NRF2, a downstream med-
iator of EGFR responsible for transcription of these
enzymes (Figure 3a and b). This occurred via upregu-
lation of the NRF2 inhibitor KEAP1 and/or down-
regulation of PALB2 and SQSTM1, two proteins
involved NRF2 stabilisation. Indeed, siRNA-mediated
silencing of KEAP1 in T790M cells sensitised them to
erlotinib (Figure 3g and h), whereas that of SQSTM1
or NRF2 made sensitive cells resistant to this drug
(Figure 3c–f). Importantly, decreased NRF2 activity
and GSH levels in resistant cells were a direct con-
sequence of acquiring the T790M mutation as intro-
ducing EGFRm/T790M in HEK293 cells, rather
than EGFRm alone, reproduced the changes asso-
ciated with erlotinib resistance (Figure 4a–c). Con-
versely, silencing EGFRm/T790M in PC9ER cells
reverted the changes in GSH levels and metabolic
enzymes seen upon acquisition of resistance by PC9
cells (Figure 4d–g).

It is unclear by what mechanism(s) the T790M
mutation induces the observed transcriptional changes
as the higher kinase activity of EGFRm/T790M [9]
should further enhance NRF2 activity. However,
mutant EGFRs differ from their wild-type counter-
parts in their subcellular localisation [38], which
probably results in the EGFRm/T790M having
different signalling partners as EGFRm or wild-type

EGFR. Further research will be required to investigate
this possibility.

We next attempted to identify the mechanism by
which decreased GSH levels cause erlotinib resistance.
GSH is a major cellular antioxidant [39], and its
reduced expression could result in increased reactive
oxidative species. In addition, single-nucleotide poly-
morphisms in antioxidant genes have been demon-
strated to be associated with survival outcome in
patients receiving TKI therapy [40]. Although super-
oxide levels were unchanged, NO levels were raised in
PC9ER as compared with PC9 cells (Figure 5a) and
NOS1 silencing or NO quenching sensitised PC9ER
cells to erlotinib (Figure 5b and c). GSH is known to
neutralise NO and protect against protein nitrosylation
[41, 42]. It is worth noting that EGFR is a target of
S-nitrosylation [43], but the consequence of this on
erlotinib response is currently unknown. However,
although our data suggest that NO probably con-
tributes to erlotinib resistance, this does not fully
explain the effects of reduced GSH. Glutathionylation
has a role in disease state by modifying the function of
target proteins [44] and assessing changes to the glu-
tathionylation profile may identify proteins involved in
EGFRm/T790M-mediated erlotinib resistance.

Regardless of the mechanism underlying erlotinib
resistance downstream of decreased GSH levels, we
showed that the GSH pathway could be manipulated
for therapeutic benefit. Indeed, systemic administration
of clinically relevant doses of EA, a GST inhibitor [45],
increased the intra-tumoural GSH levels (Figure 6c)
and re-sensitised EGFRm/T790M tumours to erlotinib
in a cancer cell xenograft mice model (Figure 6a–c). As
EA is an orally available diuretic used in humans with
limited toxicity [34], our findings could rapidly trans-
late into clinical practice if this sensitisation also occurs
in humans. Moreover, EA has already been used
together with classical chemotherapeutics such as
alkylating agents to prevent their GST-mediated
cellular export [34], leading to improved clinical
outcome. Therefore, EA may help manage erlotinib
resistance in EGFRm-NSCLC patients and improve
response to follow-on chemotherapeutic regimen.
However, it is unclear whether decreased GSH levels
only occurs downstream of the EGFRm/T790M or if
this is a common feature of other erlotinib resistance
pathways such as c-Met amplification. Answering this
before clinical exploitation of our findings will help
more accurate patient selection for EA/erlotinib
combined trials.

Finally, we show our findings to be clinically
relevant using EGFRm and EGFRm/T790M lung

GSH metabolism and erlotinib resistance

10

Cell Discovery | www.nature.com/celldisc

http://www.nature.com/celldisc


cancer samples (Figure 6d and e). The reduced number
of samples analysed reflects the fact that repeated
biopsy in NSCLC following the onset of EGFR TKI
resistance is rare, although this practice is now
changing. Nevertheless, we demonstrate in both
syngenic and unrelated patient samples that mRNA
levels for GSH-synthesising enzymes are decreased
in T790M tumours. Hence, probing for
GSH-synthesising enzymes may help, in a recurrent
setting, to predict the response to combinatorial
therapies of erlotinib and GSH level increasing agents.

To sum up, we demonstrate that decreased intra-
cellular level of GSH could mediate T790M-driven
erlotinib resistance in NSCLC and highlight the
molecular events involved (Figure 6f). Therapeutic
strategies that increase intra-tumoural GSH levels may
revert erlotinib resistance in the clinic.

Materials and Methods

Materials
Mercaptosuccinic acid (used at 50 μM), buthionine

sulfoximine (used at 40 μM) and EA (used at 50 and 100 μM in
PC9 and H1975 cells, respectively) were purchased from Sigma
(St Louis, MO, USA), whereas EGFR Inhibitor 324674 was
from Santa Cruz (Dallas, TX, USA) and Merck (Kenilworth,
NJ, USA), respectively. Antibodies against GSTpi, GPX1, GSS,
GSR, GCLC, GSTpi, SQSTM1 and DPP3 were from Abcam
(Cambridge, UK); antibodies targeting NRF2 and KEAP1 were
from Santa Cruz and anti-PALB2 was from Novus (Abingdon,
UK). The specificity of all antibodies employed here was
assessed by disappearance of the respective signal following
selective targeting of the expression of the corresponding protein
by siRNA treatment. Quantitect primers targeting GSTpi,
GPX1, GPX1, GSS, GSR and GCLC were from Qiagen
(Valencia, CA, USA). All other primers were synthesised by
Sigma. SiRNAs were purchased from Dharmacon (Little
Chalfont, UK). Dihydroethidine was from Invitrogen
(Waltham, MA, USA) and DAF-FM from Sigma.

Cell culture
All cell lines were obtained from the CRUK cell line bank

where they were authenticated and mycoplasma status assessed
through regular testing in our lab. Cell lines were grown in
Roswell ParkMemorial Institute with 10% fetal bovine serum at
37 °C, 5% CO2.

Extraction of the intracellular metabolites
Intracellular metabolites were extracted as reported

previously [46, 47] with some modifications. In brief, 107 cells per
condition were trypsinised and washed thrice in ice-cold
phosphate-buffered saline before metabolite extraction. Cell
pellets were resuspended in 0.6 ml cold water/methanol (1:2) and
subjected to three freeze–thaw cycles before sonication in a wet
ice bath for 15 min (cycles: 1 min pulse followed by 1 min pause).
Samples were then centrifuged (3200 g/4 °C, 10 min) and

supernatants transferred into cold Eppendorfs. The remaining
pellets were extracted twice more by the same method.
Supernatants from the three subsequent extractions were
combined, centrifuged (12 000 g/4 °C, 10 min) and freeze-dried
following vacuum-driven methanol evaporation. Lyophilised
samples were stored at − 80 °C. Ten biological replicates were
used for each group of cells.

Cellular metabonomic analysis by 1H-NMR
Freeze-dried intracellular metabolites extracts were dissolved

in 600 μl phosphate buffer 0.1 M (pH 7.4, 99.9%D2O) containing
0.001% sodium 3-trimethylsilyl-1-[2,2,3,3-2H4] propionate as
previously described [48]. All samples were centrifuged
(12 000 g/4 °C, 10 min) after short vortexing and supernatants
transferred into the 5 mm NMR tubes for NMR detection. All
one-dimensional 1H-NMR spectra were acquired on a Bruker
AVIII 600MHz NMR spectrometer equipped with a cryogenic
probe (BrukerBiospin, Rheinstetten, Germany) at 298 K. The
first increment of NOESY pulse sequence was employed with
continuous wave irradiation on the water peak during recycle
delay and mixing time for water suppression. Recycle delay of
2 s and mixing time of 100 ms were set. The 90° pulse was
adjusted to 10 μs approximately and 64 scans were collected into
32 k data points with the spectral width of 20 p.p.m. For
metabolite assignments, two-dimensional NMR spectra
including 1H–1H COSY, 1H–1H TOCSY, 1H J-resolved, 1H–13C
HSQC and 1H–13C HMBC for typical samples were acquired
and processed as described previously [49].

NMR data analysis
The spectral region at δ 0.5–9.5 was integrated into bins

with the width of 0.002 p.p.m. (1.2 Hz) using AMIX package
(v3.8, BrukerBiospin). The range (δ 4.7–5.2) was removed to
eliminate the effects of water peak suppression. Each bin area
was normalised to the total area of the respective spectrum.
Multivariate data analysis was performed with the software
SIMCA-P+ (v 12.0, Umetrics, Umea, Sweden). The model was
built using the orthogonal projection to latent structure-
discriminant analysis (OPLS-DA) [50] with Pareto variance
(Par) scaling and sevenfold cross-validation. The parameter R2X
was the variation of X explained by the model and Q2 repre-
sented the predictability of the model. The validation of all the
models was further ensured by CV-analysis of variance
(Po0.05) [51]. To assist the biological interpretation of the
loadings generated from the models, the loadings was firstly
back-transformed [52] and then plotted with colour-coded
OPLS-DA coefficients in MATLAB 7.1 using an in-house
script [53]. The colour code corresponded to the absolute
value of the OPLS-DA coefficients (|r|), indicating the con-
tribution of each variable to explain the intergroup differentia-
tion. The value of |r|, 40.602, was considered to be significant
(n = 10, Po0.05).

GSH colorimetric assay
A GSH colorimetric assay kit was purchased from BioAssay

Systems (Hayward, CA, USA) and used according to the
manufacturer’s instructions.
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siRNA transfection
A total of 1 × 104 PC9, PC9ER or H1975 cells per well in

six-well plates were transfected with siRNAs at 25 nM
(Dharmacon) for 24 h using RNAiMax (Invitrogen) following
the manufacturer’s protocol. Each protein was targeted with a
mix of four sequences. A total of 4 × 103 cells were re-seeded and
then incubated at 37 °C/5% CO2 for 24 h for target silencing
before further experiment steps.

Cell survival assay
For EA, buthionine sulfoximine and mercaptosuccinic acid,

cells were pretreated for 4 h before erlotinib addition (100 nM)
for 48 h. Cells were then fixed and stained for 20 min with a 25%
methanol/0.5% crystal violet solution. Plates were washed in
running water, air-dried and the stain dissolved in 10% acetic
acid on a shaker before absorbance at 595 nm.

Quantitative PCR
Total cellular mRNA was extracted using the RNeasy kit

(Qiagen) and converted to complementary DNA with a
High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Waltham, MA, USA). mRNA levels were quanti-
fied using a Fast SYBRGreenMasterMix (Applied Biosystems)
on a 7900HT Fast Real time PCR System (Applied Biosystems).
qBase software (San Francisco, CA, USA) was used for data
analysis using TATA-binding protein and β-actin as internal
controls. The primers used were listed below (F, forward; R,
reverse): GCLm: (F): 5′-GGCACAGGTAAAACCAAATA
GTAAC-3′, (R): 5′-CAAATTGTTTAGCAAATGCAGTCA
-3′; GPX2: (F): 5′-TAAGTGGGCTCAGGCCTCTCT-3′, (R):
5′-GGTCATAGAAGGACTTGGCAATG-3′; GPX3: (F):
5′-GACAAGAGAAGTCGAAGATG-3′, (R): 5′-CTTCCTG
TAGTGCATTCAGTT-3′; GSTz1: (F): 5′-TCCTATTTCCG
AAGCTCCTGC-3′, (R): 5′-TTCAGTGCCTGGAAGTCCTT
AG-3′; GSTm1: (F): 5′-CTATGATGTCCTTGACCTCCA
CCGTATA-3′, (R): 5′-ATGTTCACGAAGGATAGTGGG
TAGCTGA-3′; Beta-Actin: (F): 5′-TCCTCCTGAGCGCAA
GTACTC-3′, (R): 5′-CTGCTTGCTGATCCACATCTG-3′;
KEAP1: (F): 5′-CAGATTGGCTGTGTGGAGTT-3′, (R):
5′-GCTGTTCGCAGTCGTACTTG-3′; SQSTM1: (F):
5′-CTGGGACTGAGAAGGCTCAC-3′, (R): 5′-GCAGCTG
ATGGTTTGGAAAT-3′; TBP: (F): 5′-TGCACAGGAGCCA
AGAGTGAA-3′, (R): 5′-CACATCACAGCTCCCCACCA-3′;
NRF2 primers: (F): 5′-GAGAGCCCAGTCTTCATTGC-3′,
(R): 5′-TGCTCAATGTCCTGTTGCAT-3′. Primers against the
other targets were purchased fromQiagen: GCLc (QT00037310),
GGT1 (QT00029470), GPX1 (QT00203392), GSTp1
(QT00086401), GSS (QT00014413) and GSR (QT00038325).

Tissue mRNA extraction and quantitative PCR
The origin of tissues and techniques used are as previously

reported [54]. In short, samples were obtained from EGFR-
mutant lung adenocarcinoma patients with acquired erlotinib
resistance under Human Investigations Protocol #111000928
(Yale Cancer Center, New Haven, CT). Those were reviewed by
a pathologist to ensure adequate tumour content. Tumour areas
were circled and microdissection performed to enrich for tumour
content.

Tissue mRNA extraction and RNA-Seq
The Illumina TruSeq RNA Sample Preparation Kit (Illu-

mina Cambridge Ltd, Essex, UK) was used for RNA tissue
extraction and analysis done as previously described [55].

Western blotting
Cells were lysed using 0.5% Triton X-100, 150 mM NaCl,

2 mM EDTA, 10% glycerol supplemented with protease
inhibitors cocktail tablets (Roche Diagnostics, Indianapolis, IN,
USA), 10 mM β-glycerophosphate, 1 mM Na3VO4 and 10 mM

NaF. Equal protein amounts were analysed by SDS-PAGE/
western blotting using the antibodies indicated.

Flow cytometry analysis of oxidative species
Cells (15 × 104/well in a six-well plate) were treated with

10 μM DAF-FM or dihydroethidine for 30 min, washed with
phosphate-buffered saline, trypsinised, pelleted and resuspended
in 1 ml of phosphate-buffered saline before flow cytometry
using a BD FACSCalibur (DB Biosciences, Oxford, UK). The
geometric mean intensity was determined using FlowJo (Tree
Star Inc, Ashland, OR, USA).

Animal experiments
A total of 5x106 PC9ER or PC9 cells were injected

subcutaneously into the flank of female BALB/c nude mice and
the tumours grew until they reached 100 mm3. Mice were then
randomized into three groups (n = 10) and treated by intraper-
itoneal injection of 25 mg kg− 1 per day erlotinib/0.5% w/v
methylcellulose and/or 6 mg kg− 1 per day EA/1% Tween 80 in
distilled water. Such treatments were administered daily from
day 7 to 26. Tumours were measured by caliper and volumes
calculated as V = 1/2*L*W2 (L; length, W; width of tumour).
Data analysis was performed by an investigator blinded to the
experimental conditions. All experiments complied with ethical
regulations as enforced by the local committee.
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