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Abstract 

PI3K/mTOR inhibitors are currently being evaluated extensively in many 

cancers, including lung cancer. However, as with other cancer therapy, it is likely that 

acquired resistance will be a major contributing factor in treatment failure. Resistance 

mechanisms to PI3K/mTOR inhibitors are not well characterized. This study aimed to 

generate and elucidate mechanisms of acquired resistance to BEZ235, a PI3K/mTOR 

inhibitor, in lung cancer cells. 

 

Acquired resistance was generated by continual exposure of cells to parental IC50 

concentrations of BEZ235, followed by monoclonal selection. Protein levels, cell 

migration, and cell cycle analysis were evaluated using standard techniques. Deep 

RNA sequencing (RNA-seq) and Reverse phase protein array analysis (RPPA) was 

used to identify possible resistance mediators.  

 

Two resistant clones were generated with stably higher IC50 values (Clone 

5=2.29µM, Clone 6=1.94µM) compared to parental H1975 cells (0.32µM) after 6 

months. The clones were resistant to other PI3K/mTOR inhibitors but not other 

cytotoxic compounds or targeted agents such as EGFR/MEK inhibitors. Western blot 

analysis revealed similar reduction in protein levels of PI3K-pathway related proteins 

in both clones and parental cells when challenged with BEZ235. Following BEZ235 

treatment, acquired resistant clones underwent less cell cycle G1 arrest and displayed 

greater migration compared to parental cells. Interestingly, RPPA revealed Cyclin E 

as the top differentially expressed protein, with elevated Cyclin E levels found in the 

resistant clones.  



 

 ix

In summary, lung cancer cells with acquired resistance to PI3K/mTOR 

inhibition have been generated and characterized with phenotypes suggestive of a 

class-mediated mechanism of acquired resistance. Cyclin E has been identified as a 

possible mediator of BEZ235 acquired resistance, and further validation and 

investigation into Cyclin E is currently ongoing. 
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1 Chapter 1: Introduction 

1.1 Lung Cancer Biology 

1.1.1 Epidemiology of lung cancer 

Lung cancer remains the leading cause of cancer-associated mortality 

worldwide, accounting for 1.38 million deaths in 2008 and contributing one-fifth of 

all cancer-related deaths (Ferlay et al., 2010). Lung cancer is also the most commonly 

diagnosed cancer, with 1.61 million new cases diagnosed in 2008 (Ferlay et al., 2010). 

Geographically, the incidence of lung cancer has increased dramatically in developing 

countries, from 31% of all lung cancers occurring in developing countries in the 

1980s to 55% currently (Ferlay et al., 2010). Lung cancer arises more frequently in 

men than women, amounting to 1.10 million cases diagnosed in 2008 and making it 

the most common cancer diagnosed in men (Ferlay et al., 2010). In women, lung 

cancer is the fourth most commonly diagnosed cancer after breast, colorectal and 

cervical cancer (Ferlay et al., 2010). As early stage lung cancer is relatively 

asymptomatic, lung cancer is often diagnosed at the late stages, resulting in poor 

prognosis and low 5 year survival rates ranging from 6% – 18% (Youlden et al., 

2008). 

 

Smoking remains the greatest risk factor for lung cancer and is estimated to 

account for 80% of cases (2004; Parkin, 2011). A seminal study conducted in the 

1950s that spanned half a century established a causal link between lung cancer and 

smoking, where the increased rate of smoking was associated with an increase in 

lung-related mortality rates (Doll and Hill, 1956). Other risk factors for lung cancer 

include exposure to radon, asbestos, arsenic, coal and tar (Alberg et al., 2007). 
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1.1.2 Categories of lung cancer 

Lung cancer is a collective term encompassing all neoplasms that arise within 

the lung. It is subdivided into two categories based on histology, namely small cell 

lung carcinoma (SCLC) and non-small cell lung carcinoma (NSCLC). 

 

SCLC accounts for 15% of all lung cancers and is characterized by small 

tumour cell size compared to normal cells. SCLC is thought to originate from the 

neural crest and is more metastatic than NSCLC (Brambilla et al., 2001). Patients 

diagnosed with SCLC are staged into either limited stage disease or extensive stage 

disease, with implications for treatment options (Simon and Wagner, 2003). Limited 

stage SCLC is defined as the cancer being restricted to the ipsilateral hemithorax, 

while extensive stage SCLC is characterized by signs of metastasis (Simon and 

Wagner, 2003). 

 

NSCLC accounts for the majority of lung cancers (85%) and is further divided 

into subtypes on the basis of histological origin. Squamous cell carcinoma typically 

arises from the central bronchi and is strongly associated with smoking (Beckles et 

al., 2003). Large cell carcinoma comprises 10% of NSCLC and originates from 

epithelial cells of the lung. Adenocarcinoma is the largest subtype of lung cancer and 

accounts for around 50% of all lung cancers. Originating from peripheral lung tissue, 

almost all cancers arising in non-smokers belong to this subtype (Subramanian and 

Govindan, 2007). However, the frequency of adenocarcinomas attributable to 

smoking has increased over the years. It has been the suggested that the introduction 

of low tar or ‘light’ cigarettes might play a role in this rise, as smokers feel the urge to 
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inhale more deeply, resulting in more cigarette smoke reaching the alveoli (Youlden 

et al., 2008). 

 

NSCLC is classified into 4 main stages based on the Tumour, lymph Node, 

Metastasis (TNM) staging system (Rami-Porta et al., 2009). Stage I NSCLC is 

defined as tumours smaller than 5cm, while tumours greater than 5cm but smaller 

than 7cm are classified as stage II NSCLC (Detterbeck et al., 2009). Stage III NSCLC 

is typically characterized by the appearance of the cancer in peripheral lymph nodes 

(Detterbeck et al., 2009). Metastatic NSCLC are all classified as stage IV lung cancers 

(Detterbeck et al., 2009). 

 

1.1.3 Molecular aberrations in lung cancer 

Like most other cancer types, lung cancer is a heterogeneous disease. Recent 

advances in technology have allowed for molecular stratification of neoplasms, 

including lung cancer (Lovly and Carbone, 2011). Coupled with progress in the 

understanding of cellular signaling pathways and a better understanding of cancer 

biology, has led to the development of novel therapeutic options for lung cancer. 

Several molecular subtypes in lung cancer have been successfully identified and will 

be discussed further. 

 

The epidermal growth factor receptor (EGFR) is a cell surface receptor that 

transduces extracellular signals into the cell following the binding of its ligand. 

Mutation of the EGFR can lead to constitutive signaling and this has been implicated 

in lung tumourigenesis (Ji et al., 2006). Indeed, EGFR mutations have been found in 

approximately 10% of lung cancer cases from North America and Europe, and in up 
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to 50% of Asian populations (Sharma et al., 2007). Constitutively activated mutant 

EGFR has been shown to primarily signal through the phosphatidylinositol 3-kinase 

(PI3K) pathway (Schiffer et al., 2007). 

 

Kirsten rat sarcoma viral homolog or Kras is a well-known oncogenic GTPase 

implicated in many cancers including lung cancer (Schubbert et al., 2007). Kras 

mutations are reported to occur in approximately 19% of lung cancers and are almost 

always mutually exclusive with EGFR mutations (Schubbert et al., 2007; Jang et al., 

2009). Kras exerts it oncogenic potential by activating pro-survival and proliferation 

pathways, specifically the PI3K pathway and the MAPK/ERK pathway (Moodie et 

al., 1993; Vivanco and Sawyers, 2002). 

 

Aside from EGFR and Kras mutations, other less frequent mutations have also 

been found in lung cancer. The EML4-ALK translocation was recently reported in 

about 3-7% of NSCLC (Shaozhang et al., 2012). Other aberrations include PIK3CA 

mutations (8% frequency), HER2 amplification (2-4%), MET amplification (2-4%) 

and AKT1 mutations (2%) (Ding et al., 2008; Pao and Girard, 2011). Of note, almost 

half of all lung cancers (46%) are not associated with known driver aberrations. 

 

1.2 Treatment of Lung Cancer  

1.2.1 Current treatments  

The treatment of lung cancer is dependent on the clinical stage as well as the 

histological subtype. Recently, there has been a paradigm shift in cancer treatment 

strategies whereby the therapy is tailored according to the molecular subtype of the 

cancer (Kim et al., 2011). 
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 The treatment of SCLC is dependent on staging of the cancer (Simon and 

Wagner, 2003), with early stages treated by radiation therapy and chemotherapy with 

a curative intent. Later stage SCLC is typically treated with platinum-based 

chemotherapy. 

 

 Stage I and II NSCLC is usually treated surgically by lobectomy or 

pneumonectomy (Smythe, 2003). Adjuvant chemotherapy is not recommended for 

stage I or II NSCLC (Scott et al., 2003; Smythe, 2003) due to lack of firm evidence 

for a survival benefit in stage I patients and conflicting results from clinical trials for 

benefit in stage II patients (Scott et al., 2003; Smythe, 2003).  Stage III lung cancer is 

treated by a combination of surgery, chemotherapy and radiotherapy (Jett et al., 2003; 

Robinson et al., 2003). For stage IV NSCLC, platinum-based combination therapy 

remains the standard of care for first-line treatment (Socinski et al., 2003). 

  

Although surgery and radiotherapy are commonly employed treatment options 

in lung cancer, the subject of this thesis is drug resistance and hence further 

discussion will be restricted to chemotherapy and targeted compounds only. 

  

1.2.2 Cytotoxic compounds 

As with most cancers, cytotoxic drugs remain the mainstay of treatment for 

lung cancer. Platinum-based combination therapy is currently the gold standard and 

has been demonstrated to improve overall survival (Goldstraw P Fau et al., 2011). 

Platinum agents, usually cisplatin or carboplatin, cause double strand breaks in DNA 

by forming adducts, ultimately leading to apoptosis (Chao, 1996). These drugs are 
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usually combined with gemcitabine for the treatment of NSCLC (D'Addario et al., 

2010). Gemcitabine is a nucleoside analog that hinders DNA replication and repair 

due to its incorporation into DNA during repair and replication processes. Other drugs 

used in combination with platinum compounds include the mitotic inhibitors 

vinorelbine and the taxanes, the topoisomerase inhibitor irinotecan, and the folate 

antimetabolite pemetrexed (Gralla et al., 1999; Kelly, 2002; Rigas, 2004; Rossi et al., 

2009). Etoposide, a topoisomerase inhibitor, is commonly used in combination with 

platinum agents as first line therapy in SCLC (Sorensen et al., 2010). 

 

1.2.3 Targeted compounds 

Targeted compounds present a new paradigm for cancer therapy. These agents 

exhibit more specificity against cancer cells over normal cells and are often better 

tolerated than cytotoxic therapies (Gerber, 2008). The development of targeted 

therapies is based on observed genetic differences between normal and malignant 

cells. Indeed, the previously mentioned genetic alterations such as EGFR mutations 

and EML4-ALK in lung cancer have prompted the use of several targeted agents for 

the treatment of lung cancer. 

 

The tyrosine kinase inhibitors (TKIs) gefitinib and erlotinib target EGFR, a 

receptor implicated in the tumourigenesis of NSCLC. These agents were initially 

approved by the United States Food and Drug Adminstration (FDA) for patients with 

advanced NSCLC who failed to respond to conventional chemotherapy (Sharma et 

al., 2007). However, a randomized phase III trial published in 2004 showed that 

gefitinib did not significantly increase survival in lung cancer patients, prompting the 

FDA to withdraw its approval for use in new patients (Golsteyn, 2005). However, a 
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more recent trial conducted in Asia in 2009 showed that gefitinib was superior to 

combination chemotherapy with carboplatin and paclitaxel, demonstrating 12-month 

progression-free survival rates of 24.9% and 6.7%, respectively (Mok et al., 2009). 

Importantly, progression free survival was significantly longer in patients with EGFR 

mutation treated with gefitinib compared to the carboplatin-paclitaxel combination 

therapy. The finding of higher efficacy in EGFR mutant patients was supported by 

another study where gefitinib and erlotinib treatment resulted in a response rate of 

67% (Jackman et al., 2009).  

 

 The binding of VEGF to its receptor promotes angiogenesis, a hallmark of 

cancer (Hanahan and Weinberg, 2000). The monoclonal antibody bevacizumab 

targets the Vascular Endothelial Growth Factor (VEGF) ligand and prevents it from 

binding to the VEGF receptor (Ramalingam and Belani, 2005). Bevacizumab has thus 

been shown to inhibit angiogenesis and has been approved for use in combination 

with carboplatin and paclitaxel for the treatment of advanced non-squamous NSCLC 

(2007).  

 

 Crizotinib is a small molecule TKI that inhibits the activity of a fusion EML4-

Anaplastic Lymphoma Kinase (ALK) receptor found in a small subset of NSCLC 

(Kwak et al., 2010). Recent findings have established that crizotinib is effective in the 

treatment of EML4-ALK positive NSCLC and this agent is currently under evaluation 

by the FDA (Gerber and Minna, 2010). 

 

 The initiation of targeted compounds for the treatment of lung cancer offers 

new optimism for the traditionally bleak prognosis of advanced cancers. Progress is 
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also being made towards personalizing therapy in clinical trials. For example, the 

Biomarker-integrated Approaches of Targeted Therapy for Lung Cancer Elimination 

(BATTLE) study is a landmark clinical trial where adaptive randomization is used to 

assign patients to specific treatment groups based on 4 biomarkers: EGFR mutation, 

Kras/Braf mutation, VEGF and Retinoid X Receptor (RXR)/Cyclin D1 (Kim et al., 

2011). Future clinical trials with targeted therapies may be similarly redesigned to 

include biomarkers in the hope of improving treatment outcomes. 

 

1.3 Drug Resistance 

Drug resistance is defined as the reduced effectiveness of a drug in curing the 

patient or improving the outcome. It is estimated that the cost of developing a novel 

drug ranges from 500 million to 2 billion dollars (Adams and Brantner, 2006). 

Despite advances in therapeutic research, drug resistance remains the greatest 

contributing factor in the failure of treatment. It is broadly categorized based on the 

initial response to the compound. Tumours that initially fail to respond to the drug are 

termed intrinsically resistant, while tumours with acquired resistance develop 

tolerance to the drug over a period of time. 

 

Many studies have revealed that several different mechanisms are involved in 

intrinsic resistance. Poor absorption and rapid metabolism of the compound have been 

suggested as contributing factors in the resistance to therapy (Gottesman, 2002). 

Excessive toxicities may lead to a lower dosing of the drug, resulting in suboptimal 

dosing (Gottesman, 2002). Without the use of predictive biomarkers, targeted agents 

may not inhibit the critical pathway driving the cancer, leading to lower response rates 

(Ellis and Hicklin, 2009). Importantly, many studies have identified that drug efflux 
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transporters such as multi-drug resistance protein 1 (MDR1) may confer resistance to 

tumours (Berger et al., 2005; Lage, 2008). Recently, a deletion in BIM associated 

with a genetic variant has also been shown to contribute to intrinsic resistance (Ng et 

al., 2012). 

 

Acquired resistance occurs primarily due to the heterogeneity of tumour cells. 

A compound might be efficacious against the bulk of a tumour, but a small population 

of resistant cells may remain unscathed. Over time, the refractory cells proliferate to 

become the majority of the tumour mass, thus giving its resistant trait. This theory is 

supported by a recent study in lung cancer where MET amplification, a known 

mediator of resistance to EGFR TKIs, was detected using fluorescence in-situ 

hybridization (FISH) in a subset of the EGFR mutant cell population prior to drug 

exposure (Turke et al., 2010). Tumor cells with acquired resistance share some of the 

common mechanisms with intrinsically resistant cells, such as upregulation of drug 

efflux transporters (Hirayama et al., 2008; Kalayda et al., 2008). Other observed 

resistance mechanisms include the activation of alternate survival pathways, thus 

allowing cancer cells to bypass dependency on the pathway targeted by the therapy 

(Engelman et al., 2007). The appearance of secondary mutations, also known as 

gatekeeper mutations, has been shown to confer resistance in many cancer types by 

either impairing drug binding or by increasing the binding affinity of ATP (Kobayashi 

et al., 2005). 

 

A better understanding of cancer biology has led to the identification of novel 

potential drug targets. Many resistance mechanisms have also been characterized, 

resulting in a greater understanding of cancer therapy. However, as with established 
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anti-cancer compounds, it is likely that resistance will continue to hamper efforts with 

novel, targeted drug therapies. It is therefore important to continue investigations into 

the mechanisms of resistance to novel compounds. Apart from suggesting possible 

alternate treatments for drug refractory tumours, newly identified mechanisms of 

resistance could also offer insights into signal transduction pathways used by cancer 

cells. 

 

 

1.4 The Phosphotidylinositol-3-kinase pathway 

1.4.1 The phosphotidylinositol-3-kinase pathway in lung cancer 

 PI3K was discovered by Lewis Cantley and colleagues over 25 years ago 

(Whitman et al., 1985). Since then, considerable progress has been made in 

understanding the involvement of the PI3K signaling pathway in cellular functions 

such as growth, proliferation, migration, invasion and apoptosis . Due to the 

pathway’s major roles in cellular functions, this pathway has been implicated in many 

cancer types. Indeed, molecular aberrations in the PI3K pathway, such as mutations, 

gene amplification, and methylation-induced silencing, have been reported in multiple 

tissue types (Engelman et al., 2006). 

 

 PI3Ks are categorized into 3 classes based on their substrate preferences. Class 

I PI3K is the most widely studied for its role in cancer and comprises heterodimers 

consisting of a catalytic and a regulatory subunit. They are further divided into 

subclasses IA and IB based on differences between the catalytic and regulatory 

subunits, as well as the mode of activation. Class IA PI3Ks are activated by receptor 

tyrosine kinases (RTKs) and comprise of p110α, p110β, or p110δ for the catalytic 
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subunit. Class IB PI3Ks are activated by G-protein coupled receptors (GPCRs) and 

have p110γ for their catalytic subunits.  

 

 The PI3K pathway is activated canonically by RTKs (Figure 1.1). Activated 

RTK recognizes SRC-homology (SH) domains and recruits the p85 regulatory 

domain of PI3K, thus relieving inhibition of the catalytic p110 domain. Of note, the 

GTPase Kras can also bind directly to p110 to activate the PI3K pathway 

independently of p85 regulation (Rodriguez-Viciana et al., 1994). The activated p110 

subunit catalyzes the conversion of phosphatidylinositol-4,5-biphosphate (PIP2) to 

phosphatidylinositol-3,4,5-triphosphate (PIP3). The accumulation of PIP3 leads to 

recruitment and activation of proteins with pleckstrin homology (PH) domains, 

notably phosphoinositide-dependent kinase 1 (PDK1) and mammalian target of 

rapamycin complex 2 (mTORC2). Activated PDK1 and mTORC2 phosphorylate 

protein kinase B (PKB) or Akt at the phosphorylation sites threonine 308 or serine 

473, respectively (Sarbassov et al., 2005). Full activation of Akt results in the 

activation of a myriad of substrates involved in the survival, proliferation, growth, 

migration and invasion of cells (Vivanco and Sawyers, 2002). The pathway is 

negatively regulated by phosphatases, which reduce PIP3 levels through the removal 

of a phosphate group to convert PIP3 into PIP2. The primary phosphatase responsible 

for negatively regulating the PI3K pathway is the phosphatase and tensin homolog 

(PTEN). Notably, reduced PTEN or loss of PTEN is widely observed in malignant 

tissues (Keniry and Parsons, 2008). 

 

 Though PI3K mutations are rare in lung cancer, PI3KCA amplifications occur 

at a much higher frequency (Massion et al., 2004). Moreover, the major molecular 
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aberrations observed in lung cancer such as Kras mutations (19%) and EGFR 

mutations (10%) are also known activators of the PI3K pathway (Rodriguez-Viciana 

et al., 1994; Ono and Kuwano, 2006). A recent study by Gustafson and colleagues 

using microarrays reported PI3K pathway activation in cytologically normal bronchial 

airway of smokers with lung cancer and dysplastic lesions, suggesting that PI3K 

activation is an early event in lung cancer (Gustafson et al., 2010). The use of PI3K 

inhibitors in treating lung cancer was also successfully tested in mouse models 

(Engelman et al., 2008). Taken together, inhibition of the PI3K pathway presents an 

attractive therapeutic option in lung cancer. 

 

 

Figure 1.1 The PI3K pathway. From Meric-Bernstam and Gonzalez-Angulo 2009, 

JCO 27: 2278-2287 
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1.4.2 NVP-BEZ235, a novel PI3K/mTOR inhibitor 

As described above, mounting evidence has established a major role for the 

PI3K pathway in carcinogenesis. Thus, inhibition of this pathway presents an 

attractive therapeutic option in cancer therapy. Indeed, many PI3K, Akt and mTOR 

inhibitors have been developed by various pharmaceutical companies and are 

currently undergoing preclinical and clinical evaluation (Kondapaka et al., 2003; 

Boulay et al., 2004; Yaguchi et al., 2006; Folkes et al., 2008). 

  

NVP-BEZ235 (BEZ235) is a novel dual PI3K/mTOR inhibitor developed by 

Novartis Pharma AG. An imidazo-quinoline, it inhibits the kinase activity of PI3K 

and mTOR by forming hydrogen bonds in the ATP-binding cleft of these enzymes 

(Maira et al., 2008). It is considered a pan PI3K inhibitor, with an IC50 in the single 

digit nanomolar range except for p110β, which is inhibited at a concentration of 

75nM (Maira et al., 2008). The efficacy of BEZ235 has been assessed extensively in 

in vitro models and in vivo mice models. It has been found to be well tolerated while 

exerting strong anti-proliferative properties against tumours (Maira et al., 2008; 

Schnell et al., 2008). 

BEZ235 reduces the tumour vasculature by inhibiting VEGF-induced cell 

proliferation, survival and angiogenesis in mouse models of breast cancer (Schnell et 

al., 2008). These findings were supported in another study where BEZ235 activity 

was evaluated in gliomas (Liu et al., 2009). BEZ235 activity has also been assessed in 

other cancer types such as myeloma, prostate and lung cancer (Engelman et al., 2008; 

Baumann et al., 2009; Dubrovska et al., 2009). In the clinic, BEZ235 is currently 

being evaluated in phase I and II trials. 
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1.4.3 Drug resistance to PI3K/mTOR inhibitors 

As with other anti-cancer therapies, it is likely that treatment regimens using 

PI3K/mTOR inhibitors will be hindered by the onset of drug resistance. A recent 

study by Zunder and colleagues identified sensitizing mutations as well as a potential 

gatekeeper role for resistance mutations in p110α using a novel Saccharomyces 

cerevisae screen (Zunder et al., 2008). S. cerevisae does not endogenously express 

p110α. Moreover, growth of S. cerevisae is inhibited by exogenous p110α expression. 

Using these conditions, the authors endogenously expressed p110α mutants in the 

yeast and rescued the yeast by introducing different PI3K inhibitors. Surviving 

colonies of yeast would suggest drug sensitivity, while yeast expressing p110α 

mutants harboring resistance mutations would not proliferate. Using this screen, the 

authors identified a potential gatekeeper resistant mutation at amino acid I800. This 

mutation conferred resistance to single PI3K inhibitors, but was sensitive to dual 

inhibitors such as BEZ235. 

 

 

1.5 Hypothesis and Aims 

To date, there is little information on resistance mechanisms arising from the 

exposure of tumour cells to PI3K/mTOR inhibitors. The work reported by Zunder and 

colleagues presents a novel technique for the study of resistance, but is limited to the 

identification of mutations within p110α. Moreover, the authors did not investigate 

mutations that conferred acquired resistance to BEZ235. As discussed previously, 

other possible mechanisms could be responsible for refractory phenotypes. 
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The hypothesis of this study is that, similar to other cytotoxic and targeted 

therapies, resistance to PI3K/mTOR inhibitors is mediated by one or more of the 

resistance mechanisms discussed above. To evaluate this hypothesis, the experimental 

work will involve generation of resistance to BEZ235 in lung cancer cell lines, 

phenotypic characterization of the resistant cells, and investigation of the molecular 

mechanisms of resistance. The aims of the study are as follows: 

 

Aim I (Chapter 3) 

  To establish acquired resistance to BEZ235 in lung cancer cell lines. 

  

 Aim II (Chapter 4) 

 To phenotypically characterize lung cancer cell lines with BEZ235 acquired 

resistance. 

 

 Aim III (Chapter 5) 

To elucidate the mechanisms of acquired resistance to PI3K/mTOR inhibition 

in BEZ235 resistant lung cancer cell lines. 

 



 

 2-16 

2 Chapter 2: Material and Methods  

 

2.1 Cell Culture and Compounds 
 
All cell lines were obtained from American Type Culture Collection (ATCC, 

Rockville, MD) (Table 2.1). They were maintained in RPMI 1640 (Gibco, Carlsbad, 

CA, USA), supplemented with 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, 

USA) and 1% antimycotic/antibiotic solution (Gemini Bio-Products Inc., West 

Sacramento, CA, USA) at 37°C in a humidified atmosphere containing 5% CO2. The 

cell lines were passaged at least once a week, with the media changed at least every 4 

days. All cell lines were in the exponential growth phase at the initiation of 

experiments. Relevant mutation status as shown in Table 2.1 was obtained from the 

Wellcome Trust Sanger Institute Cancer Cell line Project 

(http://www.sanger.ac.uk/genetics/CGP/CellLines/). NVP-BEZ235 (BEZ235) was 

kindly provided by Novartis Pharma AG (Novartis Pharma, Basel, Switzerland). 

Cisplatin, Carboplatin and Docetaxel were purchased from Sigma Aldrich (St. Louis, 

MO, USA), Gefitinib and Ku-0063794 from BioVision (Milpitas, CA, USA), 

Rapamycin, PD-98059 and GDC-0941 from Cayman Chemicals (Denver, CO, USA). 

All compounds were diluted to stock solutions and stored as recommended by the 

manufacturers.  
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Table 2.1: Lung cancer cell lines and their reported mutations 

Cell Line PIK3CA PTEN EGFR mutation status Kras
NCI-H1703 WT + WT WT
NCI-H2228 WT + WT WT
NCI-H226 WT + WT WT
NCI-H460 E545K + WT Q61H
NCI-H1975 G118D + L858R & T790M WT
NCI-H358 WT + WT Mutant
NCI-H1299 WT + WT G12C  

2.2  MTS Growth Curve 

To determine the growth rates of the clones and the parental cell line, 3 x 104 cells 

were seeded in triplicates in 96 well plates and allowed to adhere overnight. Twenty 

µl of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium) (MTS) (Promega, Madison WI, USA) was added to each well and 

incubated for 2.5 hours every 24 hours. Absorbance readings at 490nm were then 

obtained using the Tecan Infinite 200 Pro microplate reader (Tecan, Männedorf, 

Switzerland). Growth curves were constructed using GraphPad Prism 5 software 

(Graphpad Software Inc, La Jolla, CA, USA).  

 

2.3 Cell Proliferation Assay 

The IC50 is defined as the concentration of a compound which inhibits the growth of 

cells by 50% (Musen et al., 2012). For IC50 measurements, 3 x 104 cells were seeded 

in 96 well plates and allowed to adhere overnight. Drug dilutions were made from 

stock solutions and non-supplemented growth medium and were added to triplicate 

wells (10µl/well). The cells were incubated using standard cell culture incubator 

conditions (5% CO2, 37ºC) for 72 hours. Twenty µl of MTS (Promega, Madison WI, 

USA) was added to each well and incubated for 2 hours. Absorbance readings taken 
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at 490nm were then obtained using the Tecan Infinite 200 Pro microplate reader 

(Tecan, Männedorf, Switzerland). The IC50 was determined using an in-house 

spreadsheet which generates dose-response curves by plotting mean absorbance 

values as a fraction of control absorbance values.  

 

2.4 Generation of Acquired Resistant lines to BEZ235 
(Polyclonal) 

Cells were seeded at fixed concentrations in 25cm2 cell culture flasks and 

supplemented with RPMI-1640 and 10% FBS. They were exposed to 3 different 

concentrations (IC25, IC50 and IC75 concentrations) of BEZ235 24 hours after plating. 

Duplicates and control flasks (exposed to DMSO vehicle) were maintained 

throughout the resistance generation period of eight months. The IC50 to BEZ235 was 

assayed monthly to track the cells’ resistance to BEZ235. Cell lines were passaged at 

least once per week and the media was changed at least once every four days. 

  

2.5 Clonogenic Survival Assay 

The clonogenic survival assay tests for the ability of cells to produce clones in the 

absence of BEZ235. To determine the ability of resistant and parental cells to form 

colonies in the absence of BEZ235, 50 cells per well were plated in 6 well tissue 

culture plates. The cells were exposed to IC25, IC50 and IC75 concentrations 24 hours 

after plating of cells. The media and the drug was removed 48 hours after plating of 

cells and replaced with fresh media. The cells were incubated for 10 days by which 

time the control wells had formed sufficiently large colonies for counting. Cells were 

washed twice with phosphate-buffered saline (PBS), fixed with 70% ethanol, stained 

with 0.5% crystal violet and photographed. 
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2.6 Clonal Selection of BEZ235 Resistant Clones 

A monoclonal approach is essential for obtaining definitive data to help elucidate the 

mechanism of resistance to BEZ235. Therefore, 50 and 100 cells were plated in 6 well 

tissue culture plates and exposed to IC25 and IC50 concentrations 24 hours after 

plating. Cells were observed once every three days for colony formation. Colonies 

were marked and isolated using cloning cylinders and vacuum grease. The colonies 

were then transferred into 6 well cell culture plates and scaled up to larger culture 

flasks for further experiments. The IC50 to BEZ235 was then determined as previously 

described. 

 

2.7 Protein Estimation Assay (BCA) 

The bicinchoninic acid (BCA) protein estimation assay (Thermo Scientific, Waltham, 

MA, USA) was used to determine protein concentrations for standardized protein 

loading in Western blot analysis. The BCA protein estimation assay is based on 2 

principal reactions:  

1. Cupric (Cu2+) ions in the CuSO4 solution are reduced by peptide bonds to 

cuprous (C+) ions by chelation in an alkaline environment. 

2. The BCA reagent reacts with the chelated cuprous ion at a ratio of 2 BCA 

molecules to 1 to form a deep purple-colored reaction complex which is 

suitable for colorimetric detection at an absorbance of 562nm. 

 

A standard protein ladder was prepared using bovine serum albumin (BSA) in the 

following concentrations: 1000 µg/ml, 800 µg/ml, 600 µg/ml, 400 µg/ml, 200 µg/ml 
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and 0 µg/ml. A stock solution of 1 part CuSO4 solution with 50 parts BCA solution 

was prepared. Protein samples were diluted 10-fold prior to ensure that protein 

estimation was within the standard ladder range. Two hundred µl of CuSO4/BCA and 

10 µl of diluted sample in replicate was added to each well and incubated for 20 

minutes at 37oC. Absorbance readings at 560nm were then obtained using the Tecan 

Infinite 200 Pro microplate reader (Tecan, Männedorf, Switzerland). The sample 

protein concentration was extrapolated from a standard curve generated from the BSA 

protein serial dilution. 

 

2.8 Western Immunoblot Analysis 

Cells were seeded at 1 x 105 – 5 x 105 cells into T25 tissue culture flasks and 

supplemented with RPMI-1640 and 10% FBS. The cells were then exposed to graded 

concentrations of BEZ235 at 24 hours after seeding. At appropriate timepoints the 

media was removed and the cells washed twice with ice-cold PBS and then incubated 

for 10 minutes with cell lysis buffer (Cat no. #9803, Cell Signaling Technology, 

Beverly, MA, USA). Adherent cells were then scraped and the extracts collected into 

a microfuge tube. The cell extracts were centrifuged at 14,000 rpm for 10 minutes at 

4ºC and the supernatant (protein lysate) was collected. Protein concentration was 

determined using the BCA protein assay as previously described. 

 

Between 10-30 µg of protein was loaded at a 4:1 ratio with 5x sample buffer 

(250mM Tris-HCl pH 6.8, 10% SDS, 30% glycerol, 5% β-mercaptoethanol, 0.02% 

bromophenol blue) onto 4-20% polyacrylamide gels for protein separation using 

electrophoresis at 125V and 35mA for 2 hours. The proteins on the gel were then 

transferred to a nitrocellulose membrane at 25V and 125mA for 2 hours. Protein 
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transfers were confirmed using Ponceau S staining. The blots were blocked with 5% 

milk in TBS-T (20mM Tris, 150mM NaCl, 0.01% Tween-20) for an hour and 

incubated overnight at 4ºC with the primary antibodies listed in Table 2.2. The blots 

were then washed four times using TBS-T 4 for 15 minutes each under gentle 

agitation and subsequently incubated with an HRP-linked secondary antibody listed in 

Table 2.2 in 5% milk for 1 hour. Antibody binding was then detected using an 

enhanced chemi-luminescence reagent (RPN2232, GE healthcare, UK) and developed 

on an X-ray film. 
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Table 2.2 Antibodies used for western blot analysis 

Antibody Company Catalog # 

PTEN Cell Signaling Technology, Beverly, MA 9552 

Phospho-PTEN 

(Ser380/Thr382/383) 

Cell Signaling Technology, Beverly, MA 9554 

Phospho-Akt (Ser473) Cell Signaling Technology, Beverly, MA 4058 

Phospho-Akt (Thr308) Cell Signaling Technology, Beverly, MA 9275 

Akt  Cell Signaling Technology, Beverly, MA 9272 

Phospho -S6 Ribosomal 

Protein (Ser235/236) 

Cell Signaling Technology, Beverly, MA 4856 

S6 Ribosomal Protein Cell Signaling Technology, Beverly, MA 2217 

Phospho – 4E-BP1 

(Thr70) 

Cell Signaling Technology, Beverly, MA 9455 

4E-BP1 Cell Signaling Technology, Beverly, MA 9644 

GAPDH Cell Signaling Technology, Beverly, MA 2118 

c-Myc Cell Signaling Technology, Beverly, MA 9402 

Cyclin E1 Cell Signaling Technology, Beverly, MA 4129 

Src Cell Signaling Technology, Beverly, MA 2109 

Anti-Rabbit Cell Signaling Technology, Beverly, MA 7074 

Anti-Mouse Cell Signaling Technology, Beverly, MA 7076 
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2.9 Cell Cycle Analysis 

Cells were seeded at a concentration of 1 x 105 – 5 x 105 cells into T25 tissue 

culture flasks and exposed to varying BEZ235 concentrations 24 hours after plating 

for up to 48 hours. Cells were then washed with ice cold PBS, trypsinized and the cell 

pellets collected. The cell pellets were washed twice with ice cold PBS and fixed with 

70% ethanol for 24 hours at 4ºC. Cells were then washed twice with PBS and 

incubated in propidium iodide (PI) staining solution (1 x PBS, 100 U/mL RNase A, 

40 U/mL PI) which binds to DNA for 24 hours prior to flow cytometry analysis. Flow 

cytometry was performed on the BD LSRII flow cytometer (BD Biosciences, Franklin 

Lakes, NJ, USA). Data analysis was performed using the Flowjo software (Tree Star 

Inc, Ashland, OR, USA). 

 

2.10  Migration (Wound Healing) Assay 

To assess the effects of BEZ235 on cellular migration of the parental and 

resistant clones, 2 x 105 cells were plated per well in 6 well tissue culture plates and 

allowed to grow to 90% confluence. A scratch was then made in each well using a 

200µl pipette tip. Concentrations of BEZ235 (equimolar, equitoxic and 5 x IC50) and a 

DMSO control were subsequently added. Phase contrast microscope photographs 

were taken 24 hours after drug exposure. 

  

2.11   RNA-Sequencing 

Cells were seeded at a concentration of 5 x 105 cells into T25 tissue culture 

flasks. Cells were then washed with ice-cold PBS, trypsinized and cell pellets 

collected 24 hours post-seeding. Total RNA was extracted from the cell pellets using 
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the RNeasy mini kit (Qiagen, Hilden, Germany), according to manufacturer’s 

instructions. Ribosomal RNA (rRNA) was depleted prior to library preparation using 

the Epicentre Ribo-Zero Magnetic Kit (Epicentre Biotechnologies, Madison, WI, 

USA).   

The library preparation was performed using the ScriptSeq V2 RNA-Seq 

Preparation Kit (Epicentre Biotechnologies, Madison WI, USA), as per protocol 

provided by the manufacturer. Briefly, the RNA was first fragmented and converted 

to cDNA with reverse transcriptase and random primers with 5’ tags. A 3’ tag was 

subsequently added to 5’ tagged cDNA, resulting in ditagged cDNA. The ditagged 

cDNA was further purified by magnetic beads, and amplified by tagged PCR. Clean 

up of the PCR product was performed using the AMPure XP system kit (Beckman 

Coulter, Brea, CA, USA).  

RNA sequencing was performed on the Illumina HiSeq platform (Illumina Inc, 

San Diego, CA, USA).  Read alignment and differential data analysis was done using 

the Tophat and Cufflinks package respectively (Trapnell et al., 2012). Additional data 

analysis was done using the CummeRbhund package on R studio (RStudio, Boston, 

MA, USA). Mutational Analysis was performed using the Partek next generation 

sequencing genomics suite (Partek Inc, St. Louis, MO, USA). 

2.12  Reverse Phase Protein Array (RPPA) 

The RPPA is a high-throughput antibody-based assay that allows quantitative 

screening of over 180 proteins. Three hundred thousand cells were seeded in 6 well 

tissue culture plates and allowed to adhere overnight. Cells were lysed 24 hours after 

seeding with a cell lysis buffer (Cat no. #9803, Cell Signaling Technology, Beverly, 

MA, USA) supplemented with protease and phosphatase inhibitors (Roche Applied 

Science Cat. # 05056489001, 04906837001, Penzberg, Germany). The plate was 
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incubated for 20 minutes and gently agitated every 5 minutes. The cells were removed 

using a cell scraper and the lysate collected into micro centrifuge tubes and 

centrifuged at 140,000 rpm for 10 minutes at 4ºC. The supernatant was then collected 

and stored at -80ºC till further use. BCA protein estimation was performed and the 

final protein concentration was normalized to 1 µg/µl. The protein lysates were sent to 

the MD Anderson Cancer Centre, Houston, TX, USA for further analysis by RPPA as 

described below. 

 

Cellular proteins were denatured by 1% SDS (with beta-mercaptoethanol) and 

diluted by five 2-fold serial dilutions in dilution buffer (lysis buffer containing 1% 

SDS). Serial diluted lysates were arrayed on nitrocellulose-coated slides (Grace 

Biolab) by Aushon 2470 Arrayer (Aushon BioSystems). A total of 5808 array spots 

were arranged on each slide including the spots corresponding to positive and 

negative controls prepared from mixed cell lysates or dilution buffer, respectively. 

 

Each slide was probed with a validated primary antibody plus a biotin-

conjugated secondary antibody. Only antibodies with a Pearson correlation coefficient 

between RPPA and western blotting of greater than 0.7 were used in reverse phase 

protein array study. Antibodies with a single or dominant band on western blotting 

were further assessed by direct comparison to RPPA using cell lines with differential 

protein expression or modulated with ligands/inhibitors or siRNA for phospho- or 

structural proteins, respectively. 

 

The signal obtained was amplified using a Dako Cytomation–catalyzed system 

(Dako) and visualized by DAB colorimetric reaction. The slides were scanned, 
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analyzed and quantified using a customized-software (Microvigene, VigeneTech Inc.) 

to generate spot intensity. 

 

Each dilution curve was fitted with a logistic model (“Supercurve Fitting” 

developed by the Department of Bioinformatics and Computational Biology in MD 

Anderson Cancer Center, “http://bioinformatics.mdanderson.org/OOMPA”). This fits 

a single curve using all the samples (i.e., dilution series) on a slide with the signal 

intensity as the response variable and the dilution steps as the independent variable. 

The fitted curve is plotted with the signal intensities – both observed and fitted - on 

the y-axis and the log2-concentration of proteins on the x-axis for diagnostic 

purposes. The protein concentrations of each set of slides were then normalized by 

median polish, which was corrected across samples by the linear expression values 

using the median expression levels of all antibody experiments to calculate a loading 

correction factor for each sample. 
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3 Chapter 3: Results I 

 
Aim I: To establish BEZ235 acquired resistance in lung 
cancer cell lines 
 

3.1 Introduction 
 

The onset of acquired resistance is one of the major causes of treatment failure 

in cancer therapy. Various models have been proposed to study the acquired 

resistance observed in tumors in order to understand, anticipate and devise counter 

strategies to this phenomenon. Models include the in vitro establishment of resistance 

in cancer cell lines, in vivo establishment of resistance in animal models, and in silico 

prediction of resistance. In silico models predict resistance based on knowledge of the 

target structure and drug binding (Cao et al., 2005). However, most in silico models 

only predict mutations that may alter drug binding and do not take into account other 

possible resistance mechanisms such as activation of alternate pathways. In vivo 

models are probably the most accurate for the study of resistance, as these can 

simulate tumor-stromal interactions. The disadvantages of in vivo evaluation of drug 

resistance include fiscal costs associated with the use of large numbers of mice and 

the technical difficulties associated with implanting xenografts into mice. 

 

The in vitro model is the most widely used and accepted method for studying 

acquired resistance. A number of resistance phenotypes and mechanisms first 

identified in cancer cell lines have also been observed to occur in the clinical setting 

(Nazarian et al., 2010; Scaltriti et al., 2011). However not all resistance mechanisms, 

such as increased angiogenesis, can be recapitulated using in vitro models. A seminal 
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paper by Okugawa et al (2004) reported that tumor cells with acquired resistance 

established in vitro were non-tumorigenic and non-invasive when implanted in vivo. 

These results may be cell-line and drug-specific, however, since they were not 

observed in another recent study (Scaltriti et al., 2011).  

 

Despite the above limitations, the in vitro model remains the mainstay for 

acquired resistance studies because it is less laborious, relatively inexpensive, and 

most importantly it can recapitulate resistance mechanisms that are observed in the 

clinical setting. This chapter will therefore describe the generation of acquired 

resistance in lung cancer cell lines following continuous exposure to BEZ235. An 

IC50 screen was first carried out to establish the sensitivity of the cell lines to BEZ235. 

 

3.2 Results 
 

3.2.1 IC 50 Screen of BEZ235 in lung cancer cell lines 

The IC50 to BEZ235 was determined in a panel of 7 lung cancer cell lines 

(Figure 3.1). Most of the cell lines investigated were sensitive to BEZ235, with 

pharmacological activity in the nanomolar range. The PIK3CA (E545K) and Kras 

(Q61H) mutant cell line H460 was the only cell line that was resistant to BEZ235, 

with an IC50 greater than 10µM. Two of the most sensitive cell lines, the PIK3CA 

mutant H1975 cell line and the PIK3CA wild-type H1703 cell line, were selected for 

generation of resistance to BEZ235. 
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Figure 3.1.  BEZ235 sensitivity profile of lung cancer cell lines. Three thousand 

cells were seeded in 96-well plates and allowed to adhere over night. The cells were 

exposed to serial dilutions of BEZ235 for 72 hours. Cell proliferation was measured 

using the MTS assay and IC50 was determined using the median effect equation.  Each 

experiment for each cell line was done in triplicates, and repeated at least 3 times. 
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3.2.2 Literature search on acquired resistance 

A literature search was performed in Pubmed using the terms “cancer” and 

“acquired resistance” to determine an appropriate duration and method for generating 

acquired resistance (Supplementary data file 3.1). The search yielded 39 results, with 

time needed to generate resistance ranging from 3 months to 24 months. Fold 

resistance reported in publications ranged from 2-fold to resistance plateau for the 

compound of interest. Based on information obtained from the literature search, a 

time of 6 months was imposed to generate resistance, along with a plateau in BEZ235 

resistance of 2 consecutive months. 
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3.2.3 Generation of acquired resistance to BEZ235 in lung cancer 
cell lines 

Stable resistance, defined as a plateau in IC50 for 2 consecutive months, could 

not be obtained for H1703 even after 6 months (Figure 3.2) and at all BEZ235 

concentrations tested (Figure 3.3). However, stable resistance was observed in H1975 

as soon as 3 months for cells treated at IC50 and at IC75 concentrations (Figure 3.2 and 

Figure 3.4) and was thus tested in the clonogenic survival assay for the ability to 

produce clones. It is of note that several IC50 experiments could not be conducted at 

certain time points due to insufficient cell numbers at the time of experiment, possibly 

attributed to cytostatic nature of BEZ235. 
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Figure 3.2. Timeline and fold resistance to BEZ235.  The timeline depicts the date 

(day/month) when the IC50 to BEZ235 was determined. Fold resistance is calculated 

by the ratio of the BEZ235 IC50 of the resistance cells to the BEZ235 IC50 of the 

parental cells at a given month.  
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Figure 3.3. BEZ235 IC50 values over a period of 6 months for H1703 cell line. 

The IC50 of BEZ235 in parental cells, cells exposed to BEZ235 IC25 concentrations 

(AR25), IC50 concentrations (AR50) and IC75 concentrations (AR75) was assessed 

monthly. Three thousand cells were seeded in 96-well plates and allowed to adhere 

over night. The cells were then exposed to serial dilutions of BEZ235 for 72 hours. 

Cell proliferation was measured using the MTS assay and IC50 was determined using 

the median effect equation. 

 

Feb Mar Apr May Jun Jul Aug
10

100

1000

10000

Months

lo
g 

IC
50

 C
on

ce
nt

ra
tio

n 
(n

M
)

Parental
AR25
AR50
AR75

 
 



 

 3-33 

Figure 3.4.  BEZ235 IC50 values over a period of 6 months for H1975 cell line 

The IC50 of BEZ235 in parental cells, cells exposed to BEZ235 IC25 concentrations 

(AR25), IC50 concentrations (AR50) and IC75 concentrations (AR75) was assessed 

monthly. Three thousand cells were seeded in 96-well plates and allowed to adhere 

over night. The cells were then exposed to serial dilutions of BEZ235 for 72 hours. 

Cell proliferation was measured using the MTS assay and IC50 was determined using 

the median effect equation. IC50 to BEZ235 could not be determined in March (all) 

and April (AR75) due to insufficient cell numbers. IC50 determination was stopped for 

AR75 in June due to its inability to produce viable clones from the clonogenic 

survival assay. 
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3.2.4 Clonogenic Survival Assay 

The clonogenic survival assay tests for a cell line’s ability to generate viable 

clones upon withdrawal of the selection pressure, in this case BEZ235. H1975 cells 

exposed to IC75 concentrations of BEZ235 (AR75) were unable to produce clones in 

the non-treated setting and also where cells were exposed to BEZ235 IC75 

concentrations for 24 hours (Figure 3.5). As expected, the parental cells had the 
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ability to generate clones in the non-treated setting, but not when exposed to BEZ235 

IC75 concentrations for 24 hours. Cells treated at IC25 (AR25) and IC50  (AR50) 

concentrations had the ability to produce viable clones at all tested concentrations and 

thus were used to generate resistant clones for investigation of resistance mechanisms. 
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Figure 3.5. Clonogenic Survival Assay for H1975 cells. Fifty cells were plated in 

each well and exposed to BEZ235 24 hours post-seeding. The media containing 

BEZ235 was replaced with fresh media without drug 48 hours post seeding. The 

colonies were washed with PBS, stained with crystal violet and assessed visually 10 

days later.  Experiment was done in duplicates and done twice. Representative results 

shown. 
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3.2.5 Generation of resistant clones to BEZ235 in AR25 and AR50 
cells 

Eight clones of AR25 and AR50 cells were isolated as described in the 

Methods (section 2.6). Due to time limitations for the project, AR50 cells were used 

to investigate the mechanisms of BEZ235 acquired resistance as theses displayed 

several fold greater resistance than AR25 cells. The 8 isolated AR25 clones were thus 

frozen down and stored in liquid nitrogen for further evaluation as described in 

subsequent chapters. IC50 experiments were conducted to determine the level of 

resistance in the 8 isolated AR50 clones (Figure 3.6). All clones had a wide range of 

IC50 values, except for clone 3 that was non-viable. Two resistant clones had stably 

higher IC50 values (Clone 5, 2.29 µM, SD = 0.44 µM; Clone 6, 1.94 µM, SD = 

0.96µM) compared to parental H1975 cells (0.32µM SD=0.19µM) and were therefore 

used for all future experiments. 
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Figure 3.6. IC50 of BEZ235 in Parental and Resistant Clones. Eight clones were 

established through colony selection, and sensitivity to BEZ235 determined. For each 

clone, 3 x 104 cells were seeded in 96-well plates and allowed to adhere over night. 

The cells were exposed to serial dilutions of BEZ235 for 72 hours. Cell proliferation 

was measured using the MTS assay and IC50 was determined using the median effect 

equation. Each experiment for each cell line was done in triplicates, and repeated at 

least 2 times. Clone 3 was not viable after colony selection and thus the IC50 could not 

be obtained. 
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3.2.6 Reversibility of BEZ235 resistance  

To determine if the resistance to BEZ235 was reversible, the resistant clones 

were passaged in drug-free media over a period of 12 months. The IC50 to BEZ235 

was determined at 6 months and at 12 months (Table 3.1). The clones maintained in 

drug free media exhibited similar fold resistance to clones maintained in the presence 

of BEZ235 (clone 5 resistance = 7.21  and clone 6 resistance = 6.11), indicating that 

resistance to BEZ235 is likely to be a permanent event. 
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Table 3.1. Fold resistance of drug-free clones after 6 and 12 months. Clones were 

grown in drug free media for up to 12 months and IC50 to BEZ235 assessed every 6 

months. Cell proliferation was measured using the MTS assay and IC50 was 

determined using the median effect equation. Fold resistance is determined as the 

ratio of the BEZ235 IC50 of the resistance clones to the BEZ235 IC50 of the parental 

cells.  

 

Fold Resistance after: 6 months 12 months 

Drug-free Clone 5 4.76 4.97 

Drug-free Clone 6 3.58 4.91 
 

 

3.3 Summary 

Stably resistant H1975 clones were generated following exposure to BEZ235 

IC50 concentrations during a period of 9 months (Figure 3.7). Two clones with the 

greatest fold resistance (Clone 5 = 7.15 and Clone 6 = 6.06) were selected for future 

phenotype characterization and elucidation of resistance mechanisms. These clones 

retained their resistant phenotype even after being cultured in drug-free media for 12 

months.  
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Figure 3.7. Generation of Acquired Resistance to BEZ235: workflow. 
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4 Chapter 4: Results II 

 
Aim II: To phenotypically characterize lung cancer cell lines 

with acquired resistance to BEZ235  

 

4.1 Introduction 

It is important to further characterize the phenotype of drug resistant cells 

generated in vitro as the information can be used to contrast similarities and 

differences with resistant cells generated in the clinical setting. Furthermore, 

phenotypic characterization of resistant cells can also yield clues about the 

mechanisms of acquired resistance. For example, cells that are also resistant to other 

therapeutic compounds may indicate they display a multi-drug resistance (MDR) 

phenotype. The MDR phenotype is a well-described resistance mechanism whereby 

cells show increased expression of p-glycoprotein, an ABC-transporter that helps to 

efflux drugs out of the cell (Aller et al., 2009). Analysis of cell cycle histograms can 

also help to discern the effectiveness of a compound in eliciting characteristic 

blockades of cell cycle phases in resistant cells. Lastly, cells with acquired resistance 

may adopt a more aggressive migratory phenotype, suggesting the activation of 

alternate pathways that are closely associated with these features (Friedl and Wolf, 

2003). 

Taken together, phenotypic differences may provide leads to understanding 

the cause of resistance. This chapter aims to phenotypically characterize the parental 
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and resistant clones and thus determine whether phenotypic differences (if any) can 

offer clues as to the mechanism of resistance. 

 

4.2 Results 

4.2.1 Growth Patterns 

An MTS growth assay was conducted to determine whether growth patterns 

differed between resistant clones and their parental cells, (Figure 4.1). Both clones 5 

and 6 proliferated more slowly than parental cells, which may be attributed to 

prolonged exposure to BEZ235. 

 

Figure 4.1. MTS growth curve of parental and resistant clones. Three thousand 

cells were seeded in each well in a 96 well plate. The cells were incubated with 20 ul 

of MTS for 120 mins, and absorbance readings taken daily for 4 days. Experiment 

was done in triplicates and repeated twice.  

0 24 48 72
0.0

0.5

1.0

1.5

2.0

Parental
Clone 5
Clone 6

time (hrs)

λλ λλ 
@

 4
90

n
M

 

 



 

 4-42 

4.2.2 Cross Resistance to Other Therapeutic Compounds 

MDR has commonly been reported in acquired resistant cell lines (Abe et al., 1996; 

Takara et al., 2006). To determine if the MDR phenotype was present in BEZ235-

resistant clones, dose-response curves were generated for standard of care compounds 

used in the treatment of NSCLC. Agents targeting the PI3K pathway were also 

investigated to determine if the resistance extended to other PI3K/mTOR inhibitors. A 

MEK inhibitor, PD98059, was included in the panel to investigate if alternate 

pathway activation of the MEK/ERK could be responsible for the resistance, as 

previously suggested (Moelling et al., 2002).  
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Table 4.1. IC50 values and fold resistance of various compounds in resistant 

clones relative to parental cells.  The parental cells and BEZ235-resistant clones 

were exposed for 72 hours with serial dilutions of compounds tested. Cell 

proliferation was measured using the MTS assay and IC50s to the compounds were 

determined using the median effect equation. Experiments were conducted in 

triplicates and done at least 3 times. Fold resistance is defined as the ratio of the IC50 

of the parental cell to the IC50 of the resistant clone. 

 

 

 

 

 

Compound 

Parental 

IC50  

(Mean + 

SD) (µM) 

Clone 5 

IC 50  

(Mean + 

SD) (µM) 

Clone 6 

IC 50  

(Mean + 

SD) (µM) 

Clone 5 

Fold 

Resistance 

to Parental 

Clone 6 

Fold 

Resistance 

to Parental 

BEZ235 0.32±0.13 2.29±0.44 1.94±0.96 7.21 6.11 

GDC-0941 0.56±0.08 3.34±0.89 3.71±2.01 5.96 6.60 

Ku-

0063794 

0.64±0.78 8.77±0.51 7.03±1.51 13.70 10.98 

Rapamycin 70.24±14.84 50.71±18.02 52.6 0.72 0.75 

Docetaxel <0.001 <0.001 <0.001 n/a* n/a* 

Cisplatin >50 >50 >50 n/a* n/a* 

PD98059 >10 >10 >10 n/a* n/a* 

Gefitinib >50 >50 >50 n/a* n/a* 

 
* Fold resistance could not be determined, as the IC50 could not be calculated from the 

tested concentration range. 
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No resistance was observed with the cytotoxic compounds, suggesting the 

MDR phenotype was not present in the BEZ235-acquired resistant clones (Table 4.1). 

Gefitinib, an EGFR inhibitor used commonly in the treatment of NSCLC, did not 

suppress the growth of the clones or the parental cell line. This was consistent with 

previous findings on the inactivity of Gefitinib against EGFR T790M mutant cell 

lines (Kobayashi et al., 2005; Pao et al., 2005). Both clones and the parental cell line 

were also insensitive to PD98059, a MEK1 inhibitor, suggesting the ERK pathway 

was not responsible for the acquired resistance to BEZ235. Interestingly, fold 

resistance similar to BEZ235 was observed following exposure to single target agents 

against PI3K (GDC-0941) and mTOR (Ku-0063794) (Figure 4.2). Of note, Ku-

0063794 elicited a greater fold resistance in clones 5 and 6 (13.70 and 10.98, 

respectively) compared to BEZ235 (7.21 and 6.11). In contrast, the clones were 

slightly more sensitive to Rapamycin (0.72 and 0.75), an mTOR allosteric inhibitor, 

compared to the parental cell line.  
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Figure 4.2. Dose response curves to the single target agents GDC-0941 and Ku-

0063794. Clones resistant to BEZ235 also show resistance to (a) GDC-0941, a PI3K 

inhibitor, and (b) Ku-0063794, as shown by an upward shift in the dose response 

curve, indicating an increase in % survival at a particular concentration. 
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4.2.3 Cell Cycle Analysis 

Cell cycle analyses was performed to determine the cell cycle profile of clones 

and the parental cell line, and to determine if BEZ235 elicits a classical G1 block 

upon treatment of the cells (Kong and Yamori, 2009). Interestingly, the clones 

displayed cell cycle profiles that differed to those of the parental cell line in untreated 

conditions and across the tested time points. The clones exhibited a prolonged S-

phase compared to the parental cell line, suggesting aberrant cell cycle signaling 

(Figure 4.3). Notably, treatment of the clones and parental cell line with BEZ235 did 

not elicit a G1 block at 6 hours across all tested concentrations. This could be inferred 

by the lack of distinct differences between cell cycle phase ratios between 0 hours and 

6 hours.  However, a clear G1 block was seen for both the clones and the parental line 

at 24 hour and 48 hour time points, as shown by the marked increase in the percentage 

of G1 cell cycle phase. Another observation was the difference in G1 block between 

the clones and the parental cell line. The percentage of G1 block in the parental line 

was higher compared to the clones across the tested concentrations, as would be 

expected if the clones were more resistant to BEZ235 than the parental cell line. 
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Figure 4.3. Cell cycle analysis of cells with exposure to BEZ235. Cell cycle 

analysis was assessed by flow cytometry with PI/RNAse staining using the LSRII 

flow cytometer. Quantification of cell cycle phases was performed using the Flowjo 

software (Tree Star Inc, Ashland, OR, USA) and represented by bar graphs. G1 block 

is evident in both parental cells and clones when challenged with BEZ235 at 24 and 

48hr, as shown by the increased G1 phase %. However, less G1 block is observed in 

the clones, which maybe a mechanism of resistance. 
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4.2.4 Cell Migration Analysis 

To assess the effects of BEZ235 on cellular migration of the parental and 

resistant clones, a wound-healing assay was performed. Photographs were taken 24 

hours post-treatment. BEZ235 inhibited cell migration in a dose-dependent manner 

and at all the tested concentrations (Figure 4.4). Interestingly, the BEZ235 resistant 

clones exhibited greater migration than the parental cells at all tested concentrations.  

 

Figure 4.4. Wound healing assay. Cells were allowed to proliferate till 90% 

confluence. After which, a scratch was made using a pipette tip, and exposed to 

respective BEZ235 concentrations.  
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4.3 Summary 
 

Phenotypic characterization of the resistant cells provided no evidence of a 

MDR phenotype. Interestingly, the clones displayed similar fold resistance against 

single PI3K and mTOR inhibitors (Table 4.1), suggested the resistance was class 

specific. Cell cycle analyses revealed the clones may have the ability to overcome the 

classical G1 blockade by PI3K/mTOR inhibitors (Figure 4.3). The resistant clones 

also appeared to more migratory, as demonstrated by the wound healing assay (Figure 

4.4). 

Together, these results indicate the acquired resistance to BEZ235 was class 

specific and could be mediated at the cell cycle level, or may be attributable to 

alternate pathways involving cell migration. 
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5 Chapter 5: Results III 

 

Aim III: To elucidate mechanisms of acquired resistance to 

the PI3K/mTOR signaling pathway in BEZ235 resistant lung 

cancer cell lines 

 

5.1 Introduction 

The phenotypic characterization of BEZ235 resistant clones detailed in 

Chapter 4 provided several leads on possible resistance mechanisms. The resistance 

extended to other PI3K/mTOR inhibitors, but not to cytotoxic agents. Secondly, the 

resistant clones exhibited a reduced G1 block compared to the parental cells when 

challenged with BEZ235. 

This chapter aims to use data obtained from high throughput techniques such 

as RNA-sequencing (RNA-Seq) and reverse phase protein array (RPPA), along with 

focused western blots and previous observations to identify possible mediators of 

BEZ235 resistance. 
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5.2 Results 

5.2.1 RNA-Sequencing  

 Mutations acquired via prolonged treatment with kinase inhibitors have been 

commonly reported in acquired resistance models and in resistant clinical samples 

(Branford et al., 2003; Kobayashi et al., 2005; Katayama et al., 2011). To determine if 

mutations could be modulating the resistance, RNA deep sequencing analysis was 

performed on both the resistant clones and the parental cells. No novel mutations were 

detected in the PI3K and mTOR target genes for BEZ235, suggesting that target gene 

mutations are not responsible for resistance to this agent  (Supplementary data file 

5.1). However, novel mutations not pertinent to the PI3K/mTOR pathway were found 

in both clones and parental cells. Twenty-six genes with mutations were selected (- 

log10 P-value > 2.75) and annotated with their known gene function (Supplementary 

data file 5.1). As the novel mutations were not found on oncogenes and tumor 

suppressors, the decision was made to not validate them. 

 

 Transcriptome analysis of differentially expressed genes using the CuffDiff 

pipeline (Trapnell et al., 2012) revealed sets of differentially expressed genes 

(Supplementary data file 5.2). As possible resistance mediators are anticipated to be in 

both resistant clones, genes that were differentially expressed compared to the 

parental line and common in clone 5 and clone 6 were selected for further analysis 

(Figure 5.1). However, the obtained differentially expressed genes were not known to 

mediate the PI3K or other oncogenic pathways. Therefore, DAVID, a bioinformatics 

microarray analysis platform (Huang da et al., 2009), was used to functionally cluster 

the differentially expressed genes (Table 5.1). The analysis revealed that the genes 

clustered into cellular functions involved with adhesion, cytoskeleton rearrangement, 
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and cell junction regulation. The clustering of these genes may help explain the 

greater migratory potential of the resistant clones (Chapter 4.2.4 and Chapter 4.2.5). 

 

 

Figure 5.1. Transcriptome analysis of RNA-Sequencing data. Cuffdiff analysis 

was performed from RNA Sequencing data through the Cufflinks pipeline, as 

previously described (Trapnell et al., 2012).  

 

 

 



 

 5-53 

Table 5.1. DAVID analysis of differentially expressed proteins. 139 genes that 

were common in the clones and differentially expressed when compared to the 

parental line were functionally clustered with DAVID bioinformatics analysis (Huang 

da et al., 2009). The enrichment score is obtained from the geometric mean of each 

individual gene’s expression analysis systematic explorer (EASE) score, which is a 

modified fisher’s exact test (Huang da et al., 2007). 

 

Cluster Function Enrichment Score 

1 Adhesion 2.67 

2 Cytoskeleton Organization Regulation 2.43 

3 Cell junction 2.40 

4 Plasma membrane 2.29 

5 Serine Biosynthesis 2.16 

 



 

 5-54 

 

5.2.2  Western Blot Analysis of PI3K-pathway related proteins 

Previous IC50 data suggested cross-resistance to PI3K and mTOR family 

inhibitors (Table 4.1). Further investigation of PI3K pathway related proteins in the 

presence of BEZ235 might therefore yield clues to the resistance mechanism. Western 

blot analysis was conducted to determine the expression of PI3K pathway related 

proteins when exposed to graded BEZ235 concentrations for 24 hours (Figure 5.2). 

mTOR signaling was reduced in both the parental cells and the resistant clones when 

challenged with BEZ235 at all tested concentrations, as shown by reduced phospho-

S6RP (S235/236) and phospho-4EBP1 (T70) levels. Of note, the reduction in S6RP 

and 4EBP1 phosphorylation was greater in the clones than in the parental cells. Akt 

phosphorylation (S473) was still visible in the clones when exposed to the IC50 

concentration of the parental cells (0.3µM), whereas clear abrogation of 

phosphorylation was observed in the parental cells. This data suggests the clones have 

circumvented the effects of BEZ235 at the IC50 concentrations of the parental cells. 

Intriguingly, PTEN, the negatively regulator of PI3K signaling, showed reduced 

protein expression in the clones compared to the parental cells.  
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Figure 5.2. Western blot analysis of PI3K-pathway related proteins. Cells were 

exposed to increasing concentrations of BEZ235 and lysates collected at 24 hrs. 

Exposure to BEZ235 led to the reduction of PI3K signaling, as seen in reduced 

phosphorylation of Akt, S6RP, and 4EBP1. 
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5.2.3  Reverse Phase Protein Array (RPPA) 

The reverse phase protein array (RPPA) is an antibody-based technique that 

allows the expression of more than 180 proteins to be interrogated using minimal 

amounts of sample. Since the previous experiments did not identify any obvious 

resistance modulators, the clone and parental cell lysates were screened for basal 

protein expression using RPPA (Supplementary data file 5.3). Interestingly, Cyclin E, 

a mediator of G1 to S phase transition, was the top differentially expressed protein 

(Table 5.2). SRC, a tyrosine protein kinase that is a known activator of the PI3K 

pathway (Arcaro et al., 2007) was also one of the most overexpressed proteins.  

 

Table 5.2. Top 10 differentially expressed proteins as determined by RPPA. 

Protein lysates of parental and resistant clones were collected at 24 hours post seeding 

and analyzed by RPPA, an antibody based assay that probes for over 180 protein 

candidates. The data collected was normalized for protein loading and transformed to 

a linear value for further analysis. The percentage fold change is calculated as ratio of 

the difference in protein expression levels between clone and parental cells to the 

protein expression levels of the parental cells. 

 

Protein

Clone 5 % 
Compared to 
Parental

Clone 6 % 
Compared to 
Parental Direction

Cyclin E1 62.79% 57.17% �
β Catenin -57.94% -58.98% �
SRC 51.92% 54.80% �
RB (S807_S811) -49.94% -48.69% �
53BP1 49.52% 44.04% �
Bim 55.67% 32.82% �
Fibronectin -43.30% -43.59% �
MIG 6 37.86% 46.02% �
MGMT 52.59% 29.41% �
4EBP1 (T37 T46) -39.26% -41.34% �  
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5.2.4 Validation of candidate resistance mediators 

Western blot analysis was performed to validate the potential candidates 

identified by the RPPA screen. Since a recent publication identified C-myc as a 

possible candidate for BEZ235 resistance in breast cancer cells (Ilic et al., 2011), this 

oncogene was also included in the western blot screen. C-myc and SRC protein levels 

appeared to be similar across the parental cells and the resistant clones (Figure 5.4). 

However, cyclin E, the top differentially expressed protein in the RPPA screen (Table 

5.2), showed increased expression in the resistant clones compared to the parental 

cells.  

 

Figure 5.4. Validation of potential resistance candidates using western blot 

analysis.  Protein lysates of parental and resistant clones were collected at 24 hours 

post seeding and protein levels evaluated by western blot analysis. Three biological 

replicates was conducted, representative blot shown. 
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5.3 Summary 

Deep sequencing of the resistant clones did not reveal novel mutations in 

PIK3CA and mTOR, the target genes for BEZ235. However, novel mutations have 

been detected in other genes. Focused western blots showed that PI3K/mTOR 

signaling was reduced when challenged with BEZ235 in both the resistant clones and 

the parental cells (Figure 5.1). However, phosphorylation of serine 473, which is 

required for full activation of Akt, was clearly present in the clones even when 

challenged with the parental cell IC50 concentration of NVP-BEZ235. The 

downstream effectors of mTOR signaling, S6RP and 4EBP1, were markedly reduced 

across all tested concentrations of BEZ235. RPPA analysis revealed overexpression 

of cyclin E in the clones (Table 5.2), which was confirmed by independent western 

blot analysis (Figure 5.2). 
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6 Chapter 6: Discussion 

6.1 Summary of findings 

The PI3K pathway has been implicated in many cancers, including lung 

cancer. The PI3K/mTOR inhibitor BEZ235, developed by Novartis Pharma AG, is 

currently under evaluation in phase I/II clinical trials in solid tumors. However, drug 

resistance remains the biggest impediment to successful cancer therapy. The 

mechanism(s) of resistance to PI3K/mTOR inhibition in lung cancer are not well 

characterized. The current project sought to address this issue by firstly generating 

resistance in lung cancer cell lines (Chapter 3) followed by phenotype 

characterization (Chapter 4) and finally by the investigation of possible resistance 

mechanisms (Chapter 5). 

 

The first aim was to generate resistance in vitro to BEZ235 in a panel of 

NSCLC cell lines. The two most sensitive cell lines, H1703 and H1975, were exposed 

to IC50 concentrations of BEZ235 over a period of six months. Most published studies 

generate resistance in vitro by increasing the concentration of the compound over 

time. A fixed concentration approach was taken based on two reasons. Firstly, 

BEZ235 is a dual inhibitor that targets both PI3K and mTOR. It has been reported that 

BEZ235 inhibits mTOR signaling at lower concentrations and PI3K signaling at 

higher concentrations (Serra et al., 2008). Generation of resistance through increasing 

the concentration of BEZ235 may result in the targeting of mTOR during initial 

exposure to the drug and the targeting of PI3K in later stages. This could in theory 

lead to the undesirable outcome of having multiple resistance mechanisms present 

within the same cell line. Secondly, in the clinical setting, patients are generally 
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treated at a fixed dosage. Thus, a decision was taken to adopt a pharmacologically 

relevant approach in generating resistance to BEZ235. 

 

Resistance could not be generated in the H1703 cell line even after six months 

of continuous BEZ235 treatment (Figure 3.3). It is plausible that resistance may have 

been achieved if the cells were exposed for a longer period. However, due to time 

constraints it was decided to focus on H1975 for the characterization and elucidation 

of resistance mechanisms to BEZ235. H1975 contains a PIK3CA mutation (G118D) 

and also carries a double EGFR mutation (L858R and T790M). The PIK3CA hotspot 

mutation G118D has been observed in multiple tumor types 

(http://cancer.sanger.ac.uk/cosmic/mutation/overview?id=751). A recent publication 

has suggested that G118D may be an activating mutation (Burke et al., 2012). This 

was based on the similar in vitro results observed for a nearby mutation (G106V). 

More importantly, H1975 carries the distinctive EGFR T790M gatekeeper mutation, 

the most commonly reported resistance mechanism in EGFR TKI refractory lung 

cancers (Ma et al., 2011). PI3K is located downstream of RTKs and has been 

suggested a potential target for therapeutic intervention in tumors that are refractory to 

RTK inhibitors (Donev et al., 2011; Jegg et al., 2012). Thus, the elucidation of 

resistance mechanisms and the characterization of PI3K inhibitor resistant cells has 

major clinical relevance, particularly as several PI3K inhibitors are currently 

undergoing evaluation in clinical trials. 

 

H1975 cells were exposed to graded concentrations of BEZ235 (IC25, IC50, 

IC75) over a period of 6 months. Although the cells exposed continuously to IC75 of 

BEZ235 (AR75) achieved the greatest fold resistance compared to the parental cells, 
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these AR75 cells were unable to produced viable clones in the clonogenic survival 

assay (Figure 3.5). Thus, AR75 cells were not used in the generation of clones for 

subsequent investigations into resistance mechanisms. The 8 clones generated from 

cells exposed continuously to IC50 of BEZ235 (AR50) displayed a wide range of IC50 

values. Variations arise from homogeneous cell lines when a selection pressure, in 

this instance BEZ235, is introduced. Indeed, variations amongst clones have been 

documented in other studies of drug resistance (Wheeler et al., 2008).  

 

Two of the most resistant clones, clones 5 and 6, were used for further 

phenotypic characterization and resistance elucidation. To determine if the resistance 

was permanent or adaptive, these clones were passaged over a period of 1 year in 

BEZ235-free media and then screened for sensitivity to BEZ235 (Table 3.6). The 

clones maintained in drug-free media displayed a reduced fold resistance compared to 

clones maintained in the IC50 concentration of BEZ235, but were still markedly more 

resistant than the parental cells. 

 

The parental cells and clones 5 and 6 were screened against a panel of targeted 

compounds as well as compounds commonly used in the treatment of NSCLC (Table 

4.2). Cross-resistance to other catalytic PI3K and mTOR inhibitors was observed in 

the clones, suggesting class-mediated resistance to PI3K/mTOR inhibitors. 

Interestingly, the clones were slightly more sensitive to rapamycin, an allosteric 

mTOR inhibitor. This may be attributable to a different mechanism of inhibitory 

action. BEZ235 is a catalytic mTOR inhibitor, whereas rapamycin exerts its effect 

through allosteric means. As expected, both the parental cells and clones were 

insensitive to gefitinib inhibition due to the EGFR T790M mutation and as reported 
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previously (Kobayashi et al., 2005; Pao et al., 2005). No fold resistance was observed 

to cytotoxic agents such as cisplatin and docetaxel, thus eliminating the MDR 

phenotype as a possible resistance mediator. Cross-talk between the ERK and PI3K 

signaling pathways has been suggested as a possible resistance mechanism (Mendoza 

et al., 2011). However, no fold difference was observed when challenged with the 

MEK inhibitor PD98059, suggesting that activation of the alternate ERK survival 

pathway is not responsible for resistance to BEZ235. 

 

Western blot analysis confirmed the inhibitory effects of BEZ235 on 

Akt/mTOR signaling in the parental cells (Figure 5.2). More importantly, this 

inhibition was closely mirrored in the resistant clones, with the exception of Akt 

signaling as revealed by serine 473 phosphorylation at parental IC50 concentrations. 

The data suggests that Akt signaling is still present at lower BEZ235 concentrations 

and may play a role in the resistance against BEZ235. 

 

RNA deep sequencing was chosen over traditional gene expression 

microarrays due to its more accurate representation of absolute transcript levels (Fu et 

al., 2009) and its ability to detect novel mutations. RNA-seq analysis revealed 26 

novel significant mutations in the clones when compared to the parental cells 

(Supplementary data file 5.1). However, none of these mutations were associated with 

genes from the PI3K-Akt-mTOR signaling axis. As the mutations appeared in genes 

not associated with relevant cancer pathways, it is conceivable they arose as 

passenger mutations rather than as resistance mutations. Also, because they occur in 

both clones but not in the parental cells, it is likely they arose during the polyclonal 
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stage of resistance generation. This hypothesis can be confirmed by sequencing the 

mutation sites of the other generated clones.  

 

Transcriptome analysis revealed 131 differentially expressed genes between 

the clones and parental cells (Supplementary data file 5.2). As expected, there were 

far fewer differentially expressed genes between both clones (20), which suggest the 

resistant clones are more similar to each other than the BEZ235-sensitive parental cell 

line. This was further verified by a dendrogram generated by the CummeRbhund 

software in R studio (Supplementary figure 5.1). Combined analysis of RNA-seq 

transcriptome data and RPPA unfortunately yielded no overlap between differentially 

expressed genes and protein. The lack of correlation between the two data sets may be 

attributed to post-transcriptional and post-translational modifications. Also, the panel 

of RPPA proteins is a small subset compared to the RNA-Seq data, which is 

representative of the entire transcriptome. DAVID Bioinformatics (Huang da et al., 

2009) analysis of the differentially expressed genes clustered into functions such as 

adhesion, cytoskeleton organization and cell junction genes (Table 5.1). The 

identified clusters associate with the phenotypic findings of cellular migration, but 

seemed unlikely to be related with actual mediation of resistance. 

 

The RPPA screen of 180 proteins yielded several possible resistance 

mediators. SRC is a well known oncogenic protein implicated in the PI3K pathway 

(Datta et al., 1996). Its expression in the RPPA experiments was distinctly higher in 

the clones compared to parental cells (Table 5.2), however this result could not be 

reproduced with western blot analysis (Figure 5.3). RPPA analysis revealed Cyclin E 

as the top differentially expressed protein, with expression increased by 50-60% in the 
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resistant clones relative to parental cells (Table 5.4). The overexpression of cyclin E 

was further confirmed by western blot analysis (Figure 5.3). This protein is a mediator 

of the G1 to S phase transition and its overexpression has been reported in multiple 

tumor types (Courjal et al., 1996; Yamanouchi et al., 2001). Recently, cyclin E 

overexpression and amplification was implicated as a mechanism of trastuzumab 

resistance (Scaltriti et al., 2011). Cell cycle analysis also revealed a reduced G1 block 

in the resistant clones when challenged with BEZ235, in comparison to the parental 

cells (Figure 4.4). Together, the results obtained from cell cycle analyses and RPPA 

suggest that cyclin E overexpression may mediate resistance to BEZ235 in the 

resistant clones by circumventing the classical G1 block induced by BEZ235. 

 

6.2 Recent advances in the study of drug resistance to 
BEZ235 

Since the start of the present study on BEZ235 resistance in lung cancer, 

Roberts and colleagues have proposed a novel acquired resistance mechanism for 

PI3K/mTOR inhibition by BEZ235 (Ilic et al., 2011). Using human mammary 

epithelial cells (HMECs) immortalized by the expression of telomerase reverse 

transcriptase (hTERT) and dominant-negative p53 allele, these workers attempted to 

generate resistance by randomly mutating PIK3CA in plasmids, under an activating 

H1047R PIK3CA mutant background. The immortalized HMECs were exposed to 

increasing concentrations of BEZ235 over two months. Hypothesizing that the 

resistance may be mediated by the second site mutations in PIK3CA, the authors 

performed SOLiD next-generation sequencing (Applied Biosystems, Foster City, CA, 

USA) and uncovered two potential resistance mutations.  However, consistent with 

previous findings in which PIK3CA mutations were unable to mediate resistance 
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(Zunder et al., 2008), resistance could not be recapitulated when the mutations were 

introduced back into the parental HMECs. Since PIK3CA mutations did not explain 

the resistance, the authors performed genome wide copy number analysis and found a 

region of genomic amplification at 8q24. Coupled with data obtained from gene 

expression analysis, the authors identified MYC, a well-known oncogene, to be a 

potential candidate for BEZ235 induced resistance in HMECs. The overexpression of 

MYC in the resistant cells was also validated by fluorescence in-situ hybridization 

(FISH). Experiments were then conducted to demonstrate that MYC was sufficient 

and necessary for the resistance. 

 

The work by Ilic et al. led us to investigate whether MYC could be a mediator 

of resistance in the H1975 resistant lung cell clones. However, MYC expression was 

only moderately higher in the RPPA experiment (8.5% and 18.4% for clones 5 and 6, 

respectively) and in western blot analysis (supplementary data file 5.3 and Figure 

5.3). This moderate increase is unlikely to mediate BEZ235 resistance. Moreover, 

RPPA analysis identified higher differentially expressed proteins, some of which 

correlated with phenotypic observations. Consequently, these proteins were 

prioritized over MYC for the elucidation resistance to BEZ235 in H1975 lung cell 

lines. 

 

A group in Japan recently reported that insulin-like growth factor 1 receptor 

(IGF1R) could also be a possible mediator of resistance to PI3K inhibitor refractory 

cells (Isoyama et al., 2012). The group exposed 11 cell lines to ZSTK474, a class I 

PI3K inhibitor, over a period of one year. Four cell lines displayed resistance greater 

than ten fold, and were subsequently used in microarray analysis. Microarray data 



 

 6-66 

reported upregulation of IGF1R across all resistant lines, which was verified with 

western blot analysis. Knockdown of IGF1R by siRNA restored sensitivity to 

ZSTK474, establishing the role of IGF1R in mediating resistance to PI3K inhibitors. 

Of note, the authors reported that the resistance was reversible. The resistant cell lines 

lost their refractory potential to ZSTK474 after being cultured in drug free media for 

six months.  

 

Markers of sensitivity and resistance to targeted agents are actively 

researched, and carry great clinical implications. Indeed, molecular testing is required 

for prescribing recently approved targeted agents such as vemurafenib (BRAF V600E 

mutation) (Flaherty et al., 2011) and crizotinib (EML4-ALK translocation). A recent 

study identified potential biomarkers of sensitivity and intrinsic resistance to GDC-

0941, a class IA PI3K inhibitor (Kwei et al., 2012).  Using the NCI-60 cancer cell line 

panel, the authors performed microarray analysis and stratified the cell lines by GDC-

0941 sensitivity. As expected, activation and phosphorylation of the PI3K-Akt 

signaling axis was correlated to GDC-0941 sensitivity. Poly-ADP Ribose Polymerase 

(PARP), a marker of apoptosis, was also correlated with GDC-0941 sensitivity. The 

study also reported 2 novel markers of intrinsic resistance to PI3K inhibitors, O-

linked N-acetylglucosamine transferase (OGT) and dendrin (DDN). Sensitivity to 

GDC-0941 could also be reestablished in resistant cells through OGT and DDN 

siRNA mediated knockdown. Another group used isogenic cell lines in a novel 

multiplexed assay to identify modulators of intrinsic resistance to PI3K inhibitors 

(Muellner et al., 2011).  The group reported that the NOTCH pathway, via c-myc, 

could confer resistance to PI3K inhibitors. 
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Taken together, these studies demonstrate that cancer cells have multiple ways 

in evading PI3K-directed therapy, due to complexities and redundancies in signal 

transduction. Strikingly, c-myc has been implicated as mediator of resistance in both 

intrinsic and acquired BEZ235 refractory breast cancer cells. However, these events 

may be tumour specific. Further studies on resistance in PI3K inhibitors in other 

cancer types may shed light on this hypothesis. 

 

6.3 Limitations of experiments and alternative strategies 

As BEZ235 is currently under evaluation in phase I/II clinical trials, it remains 

to be seen whether the resistance mechanisms uncovered through in vitro means will 

be recapitulated in the clinic. The resistance mechanisms observed in in vitro studies 

have correlated reasonably well with resistance phenotypes documented in the clinic 

(Nazarian et al., 2010; Scaltriti et al., 2011). The use of xenografts in mouse models 

could be used to test the hypothesis generated by this project involving a role for 

cyclin E in resistance to BEZ235. The resistant clones would be implanted into mice 

and grown as xenografts over a generation. The xenografts would then be excised and 

characterized to determine if resistance could be replicated in vivo and whether the 

same resistance mechanisms are recapitulated in vivo. 

 

As mentioned previously, the PI3K/Akt/mTOR pathway has been suggested as 

a useful target for therapeutic intervention in tumors that are refractory to RTK 

inhibitors (Donev et al., 2011; Jegg et al., 2012). It would thus be useful to 

characterize the resistance phenotypes to PI3K inhibitor in EGFR inhibitor resistant 

cell lines. However, as H1975 carries a PIK3CA mutation that is purported to be an 

activating mutation (Burke et al., 2012) and the compound used is a PI3K/mTOR 
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inhibitor, it would be difficult to distinguish whether the PIK3CA mutation was 

contributing to the observed resistant phenotype and associated mechanisms. The 

inclusion of a lung cancer cell line such as CL97 that is EGFR T790M mutant and 

PIK3CA wild type in the study may help address this issue. 

 

6.4 Future Work 

Cyclin E has been identified in this study as a possible mediator of BEZ235 

resistance based on the data obtained from RPPA and cell cycle analyses. To 

determine if cyclin E is indeed responsible for resistance, several additional 

experiments are required. Firstly, siRNA knockdown of cyclin E in the resistant 

clones may demonstrate if cyclin E is necessary for BEZ235 resistance. Secondly, 

ectopic expression of cyclin E in the parental cells could also establish if cyclin E 

overexpression is sufficient to induce resistance to BEZ235. Also, it will be worth 

investigating if cyclin E can mediate intrinsic resistance by screening a panel of cell 

lines for BEZ235 sensitivity and cyclin E expression. The regulation of cyclin E also 

remains to be explored. Cytoscan (Affymetrix, Santa Clara, CA, USA) could be used 

to determine if genomic amplification is responsible for the increase in cyclin E 

protein expression. 

 

There are currently no therapeutic options that specifically target cyclin E. 

However, cyclin-dependent kinase (CDK) inhibitors are currently being evaluated in 

clinical trials (Cicenas and Valius, 2011). Targeting CDK2, the canonical binding 

partner of cyclin E (Koff et al., 1992), might be effective in treating BEZ235 acquired 

resistance with a signature of cyclin E overexpression. To demonstrate this, the IC50 

to CYC065, a novel CDK2 inhibitor (Scaltriti et al., 2011), will be determined in the 
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resistant clones and the parental clones. It is expected that the resistant clones will 

display greater sensitivity to a CDK2 inhibitor than the parental cells, due to the 

dependency on cyclin E to circumvent the resistance to BEZ235. 

 

6.5 Conclusions 

The major conclusions that can be drawn from this project are: 

1. Resistance to BEZ235 in the NSCLC cell line H1975 can be generated by 

continuous exposure to this agent. The two clones thus obtained exhibited a 

fold resistance of 7.21 and 6.11. 

2. The clones were also resistant to other single PI3K and mTOR inhibitors 

(Figure 4.2). However, resistance was not observed against other compounds 

such as gefitinib, cisplatin and docetaxel (Table 4.1). 

3. The clones showed a more aggressive phenotype for migration based on 

wound healing assays, respectively (Figure 4.4) 

4. Following treatment with BEZ235, cell cycle analysis revealed a reduced G1 

block in the resistant clones compared to parental cells (Figure 4.3) 

5. Cyclin E was identified as a potential candidate for mediating resistance based 

on RPPA analysis and cell cycle data (Table 5.2 and Figure 4.3). 

Overexpression of cyclin E was validated by western blot (Figure 5.4). 

Additional investigations are currently ongoing to define the exact role of 

cyclin E in mediating resistance to BEZ235 in human tumours. 
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