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Summary

Lung cancer is the leading cause of cancer related death in Ireland and much of the 

Western world. Despite advances in anti-cancer therapies, the overall 5 year survival 

for lung cancer remains poor, at less than 15%. As such it is crucial that we determine 

new strategies to overcome this formidable disease. Non-small cell lung cancer 

(NSCLC) refers to all histological subtypes of lung cancer other than small cell lung 

cancer, and accounts for -80%  of lung cancers. PI3K signalling can induce all eight 

hallmarks of cancer in NSCLC and other cancers, and as such a plethora of PI3K 

targeted inhibitors have been developed in recent years with a view to halting 

oncogenic signalling in cancer cells. Results of early phase PI3K targeted therapy 

clinical trials have been mixed, with innate and acquired resistance to RISK inhibition 

anticipated to be a major hurdle to overcome in the development of these drugs. As 

such, this project set out to interrogate the use of RISK inhibition in strategic NSCLC 

settings, with a view to identifying key phenotypes where RISK inhibition may be of 

particular use. Firstly, mutation status of the key RISK gene PIK3CA and other clinically 

relevant, related genes was profiled in 1S7 NSCLC patients and S NSCLC cell lines. 

Activation of RISK pathway proteins was then examined in vitro, identifying a significant 

upregulation of RISK signalling in PIK3CA mutant ceil line H1975. The efficacy of RISK 

targeted therapies GDC-0941 (a pan RISK inhibitor) and GDC-0980 (a pan RISK-mTOR 

dual inhibitor) were then assessed in the three NSCLC cell lines, with H1975 cells 

identified as the most sensitive cell line to RISK targeted treatment. The RISK pathway 

is known to interact closely with the MEK pathway, with complex cross-talk and

feedback regulation existing between the two pathways. As such, interest has

increased during the course of this project in co-targeting RISK and MEK in the

laboratory and clinical settings, with several early phase clinical trials now investigating

RISK and MEK inhibitor combination strategies. Here, we found that the combination of 

GDC-0980 with MEK inhibitor GDC-097S induced synergistic anti-cancer effects in 

vitro. The RISK pathway has previously been implicated in resistance to cisplatin, and 

as such we set out to target key signalling molecules in cisplatin resistant NSCLC cell 

lines which were previously generated in this laboratory. Here we found that NFkB is a 

superior target to RISK-mTOR in this setting, with promising results identifying 

significantly improved efficacy of NFkB inhibitor DHMEQ in cisplatin resistant cells 

compared with cisplatin sensitive cells. Finally, we set out to investigate the long term 

effects of GDC-0980 with a view to developing cell line models of resistance to the
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drug. Here we found that H1975 cells, which had initially been highly sensitive to GDC- 

0980, developed acquired resistance to the drug rapidly, within 4 months, H460 cells 

also developed resistance to GDC-0980 and these two models of acquired resistance 

were characterised in-depth, identifying several potentially exploitable mechanisms of 

resistance at play. Most notably, a specific protein was identified which is upregulated 

in GDC-0980 resistant cells. We have shown that inhibition of this protein by a specific 

novel targeted therapy causes a greater reduction in proliferation in resistant cells than 

matched parent cells. A miRNA signature of resistance to GDC-0980 has also been 

identified which will be validated with a view to developing a companion diagnostic that 

could be used to monitor patients on PI3K-mT0R inhibitor treatment.
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Chapter 1: General Introduction

1.1 Lung cancer
Lung cancer is a disease in which malignant cells form in the tissues of the lung. It is 

generally caused by smoking, and is the leading cause of cancer related death in both 

sexes in Ireland, representing 20% of cancer deaths (1).

1.11 Causes, sym ptom s and d iagnosis

The predominant risk factor for lung cancer is smoking, with smoking being directly 

linked to lung cancer in 79% of men and 90% of women (2). There had been a near 

40% reduction in lung cancer deaths in men between 1991 and 2003 in the USA, which 

can be attributed to smoking decreases in the past half century (3). However, lung 

cancer incidence has increased in women, which may be partly due to an increase in 

smoking in women (4, 5). Second hand smoke exposure is also a risk factor, as well as 

pre-existing non-malignant lung diseases such as idiopathic pulmonary fibrosis, chronic 

obstructive pulmonary disease and tuberculosis. Further known causes of lung cancer 

include occupational or environmental exposure to asbestos, radon, ionizing radiation, 

vinyl chloride, arsenic, chromium or nickel (6).

Symptoms of lung cancer include difficulty breathing, a change in a long term cough, 

repeated chest infections, wheezing, tiredness, coughing up blood-stained phlegm, 

chest pain, loss of appetite and loss of weight, difficulty swallowing and facial swelling. 

A patient with these symptoms will be initially evaluated physically and their family 

history will be assessed before laboratory testing is carried out for blood count, 

electrolyte, calcium, hepatic transaminases and alkaline phosphatase levels. Chest and 

upper abdomen computed tomography plus positron emission tomography scans will 

also be carried out in order to diagnose lung cancer.

The revised WHO lung cancer classification system, developed in 2011, recognises 

that most lung cancers are diagnosed on small biopsies or cytological specimens, 

rendering clear histological distinctions difficult. The new guidelines recognise the 

importance of identifying histological subtypes for the purposes of designing treatment 

protocols, and as such recommend that lesions be further characterized by a limited 

special stain work-up. Thyroid transcription factor-1 or napsin-A are used as markers 

for adenocarcinoma, and p40 or p63 are used to identify a squamous phenotype. 

These guidelines also recommend preservation of sufficient specimen material for
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appropriate molecular testing (e.g. EGFR or ALK) in order to guide therapeutic decision 

making (7, 8).

1.12 Pathology

Lung cancer is typically divided into small cell carcinoma and non-small cell lung 

cancer (NSCLC). Small cell carcinoma accounts for 20% of lung cancers, and can be 

subdivided into pure small cell carcinoma and combined small cell carcinoma. These 

forms of cancer are clinically aggressive, are often advanced at diagnosis and are 

associated with poor prognosis despite their responsiveness to chemotherapy (6). This 

project focuses on NSCLC, which accounts for 80% of lung cancers. Non-small cell 

lung cancer can be subdivided into adenocarcinoma, squamous cell carcinoma, large 

cell carcinoma, adenosquamous carcinoma, carcinoid and bronchial gland carcinoma. 

Adenocarcinoma is the most common form of lung cancer, accounting for 40% of lung 

cancers (6). Adenocarcinomas often occur in patients with underlying lung disease, 

and present as histologically heterogeneous peripheral masses that metastasize early. 

Subtypes of adenocarcinoma include acinar, bronchioalveolar, papillary, solid 

carcinoma with mucus formation and mixed (9). Squamous cell carcinomas account for 

around 25% of lung cancers (6), and are typically centrally located endobronchial 

masses that may present with hemoptysis, postobstructive pneumonia or lobular 

collapse (9). Large cell carcinomas account for 10% of lung cancers and are poorly 

differentiated. These tumours are large peripheral masses associated with early 

metastasis (6). Large cell carcinoma constitutes a number of subtypes, including large 

cell neuroendochne, basaloid, lymphoepithelial-like, and large cell with rhabdoid 

phenotype (9). Adenosquamous carcinoma, carcinoid and bronchial gland carcinoma 

each account for <5% of lung cancers (6). All histological subtypes of lung cancer can 

be found in current and former smokers, although squamous and small cell carcinomas 

are most commonly associated with heavy tobacco use (10).

1.13 Epidem iology

Lung cancer was the most commonly diagnosed cancer as well as the leading cause of 

cancer death in males in 2008 globally, while in females, it was the fourth most 

commonly diagnosed cancer and the second leading cause of death (5). Generally, 

lung cancer trends among females lag behind males because females starting smoking 

in large number several decades later than males (11). Lung cancer is the third most 

commonly diagnosed form of cancer in Ireland, with 2110 cases diagnosed per year 

(1). However, it is the leading cause of cancer death in Ireland, representing 18.1% of 

female and 22.4% of male cancer deaths (1693 total deaths in 2010, mortality rate of
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36.5 deaths per 100,000 per year) (1). Globally, lung cancer accounted for 1.6 million 

cases and 1.4 million deaths in 2008 (5). Lung cancer incidence and mortality in Irish 

females is substantially higher than the EU average, but rates in Irish males are lower 

than average (1). Lung cancer incidence and mortality rates for Irish females are 

continuing to rise unlike other cancer types (1). The average age at death from lung 

cancer in Irish females was 71.0 in 1995 (13.9 years of life lost to cancer) and 71.5 in 

2010 (15.5 years of life lost to cancer) (1). In Irish males, the average age of death 

from lung cancer was 70.0 in 1995 (11.6 years of life lost to cancer) and 71.0 in 2010 

(13.3 years of life lost to cancer) (1). Irish female lung cancer mortality rates are 34% 

higher than the EU average (1). The 5 year survival for lung cancer in both sexes in 

Ireland is less than 20% (1).

1.14 Staging

The TNM classification of malignant tumours is a staging system that describes the 

extent of a person’s cancer. T  describes the size of the original (primary) tumour and 

whether it has invaded nearby tissue. 'N' describes nearby (regional) lymph nodes that 

are involved. ‘M’ describes distant metastasis. The seventh edition of the TNM 

classification was enacted in 2010, an overview of which can be seen in Table 1.1 (12, 

13). The five year survival for patients with stage lA (T1N0M0), stage IB (T2, NOMO) 

and stage IIA (T1N1M0) lung cancer exceeds 50% (13). More than 75% of NSCLC 

cases are diagnosed at an advanced stage (IIIA-IV) (14).
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T and M 
Descriptor

Stage
NO N1 N2 N3

Tia lA IIA NIA MIB
Tib lA IIA NIA MIB
T2a IB IIA (IIB) NIA MIB
T2b IIA (IB) IIB IIIA NIB
T3 IIB (IB) MIA (IIB) MIA NIB
T3 MB MIA MIA MIB
T3 IIB (NIB) MIA (NIB) MIA (NIB) MIB
T4 MIA (NIB) MIA (NIB) NIB MIB
T4 MIA (IV) MIA (IV) NIB (IV) NIB (IV)
M1a IV (NIB) IV (MIB) IV (MIB) IV (MIB)
Mia IV IV IV IV
Mib IV IV IV IV

Table 1.01 TNM staging (seventh edition) for lung cancer

The seventh edition of the TNM staging for lung cancer was enacted on the 1®' of 

January, 2010. T, tumour; N, node; M, metastasis.
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1.2 Lung cancer treatment

When diagnosed early, surgery is the main therapeutic intervention for lung cancer. 

Out of the 9816 cases of lung cancer diagnosed in Ireland between 2005-2009, 15.8% 

of patients were treated with surgery, 33.8% with chemotherapy, 39.8% with 

radiotherapy and 36.8% were not treated (1).

1.21 Surgery

Types of lung cancer surgery include the lobectomy (removal of a lobe of the lung), 

segmentectomy (removal of an anatomic division of a particular lobe of the lung), 

pneumonectomy (removal of an entire lung), wedge resection, sleeve/bronchoplastic 

resection and video assisted thoracic surgery (VATS) lobectomy (minimally invasive 

approach to lobectomy that may allow for diminished pain, quicker return to full activity, 

and diminished hospital costs). Surgical resection via lobectomy is the standard of care 

in early stage NSCLC, with the goal being complete anatomic resection of the tumour 

and mediastinal lymph node evaluation (15). In patients with stage I NSCLC who 

present with comorbid disease, lobular or greater lung resection may not be tolerated, 

and as such segmentectomy/anatomical resection is recommended over non-surgical 

interventions (16). In stage IMA, NIB and IV NSCLC patients, surgical resection may be 

carried out in addition to adjuvant or neoadjuvant chemotherapy or radiotherapy (14).

1.22 C hem otherapy and radiotherapy

The use of pre-operative or post-operative chemotherapy or radiation therapy in stage I 

NSCLC is not recommended by small randomized studies (16). Adjuvant platinum- 

based chemotherapy is the standard of care for completely resected high-risk stage IB 

and stage II NSCLC based on a -5%  improvement in overall survival (15). The 

administration of post-operative radiotherapy for the improvement of survival is not 

recommended in patients who undergo radical resection of stage II tumour with N1 

lymph node metastasis (16). Patients with stage II NSCLC who are not candidates for 

surgery due to comorbidities may be considered for chemo-radiotherapy strategies 

(16). Patients in stage IMA are usually given a mediastinal lymphadenectomy followed 

by treatment with platinum-based adjuvant chemotherapy, while patients with proven 

N2 involvement can be treated by induction chemotherapy followed by surgery followed 

by platinum-based chemo radiotherapy (16). Stage NIB patients are typically 

considered for concurrent chemo radiotherapy approaches, and will generally only 

undergo surgery as part of a clinical trial (16). Patients with advanced NSCLC stage 

IIIB-IV are treated with the

5



a) b)

NHs 

C \^  ^NHa

OH

OH

C) d)

H '
IM|

N N-
A  J

HjN N N OH

\

e)

HO

NH

Figure 1.01 Anti-cancer drugs used in this study

a) c/s-diamminedichloroplatinum(ll) (cisplatin); a chemotherapeutic agent

b) dehydroxymethylepoxyquinomycin (DHMEQ); an inhibitor of NFkB

c) GDC-0941; a pan-PI3K inhibitor

d) GDC-0980; a dual PI3K-mT0R inhibitor

e) GDC-0973 (XL518, cobimetinib); a MEK inhibitor
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intention of prolongation of life, the palliation of symptoms and the improvement of 

quality of life (16).

1.24 Cisplatin sensitivity and resistance in NSCLC

Platinum-based antineoplastic drugs are commonly used in NSCLC treatment 

protocols. Cisplatin, c/s-Diamminedichloro-platinum(ll), was the first such drug to be 

developed, and is investigated in this project (Figure 1.1). Other platinum based 

antineoplastic drugs include carboplatin, oxaliplatin, satraplatin, picoplatin, nedaplatin, 

triplatin and lipoplatin. Platinum complexes bind to DNA, causing cross-linking which 

ultimately triggers apoptosis. The different platinum-based drugs can have varying 

toxicity profiles, which are taken into account when designing treatment protocols (17).

Platinum-based drugs are often prescribed in combination with pemetrexed (a folate 

antimetabolite) or gemcitabine (a nucleoside analogue). Pemetrexed is now known to 

only be active in nonsquamous NSCLC, but not squamous or small cell lung 

carcinoma, emphasizing the need for specific histologic diagnosis for therapy selection 

(18, 19).

20-40% of patients with advanced NSCLC experience a partial response to cisplatin 

based combination therapies, though most of these will relapse within six months (20- 

22). Resistance to cisplatin has been studied in vitro by prolonged exposure to the 

drug. Mechanisms of resistance are typically multifactorial and can occur before or 

after DNA binding. Mechanisms include reduction of DNA damage by reduced binding, 

reduced influx of the drug and inactivation by thiol-containing species such as 

glutathione, alterations in DNA repair pathways and alterations in apoptotic pathways 

(20). PI3K-NFkB pathway activation has also been shown to play a role in resistance to 

cisplatin, as discussed in section 1.51.

1.23 Targeted therapy

Lung cancer is a heterogeneous disease and often several signalling pathways are 

driving the oncogenic behaviour of tumours. Several key “driver” genes are mutated in 

NSCLC including, epidermal growth factor receptor (EGFR), anaplastic lymphoma 

kinase (ALK), KRAS, human epidermal growth factor receptor 2 (HER2), v-raf murine 

sarcoma viral oncogene homolog B1 (BRAF), MET, phosphatidylinositol 3-kinase
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Figure 1.02 Frequency of mutation in NSCLC

Several key ‘driver’ genes are mutated in NSCLC, including KRAS and EGFR. A 

number of these have been targeted therapeutically in the laboratory and the clinic 

(23).
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Gene Alteration Frequency 
in NSCLC

Drug Development

AKT1 Mutation 1-2% Drugs in clinical development
ALK Rearrangement 3-7% Drugs approved in NSCLC
BRAF Mutation 1-3% Drugs approved in other cancers
DDR2 Mutation -4% Drugs approved in other cancers
EGFR Mutation 10-35% Drugs approved in NSCLC
FGFR1 Amplification 20% Drugs in clinical development
HER2 Mutation 2 ^ % Drugs approved in other cancers
KRAS Mutation 8-21% Drugs in clinical development
LKB1 Mutation 9-33% Drugs in clinical development
MEK1 Mutation 1% Drugs in clinical development
MET Amplification 2 ^ % Drugs approved in NSCLC for ALK  

subtype
NRAS Mutation 1% Drugs in clinical development
PIK3CA Mutation 2-5% Drugs in clinical development
PIK3CA Amplification 12-20% Drugs in clinical development
PTEN Mutation 4-5% Drugs in clinical development
PTEN Loss 24-44% Drugs in clinical development
RET Rearrangement 1% Drugs approved in other cancers
R0S1 Rearrangement 1% Drugs approved in NSCLC for ALK  

subtype

Table 1.02 Frequency of gene alteration In NSCLC

Genetic alteration through mutation, loss, amplification or rearrangement is observed at 

varying frequencies in NSCLC. Gene alterations are noted where drugs targeting these 

alterations are either approved or in clinical development for NSCLC and other cancers 

(23).
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catalytic a (PIK3CA), AKT and mitogen-activated protein kinase kinase 1 (MAP2K1) 

(Figure 1.2). In fact, these genes contribute to the pathogenesis of several cancer 

types. Other aberrations such as variation in gene copy numbers, translocations 

between genes and single nucleotide polymorphisms (SNPs) can occur in a proportion 

of cells within a tumour. These aberrant genes are obvious targets for inhibition and 

thus the design of drugs that will selectively block these oncogenic varieties while 

sparing their normal counterparts seems like the ideal strategy to annihilate these 

rogue cells. A table summarising the frequency of mutations and availability of targeted 

therapies in NSCLC is shown below (Table 1.2). However, there is no guarantee that 

only the oncogenic variant is druggable, and like all targeted therapies the cancer cell 

will eventually activate alternative signalling pathways to evade these targeted 

inhibitors.

Epidermal growth factor receptor (EGFR) mutation is present in adenocarcinoma, and 

is associated with a favourable response to EGFR tyrosine kinase inhibitors (TKIs) 

such as Gefitinib (24). Anaplastic lymphoma kinase (ALK) fusions are also limited to 

adenocarcinoma, and are associated with a favourable response to dual cMET/ALK 

inhibitor Crizotinib. Current guidelines recommend initial EGFR and ALK testing in 

patients with adenocarcinoma or mixed tumours with adenocarcinoma components 

(10, 25). A summary of the targeted therapies currently under investigation and/or 

approved for use in NSCLC is shown in Figure 1.3.

A recently published study by Tsimberidou and colleagues describes a personalised 

medicine program undertaken, at the MD Anderson cancer centre, in the context of 

early clinical trials, which involved using targeted agents matched with tumour 

molecular aberrations (26). Of 1,144 patients analysed, 460 (40.2%) had 1 or more 

aberration. Patients with one aberration treated with a matched therapy (n =175), 

compared with treatment without matching (n = 116) were associated with a higher 

overall response rate (27% vs. 5%; P < 0.0001), longer time-to-treatment failure (TTF; 

median, 5.2 vs. 2.2 months; P < 0.0001), and longer survival (median, 13.4 vs. 9.0 

months; P = 0.017). These data, although not randomized and patients had diverse 

tumour types and a median of 5 prior therapies, are extremely encouraging and 

represent a promising future for targeted therapies.
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Figure 1.03 Targeted therapies in NSCLC

A plethora of targeted agents are currently under investigation for use in NSCLC, 

though only 3 forms of inhibitor have been FDA approved for use in the disease. These 

are EGFR inhibitors, VEGFA/EGFR inhibitors and EML4-ALK fusion protein inhibitors.

a) First generation pan PI3K inhibitors GDC-0941 which will be used in this 

project, as well as XL147 and PX-866.

b) Second generation dual PI3K-mT0R inhibitors include GDC-0980 which will be 

used in this project, as well as BEZ235 and XL765

c) MEK inhibitors include GDC-0973 which will be used in this project, as well as 

CL-1040, AZD6244 and Selumitinib (23).
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1.3 PI3K Signalling

Phosphatidylinositol 3-kinases (PI3Ks) were discovered by Lewis Cantley and 

colleagues, who first published on their association with the polyoma middle T protein 

in 1985 (2987699). PISKs have since been shown to be signal transducer enzymes 

that have the ability to phosphorylate the 3 position hydroxyl group of the inositol ring of 

phosphatidylinositol and phosphoinositides. The signals that PI3K family members help 

to potentiate induce the cell to grow, differentiate, proliferate, and help with survival, 

motility and intracellular trafficking (Figure 1.4). As such, these enzymes are strongly 

implicated in the development of malignant behaviour, and have been studied 

extensively in oncology. The PI3K/AKT/mT0R pathway has been implicated in lung 

tumourigenesis, with mutations, amplifications and epigenetic alterations reported at 

various points in the cascade (27).

1.31 PI3K classes and isofornns

There are three classes of PI3K enzymes. Class 1A PISKs are most implicated in 

human cancers, and consist of a regulatory subunit and a catalytic subunit, as a 

heterodimeric lipid kinase. There are five regulatory subunits which may associate with 

Class 1A PI3K catalytic subunits. These are p85a, p85p, p55a, p55(3 and p50a. p85a is 

encoded by the PIK3R1 gene, which is often found to be somatically mutated in 

cancers including NSCLC as well as ovarian and colon tumours, with decreased 

expression indicating a tumour suppressing role for the gene (28, 29).

The catalytic subunit of Class 1 PI3Ks, p i 10, occurs in four isoforms, p i 10a, p110p, 

p i 106 (Class 1A) and p llO y  (Class IB). The p i 10a isoform is encoded by PIK3CA, 

which is frequently somatically mutated in human cancers (30). PIK3CA is frequently 

amplified (12%-20%) or mutated (2%-5%) in NSCLC, and is associated with increased 

AKT activity (27, 31-37). PIK3CA amplification is more frequently observed in 

squamous cell carcinoma (SCC) than adenocarcinoma (AC) (Table 1.3). PIK3CA 

mutations frequently coexist with EGFR/KRAS mutations (38), and PIK3CA mutations 

have recently been identified as a possible predictive biomarker for adjuvant aspirin 

therapy in colorectal cancer (39). p110(3 has been shown to be amplified in 5% of 

serous epithelial ovarian cancers (40), and roles for this isoform have also been 

described in breast cancer (41) and PTEN-deficient cancer cell lines (42). While p i 10a 

and p i lOp both commonly occur in all tissues, p i 106
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Figure 1.04 PI3K signalling has far reaching effects on cell survival and 
proliferation

Activation of PI3K by RAS, GPCRs or RTKs induces signalling through the PI3K-AKT- 

mTOR cascade. This process can be halted by PTEN, which dephosphorylates PIP3 to 

produce PIP2. AKT activation regulatesa number of cellular functions including 

transcription, translation, proliferation and apoptosis, all of which can be dysregulated 

in cancers such as NSCLC. Arrows represent activation; bars represent inhibition (43).
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expression is restricted largely to the immune system, being principally expressed in 

leukocytes. p1105 activity is associated with neutrophil trafficking, activation and 

recruitment, mast cell degranulation, natural killer (NK) cell terminal maturation, 

cytokine/chemokine generation and regulation of antibody production, and has been 

identified as a drug target for immunosuppressive treatment strategies in areas such as 

graft rejection and autoimmunity (44-46). Activity of any of the Class 1 PI3Ks has been 

shown to sustain cell proliferation and survival, and although PIK3CA/p^ ^0a is the only 

isoform to be commonly mutated in human cancers, recent evidence supports roles for 

each family member in the development and maintenance of the malignant phenotype 

(47-49).

1.32 PI3K activation

Growth factor stimulation of receptor tyrosine kinases (RTKs) results in Class 1A 

PI3K activation, due to the regulatory subunit binding to phosphotyrosine residues on 

the RTK (or on its adaptor proteins), and thus releasing the p i 10 catalytic subunit (50). 

The p i 10 subunit can then translocate to the plasma membrane where its substrate, 

phosphatidylinositol 4,5-bisphosphate (PIP2), resides. PI3K can also be activated by 

RAS, which binds directly to the p i 10 subunit, or by G-protein coupled receptors, which 

again activate the p i 10 subunit (51). PIP2 is phosphorylated by PI3K on its 3’OH, to 

produce PI(3,4,5)P3 (PIP3).

Signalling can be halted at this stage by dephosphorylation of PIP3 to PIP2 by tumour 

suppressor phosphatase and tensin homolog deleted on chromosome 10 {PTEN). 

Unsurprisingly, homozygous and heterozygous deletions of PTEN have been observed 

in human cancers, including lung cancer (Table 1.3) as well as ovarian, prostate, 

thyroid and liver cancers, leukaemia, lymphoma and melanoma (33, 52-54). PIP3 once 

activated, propagates the signal by bringing PDK1 and AKT into close proximity, 

allowing PDK1 to activate AKT by phosphorylation.

1.33 AKT

AKT is a member of the AGC (PKA/PKG/PKC) protein kinase family. Activated AKT (p- 

AKT) has been shown to be present in 43-90% of NSCLC cases and in up to 50% of 

SCLC cases (55), with mutations in AKT1 present in 1% of lung cancers (Table 1.3) 

(56-59). Data published in 2013 identified AKT activation in 13 of 80 NSCLC cell lines, 

with 12 of these 13 lines harbouring mutations in EGFR or HER2, amplification of 

PIK3CA, or loss of PTEN (60).
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Adenocarcinoma Squamous Cell

Carcinoma 

AKT1 <1% 1%

PIK3CA 2% 2-7%

(Amplifications: 6-19%) (Amplifications: 33-70%) 

PTEN 1% 6%

(Loss 77%) (Loss 70%)

LKB1 8-54% 27%

Large Cell Carcinoma

Unknown

3%

(Amplifications: 38%) 

3%

(Loss 62%)

43-50%

Table 1.03 PI3K pathway alteration status across NSCLC subtypes

PI3K pathway alterations and subsequent activation of the pathway vary across 

NSCLC subtypes. Histological subtypes with higher proportions of PI3K related 

aberrations may respond better to PI3K pathway targeted therapies (43).
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Once activated, AKT can help the cell to display malignant characteristics in several 

w/ays. It promotes cell survival by inhibiting BAD and BAX, two proapoptotic Bcl2 family 

members. AKT also phosphorylates Mdm2, resulting in antagonization of p53-mediated 

apoptosis, as well as negatively regulating forkhead transcription factors, resulting in 

reduced production of cell-death promoting proteins (61).

1.34 mTOR

The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that, when 

activated as part of the PI3K/AKT/mT0R cascade, can regulate cell cycle and inhibit 

apoptosis. The mTOR protein kinase nucleates two distinct multiprotein complexes, 

mTOR complexi and 2 (mTORCI and mT0RC2) that regulate cell growth and 

prosurvival kinase AKT. mTOR promotes tumourigenesis by activation of the 

downstream elF4 complex, and mTOR activity has been correlated with lymph node 

metastasis. Our laboratory has shown mTOR to be a poor prognostic factor in early 

stage NSCLC (62). Activated mTOR (p-mTOR) has been shown to be present in up to 

90% of AC, 60% of large cell carcinoma (LOG) and 40% of SCO cases. It is important 

to note that there is no clear correlation between p-AKT and p-mTOR levels in NSCLC, 

and that mTOR can be activated regardless of the status of AKT (63).

1.35 NFkB

Nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) is a transcription 

factor and a central node in many signalling cascades. NFkB can be activated through 

several mechanisms, including through the PI3K/AKT/mT0R pathway, where AKT 

impedes the negative regulation of NFkB by IkB family members, principally IkBq . 

Once activated, NFkB translocates to the nucleus and IkBq is degraded in the ubiquitin 

proteasome. In the nucleus, NFkB activates the transcription of kB dependent genes, 

one of which is IkBq. Newly synthesized IkBq is responsible for post-induction 

repression of NFkB, through the removal of NFkB from DNA, and transportation of the 

transcription factor back to the cytoplasm (Figure 1.05).

NFkB regulates the expression of hundreds of genes involved not only in apoptosis but 

also cell cycle, immune modulation, cell survival, cell adhesion and differentiation (64). 

NFkB signalling has been shown to be required in a mouse model of NSCLC (65), and 

the transcription factor has been strongly implicated in carcinogenesis, and constitutive 

activation of the transcription factor is frequently observed in cancers such as breast.
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colon, prostate & lymphoid (66), with this constitutive activation correlating with a poor 

prognosis and resistant phenotype. We and others have shown that NFkB is implicated 

in resistance to cisplatin (67, 68).
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Figure 1.05 The NFkB-IkBq feedback loop

PI3K-AKT-mT0R activation leads to regulation of proliferation, apoptosis, angiogenesis 

and other key cellular processes, through the transcription of hundreds of target genes 

by NFkB. Inactive NFkB is bound by its inhibitor IkBq in the cytoplasm, until activation 

leads to dissociation of the two proteins and proteosomal degradation of IkBq . NFkB is 

then free to translocate to the nucleus where it acts as a transcription factor. One of 

NFkB’s many target genes is IkBq, which removes NFkB from the nucleus, returning it 

to its original inactive form in the cytoplasm. GDC-0980 is a dual PI3K-mT0R inhibitor. 

DHMEQ (Figure 1.1) is an inhibitor of NFkB translocation to the nucleus (69).

18



Inhibitor Target Phase (lung) Availability
Wortmannin Class 1 PI3K - -

LY294002 Class 1 PI3K - -

GDC-0941 Class 1 PI3K 11(11) Oral
BKM120 Class 1 PI3K l(-) Oral
PX-866 Class 1 PI3K 11(11) Oral
XL147 Class 1 PI3K 11(1) Oral
BYL719 p110a 11(11) Oral
INK1117 p i 10a 1(1) Oral
CNX-1351 p i 10a - -

GSK-2636771 p IlO p 11(11) Oral
SAR26G301 p IlO p 11(11) Oral
CAL-101 p i 106 III (-) Oral
AMG319 p i 106 l(-) Oral
RP-5237 p1105 - -

X-339 p1106 - -

XL-499 p1106 - -

RP-5090 p i 106 - -

KAR-4141 p i 106 - -

GDC-0032 p i 10a, p ilO y, p i 106 1(1) Oral
Rapamycin/Sirolmus m lO R C I IV (II) Oral
RADOOI/Afinitor/Everolimus mTORCI IV (II) Oral
Temsirolimus/Toricel mTOR IV (II) Intravenous
Ridaforolimus/MK-8669 m lO R 111(11) Oral
Perifosine/KRX-0401 AKT 111(11) Oral
MK-2206 AKT 11(11) Oral
GDC-0068 AKT 11(1) Oral
BEZ235 PI3K (Class 

mT0RC1/2
1) & 11(1) Oral

GDC-0980 PI3K (Class 
mT0RC1/2

1) & 11(1) Oral

XL765 PI3K (Class 
mTORC1/2

1) & 11(1) Oral

OSI-027 4EBP1,
mT0RC1/2

AKT, 1(1) Oral

Velcade NFkB (indirect) IV (II) Intravenous

Table 1.04 PI3K pathway inhibitor development

PI3K pathway targeted therapies currently in development are noted along with their 

target, phase of clinical development and availability (43),
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1.4 PI3K Targeting in NSCLC

The downstream signalling effects of the PI3K/AKT/mT0R pathway can contribute to 

all eight hallmarks of cancer -  in particular when signalling occurs through NFkB. 

Specific targeting of strategic signalling molecules involved in this pathway has been 

investigated as a potential therapeutic intervention strategy for several cancers. 

Specific inhibitors of mTOR, PI3K, AKT and NFkB have all been investigated in the 

laboratory and clinical setting for effectiveness in NSCLC, with more recent strategies 

involving a combined treatment approach, or second line treatment with these targeted 

inhibitors following progression on chemotherapy regimens (43).

Phase I studies investigating the safety and tolerability of PI3K inhibitors have 

highlighted a number of side effects associated with this form of targeted therapy. 

Common gastrointestinal toxicities include diarrhoea, nausea and vomiting. Rash and 

hyperglycemia have also been reported in patients treated with PI3K inhibitors, as well 

as mood changes due to the ability of these compounds to cross the blood-brain barrier 

(70-74).

Here five different types of PI3K pathway inhibitors are introduced, including: PI3K 

inhibitors, mTOR inhibitors, AKT inhibitors, dual PI3K/mT0R inhibitors and NFkB 

inhibitors (Table 1.4), as well as co-targeting strategies involving the combination of 

these various inhibitors with each other and with inhibitors of MEK and EGFR.

1.41 PI3K (pan) targeting

Widely used ATP-competitive inhibitors of PI3K in the laboratory setting include 

wortmannin and LY294002. These inhibitors have shown anti-proliferative and pro- 

apoptotic effects in preclinical in vitro and in vivo studies, however high levels of 

toxicity, insolubility in water, poor pharmaceutical properties and lack of selectivity for 

oncogenic isoforms of Class I PI3K, have all hampered their progression to human 

trials (75-77). However, the structure of LY294002 has been exploited in the design of 

a number of PI3K inhibitors for clinical use (78, 79). A number of pan-Class I PI3K 

inhibitors have been investigated in both the laboratory and clinical settings, with 

varying levels of success. These inhibitors, along with isoform specific PI3K inhibitors 

and other drugs targeting the PI3K and MEK pathways are illustrated in Figure 2.
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Pan-Class I PI3K inhibitors include GDC-0941 (Figure 1.1), PX-866, BKM-120, XL-147 

and GNE-317. These are typically referred to as ‘first generation’ PI3K inhibitors. GDC- 

0941 is investigated in this study, and is also currently being investigated in clinical 

trials (80, 81), with preclinical data supporting PIK3CA mutations and PTEN loss as 

predictive biomarkers of response to the drug in lung, breast, and other solid tumours 

(82-84). To date, 13 trials are ongoing, mainly in NSCLC and breast cancer. A Phase II 

trial combining carboplatin/paclitaxel & carboplatin/ paclitaxel /bevacizumab with and 

without GDC-0941 in patients with previously untreated advanced or recurrent NSCLC 

began on December 14 2011, at 75-100 sites (85).

PX-866 has been shown to potently inhibit cell growth and motility in three-dimensional 

cultures (86). PX-866 has also been shown to overcome resistance to gefitinib in A549 

cell NSCLC xenografts, where complete growth control was observed in the early 

stages of treatment (87). PIK3CA mutations and PTEN loss predict sensitivity to PX- 

866. while the presence of mutant oncogenic RAS confers resistance to the drug, even 

in tumours bearing co-existing mutations in PIK3CA (88). This inhibitor has been 

brought forward to the clinical setting, with 7 trials ongoing including a Phase I/ll study 

of the use of the inhibitor with/without docetaxel in NSCLC (89). BKM120 is active 

against most PIK3CA mutations, but does not significantly inhibit mTOR or Vps34 (90, 

91). Preclinical studies in multiple myeloma primary cells and cell lines identified the 

anti-proliferative and pro-apoptotic effects of this pan-PI3K inhibitor, which has also 

shown evidence of target inhibition and preliminary anti-tumour activity in Phase I dose 

escalations studies (70, 92). XL147 is an ATP-competitive reversible Class I PI3K 

inhibitor which has shown dose-dependent inhibition of growth in human cancer cell 

lines with constitutive PI3K activation (93). To date there have been 13 trials involving 

use of this drug, 3 of which have included NSCLC patients. The drug is being 

investigated in combination with other treatments such as paclitaxel, carboplatin and 

erlotinib. Optimization of the physiochemical properties of PI3K inhibitors lead to the 

identification of GNE-317, a compound which can cross the blood-brain barrier. GNE- 

317 treatment led to decreased PI3K pathway signalling in the brain, tumour growth 

inhibition and survival benefit in murine models of glioblastoma (94).

1.42 PI3K (isoform  specific) targeting

With the far reaching effects of PI3K signalling, one way to more selectively inhibit 

malignant cells while potentially minimising off-target effects is to target specific
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isoforms of p110 rather than broadly inhibit all C lassi PI3Ks. In order to achieve this, a 

third generation of PI3K pathway inhibitors has been developed.

BYL719 and INK1117 are p110a specific inhibitors v\/hich are currently in early phase 

clinical trials, though no detailed reports of their in vitro or in vivo efficacies have been 

published as of yet. In a recent study CNX-1351, a selective covalent inhibitor of 

p110a, has been shown to exert anti-proliferative effects in vitro and the authors 

hypothesize that the prolonged inhibition of p110a, coupled with its isoform specificity, 

could enable less frequent dosing and minimized side effects, giving the potential for a 

strong therapeutic index for the compound (95). However, while the role of p110a in 

insulin signalling is kinase-dependent, Jia et al, suggested in 2008 that p110p has 

kinase-independent roles in cell proliferation, endocytosis and potentially glucose 

homeostasis, which are distinct from its kinase-dependant role in tumourigenesis. As 

such, p110p could represent a more promising target for therapeutic inhibition with 

minimal side-effects (96-99). GSK2636771 is a p110p selective inhibitor which has 

progressed to Phase II clinical trials to treat advanced solid tumours with PTEN 

deficiency, though no detailed in vitro or in vivo has been published on the compound 

to date (100). Another p i 103 selective inhibitor, SAR260301, is also currently being 

investigated in a Phase I clinical trial for solid tumours, although no preclinical data has 

been published for this compound to date either (100, 101).

CAL-101 (GS-1101) is a p i 106 selective PI3K inhibitor, which has been investigated in 

the laboratory in the area of malignant B-cell proliferation and survival. The drug was 

shown to block constitutive PI3K signalling, and treatment of cell lines resulted in 

reduced pAKT levels. It has been suggested that selective inhibition of p1106 may 

reduce the adverse side effects that could result from non-selective PI3K inhibition, 

while maintaining a block on constitutive oncogenic signalling. It is also thought that 

inhibiting p i 106 may succeed in blocking tumour microenvironment survival signal 

transduction in the cell (102). There are 11 trials ongoing for this drug in both Phase I 

and II, mainly in lymphomas and leukaemias. At the time of publication, data on CAL- 

101 in solid tumours has not yet been published either in the laboratory or the clinical 

setting. AMG319 is a p1106 inhibitor which is currently in Phase I clinical trials for use 

in lymphoid malignancy (103). Other p1106 inhibitors currently in preclinical 

investigation include RP-5237, X-339 and XL-499 for use in cancer, and RP-5090 and 

KAR-4141 for use in asthma and inflammation, respectively (103).
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Genentech have hypothesized an alternative method of targeting the p110 isoforms 

wherein p110a, pHOy and p i 105 are inhibited but p i 10(3 is not. This investigation has 

led to the development of Taselisib (GDC-0032), a ‘beta sparing’ inhibitor, which has 

been shown to be effective in preclinical PIK3CA mutated and HER2 amplified models 

(104, 105). Results from a recently completed GDC-0032 Phase la clinical trial were 

presented at AACR 2013, where 3 out of 5 patients with PIK3CA mutated breast 

cancer had partial responses to the drug (106). Further data presented at AACR 2014 

implied a promising role for the drug in patients whose tumours bore mutations in 

PIK3CA but lacked alterations in PTEN (107).

1.43 mTOR targeting

mTOR plays a critical role in cell growth and proliferation, and dysregulation of this 

kinase has been strongly associated with carcinogenesis. Inhibition of this molecule 

has been investigated as a potential anti-cancer therapy, with applications in NSCLC 

(reviewed in (108)). First generation mTOR inhibitors are known as rapalogs, or 

analogs of rapamycin. It is important to note that this family of drugs target the 

mTORCI complex specifically, and not mT0RC2.

Rapamycin/sirolimus is an immunosuppressive macrocyclic lactone produced by 

Streptomyces hygroscopicus. The drug was originally administered in order to prevent 

organ rejection; however with the increased knowledge of mTOR’s role in oncogenesis 

and tumour progression, it has since been investigated as an anti-cancer therapy. In 

cells, sirolimus binds to the immunophilin, FK Binding Protein-12 (FKBP-12), to 

generate an immunosuppressive complex, which binds to and inhibits the activation of 

mTOR. This inhibition suppresses cytokine-driven T-cell proliferation, inhibiting the 

progression from the G1 to the S phase of the cell cycle. Although there is a known risk 

of lung toxicity in patients undergoing immunosuppressant therapy with this drug, 

Phase I/ll trials in NSCLC patients with sunitinib and other therapies are ongoing (109).

RADOOI/afinitor/everolimus is an mTOR inhibitor which is a derivative of sirolimus with 

a similar mechanism of action, in that both inhibitors solely block mTORCI signalling 

without exerting effects on mT0RC2. This drug is used in the clinical setting as an 

immunosuppressant which is administered following transplants. Currently, the drug is 

also being investigated in a Phase I study of NSCLC patients who have progressed on 

chemotherapy as well as a number of Phase II studies in lung cancer (110).
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Another first generation rapaiog is temsirolimus/toricel, which was FDA and EMEA 

approved in 2007 for treatment of renal cell carcinoma. Many trials involving this drug 

are ongoing for solid tumours and metastatic cancers. Like everolimus, this inhibitor is 

associated with lung toxicity, especially in patients with pre-existing lung disease. 

Nonetheless, Phase I trials for NSCLC studying the effects of temsirolimus as a 

monotherapy or in combination with radiation, EKB-569 (an EGFR inhibitor) or 

vinorelbine are ongoing (111).

Ridaforolimus/MK-8669 is a non-pro-drug analog of rapamycin, which is manufactured 

using rapamycin as a substrate (112). A Phase I trial in patients with advanced 

malignancies showed that this drug is well tolerated and boasts promising anti-tumour 

activity (113). There are ongoing Phase I and II trials investigating use of the drug in 

NSCLC as a monotherapy.

Following the initial development and investigation of these first generation inhibitors, 

there was a certain level of disappointment regarding clinical trial outcomes. Further 

investigation into the roles and interactions of the mTORCI and mT0RC2 complexes 

has led to a greater understanding of the dualistic nature of this pathway. Therapeutic 

inhibition of mTORCI alone can lead to the activation of AKT via S6K dependent 

upregulation of the IRS-1 and IGFR-1 pathways, due to inhibition of the mTORCI 

negative feed-back loop. With each complex having its own integrated network of 

regulatory proteins and feedback mechanisms, it has become clear that to more 

successfully inhibit the action of mTOR, it is necessary to target both mTORCI and 

mT0RC2 complexes (reviewed in (114)).

1.44 P I3K -m T 0R  dual targeting

A second generation of PI3K pathway inhibitors have been developed more recently, 

which target the adenosine triphosphate site of the mTOR kinase domain, and crucially 

are able to block both mTORCI and mT0RC2 complexes. With successful inhibition of 

mT0RC2, there is a significant decrease in AKT phosphorylation, as well as improved 

inhibition of mTORCI. Another advantage of this new inhibition strategy is that the 

catalytic domain of mTOR is structurally quite similar to the p100a subunit of PI3K. As 

such, some second generation inhibitors have dual activity against both mTOR 

(mTORCI and mT0RC2) and PI3K (all catalytic subunits) (33).
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BEZ235 was the first PI3K inhibitor to enter clinical trials, in 2006. In preclinical studies, 

the drug showed anti-proliferative and pro-apoptotic effects as well as inducing cell 

cycle arrest in multiple myeloma cell lines. The drug has been shown to inhibit both 

PI3K (p110a, p110v, p1106 and p110P) and mT0RC1/mT0RC2, increasing its efficacy 

at halting PI3K pathway signalling. There are currently 14 Phase I/ll clinical trials 

ongoing, mainly in breast cancer and other solid tumours (115). XL765 has shown 

broad anti-cancer effects, with activity being observed when used as a monotherapy 

and in combination with conventional chemotherapies in glioblastoma cell lines and 

xenografts (116). There have been 21 clinical trials to date investigating this drug in a 

wide range of cancers. OSI-027 is currently in Phase I clinical trials for patients with 

advanced solid tumours or lymphoma (117). It has been shown to exert potent anti

proliferative effects in cell lines with PI3K/AKT pathway activation. In addition to 

inhibiting mTOR, preclinical studies have shown that OSI-027 treatment leads to 

concentration-dependent pharmacodynamic effects on phosphorylation of 4E-BP1 and 

AKT in tumour tissue, with resulting tumour growth inhibition superior to that of first 

generation mTOR inhibitor rapamycin (118).

GDC-0980 (Figure 1.1) is a dual PI3K-mT0R inhibitor which is investigated in depth in 

this study. The drug demonstrated excellent downstream inhibition of the PI3K pathway 

in vitro, with the strongest effects being observed in lung, breast and prostate cancer 

cell lines (119). There are 12 trials ongoing for this drug, with Phase I trials in solid 

tumours and Phase II studies in endometrial carcinoma, renal cell carcinoma, prostate 

cancer and breast cancer. Another Phase II trial is ongoing involving GDC-0941 or 

GDC-0980 with fulvestrant versus fulvestrant in advanced or metastatic breast cancer 

in patients resistant to aromatase inhibitor therapy (120).

The overall success of second generation and dual PI3K/mT0R inhibitors compared to 

first generation mTOR inhibitors has been attributed to the reduction in the upregulation 

of PI3K which is typically seen in response to blockade of m TO R C I.

1.45 AKT targeting

Activated AKT (p-AKT) has been shown to be present in 43-90% of NSCLC cases and 

in up to 50% of SCLC cases (55). As such, research into the use of specific AKT 

inhibitors in lung cancer is warranted, and has been carried out in recent years.
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Perifosine/KRX-0401 is an AKT inhibitor which was first reported in 1997, when it was 

shown to have significant anti-growth effects in a number of human cancer cell lines, as 

well as in in vivo models (121). In a 2004 study involving the A549 lung cancer cell line, 

perifosine was shown to induce a synergistic response when used in combination with 

the PDK1 inhibitor UCN-01, although perifosine treatment alone did not have a 

significant effect on the A549 cells (122). Further investigation in 2007 by Elrod et al. 

involved treating a panel of NSCLC cell lines with the drug. Here, apoptosis was 

observed in response to perifosine treatment in both H460 and A549 cells, while anti

proliferative effects and cell cycle effects were observed in other NSCLC cell lines 

(123). To date, there have been 43 clinical trials involving perifosine, including Phase 

I/ll trials open to NSCLC patients. A promising Phase II trial which concluded in 2010 

demonstrated a doubled time to progression in colorectal cancer, which led to a Phase 

III trial in 2011 that completed in May 2012 (124, 125).

MK-2206 is an orally available allosteric AKT inhibitor which is under development for 

the treatment of solid tumours (126). A 2010 study investigated the effects of the 

inhibitor in combination with a range of common chemotherapeutic agents and 

identified synergistic responses when H460 NSCLC cells were treated with MK-2206 

and doxorubicin, camptothecin, gemcitabine, 5-fluorouracil, docetaxel or carboplatin 

(127). To date, there have been 43 MK-2206 clinical trials, with Phase I results showing 

that the drug is well tolerated, and producing evidence of AKT signalling blockade 

(126). Phase II trials are ongoing, including a trial which is investigating the effects of 

MK-2206 in patients with advanced NSCLC who have progressed on erlotinib 

hydrochloride treatment (128). GDC-0068 has also shown efficacy in early clinical 

trials, demonstrating selective inhibition of AKT and robust knockdown of the AKT 

pathway in multiple tumour types (129-131).

1.46 N FkB targeting

NFkB, with its central role in the expression of hundreds of inflammatory and 

carcinogenic genes, is a very attractive target in the clinical setting. However, with the 

far reaching consequences of inhibiting this crucial regulator of cellular processes, a 

certain amount of caution must be maintained in the development of NFkB inhibitors for 

use in patients (reviewed in (132)).

Velcade/bortezomib is the most clinically advanced inhibitor of NFkB. While there are 

many compounds currently used in the laboratory setting which inhibit the transcription
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factor using various mechanisms, this proteasome inhibitor is the primary (indirect) 

inhibitor of NFkB that is currently available for clinical trials. There have been 600 

Phase I/ll trials to date involving this drug. A multicentre phase II trial for multiple 

myeloma patients w^ho had relapsed following conventional therapy & refractory to 

salvage chemotherapy has been completed and results showed that 35% patients had 

complete/partial response (133). Here, the drug was shown to be well tolerated, and 

was approved by the FDA in 2003 for multiple myeloma. In lung cancer, a Phase II trial 

for patients with NSCLC is ongoing (alone/in combination with 

docetaxel/gemcitabine/carboplatin) (134).

In the laboratory setting, there are hundreds of inhibitors of NFkB which are used to 

interrogate NFkB signalling and interactions, with a view to developing novel therapies 

which modulate NFkB activity. These drugs target NFkB in a variety of ways, both 

directly and indirectly, most notably through targeting IKK activation, IkB degredation, 

NFkB-DNA binding and translocation of NFkB into the nucleus (67, 135). One such 

translocation inhibitor is dehydroxymethylepoxyquinomicin (DHMEQ) (Figure 1.1), 

which is used in this project. DHMEQ binds to a specific cysteine residue of Rel family 

proteins to inhibit their DNA-binding activity, and has shown potent anti-inflammatory 

and anti-cancer affects in vitro and in vivo (136-138).
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1.5 PI3K pathway combination treatment strategies 

Recent evidence has identified the co-existence of PIK3CA and other oncogene 

mutations {KRAS, MEK, BRAF, EGFR and ALK rearrangement) in lung 

adenocarcinoma, with 70% of PI3KCA mutations occurring alongside other common 

driver mutations (139). This data highlights the importance of in-depth mutation 

profiling of patients enrolling in clinical trials for all targeted therapies, especially given 

the high rate of overlapping mutations in NSCLC. A combination approach to NSCLC 

therapy represents an attractive method of curtailing tumour growth and progression in 

a multi-targeted manner. This strategy may prove beneficial not only for patients with 

overlapping mutations, but also for the purpose of pre-empting the development of 

resistance to targeted inhibitors through bypass tracks. Further potential for success 

with this combination treatment strategy lies with the reduction of adverse effects 

associated with the two drugs, by protocols including intermittent dosing rather than 

concomitant dosing (140). Two major methods of co-targeted inhibition of the PI3K 

pathway have been investigated to date: vertical inhibition, where PI3K pathway 

inhibitors are combined with cell surface receptor inhibitors, and horizontal inhibition, 

where inhibition of intracellular PI3K signalling members is combined with inhibition of 

other cell signalling pathways. The most successful vertical inhibition strategies 

reported thus far involve the co-targeted inhibition of PI3K and HER family member 

receptors, while the most widely reported studies of horizontal inhibition have involved 

co-targeting the PI3K and MEK pathways.

1.51 P I3K inhibition and chem otherapy

In 2005, the PI3K pathway was first identified as playing a role in lung cancer 

resistance to cisplatin. Tsurutani et al. reported that extracellular matrix mediated 

activation of the pathway promotes resistance to cisplatin as well as to other agents in 

SCLC cells (141). More recently, PI3K pathway member p70S6K has been associated 

with intrinsic lung cancer resistance to cisplatin (142). Many chemotherapeutic agents 

have been shown to induce NFkB pathway activation, with multiple studies linking 

NFkB to the development of resistance to chemotherapy, particularly in ovarian cancer 

(67, 143). Cisplatin treatment has been shown to result in PI3K pathway mediated 

translocation of NFkB to the nucleus, leading to increased expression of the 

antiapoptotic heat shock protein HO-1 in NSCLC A549 cells (144). Also, a recent study 

investigating the role of genetic variants in the PI3K pathway in platinum resistance, in 

a Chinese population, found that a variant in the AKT1 gene was predictive of 

resistance to cisplatin (145).
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1.52 P I3K  inhibition and radiotherapy

The role of the PI3K pathway in radioresistance has been studied extensively, with 

PI3K signalling being associated with all three mechanisms of resistance to radiation 

(intrinsic radiosensitivity, proliferation and hypoxia), as reviewed in (146). AKT has 

been identified as a key mediator of resistance to radiation, and EGFR-dependant 

activation of the PI3K pathway has been shown to mediate radioresistance in KRAS 

mutant NSCLC cells (147-149). Strategies aiming to increase radiosensitivity through 

blockade of the PI3K pathway have been successful in vitro, both through inhibition of 

EGFR and PI3K itself (150-152).

There is also strong evidence suggesting a role for the PI3K pathway in cisplatin 

resistance in ovarian cancer in particular. Amplification of the PIK3CA gene (153, 154) 

and reduction of PTEN expression (154-156) have been identified as apparent 

mediators of cisplatin resistance. Data has emerged within the last three years pointing 

toward involvement of the PI3K pathway in cisplatin resistance in other cancers, 

including liver (157-159), breast (160-162) and oesophageal (163, 164).

1.53 P I3K vertica l inhibition stra teg ies

The epidermal growth factor receptor (EGFR) plays an important role in the 

pathogenesis of lung cancer and is mutated in 15-20% of NSCLC cases (165). Gefitinib 

and erlotinib are targeted EGFR tyrosine kinase inhibitors, currently used in the 

treatment of NSCLC. HER2 also plays a role in NSCLC and is mutated in -2%  of 

cases (166). Second generation pan-HER inhibitors such as afatinib, neratinib, 

dacomitinib and lapatinib exert inhibitory effects on EGFR and HER2 and are currently 

being tested in the second- and third-line settings in NSCLC (167).

It has been suggested that the PI3K pathway may be activated in response to 

EGFR/HER2 TKI treatment, and this activation of the pathway may be a mechanism of 

resistance to these treatments (168). A 2011 study showed that gefitinib-resistant 

NSCLC cell lines were partially resensitized to gefitinib upon treatment with the PI3K 

inhibitor LY-294002 and the MEK inhibitor U0126. While treatment with these two 

pathway inhibitors partially restored sensitivity to gefitinib, they did not totally reverse 

resistance, and as such it can be assumed that PI3K/MEK pathway activation is not the 

only mechanism of resistance that is at work in this case (169). Mutant PIK3CA and 

PTEN loss have both been associated with resistance to lapatinib, and BEZ235 has 

been reported to successfully reverse this resistance in vitro (170). Recently published 

in vitro data indicates a synergistic anti-proliferative response by NSCLC cells to
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everolimus/gefitinib combination treatment. Strongly reduced levels of both pAKT and 

pMAPK were observed in two NSCLC cell lines treated with both drugs in combination, 

despite everolimus alone exerting no effect on pAKT levels (171). Initial results were 

presented at ASCO 2013 from a phase lb trial of gefitinib in combination with BKM120 

in patients with advanced NSCLC with enrichment for patients whose tumours harbour 

molecular alterations of PI3K pathway and known to overexpress EGFR. BKM120 

treatment led to antitumour activity in patients who were resistant to gefitinib, and a 

dose-expansion cohort investigation is currently ongoing which will provide information 

on the efficacy of alternative schedules in reducing late toxicities (172).

1.54 PI3K horizonta l inhibition strategies

The RAS protein superfamiiy plays an important role in lung carcinogenesis and the 

maintenance of the malignant phenotype, with KRAS and BRAF being frequently 

mutated in NSCLC. It has been reported that one or other of KRAS and BRAF is 

mutated in 50% of NSCLC cases (173).

With the RAS-RAF-MEK signalling cascade enabling cancer cells to grow, divide and 

survive, as well as undergoing cross-talk with the PI3K through numerous points of 

convergence (Figure 1.6), there has been significant interest in developing methods of 

switching off’ the pathway in cancers including NSCLC. Sorafenib is an oral multi

kinase inhibitor which targets RAF kinases (RAF-1, wild-type B-RAF, and 6- 

RyAFVeoOE), as well as receptor tyrosine kinases associated with angiogenesis 

(vascular endothelial growth factor receptor [VEGFR]-2/-3, platelet-derived growth 

factor receptor [PDGFR]-(3) and tumour progression (Flt-3, c-kit). This drug has been 

approved for treatment of renal cell carcinoma, however a Phase III trial in NSCLC 

patients reported no clinical benefit for patients treated with sorafenib in combination 

with chemotherapy compared to patients treated with chemotherapy alone (174).

The only known substrate for MEK is ERK, and since activation of MEK and ERK can 

be independent of RAS activation, one major focus of targeted inhibition of this 

pathway has been MEK. CL-1040 is a MEK1/2 inhibitor which has been brought to 

Phase II trials in patients with NSCLC, where 70% of patients expressed activated ERK 

(pERK) at baseline. No objective response was observed here, though this was 

considered to be due to pharmacodynamic issues with the drug, and the authors
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Figure 1.06 PI3K-MEK pathway cross-talk

The PI3K pathway (yellow) and the MEK pathway (blue) are both often activated by 

RAS in cancer. There are a number of other points of convergence between the 

pathways (shown here in green) which allow for cross-talk and redundancy in survival 

signalling. The three targeted inhibitors used in this study are noted in red, with their 

targets indicated. Arrows represent activation, bars represent inhibition.
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suggest that the approach of inhibiting this pathway may still be useful in NSCLC (175).

PD0325901 is a non-ATP-competitive specific MEK inhibitor, which was evaluated in a 

Phase II trial in advanced NSCLC patients, which was ultimately terminated due to 

some retinal disturbances (176). Selumetinib is a specific MEK1/2 inhibitor which is 

currently being investigated in NSCLC alone and in combination with erlotinib in a 

Phase II trial. Patients with mutant KRAS will either be treated with selumetinib alone or 

in combination with erlotinib, and patients without a KRAS mutation will be treated with 

either erlotinib alone or in combination with selumetinib (177).

A paper published in 2009 identified a robust increase in apoptosis and tumour 

shrinkage upon combined blockade of both of the PI3K and MEK pathways (178), with 

further in vitro and in vivo work showing promise for this (179-181). Recent in vitro data 

demonstrates that PI3K inhibitor GDC-0941 synergizes with the MEK inhibitor U0126 in 

NSCLC cells (182). With adverse effects such as hyperglycemia, nausea, fatigue, rash 

and gastrointestinal toxicities being associated with pan-PI3K inhibition, as well as 

rash, diarrhea and dermatitis acneform associated with MEK inhibition, continuous 

exposure to both PI3K and MEK inhibitors may not be feasible in the clinical setting. 

However, preclinical data investigating the combination of GDC-0941 and MEK 

inhibitor GDC-0973 (Figure 1.1) both in vitro and in vivo points to the potential efficacy 

of intermittent dosing in maintaining a robust apoptotic response (140). A phase I trial is 

currently recruiting patients with solid tumours for combination treatment with PI3K 

pathway inhibitor BKM120 and MAPK pathway inhibitor MEK162 (183). This approach 

may become more common in lung cancer treatment, with an estimated 70% of lung 

tumours displaying RAS-RAF-MAPK pathway activation (173).

1.55 PI3K im m unotherapy com bination strategies

PI3K pathway signalling can play contrasting roles in immune response to malignancy, 

with involvement in both tumour clearance and also immune evasion and suppression. 

PI3K is fundamental to cell-mediated tumour clearance, with signal transduction by the 

pathway essential in GM-CSF-induced differentiation of dendritic cells from monocytes, 

and certain PI3K isoforms required for T-cell development (184, 185). p1105 in 

particular is involved with the regulation of immune response, acting in a number of 

capacities including the induction of NK cell terminal maturation, with NK cells 

constituting the body’s first line of defence against malignant cells (46). Conversely, 

the PI3K pathway can also be utilized by transformed cells to evade the immune
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system by mimicking immune cells (186), developing resistance to T-cell mediated 

apoptosis (187), secreting immunosuppressive cytokines (188, 189), enhancing the 

immunosuppressive potential of Treg cells (190) or emulating immune cell chemotactic 

responses (reviewed in (191)). The role of mTOR in immune regulation has long been 

investigated, v\/ith inhibition by rapamycin being used to treat transplant rejection. PI3K 

signalling through mTOR has been shown to integrate multiple accessory signals, 

cytokines and environmental cues, determining the outcome of T cell receptor (TCR) 

engagement with regard to activation or anergy (192). mTOR has been identified as a 

differential regulator of effector and regulatory T cell lineage commitment with inhibition 

of mTOR inducing differentiation of CD4 cells into CD4''CD25''Foxp3'' Treg cells (193, 

194). mTORCI has been recently shown to couple immune signals and metabolic 

programming to establish Treg cell function, partly through inhibition of the mT0RC2 

pathway (195). mTOR also plays a role in generation, differentiation, maturation, 

survival and function of dendritic cells (196).

The PI3K pathway regulates a specific cloaking mechanism, making cancer cells 

invisible to the immune system. This mechanism involves the interaction between the 

programmed death 1 (PD-1) protein, on the surface of T-cells, and programmed death 

ligand 1 (PD-L1) on the surface of the cancer cell and allows tumour cells to escape 

the immune response through inhibition of cytolytic T cells (197, 198). Normally this 

PD-1-PD-L1 interaction switches T-cells off when T-cell activation has peaked in an 

immune response to prevent host tissue damage. NSCLC cell lines with KRAS, EGFR, 

BRAF, ALK  or RET  mutations were found to express high levels of PD-L1, and this 

may be linked to high levels of PI3K/Akt/mTOR pathway activation. Inhibition of PD-L1 

through the use of the monoclonal antibody nivolumab induced durable tumour 

regression and prolonged stabilization of disease in patients with advanced NSCLC 

(199). Data presented at the 2013 AACR Annual Meeting identified the PI3K pathway 

as a driver of PD-L1 expression, with inhibition of PI3K, AKT and mTOR all leading to 

decreased PD-L1 expression (200). As such, immune therapies targeting PD-1-PD-L1 

interaction may be enhanced by combination with PI3K inhibition.

Recent data published by Marshall et al. also identify a number of possible routes for 

tailored inhibition of PI3K in order to best amplify the antitumour immune response. The 

group found that inhibition of p i 10(3 and p i 106 modulates cytokine production by 

dendritic cell tumour vaccine, and that the inhibition of PI3K pathway signalling in 

dendritic cells significantly improves their antitumour efficacy. They also identify a
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highly effective combination treatment strategy, noting that the direct administration of 

a TLR agonist with a PI3K inhibitor induces highly effective antitumour immunity (201). 

The complex interplay between the PI3K pathway and the anti-tumour immune 

response warrants further study and represents a promising new avenue to best exploit 

the anti-tumour effects of clinical PI3K inhibitors in NSCLC.
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1.6 Resistance to PI3K targeted therapy

Intrinsic resistance or the development of acquired resistance to targeted therapies 

may be due to the multilevel complex cross-talk that occurs betw/een the targets of the 

biological agent and several signal transduction pathways. Blocking only one of these 

pathways may not always be an effective treatment strategy as this approach may 

open the door for others to act as bypass mechanisms within tumour cells. The most 

promising approaches to the treatment of NSCLC, will be drugs with multiple targets or 

the use of a combination of targeted therapies.

1.61 De novo resistance to PI3K inhibition

Growing evidence has demonstrated that cross-talk, compensatory signalling and 

feedback mechanisms can be critical to the clinical activity of PI3K inhibitors, with PI3K 

inhibition being overcome within a matter of hours in some cases. Feedback induction 

of AKT resulting in the promotion of cell survival has been observed in response to 

treatment with mTOR inhibitors such as rapamycin and RAD001 (202, 203). Inhibition 

of mTOR has also been shown to activate the ERK and IGF1 pathways, again rescuing 

cell survival signalling (204-207). Direct inhibition of PI3K and AKT has been shown to 

induce FOXO-mediated transcription of RTKs including IGF1R and HER3, which can 

then transduce survival signals to the PI3K and MEK pathways (93, 205, 208-210). 

These feedback and cross talk mechanisms underline the rationale for co-targeting 

signalling pathways either horizontally or vertically, as discussed in sections 1.53 and 

1.54.

1.62 Acquired resistance to PI3K inhibition

Acquired resistance to targeted therapy usually occurs within 6-12 months. The 

mechanisms of acquired resistance typically fall into two categories: firstly; secondary 

mutations/amplification of the target gene, and secondly; independent reactivation of 

downstream signalling. The most well-known example of target gene alteration is the 

T790M resistance mutation, which is detected in more than 50% of EGFR-mutant lung 

cancers with acquired resistance to gefitinib or elotinib (211, 212). Resistance 

mutations are also observed in 33% of ALK-positive cancers that display acquired 

resistance to crizotinib (213). Independent reactivation of downstream signalling can 

also be achieved by mutation in a downstream effector gene. For example, PIK3CA 

mutations have been associated with acquired resistance to EGFR targeted therapy, 

allowing survival signalling to be sustained in the presence of RTK inhibition (214). 

Amplification of MET has also been associated with acquired resistance to EGFR 

targeted therapy in NSCLC, where MET has been observed to reactivate PI3K and
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MEK signalling. In this case, inhibition of MET in combination with EGFR was sufficient 

to block downstream signalling and induce tumour regression in vitro and in vivo (215, 

216). This type of acquired resistance is also referred to ‘bypass track’ signalling, and 

is similar in nature to the de novo resistance due to cross-talk mentioned in section 

1.61, though it develops over a period of months rather than hours.

Tumour heterogeneity can also play a role in acquired resistance, through clonal 

selection of a cell type which is innately resistant to the drug. The cancer stem cell 

theory proposes that cancer can be viewed as abnormal organogenesis driven by 

cancer stem cells (217). A pre-existing population of cancer stem cells in a tumour may 

be intrinsically resistant to therapy, and under anti-cancer treatment this population 

may undergo clonal expansion. A stem-like phenotype has previously been identified in 

a subpopulation of cisplatin-resistant NSCLC cells (22). Epithelial-to-mesenchymal 

transition (EMT) has also been identified as a mechanism of acquired resistance to 

targeted therapies including EGFR tyrosine kinase inhibitors (218).

Acquired resistance to PI3K targeted therapy has not been studied extensively, with 

few models of resistance to PI3K inhibitors described in the literature. Isoyama et a! 

overexposed 11 cell lines to their PI3K inhibitor, ZSTK474, for 12 months. After this 

period of treatment, 4 cell lines developed acquired resistance to the drug. These four 

PI3K inhibitor resistant cell lines bore no mutations in PIK3CA, however they all 

displayed overexpression of IGF1R (219). It is expected that acquired resistance to 

PI3K inhibition will develop in a similar manner to those outlined previously, though the 

exact mechanisms is likely to be subtype and drug dependant. Mechanisms of 

acquired resistance to PI3K inhibition will need to be elucidated fully in order to design 

treatment protocols to prevent or overcome drug resistance.
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1.7 Hypothesis

Based on the above-mentioned facts, the present study was designed to interrogate 

the following hypotheses:

H1: PIK3CA mutant NSCLC exhibits PI3K pathway activation and will respond

better to PI3K pathway targeted therapy than PIK3CA wild-type NSCLC.

H2: PI3K pathway co-targeted therapy will offer superior inhibition of downstream

signalling compared with PI3K inhibition alone in NSCLC.

H3: PI3K pathway signalling is involved in resistance to cisplatin in NSCLC, and

may be exploited in order to overcome chemoresistance.

H4: Acquired resistance to PI3K inhibition emerges over time and the mechanisms

involved are subtype-dependent.
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1.8 Aims

Research into targeting the PI3K pathway in cancer has become highly topical in 

recent years, with many PI3K inhibitors being investigated alone and in combination in 

both the laboratory and clinical settings. NSCLC, with its high morbidity and mortality 

rates and limited targeted therapy options, would benefit hugely from the development 

of improved therapeutic strategies. This project sets out to identify the most effective 

ways to target PI3K in NSCLC and to better understand the effects of PI3K inhibition in 

the long term. Therefore, the aims of the present study were:

A1; To compare PI3KCA mutation status and PI3K pathway activation in a panel of 

NSCLC patient and cell line samples.

A2: To identify optimal strategies for targeting PI3K as a first line therapy in NSCLC.

A3: To identify strategic points within the PI3K pathway playing a role in cisplatin

resistance with a view to overcoming this resistance in NSCLC.

A4: To develop and characterise a panel of NSCLC cell line models of acquired

resistance to PI3K-mT0R dual inhibitor GDC-0980.
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2.1 Chemical and biological reagents

2.1.1 Preparation and handling o f m ateria ls

Reagents and chemicals used in the laboratory were of analytical grade and stored in 

accordance with the manufacturers’ instructions. All chemicals were purchased from 

Sigma-Aldrich (St. Louis, MO, USA) -Aldrich (St. Louis, MO, USA) unless stated 

otherwise. Cell culture reagents were purchased from Lonza (Walkersville, MD, USA), 

with exceptions noted.

2.1.2 Drugs

Cisplatin was purchased from Sigma-Aldrich (St. Louis, MO, USA) -Aldrich, dissolved 

in 0.15M NaCI, aliquoted and stored at -20°C. GDC-0941, GDC-0980 and GDC-0973 

were gifted under a material transfer agreement from Genentech for use in this study, 

and were dissolved in dimethyl sulphoxide (DMSO), aliquoted and stored at -20°C. 

DHMEQ was gifted under a material transfer agreement from Prof. Kazuo Umezawa’s 

research group (Aichi Medical University, Nagakute, Japan) and was dissolved in 

dimethyl sulphoxide (DMSO), aliquoted and stored at -20°C.

2.1.3 Antibodies

Monoclonal antibodies used in this study are noted along with their sources in Table 

2 . 1 .
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Target protein Species Source Catalogue number

pAKT (Ser 473) Rabbit Millipore

(Billerica, MA, USA)

04-736

pAKT (Thr 308) Rabbit Cell Signalling Technology 

(Danvers, MA, USA)

2965S

AKT Rabbit Cell Signalling Technology 

(Danvers, MA, USA)

9272S

pS6RP (Ser240/244) Rabbit Cell Signalling Technology 

(Danvers, MA, USA)

5364S

Cleaved PARP Rabbit Cell Signalling Technology 

(Danvers, MA, USA)

5625S

BIM Rabbit Cell Signalling Technology 

(Danvers, MA, USA)

2819S

pMAPK (p44/42) Rabbit Cell Signalling Technology 

(Danvers, MA, USA)

4695S

Ik B q Mouse Cell Signalling Technology 

(Danvers, MA, USA)

4814S

NFkB Rabbit Cell Signalling Technology 

(Danvers, MA, USA)

8242S

Table 2.01 Monoclonal antibodies used in this study

Antibodies were stored at 4°C or -20°C as specified by the manufacturer and used for 

Western blotting (2.5.4) and immunofluorescence imaging (2.5.7) as per 

manufacturer’s protocol unless otherwise stated.

41



2.2 Cell Culture

Cell culture work was performed aseptically in accordance with good laboratory 

practice in a Class IIB laminar air flow unit (LAF) (Clean Air Techniek bv W oerden, The 

Netherlands). The UV lamp was switched on in the closed LAF for 10 minutes before 

use. The LAF was sanitized using 70% (v/v) IMS in dH20. All cell culture reagents were 

placed in a water bath at 37°C (Cliften unstirred thermostatic bath, Somerset, UK) for 

approximately 30 minutes before use unless stated otherwise.

2.2.1 Lung ca n ce r cell lines

Three lung cancer cell lines were used during the course of this study; large cell lung 

carcinoma cells (H460), adenocarcinom ic alveolar basal epithelial cells (A549) and 

adenocarcinoma cells ( H I975). Cells were obtained from the European Culture and 

Tissue Collection (ECACC, W iltshire, UK). H460 and H I975 cells were maintained in 

Roswell Park Memorial Institute (RPMI-1640) medium, which was supplem ented with 

10% (v/v) foetal bovine serum (FBS) and penicillin streptomycin (P/S - 5000 U/mL 

penicillin, 5000 U/mL streptomycin). A549 cells were maintained in F-12 (Ham) 

medium, which was supplemented with 10% (v/v) foetal bovine serum (FBS), penicillin 

streptomycin (P/S - 5000 U/mL penicillin, 5000 U/mL streptomycin), and 2 mM L- 

glutamine (in 0.85% NaCI). All three cells lines are adherent and were incubated in 

vented flasks at 37°C in 95% air, 5% CO 2 humidified atmosphere (Steri-Cycle CO 2 

incubator, ThermoForma, Marietta, OH, USA).

2 .2 .2  D rug re s is ta n t cell lines

Two cisplatin resistant cell lines were used in this study, which were previously 

developed in our laboratory by overexposure to the drug over a period of one year (22). 

H460CR (H460 cisplatin resistant) cells were derived from H460 cells, and were 

maintained in 1.525 |jM cisplatin in addition to medium as described in 2.2.1. A549CR 

(A549 cisplatin resistant) cells were maintained in 1.45pM cisplatin in addition to 

medium supplemented as described in 2.2.1. Cisplatin resistant cells were maintained 

alongside parental age-matched controls (H460PT and A549PT),

Three GDC-0980 resistant cell lines were developed during the course of this study. 

Lung cancer cell lines H460, A549 and H I975 were treated with IC50 concentrations of 

GDC-0980, as calculated from a BrdU proliferation assay (2.3.1). Initially, cells were 

seeded and allowed to adhere overnight, before treatm ent with the IC50 concentration 

(noted below) o f GDC-0980 for 72 hours. A fter several passages, cells were treated
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with GDC-0980 at the time of seeding, without allowing a drug-free adherence period. 

From this point onwards, cells were passaged and treated every 72 hours, for a total 

period of 4 -  12 months. H460GR (H460 GDC-0980 resistant) cells were maintained in 

1.69|j M GDC-0980, A549GR (A549 GDC-0980 resistant) cells were maintained in 

3.44|jM GDC-0980 and H1975GR (H1975 GDC-0980 resistant) cells were maintained 

in 0.58(jM GDC-0980 in addition to medium supplemented as described in 2.2.1. BrdU 

assays were carried out each month to assess the development of resistance to GDC- 

0980 by comparing resistant cells (H460GR, A549GR and H19758R) IC50 to age- 

matched parental cells (H460GP, A549GP and H1975GP) IC50. When matched 

parent-resistant cell line pairs reached a log fold difference in IC50, acquired resistance 

was deemed to have developed. Cell lines were stored on a monthly basis and can be 

accessed to pinpoint and track over time any specific alterations that may be identified.

2.2.3 Cell subculture

Cells were visually examined daily using an inverted phase-contrast Nikon microscope 

(Nikon Corp., Tokyo, Japan). Sub-culturing was performed when cell cultures reached 

80-90% confluency. Cells were detached for sub-culturing by trypsinisation.

Cell culture medium was decanted and the cells were washed with 5mL 0.01 M PBS 

(0.0067M (PO4), without Ca '̂" and Mg) to remove residual FBS. 2mL trypsin ethylene- 

diamine tetra-acetic acid (EDTA) (200 mg/mL Versene/EDTA), was added to the flasks. 

Flasks were incubated at 37°C for approximately 5 minutes to allow the cells to detach 

from the surface. 8mL complete medium was then added to the flasks to inactivate the 

trypsin. Cells were transferred to a sterile 15mL tube and pelleted by centrifugation at 

1300RPM for 3 minutes (Centra GP8R, Thermo lEC). The supernatant (s/n) was 

discarded and the cell pellet re-suspended in lOmL complete medium. This suspension 

was used to seed fresh flasks at a number of different ratios.

2.2.4 Preparation o f frozen stocks

Stocks were prepared from cells in the exponential growth phase at less than 80% 

confluency. To prepare frozen stocks, cells were washed in 5mL PBS, trypsinised and 

pelleted as above (2.2.3). Following pelleting by centrifugation, s/n was decanted and 

the cells were re-suspended in 3mL Cellbanker II (AMS Biotechnology, Abingdon, UK). 

Im L aliquots of the cell suspension were transferred to sterile cryovials, which were 

stored at-80°C (-85°C ultra low freezer, Nuaire Corp., Plymouth, MN, USA).
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2 .2 .5  Retrieval of frozen stocks

Cryovials were removed from the -80°C freezer and placed in a water bath at 37°C for 

5 minutes or until thawed. Cells were transferred to a 25 cm^ flask to which 5mL 

complete medium had been added. After 24 hour incubation at 37°C, the media was 

decanted and cells washed with 2mL PBS. Cells were fed with 5mL of fresh media. 

Flasks were maintained and passaged as previously described. Cells were passaged 

at least twice before use in any experiments.

2 .2 .6  Cell counting

Cells were seeded at specific densities depending on experimental set up. A bright line 

haemocytometer (Hausser Scientific, Horsham, PA, USA), was used in conjunction 

with Trypan Blue (0.4% v/v), for cell counting and viability. The stain is based on a dye 

exclusion principle where live cells do not take up the dye, whereas dead cells do due 

to compromised cell membrane integrity. Cells were re-suspended in a specific volume 

of complete medium after pelleting, until a single cell suspension was obtained. A 20pL 

aliquot of this suspension was added to 180 |jL of Trypan Blue and mixed. A cover slip 

was placed on the haemocytometer. The edge of the cover slip was touched gently by 

a pipette tip and the chamber filled by capillary action. The cells in the four large corner 

squares (each with sixteen smaller squares), were counted and an average cell 

number obtained. The number of cells per mL was then calculated using the following 

equation:

Average # cells counted x 10,000 x 10 =  # cells/ml

Where 10,000 is the volume (pL) under the cover slip and 10 is the dilution factor.

2 .2 .7  M ycoplasm a testing

Cell lines were tested for mycoplasma once per month by the polymerase chain 

reaction (PCR) method (220). Im L of cell supernatant was collected from each 80%  

confluent T75 flask and centrifuged for 1 minute at 2000RPM to pellet any cell debris. 

Each PCR reaction was set up in a 0.2mL PCR tubes in an LAP, and included 12.5pL 2 

X GoTaq® Green Master Mix (400pM dATP, dGTP, dCTP, dTTP, 3mM MgCb, GoTAQ, 

pH8.5) (Promega, Wl, USA), 0.5pL forward primer 

(TGCACCATCTGTCACTCTGTTAACCTC), 0.5pL reverse primer

(GGGAGGAAACAGGATTAGATACCCT), lO.SpL molecular grade water and IpL  cell 

supernatant. A known mycoplasma-positive cell supernatant sample was included as a 

positive control and water was included as a negative control. Tubes were briefly
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vortexed and centrifuged to mix and remove air bubbles. Tubes were placed into a G 

Storm thermal cycler (GSI, Braintree, Essex, UK) and PCR cycling conditions used 

were 95°C for 5 minutes, 40 cycles at 94°C for 0.5 minutes, 55°C for 0.5 minutes and 

72°C for 1 minute, then 72°C for 10 minutes and held at 10°C until tubes were 

removed. lOpL of PCR product was run on a 2% agarose gel.

The agarose (2%) was dissolved in 1X Tris-Acetate-EDTA (TAE) buffer (40 mMTrizma 

base, 20mM acetic acid, 1mM EDTA) by boiling in a microwave for 2-3 minutes. The 

solution was cooled to 55-60°C, before the addition of Ethidium Bromide, to final 

concentration of 1pg/mL. It was poured into a gel tray with well forming combs to a 

depth of 3-5mm and allowed to set. The samples needed no loading buffer as the 2 x 

GoTaq Green Master Mix contained a blue and yellow loading dye. 1pL 1Kb Plus DNA 

Ladder (Invitrogen), was mixed with 5pL loading dye (40% sucrose, 0.25% w/v 

bromophenol blue), and loaded onto the gel with the samples. Electrophoresis of the 

DNA samples was carried out in a Maxi Horizontal Electrophoresis Unit Set, model 

SH413 (Sigma-Aldrich (St. Louis, MO, USA) using IX  TAE as a running buffer. The 

voltage was kept constant at 120V, and gels ran for approximately 30-40 minutes. The 

bands were visualised and photographed under UV light using a Biospectrum Imaging 

System (Ultra Violet Products, Cambridge, UK). A product size of 270bp was observed 

in mycoplasma positive samples.
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2 .3  Cell based assays

Cell proliferation and viability was assessed in response to noted drug treatments, by 

the methods outlined below.

2.3.1 BrdU proliferation assay

Cell proliferation was m easured using a Cell Proliferation enzyme linked 

imm unosorbent assay (ELISA), BrdU (Roche Diagnostics Ltd., Sussex, UK). This is a 

colorimetric method to quantify cell proliferation based on the m easurem ent of BrdU (5- 

brom o-2 ’-deoxyuridine - a pyrim idine analogue) incorporation (instead of thymidine) 

during DNA synthesis in proliferating cells. Cells were seeded at 2000 cells per well in 

a 96-well plate and adhered overnight (o/n). Cells were treated with appropriate drugs 

for 72 hours unless otherwise noted. Following treatment, lOpL of a 1:1000 dilution of 

BrdU labelling solution (final concentration - lOpM) was added to each well and plates 

incubated for 4 hours at 37°C. Following incubation, the media was removed and the 

cells fixed and denatured with 200|jL o f a fixative solution for 30 m inutes at room 

tem perature (RT). lOOpL anti-BrdU-POD (mouse monoclonal antibody, peroxidase- 

conjugated) working solution was added to each well fo r 90 minutes at RT. Cells were 

washed three times with wash buffer and lOOpL of substrate solution was added for 5- 

10 m inutes (or until colour change was sufficient for photometric detection). 25|jL  1 mM 

H2SO 4 was added to each well to stop the reaction. Absorbance was measured on a 

Vesam ax tunable m icroplate reader (Molecular Devices, CA, USA) at 450nm with a 

reference wavelength set to 690nm.

2.3.2 xCELLigence impedance assay

The RTCA DP Analyzer from xCELLigence was used to measure cell index in real 

time. Cell index is derived from  the measured change in electrical impedance as living 

cells interact with the m icroelectrode surface in each well of a 16 well E-plate. The cell 

index summ arizes cell grov\/th, spreading, shape change, death and thus response to 

drug treatm ent in real time over a specified period of time.

100|j L of cell medium was added to each well and left in the LAF at RT for at least 30 

minutes to equilibrate. Cell lines were freshly passaged at 80% confluence, counted 

and prepared for seeding. Prior to seeding, a background measurement was obtained 

by placing the E-plate containing lOOpL media only into the RTCA DP Analyser (in a 

cell culture incubator) and perform ing a background reading using xCELLigence 

software. lOOpL of prepared cells were then added to each well at a final density of

46



2000 cells per well, and left to equilibrate for 30 minutes. The E-plate was then 

returned to the RTCA DP Analyser and run for 5-6 days with cell index measurements 

being taken every 30 minutes, until cell index values had plateaued for all samples.

2.3.3 Multiparameter apoptosis assay

Cells were triple stained (nuclear, mitochondrial and cytoskeletal stains. Figure 2.1), 

imaged and analysed in order to assess viability and induction of apoptosis both 

qualitatively and quantitatively.

Cells were counted, seeded at 2000 cells per well and treated as noted for a period of 

48 hours unless otherwise noted. Cells were stained simultaneously with Hoechst 

nuclear stain (bisbenzimide H33348, FlukaBiochemika, Buchs, Switzerland, 1pM) and 

Mitotracker Red mitochondrial stain (Invitrogen, CA, USA, O.SpM) for 30 minutes, then 

washed in PBS and fixed in paraformaldehyde (4%, 10 minutes) before 

permeablisation (0.5% Triton-X-100 in PBS). Cells were then stained with Alexa Fluor 

488 Phalloidin (Invitrogen, CA, USA, lOpM) and imaged using the InCell Analyser 1000 

(GE Lifesciences, Buckinghamshire, UK). Images were analysed using High Content 

Analysis (HCA) software, which quantifies multiple parameters including cell count, 

intensity of nuclear, mitochondrial and cytoplasmic staining, area of nucleus, 

mitochondria and cytoplasm, and nuclear/cytoplasmic area or intensity.
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Figure 2.01 Multiparameter Apoptosis Assay staining

Cells (here A549 untreated cells) were stained with Hoechst nuclear stain (blue), 

mitotracker red mitochondrial stain (red) and phalloidin F-actin stain (green) as per 

2.3.3) and imaged using the InCell 1000 imaging platform.
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2.4 DNA, RNA and protein isolation

DNA, RNA and protein were isolated from cell and tissue samples according to good 

laboratory practise for experimental use as noted.

2.4.1 R N A  iso la tion  by TR I reagen t

Media was decanted from the flasks and 1mL of TRI reagent added. It was incubated 

with agitation for 5 minutes, after which tim e cells were scraped into a tube and stored 

immediately at -80°C. Samples were thawed at RT and RNA isolated as follows; lOOpL 

1-bromo-3-chloro-propane (BCP), was added to the samples, which were then inverted 

for 15 seconds and incubated at RT for 10 minutes. The tubes were centrifuged at 

11919RPM at 4°C for 15 minutes. Following centrifugation, the upper aqueous phase 

(containing RNA), was removed to a fresh 1.5mL eppendorf tube. 500pL isopropanol 

was added and the samples were mixed and incubated at RT for 10 minutes. Following 

centrifugation at 11919RPM at 4°C for 8 minutes, the s/n was decanted and the pellet 

washed with 70% ethanol (EtOH) for 5 minutes. The samples were centrifuged again at 

11919RPM 4°C for 5 min, and the EtOH wash decanted. The RNA pellet was allowed 

to air dry for 5 m inutes and re-suspended in 50pL molecular grade H2O (AccuGENE, 

Cambrex Bioscience, lA, USA). RNA was quantified by the Nanodrop 

spectrophotom eter (2.4.5) and stored at -80°C.

2 .4 .2  R N A  iso la tion  by R N easy  m in i kit

RNA was isolated from cell line sam ples for noted experim ents using an RNeasy mini 

kit (Q iagen Inc. CA, USA). Cells were washed and trypsinised as normal and cell 

pellets were resuspended in 350 |j L buffer RLT. Sam ples were homogenised by 

passing through a blunt 20-guage needle fitted to an RNase-free syringe following 

vortexing. One volume of EtOH was added to the cleared lysate and mixed 

imm ediately by pipetting. The sam ple was then applied (700 |j L) to an RNeasy mini 

column (in a 2mL collection tube). The tube was centrifuged for 15 seconds at 

10258RPM and the flow-through discarded. A DNase digestion step was carried out 

using an RNase-Free DNase Set (Qiagen Inc. CA, USA). 350 |j L RW I (supplied with 

the kit) was added to the column and centrifuged at 10258RPM for 5 seconds and the 

flow-through discarded. lO pL DNase I stock solution (1500 kunitz units) was mixed with 

70pL RDD buffer and added to the column. This was incubated for 15 minutes at RT. 

350|jL  of buffer R W I was applied to the column and centrifuged for 15 seconds at 

10258RPM. The RNeasy column was then transferred into a fresh 2mL collection tube 

and 500 |j L RPE buffer was pipetted onto the column. The column was centrifuged for
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15 seconds at 10258RPM and the flow-through discarded. A further 500|jL of buffer 

RPE was added to the column and the tube centrifuged for 2 minutes at 10258RPM. 

The RNeasy column was transferred into a new 1.5mL eppendorf and 50|jL RNase- 

free water was pipetted directly onto the membrane. The tube was centrifuged for 1 

minute at 10258RPM to elute the RNA.

2.4.3 DNA isolation from  FFPE sam ples

DNA was isolated from tissue samples using the QIAamp DNA mini kit (Qiagen, CA, 

USA). Formalin fixed paraffin embedded (FFPE) tissue samples were initially prepared 

by placing a <25mg section in a 2mL microcentrifuge tube. 1200pL xylene was added 

and samples were vortexed vigorously before centrifugation at full speed for 5 minutes 

at RT. The supernatant was removed by pipetting, and 1200|jL EtOH (96%) was added 

and mixed gently by vortexing, followed by 5 minute centrifugation at full speed and 

removal of supernatant. This EtOH wash step was repeated once, and the tube was 

then left open at 37°C for 15 minutes until the EtOH had evaporated. The pellet was 

then resuspended in IBOpL buffer ATL, to which 20pL proteinase K was added. 

Samples were vortexed and incubated at 56°C overnight until tissue had completely 

lysed. Tubes were briefly centrifuged to remove drops from the inside of the lid. 4|jL 

RNase A (lOOmg/mL) was added to each sample, which was then mixed by pulse- 

vortexing for 15 seconds and incubated at RT for 2 minutes. The tubes were again 

briefly centrifuged to collect all drops before adding 200pL buffer AL per sample. Tubes 

were mixed by pulse vortexing for 15 seconds, incubated at 70°C for 10 minutes and 

briefly centrifuged. 200pL EtOH was added per sample, samples were mixed by pulse 

vortex for 15 seconds and briefly centrifuged before adding to a QIAamp mini spin 

column in a 2mL collection tube without wetting the rim. Tubes were centrifuged at 

8000RPM for 1 minute and columns were placed into new collection tubes. 500|jL 

buffer AW1 was added to the columns, which were then centrifuged at 8000RPM for 1 

minute and placed in a clean collection tube. 500pL buffer AW2 was added to the 

columns, which were then centrifuged at 14000RPM for 3 minutes. The columns were 

placed in new collection tubes and centrifuged at full speed for 1 minute. The columns 

were placed in new 1.5mL microcentrifuge tubes and incubated in 200pL buffer AE at 

RT for 1 minute prior to centrifugation at 8000RPM for 1 minute. A further 200|jL buffer 

AE was added to each column and incubated at RT for 1 minute prior to centrifugation 

at 8000RPM for 1 minute. DNA samples were then stored at -20°C.
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2.4.4 DNA isolation from  cell line sam ples

DNA was isolated from cell line samples using the QIAamp DNA mini kit (Qiagen, CA, 

USA). Cells were washed and trypsinised as normal, and cell pellets were 

resuspended in 200 |jL PBS to which 20 |jL proteinase K was added. 200|jL buffer AL 

was added per sample and tubes were mixed by pulse-vortexing for 15 seconds prior 

to incubation at 56°C for 10 minutes. Tubes were briefly centrifuged to collect drops 

and 200 |jL of EtOH (96%) was added. Samples were mixed by pulse-vortexing for 15 

seconds and briefly centrifuged prior to addition to the QIAamp spin column in a 2mL 

collection tube. Tubes were then centrifuged at 8000RPM for 1 minute and columns 

were placed in new collection tubes. SOOpL buffer AW1 was added to each column, 

and columns were centrifuged at 8000RPM for 1 minute, and then placed in clean 

collection tubes. SOOpL buffer AW2 was then added to each column and tubes were 

centrifuged at 14000RPM for 3 minutes. Columns were placed in clean collection tubes 

and centrifuged at full speed for 1 minute. Columns were placed in new 1.5mL 

microcentrifuge tubes and incubated in 200|jL buffer AE for 1 minute prior to 

centrifugation at 8000RPM for 1 minute to collect DNA. Samples were then stored at - 

20°C.

2.4.5 Nucleic acid quantification

RNA/DNA was quantified using a NanoDrop 1000 spectrophotometer (version 3.1.0, 

Nanodrop technologies, DE, USA). The instrument was initialised and blanked with IpL  

of sterile distilled water (SDW). Then 1|jL of each sample was loaded in turn onto the 

Nanodrop (wiping after each). The NanoDrop gives the nucleic acid concentration in 

ng/pL and also the 260:280 and 260:230 purity ratios.

2.4.6 Protein isolation by R IPA buffer

Cell culture s/n was removed from culture flasks by scraping into 5mL ice cold PBS and 

centrifuged at 1300RPM for 3 minutes. The resulting pellet was stored on ice and 50- 

70|jL cold RIPA lysis buffer (50mM Tris HCI, pH 7.4, 150mM NaCI, ImM EDTA, 1% 

(v/v), Triton-X 100, 0.1% (w/v), SDS), supplemented per 5mL with 50pL 

phenylmethylsulfonyl fluoride (PMSF), (87mg/mL96% EtOH),10|jL sodium

orthovandate (50|jM), lOpL beta glycerophosphate (500mM), lOpL sodium fluoride 

(500pM) and 100pL protease inhibitor cocktail (PIC), (2mM AEBSF, ImM EDTA, 

130|jM Bestatin, 14|jM E-64, IpM  Leupepin, O.SpM Aprotinin), was added to the flasks 

and incubated for 30 minutes on ice. Samples were centrifuged at 10000RPM for 5
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minutes and tlie supem atant was pipetted into a fresh 1.5mL tube. These protein 

samples were stored at -80°C .

2 .4 .7  Protein  isolation by lysis buffer 6

Protein was isolated from cells using lysis buffer 6 (R&D systems, MN, USA) for use 

with the human phospho kinase array kit (R&D systems, MN, USA). Cells were treated  

as noted and then washed in ice cold PBS. Cells were scraped into 5mL ice cold PBS 

and centrifuged at 1300R PM  for 3 minutes to collect cell pellets, which were then 

resuspended in SOOpL lysis buffer 6. Cells were rocked in lysis buffer 6 for 30 minutes 

at 4°C. Samples were then centrifuged at 10000RPM  for 5 minutes and supernatant 

(protein) was stored at -80°C .

2 .4 .8  Protein  isolation by lysis buffer 7 0 1 8

Protein was isolated from cells using lysis buffer 7018 (Cell Signalling technology, 

Danvers, MA, USA) for use with the PathScan intracellular signalling array kit (Cell 

Signalling technology, Danvers, MA, USA). Cells were treated as noted and then 

washed with ice cold PBS. 150pL lysis buffer 7018 supplemented with PM SF  

(87m g/m L 96%  EtOH, final concentration Im M ) was added to each flask and incubated 

on ice for 2 minutes. Cell lysates were then scraped into a microcentrifuge tube and 

centrifuged at maximum speed for 3 minutes prior to removal of supernatant (protein) 

and storage at -80°C.

2 .4 .9  Protein  quantification

Protein concentrations were determined using the bicinhoninic acid (BCA), (Pierce, IL, 

USA). This assay utilises the principle that Cu '̂" is oxidised to Cu'" in the presence of 

protein in an alkaline medium. The BCA reagent reacts with the Cu^, yielding a 

coloured product. Prior to use, the kit components were mixed in a 50:1 ratio (alkaline 

bicarbonate solution to copper sulphate solution, respectively). 200|jL of this working 

reagent was added to lOpL of protein standard or 2pL of sample in a 96-well plate, 

which was then incubated at 37°C  for 30 minutes. Following incubation, the 

absorbance was measured at 595nm  on the plate reader. Protein concentrations were  

determined by interpolation from a standard curve of known concentrations of BSA, 

ranging from 0 to lOOOpg/mL.
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2.5 Gene based assays

A num ber of techniques were used to exam ine cell line and patient samples at the 

DNA, RNA and miRNA levels, as outlined below.

2 .5 .1  c D N A  synthesis

The first strand kit (SABiosciences, CA, USA) was used to synthesise cDNA for Q P C R  

experiments and the RT^ Profiler array (SABiosciences, CA, USA). RNA was isolated 

using the RNeasy mini kit (2 .4 .2) and quantified (2.4.5). Ip g  RNA was added to buffer 

G E (2|jL) and molecular grade water (variable) to form the genomic DNA elimination 

mix, which was incubated at 42°C  for 5 minutes, then placed immediately on ice for at 

least 1 minute. The reverse transcription mix was then prepared, containing 5X buffer 

BC3 (4|jL), control P2 (1|j L), RES reverse transcriptase mix (2[jL) and molecular grade  

w ater (3mL)- 10|j L reverse-transcription mix was then added to each tube containing 

lO jjL  genomic DNA elimination mix, and then incubated at 42°C  for 15 minutes and the 

reaction was then stopped by incubating at 95°C  for 5 minutes. 91 pL molecular grade  

w ater was then added to each reaction, and samples were stored at -20°C .

2 .5 .2  q P C R

RT^qPCR Primer Assays (SABiosciences, CA, USA) were used to compare gene  

expression across cell line samples. cDNA was synthesized using Ip g  RNA (2.5 .1). 

The PC R  components mix w as prepared in an LAF, containing RT^ SYBR green  

mastermix (12.5pL), cDNA synthesis reaction (Ip L ), RT^qPCR Primer Assay (lO pM  

stock, Ip L ) and molecular grade water (10.5|jL). The samples were then placed in the 

7900H T  (Applied Biosystems, CA, USA), and heated to 95°C  for 10 minutes, then 40  

cycles of 15 seconds at 95°C  followed 1 minute at 60°C . Data was analysed using the 

AAC t method (2.6.5).

2 .5 .3  RT^ profiler arrays

RT^ Profiler arrays (SABiosciences, CA, USA) were used to compare gene expression 

across cell line samples. Each 96 well array contains primers for 84 genes of interest 

along with 12 controls. A sample array layout is shown in Figure 2.2. RNA was isolated 

using the RNeasy mini kit (2 .4 .2 ) and cDNA was synthesized using the first strand kit 

(2 .5 .1). The PCR components mix was set up in an LAF, containing SYBR green  

mastermix (1350 mL), cDNA  synthesis reaction (102pL) and molecular grade water 

(1 2 4 8 |jL). The PCR components mix was dispensed into the 96 well array (2 5 |jL per 

well) using a multichannel pipette. The array was sealed with optical adhesive film and 

centrifuged at 1300RPM  for 1 minute. Arrays were into the 7900H T  qPCR machine  

(Applied Biosystems, CA. USA), and heated to 95°C  for 10 minutes, then 40 cycles of
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96-well PCR Array
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Figure 2.02 RT^ Profiler array layout

Standard catalogued gene arrays which profiled gene expression related to desired 

pathways were purchased from SABiosciences (CA, USA). Each array contained 84 

pathway related genes, 5 housekeeping genes, a genomic DNA control, 3 reverse 

transcription controls and 3 positive PCR controls.
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15 seconds at 95°C followed 1 minute at 60°C. A pre-set dissociated stage was added 

to measure the temperature at which DNA strands separate into single strands. Data 

was analysed using SABiosciences online software (2.6.6).

2.5.4 Nested RTPCR

Exons 3, 4 and 5 of NFKBIA, the gene which codes for IkBq , were sequenced in H460 

parent and resistant cell lines, in order to screen for any mutations that may be present. 

A nested PCR was carried out here in order to reduce the contamination of products 

due to unexpected primer annealing. Primers used are listed in Table 2.2.

PCR1: A master mix was set up for each exon, containing 12.5(jL buffer (10X), 7.5fjL 

MgCI2 (10mM), 2.5pL forward outer primer (20pmol), 2.5 |jL reverse primer (20pmol), 

2.5mL dNTPs (10mM), 72|jL dH20 and 0,5 |jL Amplitaq (5U/|jL, added last). 40 |jL of the 

appropriate master mix was then added to 200ng (in 10|jL) of each DNA sample 

(H460PT for exons 3, 4 and 5 and H460CR for exons 3, 4 and 5). All tubes were 

centrifuged briefly at 8000RPM, and were placed in the thermal cycler, for the following 

program:

Step 1: 96°C for 2 minutes.

Step 2: 94°C for 0.5 minutes (denaturation)

Step 3. 55°C for 1.5 minutes (annealing)

Step 4: 72°C for 1.5 minutes (extension)

Step 5: repeat steps 2-4, 34 times 

Step 6: 72°C for 10 minutes 

Step 7: 4°C forever

The tubes were then removed from the thermal cycler and placed on ice.

PCR2: A master mix was set up for each exon, containing 12.5|jL buffer (10X), 7.5pL 

MgCI2 (lOmM), 2.5 |jL forward outer primer (20pmol), 2.5 |jL reverse primer (20pmol), 

2.5pL dNTPs (10mM), 94.5|jL dH20 and 0.5pL Amplitaq (5U/|jL, added last). IpL  of 

template DNA, obtained by diluting the products of PCR1 by 1:10 in sterile water, was 

added to 49pL master mix for each of the 6 samples (H460PT exons 3, 4 and 5, 

H460CR exons 3, 4 and 5). All tubes were centrifuged briefly at 8000RPM and placed 

in the thermal cycler for the following program:

Step 1: 96°C for 2 minutes.
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Oligo Name Sequence (5’^ 3 ’) Tm(°C)

NFKBIA Exon 3 Forward Outer CCTGTCTAGGAGGAGCAGCAC (21) 63,7

NFKBIA Exon 3 Reverse AAAGGCATCCAATAGGCAC (19) 54.5

NFKBIA Exon 3 Forward Inner AGGAGACACGGGTTGAGG (18) 58.2

NFKBIA Exon 4 Forward Outer GAACCCAGACTGTGGGTTCT (20) 59.4

NFKBIA Exon 4 Reverse TGAGATGCTTATGGCTGCA (19) 54.5

NFKBIA Exon 4 Forward Inner AGGTGAAAGGAGTGAGGGTTG (21) 59.8

NFKBIA Exon 5 Forward Outer ATGCTCAGGTTGGTGCTTCC (20) 59.4

NFKBIA Exon 5 Reverse CTGGGAGGGTGAAAGGGAAT (19) 58.8

NFKBIA Exon 5 Forward Inner GCACTGAGTCAGGCTCCTCG (20) 63.5

Table 2.02 Primers used for NFKBIA nested PCR

Oligonucleotides were synthesized by Eurofins MWG Operon. Sequences and 

annealing temperatures for forward outer, reverse, and forward inner primers are 

shown here (19648161).
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Step 2: 94°C for 30 seconds (denaturation)

Step 3: 60°C for 1 minute (annealing)

Step 4; 72°C for 1.5 minutes (extension)

Step 5: repeat steps 2-4, 20 times 

Step 6: 72°C for 10 minutes 

Step 7: 4°C forever

The tubes were then stored at -20°C.

The nested PCR Products were run on a 1% Agarose gel (2.2.7) with 1X TBE buffer. A 

10Obp DNA ladder was used to determine the size of the amplicons.

2.5.5 NFKBIA PCR product purification and sequencing

PCR product purification was carried out using a QIAquick PCR Purification Kit 

(Qiagen, CA, USA). The DNA was purified according to the manufacturer’s protocol, 

using the buffers and spin columns provided. The purified DNA was eluted in 30pL 

Buffer EB.

Cycle sequencing was then performed using BigDye Terminator v3.1. The 6 reactions 

mixes were set up in 0.2mL thin wall tubes, each containing 1pL primer, 3pL BigDye 

terminator mix v3.1, 50ng template DNA and dH20 to a total volume of 20|jL. A control 

tube contained 1pL pGem, 2|j L M13 primer, 3pL BigDye terminator mix v.3.1 and 14pL 

dH20.

The tubes were then placed in the GeneAmp 2400 thermal cycler (Applied Biosystems, 

CA, USA) using the following program:

Step 1: 96°C for 1 minute 

Step 2: 96°C for 10 minutes 

Step 3: 50°C for 5 seconds 

Step 4: 60°C for 4 minutes 

Step 5: repeat steps 2-4, 25 times 

Step 6: 4°C forever

The sequencing products were then cleaned using DyeEx spin columns (Qiagen). The 

clean-up was carried out as per the manufacturer’s protocol, and the recovered
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reaction was dried using a speedyvac at medium heat until dry. The pellet was then 

resuspended in lOpL HiDiformamide, and loaded onto an ABI 96 well plate. The plate 

was then placed on the AB3130 sequencing platform (Applied Biosystems, CA, USA) 

which read the sequences.

2.5.6 DNA sequencing (Sequenom  M assARRAY)

The Sequenom MassARRAY system is a DNA analysis platform with detection by 

matrix-assisted laser desorption/ionization -  time of flight mass spectrometry (MALDI- 

TOF MS). The system was used here to profile 547 clinically relevant single nucleotide 

polymorphisms (SNPs) in 46 genes.

DNA was isolated from FFPE patient samples (2.4.3) or cell line samples (2.4.4) and 

quantified (2.4.5). Samples were then amplified by polymerase chain reaction (100bp 

fragments containing SNPs of interest) then treated with shrimp alkaline phosphatase 

(SAP) to clean up left over primers and dNTPs. A single base extension reaction was 

then carried out to generate fragments of different masses. Samples were then cleaned 

using resin to remove excess salt prior to nanodispensing on the SpectraShip. 

Samples were then analysed using the MALTI-TOF MA and data was acquired.

Access to the Sequenom MassARRAY in Beaumont hospital is limited due to the 

equipment being used diagnostically, and as such these steps were carried out as a 

service by Dr. Sinead Toomey and Ms. Aoife Carr in Prof Bryan Hennessy’s research 

group.

2.5.7 m iRNA expression profiling

miRNA expression profiling was carried out through Exiqon services (Vedbaek, 

Denmark) in order to identify differentially expressed miRNAs between parent and drug 

resistant cell lines. RNA was isolated from cell line samples (2.4.1) and cleaned using 

the miRCURY RNA isolation kit (Exiqon, Vedbaek, Denmark) as follows. RNA volume 

was adjusted to 100pL with molecular grade water. EtOH (96%, 200pL) was added to 

each sample prior to addition to a column in a collection tube, which was then 

centrifuged for 1 minute at 12138RPM. 10pL. 400pL wash solution was added to each 

column and centrifuged for 2 minutes at 12138RPM. RNase-free DNase solution 

(90|jRDD buffer and lOpDNase I) was then added to each column and centrifuged for 

2 minutes at 1451RPM prior to incubation at 25°C - 30°C for 15 minutes. The column 

was washed 2 more times and then centrifuged at 12138RPM for 2 minutes to 

thoroughly dry the resin. The column was placed in a fresh elution tube and 50 |j L
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elution buffer was added prior to centrifugation at 1451RPM for 2 minutes follow by 1 

minute at 12138RPM. The purified RNA sample was stored at -80°C and shipped to 

Exiqon (Vedbaek, Denmark) for analysis, where samples were labelled using the 

miRCURY LNA microRNA Hi-Power Labelling Kit, Hy3/Hy5 and hybridized on the 

miRCURY LNA microRNA Array (7'^). Quantified signals were normalized, the 

background was corrected and supervised and unsupervised data analyses were 

performed using the Quantile algorithm.
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2.5 Protein based assays

A number of techniques were used in order to assess protein expression in cell line 

samples, as outlined below.

2.5.1 SDS-PAGE

Glass plates (Atto Corp., Tokyo, Japan) were cleaned with EtOH and assembled in an 

upright position with rubber seal in place. A 12% (v/v), resolving gel was made using 

9.2mL 30% acrylamide:bisacrylamide, 4.5mL 1.875M Tris HCI-pH 8.8, 8.3mL SDW, 

176|jL 10% (w/v), SDS, 120pL 10% (w/v), fresh ammonium persulfate (APS) and lOpL 

TEMED (N,N,N’,N’-tetramethylethylenediamine). The solution was mixed gently to 

avoid bubble formation and pipetted into the upright glass plates. 70% EtOH was gently 

layered on top of the gels to aid polymerization. A 5% (w/v) stacking gel was prepared 

containing 1.7mL 30% (w/v) acrylamide:bisacrylamide, 2mL 0,6M Tris HCI (pH6.8), 

6mL SDW, 100|jL 10% (w/v) SDS, 150|j L 10% (w/v) APS , and lOpL TEMED. Once 

the resolving gel had fully set, the EtOH was removed from the resolving gel and the 

stacking gel poured on top. A 12-well comb was inserted into the stacking gel and the 

gel left to set. Protein samples were diluted (1:1) with 2X LaemmLi buffer (2mL 0.6M 

Tris HCI, 5mL 10% (w/v) SDS, Im L  2-P-Mercaptoethanol, 2mL glycerol, 0.05g (w/v) 

bromophenol blue), and denatured by incubating at 95°C for 10 minutes. 10 pL of a tri- 

chom pre-stained protein marker (Pierce) was also loaded onto each gel. Samples 

were separated by electrophoresis (Atto) at 25mA per gel in electrode buffer (50mM 

Trizma base, 384mM Glycine, 0.1% (w/v) SDS, for 90 minutes, or until the dye front 

reached the end of the gel.

2.5.2 Protein transfer

Separated proteins were transferred onto a 0.45pl\/l polyvinylideneflouride (PVDF) 

membrane (Pall Corp., FL, USA) using a wet Mini-Trans Blot cell (Bio-Rad 

Laboratories, CA, USA). A pre-activated (1 minute in 100% methanol [MeOH]) PVDF 

membrane and Whatman filter paper (Whatman Laboratory Division, Kent, UK) were 

soaked in cold transfer buffer (0.15M glycine, 20mM Trizma base, 0.1% (w/v) SDS, 

20% (v/v) MeOH), prior to use. The layers in the transfer cassette are outlined in Figure 

2.3. The cassette was then placed in a cooled electrode tank and topped up with cold 

transfer buffer and run at 100V and 400mA for 1 hour.

2.5.3 Ponseau S staining

Protein transfer to PVDF membrane was confirmed by staining the unblocked 

membranes in Ponceau S solution (Pierce), for 5 minutes on a shaker. The membrane 

was destained in SDW and rinsed in 1 X Tris Buffered Saline containing 0.1%
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Figure 2.03 Wet transfer layout

Current ran from the anode to the cathode.
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Tween20 (TBST), (50 mM Tris HCI pH 7.4, 150mM NaCI, 0.1% Tween20), before 

commencing with immuno-blotting.

2.5.4 A ntibody staining o f m em branes

Western blots were probed with Cell Signalling Technology antibodies as follows. 

Following the transfer of proteins, membranes were blocked with 5% (w/v) non-fat dried 

milk (Marvel), which was reconstituted in 1X TBST (0.1% tween). The membrane was 

incubated in the primary antibody in 5% Marvel TBST on a shaker at RT. Membranes 

were washed three times for 5 minutes each in TBST, before incubation in the 

appropriate species-specific horseradish peroxidase (HRP)-conjugated secondary 

antibody (1:2000 dilution in 5% Marvel TBST) (Santa Cruz Biotechnology, Dallas, TX, 

USA) for 1 hour on a shaker. The membrane was washed with IX  TBST over a period 

of three 5 minute washes. The Supersignal West Pico Chemiluminescent substrate kit 

(Pierce, Rockford, IL, USA), was used to detect bound antibody complexes. Working 

reagent was prepared just prior to use and was applied to the membrane for 5 minutes. 

Membranes were then exposed to scientific imaging X-ray film (Fuji Photo Film Co. 

Ltd., Tokyo, Japan), which was developed using a medical film processor (Agfa- 

Gevaert, Mortsel, Belgium). Exposure times ranged from 10 seconds to 30 minutes, 

depending on the signal intensity.

pAKT (Ser 473) antibody (Millipore, Billerica, MA, USA) was used as follows. Blots 

were blocked in 5% (w/v) non-fat dried milk (Marvel), which was reconstituted in 

1XTBST (0.05% tween) for 1 hour at RT on a shaker. Blots were incubated in primary 

antibody (1:2000) in 5% BSA TBST (0.05% Tween) overnight at 4°C on a shaker. Blots 

were washed in TBST (0.05% Tween) 3 times for 5 minutes each prior to secondary 

antibody incubation in 5% Marvel TBST (0.05% Tween) for 1 hour at RT on a shaker. 

Five 5 minute washes were then carried out prior to chemiluminescent incubation and 

visualization as above.

2.5.5 Human phospho kinase arrays

Human phospho kinase arrays (R&D systems, MN, USA) were used to profile 

expression of 43 kinase phosphorylation sites and 2 related total proteins across a 

panel of cell line samples. Capture and control antibodies are spotted in duplicate on 

nitrocellulose membranes. Cell lysates are incubated with these membranes in a multi 

well dish overnight and detected by chemiluminescence. Proteins were isolated (2.4.7) 

and quantified (2.4.9) and reagents were prepared as per kit instructions. Array buffer 1
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(block buffer, 1mL) was added to each well of the dish provided, and array membranes 

were added to relevant wells and incubated at RT for 1 hour on a shaker. Protein 

samples were diluted to 500mg/2mL with array buffer one, and then added to relevant 

wells and incubated at 4°C overnight on a shaker. Three 10 minute washes was 

performed using 1 X wash buffer, then membranes were incubated in detection 

antibody for 2 hours at RT on a shaker. A further three washes were carried out prior to 

membrane incubation in Strepdavidin-HRP for 30 minutes at RT on a shaker. Three 

further washes were carried out and then membranes were incubated in Chemi 

Reagent Mix for 1 minute and spots visualized on a Biospectrum Imaging System 

(Ultra Violet Products, Cambridge, UK). Densitometry analysis was carried out using 

Imaged.

2.5.6 PathScan arrays

PathScan arrays (Cell Signalling Technologies, Danvers, MA, USA) are slide based 

antibody arrays which were used to profile expression of 18 phosphorylated or cleaved 

proteins across a panel of untreated and drug treated cell line samples. Capture 

antibodies are spotted in duplicate onto nitrocellulose coated glass slides, with 16 

arrays per slide allowing for simultaneous comparison of protein expression across 16 

samples.

Protein samples were prepared (2.4.8) and quantified (2.4.9) and reagents were 

prepared as per kit guidelines. A plastic cover is fitted to the glass slide for the duration 

of the protocol, allowing the slide to be used as a multi well plate, with each well 

containing one array. lOOpL blocking buffer was added to each well and incubated at 

RT for 15 minutes on a shaker. Cell lysates are diluted to 1mg/mL and 75|jL of this 

working solution is added per well and incubated for overnight at 4°C on a shaker. Four 

5 minute washes were carried out using IX  array wash buffer, and 75pL detection 

antibody cocktail was added. The slide was incubated at RT for 1 hour on a shaker, 

then four further 5 minute washes were carried out. 75|jL HRP-linked Strepdavidin was 

added to each well and incubated for 30 minutes at RT on a shaker. Four further 5 

minute washes were carried out prior to incubation in LumiGlo/peroxide mix 

(chemiluminescent reagent) for the duration of slide imaging using a Biospectrum 

Imaging System (Ultra Violet Products, Cambridge, UK). Densitometry analysis was 

carried out using Imaged.
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2.5.7 Im m unofluorscence im aging

Cell lines were probed with I k B q  antibody to assess expression levels and intracellular 

localisation. Cells were plated at 5000 cells per well, then treated with TNFa (100|jL 

per well, 10ng/mL PBS) the following day for 30 minutes. Cell medium was aspirated 

from each well, and cells were covered with 4% paraformaldehye in PBS (100|jL). Cells 

were incubated at RT for 15 minutes to fix. Cells were then washed 3 times for 5 

minutes each in PBS (100|jL). Cells were subsequently blocked in blocking buffer 

(lOOpL per well, 1X PBS containing 5% normal goat serum and 0.3% Triton X-100, 

Sigma-Aldrich (St. Louis, MO, USA) at RT for 60 minutes. The blocking solution was 

aspirated, and diluted primary antibody was added to each well (lOOpL per well, IX  

PBS containing 1% BSA, 0.3% Triton X-100 and 0.8% Ik B q  antibody). The plate was 

incubated at 4°C overnight. Cells were washed 3 times for 5 minutes each in PBS 

(lOOpL), and then incubated with Alexa Fluor 488 conjugated goat-anti-mouse 

secondary antibody for 1 hour at RT in the dark. Cells were washed 3 times for 5 

minutes each in PBS (lOOjjL), and then stained with Hoechst nuclear stain (4pM, 30 

minutes). 100|jL PBS was finally added to all 96 wells of the plate for imaging.

The cells were imaged using the InCell 1000 High Content Analyser. The nucleus 

emitted blue light due to the Hoechst stain, and I k B q  emitted green fluorescence due to 

the Alexa Fluor 488 conjugated secondary antibody. Images were analysed using a cell 

intensity protocol in the High Content Analyser software, which quantified the intensity 

of green fluorescence in the cytosol for each treatment type, indicating the amount of 

I k B q  present in cells in the various conditions.
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2.6 Data analysis

During this project, a Postgraduate Diploma in Statistics was carried out which 

informed much of the experimental design and analysis described here.

2.6.1 S tandard deviation and standard e rror o f the mean

Standard deviation (SD) describes the dispersion of observed values in a data set and 

is calculated by determining the square root of the variance. Alternatively, the standard 

error of the mean (SEM) is the standard deviation of the distribution of sample mean. 

As sample size increases, the SEM decreases. When the SEM is small, it indicates 

that the distribution of sample means has less error estimating the true mean. SEM is 

calculated as the SD of the original sample divided by the square root of the sample 

size. Here, the data are expressed as either mean ± SEM, where several independent 

experiments were carried out, each with several replicate data points from which a 

mean was calculated, or as mean ± SD, where several independent experiments were 

carried out, each with one observed data point.

2.6.2 A nalysis o f variance

Analysis of variance (ANOVA) is a collection of statistical models which comprise a 

general approach to data analysis. In practise, an ANOVA allows for analysis of 

between-group variation in comparison to within-group variation, helping to provide an 

indication as to whether or not several group means are truly different -  i.e. whether or 

not the null hypothesis can be rejected. This statistical model assumes that the data 

are generated independently both within and between the various groups, that data 

comes from distributions with the same standard deviation, that data variation is 

normally distributed in all cases, and that the long-run group means may vary from 

group to group. In order to test the null hypothesis (that there is no between-group 

variation), a test statistic is calculated called the F-ratio. The F-ratio is calculated as:

MSibetween groups^ 
f  ~ “

MS iw ithin  groups^

Where MS is the mean square. If the null hypothesis is true, then both the between and 

within group variations will have roughly the same value for MS, and the F ratio will be 

approximately equal to 1. A 95% confidence interval is usually applied to the test, with 

an F test value of < 0.05 (5%) being considered ‘statistically significant’, and thus the 

null hypothesis being rejected for data sets where F<0.05. In this project, ANOVA was 

carried out using GraphPad Prism 5.
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2.6.3 P ost hoc \es\.s

A post hoc test is usually carried out to compare variation between 2 specified groups 

within a larger data set, giving the researcher the opportunity to detect a small but real 

difference between means of interest. The post hoc test used in this project was 

Tukey’s ‘Honestly Significant Difference’ method, which is based on the difference that 

we might expect to see between the largest and smallest values in the set, if the null 

hypothesis of equal long-run means for all groups were true. Any pair of means that 

differ by at least this amount will be statistically significantly different. The Newman- 

Keuls method is another post hoc test which is often used as a multiple comparisons 

procedure for the same purposes as the Tukey test, however it is both more powerful 

and less conservation than Tukey’s test. In this project Tukey tests were carried out as 

post hoc tests to the ANOVA using GraphPad Prism 5. A 95% confidence interval was 

applied resulting in statistical significance for p<0.05.

2.6.4 Analysis o f com bination index (C l)

The combination index (Cl) theorem (also known as the Chou-Talalay method) was 

introduced in 1984 as a method of determining whether a drug combination was 

additive, synergistic or antagonistic (221). In this project, Calcusyn software was used 

to determine Cl values for drug combinations based on dose-response linear 

regression data. The equation that the software is based on is:

W\  . (D)2
{D x \ {D x \

fa
l - / a

(Dm ). fa
^ - f a

m2

Where (Dx)i is for drug (D)i (drug 1) alone that inhibits a system x% and (Dx ) 2  is for 

(D ) 2  (drug 2) alone that inhibits a system x% whereas in the numerator, (D)i + (D ) 2  in 

combination also inhibit x%. The denominators of the last two terms are the expression 

of the mean effect equation. The Cl value calculated from this equation quantitatively 

defines synergistic effects (Cl < 1), additive effects (Cl = 1) and antagonistic effects (Cl 

> 1).

2.6.5 AAC T Method fo r ana lysis o f qPC R data

The fold change in expression between two qPCR data points was calculated using the 

AACt method, outlined below, where Ct = threshold cycle, the cycle number at which 

the gene amplified past a defined threshold. Threshold was defined manually in 

7900HT (Applied Biosystems, CA, USA) software, and was chosen to be in the bottom
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third of the amplification plot but above the background data. Threshold was kept 

constant between plates which were being analysed together,

ACt (sample 1) = Ct(gene of interest) -  Ct(housekeeping gene) = X 

Act (sample 2) = Ct(gene of interest) -  Ct(housekeeping gene) = Y 

AACt = ACt (sample 2) -  ACt (sample 1) = Z 

Fold change = 2'^

2 .6.6 A na lys is  o f RT^ Profiler array data

RT^ Profiler arrays were analysed using SABiosciences online software, which is based 

on the AACT method (2.6.5). The online software allows for comparison of two arrays,

selecting for housekeeping control genes and providing heat maps, scatter plots and

other visualisations of the differentially expressed genes identified in the array data.
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Chapter 3: PIK3CA mutation status and PI3K pathway 

activation in NSCLC
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3.1 Introduction

PI3Ks are composed of a regulatory subunit and a catalytic subunit, PIK3CA is the 

gene which codes for the p110a catalytic subunit of PI3K, which uses ATP to 

phosphorylate phosphatidylinositols Ptdlns4P and Ptdlns(4,5)P2, thus activating the 

PI3K-AKT-mT0R pathway. PI3K-AKT-mT0R signalling is known to play a role in 

carcinogenesis and tumour progression, and mutations have been reported in PIK3CA 

in a range of human cancers. These PIK3CA mutations most frequently affect residues 

Glu542 and Glu545 encoding the catalytic domain, and His1047 encoding the kinase 

domain (222). PIK3CA mutation rates vary widely across different cancer types, being 

reported in 2-7% of lung cancers but up to 40% of breast and colorectal cancers (34, 

43), It should be noted that even though mutation rates are lower in lung cancer, this 

would still represent 32,000 -  112,000 patients diagnosed annually, and as such any 

therapeutic intervention strategies based on this mutation would be applicable to a 

large cohort of patients. Genetically engineered mouse models have demonstrated that 

expression of mutant PIK3CA on its own can induce multifocal adenocarcinoma, and 

that these tumours rapidly regress when expression decreases (179). Activation of 

mTOR, AKT and loss of PTEN have each been associated with a poorer prognosis in 

lung cancer patients (62, 223), however an association between PIK3CA mutation 

status and prognosis has been controversial (223).

PIK3CA mutations are thought to be associated with constitutive activation of the PI3K 

pathway. A 2007 study investigated the effects of overexpressing PIK3CA mutations 

K545E and H1047 in human bronchial epithelial cells, and found that these mutations 

were, as expected, associated with increased phosphorylation of AKT on Ser473 (34). 

However, PIK3CA mutations in lung adenocarcinoma have been found to often coexist 

with another oncogenic mutation such as EGFR or KRAS, raising suspicion that 

PIK3CA mutation may be a secondary process rather than a true driver mutation (36, 

139). It has been hypothesized that a portion of PIK3CA-mutan\ lung cancers could be 

dependent on PIK3CA as a driver oncogene, whereas in other patient cases, the 

PIK3CA mutation may modulate the effect of another oncogenic process (224).

PI3K pathway signalling is complex, with multiple growth factor receptors capable of 

activating the pathway. AKT-mTOR signalling can also be activated due to the 

extensive cross-talk with other intracellular signalling pathways and multiple levels of 

redundancy, as well as mutation in AKT  or loss of PTEN. As such it is plausible that the 

pathway can be activated in patients in the absence of PIK3CA mutation, as has been 

seen in breast cancer (225).
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PIK3CA mutation status has been put forward as a potential biomarker to predict 

response to PI3K targeted therapy. However, since the PI3K-AKT-mT0R signalling 

pathway can be activated in the absence of PIK3CA mutation, we would hypothesize 

that PI3K targeted therapy may be a beneficial treatment strategy for more than just 

those patients who bare mutations in PIK3CA. Relating PI3K targeted therapy 

response to PIK3CA mutation status is one of the major themes of this project, and as 

such we initially set out to investigate the connection between PI3K pathway activation 

and PIK3CA mutation status.
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3.2 Objectives

Based on the abovementioned facts, the aim of this initial study was to compare 

PIK3CA mutation status with PI3K pathway activation in a NSCLC patient cohort and in 

vitro. We hypothesize (H1) that PIK3CA mutant NSCLC exhibits PI3K pathway 

activation and will respond better to PI3K pathway targeted therapy than PIK3CA wild- 

type NSCLC. The first part of this hypothesis will be interrogated by comparing PIK3CA 

mutations with PI3K pathway activation (A1). To achieve this aim, our specific 

objectives were:

3.2.1 To profile the mutation status of PIK3CA and related genes in a well 

characterised cohort of 137 NSCLC patients from the St. James’s Hospital biobank.

3.3.2 To profile the mutation status of PIK3CA and related genes in the panel of 3 

NSCLC cell lines which will be used in this project.

3.3.3 To compare PI3K pathway activation across the 4 abovementioned NSCLC cell 

lines and correlate to PIK3CA mutation status.
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3.3 Results

3.3.1 M utation status in a NSCLC patien t cohort

DNA was isolated from 68 adenocarcinoma and 69 squamous cell carcinoma FFPE 

patient samples and screened for 547 clinically relevant SNPs in 46 genes using the 

Sequenom platform. PIK3CA was mutated in 5.26% of adenocarcinoma patients and 

15.87% of squamous cell carcinoma patients (Figure 3.01). The mutations observed 

were E545K (1 adenocarcinoma patient, 5 squamous cell carcinoma patients), H1047R 

(1 adenocarcinoma patient, 2 squamous cell carcinoma patients). M l0431 (1 

adenocarcinoma patient), E542K (2 squamous cell carcinoma patients) and Y1021N (1 

squamous cell carcinoma patient). PIK3R1 was mutated in 0% of adenocarcinoma 

patients and 34.9% of squamous cell carcinoma patients. Mutations were also 

identified in BRAF, CDK4, CDKN2A, CTNNB1, EGFR, FBXW7, FGFR1, HRAS, IDH1, 

KIT, KRAS, MAPK2K1, MET, NRAS, PHLPP2, PTEN, STK11, TBX3 and TP53 (Figure 

3.01). 4.16% of patients had concurrent mutations in PIK3CA and TP53. 3.33% of 

patients had concurrent mutations in PIK3CA and PIK3R1. 2.5% of patients had 

concurrent mutations in PIK3CA, PIK3R1 and TP53.

3.3.2 Survival in PIK3CA  m utant versus w ild-type patients

Survival was compared between PIK3CA mutated patients (n=15) and PIK3CA wild- 

type patients (n=121). When further samples have been sequenced, these mutant and 

wild type groups will be subdivided to compare PIK3CA mutant/wild type survival in 

adenocarcinoma versus squamous cell carcinoma, though this cannot be reliably 

investigated here due to the low number of PIK3CA mutant patients identified to date.

Overall survival (OS) was quantified as the time in months between an individual’s date 

of surgery and date of death. Kaplan-Meier Survival curves were constructed using OS 

data and median survival was calculated as 38.74 months for PIK3CA wild-type 

patients and 37.78 months for PIK3CA mutant patients. A Mantel-Cox test returned a p 

value of 0.4594 here, with a hazard ratio of 0.7874 and a 95% confidence interval of 

0.4179 -  1.483. Therefore, there was no statistically significant difference between 

PIK3CA wild-type and mutant Kaplan-Meier curves for OS (Figure 3.02). RFS was 

defined as the time in months between the date of surgery and the date of recurrence. 

RFS data was used to construct Kaplan-Meier survival curves for PIK3CA mutated and 

wild-type patients and median survival was calculated as 45.93 months for PIK3CA 

wild-type patients and 23.48 months for PIK3CA mutant patients. In this case, the 

Mantel-Cox test returned a p value of 0.1086, with a hazard ratio of 0.5276 and a 95%
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confidence interval of 0.2416 -  1.152 (Figure 3.03). Therefore there was also no 

statistically significant difference between PIK3CA wild-type and mutant patient RFS, 

although there was a trend towards a shorter OS and RFS in PIK3CA mutated patients 

compared to PIK3CA wild-type patients, thus warranting further investigation in a larger 

cohort.
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Patient Characteristics N=137 %

Age

<65 55 46.6

>65 63 53.4

Gender

Male 40 33.9

Female 78 66.1

Stage

lA 15 12.7

IB 52 44.1

IIA 5 4.2

MB 21 17.8

IIIA 22 18.6

IIIB 3 2.5

Grade

1 10 8.5

2 68 57.6

3 40 33.9

Histology

Adenocarcinoma 55 46.6

Squamous cell carcinoma 63 53.4

Smoking status

Non-smoker 14 11.9

Ex-smoker 53 44.9

Current smoker 51 43.2

Table 3.01 Patient Characteristics

Full clinicopathological data was available for 118 of the 137 patients investigated 

during this study. Frequencies here refer to the percentage of these 118 cases. All 

samples were taken at resection, with all patients being chemo-naTve.
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NSCLC Mutation Frequency

Adenocarcinoma

Squamous Cell Carcinoma

Figure 3.01 Mutation frequency in 137 NSCLC patients

DNA was isolated from 68 adenocarcinoma and 69 squamous cell carcinoma FFPE 

patient samples and screened for 547 clinically relevant SNPs in 46 genes using the 

Sequenom platform.
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Overall Survival

PIK3CA wild type median survival: 38.74 months 

PIK3CA mutant median survival: 37.78 months
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Figure 3.02 Kaplan-Meier plot of Overall survival in PIK3CA mutant versus 
wild-type NSCLC patients

PIK3CA mutation status was determined previously by Sequenom sequencing (wild- 

type n=121, mutant n=15). Overall survival was defined as the time in months between 

the date of surgery and the date of death.
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Relapse Free Survival

PIK3CA wild type median survival: 45.93 months 
PIK3CA mutant median survival: 23.48 months
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Figure 3.03 Kaplan-Meier plot of Relapse free survival in PIK3CA mutant 
versus wild-type NSCLC patients

PIK3CA mutation status was determined previously by Sequenom sequencing (wild- 

type n=121, mutant n=15). Relapse free survival was defined as the time in months 

between the date of surgery and the date of recurrence.
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3.3.3 H isto logical and m olecu lar subtype o f NSCLC cell lines used in th is study 

Cell lines used in this study were chosen to represent different histological and 

molecular subtypes of NSCLC. H460 is a large cell carcinoma cell line while A549 and 

H1975 are adenocarcinoma cell lines. Molecular characteristics of available NSCLC 

cell lines as published in the COSMIC (Catalogue Of Somatic Mutations In Cancer) 

database were taken into account when selecting the panel. Based on COSMIC data, 

the H460 cell line bares mutations in both PIK3CA and KRAS, the A549 cell line bares 

wild-type PIK3CA and mutated KRAS and the H1975 cell line bares mutated PIK3CA 

and wild-type KRAS (226-228). Mutation status of PIK3CA and KRAS was confirmed 

by Sequenom MassARRAY technology, with the three cell lines being profiled for a 

total of 547 clinically relevant mutations in 46 genes (Figure 3.04). Cell morphology 

was observed by fluorescence microscopy. Cell lines were stained using Hoechst 

nuclear stain (blue) Mitotracker mitochondrial stain (red) and phalloidin F-actin stain 

(green) and imaged using the InCell 1000 (Figure 3.05).
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H460 A549 H1975

Large cell carcinoma Adenocarcinoma
Adenocarcinonna

CDKN2A 
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PIK3CA 

G118D G353A

Figure 3.04 Histological and mutational characterisation of NSCLC cell lines

NSCLC cell lines used in this study were chosen based on their differing histological 

subtypes. Mutation status was profiled using Sequenom MassARRAY technology. Cell 

images were obtained using the InCell 1000. Each cell line was stained with Hoechst 

blue nuclear stain, mitotracker red mitochondrial stain and phalloidin green F-actin 

stain.
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3.3.4 Gene expression in NSCLC cell lines

Gene expression was compared across H460, A549 and H1975 cells using two gene 

expression arrays (SABiosciences); one which profiles the expression of genes related 

to mTOR signalling, and one which profiles the expression of genes related to cancer 

drug resistance.

H460 and A549 cell lines had similar levels of PIK3CA, but H460 cells expressed 

higher levels of AKT1S1 (165.1 fold) , AKT2 (5.42 fold), PTEN (3634.11 fold), GSK3B 

(3.93 fold), MTOR (951.67 fold) and MAPK1 (1717.71 fold) than A549 cells, and lower 

levels of AKT3 (-36.56 fold) among others (Figure 3.05). Similarly, H I975 cells 

expressed higher levels of PIK3CA (2.33 fold), AKT1S1 (130.99 fold), AKT2 (3.48 fold), 

PTEN (1055.37 fold), GSK3B (6.12 fold), MTOR (1015.72 fold) and MAPK1 (2447.82 

fold) than A549 cells, and lower levels of AKT3 (-4396.99 fold) than A549 cells (Figure 

3.06). H I975 cells expressed higher levels of PIK3CA (2.44 fold) and DEPTOR ('6.01 

fold) than H460 cells, but expressed lower levels of AKT3 (-120.27 fold), PTEN (-3.44 

fold) and similar levels of AKT1S1 (-1.26 fold), AKT2 (-1.56 fold), GSK3B (1.56 fold), 

MTOR (1.07 fold) and MAPK1 (1.43 fold) as H460 cells (Figure 3.07).

H460 cells expressed higher levels of ABCB1 (250.43 fold) and several other cancer 

drug resistance genes than A549 cells, but in general most of the human cancer drug 

resistance genes included were expressed more highly in A549 cells than H460 cells 

(Figure 3.08). H I975 cells expressed higher levels of CDKN2A (362.66 fold) and 

several other cancer drug resistance genes than A549 cells, but again most genes on 

the panel were more highly expressed in A549 cells than H I975 cells (Figure 3.09). 

H1975 cells also expressed higher levels of CDKN2A (1141.35 fold) than H460 cells, 

and expressed higher levels of ESR2 (119.11 fold) and lower levels of ESR1 (-2221.47 

fold) than H460 cells (Figure 3.10).

A number of genes were reported as having very large fold difference between cell 

lines, for example PPP2CA (7606.65 fold), EIF4EBP1 (2706.94 fold) and RHOA 

(3078.48 fold) (Figure 3.05). In such cases these genes are noted with an ‘A’ which 

refers to one out of the two samples not expressing the gene (or expressing it after the 

cycle threshold of 30 cycles). As such the gene is expressed in one cell line but not the 

other. The number of genes up/down regulated in each comparison is noted in each 

figure legend.
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Figure 3.05 mTOR pathway mRNA up/down-regulation in H460 cells compared 
to and A549S

RNA was extracted from H460 and A549 cells. cDNA was synthesized, which was then 

added to mTOR pathway RT^ Profiler Arrays. H460 gene expression was compared to 

A549 gene expression. A heat map was constructed using SABiosciences online 

software, with fold changes shown below, where ‘A ’ refers to genes which amplified 

late (>30 cycles) in either sample, ‘B’ refers to genes which amplified late (>30 cycles) 

in both samples, and ‘C’ refers to samples where no expression was detected in either 

sample. 27 genes were upreguiated >2 fold and 39 genes were downregulated >2 fold) 

in H460 cells compared with A549 cells.
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Figure 3.06 mTOR pathway mRNA up/down-regulation in H1975 cells 
compared to and A549 cells

RNA was extracted from H I975 and A549 cells. cDNA was synthesized, which was 

then added to mTOR pathway RT^ Profiler Arrays. H1975 gene expression was 

compared to A549 gene expression. A heat map was constructed using SABiosciences 

online software, with fold changes shown below, where ‘A’ refers to genes which 

amplified late (>30 cycles) in either sample, ‘B’ refers to genes which amplified late 

(>30 cycles) in both samples, and ‘C’ refers to samples where no expression was 

detected in either sample. 26 genes were upregulated >2 fold and 41 genes were 

downregulated >2 fold in H1975 cells compared with A549 cells.
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Figure 3.07 mTOR pathway mRNA up/down-regulation in H1975 cells 
compared to and H460 cells

RNA was extracted from H1975 and H460 cells. cDNA was synthesized, which was 

then added to mTOR pathway RT^ Profiler Arrays. H1975 gene expression was 

compared to H460 gene expression. A heat map was constructed using SABiosciences 

online software, with fold changes shown below, where ‘A ’ refers to genes which 

amplified late (>30 cycles) in either sample, ‘B’ refers to genes which amplified late 

(>30 cycles) in both samples, and ‘C’ refers to samples where no expression was 

detected in either sample. 9 genes were upregulated > 2 fold and 23 genes were 

downregulated in H1975 cells compared with H460 cells.
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Figure 3.08 Cancer drug resistance mRNA up/down-regulation in IH460 cells 
compared to A549 cells

RNA was extracted from H460 and A549 cells. cDNA was synthesized, which was then 

added to cancer drug resistance RT^ Profiler Arrays. H460 gene expression was 

compared to A549 gene expression. A heat map was constructed using SABiosciences 

online software, with fold changes shown below, where ‘A’ refers to genes which 

amplified late (>30 cycles) in either sample, ‘B’ refers to genes which amplified late 

(>30 cycles) in both samples, and ‘C’ refers to samples where no expression was 

detected in either sample. 9 genes were upregulated > 2 fold and 65 genes were 

downregulated > 2 fold in H460 cells compared with A549 cells.
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Figure 3.09 Cancer drug resistance mRNA up/down-regulation in H1975 cells 
compared to A549 cells

RNA was extracted from H1975 and A549 cells. cDNA was synthesized, which was 

then added to cancer drug resistance RT^ Profiler Arrays. H1975 gene expression was 

compared to A549 gene expression. A heat map was constructed using SABiosciences 

online software, with fold changes shown below, where ‘A ’ refers to genes which 

amplified late (>30 cycles) in either sample, ‘B’ refers to genes which amplified late 

(>30 cycles) in both samples, and ‘C’ refers to samples where no expression was 

detected in either sample. 9 genes were upregulated > 2 fold and 60 genes were 

downregulated > 2 fold in H1975 cells compred with A549 cells.
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Figure 3.10 Cancer drug resistance mRNA up/down-regulation in H1975 cells 
compared to H460 cells

RNA was extracted from H1975 and H460 cells. cDNA was synthesized, which was 

then added to cancer drug resistance RT^ Profiler Arrays. H I975 gene expression was 

compared to H460 gene expression. A heat map was constructed using SABiosciences 

online software, with fold changes shown below, where ‘A’ refers to genes which 

amplified late (>30 cycles) in either sample, ‘B’ refers to genes which amplified late 

(>30 cycles) in both samples, and ‘C’ refers to samples where no expression was 

detected in either sample. 20 genes were upregulated >2 fold and 26 genes were 

downregulated in H1975 cells compared with H460 cells.
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3.3.5 Protein expression in NSCLC cell lines

Protein was extracted from H460, A549 and H1975 cells and expression was 

compared between the cell lines using the PathScan Intracellular Signalling Array Kit. 

pAKT (Ser473) (Figure 3.11), Caspase-3 (Asp175 cleavage) and pp53 (Ser15) (Figure 

3.13) expression was significantly higher in H1975 cells than in the other two cell lines. 

Expression of pmTOR(Ser2448) pGSK-3P(Ser9) (Figure 3,11), pp38(Thr180Tyr182) 

(Figure 3.12), PARP(Asp214 cleavage) and pBAD(Ser112) was higher in H1975 cells 

than A549 cells. Expression of pBAD(Ser112), pHSP27(Ser78) and pAMPKa(Thr172) 

(Figure3.13) was higher in H460 cells than the other two cell lines. Expression of GSK- 

3(3(Ser9) (Figure 3.11) was higher in H460 cells than A549 cells.
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Figure 3.11 PI3K pathway phosphoprotein expression in three NSCLC cell lines

Protein was extracted from H460, A549 and H1975 cells and expression of pAKT 

(Ser473), pAKT (Thr308), pmTOR (Ser2448), pPRAS40(Thr246), pGSK-3b(Ser9), 

pp70S6K(Thr389) and pS6RP(Ser235/236) was compared across the three cell lines 

using the PathScan Intracellular Signalling Array Kit.

*/**: p < 0.05/0.01
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Figure 3.12 Intracellular signalling pathway phospho protein expression in 
three NSCLC cell lines

Protein was extracted from H460, A549 and H1975 cells and expression of 

pp38(Thr180/Tyr182), pERK1/2(Thr202/Tyr204), pSTATI (Thr701), pSTAT3(Tyr705) 

and pSAPK/JNK(Thr183/Tyr185) was compared across the three cell lines using the 

PathScan Intracellular Signalling Array Kit.

*: p < 0.05 compared to H460
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Figure 3.13 Apoptosis and homeostasis protein expression in three NSCLC 
cell lines

Protein was extracted from H460, A549 and H1975 cells and expression of Caspase-3 

(Asp175 cleavage), PARP (Asp214), pp53(Ser15), pBAD(Ser112), pHSP27(Ser78) 

and pAMPKa(Thr172) was compared across the three cell lines using the PathScan 

Intracellular Signalling Array Kit.

*/**/***: p < 0.05/0.01/0.001 compared to H460
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3.4 Discussion

PIK3CA mutation status has been associated with PI3K pathway activation, which in 

turn is associated with a poorer prognosis for NSCLC patients. This study set out to 

assess the frequency of PIK3CA mutation in an Irish cohort of NSCLC patients, and to 

correlate PIK3CA mutation status with prognosis. This project will investigate different 

therapeutic strategies for targeting the PI3K pathway in vitro, and as such the panel of 

NSCLC cell lines which will be used to achieve this were profiled for PIK3CA mutation 

status and PI3K pathway activation.

3.4.1 PIK3C A  m utation frequency in an Irish NSCLC cohort

PIK3CA mutation status was investigated in a cohort of 137 NSCLC patients from the 

St. James’s Hospital biobank. PIK3CA was found to be mutated in 5.26% of 

adenocarcinoma patients, higher than the ~2% mutation rate reported in the literature 

(43). PIK3CA was mutated in 15.87% of squamous cell carcinoma patients, again 

higher than the -7%  mutation rate reported in the literature (43). PIK3CA mutation 

rates vary across different geographical regions. As it stands, the rate of PIK3CA 

mutation in NSCLC patients appears to be quite high, implying that PI3K targeted 

therapy may be of particular benefit to an Irish cohort. 4.16% of patients had concurrent 

mutations in PIK3CA and TP53. 3.33% of patients had concurrent mutations in PIK3CA 

and PIK3R1. 2.5% of patients had concurrent mutations in PIK3CA, PIK3R1 and TP53. 

This cohort of 137 patients will be expanded to a total of 1,000 patient samples which 

will give a more accurate estimate of the true rate of PIK3CA mutation in Irish NSCLC 

patients. This will also allow us to further investigate concurrent mutations with a view 

to investigating any correlation with prognosis.

3.4.2 PIK3CA  m utation status as a prognostic b iom arker

PIK3CA mutation status is known to be associated with PI3K pathway activation, which 

in turn is known to be involved in carcinogenesis. The PI3K pathway can be activated 

by a number of other molecular alterations, most notably activation of AKT, mTOR or 

loss of PTEN. Multiple studies have investigated the value of each of these PI3K 

pathway alterations as prognostic indicators, with varying findings (223).

This study investigated the RFS and OS for PIK3CA mutant and wild-type patients. For 

RFS, PIK3CA mutation status appeared to correlate to poorer survival, although the 

null hypothesis could not be rejected due to the lack of statistical significance. As 

mentioned in 3.3.1, this study will now be expanded to 1,000 which will provide greater
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statistical power and will help to identify any true prognostic value for PIK3CA mutation 

status based on an Irish population.

A meta-analysis published in 2014 has interrogated the available data from multiple 

PI3K pathway studies (223). This study determined that PIK3CA gene mutations were 

not associated with a worse 5-years survival, however activated components of mTOR 

or AKT or loss of PTEN were each associated with significantly worse survival. Based 

on the as yet inconclusive results of our own study and the results from this meta

analysis, we would hypothesise that PIK3CA is not the best candidate as a prognostic 

biomarker associated with the PI3K pathway. PTEN loss, as identified by IHC, may be 

a more useful prognostic indicator in this setting, due to its statistically significant 

association with a poorer outcome for cancer patients.

3.4.3 Frequency of clinically relevant mutations related to the PI3K pathway In 

an Irish NSCLC cohort

PIK3R1 is a frequently mutated, functionally relevant tumour suppressor gene which 

encodes the p85a regulatory subunit of PI3K. Somatic mutations in PIK3R1 are 

frequently reported in breast cancer, colon cancer, pancreatic cancer, ovarian cancer 

and endometrial cancer (28, 229-231), and are known to promote tumourigenesis 

through class 1A PI3K activation (230). PIK3R1 expression has been found to be 

decreased in samples from human lung cancer tissues (29), however the frequency of 

mutations in this gene in lung cancer has not been published to date. This study 

identified PIK3R1 mutations in 0% of adenocarcinoma patients, but 34.9% of 

squamous cell carcinoma patients, implying that PI3K pathway deregulation may be 

more common in the squamous cell carcinoma phenotype. PIK3R1 mutation 

frequency, expression and relevance to lung cancer should be further investigated, as 

the gene may be of use as a candidate prognostic or predictive biomarker either alone 

or in combination with other PI3K pathway genes.

3.4.4 PIK3CA mutation status and PI3K pathway activation in vitro

Three cell lines will be used throughout this project in order to investigate the efficacy 

of different strategies for targeting the PI3K in NSCLC. These three cell lines were 

initially characterised for PI3K pathway mutation status and activation, which could 

then be related to the results obtained previously from NSCLC patient samples.
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H460 cells have mutations in PIK3CA and KRAS, A549 cells have wild-type PIK3CA 

but mutated KRAS and IDH1 and H1975 cells have mutated PIK3CA, PIK3R1, 

CDKN2A and EGFR but wild-type KRAS. PIK3CA gene expression was similar across 

the panel of cell lines (if slightly higher in H1975 cells). Expression of pAKT (Ser473), 

was significantly higher in H1975 cells than the other two cell lines, which could be 

attributed to the two PI3K pathway mutations present in this cell line, and the fact that 

the cell line does not have a mutation in KRAS, implying that PI3K could potentially be 

the driver oncogene in this cell line.
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Chapter 4: Co-targeting the PI3K pathway in NSCLC
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4.1 Introduction

Lung cancer is the most diagnosed form of cancer and the leading cause of cancer 

related death in males globally, and in both sexes in Ireland (1). Recent advances in 

personalised medicine have led to the approval of VEGF, EML4-ALK and EGFR 

targeted therapies for use in NSCLC patients. However, the 5 year survival for NSCLC 

remains poor, at <20% (1). As such, investigation into new strategies for treating 

NSCLC is warranted.

Activation of the PI3K-AKT-mT0R pathway is associated with all eight hallmarks of 

cancer, and has been shown to correlate with a poorer prognosis in NSCLC and other 

cancers (43, 62). With this in mind, it has been hypothesized that selective inhibition of 

signalling molecules involved in the pathway could represent a beneficial therapeutic 

intervention strategy. Inhibitors of class I PI3Ks, AKT and mTOR have been 

investigated in both the laboratory and clinical settings, and more recently dual PI3K- 

mTOR inhibitors and isoform specific PI3K inhibitors have been developed and are in 

early stage clinical trials (43).

PIK3CA is mutated in 2-7% of lung cancers, representing up to 112,000 patients 

annually (34, 43). The proteins which result from mutant PIK3CA exhibit increased 

enzymatic activity independent of upstream signalling, constitutively stimulate signalling 

through the AKT pathway, and have oncogenic properties such as conferring 

anchorage-independent grovirth and increased cell invasion and metastasis (232). 

Mutant PIK3CA has been put forward as a potential predictive biomarker of response 

to PI3K targeted therapy (82). However, since the PI3K-AKT-mT0R can also become 

activated in the absence of PIK3CA mutation, for example through loss of PTEN, or 

mutations in AKT  and MTOR, it is hoped that the clinical activity of PI3K inhibitors may 

not be limited to PIK3CA mutant tumours.

A number of pan-Class I PI3K inhibitors have been investigated in both the laboratory 

and clinical settings, with varying levels of success. GDC-0941 is a pan PI3K inhibitor 

which will be investigated in this study, and which is currently being investigated in 

clinical trials (80, 81). Preclinical data has supported PIK3CA mutations and PTEN loss 

as predictive biomarkers of response to the drug in lung, breast, and other solid 

tumours (82-84). To date, 13 trials involving GDC-0941 are ongoing, mainly in NSCLC 

and breast cancer.
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Dual targeted inhibition of PI3K and mTOR is hoped to provide superior inhibition of 

RISK pathway signalling, as this strategy can prevent feedback activation of mTOR in 

response to PI3K inhibition. GDC-0980 is a dual PI3K-mT0R inhibitor which is 

investigated in-depth in this study. The drug demonstrated excellent downstream 

inhibition of the PI3K pathway in vitro, with the strongest effects being observed in lung, 

breast and prostate cancer cell lines (119). There are 12 trials ongoing for this drug, 

with Phase I trials in solid tumours and Phase II studies in endometrial carcinoma, 

renal cell carcinoma, prostate cancer and breast cancer.

Innate and acquired resistance to PI3K pathway inhibition are anticipated to be major 

hurdles to overcome in the development of beneficial PI3K targeted therapeutics. One 

major mechanism of resistance to targeted inhibition lies in the ability of a cancer cell to 

utilise an alternative pathway as a bypass track, to maintain or regain oncogenic 

signalling. Several strategies have been investigated in order to pre-empt this 

mechanism of resistance, most of which involve co-targeting the PI3K pathway with 

either a growth factor receptor, or an alternative intracellular signalling protein. KRAS is 

commonly mutated in NSCLC (~20%-30% in adenocarcinoma,(233)), with an 

estimated 70% of lung tumours displaying RAS-RAF-MAPK pathway activation (173). 

Since KRAS activation stimulates signalling through both the PI3K and MEK pathways, 

there have been several studies investigating the efficacy of co-targeting the PI3K and 

MEK pathways in NSCLC (234). A phase I trial is currently recruiting patients with solid 

tumours for combination treatment with PI3K pathway inhibitor BKM120 and MAPK 

pathway inhibitor MEK162 (183). A Phase I trial has recently been completed (235) 

which investigated the combination of GDC-0941 with GDC0973 in solid tumours. 

There has been no study to date in the clinical setting combining GDC-0980 with GDC- 

0973, which we hypothesize may provide a superior blockade of oncogenic signalling. 

Aside from the abstracts published in association with this project. Data has only been 

published on the combination of these two drugs in the context of one supplementary 

figure to a 2012 publication. Here, it was observed that intermittent dosing of the two 

drugs led to increased anti-tumour efficacy in a melanoma xenograft model (140).
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4.2 Objectives

Based on the abovementioned facts, the aim of this study (A2) was to identify optimal 

strategies for targeting PI3K as a first line therapy in NSCLC. Here we address HI, 

where we hypothesized that PIK3CA mutation will predict response to PI3K targeted 

therapy, as well as H2, where we hypothesized that RISK pathway co-targeted therapy 

will offer superior inhibition of downstream signalling compared with PI3K inhibition 

alone in NSCLC.

4.2.1 To investigate the effects of PI3K inhibition on cell viability and proliferation in a 

panel of PIK3CA mutant and wild-type cell lines.

4.2.2 To compare the efficacy of pan PI3K inhibitor GDC-0941 with PI3K-mT0R dual 

inhibitor GDC-0980 in NSCLC cell lines.

4.2.3 To investigate the effects of co-targeting PI3K, mTOR and MEK using the 

inhibitors GDC-0980 and GDC-0973 in a panel of NSCLC cell lines.
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4.3 Results

4.3.1 Anti-cancer effects of GDC-0941 and GDC-0980 in PIK3CA mutant and 

wild-type NSCLC cell lines

Two PIK3CA mutant cell lines (H460 and H I975) and one PIK3CA wild-type cell line 

(A549) were used in this study. Here, the three cell lines were treated with either GDC- 

0941 or GDC-0980. Cell viability was measured qualitatively and quantitatively after 48 

hours by a multiparameter apoptosis assay (high content analysis), or cell proliferation 

was measured after 72 hours quantitatively by BrdU proliferation assay.

Both GDC-0941 and GDC-0980 were found to induce a reduction in cell viability in all 

three cell lines, as observed qualitatively (Figure 4.01, Figure 4.03) and by cell count 

(Figure 4.02, Figure 4.04). Both GDC-0941 and GDC-0980 were found to have dose 

dependant anti-proliferative effects on all three cell lines. H I975 cells were most 

sensitive to both drugs, and A549 cells were least sensitive to both drugs, as measured 

by IC50 concentration. There was no statistically significant difference (i.e. p>0.05) 

between the anti-proliferative effects of the two drugs in any cell line, although the IC50 

concentrations were lower for GDC-0980 (Figure 4.05).
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H460 A549 H1975

Figure 4.01 The effect of GDC-0941 treatment on viability in a panel of NSCLC 
cells

H460, A549, and H1975 cells were treated at noted concentrations of GDC-0941 for 48 

hours in a 96 well plate and then fixed & stained with Hbechst nuclear stain, 

mitotracker red mitochondrial stain and phalloidin green F-actin stain. Stained plates 

were imaged using the InCell 1000 (10X objective, 10 fields per well, triplicate wells, 

n=3).
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GDC-0941

H460
A549
H1975

Figure 4.02 The effect of GDC-0941 treatment on cell count in a panel of 
NSCLC cells

Images from Figure 4.01 were analysed for cell count using InCell 1000 software. 
Treatment groups were compared with untreated cell numbers (raw data) and are 
represented here as % cell count compared to untreated cells, with mean ± SEM for 
treated groups.

*/***: p<0.05/0.001 respectively, compared to untreated cells of the same cell line
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H460 A549 H1975

U/T

Figure 4.03 The effect of GDC-0980 treatment on viability in a panel of NSCLC 
cells

H460, A549 and H1975 cells were treated at noted concentrations of GDC-0980 for 48 

hours in a 96 well plate and then fixed & stained with Hbechst nuclear stain, 

mitotracker red mitochondrial stain and phalloidin green F-actin stain. Stained plates 

were imaged using the InCell 1000 (10X objective, 10 fields per well, triplicate wells, 

n=3).
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GDC-0980

H460
A549
H1975

Figure 4.04 The effect of GDC-0980 treatment on cell count in a panel of 
NSCLC cells

Images from Figure 4.03 were analysed for cell count using InCell 1000 software. 

Treatment groups were compared with untreated cell numbers (raw data) and are 

represented here as % cell count compared to untreated cells, with mean ± SEM for 

treated groups.

***: p<0.001 compared to untreated cells of the same cell line
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a)

H460 A549

H1975

b)
IC50 (pM) H460 A549 H1975
GDC-0941 3.34 8.69 0.84
GDC-0980 1.69 3.44 0.58

Figure 4.05 Comparison of the anti-proliferative effects of GDC-0941 and GDC- 
0980 in NSCLC cell lines

a) Cells were treated at noted concentrations of GDC-0941 or GDC-0980 for 72 

hours, then proliferation rates were examined by BrdU incorporation ELISA 

(triplicate wells, n=3). Raw absorbance values for each treatment group were 

compared with untreated sample values, which were set to 100%. Data was 

then expressed as % proliferation compared to untreated cells, with mean ± 

SEM.

b) Data from a) was analysed by linear regression and IC50 values were 

determined using GraphPad Prism.
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4.3.2 Anti-cancer effects of GDC-0973 in NSCLC cell lines 

This study will investigate the effects of combining PI3K pathv\/ay inhibition with MEK 

pathway inhibition. As such, the effects of MEK inhibitor GDC-0973 were first 

investigated alone in H460, A549 and H1975 cells. GDC-0973 did not appear to have a 

strong effect on viability qualitatively (Figure 4.06), and did not induce a statistically 

significant reduction in cell count in any cell line (Figure 4.07). However, GDC-0973 did 

induce a reduction in proliferation in A549 and H I975 cells (Figure 4.08).
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H460 A549 H1975

0.1|jM

0.5pM

Vi

Figure 4.06 The effect of GDC-0973 treatment on viability in a panel of NSCLC 
cells

H460, A549 and H1975 cells were treated at noted concentrations of GDC-0973 for 48 

hours in a 96 well plate and then fixed & stained with Hbechst nuclear stain, 

mitotracker red mitochondrial stain and phalloidin green F-actin stain. Stained plates 

were imaged using the InCell 1000 (10X objective, 10 fields per well, triplicate wells, 

n=3)
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H460
A549
H1975

Figure 4.07 The effect of GDC-0973 treatment on cell count in a panel of 
NSCLC cells

Images from Figure 4.06 were analysed for cell count using InCell 1000 software. 

Treatment groups were compared with untreated cell numbers (raw data) and are 

represented here as % cell count compared to untreated cells, with mean ± SEM for 

treated groups.
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a)

A549 cells

GDC-0973 Concentration GDC-0973 Concentration

H1975 cells

100

GDC-0973 Concentration

b)
IC50 (mM)
GDC-0973

H460 A549
74.26 0.75

H1975
0.15

Figure 4.08 Anti-proliferative effects of GDC-0973 in a panel of NSCLC cell 
lines

a) Cells were treated at noted concentrations of GDC-0973 for 72 hours, then 

proliferation rates were examined by BrdU incorporation ELISA (triplicate wells, 

n=3). Raw absorbance values for each treatment group were compared with 

untreated sample values, which were set to 100%. Data was then expressed as 

% proliferation compared to untreated cells, with mean ± SEM.

b) Data from a) was analysed by linear regression and IC50 values were 

determined using GraphPad Prism.
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4.3.3 Co-targeted inhibition of the PI3K and MEK pathways in NSCLC
Due to the extensive cross-talk and feedback stimulation that is known to exist between

the PI3K and MEK pathways, there has been increased interest in co-targeting PI3K

and MEK as an anti-cancer treatment. Here, the effects of GDC-0980 and GDC-0973

in combination on viability, proliferation and protein expression were investigated in

H460, A549 and H1975 cells.

The reduction in cell viability induced by GDC-0980 and GDC-0973 in combination was 

significantly greater than that of either drug alone in H460 and A549 cell lines. A similar 

trend was observed in H1975 cells, though there was not a statistically significant 

difference between the effects of GDC-0980 and the mix of the two drugs (Figure 4.09, 

Figure 4.10).

A BrdU proliferation assay was used to interrogate the interaction between GDC-0980 

and GDC-0973 in the three NSCLC cell lines in more detail. CalcuSyn software was 

used to analyse the data, returning combination index (Cl) values for the drug 

interaction at each concentration used, based on the Chou-Talalay equation. A Cl of <1 

implies that there is a synergistic interaction between the two drugs, Cl=1 implies an 

additive effect between the two drugs and a Cl>1 implies that there is an antagonistic 

effect between the two drugs. In H460 cells, the drugs had a synergistic interaction at 

0.1pM, 0.5 |jM, I jjM  and 5|jM (Figure 4.11). In A549 and H1975 cells, there was a 

synergistic interaction between the two drugs at 0.1 pM, 0.5pM and 1(jM (CI<1, Figure 

4.12, Figure 4.13).

Optimal treatment times and concentrations for assessment of protein expression in 

response to inhibition by GDC-0941, GDC-0980 and GDC-0973 were determined by 

Western blot (Figure 4.14). PathScan arrays were then used to profile the expression 

of 18 phosphorylated or cleaved proteins in response to treatment with GDC-0980 

and/or GDC-0973 (Figure 4.15). pERK1/2 (Thr202/Ty204) expression was similar in 

untreated, GDC-0980 and/or GDC-0973 treated H460, A549 and H I975 cells (Figure

4.16). pERK expression should be reduced in response to GDC-0973 treatment. As 

such, this protein was further investigated by use of an MSD array, which contained 

spots for total ERK and pERK (Thr202/Tyr204, Thr185/Tyr187), allowing quantification 

of percentage ERK phosphorylation in response to the drug. Here, ERK 

phosphorylation was shown to be significantly reduced in response to both GDC-0973 

treatment alone, and the combination of the two drugs, for all three cell lines (Figure

4.17).

108



pSTAT3 (Tyr705) expression was similar across all cell lines (Figure 4.19). GDC-0980 

treatment both alone and in combination with GDC-0973 led to significantly decreased 

expression of pAKT (Thr308) in H I975 cells (Figure 4.20). GDC-0980 treatment led to 

significantly reduced expression of pAKT (Ser473) in H460, A549 and H I975 cells, with 

the effect being largest in H I975 cells. In H I975 cells, GDC-0973 treatment led to 

increased expression of pAKT (Ser473), but combined treatment with both inhibitors 

still led to a significant reduction in expression of the protein (Figure 4.21). Expression 

of pAMPKa (Thr172) was similar across all treatments in all cell lines (Figure 4.22). 

GDC-0980 treatment induced a reduction in pS6RP (Ser235/236) expression in H460, 

A.549 and H1975 cells. As with pAKT (Ser473), this effect was largest in H1975 cells. 

GDC-0973 treatment also led to reduced expression of pS6RP (Ser235/236) in H460 

and A549 cells (Figure 4.23).

GDC-0980 induced a reduction in pmTOR (Ser2448) expression in H460, A549 and 

H I975 cells. GDC-0973 treatment also induced a reduction in expression of pmTOR 

(Ser2448) in H460 cells (Figure 4.24).

GDC-0980 treatment (with or without GDC-0973) led to reduced expression of pHSP27 

(Ser78) in all three cell lines. Treatment with GDC-0973 alone led to reduced 

expression of pHSP27 (Ser78) in H460 and A549 cells but not H I975 cells (Figure 

4.25).

GDC-0980 treatment (with or without GDC-0973) led to reduced expression of pBAD 

(Seri 12) in all three cell lines. Treatment with GDC-0973 alone led to reduced 

expression of pBAD (Ser112) in H460 cells but not A549 or H I975 cells (Figure 4.26).

GDC-0980 treatment (with or without GDC-0973) led to reduced expression of 

pp70S6K (Thr389) in H460, A549 and H1975 cells. Treatment with GDC-0973 alone 

led to reduced expression of pp70S6K (Thr389) in H460 cells but not A549 or H I975 

cells (Figure 4.27). pp70S6K is a downstream mediator of both the PI3K and MEK 

pathways, which can be activated by either pathway as shown in Figure 1.06. As such 

it would be hoped that the co-targeted inhibition approach would lead to a reduction in 

expression of this protein compared with treatment with either inhibitor alone. Here we 

saw that this was the case for H460 cells, but not either of the other two cell lines 

(Figure 4.27).
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G D C -0980  treatm ent (with or without G D C -0973) led to reduced expression of 

pPRAS40 (Thr246) in all three cell lines (Figure 4 .28).

G D C -0980  treatment alone induced a reduction in pp53 (Ser15) expression in all three  

cell lines, and the combination of the two drugs induced a reduction in expression of 

the protein in H460 and A549 cells but not H1975 cells. G D C -0973  treatment also 

induced a reduction in expression of pp53 (Ser15) in A 549 cells (Figure 4 .29).

pp38 (Thr180/Tyr182) expression was similar across all treatments in all cell lines 

(Figure 4 ,30). G D C -0980  treatm ent (with or without G D C -0973) led to reduced 

expression of pSAPK/JNK (Thr183/Tyr185) in H460, A 549 and H1975 cells (Figure 

4.31).

G D C -0980  treatment (with or without G D C -0973) led to reduced expression of PARP  

(Asp214 cleavage) in H 460 cells, but not in the other two cell lines (Figure 4.32). 

Caspase-3 (Asp175 cleavage) expression was similar across all treatm ents in all cell 

lines (Figure 4.33).

G D C -0980  treatm ent alone led to reduced expression of pGSK-3p (Ser9) in H 460 and 

H I 975 cells, and the mix of the two drugs induced a reduction of expression of the 

protein in H460, A 549 and H I 975 cells. G D C -073  treatment alone also led to reduced 

expression of pGSK-3p (Ser9) in H 460 cells (Figure 4.34).
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H460 A549 H1975

GDC-0973

(1|jM)

GDC-0980 

(1mM) & 

GDC-0973 

(1|jM)

Figure 4.09 Effects of PI3K-mT0R and MEK co-targeted inhibition on NSCLC 
cell viability

H460, A549 and H1975 cells were treated with GDC-0980 (1|jM), GDC-0973 (1|j M), 

both GDC-0980 (1^iM) and GDC-0973 (1|jM) or left untreated for 48 hours in a 96 well 

plate and then fixed & stained with Hdechst nuclear stain, mitotracker red mitochondrial 

stain and phalloidin green F-actin stain. Stained plates were imaged using the InCell 

1000 (10X objective, 10 fields per well, triplicate wells, n=3).
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H460
150n

A549

* * *

★ * *

H1975

Figure 4.10 Effects of PI3K-mT0R and MEK co-targeted inhibition on NSCLC 
cell count

Images from Figure 4.09 were analysed for cell count using InCell 1000 software. 

Treatment groups were compared with untreated cell numbers (raw data) and are 

represented here as % cell count compared to untreated cells, with mean ± SEM for 

treated groups.

*/**/***: p<0.05/0,01/0.001
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H460

GDC-0980
GDC-0973
Mix

★★★
★★★

* ★ *

★ * *

Cl OmM O.OIpM O.ImM O.S^M I mM 5mM

H460 10.879 0.008 0.014 0.02 0.1

Figure 4.11 PI3K-mT0R and MEK combined inhibition induces a synergistic 
reduction in proliferation in H460 cells

Cells were treated with GDC-0980, GDC-0973 or a 1:1 mix of GDC-0980 & GDC-0973 

at noted concentrations for 72 hours. Proliferation rates were then assessed by BrdU 

incorportation ELISA (triplicate wells, n=3). a) Raw absorbance values for each 

treatment group were compared with untreated sample values, which were set to 

100%. Data was thenrepresented as absorbance (which correlates directly with 

proliferation) with mean ± SEM. b) Data from a) was analysed using CalcuSyn software 

which tests for synergistic, additive or antagonistic drug interactions via the Chou- 

Talalay method. A combination index (Cl) of >1 indicates an antagonistic interaction, Cl 

= 1 indicates an additive interaction and Cl < 1 indicates a synergistic interaction. In 

this case, there is a synergistic interaction between GDC-0980 and GDC-0973 at 

0.1|jM, 0.5|jM, 1|jM and 5|jM.

**/***: p<0.01/0.001 respectively
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A549

Cl OmM O.OImM 0.1|jM O.SpM 1|jM 5|jM

A549 - 2.848 0.12 0.289 0.32 1.546

Figure 4.12 PI3K-mT0R and MEK combined inhibition induces a synergistic 
reduction in proliferation in A549 cells

Cells were treated with GDC-0980, GDC-0973 or a 1:1 mix of GDC-0980 & GDC-0973 

at noted concentrations for 72 hours. Proliferation rates were then assessed by BrdU 

incorportation ELISA (triplicate wells, n=3). a) Raw absorbance values for each 

treatment group were compared with untreated sample values, which were set to 

100%. Data was thenrepresented as absorbance (which correlates directly with 

proliferation) with mean ± SEM. b) Data from a) was analysed using CalcuSyn software 

which tests for synergistic, additive or antagonistic drug interactions via the Chou- 

Talalay method. A combination index (Cl) of >1 indicates an antagonistic interaction, Cl 

= 1 indicates an additive interaction and Cl < 1 indicates a synergistic interaction. In 

this case, there is a synergistic interaction between GDC-0980 and GDC-0973 at 

O.IpM, 0.5|jM and 1|jM.

*/***: p<0.05/0.001 respectively
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H1975
0.25

0.20

0) 0.15ucnnu.
O

<  0.10

0.05

0.00

GDC-0980
GDC-0973
Mix

Dose (uM)

Cl OpM 0.01mm O.I^M O.S^M 1mM s^ m

H1975 - 0.606 0.102 0.342 0.589 2.859

Figure 4.13 PI3K-mT0R and MEK combined inhibition induces a synergistic 
reduction in proliferation in H1975 cells

Cells were treated with GDC-0980, GDC-0973 or a 1:1 mix of GDC-0980 & GDC-0973 

at noted concentrations for 72 hours. Proliferation rates were then assessed by BrdU 

incorportation ELISA (triplicate wells, n=3). a) Raw absorbance values for each 

treatment group were compared with untreated sample values, which were set to 

100%. Data was thenrepresented as absorbance (which correlates directly with 

proliferation) with mean ± SEM. b) Data from a) was analysed using CalcuSyn software 

which tests for synergistic, additive or antagonistic drug interactions via the Chou- 

Talalay method. A combination index (Cl) of >1 indicates an antagonistic interaction. Cl 

= 1 indicates an additive interaction and Cl < 1 indicates a synergistic interaction. In 

this case, there is a synergistic interaction between GDC-0980 and GDC-0973 at 

O.IpM, 0.5 |j M and IpM.

*/***: p<0.05/0.001 respectively
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a(3Tubulin
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Figure 4.14 Western blot analysis of pS6RP expression in response to GDC- 
0941, GDC-0980 and GDC-0973 treatment

Optimisation was carried out for assessment of protein inhibition by GDC-0941, GDC- 

0980 and GDC-0973 treatment (data not shown). Optimal treatment concentration was 

determined to be 1pM for GDC-0941 and GDC-0980 and 2pM for GDC-0973, with 

treatment time optimised to 4 hours for GDC-0941 and 6 hours for GDC-0973. 

LY294002 (2 hours, 15plVI) was included here as a positive control. A) Western blot for 

pS6RP and apTubulin, where 1: untreated, 2: LY294002 (2 hours, 15pM), 3: GDC- 

0941 (4 hours, I mM), GDC-0980 (4 hours, 1pM) and GDC-0973 (6 hours, 2pM). b) 

densitometry analysis carried out by Image J.
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Figure 4.15 The effects of co-targeting PI3K-mT0R and MEK on 
phosphoprotein expression in a panel of three NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1|jM , 4hrs), GDC-0973 (2|jM , 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. Intracellular signalling protein expression was 

explored using PathScan arrays (duplicate spots, n=3). Array images are shown with 

postive (+) and negative (-) controls identified. 1: ERK1/2 (Thr202/Tyr204), 

2:Stat1(Tyr701), 3; Stat3 (Tyr705), 4: AKT (Thr308), 5: AKT (Ser473), 6: AMPKa 

(Thr172), 7: S6RP (Ser235/236), 8: mTOR (Ser2448), 9: HSP27 (Ser78), 10: BAD 

(Ser15), 11: p70S6K (Thr389), 12: PRAS40 (Thr246), 13: p53 (Ser15), 14: p38 

(Thr180/Tyr182), 15: SAPK/JNK (Thr183/Tyr185), 16: PARP (Asp214), 17: Caspase-3 

(Asp175), 18: GSK-3p (Ser9).
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Figure 4.16 Effect of GDC-0980 and/or GDC-0973 treatment on pERK1/2 
(Thr202/Tyr204) expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1|jM, 4hrs), GDC-0973 (2pM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pERK1/2 (Thr202/Tyr204) expression was explored 

using PathScan arrays (duplicate spots, n=3). Sample array images are shown in 

Figure 4.15. Spot intensity was quantified through imaged software and data were 

expressed as relative mean ± SEM.
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Figure 4.17 Effect of GDC-0980 and/or GDC-0973 treatment on total ERK and 
pERK1/2 (Thr202/Tyr204, Thr185/Tyr187) expression in a panel of NSCLC cell 
lines

Protein was isolated from H460, A549 and H I975 cell lines at baseline and after 

treatment with GDC-0980 (1|jM, 4hrs), GDC-0973 (2 |jM, 6hrs) and a mix of the 2 drugs 

using MSD lysis buffer. Total ERK and pERK1/2 (Thr202/Tyr204, Thr185/Tyr187) 

expression was explored using MSD arrays (duplicate wells, n=3). Spot intensity was 

quantified through MSD software and data were expressed as % Phosphoprotein = ((2 

x Phospho-signal) / (Phospho-signal + Total signal)) x 100. Percentage 

phosphorylation was then expressed as mean ± SEM.

***: p<0.001, compared to untreated cells unless otherwise noted
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Figure 4.18 Effect of GDC-0980 and/or GDC-0973 treatment on pSTATI (Tyr701) 
expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1 îM, 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pSTATI (Tyr701) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through Imaged software and data were expressed 

as relative mean ± SEM.

*: p<0.05, compared to untreated cells unless otherwise noted
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Figure 4.19 Effect of GDC-0980 and/or GDC-0973 treatment on pSTATS (Tyr705) 
expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1 |jM, 4hrs), GDC-0973 (2|j M, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pSTATS (Tyr705) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through Imaged software and data were expressed 

as relative mean ± SEM.
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Figure 4.20 Effect of GDC-0980 and/or GDC-0973 treatment on pAKT (Thr308) 
expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pAKT (Thr308) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through ImageJ software and data were expressed 

as relative mean ± SEM.

*/**: p<0.05/0.01 respectively, compared to untreated cells unless otherwise noted
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Figure 4.21 Effect of GDC-0980 and/or GDC-0973 treatment on pAKT (Ser473) 
expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatm ent with GDC-0980 (1|jM, 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pAKT (Ser473) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through ImageJ software and data were expressed 

as relative mean ± SEM.

* 1 * * 1 * * * .  p<o.05/0.01/0.001 respectively, compared to untreated cells unless otherwise

noted
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Figure 4.22 Effect of GDC-0980 and/or GDC-0973 treatment on pAMPKa 
(Thr172) expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pAMPKa (Thr172) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through ImageJ software and data were expressed 

as relative mean ± SEM.
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Figure 4.23 Effect of GDC-0980 and/or GDC-0973 treatment on pS6RP 
(Ser235/236) expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1|jM, 4hrs), GDC-0973 (2pM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pS6RP (Ser235/236) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through ImageJ software and data were expressed 

as relative mean ± SEM.

**/***: p</0.01/0.001 respectively, compared to untreated cells unless otherwise noted
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Figure 4.24 Effect of GDC-0980 and/or GDC-0973 treatment on pmTOR 
(Ser2448) expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1 |jM, 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pmTOR (Ser2448) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through Imaged software and data were expressed 

as relative mean ± SEM.

*/**: p<0.05/0.01 respectively, compared to untreated cells unless otherwise noted
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oô

Figure 4.25 Effect of GDC-0980 and/or GDC-0973 treatment on pHSP27 (Ser78) 
expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1[jM, 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pHSP27 (Ser78) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through Imaged software and data were expressed 

as relative mean ± SEM.

*/**/***: p<0.05/0.01/0.001 respectively, compared to untreated cells unless otherwise 

noted
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Figure 4.26 Effect of GDC-0980 and/or GDC-0973 treatment on pBAD (Ser112) 
expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H I975 cell lines at baseline and after 

treatment with GDC-0980 (1|jM, 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pBAD (Ser112) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through ImageJ software and data were expressed 

as relative mean ± SEM.

**/***: p<0.01/0.001 respectively, compared to untreated cells unless otherwise noted
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Figure 4.27 Effect of GDC-0980 and/or GDC-0973 treatment on pp70S6K 
(Thr389) expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatm ent with GDC-0980 (1|jM, 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pp70S6K (Thr389) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through ImageJ software and data were expressed 

as relative mean ± SEM.

* 1* * 1* * * :  p<0.05/0.01/0.001 respectively, compared to untreated cells unless otherwise

noted
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Figure 4.28 Effect of GDC-0980 and/or GDC-0973 treatment on pPRAS40 
(Thr246) expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 4hrs), GDC-0973 (2ijM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pPRAS40 (Thr246) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through ImageJ software and data were expressed 

as relative mean ± SEM.

***: p<0.001, compared to untreated cells unless otherwise noted
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Figure 4.29 Effect of GDC-0980 and/or GDC-0973 treatment on pp53 (Ser15) 
expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1 ĴM, 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pp53 (Ser15) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through Imaged software and data were expressed 

as relative mean ± SEM.

*/**/***: p<0.05/0.01/0.001 respectively, compared to untreated cells unless otherwise 

noted
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Figure 4.30 Effect of GDC-0980 and/or GDC-0973 treatment on pp38 
(Thr180/Tyr182) expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1 [jM, 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pp38 (Thr180/Tyr182) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through ImageJ software and data were expressed 

as relative mean ± SEM.
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Figure 4.31 Effect of GDC-0980 and/or GDC-0973 treatment on pSAPK/JNK 
(Thr183/Tyr185) expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1|jM, 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pSAPK/JNK (Thr183/Tyr185) expression was 

explored using PathScan arrays (duplicate spots, n=3). Sample array images are 

shown in Figure 4,15. Spot intensity was quantified through ImageJ software and data 

were expressed as relative mean ± SEM.

*/**/***: p<0.05/0.01/0.001 respectively, compared to untreated cells unless otherwise 

noted

133



150-1

H460
150-.

A549

H1975
150

I 100 
0) 

c
o
W 50
SS

0

Figure 4.32 Effect of GDC-0980 and/or GDC-0973 treatment on PARP (Asp214 
cleavage) expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1 |jM, 4hrs), GDC-0973 (2|jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. PARP (Asp214 cleavage) expression was explored 

using PathScan arrays (duplicate spots, n=3). Sample array images are shown in 

Figure 4.15, Spot intensity was quantified through ImageJ software and data were 

expressed as relative mean ± SEM.

*: p<0.05, compared to untreated cells unless otherwise noted
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Figure 4.33 Effect of GDC-0980 and/or GDC-0973 treatment on Caspase-3 
(Asp175 cleavage) expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1[jM, 4hrs), GDC-0973 (2 ijM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. Caspase-3 (Asp175 cleavage) expression was 

explored using PathScan arrays (duplicate spots, n=3). Sample array images are 

shown in Figure 4.15. Spot intensity was quantified through ImageJ software and data 

were expressed as relative mean ± SEM.
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Figure 4.34 Effect of GDC-0980 and/or GDC-0973 treatment on pGSK-3p (Ser9) 
expression in a panel of NSCLC cell lines

Protein was isolated from H460, A549 and H1975 cell lines at baseline and after 

treatment with GDC-0980 (1 |jM, 4hrs), GDC-0973 (2[jM, 6hrs) and a mix of the 2 drugs 

using Cell Signalling lysis buffer. pGSK-3p (Ser9) expression was explored using 

PathScan arrays (duplicate spots, n=3). Sample array images are shown in Figure 

4.15. Spot intensity was quantified through Imaged software and data were expressed 

as relative mean ± SEM.

*/**/***: p<0.05/0.01/0.001 respectively, compared to untreated cells unless otherwise 

noted
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4.3 Discussion

4.31 Response to P I3K pathway inhibition in PIK3CA  m utant versus PIK3CA  

w ild-type NSCLC cell lines

It has been hypothesized that PIK3CA mutation status may serve as a predictive 

biomarker of response to PI3K targeted therapy. However, the correlation between 

PIK3CA mutation status and response to PI3K targeted therapy is controversial, with 

several other potential biomarkers including PTEN loss being put forward as 

alternatives (84). Tumours that bear wild-type PIK3CA may also respond to PI3K 

targeted therapy, as we know that the pathway can be activated due to other 

aberrations such as PTEN loss, AKT  or MTOR mutation.

While alterations in PIK3CA may act as driver mutations in some tumours, they could 

also act as passenger mutations in others. In the former case, constitutive activation of 

PI3K signalling occurs and the tumour is expected to be addicted to the pathway. As 

such, the tumour would respond well to PI3K targeted therapy. In the latter case, the 

PIK3CA mutation may not be driving tumour progression or maintenance, and as such 

either PI3K targeted therapy will be less effective, or drug resistance will develop more 

quickly as the tumour uses the co-existing driver mutation to overcome the effects of 

the drug.

Here we set out to investigate the effects of targeting PI3K in our panel of PIK3CA 

mutant and wild-type NSCLC cell lines. H I975 cells, which have a PIK3CA mutation as 

well as mutations in PIK3R1, EGFR and CDKN2A and no mutation in KRAS, were the 

most sensitive cell line to both PI3K pathway inhibitors, GDC-0941 (first generation, 

pan PI3K inhibitor) and GDC-0980 (second generation, dual PI3K-mT0R inhibitor), 

suggesting that PIK3CA may act as a driver mutation here. A549 cells, which bear wild- 

type PIK3CA but have a mutation in KRAS and IDH1, were the least sensitive to both 

GDC-0941 and GDC-0980, implying that the cell line does not rely on PI3K signalling. 

Due to the mutation in KRAS that is present in this cell line, it can be hypothesized that 

the cells are addicted to KRAS signalling and as such are not greatly affected by 

inhibition of PI3K. Finally, H460 cells were less sensitive to PI3K inhibition by GDC- 

0941 and GDC-0980 than H I975 cells, despite the fact that H460 cells bear a mutation 

in PIK3CA. Here, we hypothesize that PIK3CA is acting as a passenger mutation while 

the co-existing mutation in KRAS is driving the cell line’s oncogenic properties. Both
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GDC-0941 and GDC-0980 do still induce anti-proliferative effects here, albeit to a 

lesser degree than in H1975 cells.

Based on these results we would advocate further research into the relevance of KRAS 

mutation status to PI3K/MEK pathway inhibition. In the future a full mutational profile of 

all patients that are being considered for PI3K targeted therapy should be carried out, 

as even in this small study differences can be seen in the response of different 

molecular subtypes to this form of therapy.

4.32 Pan-PI3K Inhibition versus pan-PI3K-mT0R dual inhibition In a panel of 

NSCLC cell lines

First generation PI3K pathway targeted drugs such as GDC-0941 inhibited the class I 

isoforms of PI3K. These drugs have had some success in the clinic, although even 

where patients initially responded to the drugs, resistance often developed rapidly (43, 

83). Further advances have led to the development of dual PI3K-mT0R inhibitors such 

as GDC-0980, which are hypothesized to have more potent anti-cancer effects due to 

their ability to circumvent feedback stimulation of PI3K-AKT-mT0R signalling.

Here we set out to compare the anti-proliferative effects of GDC-0941 with GDC-0980 

in our panel of three NSCLC ceil lines. In all cell lines, there was no statistically 

significant difference between the anti-proliferative effects of GDC-0941 and GDC- 

0980. However, the IC50 concentrations were lower for GDC-0980 than GDC-0941 in 

all three cell lines. Based on this data it is clear that there is no distinguishable 

difference between the two drugs in terms of their ability to induce a reduction in 

proliferation in the cell lines, however there is a trend toward GDC-0980 being slightly 

more effective here in this short term assay. Due to the logistical limitations of this 

project, only one drug could be brought forward for the rest of this study: either the first 

generation, pan PI3K inhibitor GDC-0941 or the second generation, dual PI3K-mT0R 

inhibitor GDC-0980. mTOR can be activated in the absence of PI3K activation, and has 

the ability to maintain downstream signalling in cells treated with first generation PI3K 

inhibitors, thus leading to the development of a plethora of second generation dual 

PI3K-mT0R inhibitors including GDC-0980 (236). At the time this data was generated, 

second generation PI3K-mT0R dual inhibition had not been researched extensively, 

however both conceptually and based on early evidence comparing first and second 

generation inhibitors (119), it was anticipated that second generation inhibitors such as 

GDC-0980 were a more promising tool for effectively targeting this pathway in cancer.
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This project would also involve the development of a panel of resistant cell lines to the 

chosen drug, and at the time such a model did not exist for a dual PI3K-mTOR 

inhibitor. As such GDC-0980 was chosen to bring forward in this study. Further 

investigation using this drug will also involve combination studies with a MEK inhibitor 

as well as investigation into its usefulness in the setting of chemoresistance.

4 .33 M EK inhibition in a panel o f NSCLC cell lines

A number of targeted inhibitors of the MEK pathway have been investigated in the 

laboratory and clinical settings, with particular interest in the field of NSCLC due to the 

high rate of KRAS mutations in the disease. However, results have been 

underwhelming due to the tendency of MEK inhibitors to induce growth arrest but not 

apoptosis (237, 238).

Here, the effects of MEK inhibitor GDC-0973 on viability and proliferation were 

assessed in H460, A549 and H1975 cell lines. GDC-0973 treatment did not induce a 

statistically significant effect on cell viability in any cell line. However, the drug did 

induce a reduction in proliferation in A549 and H1975 cells. The cell viability assay 

carried out here and throughout this project is a triple stain High Content Analysis 

assay which assesses changes in nuclear, cytoplasmic and mitochondrial staining, 

here in response to a drug. The nuclear stain, Hoechst, is used to determine cell count, 

which is graphed to give an indication of any reduction in cell count in response to a 

drug. This is a method of assessing drug efficacy used throughout the literature, for 

example with regard to GDC-0941 and GDC-0980 efficacy as reported in Genentech’s 

original research (119). The triple stain approach allows for qualitative assessment of 

the effects of the drug on cell morphology and the visual identification of cell death. To 

confirm the presence of apoptosis, further investigation at the protein level was carried 

out. identifying a reduction in pHSP27, pBAD and p53 where apoptosis is present.

H460 cells were resistant to GDC-0973 treatment, with an IC50 concentration two 

orders of magnitude higher than in the other two cell lines, despite bearing a mutation 

in KRAS. In Chapter 3, H460 cells were seen to express multidrug resistance genes 

ABCB1 and ABCC2 more highly than the other cell lines, which could contribute to this 

effect and to the underwhelming response of H460 cells to GDC-0941 and GDC-0980.
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4.34 C o-targeted inhibition o f the PI3K and M EK pathways in NSCLC 

During the course of this project, a number of studies have been published 

investigating the effects of co-targeted inhibition of the PI3K and MEK pathw/ays. 

Several early phase clinical studies are also currently underway which combine these 

two types of therapies (239-241).

Initial results have been undenwhelming with regards to the efficacy of the strategy. In 

certain cases, results have been shown to vary, depending on the presence of 

concurrent secondary mutations (179). Here, we set out to assess the effects of co

targeted PI3K and MEK pathway inhibition in our panel of PIK3CA wild-type/mutant 

and KRAS wild-type/mutant cell lines. GDC-0980 (dual PI3K-mT0R inhibitor) and 

GDC-0973 (MEK inhibitor) combined treatment was shown to induce a significant 

reduction in cell viability compared to treatment with either drug alone in H460 and 

A549 cells, with a trend towards a similar response in H I975 cells. Further 

interrogation of the interaction between the two drugs identified a synergistic anti

proliferative response to the combined treatment approach in all cell lines, at doses as 

low as O.IpM.

A detailed investigation of the effects of the combined treatment approach on 

intracellular signalling proteins was carried out using PathScan arrays in order to 

elucidate the mechanisms of inhibition at play in the different cell lines.

H460 cells exhibited a reduction in pAKT (Ser473), but not pAKT (Thr308) in response 

to GDC-0980, whereas the other PIK3CA mutated cell line, H I975, exhibited a 

significant reduction in both pAKT (Ser473) and pAKT (Thr308) in response to the 

drug. This could partially explain the reduced efficacy of the drug in H460 cells 

compared to H I975 cells. Here, H460 cells also exhibited a more modest reduction in 

pS6RP (Ser235/236) and pp70S6K (Thr389) than observed in H I975 cells in response 

to GDC-0980 treatment. PI3K pathway related proteins were also shown to be lower 

expressed at baseline in H460 cells than H I975 cells, as discussed in Chapter 3.

A549 cells exhibited a reduction in both pAKT (Ser473) and pAKT (Thr308) in response 

to GDC-0980. This cell line also exhibited significant reductions in pS6RP 

(Ser235/236), pmTOR (Ser2448) and pp70S6K (Thr389) in response to GDC-0980.

As such, this data does not offer an explanation as to why A549 cells are the least 

sensitive cell line to GDC-0980 treatment, however we hypothesize that the high

140



expression of a panel of cancer drug resistance genes identified in A549 cells in 

Chapter 3 may help to reduce the efficacy of these inhibitors.

The signal for pERK on the arrays was quite low, and increased exposure times were 

problematic due to the proximity of the positive control. As such, ERK inhibition by the 

two drugs alone or in combination was further investigated using MSD protein arrays, 

which allowed for calculation of percentage ERK phosphorylation. Here, it was 

observed that GDC-0973 treatment led to a reduction in phosphorylation to -0.2%  in 

the three cell lines.

GDC-0973 treatment led to reduced pSTATI (Tyr701) expression in the wild-type 

PIK3CA cell line, A549. Treatment with the MEK inhibitor interestingly also induced an 

increased expression of pAKT (Ser473) in A549 and H1975 cells, implying that these 

cell lines may utilise pAKT or pSTATI signalling as bypass tracks in order to escape 

MEK inhibition. This effect was not seen with other PI3K pathway proteins included in 

these arrays, and as such it can be assumed that the classical PI3K-AKT-mT0R 

pathway is not activated here, but pAKT could be maintaining oncogenic signalling 

through other pathways.

The combined treatment approach led to a significantly greater reduction in protein 

expression compared to treatment with either inhibitor alone in certain cases, as 

follows. pp70S6K (Thr389) expression was significantly reduced under treatment with 

both drugs compared to treatment with either inhibitor alone in H460 cells, pSAPK/JNK 

(Thr183/Tyr185) expression was significantly reduced under treatment with both drugs 

compared to treatment with either inhibitor alone in A549 cells and pGSK-3p (Ser9) 

expression was significantly reduced under treatment with both drugs compared to 

treatment with either inhibitor alone in A549 cells. However, in many more cases, the 

combined treatment approach led to a significantly greater reduction in protein 

expression compared to one of the two drugs alone. As such, the observed synergy 

between the two drugs in all three cell lines is likely due to the combined effect of 

inhibiting several proteins in multiple pathways at the same time.

The synergistic interaction between GDC-0980 and GDC-0973 observed in this study 

is promising; however similar studies have been brought to the preclinical and clinical 

settings during the course of this project with mixed and often underwhelming results. 

These two drugs have not been investigated in combination in a clinical setting, 

although other dual PI3K-mT0R and MEK inhibitors have been investigated in

141



combination in the clinic (183, 240, 241). We would advocate that further preclinical 

and ultimately clinical studies are carried out to assess the viability of the GDC-0980 

and GDC-0973 combination in NSCLC and potentially other solid tumours based on 

the synergy reported here.

Recent data, published in June 2014, has suggested that the lack of initial success in 

combining PI3K and MEK inhibitors in the clinic may involve a failure to induce 

apoptosis via BCL-2 family proteins (238). Here, a large panel of cell lines bearing a 

wide variety of mutations which closely mirrored the heterogeneity of NSCLC tumour 

types encountered in the clinic were treated with PI3K and MEK inhibitors in 

combination. The effects of the combination treatment varied widely across the panel of 

cell lines, typically inducing growth arrest but often not inducing sufficient cytotoxic 

effects. Restoration of BIM expression was shown to resensitize KRAS-mu\ar\\ human 

and mouse cancer cells to combined PI3K and MEK inhibition, implying a role for 

targeting specific apoptotic mediators in addition to PI3K and MEK. This should be 

further investigated as a superior strategy for targeted therapy in NSCLC, however 

significant toxicity issues will need to be overcome in order to develop this as a viable 

strategy in the clinic. The emergence of third generation isoform specific PI3K inhibitors 

may aid in this endeavour, through the minimisation of off-target effects.
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Chapter 5: Strategic targeting of the PI3K-NFkB axis in 

cisplatin-resistant NSCLC
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5.1 Introduction

The main anti-cancer treatment for NSCLC is platinum-based chemotherapy with either 

cispiatin or carboplatin in combination with a secondary agent such as paclitaxel or 

docetaxel. Chemotherapy is used in the post-operative, adjuvant setting and 

concurrently with radiotherapy for the radical treatment of locally advanced 

unresectable disease to increase long-term survival by ~5-10% at five years.

The efficacy of cispiatin treatment is often limited by intrinsic or acquired resistance to 

the drug. Many possible mechanisms of cispiatin resistance have been shown in 

various cell lines, and recent in vivo work has further elucidated the basis of resistance 

to this drug. The major mechanisms of resistance are (1) increased influx / decreased 

influx of cispiatin, (2) elevated levels of glutathione, (3) increased DNA repair, and (4) 

activation of signal transduction pathways e.g., MAPK, AKT, NFkB. (67, 242, 243).

One common mechanism of acquired resistance to cancer therapies involves the 

upregulation of pathways that promote cell survival and proliferation. The signals that 

PI3K family members help to potentiate induce the cell to grow, differentiate, 

proliferate, and promote survival, motility, and intracellular trafficking. It is therefore 

unsurprising that PI3K pathway activation, which results in NFKB-mediated 

upregulation of various genes that promote this type of behaviour, has been implicated 

in cispiatin resistance in ovarian cancer cells. It has been shown that treatment with 

cispiatin activated the PI3K pathway, and that inhibition of the pathway sensitized cells 

to the effects of cispiatin (244).

More recently, activation of AKT and ERK have been associated with resistance to 

cispiatin in NSCLC (245-247) and SCLC (248), though more research is needed to fully 

elucidate the role of these pathways in cispiatin resistance in lung cancer. Research 

into NFkB, PI3K, and PI3K-mT0R inhibitors in NSCLC has increased recently, with 

pre-clinical data showing promising results (33, 248). Targeting the PI3K-mT0R 

pathway has been studied extensively in oncology, with a wide range of inhibitors 

investigated in cancers including NSCLC. One such dual inhibitor is GDC-0980, which 

is used extensively in this project and is currently in phase II trials for cancer (119, 

120).

NFkB family members function as homo- or hetero-dimers to activate and repress the 

transcription of a large number of genes controlling immunological processes as well 

as cell growth and proliferation and many other cellular processes. Some of these
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genes include pro-survival factors such as Bcl2, vascular endothelial growth factors, 

and many other growth factors. In recent years the NFkB transcription factors have 

been studied extensively, and growing evidence suggests an important role for NFkB in 

various oncological processes (67).

The IkB family plays a key role in regulating NFkB. IkB proteins consist of an N 

regulatory domain, a series of six or more ankyrin repeats, and a PEST domain near 

the C terminus. Interactions with NFkB are mediated by the ankyrin repeat domains 

(249). IkB proteins inhibit NFkB function by masking NFkB nuclear translocation 

signals, and sequestering the transcription factor in the cytosplasm. The most widely 

studied IkB family member is IkBq , which is encoded by NFKBIA. In order to allow 

NFkB to function, signalling molecules such as AKT activate IkB kinase 1 (IKK1), which 

phosphorylates IkBq on serines 32 and 36. This targets the protein for degradation in 

the ubiquitin proteasome, thus allowing the dissociation and translocation of NFkB to 

the nucleus (250). In the nucleus, NFkB activates the transcription of kB dependent 

genes, one of which is IkBq. Newly synthesized IkBq is responsible for post-induction 

repression of NFkB, through the removal of NFkB from DNA, and transportation of the 

transcription factor back to the cytoplasm. Mutations in the kB a  gene have been 

reported in Hodgkin/Reed-Sternberg cells resulting in overexpression of a C-terminally 

truncated protein and constitutive activation of NFkB (251, 252).

In cancer cells, NFkB has been shown to act in an anti-apoptotic, pro-proliferative 

manner. As such, inhibition of NFkB has been investigated in various types of cancer 

as a potential therapeutic intervention strategy. One such inhibitor is 

Dehydroxymethylepoxyquinomicin (DHMEQ), which prevents translocation of NFkB to 

the nucleus and inhibits it binding to DNA. Derived from the antibiotic epoxyquinomycin 

C, DHMEQ is a specific inhibitor of NFkB nuclear translocation (253), which has shown 

both anti-inflammatory effects and anti-tumour effects in multiple cancer types both in 

vitro and in vivo (136, 137, 254-259).
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5.2 Objectives

Based on the abovementioned facts, the aim of this study (A3) was to identify strategic 

points within the PI3K pathway paying a role in cisplatin resistance with a view to 

overcoming this resistance in NSCLC, Here we address H3, where we hypothesized 

that PI3K pathway signalling is involved in resistance to cisplatin in NSCLC, and may 

be exploited in order to reverse chemoresistance. In order to carry out this work, two 

cell line models of resistance to cisplatin were utilised, which had been previously 

developed in this research group by Dr. Martin Barr (22).

5.2.1 To compare expression of PI3K pathway genes between cisplatin sensitive and 

resistant NSCLC cell lines.

5.2.2 To investigate IkBq expression and mutational status in cisplatin sensitive and 

resistant NSCLC cell lines.

5.2.3 To target PI3K-mT0R using GDC-0980 in cisplatin sensitive and resistant 

NSCLC cell lines.

5.2.4 To target NFkB using DHMEQ in cisplatin sensitive and resistant NSCLC cell 

lines.
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5.3 Results

5.3.1 P I3K  pathway gene expression in cisplatin sensitive and resistant 

NSCLC cell lines.

An RT2 Profiler array (SABiosciences) was used to quantify the expression of 84 

genes associated with the PI3K-Akt pathway and to identify any differences in mRNA 

expression between the H460PT (parent) and H460CR (cisplatin resistant) cell lines. 

NFKBIA displayed an 11.99-fold upregulation in H460CR cells (Figure 5.1). Several 

PI3K pathway genes were found to be downregulated in cisplatin resistant (H460CR) 

cells, including AKT1, TSC1, PDK1 and PTPN11. PIK3CA (Appendix 3) was also 

expressed at lower levels in cisplatin resistant (H460CR) cells than cisplatin sensitive 

(H460PT) cells, however its expression was too low in H460CR cells to quantify fold 

change accurately.
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Figure 5.01 PI3K pathway gene expression in cisplatin resistant cells 
compared with age-matched parental (cisplatin sensitive) cells

RNA was extracted from H460PT (parent) and H460CR (cisplatin resistant) cells. 

cDNA was synthesized, which was then added to mTOR pathway RT^ Profiler Arrays. 

H460 gene expression was compared to A549 gene expression. A heat map was 

constructed using SABiosciences online software, with fold changes shown below, 

where ‘A ’ refers to genes which amplified late (>30 cycles) in either sample, ‘B’ refers 

to genes which amplified late (>30 cycles) in both samples, and ‘C’ refers to samples 

where no expression was detected in either sample (69).
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5.3.2 Expression o f IkBq in cisplatin sensitive and resistant NSCLC cells 

NFKBIA was observed to be overexpressed in cisplatin resistant (H460CR) cells in a 

PI3K pathway gene expression screen in 5.3.1. This result was validated by QPCR 

using primers specific to NFKBIA, which identified 10.56-fold upregulation of NFKBIA in 

H460CR cells (Figure 5.2).

The gene product of NFKBIA, I k B q , was then compared in H460 parent and H460 

cisplatin resistant cells. Ik B q  was shown to be more highly expressed in H460CR cells 

than H460PT cells by analysis of immunofluorescence (Figure 5.3) and Western blot 

(Figure 5.4). I k B q  was also shown to be more highly expressed in A549CR cells than 

A549PT cells by densitometry analysis of western blots (Figure 5.4).

A point mutation in exon 5 of NFKBIA has been previously identified which results in a 

truncated form of the protein Ik B q , which cannot bind and inhibit NFkB (251, 252). 

Exons 3, 4, and 5 of NFKBIA were amplified via nested PCR and PCR products were 

visualized on an agarose gel. These amplicons were then sequenced using the 

ABI3130 sequencer. Sequences were compared with wild type sequences using 

BLASTN, with no mutations being found (Figure 5.5).
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Figure 5.02 NFKBIA expression in cisplatin resistant (H460CR) cells compared 
with age-matched parental (H460PT) cells

Upregulation of NFKBIA in H460CR cells was validated by QRTPCR, using NFKBIA 

and ACTB specific primers, in three independent experiments. Fold regulation is shown 

for NFKBIA in H460CR cells compared with H460PT cells, calculated via the AACt 

method. Data is expressed as mean ± SEM and analysed by one sample t test 

(H460CR compared to 0) (69).

* * *p  < 0.001
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Figure 5.03 IkBq is more highly expressed in H460PT cells than H460CR cells 
in both the nucleus and the cytoplasm

a) Immunofluorescence images: H460PT and H460CR untreated cells were 

stained with Ik B q  primary antibody and Alexa Fluor488 conjugated secondary 

antibody (green). Cells were also stained with Hoechst nuclear stain (blue). 

Alexa Fluor conjugated secondary antibody (green) indicates Ik B q  expression in 

the cytoplasm and peri-nuclear space.

b) Immunofluorescence analysis: Cells were either left untreated (as in a) or 

pretreated with TNAa (25ng/ml) for 20 min. Cells were imaged using High 

Content Analysis. Each treatment was performed in triplicate and three 

independent experiments were performed. Cell intensity (amount of I k B q  

fluorescence) was measured in the nucleus and the cytplasm using HCA 

software (69).

** 'p  < 0.001
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Figure 5.04 IkBq is more highly expressed in IH460 and A549 cisplatin resistant
cells than matched parental cells

a) H460 and A549 parent and cisplatin resistant cell protein samples were run on an 

SDS-PAGE gel and analyzed by western blot three independent times for 

expression of IkBq and aPTubulin.

b) Densitometry analysis was performed using ImageJ software to compare 

expression of IkBq between H460 and A549 parent and cisplatin resistant cells 

(69).

*p < 0.05
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1 JU^CASCCASlUJin3aaX2GCJkmC7GGGASC76Ga&TSATCCT3M»aCC5JkGX: «0
: 11 • I J I  ' u  . ; ; ; .  I i I : ; 11 ; ;  i M  : i ; ' n  : ::  11 «

S9 JJkC C&&CC&3M UkTTSC7&JkSGCXCTTa6CGJlSCTSGC76TGATCCTSASaCrSfc&JlC  14S

€1 TTTCGMGAAAIXCCCCCCIACXCCTTeCCTGT3A5a5G<ia'«rT05CCA0C?TGGa 120M 11: ̂ ; I; n 111' i n ; n j : 11 • : 1. . 11' ;: l! '
U 9  mrtaUSGfcAATACCCCCCTAC»CCTTGCa5TSJl5CJl3GGCT3Ca«>CCWC3TGGQA 208

121 GiCCTGACTCAGTCtTGClCCACCCCGaLCCTCClCTCClTCCTaJUUKj'nACClUkCTXC 180 
• i l l  I I I  - i l l  i l l  M i  : I I I  . 11 r  • • 11 ; ; .  11 ;:  11 . i

209 STCCTGi*<’ 'c ic ' . ‘C C T « t:^ x » c a : iM C » L 'ir rc a » r .* c a : ‘( ^ jL a s r r A c c ju h C T A r  26*

l e i  ju iT 3 g T A is T C T s c c T c c a flc c c T C C C c a c c cc a c r .< a s > iGc>GCT(a:sT3r A r , u  240 
1 : 11 - . . 11 i . ' I I .  : I I I  ; 1 1 : I I I I  i : :  I : : I I  1 1 : • ! I . •

2*9  mTggTATgTCTSCCTCCCTSCCaGCCCOCCCCCTCSGAG3CCAagTGJlCS75g*GU 32S

241 G€«>C;kGGT3G<^CA;^CT7JJU;a]U;TCaUMaJ^3A5CT7MUOCCTAJU:&7rr3<>JU3 30?
I l l  ; 11 I I I ;  I I I  ! I I  : 11 . : I : ' 1 1  - 1 1 1 :  : : 1 1  <

329 S G G 5auX ;75G G C aU U rnA&»>J^:C A&5C M G Jl&C TrijarTC C 7AAC % rnG G AX3 3es

301 STT3ASJUkAATJkTST3TSCA&A 3221 111; ■ I •. Ml_
3C9 STTS A S M A A Tim TTG C A A A  41C

b) 130 140 150 160 170
C T  C C O  A G  A C  T T  T C O A G G  A A A T  A C  C C C C C  T  A C  A C  C T T O C C T G T O  A G  C A (

Figure 5.05 NFKBIA sequence analysis

a) Exons 3, 4, and 5 of NFKBIA were amplified via nested PCR from H460PT and 

H460CR RNA, PCR products were visualized on a 1% agarose gel, and compared 

with a 100bp DNA ladder (Fermentas).

b) Amplicons were sequenced using the AB3130 sequencer. Sequence trace files 

were obtained for each exon in each cell line, an example of which is shown here. 

No double peaks were observed in any trace file.

c) Forward and reverse sequences were compared against wild-type sequences for 

each NFKBIA exon in both cell lines using the basic local alignment search tool for 

nucleotides (BLASTN). No discrepancies were identified between our sequences 

and wild-type sequences. A sample sequence of H460 NFKBIA exon 3 is shown 

here, aligned with wild type Ik B q  exon 3 (69).
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5.3.3 Targeting P I3K -m T 0R  in cisp la tin  resistant NSCLC 

The effects of PI3K-mT0R inhibitor GDC-0980 on cell proliferation were analysed by 

BrdU assay. GDC-0980 was found to induce a reduction in proliferation in H460PT, 

H460CR, A549PT, and A549CR cell lines. GDC-0980 treatment was significantly more 

effective at all doses in H460PT cells when compared with the H460CR cells. At the 

lowest dose (0.33|jM), GDC-0980 treatment was significantly more effective in A549CR 

cells than A549PT cells, however at all other doses, there was a trend toward GDC- 

0980 treatment being more effective in A549PT cells than A549CR cells (Figure 5.06), 

The effect of GDC-0980 on these four cell lines was further investigated by a 

multiparameter cell viability assay using HCA. Imaging of cells treated with GDC-0980 

compared with untreated cells allowed for visualization of cellular damage induced by 

the drug (Figure 5.07) which was then quantified by cell count using HCA software 

(Figure 5.08). Cell count was significantly reduced in H460PT cells compared with 

H460CR cells in response to GDC-0980 treatment at all doses. There was no 

significant difference in cell count between A549PT and A549CR cells.
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Figure 5.06 The effects of GDC-0980 treatment on proliferation in H460PT and 
H460CR cells

H460PT and H460CR cells were treated in triplicate at noted concentrations of GDC- 

0980 for 72 hours. Cells were analyzed via BrdU assay (n=3). Percentage proliferation 

is shown here (69).

*p < 0.05 **p < 0.005 ***p < 0.001
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Figure 5.07 The effects of GDC-0980 treatment on cell viability in H460PT and 
H460CR cells

H460 and parent and cisplatin resistant cells were treated in triplicate at noted 

concentrations of GDC-0980 for 48 hours. Cells were stained with Hbechst blue 

nuclear stain, mitotracker red mitochondrial stain and phalloidin green F-actin stain. 

Eight fields were imaged per well at 10x magnification using the In Cell Analyzer 1000 

(69).
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Figure 5.08 The effects of GDC-0980 treatment on cell count in H460PT and 
H460CR cells

Images from Figure 5.07 were analyzed using In Cell software which identified cell 

count automatically from nuclear staining (69).

***p < 0.001

157



5.3.4 Targeting N F kB in cisplatin resistant NSCLC

The effects of NFkB translocation inhibitor DHMEQ on cell proliferation were analyzed 

by BrdU assay. DHMEQ was found to induce a reduction in proliferation in H460PT, 

H460CR, A549PT and A549CR cell lines. In contrast to the response to GDC-0980 

treatment, DHMEQ treatment led to a significantly increased reduction of proliferation 

in cisplatin resistant cells compared to parent cells at all doses for A549 cells, and at 

higher doses for H460 cells (Figure 5.09). This increased efficacy of DHMEQ treatment 

in cisplatin resistant cells was also observed by multiparameter cell viability assay 

using HCA. Imaging of cells treated with DHMEQ compared with untreated cells 

allowed for qualitative observation of the significant difference in response between 

parent and cisplatin resistant cells (Figure 5.10). This difference in response was 

quantified by cell count using HCA software. Cell count was significantly reduced in 

cisplatin resistant H460 and A549 cells compared with matched parent cells at noted 

concentrations (Figure 5.11).
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Figure 5.09 The effects of DHMEQ treatment on proliferation in H460PT and 
H460CR cells

H460PT and H460CR cells were treated in triplicate at noted concentrations of 

DHMEQ for 72 hours. Cells were analyzed via BrdU assay (n=3). Percentage 

proliferation is shown here (69).

*p < 0.05 **p < 0.005 ***p < 0,001
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Figure 5.10 The effects of DHMEQ treatment on cell viability in H460PT and 
H460CR cells

H460 and parent and cisplatin resistant cells were treated in triplicate at noted 

concentrations of DHMEQ for 48 hours. Cells were stained with Hoechst blue nuclear 

stain, mitotracker red nnitochondrial stain and phalloidin green F-actin stain. Eight fields 

were imaged per well at 10x magnification using the In Cell Analyzer 1000 (69).
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Figure 5.11 The effects of GDC-0980 treatment on cell count in H460PT and 
H460CR cells

Images from Figure 5.09 were analyzed using In Cell software which identified cell 

count automatically from nuclear staining (69).

*p < 0.01 ***p < 0.001
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5.4 Discussion

Activation of the PI3K/NFkB pathw/ay has been show/n previously to play a role in 

cisplatin resistance in ovarian cancer (67). As such, we set out to identify any role for 

this pathway in NSCLC cell line models of acquired resistance to cisplatin.

5.4.1 IkBq is overexpressed in cisplatin resistant NSCLC cells 

In-depth gene expression analysis of matched cisplatin sensitive (H460PT) and 

cisplatin resistant (H460CR) cell lines was performed using the human PI3K-AKT 

Signalling Pathway RT2 profiler array. Of the 84 genes quantified only 6 genes were 

upregulated, while 16 genes including several key PI3K pathway signalling molecules 

were downregulated in H460CR cells compared to H460PT cells. An 11.99-fold 

increase in NFKBIA (gene encoding I k B q ) expression was noted in H460CR cells in 

comparison to H460 cells. Significant upregulation of NFKBIA in the H460CR cell line 

was validated by a gene specific qPCR assay. Investigation of Ik B q  expression at the 

protein level was performed via immunofluorescence and western blot. 

Immunofluorescence imaging indicated increased levels of Ik B q  in H460 cisplatin 

resistant cells compared with H460 parent cells. Western blot analysis indicated higher 

levels of Ik B q  in both H460 and A549 cisplatin resistant cells compared with their 

respective parent cell lines. Such activated levels of this negative regulator of NFkB in 

both chemoresistant models implies that Ik B q  could play a role in cisplatin resistance in 

NSCLC.

It has been shown previously that truncated forms of the I k B q  protein resulted in 

reduced kB a-N FkB  binding and prevention of post-induction repression of NFkB. 

Deregulated Ik B q  results in constitutive NFkB activity and the emergence of a 

chemoresistant phenotype due to upregulation of survival and anti-apoptotic genes 

transcriptionally regulated by NFkB. NFKBIA exons 3, 4, and 5 are the most common 

sites for deletions and mutations which result in truncated forms of the Ik B q  protein 

(251, 252, 260). Here we screened these exons, in H460 parent and resistant cells, for 

the presence of mutations by Sanger sequencing. These sequences were compared 

with wild-type sequences using BLASTN. No mutations or deletions were detected.
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5.4 .2  P I3 K -m T 0 R  inhibition is not as effective in cisplatin resistant N SC LC  

cells as in cisplatin sensitive N SC LC  cells.

In order to assess the viability of targeting the PI3K pathway as a second line treatment 

in NSCLC, we investigated the effects of targeted inhibition on two strategic points in 

the PI3K-NFkB pathway in parent and cisplatin resistant cells. First, treatment with 

GDC-0980, a dual PI3K-mT0R inhibitor, led to significantly reduced proliferation and 

viability in H460PT cells compared with their matched cisplatin resistant cells. This is 

unsurprising due to the 16 upstream PI3K pathway genes which were seen to be more 

highly expressed in parent cells than cisplatin resistant cells on the gene expression 

array. This data demonstrates that while the PI3K pathway may be a potential 

therapeutic target in H460PT cells, the H460CR cell line is less reliant on this pathway. 

GDC-0980 was not as effective in the A549PT cells and this may be due in part to the 

fact that these cells are PIK3CA mutation negative whereas the H460PT cells harbour 

a PIK3CA mutation, as reflected in the previous chapter. In both A549PT and A549CR 

cells, a similar trend in proliferation and cell viability was observed at higher 

concentrations of the drug, while at the lowest concentrations a significantly increased 

effect on proliferation in cisplatin resistant cells was observed. As such, we believe that 

direct inhibition of PI3K-mT0R may not be a useful strategy in this setting.

5 .4 .3  N F kB inhibition more effective in cisplatin resistant N S C LC  cells than in 

cisplatin sensitive N S C LC  cells.

We hypothesize based on our initial protein expression data that a deregulated 

IkBq/NFkB interaction may play a significant role in cisplatin resistance in our NSCLC 

models therefore we investigated the effect of targeting this aberrant IkBq/NFkB 

pathway. To this end we examined the effect of a specific inhibitor of NFkB 

translocation and binding, DHMEQ, in our cisplatin resistant models. This inhibitor, a 

derivative of the antibiotic epoxyquinomicin C, has shown promise as a treatment for 

rheumatoid arthritis as well as being effective in suppressing hormone-refractory 

prostate cancer in an in vivo model without any toxicity and is currently being 

progressed toward clinical trials (256-258). A dose-response proliferation assay and a 

multiparameter HCA viability assay were performed using H460 and A549 parent and 

cisplatin resistant cell lines. In both models of resistance DHMEQ induced a reduction 

in proliferation to a significantly greater extent in the cisplatin resistant cell lines than in 

parent cell lines. These data further highlight that a deregulated IkBq/NFkB interaction 

may play a key role in cisplatin resistance in NSCLC cell lines. We hypothesize that 

inhibition of NFkB or its downstream targets may be an ideal strategy to resensitize
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cisplatin resistant cells to cisplatin, and this should be investigated thoroughly with a 

view to designing new targeted therapeutic protocols for cisplatin resistant NSCLC 

patients.

Further investigations to elucidate the exact mechanism involved in these IkBq 

activated resistant cells as well as cisplatin and DHMEQ combination treatment are 

warranted both in vitro and in vivo and are ongoing in our laboratory. Based on these 

data, we believe that a non-toxic specific inhibitor of NFkB such as DHMEQ may play a 

key role in future treatment of NSCLC patients with either intrinsic or acquired cisplatin 

resistance.
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Chapter 6: Development and characterisation of a panel of 

GDC-0980 resistant NSCLC cell lines
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6.1 Introduction

As with all anti-cancer drugs, acquired resistance to PI3K inhibitors is anticipated to be 

a major hurdle to overcome in order to optimise the clinical use of these drugs. It is 

hoped that the mechanisms underlying the development of acquired resistance will 

highlight potential targetable weaknesses in the resistant tumour phenotype, allowing 

for the design of second line treatments which reinstate a blockade on survival 

signalling.

Mechanisms of resistance to chemotherapy are typically multifactorial in nature, with 

fundamental cellular processes such as mitosis, DNA synthesis and repair being 

altered in order to allow tumour cells to survive in the presence of chemotherapeutic 

agents. As such, the development of second line therapies to effectively manage 

acquired resistance in this setting has been challenging, with few targetable molecular 

mechanisms of resistance emerging. However, with enthusiasm growing surrounding 

the field of targeted therapies, there are now a plethora of drugs available clinically 

which target tumour specific processes. Many of these drugs inhibit cell signalling 

molecules such as growth factor receptors or intracellular tyrosine kinases, such as 

PI3K. The mechanisms of resistance to targeted inhibitors such as these often involve 

a switch of oncogenic signalling to another pathway, or reactivation of downstream 

signalling through feedback mechanisms. As such, acquired resistance to targeted 

therapies can be driven by targetable molecular processes, and has therefore proven 

to be somewhat easier to overcome than acquire resistance to chemotherapy.

Mechanisms underlying the development of acquired resistance to pathway targeted 

inhibitors are being pursued largely through two strategies: preclinically; through cell 

line models, and clinically; through matched tumour samples obtained prior to 

treatment, post-treatment and at the point of progression. These methods have 

identified mechanisms of resistance including mutation of the target gene, mutation of 

downstream effectors, amplification of downstream effectors and epigenetic alteration 

of relevant genes.

For example, mechanisms of acquired resistance to EGFR inhibition have been well 

studied. Patients being treated with EGFR inhibitors typically develop acquired 

resistance at around 12 months of treatment (261). Several mechanisms of resistance 

to EGFR have been well characterised, including the secondary missense mutation 

T790M (262), amplification of the T790 allele (263), compensatory mutational activation 

of other RTKS including HER2 (264), amplification of MET (215) and loss of PTEN
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leading to PI3K pathway activation (265). Although mechanisms of resistance to EGFR 

targeted therapies are therefore heterogeneous, it is promising that alternative targeted 

therapies may be useful in most of these settings, were the specific mechanism of 

resistance has been elucidated in an individual patient.

Tumour heterogeneity may also contribute to acquired resistance, in that clonal 

expansion of a pre-existing cell phenotype which is intrinsically resistant to the drug 

may occur. The cancer stem cell theory proposes that cancer can be viewed as 

abnormal organogenesis driven by cancer stem cells (217). A pre-existing population of 

cancer stem cells in a tumour may be intrinsically resistant to therapy, and under anti

cancer treatment this population may undergo clonal expansion. A stem-like phenotype 

has previously been identified in a subpopulation of cisplatin-resistant NSCLC cells 

(22 ).

Acquired resistance to PI3K inhibition has not been as well studied, with fewer pre- 

clinical models available for characterisation. A mouse model engineered to 

conditionally express PIK3CA (H1047R) has revealed that focal amplification of either 

MET or c-MYC was present in tumours which reoccurred after PIK3CA inactivation. 

The MET amplified tumours could be inhibited with a selective RISK inhibitor, but the c- 

MYC-ampiified tumours became independent of the PI3K pathway and refractory to 

treatment with a PI3K inhibitor (266). c-MYC was also independently identified as a 

candidate PI3K resistance mechanism to BEZ-235, along with elF4E (267). A 

chemical-genetic screen also revealed c-MYC and Notch 1 to be involved in resistance 

to PI3K inhibition (268). Overexpression of IGF1R was also found to be present in four 

cell line models of acquired resistance to PI3K inhibition, and IGF1R inhibition was 

shown to reverse this resistance (219).

Here, three NSCLC cell lines were exposed to dual PI3K-mT0R inhibitor GDC-0980 

over an extended period with the aim of inducing acquired resistance. Mechanisms of 

resistance were then characterised at the level of DNA, mRNA, miRNA, protein and 

protein phosphorylation.
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6.2 Objectives

Based on the abovementioned facts, the aim of this study (A4) was to develop and 

characterise a panel of NSCLC cell line models of acquired resistance to PI3K-mT0R 

dual inhibitor GDC-0980. Here we address H1, where we hypothesized that acquired 

resistance to PI3K inhibition will develop over time, the mechanisms of which will be 

subtype-dependent. In order to characterise the resistant cell lines, they will be 

compared to age matched parental controls by carrying out mutational profiling as well 

as screening for changes in mRNA, miRNA and protein expression.

6.2.1 To develop a panel of GDC-0980 resistant NSCLC cell lines through prolonged 

exposure to the drug.

6.2.2 To carry out in-depth characterisation of the GDC-0980 resistant cell lines, at 

the level of DNA, mRNA, miRNA, protein and protein phosphorylation.
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6.3 Results

6.3.1 Developm ent o f a panel o f G D C -0980 resistant NSCLC cell lines 

H460, A549 and H I975 cells were exposed to GDC-0980 (dual PI3K-mTOR inhibitor) 

at IC50 concentrations for an extended period of time. Monthly BrdU proliferation 

assays were carried out in order to assess the development of acquired resistance to 

the drug,

H I975 {PIK3CA mutated) cells, which had been the most sensitive cell line to GDC- 

0980, began to show decreased sensitivity to the drug as early as 1 month after 

commencement of GDC-0980 treatment. The difference in IC50 concentration between 

parent (H1975GP) and putative resistant (H1975GR) cells reached a log fold at month 

4 of GDC-0980 treatment, at which point the cells were deemed to have developed 

resistance to the drug (Figure 6.01).

H460 (PIK3CA mutated) cells began to show decreased sensitivity to GDC-0980 after 

2 months of treatment with the drug, and reached a log fold difference in IC50 value 

between parent (H460GP) and resistant (H460GR) cells at month 5 of treatment. At 

this point the cells were deemed to have developed resistance to the drug (Figure 

6 .02 ).

A549 {PIK3CA wild-type) cells had been the least sensitive to PI3K treatment, with the 

highest IC50 concentration of the three cell lines. This cell line did not develop 

resistance to the drug after 12 months of treatment, and may have been intrinsically 

resistant to the drug, as observed by the high IC50 value reported here (Figures 6.03 - 

6.05).

Once cell lines had developed resistance to GDC-0980 (and in the case of A549 cells, 

after 12 months of GDC-0980 treatment), their growth, proliferation and cell spreading 

was assessed by xCELLigence assay. Here, cells were assessed both with (+) and 

without (-) GDC-0980 present at IC50 concentrations, with ‘cell index’ denoting a 

proprietary indicator of cell growth, proliferation and spreading (or aggressiveness) 

measured by impedance in real time.

H1975GR cells in the absence of GDC-0980 were highly aggressive, with a higher cell 

index than H1975GP cells (with/without GDC-0980), and H1975GR cells in the
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presence of the drug were nearly as aggressive at H1975GP cells without GDC-0980 

present (Figure 6.06).

H460GR cells (with/without GDC-0980) did not grow as aggressively as H460GP 

(without GDC-0980) (Figure 6.07).

A549GR cells, which are a putative model of resistance to GDC-0980, having still not 

developed resistance to the drug after 12 months of treatment, were much less 

aggressive than A549GP cells when both cell lines were cultured without GDC-0980. 

A549GR cells (without GDC-0980) were initially less aggressive than A549GP cells 

(without GDC-0980), however the cells appeared to recover in the absence of the drug 

(Figure 6.08).
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Figure 6.01 Development of GDC-0980 resistant H1975 cells

H1975 parent cells (H1975GP) were passaged as normal. Matched putative GDC-0980 

resistant (H1975GR) cells were passaged every 72 hours, left to adhere overnight and 

then treated with GDC-0980 at their IC50 concentration of 0.58pM for 72 hours. BrdU 

proliferation assays were carried out each month to assess the development of 

resistance to GDC-0980. A log fold difference in IC50 between H1975GP and 

H1975GR was observed at month 4.

***: p<0.001
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Figure 6.02 Development of GDC-0980 resistant H460 cells

H460 parent cells (H460GP) were passaged as normal. Matched putative GDC-0980 

resistant (H460GR) cells were passaged every 72 hours, left to adhere overnight and 

then treated with GDC-0980 at their IC50 concentration of 1.69|jM for 72 hours. BrdU 

proliferation assays were carried out each month to assess the development of 

resistance to GDC-0980. A log fold difference in IC50 between H460GP and H460GR 

was observed at month 5.

*/**: p<0.05/0.01 respectively
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Figure 6.03 Exposure of A549 cells to GDC-0980 (months 1-4)

A549 parent cells (A549GP) were passaged as normal. Matched putative GDC-0980 

resistant (A549GR) cells were passaged every 72 hours, left to adhere overnight and 

then treated with GDC-0980 at their IC50 concentration of 3.44pM for 72 hours. After 3 

months, cells were treated at the time of passaging without being left overnight. BrdU 

proliferation assays were carried out each month to assess the development of 

resistance to GDC-0980.
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Figure 6.04 Exposure of A549 cells to GDC-0980 (months 5-8)

A549 parent cells (A549GP) were passaged as normal. Matched putative GDC-0980 

resistant (A549GR) cells were passaged and treated with GDC-0980 at their IC50 

concentration of 3.44|jM for 72 hours. BrdU proliferation assays were carried out each 

month to assess the development of resistance to GDC-0980,
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Figure 6.05 Exposure of A549 cells to GDC-0980 (months 9-12)

A549 parent cells (A549GP) were passaged as normal. Matched putative GDC-0980 

resistant (A549GR) cells were passaged and treated with GDC-0980 at their IC50 

concentration of 3.44|jM for 72 hours. BrdU proliferation assays were carried out each 

month to assess the development of resistance to GDC-0980.
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Figure 6.06 Comparison of growth patterns between H1975GP and H1975GR 
cells

H1975GP and H1975GR cells were cultured with (+) and without (-) GDC-0980 

(O.SBpM) in xCELLigence E-plates at 37°C, 5% C 02for 120 hours (n=3). Cell growth, 

proliferation and spreading (‘cell index’) were measured in real time using the 

xCELLigence platform.
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Figure 6.07 Comparison of growth patterns between H460GP and H460GR cells

H460GP and H460GR cells were cultured with (+) and w ithout (-) GDC-0980 (1.69|jM ) 

in xCELLigence E-plates at 37°C, 5% CO 2 for 120 hours (n=3). Cell growth, 

proliferation and spreading (‘cell index’) were measured in real time using the 

xCELLigence platform.
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Figure 6.08 Comparison of growth patterns between A549GP and A549GR cells

A549GP and putative A549GR cells (after 12 months of exposure to the drug) were 

cultured with (+) and without (-) GDC-0980 (3.44|jM) in xCELLigence E-plates at 37°C, 

5% C 02for 120 hours (n=3). Cell growth, proliferation and spreading (‘cell index’) were 

measured in real time using the xCELLigence platform.
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6.3.2 DNA profile o f G D C -0980 resistant cell lines

Having developed two cell line models of resistance to GDC-0980 (H1975GR and 

H460GR), an in-depth characterisation of the mechanisms of resistance to the drug 

was carried out. Firstly, matched parent and GDC-0980 resistant cell lines were 

compared at the level of DNA, by screening for 547 clinically relevant SNPs in 46 

genes using the Sequenom platform. No differences were observed in the mutational 

profile of either of the resistant cell lines compared with their matched parent cells 

(Figure 6.09).
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Figure 6.09 Mutational profiles of GDC-0980 resistant and matched parent cell 
lines

DNA was isolated from H1975GP, H1975GR, H460GP and H460GR cell lines and 

screened for 547 clinically relevant SNPs in 46 genes using the Sequenom platform. 

There were no reported differences between the mutational profiles of matched parent 

and resistant cell lines.
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6.3.3 m R N A profile o f G D C -0980 resistant cell lines

GDC-0980 Resistant cell lines were compared with age matched parental controls 

using mRNA expression profile arrays (SABiosciences). Two array panels were used 

here: one which profiles expression of 84 genes related to cancer drug resistance, and 

one which profiles expression of 84 genes related to mTOR pathway signalling.

H1975GR cells were found to overexpress aryl hydrocarbon receptor nuclear 

translocator (ARNT) 53.45 fold, and underexpress estrogen receptor beta (ESR2) 

53.76 fold (Figure 6.10). H1975GR cells were also found to overexpress AKT3 (174.7 

fold) and insulin receptor (INSR) (5.56 fold) as well as overexpressing PIK3C3 (3.59 

fold), PIK3CD (3.28 fold), MTOR (2.18 fold) and underexpress DEP domain-containing 

mTOR-interacting protein {DEPTOR) 4.73 fold (Figure 6.11).

H460GR cells were also found to overexpress ARNT  (6.32 fold) as well as 

overexpressing ERBB2 (15.97 fold), ERBB3 (12.35 fold) and ERBB4 (18329.77 fold) 

and underexpressing EGFR (314.11 fold) as well as MYC (4.89 fold) (Figure 6.12). 

H460GR cells overexpressed AKT3 (9.26 fold) and INSR (2.44 fold), and 

underexpressed PRKCB (129.4 fold) (Figure 6.13).
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Figure 6.10 Cancer drug resistance gene expression in H1975GR cells 
compared to H1975GP cells

An RT2 profiler human cancer drug resistance array was performed to compare gene 

expression in H1975GR and H1975GP cell lines. A heat map was constructed using 

SABiosciences online software, with fold changes shown below, where ‘A ’ refers to 

genes which amplified late (>30 cycles) in either sample, ‘B’ refers to genes which 

amplified late (>30 cycles) in both samples, and ‘C’ refers to samples where no 

expression was detected in either sample.
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Figure 6.11 mTOR pathway gene expression in H1975GR cells compared to 
H1975GP cells

An RT2 profiler mTOR pathway array was performed to compare gene expression in 

H1975GR and H1975GP cell lines, A heat map was constructed using SABiosciences 

online software, with fold changes shown below, where ‘A ’ refers to genes which 

amplified late (>30 cycles) in either sample, ‘B’ refers to genes which amplified late 

(>30 cycles) in both samples, and ‘C’ refers to samples where no expression was 

detected in either sample.
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Figure 6.12 Cancer drug resistance gene expression in H460GR cells 
compared to H460GP cells

An RT2 profiler cancer drug resistance array was performed to compare gene 

expression in H460GR and H460GP cell lines. A heat map was constructed using 

SABiosciences online software, with fold changes shown below, where ‘A’ refers to 

genes which amplified late (>30 cycles) in either sample, ‘B’ refers to genes which 

amplified late (>30 cycles) in both samples, and ‘C’ refers to samples where no 

expression was detected in either sample.
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Figure 6.13 mTOR pathway gene expression in H460GR cells compared to 
H460GP cells

An RT2 profiler mTOR pathway array was performed to compare gene expression in 

H460GR and H460GP cell lines. A heat map was constructed using SABiosciences 

online software, with fold changes shown below, where ‘A ’ refers to genes which 

amplified late (>30 cycles) in either sample, ‘B’ refers to genes which amplified late 

(>30 cycles) in both samples, and ‘C’ refers to samples where no expression was 

detected in either sample.
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6.3.4 m iR N A profile o f G D C -0980 resistant cell lines

miRNAs are short non-coding RNAs involved in gene regulation. Here, miRNA 

expression profiling was carried out on H1975R and H1975GP samples, using the 

miRCURY LNA microRNA Array (7*) by Exiqon Services. The total number of miRNAs 

which were expressed above background was 336. The top 50 of these (according to 

variation between H1975GR and H1975GP samples) are included in Figure 6,14,

hsa-miR-107 was 7.36 fold underexpressed in H1975GR cells, and hsa-miR-17-5p was 

overexpressed 13.8 fold in H1975GR cells. hsa-miR-107 is involved in insulin 

sensitivity and hsa-miR-17-5p expression correlates directly with c-MYC expression.

miRNA expression profiling will also be carried out in H460GP and H460GR cells, and 

miRNAs which are differentially expressed across the full panel of parent and resistant 

cells will be validated by PCR.
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hsa-miR-12Wb

Figure 6.14 Heat map and hierarchical clustering of H1975GP and H1975GR 
miRNA screen

H1975GP and H1975GR miRNA samples were screened by Exiqon services using the 

miRCURY LNA microRNA array. The top 50 miRNAs (in terms of differential 

expression) are shown here.
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6.3.5 P roteom ic profile o f G D C -0980 resistant cell lines

Proteomic analysis of H1975GP and H1975GR cell lines was carried out using 

bottoms-up label-free mass spectrometry (n=3). Approximately 2500 proteins were 

differentially regulated between samples, including 1173 proteins that were >2 fold 

differentially regulated, with p<0.05 (Appendix 1), Several proteins related to insulin 

signalling, as well as cell cycle, MAPK pathway and other cancer related pathways 

were differentially expressed between H1975GP and H1975GR cell lines (Figure 6.15).
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Insulin pathway: 

TRIPIO, PTPRF, CRK

Insulin pathway:

PYGB, EIF4E2, PYGL, HKl, 
ACACA, GSK3B, CRKL

Cell cycle:

TP53, HDACl, ATM, 
PRKDC, CDK6

Cell cycle:

CDC20, MCM5, MCM2, 
GSK3B

MAPK pathway:

TP53, PAKl, FLNC, 
STM Nl, RAPIB, CDC42, 

CRK

MAPK pathway:

STK3, PPMIA, FAS, HSPA8, 
MAPK8IP3, HSPBl, CRKL

Pathways in cancer:

VEGFA, TP53, TPR, CDK6, 
CKSl, MSH6, HDACl, 
RHOA, CDC42, TRAFl, 

MSH2, CRK, HGF

Pathways in cancer:

TCEB2, CTNBl, GSK3B, 
RALB, CCDC6, FAS, CASP8, 

APC2, CRKL

Figure 6.15 Proteomic analysis of H1975GP and H1975GR cell lines

Protein was isolated from H1975GP and H1975GR cell lines and analysed by bottoms- 

up label-free mass spectrometry (n=3). 1173 proteins were significantly (p<0.05) 

differentially regulated (fold change>2) between parent and GDC-0980 resistant cells 

(Appendix 1). Differentially regulated key proteins are shown here, where red = 

upregulation in H1975GR cells and green = downregulation in H1975GR cells.
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6 .3 .6  P hospho protein profile o f G D C -0 9 8 0  resistant cell lines  

Proteomic analysis of H 1975G P and H 1975G R  cells highlighted a large number of total 

proteins that may be involved in resistance to G D C -0980 . This was further investigated 

by interrogating intracellular signalling pathway activation by phosphorylation. To 

achieve this, both H 1975G R  and H 460G R  cell lines were compared with their age- 

matched parental control cell lines using phospho kinase arrays (R&D systems, MN, 

USA) (Figure 6,16).

H 1975G R  cells exhibited increased expression of A K T1/2 /3  (T308) (2.03 fold), and 

decreased expression of PR A S40 (T246) (33 .85  fold) as well as A K T1/2/3 (S473) 

(15 .29  fold) among others (Figure 6.17).

H 460G R  cell exhibited increased expression of EG FR  (Y1086) (1 .47  fold), A K T1/2/3  

(S473) (3.3  fold), ERK1/2 (T202A '204) (2.8 fold) and p38a (T180A '182) (8.2 fold) as 

well as decreased expression of p53 (S392, S46 and S I 5) (1.66 fold, 4 .64  fold and 

2 .54  fold respectively) among others (Figure 6.18).
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A-A1, A2: Reference Spot_________ A-D9, D10: STATSa Y694 B-E11, E12: STAT3 Y705
A-A3, A4: p38a T180A'182 
A-A5, A6: ERK1/2 T202/Y204, 
T185/Y187
A-A7, A8: JNK 1/2/3 T183/Y185, 
T221/Y223
A-A9, A10: GSK-3a/(3 S21/S9 
B-A13, A14: p53 S392 
B-A17, A18: Reference Spot 
A-B3, B4: EGF R Y1086 
A-B5, B6: MSK1/2 S376/S360 
A-B7, B8: AM PKal T183

A-B9, BIO: Akt 1/2/3 S473

B-B11, B12: Akt 1/2/3 T308 
B-B13, B14: p53 S46 
A-C1, C2: TOR S2448

A-C3, C4: CREB S133 
A-C5, C6: HSP27 S78/S82

A-C7, C8: AMPKa2 T172

A-C9, CIO: P-Catenin
B-C11, C12: p70 S6 Kinase T389

B-C13, C14: p53 S15

B-C15, C16: c-Jun 863 
A-D1, D2: SrcY419  
A-D3, D4: Lyn Y397 
A-D5, D6: Lck Y394 
A-D7, D8: STAT2 Y689 
B-D11, D12: p70 S6 Kinase 
T421/S424
B-D13, D14: RSK1/2/3 
S380/S386/S377 
B-D15, D16: eNOS S1177 
A-E1, E2: Fyn Y420 
A-E3, E4: Yes Y426

A-E5, E6: FgrY412 
A-E7, E8: STAT6 Y641

A-E9, E10: STAT5b Y699

B-E13, E14: p27 T198 
B-E15, E16: PLC-yl Y783

A-F1, F2: HckY411

A-F3, F4: Chk-2 T68 
A-F5, F6: FAK V397 
A-F7, F8: PDGF RP Y751 
A-F9, F10: STAT5a/b Y694/Y699 
B-F11, F I2: STAT3 S727 
B-F13, F I4: WNK1 T60

B-F15, F16: PYK2 Y402

A-G1, G2: Reference Spot 
A-G3, G4: PRAS40 T246 
A-G9, G10: PBS (Negative 
Control)
B-G11, G12: HSP60 
B-G17, G18: PBS (Negative 
Control)

Human Phospho-Kinase Array Coordinates

T -  r>4 r ^ o o 9 « 0  w ^ > e r » e o

:°°88888ffl8

G oo oo oo oo

H1975GP H460GP

H1975GR H460GR

Figure 6.16 Phosphoproteomic screen comparing GDC-0980 resistant cells 
with age-matched parental controls

Protein was isolated from GDC-0980 resistant cell lines and their age matched parental 

controls and incubated with phospho kinase arrays (R&D) overnight, then developed as 

per manufacturer’s protocol. A list of antibodies is included with array coordinates, and 

images of the array membranes. Densitometry analysis is shown in subsequent 

figures.
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H1975GR phospho protein expression

HSP60 - [
PRAS40 (T246) - 1

WNK1 (T60) -

STAT3 (S727) - 1=
eNOS (S1177) - c

RSK1/2/3 (S380/S386/S377) - c
p70 S6 Kinase (T421/S424) - [

c-Jun (S63) - [
p53(S15) - ]
p-Catenin - c

AMPKo2(T172) - [
HSP27 (S78/S82) - ]

CREB (S133) - c
p53(S46) - 1

Akt 1/2/3 (T308) - :
Akt 1/2/3 (S473) - I.,.........
AMPKal (T183) ■ c

MSK1/2 (S376/S360) - 1 ^
p53(S392) - 1

GSK-3a/p(S21/S9) - II
JNK 1/2/3 (T183/Y185 T221/Y223 - ]

ERK1/2 (T202/Y204 T185/Y187) - II
p38a(T180/Y182) - □ =

---------------------- I l l 1

^
^old expression (compared with H1975GP)

Figure 6.17 H1975GR phospho protein expression compared to H1975GP

Array membranes from Figure 6.20 were analysed by densitometry using ImageJ, and 

fold changes were calculated for H1975GR cells compared to H1975GP cells.
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H460GR phospho protein expression

p53(S392) 

p53(S46) 
p53(S15) 

WNK1 (T60) 

HSP60 
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Akt (S473) 
b-Catenin 
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STATSb (Y699) 
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STAT2 (Y689) 
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ERK1/2 (T202/Y204 
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FAK (Y397) 
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PRAS 40 (T246) 

TOR (S2448) 
Hck(Y411)

c =□□

□
=1□

Fold expression (compared with H460GP)

Figure 6.18 H460GR phospho protein expression compared to H460GP

Array membranes from Figure 6.20 were analysed by densitometry using ImageJ, and 

fold changes were calculated for H460GR cells compared to H460GP cells.

193



6.3.7 Identification o f novel m echanism  of resistance to G DC-0980 

Increased levels of a recently identified proto-oncogenic intracellular signalling 

molecule (protein X) were found to be present in H1975GR cells compared to 

H1975GP cells (Figure 6.19). A novel targeted inhibitor of protein X (Targeted inhibitor 

Y) was found to induce a significantly greater reduction in proliferation in H1975GR 

cells than H1975GP cells (Figure 6.19). This initial data is being progressed and is 

currently under discussion with the Trinity College Dublin Technology Transfer Office 

with a view to filing a patent application.

194



Protein X densitometry
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Targeted Inhibitor Y BrdU assay

120
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Figure 6.19 Protein X as a mechanism of resistance to GDC-0980 in H1975GR 
cells

a) Protein was isolated from H1975GP and H1975GR cell lines and separated by 

SDS-PAGE prior to Western blot analysis for Protein X (n=1).

b) Protein X was inhibited by Targeted Inhibitor Y in H1975GP and H1975GR cell 

lines and the effects of this inhibition was assessed by BrdU proliferation assay 

(n=3). Data was normalized and is represented as mean ± SEM. Linear 

regression analysis was carried out and the identified IC50 concentrations for 

the drug are shown here.
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6.4 Discussion

This study set out to develop NSCLC cell line models of resistance to GDC-0980, a 

dual PI3K-mT0R inhibitor which is currently in Phase II clinical trials for cancer. The 

cell line models were characterised in depth with a view to identifying targetable 

mediators of resistance to the drug.

6.41 E ffect o f long term  exposure to G D C -0980 on three NSCLC cell lines 

H460, A549 and H I975 cells were exposed to IC50 concentrations of GDC-0980 over 

an extended period of time in order to develop cell line models of acquired resistance 

to the drug. H I975 cells, which were the most sensitive cell line to GDC-0980 

treatment, were the first to develop resistance to the drug. In fact, this cell line began to 

exhibit decreased sensitivity to the drug after just 1 month, and developed a log fold 

difference in IC50 concentration between parent (H1975GP) and resistant (H1975GR) 

cell lines after just 4 months. H1975 cells were shown in Chapter 3 to harbour 

mutations in both PIK3CA and PIK3R1, and to express PI3K pathway signalling 

molecules more highly than the other two cell lines.

It is hypothesized that the initial sensitivity to PI3K inhibition here could imply a reliance 

on PI3K pathway signalling, with the cells being addicted to the pathway. As such, the 

drug has impressive effects in the short term, but the cells which survive treatment are 

either a subpopulation with alternate signalling tendencies, or cells that alter their 

signalling through bypass or feedback mechanisms. The cells quickly become resistant 

to the drug, as they no longer rely on PI3K-mT0R signalling.

The xCELLigence platform was used to investigate the background growth rate of 

resistant lines in comparison to aged-matched parental controls. The GDC-0980 

resistant H I975 cells are quite aggressive, exhibiting a higher cell index than matched 

parent cells when observed using this platform, implying that the selective pressure 

that the cells are under may have led them to switch to a more efficient signalling 

mechanism. These results would imply that not only might PI3K-mT0R targeted 

therapy not induce a sustained response in patients whose tumours are addicted to 

PIK3CA, but that it may ultimately drive the tumour to become more aggressive. 

However, this aggressiveness might result in GDC-0980 resistant tumours being more 

amenable to chemotherapy, and as such the effects of cisplatin treatment on GDC- 

0980 resistant cells versus parent cells will be investigated moving forward.
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H460 cells, which were also sensitive to GDC-0980, though not as sensitive as H1975 

cells, were the second quickest cell line to develop resistance to the drug. Here, an 

initial decrease in sensitivity to GDC-0980 was observed after 2 months, and a log fold 

difference in IC50 achieved after 5 months of treatment. H460 cells were shown in 

Chapter 3 to harbour a mutation in PIK3CA but not PIK3R1, and to express PI3K 

signalling molecules at lower levels than H1975 cells. This cell line, unlike H1975 cells, 

also harbours a mutation in KRAS. As such it is hypothesized that this cell line does 

utilise PI3K signalling, but is not addicted to the pathway. Previously it has been 

hypothesized that some tumours could be dependent on mutant PIK3CA as a driver 

oncogene, whereas in other patient cases, the PIK3CA mutation may modulate the 

effect of another oncogenic process (224). We would hypothesize that H1975 cells 

represent an example of the former case, and H460 cells represent an example of the 

latter, where mutant KRAS is the driver mutation. Further work will be carried out in the 

future to examine the validity of this hypothesis. As such, while H460 cells were less 

sensitive to PI3K inhibition initially, the effects of the drug were sustained over a longer 

period due to the reduced selective pressure. Promisingly, unlike H1975GR cells, 

H460GR cells were less aggressive than their matched parent cells when analysed via 

xCELLigence, implying that even once acquired resistance has developed, grov\rth is 

still somewhat inhibited.

Based on this data we would hypothesize that patients who exhibit PI3K pathway 

activation, but not oncogene addiction to mutant PIK3CA, will undergo a moderate 

response to PI3K-mT0R inhibition, which will be sustained over a longer period than 

patients whose tumours exhibit addiction to mutant PIK3CA.

A549 cells were previously shown to exhibit mutated KRAS but wild-type PiK3CA, and 

were least sensitive to GDC-0980 initially with a higher IC50 concentration than the 

other three cell lines. This cell line does not appear to rely on PI3K signalling, and may 

exhibit low levels of innate resistance to GDC-0980, although there is no established 

cut-off to define whether cells exhibit true innate resistance, or merely reduced 

sensitivity to the compound. After 12 months of treatment with GDC-0980, A549 cells 

have not developed further resistance to the drug. It should be noted that the cells, 

even after 12 months of treatment, do grow more slowly than their matched parent cell 

lines, when in the presence of the drug. This was observed using the xCELLigence 

platform, where A549GR (putative resistant) cells maintained in GDC-0980 exhibited a 

lower cell index than untreated parent cells. When these putative resistant cells were 

removed from treatment, they recovered rapidly and began to behave similarly to
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parent cells, implying that acquired resistance has not developed, and that the cells are 

still somewhat sensitive to GDC-0980. As such, patients who do not exhibit significant 

activation of the PI3K pathway may benefit in small part from PI3K inhibition, in that it 

may induce minimal effects, but it may sustain these effects over a longer period.

6.42 M olecular characterisation o f G D C -0980 resistant cell lines 

In-depth molecular characterisation of H1975GR and H460GR cell lines was carried 

out in comparison with matched parent cell lines at the level of DNA, mRNA, mlRNA, 

protein and phospho protein. Several key trends emerged based on this data which will 

be discussed here.

AKT3 gene expression was greatly increased in all three GDC-0980 resistant cell lines 

compared to their matched parent cell lines. AKT3 is the least studied isoform of AKT, 

with its precise role in cell signalling being poorly understood. Nonetheless, the gene 

has been associated with multiple disease phenotypes, mostly including neurological 

developmental defects due to its known role in brain development (269). With relation 

to cancer, AKT3 has been implicated in the development of glioblastoma multiforme 

(270), malignant melanoma (271) and may contribute to a more aggressive clinical 

phenotype in estrogen receptor-negative breast cancers and androgen-insensitive 

prostate carcinomas (272). Furthermore, AKT3 may contribute to cispiatin resistance in 

human uterine cancer cells (273), Here, increased expression o i AKT3 was associated 

with a decrease in expression of ERS2 in H1975GR cells, and a decrease in 

expression of ESR1 in H460GR cells. Correspondingly, in a paper published in May 

2014, inactivation of AKT3 was shown to result in increased expression of ERa (274), 

AKT3 was also shown to regulate ERBB2 and ERBB3, which are both upregulated in 

H460GR cells (274), Recently, knockdown of AKT3 in conjunction with PIK3CA has 

been shown to supress cell viability and proliferation and induce apoptosis of 

glioblastoma multiforme cells (275). With increasing interest in a role for AKT3 in 

cancer, there may be a future role for AKT3 targeted therapies, which we hypothesize 

may be useful in the setting of PI3K-mT0R inhibitor resistance.

Based on previous work in acquired resistance to PI3K inhibition (219), the IGF-1 

pathway was anticipated to play a role in acquired resistance to GDC-0980 here. While 

there was some dysregulation of the pathway observed in H1975GR cells by mass 

spectrometry, there was nothing to suggest a categorical shift to IGF1 signalling. Again 

in H460GR cells, there was some dysregulation of IGF related genes observed at the
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level of mRNA, but nothing to suggest a significant shift in signalling to this pathway. 

Nonetheless, inhibition of IGF1 in parent and GDC-0980 resistant cell lines would be 

beneficial in order to assess the viability of this as a secondary treatment strategy.

H460GR cells displayed a marked switch from EGFR expression to ERBB2, ERBB3 

and ERBB4 expression which may imply a targetable bypass mechanism of resistance 

is underway in these cells. Future work will further investigate the viability of targeting 

one or several ERBBs in order to reverse resistance to GDC-0980.

Based on the success of co-targeting PI3K-mT0R and MEK in Chapter 2, and the 

known level of cross talk between these two important cell signalling pathways, it was 

also anticipated that MARK signalling may play a role in GDC-0980 resistance in one or 

more cell lines. While some MARK family proteins were differentially regulated in 

H1975 cells as observed by mass spectrometry, again there was no categorical shift in 

signalling observed. Nonetheless, investigation of the efficacy of GDC-0973 in 

H1975GR and H460GR cell lines will be carried out in order to identify any role that 

MEK inhibition may have in this setting.

Previously published work has identified c-MYC as a candidate biomarker of resistance 

to RI3K inhibition (266-268), however the gene does not appear to play a role in 

acquired resistance to GDC-0980 in these cell lines.

An miRNA signature was identified during this work which is differentially regulated 

between parent and GDC-0980 resistant cell lines. This work is being brought forward 

by the Thoracic Oncology Research Group and will be thoroughly validated. Cell lines 

were frozen down every month during the development of the GDC-0980 resistant ceil 

lines, so that we may retrospectively investigate how early the validated miRNA panel 

first emerged. This signature will then be validated in blood samples obtained from 

patients prior to treatment with PI3K inhibitors and sequentially following the 

emergence of resistance in these patients. This could allow for the development of a 

companion diagnostic allowing us to test for a panel of miRNAs that may be predictive 

of response to PI3K targeted therapy. This would be a PCR-based screen for a small 

number of miRNAs (likely <10) which would therefore be easier and cheaper to carry 

out in patients than assessing the development of resistance via more frequent scans.

The previously introduced cancer stem cell hypothesis may also play a role in acquired 

resistance to GDC-0980. A subpopulation of stem-like cells could be present here,
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which could undergo clonal expansion when the cells are treated with GDC-0980. This 

hypothesis has been investigated during a project being carried out by a master’s 

student in the Thoracic Oncology Research Group. Expression of stem cell markers 

Nanog, Oct4 and KIF4 was found to be higher in H1975GR cells than H1975GP cells 

(data not shown). Tumour heterogeneity could result in further subpopulations of GDC- 

0980 resistant cells which each exhibit distinct mechanisms of acquired resistance. 

This work is being carried forward, with a view to isolating stem-like cells and other 

relevant sub-populations of GDC-0980 resistant cells and expanding this population to 

further characterise their response to GDC-0980.

Expression of a recently identified proto-oncogene was found to be increased in 

H1975GR cells compared to H1975GP cells. A novel inhibitor of this protein was found 

to induce a greater anti-proliferative effect in H1975GR cells than H1975GP cells, with 

a corresponding IC50 concentration of 0.048pM versus 2.52 |jM. This exciting result is 

currently being progressed with a view to patenting this data.

200



Chapter 7: General Discussion
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7.1 Contribution of this thesis to our understanding of PI3K inhibition in 

NSCLC

Due to its significant role in all eight hallmarks of cancer Targeting the PI3K pathway 

represents an exciting strategy to specifically inhibit tumour cell survival and growth 

signalling, however efforts to bring PI3K inhibitors to the clinic have proven to be an 

unexpectedly formidable challenge. A plethora of PI3K inhibitors are currently in clinical 

trials for cancer, however initial results have proven less impressive than anticipated, 

with innate and acquired resistance to PI3K inhibition representing major hurdles to 

overcome in drug development. It is suspected that strategies for targeting the pathway 

will have to be more sophisticated than anticipated, and may involve co-targeting 

several proteins in the pathway, co-targeting the pathway with other cell signalling 

pathways or designing isoform-specific inhibitors of PI3K. This thesis has contributed to 

our understanding of the feasibility of targeting PI3K in NSCLC by interrogating the use 

of a second generation PI3K-mT0R inhibitor in strategic settings. Notably, PI3K-mT0R 

and MEK co-targeted therapy was found to elicit a synergistic response in both PIK3CA 

mutant and wild-type NSCLC cell line types, implying that this strategy may be useful in 

a wide patient cohort. Furthermore, previous data implied a role for PI3K pathway 

signalling in cisplatin resistance, and this thesis identified NFkB to be a superior target 

to PI3K itself in this setting, with impressive anti-cancer effects being observed in 

cisplatin resistant cells treated with an NFkB inhibitor. This project has also led to the 

development of GDC-0980 resistant cell lines which will constitute an invaluable 

resource for further study of acquired resistance to PI3K-mT0R inhibition. Initial 

characterisation has identified potentially exploitable weaknesses in these GDC-0980 

resistant cell lines, which will be further studied with a view to designing treatment 

protocols that overcome or even prevent the development of acquired resistance in this 

setting.

7.1.1 PIK3CA mutation status and PI3K pathway activation in NSCLC

PI3K and related signalling pathway mutation status was profiled in a panel of 137 

consented NSCLC patients from the St. James Hospital biobank. PIK3CA was found to 

be mutated in 5.26% of adenocarcinoma patients and 15.87% of squamous cell 

carcinoma patients, higher than the frequencies typically reported in the literature of 

~2% and ~7% respectively. This cohort will be expanded to a total of 1000 patients to 

more accurately determine if the Irish NSCLC patient cohort exhibits higher than 

average PIK3CA mutation frequency. The potential correlation between PIK3CA 

mutation status and survival in cancer patients is controversial, with a recent meta

analysis finding that 5 year-survival and PIK3CA mutation status are not associated
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(223). This study investigated RFS and OS in PIK3CA mutant versus wild-type 

patients, and in both cases there was a trend toward significance implying that PIK3CA 

mutation may correlate with poorer survival, however the cohort will need to be 

expanded in order to identify any true correlation. It is anticipated that PTEN loss or a 

combination of PIK3CA, AKT  and MTOR mutation status may be more useful as a 

prognostic biomarker for cancer.

Furthermore, this study set out to investigate PI3K pathway activation status in PIK3CA 

mutant and wild-type cell lines. H1975 cells were found to bear mutant PIK3CA 

(G118D) and PIK3R1 (M326I) as well as EGFR (L858R) and CDKN2A (E69X). This 

cell line expressed PI3K pathway related proteins at higher levels than H460 cells, 

which bear a mutation in PIK3CA (E545K) and KRAS (Q61HHQ), and A549 cells, 

which are wild-type for PIK3CA, but bear mutations in KRAS (G13SRC) and IDH1 

(V178I). With increased PI3K pathway activation in H1975 cells, it was hypothesized 

that this cell line may be an ideal candidate for PI3K inhibition.

The co-occurrence of PIK3CA mutation with other mutations observed here 

underscores the importance of co-targeting multiple signalling pathways in order to 

achieve an effective blockade of oncogenic signalling. Dual and triple inhibitors should 

be developed which would reduce the toxicities associated with taking two different 

targeted therapies, as well as targeting multiple pathways. Patients should be screened 

for multiple mutations instead of the standard EGFR and ALK testing which is currently 

carried out for NSCLC patients. This is now possible even in tiny biopsies due to the 

development of extremely sensitive platforms such as Ion Torrent and Sequenom. The 

more comprehensive the molecular profile of a patient’s tumour the better the design of 

the treatment strategy. New methods for investigating gene expression in circulating 

tumour cells and circulating free DNA should be used to develop companion 

diagnostics for targeted therapies which will be important for identification of the 

emergence (and mechanism) of resistance to treatment as early as possible. The 

miRNA signature that was associated with resistance to GDC-0980 here will be 

validated in both H1975GR and H460GR cells and ultimately in patient blood samples 

with a view to developing a companion diagnostic for use in this setting.

7.1.2 Co-targeting the PI3K and M EK pathways in NSCLC

It has been hypothesized in the literature that PIK3CA mutation status may serve as a

predictive biomarker of response to PI3K targeted therapy (84), although other PI3K
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pathway aberrations in the absence of PIK3CA mutation may be predictive of a 

favourable response to PI3K inhibition also. Based on the data generated in Chapter 3 

and discussed in 7.1.1, it was hypothesized that the success of PI3K targeted therapy 

in vitro would be cell line dependant, and that PIK3CA, PIK3R1, EGFR and CDKN2A 

mutant cell line H1975 would be particularly sensitive to selective inhibition of the PI3K 

pathway. PIK3CA mutations may act as driver mutations in some tumours, but 

passenger mutations in others. Here, it was hypothesized that H460 cells, which bear a 

mutation in PIK3CA (E545K) but do not exhibit activated PI3K signalling to the same 

extent as H I975 cells, the PIK3CA mutation may be a passenger mutation, with KRAS 

(Q61HHQ) acting as the driver mutation. As such it was anticipated that PI3K targeted 

therapy would not be as successful in this cell line. As expected, H I975 cells were 

most sensitive to PI3K inhibition by GDC-0941 and PI3K-mT0R inhibition by GDC- 

0980, with A549 {PIK3CA wild-type) cells being the least sensitive, and H460 cells 

being moderately sensitive. IC50 concentrations were lower for GDC-0980 than GDC- 

0941 in all three cell lines, although there was no statistically significant difference 

between the two drugs at individual concentrations. GDC-0980 was chosen to further 

investigate based on it targeting both PI3K and mTOR, which we hypothesized would 

be useful in a co-targeting setting as well as potentially being more effective in the long 

term than GDC-0941.

Data generated in parallel with this project identified an increase in pAKT when NSCLC 

and mesothelioma cells are subjected to hypoxic conditions, suggesting a possible role 

for PI3K signalling in hypoxic tumours (data not shown). Lung tumours can be quite 

large, with areas of hypoxia at diagnosis. As such, GDC-0980 or other PI3K pathway 

inhibitors could be useful in this important setting. Furthermore, exposure to hypoxia 

following irradiation has been shown to increase radioresistance (276). Investigation 

into whether PI3K inhibition may be useful in this setting will be carried out moving 

forward.

Inhibition of MEK was anticipated to be a beneficial strategy for treating NSCLC, due to 

the high frequency of KRAS mutations present in the disease. Thus far, MEK inhibitor 

investigations in the laboratory and clinical settings have been underwhelming, with 

inhibition of MEK leading to growth arrest but not apoptosis (237, 238). This data was 

reflected here, where MEK inhibitor GDC-0973 induced a reduction in proliferation in 

H I975 and A549 cells but had no significant effects on cell viability. H460 cells were 

resistant to GDC-0973 treatment, which we hypothesize could be due to the cell line’s 

increased expression of multidrug resistance genes ABCB1 as observed in Chapter 3.
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This study aimed to assess the effects of co-targeted inhibition of PI3K-mT0R and 

MEK by GDC-0980 and GDC-0973 in the panel of 3 NSCLC cell lines. During the 

course of this project, interest in co-targeting the PI3K and MEK pathways has 

increased, with this becoming a topical strategy that has now progressed to multiple 

early phase clinical trials. Here, the co-targeted inhibition approach led to significantly 

greater effects on cell viability than treatment with either inhibitor alone, and further 

investigation identified a synergistic interaction between the two drugs leading to a 

significantly greater reduction in proliferation than either inhibitor alone.

GDC-0980 treatment led to a reduction in both pAKT (Ser473) and pAKT (Thr308) in 

H1975 cells. In H460 cells, GDC-0980 treatment led to a reduction in pAKT (Ser473) 

but not pAKT (Thr308), which could explain the reduced sensitivity to GDC-0980 

observed in this cell line. A549 cells exhibited significant reduction in PI3K pathway 

activation in response to GDC-0980, despite being the least sensitive cell line to the 

drug. We hypothesize that this is related to the increased expression of a multitude of 

mediators of drug resistance in A549 cells as observed in chapter 3.

Increased expression of pAKT (Ser473) was observed in H I975 and A549 cell in 

response to GDC-0973 treatment, implying that these cell lines may use the pathway 

as a bypass track in order to escape inhibition of MEK signalling. This underlines the 

efficacy of GDC-0980 and GDC-0973 co-targeted treatment in this setting. While the in 

vitro data generated in this study is promising, it is notable that recent clinical evidence 

suggests that this co-targeted approach may not be as successful as hoped, and that 

inhibition of apoptotic mediators may be required in addition to PI3K and MEK in order 

to induce sufficient anti-cancer effects (238).

One major hurdle to overcome in the development of co-targeted inhibition protocols is 

the potential for increased toxicity. Adverse effects such as hyperglycemia, nausea, 

fatigue, rash and gastrointestinal toxicities have been reported in patients treated with 

pan-PI3K inhibition, and rash, diarrhoea and dermatitis acneform have been associated 

with MEK inhibition. As such, continuous exposure to both PI3K and MEK inhibitors 

may not be feasible in the clinical setting. However, preclinical data investigating the 

combination of GDC-0941 and MEK inhibitor GDC-0973 both in vitro and in vivo points 

to the potential efficacy of intermittent dosing in maintaining a robust apoptotic 

response (140).
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7.1.3 S trateg ic targeting o f the P I3K -N F kB axis in cisplatin resistant NSCLC 

Activation of the PI3K-NFkB axis has previously been observed in chemoresistance in 

various cancers, and has been studied most extensively in ovarian cancer (23720710). 

As such, we set out to interrogate the role of this pathway in cisplatin resistant NCSLC 

cell lines which had previously been developed in our laboratory. Contrary to our 

expectations, PI3K pathway signalling in general was downregulated in cisplatin 

resistant cells compared with their age matched parental controls. However, this study 

was the first to identify an upregulation of IkBq in the cisplatin resistant phenotype. 

Expression of IkBq is regulated by NFkB, provide a negative feedback mechansism 

which results in post induction repression of NFkB. Here, we hypothesize that NFkB is 

constitutively activated and as such IkBq is transcribed to excess without being able to 

repress NFkB activity.

Furthermore, this study investigated the efficacy of targeting PI3K-mT0R and NFkB in 

cisplatin resistant NSCLC. PI3K-mT0R inhibitor GDC-0980 did not induce as effective 

a reduction in cell proliferation or viability in cisplatin resistant cells as it did in parent 

cells, which was to be expected based on the reduction in PI3K pathway gene 

expression observed in cisplatin resistant cells.

Based on the promising data highlighting deregulated NFkB-IkBq interaction as a 

potential mechanism of resistance to cisplatin in our cell line models, we set out to 

examine the efficacy of DHMEQ, an inhibitor of NFkB which is being progressed 

towards clinical trials (256-258), in this setting. The effects of this inhibitor on cell 

proliferation and viability were significantly greater in cisplatin resistant ceils than in 

their age matched parental controls, suggesting a promising role for NFkB inhibition in 

cisplatin resistant NSCLC (69). Based on this exciting data, further investigation into 

the use of this drug is ongoing in vitro and in vivo in our laboratory.

7.1.4 Development and characterisation of a panel of GDC-0980 resistant 

NSCLC cell lines

This study set out to develop cell line models of acquired resistance to PI3K-mT0R 

inhibitor GDC-0980 with a view to elucidating exploitable mechanisms of resistance to 

the drug. H1975 cells, which bear mutations in PIK3CA and PIK3R1 and exhibit 

increased PI3K pathway activation, were first to develop resistance to GDC-0980. This 

cell line exhibited reduced sensitivity to the drug after just 1 month of treatment and 

reached a log fold difference in IC50 between parent and resistant cells after just 4 

months. H460 cells, which bear a mutation in PIK3CA but exhibit lower PI3K pathway
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activation than H1975 cells, took longer to develop resistance to GDC-0980 than 

H1975 cells, displaying decreased sensitivity to the drug after 2 months and reaching a 

log fold difference in IC50 concentration between parent and resistant cells at 5 months 

of treatment. Interestingly, H1975GR cells were also more aggressive in comparison 

with H1975GP cells than H460GR cells were in comparison with H460GP cells when 

analysed in real time by xCELLigence. Based on these results it would appear that 

cells which are addicted to PI3K pathway signalling respond best to PI3K targeted 

therapy in the short term, but develop resistance to treatment more rapidly due to the 

extreme selective pressure exerted on the cells.

A549 {PIK3CA wild-type) cells were also treated with GDC-0980 at their IC50 for an 

extended period, but did not develop resistance to the drug, even after 12 months of 

treatment, despite the high dose used. It is unclear whether this cell line exhibited 

innate resistance or reduced sensitivity to the drug, however it is promising that the 

drug did induce effects on proliferation and viability in the cell line in the short term, and 

still induced a reduction in proliferation and a decreased growth rate after 12 months of 

treatment. We would hope that this implies that PI3K targeted therapy could be useful 

(perhaps in combination with another targeted therapy) in patients with wild-type 

PIK3CA and minimal PI3K pathway activation, however toxicity could be an issue due 

to the increased concentrations required for treatment here.

In depth molecular characterisation of GDC-0980 resistant cell lines identified a 

plethora of deregulated genes and proteins, implying that mechanisms of resistance to 

the drug are likely to be multifactorial. Notably, increased expression of AKT3, stem cell 

markers (data not shown) and protein X was observed in resistant ceils. Inhibition of 

AKT3 may be a viable strategy for overcoming resistance to GDC-0980 which will be 

further investigated, and inhibition of protein X was shown to have a greater anti

proliferative effect on H1975GR cells than H1975GP cells. The viability of using 

targeted inhibitor Y in this setting will be further investigated in detail, and this data is 

being progressed with a view to making a patent application.
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7.2 Translational and societal impact of this work

At the commencement of this study, PI3K pathway targeted therapy was anticipated to 

be a promising strategy for targeting cancer, with several second generation dual 

inhibitors of PI3K-mT0R entering early phase clinical trials. It was anticipated that 

PI3K-mT0R dual inhibition would induce favourable responses in patients in 

comparison to first generation pan PI3K inhibitors. During the course of this project, the 

field has become extremely topical, with new isoform specific inhibitors of PI3K being 

developed and multiple international conferences focussing entirely on targeting PI3K 

signalling in cancer. No matter which strategy proves the most beneficial, whether it be 

isoform specific PI3K inhibition, pan PI3K inhibition, PI3K-mT0R dual inhibition or PI3K 

pathway co-targeting, the GDC-0980 resistant cell lines developed here will be 

extremely useful in pinpointing potential resistance mechanisms to any PI3K pathway 

targeted therapy. Increasing evidence has been revealed supporting the role of PI3K- 

mTOR dual targeting and PI3K-MEK co-targeted inhibition strategies. This project has 

added to our understanding of these treatment strategies in NSCLC, providing valuable 

information on cell line dependant responses to these types of treatment and 

underlining the importance of the personalized medicine approach when designing 

cancer treatment protocols that include targeted therapies.

This project was the first to identify IkBq-NFkB interaction as a mechanism of 

resistance to NSCLC (69) and consequently highlighted a promising strategy for 

overcoming chemoresistance in NSCLC which is currently being further investigated in- 

depth. With more than 1 million cases of lung cancer diagnosed each year (277) and 

with 20-40% of those treated with cisplatin relapsing within 6 months (278), it is crucial 

to identify potential treatment strategies which may exploit vulnerabilities such as this in 

cisplatin resistant tumour cells. The identification of NFkB as a mediator of cisplatin 

resistance in NSCLC also implies that combined NFkB inhibitor & cisplatin treatment 

from the outset may help to prevent resistance developing to cisplatin. This strategy will 

be further investigated moving forward.

Furthermore, this project has developed cell line models of resistance to GDC-0980 

which will be invaluable in developing strategies to overcome resistance to PI3K-mT0R 

inhibition. Initial characterisation has identified a number of potential exploitable 

mechanisms of resistance to the drug. These promising leads will be further 

investigated with a view to identifying strategies to overcome or even prevent the 

development of resistance to this type of therapy.
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7.3 Future Directions

This project has added to our understanding of PI3K pathway dual and co-targeted 

inhibition, as well as the development of resistance to PI3K-mT0R inhibition and the 

feasibility of targeting the pathway in the setting of cisplatin resistance. With third 

generation inhibitors of the PI3K pathway now emerging, which target specific isoforms 

of PI3K, the field has become more active than ever. It is crucial that we continue to 

investigate ever more sophisticated strategies for targeting the pathway, if the full 

potential of this plethora of new drugs is to be fully realised.

Several key aspects of this project lend themselves to further investigation which will 

build upon the data already generated. Firstly, optimisation is underway in order to 

investigate PI3K pathway activation at the protein level in PIK3CA mutant and wild-type 

NSCLC patient samples. This data will be published as part of a paper entitled ‘Co- 

Targeting the PI3K and MEK pathways in NSCLC’ which will include data from 

chapters 3 and 5.

Data generated regarding the role for the PI3K-NFkB axis in cisplatin resistance in 

NSCLC in Chapter 4 has been published (277) and is being further investigated as part 

of a collaborative research effort within the Thoracic Oncology Research Group at St. 

James’s Hospital, in collaboration with the Cancer & Ageing Research Program at 

Queensland University of Technology. The use of DHMEQ in animal models of NSCLC 

cisplatin resistance is currently being investigated along with ongoing efforts to 

elucidate the full extent of NFkB deregulation in vitro.

Further investigation into the generated models of acquired resistance to GDC-0980 

will be carried out with a view to identifying targetable vulnerabilities within resistant 

cells. The current focus of this research centres around upregulation of protein X and 

AKT3. The presence of any interactions between protein X and other identified genes 

of interest will be interrogated with a view to fully elucidating the mechanism of 

resistance which is a play here. Targeted inhibitor Y will be fully investigated with a 

view to overcoming or preventing the development of resistance to GDC-0980. 

Isolation of specific resistant clones from H1975GR and H460GR cell lines will be 

carried out in order to examine identified markers of resistance to GDC-0980 in more 

detail. Significant changes in gene expression may be masked or significantly reduced 

in the current mixed clonal population.
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7.4 Key discoveries

1. There may a higher PIK3CA mutation rate in an Irish NSCLC cohort than in the 

literature, making this an promising population for the investigation of PI3K 

targeted therapy.

2. PI3K-mT0R-MEK co-targeted inhibition by GDC-0980 and GDC-0973 is 

synergistic in a panel of NSCLC cells,

3. The PIK3CA mutated, PI3K activated NSCLC cell lines used here responded 

best to PI3K treatment in the short term but developed acquired resistance 

more quickly.

4. A miRNA signature of resistance to GDC-0980 has been identified which will be 

progressed in order to develop a companion diagnostic.

5. A novel mechanism of resistance to GDC-0980 has been identified.

6. A novel targeted therapy shows increased efficacy in PI3K-mT0R resistant 

cells compared to sensitive cells.
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Appendix 1: Proteomics Screen of H1975GP and H1975GR cells
Proteomic analysis of H 1975G P  and H 1975G R  cell lines was summarised in Figure 

6.15. The full list of dysregulated proteins is shown here, where all proteins listed are 

greater than two fold up/down-regulated (as noted in table headings) with p<0.05. 

Increased abundance in H1975GP cells
Phosphoglycerate mutase 1 OS=Homo sapiens GN=PGAM1 PE=1 SV=2 - [PGAM1_HUIVIAN]

SPATS2-like protein OS=Homo sapiens GN=SPATS2L PE=1 SV=2 - [SPS2L_HUMAN]

Purine nucleoside phosptiorylase OS=Homo sapiens GN=PNP PE=1 SV=2 - [PNPH_HUMAN]

Glycogen ptiosphorylase, liver form OS=Homo sapiens GN=PYGL PE=1 SV=4 - [PYGL_HUMAN] 

Fructose-bisphosphate aldolase A OS=Homo sapiens GN=ALDOA PE=1 SV=2 - [ALDOA_HUMAN]

Heat stiock protein beta-1 OS=Homo sapiens GN=HSPB1 PE=1 SV=2 - [HSPB1_HUMAN1 

Plakophilin-3 OS=Homo sapiens GN=PKP3 PE=1 SV=1 - [PKP3_HUMAN]

Catechol O-methyltransferase OS=Homo sapiens GN=COMT PE=1 SV=2 - [COMT_HUMAN]

Heat shock 70 kDa protein 4 OS=Homo sapiens GN=HSPA4 PE=1 SV=4 - [HSP74_HUMAN]

Glutaredoxin-3 OS=Homo sapiens GN=GLRX3 PE=1 SV=2 - [GLRX3_HUMAN]

Perilipin-3 OS=Homo sapiens GN=PLIN3 PE=1 SV=3 - [PLIN3_HUMAN]

Thyroid receptor-interacting protein 6 OS=Homo sapiens GN=TRIP6 PE=1 SV=3 - [TRIP6_HUMAN]

Glucose-6-phosphate 1-dehydrogenase OS=Homo sapiens GN=G6PD PE=1 SV=4 - [G6PD_HUMAN]

Fatty acid synthase OS=Homo sapiens GN=FASN PE=1 SV=3 - [FAS_HUMAN]

Phosphoglycerate kinase 1 OS=Homo sapiens GN=PGK1 PE=1 SV=3 - [PGK1_HUMAN]

14-3-3 protein theta OS=Homo sapiens GN=YWHAQ PE=1 SV=1 - [1433T_HUMAN)

cAMP-dependent protein kinase inhibitor beta OS=Homo sapiens GN=PKIB PE=2 SV=1 - [IPKB_HUMANJ

TLD domain-containing protein 1 OS=Homo sapiens GN=TLDC1 PE=1 SV=2 - [TLDC1_HUMAN]

Costars family protein ABRACL OS=Homo sapiens GN=ABRACL PE=1 SV=1 - [ABRAL_HUMAN]

Calcineurin-like phosphoesterase domain-containing protein 1 OS=Homo sapiens GN=CPPED1 PE=1 SV=3 - 
[CPPED_HUMAN]
Ribonucleases P/MRP protein subunit POP1 OS=Homo sapiens GN=P0P1 PE=1 SV=2 - [P0P1_HUMAN] 

Phenylalanine-tRNA ligase alpha subunit OS=Homo sapiens GN=FARSA PE=1 SV=3 - [SYFA_HUMAN] 

Angio-associated migratory cell protein OS=Homo sapiens GN=AAMP PE=1 SV=2 - [AAMP_HUMAN]

Protein MEM01 OS=Homo sapiens GN=MEM01 PE=1 SV=1 - [MEM01_HUMAN]

Heat shock 70 kOa protein 1A/1B OS=Homo sapiens GN=HSPA1A PE=1 SV=5 - [HSP71_HUMAN]

Fatty acid-binding protein, epidermal OS=Homo sapiens GN=FABP5 PE=1 SV=3 - [FABP5_HUI\/IAN]

Elongation factor 1-alpha 2 OS=Homo sapiens GN=EEF1A2 PE=1 SV=1 - [EF1A2_HUMAN]

Tenascin OS=Homo sapiens GN=TNC PE=1 SV=3 - [TENA_HUIVIAN]

Ubiquitin carboxyl-terminal hydrolase 10 OS=Homo sapiens GN=USP10 PE=1 SV=2 - [UBP10_HUMAN]

Lysine-tRNA ligase OS=Homo sapiens GN=KARS PE=1 SV=3 - [SYK_HUIVIAN]

Putative heat shock protein HSP 90-alpha A5 OS=Homo sapiens GN=HSP90AA5P PE=1 SV=1 - [HS905_HUMAN] 

Glyceraldehyde-3-phosphate dehydrogenase OS=Homo sapiens GN=GAPDH PE=1 SV=3 - [G3P_HUMAN]

Uridine phosphorylase 1 OS=Homo sapiens GN=UPP1 PE=1 SV=1 - [UPP1_HUIV1AN]

Proteasome subunit beta type-7 OS=Homo sapiens GN=PSMB7 PE=1 SV=1 - [PSB7_HUMAN]

GDP-L-fucose synthase OS=Homo sapiens GN=TSTA3 PE=1 SV=1 - [FCL_HUMAN]

Poly(rC)-binding protein 1 OS=Homo sapiens GN=PCBP1 PE=1 SV=2 - [PCBP1_HUMAN]

Protein diaphanous homolog 1 OS=Homo sapiens GN=DIAPH1 PE=1 SV=2 - [DIAP1_HUMAN]

Heterogeneous nuclear ribonucleoprotein Q OS=Homo sapiens GN=SYNCRIP PE=1 SV=2 - [HNRPQ_HUMAN] 

lnosine-5'-monophosphate dehydrogenase 1 OS=Homo sapiens GN=IMPDH1 PE=1 SV=2 - [IMDH1_HUMAN] 

Transcription elongation factor B polypeptide 1 OS=Homo sapiens GN=TCEB1 PE=1 SV=1 - [ELOC_HUMAN]
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Increased abundance in H1975GP cells
Macrophage-capping protein OS=Homo sapiens GN=CAPG PE=1 SV=2 - [CAPG_HUMAN1 

Calpastatin OS=Homo sapiens GN=CAST PE=2 SV=1 - [E9PCH5_HUMAN]

Diphosphomevalonate decarboxylase OS=Homo sapiens GN=MVD PE=1 SV=1 - [MVD1_HUMAN]

Chloride intracellular channel protein 1 OS=Homo sapiens GN=CLIC1 PE=1 SV=4 - [CLIC1_HUMAN]

Protein FAM83H OS=Homo sapiens GN=FAM83H PE=1 SV=3 - [FA83H_HUMAN]

Deubiquitinating protein VCIP135 OS=Homo sapiens GN=VCPIP1 PE=1 SV=2 - [VCIP1_HUMAN1 

Isoform 2 of Serine hydroxymethyltransferase, cytosolic OS=Homo sapiens GN=SHMT1 - [GLYC_HUMAN]

Coiled-coil domain-containing protein 134 OS=Homo sapiens GN=CCDC134 PE=1 SV=1 - [CC134_HUMAN] 

A lanine-tRNA ligase, cytoplasmic OS=Homo sapiens GN=AARS PE=1 SV=2 - [SYAC_HUMAN]

Importin subunit alpha-4 OS=Homo sapiens GN=KPNA3 PE=1 SV=2 - [IMA4_HUMAN]

Adenosine kinase OS=Homo sapiens GN=ADK PE=1 SV=2 - [ADK HUMAN]

V-type proton ATPase subunit B, brain isoform OS=Homo sapiens GN=ATP6V1B2 PE=1 SV=3 - [\ZATB2_HUMAN] 

Protein-L-isoaspartate(D-aspartate) 0-methyltransferase OS=Homo sapiens GN=PCMT1 PE=1 SV=4 - [PIMT_HUMAN] 

Sequestosome-1 OS=Homo sapiens GN=SQSTM1 PE=1 SV=1 - [SQSTM_HUMAN]

Glutamate receptor ionotropic, NMDA 1 OS=Homo sapiens GN=GRIN1 PE=2 SV=1 - [A2AVK2_HUMAN]

Keratin, type II cytoskeletal 7 OS=Homo sapiens GN=KRT7 PE=1 SV=5 - [K2C7_HUIVIAN]

Inorganic pyrophosphatase OS=Homo sapiens GN=PPA1 PE=1 SV=2 - [IPYR_HUMAN]

Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A alpha isoform OS=Homo sapiens GN=PPP2R1A 
PE=1 SV=4 - [2AAA_HUMAN]
BAG family molecular chaperone regulator 3 OS=Homo sapiens GN=BAG3 PE=1 SV=3 - [BAG3_HUMAN]

Basic leucine zipper and W2 domain-containing protein 1 OS=Homo sapiens GN=BZW1 PE=1 SV=1 - [BZW1_HUMAN] 

DNA replication licensing factor MCM5 OS=Homo sapiens GN=MCM5 PE=1 SV=5 - [MCM5 HUMAN]

Calpain small subunit 1 OS=Homo sapiens GN=CAPNS1 PE=1 SV=1 - [CPNS1_HUMAN]

ADP-ribosylation factor 6 OS=Homo sapiens GN=ARF6 PE=1 SV=2 - [ARF6_HUMAN]

Tubulin-tyrosine ligase-like protein 12 OS=Homo sapiens GN=TTLL12 PE=1 SV=2 - [TTL12_HUMAN1 

Vigilin OS=Homo sapiens GN=HDLBP PE=1 SV=2 - [VIGLN_HUMAN]

Pirin OS=Homo sapiens GN=PIR PE=1 SV=1 - [PIR_HUMAN]

Calpastatin OS=Homo sapiens GN=CAST PE=1 SV=4 - [ICAL_HUMAN]

Tryptophan-tRNA ligase, cytoplasmic OS=Homo sapiens GN=WARS PE=1 SV=2 - (SYWC_HUIVIAN]

Calbindin OS=Homo sapiens GN=CALB1 PE=1 SV=2 - [CALB1_HUMAN]

RuvB-like 1 OS=Homo sapiens GN=RUVBL1 PE=1 SV=1 - [RUVB1_HUMAN]

Ran-specific GTPase-activating protein OS=Homo sapiens GN=RANBP1 PE=1 SV=1 - [RANG_HUMAN1

Heat shock protein HSP 90-alpha OS=Homo sapiens GN=HSP90AA1 PE=1 SV=5 - (HS90A_HUMAN]

Heterogeneous nuclear ribonucleoprctein A3 OS=Homo sapiens GN=HNRNPA3 PE=1 SV=2 - [R0A3_HUMAN]

Cancer/testis antigen family 45 member A1 OS=Homo sapiens GN=CT45A1 PE=2 SV=1 - [CT451_HUMAN]

Brain-specific angiogenesis inhibitor 1-associated protein 2 OS=Homo sapiens GN=BAIAP2 PE=1 SV=1 - 
[BAIP2_HUMANJ
Phosphatidylinositol 5-phosphate 4-kinase type-2 gamma OS=Homo sapiens GN=PIP4K2C PE=1 SV=3 - 
[PI42C_HUMAN]
V-type proton ATPase subunit B, kidney isoform OS=Homo sapiens GN=ATP6V1B1 PE=1 SV=3 - [VATB1_HUMAN] 

C-Jun-amino-terminal kinase-interacting protein 4 OS=Homo sapiens GN=SPAG9 PE=1 SV=4 - [JIP4_HUMAN] 

Glutathione reductase, mitochondrial OS=Homo sapiens GN=GSR PE=1 SV=2 - [GSHR_HUMAN]

Aspartate aminotransferase, cytoplasmic OS=Homo sapiens GN=G0T1 PE=1 SV=3 - [AATC_HUMAN]

Calretinin OS=Homo sapiens GN=CALB2 PE=1 SV=2 - [CALB2_HUMAN]

Zinc finger protein 114 OS=Homo sapiens GN=ZNF114 PE=2 SV=1 - [ZN114_HUMAN]

C-1-tetrahydrofolate synthase, cytoplasmic OS=Homo sapiens GN=MTHFD1 PE=1 SV=3 - [C1TC_HUMAN] 

ATP-dependent RNA helicase DDX1 OS=Homo sapiens GN=DDX1 PE=1 SV=2 - [DDX1_HUMAN]

Absent in melanoma 1 protein OS=Homo sapiens GN=AIM1 PE=1 SV=3 - [AIM1_HUMAN]

Flavin reductase (NADPH) OS=Homo sapiens GN=BLVRB PE=1 SV=3 - [BLVRB_HUMAN]

AP-2 complex subunit alpha-1 OS=Homo sapiens GN=AP2A1 PE=1 SV=3 - [AP2A1_HUMAN1
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Increased abundance in H1975GP cells
Isocitrate dehydrogenase [NADP] cytoplasmic OS=Homo sapiens GN=IDH1 PE=1 SV=2 - [IDHC_HUMAN]

EF-hand domain-containing protein D2 OS=Homo sapiens GN=EFHD2 PE=1 SV=1 - [EFHD2_HUMAN]

ATP-binding cassette sub-family F member 2 OS=Homo sapiens GN=ABCF2 PE=1 SV=2 - [ABCF2_HUMAN]

Proteasome subunit beta type-1 OS=Homo sapiens GN=PSMB1 PE=1 SV=2 - [PSB1_HUMAN]

Receptor-interacting serine/threonine-protein kinase 2 OS=Homo sapiens GN=RIPK2 PE=1 SV=2 - [RIPK2_HUMAN]

Protein phosphatase 1 regulatory subunit 7 OS=Homo sapiens GN=PPP1R7 PE=1 SV=1 - [PP1R7_HUMAN]

Low molecular weight phosphotyrosine protein phosphatase OS=Homo sapiens GN=ACP1 PE=1 SV=3 - 
[PPAC_HUMAN]
UPF0568 protein C14orf166 OS=Homo sapiens GN=C14orf166 PE=1 SV=1 - [CN166_HUMAN]

Ubiquilin-2 OS=Homo sapiens GN=UBQLN2 PE=1 SV=2 - [UBQL2_HUMAN]

UPF0160 protein MYG1, mitochondrial OS=Homo sapiens GN=C12orf10 PE=1 SV=2 - [MYG1_HUMAN]

55 kDa erythrocyte membrane protein OS=Homo sapiens GN=MPP1 PE=1 SV=2 - [EM55_HUMAN]

Protein NDRG1 OS=Homo sapiens GN=NDRG1 PE=1 SV=1 - [NDRG1_HUMAN]

Coactosin-like protein OS=Homo sapiens GN=C0TL1 PE=1 SV=3 - [C0TL1_HUMAN]

C-Jun-amino-terminal kinase-interacting protein 3 OS=Homo sapiens GN=MAPK8IP3 PE=1 SV=3 - [JIP3_HUMAN] 

Beta-lactamase-like protein 2 OS=Homo sapiens GN=La,CTB2 PE=1 SV=2 - [LACB2_HUMAN]

Activator of 90 kDa heat shock protein ATPase homolog 1 OS=Homo sapiens GN=AHSA1 PE=1 SV=1 - 
[AHSA1_HUMAN]
Phosphoglycolate phosphatase OS=Homo sapiens GN=PGP PE=1 SV=1 - [PGP_HUMAN]

Partner of Y14 and mago OS=Homo sapiens GN=WIBG PE=1 SV=1 - [WIBG_HUMAN]

Nuclear pore complex protein Nup205 OS=Homo sapiens GN=NUP205 PE=1 SV=3 - [NU205_HUIVIAN1 

Ribonuclease UK114 OS=Homo sapiens GN=HRSP12 PE=1 SV=1 - [UK114_HUMAN]

Cytoplasmic dynein 1 intermediate chain 2 OS=Homo sapiens GN=DYNC1I2 PE=1 SV=3 - [DC1I2_HUMAN] 

Sulfotransferase 1A3/1A4 OS=Homo sapiens GN=SULT1A3 PE=1 SV=1 - [ST1A3_HUMAN]

Pyridoxal kinase OS=Homo sapiens GN=PDXK PE=1 SV=1 - [PDXK_HUMAN]

Heat shock protein 105 kDa OS=Homo sapiens GN=HSPH1 PE=1 SV=1 - [HS105_HUMAN]

DnaJ homolog subfamily A member 2 OS=Homo sapiens GN=DNAJA2 PE=1 SV=1 - [DNJA2_HUMAN]

Leukocyte elastase inhibitor OS=Homo sapiens GN=SERPINB1 PE=1 SV=1 - [ILEU_HL)MAN]

FGFR1 oncogene partner OS=Homo sapiens GN=FGFR10P PE=1 SV=1 - [FR10P_HUMAN]

Glyoxylate reductase/hydroxypyruvate reductase OS=Homo sapiens GN=GRHPR PE=1 SV=1 - [GRHPR_HUMAN] 

Lactoylglutathione lyase OS=Homo sapiens GN=GL01 PE=1 SV=4 - [LGUL_HUMAN]

Keratin, type I cytoskeletal 19 OS=Homo sapiens GN=KRT19 PE=1 SV=4 - [K1C19_HUMAN]

Four and a half LIM domains protein 2 OS=Homo sapiens GN=FHL2 PE=1 SV=3 - [FHL2_HUMAN]

Septin-9 OS=Homo sapiens GN=SEPT9 PE=1 SV=2 - [SEPT9_HUMAN]

1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase GS=Homo sapiens GN=ADI1 PE=1 SV=1 - [IVITND_HUMAN]

Adenine phosphoribosyltransferase OS=Homo sapiens GN=APRT PE=1 SV=2 - [APT_HUMAN]

Peroxiredoxin-5, mitochondrial OS=Homo sapiens GN=PRDX5 PE=1 SV=4 - [PRDX5_HUI\/IAN]

Cleavage and polyadenylation specificity factor subunit 1 OS=Homo sapiens GN=CPSF1 PE=1 SV=2 - 
[CPSF1_HUMAN]
Vacuolar protein sorting-associated protein 4B OS=Homo sapiens GN=VPS4B PE=1 SV=2 - [VPS4B_HUMAN] 

TRAF-type zinc finger domain-containing protein 1 OS=Homo sapiens GN=TFIAFD1 PE=1 SV=1 - [TF?AD1_HUMAN] 

Ethanolamine kinase 2 OS=Homo sapiens GN=ETNK2 PE=2 SV=3 - [EKI2_HUMAN)

Epsin-1 OS=Homo sapiens GN=EPN1 PE=1 SV=2 - [EPN1_HUMAN]

Ubiquitin-like protein ISG15 OS=Homo sapiens GN=ISG15 PE=1 SV=5 - [ISG15_HUMAN]

Peptidyl-prolyl cis-trans isomerase A OS=Homo sapiens GN=PPIA PE=1 SV=2 - [PPIA_HUIVIAN]

V-type proton ATPase subunit 0  1 OS=Homo sapiens GN=ATP6V1C1 PE=1 SV=4 - [VATC1_HUMAN]

Seel family domain-containing protein 1 OS=Homo sapiens GN=SCFD1 PE=1 SV=4 - [SCFD1_HUMAN]

Protein phosphatase 1G OS=Homo sapiens GN=PPM1G PE=1 SV=1 - [PPM1G_HUMAN]

ADP-ribosylation factor 5 OS=Homo sapiens GN=ARF5 PE=1 SV=2 - [ARF5_HUIVIAN)

Serine/threonine-protein phosphatase PPI-beta catalytic subunit OS=Homo sapiens GN=PPP1CB PE=1 SV=3 -
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Increased abundance in H1975GP cells
[PP1B_HUMAN]

Interferon regulatory factor 2-bindlng protein-like OS=Homo sapiens GN=IRF2BPL PE=1 SV=1 - (I2BPL_HUMAN]

DNA replication complex GINS protein PSF2 OS=Homo sapiens GN=GINS2 PE=1 SV=1 - [PSF2_HUMAN]

Protein phosphatase IF  OS=Homo sapiens GN=PPM1F PE=1 SV=3 - [PPM1 F_HUMAN]

Tumor necrosis factor alpha-induced protein 2 OS=Homo sapiens GN=TNFAIP2 PE=1 SV=2 - [TNAP2_HUIVIAN] 

RuvB-like 2 OS=Homo sapiens GN=RUVBL2 PE=1 SV=3 - [RUVB2_HUMAN]

Putative methyltransferase NSUN5 OS=Homo sapiens GN=NSUN5 PE=1 SV=2 - [NSUN5_HUMAN]

Syntenin-1 OS=Homo sapiens GN=SDCBP PE=1 SV=1 - [SDCB1_HUMAN]

Hexokinase-1 OS=Homo sapiens GN=HK1 PE=1 SV=3 - [HXK1_HUMAN]

Ribulose-phosphate 3-epimerase OS=Homo sapiens GN=RPE PE=1 SV=1 - [RPE_HUIVIAN]

Adenosine deaminase OS=Homo sapiens GN=ADA PE=1 SV=3 - [ADA_HUMAN]

Transcription factor 25 OS=Homo sapiens GN=TCF25 PE=1 SV=1 - [TCF25_HUMAN]

Probable cytosolic iron-sulfur protein assembly protein CIA01 OS=Homo sapiens GN=CIA01 PE=1 SV=1 - 
[CIA01_HUIVIAN]
Actin-binding protein anillin OS=Homo sapiens GN=ANLN PE=1 SV=2 - [ANLN_HUIVIAN]

FH1/FH2 domain-containing protein 1 OS=Homo sapiens GN=FH0D1 PE=1 SV=3 - [FH0D1_HUMAN]

Casein kinase II subunit beta OS=Homo sapiens GN=CSNK2B PE=1 SV=1 - [CSK2B_HUMAN]

Eukaryotic peptide chain release factor GTP-binding subunit ERF3A OS=Homo sapiens GN=GSPT1 PE=1 SV=1 - 
[ERF3A_HUMAN]
Involucrin OS=Homo sapiens GN=IVL PE=1 SV=2 - [INVO_HUMAN]

Golgin subfamily A member 4 OS=Homo sapiens GN=G0LGA4 PE=1 SV=1 - [GOGA4_HUMAN]

Cofilin-2 OS=Homo sapiens GN=CFL2 PE=1 SV=1 - [C0F2_HUMANj

26S protease regulatory subunit 7 OS=Homo sapiens GN=PSMC2 PE=1 SV=3 - [PRS7_HUMAN]

14-3-3 protein zeta/delta OS=Homo sapiens GN=YWHAZ PE=1 SV=1 - [1433Z_HUMAN]

Guanine nucleotide-binding protein subunit beta-like protein 1 OS=Homo sapiens GN=GNB1L PE=1 SV=2 - 
[GNB1L_HUMAN]
Glutathione S-transferase omega-1 OS=Homo sapiens GN=GST01 PE=1 SV=2 - [GST01_HUMAN]

LIM domain and actin-binding protein 1 OS=Homo sapiens GN=LIMA1 PE=1 SV=1 - [LIMA1_HUMAN]

Eukaryotic translation initiation factor 2D OS=Homo sapiens GN=EIF2D PE=1 SV=3 - [EIF2D_HUMAN]

Cysteine-rich protein 2 OS=Homo sapiens GN=CRIP2 PE=1 SV=1 - [CRIP2_HUMAN]

Zinc finger protein 185 OS=Homo sapiens GN=ZNF185 PE=1 SV=3 - [ZN185_HUMAN)

NADP-dependent malic enzyme OS=Homo sapiens GN=ME1 PE=1 SV=1 - [MAOX_HUMAN]

Argininosuccinate lyase OS=Homo sapiens GN=ASL PE=1 SV=4 - [ARLY_HUMAN1

Serine/threonine-protein phosphatase 2A catalytic subunit alpha isoform OS=Homo sapiens GN=PPP2CA PE=1 SV=1 - 
[PP2AA_HUMAN]
D-dopachrome decarboxylase-like protein OS=Homo sapiens GN=DDTL PE=2 SV=1 - [DDTL_HUMAN1 

Protein FAM49B OS=Homo sapiens GN=FAM49B PE=1 SV=1 - [FA49B_HUMAN]

Glucosamine 6-phosphate N-acetyltransferase OS=Homo sapiens GN=GNPNAT1 PE=1 SV=1 - [GNA1_HUMAN]

Aspartate-tRNA ligase, cytoplasmic OS=Homo sapiens GN=DARS PE=1 SV=2 - [SYDC_HUMAN]

PDZ and LIM domain protein 5 OS=Homo sapiens GN=PDLIM5 PE=1 SV=5 - [PDLI5_HUMAN]

Glycogen phosphorylase, brain form OS=Homo sapiens GN=PYGB PE=1 SV=5 - [PYGB_HUMAN]

S-methyl-5'-thioadenosine phosphorylase OS=Homo sapiens GN=MTAP PE=1 SV=2 - [MTAP_HIJMAN]

Fructose-bisphosphate aldolase C OS=Homo sapiens GN=ALDOC PE=1 SV=2 - [ALDOC_HUMAN)

E3 ubiquitin-protein ligase CHIP OS=Homo sapiens GN=STUB1 PE=1 SV=2 - [CHIP_HUMAN]

Pyridoxal-dependent decarboxylase domain-containing protein 1 OS=Homo sapiens GN=PDXDC1 PE=1 SV=2 - 
[PDXD1_HUIVIAN]
Ubiquitin-conjugating enzyme E2 L3 OS=Homo sapiens GN=UBE2L3 PE=1 SV=1 - [UB2L3_HUMAN]

Target of Myb protein 1 OS=Homo sapiens GN=T0M1 PE=1 SV=2 - [T0M1_HUMAN]

Poly(U)-binding-splicing factor PUF60 (Fragment) OS=Homo sapiens GN=PUF60 PE=2 SV=1 - [E9PMU7_HUMAN] 

Spermine synthase OS=Homo sapiens GN=SMS PE=1 SV=2 - [SPSY_HUMAN]

Protein transport protein Sec16A OS=Homo sapiens GN=SEC16A PE=1 SV=3 - [SC16A_HUMAN]
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Galectin-3 OS=Homo sapiens GN=LGALS3 PE=1 SV=5 - [LEG3_HUIVIAN]

Aldose 1-epimerase OS=Homo sapiens GN=GALM PE=1 SV=1 - [GALIVI_HUMAN]

Gamma-glutamylcyclotransferase OS=Homo sapiens GN=GGCT PE=1 SV=1 - (GGCT_HUMAN)

Membrane-associated guanylate kinase, WW and PDZ domain-containing protein 1 OS=Homo sapiens GN=MAGI1 
PE=1 SV=3 - [MAGI1_HUMAN]
AP-1 complex subunit mu-2 OS=Homo sapiens GN=AP1IVI2 PE=1 SV=4 - [AP1M2_HUMAN]

WD repeat-containing protein 61 OS=Homo sapiens GN=WDR61 PE=1 SV=1 - [WDR61_HUMAN)

Paxillin OS=Homo sapiens GN=PXN PE=1 SV=3 - [PAXI_HUMAN]

Gamma-interferon-inducible protein 16 OS=Homo sapiens GN=IFI16 PE=1 SV=3 - [IF16_HUMAN]

V-type proton ATPase catalytic subunit A OS=Homo sapiens GN=ATP6V1A PE=1 SV=2 - [VATA_HUMAN]

La-related protein 4 OS=Homo sapiens GN=LARP4 PE=1 SV=3 - [LJ\RP4_HUMAN]

Sorting nexin-9 OS=Homo sapiens GN=SNX9 PE=1 SV=1 - [SNX9_HUMAN]

Acyl-CoA-binding protein OS=Homo sapiens GN=DBI PE=1 SV=2 - [ACBP_HUMAN]

Eukaryotic peptide chain release factor subunit 1 OS=Homo sapiens GN=ETF1 PE=1 SV=3 - [ERF1HUM AN] 

Transgelin-2 OS=Homo sapiens GN=TAGLN2 PE=1 SV=3 - [TAGL2_HUMAN]

UDP-glucose 6-dehydrogenase OS=Homo sapiens GN=UGDH PE=1 SV=1 - [UGDH_HUMAN]

WD repeat-containing protein 43 OS=Homo sapiens GN=WDR43 PE=1 SV=3 - [WDR43_HUMAN]

Dual specificity protein phosphatase 3 OS=Homo sapiens GN=DUSP3 PE=1 SV=1 - [DUS3_HUMAN]

Forkhead box protein K1 OS=Homo sapiens GN=F0XK1 PE=1 SV=1 - [F0XK1_HUMAN]

STE20/SPS1-related proline-alanine-rich protein kinase OS=Homo sapiens GN=STK39 PE=1 SV=3 - [STK39_HUMAN] 

Uridine 5'-monophosphate synthase OS=Homo sapiens GN=UMPS PE=1 SV=1 - [UMPS_HUMAN]

Spectrin beta chain, erythrocytic OS=Homo sapiens GN=SPTB PE=1 SV=5 - [SPTB1_HUMAN]

Splicing factor 3B subunit 5 OS=Homo sapiens GN=SF3B5 PE=1 SV=1 - [SF3B5_HUMAN]

Hippocalcin-like protein 1 OS=Homo sapiens GN=HPCAL1 PE=1 SV=3 - [HPCL1_HUMAN]

Isoform 2 of C-Jun-amino-terminal kinase-interacting protein 4 OS=Homo sapiens GN=SPAG9 - [JIP4 HUMAN] 

Hydroxymethylglutaryl-CoA synthase, cytoplasmic OS=Homo sapiens GN=HMGCS1 PE=1 SV=2 - [HMCS1_HUMAN] 

Anamorsin OS=Homo sapiens GN=CIAPIN1 PE=1 SV=2 - [CPIN1_HUMAN]

Translation initiation factor elF-2B subunit beta OS=Homo sapiens GN=EIF2B2 PE=1 SV=3 - [EI2BB_HUMAN]

Synaptosomal-associated protein 29 OS=Homo sapiens GN=SNAP29 PE=1 SV=1 - [SNP29_HUIVIAN]

GMP reductase 2 OS=Homo sapiens GN=GMPR2 PE=1 SV=1 - [GMPR2_HUMAN]

Disco-interacting protein 2 homolog B OS=Homo sapiens GN=DIP2B PE=1 SV=3 - [DIP2B_HUMAN]

Putative GTP cyclohydrolase 1 type 2 NIF3L1 OS=Homo sapiens GN=NIF3L1 PE=1 SV=2 - [GTPC1_HUMAN]

Serpin B5 OS=Homo sapiens GN=SERPINB5 PE=1 SV=2 - [SPB5_HUMAN]

HEAT repeat-containing protein 2 OS=Homo sapiens GN=HEATR2 PE=1 SV=4 - [HEAT2_HUMAN]

Endoplasmin OS=Homo sapiens GN=HSP90B1 PE=1 SV=1 - [ENPL_HUMAN]

Thyroid adenoma-associated protein OS=Homo sapiens GN=THADA PE=1 SV=1 - [THADA_HUMAN]

Actin-related protein 2/3 complex subunit IB  OS=Homo sapiens GN=ARPC1B PE=1 SV=3 - [ARC1B_HUMAN)

Glucosamine-6-phosphate isomerase 1 OS=Homo sapiens GN=GNPDA1 PE=1 SV=1 - [GNPI1_HUMAN1

Echinoderm microtubule-associated protein-like 4 OS=Homo sapiens GN=EML4 PE=1 SV=3 - [EMAL4_HUMAN]

Brain-specific angiogenesis inhibitor 1-associated protein 2-like protein 1 OS=Homo sapiens GN=BAIAP2L1 PE=1 
SV=2 - [BI2L1_HUMAN)
N-acetylserotonin 0-methyltransferase-like protein OS=Homo sapiens GN=ASMTL PE=1 SV=3 - [ASML_HUMAN] 

T'winfilin-2 OS=Homo sapiens GN=TWF2 PE=1 SV=2 - [TWF2_HUIVIAN]

FLYWCH family member 2 OS=Homo sapiens GN=FLYWCH2 PE=1 SV=1 - [FWCH2_HUMAN]

Ribosomal RNA-processing protein 7 homolog A OS=Homo sapiens GN=RRP7A PE=1 SV=2 - [RRP7A_HUMAN] 

Protein FAM98A OS=Homo sapiens GN=FAM98A PE=1 SV=1 - [FA98A_HUMAN]

Glia maturation factor beta OS=Homo sapiens GN=GMFB PE=1 SV=2 - [GMFB_HUMAN]

Heme oxygenase 1 OS=Homo sapiens GN=HWI0X1 PE=1 SV=1 - [HM0X1_HUMAN]

Protein transport protein Sec23A OS=Homo sapiens GN=SEC23A PE=1 SV=2 - [SC23A_HUMAN]
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Proteasome subunit alpha type-2 OS=Homo sapiens GN=PSMA2 PE=1 SV=2 - [PSA2_HUMAN1

Inositol monophosphatase 1 OS=Homo sapiens GN=IMPA1 PE=1 SV=1 - [IMPA1_HUMAN]

Cytosolic Fe-S cluster assembly factor NUBP2 OS=Homo sapiens GN=NUBP2 PE=1 SV=1 - [NUBP2_HUMAN]

Cleavage and polyadenylation specificity factor subunit 3 OS=Homo sapiens GN=CPSF3 PE=1 SV=1 - 
[CPSF3_HUMAN]
SRSF protein kinase 2 OS=Homo sapiens GN=SRPK2 PE=1 SV=3 - [SRPK2_HUMAN]

PDZ and LIM domain protein 1 OS=Homo sapiens GN=PDLIM1 PE=1 SV=4 - [PDLI1_HUMAN]

Protein S100-A11 OS=Homo sapiens GN=S100A11 PE=1 SV=2 - [S10AB_HUMAN]

Unconventional myosin-lb OS=Homo sapiens GN=MY01B PE=1 SV=3 - [MY01B_HUMAN)

Uncharacterized protein KIAA1671 OS=Homo sapiens GN=KIAA1671 PE=1 SV=2 - [K1671_HUMAN]

Leucine-rich repeat-containing protein 71 OS=Homo sapiens GN=LRRC71 PE=2 SV=1 - [LRC71_HUMAN]

Major vault protein OS=Homo sapiens GN=MVP PE=1 SV=4 - [MVP_HUMAN)

Collagen alpha-5(VI) chain OS=Homo sapiens GN=COL6A5 PE=1 SV=1 - [C06A5_HUMAN]

Cdc42 effector protein 1 OS=Homo sapiens GN=CDC42EP1 PE=1 SV=1 - [BORG5_HUMAN]

Transportin-3 OS=Homo sapiens GN=TNP03 PE=1 SV=3 - [TNP03_HUMAN]

Eukaryotic translation initiation factor 3 subunit I OS=Homo sapiens GN=EIF3I PE=1 SV=1 - [EIF3I_HUMAN]

ER01-like protein alpha OS=Homo sapiens GN=ER01L PE=1 SV=2 - [ER01A_HUMAN]

NAD-dependent protein deacylase sirtuin-5, mitochondrial OS=Homo sapiens GN=SIRT5 PE=1 SV=2 - [SIR5_HUMAN] 

Nuclear transport factor 2 OS=Homo sapiens GN=NUTF2 PE=1 SV=1 - [NTF2_HUMAN]

Epithelial splicing regulatory protein 1 OS=Homo sapiens GN=ESRP1 PE=1 SV=2 - [ESRP1_HUMAN]

DnaJ homolog subfamily C member 13 OS=Homo sapiens GN=DNAJC13 PE=1 SV=5 - [DJC13_HUMAN1 

Aldose reductase OS=Homo sapiens GN=AKR1B1 PE=1 SV=3 - (ALDR_HUIVIAN]

Prolyl 4-hydroxylase subunit alpha-1 OS=Homo sapiens GN=P4HA1 PE=1 SV=2 - [P4HA1_HUMAN]

Cytoplasmic dynein 1 light intermediate chain 2 OS=Homo sapiens GN=DYNC1LI2 PE=1 SV=1 - [DC1L2_HUMAN] 

Annexin A7 OS=Homo sapiens GN=ANXA7 PE=1 SV=3 - [ANXA7_HUMAN]

OTU domain-containing protein 6B OS=Homo sapiens GN=OTUD6B PE=1 SV=1 - [0TU6B_HUMAN] 

Phosphomevalonate kinase OS=Homo sapiens GN=PMVK PE=1 SV=3 - [PMVK_HUMAN]

Histone-binding protein RBBP7 OS=Homo sapiens GN=RBBP7 PE=1 SV=1 - [RBBP7_HUMAN] 

Pyridoxine-5'-phosphate oxidase OS=Homo sapiens GN=PNPO PE=1 SV=1 - [PNPO_HUMANl 

Ras-related protein Ral-B OS=Homo sapiens GN=RALB PE=1 SV=1 - [RALB_HUMAN]

Galactokinase OS=Homo sapiens GN=GALK1 PE=1 SV=1 - [GALK1_HUMAN]

Proteasome activator complex subunit 4 OS=Homo sapiens GN=PSME4 PE=1 SV=2 - [PSME4 HUMAN]

Protein kinase C and casein kinase substrate in neurons protein 2 OS=Homo sapiens GN=PACSIN2 PE=1 SV=2 - 
[PACN2_HUMAN]
Nucleoside diphosphate kinase A OS=Homo sapiens GN=NME1 PE=1 SV=1 - [NDKA HUMAN]

Ubiquitin-fold modifier 1 OS=Homo sapiens GN=UFM1 PE=1 SV=1 - [UFM1_HUMAN] 

dCTP pyrophosphatase 1 OS=Homo sapiens GN=DCTPP1 PE=1 SV=1 - [DCTP1_HUMAN]

Rho guanine nucleotide exchange factor 1 OS=Homo sapiens GN=ARHGEF1 PE=1 SV=2 - [ARHG1_HUMAN]

Basic leucine zipper and W2 domain-containing protein 2 OS=Homo sapiens GN=BZW2 PE=1 SV=1 - [BZW2_HUMAN] 

Signal transducing adapter molecule 1 OS=Homo sapiens GN=STAM PE=1 SV=3 - [STAM1_HUMAN]

Cystatin-B OS=Homo sapiens GN=CSTB PE=1 SV=2 - [CYTB_HUMAN]

Galactokinase (Fragment) OS=Homo sapiens GN=GALK1 PE=2 SV=1 - [K7EII7_HUMAN]

DNA replication licensing factor MCI\/I2 OS=Homo sapiens GN=MCM2 PE=1 SV=4 - [MCM2_HUMAN] 

Choline-phosphate cytidylyltransferase A OS=Homo sapiens GN=PCYT1A PE=1 SV=2 - [PCY1A_HUMAN] 

Transforming acidic coiled-coil-containing protein 3 OS=Homo sapiens GN=TACC3 PE=1 SV=1 - [TACC3_HUMAN] 

Pseudouridine-5'-monophosphatase OS=Homo sapiens GN=HDHD1 PE=1 SV=3 - [HDHD1_HUMAN]

Peptidyl-prolyl cis-trans isomerase-like 1 OS=Homo sapiens GN=PPIL1 PE=1 SV=1 - [PPIL1_HUMAN]

AP-2 complex subunit alpha-2 OS=Homo sapiens GN=AP2A2 PE=1 SV=2 - [AP2A2_HUMAN]

Keratin, type I cytoskeletal 17 OS=Homo sapiens GN=KRT17 PE=1 SV=2 - [K1C17_HUMAN]
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Interleukin-1 receptor-associated kinase 1 OS=Homo sapiens GN=IRAK1 PE=1 SV=2 - [IRAK1_HUMAN] 

Ribosome-binding protein 1 OS=Homo sapiens GN=RRBP1 PE=1 SV=4 - [RRBP1_HUMAN] 

tRNA-splicing ligase RtcB homolog OS=Homo sapiens GN=RTCB PE=1 SV=1 - [RTCB_HUMAN]

Coiled-coil domain-containing protein 58 OS=Homo sapiens GN=CCDC58 PE=1 SV=1 - [CCD58 HUMAN] 

Polypyrimidine tract-binding protein 3 OS=Homo sapiens GN=PTBP3 PE=1 SV=2 - [PTBP3_HUIV1AN1 

Hsp70-binding protein 1 OS=Homo sapiens GN=HSPBP1 PE=2 SV=1 - [C9JNI7_HUMAN]

Homer protein homolog 3 OS=Homo sapiens GN=H0MER3 PE=1 SV=2 - [H0ME3_HUIV1AN]

ATP-dependent RNA helicase DDX24 OS=Homo sapiens GN=DDX24 PE=1 SV=1 - [DDX24_HUMAN]

Xaa-Pro dipeptidase OS=Homo sapiens GN=PEPD PE=1 SV=3 - [PEPD_HUMAN]

Sepiapterin reductase OS=Homo sapiens GN=SPR PE=1 SV=1 - [SPRE_HUMAN]

Huntingtin-interacting protein 1 OS=Homo sapiens GN=HIP1 PE=1 SV=5 - (HIP1_HUMAN]

Isoform 2 of Eukaryotic peptide chain release factor GTP-binding subunit ERF3A OS=Homo sapiens GN=GSPT1 - 
[ERF3A_HUMAN]
Protein FAM49A OS=Homo sapiens GN=FAM49A PE=1 SV=1 - [FA49A_HUMAN]

GRB2-associated-binding protein 3 (Fragment) OS=Homo sapiens GN=GAB3 PE=4 SV=1 - [H7C3J9_HUMAN] 

HCLS1-binding protein 3 OS=Homo sapiens GN=HS1BP3 PE=1 SV=1 - [H1BP3_HUMAN)

Eukaryotic translation initiation factor 5 OS=Homo sapiens GN=EIF5 PE=1 SV=2 - [IF5_HUIVIAN]

Na(+)/H(+) exchange regulatory cofactor NHE-RF1 OS=Homo sapiens GN=SLC9A3R1 PE=1 SV=4 - [NHRF1_HUMAN] 

Cellular retinoic acid-binding protein 2 OS=Homo sapiens GN=CRABP2 PE=1 SV=2 - [RABP2_HUMAN]

Signal recognition particle subunit SRP72 OS=Homo sapiens GN=SRP72 PE=1 SV=3 - [SRP72_HUMAN]

Sorbitol dehydrogenase OS=Homo sapiens GN=SORD PE=1 SV=4 - [DHSO_HUMAN]

Golgl to ER traffic protein 4 homolog OS=Homo sapiens GN=GET4 PE=1 SV=1 - (GET4_HUMAN1 

Diphosphoinositol polyphosphate phosphohydrolase 1 OS=Homo sapiens GN=NUDT3 PE=1 SV=1 - [NUDT3_HUMAN] 

Protein CIP2A OS=Homo sapiens GN=KIAA1524 PE=1 SV=2 - [CIP2A_HUMAN1 

Cathepsin D OS=Homo sapiens GN=CTSD PE=1 SV=1 - [CATD_HUMAN]

Serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit gamma isoform OS=Homo sapiens GN=PPP2R5C 
PE=1 SV=3 - [2A5G_HUMAN]
Proteasome subunit beta type-8 OS=Homo sapiens Gt'l=PSMB8 PE=1 SV=3 - [PSB8_HUMAN]

Vinculln OS=Homo sapiens GN=VCL PE=1 SV=4 - [VINC_HUMAN]

Probable E3 ubiquitin-protein ligase HERC1 OS=Homo sapiens GN=HERC1 PE=1 SV=2 - [HERC1_HUMAN] 

Phosphomannomutase 2 OS=Homo sapiens GN=PMM2 PE=1 SV=1 - [PMM2_HUMAN]

Protein furry homolog-like OS=Homo sapiens GN=FRYL PE=1 SV=2 - [FRYL_HUMAN]

Double-stranded RNA-specific adenosine deaminase (Fragment) OS=Homo sapiens GN=ADAR PE=2 SV=1 - 
[H0YCK3_HUMAN]
Myotrophin OS=Homo sapiens GN=MTPN PE=1 SV=2 - [MTPN_HUMAN]

Plasminogen OS=Homo sapiens GN=PLG PE=1 SV=2 - [PLMN_HUMAN]

Protein disulfide-isomerase A6 OS=Homo sapiens GN=PDIA6 PE=1 SV=1 - [PDIA6_HUMAN]

SAP domain-containing ribonucleoprotein OS=Homo sapiens GN=SARNP PE=1 SV=3 - [SARNP_HUMAN]

Peptidyl-prolyl cis-trans isomerase FKBP3 OS=Homo sapiens GN=FKBP3 PE=1 SV=1 - [FKBP3_HUMAN]

Protein dpy-30 homolog OS=Homo sapiens GN=DPY30 PE=1 SV=1 - [DPY30_HUIVIAN]

GTP-binding protein R iti OS=Homo sapiens GN=RIT1 PE=1 SV=1 - [RIT1_HUMAN]

Puromycin-sensitive aminopeptidase OS=Homo sapiens GN=NPEPPS PE=1 SV=2 - [PSA_HUMAN]

SUMO-conjugating enzyme UBC9 OS=Homo sapiens GN=UBE2I PE=1 SV=1 - [UBC9_HUMAN]

Trans-L-3-hydroxyproline dehydratase OS=Homo sapiens GN=L3HYPDH PE=1 SV=2 - [T3HPD_HUI\/IAN]

Isochorlsmatase domain-containing protein 2, mitochondrial OS=Homo sapiens GN=IS0C2 PE=1 SV=1 - 
[IS0C2_HUMAN]
Epidermal growth factor receptor kinase substrate 8 OS=Homo sapiens GN=EPS8 PE=1 SV=1 - [EPS8_HUMAN] 

Obg-like ATPase 1 OS=Homo sapiens GN=0LA1 PE=1 SV=2 - [0LA1_HUIVIAN]

Rho GDP-dissociation inhibitor 2 OS=Homo sapiens GN=ARHGDIB PE=1 SV=3 - [GDIR2_HUMAN)

TSC22 domain family protein 2 OS=Homo sapiens GN=TSC22D2 PE=1 SV=3 - [T22D2_HUMAN]
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3-mercaptopyruvate sulfurtransterase OS=Homo sapiens GN=MPST PE=1 SV=3 - [THTM_HUMAN]

Armadillo repeat-containing protein 1 OS=Homo sapiens GN=ARMC1 PE=1 SV=1 - [ARMC1_HUMAN]

Putative monooxygenase p33MONOX OS=Homo sapiens GN=KIAA1191 PE=1 SV=1 - [P33MX_HUWIAN1 

Mitogen-activated protein kinase-binding protein 1 OS=Homo sapiens GN=MAPKBP1 PE=1 SV=4 - [MABP1_HUMAN] 

Peptidyl-prolyl cis-trans isomerase-like 2 OS=Homo sapiens GN=PPIL2 PE=1 SV=1 - [PPIL2_HUMAN]

DnaJ homolog subfamily B member 11 OS=Homo sapiens GN=DNAJB11 PE=1 SV=1 - [DJB11_HUMAN]

Thymosin beta-4 OS=Homo sapiens GN=TMSB4X PE=1 SV=2 - [TYB4_HUMAN]

Ubiquilin-4 OS=Homo sapiens GN=UBQLN4 PE=1 SV=2 - [UBQL4_HUMAN]

Copper transport protein AT0X1 OS=Homo sapiens GN=AT0X1 PE=1 SV=1 - [AT0X1_HUMAN]

Unconventional myosin-le OS=Homo sapiens GN=MY01E PE=1 SV=2 - [MY01E_HUMAN]

5'-nucleotidase domain-containing protein 1 OS=Homo sapiens GN=NT5DC1 PE=1 SV=1 - [NT5D1_HUMAN]

Pyruvate kinase PKM OS=Homo sapiens GN=PKM PE=1 SV=4 - [KPYM_HUMAN]

Unconventional myosin-XVIIIa OS=Homo sapiens GN=MY018A PE=1 SV=3 - (MY18A_HUMAN]

60S ribosomal protein L18a OS=Homo sapiens GN=RPL18A PE=1 SV=2 - [RL18A_HUMAN]

Methionine adenosyltransferase 2 subunit beta OS=Homo sapiens GN=MAT2B PE=1 SV=1 - [MAT2B_HUMAN]

26S proteasome non-ATPase regulatory subunit 14 OS=Homo sapiens GN=PSMD14 PE=1 SV=1 - [PSDE_HUMAN] 

Protein phosphatase methylesterase 1 OS=Homo sapiens GN=PPME1 PE=1 SV=3 - [PPME1_HUMAN]

Protein disulfide-isomerase A4 OS=Homo sapiens GN=PDIA4 PE=1 SV=2 - [PDIA4_HUMAN]

SEC23-interacting protein OS=Homo sapiens GN=SEC23IP PE=1 SV=1 - [S23IP_HUMAN]

AP-3 complex subunit mu-1 OS=Homo sapiens GN=AP3M1 PE=1 SV=1 - [AP3M1_HUMAN]

Dual specificity mitogen-activated protein kinase kinase 1 OS=Homo sapiens GN=MAP2K1 PE=1 SV=2 - 
[MP2K1_HUMAN]
Symplekin OS=Homo sapiens GN=SYMPK PE=1 SV=2 - [SYMPK_HUMAN]

60S ribosomal protein LI 5 OS=Homo sapiens GN=RPL15 PE=1 SV=2 - [RL15_HUMAN]

Engulfment and cell motility protein 3 OS=Homo sapiens GN=ELM03 PE=2 SV=3 - [ELM03_HUMAN]

Tripartite motif-containing protein 26 OS=Homo sapiens GN=TRIM26 PE=2 SV=1 - [TRI26_HUMAN]

Cathepsin B OS=Homo sapiens GN=CTSB PE=1 SV=3 - [CATB_HUMAN1 

Ezrin OS=Homo sapiens GN=EZR PE=1 SV=4 - [EZRI_HUMAN]

Protein transport protein Sec24C OS=Homo sapiens GN=SEC24C PE=1 SV=3 - [SC24C_HUMAN]

Ubiquitin-like modifier-activating enzyme 6 OS=Homo sapiens GN=UBA6 PE=1 SV=1 - [UBA6_HUMAN)

Asparagine synthetase [glutamine-hydrolyzing] OS=Homo sapiens GN=ASNS PE=1 SV=4 - [ASNS_HUMAN)

Nuclear receptor-binding protein OS=Homo sapiens GN=NRBP1 PE=1 SV=1 - [NRBP_HUMAN]

Rho guanine nucleotide exchange factor 2 OS=Homo sapiens GN=ARHGEF2 PE=1 SV=4 - [ARHG2_HUMAN]

Multiple coagulation factor deficiency protein 2 OS=Homo sapiens GN=MCFD2 PE=1 SV=1 - [MCFD2_HUMAN] 

Monoglyceride lipase OS=Homo sapiens GN=MGLL PE=1 SV=2 - [MGLL_HUMAN]

Ubiquitin domain-containing protein UBFD1 OS=Homo sapiens GN=UBFD1 PE=1 SV=2 - [UBFD1_HUMAN]

Guanine nucleotide-binding protein subunit beta-2-like 1 OS=Homo sapiens GN=GNB2L1 PE=1 SV=3 - 
[GBLP_HUMAN]
Syntaxin-binding protein 2 OS=Homo sapiens GN=STXBP2 PE=1 SV=2 - [STXB2_HUMAN]

Glyceraldehyde-3-phosphate dehydrogenase, testis-specific OS=Homo sapiens GN=GAPDHS PE=1 SV=2 - 
[G3PT_HUMAN]
Metallothionein-2 OS=Homo sapiens GN=MT2A PE=1 SV=1 - [MT2_HUMAN]

Aspartyl aminopeptidase OS=Homo sapiens GN=DNPEP PE=1 SV=1 - [DNPEP_HUMAN]

4-trimethylaminobutyraldehyde dehydrogenase OS=Homo sapiens GN=ALDH9A1 PE=1 SV=3 - [AL9A1_HUMAN] 

Metallothionein-1 A OS=Homo sapiens GN=MT1A PE=1 SV=2 - [MT1A_HUMAN]

TIP41-like protein OS=Homo sapiens GN=TIPRL PE=1 SV=2 - [TIPRL_HUMAN]

RNA-binding protein 28 OS=Homo sapiens GN=RBM28 PE=1 SV=3 - [RBM28_HUMAN]

Pumilio domain-containing protein KIAA0020 OS=Homo sapiens GN=KIAA0020 PE=1 SV=3 - [K0020_HUMAN] 

GTP-binding protein SARIb OS=Homo sapiens GN=SAR1B PE=1 SV=1 - [SAR1B_HUMAN]

Transcription elongation factor B polypeptide 2 OS=Homo sapiens GN=TCEB2 PE=1 SV=1 - [ELOB_HUMAN]
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Crk-like protein OS=Homo sapiens GN=CRKL PE=1 SV=1 - [CRKL_HUMAN]

Acetyl-CoA carboxylase 1 OS=Homo sapiens GN=ACACA PE=1 SV=2 - [ACACA_HUMAN]

Cleavage and polyadenylation specificity factor subunit 5 OS=Homo sapiens GN=NUDT21 PE=1 SV=1 - 
[CPSF5_HUMAN]
Translin-associated protein X OS=Homo sapiens GN=TSNAX PE=1 SV=1 - [TSNAX_HUMAN]

Collagen type IV alpha-3-binding protein OS=Homo sapiens GN=COL4A3BP PE=1 SV=1 - [C43BP_HUMAN]

Mitochondrial calcium uniporter regulator 1 OS=Homo sapiens GN=MCUR1 PE=1 SV=1 - [MCUR1_HUMAN]

Nucleoporin NUP53 OS=Homo sapiens GN=NUP35 PE=1 SV=1 - [NUP53_HUMAN]

Beta-hexosaminidase subunit beta OS=Homo sapiens GN=HEXB PE=1 SV=3 - [HEXB_HUMAN]

Ras-associated and pleckstrin homology domains-containing protein 1 OS=Homo sapiens GN=RAPH1 PE=1 SV=3 - 
[RAPH1_HUMAN]
Afadin OS=Homo sapiens GN=MLLT4 PE=1 SV=3 - [AFAD_HUMAN]

Acylpyruvase FAHD1, mitochondrial OS=Homo sapiens GN=FAHD1 PE=1 SV=2 - [FAHD1_HUMAN]

Zinc finger CCCH domain-containing protein 15 OS=Homo sapiens GN=ZC3H15 PE=1 SV=1 - [ZC3HF_HUMAN] 

Histidine triad nucleotide-binding protein 1 OS=Homo sapiens GN=HINT1 PE=1 SV=2 - [HINT1_HUMAN]

Protein disulfide-isomerase OS=Homo sapiens GN=P4HB PE=1 SV=3 - [PDIA1_HUMAN]

26S proteasome non-ATPase regulatory subunit 9 OS=Homo sapiens GN=PSMD9 PE=1 SV=3 - [PSMD9_HUI\/IAN] 

Stromal cell-derived factor 2-like protein 1 OS=Homo sapiens GN=SDF2L1 PE=1 SV=2 - [SDF2L_HUMAN]

C0P9 signalosome complex subunit 8 OS=Homo sapiens GN=C0PS8 PE=1 SV=1 - [CSN8_HUMAN]

Cancer/testis antigen family 45 member A2 OS=Homo sapiens GN=CT45A2 PE=2 SV=2 - [CT452_HUMAN) 

Apolipoprotein L2 OS=Homo sapiens GN=AP0L2 PE=1 SV=1 - [AP0L2_HUMAN]

Acyl-protein thioesterase 1 OS=Homo sapiens GN=LYPLA1 PE=1 SV=1 - [LYPA1_HUWIAN]

Synapse-associated protein 1 OS=Homo sapiens GN=SYAP1 PE=1 SV=1 - [SYAP1_HUMAN]

Ubiquitin-conjugating enzyme E2 Z OS=Homo sapiens GN=UBE2Z PE=1 SV=2 - (UBE2Z_HUMAN]

Proline-rich AKT1 substrate 1 OS=Homo sapiens GN=AKT1S1 PE=1 SV=1 - [AKTS1_HUMAN]

AP-3 complex subunit beta-1 OS=Homo sapiens Gt\l=AP3B1 PE=1 SV=3 - [AP3B1_HUMAN]

Beta-centractin OS=Homo sapiens GN=ACTR1B PE=1 SV=1 - [ACTY_HUMAN]

AP-2 complex subunit beta OS=Homo sapiens GN=AP2B1 PE=1 SV=1 - [AP2B1_HUMAN]

Mitotic-spindle organizing protein 2A OS=Homo sapiens GN=MZT2A PE=1 SV=2 - [MZT2A_HUMAN]

Ubiquitin-fold modifier-conjugating enzyme 1 OS=Homo sapiens GN=UFC1 PE=1 SV=3 - [UFC1_HUMAN]

Ubiquilin-1 OS=Homo sapiens GN=UBQLN1 PE=1 SV=2 - [UBQL1_HUMAN]

Zinc finger CCCH domain-containing protein 7A OS=Homo sapiens GN=ZC3H7A PE=1 SV=1 - [Z3H7A_HUMAN]

ER membrane protein complex subunit 2 OS=Homo sapiens GN=EMC2 PE=1 SV=1 - [EMC2_HUMAN]

Protein transport protein Sec24A OS=Homo sapiens GN=SEC24A PE=1 SV=2 - [SC24A_HUMAN)

Eukaryotic translation Initiation factor 3 subunit K OS=Homo sapiens GN=EIF3K PE=1 SV=1 - [EIF3K_HUMAN]

Golgin subfamily A member 5 OS=Homo sapiens GN=GOLGA5 PE=1 SV=3 - [G0GA5_HUMAN]

Protein arginine N-methyitransferase 7 OS=Homo sapiens GN=PRMT7 PE=1 SV=1 - [ANM7_HUI\/IAN]

Eukaryotic initiation factor 4A-III OS=Homo sapiens GN=EIF4A3 PE=1 SV=4 - [IF4A3_HUMAN]

Alpha/beta hydrolase domain-containing protein 11 OS=Homo sapiens GN=ABHD11 PE=2 SV=1 - [ABHDB_HUMAN]

Probable tRNA N6-adenosine threonylcarbamoyltransferase OS=Homo sapiens GN=OSGEP PE=1 SV=1 - 
(OSGEP_HUMAN]
AP-1 complex subunit gamma-1 OS=Homo sapiens GN=AP1G1 PE=1 SV=5 - [AP1G1_HUMAN]

Glucose-6-phosphate 1-dehydrogenase (Fragment) OS=Homo sapiens GN=G6PD PE=2 SV=1 - [E7EM57_HUI\/IAN) 

Prefoldin subunit 5 OS=Homo sapiens GN=PFDN5 PE=1 SV=2 - [PFD5_HUMAN]

Fumarylacetoacetate hydrolase domain-containing protein 2A OS=Homo sapiens GN=FAHD2A PE=1 SV=1 - 
[FAH2A_HUMAN]
AP2-associated protein kinase 1 OS=Homo sapiens GN=AAK1 PE=1 SV=3 - [AAK1_HUMAN]

Serine/threonine-protein phosphatase 6 regulatory subunit 1 OS=Homo sapiens GN=PPP6R1 PE=1 SV=5 - 
[PP6R1_HUMAN]
Adenylate cyclase type 8 OS=Homo sapiens GN=ADCY8 PE=1 SV=1 - [ADCY8_HUMAN]

Septin-10 OS=Homo sapiens GN=SEPT10 PE=1 SV=2 - [SEP10_HUMAN]
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Increased abundance in H1975GP cells
Calumenin OS=Homo sapiens GN=CALU PE=1 SV=2 - [CALU_HUMAN]

Prosaposin OS=Homo sapiens GN=PSAP PE=1 SV=2 - [SAP_HUMAN]

TraB domain-containing protein OS=Homo sapiens GN=TRABD PE=1 SV=1 - [TRABD_HUMAN]

Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1 OS=Homo sapiens GN=GBF1 PE=1 SV=2 - 
[GBF1_HUMAN]
Tropomyosin alpha-3 chain OS=Homo sapiens GN=TPM3 PE=1 SV=2 - [TPM3_HUMAN]

Nucleoredoxin OS=Homo sapiens GN=NXN PE=1 SV=2 - [NXN_HUMAN]

Maleylacetoacetate isomerase OS=Homo sapiens GN=GSTZ1 PE=1 SV=3 - [MAAI_HUMAN)

Peroxiredoxin-4 OS=Homo sapiens GN=PRDX4 PE=1 SV=1 - [PRDX4_HUMAN]

Protein farnesyltransferase/geranylgeranyltransferase type-1 subunit alpha OS=Homo sapiens GN=FNTA PE=1 SV=1 - 
[FNTA_HUMAN]
Dynactin subunit 1 OS=Homo sapiens GN=DCTN1 PE=1 SV=3 - [DCTN1_HUMAN)

Fumarylacetoacetase OS=Homo sapiens GN=FAH PE=1 SV=2 - [FAAA_HUMAN]

Glucosidase 2 subunit beta OS=Homo sapiens GN=PRKCSH PE=1 SV=2 - [GLU2B_HUMAN] 

lmportin-11 OS=Homo sapiens GN=IP011 PE=1 SV=1 - [IP011_HUMAN]

Protein flightless-1 homolog OS=Homo sapiens GN=FLII PE=2 SV=1 - [J3KS54_HUMAN]

PERQ amino acid-rich with GYF domain-containing protein 2 OS=Homo sapiens GN=GIGYF2 PE=1 SV=1 - 
[PERQ2_HUMAN]
Coiled-coil domain-containing protein 6 OS=Homo sapiens GN=CCDC6 PE=1 SV=2 - [CCDC6_HUMAN]

Omega-amidase NIT2 OS=Homo sapiens GN=iNIT2 PE=1 SV=1 - [NIT2_HUMAN]

WD repeat-containing protein 82 OS=Homo sapiens GN=WDR82 PE=1 SV=1 - [WDR82_HUMAN]

2-oxoglutarate and iron-dependent oxygenase domain-containing protein 1 OS=Homo sapiens GN=0GF0D1 PE=1 
SV=1 - [OGFD1_HUMAN]
Probable ATP-dependent RNA helicase DHX36 OS=Homo sapiens GN=DHX36 PE=1 SV=2 - [DHX36_HUMAN] 

Olfactory receptor 5B12 OS=Homo sapiens GN=OR5B12 PE=2 SV=2 - [0R5BC_HUMAN]

Isoform 2 of Splicing factor U2AF 35 kDa subunit OS=Homo sapiens GN=U2AF1 - [U2AF1_HUMAN]

Cytosolic Fe-S cluster assembly factor NUBP1 OS=Homo sapiens GN=NUBP1 PE=1 SV=2 - [NUBP1_HUI\/IAN1 

Glycogen synthase kinase-3 beta OS=Homo sapiens GN=GSK3B PE=1 SV=2 - [GSK3B_HUMAN]

CD109 antigen OS=Homo sapiens GN=CD109 PE=1 SV=2 - [CD109_HUMAN]

Charged multivesicular body protein 2a OS=Homo sapiens GN=CHMP2A PE=1 SV=1 - (CHM2A_HUMAN] 

Ubiquitin-conjugating enzyme E2 K OS=Homo sapiens GN=UBE2K PE=1 SV=3 - [UBE2K_HUMAN]

GDP-fucose protein O-fucosyltransferase 1 OS=Homo sapiens GN=POFUT1 PE=1 SV=1 - [0FUT1_HUMAN]

40S ribosomal protein S19 OS=Homo sapiens GN=RPS19 PE=1 SV=2 - [RS19_HUMAN]

Uncharacterized protein C1orf131 OS=Homo sapiens GN=C1orf131 PE=1 SV=3 - [CA131_HUMAN]

DNA replication complex GINS protein PSF1 OS=Homo sapiens GN=GINS1 PE=1 SV=1 - [PSF1_HUMAN]

Thioredoxin domain-containing protein 5 OS=Homo sapiens GN=TXNDC5 PE=1 SV=2 - [TXND5_HUMAN]

Septin-8 OS=Homo sapiens GN=SEPT8 PE=1 SV=4 - [SEPT8_HUMAN]

Cytochrome c oxidase copper chaperone OS=Homo sapiens GN=C0X17 PE=1 SV=2 - [C0X17_HUMAN]

SH2 domain-containing protein 4A OS=Homo sapiens GN=SH2D4A PE=1 SV=1 - [SH24A_HUMAN]

Survival motor neuron protein OS=Homo sapiens GN=SMN1 PE=1 SV=1 - [SMN_HUWIAN]

MKL/myocardin-like protein 2 OS=Homo sapiens GN=MKL2 PE=1 SV=3 - [MKL2_HUMAN]

Zinc finger protein 518B OS=Homo sapiens GN=ZNF518B PE=2 SV=2 - [Z518B_HUMAN]

Acyl-protein thioesterase 2 OS=Homo sapiens GN=LYPLA2 PE=1 SV=1 - [LYPA2_HUMAN]

Cell division cycle protein 20 homolog OS=Homo sapiens GN=CDC20 PE=1 SV=2 - [CDC20_HUMAN] 

S-formylglutathione hydrolase OS=Homo sapiens GN=ESD PE=1 SV=2 - [ESTD_HUMAN]

NF-kappa-B essential modulator OS=Homo sapiens GN=IKBKG PE=1 SV=2 - [NEMO_HUMAN]

Catenin beta-1 OS=Homo sapiens GN=CTNNB1 PE=1 SV=1 - [CTNB1_HUMAN]

60S ribosomal protein L14 OS=Homo sapiens GN=RPL14 PE=1 SV=4 - [RL14_HUMAN]

Autophagy protein 5 OS=Homo sapiens GN=ATG5 PE=1 SV=2 - [ATG5_HUMAN]

Destrin OS=Homo sapiens GN=DSTN PE=1 SV=3 - [DEST_HUMAN]
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Serine/threonine-protein kinase 3 OS=Homo sapiens GN=STK3 PE=1 SV=2 - [STK3_HUMAN]

TRIO and F-actln-binding protein OS=Homo sapiens GN=TRIOBP PE=1 SV=3 - [TARA_HUMAN]

Steroid receptor RNA activator 1 OS=Homo sapiens GN=SRA1 PE=1 SV=1 - [SRA1_HUMAN]

Geranylgeranyl transferase type-2 subunit alpha OS=Homo sapiens GN=RABGGTA PE=1 SV=2 - [PGTA HUMAN] 

MOB-like protein phocein OS=Homo sapiens GN=M0B4 PE=1 SV=1 - [PHOCN_HUI\/IAN]

Bifunctional 3'-phosphoadenosine 5'-phosphosulfate synthase 2 OS=Homo sapiens GN=PAPSS2 PE=1 SV=2 - 
[PAPS2_HUMAN]
Tenascin (Fragment) OS=Homo sapiens GN=TNC PE=4 SV=1 - [H0YGZ3_HUMAN]

Mesencephalic astrocyte-derived neurotrophic factor OS=Homo sapiens GN=MANF PE=1 SV=3 - [MANF_HUMAN] 

Biliverdin reductase A OS=Homo sapiens GN=BLVRA PE=1 SV=2 - [BIEA_HUIV1AN]

Stress-70 protein, mitochondrial OS=Homo sapiens GN=HSPA9 PE=1 SV=2 - [GRP75_HUMAN]

Aconitate hydratase, mitochondrial OS=Homo sapiens GN=AC02 PE=1 SV=2 - [ACONI_HUMAN]

SUMO-interacting motif-containing protein 1 OS=Homo sapiens GN=SIMC1 PE=1 SV=3 - [SIMC1_HUMAN]

Nodal modulator 1 OS=Homo sapiens GN=N0M01 PE=1 SV=5 - [N0M01_HUMAN]

UDP-glucose 4-epimerase OS=Homo sapiens GN=GALE PE=1 SV=2 - [GALE_HUMAN]

Alpha-2-macroglobulin receptor-associated protein OS=Homo sapiens GN=LRPAP1 PE=1 SV=1 - [AMRP_HUMAN] 

Caspase-8 OS=Homo sapiens GN=CASP8 PE=1 SV=1 - [CASP8_HUMAN]

GSK3-beta interaction protein OS=Homo sapiens GN=GSKIP PE=1 SV=2 - [GSKIP_HUMAN]

Collin OS=Homo sapiens GN=COIL PE=1 SV=1 - [C0IL_HUIVIAN1 

Neurogranin OS=Homo sapiens GN=NRGN PE=1 SV=1 - [NEUG_HUMAN]

40S ribosomal protein S10 OS=Homo sapiens GN=RPS10 PE=1 SV=1 - [RS10_HUMAN]

Chromosome-associated kinesin KIF4A OS=Homo sapiens GN=KIF4A PE=1 SV=3 - [KIF4A_HUMAN]

Sorting nexin-8 OS=Homo sapiens GN=SNX8 PE=1 SV=1 - [SNX8_HUMAN]

Pre-mRNA-splicing factor ATP-dependent RNA helicase PRP16 OS=Homo sapiens GN=DHX38 PE=1 SV=2 - 
[PRP16_HUMAN]
Intraflagellar transport protein 27 homolog OS=Homo sapiens GN=IFT27 PE=1 SV=1 - [IFT27_HUMAN]

Drebrin OS=Homo sapiens GN=DBN1 PE=1 SV=4 - [DREB_HUWIAN]

Calreticulin OS=Homo sapiens GN=CALR PE=1 SV=1 - [CALR_HUMAN]

E3 ubiquitin-protein ligase RNF114 OS=Homo sapiens GN=RNF114 PE=1 SV=1 - [RN114_HUMAN]

Oxygen-dependent coproporphyrinogen-lll oxidase, mitochondrial OS=Homo sapiens GN=CPOX PE=1 SV=3 - 
[HEM6_HUMAN]
E3 ubiquitin-protein ligase DTX3L OS=Homo sapiens GN=DTX3L PE=1 SV=1 - [DTX3L_HUMAN]

Protein PRRC1 OS=Homo sapiens GN=PRRC1 PE=1 SV=1 - [PRRC1_HUMAN]

Peptidyl-prolyl cis-trans isomerase B OS=Homo sapiens GN=PPIB PE=1 SV=2 - [PPIB_HUMAN]

Myosin-13 OS=Homo sapiens GN=MYH13 PE=1 SV=2 - [MYH13_HUMAN]

Mitotic spindle-associated MMXD complex subunit MIP18 OS=Homo sapiens GN=FAM96B PE=1 SV=1 - 
[MIP18_HUMAN]
Inter-aipha-trypsln inhibitor heavy chain H4 OS=Homo sapiens GN=ITIH4 PE=1 SV=4 - [ITIH4_HUMAN] 

UDP-glucose:glycoprotein glucosyltransferase 1 OS=Homo sapiens GN=UGGT1 PE=1 SV=3 - (UGGGI HUMAN) 

Myoglobin OS=Homo sapiens GN=MB PE=1 SV=2 - [MYG_HUMAN]

Eukaryotic translation initiation factor 4E OS=Homo sapiens GN=EIF4E PE=1 SV=2 - [IF4E_HUMAN]

Protein numb homolog OS=Homo sapiens GN=NUMB PE=1 SV=2 - [NUMB_HUMAN]

Protein SEC13 homoiog OS=Homo sapiens GN=SEC13 PE=1 SV=3 - [SEC13_HUMAN]

Protein TMED8 OS=Homo sapiens GN=TMED8 PE=1 SV=1 - [TMED8_HUMAN]

Protein canopy homolog 2 OS=Homo sapiens GN=CNPY2 PE=1 SV=1 - [CNPY2_HUMAN]

RNA-blnding protein with serine-rich domain 1 OS=Homo sapiens GN=RNPS1 PE=1 SV=1 - [RNPS1_HUMAN] 

Coronin-7 OS=Homo sapiens G N =C 0R 07 PE=1 SV=2 - [C0R07_HUMAN]

Protein chibby homolog 1 OS=Homo sapiens GN=CBY1 PE=1 SV=1 - [CBY1_HUMAN)

Dynein light chain 1, cytoplasmic OS=Homo sapiens GN=DYNLL1 PE=1 SV=1 - [DYL1_HUMAN]

Gem-associated protein 6 OS=Homo sapiens GN=GEMIN6 PE=1 SV=1 - [GEMI6_HUMAN]
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General transcription factor 3C polypeptide 1 OS=Homo sapiens GN=GTF3C1 PE=1 SV=4 - [TF3C1_HUMAN]

Mitoctiondrial import inner membrane translocase subunit Tim9 OS=Homo sapiens GN=TII\/IM9 PE=1 SV=1 - 
[TIM9_HUMAN]
Selenide, water dikinase 1 OS=Homo sapiens GN=SEPHS1 PE=1 SV=2 - [SPS1_HUMAN]

Serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit delta isoform OS=Homo sapiens GN=PPP2R5D 
PE=1 SV=1 - [2A5D_HUMAN]
Protein disulfide-isomerase A3 OS=Homo sapiens GN=PDIA3 PE=1 SV=4 - [PDIA3_HUMAN]

Nucleolar protein 3 OS=Homo sapiens GN=N0L3 PE=2 SV=1 - [B4DFL0_HUMAN]

ADP-ribosylation factor GTPase-activating protein 3 OS=Homo sapiens GN=ARFGAP3 PE=1 SV=1 - [ARFG3_HUMAN]

Transcriptional activator protein Pur-alpha OS=Homo sapiens GN=PURA PE=1 SV=2 - [PURA_HUMAN]

Chromatin target of PRMT1 protein OS=Homo sapiens GN=CHTOP PE=2 SV=1 - [Q5T7Y7_HUMAN]

Ubiquitin-conjugating enzyme E2 H OS=Homo sapiens GN=UBE2H PE=1 SV=1 - [UBE2H_HUMAN1

Bifunctional protein NCOAT OS=Homo sapiens GN=MGEA5 PE=1 SV=2 - [NCOAT_HUMAN]

Epithelial splicing regulatory protein 2 OS=Homo sapiens GN=ESRP2 PE=1 SV=1 - [ESRP2_HUI\/IAN1

Putative RNA-binding protein Luc7-like 1 OS=Homo sapiens GN=LUC7L PE=1 SV=1 - [LUC7L_HUMAN]

cAMP-dependent protein kinase type l-alpha regulatory subunit OS=Homo sapiens GN=PRKAR1A PE=1 SV=1 - 
[KAPO_HUMAN]
IST1 homolog OS=Homo sapiens GN=IST1 PE=1 SV=1 - [IST1_HUMAN]

EF-hand domain-containing protein D1 OS=Homo sapiens GN=EFHD1 PE=1 SV=1 - [EFHD1_HUMAN]

Peptidyl-prolyl cis-trans isornerase F, mitochondrial OS=Homo sapiens GN=PPIF PE=1 SV=1 - [PPIF_HUMAN]

MKI67 FHA domain-interacting nucleolar phosphoprotein OS=Homo sapiens GN=NIFK PE=1 SV=1 - [MK67I_HUMAN] 

Reticulocalbln-1 OS=Homo sapiens GN=RCN1 PE=1 SV=1 - [RCN1_HUMAN]

Endoplasmic reticulum resident protein 44 OS=Homo sapiens GN=ERP44 PE=1 SV=1 - [ERP44_HUMAN)

UPF0556 protein C19orf10 OS=Homo sapiens GN=C19orf10 PE=1 SV=1 - [CS010_HUMAN]

WD repeat-containing protein 75 OS=Homo sapiens GN=WDR75 PE=1 SV=1 - [WDR75_HUMAN]

Arf-GAP VTith GTPase, ANK repeat and PH domain-containing protein 11 OS=Homo sapiens GN=AGAP11 PE=2 SV=2 
- [AGA11_HUMAN]
Endoplasmic reticulum resident protein 29 OS=Homo sapiens GN=ERP29 PE=1 SV=4 - [ERP29_HUMAN]

U6 snRNA-associated Sm-like protein LSm4 OS=Homo sapiens GN=LSM4 PE=1 SV=1 - [LSM4_HUMAN]

Squalene synthase OS=Homo sapiens GN=FDFT1 PE=1 SV=1 - [FDFT_HUMAN]

1,4-alpha-glucan-branching enzyme OS=Homo sapiens GN=GBE1 PE=1 SV=3 - [GLGB_HUMAN]

Serine protease 23 OS=Homo sapiens GN=PRSS23 PE=1 SV=1 - [PRS23_HUMAN]

tRNA (guanine(37)-N1)-methyltransferase OS=Homo sapiens GN=TRMT5 PE=1 SV=2 - [TRM5_HUMAN]

Junction plakoglobin OS=Homo sapiens GN=JUP PE=1 SV=3 - [PU\K_HUMAN]

Myeloid-associated differentiation marker OS=Homo sapiens GN=MYADM PE=1 SV=2 - [MYADM_HUMAN]

Ornithine aminotransferase, mitochondrial OS=Homo sapiens GN=OA.T PE=1 SV=1 - [OAT_HUMAN]

Neudesin OS=Homo sapiens GN=NENF PE=1 SV=1 - [NENF_HUMAN]

Proteasome subunit beta type-3 OS=Homo sapiens GN=PSMB3 PE=1 SV=2 - [PSB3 HUMAN]

60 kDa heat shock protein, mitochondrial OS=Homo sapiens GN=HSPD1 PE=1 SV=2 - [CH60_HUMAN)

Casein kinase I isoform alpha-like OS=Homo sapiens GN=CSNK1A1L PE=2 SV=2 - [KC1AL_HUMAN]

LDLR chaperone MESD OS=Homo sapiens GN=MESDC2 PE=1 SV=2 - [MESD_HUMAN]

Ensconsin OS=Homo sapiens GN=MAP7 PE=1 SV=1 - [MAP7_HUMAN]

Nucleoporin p54 OS=Homo sapiens GN=NUP54 PE=1 SV=2 - [NUP54_HUMAN]

60S ribosomal protein L27 OS=Homo sapiens GN=RPL27 PE=1 SV=2 - [RL27_HUMAN]

Nuclear receptor-interacting protein 1 OS=Homo sapiens GN=NRIP1 PE=1 SV=2 - [NRIP1_HUMAN]

General transcription factor 3C polypeptide 3 OS=Homo sapiens GN=GTF3C3 PE=1 SV=1 - [TF3C3_HUIVIAN] 

Tubulin-specific chaperone E OS=Homo sapiens GN=TBCE PE=1 SV=1 - [TBCE_HUMAN]

BolA-like protein 2 OS=Homo sapiens GN=B0LA2 PE=1 SV=1 - [B0LA2_HUMAN]

Ornithine decarboxylase antizyme 1 OS=Homo sapiens GN=0AZ1 PE=1 SV=3 - [0AZ1_HUMAN]

Protein S100-A6 OS=Homo sapiens GN=S100A6 PE=1 SV=1 - 1S10A6_HUMAN]
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Insulin-degrading enzyme OS=Homo sapiens GN=IDE PE=1 SV=4 - [IDE_HUWIAN]

DIphosphoinositol polyphosphate phosphohydrolase 3-alpha OS=Homo sapiens GN=NUDT10 PE=1 SV=1 - 
[NUD10_HUMAN]
Adenylate kinase 2, mitochondrial OS=Homo sapiens GN=AK2 PE=1 SV=2 - [KAD2_HUMAN]

Kinectin OS=Homo sapiens GN=KTN1 PE=1 SV=1 - [KTN1_HUMAN]

Splicing factor 3B subunit 4 OS=Homo sapiens GN=SF3B4 PE=1 SV=1 - [SF3B4_HUMAN]

Mediator of DNA damage checkpoint protein 1 OS=Homo sapiens GN=MDC1 PE=1 SV=3 - [MDC1_HUMAN]

DNA-directed RNA polymerases I, II. and III subunit RPABC3 OS=Homo sapiens GN=P0LR2H PE=1 SV=4 - 
[RPAB3_HUMAN]
Glutathione S-transferase kappa 1 OS=Homo sapiens GN=GSTK1 PE=1 SV=3 - [GSTK1HUMAN]

Replication initiator 1 OS=Homo sapiens GN=REPIN1 PE=1 SV=1 - [REPI1_HUMAN]

Ribonucleoside-diphosphate reductase subunit M2 B OS=Homo sapiens GN=RRM2B PE=1 SV=1 - [RIR2B_HUMAN]

78 kDa glucose-regulated protein OS=Homo sapiens GN=HSPA5 PE=1 SV=2 - [GRP78_HUMAN]

Ras GTPase-activating-like protein IQGAP3 OS=Homo sapiens GN=IQGAP3 PE=1 SV=2 - [IQGA3_HUMAN] 

Lysine-specific demethylase 38 OS=Homo sapiens GN=KDM3B PE=1 SV=2 - [KDM3B_HUMAN]

C0P9 signalosome complex subunit 6 OS=Homo sapiens GN=C0PS6 PE=1 SV=1 - [CSN6_HUMAN]

Tubulin-specific chaperone A OS=Homo sapiens GN=TBCA PE=1 SV=3 - [TBCA_HUMAN]

Splicing factor 3A subunit 2 OS=Homo sapiens GN=SF3A2 PE=1 SV=2 - [SF3A2_HUMAN]

Cytochrome c oxidase subunit 6B1 OS=Homo sapiens GN=C0X6B1 PE=1 SV=2 - [CX6B1_HUMAN]

Sorting nexin-6 OS=Homo sapiens GN=SNX6 PE=1 SV=1 - [SNX6_HUMAN]

DnaJ homolog subfamily B member 6 OS=Homo sapiens GN=DNAJB6 PE=1 SV=2 - [DNJB6_HUMAN]

Prohibitin-2 OS=Homo sapiens GN=PHB2 PE=1 SV=2 - [PHB2_HUMAN]

Arf-GAP domain and FG repeat-containing protein 1 OS=Homo sapiens GN=AGFG1 PE=1 SV=2 - [AGFG1_HUMAN]

Thioredoxin (Fragment) OS=Homo sapiens GN=PDIA3 PE=2 SV=1 - [H7BZJ3_HUMAN]

Chloride channel protein 1 OS=Homo sapiens GN=CLCN1 PE=1 SV=3 - [CLCN1_HUMAN]

Exocyst complex component 8 OS=Homo sapiens GN=EX0C8 PE=1 SV=2 - [EX0C8_HUMAN]

Phosphorylated adapter RNA export protein OS=Homo sapiens GN=PHAX PE=1 SV=1 - [PHAX_HUMAN]

Dynein light chain 2, cytoplasmic OS=Homo sapiens GN=DYNLL2 PE=1 SV=1 - [DYL2_HUMAN]

Macrophage migration inhibitory factor OS=Homo sapiens GN=MIF PE=1 SV=4 - [MIF_HUMAN]

Thiosulfate sulfurlransferase/rhodanese-llke domain-containing protein 1 OS=Homo sapiens GN=TSTD1 PE=1 SV=3 - 
[TSTD1_HUMAN]
BRCA1-associated ATM activator 1 OS=Homo sapiens GN=BRAT1 PE=1 SV=2 - [BRAT1_HUMAN]

Copper homeostasis protein cutC homolog OS=Homo sapiens GN=CUTC PE=1 SV=1 - [CUTC_HUMAN]

U6 snRNA-associated Sm-like protein LSm1 OS=Homo sapiens GN=LSM1 PE=1 SV=1 - [LSM1_HUMAN]

10 kDa heat shock protein, mitochondrial OS=Homo sapiens GN=HSPE1 PE=1 SV=2 - [CH10_HUMAN]

Early endosome antigen 1 OS=Homo sapiens GN=EEA1 PE=1 SV=2 - [EEA1_HUMAN]

Dihydrolipoyl dehydrogenase, mitochondrial OS=Homo sapiens GN=DLD PE=1 SV=2 - [DLDH_HUMAN]

Matrix extracellular phosphoglycoprotein OS=Homo sapiens GN=MEPE PE=1 SV=1 - [MEPE_HUMAN] 

Cyclin-dependent kinase 12 OS=Homo sapiens GN=CDK12 PE=1 SV=2 - [CDK12_HUMAN]

Protein-arginine deiminase type-1 OS=Homo sapiens GN=PADI1 PE=1 SV=2 - [PADI1_HUMAN]

Midi-interacting protein 1 OS=Homo sapiens GN=MID1IP1 PE=1 SV=1 - [M1IP1_HUMAN]

THUMP domain-containing protein 1 OS=Homo sapiens GN=THUMPD1 PE=1 SV=2 - [THUM1_HUMAN]

Kelch-like protein 7 OS=Homo sapiens GN=KLHL7 PE=1 SV=2 - [KLHL7_HUMAN]

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 OS=Homo sapiens GN=PL0D3 PE=1 SV=1 - [PLOD3_HUMAN] 

Centromere protein V OS=Homo sapiens GN=CENPV PE=1 SV=1 - [CENPV_HUMAN]

Forkhead box protein 0 3  OS=Homo sapiens G N =F0X03 PE=1 SV=1 - [F0X03_HUMAN]

Unconventional myosin-VI OS=Homo sapiens GN=MY06 PE=1 SV=4 - [MY06_HUMAN]

Hypoxia up-regulated protein 1 OS=Homo sapiens GN=HY0U1 PE=1 SV=1 - [HY0U1_HUMAN]

U3 small nucleolar RNA-associated protein 18 homolog OS=Homo sapiens GN=UTP18 PE=1 SV=3 - [UTP18_HUMAN] 

Ubiquitin-conjugating enzyme E2 variant 2 OS=Homo sapiens GN=UBE2V2 PE=1 SV=4 - [UB2V2_HUMAN]
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Increased abundance in H1975GP cells
Endophilin-B2 OS=Homo sapiens GN=SH3GLB2 PE=1 SV=1 - [SHLB2_HUMAN]

SRA stem-loop-interacting RNA-binding protein, mitochondrial OS=Homo sapiens GN=SLIRP PE=1 SV=1 - 
[SLIRP_HUMAN1
Guanine nucleotide-binding protein G(I)/G(S)/G(T) subunit beta-2 OS=Homo sapiens GN=GNB2 PE=1 SV=3 - 
[GBB2_HUMAN]
Alpha/beta hydrolase domain-containing protein 14B OS=Homo sapiens GN=ABHD14B PE=1 SV=1 - 
1ABHEB_HUMAN]
3-hydroxyacyl-CoA dehydrogenase type-2 OS=Homo sapiens GN=HSD17B10 PE=1 SV=3 - [HCD2_HUMAN] 

Transducin-like enhancer protein 1 OS=Homo sapiens GN=TLE1 PE=1 SV=2 - [TLE1_HUMAN]

Transcription factor BTF3 (Fragment) OS=Homo sapiens GN=BTF3 PE=2 SV=2 - [D6RDG3_HUMAN]

Protein phosphatase 1A OS=Homo sapiens GN=PPM1A PE=1 SV=1 - [PPM1A_HUMAN]

40S ribosomal protein S27 OS=Homo sapiens GN=RPS27 PE=1 SV=3 - [RS27_HUMAN]

Dipeptidyl peptidase 1 OS=Homo sapiens GN=CTSC PE=1 SV=2 - [CATC_HUIVIAN]

Glial fibrillary acidic protein OS=Homo sapiens GN=GFAP PE=1 SV=1 - [GFAP_HUMAN]

Regulation of nuclear pre-mRNA domain-containing protein 1A OS=Homo sapiens GN=RPRD1A PE=1 SV=1 - 
[RPR1A_HUMAN)
Neutral alpha-glucosidase AB OS=Homo sapiens GN=GANAB PE=1 SV=3 - [GANAB_HUMAN]

Protein kinase C and casein kinase substrate In neurons protein 3 OS=Homo sapiens GN=PACSIN3 PE=1 SV=2 - 
[PACN3_HUMAN]
Casein kinase 1. alpha 1, isoform CRA_g OS=Homo sapiens GN=CSNK1A1 PE=2 SV=1 - [Q71TU5_HUMAN] 

Ubiquitin-conjugating enzyme E2 N OS=Homo sapiens GN=UBE2N PE=1 SV=1 - [UBE2N_HUI\/IAN]

Erythroid differentiation-related factor 1 OS=Homo sapiens GN=EDRF1 PE=1 SV=1 - [EDRF1_HUMAN]

Striatin OS=Homo sapiens GN=STRN PE=1 SV=4 - (STRN_HUMAN)

Fos-related antigen 2 OS=Homo sapiens GN=F0SL2 PE=1 SV=1 - (F0SL2_HUMAN]

Poly [ADP ribose] polymerase 6 (Fragment) OS=Homo sapiens GN=PARP6 PE=4 SV=1 - [H3BQM7_HUMAN]

H/ACA ribonucleoprotein complex subunit 3 OS=Homo sapiens GN=NOP10 PE=1 SV=1 - [NOP10_HUMAN]

Perilipin-2 OS=Homo sapiens GN=PLIN2 PE=1 SV=2 - [PLIN2_HUMAN]

Elongation factor Tu, mitochondrial OS=Homo sapiens GN=TUFM PE=1 SV=2 - [EFTU_HUMAN]

Electron transfer flavoprotein subunit beta OS=Homo sapiens GN=ETFB PE=1 SV=3 - [ETFB_HUMAN] 

Vasodilator-stimulated phosphoprotein OS=Homo sapiens GN=VASP PE=1 SV=3 - [VASP_HUMAN1 

Meiotic recombination protein DMC1/LIM15 homolog OS=Homo sapiens GN=DMC1 PE=1 SV=2 - [DMC1_HUMAN] 

Glutamate-cysteine ligase catalytic subunit OS=Homo sapiens GN=GCLC PE=1 SV=2 - [GSH1_HUMAN]

Keratin, type I cytoskeletal 9 OS=Homo sapiens GN=KRT9 PE=1 SV=3 - [K1C9_HUMAN]

E3 ubiquitin-protein ligase TRIP12 OS=Homo sapiens GN=TRIP12 PE=1 SV=1 - [TRIPC_HUMAN)

Nucleolar protein 16 OS=Homo sapiens GN=N0P16 PE=1 SV=2 - [NOP16_HUMAN]

Proteasome assembly chaperone 4 OS=Homo sapiens GN=PSIVIG4 PE=2 SV=2 - [PSWIG4_HUMAN]

Transcription elongation factor SPT4 OS=Homo sapiens GN=SUPT4H1 PE=1 SV=1 - [SPT4H_HUMAN]

Anoctamin-2 OS=Homo sapiens GN=AN02 PE=1 SV=2 - [AN02_HUMAN)

2'-deoxynucleoside 5'-phosphate N-hydrolase 1 OS=Homo sapiens GN=DNPH1 PE=1 SV=1 - [DNPH1_HUMAN] 

Ribose-5-phosphate isomerase OS=Homo sapiens GN=RPIA PE=1 SV=3 - [RPIA_HUMAN]

Telomere repeats-binding bouquet formation protein 1 OS=Homo sapiens GN=CCDC79 PE=2 SV=3 - 
[TERB1_HUMAN]
WD repeat and HMG-box DNA-binding protein 1 OS=Homo sapiens GN=WDHD1 PE=1 SV=1 - [WDHD1_HUMAN]

Phosphatldyllnositol 3,4,5-trlsphosphate-dependent Rac exchanger 2 protein OS=Homo sapiens GN=PREX2 PE=2 
SV=1 - [PREX2_HUMAN]
Mitochondrial import Inner membrane translocase subunit TimIO OS=Homo sapiens GN=TIMM10 PE=1 SV=1 - 
[TIM10_HUMAN]
Prickle-like protein 2 OS=Homo sapiens GN=PRICKLE2 PE=1 SV=2 - [PRIC2_HUMAN]

SEC14-like protein 2 OS=Homo sapiens GN=SEC14L2 PE=1 SV=1 - [S14L2_HUMAN]

Actin, alpha cardiac muscle 1 OS=Homo sapiens GN=ACTC1 PE=1 SV=1 - [ACTC_HUMAN]

Exosome complex component RRP41 OS=Homo sapiens GN=EX0SC4 PE=1 SV=3 - [EX0S4_HUMAN] 

Oxidoreductase HTATIP2 OS=Homo sapiens GN=HTATIP2 PE=1 SV=2 - [HTAI2_HUMAN]

Adenomatous polyposis coil protein 2 OS=Homo sapiens GN=APC2 PE=1 SV=1 - [APC2_HUMAN]
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Isoform 2 of F-actin-capping protein subunit beta OS=Homo sapiens GN=CAPZB - [CAPZB_HUMAN]

Dynein heavy chain 7, axonemal (Fragment) OS=Homo sapiens GN=DNAH7 PE=2 SV=1 - [C9JUY3_HUMAN] 

Death-lnducer obliterator 1 OS=Homo sapiens GN=DID01 PE=1 SV=5 - [DID01_HUMAN]

Ankyrin repeat and zinc finger domain-containing protein 1 OS=Homo sapiens GN=ANKZF1 PE=1 SV=1 - 
[ANKZ1_HUMAN]
CCAAT/enhancer-binding protein zeta OS=Homo sapiens GN=CEBPZ PE=1 SV=3 - [CEBPZ_HUIVIAN]

Ubiquitin-protein ligase E3C OS=Homo sapiens GN=UBE3C PE=1 SV=3 - (UBE3C_HUMAN1 

Cdc42 effector protein 4 OS=Homo sapiens GN=CDC42EP4 PE=1 SV=1 - [B0RG4_HUMAN]

U4/U6 small nuclear ribonucleoprotein Prp31 OS=Homo sapiens GN=PRPF31 PE=1 SV=2 - [PRP31_HUMAN]

General transcription factor 3C polypeptide 2 OS=Homo sapiens GN=GTF3C2 PE=1 SV=2 - [TF3C2_HUMAN]

Heat shock protein 75 kDa, mitochondrial OS=Homo sapiens GN=TRAP1 PE=1 SV=3 - [TF?AP1_HUMAN]
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A B S T R A C T

The P13K/AKT/mT0R pathway regulates cell grow th and proliferation and is often dysregulated in cancer 
due to m utation, amplification, deletion, m ethylation and post-translational modifications. W e and oth
ers have shown that activation of this pathway in non-small cell lung cancer (NSCLC) leads to a more 
aggressive disease which correlates to poor prognosis for patients. A m ultitude of selective inhibitors 
are m development which target key regulators in this pathway, however the success of PI3K targeted 
inhibition has been hampered by a high rate of innate and acquired resistance. Response to PI3K inhib i
tion may be improved by co-targeting potential mediators of resistance, such as related cell surface 
receptors or other intracellular signaling pathways which cross-talk w ith  the P13K pathway. Inhibition  
of the P13K pathway may also overcome radioresistance, chemoresistance and im m une evasion in NSCLC. 
The identification of appropriate patient cohorts who w ill benefit from PI3K co-targeted inhibition strat
egies w ill be key to the success of these inhibitors.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

Lung cancer is the most common cause of cancer related deaths 
worldw ide |1|. Non-small cell lung cancer (NSCLC) accounts for 
80% o f lung cancers 12 1. Despite advances in anti-cancer therapies, 
the overall 5 year survival for lung cancer patients remains poor, at 
less than 15%. Traditionally therapeutic intervention strategies 
were based on subdividing NSCLC into its histological subtypes. 
However, the recent development of targeted agents has resulted 
in a paradigm shift to targeting tumors w ith  specific activating 
' driver" mutations or translocations. These genetic aberrations 
give the cancer cell a selective advantage in either survival or pro
liferation, and typically occur in a gene involved in key signaling 
pathways. This dependence of tumors on driver mutations to 
maintain the malignant phenotype is known as 'oncogene addic
tion' and is the achilles' heel of a tum or and therefore an ideal ther
apeutic target. Common driver mutations in NSCLC which have 
been investigated as targets for therapeutic intervention include: 
EGFR, ALK. BRAF, KRAS. HER2. PIK3CA, AKTl, MAP2K1. MET. ROSl 
and RET |3|. In-depth mutation profiling of patients and tailoring 
treatment accordingly, has become the standard of care in NSCLC.

*  Corresponding author. Tel.: +353  1 8 9 6 3 4 5 1 ; fax: +353  1 8 9 6 3 5 0 3 .

E-m ail address: hcaveysaiiud.ie (S. Heavey).
' Tel.: +353 879008100 ; fax: +353 1 8963503.
 ̂ Tel.: +353 8963276: fax: +353 1 8963503.

Common driver mutations in NSCLC are more prevalent in 
adenocarcinoma (AC) and currently no targeted therapies are 
available for patients w ith  squamous cell carcinoma (SCC). 
Although PIK3CA mutations occur predominantly in adenocarci
noma they have also been reported in squamous cell carcinoma 
|4|. As such, this pathway represents an attractive target for ther
apeutic intervention, prompting the development o f many spe
cific inhibitors aimed at strategic points in the PI3K signaling 
cascade. However, as w ith  all targeted inhibitors, patients treated 
w ith  PI3K inhibitors w ill eventually develop resistance to these 
drugs. Acquired resistance mechanisms include the emergence 
of secondary mutations or the induction of ‘bypass tracks', whereby 
the cancer cell signals through an alternate pathway in order to 
overcome the action of the drug. Co-targeting the PI3K pathway 
along w ith  other pathways such as the MEK pathway, may pro
vide a beneficial strategy to prevent this mechanism of resistance. 
Research into combination therapy has indicated that high toxic
ity  can be avoided by utiliz ing pulse strategies o f treatment, 
where each drug is administered in term ittently w ithou t loss of 
overall inhib ition 15|. Here we w ill discuss the different therapeu
tic options available for inhib iting the PI3K signaling pathway and 
how their efficacy may be dictated by the mechanism of PI3K 
pathway activation. We w ill also evaluate the benefits of inh ib it
ing the pathway w ith  single agents versus combination therapies 
to treat NSCLC.

0 3 0 5 -7 3 7 2 /$  -  see fron t m a tte r ©  201 3  Elsevier Ltd. All rights reserved, 
dx.dci C l 10. 1016 |.ctrv.2 0 r i .n s .00b
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PI3K pathway classification and signaling cascade

P h o sp h a tid y lin o s ito l 3 -k in ases  (P13Ks) w e re  d isc o v e red  by Le
w is  C antley  an d  co lleag u es , w h o  firs t p u b lish ed  on  th e ir  asso c ia 
tio n  w ith  th e  p o ly o m a m id d le  T p ro te in  in 1985 |6 |.  PlBKs have 
sin c e  b een  sh o w n  to  be  signal t r a n sd u c e r  en z y m e s th a t  h av e  th e  
ab ility  to  p h o sp h o ry la te  th e  3' p o sitio n  hydroxy l g ro u p  o f  th e  in o 
sito l ring  o f  p h o sp h a tid y lin o s ito l an d  p h o sp h o in o s itid e s . T he sig 
n a ls  th a t  PI3K fam ily  m e m b e rs  h e lp  to  p o te n tia te  in d u c e  th e  cell 
to  grow , d iffe ren tia te , p ro life ra te , an d  he lp  w ith  surv ival, m o tility  
a n d  in tra c e llu la r  traffick ing  (Fig 1). As such , th e s e  e n z y m e s are  
s tro n g ly  im p lica ted  in th e  d e v e lo p m e n t o f m a lig n a n t behav io r, 
a n d  h av e  b een  s tu d ie d  ex ten s iv e ly  in onco logy . T he P13K/AKT/ 
mTOR p a th w a y  has b e e n  im p lica ted  in lu n g  tu m o rig e n e s is , w ith  
m u ta tio n s , am p lifica tio n s  an d  ep ig e n e tic  a lte ra tio n s  r e p o r te d  a t 
v a rio u s  p o in ts  in th e  cascad e  |7 |.

T h e re  a re  th re e  c lasses o f  PI3K en zy m es . Class lA  P13Ks are  
m o s t im p lica ted  in h u m a n  cance rs , an d  co n s is t o f  a re g u la to ry  su b 
u n it  an d  a ca ta ly tic  su b u n it, as a h e te ro d im e ric  lip id  k inase . T here 
a re  five re g u la to ry  su b u n its  w h ich  m ay  a sso c ia te  w ith  Class lA  
P13K ca ta ly tic  su b u n its . T h ese  a re  p853(, p85p, p55o(, p 5 5 p  and  
p 5 0 x  p85o( is e n co d ed  by th e  PIK3R1 gene , w h ich  is o fte n  found  
to  b e  so m a tica lly  m u ta te d  in can ce rs  in c lu d in g  NSCLC as w ell as 
o v a rian  an d  colon tu m o rs , w ith  d e c reased  ex p ress io n  in d ic a tin g  a 
tu m o r  su p p re s s in g  ro le  fo r th e  g e n e  |8 ,9 |.

The ca ta ly tic  su b u n it  o f  Class 1 PI3Ks, p i  10, o ccu rs in fo u r iso
fo rm s, p i  10o(, p l lO p , p i  108 (C lass lA ) an d  p i lO y  (C lass IB). The 
p i  lOoi iso fo rm  is e n c o d e d  by PIK3CA, w h ich  is f re q u e n tly  so m a ti
ca lly  m u ta te d  in h u m a n  can ce rs  110]. PIK3CA is f re q u e n tly  a m p li
fied  (12 -20% ) o r m u ta te d  (2 -5% ) in NSCLC, a n d  is asso c ia ted  
w ith  in c rease d  AKT ac tiv ity  |4 ,7 .1 1 -1 6 |.  PIK3CA am p lifica tio n  is 
m o re  fre q u e n tly  o b se rv ed  in SCC th a n  AC (Table 1 ). P1K3CA m u ta 
tio n s  h av e  recen tly  b e e n  id en tified  as a p o ss ib le  p red ic tiv e  b io 
m a rk e r  fo r a d ju v a n t a sp irin  th e ra p y  in co lo rec ta l c a n c e r  117|. 
p i  10(3 h as b e e n  sh o w n  to  be  am p lified  in 5% o f se ro u s  ep ith e lia l 
o v a rian  can ce rs  118 |, an d  ro les  for th is  iso form  h av e  a lso  b een  d e 
sc rib e d  in b re a s t c a n c e r 119| a n d  PTEN -deficient c a n c e r cell lines 
|2 0 |.  W h ile  p i  lO a  an d  p i  lO p b o th  co m m o n ly  o c c u r in all tissues, 
p i  106 ex p ress io n  is re s tr ic te d  largely  to  th e  im m u n e  sy s tem , being  
p rin c ip a lly  e x p ressed  in leu k o cy tes , p i  108 ac tiv ity  is a s so c ia ted  
w ith  n e u tro p h il tra ffick ing , a c tiv a tio n  an d  re c ru itm e n t, m a s t  cell 
d e g ra n u la tio n , n a tu ra l k ille r (NK) cell te rm in a l m a tu ra tio n , cy to - 
k in e /c h e m o k in e  g e n e ra tio n  an d  re g u la tio n  o f  a n tib o d y  p ro d u c tio n , 
a n d  has b e e n  id en tified  as a d ru g  ta rg e t  fo r im m u n o su p p re ss iv e  
t r e a tm e n t  s tra te g ie s  in a re a s  such  as g ra ft re je c tio n  an d  a u to im 
m u n ity  |2 1 -2 3 ] . A ctiv ity  o f  an y  o f  th e  Class 1 PlBKs h as b een  
sh o w n  to  su s ta in  cell p ro life ra tio n  an d  surv ival, a n d  a lth o u g h  PIK3- 
C A /p llO a  is th e  on ly  iso fo rm  to  be  co m m o n ly  m u ta te d  in h u m a n  
can ce rs , re c e n t ev id en ce  su p p o r ts  ro les fo r each  fam ily  m e m b e r  
in th e  d e v e lo p m e n t an d  m a in te n a n c e  o f  th e  m a lig n a n t p h e n o ty p e  
|2 4 - 2 6 |,

G ro w th  fac to r s t im u la tio n  o f  re c e p to r  ty ro s in e  k in ases  (RTKs) 
re su lts  in Class lA  P13K ac tiv a tio n , d u e  to  th e  re g u la to ry  su b u n it 
b in d in g  to  p h o sp h o ty ro s in e  re s id u e s  on  th e  RTK (o r  on  its  a d a p to r  
p ro te in s) , a n d  th u s  re le a s in g  th e  p i  10 ca ta ly tic  su b u n it  |2 7 ] , The 
p i  10 su b u n it  can  th e n  tra n s lo c a te  to  th e  p la sm a  m e m b ra n e  w h e re  
its  su b s tra te , p h o sp h a tid y lin o s ito l 4 ,5 -b isp h o sp h a te  (PIP2), resides. 
PI3K can  a lso  b e  a c tiv a te d  by  RAS, w h ich  b in d s  d ire c tly  to  th e  p i  10 
su b u n it, o r  by  C -p ro te in  c o u p led  recep to rs , w h ic h  aga in  a c tiv a te  
th e  p i  10 s u b u n it |2 8 |.  P1P2 is p h o sp h o ry la te d  by  P13K on  its 
3 'OH, to  p ro d u c e  Pl(3,4,5)Pa (PIP3).

S ignaling  can  be  h a lte d  a t th is  s ta g e  by d e p h o sp h o ry la tio n  o f 
P1P3 to  P1P2 by tu m o r  su p p re s so r  p h o sp h a ta se  a n d  te n s in  hom o lo g  
d e le te d  on  ch ro m o so m e  10 (PTEN). U n su rp risin g ly , h o m o zy g o u s 
a n d  h e te ro zy g o u s  d e le tio n s  o f  PTEN h av e  b e e n  o b se rv e d  in h u m a n

can ce rs , in c lu d in g  lu n g  can ce r (T ab le 1) as w ell as ovarian , p ro s 
ta te , th y ro id  an d  liver cance rs , leu k aem ia , ly m p h o m a  and m e la 
n o m a  11 2 ,2 9 -3 1 1. P1P3 once  ac tiv a ted , p ro p a g a te s  th e  s ig n a l by 
b rin g in g  PDKl an d  AKT in to  c lose p ro x im ity , a llo w in g  PDK1 to  a c ti
v a te  AKT by p h o sp h o ry la tio n .

AKT is a m e m b e r  o f  th e  ACC [PKA/PKG/PKC| p ro te in  k n a se  fam 
ily. A ctivated  AKT (p-AKT) has b een  sh o w n  to  be  p re se n t  in 4 3 -90%  
of NSCLC cases an d  in u p  to  50% o f sm all cell lu n g  cancer (SCLC) 
cases 13 2 1, w ith  m u ta tio n s  in AKTl p re se n t in 1% o f  lung can ce rs  
(Table 1).^^ D ata p u b lish ed  in 2013  id en tified  AKT ac tiv a tio n  
in 13 o f  80  NSCLC cell lines, w ith  12 o f th e se  13 lin es h a rb o rin g  
m u ta tio n s  in EGFR o r HER2, am p lifica tio n  o f P1K3CA, o r  loss o f 
PTEN |3 7 |.  O nce ac tiv a ted , AKT can  he lp  th e  cell to  d isp lay  m a lig 
n a n t c h a ra c te r is tic s  in severa l w ay s . It p ro m o te s  cell surv ival by 
in h ib itin g  BAD an d  BAX, tw o  p ro a p o p to tic  Bcl2 fam ily  m em b ers . 
AKT also  p h o sp h o ry la te s  M dm 2, re su ltin g  in a n ta g o r iz a tio n  of 
p 5 3 -m e d ia te d  a p o p to s is , as w ell as n eg a tiv e ly  reg u la tin g  fo rk h ead  
tra n sc r ip tio n  fac to rs , re su ltin g  in re d u ced  p ro d u c tio n  o fc e ll-d e a th  
p ro m o tin g  p ro te in s  138].

T he m a m m a lia n  ta rg e t  o f  ra p a m y c in  (mTOR) is a se rin e /th re o 
n in e  k in ase  th a t, w h e n  ac tiv a te d  as p a r t o f  th e  PI3K/AKT/mT0R 
cascade , can  re g u la te  cell cycle  a n d  in h ib it a p o p to s is . The mTOR 
p ro te in  k in ase  n u c le a te s  tw o  d is tin c t m u ltip ro te in  com plexes, 
mTOR c o m p le x l an d  2 (mTORCl an d  m T0RC2) th a t  reg u la te  cell 
g ro w th  an d  p ro su rv iv a l k in ase  AKT. mTOR p ro m o te s  tu m o rig en e sis  
by  ac tiv a tio n  o f  th e  d o w n s tre a m  elF4 com plex , an d  mTOR ac tiv ity  
has b e e n  c o rre la te d  w ith  ly m p h  n o d e  m e ta s ta s is . O u r lab o ra to ry  
has sh o w n  mTOR to  be  a po o r p ro g n o stic  fac to r in  early stag e  
NSCLC 139|. A ctiva ted  mTOR (p-m TO R ) h as  b een  sh o w n  to be  p re s 
e n t  in u p  to  90% o f AC, 60% o f la rg e  cell c a rc in o m a  (LCC) and 40% of 
SCC cases. It is im p o rta n t  to  n o te  th a t  th e re  is no  c le a r  co rre la tio n  
b e tw e e n  p-AKT a n d  p-mTOR levels in NSCLC, an d  th a t  mTOR can 
be  a c tiv a te d  reg a rd le ss  o f  th e  s ta tu s  o f  AKT |4 0 |.

N uclear fac to r  k a p p a - lig h t-c h a in -e n h a n c e r  o f  ac tiv a ted  B cells 
(NFk B) is a tra n sc r ip tio n  fac to r a n d  a ce n tra l n o d e  in  m any s ig n a l
ling  cascad es . NFk B can  be a c tiv a te d  th ro u g h  sev era l m echan ism s, 
in c lu d in g  th ro u g h  th e  P13K/AKT/mT0R p a th w a y , w h ere  AKT im 
p e d e s  th e  n e g a tiv e  re g u la tio n  o f NFk B by  IkB fam ily  m em b ers , 
p rinc ipally  Ik Bk . O nce ac tiv a ted , NFkB tran s lo ca te s  to  tne nucleus 
an d  iKBtx is d eg rad ed  in th e  u b iq u itin  p ro teaso m e. In the nucleus, 
NFkB a c tiv a tes th e  tran sc rip tio n  o f  k B d e p e n d e n t genes, o n e  o f 
w h ich  is Ik Bm. N ew ly sy n th e sized  Ik Bm is resp o n s ib le  fo r p ost-induc
tio n  rep ressio n  o f  NFk B, th ro u g h  th e  rem oval o f  NFk B from  DNA, and 
tra n sp o rta tio n  o f th e  tra n sc rip tio n  fac to r back  to  th e  cytoplasm .

NFk B re g u la te s  th e  ex p ress io n  o f  h u n d re d s  o f  genes invo lved  
n o t on ly  in a p o p to s is  b u t a lso  cell cycle, im m u n e  m o d u la tio n , cell 
su rv ival, cell a d h e s io n  and  d if fe re n tia tio n  |4 1 1. NFk B signaling  has 
b e e n  sh o w n  to  be  re q u ire d  in a m o u se  m odel o f  NSCLC |4 2 |,  and 
th e  tra n sc r ip tio n  fac to r  has b e e n  s tro n g ly  im p lic a te d  in ca rc in o 
gen esis , an d  c o n s titu tiv e  a c tiv a tio n  o f  th e  tran sc rip tio n  fac to r  is 
f re q u e n tly  o b se rv e d  in can ce rs  su c h  as b re a s t, co lon , p ro s ta te  & 
ly m p h o id  |4 3 |,  w i th  th is  c o n s titu tiv e  a c tiv a tio n  co rre la tin g  w ith  
a p o o r p ro g n o sis  a n d  re s is ta n t  p h e n o ty p e . W e an d  o th ers  have 
sh o w n  th a t  NFk B is im p lic a te d  in re s is ta n c e  to  cisplatin.'*'* ’ ’ 
LKBl in te ra c ts  w ith  th e  P13K a n d  MEK p a th w a y s  a t  m u lt  p ie p o in ts  
an d  has re c e n tly  b e e n  sh o w n  to  b e  fre q u e n tly  m u ta te c  in NSCLC 
(Table 1

Targeting the PI3K/Akt/mT0R pathway

T he d o w n s tre a m  s ig n a lin g  e ffe c ts  o f  th e  PI3K/AKT/mT0R p a th 
w ay  can  c o n tr ib u te  to  all e ig h t h a llm a rk s  o f  c a n c e r  -  in p a rtic u la r  
w h e n  s ig n a lin g  o ccu rs  th ro u g h  NFk B. Specific ta rg e tin g  cf stra teg ic  
s ig n a lin g  m o lecu le s  invo lved  in th is  p a th w a y  h as b e e n  ini^estigated 
as a p o te n tia l th e ra p e u tic  in te rv e n tio n  s tra te g y  fo r several cancers.
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Fig. 1. The PI3K Pathway. The PI3K Pathway regulates a number of cellular functions including transcription, translation, proliferation and apoptosis, all o f which can be 
dysregulated in cancers such as NSCLC. Arrows represent activation: bars represent inhibition. AKT, Protein Kinase B; BAD, Bcl-2-associated death promoter; BAX, Bcl-2- 
associated X protein: Bcl-XL. B-cell lymphoma-extra large; Bcl-2, B-cell lymphoma 2: Bcl-6. B-cell lymphoma 6 protein; BIM, Bcl-2-like protein 11; Cyclin D2, Gl/S-specific 
cyclin-D2; eiF4B. Eukaryotic translation in itiation factor 4B; eiP4E, Eukaryotic translation in itiation factor 4E; eiF4G, Eukaryotic translation in itiation factor 4 gamma; FOXO, 
Forkhead box protein 0 ; G(̂ L, G protein beta subunit-like; GSK-3(V Glycogen synthase kinase 3 beta; Ik Bcz, Nuclear factor o f kappa light polypeptide gene enhancer in B-cells 
inhibitor, alpha; IKK, Ik B kinase: Mdm2, Mouse double minute 2 homolog; mTOR, mammalian target of rapamycin; NFk B, Nuclear factor kappa-light-chain-enhancer of 
activated B cells; PDKl, Pyruvate dehydrogenase lipoamide kinase isozyme 1, mitochondrial; P13K, Phosphatidylinositide 3-kinase; PTEN, Phosphatase and tensin homolog; 
Rheb, Ras homolog enriched in brain; Rictor, Rapamycin-insensitive companion of mTOR; RTK, receptor tyrosine kinase; S6, Ribosomal protein S6; S6K1, Ribosomal protein S6 
kinase beta-1; TSCl. Tuberous sclerosis protein I ; TSC2, Tuberous sclerosis protein 2; 4E-BP, Eukaryotic translation in itia tion factor 4E-binding protein.

Specific inhibitors of mTOR, PI3K, AKT and NFk B have all been 
investigated in the laboratory and clinical setting for effectiveness 
in NSCLC, w ith more recent strategies involving a combined treat
ment approach, or second line treatment w ith these targeted 
inhibitors following progression on chemotherapy regimens.

Here we review five different types of PI3K pathway inhibitors, 
including: P13K inhibitors, mTOR inhibitors, AKT inhibitors, dual 
P13K/mT0R inhibitors and NFkB inhibitors ( l ablc 2 ), as well as

co-targeting strategies involving the combination of these various 
inhibitors with each other and with inhibitors of MEK and EGFR.

PI3K inhibition

Widely used ATP-competitive inhibitors of PI3K in the labora
tory setting include wortmannin and LY294002. These inhibitors
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Table 1
P13K Pathway M uta tion  Frequency in NSCLC

Adenocarcinoma Squamous cell carcinoma Large cell carcinoma Refs.

AKTl <)% 1% Unknow n 13,33 37,112|
P1K3CA 2% (A m plifica tions : 6-19%) 2-7% (A m plifica tions : 33-70%) 3% (A m plifica tions; 38%) 13.4.13-16.1 12)
PTEN 1% (Loss 77%) 6% (Loss 70%) 3% (Loss 62%) [29 31,112)
LKBl 8-54% 27% 43-50% 116.31,46-49,1 12]

AKT1, V -A kt M urine  Thym om a V ira l Oncogene Hom olog: LKBh Serine/Threonine Kinase 11. P/K3CA.Phosphatidylinositol-4,5-B isphosphate 3-Kinase. Cata lytic Subunit A lpha; 
PTEN. Phosphatase And Tensin Homolog.

have shown anti-proliferative and pro-apoptotic effects in preclin- 
ical in v itro  and in vivo studies, however high levels of toxicity, 
insolubility in water, poor pharmaceutical properties and lack of 
selectivity for oncogenic isoforms of Class I PI3K, have all ham
pered the ir progression to human trials 150-52]. Although, the 
structure of LY294002 has been exploited in the design o f a 
number of PI3K inhibitors for clinical use |53,54j. A number of 
pan-Class I PI3K inhibitors have been investigated in both the lab
oratory and clinical settings, w ith  varying levels of success. These 
inhibitors, along w ith  isoform specific PI3K inhibitors and other

Table 2
PI3K Pathway Inhib itors.

In h ib ito r Target Phase
(lung)

A va ila b ility

W ortm ann in Class 1 PI3K - -

LY294002 Class 1 P13K - -

GDC-0941 Class I P13K 11(11) Oral
BKM120 Class 1 P13K K - ) Oral
PX-866 Class I P13K II (II) Oral
XL147 Class 1 P13K 11(1) Oral
BYL719 p i 10o( 11(11) Oral
I N K in 7 p ! lO a 1(1) Oral
CNX-1351 p i lOoi - -

GSK-2636771 p l lO p 11(11) Oral
SAR260301 p l lO j i 11(11) Oral
CAL-101 p n o 6 i i i ( - ) Oral
AMG319 p l l0 6 K - ) Oral
RP-5237 pH O fi - -

X-339 p i 106 - -

XL-499 p i 106 - -

RP-5090 p i 106 - -

KAR-4141 p l1 0 6 - -

GDC-0032 p i 10% p i lO y. p i  106 1(1) Oral
Rapam ycin/S iro lm us mTORCl IV (11) Oral
R A D O O l/A fin itor/ mTORCl IV (II) Oral

Everolim us
Tem siro lim us/T orice l mTOR IV (11) Intravenous
R ida fo ro lim us/M K - mTOR 111(11) Oral

8669
Perifosine/KRX-0401 AKT 111(11) Oral
M K-2206 AKT 11 (11) Oral
GDC-0068 AKT 11 (I) Oral
BEZ235 PI3K (Class I) & 11 (1) Oral

GDC-0980
m TORCl/2 
PI3K (Class I) & 11(1) Oral

XL765
m TORCl/2 
PI3K (Class I) & 11(1) Oral

OSI-027
m TORCl/2
4EBP1. AKT. mTORCl/ 
">

1(1) Oral

Velcade NFk B ( in d ire c t) IV (11) Intravenous

AKT. P rotein Kinase B; mTOR, m am m alian  target o f  rapam ycin; mTORCl, m am 
m alian ta rge t o f  rapam ycin  com plex 1; mT0RC2, m am m alian ta rget o f rapam ycin 
com plex 2; NFk B, Nuclear factor kappa-ligh t-cha in-enhancer o f activa ted B cells: 
p l lO x  Phosphatidy linos ito l-4 ,5-b isphosphate  3-kinase ca ta ly tic  subun it alpha 
iso fo rm : p l lO p , Phosphatidylinosito l-4 ,5-b isphosphate  3-kinase ca ta ly tic  subun it 
beta iso form : p l lO y .  Phosphatidylinosito l-4 .5-b isphosphate  3-kinase ca ta ly tic  
subu n it gam m a iso form ; p i 106, Phosphatidy iinos ito l-4 ,5-b isphosphate  3-kinase 
ca ta ly tic  su b u n it delta iso form ; PI3K. P hosphatidy linos itide  3-kinase: 4EBP1. 
E ukaryo tic tran s la tion  in it ia t io n  facto r 4E -binding p ro te in  1.

drugs targeting the P13K and MEK pathways are illustrated in
Fig. 2.

Pan-Class I PI3K inhibitors include CDC-0941, PX-866, BKM- 
120, XL-147 and CNE-317. CDC-0941 is currently being investi
gated in clinical trials [55,56], w ith  preclinical data supporting 
PIK3CA mutations and PTEN loss as predictive biomarkers of re
sponse to the drug in lung, breast, and other solid tumors |57 
591. To date, 13 trials are ongoing, mainly in NSCLC and breast can
cer. A Phase II tria l combining carboplatin/paclitaxel & carboplatin/ 
paclitaxel/bevacizumab w ith  and w ithou t CDC-0941 in patients 
w ith  previously untreated advanced or recurrent NSCLC began on 
December 14 2011, at 75-100 sites |60|. PX-866 has been shown 
to potently inh ib it cell growth and m otility  in three-dimensional 
cultures |61 ]. PX-866 has also been shown to overcome resistance 
to gefitinib in A549 cell NSCLC xenografts, where complete growth 
control was observed in the early stages of treatment |62|. PIK3CA 
mutations and PTEN loss predict sensitivity to PX-866, while the 
presence of mutant oncogenic RAS confers resistance to the drug, 
even in tumors bearing co-existing mutations in PIK3CA [631. This 
inh ib itor has been brought forward to the clinical setting, w ith  7 
trials ongoing including a Phase 1/11 study o f the use of the inhib itor 
w ith /w ithou t docetaxel in NSCLC 164|. BKM120 is active against 
most PIK3CA mutations, but does not significantly inhib it mTOR 
or Vps34 165,66). Preclinical studies in m ultip le myeloma primary 
cells and cell lines identified the anti-proliferative and pro-apopto- 
tic effects o f this pan-PI3K inhibitor, which has also shown evi
dence of target inhib ition and prelim inary anti-tum or activity in 
Phase I dose escalations studies |67,68|. XL147 is an ATP-compet- 
itive reversible Class I PI3K inhib itor which has shown dose-depen
dent inhib ition o f growth in human cancer cell lines w ith  
constitutive PI3K activation |69|. To date there have been 9 trials 
involving use of this drug, 3 of which have included NSCLC pa
tients. The drug is being investigated in combination w ith  other 
treatments such as paclitaxel, carboplatin and erlotinib. Optimiza
tion of the physiochemical properties o f PI3K inhibitors led to the 
identification of GNE-317, a compound which can cross the blood- 
brain barrier. GNE-317 treatment led to decreased PI3K pathway 
signaling in the brain, tum or growth inhib ition and survival benefit 
in murine models of glioblastoma [70|.

Isoform-Specific inhibition of PI3K

W ith the far reaching effects of P13K signaling, one way to more 
selectively inh ib it malignant cells while potentially minimizing 
off-target effects is to target specific isoforms of p i 10 rather than 
broadly inh ib it all Classl PI3Ks.

BYL719 and INK1117 are p llO oi specific inhibitors which are 
currently in early phase clinical trials, though no detailed reports 
of their in v itro  or in vivo efficacies have been published as of yet. 
In a recent study CNX-1351, a selective covalent inhibitor of 
p i 10a. has been shown to exert anti-pro liferative effects in vitro  
and the authors hypothesize that the prolonged inhibition of 
pllOot, coupled w ith  its isoform specificity, could enable less fre
quent dosing and minimized side effects, giving the potential for
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Fig. 2 . In h ib itio n  o f the  PI3K Pathway. Targeted inhib itors are available  w h ich  selectively  in h ib it key regulators o f the  PI3K and MEK pathw ays. Arrow s represent activation, 
bars represent in h ib itio n . AKT. Protein Kinase B; ERK, extrace llu lar-s igna l-regu la ted  kinase; MEK. M itog en -ac tiva ted  p rote in  kinase kinase; mTOR, m a m m a lian  target o f 
rapam ycin ; PI3K. Phosphatidy lm ositide  3-k inase: p llO o t, P hosphatidy linosito l-4 ,5 -b isphosphate  3 -k inase  catalytic  subunit alpha isoform ; p llO p . P hosp hatidy linosito l-4 ,5 - 
bisphosphate 3 -k in a s e  cataly tic  subunit beta isoform ; p n 0 8 ,  P hosphatidy linosito l-4 .5 -b isphosphate  3-k inase  cataly tic  subunit delta  isoform , RAF, RAF proto-oncogene  
s erin e /th reo n in e -p ro te in  kinase; RAS, Rat sarcoma.

a strong therapeutic index for tlie compound |711. However, while 
the role o f p i 10:x in insulin signaling is kinase-dependent, Jia et al. 
suggested in 2008 that p i 10(3 has kinase-independent roles in cell 
proliferation, endocytosis and potentially glucose homeostasis, 
which are distinct from its kinase-dependant role in tumorigenesis. 
As such, p i 1 op could represent a more promising target for thera
peutic inhib ition w ith  minimal side-effects |72-75|. GSK2636771 
is a p i 1 op selective inhib itor which has progressed to Phase II c lin
ical trials to treat advanced solid tumors w ith  PTEN deficiency, 
though no detailed in v itro  or in vivo has been published on the 
compound to date |76|. Another p llO p  selective inhibitor, 
SAR260301, is also currently being investigated in a Phase 1 clinical 
trial for solid tumors, although no preclinical data has been pub
lished for this compound to date either 176.771.

CAL-101 (CS-1101) is a p i 106 selective P13K inhibitor, which 
has been investigated in the laboratory in the area of malignant 
B-cell proliferation and survival. The drug was shown to block con
stitutive P13K signaling, and treatment of cell lines resulted in re
duced pAl<T levels. It has been suggested that selective inhibition 
of p i 106 may reduce the adverse side effects that could result from 
non-selective PI3K inhib ition, while maintaining a block on consti
tutive oncogenic signaling. It is also thought that inhib iting p i 106 
may succeed in blocking tumor microenvironment survival signal 
transduction in the cell |78|. There are 11 trials ongoing for this 
drug in both Phase I and II, mainly in lymphomas and leukaemias. 
At the time of publication, data on CAL-101 in solid tumors has not 
yet been published either in the laboratory or the clinical setting. 
AMG319 is a p i 106 inh ib itor which is currently in Phase I clinical 
trials for use in lymphoid malignancy |79|. Other pllO S inhibitors 
currently in preclinical investigation include RP-5237, X-339 and

XL-499 for use in cancer, and RP-5090 and KAR-4141 for use in 
asthma and inflammation, respectively 179|.

Genentech have hypothesized an alternative method of target
ing the p i 10 isoforms wherein p i lO x  p i lOy and p i 106 are inhib
ited but p i 1 op is not. This investigation has led to the development 
of GDC-0032, a ‘beta sparing' inhibitor, which has been shown to 
be effective in preclinical P1K3CA mutated and HER2 amplified 
models 176,801. Results from a recently completed GDC-0032 
Phase la clinical tria l were presented at AACR 2013, where 3 out 
of 5 patients w ith  PIK3CA mutated breast cancer had partial re
sponses to the drug |811.

mTOR inhibition

mTOR plays a critical role in cell growth and proliferation, and 
dysregulation of this kinase has been strongly associated w ith  car
cinogenesis. Inhibition of this molecule has been investigated as a 
potential anti-cancer therapy, w ith  applications in NSCLC (re
viewed In |82|). First generation mTOR inhibitors are known as 
rapalogs, or analogs of rapamycin. It is important to note that this 
family of drugs target the mTORCl complex specifically, and not 
mT0RC2.

Rapamycin/Sirolimus is an immunosuppressive macrocyclic 
lactone produced by Streptomyces hygroscopicus. The drug was 
originally administered in order to prevent organ rejection, how
ever w ith  the increased knowledge of mTOR's role in oncogenesis 
and tumor progression, it has since been investigated as an anti
cancer therapy. In cells, sirolimus binds to the immunophilin, FK 
Binding Protein-12 (FKBP-12), to generate an immunosuppressive
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com plex, w hich b inds to and inhib its the  activation  of mTOR. This 
inhibition suppresses cytokine-driven T-cell proliferation, inh ib it
ing th e  progression from th e  G1 to  th e  S phase of th e  cell cycle. 
A lthough there  is a know n risk of lung toxicity  in patien ts un d er
going im m unosuppressan t therapy  w ith  th is drug. Phase 1/11 trials 
in NSCLC pa tien ts w ith  sun itin ib  and o th er therap ies a re  ongoing 
1831.

RADOOl/Afinitor/Everolimus is an mTOR inh ib ito r w hich is a 
derivative of siro lim us w ith  a sim ilar m echanism  of action, in th a t 
bo th  inhibitors solely block mTORCl signaling w ith o u t exerting  ef
fects on mT0RC2. This drug is used  in th e  clinical se tting  as an 
im m u n o su p p ressan t w hich is adm in istered  follow ing transp lan ts. 
Currently, th e  d rug  is also being investigated  in a Phase 1 study 
of NSCLC pa tien ts w ho have progressed  on chem otherapy  as well 
as a nu m b er of Phase II stud ies in lung cancer |8 4 |.

A nother first generation  rapalog is tem sirolim us/Toricel, w hich 
w as FDA and EMEA approved in 2007 for trea tm e n t of renal cell 
carcinom a. M any trials involving this drug are  ongoing for solid tu 
m ors and m etasta tic  cancers. Like everolim us, th is inh ib ito r is 
associated  w ith  lung toxicity, especially  in pa tien ts w ith  p re-ex ist- 
ing lung disease. N onetheless, Phase 1 trials for NSCLC studying  the  
effects of tem siro lim us as a m ono therapy  or in com bination  w ith  
radiation, EKB-569 (an EGFR inh ib ito r) or v inorelb ine are ongoing 
|8 5 |.

RidaforoIim us/M K-8669 is a non pro-drug  analog of rapam ycin, 
w hich is m anufactured  using rapam ycin as a su b stra te  |8 6 |. A 
Phase I trial in pa tien ts w ith  advanced m alignancies show ed th a t 
th is drug  is well to le rated  and boasts prom ising  a n ti- tu m o r activity 
18 7 1. There are ongoing Phase I and II trials investigating  use o f the  
drug  in NSCLC as a m onotherapy.

Following th e  initial developm en t and investigation  of these  
first generation  inhibitors, th ere  w as a certain  level of d isappo in t
m en t regarding clinical trial outcom es. Further investigation  into 
th e  roles and in terac tions of th e  mTORCl and mT0RC2 com plexes 
has led to a g reater u n derstand ing  of th e  dualistic  n a tu re  of this 
pathw ay. T herapeu tic  inhib ition  of mTORCl alone can lead to the  
activation  of AKT via S6K d ep en d en t up regu lation  of th e  IRS-1 
and IGFR-1 pathw ays, due to inhibition  o f th e  mTORCl negative 
feed-back loop. W ith  each com plex having its ow n in teg rated  ne t
w ork  of regu latory  pro teins and feedback m echanism s, it has be 
com e clear th a t to m ore successfully inh ib it th e  action of mTOR, 
it is necessary  to targ e t bo th  mTORCl and mT0RC2 com plexes (re 
view ed in |8 8 |) .

Second generation inhibitors: Dual targeting o f PI3K and mTOR

Second g enera tion  inhib itors targ e t th e  adenosine  trip h o sp h ate  
site  o f th e  mTOR kinase dom ain, and crucially a re  able to block 
bo th  mTORCl and mT0RC2 com plexes. W ith  successful inhibition 
o f mT0RC2, th ere  is a significant decrease  in AKT phosphorylation , 
as well as im proved inh ibition  of mTORCl. A nother advantage of 
th is new  inh ib ition  stra tegy  is th a t the  cataly tic  dom ain  of mTOR 
is struc tu ra lly  q u ite  sim ilar to the  plOOa su b u n it o f P13K. As such, 
som e second g enera tion  inhibitors have dual activity  against both 
mTOR (mTORCl and  mT0RC2) and PI3K (all cataly tic  subunits) 
|8 9 |.

BEZ235 w as th e  first PI3K inh ib ito r to e n te r  clinical trials, in 
2006. In preclinical studies, the  drug show ed anti-proliferative  
and p ro-apopto tic  effects as well as inducing cell cycle a rrest in 
m ultip le  m yelom a cell lines. The drug  has been  show n to inhibit 
bo th  PI3K (pllO ot, p llO y , p i  108 and p llO p ) and mTORCl/ 
mT0RC2, increasing  its efficacy a t halting  PI3K pathw ay  signalling. 
There are cu rren tly  14 Phase l/II clinical tria ls ongoing, m ainly in 
b reast cancer and  o th e r solid tum ors |9 0 |. XL765 has show n broad 
an ti-cancer effects, w ith  activity  being observed w hen  used as a

m ono therapy  and in com bination  w ith  conventional ch em o th era 
pies in g lioblastom a cell lines and xenografts |911.There have been 
21 clinical tria ls to  date  investigating  this drug  in a w ide range of 
cancers. OSl-027 is cu rren tly  in Phase I clinical trials for patien ts 
w ith  advanced solid tu m ors or lym phom a |9 2 |. It has been show n 
to ex ert po ten t an ti-p ro life ra tive  effects in cell lines w ith  PI3K/Akt 
pathw ay activation. In add ition  to inhibiting mTOR, preclinical 
stud ies have show n th a t OSI-027 trea tm en t leads to concen tra- 
t io n -d ep en d en t pharm acodynam ic  effects on phosphorylation  of 
4E-BP1 and AKT in tu m o r tissue, w ith  resulting  tum or g row th  inh i
bition  superio r to th a t of first generation  mTOR inh ib ito r rapam y
cin |9 3 |. GDC-0980 d em o n s tra ted  excellent dow nstream  inhibition 
of the  PI3K pa th w ay  in vitro, w ith  the  strongest effects being ob
served in lung, b reast and p ro sta te  cancer cell lines |9 4 |. There 
are  12 trials ongoing for th is drug, w ith  Phase I tria ls in solid tu 
m ors and Phase II s tu d ies in endom etria l carcinom a, renal cell car
cinom a, p ro sta te  cancer and b reast cancer. A nother Phase II trial is 
ongoing involving GDC-0941 or GDC-0980 w ith  fu lvestran t versus 
fu lvestran t in advanced  or m etasta tic  b reast cancer in patien ts 
re sistan t to a ro m atase  in h ib ito r th erap y  (9 5 1.

The overall success o f second genera tion  and dual PI3K/mT0R 
inhibitors com pared  to first genera tion  mTOR inhibitors has been 
a ttrib u ted  to  th e  reduction  in th e  upregulation  of PI3K w hich is 
typically  seen in response  to blockade of mTORCl.

AKT inhibition

A ctivated AKT (p-AKT) has been  show n to  be p resen t in 43-90%  
of NSCLC cases and in up to 50% of SCLC cases |321. As such, re 
search into th e  use  of specific AKT inhibitors in lung cancer is w ar- ■ 
ran ted , and has been  carried  ou t in recen t years.

Perifosine/KRX-0401 is an AKT inh ib ito r w hich w as first re
ported  in 1997, w h en  it w as show n to have significant an ti-g row th  
effects in a n u m b er o f h um an  cancer cell lines, as well as in in vivo 
m odels |9 6 |.  In a 2004 study  involving th e  A549 lung cancer cell 
line, perifosine w as show n  to induce a synergistic  response w hen  
used in com bination  w ith  th e  PDKl inh ib ito r UCN-01, a lthough 
perifosine trea tm e n t a lone did no t have a significant effect on 
th e  A549 cells |971. Further investigation  in 2007 by Elrod et al. in
volved trea tin g  a panel o f NSCLC cell lines w ith  the  drug. Here, 
apoptosis w as observed in response  to perifosine trea tm e n t in both 
H460 and A549 cells, w hile  an ti-p ro life ra tive  effects and cell cycle 
effects w ere  observed in o th e r NSCLC cell lines |9 8 |. To date, th ere  
have been 43 clinical tria ls involving perifosine, including Phase I/II 
tria ls open to  NSCLC p a tien ts . A prom ising Phase II trial w hich con
cluded in 2010 d e m o n s tra ted  a doubled  tim e to progression in 
colorectal cancer, w hich  lead to a Phase III trial in 2011 th a t com 
pleted  in May 2012 |9 9 ,1 0 0 |.

M K-2206 is an orally  available a llosteric  AKT inhibitor w hich is 
un d e r d ev elopm en t for th e  t re a tm e n t o f solid tum ors (1 0 1 1. A 2010 
study  investigated  th e  effects o f th e  inh ib ito r in com bination  w ith  
a range of com m on ch em o th erap eu tic  agents and identified syner
g istic responses w h en  H460 NSCLC cells w ere  trea ted  w ith  MK- 
2206 and doxorubicin , cam pto thecin , gem citabine, 5-fiuorouracil, 
docetaxel or carboplatin  |1 0 2 |. To date, th ere  have been 43 MK- 
2206 clinical trials, w ith  Phase I resu lts  show ing th a t the  drug  is 
w ell to lerated , and  p roducing  ev idence of AKT signaling blockade 
1103 |. Phase II tria ls are  ongoing, including a trial w hich is investi
gating  th e  effects of M K-2206 in p a tien ts  w ith  advanced NSCLC 
w h o  have p rogressed  on erlo tin ib  hydrochloride trea tm en t |1 0 4 |. 
GDC-0068 has also show n efficacy in early  clinical trials, d em o n 
stra tin g  selective inh ib ition  of AKT and robust knockdow n of the  
AKT p a th w ay  in m u ltip le  tu m o r types 11 0 5 -1 0 7 1.
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Iî FkB inhibition

NFkB, w ith  its central role in th e  expression of hundreds of 
jnflaninnatory and carcinogenic genes, is a very a ttractive  targe t 
in th e  clinical setting. However, w ith  th e  far reaching conse
quences o f inhib iting  th is crucial regu la tor o f cellu lar processes, a 
certain am oun t o f caution m u st be m ain tained  in th e  developm ent 
of NFkB inhibitors for use in patien ts (review ed in [108|).

Velcade/Bortezom ib is th e  m ost clinically advanced inhib itor of 
NFkB. W hile th ere  are m any com pounds curren tly  used in th e  lab
oratory se tting  w hich inh ib it th e  transcrip tion  factor using various 
m echanisms, th is p ro teasom e inhib itor is th e  prim ary (indirect) 
inhibitor o f NFk B th a t is curren tly  available for clinical trials. There 
have been 600 Phase I/Il trials to date  involving this drug. A m ulti
centre phase  11 trial for m ultip le m yelom a patien ts w ho had re
lapsed follow ing conventional therapy  & refractory to salvage 
chem otherapy has been com pleted  and resu lts show ed th a t 35% 
patients had com plete /partia l response |109]. Here, the  drug was 
shown to be w ell to lerated , and w as approved by th e  FDA in 
2003 for m ultip le  m yelom a. In lung cancer. Phase 11 trials for pa
tients w ith  NSCLC is ongoing (alone/in  com bination  w ith  doce- 
taxel/gem citabine/carboplatin) 1110].

Co-targeting the PI3K pathway

Recent evidence has identified th e  co-existence of PIK3CA and 
o ther oncogene m uta tions (KRAS, MEK, BRAF, EGFR and ALK rear
rangem ent) in lung adenocarcinom a, w ith  70% of PI3KCA m utations 
occurring alongside o th er com m on driver m uta tions 11111. This 
data highlights the  im portance of in -dep th  m uta tion  profiling of 
patients enrolling in clinical trials for all targe ted  therapies, espe
cially given th e  high ra te  of overlapping m uta tions in NSCLC. A 
com bination approach to NSCLC therapy  represen ts an a ttractive  
m ethod of curtailing tu m o r grow th  and progression in a m ulti
targeted m anner. This stra tegy  m ay prove beneficial no t only for 
patients w ith  overlapping m utations, b u t also for the  purpose of 
pre-em pting th e  developm ent of resistance to  targeted  inhibitors 
through bypass tracks. Further po ten tial for success w ith  this 
com bination trea tm e n t strategy lies w ith  th e  reduction  of adverse 
effects associated  w ith  th e  tw o drugs, by protocols including in te r
m itten t dosing ra th e r th an  concom itan t dosing |5]. Two m ajor 
m ethods of co-targeted  inhibition of th e  P13K pathw ay have been 
investigated to date: vertical inhibition, w here  PI3K pa thw ay  inhib
itors are com bined w ith  cell surface recep to r inhibitors, and hori
zontal inhibition, w here  inhib ition  of in tracellu lar PI3K signaling 
m em bers is com bined w ith  inhibition  of o th er cell signaling p a th 
ways. The m ost successful vertical inhibition  stra teg ies reported  
thus far involve th e  co-targeted  inhib ition  o f P13K and HER family 
m em ber receptors, w hile  th e  m ost w idely  reported  stud ies of hor
izontal inhib ition  have involved co-targeting  th e  P13K and MEK 
pathw ays.

Vertical inhibition strategies for co-targeting the PI3K pathway

The epiderm al grow th  factor recep tor (EGFR) plays an im por
tan t role in th e  pathogenesis of lung cancer, and is m u ta ted  in 
15-20% of NSCLC cases |1 1 2 |. Gefitinib and erlo tin ib  a re  targeted  
EGFR tyrosine kinase inhibitors, curren tly  used in th e  trea tm en t 
of NSCLC. HER2 also plays a role in NSCLC and is m u ta ted  in ~2% 
of cases 1113 |. Second generation  pan-HER inhibitors such as afat- 
inib, neratin ib , dacom itinib and lapatin ib  exert inhib itory  effects 
on EGFR and HER2 and are currently  being tested  in th e  second- 
and th ird -line  settings in NSCLC |1 1 4 |.

It has been  suggested th a t the  PI3K pathw ay  m ay be activated 
in response to  EGFR/HER2 TKl trea tm en t, and th is activation  of

th e  pathw ay m ay be a m echanism  of resistance to  these  tre a t
m ents |115], A 2011 study show ed th a t gefitin ib -resistan t NSCLC 
cell lines w ere  partially  resensitized  to gefitinib upon trea tm en t 
w ith  th e  PI3K inh ib ito r LY-294002 and th e  MEK inh ib ito r U0126. 
W hile trea tm en t w ith  these  tw o pathw ay inhib itors partially re
stored  sensitivity  to gefitinib, they  did no t totally  reverse resis
tance, and as such it can be assum ed th a t PI3K/MEK pathw ay 
activation is not th e  only m echanism  of resistance th a t is a t w ork  
in th is case |1 16). M utant PIK3CA and PTEN loss have bo th  been 
associated w ith  resistance to  lapatinib, and BEZ235 has been re 
ported  to successfully reverse th is resistance in vitro[ 117], Recently 
published in vitro data indicates a synergistic  anti-proliferative re
sponse by NSCLC cells to everolim us/gefitinib com bination  tre a t
m ent. Strongly reduced levels of bo th  pAlCF and pMAPK w ere 
observed in tw o NSCLC cell lines trea ted  w ith  bo th  drugs in com bi
nation, desp ite  everolim us alone exerting  no effect on pAKT levels 
1118 ]. Initial results w ere  p resen ted  a t ASCO 2013 from  a phase Ib 
trial of gefitinib in com bination w ith  BKM120 in pa tien ts w ith  ad 
vanced NSCLC w ith  en richm ent for patien ts w hose tum ors harbour 
m olecular a ltera tions o f PI3K pathw ay  and know n to overexpress 
EGFR. BKM120 trea tm en t led to  a n titu m o r activity  in patien ts 
w ho w ere  re sistan t to  gefitinib, and a dose-expansion cohort inves
tigation is curren tly  ongoing w hich  will provide inform ation on th e  
efficacy of alternative  schedules in reducing late  toxicities |1 1 9 |.

Horizontal inhibition strategies for co-targeting the PI3K 
pathway

The RAS protein  superfam ily plays an im p o rtan t role in lung 
carcinogenesis and th e  m ain tenance of th e  m alignan t phenotype, 
w ith  KRAS and BRAF being frequently  m u ta ted  in NSCLC. It has 
been reported  th a t one or o th er of KRAS and  BRAF is m u ta ted  in 
50% of NSCLC cases [120].

W ith th e  RAS/RAF/MEK signaling cascade enabling  cancer cells 
to  grow, divide and survive, as w ell as undergoing cross-talk  w ith  
the  PI3K through  num erous points of convergence, th ere  has been 
significant in te res t in developing m ethods o f 'sw itching off the  
pathw ay in cancers including NSCLC. Sorafenib is an oral m u lti
kinase inh ib ito r w hich targets RAF kinases (RAF-1, w ild -type B- 
RAF, and B-RAF V600E), as w ell as recep tor tyrosine kinases associ
a ted  w ith  angiogenesis (vascular endothelia l g row th  factor recep
to r [VEGFR]-2/-3, p late le t-derived grow th  factor recep tor 
[PDGFR]-p) and tum or progression (Flt-3, c-kit). This drug  has been 
approved for trea tm en t of renal cell carcinom a, how ever a Phase 111 
trial in NSCLC patien ts reported  no clinical benefit for patien ts tre a 
ted  w ith  sorafenib in com bination  w ith  chem otherapy  com pared 
to pa tien ts trea ted  w ith  chem otherapy  alone [1211.

The only know n sub stra te  for MEK is ERK, and since activation  
of MEK and ERK can be independen t of RAS activation, one m ajor 
focus of targe ted  inhib ition  of this pa thw ay  has been MEK. 
CL-1040 is a MEKl/2 inhib itor w hich has been  b rough t to  Phase 
II trials in patien ts w ith  NSCLC, w here  70% of patien ts expressed  
activated  ERK (pERK) a t baseline. No objective response w as ob
served here, though  th is w as considered to be  due to  pharm acody
nam ic issues w ith  th e  drug, and the  au thors suggest th a t the  
approach of inhib iting  this pathw ay m ay still be useful in NSCLC 
1 1 2 2 ].

PD0325901 is a non-ATP-com petitive specific MEK inhibitor, 
w hich w as evaluated  in a Phase II trial in advanced NSCLC patients, 
w hich w as u ltim ate ly  term in a ted  due to som e re tinal d isturbances 
11231. Selum etinib is a specific MEKl /2 inh ib ito r w hich is currently  
being investigated in NSCLC alone and in com bination  w ith  e rlo ti
nib in a Phase II trial. Patients w ith  m u ta n t KRAS will e ith e r be 
trea ted  w ith  selum etin ib  alone or in com bination  w ith  erlotinib.
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a n d  p a t ie n ts  w i th o u t  a KRAS m u ta t io n  will  be  t r e a te d  w i th  e i th e r  
e r lo t in ib  a lone  o r  in co m b in a t io n  w i th  se lu m e tin ib  |1 2 4 | .

A p a p e r  pu b l ish ed  in 2 0 0 9  identif ied  a r o b u s t  in c rease  in a p o p -  
to s is  an d  tu m o r  sh r in k a g e  up o n  co m b in e d  b lockade  o f  b o th  o f  th e  
P13K an d  MEK p a th w a y s  |1 2 5 | ,  w i th  f u r th e r  in vitro  a n d  in vivo  
w o rk  sh o w in g  p ro m is e  for th is  s t r a te g y  | 1 2 6 - 1 2 8 | .  Recent 
in vitro  d a ta  d e m o n s t r a t e s  t h a t  P13K in h ib i to r  GDC-0941 syne rg izes  
w i th  th e  MEK in h ib i to r  U 0126  in NSCLC cells 1129|. W i th  a d v e rse  
effects such  as h yperg lycem ia ,  nausea ,  fatigue, rash  a n d  g a s t ro in 
te s t ina l  toxici t ies  be ing  a s soc ia ted  w i th  pan-PI3K inh ib i t ion ,  as 
w el l  as rash ,  d ia r rh e a  a n d  d e rm a t i t i s  a c n e fo rm  a s so c ia ted  w i th  
MEK inhib it ion ,  c o n t in u o u s  e x p o s u re  to  b o th  P13K a n d  MEK in h ib 
itors  m a y  n o t  be  feasib le  in th e  clinical  se t ting .  H ow ever ,  preclin i-  
cal d a ta  inves tiga t ing  th e  co m b in a t io n  o f  CDC-0941 a n d  GDC-0973 
b o th  in vitro  a n d  in vivo  p o in ts  to  th e  po ten t ia l  efficacy o f  i n t e r m i t 
t e n t  dosing  in m a in ta in in g  a r o b u s t  ap o p to t ic  r e sp o n s e  15 1. A p h a s e  
I t r ia l  is c u r re n t ly  rec ru i t in g  p a t ie n ts  w i th  solid t u m o r s  for c o m b i 
n a t io n  t r e a t m e n t  w i th  PI3K p a th w a y  in h ib i to r  BKM120 a n d  MAPK 
p a th w a y  inh ib i to r  MEK162 1130]. This ap p ro a c h  m a y  b e c o m e  m o re  
c o m m o n  in lung  c an ce r  t r e a tm e n t ,  w i th  a n  e s t im a te d  70% o f  lung  
tu m o r s  d isp lay ing  RAS/RAF/MAPK p a th w a y  ac t iva t ion  |1 2 0 | .

PI3K inhibition as a strategy to overcome radioresistance & 
chemoresistance

The ro le  o f  th e  P13K p a th w a y  in rad io re s is tan ce  has  b e e n  s t u d 
ied ex tens ively ,  w i th  PI3K s igna ling  be ing  a s soc ia ted  w i t h  all th re e  
m e c h a n i s m s  o f  re s is tan ce  to rad ia t ion  ( in tr ins ic  rad iosens i t iv i ty ,  
pro l ife ra t ion  an d  hypoxia) ,  as r ev iew ed  in |1 3 1 | .  AKT has b e e n  
iden t i f ied  as  a key m e d ia to r  o f  r e s is tance  to  rad ia t ion ,  a n d  ECFR- 
d e p e n d a n t  a c t iva t ion  of  t h e  P13K p a th w a y  has b e e n  sh o w n  to 
m e d ia te  r ad io re s is tan ce  in KRAS m u t a n t  NSCLC cells | 1 3 2 - 1 3 4 | .  
S tra teg ie s  a im in g  to in c rease  rad iosens i t iv i ty  t h ro u g h  b lockade  of  
t h e  P13K p a th w a y  have  b e e n  successful  in vitro, bo th  t h r o u g h  in h i 
b i t ion  o f  EGFR a n d  P13K i tse lf  1 1 3 5 - 1 3 7 1.

T h ere  is also s t ro n g  ev id e n c e  su gge s t ing  a role for th e  P13K 
p a th w a y  in c isp la tin  re s i s ta n c e  in o var ian  can ce r  in par t icu lar .  
A m plif ica tion  of  th e  PIK3CA g ene  1138.13 9 |  a n d  r e d u c t io n  o f  PTEN 
e x p re ss io n  11 3 9 -1 4 1 ]  h a v e  b e e n  identif ied  as a p p a r e n t  m e d ia to r s  
o f  c isp la t in  res is tance .  Data has e m e rg e d  w i th in  t h e  las t  th r e e  
yea r s  p o in t ing  to w a r d  in v o lv e m e n t  o f  t h e  PI3K p a t h w a y  in c i s 
p la t in  re s is ta n c e  in o th e r  cancers ,  inc lud ing  liver  ] 1 4 2 -1 4 4 ] ,  b re a s t  
1145-147]  a n d  o eso p h a g e a l  ] 148,149).

In 2005, t h e  PI3K p a t h w a y  w a s  firs t identif ied  as  p lay ing  a role 
in lu n g  c a n c e r  re s i s ta n c e  to  c ispla tin . T su ru tan i  e t  al. r e p o r te d  t h a t  
ex t ra c e l lu la r  m a t r ix  m e d ia t e d  a c t iva t ion  of  th e  p a th w a y  p ro m o te s  
re s is ta n c e  to  c isp la tin  as  w e l l  as  to  o th e r  ag e n ts  in SCLC cells ] 150], 
M ore  recently ,  PI3K p a t h w a y  m e m b e r  p70S6K has  b e e n  asso c ia ted  
w i th  in tr ins ic  lung  ca n c e r  re s is tance  to  c isp la tin  ]151]. Cisplat in  
t r e a t m e n t  has  b e e n  s h o w n  to resu l t  in P13K p a th w a y  m e d ia te d  
t r a n s lo c a t io n  o f  NFk B to t h e  nucleus ,  lead ing  to  in c rease d  e x p re s 
sion  o f  th e  a n t i a p o p to t i c  h e a t  shock  p ro te in  HO-1 in NSCLC A549 
cells ]152]. Also, a  r e c e n t  s tu d y  inves tiga t ing  th e  ro le  o f  gene t ic  
v a r ia n ts  in th e  P13K p a th w a y  in p la t in u m  res is tance ,  in a Chinese 
pop u la t io n ,  found  t h a t  a v a r ia n t  in th e  AKTl g e n e  w a s  p red ic t ive  
o f  re s is ta n c e  to  c isp la tin  1153].

PI3K inhibition and immunotherapy

PI3K p a th w a y  signa ling  can p lay  c o n t r a s t in g  roles in i m m u n e  
r e sp o n s e  to  m al ignancy ,  w i th  in v o lv e m e n t  in b o th  t u m o r  c lea ran ce  
a n d  also i m m u n e  evas ion  a n d  sup p ress io n .  PI3K is f u n d a m e n ta l  to 
ce l l -m e d ia te d  t u m o r  c learance ,  w i th  signal t r a n s d u c t io n  by  th e  
p a th w a y  e s sen t ia l  in GM -CSF-induced d i f fe ren t ia t ion  o f  d e n d r i t ic  
cells f rom  m o n o cy te s ,  a n d  ce r ta in  PI3K isoform s r e q u i re d  for T-cell

d e v e lo p m e n t  1154,155]. p l lO S  in p a r t icu la r  is involved w i th  th e  
regu la t ion  o f  im m u n e  re sponse ,  ac t ing  in a n u m b e r  of  capac it ies  
inc lud ing  th e  induc t ion  of  NK cell t e rm in a l  m a tu ra t io n ,  w i th  NK 
cells co n s t i tu t in g  th e  b o d y ’s first l ine o f  d e fen se  ag a ins t  m a l ig n a n t  
cells ]23], Conversely, th e  PI3K p a th w a y  can  also be  u ti l ized  by 
t r a n s fo rm e d  cells to  ev ad e  th e  i m m u n e  sy s te m  by m im ick in g  im 
m u n e  cells ] 156], dev e lo p in g  re s is ta n c e  to  T-cell m e d ia te d  ap o p to -  
sis ]157],  se cre t ing  im m u n o s u p p r e s s iv e  cy tok ines  ] 158,159], 
e n h a n c in g  th e  im m u n o su p p re s s iv e  po ten t ia l  o f  Treg  cells ]160] 
o r  e m u la t in g  im m u n e  cell c h e m o ta c t i c  r e sp o n s e s  ( rev iew ed  in 
[161]). The role o f  mTOR in i m m u n e  regu la t ion  has  long b een  
inves tiga ted ,  w i th  in h ib i t ion  by  r a p a m y c in  b e ing  used  to  t r e a t  
t r a n s p la n t  re jection .  P13K signa ling  th r o u g h  mTOR has  b e e n  sh o w n  
to  in teg ra te  m u l t ip le  acce sso ry  signals , cy tok ines  an d  e n v i r o n m e n 
tal cues, d e t e rm in in g  th e  o u tc o m e  o f  T cell r e c e p to r  (TCR) e n g a g e 
m e n t  w i th  rega rd  to  ac t iv a t io n  o r  an e rg y  ]162].  mTOR has been  
identif ied  as a d i fferentia l  r e g u la to r  o f  effec tor  a n d  reg u la to ry  T cell 
l ineage  c o m m i tm e n t  w i th  in h ib i t io n  o f  mTOR indu c in g  d if fe ren t i 
a t io n  o f  CD4 cells in to  CD4*CD25*Foxp3* T reg  ce lls ] 163,164],  
mTORCl has  b e e n  recen t ly  s h o w n  to  co u p le  i m m u n e  signals  and  
m etabo l ic  p ro g ra m m in g  to  e s ta b l is h  Treg cell function ,  par t ly  
th ro u g h  in h ib i t ion  o f  th e  m T0R C2 p a th w a y  ] 165 ]. mTOR also plays 
a ro le  in g enera t ion ,  d if fe ren t ia t ion ,  m a tu ra t io n ,  survival  an d  fu n c 
tion  o f  den d r i t ic  ce lls ]166].

The PI3K p a th w a y  reg u la te s  a specific c loak ing  m echan ism , 
m ak in g  can ce r  cells invisible  to  th e  i m m u n e  sy s tem .  This m e c h a 
n ism  involves th e  in te ra c t io n  b e t w e e n  th e  p r o g ra m m e d  d e a th  1 
(PD -1) p ro te in ,  on th e  su r face  o f  T-cells,  and  p r o g ra m m e d  d e a th  li
ga n d  1 (PD-Ll)  on  th e  su r face  o f  th e  cance r  cell an d  al low s tu m o r  
cells to  es c a p e  th e  i m m u n e  re sp o n s e  th ro u g h  inh ib i t io n  of  cytolytic 
T cells ] 167,168). N orm ally  th is  P D -1-PD -Ll  in te ra c t io n  sw itches  
T-cells off w h e n  T-cell ac t iv a t io n  has  p e a k e d  in an  im m u n e  r e 
sp o n se  to  p re v e n t  h o s t  t i s s u e  d a m a g e .  NSCLC cell l ines w i th  KRAS. 
EGFR, BRAF, ALK o r  RET m u ta t io n s  w e r e  found  to exp ress  high lev
els of  PD-Ll, an d  th is  m a y  b e  l in k ed  to  h ig h  levels of  P13K/Akt/ 
mTOR p a th w a y  ac t iva t ion .  In h ib it ion  o f  PD-Ll t h r o u g h  th e  use  of  
t h e  m onoc lona l  a n t ib o d y  n iv o lu m a b  in d u c e d  d u ra b le  t u m o r  
regress ion  a n d  p ro lo n g ed  s ta b i l iza t io n  o f  d ise ase  in p a t ien ts  w i th  
a d v an ce d  NSCLC ] 169]. Data p r e s e n te d  a t  t h e  201 3  AACR Annual 
M e et ing  iden tif ied  t h e  PI3K p a t h w a y  as a d r iv e r  o f  PD-Ll e x p re s 
sion, w i th  inh ib i t ion  o f  PI3K, AKT a n d  mTOR all lead ing  to d e 
c re a s e d  PD-Ll e x p re ss io n  ]170], As such, i m m u n e  th e rap ie s  
t a rg e t in g  PD -1-PD -Ll  i n te r a c t io n  m a y  be  e n h a n c e d  by c o m b in a 
t ion  w i th  P13K inhib it ion .

Recent d a ta  p u b l i sh e d  by M arsha l l  e t  al. a lso  iden t i fy  a n u m b e r  
o f  poss ib le  ro u te s  for  ta i lo re d  in h ib i t io n  o f  PI3K in o rd e r  to bes t  
am plify  th e  a n t i t u m o r  i m m u n e  re sponse .  The g ro u p  found th a t  
inh ib i t ion  o f  p i  10(3 a n d  p i  108 m o d u la t e s  cy tok ine  p roduc t ion  by 
d e n d r i t ic  cell t u m o r  vaccine, a n d  t h a t  t h e  inh ib i t io n  o f  PI3K p a th 
w a y  signa ling  in d e n d r i t ic  ce lls s ign if ican tly  im p ro v e s  th e i r  a n t i tu 
m o r  efficacy. They  also id en t i fy  a h igh ly  effec tive  co m bina t ion  
t r e a t m e n t  s t ra tegy ,  n o t in g  t h a t  t h e  d i rec t  a d m in is t r a t io n  of  a TLR 
a g o n is t  w i th  a PI3K inh ib i to r  in d u c e s  h igh ly  effective a n t i tu m o r  
im m u n i ty  ] 171 j. The  co m p le x  in te rp la y  b e t w e e n  t h e  P13K p a th w ay  
a n d  th e  a n t i - tu m o r  i m m u n e  r e s p o n s e  w a r r a n t s  f u r th e r  s tudy  and  
re p re s e n t s  a p ro m is in g  n e w  a v e n u e  to  b e s t  ex p lo i t  t h e  a n t i - tu m o r  
effects o f  clinical  P13K inh ib i to rs  in NSCLC.

Conclusions

In re c e n t  years  inh ib i t io n  o f  t h e  PI3K p a t h w a y  in NSCLC has 
b e e n  th e  focus o f  m u c h  re se a rc h .  W i th  m a n y  d i f fe ren t  PI3K p a t h 
w a y  inh ib i to rs  c u r re n t ly  u n d e r  in v es t ig a t io n  in  b o th  t h e  labora tory  
an d  clinic, w i th  v ary ing  efficacies a n d  t r e a t m e n t  s tra tegies ,  it is 
crucial  w e  iden t i fy  ro b u s t  p re d ic t iv e  a n d  p h a rm a c o d y n a m ic  bio-
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Intrinsic or acquired resistance to  chem otherapeutic  agents is a com m on phenom enon 
and a m ajor challenge in the  trea tm e n t of cancer patients. C hem oresistance is defined 
by a com plex ne tw ork  o f factors including m ulti-drug resistance prote ins, reduced cellular 
uptake of the  drug, enhanced DNA repair, in tracellular drug inactivation, and evasion of 
apoptosis. Pre-clinical m odels have dem onstra ted  tha t many chem otherapy drugs, such 
as platinum -based agents, antracyclines, and taxanes, prom ote  the  activation of the NF- 
k B pathway. NF-k B is a key transcrip tion factor, playing a role in the  deve lopm ent and 
progression o f cancer and chem oresis tance through the  activation of a m ultitude  o f m ed i
ators including anti-apopto tic genes. Consequently, NF-k B has em erged as a prom ising 
anti-cancer target. Here, w e  describe the role o f NF-k B in cancer and in the  developm ent 
of resistance, particularly cisplatin. Additionally, the potentia l bene fits  and disadvantages 
of ta rge ting  NF-k B signaling by pharm acological in te rven tion  w ill be addressed.

Keywords; NF-kB, cancer, cisplatin. chemotherapy, resistance, apoptosis, oncogene

INTRODUCTION
Platinum-based anti-cancer drugs, such as cisplatin, play a crucial 
role in the treatment o f cancer. The cytotoxic effect o f these drugs 
relies on the ir ability to induce DNA damage. However, intrinsic 
or acquired resistance to chemotherapy often critically lim its the 
efficacy and outcome o f treatment. Much progress has been made 
delineating the mechanisms o f cellular resistance, which include 
reduced intracellular accumulation o f the drug, increased DNA 
repair and altered oncogene and regulatory protein expression. In 
addition, increased expression o f anti-apoptotic genes and muta
tions in the intrinsic apoptotic pathway contribute to impaired 
DNA damage detection and apoptosis induction nJ
I ;ni,i ). Recently, Nuclear Factor-kappa B (NF-k B) has
been identified as a key player in resistance mechanisms ( I Ikm : 
i l ' ■; 1'" 'It! • I' ' 1; ISr.uuci ct .il. '■■)■

Nuclear Factor-kappa B (NF-kB) is a tigh tly regulated tran
scription factor, composed o f homo or heterodimers from a pool 
o f five REL proteins: NF-kB l(p50), NF-kB2 (p52), RelA (p65), 
RelB, and c-Rel (Rel). However, their biological effects are cell 
type dependant, mediating diverse physiological processes. In 
un-stimulated cells, NF-k B is sequestered w ith in  the cytoplasm, 
bound to its regulatory protein, inh ib ito r o f N F-kB ( IkB). NF- 
k B  activation is driven by the phosphorylation o f IkB, resulting 
in the dissociation o f the NF-kB:IkB complex. Consequently, 
exposing the nuclear localization sequence o f NF-kB, thus induc
ing its translocation in to the nucleus (< ct .il. After
homo/heterodimer form ation, NF-kB binds to specific promoter 
sequences ( k B  sites) contained w ith in  many genes, which play 
im portant roles in cellular growth and apoptosis ( I ' . i l i l .  ) .

Traditionally the activation o f NF-kB occurs through two inde
pendent signaling pathways: in the canonical pathway, binding 
o f a ligand to a cell surface receptor, such as a member o f the

toll-like-receptor (TLR) superfamily, leads to the recruitment 
o f adaptors (such as TRAF) to the cytoplasmic domain. TRAF 
recruits and activates the IKK complex, containing the IKKp or 
IKKa protein and the scaffold protein, NF-kB essential modulator 
(NEM O). IKK phosphorylates two serine residues ( s e r ^ ^ / s e r ^ ^ ) ,  

in the IkBh regulatory domain resulting in dissociation o f the 
NFkB;1kB complex. The non-canonical pathway is activated in 
response to non-inflam m atory stimuli, such as BAFFR induced 
B-cell m aturation ( ). Non-canonical signaling
is mediated via IKKa independent o f NEMO, but requires NF-kB- 
inducing kinase (N IK ) (I ). Recently, an alternate
pathway o f NF-k B activation has also been described, which does 
not require IKK. For example, the activation o f NF-kB by UV light 
occurs via casein kinase 2 and subsequent calpain-dependent Ik B 
degradation (Figure 1) ct ,il. ' ).

NF-k B AND CANCER
NF-kB and its target genes have been implicated as mediators in 
all o f the hallmarks o f cancer ( I ' . i i  1 1 l . t i u h . i n  . i i u i  W c in l u M

). Constitutive activation o f NF-kB has been demonstrated 
in lung ( k . x  ct . i l  ) ,  breast ( h u . i  ct <il. ) ,  lymphoma 
( / i  i t  ) ,  and leukemia ( \ ' i l i i n . i -  ct , i l .  ■' ) cell lines.
Elevated NF-kB levels correlate w ith  poor prognostic outcome in 
ovarian cancer ( \nm n i/i.it j  ct a l .  ■' 1' ) and glioblastoma ( I ’m ' .

J I ). The inh ib ition o f NF-kB signaling or NF-kB gene
knockout, has been shown to mediate an ti-tum or responses (I i 
‘ I .1 : , ' . i ;  M l .  \  I.in ct . i l . .  ) .

NF-k B a n d  CHEMOTHERAPEUTIC RESISTANCE
In addition to its role in cancer cell survival (I i ct il. ' ),
activated NF-kB has also been identified as a key mecha
nism o f cisplatin resistance. NF-kB activity inversely correlated
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FIGURE 1 I A c tiva tion  o f NF-kB can be described by d is tin c t pathw ays. receptor (TNFs) members, is dependent on the NF-KB-inducing kinase (NIKI,
according to  the  m echanism  of k B  degradation  Canonical signaling, which activates proteolytic processing of plOO by IKKu, NF- kB activation can
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w ith  cellular sensitivity to chem otherapy in carcinom a cell lines 
{ ( .h ii,in i;i'l ,iL, ). Furtherm ore, long term  treatm ent o f a panel 
o f lung cancer cell lines, w ith  increasing doses o f cisplatin, p ro 
duced cell lines resistant to cisplatin m ediated cell death (li .ir rc t .il. 
2(1) ') .  These resistant cells show increased expression o f  N F -k B, 
com pared to their m atched cisplatin sensitive parent, im p lica t
ing N F -k B as a potentia l m ediator o f acquired cisplatin resistance 
(unpublished data).

Nuclear proteins, isolated from  prostate cancer cells treated 

w ith  cisplatin, had activated N F -kB  levels greater than untreated  

control cells, as measured by increased D N A  b ind ing  activity. 
This activity could be abrogated by transfection w ith  p65 siRNA. 
Cisplatin, therefore, enhanced the D N A  b inding activity o f  N F - 
kB, through increased expression and activation o f the protein, 
thereby lim itin g  its ow n potential efficacy. Treatm ent o f  cells w ith  

genistein, an A K T -N F -k B  inhib itor, abrogated the increased N F - 
kB activity in m urine  m odels, sensitizing them  to cisplatin induced 
apoptosis ( I . I ct ,il.

NF-k B s ig n a l in g

M a n y  cancer cells rely on oncogene addiction fo r m aintenance o f  

their m alignant phenotype (W un ste iii. , _). This over reliance
can dictate the choice o f  m olecularly targeted therapies, as in h ib i
tion  o f  these “addictive” pathways, such as the N F -k B pathway, can 

sensitize cancer cells to apoptosis ( \r ig .i (,'t .il,, Ji)d2). However, the 

activation o f N F -k B is inherently com plex, given the m u ltitud e  o f

signaling pathways and crosstalk connections which can stimulate 
it. It is therefore essential to identify^ cancer cell specific pathways, 
to broaden our understanding o f  N F -k B signaling, thus allowing  
fo r rational selection o f suitable inhibitors.

Growth factor receptor stimulation
In  response to extracellular signals, a num ber o f growth factor 

receptors can activate N F -k B via the P I3 K /A K T  pathway ( ( .row K \
11 , i l 2 0 (  I t). Elevated expression o f EGFR in ovarian, cervical, b lad
der, and esophageal cancer has been correlated  w ith  poor prognosis 
in the clinical setting { X k h o K o n  i t  <il., . ' ' " ' I ) .  Cisplatin has been 

shown to possess EG F-like activity, as treatm ent o f A549 cells w ith  
cisplatin resulted in  the phosphorylation o f EGFR and the acti
vation o f  the P I3 K /A K T /N F -k B  pathway. Therefore, in NSCLC  

a potentia l explanation for cisplatin induced N F-kB  expression 

m ay occur through the stim ulation o f EGFR ( Kui chLi j I  ,iI., 2( i I ' ). 
This data suggests that treatm ent w ith  cisplatin may induce con
stitutive activation o f  EGFR, and consequently cisplatin resistance 
via N F-kB .

T/ie PI3K/AKT pathway
Th e P I3 K /A K T  pathw ay responds to a m ilieu o f intracellular and 

extracellular signals v ia receptor tyrosine kinase (R T K ) receptors. 
A K T  is a critical signaling m olecule, which acts as a central hub 

for m any cell grow th and survival pathway. Activating P I3K  path
way m utations are com m on in cancer and have been im plicated
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in the development o f cisplatin resistance. PI3K/AKT inhibitors 
re-sensitize cells to treatment in many cancer types, including ovar
ian (N i' ,1 1 1.1 : ). Primary acute myeloid leukemia cells,
w ith constitutive AKT activation, treated w ith  the AKT inh ib itor 
LY294002, showed a reduction in both p-AKT, and NF-kB levels 
resulting in apoptosis. In this instance NF-kB activation is occur
ring in an AKT-dependent manner. Therefore, the AKT-NF-kB 
pathway may represent a viable mechanism for overactive PI3- 
kinase to promote resistance to cytotoxic agents (' .i andauc ft  ,il

AKT mediated NF-kB activation requires the effector mole
cule mTOR, which forms the catalytic subunit o f two molec
ular signaling complexes; mTOR complex 1 (m TO R C l) and 2 
(mTORC2). mTORCl is associated w ith endosomal membranes, 
where it promotes the translation o f NF-kB regulated mRNAs, 
such as Bcl-2, Bcl-xL, and cyclin D, through the effector 4E-binding 
protein 1 (4E-BP1) (I )i. I;,iic  Jctli aiul i ir.ill, _ I)- Chronic acti
vation o f mTORCl is frequent in cancer (M crii IV'rnvKini ,iinl 
( iiiii/, iK  \- ). AKT dependant mTORCl activation
occurs through phosphorylation o f the tuberous sclerosis complex 
(TSC) and subsequent activation o f the mTORCl regulator, Rheb 
(hu ik i cl .1 ). Rapamycin induced inh ib ition o f mTORCl
suppresses breast cancer induction in mouse models ( \  .unh,i ci .i.

), whereas incremental Rheb induction promotes metastasis 
and tum or progression (1 ii f t  al. ). Therefore, PI3K/AKT- 
dependent niTORCl activation contributes to cancer prom otion 
and chemoresistance possibly through the translation o f NF-kB 
target genes.

In contrast, mT0RC2 maybe activated through ribosome b ind
ing and once activated phosphorylates AKT ser"’ ’^̂ (S ji! ,:
' t ; ). I t ’s role in cancer is not clear,
although it is required for PTEN loss-induced prostate cancer in 
mice, .suggesting a central role in PI3K-dependant carcinogene
sis ( . i i i t i  silv.iM ). The allosteric mTOR inhibitor,
rapamycin, does not inh ib it mTORC2, offering an explanation for 
the failure o f rapamycin in PI3K-hyperactivated cancer (c Idu^h 

il ') .  PI3K signaling is hyperactivated in 90% o f 
glioblastomas, and is associated w ith  EGFRvIIl, a mutant acti
vated EGFR, and mTORC2 activation. In addition, EGPRvlII 
mutants express elevated NF-kB activity and resistance to DNA 
damaging agents. These mutants are dependent on mTORC2 
expression but not AKT or mTORCl signaling ( lan.il,, a  .il..

'II I ). mTORC2 represents a mechanism o f NF-icB activation 
and subsequent chemotherapeutic resistance in EGFR mutated 
cancers.

The M A P kinase/ERKpathway
The RAS-Mitogen activated Protein Kinase (M APK) pathway is 
integral to transducing extracellular signals, including cytokines 
and growth factors (I j i / lu  et ,il.. I I). Central to this path
way is the activation o f RAS by the guanine exchange factor son 
o f sevenless (SOS). The activated GTP-bound RAS activates the 
serine/threonine kinase, RAF, which in turn activates MAPKs, 
including extracellular signal regulated kinase (ERK). ERK 1/2 
translocate to the nucleus where they activate the Jun/Fos family 
o f transcription factors. Due to its central role in cellular prolifer
ation it is not surprising that the SOS-Ras-Raf-MAPK cascade is

often mutated in cancer, w ith RAS mutations found in ~45%  o f 
colon and ~90%  o f pancreatic cancers (K.n - :t ).

Cisplatin induces the persistent activation o f the apoptotic 
MAPK and c-jun N-term inal kinase (JNK) pathways. The apop
totic nature o f this pathway may be through MAP2K and M E K K l, 
which activate JNK. This pathway may also activate NF-kB, result
ing in differential apoptotic signaling. Through this mechanism 
MAPK can drive the activation o f NF-kB in response to cisplatin 
treatment (s.u k Iuv IVrtv ct .v ). This means that inactivat
ing mutations in the JNK pathway could lead to signaling only 
via the NF-kB pathway in response to cisplatin treatment, thereby 
providing a potential mechanism o f resistance.

Raf kinase inh ib itor protein (RKIP) is a metastasis suppres- 
sor/immunosurveillance cancer gene, which acts as a negative 
regulator o f both the MAPK cascade, initiated by Raf-1

.1 ), and NF-kB activation, through the negative reg
ulation o f I kB (^cun;d ft  ). RKIP loss or depletion has
been correlated w ith metastasis and chemotherapeutic resistance 
in solid tumors (' hattf I if( i il. i4). In prostate cancer, RKIP 
is regulated by the transcriptional repressor Snail. Transcription 
o f Snail is partly regulated by NF-kB (h ilicn f t  a' ) and is a
key m odulator in metastasis cl ,il. Prostate cancer
cells which exhibit constitutive NF-kB activation express increased 
levels o f Snail, which in turn inhibits RKIP expression protecting 
cells from  chemotherapy induced apoptosis ( mi il ■ ).
Inh ib ition o f NF-kB, by DHMEQ, decreases the expression o f Snail 
and Bcl-xL leading to elevated expression levels o f RKIP, thereby 
re-sensitizing cells to chemotherapy { ■ f t . :  ).

Janus K inase/Signal Transducers and Activators of Transcription 

pathway
Upon bind ing to their cognate receptors, receptor associated Janus 
Kinases ( JAKs) phosphorylate ligand-bound receptors resulting in 
the recruitment and activation o f Signal Transducers and Activa
tors o f Transcription (STATs) (D.ii n fll f t  al.. I"W4). Phosphory- 
lated STATs form  homodimers, localize to the nucleus, and regulate 
genes associated w ith apoptosis and proliferation ( ).
Persistent activation o f STATs has been shown in prim ary tumors 
and cancer cell lines, where it is believed to contribute to onco
genesis (Ilio n ih iT -,  ̂ ). It is thought that STAT3 can bind to
and cause the dissociation o f the NF-kB:1kB complex (Va’ , t 

). This can prolong NF-kB retention in the nucleus by altering 
its acetylation status via interactions w ith p300 ( ft.i^  ). 
STAT3 can therefore promote NF-kB activation even in the absence 
o f IKK signaling. Silencing o f STAT3 reduced Bcl-xL expression, a 
NF-kB target gene, re-sensitizing A549 cells to cisplatin (Kiii. s/,i 
f t  al.. ■’I ll ').

ONCOGENES AND NF-k B

p53 is a tum or suppressor protein activated upon cellular stress, 
such as DNA damage. Once activated it binds DNA, where it mod
ulates the expression o f genes associated w ith  DNA repair and 
apoptosis 1 IIla iii ). p53 is therefore an im por
tant mediator o f cisplatin induced cell death. Interestingly, NF-kB 
can bind the p53 promoter region inducing its transcription ( ki 
ft  al ), to form  a negative feedback loop. Loss o f function p53 
mutations are a common occurrence in cancer ( .thl i :
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199^1) and  the failure o f this control m echanism  could potentially 
induce constitutive activation o f the NF-icB pathway. A panel o f 
p53 m utated  NSCLC cell lines, w hich were resistant to cisplatin, 
became sensitive to treatm ent upon  transfection with the p53 wild 
type gene (l.ai et al., 20()0). Thus, p53 gene status m ay play a 
significant role in the developm ent o f cisplatin resistant NSCLC.

The im pact o f a p53 m utation  in NSCLC can be influenced 
by the presence o f additional oncogenic m utations. The signaling 
protein, Ras, acts as m olecular switch and once activated it p ropa
gates dow nstream  signaling pathways leading to N F-kB activation 
via the IKK tank-binding kinase 1 (TBKl) (Barbie el al., 20(19). 
N F-kB activation by oncogenic Ras (KRAS) is im plicated in lung 
carcinogenesis (Rarbie el al., 2009). KRAS m utations are found 
in 20-30%  of NSCLC cases, while inactivating m utations o f p53 
occur at a  rate o f approxim ately 50% (H erbst et al., 2008). Fur
therm ore, bo th  m utations w hen occurring sim ultaneously lead to 
the developm ent o f lung adenocarcinom a in m ouse models, which 
m aybe as a result o f increased N FkB activity (Me)l,iti et al., 2009). 
Cisplatin induced apoptosis is likely to  be mediated, at least in 
part, by the induction  o f p53 in  response to DNA damage. Conse
quently, resistance to cisplatin in  some cancers m ay be m ediated 
through KRAS m ediated N F-kB activation.

NF-kB a n d  DNA REPAIR
E lim ination of DNA damage, by cellular repair mechanism s or 
destruction  of the cell via apoptosis, is essential for the m ainte
nance o f genom e integrity and disease prevention. It is know n that 
the threshold  for the induction  o f apoptosis is lower in cancer cells 
in response to DNA damage com pared w ith their norm al coun
terparts (Evan and X'oiisden, 2001; Enzler et al., 2011). P latinum - 
based drugs induce apoptosis through DNA adduct form ation 
(Chant'\ et al., 2004). In mouse models, it has been show n tha t cis
platin  resistant cancer cells repair DNA adducts m ore efficiently, 
com pared w ith sensitive cells (Oli\'er et al.. 2010). Nucleotide exci
sion repair (NER), a m ajor DNA repair pathway, repairs bulk DNA 
dam aged by environm ental factors and  chem otherapy (Friedberg 
et al., 2006). The NER rate-lim iting step is affected by the protein 
products o f the genes ERCCl and XPAC. U p-regulated expression 
o f these genes has been correlated w ith increased drug resistance 
in ovarian cancer (D abholkar et al., 1994).

In a study o f  the role o f Bcl-xL in NER-facilitated protection 
against cisplatin, it was dem onstrated  th a t NER was required 
for cisplatin induced NF-kB translocation. The exact m echa
nism  through  w hich NER activates NF-kB is unknow n, bu t is 
understood  to be dependent on the ataxia telangiectasia m utated  
(ATM) protein  (W'tier/berger-Dax i s  et al., 2007). The ATM-NF- 
kB pathway is believed to  be negatively regulated by ATM and 
rad-3-related (ATR) kinase. ATR has been shown to repress NF
kB activation in  response to  replicative stress, by competitively 
binding to  NEM O (\N'u and Mi)'amoto, 2008). Consequently cells 
w ith high levels o f ATR activity show decreased NF-kB levels and 
increased apoptosis in  response to  cisplatin (l.onionaco et al., 
2009).

NF-k B t a r g e t  GENES AND APOPTOSIS
N F-kB target genes play an im portan t role in the regulation of 
m any o f the pathways involved in  the hallmarks o f cancer. Genes

regulated by NF-kB include those tha t are associated w ith inflam
m ation  (TNF, IL-6, and ICAM), cell survival (cIA Pl/2, Bcl-2, and 
Bcl-xL), proliferation (CDK2), tu m o r progression (COX2),angio- 
genesis (VEGF), and also cell death (Fas and FasL) (Pahl, 1 9 9 9 ). 
Apoptosis can be initiated by signals w hich occur outside or w ithin 
the cell. These signals may prom ote cell survival, such as growth 
factor stim ulation, o r induce apoptosis, e.g., Tumor-necrosis factor 
(TNF). The apoptotic pathway is described th rough  two distinct 
m echanism s; loss o f m itochondrial function and death receptor 
signaling th rough  the activation of the caspase cascade. It is the fine 
balance o f these antagonistic signals w hich ultim ately determines 
cell fate.

Mitochondrial dysregulation
The m itochondrial pathway of caspase activation is controlled by 
the Bcl-2 family proteins, w hich act by m odulating the release of 
caspase activators from  m itochondria (Estaqiiier et al„ 2012). In a 
prostate cancer cell line, PC3, the levels o f anti-apoptotic signaling 
proteins Bcl-2, Bcl-xL, and  survivin were decreased in  response 
to  the NF-kB inhibitor genistein. The decrease in expression of 
these proteins occurred in association w ith the up-regulation of 
p 2 ]̂ wafi  ̂^ pro-apoptotic protein  and cell cycle inhibitor. Genistein 
re-sensitized resistant cells to  docetaxel and cisplatin mediated 
apoptosis ( L i  et ah, 2005a). Similarly in  the aggressive cisplatin 
resistant cervical cancer cell line, SKOV3.ipl, inhibition of NF-kB 
led to increased expression of Bid and decreased Bcl-2 and Bcl-xL 
levels. This shift in  expression o f  pro- and anti-apoptotic proteins 
was reflected in the increased sensitivity o f these cells to cisplatin 
treatm ent (Yang et al., 2011). A poptotic deregulation may rep
resent an im portan t m echanism  through  w hich NF-kB mediates 
resistance.

Death receptor signaling
M em bers o f  the TNF receptor (TNFR) family and their cor
responding ligands are crucial regulators o f various cellular 
processes. A num ber of TNFRs, including Fas and TRAIL, are 
po ten t activators o f the apoptotic caspase cascade through adap
to r molecules such as FADD (A.shkenazi and Dixit, 1998). Due to 
their role in the regulation o f apoptosis they are often referred to as 
death receptors (DRs). Cell death induced by these DRs is tightly 
regulated by N F-kB target genes, including inhibitor o f apoptosis 
proteins (lAPs), TRAF-1/2 (\\'a]ig et al., 1998), and  Bcl-2 proteins 
(^^'ang et al., 1999). However, it has been show n tha t ectopic over
expression o f these genes affords only partial protection from DR 
m ediated apoptosis (Wang et al., 1999). M ore recently, a potent 
inhibitor o f DR signaling has been identified, called c-FLIP.

Micheuu et al. (1999i first alluded to  the role o f c-FLIP in 
chemoresistance in a study which dem onstrated tha t the inhibition 
o f the FADD-caspase 8 pathway resulted in a decrease in tum or 
cell sensitivity to drug-induced apoptosis. In a study to identify 
novel pro-apoptotic proteins up-regulated by NF-KB-inducing lig
ands (CD40, IL-1, and TNF), c-FLIP expression was found to 
be increased at bo th  mRNA and protein  level. Analysis o f Jurkat 
cell lines, including an  IkB over-expressing and NEM O deficient 
m utan t, treated w ith the NF-KB-inducing ligand P/I, showed abro
gated c-FLIP expression com pared to  wild type control, indicatmg 
c-FLIP expression was m ediated by N F-kB (K reu/ et al., 2001).
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The m urine B-cell line A20, susceptible to Fas mediated apoptosis, 
was protected from  apoptosis through B-cell receptor (CD40) sig
naling, which is known to activate NF-kB. Pre-treatment o f B-cells 
w ith  CD40 increased c-FLIP expression, mediating resistance to a 
subsequent challenge w ith  FasL. Conversely, dendritic cells resis
tant to FasL could be sensitized to apoptosis by pre-treating w ith 
cycloheximide. Cycloheximide prevents proteosomal degradation 
o f IkB, thereby preventing NF-kB activation and subsequent c- 
FLIP expression ( MiLhe.iu i  t .li ,. ■ ). Similarly, it was shown that
cisplatin-selected cervix carcinoma HeLa cell lines induced less 
apoptosis in response to treatment w ith cisplatin or Fas-activating 
antibody, than parental cells. Negative regulator o f apoptosis c- 
FLIP, but not Bcl-2, Bcl-xL, or lAPs, was found to be higher in 
resistant cells. Treatment w ith c-FLIP anti-sense oligonucleotides 
promotes cisplatin and Fas-antibody-induced apoptosis to a much 
greater degree in resistant cells (k.in i.ir.iu in it  i ’ ). The
cancer associated gene (CAGE) regulates expression o f epithelial- 
mesenchymal transition (EMT)-related proteins through ERK, 
AKT, and NF-kB in mouse B16F10 melanoma cells. Snail and c- 
FLIP mediate the effects o f CAGE protecting cells against celastrol, 
an anti-cancer agent (k iin  .1 ,iL ).

In ovarian cancer cells the expression o f c-FLIP, in chemosen- 
sitive (OV2008) and chemoresistant (C13*) cells treated w ith 
cisplatin and/or transfected w ith c-FLIP siRNA or cDNA, was mea
sured. Treatment w ith cisplatin significantly decreased c-FLIP lev
els in sensitive but not resistance cell lines. In OV2008 cells, c-FLIP 
over-expression attenuated apoptosis, while the down regulation 
o f c-FLIP in C13* cells increased cisplatin mediated apoptosis 
( ' •). Furthermore, in cisplatin sensitive (T24)
and resistant (T24R2) bladder cancer cell lines, cisplatin mediated 
suppression o f c-FLIP expression was correlated w ith sensitivity 
( ). Downregulation o f c-FLIP expression has been
shown to sensitize many cancer types to chemotherapy including 
cervical adenocarcinoma (I uc i t  il. ), breast (K " ■. ■ il.- 

), colorectal (1 ■■■ ,i|. ^ a n d  prostate (W iUim i '
' ) .  Cisplatin mediated c-FLIP degradation has been proposed 

to occur via p53 dependant ub iquitination and proteasomal degra
dation o f c-FLIP ( Mu'dini I'l al. ). This indicates a possible
mechanism o f cisplatin resistance whereby loss or dysregulation 
o f p53 results in the loss o f cisplatin mediated c-FLIP degradation 
and failure to induce apoptosis.

Caspase cascade
Inh ibitor o f apoptosis proteins are a fam ily o f potent apoptosis 
inhibitors characterized by three baculoviral lAPs that bind to and 
inhib it caspase activity (I u i t , ). In colorectal cancers, the
X-linked lAP (XIAP) mRNA levels are significantly higher in p r i
mary cancer tissue compared w ith normal mucosa, and expression 
was correlated with disease progression and metastasis ( I.i I l ... I 
i t ,il ). Furthermore, in the cisplatin resistant prostate cell 
line, LNCaP, lAP expression increased w ith  the extent o f cisplatin 
resistance (N nn, ■ .'I J. ). In a study o f TRAIL induced
apoptosis it was found that constitutive activation o f NF-kB led 
to increased XI.\P expression and resistance to TRAIL mediated 
cell death (: : n  ii i ,i ■ ). Sim ilarly in melanoma cell lines, 
the inhibition of NF-kB resulted in decreased XIAP expression 
and induction of apoptosis (ilush i i  :■ . ^ n i l) .  Furthermore, in

melanoma cells depletion o f endogenous XIAP promoted apopto
sis and reduced clonogenicity o f cancer cells treated w ith  cisplatin 
( ' ' iHm i i ). In a clinical study o f head and neck squa
mous cell carcinoma, high XIAP levels correlated w ith increased 
resistance to cisplatin and decreased survival (V.iiii; 1 1 li. I ). 
The expression levels o f XIAP represent an im portant factor 
in determining cell fate in response to apoptotic signaling and 
cisplatin.

PRO-APOPTOTIC ROLE OF NF-icB
Induction o f NF-kB in response to chemotherapy often leads to a 
dysregulated apoptotic response, which may mediate chemoresis
tance. Consequently, much work has focused on the development 
o f targeted therapies that block the NF-kB pathway in order to 
induce cell death. However, due to the complexity o f NF-kB sig
naling, both pro- and anti-tumourigenic activities may result (1 in 

I reviewed in I’ ik.irsk i ,ind lii'n Ni i i.i' ). It is likely 
that several factors including cell type, nature o f stimulus and 
chromatin modifications can confer pro or anti-apoptotic activ
ities o f NF-kB ( U.iilh.iknshiKiii jn d  K.ini.iLik.ii.ni. Hun; I’lai i'-ii
,1, i  ).

The most simplistic mechanism by which NF-kB contributes to 
apoptosis is through transcriptional regulation o f apoptotic gene 
targets. For example, the NF-kB mediated expression o f TRAIL 
in T-cell leukemia is essential for apoptosis (Ur r,' W.iKh i l  ,il..

). The p65 subunit can bind the intronic region o f genes 
transcribing DR5 and DR4, thereby inducing pro-apoptotic sig
naling ( ). Furthermore, inh ib ition o f NF-kB by
sodium salicylate can rescue cells from apoptosis in response to 
TRAIL (K.i ). Another DR, Fas, has been implicated
in NF-kB mediated apoptosis in adenovirus infected hepatocytes 
( ) and in adenocarcinoma cells treated w ith
TNF-a (K ii iii ii. i l i  ,il. ). In glioblastoma cell lines, NF-kB 
exerts a pro-apoptotic function in TRAIL- or CD95-induced apop
tosis, which can be reversed by over-expression o f the dominant- 
negative kBa-super-repressor (IkBo-SR). Conversely, stimulation 
o f NF-kB, due to over-expression o f constitutively active IKKp, 
significantly increases TRAIL- or CD95-mediated apoptosis. In 
this instance it was found that NF-kB promotes the formation o f 
the TRAIL or CD95 death-inducing signaling complexes (DISCs) 
through enhanced recruitment o f FADD and caspase-8 to the 
activated receptors ( m h w h ii .1 il, ).

Unlike other NF-kB family members, NF-KB2/plOO is found to 
play a pro-apoptotic role, acting as both an activator o f caspase-8 
and as a IkB protein. The carboxyl terminus o f p i00 contains a 
death-domain, which mediates recruitment to and form ation o f 
DISCs. Tumor-derived p i00 mutants often lack this domain, pro
viding resistance from death receptor mediated apoptosis. HT1080 
cells transfected w ith a plOO mutant containing only the death- 
domain underwent apoptosis. This pathway to apoptosis was 
found to be dependent on caspase-8 activation, as the caspase 
inh ib ito r CrmA negated the pro-apoptotic effect i l  .il.

).
It has been shown in a p53-inducible cell line, Saos-2, that 

induction o f p53 results in NF-kB activation and subsequent apop
tosis. Inh ib ition or loss o f NF-kB activity, abrogated p53-induced 
apoptosis, indicating that NF-kB is essential in p53-mediated cell
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death ( I ; . . i r u  i . il.  2 Similarly, in a study o f murine fibroblasts, 
NF-kB was shown to mediate p53 activation, thereby inducing 
pro-apoptotic signaling (I iijidls^i ct  ). Not only can NF
kB result in p53 expression but a novel transcriptional target o f 
NF-kB, polo-like kinase-3 (P1K3), was shown to phosphorylate 
p53 thus increasing its half-life and potency (I i ct , i i . r ) .  Ele
vated expression o f p65 alone can be sufficient fo r the induction 
o f cell death, for example in MCF7/ADR breast cancer and M14 
melanoma cells (Ri^v.i l I  a!., lo i l) . In these examples it is clear 
that NF-kB can play an im portant role in apoptotic signaling.

In the auditory cell line HEI-O CI, cisplatin induced both apop- 
tosis and NF-kB signaling. Pre-treatment o f HEI-O CI cells w ith 
the NF-kB inhibitor. Bay 11-7085, completely abrogated the apop
totic effects o f cisplatin, indicating a pro-apoptotic role for NF-kB 
in this cell line (' h iiiiy  ct al., 2iiiis). Site specific phosphoryla
tion  leads to differential expression o f NF-kB target gene subsets, 
depending on the KB-response elements present at individual pro
moters ( Ani allici ct al., JOD. ). In support o f this, p65 induced in 
response to certain cytotoxic stim uli such as UV light and certain 
chemotherapeutic drugs is distinct from that induced by TNF- 
a.  NF-kB induced in response to these stim uli is associated w ith  
histone deacetylases (HDACs) to suppress transcription o f sev
eral anti-apoptotic genes, including Bcl-xL and XIAP (■ aniplx 
i t 2(11'i). It is therefore conceivable that post translational 
modifications o f NF-kB subunits promotes differential responses 
by regulating interactions w ith promoters o f transcription, such 
as histone acetyltransferases (HATs) and repressors, including 
HDACs (M l : : ' O-

Chromatin remodeling controls the access o f translational 
machinery and transcription factors to DNA, thereby affecting 
gene expression. Changes in histone acetylation status o f NF-kB 
genes have been implicated in pro-apoptotic NF-k B signaling. In 
HEK293 cells, NF-kB can mediate cell survival through the EGFR 
but mediates apoptosis through Fas interactions ( h i4). In
response to EGFR stimulation, NF-kB is recruited to both pro- and 
anti-apoptotic genes. At pro-apoptotic genes, NF-kB is complexed 
w ith  HDACs causing transcriptional repression. In contrast, at 
anti-apoptotic gene sites, NF-kB is complexed w ith  HATs caus
ing transcriptional activation {( iiaha iii anti ( l i l i s o n ,  It is
likely that several factors, including cell type, nature o f stim u
lus, and chromatin modifications confer the pro or anti-apoptotic 
activities o f NF-kB.

TARGETING NF-k B
A vast body o f evidence exists to support the rationale o f pursuing 
novel therapies which modulate the NF-kB pathway. Several points 
o f therapeutic intervention have been proposed including IKK 
activation, IkB degradation, and NF-kB DNA binding (Xakaiiish: 
and I d i ,  211" ). However, due to its key role in a wide spectrum 
o f cellular processes and its regulatory complexity, concerns have 
been raised over potential off-target effects and associated toxi- 
cities. It is only by fu lly  elucidating the m ultip le tiers o f NF-kB 
activation and its regulatory complexity in cancer that we can 
begin to design and select appropriate targeted therapies. One o f 
the success stories in NF-kB targeting is the ubiquitin-proteasome 
inh ib ito r bortezomib, approved for clinical use in newly diagnosed 
and relapsed/refractory m ultiple myeloma and m ultip le mantle

cell lymphoma patients (kaiK  ctal. n ). A proposed mechanism
o f bortezomib action is through the inh ib ition o f Ik B degradation 
resulting in the abolition o f NF-kB signaling ( l.iii nd 

).
Following the success in hematological cancers, the efficacy 

o f bortezomib therapy was investigated in solid tumors. Despite 
promising pre-clinical data, bortezomib in combination w ith  
temozolomide lacked efficacy in advanced refractory solid tumors 
or melanoma patients in a phase II clinical tria l (C lin ica ltri- 
als.gov identifier:NCT00512798) ( \n iir i ct j L i 4 ) .  Similarly, 
bortezomib in combination w ith other chemotherapeutic agents, 
including paclitaxel and carboplatin, failed to alter NF-kB expres
sion, showed lim ited clinical advantage and significant toxic ity 
in patients w ith advanced solid tumors ( "uhan ct . . '  ).
Various studies w ith  bortezomib in the treatment o f advanced 
solid tumors, e.g., metastatic breast cancer (^all_l; ct ,i: , K',.) and
urothelial cancer (' mine/ ,\b in ii ct al., ' ' ), have proven disap
pointing. Numerous trials are currently being conducted to inves
tigate the potential o f bortezomib as an adjuvant to chemotherapy 
in head and neck (I ui • ct al.- _‘ " l  '.) and NSCLC (NCT01633645). 
Bortezomib has previously shown a potential therapeutic ben
efit in NSCLC patients and acts synergistically w ith cisplatin- 
gemcitabine chemotherapy to constitute an active regimen in 
advanced stage NSCLC patients { \ ii i ir t in t in  ct .1 : ') .

Other compounds that may be useful in increasing the sensitiv
ity  o f cancers w ith constitutively active NF-kB to chemotherapeu
tic drugs are herbs w ith  anti-in flam m atory properties including 
the natural phenol curcumin and parthenolide which occurs in 
the plant feverfew ( "  itcl ct al. ’ ’ ' Curcumin down-regulates 
transcription factors im portant for cell growth and survival, 
through m odulation o f the NF-kB and PI3K/AKT pathways 
(Rc\:V.: cl .\l.. IS). Curcumin alone or in  combination w ith  
chemotherapy is effective both in vitro and in vivo in a num 
ber o f cancer types, including melanoma (■'Jot ct al. : 0. The 
side effects o f curcumin appear to be lim ited, w ith high oral 
doses being tolerated w ith  m in im al toxicity, although abdomi
nal complaints have been reported (l.<m cl ,iL. 1 pcll'aun,
:t .il . ■iji ). A phase I clinical tria l o f patients w ith m ultiple 
myeloma showed that both curcum in alone or in combination 
w ith bioperine, an alkaloid isolate from black pepper, decreased 
NF-kB levels in peripheral blood mononuclear cells (PBMCs) 
(NCTOOl 13841). Similarly, in a phase II tria l, curcumin decreased 
NF-kB levels in PBMCs and possessed biological activity in 
some patients w ith  advanced pancreatic cancer ( l)h illo ii ct a I., 
: o.s).

The aforementioned treatments are compounds which are not 
targeted NF-kB therapies. Recently, attention has shifted to thera
peutic agents which selectively target NF-kB. One such compound, 
BMS-345541 selectively inhibits the catalytic subunit o f IKK and 
can suppress tum or growth in m urine melanoma models (^aIl" 
ct  til., 2()()ol ). The cell permeable NBD (NEM O -binding domam) 
peptide prevents NF-kB activation by binding NEMO, thereby 
inh ib iting N EM O -IkB complex form ation (di Mcglio cl al., 2i)0.'). 
I n  Wfro studies demonstrate that NBD impairs the ab ility  o f NF-kB 
to bind DNA, resulting in increased apoptosis in melanoma cells 
(lanati' ct al., 2011̂ >). The NF-kB specific inh ib ito r DHMEQ, pre
vents the nuclear translocation o f the transcription factor, and has
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been shown to have anti-cancer effects in numerous different can
cer subtypes (  ̂ h. i|’ i ■ ; ,r'

). In addition, the testing o f small molecule inhibitors to 
neutralize NF-kB have identified potential new cancer therapeu
tics, which require further investigation as to their clinical benefit 
(MiP' ; 11 c l  ; l. ,  - ■ ■' ; , c l  ). The
small molecule inhib itor, bindarit, an indazolic derivative, which 
may down-regulate NF-kB through reduced phosphorylation o f 
IkBq and p65 { / n -  ), has subsequently been shown
to modulate cancer cell proliferation and migration, im pairing 
metastatic disease in murine models o f prostate and breast cancer, 
through NF-kB and AKT inh ib ition  ( / . i > l l ,  ■ u  . iL  1 . ) .

CONCLUSION
Aberrant NF-kB expression and regulation is involved in the 
development o f many different cancer types, where it medi
ates the fine balance between cellular survival and death. The 
importance o f NF-kB activation in cancer cells is evidenced by 
the widespread dysregulation o f this transcription factor across 
a wide spectrum o f solid and hematological cancers. NF-k B 
is also heavily implicated in the development o f resistance to

platinum-based chemotherapies, such as cisplatin. Therefore, 
NF-kB represents an attractive target for anti-cancer therapy par
ticularly as an adjuvant to overcome resistance to platinum-based 
chemotherapeutics.

The efficacy o f targeted therapy is based on the oncogenic 
dependence o f cancer cells on mutated survival and apoptotic 
pathways, such as NF-kB, which renders them more susceptible to 
inhibitors. NF-k B is a master regulator o f transcription and can 
affect the expression o f over 200 genes. Due to its overwhelm
ing influence on cellular processes, care must be exercised when 
blocking the NF-kB pathway to m inim ize off-target effects and 
unwanted toxicities. Furthermore, as NF-kB is a converging point 
for many intercellular pathways, it may be difficu lt to identify the 
most effective pathway to target. Elucidation o f cell specific path
ways o f NF-kB activation, as well as oncogene and apoptotic status, 
could provide the means to effectively and specifically target frag
ments o f the NF-kB signaling network. Indeed it may prove more 
beneficial to target a number o f regulators o f this pathway through 
combinatorial therapeutic strategies. This may not only aid in 
cancer diagnosis and prognosis but may also provide an effective 
avenue to re-sensitize cancers to cisplatin based therapies.
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Strategic targeting of the PI3K-NFkB axis 
in cisplatin-resistant NSCLC

Susan Heavey' *, Peter Godwin', A nne-M arie Baird^ M artin P Barr', Kazuo Um ezawa^ Sinead Cuffe', Stephen P Finn',
Kenneth J O'Byrne^ and Kathy Gately'

'T h o ra c ic  O n c o lo g y  R esearch G ro u p ; In s titu te  o f M o le c u la r  M e d ic in e ; T r in ity  C e n tre  fo r  H e a lth  Sciences; St. Jam es ’s H o sp ita l; D u b lin , Ire land;

^Cancer &  A g e in g  R esearch  P ro g ra m ; Q u e e n s la n d  U n iv e rs ity  o f T e c h n o lo g y ; B risbane, Q L D  A ustra lia ;

^ D e p a rtm e n t o f M o le c u la r  T a rg e t M e d ic in e ; A ichi M e d ic a l U n ivers ity ; N a g a k u te , Jap an

K eyw ords : lung cancer, non-sm all cell lung  cancer, d rug  resistance, chemotherapy, chemoresistance, G D C -0 9 8 0 , D H M E Q , H 460,
A549

A bb re v ia tion s : A K T , p ro te in  kinase B; iKBa, nuclear factor o f  kappa lig h t po lypeptide gene enhancer in  B-cells inh ib ito r, alpha; 
m 'rO R , m am m alian target o f  rapam ycin; N F k B, nuclear factor kappa-light-chain-enhancer o f  activated B cells; N S C LC , non

small cell lung  cancer; P I3K , phosphatidylinositide 3-kinase

Chemoresistance is a m ajor therapeutic challenge to overcome in NSCLC, in order to improve the current survival 
rates of <15% at 5 years. We and others have shown increased PI3K signaling in NSCLC to be associated with a more 
aggressive disease, and a poorer prognosis. In this study, targeted inhibition of three strategic points of the PI3K-NFkB 
axis was perform ed with the aim of exploiting vulnerabilities in cisplatin-resistant NSCLC cells. Cisplatin-resistant cell 
lines were previously generated through prolonged exposure to the drug. Expression of PI3K and NFkB pathway-related 
genes were compared betw een cisplatin-resistant cells and their matched parent cells using a gene expression array, 
qRT-PCR, DNA sequencing, western blot, and immunofluorescence. Targeted inhibition was perform ed using GDC-0980, 
a dual PI3K-m T0R inhibitor currently in Phase II clinical trials In NSCLC, and DHMEQ, an inhibitor of NFk B translocation 
which has been used extensively both in vitro and In vivo. Effects of the tw o  inhibitors were assessed by BrdU prolifera
tion assay and m ultiparam eter viability assay. NFKBIA was shown to be 12-fold overexpressed in cisplatin-resistant cells, 
with no mutations present in exons 3 ,4 , or 5 o f the gene. Corresponding overexpression of k B a  was also observed. Treat
m ent w ith DHMEQ (but not GDC-0980) led to significantly enhanced effects on viability and proliferation In cisplatin- 
resistant cells compared w ith parent cells. We conclude that NFk B inhibition represents a m ore promising strategy than 
PI3K-mT0R inhibition for treatm ent in the chemoresistance setting In NSCLC.

ot c isplatin resistance have been shown in  various cell lines, and 
Introduction recent in v ivo w ork has fu rth e r elucidated the basis o f  resistance to

th is drug. The major mechanisms o f  resi.stance are (1) increased 
I.ungcancer is the most com m on cause o f  cancer related deaths influx/decreased in f lu x  o f  cisp latin , (2) elevated levels o f g luta-

w orldw ide.' N on-sm all cell lung  cancer (N S C L C ) is defined as th ione, (3) increased D N A  repair, and (4) activation o f signal
any fo rm  o f epithelia l lung  carcinoma other than small cell lung transduction pathways, e.g., M A P K , A K T , and N F k B. '̂^
carcinoma, rh is  accounts fo r 80%  o f lung  cancers^ and includes Phosphatidylinosito l 3-kinases (PI3Ks) were discovered by
large cell carcinoma, squamous cell carcinoma and adenocarci- Lewis C antley and colleagues, w ho firs t published on the ir asso- (**~)
noma. Despite advances in  anti-cancer therapies the overall 5 y c ia tion w ith  the polyoma m iddle  T  prote in in  1985.'’ The .signals ^ S j
survival for lung cancer patients remains poor (<15%). that P13K fa m ily  members help to potentiate induce the cell to  ©

1 he mam anti-cancer treatm ent to r N S C LC  is p la tm um - grow, differentia te, proliferate, and help w ith  survival, m o til-
hased chemotherapy w ith  either ci.splatin or carhoplatin  in  com- ity, and in trace llu la r tra ffick in g . As such, these enzymes are
h ina tion  w ith  a secondary agent such as paclitaxel or docetaxel. strongly im plica ted in  the development o f  m alignant behavior as
Chem otherapy is used in  the post-operative, adjuvant setting w ell as p lay ing a role in  resistance to chemotherapy and targeted
and concurrently w ith  radiotherapy for the radical treatm ent o f  therapies.
loca lly  advanced unresectable disease to increase long-term  sur- U pon activation by g row th  factor s tim ula tion  o f  receptor
viva l by '5 -1 0 %  at five years. tyrosine kinases, G -pro te in  coupled receptors or RAS phos-

rhe  efficacy o f  ci.splatin treatm ent is often lim ite d  by in trins ic  phory la tion , P13K phosphorylates P1P2 to produce PIP3. PIP3
or acquired resistance to the drug. M any  possible mechanisms propagates the signal by b ring in g  P D K l and A K  l in to  close
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PI3K  ̂ mTOR

GDC-0980

NFxB IkBq

N Fk B
IkBqDHMEQ

cytoplasm

nucleus

N F k B ■

IkBq

IkBq  p ro m o te r

Figure 1. PI3K signaling and inhibition PI3K-AKT-mT0R activation leads to regulation of proliferation, apop- 
tosis, angiogenesis and other key cellular processes, through the transcription of hundreds of target genes 
by NFkB. Inactive NFkB is bound by its inhib itor Ik B q  in the cytoplasm, until activation leads to dissociation 
o f the tw o  proteins and proteosomal degradation of IkB o . NFkB is then free to translocate to the nucleus 
where it acts as a transcription factor. One of NFkB's many target genes is kB a, which removes NFkB from 
the nucleus, returning it to  its original inactive form in the cytoplasm. GDC-0980 is a dual PI3K-mT0R inhib i
tor. DHMEQ is an inhib itor o f NFkB translocation to the nucleus. AKT, Protein Kinase B; kBa, Nuclear factor of 
kappa light polypeptide gene enhancer in B-cellsinhibitor, a; mTOR, mammalian target of rapamycin; NFkB, 
Nuclear factor kappa-light-chain-enhancer ofactivated B cells; PI3K, Phosphatidylinositide 3-kinase.

p rox im ity , a llow ing  P D K l to activate A K T  by p h ospho ry la tion / 
A K T  can then help the cell to  display m alignant characteristics 
in  several ways. It  promotes cell survival by in h ib it in g  B A D  and 
B A X , two proapopto tic Bcl2 fa m ily  members. A K T  also phos- 
phorylates M d m 2 , resulting in  antagonization o f  p53-mediated 
apoptosis, as w ell as negatively regu la ting  forkhead transcrip tion 
factors, resulting in  reduced p roduction  o f  cell death-prom oting 
proteins.^ A K T  can also impede negative regulation o f  transcrip
tion  factor N F k B by I k B, leading to an increase in  transcrip tion 
o f  an tiapopto tic  and pro-surv iva l genes, cod ing for proteins such 
as the an tiapopto tic  Bcl-2 and B cl-X L .*

O ne com m on m echanism  o f  acquired resistance to cancer 
therapies involves the upregulation o f  pathways that promote 
cell survival and p ro life ra tion . I t  is therefore unsurpris ing  that 
P I3K  pathway activation, w h ich  results in  the NpKB -m edia ted 
upregulation o f  various genes that prom ote th is  type o f  behav
ior, has been im plicated in  c isplatin resistance in  ovarian cancer 
cells, where it  was shown that treatm ent w ith  the d rug  activated 
the P I3K  pathway, and that in h ib it io n  o f  the pathway sensitized 
cells to the effects o f  cisplatin.*^ M ore recently, activation o f  A K T  
and E R K  have been associated w ith  resistance to c isplatin in

N S C LC '" '^ and SCLC,'^ though 
more research is needed to  fu lly  
elucidate the role o f  these pa th 
ways in  c isplatin resistance in 
lung cancer. Research in to  N F k B, 
P I3K , and P I3 K -m T O R  in h ib i
tors in N S C LC  has increased 
recently, w ith  p re -c lin ica l data 
showing p rom is ing results.'^'"* 
Targeting the P I3 K -m T O R  path
way has been studied extensively 
in  oncology, w ith  a w ide range o f  
inh ib ito rs  investigated in  cancers 
inc lud ing  N S C L C . O n e  such 
dual in h ib ito r  is G D C '-0980, 
w h ich  is curren tly  in  phase I I  t r i 
als fo r cancer.''’ ’^

N F k B fa m ily  members func
tion  as homo- or hetero-dimers 
to  activate and repress the tran 
scrip tion o f  a large num ber o f  
genes co n tro llin g  im m uno log ica l 
processes as w ell as cell g row th  
and p ro life ra tion  and m any other 
ce llu lar processes. Some o f  these 
genes include p ro-surviva l factors 
such as Bcl2, vascular endothelia l 
g row th  factors, and m any other 
g row th  factors. In  recent years 
the N F k B transcrip tion  factors 
have been studied extensively, 
and grow ing  evidence suggests an 
im portan t role for N F k B in  va ri
ous oncological processes.

The Ik B  fa m ily  plays a key 
role in  regu la ting  N F k B . Ik B  proteins consist o f  an N  regu
la to ry  dom ain , a series o f  six or more an ky rin  repeats, and a 
PEST dom ain  near the C  term inus. Interactions w ith  N F k B  are 
mediated by the an ky rin  repeat dom ains.'" Ik B  proteins in h ib it  
N F k B  fu n c tion  by m asking N F k B  nuclear translocation  sig
nals, and sequestering the transcrip tion  factor in  the cytosplasm 

(Fig. 1).
The most w ide ly  studied I k B fam ily  member is I k B k , w h ich 

is encoded by N F K B IA . In  order to a llow  N F k B to  func tion , 
signa ling  molecules such as A K T  activate I k B kinase 1 ( IK K l) ,  
w h ich  phosphorylates I k Bu  on serines 32 and 36. T h is  tar
gets the pro te in  fo r degradation in  the u b iq u itin  proteasome, 
thus a llow ing  the dissociation and translocation o f  N F k B to 
the nucleus.'*' In  the nucleus, N F k B activates the transcrip tion  
o f KB-dependent genes, one o f  w h ich  is I k B«. N e w ly  synthe
sized I k Bo! is responsible fo r post-induction repression o f  N F k B, 
th rough the removal o f  N F k B from  D N A , and transporta tion  o f  
the transcrip tion  factor back to the cytoplasm.^" M u ta tions  in  the 
I k Bu  gene have been reported in  H odgkin /R eed-S ternberg  cells 
resulting in  overexpression o f  a C -te rm in a lly  truncated prote in 
and constitu tive  activation o f  N F k B.

1368 Cancer Biology & Therapy Volume 15 Issue 10
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Figure 2. NFKBIA is more highly expressed in H460CR cells than H460 cells An RT̂  profiler PI3K-Akt pathway array was performed to compare gene 
expression in H460 (cisplatin-sensitive) and H460CR (cisplatin-resistant) cell lines. (A) A heat map was constructed using SABiosciences online software, 
corresponding to Table 1. Four genes were upregulated greater than 2-fold and 11 genes weredownregulated greater than 2-fold in cisplatin-resistant 
cells compared w ith parent cells. Position EOl corresponds to an increase in NFKBIA. (B) Upregulation o f NFKBIA in H460CRcells was validated byQRTPCR, 
using NFKBIA and ACTB specific primers, in three independent experiments. Fold regulation is shown for NFKBIA in H460CR cells compared w ith H460PT 
cells, calculated via the AACt method. ***P < 0.001. H460PT, H460 parent cells; H460CR, H460 cisplatin-resistant cells.

In  cancer cells, N F k B has been shown to act in  an anti- 
apoptotic, p ro-p ro life ra tive  manner. As .such, in h ib itio n  o f 
N F k B has been investigated in  various types o f  cancer as a 
po ten tia l therapeutic in te rven tion  strategy. One such in h ib ito r  
is D ehydroxym ethylepoxyqu inom ic in  (D H M E Q ), w h ich  pre
vents translocation o f  N F k B to the nucleus. Derived from  the 
an tib io tic  epoxyquinom ycin C , D H M E Q  is a specific in h ib ito r  
o f  N F k B nuclear translocation,^’ w h ich  has shown bo th  an ti
in fla m m a to ry  effects and a n ti-tu m o r effects in  m u ltip le  cancer 
types both in  v itro  and in  vivo.^"*’ '̂

Here we investigate the effect o f  targeting key s ignaling m o l
ecules w ith in  the P I3K /N F k B pathway in  tw o in  v itro  models o f  
cisplatin-resistant N S C LC .

Results

A n  R T 2  P ro file r array (SABiosciences) was used to q u a n tify  
the expression o f  84 genes associated w ith  the P I3 K -A k t pathway 
and to id e n tify  any differences in  m R N A  expression between the 
H 4 6 0 P T  (parent) and H 4 6 0 C R  (cisplatin-resistant) cell lines. 
N F K B IA  displayed an 11.99-fold upregu la tion  in  H 4 6 0 C R  
cells (Fig. 2 A  and B). Four genes were upregulated greater than 
2 -fo ld  and 11 genes were downregulated greater than 2 -fo ld  in 
cisplatin-resistant cells compared w ith  parent cells. O f  p a rticu 
la r interest was N F K B IA  as it  displayed the highest d iffe ren tia l 
expression between parent and resistant cell lines. T h is  result was 
validated by Q P C R  using primers specific to N F K B IA , w h ich

o
CN

www.landesbioscience.com Cancer Biology &Therapy 1369

La
nd

es
 

B
io

sc
ie

nc
e.

 D
o 

no
t 

di
st

ri



A B

c y to p la s m ic  IkBa 
sta in ing
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H460 H460CR A549 A549CRIkBa Immunofluorescence
a b T u b u lin
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IkBa Expression

F ig u re  3. ll<Ba is m ore h igh ly  expressed in H460CR cells than H 460parent cells. (A) Im m unofluorescence image: H460 parent untreated  cells were 
sta ined w ith  I k B o  p rim a ry  an tib o d y  and Alexa Fluor488 conjugated secondary a n tib o d y  (green). Cells were also stained w ith  Hoechst nuclear stain 
(blue). A lexa Fluor con jugated  secondary a n tib o d y  (green) indicates I k B q  expression in the  cytop lasm  and peri-nuclear space. (B) Im m unofluorescence 
image: H460CR untreated cells were sta ined and im aged as in (A). The increased in tens ity  o f green sta in ing  here indicates the  presence o f m ore I k B o  

here than  in H460 cells. (C) Im m unofluorescence analysis: Cells were e ithe r le ft untreated (as in [A and B ])o r pretreated w ith  TNAa (25 n g /m L )fo r 20 min. 
Cells w ere im aged using H igh C ontent Analysis. Each tre a tm e n t was perforrr.ed in tr ip lica te  and th ree  independen t experim ents w ere perfo rm ed. Cell 
in ten s ity  (am ount o f k B a  fluorescence) was measured in the  nucleus and the  cytop lasm  using HCA software. (D) H460 and A549 parent and cisp la tin - 
resistant cell p rote in  samples w ere run on an SDS-PAGEgel and analyzed by w estern b lo t th ree  independen t tim es fo r expression o f k B a  and a(3Tubulin. 
(E) D ens itom etry  analysis was perfo rm ed using ImageJ so ftw are  to  com pare expression o f Ik B o  betw een H460 and A549 parent and cispla tin -resistan t 
cells. * P  <  0.05 * **P <  0.001. H460PT, H460 parent cells; H450CR, H460 c ispla tin-resistant cells.

identified 10.56-fold upreguiation o fN F K B lA  in H460CR cells 
(Fig. 1C).

The gene product o f N F K B IA , iKBa, was then compared 
in H460 parent (Fig. 3A) and H460 cisplatin-resistant cells 
(Fig. 3B), iK B a was shown to be more highly expressed in 
H 460C R  cells than H460PT cells by analysis o f im m unofluo
rescence (Fig. 3C) and western b lotting (Fig. 3D). IkB u  was 
also shown to be more highly expressed in A549CR cells than 
A549PT cells by densitometry analysis o f western blots (Fig. 3D).

A  point mutation in  exon 5 o f N F K B IA  has been previously 
identified which results in a truncated form o f the protein iKBa, 
which cannot bind and inh ib it N F k B. '̂'^^ Exons 3, 4, and 5 o f

N F K B IA  were amplified via nested PCR and PCR products were 
visualized on an agarose gel (Fig. 4A). These amplicons were then 
sequenced using the AB13130 sequencer (Fig. 4B). Sequences 
were compared w ith  w ild-type sequences using B LA STN , w ith 
no mutations being found (Fig. 4C).

The effects o f P I3K -m TO R  inh ib itor G D C -0980 on cell pro
liferation were analyzed by BrdU assay. G DC-0980 was found 
to induce a reduction in proliferation in H460PT, H460CR, 
A549PT, and A549CR cell lines. G DC-0980 treatment was sig
n ifican tly  more effective at all doses in H 460PT cells when com
pared w ith  the H460CR cells. A t the lowest dose (0.33 |JlM ), 
G DC -0980 treatment was significantly more effective in

1370 Cancer B iology STherapy Volum e 15 Issue 10
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Figure 4 . NFKBIA S equence  Trace. (A) Exons 3,4, and  5 of k B a  w ere  am plified via n ested  PCR from H460PT and  H460CR RNA. PCR p ro d u c ts  w ere visual
ized on  a 1% agarose  gel, and  com pared  w ith a 100 bp  DNA ladder (Fermentas). (B) Amplicons w ere  seq u en ced  using th e  AB3130 sequencer. S equence  
trace  files w ere  o b ta in ed  for each  exon in each  cell line, an exam ple of w hich is show n here. No d o u b le  peaks w ere o bserved  in any trace  file. (C) Forward 
and  reverse  sequences  w ere  com pared  against w ild-type seq u en ces  for each  NFKBIA exon in bo th  cell lines using th e  basic local a lig n m en t search tool 
for n uc leo tides  (BLASTN). No d iscrepancies w ere identified  b e tw een  our seq u en ces  and  w ild-type sequences. A sam ple seq u en ce  o f H460 NFKBIA exon 
3 is show n here, aligned w ith wild ty p e  k S a  exon 3. H460PT, H460 pa ren t cells; H460CR, H460 cisp latin-resistan t cells.

A549C-R cells th an  A 549PT  cells; however at all o ther doses, there 
was a tren d  toward G D C -0 9 8 0  treatm ent being m ore effective in 
A 549PT  cells th an  A 549C R  cells (Fig. 5A). T h e  effect o f G D C - 
0980 on these four cell lines was fu rth er investigated by a m ulti
param eter cell viability assay using H C A . Im aging  o f  cells treated 
w ith  G D C -0 9 8 0  com pared w ith untreated  cells allowed for visu
alization o f  cellular dam age induced by the d ru g  (Fig. 5B) w hich 
was then  quan tified  by cell count using H C A  softw are (Fig. 5C ). 
Cell coun t was significantly  reduced in H 4 6 0 P T  cells com pared 
w ith H 4 6 0 C R  cells in response to G D C -0 9 8 0  treatm ent at all 
doses. T h ere  was no significant difference in cell count betw een 
A 549PT  and A 549C R  cells (Fig. 5B and C ).

T h e  effects o f N F k B translocation inh ib ito r D H M E Q  on cell 
proliferation were analyzed by BrdU assay. D H M E Q  was found 
to induce a reduction  in proliferation in H 460P T , H 4 6 0 C R , 
A549P 1, and A 549C R  cell lines. In contrast to the response to 
G D C -0 9 8 0  treatm ent, D H M E Q  treatm ent led to a significantly  
increased reduction o f proliferation in c isplatin-resistant cells 
com pared w ith parent cells at all doses for A549 cells, and at 
higher doses for H 4 6 0  cells (Fig. 6). T h is increased efficacy of 
D H M E Q  treatm ent in cisplatin-resistant cells was also observed 
by m ultiparan ie ter cell viability assay using H C A . Im aging o f 
cells treated w ith  D H M E Q  com pared w ith  un treated  cells 
allowed for qualitative observation o f  the significant difference

in response betw een parent and cisplatin-resistant cells (Fig. 6B ). 
rh is  difference in response was quan tified  by cell coun t using  
H C A  software. Cell count was significantly  reduced in cisplatin- 
resistant H 4 6 0  and A549 cells com pared w ith  m atched parent 
cells at noted concentrations (Fig. 6C ).

Discussion

Activation o f the P I3K /N F kB  pathw ay has been show n pre
viously to play a role in cisplatin resistance in ovarian cancer.’ 
As such, in -dep th  gene expression analysis o f m atched cisplatin- 
sensitive (H 460P ) and cisplatin-resistant (H 4 6 0 C R ) cell lines 
was perform ed using the hum an  PI3K -A K T S ignaling Pathway 
R T 2 profiler array. O f  the  84 genes qu an tified  only 4 upregu- 
lated genes, including an 11.99-fold increase in  N FK B IA  
(gene encoding  I k B u ) expression, were identified in H 4 6 0 C R  
cells in com parison to H 4 6 0  cells. S ignificant upregulation  
o f  N FK B IA  in the H 4 6 0 C R  cell line was validated by a gene- 
specific qPCRassay. Investigation o f I k B u  expression at the  p ro 
tein level was perform ed via im m unofluorescence and w estern 
blot. Im m unofluorescence im aging indicated increased levels o f  
I k B q  in H 4 6 0  cisplatin-resistant cells com pared w ith  H 4 6 0  par
ent cells. W estern blot analysis indicated h igher levels o f  I k B q
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Figure 5. For figure legend, see page 1373.
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Figures (See previous page). The effects of GDC-0980 treatment on proliferation and cell viability in H460 parent and cisplatin-resistant cells. (A) H450 
and parent and cisplatin-resistant cells were treated in triplicate at noted concentrationsof GDC-0980 for 72 h.Cells were analyzed via BrdU assay (n = 3). 
Percentage proliferation is shown here. (B) Sample image: Cells were stained w ith Hoechst blue nuclear stain, mitotracker red mitochondrial stain and 
phalloidin green F-actin stain, and imaged using the In Cell Analyzer 1000. (C) H460 and parent and cisplatin-resistant cells were treated in triplicate at 
noted concentrations of GDC-0980 for 48 h. Eight fields were imaged per well at lOx magnification using the In Cell Analyzer 1000. (D) Images from (C) 
were analyzed using In Cell software which identified cell count automatically from nuclear staining. *P  <  0.05 **P  < 0.005 * * * P  <  0.001. H460PT, H460 
parent cells; H45CCR, H460 cisplatin-resistant cells

in  bo th  H 460  and A549 cisplatin-resistant cells compared w ith  
the ir respective parent cell lines. Such activated levels o f  th is  neg
ative regulator o f N F k B in  both chenioresistant models im plies 
tha t I k B q  could play a role in  c isplatin resistance in  N S C LC .

It has been shown previously that truncated forms o f  the I k B «  
pro te in  resulted in  reduced iK B a -N p K B  b in d in g  and prevention 
o f  post-induction  repression o f  N F k B. Deregulated I k B k  results 
in  constitu tive  N F k B a c tiv ity  and the emergence o f  a chemoresis- 
tan t phenotype due to upregulation o f  survival and an ti-apop to tic  
genes transcrip tiona lly  regulated by N F k B. N F K B IA  exons 3, 4, 
and 5 are the most com m on sites for deletions and m utations 
w h ich  result in  truncated form s o f  the IkB o : p r o t e i n . H e r e  
we screened these exons, in  H 460  parent and resistant cells, for 
the presence o f  m utations by Sanger sequencing. These sequences 
were compared w ith  w ild -typ e  sequences using B L A S T N . N o  
m utations or deletions were detected.

In  order to assess the v ia b ility  o f  ta rgeting the P I3K  pathway 
as a second line  treatm ent in  N S C LC , we investigated the effects 
o f  targeted in h ib itio n  on tw o  strategic points in the P I3K - N F k B 
pathway in  parent and cisplatin-resistant cells. F irst, treatm ent 
w ith  G D C -0 98 0 , a dual P I3K -m TC )R  in h ib ito r, led to s ig n ifi
can tly  reduced pro life ra tion  and v ia b ility  in  parent H 460  cells 
compared w ith  the ir matched cisplatin-re.sistant cells. T h is  is 
unsurpris ing  due to the 11 upstream P I3K  pathway genes w h ich  
were seen to be more h ig h ly  expressed in  parent cells than cispla- 
tin-resistant cells on the gene expression array. T h is  data dem on
strates that w h ile  the P I3K  pathway maybe a po tentia l therapeutic 
target in H 460P  cells the H 4 6 0 C R  cell lines are less reliant on 
th is pathway. G D C -0 98 0  was not as effective in  the A549P T 
cells and th is may be due in  part to the fact that these cells are 
P IK 3 C A  m uta tion  negative whereas the H 4 6 0 P T  cells harbor a 
P IK 3 C A  m utation. In  bo th  A549P T and A549C R  cells, a s im ila r 
trend in p ro life ra tion  and cell v ia b ility  was observed at higher 
concentrations o f  the drug, w h ile  at the lowest concentrations a 
s ign ifican tly  increased effect on p ro life ra tion  in  ci.splatin-resis- 
tan t cells was observed. As such, we believe that d irect in h ib itio n  
o f  P I3 K -m T ()R  may not be a useful strategy in  th is setting.

We hypothesize based on our in it ia l p ro te in  expression data 
tha t a deregulated I k B oi/N F k B in te raction  may play a s ig n if i
cant role in  c isp la tin  resistance in  ou r N S C LC  models there
fore we investigated the effect o f  ta rge ting  th is  aberrant I k Bq / 
N F k B pathway. To th is  end we exam ined the effect o f  a spe
c if ic  in h ib ito r  o f  N F k B translocation  and b in d in g , D H M E Q , 
in  our cisp latin-resistant models. T h is  in h ib ito r, a derivative 
o f  the a n tib io tic  epoxyqu inom ic in  C , has shown prom ise as a 
treatm ent fo r rheum atoid a rth r it is  as w e ll as being effective in  
suppressing horm one-re fractory prostate cancer in  an in  v ivo 
model w ith o u t any to x ic ity  and is cu rren tly  being progressed 
toward c lin ica l t r i a l s . A  dose-response p ro life ra tion  assay

and a m ultiparam eter H C A  v ia b ility  assay were perform ed using 
H 4 6 0  and A549 parent and cisp latin-resistant cell lines. In  bo th  
models o f  resistance D H M E Q  induced a reduction  in  p ro life ra 
tio n  to a s ig n ifica n tly  greater extent in  the cisp latin-resistant cell 
lines than  in  parent cell lines. These data fu rth e r h ig h lig h t that 
a deregulated I k Bu /N F k B in te raction  may play a key role in  
c isp la tin  resistance in  N S C LC  cell lines. We hypothesize tha t 
in h ib it io n  o f  N F k B or its downstream  targets may be an ideal 
strategy to resensitize cisp latin-resistant cells to  c isp latin , and 
th is  should be investigated th o rough ly  w ith  a view to design
in g  new targeted therapeutic protocols to r cisplatin-resistant 
N S C LC  patients.

Further investigations to elucidate the exact mechanism 
involved in these I k Bu  activated resistant cells as w ell as cispla
t in  and D H M E Q  com bination  treatm ent are warranted bo th  in  
v itro  and in vivo. Based on these data, we believe that a non-toxic 
.specific in h ib ito r  o f  N F k B such as D H M E Q  may play a key role 
in  fu tu re  treatm ent o f  N S C LC  patients w ith  either in trins ic  or 
acquired cisplatin resistance.

T h is  study was perform ed on the basis o f  previous publi.shed 
evidence supporting a role for the P I3K - N F k B axis in  ci.spla- 
t in  r e s i s t a n c e , w i t h  the aim  o f  id e n tify in g  strategic points 
w ith in  th is pathway to target in  order to overcome th is resistance 
in  N S C LC . W ith  th is  prom is ing data im p ly in g  a major role for 
I k Bo /N F k B in teraction in  N S C LC  cisp latin  resistance, in h ib i
tion  o f  N F k B by D H M E Q  or other targeted inh ib ito rs  could 
provide a beneficial treatm ent strategy fo r N S C LC  patients who 
progress on cisplatin. We believe th is  data underpins the im por
tance o f  de term in ing  w h ich  po in t in  a signa ling cascade is critica l 
to therapeutic targeting, in  order to ensure m axim al benefit in 
specific c lin ica l settings such as chemoresistance.

Materials and Methods
O

C e ll cu ltu re  C N
H 460  cells were grown in  R P M I1640  media (Lonza) supple- 

mented w ith  10% FBS and 1% pen ic illm /s trep tom ycm  at 37 C 
and 5% CO^. A549 cells were grown in  H a m ’s F-12 media (Lonza) 
supplemented w ith  10% FBS, 1% pen ic illin /s trep tom yc in  and 
1% L-g lu tam ine  at 37 °C  and 5% C O ^. C isplatin-resistant cell 
lines had previously been developed in  th is laboratory via con
tinuous exposure o f  H 460  and A549 cells to c isp la tin .’  ̂ H 460  
parent cells (H 4 60 P T ) could then be compared w ith  H 460  cispl
atin-resistant cells (H 4 60 C R ), and A549 parent cells (A549PT) 
could be compared w ith  A549 cisplatin-resistant cells (A549CR).

Gene expression array
R N A  was isolated from  parent and re.sistant cell lines 

using TriReagent. Two R T2 P ro file r PCR arrays were used
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Figure 6. For figure legend, see page 1375.
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Figure 6  (See previous page). The e ffects  o f DHMEQ trea tm en t on p ro life ra tion  and cell v ia b ility  in H450 parent and c ispla tin-resistant cells. (A) H450 
and paren t and cisp la tin -resistan t cells w ere treated in tr ip lica te  at noted concentrations o f DHMEQ fo r 72 h. Cells w ere analyzed via BrdU assay (n = 3). 
Percentage p ro life ra tion  is show n here. (B) H460 and parent and c ispla tin-resistant cells w ere trea ted  in trip lica te  at noted  concentrations o f DHMEQ fo r 
48 h. Cells w ere stained w ith  Hbechst b lue nuclear stain, m ito tracker red m itochond ria l stain and pha llo id in  green F-actin stain, and im aged using th e  In 
Cell Analyzer 1000. Eight fie lds were im aged per well at lOx m agn ifica tion . (C) Images from  (B) were analyzed using In Cell so ftw are  w hich  ide n tifie d  cell 
coun t a u tom atica lly  fro m  nuclear sta in ing. *P < 0.05 **P < 0.005 ***P  < 0.001 H460PT: H460 parent cells H460CR: H460 c isplatin-resistant cells.

(SABiosciences P I3 K -A K T  pathway array: PAH S-058). One 
96 w e ll array was perform ed fo r H 4 6 0 P T  R N A  and the other for 
H 460C 'R  R N A . c D N A  was added to R T2 qPCR M aster M ix , 
w h ich  contains SYBR Green and reference dye. The  experimen
ta l cock ta il o f  c D N A , M aster M ix , and H ^O  was added to the 
96 w e ll array (23 |i.L per w ell). Real-tim e PCR therm al cyc ling  
was perform ed using the A B I 7500 therm al cycler. Changes in 
gene expression between H 4 6 0 P T  and H 4 6 0 C R  cell lines were 
analyzed using SABiosciences on line  software w h ich  inco rpo 
rates the A A C T  m ethod.

qR T-P C R
q R l-P C R  va lida tion  ot array results was performed for 

N F K B IA . Roche FastStart Universal SYBR green mas
ter (Rox) was used w ith  c D N A  prepared from  H 460P 1 ' and 
H 4 6 0 ( 'R  cells. N F K B IA  and (i-actin -specific  primers were used 
(SABiosceinces).

N F K B IA  nested PCR
Nested PCR was perform ed fo r exons 3, 4, and 5 o f  the 

N F K B IA  gene. In  the firs t PCR reaction, fo rw ard prim ers were 
used. In  the second PCR reaction, inner fo rw ard prim ers were 
used. For bo th  reactions, the same reverse prim ers were used. 
Prim er sequences and annealing temperatures are shown in 
Table 1 as adapted from .^' T he  nested PCR Products were run 
on a 1% agarose gel w ith  \ X  T B E  buffer. A  \0 0  bp D N A  ladder 
was used to determ ine the size o f  the amplicons. PC^R product 
p u rif ica tio n  was perform ed using a Q IA q u ic k  PCR P u rifica tion  
K it  (Q iagen). T he  D N A  was p u rif ie d  according to the m anu
factu re r’s p ro toco l, using the buffers and spin co lum ns p ro 
vided. The  p u rif ie d  D N A  was eluted in  30 ( jlL  B uffe r EB. Cycle 
sequencing was then perform ed using B igDye T erm ina to r v3.1. 
Each reaction contained 1 | J i L  prim er, 3 |j l L  BigD ye te rm ina to r 
m ix  v3.1, 50 ng template D N A  and d H 2 0  to a to ta l volum e o f 
20 (jlL . a  con tro l tube contained 1 (JlL pGem, 2 | j lL  M 13 prim er, 
3 |jlL  BigDye te rm ina to r m ix  v.3.1, and 14 (jlL  d H 2 0 .1 'h e  tubes 
were then placed in  the G eneA m p 2400 therm al cycler using 
the fo llo w in g  program : Step I :  96 °C  for 1 m in , step 2; 96 °C  
for 10 m in , step 3: 50 °C  for 5 s, step 4: 60 °C  fo r 4 m in , step 
5: repeat steps 2 -4 ,  25 tim es, step 6: go to 4 °C . T he  sequenc
ing  products were then cleaned using DyeEx spin co lum ns 
(Q iagen). T he  clean-up was perform ed as per the m anufactu re r’s 
protocol, and the recovered reaction was dried using a speedy vac 
at m edium  heat u n t il dry. T he  pelle t was then resuspended in  
10 |xL H iD ifo rm a m id e , and loaded onto an A B I 96-w e ll plate. 
The  plate was then placed on the AB3130 sequencing p la tfo rm , 
w h ich  read the sequences.

W estern b lo t
Protein was isolated from  H 460P T , H 460C R , A549PT, and 

A549CR cells using R IPA  bu ffer supplemented w ith  sodium  
orthovandate (50 n iM ), PMSF (100 m M ), protease in h ib ito r

Table 1. NFKBIA' prim ers used in th is study

O ligo  nam e Sequence (5 ' * 3  ) Tm (X )

NFKBIA Exon 3 
Forward Outer

CCTGTCTAGG AGGAGCAGCA C (21) 63.7

NFKBIA Exon 3 
Reverse

AAAGGCATCC AATAGGCAC (19) 54.5

NFKBIA Exon 3 
Forward Inner

AGGAGACACG GGTTGAGG (18) 58.2

NFKBIA Exon 4 
Forward Outer

GAACCCAGACTGTGGGTTCT (20) 59.4

NFKBIA Exon 4 
Reverse

TGAGATGCTT ATGGCTGCA (19) 54.5

NFKBIA Exon 4 
Forward Inner

AGGTGAAAGG AGTGAGGGTT G (21) 59.8

NFKBIA Exon 5 
Forward Outer

ATGCTCAGGTTGGTGCTTCC (20) 59.4

NFKBIA Exon 5 
Reverse

CTGGGAGGGT GAAAGGGAAT (19) 58.8

NFKBIA Exon 5 
Forward Inner

GCACTGAGTC AGGCTCCTCG (20) 63.5

'NFKBIA (kB a): Nuclear fac to r o f kappa lig h t p o lypep tide  gene enhancer 
in B-cells inh ib ito r, a. Primers were used as pub lished in ref. 25.

cockta il, (i-glycerophosphate (500 m M ) and sodium  fluo ride  
(500 m M ). F h ir ty  m icrograms o f  to ta l pro te in  from  each cell 
line was loaded onto a 12% acrylam ide-SDS gel. Proteins were 
resolved by electrophoresis and transferred onto a P V D F  m em 
brane. I k Bo  was detected using a rabbit I k B «  (N -te rm in a l) 
an tibody (C e ll S ignaling). Membranes were probed as per m anu
factu re r’s protocol. Bound an tibody complexes were detected 
using the Supersignal West Pico C hem ilum inescent substrate k it 
(Pierce). I he membrane was then exposed to scientific  im aging  
X-ray f i lm  and developed.

Im m unofluorescence
Expression levels o f  I k B h  in  H 460  and A549 parent and cispl- 

atin-resistant cell lines were also investigated at the prote in level C \ |
by Im m unofluorescence using H ig h  C ontent Analysis (H C A ) ©
im aging. Cells were .seeded m 96-w e ll plates and either pretreated 
w ith  T N F tt  (25 n g /n iL  for 20 m in ) or le ft untreated, then fixed  
w ith  4%  PFA for 15 m in  at RT. Cells were subsequently blocked 
in  b lock ing  buffer (100 |j l L  per well, I x  PBS con ta in ing  5%  nor
m al goat serum and 0 .3%  T rito n  X-100, Sigma) at room tem 
perature for 60 m in.

T he  b lock ing  solution was aspirated, and d ilu ted  p rim a ry  
an tibody was added to each w ell (100 (JlL  per well, I x  PBS con
ta in in g  1% BSA, 0 .3%  T rito n  X-100, and 0 .8%  Ik B u  antibody).
The  plate was incubated at 4 °C  overnight.

Cells were washed 3 times for 5 m in  each in  PBS (100 (xl,), and 
then incubated w ith  Alexa F luor 488 conjugated goat-anti-mouse
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secondary  an tibody  (Invitrogen) for 1 h at room  tem perature 
in the  dark. Cells were washed 3 tim es tor 5 m in  each in PBS 
(100 jjlL), and then  sta ined w ith  H oechst nuclear stain  (hishenz- 
im ide H 33348 , Fluka B iochem ika, 4 |jlM , 20 m in). O ne h u n 
dred m icroliters o f  PBS was finally  added to all 96 wells o f the 
plate for imaging.

7 he cells were im aged using the InC ell AnalyzerlOOO (GE 
Lifesciences) and im ages were analyzed using the H ig h  C onten t 
A nalyzer software, w hich  quantified  the intensity  o f green flu 
orescence in the cytosol and nucleus for un treated  and  T N F a  
treated cells.

P ro lifera tio n
O i l s  were treated w ith either G D C -0 9 8 0  (G enentech) or 

D H M E Q  (Um ezawa Lab) at noted concentrations for 72 h in 
96 well plates at 37 °C  and 5%  CO^. T he Cell Proliferation 
ELISA, BrdU (colorim etric) kit (Roche) was used to assess per
centage proliferation in relation to untreated  cells. BrdU reagent 
was added directly  to each well for the last 4 h o f  trea tm ent, allow
ing it to  incorporate in to  the genom e o f proliferating  cells. T he 
cells were then  fixed and exposed to an anti-B rdU  an tibody  for 
90 m in  before finally  add ing  substrate and stop solutions as per 
m an u fac tu re r’s protocol. A bsorbance was m easured @ 595 nm  
by a spectrophotom eter to quan tify  corresponding alterations in 
proliferation.

M u ltip a ram e te r h igh  co n ten t analysis assay 
Cells were treated  w ith  either G D C -0 9 8 0  or D H M E Q  at 

noted  concen tra tions for 24 h in 96-well plates at 37 °C  and 
5%  CO^. C ells were sta ined  sim ultaneously  w ith  H oech st 
nuclear sta in  (b isbenzim ide H 3 3348 , F lukaB iochem ika, 1 |jlM ,  

30 m in) and m ito tracker red m itochondria l s ta in  (Invitrogen, 
0.5 (J.M, 30  m in ), then  w ashed in PBS and  fixed in  PFA (^% , 
10 m in ), before perm eablizing  (0.5%  Triton-X -100 in PBS) and 
finally  sta in in g  w ith  Alexa Fluor 488 Phallo id in  (Invitrogen, 
10 fxM, 30 m in ). The cells were im aged using  the InC ell 
AnalyzerlOOO (G E  Lifesciences) and im ages were analyzed 
using  H ig h  C o n ten t Analysis (H C A ) softw are, w hich  q u a n ti
fied cell count.
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