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ABSTRACT 

Lung cancer is the commonest cancer killer worldwide. This is mainly due to the rapid 

development of drug resistance and early metastatic dissemination of the disease. SRC family kinases 

(SFKs) are frequently over-expressed in various cancers and have been implicated in tumorigenesis 

through their ability to promote cancer cell proliferation, survival and invasiveness. Therefore, we 

sought to evaluate the involvement of SFKs in lung cancer biology and assess the possible therapeutic 

benefits of their inhibition, either alone or in combination with additional treatments. 

We demonstrate that SRC family kinases are over-expressed and activated in-vitro in a panel 

of lung cancer cell lines as compared to immortalised normal lung epithelial cells. SRC, FYN and 

LYN are expressed in a high proportion of lung cancer but not normal lung tissue sections. 

Furthermore, enhanced expression of LYN correlates with poor patients’ survival.  

Dasatinib is a novel SRC/ABL inhibitor which effectively blocks SFKs activity at nanomolar 

concentrations. Dasatinib reduces cell numbers in 10 out of 11 NSCLC cell lines tested, which 

correlates with a strong inhibition of DNA synthesis and cell proliferation, while apoptosis is 

moderately enhanced only in a few cell lines. Interestingly, dasatinib potently induces autophagy in 

all NSCLC cell lines tested. This appears to be a pro-survival mechanism as autophagy inhibition 

using chemical compounds or siRNA-mediated depletion of ATG5 sensitises NSCLC cells to 

dasatinib through enhanced apoptosis. Lastly, our results indicate that SFKs have both overlapping 

and isoform-specific functions in NSCLC cell biology, as demonstrated by the effects of siRNA-

mediated knockdown of SRC, YES, FYN or LYN.  

Our results suggest that inhibition of SRC family kinases alone or in combination with 

autophagy inhibitors may be a beneficial therapeutic strategy in the management of lung cancer 

patients.  
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1.1 Lung cancer 

1.1.1 Lung cancer is the main cancer killer worldwide 

Lung cancer is the commonest cause of cancer mortality, with over 1.3 million deaths per 

year, in both men and women (CancerStats, Cancer Research UK). In 2008 over 35,000 people died 

of lung cancer in the United Kingdom, which accounts for 6% of all deaths and 22% of cancer-related 

deaths in the UK (Figure 1) (CancerStats, Cancer Research UK). 

Lung tumours are carcinomas arising from the respiratory epithelium and are classified 

histologically into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), the latter 

accounting for 77% - 80% of all lung cancers diagnosed. NSCLC can be further subdivided into 

squamous cell lung carcinoma (SCC), adenocarcinoma (ADC), and large cell lung carcinoma (LCC). 

 

 
 
 

Figure 1. The 20 most common causes of death from cancer, UK, 2008. 

This graph displays a comparison of the number of deaths caused by the 20 most common cancer killers in the 
UK in 2008, for both men and women. This representation is based on data obtained from CancerStats, Cancer 
Research UK. 
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Lung cancer survival rates inversely correlate with the stage of the disease at presentation. 

Unfortunately, more than two-thirds of lung cancers are diagnosed at an advanced, metastatic stage, 

resulting in poor patient prognosis. Surgery is the only curative intervention in lung cancer but it only 

applies to a minority of NSCLC patients with localised tumours. Chemotherapy offers very limited 

enhancement of survival in NSCLC (See section 1.1.5 below for details). While SCLC is initially 

sensitive to chemo- and radiotherapy, the disease rapidly relapses as a therapy-resistant lesion (Chua 

et al., 2004; Higgins and Ettinger, 2009; Spiro and Porter, 2002). Taken together, these facts overall 

explain why the five-year survival rate for lung cancer patients is below 10% (CancerStats, Cancer 

Research UK).  

Younger patients diagnosed with lung cancer have better prognosis than older ones but it is 

rarely diagnosed in patients younger than 40 and more than three-quarters of new cases and deaths 

occur in people aged 65 and over (Figure 2) (CancerStats, Cancer Research UK). 

 

 
 
 

Figure 2. Age-specific incidence and mortality of lung cancer, by sex, for the UK in 2008. 

The graph displays a comparison of the number of new cases and deaths across different age groups for both 
men and women, for the UK in 2008. This graph is compiled from data obtained by CancerStats, Cancer 
Research UK. 
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1.1.2 Aetiology of lung cancer 

The association between smoking and lung cancer has been established over 50 years 

ago and has been extensively studied since then. Cigarette smoke contains over 60 known 

carcinogens, such as benzopyrene, nitrosamine and radioisotopes from the radon decay sequence. In 

addition, nicotine may repress the immune system response to malignant growths in the lung (Sopori, 

2002).  

It is estimated that the average smoker has a lung cancer risk over 20 times higher than life-

long non-smokers (Hodkinson and Sethi, 2011; Ruano-Ravina et al., 2003). Also, about 90% of lung 

cancer cases can be attributed to cigarette smoking, either directly or through indirect exposure. The 

risk of developing lung cancer correlates with the level of consumption and duration of smoking 

(Ruano-Ravina et al., 2003). Indeed, smoking cessation has very significant health benefits (Ruano-

Ravina et al., 2003).  

Among other risk factors is exposure to radon, asbestos, occupational carcinogens like 

arsenic, poly-cyclic hydrocarbons, non-ferrous metals, as well as air pollution (Ruano-Ravina et al., 

2003). A family history of lung cancer is associated with a 2 to5-fold higher risk of developing lung 

cancer. Also, previous Hodgkin’s lymphoma treatment and respiratory diseases like tuberculosis, 

chronic obstructive pulmonary disease (COPD) and silicosis may increase lung cancer risk (Ruano-

Ravina et al., 2003). On the other hand, physical activity has been linked to a decreased risk of 

developing lung cancer (Emaus and Thune, 2010). 

 

1.1.3 Pulmonary epithelium and cellular origins of lung cancer 

The human respiratory system consists of airways, the lungs, and the respiratory muscles. 

Pulmonary airways conceptually begin with the nose/mouth leading to pharynx and trachea, which 

then divides into the two main bronchi which enter the lungs. The bronchi continue to divide within 
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the lung into smaller bronchi and eventually into bronchioles. These continue branching until the level 

of terminal bronchioles, leading to alveolar sacs. Alveolar sacs consist of clusters of alveoli, where the 

gas exchange occurs (Figure 3).  

Beginning with the trachea, the airways are covered with a pulmonary epithelium consisting 

of various types of specialised cells. The upper airway epithelium mainly consists of the basal, goblet 

(mucous), ciliated and Clara cells, whereas bronchioles mainly of Clara and ciliated cells. In addition, 

the mid-level bronchioles contain pulmonary neuroendocrines cells (PNEC), clustered into 

neuroepithelial bodies (NEB) (Figure 3). The alveolar epithelium is extremely thin (approx. 0.5 

micrometres) and consists of two types of cells, the alveolar type-I cells (type-I pneumocytes) and the 

alveolar type-II cells (type-II pneumocytes). Type-I cells are flat, widely spread cells and even though 

they are less numerous than cubic type-II cells, they cover the largest surface area of the alveoli 

(Figure 3). Alveoli are closely surrounded by a mesh of small capillaries consisting of a single 

monolayer of endothelial cells.  

Lung cancer subtypes generally follow a proximal-to-distal distribution: SCC arising mostly 

in the upper airways, SCLC in the mid-level bronchi/bronchioles and ADC localised in the lower 

airways. Thus, most likely they originate from distinct cell types, positioned in specific lung 

epithelium niches (Sutherland and Berns, 2010). 

Candidate cells of origin for adenocarcinomas are bronchioalveolar stem cells (BASCs), 

positive for both Clara and AT2 cell markers, CC10 and SPC (Surfactant Protein C), respectively. 

BASCs also express SCA-1 and CD34 stem cell markers. They are located at the junction of terminal 

bronchioles and alveoli, called bronchioalveolar duct junction (BADJ). In-vitro studies indicated that 

these double-positive cells gave rise to Clara, alveolar type 1 and 2 cells, suggesting a progenitor cell-

like role (Giangreco et al., 2007; Jackson et al., 2001; Kim et al., 2005). 

The histopathology and gene expression patterns of squamous cell carcinomas, e.g. such as 

keratin 5 and 14 positivity, indicate they could originate from tracheal basal cell progenitors at the 

sub-mucosal gland duct junction (Giangreco et al., 2007; Sutherland and Berns, 2010). 
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Human and mouse SCLC typically express a range of neuroendocrine markers, such as 

calcitonin-gene related peptide (CGRP),  neural cell adhesion molecule (NCAM1) and achaete-scute 

complex homolog-like 1 (ASCL1). Thus, neuroepithelial bodies (NEB)-associated pulmonary 

neuroendocrine cells (PNECs) are hypothesized to be progenitors of SCLC (Meuwissen et al., 2003). 

However, there are patients with tumours consisting of mixed SCLC and NSCLC cell morphologies 

raising the possibility that a common stem cell might give rise to all lung cancer types. 

 

 
 

Figure 3. Schematic diagram of a lung.  

The diagram displays the spatial structure and different cell types associated with the airways. The coloured 
boxes refer to the various regions of the airways and the cell types that they contain (See colour code in the 
insert box). This figure is taken from (Sutherland and Berns, 2010). 
 
 



22 

 

1.1.4 Molecular origins of lung cancer 

Lung carcinogenesis is a complex, multi-step process characterized by the accumulation of 

numerous genetic and epigenetic alterations. The most common mutations include those of p53, 

retinoblastoma (RB), p16
INK4a

, FHIT tumour suppressor genes as well as of K-RAS, N-RAS, EGFR 

and VEGFR2 oncogenes. Antiapoptotic protein BCL-2 and c-MYC are frequently over-expressed 

and growth factor signalling aberrantly activated (Table 1). 

 
Table 1. Common genetic and epigentetic alterations in lung cancer. 

The numbers refer to the percentage of cases showing the indicated aberration. Adapted from (Mitsuuchi and 
Testa 2002; Sekido, Fong et al. 2003; Sato, Shames et al. 2007) 
 

Histological Type NSCLC SCLC 

Frequent allelic loss 3p, 6q, 8p, 9p, 13q, 3p, 4p, 4q, 5q, 8p, 

  17p,19q 10q, 13q, 17p, 22q 

Loss of 3p chromosome fragment >50% >90% 

p53 inactivation 50% 75%–100% 

RB inactivation 15-30% 90% 

p16
INK4a

 inactivation 30-70% 0-10% 

EGFR mutation 10-25% 0% 

EGFR over-expression 30-70% 0% 

HER2 mutation 2% 0% 

HER2 over-expression 30% 0% 

K-RAS mutation 15-20% <1% 

H-RAS mutation 2-3% 0% 

B-RAF mutation 3% 0% 

PIK3CA mutations 3% 0% 

LKB1 (STK11) mutation 30% 0% 

EML4-ALK fusion 5% 0% 

BCL over-expression 10-35% 75-95% 

c-Myc over-expression 5-10% 15-30% 
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1.1.4.1  EGFR family of Receptor Tyrosine Kinases  

The EGFR family of receptors tyrosine kinases (RTK) contains four members: EGFR (HER1 

or ERBB1), HER2 (ERBB2/NEU), HER3 (ERBB3) and HER4 (ERBB4). All EGFR family members 

share high homology in the tyrosine kinase (TK) domain but still display unique isoform-specific 

properties. For instance, HER2 lacks a functional ligand-binding domain, while HER3 lacks kinase 

activity. Upon ligand binding, these receptors form active homo- and heterodimers, leading to 

auto-phosphorylation and initiation of intra-cellular signalling cascades. EGFR and HER2 are 

over-expressed in approximately 70% and 30% of NSCLCs, respectively, but they are rarely 

expressed in SCLCs (Sato et al., 2007). In addition, EGFR is mutated in 10-25% of NSCLC patients, 

and in up to 60% of lung adenocarcinoma, never-smoker, East Asian, and female sex subpopulation 

(Janne, 2011; Lee et al., 2010; Massion, 2011). EGFR-mutated cancer cells often exhibit dependency 

on EGFR signalling for survival, a so-called ‘oncogene addiction’, that correlates with a high 

response rate to EGFR inhibitors (Janne et al., 2005; Ji et al., 2006; Lynch et al., 2004) .  

The majority of EGFR mutations are located in the tyrosine kinase domain and can be 

categorised into three different types: missense point mutations in exons 18 and 21, several deletions 

in exon 19 and small in-frame insertions in exon 20. In-frame E746_A750 deletion in exon 19 and 

missense L858R mutation in exon 21 are the most common EGFR mutations and are sufficient to 

drive in-vivo tumourigenesis in transgenic mice (Ji et al., 2006).  

Median progression-free survival in EGFR mutation-positive patients treated with EGFR-

targeting therapy like erlotinib or gefitinib is 10 months. The most common mechanism of acquired 

resistance to reversible EGFR inhibitors (in around 50% of relapsing patients) is attributed to the 

secondary T790M gate-keeper mutation in TK domain (Janne et al., 2005; Sato et al., 2007; Sequist et 

al., 2011). Clinical trials evaluating the safety and therapeutic efficiency of second-generation EGFR 

inhibitors, active against T790M mutant, are currently ongoing; most promising treatment under 

evaluation involves the combination of cetuximab, an anti-EGFR antibody and afatinib (BIBW2992), 

an irreversible EGFR inhibitor (Engelman, 2011; Regales et al., 2009; Salgia, 2011).  
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The second most common mechanism, accounting for 5-20% cases of EGFR therapy 

resistance, involves HGF receptor gene (MET) amplification (Engelman, 2011; Engelman et al., 2007; 

Sequist et al., 2011). Combined treatment with MET and EGFR inhibitors offers clinical benefits to 

relapsed patients with confirmed MET amplification (Engelman et al., 2007; Salgia, 2011). In 

addition, a SRC (sarcoma proto-oncogene) family kinase (SFK) inhibitor dasatinib was shown to 

revert the resistance to EGFR targeting compounds through MET inhibition (Yoshida et al., 2009).   

Other resistance mechanisms identified involve PIK3CA mutation (around 5% of cases) as 

well as acquisition of a SCLC-like (14% of cases) or epithelial-to-mesenchymal transition (EMT) 

phenotype (Sequist et al., 2011). The mechanisms underlying the EGFR inhibitor resistance in the last 

two phenomena are not yet clear and warrant further study. 

Finally, HER2 mutations have been reported in 2% of NSCLC. All were in-frame insertions 

in exon 20 of the TK domain. Similarly to EGFR activating mutations, Asian non-smoker women 

with adenocarcinoma displayed this lesion more frequently (Stephens et al., 2004). 

 

1.1.4.2 VEGFR and angiogenesis 

Angiogenesis is one of the hallmarks of cancer. It is required to provide sufficient nutrients 

and oxygen to enable sustained growth of tumours. Vascular endothelial growth factor (VEGF) and its 

principal receptor VEGFR2 are the key regulators of angiogenesis. VEGF is commonly 

over-expressed in lung cancer, correlating with worse survival prognosis, especially in SCC (Imoto et 

al., 1998).  

Bevacizumab, a humanised monoclonal antibody against VEGF, is approved for use in 

advanced non-squamous NSCLC in combination with standard first-line chemotherapy, as it was 

showed to offer survival benefit as compared to chemotherapy treatment only (reviewed in 

(Ulahannan and Brahmer, 2011)). However, due to a high cost of this therapy and moderate survival 

enhancement, it is not recommended by NICE for treatment of lung cancer patients in the UK. Other 
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VEGF or VEGFR inhibitors are in clinical development, including VEGF-Trap and AZD2171, and 

the dual VEGFR/PDGFR-targeting agents, sorafenib and sunitinib (Ulahannan and Brahmer, 2011). 

There is growing evidence indicating the existence of a cross-talk between angiogenic and 

proliferative pathways mediated by VEGFR and EGFR. Combined blockage of VEGFR and EGFR 

signalling showed an additive anti-tumour activity in pre-clinical models of NSCLC (Wu et al., 2007). 

Multiple clinical trials of ZD6474 (vandetanib) and XL647 dual VEGFR/EGFR inhibitors, and 

bevacizumab and erlotinib/gefitinib combination treatment in NSCLC are currently ongoing. 

Vandetanib is already approved by the FDA for treatment of late-stage (metastatic) medullary 

thyroid cancer in adults ineligible for surgery. Despite promising pre-clinical results, vandetanib did 

not show any improvement in progression-free survival (PFS) or overall survival compared with 

erlotinib in NSCLC (phase III randomised double-blind trial; n=1240) (Natale et al., 2011). In 

addition, vandetanib added to docetaxel therapy only modestly improved PFS but not overall survival 

when compared to docetaxel alone (randomised, double-blind phase III clinical trial; ZODIAC; n= 

1391) (Herbst et al., 2010). Also, vandetanib plus pemetrexed did not improve PFS/overall survival as 

compared to pemetrexed alone (de Boer et al., 2011). 

 

1.1.4.3 Other TRKs implicated in lung cancer biology 

The expression of IGF-1 and IGF-1R is increased in lung cancer. IGF/IGF-IR signalling plays 

an important role in cell proliferation and differentiation by activating the RAS/MAPK, PI3K/AKT 

and STAT pathways (reviewed in (Karamouzis and Papavassiliou, 2006)). IGF-1R and EGFR 

signalling are interconnected and IGFR-1R activation can contribute to the development of resistance 

towards EGFR inhibitors (Nguyen et al., 2009). IGF-1R inhibitors, e.g. CP751871 and blocking 

antibodies are currently being tested (Karamouzis and Papavassiliou, 2006) but preliminary data have 

not been encouraging.  
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In SCLC, c-KIT and its ligand stem cell factor (SCF) and c-MET are highly expressed. 

C-MET ligand, hepatocyte growth factor (HGF) is not co-expressed in SCLC but is secreted by the 

surrounding lung fibroblasts (Rygaard et al., 1993). Activated receptors drive cell proliferation, 

survival and invasion through RAS/MAPK and PI3K/AKT pathways (reviewed in (Fischer et al., 

2007). Imatinib, a c-KIT inhibitor, induced a potent inhibition of cell growth in-vitro in SCLC cell 

lines (Wang et al., 2000) but did not demonstrate any clinical benefits in phase II clinical trials in 

SCLC patients, selected on the basis of c-KIT-positivity (Dy et al., 2005). 

In NSCLC, c-MET was found to be mutated and amplified, and its inhibition demonstrated 

anti-tumour activity in the K-RAS
LA1

 mouse NSCLC model (Yang et al., 2008). As mentioned 

previously, c-MET amplification contributes to the acquisition of EGFR inhibitor resistance by 

NSCLC (Nguyen et al., 2009).   

Fibroblast growth factors (FGFs), signalling through FGF receptors (FGFRs 1-4), are potent 

tumour cell mitogens (reviewed in (Grose and Dickson, 2005)). In addition to driving cell 

proliferation (Pardo et al., 2001), FGF-2 was shown to protect SCLC from etoposide killing through 

activation of MEK/ERK pathway, formation of multiprotein B-RAF/PKC-ε/S6K2 signalling complex 

and subsequent translational upregulation of several antiapoptotic proteins such as BCL-2 and XIAP 

(Pardo et al., 2002; Pardo et al., 2003; Pardo et al., 2006). These findings may be clinically relevant as 

high FGF-2 concentrations in the serum of SCLC patients correlate with the poor outcome 

(Ruotsalainen et al., 2002). Also, recent data highlighted that FGFR could be a novel therapeutic 

target for SCC (Weiss et al., 2010). 

 

1.1.4.4 RAS/RAF/MEK/ERK signalling 

The RAS family of protooncogenes consist of three family members H-RAS, K-RAS, and 

N-RAS. They are 21-kDa plasma membrane–associated G-proteins that are implicated in the 

regulation of key signalling pathways, and thus in cellular differentiation, proliferation, and survival 
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(Downward, 2003). Activating RAS mutations are common in several human cancers, including 

NSCLC (mostly adenocarcinoma; 20%–30%) but not SCLC (Downward, 2003; Sato et al., 2007). In 

lung cancer, K-RAS mutations are the most common, accounting for around 90% of all RAS 

mutations and predict poor outcome. In addition, H-RAS mutations are found in 2-3% of NSCLC 

tumours.  

Furthermore, about 85% of K-RAS mutations affect codon 12 and most are G-T 

transversions, strongly attributable to DNA damage by tobacco smoke (Mitsuuchi and Testa, 2002; 

Sekido et al., 2003). Mice models carrying oncogenic alleles of K-RAS are predisposed to a range of 

tumours, especially lung adenocarcinomas (Jackson et al., 2001; Johnson et al., 2001).  

RAS and EGFR mutations are mutually exclusive (Ding et al., 2008). Furthermore, in patients 

with metastatic colorectal cancer, the presence of K-RAS mutations predicts poor response to EGFR 

inhibitors. Initial studies indicated similar negative correlation in NSCLC (Linardou et al., 2008); 

however, contradictory finding were reported, too (Engelman, 2011; Roberts et al., 2010). Therefore, 

additional studies are needed to clarify this issue. 

Prenylation is a lipid post-translational modification catalyzed by farnesyltransferases and 

geranylgeranyltransferase, which is essential for RAS membrane localisation and thus RAS biological 

activity. Blocking prenylation inhibits RAS activity and was hypothesised to be a promising 

therapeutic strategy in the management of patients with RAS-mutated cancers. Farnesyltransferase 

inhibitors displayed potent anti-tumour activity in K-RAS mutant NSCLC mice models. 4 weeks of 

daily treatment with FTI-276 (50 mg/kg) resulted in 60% tumour volume reduction. This effect was 

even more pronounced in mice with the additional p53 mutation (75% reduction) (Zhang et al., 

2003b).  

Unfortunately, the efficacy of these inhibitors was not confirmed in multiple clinical trials 

(Downward, 2003). Single-agent R115777 farnesyltransferase inhibitor, phase II clinical trial in 

NSCLC showed that despite the potent inhibition of farnesyltransferases activity and manageable 

toxicity, no clinical benefits were achieved (Adjei et al., 2003). This could be at least partially 
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attributed to compensatory action of geranylgeranyltransferase in modifying K-RAS. Only H-RAS is 

exclusively modified by farnesyltransferase. Subsequent attempts to use combined farnesyltransferase 

and geranylgeranyltransferase inhibitors to impair the function of K-RAS and N-RAS failed because 

of the very high toxicity of this combination treatment (Lobell et al., 2001). 

B-RAF protein serine/threonine kinase is a downstream effector of RAS and its mutations can 

be found in 3% of NSCLCs. Downstream signalling molecules, MEK1/2 and ERK1/2 are commonly 

activated in lung cancers (Sato et al., 2007). Consequently, multiple inhibitors including AZD6244 

(selumetinib) MEK1/2 or GSK2118436 B-RAF inhibitor are undergoing phase II/III clinical trials 

either as a single-agent treatment or in the combination with conventional chemotherapy 

(http://clinicaltrials.gov). 

Other downstream signalling pathways of RAS involve PI3K/AKT and PLCε/PKC pathways. 

 

1.1.4.5 PI3K/AKT/mTOR signalling 

Phosphatidylinositol 3-kinases (PI3Ks) are lipid kinases that phosphorylate plasma 

membrane-located phosphatidylinositol lipids (PtdIns or PI). PI3Ks regulate key cellular processes 

such as proliferation, growth, apoptosis, and cytoskeletal rearrangement. PI3Ks and mTOR are critical 

regulators of autophagy, which will be discussed in detail later.  

According to their structural characteristics and substrate specificity, they can be subdivided 

into three classes (I to III). Class-I generates PI(3)P, PI(3,4)P2 and PI(3,4,5)P3; class-II - PI(3)P, 

PI(3,4)P2 and class-III - PI(3)P (reviewed in (Brader and Eccles, 2004)).  

Class-I is the most extensively studied group of PI3Ks; it consists of p85 regulatory subunit 

and p110 catalytic subunit that upon activation phosphorylates PI(3,4)P2, converting them into 

PI(3,4,5)P3. The reverse reaction is catalysed by the PTEN (phosphatase and tensin homolog) tumour 

suppressor. PI(3,4,5)P3 acts as a docking site recruiting to the plasma membrane pleckstrin-homology 

(PH) domain-containing proteins such as AKT (PKB) and PDK1 (phosphatidylinositol dependent 

http://clinicaltrials.gov/
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kinase 1). This allows for the activation of AKT by PDK1 (Th308) and mTORC2 (Ser473) and 

subsequent signal transduction, e.g. via mTOR (Brader and Eccles, 2004). 

mTOR kinase coordinate cellular responses to changes in energy/nutrients levels, growth 

signals and environmental stress by regulating the protein translation, ribosome biogenesis, cell 

growth and autophagy. mTOR is a catalytic unit of two multi-protein complexes named mTORC1 and 

mTORC2. The mTORC1 complex consists of mTOR, RAPTOR (regulatory associated protein of 

mTOR), PRAS40 (proline-rich AKT substrate 40 kDa), mLST8 (mammalian lethal with Sec13 

protein 8) and DEPTOR (DEP-domain-containing mTOR-interacting protein). One of major 

mTORC1 substrates is S6K1 that regulate protein translation through phosphorylation of S6 protein 

and 4E-BP (initiation factor 4E (eIF4E) binding protein). mTORC1 is rapamycin- and nutrient-

sensitive (Pal et al., 2008). mTORC2 is formed by mTOR, RICTOR (rapamycin-insensitive 

companion of mTOR), mSIN1 (mammalian stress-activated protein kinase interacting protein), 

PROTOR-1 (protein observed with RICTOR-1), as well as mLST8 and DEPTOR. AKT is the main 

substrate of mTORC2 (Pal et al., 2008).  

PI3Ks, as well as AKT and mTOR, are commonly activated in lung cancer and this correlates 

with worse patient prognosis (David et al., 2004; Dhillon et al., 2010). In addition, activating 

mutations of PIK3CA (p110 catalytic subunit alpha) were found in 3-4% and amplification in nearly 

20% of lung cancers (Okudela et al., 2007).  Also, PIK3CA mutation contributes to the development 

of acquired resistance to EGFR inhibitors erlotinib and gefitinib (Sequist et al., 2011).  

A PI3K inhibitor, LY294002, enhances the sensitivity of NSCLCs to chemotherapeutic agents 

and radiation therapy (Brognard et al., 2001). Currently, there are no clinical data on PI3K inhibitors 

in lung cancer treatment but several clinical trials investigating BKM120, GDC-0941 and XL147 in 

combination with EGFR inhibitors or conventional therapy are ongoing (http://clinicaltrials.gov). 

mTORC1 inhibitors, such as the macrolide antibiotic rapamycin (sirolimus) and its derivatives 

RAD001 (everolimus), CCI-779 (temsirolimus) and AP23576, have antitumor activity in lung cancer 

(reviewed in (Gridelli et al., 2008; Pal et al., 2008)). These drugs are now being evaluated in clinical 

http://clinicaltrials.gov/
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trials for lung cancer therapy either as a single-agent or in combination with chemo- or radiotherapy 

(http://clinicaltrials.gov). Pre-clinical data on recently developed mTOR kinase inhibitor, AZD8055 

suggest enhanced anti-tumour activity due to dual mTORC1/mTORC2 blockage (Chresta et al., 2009; 

Marshall et al., 2011). Clinical efficiency of AZD8055 needs to be evaluated. 

 

1.1.4.6 STAT signalling 

The signal transducers and activators of transcription (STAT) family consists of seven 

different members which are cytoplasmic proteins, activated by tyrosine phosphorylation. Activated 

STATs form homo- and heterodimers and translocate to the nucleus to regulate the expression of 

target genes, involved in proliferation and apoptosis, and immune responses. Constitutive activation 

of STAT3 and STAT5 contributes to oncogenesis in a variety of malignancies, including lung 

cancers, by stimulating cell proliferation and inhibiting apoptosis.  

Constitutive DNA-binding activity of STAT3 was shown in the majority of NSCLC cell lines. 

Expression of dominant-negative STAT3 or siRNA-mediated depletion of STAT3 resulted in 

apoptosis in NSCLC cell lines (Song et al., 2003) In addition, STAT3 activation is required for cell 

survival and growth of NSCLC cell lines with mutant EGFRs (Alvarez et al., 2006). 

 

1.1.4.7 Other mutations in NSCLC 

EML4-ALK fusion is found in around 5% of NSCLCs and in up to 8-12% of 

adenocarcinomas in non-smokers (Janne, 2011; Koivunen et al., 2008; Massion, 2011). ALK 

inhibitors like TAE684 or crizotinib are therapeutically beneficial in EML4-ALK positive patients 

(60-80% response rate) (Janne, 2011; Koivunen et al., 2008; Massion, 2011). However, resistance 

eventually occurs, at least partly attributable to the occurrence of L1196M gatekeeper mutation within 

http://clinicaltrials.gov/
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the kinase domain; further studies are necessary to elucidate exact mechanisms of resistance and offer 

improved therapies (Katayama et al., 2011). 

LKB1 (STK11 or PAR-4) is a CAMK family serine/threonine kinase and an important 

tumour suppressor gene. LKB1 is commonly mutated or deleted in NSCLCs (around 30%), which 

seems to be associated with K-RAS mutations and with a smoking history (Matsumoto et al., 2007). 

Recent findings indicate LKB1 inactivation is strongly implicated in lung cancer development and 

progression in mouse models; LKB1 mutation increased the incidence of lung tumours and promoted 

the development of metastasis in K-RAS
G12D

 mice.  

Inactivation of p16
INK4a

, also known as cyclin-dependent kinase inhibitor 2a (CDKN2a), is 

present in up to 70% of NSCLC (Mitsuuchi and Testa, 2002). It belongs to INK4 family, which 

additionally comprises p15
INK4b

, p18
INK4c

, and p19
INK4d

. INK4 proteins specifically inhibit the activity 

of cyclin D-dependent kinases to prevent the phosphorylation of RB family proteins and thus cell 

cycle progression. In animal models, p16
INK4a

 inactivation cooperates with oncogenic RAS to promote 

the development of advanced, metastatic tumours (Dankort et al., 2007). 

 

1.1.4.8 p53 inactivation 

P53 is a homo-tetrameric transcription factor activated in response to cellular stress such as 

irradiation, drug-induced genotoxic damage or hypoxia. It is one of the most studied tumour 

suppressors, acting as a gatekeeper of the cell cycle and/or induction of apoptosis. Active p53 

regulates transcription of a number of genes involved in regulation of cell cycle including p21, 

HDM2, BAX, and GADD45, leading to cell cycle arrest to allow for DNA repair or cell death to take 

place.  

Not surprisingly p53 is inactivated in around 50% of NSCLC and in the majority of SCLC, 

either through the loss of 17p13 chromosome fragment or through mutations within its DNA-binding 
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domain (G-T transversions associated with cigarette smoking) (reviewed in (Sekido et al., 2003; Sherr 

and McCormick, 2002)). 

Mice carrying conditional alleles for both p53 and RB1 developed aggressive and highly 

metastatic SCLC (Meuwissen et al., 2003).  In mice model where NSCLC is triggered by expression 

of mutant K-RAS, the additional expression of a loss-of-function p53 mutant resulted in more 

malignant, highly metastatic tumours with worse overall survival compared to single-mutant K-RAS 

mice, which developed mainly non-metastatic spontaneous lung adenocarcinomas (Johnson et al., 

2001). 

 

1.1.4.9 Retinoblastoma inactivation in SCLC 

The RB tumour suppressor is a transcription factor involved in the regulation of G1 to 

S-phase transition in the cell cycle, as well as apoptosis and differentiation. Hypo-phosphorylated RB 

binds and inhibits the activity of transcription factors E2Fs that regulate the expression of genes 

necessary for DNA synthesis. Activation depends on phosphorylation and leads to E2F release 

followed by progression of the cell cycle from G1 to S. This phosphorylation is dependent on cyclin 

D and cyclin dependent kinase 4 and 6 (CDK4/6), two proteins regulated/inhibited by p16
 INK4a

 and 

p27
KIP1

. 

Inactivation of RB, either through loss of 13q14 chromosome fragment or mutation is very 

common (90%) in SCLC (Sherr and McCormick, 2002). As previously mentioned, p53 and RB 

double-mutant mice develop highly metastatic SCLC (Meuwissen et al., 2003).  

In NSCLC, RB inactivation is less common (15-30%) but, as previously mentioned, 

inactivation of p16
INK4a

 commonly occurs (up to 70%) (Mitsuuchi and Testa, 2002). 
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1.1.4.10 c-MYC 

MYC is a transcription factor activated upon various mitogenic signals, e.g. EGFR via 

MEK/ERK. It regulates gene transcription through binding on E-boxes (Enhancer Box) sequences in 

the promoter region of regulated genes and indirectly by recruiting histone acetyltransferases (HATs). 

HATs acetylate conserved lysine residues on histones, which in turn is linked to transcriptional 

activation. MYC is over-expressed in 5-10% of NSCLC and 15-30% of NSCLC, due to gene 

amplification or transcriptional deregulation. This over-expression is associated with shortened 

survival in SCLC patients (Sato et al., 2007).  

 

1.1.4.11 SRC family kinases (SFKs)  

SRC family kinases (SFKs) are the non-receptor tyrosine kinases which modulate the 

activation and signal transduction of EGFR, VEGR, FGFR and main intra-cellular pathways such as 

RAS/MEK/ERK, PI3K/AKT/mTOR and STATs. Thus, SRC is strongly implicated in all aspects of 

cancer cell biology. It is also commonly over-expressed and hyper-activated in lung cancer. 

Therefore, SFKs are a promising target for lung cancer therapy and will be discussed in detail in 

section 1.2 below. 

 

1.1.4.12 Lung cancer and apoptosis 

In addition to uncontrolled cell proliferation, evading cell death is another hallmark of cancer 

cells (Hanahan and Weinberg, 2011). Apoptosis is a physiological programmed cell death mechanism, 

which allows for the elimination of redundant, dysfunctional or damaged cells, particularly important 

during development and tissue homeostasis/renewal (reviewed in (Wyllie, 1992) (Shivapurkar et al., 

2003). Each cell has the ability to undergo apoptosis in response to apoptosis-inducing 

(extrinsic/intrinsic) stimuli, such as toxins, radiation or nutrient deprivation. Apoptosis is an active, 
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energy-dependent process, executed in well-defined and organized series of events, leading to 

characteristic morphologic changes and then cell death. These changes include membrane blebbing, 

cell shrinkage (cytoplasm condensation), chromatin aggregation, DNA fragmentation, and finally 

partition of cytoplasm and nucleus into membrane bound-vesicles, called apoptotic bodies (Wyllie, 

1992). Apoptotic bodies can be quickly engulfed and removed by phagocytic cells, so that the content 

of the dead cell does not spill out into the surrounding environment, causing tissue damage and 

extensive inflammatory response, characteristic for necrotic cell death (Wyllie, 1992).  

There are two main apoptosis pathways: extrinsic (death receptor) and intrinsic 

(mitochondrial) pathways (Figure 4) (Igney and Krammer, 2002). The former has an important role in 

the maintenance of tissue homoeostasis and is activated by the interaction of cell surface death 

receptors with their ligands, e.g. TNFR/TNF, FAS-R (FAS receptor)/FAS-L (FAS ligand) or 

TRAIL/DR4/DR5 (death receptor 4 or 5) (Igney and Krammer, 2002). The mitochondrial pathway of 

apoptosis begins with the permeabilisation of the mitochondrial outer membrane, leading to the 

release of proteins such as cytochrome c into the cytoplasm (Brenner and Mak, 2009). Cytochrome c, 

together with APAF-1 (apoptosis protease activating factor) and pro-caspase 9 form the apoptosome 

that promotes the cleavage-mediated activation of the protease, caspase 9. This enzyme, in turn, 

activates additional proteases, the effector caspases 3, 6 and 7, leading to the execution of apoptosis 

(Brenner and Mak, 2009). Other proteins released from mitochondria are SMAC/DIABLO and 

OMI/HTRA2 which antagonize IAPs (inhibitor of apoptosis proteins) that normally bind to and 

inhibit caspases (Yang and Li, 2000) (LaCasse et al., 1998). This interaction thereby promotes 

caspase activation. Another family important for the regulation of apoptosis is the BCL-2 family, 

consisting both of pro- and anti-apoptotic family members (Breckenridge and Xue, 2004) (Brenner 

and Mak, 2009). Pro-apoptotic family members such as BAX and BAK facilitate cytochrome c 

release by participating in the formation of a pore that releases mitochondrial inter-membrane space 

proteins. Anti-apoptotic BCL-2 family members such as BCL-2 or BCL-XL related proteins 

antagonize BAX and BAK (Breckenridge and Xue, 2004). 
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The anti-apoptotic BCL-2 protein is over-expressed in the majority of SCLC (75%–95%), as 

well as in NSCLC (10%–35%) (Shivapurkar et al., 2003). Inhibition of BCL-2 and BCL-XL by 

ABT-737, a BH3 mimetic pan-BCL-2 inhibitor, resulted in regression of SCLC xenografts as well as 

enhanced sensitivity of A549 NSCLC cells to paclitaxel (Oltersdorf et al., 2005). However, 

oblimersen, a BCL-2 antisense oligodeoxynucleotide, did not enhance survival of SCLC patients 

treated with etoposide and cisplatin (phase II clinical trial) (Rudin et al., 2008).  

Enhanced expression of survivin, belonging to the IAPs family, was detected in 50% of 

NSCLC correlating with tumour stage and decreased survival in squamous cell carcinoma (Fennell, 

2005). On the other hand, patients expressing low levels of caspase 3 had worse overall survival and 

showed enhanced tumour vascularisation (Fennell, 2005). 

Another cellular process involved in cell death/survival is autophagy, which will be discussed 

in section 1.3 below. 
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Figure 4. Simplified diagram of extrinsic and intrinsic apoptosis pathways.  

See section 1.1.4.12 above for detailed description; CASP – caspase; c- cytochrome c; FAS-R/FAS-L – FAS 
receptor/ligand; DR – death receptor 
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1.1.5 NSCLC treatment 

The majority of lung cancer patients are diagnosed with NSCLC (around 80%), where the 

Tumour-Node-Metastasis (TNM) staging system is widely used to determine therapy (Table 2) 

(reviewed in (Hodkinson and Sethi, 2011; Solomon and Bunn, 2007; Spiro and Silvestri, 2005)). 

TNM is a globally recognised coding standard, used to describe the extent of cancer spread within the 

patient’s body. Surgery offers the best therapy for those with local, non-metastatic disease (stage I). 

Stage II disease is treated with surgery and adjuvant platinum-based chemotherapy. Patients with 

incomplete resection and/or mediastinal lymph nodes colonisation also receive post-operative 

radiotherapy to reduce local recurrence. Stage IIIA patients if fit for operation, can be offered 

complete resection via lobectomy with mediastinal lymph node dissection and adjuvant platinum-

based chemotherapy with radiotherapy (Solomon and Bunn, 2007). However, most of NSCLC 

patients present with locally advanced or advanced disease (Stage IIIB/IV) and, depending on their 

performance status, are treated with 4 cycles of platinum-containing (cisplatin or carboplatin)  

combination chemotherapy (with gemcitabine, etoposide, paclitaxel, docetaxel or vinorelbine) or 

offered palliative care (Spiro and Silvestri, 2005). Cisplatin and pemetrexed, a multi-targeted 

antifolate drug, combined treatment recently was shown to be superior to any other doublet therapy 

for the treatment of non-squamous NSCLC (Hodkinson and Sethi, 2011). Bevacizumab, an anti-

VEGF antibody/anti-angiogenic agent (see section 1.1.4.2 above), can improve the efficiency of 

chemotherapy in non-squamous cancers treated with paclitaxel and carboplatin (Hodkinson and Sethi, 

2011; Janne, 2011). After completing a chemotherapy cycle, patients can be offered maintenance 

therapy consisting of docetaxel, pemetrexed or erlotinib. 

Erlotinib and gefitinib, two EGFR inhibitors, are good therapeutic agents for patients with 

tumours containing EGFR activating mutations (10-15% in the UK, mostly non-smokers with ADC; 

see section 1.1.4.1 above) (Janne, 2011). Indeed, gefitinib has been shown to produce superior results 

to chemotherapy in patients with these mutations and so gefitinib is now the standard option for first 

line therapy in patients with NSCLC bearing such mutations.    
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SCLC patients rarely qualify for surgical intervention and are primarily offered chemotherapy 

and radiation. Cisplatin and etoposide are the most commonly used agents but occasionally 

carboplatin, gemcitabine, paclitaxel, vinorelbine, topotecan, and irinotecan are also used (Lally et al., 

2007). 

Multiple targeted therapies are currently being evaluated in clinical trials (Table 3) 

(http://clinicaltrials.gov). 

 

Table 2. Tumour-Node-Metastasis (TNM) staging used to describe the spread of cancer.  

 

  

Grouping TNM staging

Stage 0 Tis N0 M0 Tis Carcinoma in situ (CIS)

Stage IA T1 N0 M0 T1, T2, T3, T4 Size and/or extent of the primary tumor

Stage IB T2 N0 M0

Stage IIA T1 N1 M0

T2 N1 M0 NX Regional lymph nodes cannot be evaluated

T3 N0 M0 N0 No regional lymph node involvement

T1 N2 M0 N1, N2, N3 Number of lymph nodes and/or extent of spread

T2 N2 M0

T3 N1 M0

T3 N2 M0 MX Distant metastasis cannot be evaluated

Any T N3 M0 M0 No distant metastasis

T4 Any N M0 M1 Distant metastasis is present

Stage IV Any T Any N M1

Regional Lymph Nodes (N)

Distant Metastasis (M)

Stage IIB

Stage IIIA

Stage IIIB

Primary Tumor (T)

http://clinicaltrials.gov/
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Table 3. Examples of targeted therapies for lung cancer currently under development. 

(* approved for treatment in lung cancer; ** approved for treatment in other cancers) 
 
 

Target 
 

Drug name 
 

Phase of 
clinical trials 

EGFR  erlotinib*, gefitinib*, cetuximab** I-III 

EGFR/HER2  afatinib (BIBW2992), neratinib (HKI-272) I-III 

HER2  trastuzumab**, MGAH22 I-II 

VEGF  bevacizumab*, VEGF–Trap, AZD2171 (cediranib) I-III 

EGFR/VEGFR  vandetanib (ZD6474)**, XL647 I-III 

VEGFR/PDGFR  sorafenib**, sunitinib** I-III 

c-MET  ARQ 197, AV-299 I-III 

MEK1/2  AZD6244, GSK1120212 I-II 

PI3Ks  BKM120, GDC-0941, XL147  I-II 

mTOR  rapamycin (sirolimus), RAD001 (everolimus)**, temsirolimus I-II 

EML4-ALK  crizotinib (PF-02341066) I-III 
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1.2 SRC family kinases 

1.2.1 Overview 

The initial work on the SRC proto-oncogene can be traced back to 1911, when Francis Peyton 

Rous first proposed that viruses can initiate cancer. In his studies, injection of cell-free extracts from 

chicken tumours caused tumours in the healthy animals. Significance of this discovery was not fully 

understood until many years later, when studies on the virus he initially described, the Rous sarcoma 

virus (RSV), were renewed. It was found that cellular transformation was caused by a single gene: 

v-SRC (viral-sarcoma). In 1979 the cellular counterpart of v-SRC was identified (Martin, 2001). 

SRC family kinases (SFKs) are non-receptor tyrosine kinases that are present in essentially all 

metazoan cells. They associate with diverse receptors, such as tyrosine kinase receptors, G-protein 

coupled receptors, cytokine, steroid and integrin receptors (Parsons and Parsons, 2004) and are 

involved in their downstream pathways to modulate various cellular processes like cell growth, 

survival, adhesion and migration (reviewed in: (Thomas and Brugge, 1997)). 

The SRC family includes nine mammalian members: SRC, YES, FYN, FGR (SRC-related 

subfamily), LYN, HCK, LCK, BLK (LYN-related subfamily) and YRK, only found in chicken so far. 

Some of them are ubiquitous (SRC, FYN and YES), while some exhibits more restricted expression 

(Table 4). 
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Table 4. Characteristics of SRC family kinases. 

Adapted from (Parsons and Parsons, 2004); 
1 

(Chen et al., 2009); 
2
 (Goldenberg-Furmanov et al., 2004; Park et 

al., 2008)  
 

SFK Pattern of expression Isoforms Oncogenic forms 

 BLK B-cells   

 FGR Myeloid cells,  

B cells 

 Oncogenic fusion with gag sequences in 

feline sarcoma virus; over-expressed in 

some leukemias and lymphomas 

 FYN Ubiquitous T-cell-specific isoform (Fyn T) Over-expressed in prostate and pancreatic 

cancer 
1
 

 HCK Myeloid cells Two different translational 

starts 

 

 LCK T cells, NK cells,  

brain 

 Over-expressed in T-cell acute 

lymphocytic leukemias 

 LYN Brain, B cells,  

myeloid cells 

Two alternatively spliced 

forms 

Over-expressed in CML, important for 

prostate cancer growth 
2
 

 SRC Ubiquitous Neuron-specific isoforms Mutated and truncated in retroviruses; 

truncated in colon cancer; over-expressed 

in multiple cancers 

 YES Ubiquitous  Oncogenic fusion with gag sequences in 

avian sarcoma viruses; highly expressed in 

colon, melanoma and other cancers 

 YRK Ubiquitous (in chicken)   
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1.2.2 Structure and intrinsic regulation 

All SRC family members share a similar protein organisation, comprising a N-terminal 

unique region and a C-terminal autoinhibitory tail, framing SH3, SH2 and kinase domains (Figure 5). 

Their molecular weight ranges between 56 kDA and 61 kDa.  

 

 
 
 

Figure 5. The protein organisation of SRC family kinases.  

This figure is taken from (Boggon and Eck, 2004). SH1- SRC homology 1; SH2- SRC homology 2; SH3- SRC 
homology 3    

 

The N-terminal domain of 50-70 amino acids is the most divergent among SRC family 

members. It is responsible for membrane trafficking as a result of myristoylation and, for some 

isoforms only, palmitoylation. For example, SRC is non-palmitoylated, YES and LYN single-

palmitoylated and FYN dually palmitoylated (Sato et al., 2009). Myristoylation occurs during protein 

translation and is a permanent modification, whereas palmitoylation at cysteine residue is reversible. 

Palmitoylation regulates SFKs trafficking and localisation: FYN is rapidly translocated to the plasma 

membrane via RHO-D-positive endosomes so that the majority of FYN (95%) can be detected at the 

plasma membrane (Sandilands et al., 2007b; Sato et al., 2009). LYN and YES (single palmitoylation 

site) are exocytosed to the plasma membrane via the Golgi secretory pathway; as a result they can be 

detected both in peri-nuclear Golgi membranes and plasma membrane. In contrast, non-palmitoylated 

SRC is predominantly retained in peri-nuclear regions in its inactive state and targeted to the plasma 

membrane upon activation through RHO-B-positive endosomes (Sandilands et al., 2004). Differential 

trafficking and localisation of SFKs can regulate the access to distinct downstream targets and thus 

affect SFKs function.   
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In addition, the N-terminal ‘unique’ domain is believed to provide distinct functions and 

regulation to different family members through other means than membrane targeting. For example, 

in HCK, it may undergo phosphorylation, which in turn affects its kinase activity (Ingley, 2008) while 

FYN is tri-methylated at lysine residues 7 and/or 9, and this methylation is required for FYN function 

in promoting cell adhesion and spreading (Liang et al., 2004). 

The SRC homology 3 (SH3) domain is made of around 60 amino acid residues that bind 

proline-rich motifs, especially those with a classic PXXP consensus sequence (Boggon and Eck, 

2004). SH3-mediated protein-protein interactions allow not only for a direct binding of specific 

adaptors/substrates (see sections 1.2.3 and 1.2.4 below), but also for the regulation of SRC own kinase 

activity by binding to the SH2-kinase linker region, which in turn stabilizes inactive, ‘closed’ 

conformation of SFKs (Figure 6) (Belsches-Jablonski and S. J., 2005).  

 

 
 
 

Figure 6. Schematic diagram comparing kinase inactive (left) and active (right) SRC.  

This figure is taken from (Belsches-Jablonski and S. J., 2005). SH2- SRC homology 2; SH3- SRC homology 3     
 
 
 

The SRC homology 2 (SH2) domain, composed of around 100 residues, is a phospho-tyrosine 

recognition domain that allows auto-regulation of SFK kinase activity by interacting with the 

phosphorylated tyrosine 530 (pY530; equivalent to Tyr 527 in chicken Src) within the C-terminal 

auto-inhibitory domain (Figure 6) (Boggon and Eck, 2004). Mutation of tyrosine 530 to phenylalanine 

(Y530F) results in 5-10 higher kinase activity (Cartwright et al., 1987); SRC Y530F dominant-active 
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constructs are commonly used to study function of activated SRC. The importance of the inhibitory 

Y530 phosphorylation is also reflected by the C-terminal motif deletion in patients with advanced 

metastatic colon carcinomas and endometrial cancers (Irby et al., 1999; Sugimura et al., 2000). Last 

but not least, this motif is absent in v-SRC, the oncogenic viral form of SRC.  

The kinase domain encloses the activation loop (A-loop) tyrosine 418 (equivalent to Y416 in 

chicken SRC) site that requires phosphorylation to obtain maximal kinase activity. When Y418 is 

un-phosphorylated, the A-loop forms a short α-helix that prevents substrate binding and sequesters 

Y418, making it inaccessible for phosphorylation. However, once Y418 is phosphorylated, it adopts a 

distinct, ‘open’ conformation; the phosphorylated tyrosine then creates a salt bridge with a conserved 

arginine 411 (R409 in chicken) to stabilize the enzymatically active conformation. Strikingly, 

phosphorylation of the A-loop can even overcome the auto-inhibitory SH3/SH2 intra-molecular 

interactions (Boggon and Eck, 2004). 

 

1.2.3 Extrinsic regulation of SFKs 

1.2.3.1 Kinases / phosphatases 

In addition to their intricate mechanisms of auto-regulation, SFKs are also regulated 

extrinsically. Little is known about the exact processes responsible for a de-phosphorylation of either 

the pY418 in the activation loop or pY530 within C-terminal inhibitory domain. Phosphatases shown 

to de-phosphorylate pY530 are PEP (proline-enriched tyrosine phosphatase), TCPTP (T-cell protein 

tyrosine phosphatase), SHP1 (tandem SH2 domain-containing protein tyrosine phosphatase) and 

CD45 (transmembrane receptor-like tyrosine phosphatase). Surprisingly, the same four phosphatases 

are implicated in the removal of pY418 phosphate suggesting that cellular context (cell 

type/subcellular compartment/which SFKs member) may decide between the activation and 

inactivation by de-phosphorylation (Ingley, 2008). 
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Phosphorylation of the A-loop tyrosine occurs via transphosphorylation by a second identical, 

or possibly a related, family member, while the C-terminal site is phosphorylated by CSK (C-terminal 

SRC kinase) or CTK/CHK (CSK-type protein tyrosine kinase/CSK-homologous kinase), SFK-related 

kinases (Okada et al., 1991). CSK is ubiquitously expressed while CTK/CHK is restricted to neuronal 

and hematopoietic cells. They both have a very similar structure to SFKs (SH2/SH3 domian) but lack 

the N-terminal myristo- and palmitoylation sites, as well as the C-terminal inhibitory domain (Ogawa 

et al., 2002). They exhibit strong substrate specificity towards the C-terminal inhibitory motif of 

SFKs, directed both through the peptide substrate recognition and protein-protein interaction (direct or 

via adaptor molecule CBP/PAG). This protein-protein interaction also inhibits SFKs in a CSK kinase 

activity-independent fashion (Chong et al., 2004).   

 

1.2.3.2 Regulation of SFKs activity by CBP/PAG adaptor protein 

SRC family kinases can also be directly activated by the binding of adaptor proteins, which 

disrupts the SH3/SH2 intra-molecular inhibitory interaction (‘closed’ conformation). The most 

extensively studied adaptor protein is CBP/PAG (CSK binding protein/phosphoprotein associated 

with glycosphingolipid-enriched microdomains) (Ingley, 2008). The C-terminal Y381 and Y409 

residues of CBP have a high binding affinity towards the SH2 domain of SFKs and therefore can 

displace the auto-inhibitory interaction with Y530. Once SFKs become active and adopt an ‘open’ 

conformation, their SH3 domain interacts with the proline-rich motifs of CBP, thus stabilising the 

active conformation of SFKs.  

CBP contains nine tyrosines that are excellent substrates of activated SFKs. Once 

phosphorylated, the Y314 residue of CBP binds to the SH2 domain of CSK, cross-linking activated 

SFKs to their inactivator (Kawabuchi et al., 2000). However, SFKs remain active as long as they 

retain their ‘open’ conformation (Boggon and Eck, 2004) and thus until tyrosines of CBP stay 

phosphorylated. Consequently, CBP de-phosphorylation is important for SFKs inactivation. 
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Phosphatases involved are not yet elucidated (Ingley, 2008). Y314 is also a binding site for SOCS1, 

involved in the poly-ubiquitination of SFKs (see section 1.2.3.4 below).  

 

1.2.3.3 Activation of SFKs by focal adhesion kinase (FAK) and RTKs 

FAK and RTKs also associate with the SH2 domain of SRC, disrupting its auto-inhibitory 

conformation and leading to SRC activation. They will be discussed in depth in section 1.2.4.1, in the 

context of SFKs signalling. 

 

1.2.3.4 Ubiquitination and degradation 

Another binding partner of CBP/PAG is SOCS1 (suppressor of cytokine signalling-1) that 

promotes the ubiquitination and proteasomal degradation of at least LYN and possibly other SFKs 

(Ingley et al., 2006). Interestingly, SOCS1 binds to phosphorylated Y314, the same binding site as 

CSK, suggesting that this phosphorylated site of CBP coordinates a two-phase process to inhibit SFKs 

signalling: first through inactivation (binding of CSK within minutes after LYN activation) and later 

degradation (binding of SOCS1 h after stimulation). SOCS1 is a component of an ECS (Elongin BC-

CUL2/5-SOCS-box protein) E3 ubiquitin ligase complex which mediates the ubiquitination and 

subsequent proteasomal degradation of target proteins. SOCS1 seem to be responsible for substrate 

recognition and was also found to interact with FAK, targeting it for degradation (Liu et al., 2003). 

This suggests COCS1 is a strong negative regulator of SFKs/FAK signalling through targeting both 

principal pathway components. 

The degradation of SFKs is also regulated by CBL (Casitas B-lineage Lymphoma) proteins, a 

group of proto-oncogenic E3 ligases (Kyo et al., 2003). 
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1.2.4 SFKs signalling  

1.2.4.1 Focal adhesion kinase (FAK) 

Focal adhesion kinase (FAK), also known as protein tyrosine kinase 2 (PTK2) is a non-

receptor protein tyrosine kinase involved in cellular adhesion and spreading processes. It is widely 

expressed across a variety of tissues and its sequence is highly conserved. Expression of the only 

other family member, PYK2 (proline-rich tyrosine kinase 2) is more restricted: high levels were 

detected in brain and much lower levels in liver, kidney, spleen and lung (Sasaki et al., 1995). Both 

kinases share an identical domain structure and a sequence homology of 65%. FRNK (FAK Related 

Non-Kinase) is an independently expressed alternatively spliced variant of FAK (Figure 7). FRNK 

lacks the N-terminal and kinase domains and acts as an endogenous inhibitor of FAK activity, thus 

inhibiting cell spreading, migration and cell cycle progression (Schaller et al., 1993). 

 

 
 
 
 
Figure 7. Schematic structure of FAK, PYK2 and FRNK. 

FAK Y397 auto-phosphorylation site and SRC-dependent phosphorylation sites of FAK are indicated with a star 
and main proteins interacting with FAK are listed below the diagram. PR – proline rich motif; FAT - focal 
adhesion targeting; FERM - erythrocyte band four 1-ezrin-radixin-moesin 
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FAK consists of an N-terminal region containing the FERM domain (erythrocyte band four 1-

ezrin-radixin-moesin), a kinase domain and a C-terminal focal adhesion targeting (FAT) domain 

(Figure 7). The FERM domain functions as a negative regulator of FAK activity through its 

interaction with the kinase domain (‘closed’ conformation). In response to extracellular matrix (ECM) 

binding, integrins cluster together and then, through their cytoplasmic tails, can bind the FERM 

domain of FAK (Mitra and Schlaepfer, 2006). This interaction allows FAK to auto-phosphorylate its 

tyrosine residue 397. Besides integrins, the FERM domain can bind RTKs, also leading to FAK 

activation and enabling the cross-talk between integrins and RTKs (Sieg et al., 2000).  

The auto-phosphorylated Y397 site has a high affinity for SRC SH2 domain and thus serves 

as a docking site for SRC, displacing its auto-inhibitory ‘closed’ conformation. Once activated, SRC 

phosphorylates FAK on multiple tyrosine residues, enhancing FAK kinase activity (positive feedback 

loop) and providing more docking sites for other SH2 domain-containing proteins (Figure 7). Main 

SRC-phosphorylated sites are Y576/Y577, which greatly enhances FAK activity, Y861 and Y925, 

which interacts with GRB2, linking SRC/FAK to RAS/MEK/ERK pathway (Brunton et al., 2005; 

Calalb et al., 1995; Calalb et al., 1996). In addition, FAK interacts with paxillin and talin (focal 

adhesion proteins) through its FAT domain and with SH3 domain-containing proteins, such as 

p130
CAS

, through its proline-rich elements. In doing so, FAK can serve as a scaffold protein, linking 

SRC to its substrates. However, some of the substrates can be phosphorylated by SRC and/or FAK as 

the substrate specificity of these two kinases overlaps. This fact and the reciprocal regulation suggest 

they should be regarded as a mutual protein complex. 

p130
CAS

 (CRK-associated substrate) is a non-enzymatic scaffold protein, serving to recruit 

and coordinate the activation of multiple signalling molecules. It is a great substrate for both SRC and 

FAK and becomes readily phosphorylated at multiple sites upon SRC/FAK activation. It can serve to 

cluster several SFKs/FAK molecules together with additional GRB2 and p85 (PI3K) molecules 

(Hanks and Polte, 1997). P130
CAS

 but not the GRB2/RAS/MEK/ERK pathway was shown to be 

required for FAK-dependent enhancement of cell migration (Cary et al., 1998).  
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In addition to interacting with its own kinase domain, integrins and RTKs, the FERM domain 

also binds to p53 and MDM2 (murine double minute 2), linking p53 with its negative regulator (both 

a transcriptional inhibitor and an E3 ubiquitin ligase). Thus, FAK promotes p53 degradation and 

subsequently enhances cell proliferation and survival. This interaction is dependent on FAK nuclear 

localisation, directed by the FERM domain (Lim et al., 2008a; Lim et al., 2008b). 

 

1.2.4.2 EGFR  

EGFR associates with SRC and is both its activator and a downstream target, suggesting 

synergistic action of both kinases. In agreement, EGFR inhibition reduces SRC activity in colon 

cancer and NIH3T3 cell lines (Mao et al., 1997; Osherov and Levitzki, 1994). SRC over-expression or 

activation potentiates the EGF-induced signalling through SRC-dependent phosphorylation of EGFR 

on tyrosines 845 and 1101. SRC also phosphorylates tyrosines 891and 920 in-vitro (Biscardi et al., 

2000). Dominant-negative (A430V) SRC expression abrogates Y845 phosphorylation and mitogenic 

response to EGF. EGFR Y845F expression also attenuates mitogenic response to EGF, suggesting 

Y845 phosphorylation is necessary for EGF-induced mitogenic effect. However, EGFR Y845F is still 

able to phosphorylate SHC and thus activate MEK/ERK pathway, indicating that MEK/ERK pathway 

is not sufficient for the EGF-driven mitogenesis and that other downstream targets are involved (Tice 

et al., 1999). One such target is STAT5b; dominant-negative STAT5b abrogates EGF-induced DNA 

synthesis (Kloth et al., 2003). STAT5b is phosphorylated by activated EGFR in a pY845-dependent 

fashion. EGFR-mediated phosphorylation of STAT5b is further enhanced upon expression of wild-

type SRC. Expression of dominant-negative SRC not only fails to enhance EGFR-mediated STAT5b 

phosphorylation but also inhibits it (Kloth et al., 2003).  

In addition, the ability of SRC to activate EGFR receptor in the absence of EGF suggests SRC 

can regulate the lateral activation of EGFR by other stimuli such as steroids, cytokines or ECM 

proteins (Ishizawar and Parsons, 2004). 
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This cooperative action of EGFR and SRC is reflected in-vivo, as many human cancers 

over-express both SRC and EGFR. This combined expression leads to a potentiation of tumour 

formation in mice (Maa et al., 1995). SFK inhibitors reduce EGFR activity and vice versa, and 

combined treatment is suggested to have synergistic anti-tumourigenic effect (Zhang et al., 2007). 

Phase I/II clinical trials involving combined SFK and EGFR inhibitors-based therapy are currently 

ongoing. 

 

1.2.4.3 Other RTKs: VEGFR, PDGFR, FGFR  

VEGF signalling activates SRC kinase activity, but not LYN, FYN, or HCK in Kaposi’s 

sarcoma (KS) cells. This activation is necessary for VEGF-induced growth of KS cells and the 

treatment with PP1, an inhibitor of SFKs, blocks KS cell proliferation. The mitogenic stimuli induced 

by VEGF are transmitted through SRC-dependent MAPK/ERK pathway activation (Munshi et al., 

2000). 

SFKs rapidly associate with PDGFR and become activated in response to PDGF stimulation 

(Kypta et al., 1990). This activation is required for PDGF-induced cell proliferation. Indeed, a study 

suggested that expression of kinase-inactive SRC and FYN or injection of blocking antibodies 

towards SRC, FYN or YES inhibits PDGF-stimulated entry of cells into S phase (Twamley-Stein et 

al., 1993). However, another study indicated that SRC family kinases are essential for ECM signalling 

but dispensable for PDGF signalling in SRC, YES and FYN triple knock-out cells (Kilkenny et al., 

2003; Klinghoffer et al., 1999). 

SRC kinase is an important regulator of FGFR activation, transport and signalling dynamics. 

Inhibition of SRC blocks FGFR kinase activity as well as the PI3K/AKT signalling, while 

MAPK/ERK activation is delayed but not diminished. Expression of a constitutively-active form of 

SRC resulted in ligand-independent FGFR phosphorylation (Sandilands et al., 2007a). Both SRC, 

YES, FYN triple knock-out and SRC over-expression were shown to diminish FGF-induced DNA 
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synthesis and cell proliferation as compared to wild-type MEF with endogenous c-SRC expression 

(Kilkenny et al., 2003). This fact highlights the complexity of SRC/FGFR regulation. 

 
 

 
 
 
Figure 8. Schematic representation of SRC/FAK signalling from RTKs or integrins and cellular outcome. 

This figure is taken from (Frame, 2002). 

 
 

1.2.4.4 RAS/MEK/ERK 

v-SRC transformation is associated with enhanced proliferation, mediated both through the 

PI3Ks and RAS/MEK/ERK pathways, and subsequent down-regulation of p27 and enhanced 

expression of cyclins D1, E and A (Riley et al., 2001). The RAS/MEK/ERK pathway is also activated 

in response to the stimulation of multiple receptors by their corresponding ligands. Most RTK contain 

binding sites for SHC and thus may activate the RAS/MEK/ERK pathway independently of SRC 

kinase. However, SRC may modulate/enhance this activation. Indeed, SRC directly binds and 

phosphorylates SHC suggesting that, depending on cellular context, it can at least contribute to 

RAS/MAPK pathway activation downstream of RTKs (Thomas and Brugge, 1997).  
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VEGF-mitogenic stimuli seem to be transmitted through SRC-dependent activation of 

MEK/ERK pathway in Kaposi’s sarcoma cells (Munshi et al., 2000). However, SRC is not involved 

in regulation of the MEK/ERK pathway downstream of EGFR as SRC inhibition has no effect on 

EGFR-dependent activation of ERK. In this context, MEK/ERK signalling is not sufficient for EGF-

driven cell cycle progression, which is dependent on SRC (Tice et al., 1999). SRC may be an 

important regulator of the RAS/MEK/ERK pathway in response to the activation of additional 

receptors, such as the G-protein coupled receptors (Luttrell et al., 1996).   

 

1.2.4.5 PI3K/AKT/mTOR 

SRC and FAK can associate with the p85 regulatory subunit of PI3K and activate it (Bolos et 

al., 2010). PI3K is activated and required for v-SRC-induced transformation (Riley et al., 2001). PI3K 

is also activated in response to RTKs, cytokines receptors and G-protein coupled receptors. Most of 

RTKs contain binding sites for p85 and can directly activate it. Depending on the cell type and the 

kind of receptor, SRC may be required or redundant for PI3K activation. It may also contribute to p85 

phosphorylation independently of RTKs. For example, SRC-dependent phosphorylation of EGFR is 

necessary for the efficient association of EGFR with PI3K (Stover et al., 1995). Similarly, SRC 

activity seems to be important for interaction of PDGFR and p85 and subsequent activation of PI3K, 

either by PDGFR- or SRC-mediated phosphorylation, or both (Kypta et al., 1990).  

SRC activity is important for PI3K/AKT-driven resistance to anoikis in osteosarcoma (Diaz-

Montero et al., 2006). On the other hand, SRC promotes resistance to anoikis in lung 

adenocarcinomas in a PI3K-independent fashion (Wei et al., 2004). The impairment of SRC activity 

sensitises these cells to anoikis and results in the inhibition of PYK2, a FAK-related kinase, but not of 

PI3K/AKT activity. This suggests that in this cellular context PYK2 could mediate the pro-survival 

effects of SRC kinases (Wei et al., 2004).    
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1.2.4.6 STAT3 as a mediator of SRC signalling 

Signal transducers and activators of transcription (STATs) are latent cytoplasmic transcription 

factors. They are activated by phosphorylation that leads to their dimerisation and translocation to the 

nucleus, where they regulate transcription of target genes. STATs are commonly activated in a variety 

of human cancers and this is directly linked to oncogenesis as STATs regulate diverse cellular 

processes, including cell proliferation, differentiation and apoptosis (Bowman et al., 2000).  

STAT3 is constitutively activated upon v-SRC transformation and dominant-active c-SRC 

expression (Cao et al., 1996; Sinibaldi et al., 2000). In addition, this activation is necessary for 

v-SRC-induced transformation through the regulation of c-MYC mRNA transcription; expression of 

dominant-negative STAT3β abrogates c-MYC expression and v-SRC-mediated transformation 

(Bowman et al., 2001). Another study showed that STAT3-mediated expression of p21
WAF1/CIP1

, cyclin 

D1 and E is necessary for v-SRC transformation of NIH3T3 and Balb/c 3T3 cells (Sinibaldi et al., 

2000). Induced expression of p21
WAF1/CIP1

, which is an inhibitor of CDKs, was surprising but could be 

explained by the recent findings suggesting it
 
is a necessary cofactor for cyclin D/CDK complex 

activation (Sinibaldi et al., 2000).   

Similarly, SRC inhibition attenuates STAT3 signalling in a number of lung cancer cell lines, 

which correlates with a decrease in cell number (Laird et al., 2003; Song et al., 2003). SRC/STAT3 

signalling is also important for VEGF signalling and anchorage-independent cell growth (Laird et al., 

2003). STAT3 activation in response to EGF, HGF or IL-6 stimulation is dependent on SRC kinase 

activity (Song et al., 2003). SRC inhibitors or expression of dominant-negative STAT3 induce 

apoptosis in NSCLC cells (Song et al., 2003). In addition, SRC inhibition or expression of dominant-

negative STAT3 reduces BCL-XL protein levels, induces cell cycle arrest and apoptosis, and reverses 

the transformed properties of EGFR- or HER2-expressing NIH3T3 cells (Karni et al., 1999).   
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1.2.4.7 STAT3 signalling as a resistance mechanism to SRC inhibition 

Some reports suggest STAT3 signalling could contribute to acquisition of resistance to SFK 

inhibitor dasatinib in NSCLC (Byers et al., 2009). In this setting, dasatinib either does not inhibit 

STAT3 phosphorylation at all or inhibits it only modestly and transiently; at a later time-point this 

inhibition is reversed and in some cell lines STAT3 phosphorylation is moderately enhanced by 

dasatinib. In agreement, siRNA-mediated depletion of SRC potently induces STAT3 phosphorylation. 

STAT3 may be a novel mechanism driving dasatinib resistance as depletion of STAT3 sensitised 

A549 and H226 cells to dasatinib treatment. This correlated with a potent induction of apoptosis in 

STAT3-depleted, dasatinib-treated cells but not with dasatinib or STAT3 silencing on its own (Byers 

et al., 2009).  

Furthermore, this inverse correlation between SRC and STAT3 activation can be found in the 

primary untreated human tumours suggesting it may be an important resistance mechanism in-vivo in 

lung cancer patients (Byers et al., 2009). Therefore, combining SRC and STAT3 inhibitors could offer 

benefits in management of lung cancer patients.  

 

1.2.5 SRC family kinases in human cancer  

SRC protein is a proto-oncogene which is strongly involved in the development, growth, 

progression and metastasis of multiple human cancers (Figure 8 and Figure 9).  SRC protein levels 

and, even to a greater extent, SRC kinase activity are frequently elevated in human tumours as 

compared to adjacent normal tissue. This was highlighted for breast (Egan et al., 1999; Verbeek et al., 

1996), colon (Aligayer et al., 2002; Cartwright et al., 1994; Cartwright et al., 1990; Talamonti et al., 

1993), pancreatic (Chen et al., 2009; Lutz et al., 1998), ovarian and other cancers (Budde et al., 1994; 

Wiener et al., 2003). Moreover, this expression/activation is commonly linked to cancer progression 

and metastasis, and poor patient survival (Aligayer et al., 2002; Chen et al., 2009; Summy and 

Gallick, 2003; Talamonti et al., 1993).  
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Although oncogenic mutations (C-terminal truncation of auto-inhibitory motif) are present in 

a subset of colon cancers and endometrial cancers (Irby et al., 1999; Sugimura et al., 2000), this does 

not appear to be the most common mode of SRC over-expression and activation in tumours. It is 

probable that alterations in transcription, translation and/or protein stability may contribute to SRC 

over-expression. In addition, changes in the levels of SRC regulators could account for its enhanced 

activity; for example, expression of CSK, a negative regulator of SRC is decreased in colorectal 

cancer (Cam et al., 2001). Conversely, ectopic expression of CSK suppresses SRC activity and in-vivo 

metastasis of colon cancer cells (Nakagawa et al., 2000). In addition, increased level of PTP1B 

phosphatase expression correlates with the reduced phosphorylation of Y530 and thus enhanced SRC 

activity in colon and breast cell lines (Bjorge et al., 2000; Zhu et al., 2007). Similarly, activation of 

RTKs such as EGFR, FGFR or PDGFR, and integrin signalling enhances the activity of SFKs 

(Osherov and Levitzki, 1994; Parsons and Parsons, 1997).  

SRC protein expression and auto-phosphorylation levels were also found to be increased in 

NSCLC (Masaki et al., 2003; Mazurenko et al., 1992). SRC over-expression was found in 60-80% of 

adenocarcinomas and bronchiole-alveolar cancers, in 50% of squamous cell carcinomas and in all 4 

cases of SCLC investigated. SRC protein expression was more frequently elevated in poorly 

differentiated squamous cell carcinomas than in well or moderately differentiated ones. Expression of 

c-SRC was not detected in the surrounding normal lung tissues (Mazurenko et al., 1992). In 

agreement with these studies, levels of SRC kinase activity were found to be significantly elevated in 

NSCLC, especially in adenocarcinomas, as assessed by measuring c-SRC auto-phosphorylation and 

enolase phosphorylation rates in in-vitro protein kinase assay (Masaki et al., 2003). Zhang and 

co-workers reported a correlation between the levels of phosphorylated SRC and increased 

adenocarcinoma tumour size, suggesting a role of SRC in tumour progression. pSRC positive staining 

correlated with several clinical variables like male gender, active smoking and squamous cell subtype 

but not with ethnicity, pathological stage of disease, or duration of survival (Zhang et al., 2007). 

Consequences of elevated SRC protein expression or kinase activity for the cell behaviour are 

diverse. First of all, SRC family kinases strongly promote cell proliferation, mainly through 
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suppression of p27 expression, a cyclin-dependent kinase (CDK) inhibitor, and through induction of 

cyclins D1, E and A, which usually require downstream activation of MEK/ERK and/or STAT3 

pathway (Figure 8) (Sinibaldi et al., 2000). SFK can also act as survival factors, protecting the cells 

from anoikis, a form of cell death induced by detachment of epithelial cells from underlying 

extracellular matrix (ECM) or under low serum conditions where exogenous survival factors are 

limited (Figure 8) (Diaz-Montero et al., 2006; Wei et al., 2004).  

In addition, SRC family kinases are strongly implicated in angiogenesis, consistent with their 

role in the modulation of VEGFR, PDGFR and FGFR activation and downstream signalling (Kypta et 

al., 1990; Munshi et al., 2000; Sandilands et al., 2007a; Twamley-Stein et al., 1993). SFKs are 

essential for VEGF-induced but not FGF-2-mediated angiogenesis in chick chorioallantoic membrane 

(CAM) and in subcutaneous murine angiogenesis model. The ectopic expression of dominant-

negative SRC results in apoptosis of endothelial cells in VEGF-stimulated blood vessels, efficiently 

preventing angiogenesis and tumour growth (medulloblastomas grown on the CAM of chick 

embryos) (Eliceiri et al., 1999). 

SRC family kinases play an important role in the regulation of cytoskeletal networks and cell 

migration as determined in multiple studies on v-SRC transforming protein (reviewed in (Frame, 

2002)). v-SRC expression leads to loss of actin cytoskeleton organisation and severe disruption of 

cellular adhesion sites, resulting in cell rounding and detachment. Enhanced migratory potential of 

tumour cells may in turn facilitate invasion and/or metastasis (Figure 8 and Figure 9). The major 

contributors to this migratory phenotype are reported to be the following SRC substrates: focal 

adhesion kinase (FAK), p190RHO-GAP associated with p120RAS-GAP and p130
CAS

 (CRK-

associated substrate) (Frame, 2002).  

FAK
-/-

 mice are embryonically lethal due to the abnormalities in cell migration during 

gastrulation. Mesodermal cells isolated from these mice exhibit increased number and abnormal 

distribution of focal adhesions, suggesting that defects in focal adhesion turnover are responsible for 

the impaired cell migration (Ilic et al., 1995). FAK inhibitors also decrease cell migration and 
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invasion (Halder et al., 2007; Roberts et al., 2008; Sood et al., 2004). In contrast, cell migration is 

enhanced upon exogenous FAK expression, but not dominant-negative Y397F mutant expression 

(Cary et al., 1996).  

In agreement, FAK over-expression correlates with tumour invasiveness in a broad range of 

cancers (Bolos et al., 2010; Owens et al., 1995). For example, FAK expression is associated with poor 

survival in hepatocellular carcinoma (Itoh et al., 2004). Combined expression of FAK and SRC 

predicts tumour recurrence and metastasis formation in primary colorectal cancer (de Heer et al., 

2008). Interestingly, enhanced FAK expression cannot be attributed to the amplification of FAK gene 

copy number in head and neck squamous cell carcinomas (HNSCCs) (Canel et al., 2006). 

 
 

 
 
 
Figure 9. Enhanced SRC expression correlates with tumour progression.  

Possible phenotypic consequences of elevated SRC expression/activity during tumour progression. This figure 
is taken from (Frame, 2002). 
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1.2.6 SRC family kinases as a therapeutic target 

Since SRC family kinases play a key role in cellular mitogenic, survival and migration 

processes and are over-expressed/activated in a broad spectrum of human cancers, they are perceived 

as prime targets for cancer therapy (reviewed in (Bolos et al., 2010; Chen et al., 2006; Giaccone and 

Zucali, 2008)). Numerous SRC inhibitors are now available, that have reached various stages of 

biological application: in-vitro studies only, preclinical studies in animals or clinical trials. One of the 

most promising therapeutic agents is BMS-354825 developed by Bristol Myers Squibb, also known as 

dasatinib (Figure 10).  

 

1.2.6.1 Dasatinib 

Dasatinib was discovered in 2004 (Lombardo et al., 2004) and approved for use in patients 

with chronic myelogenous leukemia (CML) after imatinib treatment and Philadelphia chromosome-

positive acute lymphoblastic leukemia (Ph+ ALL) in 2006. It is an ATP-competitive, small molecule 

tyrosine kinase inhibitor which effectively inhibits all members of SRC kinase family as well as ABL 

kinase (approx 300-fold more potent than imatinib), c-KIT, PDGFR-β and EPH-A2 (Olivieri and 

Manzione, 2007). It is also relatively safe and well tolerated. The main adverse effects include fatigue, 

lethargy, diarrhea, nausea, vomiting, anorexia and headache; some patients develop pleural effusions. 

Neutropenia and myelosuppression are the common toxic effects in CML patients but hematologic 

toxicity seem to be less frequent and less severe in patients with solid tumours (Demetri et al., 2009). 

Serum levels of around 100 nM were detected in dasatinib-treated patients but its half-life is very 

short, at around 2-3 h (Demetri et al., 2009). 
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Figure 10. Chemical structure of BMS-354825 (dasatinib). 

 
 
 

As mentioned above, dasatinib is successfully used in the treatment of patients with CML and 

Ph+ ALL resistant to imatinib; however, multiple pre-clinical studies indicate that it can be beneficial 

in treatment of other cancers, for example of prostate (Nam et al., 2005), ovarian (Konecny et al., 

2009), various sarcomas (Shor et al., 2007), HNSCC and NSCLC (Johnson et al., 2005; Song et al., 

2006). Results of using dasatinib in solid tumours (phase I/II clinical trials) are encouraging (Demetri 

et al., 2009; Yu et al., 2009).  

Studies by Shor et al. (Shor et al., 2007) indicate that nM concentrations of dasatinib are 

sufficient to effectively inhibit SRC phosphorylation and severely impair migration and invasion in all 

sarcoma cell lines tested. Additionally, dasatinib induces apoptosis in the majority of bone sarcoma 

cell lines (e.g. in U2OS and SaOS2 cell lines) but not in any of the soft tissue sarcoma cell lines 

tested. The same effect is achieved by siRNA-mediated knockdown of SRC (Shor et al., 2007). 

In prostate cancer, dasatinib potently inhibits cell migration via inhibition of 

SRC/FAK/p130
CAS

 signalling pathway but not MEK/ERK or STAT3 pathways (Nam et al., 2005). In 

addition, dasatinib treatment of nude mice carrying orthotopic xenografts of prostate cancer cells 

results in efficient inhibition of tumour growth and lymph node metastases. Tumour shrinkage could 

be attributed both to diminished proliferation and enhanced apoptosis, assessed on tumour tissues 

using PCNA (proliferating cell nuclear antigen) and TUNEL staining, respectively (Park et al., 2008).  

Dasatinib reduces cell number in ovarian cancer cell lines due to enhanced apoptosis. Cell 

invasion was also potently inhibited. In addition, dasatinib sensitises the cells to carboplatin and 
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paclitaxel treatment (Konecny et al., 2009). 18 out of 39 breast cancer cell lines were sensitive to 

dasatinib treatment (more than 40% growth inhibition in the presence of 1 µM dasatinib). Basal-type, 

‘triple negative’ (estrogen receptor/progesterone receptor/HER2 negative) cell lines were particularly 

sensitive to dasatinib treatment (Finn et al., 2007).  

Study by Huang et al. identified six potential biomarkers predicting sensitivity to dasatinib 

treatment: EPHA2, CAV1, CAV2, ANXA1, PTRF, and IGFBP2 using a large cohort of breast and 

lung cancer cell lines (Huang et al., 2007). Clinical usefulness of these biomarkers needs to be 

evaluated. 

  

1.2.6.2 Dasatinib in NSCLC therapy 

Johnson et al. (Johnson et al., 2005) shows that HNSCC cell lines are markedly more 

sensitive than NSCLC cell lines (Table 5). Among 4 NSCLC cell lines, H322 cell line was very 

sensitive (IC50 < 100 nM), H460 moderately sensitive (IC50 = 1.8 μM) and two cell lines: H226 and 

A549 were completely resistant (IC50 > 10 μM) to dasatinib treatment. In sensitive cell lines, 100 nM 

dasatinib blocks cell cycle progression and induces apoptosis while in all cell lines tested the drug 

inhibits cell migration and invasion. 

 
 
Table 5. HNSCC and NSCLC cell lines and their dasatinib IC50.  

Table taken from (Johnson et al., 2005). ND - not determined; wt - wild type 
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Studies by another research group (Song et al., 2006) indicate that NSCLC with activating 

mutations of EGFR are more sensitive to dasatinib (IC50 of 100-250 nM) than NSCLC with wild-type 

EGFR (IC50 > 10 μM). Dasatinib induces apoptosis in gefitinib-sensitive EGFR-mutated NSCLC and 

blocks cell cycle progression in all EGFR-mutated NSCLC as well as in EGRF
wt

 cell lines A549 (in 

disagreement with (Johnson et al., 2005)) and H358. Dasatinib inhibits SRC phosphorylation and cell 

invasion in all cell lines tested. 

In NSCLC, phase II clinical trials of dasatinib as a single-agent treatment did not show any 

clinical benefits (personal communication); however, clinical trials combining dasatinib and erlotinib, 

an EGFR inhibitor, or conventional chemotherapeutic agents are ongoing (http://clinicaltrials.gov). 

Phase I/II study evaluating dasatinib and erlotinib combined treatment show this combination is 

tolerable and potentially beneficial in the management of NSCLC patients (Haura et al., 2010). 

Limited efficiency of dasatinib in the treatment of unselected patients also indicates the need 

for biomarkers which could indicate which patients could benefit from dasatinib therapy. As 

previously mentioned, six potential biomarkers were identified in-vitro: EPHA2, CAV1, CAV2, 

ANXA1, PTRF, and IGFBP2 (Huang et al., 2007).  

Lately, DDR2 (discoidin domain receptor 2) was suggested as a predictor of SCC patient’s 

response to dasatinib. DDR1 and DDR2 are non-integrin tyrosine kinase receptors activated by 

collagen. DDR2 kinase activity can be inhibited using imatinib, nilotinib or dasatinib (Day et al., 

2008). Mutations in DDR2 kinase gene were found in 3.8% (11/290) of lung SCC samples 

(Hammerman et al., 2011). Depletion of DDR2 using shRNA or its inhibition by dasatinib leads to 

significant decrease in cell proliferation in-vitro in SCC cell lines carrying DDR2 mutations. In-vivo, 

dasatinib induced potent shrinkage of xenografted tumours of DDR mutated cell lines, but not of 

DDR2
wt 

A549 adenocarcinoma xenografts. Importantly, the only patient with advanced SCC (1/7) 

who responded to dasatinib treatment during phase II clinical trials was found to have DDR2
S768R

 

mutation (Hammerman et al., 2011). 

 

http://clinicaltrials.gov/
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1.2.6.3 Other SFKs inhibitors in lung cancer therapy 

AZD0530 (saracatinib; AstraZeneca) is another orally available, dual SRC/ABL kinase 

inhibitor that is being clinically evaluated in a range of solid tumours. AZD0530 selectively inhibits 

c-SRC and ABL activity at low nanomolar concentrations and shows excellent pharmacokinetic 

parameters in animal models and in man (half-life of 40 h) (Hennequin et al., 2006). In-vitro, it 

potently blocks NSCLC cell migration and invasion in a dose-dependent manner (Purnell et al., 2009). 

FAK and AKT phosphorylation is inhibited with the higher doses of inhibitor, while STAT3/JAK 

signalling is activated suggesting potential compensatory mechanism. AZD0530 sensitises the A549 

and Calu-6 cell lines to radiotherapy (Purnell et al., 2009). Finally, it induces apoptosis in some 

NSCLC cell lines (Gautschi et al., 2006). 

SKI-606 (bosutinib; Wyeth) is also an orally active dual SRC/ABL inhibitor. SKI-606 

reduces cell number and induces apoptosis in EGFR-dependent NSCLC cell lines (Zhang et al., 

2007). It is being evaluated in phase I/II clinical trials in a range of solid tumours 

(http://clinicaltrials.gov). 

Another SRC tyrosine kinase inhibitor, M475271 was shown to be highly efficient in 

pre-clinical mouse models of subcutaneous PC-9 and A549 xenografts. Daily oral treatment with the 

inhibitor significantly inhibited the growth of tumours, especially of PC-9 xenografts, as a result of 

cell proliferation inhibition. In addition, M475271 reduced the VEGF production and vascularisation, 

and lung metastases (Zheng et al., 2005). PP1 and PP2 SFKs inhibitors are commonly used in-vitro to 

study the role of SFKs in cancer cell biology. PP1 has a synergistic effect with gefitinib, an EGFR 

inhibitor, in EGFR-dependent NSCLC cell lines. Neither drug on its own affects ERK or STAT3 

phosphorylation but it is significantly decreased when both inhibitors are combined. Apoptosis is 

greatly enhanced upon combination treatment (Zhang et al., 2007).  

Overall, studies on dasatinib and other SFK inhibitors show that targeting SRC family kinases 

may be beneficial a therapeutic approach for a variety of cancer types.   

http://clinicaltrials.gov/
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1.3 Autophagy 

1.3.1 Overview  

Autophagy (‘self-eating’) is a catabolic process involved in the degradation of a cell's own 

components. The bulk of cytoplasm, including redundant or damaged organelles and long-lived 

proteins, is enclosed into double-membrane vesicles called autophagosomes (Klionsky and Emr, 

2000). These then fuse with lysosomes creating autophagolysosomes, delivering their content for 

degradation (Klionsky and Emr, 2000). Consequently, autophagy plays an important role in cellular 

homeostasis under stress conditions, e.g. nutrient deprivation (by generating energy necessary for cell 

survival) or oxidative stress (by removing damaged mitochondria thus minimising reactive oxygen 

species (ROS) production and further cellular damage) (Klionsky and Emr, 2000; Yang and Klionsky, 

2010). As such, autophagy is often perceived as a pro-survival mechanism, helping the cells to 

overcome/survive stress conditions and can therefore support oncogenesis. However, depending on 

the cellular context, autophagy can suppress carcinogenesis. For example, autophagy generates ATP 

necessary for the energy-dependent apoptotic processes and prevents ROS accumulation, promoting 

genetic stability of the cells and limiting the occurrence of carcinogenesis-promoting mutations 

(Eisenberg-Lerner et al., 2009). Lastly, excessive autophagy can be a mechanism of programmed cell 

death (type-2/autophagic) and may be an alternative cell death mechanism in apoptosis-deficient 

cancer cells (Coates et al., 2009; Meijer and Codogno, 2009; Moretti et al., 2007).  

The process of autophagy can also be selective. In that case, p62/SQSTM1 recognises and 

binds to the poly-ubiquitynated protein aggregates, targeting them for autophagic degradation through 

its interaction with LC3, (Bjorkoy et al., 2005; Bjorkoy et al., 2006; Pankiv et al., 2007).  
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1.3.2 Core autophagic machinery 

Autophagy is a tightly controlled and evolutionarily conserved mechanism. It can be 

subdivided into three stages: vesicle nucleation (formation of isolation membrane (phagophore)), 

elongation (growth and closure of autophagosome) and maturation (fusion with lysosomes, creating 

autolysosomes) (Figure 11A). The core molecular machinery comprises autophagy-related (ATG) 

proteins (Figure 11B).  

 

 
 

 
Figure 11. Schematic diagram of autophagy and its regulation. 

A) Autophagy can be subdivided into three stages: vesicle nucleation (phagophore/isolation membrane), 
elongation (autophagosome growth and closure) and maturation (fusion with lysosomes, creating 
autolysosomes). B) Molecular machinery of autophagosome formation; taken from (Van Limbergen et al., 
2009). See text for detailed description. ATG – autophagy-related; PE – phosphatidylethanolamine; G – glycine   
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1.3.2.1 Proteins involved in vesicle nucleation 

Autophagy is initiated by the formation of initiation membrane (phagophore), which then 

elongates to enclose the cytosolic content, targeting it for lysosomal degradation (Figure 11A). The 

origin of the membrane component is not yet clear but recent findings suggest that both endoplasmic 

reticulum (ER) and mitochondria could contribute to autophagosomes formation (reviewed in (Tooze 

and Yoshimori, 2010)). Key complexes involved in the initiation of isolation membrane formation are 

the class-III PI3K-BECN1 and the mTOR-regulated ULK1/2-ATG13-FIP200 complexes 

(ATG1/ATG13/ATG17 in yeast; Figure 11B) (Jung et al., 2009; Simonsen and Tooze, 2009; Tooze 

and Yoshimori, 2010).  

The ULK1/2-ATG13-FIP200 complex is essential for the recruitment of other ATG proteins 

to isolation membrane during autophagy induction. Knockdown of ATG13 or FIP200 (focal adhesion 

kinase family interacting protein of 200), or over-expression of dominant-negative ULK1 or ULK2 

(UNC-51-like kinase 1/2; ATG1 homologues) kinases strongly inhibits autophagy (Hara et al., 2008; 

Jung et al., 2009). ATG13 and ULK1/2 kinase are directly phosphorylated by mTOR, which blocks 

autophagy initiation. mTOR inhibition leads to de-phosphorylation of ULK1, ULK2 and ATG13, and 

subsequent activation of ULK1/2 which then phosphorylate itself, ATG13 and FIP200 (Jung et al., 

2009). ATG13 binds ULK1/2, activating and stabilising it, and mediates ULK1/2 interaction with and 

phosphorylation of FIP200. FIP200 is a scaffold protein implicated in the regulation of ULK1/2 

stability and phosphorylation (Hara et al., 2008). In yeast, ATG13 interacts with ATG14, possibly 

linking ULK1/2-ATG13-FIP200 and class-III PI3K-BECN1complexes in mammals too. 

Yeast VPS34 is a homolog of class-III PI3K and the only PI3K present in this organism. 

VPS15 is a regulatory unit of VPS34 and a homolog of mammalian p150. VPS34 function depends on 

other proteins recruited to the VPS34 complex. The VPS34/VPS15/BECN1/ATG14 complex is 

essential for the initiation of autophagosome formation (Simonsen and Tooze, 2009; Tooze and 

Yoshimori, 2010). BECN1 (ATG6; beclin-1) interacts with several cofactors to activate VPS34, thus 

inducing autophagy. PI(3)P production at the site of isolation membrane formation is essential for 
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autophagosome formation (Simonsen and Tooze, 2009); however, its precise function is not known. 

Potential reasons could be the recruitment of PI(3)P-binding proteins involved in autophagy initiation 

or alteration of the lipid bilayer properties. In agreement with this, a PI(3)P-enriched membrane 

derived from ER, called omegasome was recently identified. Omegasomes formation is induced by 

amino acid starvation and can give rise to the isolation membrane of autophagosome (Simonsen and 

Tooze, 2009; Tooze and Yoshimori, 2010). Regulation and role of mTOR and class-III PI3Ks in 

autophagy will be discussed in detail in sections 1.3.3.1 and 1.3.3.2 below.    

 

1.3.2.2 Regulation of autophagosome membranes elongation   

Elongation of autophagosome membranes is mediated by LC3 (ATG8) and ATG12 ubiquitin-

like conjugation systems (Figure 11). Yeast ATG8 has multiple homologues in mammals: LC3A, 

LC3B (main homolog, referred here and in the literature as LC3), GABARAP, GABARAPL1, 

GABARAPL2 (GATE16) (Kabeya et al., 2004). The LC3 (microtubule-associated protein 1 light 

chain 3) precursor (pro-LC3) is processed by ATG4-mediated proteolytic cleavage immediately after 

translation to form LC3-I. LC3-I is a cytoplasmic protein which is lipidated by the addition of 

phosphatidylethanolamine (PE) upon autophagy initiation (LC3-II) (Figure 11B). This modification is 

mediated by the ubiquitin E1-like protein, ATG7, and the ubiquitin E2-like protein ATG3. Lipidated 

LC3 (LC3-II) is recruited to growing isolation membrane, which is mediated by the ATG12 system 

(Kabeya et al., 2000; Meijer and Codogno, 2009). 

ATG12 is activated by ATG7, then modified by the ubiquitin E2-like protein, ATG10, and 

eventually covalently linked to ATG5. ATG5-ATG12 associates with ATG16 forming the complex 

which regulates the elongation of isolation membranes (by recruiting LC3-II) (Meijer and Codogno, 

2009).   

The lipidated form of LC3 is localised in both outer and inner autophagosome membranes 

and is the only ATG protein that remains associated with the mature autophagosomes (Kabeya et al., 
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2000). Fluorescent microscopy for LC3-GFP foci formation (autophagosomes) in cells stably 

expressing LC3-GFP and the conversion of LC3-I (18 kDa) to LC3-II (mobility shift; 16 kDa), 

assessed by Western Blotting, is routinely used to monitor autophagy induction (Kabeya et al., 2000; 

Klionsky et al., 2007; Mizushima and Yoshimori, 2007).   

ATG5 and ATG7 are believed to be essential regulators of mammalian autophagy. The 

siRNA-mediated knockdown of these proteins is commonly employed to inhibit this process. 

However, an ATG5- and ATG7-independent mechanism of autophagy was recently discovered. 

Indeed, autophagy is still induced in ATG5
-/- 

MEFs upon etoposide treatment but does not involve 

LC3 lipidation (Nishida et al., 2009). Instead, this alternative mechanism of autophagy is RAB9-

dependent and seems to involve multiple fusions of the isolation membranes with vesicles derived 

from the trans-Golgi and late endosomes.  

 

1.3.2.3 Autophagosome maturation  

The maturation of autophagosomes involves their fusion with lysosomes (Figure 11A). 

Subsequently, the autophagosome content is degraded. LC3 associated with the luminal membrane is 

also degraded, while the outer membrane-bound LC3 is recycled, together with other ATG proteins. 

The ATG2/ATG9/ATG18 complex mediates the dissociation of ATG proteins from matured 

autophagosomes (Van Limbergen et al., 2009). 

 

1.3.3 Regulation of autophagy 

Not surprisingly, autophagy is a tightly regulated process. The most important proteins 

involved in the regulation of this process are: mTOR, PI3Ks, p53 and BCL-2 family proteins (Figure 

12) (Jung et al., 2010; Maiuri et al., 2009; Pattingre and Levine, 2006; Petiot et al., 2000; Tasdemir et 

al., 2008a). 
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Figure 12. A schematic representation of key molecules involved in the regulation of autophagy. 

Picture shows the main regulatory pathways of autophagy, including mTOR, PI3Ks and p53 molecules, and the 
complex interplay between them. Grey arrows represent the activation and red blunt-ended arrows the 
inhibition of a process or molecules. See text for more detailed description.  
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1.3.3.1 PI3Ks 

Class-III PI3Ks (yeast homolog VPS34 and its regulatory unit VPS15) can act both as 

positive and negative regulators of autophagy, depending on the complex it forms with other proteins. 

VPS34/VPS15 contributes to mTOR activation and as such indirectly inhibits autophagy (Figure 12). 

VPS34/VPS15 forms complexes with BECN1 (ATG6), which in turn interacts with several cofactors 

to regulate VPS34 function. The activity of the VPS34/VPS15/BECN1/ATG14 complex is essential 

for the formation of the isolation membrane (Figure 12) (Simonsen and Tooze, 2009). The 

VPS34/VPS15/BECN1/UVRAG (UV radiation-resistant gene) complex positively regulates the 

maturation of autophagosomes and endocytic trafficking, whereas the 

VPS34/VPS15/BECN1/UVRAG/RUBICON complex has the opposite function. Other BECN1-

interacting proteins are AMBRA1 (activating molecule in BECN1-regulated autophagy), positively 

regulating the activity of class-III PI3K, and BCL-2, which inhibits BECN1/VPS34 complex.  

Class-I PI3Ks regulate autophagy through the regulation of mTOR activity (Figure 12). They 

phosphorylate phosphatidylinositol and thus activate AKT, which then activates mTORC1 by 

phosphorylating PRAS40 and indirectly by inhibiting the TSC1/TSC2 complex (inhibitor of mTOR 

pathway). 

 

1.3.3.2 mTOR 

The mTOR kinase coordinates cellular responses to changes in energy/nutrients levels, 

growth signals and environmental stress by regulating protein translation, ribosome biogenesis, cell 

growth and autophagy. As previously mentioned (see section 1.1.4.5), mTOR is a catalytic component 

of two distinct multiprotein complexes, mTORC1 and mTORC2. mTORC1 directly inhibits 

autophagy by phosphorylating ULK1/2 and ATG13. This phosphorylation inhibits the ULK-ATG13-

FIP200 complex that is essential for the recruitment of other ATG proteins to isolation membranes 

and thus the induction of autophagy. mTOR inhibition leads to de-phosphorylation of ULK1, ULK2 
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and ATG13, resulting in the activation of ULK1/2 which then phosphorylates itself, ATG13 and 

FIP200 (Hara et al., 2008; Jung et al., 2009). 

mTORC2 is also implicated in the control of autophagy. First of all, mTORC2 inhibits 

autophagy through the regulation of mTORC1 activity via phosphorylation/activation of AKT. In 

addition, active AKT also phosphorylates FOXO3, sequestering it in cytoplasm in its inactive state. 

Inhibition of mTORC2 leads to decrease in AKT activity and de-repression of FOXO3, which then 

translocates to the nucleus to regulate transcription of key autophagy genes such as LC3, GABARAP, 

ULK2 and BECN1 (Sini et al., 2010). Therefore, dual inhibition of mTORC1/mTORC2 by mTOR 

kinase inhibitors such as AZD8055 induces autophagy more potently than rapamycin and rapalogues.   

 

1.3.3.3 p53 

p53 has a dual role in the control of autophagy (Figure 12). Nuclear p53 can upregulate 

transcription of ATG proteins, thus having pro-autophagic action (Tasdemir et al., 2008a). However, 

cytoplasmic p53 is a potent inhibitor of autophagy and deletion or inhibition of p53 triggers 

autophagy (Morselli et al., 2008). This also suggests that inhibitory properties are dominant over the 

pro-autophagic ones. Accordingly, expression of wild-type or cytoplasmic p53 but not nuclear-only 

p53, inhibits autophagy (Tasdemir et al., 2008b). Depletion of cytoplasmic p53 is required for the 

autophagy induction in response to nutrient depletion, rapamycin or lithium. Autophagy induced by 

the inactivation or depletion of p53 is only moderately enhanced by nutrient starvation, suggesting the 

common pathway (Tasdemir et al., 2008b). 

Preliminary results indicate that autophagy-inhibitory effect of cytoplasmic p53 may be 

mediated through the regulation of mTOR pathway as re-expression of p53 in p53
-/-

 cells results in the 

enhanced phosphorylation of AKT and de-phosphorylation of AMPK and TSC2 (Tasdemir et al., 

2008b). 
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The clinical significance of p53-mediated suppression of autophagy is not yet fully 

understood. Autophagy induction following p53 inactivation/depletion may be an undesired effect of 

p53 inactivation that commonly occurs during carcinogenesis because of the anti-apoptotic and cell 

cycle-promoting effects associated with this event. However, it could also offer additional benefits to 

tumour cells during starvation (Tasdemir et al., 2008a). 

 

1.3.3.4 BCL-2 

BCL-2 and BCL-XL bind to and inhibit BH3 domain of BECN1 (ATG6), preventing its 

association with VPS34 (reviewed in (Pattingre and Levine, 2006; Sinha and Levine, 2008)). 

Dissociation from BCL-2 is necessary for the pro-autophagic activity of BECN1. This can be 

achieved either by the competitive binding of BH3-only proteins (such as BAD; activated upon 

nutrient deprivation) to BCL-2 or by post-translational modifications of BCL-2 or BECN1 (Sinha and 

Levine, 2008). 

The regulation of autophagy by the anti-apoptotic members of BCL-2 family provides another 

means of cross-talk between autophagy and apoptosis and indicates the complex relationship between 

these two cellular processes (reviewed in (Eisenberg-Lerner et al., 2009). 

 

1.3.4 Inhibitors of autophagy 

Most commonly used autophagy inhibitors are bafilomycin A1, chloroquine and 

3-methyladenine (3-MA is a class-III PI3Ks inhibitor but also inhibits class-I PI3Ks). However, none 

can be regarded as a specific inhibitor of autophagy. 
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1.3.4.1 Bafilomycin A1 (BafA1) 

Bafilomycin A1 is a toxic macrolide antibiotic and a specific inhibitor of vacuolar-type 

H
+
-ATPases (V-ATPases), which cause acidification of intra-cellular organelles. Bafilomycin A1 

inhibits the fusion between autophagosomes and lysosomes, thus preventing the maturation of 

autophagic vacuoles (Yamamoto et al., 1998). However, the nature of this inhibition is not clear and it 

may be an indirect result of the acidification defect upon V-ATPases activity blockage (Klionsky et 

al., 2008b). Bafilomycin A1 inhibits the growth of a variety of cultured cells, especially transformed 

cell lines. This coincides with a potent induction of apoptosis in Capan1 pancreatic cell line (Ohta et 

al., 1998).  

 

1.3.4.2 Chloroquine (CQ) 

Chloroquine was discovered in 1934 and is commonly used in the treatment and prevention of 

malaria. Therefore, it has well-know pharmacokinetics, pharmacodynamics and safety profile. It has a 

high volume of distribution, by accumulating in adipose tissue. It can also lead to renal toxicity, 

blurred vision and blindness. In addition to malaria, it is used to treat some autoimmune disorders, e.g. 

rheumatoid arthritis or lupus erythematosus and it is now being evaluated as an antiviral agent e.g. in 

clinical trials in HIV patients (Cooper and Magwere, 2008). Lately, chloroquine has emerged as a 

promising agent for the treatment of various cancers (reviewed in (Solomon and Lee, 2009) and in 

section 1.3.5.2 below). 

Chloroquine is a lysosomotropic agent. Unprotonated chloroquine can easily diffuse through 

cell/organelles membranes but once it is protonated in lysosomes it becomes membrane-impermeable 

and ‘trapped’ in lysosomes. This accumulation causes inhibition of lysosomal enzymes and thus 

affects cellular degradation pathways, including autophagy.  
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1.3.5 Dual role of autophagy in cancer 

Autophagy induction is a common cellular response to various stress conditions, including 

nutrient deprivation, irradiation or exposure to toxic compounds such as 5-FU, paclitaxel, cisplatin or 

etoposide, commonly used in cancer therapy (reviewed in (Apel et al., 2009; Moretti et al., 2007; Van 

Limbergen et al., 2009)). As previously mentioned, autophagy can either be a pro-survival or a cell 

death mechanism. Accordingly, both the induction and inhibition of autophagy were reported to 

present clinical benefits for cancer therapy (Apel et al., 2009; Moretti et al., 2007; Van Limbergen et 

al., 2009).  

 

1.3.5.1 Autophagy as a mechanism of cell death  

Autophagy as a cell death mechanism was demonstrated in multiple research publications. 

However, due to lack of appropriate controls, some of these reports should be treated with caution.  

Bursch et al. reported autophagic cell death in response to anti-estrogens, such as tamoxifen 

and ICI 164 384, in MCF7 cells. These conclusions were based on observation that the inhibition of 

autophagy by 3-methyladenine (3-MA) significantly reduced tamoxifen-induced cell death. In this 

study, induction of apoptosis was assessed by observing cells with pyknotic (irreversibly condensed 

chromatin) or fragmented nuclei (Bursch et al., 1996).  

Work by Kanzawa and colleagues indicated occurrence of autophagic cell death in response 

to arsenic trioxide. As2O3 reduces the number and viability of malignant glioma cells, concurrent with 

a potent induction of autophagy. Inhibition of apoptosis using z-VAD-fmk pan-caspase inhibitor has 

no effect on cell viability, suggesting alternative mechanisms of cell death. However, the crucial 

experiment proving autophagic cell death, i.e. evaluating the effect of autophagy inhibition on cell 

viability, was missing (Kanzawa et al., 2005).  
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Results of another study, evaluating temozolomide-induced cytotoxicity in malignant glioma 

cells are also difficult to interpret (Kanzawa et al., 2004). On one hand, 3-MA, an inhibitor of 

autophagy initiation, partially blocks the temozolomide-induced decrease in cell number but 

bafilomycin A1, a late-stage autophagy inhibitor, enhances this decrease.  

 

1.3.5.2 Potential use of autophagy inhibitors in the treatment of cancer 

Conversely, autophagy induction was shown to promote growth and resistance of cancer cells 

in multiple in-vitro and in-vivo studies. Thus, autophagy inhibitors are increasingly being evaluated as 

a potential single-agent treatment or adjuvant to conventional cancer therapy. 

Chloroquine (CQ) as a single-agent treatment was shown to potently reduce cell number in 

glioma cells expressing wild-type p53 (Kim et al., 2010). This coincided with the induction of 

apoptosis, which was dependent on p53 activation. Indeed, siRNA-mediated depletion of p53 

prevented CQ-induced apoptosis. CQ treatment resulted in the stabilization of p53 protein and 

induction of p53-regulated transcription. CQ also inhibited the growth of tumours in orthotopic 

glioma mouse model suggesting that chloroquine used as a single-agent could be a therapeutically 

beneficial in p53
wt

 glioma patients (Kim et al., 2010). CQ also reduced cell number in p53 mutant or 

knock-out cells, although to a much lesser extent than in p53 wild-type cells, suggesting the existence 

of additional, p53-independent mechanisms underlying CQ action (Kim et al., 2010). Phase I clinical 

trials combining chloroquine with conventional treatment in glioblastoma multiforme patients 

suggested that chloroquine may extend median survival (median survival of 24 months compared to 

11 months for control group; n=30) (Sotelo et al., 2006).  

Inhibition of 5-fluorouracil-induced autophagy in colon cancer cells using CQ resulted in the 

enhanced therapeutic efficacy of 5-FU as CQ potentiated G0/G1 arrest induced by 5-FU (Sasaki et al., 

2010). Similarly, CQ sensitised breast cancer cells to Akt inhibitors, while normal cells remained 

unaffected by CQ treatment (Hu et al., 2008). 3-MA inhibited cisplatin-induced autophagy but 
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potentiated cisplatin-induced apoptosis and cell cycle arrest in esophageal cancer cells (Liu et al., 

2011). Bafilomycin A1 sensitised breast, colon and pancreatic cell lines to radiation therapy (Paglin et 

al., 2001). Bafilomycin A1 used as a single-agent inhibited pancreatic cancer cell growth in-vitro and 

reduced tumour volume in-vivo in mice bearing xenografted pancreatic tumours (Ohta et al., 1998). In 

lung cancer cells, 3-MA and siRNA-mediated depletion of BECN1 prevented pactitaxel-induced 

autophagy in A549 cells and further enhanced paclitaxel-triggered apoptosis (Xi et al., 2011).  

These results suggest that autophagy could be a common cellular response to chemo- and 

radiotherapy and may have a protective action, helping cancer cells to overcome/survive stress. As 

such, autophagy induction may contribute to the rapid development of resistance to cancer-targeting 

therapies that commonly occurs in various cancers. Therefore, combining conventional treatment with 

autophagy inhibition using compounds such as chloroquine may prevent or even reverse acquired 

resistance. However, further studies are necessary to understand the complex relationship between 

apoptosis and autophagy to maximise clinical benefits of autophagy-modulating therapies.  

 

1.3.6 Autophagy and SRC family kinases  

Recent evidence suggests SFKs inhibition potently induces autophagy (Le et al., 2010) 

(Milano et al., 2009; Wu et al., 2010). However, the findings regarding the consequences of this 

induction remain often contradictory. 

In ovarian HEY and SKOv3 cell lines, dasatinib inhibits anchorage-dependent and 

independent growth but does not induce apoptotic cell death (Le et al., 2010). Autophagy is strongly 

stimulated by dasatinib treatment as determined by acridine orange staining, LC3-I to LC3-II 

conversion, LC3-GFP foci formation and autophagosomes/autolysosome detection by electron 

microscopy. Phosphorylation of AKT and mTOR is decreased upon dasatinib treatment suggesting 

induction of autophagy could be at least in part mediated through mTOR pathway inhibition. In 

addition, expression of BCL-2 is diminished in response to dasatinib, which could also contribute to 
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autophagy enhancement as BCL-2 over-expression partially blocks autophagy induction. In ovarian 

cells, inhibition of autophagy by the siRNA-mediated depletion of BECN1 prevents the reduction in 

cell number triggered by dasatinib, suggesting autophagy could be a mechanism of cell death or at 

least promote the reduction in cell number (Le et al., 2010). 

Dasatinib and temozolomide induce autophagy in glioma cells, strongest when both drugs are 

combined (Milano et al., 2009). Combined treatment causes synergistic decrease in cell number. 

Apoptosis is not induced by single or combined treatment, as evaluated by Annexin V and TUNEL 

assays. Temozolomide is an alkylating agent and is known to induce potent G2 cell cycle arrest. 

Dasatinib causes only moderate accumulation of cells in G1. When both drugs are combined, cell 

cycle distribution resembles those of control cells, with no G1 and much smaller G2 cell cycle arrest 

as compared to single-agent treated cells (Milano et al., 2009). Taking it all into account, one could 

speculate that autophagy is a mechanism of cell death in this cellular system but definite evidence to 

that effect obtained using autophagy inhibition is missing.  

SFKs inhibition by PP2 or saracatinib (AZD0530) induces autophagy in prostate cancer cells 

(Wu et al., 2010). Contrary to previous findings, inhibition of autophagy by 3-MA, CQ or siRNA 

targeting ATG7 sensitises prostate cancer cells towards both SFK inhibitors. Again, mTOR signalling 

is inhibited, which could account for the pro-autophagic action of SFKs inhibition. Combined 

treatment using AZD0530 and CQ reduces tumour volume in-vivo in mice bearing prostate cancer 

xenografts, compared to the control or single-agent treatment groups. This reduction in tumour 

volume correlates with the potent induction of apoptosis, as assessed by TUNEL assay on tumour 

tissue sections (Wu et al., 2010).  

 These contrary findings on the role of autophagy in response to SFK inhibition emphasise the 

need for a better understanding of autophagy, particularly with regards to its therapeutic modulation. 
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1.4 Aims  

 

 Determine the expression and activity of SFKs in-vitro in SCLC and NSCLC cell lines versus 

immortalised normal lung cell lines. 

 

 Evaluate the in-vivo expression of SRC, FYN and LYN in lung cancer biopsies compared to 

normal lung tissue and its potential correlation with the poor patient survival. 

 

 Establish the role of SRC family members in lung cancer biology by using small molecule 

kinase inhibitors of SFKs, siRNA-mediated depletion of SFKs and over-expression 

approaches. 

 

 Investigate the potential of SFK inhibitors in lung cancer therapy, in-vitro on cancer cell lines 

proliferation and viability, and in-vivo on tumour growth and metastatic potential; either as a 

single-agent treatment or in combination with chemotherapeutic drugs or autophagy 

inhibitors. 
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2.1 Materials 

Dasatinib was a kind gift from Bristol-Myers Sqibb. FGF-2, etoposide, cisplatin, rapamycin, 

bafilomycin A1, 3MA, blasticidin, G418 Sulfate, protease inhibitors and acridine orange were 

obtained from Merck Biosciences Ltd (Nottingham, UK). Foetal bovine serum (FCS) was from 

FirstLink (Birmingham, UK). Acrylamide was purchased from National Diagnostics (Hull, UK). 

Powder milk was from Fluka BioChemika (Buchs, Switzerland). The BioRad protein assay was 

obtained from BioRad (Munich, Germany). Glycine was purchased from BDH (Poole, UK). Agarose 

was from Fisher Scientific (Loughborough, UK). ECL reagents were from GE Healthcare 

(UK)/Millipore Ltd (UK)/Perbio Science Ltd (UK). Gel extraction and PCR product purification kits 

were purchased from Qiagen Ltd (UK), WST-1 rapid proliferation kit from Merck Biosciences Ltd 

(Nottingham, UK), EdU incorporation assay from Invitrogen (Oregon, USA) and Caspase 3/7 Glo 

assay form Promega (Madison, USA). All other reagents were purchased from Sigma-Aldrich 

(Dorset, UK). Details of the antibodies used are summarised below (Table 6 and Table 7).  

Table 6. The list of antibodies against SFKs. 

 

Antibody Source Application Provider 
Protein 

size (kDa) 

Phospho-SFKs 
(Tyr416) #2101 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
53-61 

SRC 
#2109 

Rabbit 
monoclonal 

WB/IHC 
Santa Cruz Biotechnology 

(Heidelberg, Germany) 
60 

SRC 
05-184 

Mouse 
monoclonal 

WB/IP 
Millipore 

(California, USA) 
60 

YES 
#2734 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
61 

YES 
sc-46674 

Mouse 
monoclonal 

IP 
Santa Cruz Biotechnology 

(Heidelberg, Germany) 
61 

FYN 
#4023 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
59 

FYN 
sc-73388 

Mouse 
monoclonal 

IHC/IP 
Santa Cruz Biotechnology 

(Heidelberg, Germany) 
59 

LYN 
sc-15 

Rabbit WB 
Santa Cruz Biotechnology 

(Heidelberg, Germany) 
53/56 

LYN 
#2796 

Rabbit 
monoclonal 

WB/IHC 
New England Biolabs 

(Hertfordshire,UK) 
56 

LYN 
sc-51668 

Mouse 
monoclonal 

IP 
Santa Cruz Biotechnology 

(Heidelberg, Germany) 
53/56 

LCK 
sc-433 

Mouse 
monoclonal 

WB 
Santa Cruz Biotechnology 

(Heidelberg, Germany) 
56 

BLK 
#3262 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
58 

FGR 
sc-130 

Rabbit WB 
Santa Cruz Biotechnology 

(Heidelberg, Germany) 
56 

HCK 
sc-72 

Rabbit WB 
Santa Cruz Biotechnology 

(Heidelberg, Germany) 
59 
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Table 7. The list of other antibodies used. 

 

Antibody Source Application Provider 
Protein 

size (kDa) 

Phospho-FAK 
(Tyr576/577) #3281 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
125 

FAK 
#3285 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
125 

Phospho-p130
CAS

 
(Tyr410) #4011 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
130 

Phospho-AKT 
(Ser473) #4058 

Rabbit 
monoclonal 

WB 
New England Biolabs 

(Hertfordshire,UK) 
60 

AKT 
sc-1619 

Goat WB 
Santa Cruz Biotechnology 

(Heidelberg, Germany) 
60 

Phospho-mTOR 
(Ser2448) #2971 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
289 

mTOR 
#2983 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
289 

Phospho-S6 
(Ser235/236) 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
32 

Phospho-4E-BP1 
(Ser65) #9456 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
15-20 

4E-BP1 
#9452 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
15-20 

Phospho-STAT3 
(Tyr705) #9131 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
79/86 

STAT3 
sc482 

Rabbit WB 
Santa Cruz Biotechnology 

(Heidelberg, Germany) 
79/86 

Phospho-ERK1/2 
(Thr202/Tyr204) #4377 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
42/44 

ERK1/2 
Sc-94 

Rabbit WB 
Santa Cruz Biotechnology 

(Heidelberg, Germany) 
42/44 

p27
KIP1

 
#2552 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
27 

Cyclin D3 
#2936 

Mouse 
monoclonal 

WB 
New England Biolabs 

(Hertfordshire,UK) 
31 

Cleaved caspase 3 
#9661 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
17/19 

Caspase 3 
#9662 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
17/19/35 

Cleaved caspase 7 
#9491 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
20 

Caspase 7 
#9492 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
20/35 

PARP 
#9542 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
89/116 

LC3  
0231-100 

Mouse 
monoclonal 

WB 
NanoTools 

(Teningen, Germany) 
16/18 

ATG5 
#2630 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
55 

BECN1 
#3738 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
60 

SQSTM1/p62 
#5114 

Rabbit WB 
New England Biolabs 

(Hertfordshire,UK) 
62 

α-tubulin 
T5168 

Mouse 
monoclonal 

WB 
Sigma-Aldrich Company Ltd 

(Dorset, UK) 
50 

β-actin 
A5441 

Mouse 
monoclonal 

WB 
Sigma-Aldrich Company Ltd 

(Dorset, UK) 
42 
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2.2 Cell lines and culture 

HCC78, HCC95, H193, H209, H2171, H510, H69, HCC33 and U2OS cell lines were 

purchased from ATCC and P2G (AT2) cells kindly provided by Prof Terry Tetley (National Heart and 

Lung Institute, Imperial College London). A549, EKVX, HOP62, HOP92, H226, H23, H322M, H460 

and H522 as well as LKR10 and LKR14 cells were a gift from Prof Julian Downward (Cancer 

Research UK/London Research Institute, London). SW2 cells were a gift from Dr Alexandre Arcaro 

(Department of Oncology, University Children's Hospital, Zurich). U2OS cells stably over-expressing 

LC3-GFP were a gift from Dr Sharon Tooze (Cancer Research UK/London Research Institute, 

London). Cell lines used are listed and summarised below (Table 8). 

Table 8. Cell lines used in the thesis 

*NCI-60 library; ** Cell lines isolated from K-RAS
G12D

 mice model of spontaneous NSCLC. 
 

 
 

 

Cell Line Type Culture Subcultivation Medium Starvation

(twice a week) base  medium

A549 * NSCLC, adenocarcinoma Adherent 1:10 RPMI1640 0.5% FCS

EKVX * NSCLC, adenocarcinoma Adherent 1:5 RPMI1640 0.5% FCS

HOP62 * NSCLC, adenocarcinoma Adherent 1:10 RPMI1640 0.5% FCS

HOP92 * NSCLC, large cell carcinoma Adherent 1:5 RPMI1640 0.5% FCS

H226 * NSCLC, squamous cell carcinoma Adherent 1:3 RPMI1640 0.5% FCS

H23 * NSCLC, adenocarcinoma Adherent 1:7 RPMI1640 0.5% FCS

H322M * NSCLC, bronchio-alveolar adenocarcinoma Adherent 1:3 RPMI1640 0.5% FCS

H460 * NSCLC, large cell carcinoma Adherent 1:10 RPMI1640 0.5% FCS

H522 * NSCLC, adenocarcinoma Adherent 1:5 RPMI1640 0.5% FCS

HCC78 NSCLC, adenocarcinoma Adherent 1:7 RPMI1640 0.5% FCS

HCC95 NSCLC, squamous cell carcinoma Adherent 1:5 RPMI1640 −

H193 NSCLC, adenocarcinoma Adherent 1:5 RPMI1640 −

LKR10 ** mouse NSCLC Adherent 1:10 RPMI1640 0.5% FCS

LKR14 ** mouse NSCLC Adherent 1:10 RPMI1640 0.5% FCS

H209 SCLC Suspension 1:3 RPMI1640 SITA

H2171 SCLC Suspension 1:3 RPMI1640 −

H510 SCLC Suspension 1:3 RPMI1640 SITA

H69 SCLC Suspension 1:4 RPMI1640 SITA

HCC33 SCLC Suspension 1:3 RPMI1640 −

SW2 SCLC Suspension 1:5 RPMI1640 SITA

P2G immortalised type II pneumocytes Adherent 1:5 DCCM-1 −

HSAEC immortalised small airway epithelial cells Adherent 1:5 DMEM/F12 −

NL20 immortalised bronchial epithelial cells Adherent 1:5 DMEM/F12 −

U2OS bone osteosarcoma Adherent 1:10 DMEM 0.5% FCS

U2OS LC3-GFP bone osteosarcoma Adherent 1:10 DMEM 0.5% FCS
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All lung cancer cell lines were grown in RPMI1640 medium supplemented with 10% foetal 

calf serum (FCS), 2 mM L-glutamine, 50 units/ml penicillin and 50 μg/ml streptomycin in a 

humidified atmosphere of 5% CO2, 37.0°C. P2G (AT2) cells were grown in DCCM-1 (Invitrogen) 

medium supplemented with 10% FCS, 2 mM L-glutamine, 50 units/ml penicillin and 50 μg/ml 

streptomycin in a humidified atmosphere of 5% CO2 at 37°C. U2OS and U2OS cells over-expressing 

LC3-GFP were cultured in DMEM medium supplemented with 10% FCS, 2 mM L-glutamine, 50 

units/ml penicillin and 50 μg/ml streptomycin in a humidified atmosphere of 10% CO2, 37.0°C 

Adherent cells were passaged twice a week by trypsinisation (10% trypsin in EDTA) as 

indicated in Table 8. Suspension cells were split twice a week by gently dislodging cell aggregates 

and transferring part of culture into fresh medium.   

Prior to experiments NSCLC and U2OS cells were grown in starvation medium 

(RPMI1640/DMEM) containing 0.5% FCS and 2mM L-glutamine for 6 hours or over-night. SCLC 

cell lines was grown for 3 days in SITA (selenite/insulin/tranferrin/albumin) medium: RPMI-1640 

medium supplemented with 5 μg/ml insulin, 10 μg/ml transferrin, 30 nM sodium selenite and 0.25% 

(w/v) bovine serum albumin (BSA). 

LC3-GFP and LC3-GFP/RFP -expressing cells were grown in the presence of 0.5 mg/ml 

(w/v) G418 and FYN/LYN-WT/DA/DN –expressing cells 5 µg/ml (w/v) blasticidin. 

All cells were regularly tested for the absence of mycoplasma contamination. 

 

2.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and Western blotting 

Cells were lysed using a RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton 

X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA; freshly supplemented with protease 

inhibitors (Roche complete tablets), 5 mM sodium flouride, 1 mM sodium orthovanadate, 50 mM 
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β-glycerophosphate). Samples were kept on ice for 30 min to allow for cell lysis and cleared by 

centrifugation at 16000g for 10 min. Protein concentrations were determined by spectrophotometry 

using the BioRad protein assay according to the manufacturer’s instructions. Whole cell extracts were 

boiled for 5 min with Laemmli buffer (0.5 M Tris, pH 6.8, 4% SDS, 10% glycerol, bromophenol blue) 

before loading on a gel. 

Proteins were separated using a 4% acrylamide stacking gel (4% acrylamide, 0.125 M Tris, 

pH 6.8, 0.1% SDS, APS, TEMED) and a 8%, 10% or 12% acrylamide resolving gel (8%/10%/12% 

acrylamide, 0.375M Tris, pH 8.8, 0.1% SDS (w/v), ammonium persulfate (APS), TEMED). Gels 

were run using a Tris-glycine running buffer (2.5 mM Tris, 0.2 M glycine and 0.1% SDS (w/v)) at 

150 V. The proteins were transferred onto nitrocellulose membranes using iBlot Dry Blotting System 

(Invitrogen) for 4-7 min at 20 V. Membranes were blocked in Tris-buffered saline/Tween (TBST) 

(0.01 M Tris, pH 7.4, 75 mM NaCl, 1.25 mM EDTA, pH 8.0, 0.1% Tween 20) containing 5% bovine 

serum albumin (BSA) or 5% milk (w/v) and then incubated over-night with selected antibodies 

diluted in 5% BSA-TBST. Membranes were washed three times in TBST and incubated with required 

HRP-conjugated secondary antibody diluted 1:10000 in 5% milk. Again, membranes were washed 

three times in TBST and HRP activity was detected using enhanced chemiluminescence (ECL). If 

necessary, the blots were stripped using stripping buffer (2 M glycine, pH 2.0, 0.1% (w/v) SDS) and 

sequentially probed with additional antibodies. Detection of -actin or α-tubulin was routinely used as 

protein loading controls. 

 

2.4 Immunohistochemistry  

Immunohistochemistry of the TMAs was performed in collaboration with Dr. Francesco 

Mauri (Histopathology department, Imperial College London, UK) and IHC data was analysed by Tri 

Tat (Statistical Advisory Service, Imperial College London). 
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Tissue microarrays (TMAs) LC1006, LC1201, LC10010 containing normal lung tissue, 

NSCLC and SCLC samples were purchased from Biomax, Inc (Rockville, USA). 

TMA1 was kindly provided by Dr Guido Bellezza from the Perugia University Hospital, Italy 

and contained the specimens of 151 resected NSCLC tumours (ADC, SCC and LCC) tumours. Each 

tumour sample was represented by three 1 mm cores. Patients were investigated between July 1987 

and March 2002. Histopathological data on tumour type, grade, lymph node status and stage together 

with clinical data including age, sex, performance status, time to relapse and overall survival were 

recorded. 

TMA2 was kindly provided by Prof Stefano Ferrero from the State University of Milan, Italy 

and contained 139 specimens of resected NSCLC (ADC and SCC) tumours; each tumour sample was 

represented by four 1mm cores. All patients were first seen between 1999 and 2004 and routinely 

followed-up until death or June 2010, when the dataset was last updated. The dataset containes 

information about overall survival, NSCLC type and tumour stage. We are awaiting additional 

information about tumour grade and age/sex of the patients. 

To retrieve the antigen, the sections were rehydrated in graded alcohols, heated in a 

microwave oven at 900 W for 20 min in Citrate buffer at pH 6.0 and cooled down to room 

temperature before immunostaining. Endogenous peroxidase activity was suppressed by incubation 

with 3% H2O2 for 5 min. The sections were subjected to SRC, FYN and LYN antibodies (Table 6) at 

a 1:100 dilution for 1 h at room temperature and then processed with Polymer-HRP Kit with 

Diaminobenzidine development and Mayer haematoxylin counterstaining. Cytoblocks from a cell line 

positive for the required SFKs were used as a positive external control. Negative controls were 

obtained by omitting the primary antibody and by staining U2OS cells depleted of SRC, FYN or LYN 

by RNAi treatment. 

Each core was assigned an IHC score, calculated by multiplying the percentage of positive 

cells (0%-100%) and the intensity of staining (0-3, corresponding to negative, weak, moderate and 

strong positivity). The range of possible scores was thus 0 to 300.  
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Martingale analysis, which plots excess deaths against FYN/LYN/SRC IHC scores, was 

performed in order to identify an optimal cut-off value. No obvious cut-off was identified and values 

of 0 and 70 (TMA1) or 40 (TMA2) were used to divide the datasets into 3 groups: tumours negative 

for SFKs staining, positive with the low intensity of staining and positive with the high intensity of 

staining. In addition to the 3-category IHC score survival analysis, a linear continuous model was 

evaluated, in which the increase in IHC score was plotted against the 5-year survival probability. 

Kaplan-Meier analysis by levels of categorical variables was used to plot the survival 

probability versus time distributions to estimate median survival time and its 95% confidence 

intervals (CI), while the associated global logrank test was used to compare the survival distributions 

simultaneously between all (negative/positive/highly positive) categories. The logrank nonparametric 

test is widely used in clinical applications to compare the survival distributions of two groups of 

patients. The overall survival was defined as the time (in months) from the date of the primary 

treatment to the time of death.  

Univariate Cox regression analysis (proportional hazards model) was used to estimate the 

hazard ratio and its 95% CI. Cox regression analysis is a type of survival model, which relates the 

time to death to one or more covariates that may affect it, in this case, IHC score for SFKs staining 

and/or tumour stage, type, grade, and size, and patient age. To test the significance of the observed 

differences in survival, the Wald parametric test was used. 

 

2.5 RNA interference 

Cells were plated in 6- or 96-well plates and transfected 24 h later with 25-75 nM siRNA 

(pooled four independent sequences) using the transfection reagent, DharmaFECT II (Dharmacon) 

according to the manufacturer’s instructions. The cells were then incubated for a further 48-72 h to 

allow for target downregulation. siRNA sequences targeting Luciferase were used as control. 
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Table 9. The list of siRNA sequences used in the thesis. 

 

Gene name Catalogue number Target sequence 

SRC  

D-003175-05 

D-003175-06 

D-003175-07 

D-003175-12 

GAGAACCUGGUGUGCAAAG 

CGUCCAAGCCGCAGACUCA 

CCUCAGGCAUGGCGUACGU 

CCAAGGGCCUCAACGUGAA 

YES  

D-003184-05 

D-003184-07 

D-003184-08 

D-003184-09 

GAAGGACCCUGAUGAAAGA 

UCAAGAAGCUCAGAUAAUG 

CAGAAUCCCUCCAUGAAUU 

GCGACUAGAGGUUAAACUA 

FYN 

D-003140-09 

D-003140-10 

D-003140-23 

D-003140-24 

GCUCUGAAAUUACCAAAUC 

CGCAUGAAUUAUAUCCAUA 

CUGUGAAGCAUUCGAGACA 

CAGGAAUGGCUUACAACGA 

LYN  

D-003153-03 

D-003153-13 

D-003153-27 

D-003153-28 

AGAUUGGAGAAGGCUUGUA 

GCGACAUGAUUAAACAUUA 

UGGCAUACAUCGAGCGGAA 

AAGCUAAAAUAACCGGAUA 

BECN1  

D-010552-02 

D-010552-03 

D-010552-04 

D-010552-17 

GGAUGACAGUGAACAGUUA 

AUUGAUGGGUCUGAAAUUU 

GCCAACAGCUUCACUCUGA 

UUGAAAACCAGAUGCGUUA 

ATG5  

D-004374-01 

D-004374-03 

D-004374-05 

D-004374-06 

GGAAUAUCCUGCAGAAGAA 

CAUCUGAGCUACCCGGAUA 

GACAAGAAGACAUUAGUGA 

CAAUUGGUUUGCUAUUUGA 

 

 

2.6 Cloning and expression of vectors 

FYN (wild-type, dominant-active, Y531F and dominant-negative, K299M) and LYN (wild-

type, dominant-active, Y508F and dominant-negative, K275D) constructs (pME backbone) were 

kindly provided by Dr Takanobu Nakazawa, University of Tokyo and empty pcDNA6-mCherry by Dr 

Miguel Murillo, ICR, London. 

PCR reaction was performed using Platinum Pfx DNA Polymerase (Invitrogen) and FYN or 

LYN primers (Table 10). pME-FYN and p-ME-LYN constructs (WT/DA/DN) served as templates.  
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The PCR-amplified DNA was purified using QIAquick PCR Purification Kit (QIAGEN) and, together 

with the empty pcDNA6-mCherry plasmid, restriction digested using HindIII and BamH1 (FYN) or 

Afl2 and BamH1 (LYN) enzymes. Inserts and plasmids were ligated using T4 DNA ligase (NEB) and 

used to transform One Shot TOP10 Chemically Competent E. coli (Invitrogen) according to 

manufacturer’s instructions. Transformed bacteria were seeded onto LB-agar plates with 100 µg/ml 

ampicillin and next day single-colonies were inoculated into LB buffer containing 100 µg/ml 

ampicillin. Plasmid DNA was then isolated using QIAprep Spin Miniprep Kit (QIAGEN) and 

restriction-digested using HindIII and BamH1 (FYN) or Afl2 and BamH1 (LYN) restriction enzymes 

to identify plasmids containing FYN and LYN DNA inserts, which were next verified by sequencing 

(Eurofins MWG Operon). Corresponding bacteria were inoculated for large scale plasmid purification 

which was performed the next day using QIAprep Spin Midi/Maxiprep Kit (QIAGEN). 

 
Table 10. The list of cloning primers. 

 

Name Sequence Restriction site 

FYN-forward AAAAAGCTTATGGGCTGTGTGCAATGT HindIII 

FYN-reverse AAAGGATCCACAGGTTTTCACCAGGTTG BamH1 

LYN-forward AAACTTAAGATGGGATGTATAA Afl2 

LYN-reverse AAAGGATCCACAGGTTTTCACCAGGTTG BamH1 

 

2.7 NSCLC cell transfection with plasmid DNA 

A549 cells grown in 6- or 96-well plate were transfected with 1 µg or 0.1 µg of plasmid DNA using 

the transfection reagents, Lipofectamine 2000 (Invitrogen), X-tremeGENE 9 (Roche) or TurboFect 

(Fermentas), according to manufacturers’ instructions. 48 h later EdU was added to the culture 

medium to assess DNA synthesis (see section 2.9.2) or cells were lysed for Western blotting (see 

section 2.3). 
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2.8 Cell proliferation and viability assays 

2.8.1 WST-1 assay 

SCLC cells grown for 3 days in SITA (selenite/insulin/tranferrin/albumin) medium were 

re-suspended in fresh SITA medium and plated in 96-well plates at 15000 cells/well. 2 h later cells 

were treated with increasing concentrations of dasatinib (serial dilutions of 10 mM stock solution in 

DMSO) or pre-treated with increasing concentrations of bafilomycin A1 (stock solution of 100 µM in 

DMSO) or chloroquine (stock solution of 25mM) for another 2 h prior to incubation with dasatinib. 

Control cells were treated with the highest concentration of DMSO used in the experiment, that was 

never higher that 0.1% (v/v). The cells were grown in the presence of drugs for 7 days and cell 

viability assessed using the WST-1 colorimetric assay (Calbiochem). This assay measures the cellular 

metabolic activity and is based on the reduction of the tetrazolium salt WST-1 by mitochondrial 

dehydrogenases into soluble, coloured formazan salt. The intensity of the dye is therefore proportional 

to the number of viable cells. 10 µl of WST-1 reagent was added into each well and incubated for 45, 

90 and 180 min at 37 °C and the absorbance of the samples measured using a Sunrise™ microplate 

reader at a wavelength of 450 nm, with a reference filter at 620 nm. 

To evaluate the combination treatment of dasatinib and chemotherapeutic drugs etoposide, 

cisplatin and taxol, SCLC cells were plated at 15000 cells/well in a fresh SITA medium and pre-

treated with 100 nM of dasatinib for 2 h. Stock solutions of paclitaxel (10 mM), etoposide (100 mM) 

and cisplatin (100 mM) were diluted to achieve the concentrations indicated in the figure legends. 

Control cells were treated with the highest concentration of DMSO used in the experiment, that was 

never higher that 0.1% (v/v). Cells were grown in the presence of drugs for 4 days and the cell 

viability was assessed using the WST-1 assay. 

Each condition was set up in triplicate and each experiment repeated at least 3 times. 
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2.8.2 Crystal violet 

NSCLC or U2OS cells grown in a 96-well at 60% confluence were starved in 0.5% FCS 

RPMI or DMEM medium, respectively for 6 h and treated with increasing concentrations of dasatinib 

or PP2 (stock solutions of 10 mM) for 3 days. Cells were then fixed in 4% paraformaldehyde (PFA) 

and stained using a 0.02% crystal violet solution for 15 min. Plates were washed in water and air-

dried. Crystal violet-precipitates were solubilised in 10% (v/v) acetic acid (30 min at room temperate 

with gentle shaking) and the intensity of staining measured using Sunrise absorbance microplate 

reader at 595 nm.  

Each condition was set up in triplicate and each experiment repeated at least 3 times. 

 

2.8.3 Caspase 3/7 assay 

NSCLC cells grown in a 96-well plates at 60% confluence were starved in 0.5% FCS RPMI 

medium for 6 h and treated with dasatinib or PP2, with or without addition of the autophagy inhibitors 

for the length of time stated in the Results section. The Caspase-Glo 3/7 Assay (Promega) was 

performed according to the manufacturers’ instructions. Briefly, 100 µl of Caspase-Glo 3/7 reagent 

was added into each well which resulted in cell lysis and caspase-mediated cleavage of a luminogenic 

caspase-3/7 substrate containing the tetrapeptide sequence DEVD. Luminescence was measured after 

15 and 60 min of incubation at room temperature using the PHERAstar luminescence/fluorescence 

microplate reader. 
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2.9 Flow cytometry- based assays 

2.9.1 Propidium iodide staining for cell cycle profiling  

Cells grown in 6-well plates were processed 24 or 48 h following drug treatment. Medium 

and PBS used to wash the plate were collected to include any floating cells into the analysis. The 

remaining cells were collected by trypsinisation. The cells were washed once with PBS and then fixed 

with ice-cold 70% ethanol for at least 30 min.  

Cells were washed twice with PBS to remove all the traces of ethanol. To ensure that only 

DNA is stained cells were treated with 50 μl of 100 μg/ml ribonuclease. 200 µl of 50 µg/ml propidium 

iodide was then added to each sample and incubated for 30 min at room temperature or over-night at 

4°C. Samples were analysed by flow cytometry (BD FACS Canto-1) and data were analysed using the 

software, FlowJo (Tree Star). 

In experiments designed to assess the leakiness of the cell membrane, cells were incubated for 

30 min with propidium iodide in growth medium. Cells were then trypsinised and immediately 

analysed by flow cytometry. Data were analysed using the software FlowJo (BD FACS Canto-1). 

 

2.9.2 EdU incorporation assay 

EdU incorporation assay (Click-iT™ EdU Flow Cytometry Assay Kits; Invitrogen) (Figure 

13A) was performed according to the manufacturers’ instructions. Briefly, cells were incubated with 

10 μM of EdU (5-ethynyl 2’deoxyuridine) for 2 h, collected by trypsinisation, washed once with PBS 

containing 1% BSA, fixed with 4% paraformaldehyde/PBS for 15 min at room temperature and 

washed once in 1% BSA/PBS. Next, cells were permeabilised using a saponin-based buffer and 

stained with the fluorescent dye azide in the presence of copper for 30 min. Cells were washed once 

with saponin-based buffer, counter-stained with propidium iodide and analysed by flow cytometry 

(BD FACS Canto 1). Data were analysed using the software FlowJo (Figure 13B). 
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Figure 13. EdU assay principles. 

A) EdU (5-ethynyl 2’deoxyuridine), a thymidine analog coupled to an alkyne, becomes incorporated into DNA 
during DNA synthesis. It is then detected by a high-affinity copper-catalysed ‘click’ reaction between an azide, 
coupled to fluorescent dye and an alkyne. B) Cells are counter-stained by propidium iodide to visualise DNA 
content and then analysed by the flow cytometry. Three populations of cells can be identified by this method, 
in G1, S and G2/M phases. 

 

2.9.3 Acridine Orange 

Acridine orange was added to the growth medium to a final concentration of 1 mg/ml for 15 

min prior to collecting the cells by trypsinisation. Cells were washed once in PBS and immediately 

analysed by flow cytometry (BD FACS Canto-1). Data were analysed using the software FlowJo. 
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2.10 Autophagy monitoring by LC3 microscopy 

U2OS LC3-GFP cells were plated onto Optilux™ plates (BD Bioscience). 24 h later cells 

were starved in 0.5% FCS DMEM for 4 h, pre-treated or not with 3 nM bafilomycin A1 for 2 h and 

treated with 100 nM of dasatinib for an additional 16 h. Alternatively, U2OS LC3-GFP cells were 

transfected with 75 nM of siRNA targeting SFKs or Luciferase (non-targeting control) using the 

transfection reagent Dharmafect 2 and incubated for 48 h at 37
o
C, 10% CO2. 

Cells were then fixed using a 4% PFA solution, and stained with DAPI (4',6-diamidino-2-

phenylindole) to visualise the nuclei. 60-90 fields of view were acquired per condition using the high-

throughput microscope ImageXpress Micro (Molecular Devices Inc) and then analysed using the 

analytical pluggins available in the software, Metamorph (Molecular Devices Inc) for the number, 

area and average intensity per cell of the LC3-GFP foci. The software SPSS was used to generate box 

and whiskers plots of vesicle count per cell. Statistical analysis was performed using the Kruskal-

Wallis test.   

 

2.11 Real-time measurement of cell migration 

Real-time measurement of LKR10 cell migration was performed using the xCELLigence 

RTCA DP device from Roche Diagnostics (Mannheim, Germany). For this purpose, 50,000 cells were 

seeded per well in CIM-Plates 16 (Roche Diagnostics). Cells were treated or not with 100 nM 

dasatinib 1 h prior to depopulating cells present over the electrode using a high-intensity electrical 

current. The change in the electric resistance over the electrodes was measured every minute at 4000 

Hz as a mean to assess repopulation of the area by migrating cells, for 16 h. Data acquisition and 

analysis was performed with the RTCA software (version 1.2, Roche Diagnostics).  
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2.12 Zebrafish experiments 

24 h post-fertilisation zebrafish embryos were dechorionated under a stereomicroscope and 

100-200 A549 cells stably expressing a histone 2B-GFP fusion protein were injected into the yolk 

sack. Fish were grown at 27.5°C and 48 h later transferred into treatment (containing 100 nM 

dasatinib) or control media. 25 embryos were used for each condition and the growth of tumours 

monitored 48, 72 and 96 h post injection by fluorescent microscopy. The analysis of tumour size was 

performed by determining changes in the area covered by the GFP expressing A549 cells using the 

thresholding and area measurement tools of the software, Image J (NIH). These experiments were 

performed in collaboration with Dr Harriet Taylor, Prof Margaret Dallman and Prof Jonathan Lamb 

(Faculty of Biological Sciences, Imperial College London, UK). 
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Chapter 3.                                                                

SRC family kinases are over-expressed in 

lung cancer  
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3.1 Introduction 

SRC was the first oncogene ever discovered. Its expression and activity were found to be 

elevated in multiple cancers as compared to normal adjacent tissue, including breast (Egan et al., 

1999; Verbeek et al., 1996), colon (Aligayer et al., 2002; Cartwright et al., 1994; Cartwright et al., 

1990; Talamonti et al., 1993), pancreatic (Chen et al., 2009; Lutz et al., 1998), ovarian and other 

cancers (Budde et al., 1994; Wiener et al., 2003). Moreover, this expression/activation is commonly 

linked to cancer progression and metastasis, and poor patient survival (Aligayer et al., 2002; Chen et 

al., 2009; Summy and Gallick, 2003; Talamonti et al., 1993). 

Levels of SRC protein expression and auto-phosphorylation were also found to be increased 

in NSCLC (Masaki et al., 2003; Mazurenko et al., 1992). The expression of SRC kinase in SCLC was 

not extensively investigated, but appeared raised in the four samples analysed (Mazurenko et al., 

1992). SRC protein expression was more frequently elevated in poorly differentiated squamous cell 

carcinomas than in well or moderately differentiated ones (Mazurenko et al., 1992). In addition, levels 

of phosphorylated SRC increased with the adenocarcinoma tumour size, suggesting a role of SRC in 

tumour progression. Phospho-SRC positivity correlated with several clinical variables: male gender, 

active smoking and squamous cell subtype but not with ethnicity, pathological stage of disease, or 

duration of survival (Zhang et al., 2007). However, the expression of other SRC family members in 

lung cancer was never examined. Also, the potential correlation of SRC family kinases expression 

with patient survival was not investigated.   

Here, we sought to evaluate the expression pattern of SFKs in a panel of SCLC and NSCLC 

cell lines and compare it to that found in immortalized alveolar type II pneumocytes (AT2), bronchial 

epithelial cells (NL20) or small airway epithelial cells (HSAEC), the normal cell lineages from which 

lung cancers may arise. Furthermore, we examined the possible correlation between FYN and LYN 

SFKs expression levels in NSCLC tumours and patient survival using tissue microarrays linked to 

clinical data. 
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3.2 SRC family kinases are over-expressed in-vitro in a panel of SCLC 

and NSCLC cell lines 

To evaluate the SFKs expression profiles in a panel of SCLC and NSCLC cell lines, 

compared to immortalized normal lung cell lines, whole-cell lysates from the indicated lung cell lines, 

grown at the low passage number, were prepared using a RIPA lysis buffer. Protein concentration was 

determined using Bradford assay and equal amounts of protein from each cell line loaded onto a poly-

acrylamide gel. Proteins were separated by SDS-PAGE and analyzed by immuno-blotting using 

antibodies recognising phosphorylated tyrosine-418 of SRC (pSFKs), SRC, YES, FYN, LYN and 

LCK. Detection of β-actin was used as a loading control. 

The phospho-SRC-Tyr
418

 antibody cross-reacts with all other SFKs due to the conservation of 

the detected auto-phosphorylation site among all family members. Thus it will be referred to as 

pSFKs for the remaining of this thesis. Probing our lysates with the pSFKs antibody shows that the 

levels of SFKs auto-phosphorylation (activation) are increased in the majority of lung cancer cell lines 

when compared to AT2 cells (Figure 14). In contrast, pSFKs levels are equal in NL20 and AT2 cells 

and significantly lower in HSAEC. Amongst the lung cancer cell lines, 12 cell lines show pSFKs 

levels significantly higher and only two lower than AT2 cells (Figure 15). Interestingly, different set 

of SFKs appear to be activated in the various cell lines, as judged by the different bands detected by 

the pSFKs antibody in the various cell lines (Figure 14).  

SRC, YES and FYN are the ubiquitous family members (Parsons and Parsons, 2004) and 

could be detected in the majority of the lung cancer cell lines tested. Specificity of the antibodies was 

confirmed using siRNA-mediated depletion of particular family members (data not shown). Levels of 

FYN appear low in NSCLC cell lines as compared to those in AT2 and SCLC cells. Surprisingly, high 

levels for most SFKs were detected in normal AT2 cells (Figure 14), which is contradictory to 

findings of Mazurenko and colleagues showing that SRC is not expressed in normal lung tissue 

(Mazurenko et al., 1992) as well as our own in-vivo expression studies (see next chapter). At the 

moment we cannot exclude that this elevated SFKs expression is an artefact of the immortalization 
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process. Indeed, expression levels of SFKs as well as their activity are lower in the two other normal 

lung cell lines tested, NL20 and HSAEC (Figure 14B),  

Strikingly, LYN kinase is also present in the majority of lung cancer cells tested (Figure 14). 

LYN was believed to be expressed primarily in B cells but just recently was shown to be expressed in 

normal prostate epithelium and in the majority of primary human prostate cancers (Goldenberg-

Furmanov et al., 2004), and colon cancers (Bates et al., 2001). Moreover, LYN expression is essential 

for prostate epithelium development and LYN knock-out mice show abnormal morphogenesis of the 

prostate gland (Goldenberg-Furmanov et al., 2004). LYN over-expression in prostate and colon 

cancers contributes to enhanced proliferation and survival of cancer specimens (Bates et al., 2001; 

Goldenberg-Furmanov et al., 2004). Similarly, we hypothesise that LYN kinase may be required for 

normal lung epithelium functioning and, if aberrantly expressed, may contribute to lung cancer 

development and progression. Further studies are required to verify this hypothesis. 

Another SFK member, LCK, is known to be expressed in T-cells, NK cells and neurons 

(Parsons and Parsons, 2004). Here, we show that LCK is expressed in H510 and HCC33 SCLC as 

well as HCC95 and HCC193 NSCLC cell lines; with level of expression in H510 and HCC193 being 

especially high (Figure 14). 

Expression of FGR, HCK and BLK, which are primarily expressed in B cells and/or myeloid 

cells (Parsons and Parsons, 2004), could not be detected. The staining with all antibodies was 

optimised using human Peripheral Blood Mononuclear Cells, B-cells and K562 CML cell lines as 

positive controls (data not shown). 
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Figure 14. SRC family kinases are expressed and activated in lung cancer cell lines.  

Lung cancer and immortalised normal lung epithelial cell lines were grown in RPMI medium supplemented 
with 10% FCS for 48 h and then lysed using a RIPA lysis buffer. The protein concentration for each sample was 
quantified using the Bradford assay and equal amounts of protein were loaded into each well. Proteins were 
separated by SDS-PAGE and immunoblotting analysis performed using antibodies specific to each SFK member. 
Detection of β-actin served as a loading control. Panel A shows the expression of SFKs in 5 SCLC and 4 NSCLC 
cell lines as compared to AT2 while panel B shows the results obtained in 9 NSCLC cell lines from the National 
Cancer Institute-60 (NCI-60) library and 3 immortalised normal lung cell lines. Western blots shown are 
representative of three independent experiments. NL - normal lung immortalised cell lines 
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Figure 15. SRC family kinases are activated in lung cancer cell lines.  

Quantification of SFK auto-phosphorylation levels in lung cancer cell lines was performed by optical 
densitometry of three independent Western blotting experiments as presented in Figure 14 using the Image J 
software. Levels of pSFKs were normalised to β-actin levels and expressed as fold change over control AT2 
cells. Graphs represent means ± SEM. Statistical analysis was performed using Student’s t-test with Welch 
correction (*-p<0.05, **-p<0.01, ***-p<0.005 versus AT2 cells). NL – normal lung immortalised cell lines 
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3.3 SRC family kinases are over-expressed in-vivo in lung cancer 

tissue microarrays 

Prior to performing immunohistochemical analysis of SRC, FYN and LYN expression in 

commercially available tissue microarrays (TMAs), the specificity of all antibodies was verified by 

staining of formalin-fixed paraffin-embedded pellets of U2OS osteosarcoma cells treated with 

scramble, SRC, FYN or LYN siRNAs (Figure 16).  

Figure 17A shows representative pictures of tissue sections with positive and negative 

staining for SRC. We could confirm findings of Mazurenko and colleagues (Mazurenko et al., 1992) 

showing that SRC is over-expressed in 55% of NSCLC (n=80) and 50% of SCLC (n=16) tumours. 

All normal lung tissue sections stained (n=12) were negative for SRC expression (Figure 17B).  

FYN and LYN expression in lung cancer tissues has not previously been investigated. Here, 

we show that FYN and LYN are not expressed in normal lung (n=76) (Figure 17D). In SCLC, FYN 

was commonly over-expressed (61% positivity) but the expression of LYN was not detected (n=56). 

On the other hand, the expression of both FYN and LYN was found in NSCLC tumours: 24% of 

samples were positive for FYN, 20% for LYN and 12% scored positive for both proteins. The 

FYN/LYN expression pattern was similar in adenocarcionoma and squamous cell carcinoma: 28% 

versus 27% (FYN positive) and 26% versus 25% (LYN positive), respectively (data not shown). 

Figure 17C shows the representative images of FYN and LYN-stained SCLC, NSCLC and normal 

lung tissues. 
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Figure 16. Validation of SRC, FYN, LYN antibodies’ specificity for IHC application. 

U2OS cells were transfected with 75 nM siRNA targeting SRC, FYN or LYN using the transfection reagent, 
Dharmafect 2. siRNAs against Luciferase (siLUC) was used as a non-targeting control. 48 h later cells were 
harvested by trypsinisation, fixed and paraffin-embedded prior to IHC with SRC, FYN and LYN antibodies at 
1:100 dilutions. Immunoreactivity was visualised using HRP-based secondary staining (brown). IHC studies 
were performed in collaboration with our lung histopathologist, Dr Francesco Mauri. 
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Figure 17. SRC, FYN and LYN are over-expressed in lung cancer tissue. 

Tissue microarrays containing normal lung (n=12/76), small cell lung cancer (n=16/56) and non-small cell lung 
cancer (n=80/125) tissues were stained with SRC, FYN and LYN antibodies at 1:100 dilution and 
immunoreactivity visualised using HRP-based secondary staining (brown). Representative IHC pictures are 
shown in panels A and C. Panels B and D represent the percentage of tissue sections that were positive or 
negative for SRC, FYN and LYN staining. IHC studies were performed in collaboration with our lung 
histopathologist, Dr Francesco Mauri. 
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3.4 LYN expression appears to correlate with poor patient survival 

(TMA1; N=151) 

Having established that SFKs are not expressed in normal lung tissue but are present in a 

large proportion of lung tumours, we wondered if this expression is linked to cancer progression, 

metastasis and therefore worse patient survival, or only a secondary event linked to general cancer 

genomic instability.  

Therefore, we examined FYN, LYN and SRC staining in tissue microarrays (TMAs) 

established from resected NSCLC tumours and linked to patients’ clinical data, including age, type of 

NSCLC, cancer grade and stage, and tumour size. In this TMA, all tumours were supposed to be 

represented by three independent cores. However, some of the cores have been lost during cutting, 

mounting, or immunohistochemical staining, and some of the tumour samples were not represented by 

a single core on the TMA and thus could not be analysed. Different patients’ cores were lost in the 

three TMAs stained for FYN, LYN and SRC and this accounts for the slightly different characteristics 

of the analysed populations (Table 11) and the low number of patients for whom the tumours were 

stained for all three SFKs. 

The mean age of the population was about 65 years (range 31-86). All NSCLC sub-types 

were represented in the TMAs; ADCs and SCCs each accounting for 40% of cases each and LCCs for 

the remaining 20% (Table 11). The majority of tumours were of stage Ia/Ib (63%), followed by stage 

IIa/IIb (31%) and stage III/IV (5%). 57-59% of the tumours were grade 3 and only 5-7% grade 1. The 

median follow up was 53.1 and 51.57 months (range 1-171 months) for the FYN and LYN datasets 

and 54.66 months (range 1-202 months) for the SRC dataset. A total of 78/118, 80/119 and 56/83 

(~67%) patients died in the study period for the FYN, LYN and SRC datasets, respectively. 61% of 

samples were positive for FYN, 64% for LYN and 84% for SRC staining. Tumours’ IHC scores for 

FYN, LYN, SRC were calculated by multiplying the percentage of positive cells (0-100%) within the 

tissue section by the staining intensity (grade 1-3) giving a hypothetical range of values between 0 and 

300. Mean IHC scores were calculated by averaging the staining intensity from 1-3 cores of the same 
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tumour. The mean/median IHC scores for FYN, LYN and SRC staining were 52.1/45.0, 45.0/35.0 and 

103.7/90.0, respectively (Table 11). 

Martingale analysis, which plots excess deaths against FYN/LYN/SRC IHC scores values, 

was performed in order to identify a cut-off value. No obvious cut-off was identified (Figure 18A) and 

staining intensity values of 0 and 70 were used to divide the datasets into 3 groups: 0 – patients with 

tumours negative for SFKs staining; 1-69 – patients positive for SFKs staining (low intensity); 70 and 

above – patients positive for SFKs staining (high intensity).  

Patient survival within each of 3 groups was analysed by the Kaplan-Meier plot. The overall 

survival was defined as the time (in months) from the date of the primary treatment to the time of 

death. As seen in Figure 18B, the patients that are positive for SFKs have a worse survival rate than 

patients with no SFKs staining. This is especially true in the case of the LYN 70+ group. At 4 years, 

60% of LYN negative and only 25% of LYN positive patients were alive. Similarly, 52% of FYN and 

75% of SRC negative patients were alive at 4 years, compared with only 37% of FYN and 40% of 

SRC positive patients. However, this difference decreases at later time points (Figure 18B).  

In the univariate analysis, only cancer stage was a significant predictor of patients’ survival 

(Table 12). The patients within Tumour grade 3/4 and Tumour volume > 20 mm groups had an 

increase in hazard ratio of 1.4-1.5 and a decrease in mean survival time superior to 50%, although 

these differences were not statistically significant (p=0.3). Neither the difference in age (31-60, 61-70 

and 71-86 years groups) nor NSCLC subtype (ADC, SCC or LCC) correlated with statistically 

significant differences in the variables monitored (Table 12).  

On the univariate analysis, the increase in SFKs IHC score also did not significantly predict 

poor patient survival, even thou the hazard ratio increased to about 1.3-1.4 for FYN positive, LYN 

(70+) and SRC (70+) positive patients as compared to the control (negative) patients group (Table 

13). In addition, the mean survival decreased from 54.0 months for FYN negative to 38.0 and 35.0 

months for FYN positive patients; from 61.0 months for LYN negative to 40.0 and 30.0 months for 

LYN positive patients and from 66.7 months for SRC negative to 48.0 and 38.0 months for SRC 



105 

 

positive patients. However, the 95% confidence intervals (CI), showing the range within which the 

SFKs expression effect on patient survival is likely to lie, are broad and the observed differences are 

not statistically significant (Table 13).  

In addition to the 3-category IHC score survival analysis, a linear continuous model was 

evaluated, in which the increase in IHC score was plotted against the 5-year survival probability, with 

or without the adjustment for cancer stage or all the major confounders (age, type, grade, stage, and 

size). The predicted 5-year survival probability decreases with the increase in patient mean IHC score 

in the linear continuous model but the 95% CI are broad and the observed difference is not 

statistically significant (Figure 18C and Table 14).  

Due to a high variability between the different cores of the same tumour we performed 

additional analysis where only tumours represented by 2 or 3 cores were included. We hypothesised 

that the mean value of at least two independent IHC scores will be a better representation of a 

tumour’s overall SFKs expression. FYN (N=86), LYN (N=97) and SRC (N=48) datasets were 

analysed. The outcome of this analysis was similar to the original one, we could observe a trend 

between SFKs expression and poor patient survival but this was not statistically significant (data not 

shown). 

We could not performed the analysis of combined expression of the two or three SFKs and its 

impact on patients’ survival due to the limited number of patient samples in common between all 

three TMAs as different samples were lost between different TMAs. 
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Table 11. Clinico-pathological characteristics of patients included in the TMA1 analysis: FYN, LYN, SRC 

datasets. 

 

  FYN (N=118) LYN (N=119) SRC (N=83) 

Age - Years  
   

Mean (95%CI)  65.5 (63.8-67.1) 65.8 (64.2-67.5) 65.1 (63.0-67.3) 

Median (95%CI)  66.0 (64.0-69.0) 66.0 (64.0-69.0) 66.0 (64.0-68.0) 

Type of NSCLC – N (%)  
   

ADC  42 (36%) 47 (39%) 35 (42%) 

SCC  48 (41%) 49 (41%) 32 (39%) 

LCC  26 (22%) 21 (18%) 14 (17%) 

Unknown  2 (2%) 2 (2%) 2 (2%) 

Tumour Grade – N (%)  
   

Grade 1  6 (5%) 8 (7%) 6 (7%) 

Grade 2  39 (33%) 36 (30%) 26 (31%) 

Grade 3/4  68 (58%) 70 (59%) 47 (57%) 

Unknown  5 (4%) 5 (4%) 4 (5%) 

Cancer Stage – N (%)  
   

Stage Ia/b  74 (63%) 75 (63%) 50 (60%) 

Stage IIa/b  37 (31%) 37 (31%) 29 (35%) 

Stage IIIa/b/IV  6 (5%) 6 (5%) 4 (5%) 

Unknown  1 (1%) 1 (1%) 0 

Tumour Size - mm  
   

Mean (95%CI)  35.0 (32.0-38.0) 35.4 (32.3-38.4) 34.7 (31.1-38.3) 

Median (95%CI)  30.0 (29.0-35.0) 30.0 (29.0-35.0) 30.0 (28.0-33.0) 

Patient mean IHC score 
   

Mean (95%CI)  52.1 (42.6-61.5) 45.0 (36.4-53.6) 103.7 (90.0-117.4) 

Median (95%CI)  45.0 (20.0-80.0) 35.0 (26.7-53.3) 90.0 (90.0-115.0) 
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Figure 18. SFKs staining intensity appears to correlate with poor patient survival (TMA1). 

The IHC score for each patient was calculated by multiplying the percentage of positive cells (0-100%) within 
the tissue section by the staining intensity (grade 1-3) giving a hypothetical range of values between 0 and 300. 
The mean IHC score was calculated by averaging the staining intensity from 1-3 cores from the same tumour. 
A) Martingale graphs were prepared by plotting the excess deaths against FYN/LYN/SRC IHC score to define 
the optimum cut-off value. No obvious cut-off was identified and staining intensity values of 0 and 70 were 
used to divide the datasets into 3 groups: 0 – patients negative for SFKs staining; 1-69 – patients positive for 
SFKs staining (low intensity); 70 and above – patients positive for SFKs staining (high intensity). B) These groups 
were then analysed using Kaplan-Meier survival plots. The overall survival was defined as the time (in months) 
from the date of the primary treatment to the time of death. C) Predicted 5-year survival rate as a function of 
the continuous change in patient mean IHC scores (solid line), with the 95% confidence intervals (dotted line). 
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Table 12. Univariate time to death analyses of the priori confounding variables (TMA1). 

Median survival time estimated from Kaplan-Meier analysis. Hazard ratio estimated from Cox proportional 
hazards model. Logrank nonparametric test was used to assess the univariate effect of each variable. 
 

  
Median survival 
months (95%CI) 

Hazard ratio 
(95%CI) 

Logrank p 

Age  
   

31-60 years  39.0 (26.0-86.1) 1.00 

0.52 61-70 years   52.0 (30.4-Inf) 0.79 (0.48-1.31) 

71-86 years  37.6 (27.5-Inf) 1.00 (0.59-1.71) 

NSCLC Type  
   

ADC  40.0 (28.0-Inf) 1.00 

0.77 SCC  40.0 (29.0-94.0) 1.18 (0.74-1.87) 

LCC  52.0 (22.3-Inf) 1.11 (0.63-1.93) 

Tumour Grade  
   

Grade 1  65.5 (31.0-Inf) 1.00 

0.31 Grade 2  59.0 (40.0- Inf) 0.98 (0.40-2.39) 

Grade 3/4  30.4 (25.4-61.0) 1.38 (0.59-3.20) 

Cancer Stage  
   

Ia/Ib  54.0 (38.0-144.0) 1.00 

0.005 IIa/IIb  31.8 (26.0-65.0) 1.45 (0.94-2.25) 

III/IV  17.0 (12.0-Inf) 3.61 (1.53-8.50) 

Tumour Size  
   

  6-20 mm  94.0 (28.0-Inf) 1.00 

0.33 21-40 mm  40.0 (30.4-63.0) 1.55 (0.86-2.80) 

41-80 mm  38.0 (25.0-Inf) 1.52 (0.79-2.91) 
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Table 13. Unadjusted time to death analysis of 3-category patient mean IHC scores for FYN, LYN and 

SRC (TMA1). 

Median survival time estimated from Kaplan-Meier analysis. Hazard ratio estimated from Cox proportional 
hazards model. Logrank test was used to assess the significance of IHC score-related changes in patient 
survival. 
 

  
Patient mean 

IHC score 
N 

Median survival months 
(95%CI) 

Hazard ratio 
(95%CI) 

Logrank p 

FYN 0 46 54.0 (29.0-Inf) 1.00 

0.45   1-69 21 38.0 (28.8-Inf) 1.31 (0.69-2.50) 

  70+ 51 35.0 (24.0-94.0) 1.38 (0.83-2.30) 

LYN 0 40 61.0 (29.0-137.0) 1.00 

0.28   1-69 41 40.0 (30.0-Inf) 0.93 (0.54-1.60) 

  70+ 35 30.0 (24.0-48.0) 1.42 (0.82-2.46) 

SRC 0 13 66.7 (54.0-Inf) 1.00 

0.73   1-69 6 48.0 (34.4-Inf) 0.98 (0.26-3.71) 

  70+ 64 38.0 (29.0-94.0) 1.31 (0.61-2.78) 

 

 

Table 14. Unadjusted and adjusted time to death analysis of continuous patient mean IHC scores for 

FYN, LYN and SRC (TMA1). 

Median survival time and hazard ratio for a 100 units increase in IHC score were estimated from the Cox 
proportional hazards model. Wald test was performed to test the significance of the continuous patient mean 
IHC score exposure variable. * - Linear predictor of Cox model includes main effects of 2 covariates without 
interaction: continuous patient mean IHC score and 3-category cancer stage. ** - Linear predictor of Cox 
model includes main effects of 6 covariates without interaction: continuous patient mean IHC score and 3-
category parameterisations of patient age and tumour type, grade, stage, and size. 
 

    
Median survival months 

(95%CI) 
Hazard ratio 

(95%CI) 
Wald p 

FYN Unadjusted  35.0 (26.0-61.0) 1.37 (0.89-2.10) 0.15 

  Adjusted for Cancer Stage* 17.0 (11.0-Inf) 1.31 (0.84-2.05) 0.23 

  Adjusted for all confounders** 16.0 (10.0-Inf) 1.46 (0.90-2.36) 0.13 

LYN Unadjusted  34.4 (25.4-65.0) 1.23 (0.77-1.94) 0.38 

  Adjusted for Cancer Stage* 16.0 (11.0-Inf) 1.15 (0.71-1.84) 0.57 

  Adjusted for all confounders** 15.1 (9.5-Inf) 1.20 (0.70-2.04) 0.5 

SRC Unadjusted  42.0 (31.0-87.0) 1.19 (0.78-1.82) 0.42 

  Adjusted for Cancer Stage* 19.0 (11.0-Inf) 1.23 (0.80-1.90) 0.34 

  Adjusted for all confounders** 11.7 (5.3-Inf) 1.22 (0.75-1.98) 0.42 
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3.5 LYN expression significantly correlates with a poor patient 

survival (TMA2; N=139) 

Since we have seen a clear but not statistically significant trend toward SFKs IHC score 

negatively correlating with patient survival we wanted to repeat the analysis using an additional TMA. 

As for the previous TMA, this resource was established from resected NSCLC tumours and linked to 

patients’ clinical data, including length of survival (months), type of NSCLC and stage. We are 

currently waiting for additional data such as patient age and sex and tumour grade to include it in the 

analysis. Each tumour sample analysed was represented by between 2 and 4 independent cores. A few 

samples were lost in each TMA stained, which accounts for the slightly different characteristics of the 

FYN and LYN analysed populations (Table 15). 

TMA2 contained ADCs (74%-78%) and SCCs (22%-26%) (Table 15). However, no LCCs 

were present. Two samples were of mixed origin: ADC/SCC patients (hazard ratio/HR=0.6) were 

more similar to SCC patients (HR=0.5) in terms of survival than ADC patients (HR=1) and were thus 

included in the SCC group for further analysis. Around 50% of tumours were of stage I and 50% of 

stage II to IV (stage > I) (Table 15). The median patients’ survival was 58.5 and 57.3 months (range 

0-129 months) for the FYN and LYN datasets, respectively. A total of 80/130 and 81/131 (~61.5%) 

patients died in the study period for the FYN and LYN datasets, respectively. 51% of samples were 

positive for FYN and 43% for LYN staining. The mean/median IHC score of FYN and LYN staining 

were 24.26/12.5 and 18.42/0, respectively (Table 15).  

On the univariate analysis, the cancer stage and NSCLC type were statistically significant 

predictors of patients’ survival (Table 16 and Figure 19A). Stage > I group of patients had a hazard 

ratio of 3.5 and SCC patients of 0.54 compared to reference group, stage I or ADC, respectively. At 

the moment we cannot explain the lower death rate among the SCC patients, which is contrary to 

previous findings (Dhillon et al., 2010) and the results of our first TMA (Table 12). 



111 

 

As previously, patient IHC scores for FYN and LYN positivity were calculated by 

multiplying the percentage of positive cells (0-100%) within the tissue section by the staining 

intensity (grade 1-3), giving a hypothetical range of values between 0 and 300. Final IHC scores 

represent the mean of IHC scores from 2 to 4 cores from the same tumour sample. No obvious cut-off 

was identified by Martingale analysis of the FYN/LYN IHC scores against the excess of deaths 

(Figure 19B). Staining intensity values of 0 and 40 were used to divide the datasets into 3 groups: 0 – 

patients negative for SFKs staining; 1-39 – patients positive for SFKs staining (low intensity); 40 and 

above – patients positive for SFKs staining (high intensity).  

The patient survival within each of the 3 groups was analysed using Kaplan-Meier plots. The 

overall survival was defined as the time (in months) from the date of the primary treatment to the time 

of death. As we can see in Figure 20A, LYN but not FYN expression is correlated with worse patient 

survival. 60% of LYN negative and only 32% of LYN (40+) positive patients were alive at 4 years; 

none of patients with highly positive LYN staining was alive at 7.5 years compared to 40% of patients 

alive in the LYN-negative group (Figure 20A). 

In addition, the predicted 5-year survival probability decreases with the increase in patient 

mean IHC LYN score in the linear continuous model, both in the unadjusted analysis (Figure 20C) 

and when analysis is adjusted for cancer stage and type of NSCLC (Figure 20C).  The FYN IHC score 

does not affect the predicted 5-year survival probability in both unadjusted and adjusted analyses 

(Figure 20B and C). 

The hazard ratio increased to 1.83 for LYN (40+) positive patients in the 3-category 

unadjusted analysis and to 2.06 in the adjusted analysis as compared to the control (LYN negative) 

group of patients (Table 17). This difference was statistically significant (Wald p value of 0.029 and 

0.022, respectively).  In addition, median survival time decreased from 65.0 months for LYN negative 

to 38.1 for LYN positive patients (Table 17). In the linear continuous model, adjusted or not for 

cancer stage and NSCLC type, a 100-unit increase in IHC LYN score significantly increased the 

hazard ratio and decreases the median survival (Table 17). 
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 No statistically significant difference in patients’ survival and the hazard ratio was observed 

with the increase in FYN IHC score (Table 17). 

 
Table 15. Clinico-pathological characteristics of patients in the TMA2 analysis: FYN and LYN staining. 

 

  FYN (N=130) LYN (N=131) 

Cancer Stage N (%)      

Stage I  51 (49%) 54 (50%) 

Stage > I  54 (51%) 53 (50%) 

Missing  25 24 

Type of NSCLC N (%)  
 

  

ADC  102 (78%) 97 (74%) 

SCC 26 (20%) 32 (24%) 

ADC/SCC  2 (2%) 2 (2%) 

Patient mean IHC score 
 

  

Mean (95%CI) 24.26 (18.39-30.12) 18.42 (13.49-23.35) 

Median (95%CI)  12.50 (0.00-17.50) 0.00 (0.00-16.67) 
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Table 16. Univariate time to death analyses of the priori confounding variables (TMA2). 

Median survival time estimated from Kaplan-Meier analysis. Hazard ratio estimated from Cox proportional 
hazards model. Logrank and Wald tests were performed to test the significance of the priori confounding 
variables. 
 

  
Median survival 
months (95%CI) 

Logrank p 
Hazard ratio 

(95%CI) 
Wald p  

Cancer Stage          

Stage I  Inf (82.8-Inf) < 0.001  1.00 
 

Stage > I  32.3 (23.9-42.9)   3.58 (2.14-6.00) < 0.001  

NSCLC Type   
   

  

ADC  48.15 (38.1-68.7) 0.03  1.00   

SCC  Inf (65-Inf)   0.54 (0.31-0.95) 0.03 

 
 
 
 
 
 

 
 

Figure 19. Time to death analysis of 2-category stage and NSCLC type effect; Martingale analysis of FYN 

and LYN IHC score against excess deaths. 

A) Kaplan-Meier survival plots for 2-category stage and NSCLC type effects: Stage I vs Stage > 1 and SDC vs SCC. 
B) Martingale graphs were prepared by plotting the excess deaths against FYN and LYN IHC staining intensity 
to define the optimum cut-off value. No obvious cut-off was identified and staining intensity values of 0 and 40 
were used to divide the datasets into 3 groups: 0 – patients negative for SFKs staining; 1-39 – patients positive 
for SFKs staining (low intensity); 40 and above – patients positive for SFKs staining (high intensity). 
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Figure 20. LYN but not FYN expression correlate with a poor patient survival (TMA2). 

Patient IHC staining intensity was calculated by multiplying the percentage of positive cells (0-100%) in the 
tissue section by the staining intensity (grade 1-3) giving hypothetical range of values between 0 and 300. 
Mean IHC staining was calculated by averaging the staining intensity of 2-4 cores from the same tumour. A) 
Kaplan-Meier survival plot for 3-category IHC staining intensity of FYN and LYN: 0 – patients negative for SFKs 
staining; 1-39 – patients positive for SFKs staining (low intensity); 40 and above – patients positive for SFKs 
staining (high intensity). The overall survival was defined as the time (in months) from the date of the primary 
treatment to the time of death. B and C) Predicted 5-year survival rate as a function of the continuous change 
in patient mean IHC scores (solid line), with the 95% confidence intervals (dotted line): unadjusted (B) or 
adjusted for the main effects of cancer stage and type (C). 
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Table 17. Unadjusted and adjusted time to death analysis of 3-category and continuous patient mean IHC 

scores for FYN and LYN (TMA2) 

Median survival time estimated from Kaplan-Meier analysis for 3-category score and from Cox proportional 
hazards model for continuous score specifications. Hazard ratio estimated from Cox proportional hazards 
model. Logrank and Wald tests were performed to test the significance of IHC score-related changes in median 
survival and hazard ratio, respectively. 
 

    
Median survival 
months (95%CI) 

Logrank p 
Hazard ratio 

(95%CI) 
Wald p 

F
Y

N
 -

 u
n

a
d

ju
s
te

d
 

3-category Score  

0           (N=64) 57.9 (40.2-Inf) 0.17 1.00   

1-40      (N=34) 50.35 (33.2-61.4) 
 

1.53 (0.91-2.56) 0.10 

40+       (N=32) 73.7 (42.9-Inf) 
 

0.93 (0.53-1.64) 0.81 

Continuous Score  

Score=0  56.8 (41.4-91.6) 0.68 1.00   

Score=20  57.9 (42.9-86.1) 
 

0.97 (0.86-1.10)   

Score=75  60.4 (41.4-Inf) 
 

0.90 (0.56-1.46)   

L
Y

N
 -

 u
n

a
d

ju
s
te

d
 

3-category Score  

0           (N=75) 65 (48.8-Inf) 0.09 1.00   

1-40      (N=31) 50.6 (22.8-Inf) 
 

1.28 (0.74-2.20) 0.37 

40+       (N=25) 38.1 (28.8-Inf) 
 

1.82 (1.06-3.11) 0.03 

Continuous Score  

Score=0  65 (49.8-Inf) 0.02 1.00   

Score=20  56.8 (42.9-82.8) 
 

1.17 (1.03-1.35)   

Score=75  35.2 (24.7-60.4)   1.83 (1.10-3.05)   

F
Y

N
 -

 a
d

ju
s
te

d
 f

o
r 

 

c
a
n

c
e

r 
s

ta
g

e
 a

n
d

 t
y

p
e
 3-category Score  

0           (N=64) 36.05 (27.9-93.7) 0.46 1.00   

1-40      (N=34) 33.2 (16.3-Inf) 
 

1.43 (0.79-2.58) 0.24 

40+       (N=32) 37.9 (11.4-Inf) 
 

1.31 (0.67-2.56) 0.44 

Continuous Score  

Score=0  35.2 (24.7-49.8) 0.67 1.00   

Score=20  34.4 (24.7-46.5) 
 

1.03 (0.89-1.19)   

Score=75  33.2 (22.5-58.9)   1.12 (0.66-1.91)   

L
Y

N
 -

 a
d

ju
s
te

d
 f

o
r 

 

c
a
n

c
e

r 
s

ta
g

e
 a

n
d

 t
y

p
e
 3-category Score  

0           (N=75) 39.05 (27.9-57.9) 0.06 1.00   

1-40      (N=31) 19.45 (7.4-Inf) 
 

1.59 (0.88-2.89) 0.13 

40+       (N=25) 33.8 (21.7-Inf) 
 

2.06 (1.11-3.83) 0.02  

Continuous Score  

Score=0  34.4 (23.9-49.8) 0.04  1.00   

Score=20  32.3 (23.8-42.9) 
 

1.17 (1.02-1.33)   

Score=75  22.5 (17.7-37.9)   1.78 (1.09-2.91)   
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3.6 Discussion 

Consistent with the crucial role of SFKs in promoting oncogenesis, SRC expression and, even 

more so, its activity were found to be elevated in many cancers as compared to normal adjacent tissue, 

including breast (Egan et al., 1999; Verbeek et al., 1996), colon (Aligayer et al., 2002; Cartwright et 

al., 1994; Cartwright et al., 1990; Talamonti et al., 1993), pancreatic (Chen et al., 2009; Lutz et al., 

1998), ovarian and other cancers (Budde et al., 1994; Wiener et al., 2003). This enhanced 

expression/activation often correlates with the cancer stage, metastatic potential and poor patient 

survival (Figure 9) (Aligayer et al., 2002; Chen et al., 2009; Summy and Gallick, 2003; Talamonti et 

al., 1993). 

The expression level and the activity of SRC were also found to be elevated in lung cancer 

(Masaki et al., 2003; Mazurenko et al., 1992). SRC protein over-expression was more common in 

poorly differentiated squamous cell carcinomas than in well or moderately differentiated ones 

(Mazurenko et al., 1992). In addition, levels of phosphorylated SRC increased with adenocarcinoma 

tumour size and were correlated with male gender, active smoking and squamous cell subtype but not 

with ethnicity, pathological stage of disease, or duration of survival (Zhang et al., 2007).  

However, the expression of other SFKs in lung cancer was never previously evaluated, 

neither was the correlation between SFKs expression and patient survival. Here, we show that activity 

of SFKs, judged by SFKs auto-phosphorylation levels, was significantly elevated (2-5-fold increase in 

pSFKs level) in nearly all lung cancer cell lines examined as compared to immortalized alveolar type 

II pneumocytes (AT2), bronchial epithelial cells (NL20) or small airway epithelial cells (HSAEC), the 

normal cell lineages thought to be at the origin of lung cancers (Figure 14 and Figure 15). This may 

indicate that SFKs activity is important for lung carcinogenesis. In addition, we could show that 

different SFKs are predominantly activated in different cell lines (Figure 14).  

We also demonstrated that SRC, YES, FYN and LYN are well expressed in both SCLC and 

NSCLC cell lines; different cell lines express a different set of SFKs (Figure 14). Specificity of the 

antibodies was confirmed using siRNA-mediated depletion of each family member (data not shown). 
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NSCLC cell lines express particularly high levels of LYN kinase. Surprisingly, we could also detect 

high levels of SRC, YES, FYN and LYN in the normal type II pneumocytes, AT2 cells, contrary to 

previously published reports stating that SFKs are not expressed or expressed at low levels in normal 

lung tissue ((Mazurenko et al., 1992) and Figure 17). We hypothesise that this may be attributed to the 

immortalisation procedure. Indeed, HSAEC and NL20 cell lines, two other normal lung epithelial cell 

lines, show lower levels of SFKs expression (Figure 14).  

Interestingly, we could also detect the in-vitro expression of LCK, typically expressed only in 

T cells, NK cells and neural tissue (Parsons and Parsons, 2004), in a subset of SCLC and NSCLC cell 

lines (Figure 14). Expression of HCK, FGR and BLK could not be detected in lung cancer cell lines 

but was readily detected in Peripheral Blood Mononuclear Cells, B-cells and K562 CML cell line, 

confirming that the antibodies work (data not shown). 

Expression of SRC, YES and FYN could not be detected in normal lung tissue (Figure 17), 

confirming previous results about lack of SRC expression in normal lung (Mazurenko et al., 1992). 

SRC expression was found in 50% of SCLC and NSCLC, confirming results obtained by Mazurenko 

and colleagues (Mazurenko et al., 1992). In addition, we report for the first time that other SFKs are 

expressed in lung tumours. Interestingly, we detected differential expression of FYN and LYN in 

SCLC and NSCLC: LYN was found in 20% of NSCLC but not in SCLC, while FYN was expressed 

in 61% of SCLC and only 24% of NSCLC tumour samples (Figure 17). These results prompted us to 

speculate that SFKs play an important role in lung cancer biology and that this enhanced SFKs 

expression may be correlated with the tumour progression and/or a poor patient survival.  

To verify this hypothesis we performed two independent NSCLC TMA analyses where 

resected tumour samples were linked to patients’ clinical data, including tumour stage, type of 

NSCLC and length of patient survival (TMA1 also contained information about patient age and 

tumour grade and size). TMA1 was stained with FYN, LYN and SRC antibodies and TMA2 with 

FYN and LYN antibodies only. Both TMAs had a higher ratio of positive staining for SFKs than the 

commercially available TMAs, which can possibly be attributed to a difference in sample source – 



118 

 

resected tumours here versus post-mortem tumours in the commercial TMAs. However, there is also a 

substantial difference between the two clinical TMAs in terms of the proportion of positive samples 

(61% vs 51% samples positive for FYN and 64% vs 43% samples positive for LYN, for TMA1 and 

TMA2, respectively) and mean/median IHC score, for example 52.1/45.0 for FYN score in TMA1 

and 24.26/12.5 for FYN score in TMA2. These discrepancies may be explained by differences in 

handling the tumour samples prior to fixation, strengthening the case for standardisation of sample 

handling in this kind of study as previously suggested by research from our lab (Tony Dhillon, 

unpublished data). 

Our first analysis indicated that there is a trend between the SFKs expression and poor patient 

survival: 52% of FYN, 60% of LYN and 75% of SRC negative patients were alive at 4 years, 

compared with only 37% of FYN, 25% of LYN and 40% of SRC positive patients. This difference 

decreases with time (Figure 18B). Median patients’ survival time decreased and hazard ratio increased 

in the group of patients positive for SFKs expression, compared with the control group (Table 13).  

However, due to a broad 95% CI the observed differences were not statistically significant (Table 13). 

Analysis of combined expression of FYN, LYN and SRC and its impact on patients’ survival was not 

possible because of the low number of samples that were analysed for all three proteins. 

The additional TMA study confirmed that LYN significantly predicts poor patient survival in 

both the 3-category (negative/positive/highly positive) and linear continuous models (Figure 20 and 

Table 17). 60% of LYN negative and only 32% of LYN (40+) positive patients were alive at 4 years; 

none of patients with high LYN expression was alive at 7.5 years as compared to 40% of patients 

alive in the LYN negative group. Median patients’ survival time decreased and hazard ratio increased 

with the increase in LYN expression. The effect of LYN expression on patients’ survival was still 

significant when the data was adjusted for tumour stage and NSCLC type (Table 17).  

Similarly, LYN is essential for prostate cancer proliferation and survival, both in-vitro and 

in-vivo (Goldenberg-Furmanov et al., 2004; Park et al., 2008). In prostate cancer, siRNA-mediated 

depletion of LYN or its inhibition with the sequence-based peptide inhibitors results in reduced cell 
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proliferation and enhanced apoptosis (Goldenberg-Furmanov et al., 2004; Park et al., 2008). In colon 

cancer, expression of dominant-active LYN (LYN-DA) triggers chemoresistance mediated by 

activation of the PI3K/AKT pathway (Bates et al., 2001). This suggests LYN may be important in 

cancer cell biology.  

In contrast, we show that FYN expression is not correlated with the patients’ survival (Figure 

20 and Table 17) but FYN is implicated in tumour biology in other cancer types. FYN is 

over-expressed in pancreatic cancer and this correlates with the metastatic potential of the cancer cells 

(Chen et al., 2009). Accordingly, FYN is important for in-vitro cell proliferation and survival and for 

tumour growth and metastases in-vivo (Chen et al., 2009). 
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Chapter 4.                                                                                                                                                    

Treatment of NSCLC cells with SFKs 

inhibitors results in cell cycle arrest, 

induction of autophagy and, in some cell 

lines, apoptosis 
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4.1 Introduction 

SFKs are over-expressed in lung cancer (Figure 17) (Masaki et al., 2003; Mazurenko et al., 

1992) and this expression appears to correlate with poor patient outcome. Multiple studies have 

indicated the potential of SFKs as therapeutic targets for various cancer types: their inhibition by 

either chemical compounds or siRNA-mediated silencing often leads to the inhibition of cell 

migration and invasion, decrease in tumour growth and sometimes to the induction of apoptosis 

(Chang et al., 2008; Finn et al., 2007; Goldenberg-Furmanov et al., 2004; Park et al., 2008; Rucci et 

al., 2006; Shor et al., 2007).  

Dasatinib is a novel, ATP-competitive small molecule tyrosine kinase inhibitor of all SRC 

family kinases, as well as ABL, c-KIT, PDGFR-β and EPH-A2. It is a relatively safe, well-tolerated 

and orally-available drug which is already approved as the second line treatment in CML and Ph+ 

ALL after initial imatinib treatment (Hochhaus, 2007; Lombardo et al., 2004; Olivieri and Manzione, 

2007; Shah et al., 2004; Talpaz et al., 2006). Multiple phase I-III clinical trials in solid tumours are 

currently ongoing (www.clinicaltrials.gov). 

In lung cancer, dasatinib was shown to inhibit both migration and invasion (Johnson et al., 

2005; Lee and Gautschi, 2006; Zhang et al., 2007). However, two independent studies indicated that it 

has no major effect on cell number, cell cycle progression or apoptosis in the majority of the NSCLC 

cell lines, except for the cell lines carrying activating mutations of EGFR (Johnson et al., 2005; Song 

et al., 2006). Potential clinical benefits of SFK inhibition on EGFR-dependent NSCLC cell lines were 

also reported by another research group where treatment the SRC inhibitor, PP1, reduced cell number, 

induced apoptosis and sensitised the cells to gefitinib (Zhang et al., 2007).  

Interestingly, SFK inhibition by dasatinib, PP2 or saracatinib (AZD0530) was previously 

shown to induce autophagy in glioma, prostate and ovarian cancer (Le et al., 2010; Milano et al., 

2009; Wu et al., 2010). Autophagy is a lysosomal self-digestion process involved in the maintenance 

of cellular homeostasis, responsible for the turnover of long-lived proteins and damaged/redundant 
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organelles. Depending on the cellular context, autophagy may either promote or repress 

carcinogenesis (see section 1.3.5 and 5.1 for details).  

Here, we show that treatment with two independent SFKs inhibitors, dasatinib and PP2, 

significantly reduced cell number in 8 out of 9 human NSCLC cell lines with wild-type EGFR as well 

as in two murine NSCLC cell lines. Our data attribute this effect to a potent inhibition of proliferation, 

although in some cell lines apoptosis was also induced. In addition, treatment with dasatinib induced 

autophagy in all tested NSCLC cell lines.  

 

  



123 

 

4.2 Dasatinib treatment blocks SFKs activity in lung cancer cells at 

nanomolar concentrations  

SFKs activity correlates with their auto-phosphorylation at a relevant tyrosine residue (Y418 

for SRC) and thus can easily be assessed by Western blotting (Boggon and Eck, 2004; Ingley, 2008). 

Multiple groups have reported that dasatinib potently blocks SFKs activity at nanomolar 

concentrations. Typically, complete SFK inhibition can be achieved at concentrations ranging from 

100 to 300 nM, in a variety of cancer cells (Finn et al., 2007; Konecny et al., 2009; Nam et al., 2005; 

Shor et al., 2007) including NSCLC cell lines (Johnson et al., 2005; Song et al., 2006).  

Here, we confirm that dasatinib potently inhibits SFKs activity in both NSCLC and SCLC 

cell lines (Figure 21A-B). NSCLC cells grown in 6-well plates and starved for 6 h in 0.5% FCS RPMI 

(Figure 21A) or SCLC cells grown for 3 days in SITA medium (Figure 21B) were treated with 

increasing concentrations of dasatinib, ranging from 10 nM to 10 µM, for 1 h. Whole-cell lysates were 

prepared and analysed by SDS-PAGE and Western blotting for pSFKs and SRC. Detection of β-actin 

served as a loading control. 

Figure 21A and B show that 100 nM dasatinib completely blocks SFKs activity in all lung 

cancer cell lines tested (Figure 21 and data not shown). Partial inhibition of SFK phosphorylation can 

be achieved in H460 and H510 SCLC cells at concentrations as low as 30 nM and 10 nM dasatinib, 

respectively.  

To determine the duration of SFK inhibition by a single exposure to dasatinib, H510 cells 

were grown in SITA medium supplemented or not with 100 nM dasatinib for 2, 4 and 7 days, at 

which point SFK phosphorylation was assessed by Western blotting. Dasatinib inhibits SFKs activity 

for at least 7 days upon a single administration of the drug (Figure 21C) and this time point 

corresponds to the longest treatment we performed in this research project (see Figure 23).  
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Figure 21. Dasatinib blocks SFKs activity at nanomolar concentrations. 

A) A549 and H460 cells grown in 6-well plates were starved in 0.5% FCS for 6 h and then treated with 
increasing concentrations of dasatinib for 1 h. B) H510 cells grown in SITA medium were treated with indicated 
concentrations of dasatinib for 1 h. C) H510 cells were grown in SITA medium for 2, 4 and 7 days in the 
presence or absence of 100 nM dasatinib. A-C) Whole-cell lysates were prepared, normalised for protein level, 
separated by SDS-PAGE and probed with pSFK (Y418) and SRC antibodies. Detection of β-actin was used as a 
loading control. Images shown are representative of at least three independent experiments. 
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4.3 Dasatinib inhibits FAK and mTOR signalling 

SFKs are known to modulate multiple signalling pathways, including RAS/MAPK (Liu et al., 

2004; Penuel and Martin, 1999), JAK/STAT (Bowman et al., 2001; Byers et al., 2009; Kloth et al., 

2003; Laird et al., 2003; Parsons and Parsons, 2004; Sinibaldi et al., 2000) and PI3K/mTOR/AKT 

signalling (Le et al., ; Liu et al., 2004; Penuel and Martin, 1999; Song et al., 2006). To evaluate the 

effects of SFK inhibition on the RAS/MAPK, JAK/STAT and PI3K/mTOR/AKT pathways, A549, 

EKVX, H322M and H460 cell lines were grown in 0.5% FCS RPMI in the presence or absence of 

100 nM or 1 µM dasatinib, or 10 µM PP2 for 24 h. Whole-cell lysates were prepared, normalised for 

protein levels and analysed by SDS-PAGE and Western blotting using indicated antibodies. Detection 

of α-tubulin served as a loading control. 

Our results show that auto-phosphorylation of SFKs and phosphorylation of their downstream 

targets FAK and p130
CAS

 is inhibited following addition of dasatinib at 100 nM and 1 µM, 

respectively. Shor and colleagues observed a dose- and time-dependent increase in total SRC levels in 

bone sarcoma but not in soft tissue sarcomas cell lines treated with dasatinib (Shor et al., 2007). 

However, levels of total SRC remained constant in all NSCLC tested (Figure 22) as well as in H510 

SCLC cell line (Figure 21C), indicating that no such feedback mechanism exist in lung cancer cells. 

In our studies we often used PP2 to validate the results obtained with dasatinib as being 

specific to SFKs inhibition. We could confirm that 10 µM PP2 inhibits SFK/FAK signalling as 

assessed by the attenuation of phosphorylation of SRC downstream targets, FAK and p130
CAS

, even 

though auto-phosphorylation of SFKs was only partially reduced (Figure 22).  

We could not detect any changes in the phosphorylation of STAT3 and ERK 1/2 upon SFK 

inhibition (Figure 22 and data not shown). In contrast, we could detect inhibition of the 

PI3K/mTOR/AKT pathway as assessed by a decrease in phosphorylation of mTOR (S2448), AKT 

(S473), S6K1 (T389) and S6 (S235/236) (Figure 22).  
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Figure 22. SFK inhibitors inhibit pFAK and mTOR signalling and have no effect on ERK 1/2 and STAT3 

signalling. 

NSCLC grown in 6-well dishes were starved for 6 h in 0.5% FCS RPMI and grown in the presence or absence of 
indicated concentrations of dasatinib and PP2 for 24 h. Whole cell lyseted were prepared, normalised for 
protein levels and analysed by Western blotting using pSFK, SRC, pFAK, FAK, pp130

CAS
, pERK1/2, ERK1/2, 

pSTAT3, STAT3, p-mTOR, mTOR, pAKT, AKT, pS6K1, pS6, S6 antibodies. Detection of α-tubulin served as a 
loading control. ctrl - control, DAS - dasatinib 
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4.4 Small cell lung cancer cell lines are resistant to dasatinib 

Having confirmed that dasatinib inhibits SFKs activity, we wanted to establish whether it 

affects cell number in SCLC cell lines. To do so, we treated H510 and H69 SCLC with increasing 

concentrations of dasatinib, PP2 or SRC inhibitor-1 (SKI-1) for 7 days. Cell viability was measured 

using the WST-1 assay, which is based on the enzymatic cleavage of tetrazolium salt WST-1 to 

coloured formazan compounds by the mitochondrial dehydrogenases. These enzymes are only present 

in viable cells and therefore the intensity of the dye is proportional to the number of viable cells.  

Figure 23A demonstrates that both SCLC cell lines are resistant to SFKs inhibitors. 100 nM 

dasatinib, which efficiently blocks SFKs activity (Figure 21) has no effect on the cell number and 

only the highest concentrations of the drug significantly reduce cell viability. However, these 

concentrations are likely to inhibit other kinases, such as ABL kinase, c-Kit, PDGFR-β and EPHA2, 

known to be dasatinib targets so it is not clear that these effects are due to inhibition of SFKs 

signalling. Also, this range of concentrations is not clinically relevant as it cannot be achieved in-vivo 

in mice models or SCLC patients (Demetri et al., 2009; Luo et al., 2006).  

Consistent with the lack of effect on cell number, 100 nM and 1 µM dasatinib have no effect 

on DNA synthesis as assessed by EdU incorporation assay in SCLC cells (Figure 23B). In this assay, 

EdU (5-ethynyl-2´-deoxyuridine), a thymidine analog coupled to alkyne is added into growth medium 

2 h prior to cell trypsinisation to allow its incorporation into DNA and then visualised by AlexaFluor 

647 azide. DNA content is co-stained using propidium iodide (PI). No differences in DNA synthesis, 

G1 or G2/M populations were observed. 

As an alternate way to monitor cell cycle profiles, DNA content was visualised by flow 

cytometry based on propidium iodide staining alone, in the presence of increasing concentrations of 

dasatinib. At lower concentrations of dasatinib (30 - 100 nM), known to block SFK activity, there was 

no effect on cell proliferation or on the sub-G1 population (DNA content < 2N) reflecting apoptotic 

cell death (Figure 23C). However we did see a reduction in DNA synthesis and an increase in the sub-

G1 population at 10 µM dasatinib, a concentration that impairs the activity of multiple other kinases.  
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Figure 23. SCLC cell lines are resistant to SFKs inhibition. 

A) H510 and H69 cells were grown in SITA medium in the presence of increasing concentrations of dasatinib, 
PP2, SRC Inhibitor-1 (SKI-1) or DMSO (control) for 7 days. Cell viability was measured using the WST-1 assay. 
Graphs represent means ± SEM from three independent experiments performed in triplicate and normalised 
to control. B and C) H510 cells were grown for 3 days in the presence of indicated concentrations of dasatinib 
and then incubated with EdU for 2 h to allow for its incorporation into DNA, trypsinised, fixed using 4% PFA 
and stained with an azide-fluorescent dye and PI to visualise DNA synthesis and DNA content, respectively. 
Cells were acquired using a FACS Canto-1 and analysed using the software, FlowJo. FACS profiles 
representative for three independent experiments are shown in the left panel and the quantification of EdU 
incorporation, which corresponds to DNA synthesis, and subG1 population of cells undergoing apoptosis are 
shown on the right. A, B and C) Statistical analysis was performed using unpaired, two-tailed Student’s t-test 
(*-p<0.05, **-p<0.01, ***-p<0.005 versus untreated control). 
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4.5 Dasatinib affects the morphology and growth of NSCLC cells 

Next, we assessed the effect of SFKs inhibition on NSCLC cell biology. To do so, NSCLC 

cells grown in 96-well plates were starved for 6 h in 0.5% FCS RPMI, then treated with the indicated 

concentrations of dasatinib or PP2 for 48 h and imaged to monitor the cell morphology. Cell number 

was assessed 72 h post-treatment using crystal violet staining. 

As shown in Figure 24, 48-h dasatinib treatment has a profound effect on both cell 

morphology and cell number in all NSCLC from the NCI-60 library (A549, EKVX, HOP62, HOP92, 

H226, H23, H322M, H460, H522). Cells treated with dasatinib tend to be more rounded, which could 

indicate a loss of attachment to the surface of cell-culture plate and/or apoptosis. Also, some cells 

(particularly HOP62 cells) seem to have more prolonged, fibroblast-like morphology and display less 

cell-cell interactions than untreated cells. 

Dasatinib significantly reduces cell number in all but one NSCLC cell lines tested in a dose-

dependent manner (Figure 25), contrary to previous findings that EGFR
wt

 NSCLC cells are resistant 

to dasatinib treatment  (Johnson et al., 2005; Song et al., 2006). Concentrations of dasatinib for which 

50% reduction in cell number is achieved (IC50 values) range from 30-130 nM, which is within 

clinically achievable serum levels (Demetri et al., 2009; Luo et al., 2006); only H322M cells have an 

IC50 above 1 µM (Table 18). Dasatinib has similar effect on cell number when cells are grown in 

RPMI supplemented with 10% FCS (data not shown). 

To confirm if this effect on cell number can be attributed to SFKs inhibition and not to 

targeting other kinases, we evaluated the effect of PP2, another SFK inhibitor, on cell number in 

NSCLC cell lines. As seen in Figure 25B, treatment with 1 µM PP2 for 3 days significantly reduces 

cell number in all NSCLC tested except H322M cells, while 10 µM PP2 leads to a significant 

decrease in cell number in all cell lines tested. IC50 values range from 1.8-4.3 µM and for three cell 

lines, HOP62, H226 and H322M, are higher than 10 µM. 
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Figure 24. Dasatinib treatment affects cell morphology. 

NSCLC cell lines were grown for 48 h in 0.5% FCS RPMI medium in the presence or absence of 100 nM 
dasatinib. Pictures were taken using Olympus LH50A microscope with an AxioCam HRm camera. Pictures 
shown are representative of multiple fields of view from three independent experiments.  
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Figure 25. Dasatinib and PP2 treatments reduce cell numbers in all but one NSCLC cell lines. 

Indicated NSCLC cell lines were grown in RPMI medium supplemented with 0.5% FCS in the presence of 
increasing concentrations of A) dasatinib or B) PP2 for 3 days; control cells were treated with DMSO only. Cell 
numbers were quantified using crystal violet staining. Means ± SEM from at least three independent 
experiments, each performed in triplicate are shown in graphs. Values are expressed as fold change over 
untreated controls. Statistical analysis was performed using Student’s t-test (*-p<0.05, **-p<0.01, ***-p<0.005 
versus untreated control).  
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Table 18. IC50 values for dasatinib and PP2 in various NSCLC cell lines. 

Values were extracted from averaging several experiments as shown in Figure 25. 

 

 

 

Dasatinib 

[nM] 

PP2 

[µM] 

 

A549 30 4 

EKVX 120 3 

HOP62 50 4.3 

HOP92 100 >10 

H226 130 >10 

H23 35 4 

H322M >1000 >10 

H460 70 2.3 

H522 60 1.8 

 

 

 

4.6 SFK inhibitors inhibit DNA synthesis and cell cycle progression 

Having established that dasatinib reduces cell number in the majority of NSCLC cell lines (all 

of them wild-type for EGFR), we sought to determine if it can be attributed to a decrease in cell 

proliferation and/or an induction of apoptosis. We used several approaches to evaluate the cell cycle 

progression. First, we performed EdU incorporation assay which measures the rate of DNA synthesis. 

As shown in Figure 26A and B, dasatinib and PP2 treatments (24 h) lead to a significant decrease in 

DNA synthesis. With the exception of H23, H322M and H522, the reduction achieved is ≥ 50% of 

control untreated cells. The cell cycle distribution obtained following flow cytometry analysis of 
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propidium iodide staining demonstrates that cells become arrested in G1 phase of cell cycle (DNA 

content of 2N) following SFKs inhibition while the G2-mitosis progression seems unaffected (Figure 

25A and data not shown). 

To confirm the results of the EdU incorporation assay, we analysed the cell cycle profiles of 

NSCLC treated with 100 nM and 1 µM dasatinib or 10 µM PP2 for 24 h. Again, we can see a 

reduction in the proportion of A549 and H460, but not H322M, cells in S-phase in response to 

treatment with the SFK inhibitors (Figure 27A and B). However, this difference is less pronounced 

than in the EdU incorporation assay, suggesting the latter gives a more sensitive measure of changes 

in DNA synthesis (S phase) than the propidium iodide-based staining.  

These results also correlate with altered expression of cyclin D3 (CCND3) and p27
KIP1 

(CDKN1B), two key regulators of the G1/S progression, upon SFK inhibition. Cyclin D3, a member 

of the cyclin protein family, interacts with cyclin-dependent kinases (CDKs) 4 and 6. Activated cyclin 

D3/CDKs complexes regulate a number of downstream targets including the retinoblastoma (RB) 

tumour suppressor, driving the G1/S transition. On the other hand, p27
KIP1

, belonging to the CIP/KIP 

family of CDK inhibitor proteins, binds to and prevents the activation of cyclin D-CDK4 as well as 

cyclin E-CDK2 complexes, therefore preventing the G1/S transition (Ekholm and Reed, 2000; 

Vermeulen et al., 2003). SKF inhibition decreases cyclin D3 levels in A549 and H460 cell lines while 

we could not detect cyclin D3 expression in H322M cells (Figure 27C). Conversely, p27
KIP1

 levels 

increase in A549 and H460 cells treated with dasatinib or PP2, indicating inhibition of cell cycle 

progression (Figure 27C). We could also observe a moderate induction of p27
KIP1

 expression in 

H322M cells treated with 1 µM dasatinib that correlates with a slight decrease in DNA synthesis 

(Figure 26 and Figure 27).  

Taken together these data indicate that the SFK inhibition impairs DNA synthesis and 

proliferation in the majority of NSCLC cell lines examined, all of them expressing the wild-type 

EGFR. 
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Figure 26. SFKs inhibition leads to decrease in DNA synthesis. 

Cells grown in 6-well dishes were starved for 6 h in 0.5% FCS RPMI medium and treated with 100 nM and 1 µM 
dasatinib, 10 µM PP2 or DMSO alone (crtl) for 24 h. Cells were then grown in the presence of 10 µM EdU for 2 
h to allow EdU incorporation into DNA, trypsinised, fixed using 4% PFA and stained with azide-fluorescent dye 
and PI to visualise DNA synthesis and DNA content, respectively. Cells were acquired using FACS Canto-1 and 
analysed using the software, FlowJo: A) An example of FACS profiles representative of three independent 
experiments B) Quantification of EdU incorporation from three independent experiments. Statistical analysis 
was performed using unpaired, two-tailed Student’s t-test with Welch correction (*-p<0.05, **-p<0.01, 
***-p<0.005 versus untreated control). ctrl- control, DAS - dasatinib  
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Figure 27. SFKs inhibition decreases DNA synthesis and cyclin D3 expression levels, while inducing 

p27
KIP1 

in NSCLC cells 

Cells grown in 6-well dishes were starved for 6 h in 0.5% FCS RPMI medium and treated with 100 nM and 1 µM 
dasatinib, 10 µM PP2 or DMSO only (control) for 24 h. A,B) Following trypsinisation, the cells were fixed using 
4% PFA, stained with propidium iodide to visualise DNA content and analysed by flow cytometry. Cell cycle 
profiles representative of 3 independent experiments are shown in panel A and their quantification in panel B. 
Statistical analysis was performed using unpaired, two-tailed Student’s t-test with Welch correction (*-p<0.05, 
**-p<0.01, ***-p<0.005 versus untreated control). C) Whole cell lysates were prepared, normalised for protein 
levels, separated on SDS PAGE and Western blotted for cyclin D3 and p27

KIP1
. Detection of α-tubulin served as 

a loading control. CCND3 – cyclin D3, ctrl- control, DAS – dasatinib 
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4.7 SFK inhibitors induce apoptosis in some NSCLC cell lines 

Published works from other research groups indicate that the inhibition of SFKs leads to the 

induction of apoptosis in multiple cancer cell lines, including prostate (Park et al., 2008), ovarian 

(Konecny et al., 2009), HNSCC (Johnson et al., 2005), pancreatic (Duxbury et al., 2004a; Yezhelyev 

et al., 2004), medullary thyroid (Liu et al., 2004), sarcoma cells (Shor et al., 2007) and NSCLC 

dependent on EGFR for survival (Song et al., 2006). Therefore, we wanted to assess whether dasatinib 

induces apoptosis in NSCLC cell lines, in addition to its inhibitory action on cell cycle progression.  

Hence, NSCLC grown in 96-well plates were starved in 0.5% FCS for 6 h and then grown in 

the presence or absence of dasatinib or PP2 for 24 h. The activity of caspases 3 and 7 were detected 

using a pro-luminescent substrate for these proteases. The obtained luminescence directly correlates 

with the amount of cleaved pro-luminescent substrate and thus caspases 3/7 activity. This was 

measured using a PHERAstar luminescence/fluorescence microplate reader. 

Based on this measurement, dasatinib significantly induces apoptosis in three NSCLC cell 

lines: EKVX, HOP92 and H322M, causing 1.5 to 3.0-fold increase in caspases 3/7 activity (Figure 

28A). In H226 and H522 cells, dasatinib also caused a 1.5-2.0-fold induction in caspases activity, 

although these results were not significant (p values of 0.093 and 0.098 for 100 nM dasatinib versus 

non-treated control, respectively) (Figure 28A). 

To subtantiate the notion that dasatinib induces apoptosis in some NSCLC cell lines we next 

assessed the effect of this drug or PP2 on caspase 3 and 7, and PARP cleavage using Western blotting 

analysis. Figure 27A demonstrates that we could detect an increase in cleaved (activated) forms of 

caspases 3 and 7 upon dasatinib or PP2 treatment in EKVX and H322M but not A549 or H460 cells. 

The concomitant rise in the cleavage of Poly (ADP-ribose) polymerase (PARP), a substrate of 

caspases 3/7, also confirms the induction of apoptosis in EKVX and H322M cells (Figure 28B).    

DNA fragmentation often occurs as a consequence of apoptosis and can be easily measured 

by flow cytometry-based cell cycle profiling. Indeed, the visualisation of cellular DNA content using 
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propidium iodide staining in conjunction with flow cytometry enables the detection of DNA 

fragmentation in the form of a sub-G1 cell population on the cell cycle profile. Alternatively, genomic 

DNA can be extracted and separated by agarose gel electrophoresis to demonstrate a DNA ladder 

pattern with ~180-bp intervals or Terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) assay can be performed. 

We could not detect a significant increase in sub-G1 population in NSCLC treated with 

dasatinib at either 24 or 48 h (Figure 27A and data not shown). 

Late stages of apoptosis and necrosis are associated with cell membrane permeabilisation, 

which can be measured by multiple dye-exclusion assays, where the intact membrane prevents 

impermeant dyes from entering the cells so that only cells with ‘leaky’ membranes are stained. Here, 

we used the DNA stain, propidium iodide, which only enters the cells with compromised membrane 

integrity, to evaluate the effect of dasatinib and PP2 on cell death in NSCLC cell lines. SFK inhibition 

resulted in a 2-3-fold increase in PI-positive population in EKVX cells but the difference was 

statistically significant only for PP2 treatment (Figure 29).  

Overall, dasatinib moderately induces apoptosis in at least two NSCLC cell lines. However, a 

dasatinib-induced reduction in NSCLC cell numbers can most likely be attributed to the impaired 

DNA synthesis and prolifearation in the majority of NSCLC cell lines tested.  
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Figure 28. Dasatinib and PP2 induce apoptosis in some NSCLC cell lines. 

NSCLC cells grown in A) 96-well or B) 6 well dishes were starved for 6 h in 0.5% FCS RPMI medium and treated 
with 100 nM and 1 µM dasatinib, 10 µM PP2 or DMSO only (control) for 24 h. A) Caspase 3/7 pro-luminescent 
substrate was added into each well and luminescence, correlating with the amount of cleaved substrate and 
therefore with caspases 3/7 activity, was measured after 45 min of incubation at room temperature. Graphs 
display means ± SEM from three independent experiments, each performed in triplicate and normalised to 
control. Statistical analysis was performed using unpaired, two-tailed Student’s t-test with Welch correction (*-
p<0.05, ** p<0.01, *** p<0.005 versus untreated control). B) Whole cell lysates were prepared, normalised for 
protein level, separated by SDS PAGE and Western blotted with the indicated antibodies. Detection of α-
tubulin served as loading control. CASP – caspase, cl-CASP – cleaved caspase, ctrl- control, DAS – dasatinib 
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Figure 29. Dasatinib and PP2 induce cell death in some NSCLC cell lines. 

NSCLC cells grown in 96-well dishes were starved for 6 h in 0.5% FCS RPMI medium and treated with 100 nM 
and 1 µM dasatinib, 10 µM PP2 or DMSO only (control) for 48 h. Cells were then incubated with propidium 
iodide for 15 min and harvested. Live cells were analysed by flow cytometry for PI positivity, a sign of 
membrane leakiness. FACS profiles representative for three independent experiments are shown in panel A 
and their quantification in panel B. Statistical analysis was performed using unpaired, two-tailed Student’s 
t-test with Welch correction (*-p<0.05, ** p<0.01, *** p<0.005 versus untreated control). ctrl- control, DAS – 
dasatinib 
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4.8 SFK inhibitors initiate autophagy in NSCLC cell lines  

The preceding results suggest that the reduction in NSCLC cell number in response to 

dasatinib is likely due to DNA synthesis inhibition and in some cell lines also to enhanced apoptosis. 

However, there are other cellular processes that could contribute to the effects seen on cell number 

including altered autophagy. Consequently, we next assessed the effect of dasatinib on the autophagy 

pathway.  

To assess if dasatinib stimulates autophagy, NSCLC cells were starved for 6 h in 0.5% FCS 

RPMI medium and then treated with dasatinib or PP2 for 16 h. Acridine orange, a lysosomo-trophic 

stain, was added into the culture medium 15 min before trypsinisation of the cells, which were then 

analysed by flow cytometry for red and green fluorescence. The first corresponds to protonated 

acridine orange dye and thus the lysosomal acidicity, and the latter to DNA-bound dye and thus to 

cellular DNA content. Our results using this assay suggest that dasatinib stimulates autophagy in all 

NSCLC cell lines tested (Figure 30A and B). The rate of induction varies from around 2-fold for 

EKVX, H226, H23, H322M and H460, to 4-6-fold for A549, HOP62, HOP92 and H522.  

The microtubule‑associated protein light chain 3 (LC3), a homologue of ATG8 that is 

essential for autophagy in yeast, associates with autophagosomes membranes (both inner and outer) 

after processing: the form I of LC3 (LC3-I) is cytosolic, while LC3-II, conjugated with 

phosphatidylethanolamine (PE), is autophagosome-bound. Therefore, we can measure the induction 

of autophagy by detecting the conversion of LC3-I to LC3-II using immunoblotting (18 and 16 kDa 

bands, respectively) and the amount of LC3-II (or ratio of LC3-II to LC3-I) correlates with the 

number of autophagosomes (Kabeya et al., 2000; Klionsky et al., 2008a; Klionsky et al., 2007; 

Mizushima and Yoshimori, 2007). 

To validate the results obtained with acridine orange, A549 cells grown in 6-well plates were 

starved in 0.5% FCS RPMI for 6 h and treated with 100 nM dasatinib of 10 µM PP2 for 16 h. Whole-

cell RIPA lysates were prepared and equal amounts of protein were loaded onto polyacrylamide gels, 

separated by SDS-PAGE, Western blotted and probed using an LC3 antibody. As shown in Figure 
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30C, LC3-I (18 kDa band) is converted to autophagosomes membranes-associated LC3-II (16 kDa 

band) in response to inhibition of SFKs, indicative of autophagy induction.  

For further confirmation of our data, U2OS osteosarcoma cells stably expressing LC3-GFP 

were used to enable the detection of LC3-GFP containing foci by fluorescent microscopy. We did not 

succeed in establishing A549 cell line stably expressing LC3-GFP, probably due to the efficient 

transgene promoter suppression in these cells despite successful selection of transfectants using a 

neomycin mammalian drug resistance marker, and regardless of our attempts to enrich for GFP-

expressing cells by flow cytometry. 

Taken together, these results indicate that dasatinib induces autophagy in NSCLC cells, the 

significance of which will be addressed in the chapter 5. 
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Figure 30. SFKs inhibitors induce autophagy in NSCLC cell lines. 

Cells grown in 6-well dishes were starved for 6 h in 0.5% FCS RPMI medium and treated with 100 nM and 1 µM 
dasatinib, 10 µM PP2 or DMSO (control) for 16 h. A and B) Cells were incubated with 1 mg/ml of acridine 
orange for 15 min prior to harvesting. Live cells were analysed by flow cytometry for red and green 
fluorescence, corresponding to lysosomal acidicity and DNA content, respectively. Representative FACS 
profiles are shown in panel A and means ± SEM from three independent experiments, normalised to control, 
are shown in panel B. Statistical analysis was performed using unpaired, two-tailed Student’s t-test with Welch 
correction (*-p<0.05, **-p<0.01, ***-p<0.005 versus untreated control). C) Whole cell lysates from A549 cells 
treated or not with 100 nM dasatinib or 10 µM PP2 for 16 h were prepared, normalised for protein level, 
separated by SDS-PAGE and Western blotted for LC3 protein. Detection of β-actin served as loading control. 
ctrl – control, DAS – dasatinib 
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4.9 Dasatinib reduces tumour volume of A549 xenografts in 

zebrafish. 

To further evaluate the potential clinical benefits of dasatinib we established an in-vivo 

zebrafish model. Experiments were performed in collaboration with Dr Harriet Taylor, Prof Maggie 

Dallman and Prof Jon Lamb from Imperial College London. 100-200 A549 cells stably expressing a 

histone 2B-GFP fusion protein were injected into the yolk sack of 24 h post-fertilisation zebrafish 

embryos. 48 h later fishes were transferred into treatment (containing 100 nM dasatinib) or control 

media. 25 fishes were used in each experimental group. Fishes were imaged daily using fluorescent 

microscopy to evaluate the size of tumours.  

Figure 31A shows representative pictures of whole fish imaged at 48, 72 and 96 h post-

injection while Figure 31B displays mean tumour size (n=25). We can clearly see that dasatinib 

treatment causes regression of tumours, in contrast to the control-treated group where tumours 

continue to grow (Figure 31B).  

 

  



145 

 

 
 
 
Figure 31. Dasatinib reduces tumour volume in A549 xenografts in zebrafish in-vivo model. 

Fish embryos were dechorionated, injected with 100-200 A549 GFP cells and grown at 27.5°C. 48h fish were 
transferred into the fresh media, containing or not 100 nM dasatinib. 25 embryos were used for each 
condition and tumour size monitored 48, 72 and 96 h post-injection. The analysis of tumour size was 
performed using Image J software. 
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4.10 Dasatinib treatment in NSCLC mice cell lines (K-RASG12D-derived)  

Mutant mouse models have been created using ‘the hit-and-run’ gene targeting procedure, 

which involves the homologous recombination between the vector carrying the mutated version of 

exon 1 (activating G12D mutation) and the endogenous K-RAS allele (Figure 32A). This model better 

resembles the process of K-RAS activations that commonly occurs during NSCLC carcinogenesis 

than traditional transgenic strategies, which often cause supra-physiological levels of expression of 

the mutated gene in all cells of the target tissue (Johnson et al., 2001).  

The K-RAS
G12D 

somatic mutation causes the development of spontaneous NSCLC-like 

tumours in mice (Figure 32B), which leads to short survival of mutants compared to wild-type mice: 

the mean age of death/sacrifice is around 200 days and 300 days for the two commonly used 

K-RAS
LA2

 and K-RAS
LA1

 strains, respectively (Figure 32C) (Johnson et al., 2001). 

Before proceeding with in-vivo dasatinib treatment of K-RAS
G12D 

mice, which will be 

performed in a collaboration with Prof Julian Downward (Cancer Research UK-LRI, London), we 

wanted to assess the effect of SFKs inhibition on two cell lines independently established from 

tumours obtained in K-RAS
LA1

 mice: LKR10 and LKR14 cells. Using these cells we assessed the 

dasatinib-induced changes to cell morphology, cell number, proliferation, apoptosis and autophagy.  

LKR10 and LKR14 cells grown in 96-wells were starved in RPMI containing 1% FCS and 

treated with 100 nM dasatinib for 24 and 48 h before imaging with an Olympus LH50A microscope 

connected to an AxioCam HRm camera. Figure 33 shows that dasatinib treatment affects cell number 

and morphology in both LKR10 and LKR14 cells. The treated cells appear less spread and tightly 

clustered, with a reduction of cell protrusions that may indicate changes in cell adhesion and 

migration.  
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Figure 32. Somatic activation of the K-RAS oncogene causes early onset lung cancer in mice (Johnson et 

al., 2001) 

A) The K-RAS
LA1

 allele carries the Asp 12 mutation in the 5’ copy of exon 1 alone, while the K-RAS
LA2

 allele 
carries mutation in both copies of exon 1. B-a) The lungs of a thirty-day-old mouse showing numerous pleural 
lesions indicated with arrows. B-b) Advanced lung tumours in a 150-day-old mouse. C) K-RAS

LA1
 and K-RAS

LA2
 

mutant mice have significantly reduced life spans compared with wild-type controls. 
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Figure 33. Dasatinib treatment affects morphology and cell number in mice lung cancer cell lines. 

LKR10 and LKR14 cells were grown in 0.5% FCS RPMI in the presence or absence of 100 nM dasatinib for 24 
and 48 h. Pictures were taken on an Olympus LH50A microscope with an AxioCam HRm camera. Pictures 
shown are representative of multiple fields imaged for at least 3 independent experiments.  
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To confirm whether cell migration was indeed inhibited upon dasatinib treatment, we used the 

xCELLigence System (RTCA Analyzer) from Roche. The analyzer measures the electronic 

impedance of sensor electrodes at various signal frequencies, allowing for real-time measurement of 

cell proliferation/viability or migration. To assess the latter, LKR10 were grown to create confluent 

monolayers and cell-free patches were created by electric shock. Real-time measurement of resistance 

(4000 Hz), which increases as the cells re-migrate into the electrodes, is shown in Figure 34A. Plates 

were fixed 24 h after addition of dasatinib and stained using crystal violet. As we see in Figure 34B, 

untreated cells efficiently migrated into the cell-free space, whereas dasatinib-treated cells did not 

migrate at all.  

To quantify the differences in cell number, LKR10 and LKR14 cells, grown in 96-well plates, 

were starved for 6 h in 1% FCS RPMI and then treated with the increasing concentrations of dasatinib 

for 3 days. Cells were then fixed and cell number assessed using crystal violet staining. Dasatinib 

causes a significant reduction in cell number in both LKR10 and LKR14 cells, with IC50 values of 40 

and 100 nM, respectively (Figure 35A).  

This decrease in cell number correlates with the reduction in DNA synthesis as shown using 

the EdU incorporation assay, with up to 80% reduction in the rate of EdU incorporation in cells 

treated with 1 µM dasatinib (Figure 35B). Inhibition of cell proliferation could be also confirmed by 

Western blotting for cyclin D3 and p27
KIP1

. The levels of cyclin D3 expression decrease and, 

conversely, levels of p27
KIP1

 inhibitor of cell cycle progression increase upon SFKs inhibition (Figure 

35E). 

Dasatinib and PP2 induce apoptosis in LKR10 and LKR14 cell lines. Dasatinib causes a 

2-4-fold and PP2 causes a 5- and 12-fold increase in caspase 3/7 activity in LKR10 and LKR14 cell 

lines, respectively as evaluated using a luminescent substrate-based caspase 3/7 activity assay. This 

increase is statistically significant for 1 µM dasatinib and 10 µM PP2. Induction of apoptosis was 

confirmed by Western blotting for the cleaved (activated) form of caspases 3 and 7, and the cleavage 

of their substrate, PARP (Figure 35E). 
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To evaluate a potential autophagic response, LKR10 and LKR14 cells were treated with 

dasatinib and PP2 and acridine orange staining was performed. The inhibition of SFKs results in a 2-

4-fold induction of autophagy (Figure 35D). 

 
 

 
 
 
Figure 34. Dasatinib inhibits migration of LKR10 cells. 

LKR10 cells were seeded at 50,000 cells per well in CIM-Plates 16 to form confluent cell monolayers 24 h later. 
Cells were then treated or not with 100 nM dasatinib and one h later an electric impulse was applied to burn 
the cells growing on the electrodes surface, creating cell-free spaces for the cells to repopulate. A) Real-time 
measurement of LKR10 cell migration was performed using the xCELLigence RTCA DP device (Roche 
Diagnostics) by measuring the resistance on the electrodes at 4000 Hz, every minute for 10 h.  Data acquisition 
and analysis was performed using the RTCA software. B) Cells were fixed using 4% PFA and stained using 
crystal violet. Pictures were taken on an Olympus LH50A microscope using an AxioCam HRm camera. The 
results shown are representative of replicate experiments. 
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Figure 35. Dasatinib inhibits proliferation and induces apoptosis and autophagy in LKR10 and LKR14 

cells. 

LKR10 and LKR14 were grown in RPMI containing 0.5% FCS with the indicated concentrations of dasatinib, PP2 
or DMSO only (control) for A) 72 h or B-E) 24 h. A) Cells were fixed in 4% PFA and cell number assessed using 
crystal violet staining. B) EdU was added to growth medium 2 h prior to fixation, to allow its incorporations 
into DNA, and stained with azide-fluorescent dye to visualise DNA synthesis. Cells were acquired using a FACS 
Canto-1 and analysed using the software, FlowJo. C) The casapse 3/7 pro-luminescent substrate was added 
into each well of a 96-well plate and the intensity of emitted luminescence, correlated with the level of 
caspases activity, was measured 45 min later. D) Cells were grown in the presence of 1 mg/ml acridine orange 
for 15 min prior to harvesting. Live cells were analysed by flow cytometry for red and green fluorescence, 
corresponding to lysosomal acidicity and DNA content, respectively. E) Whole-cell RIPA lysates were prepared, 
normalised for protein level, separated by SDS-PAGE, Western-blotted and probed for cyclin D3 and p27

KIP1
, 

and for cleaved/total caspases 3 and 7, and PARP. Detection of α-tubulin served as a loading control. A-D) 
Graphs represent means ± SEM from three independent experiments, normalised to control. Statistical 
analysis was performed using unpaired, two-tailed Student’s t-test with Welch correction (*-p<0.05, 
**-p<0.01, ***-p<0.005 versus untreated control). CCND3 – cyclin D3, CASP – caspase, cl-CASP – cleaved 
caspase, ctrl- control, DAS - dasatinib   
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4.11 Discussion 

Dasatinib is a potent, orally available inhibitor of all SRC family kinases (SFKs), approved 

for use in patients with CML and Ph+ ALL after imatinib treatment (Kantarjian et al., 2006; Olivieri 

and Manzione, 2007). In solid cancers, its potential clinical benefits were demonstrated in multiple 

in-vitro and in-vivo pre-clinical studies (Finn et al., 2007; Johnson et al., 2005; Konecny et al., 2009; 

Le et al., 2010; Nam et al., 2005; Park et al., 2008; Shor et al., 2007); multiple clinical trials are 

currently ongoing (http://clinicaltrials.gov).  

Here, we show that dasatinib inhibits SFKs activity at nanomolar concentrations. Complete 

attenuation of SFKs signalling is achieved by 100 nM dasatinib in all lung cancer cell lines tested 

(Figure 21 and data not shown), which is in agreement with published reports (Finn et al., 2007; 

Johnson et al., 2005; Konecny et al., 2009; Nam et al., 2005; Shor et al., 2007; Song et al., 2006). 

Dasatinib-mediated SFK inhibition is stable for at least 7 days (Figure 21C) and is associated 

with the inhibition of mTOR/S6K1 signalling, previously shown by other research groups (Le et al., 

2010; Liu et al., 2004; Penuel and Martin, 1999; Song et al., 2006). ERK/MAPK and STAT3 

pathways are not affected by dasatinib or PP2 treatment in our lung cancer cell lines (Figure 22) in 

contrast to previous findings in other cell types (Bowman et al., 2001; Byers et al., 2009; Kloth et al., 

2003; Laird et al., 2003; Liu et al., 2004; Parsons and Parsons, 2004; Penuel and Martin, 1999; 

Sinibaldi et al., 2000). 

Potential clinical benefits of dasatinib were never previously evaluated in SCLC cell lines. 

Here, we demonstrate that dasatinib and other SFK inhibitors have no effect on SCLC cells 

proliferation and viability (Figure 23).  

Johnson et. al. (Johnson et al., 2005) shows that HNSCC cell lines are markedly more 

sensitive than NSCLC cell lines to inhibition of SFKs. Among 4 NSCLC cell lines tested, H322 cells 

were very sensitive (IC50 < 100 nM), H460 moderately sensitive (IC50 = 1.8 μM) and two cell lines: 

H226 and A549 were completely resistant (IC50 > 10 μM) to dasatinib treatment. In sensitive cell 

http://clinicaltrials.gov/
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lines, 100 nM dasatinib blocks cell cycle progression and induces apoptosis; in all cell lines tested the 

drug inhibits cell migration and invasion (Johnson et al., 2005). The studies of another research group 

(Song et al., 2006) indicate that NSCLC with epidermal growth factor receptor (EGFR) activating 

mutations are more sensitive to dasatinib (IC50 of 100-250 nM) than NSCLC with wild-type EGFR 

(IC50 > 10 μM). Dasatinib induces apoptosis in gefitinib-sensitive EGFR-mutated NSCLC and blocks 

cell cycle progression in all EGFR-mutated NSCLC as well as in wt EGRF cell lines A549 and H358 

(Song et al., 2006). Dasatinib inhibits SRC phosphorylation and cell invasion in all cell lines tested 

(Johnson et al., 2005; Song et al., 2006). 

Contrary to previous findings (Johnson et al., 2005; Song et al., 2006), we show that dasatinib 

potently and significantly reduces cell number in NSCLC cell lines with wild-type EGFR (Figure 25 

and Table 18). Both research groups reported A549 cells to be resistant to dasatinib treatment, 

whereas we demonstrate that 100 nM dasatinib causes 68% reduction in cell number as compared to 

non-treated cells. Several posibilities exist to explain these discrepancies, including differences 

between clones of cells used and cell culture conditions. During our research, we have been careful to 

use cells at the low passage number and regularly monitor them for mycoplasma contamination. In 

agreement with our findings, Gautschi et al. reported that A549 are sensitive to AZD0530, another 

dual SRC/ABL kinase inhibitor, linked to the severe impairment of cell proliferation (Gautschi et al., 

2006). Similar growth-inhibitory effect was also obtained by imatinib treatment, an inhibitor of ABL 

kinase (Zhang et al., 2003a). A549 cells are known to express the active form of this kinase (Lin and 

Arlinghaus, 2008). It is possible to speculate that the effects of dasatinib on A549 cell number may be 

attributed both to SFKs and ABL kinases inhibition as PP2 treatment and siRNA-mediated depletion 

of SFKs (see chapter Chapter 6) reduces A549 cell number. 

It is well described that dasatinib and other SFK inhibitors affect cell number through the 

inhibition of proliferation and, in some cell lines, the induction of apoptosis (Chen et al., 2006; 

Johnson et al., 2005; Park et al., 2008; Song et al., 2006; Zheng et al., 2005).  



154 

 

Accordingly, our results indicate that dasatinib-mediated reduction in NSCLC cell number 

can be mostly attributed to the strong inhibition of DNA synthesis/proliferation, assessed by EdU 

incorporation assay (Figure 26), cell cycle profiling by flow cytometry (Figure 27A,B)  and changes 

in cyclin D3 and p27
KIP1

 expression, assessed by Western blotting analysis (Figure 27C). However, in 

some cell lines apoptosis is also induced (Figure 28 and Figure 29), as indicated by the activation of 

caspases 3 and 7 assessed using a luminescent substrate-based assay, Western blotting for cleaved 

caspases 3/7 and PARP, and uptake of propidium iodide by cells with permeabilised membranes.  

SFK inhibition was previously shown to induce autophagy in prostate and ovarian cancer as 

well as in glioma (Le et al., 2010; Milano et al., 2009; Wu et al., 2010). Here, we demonstrate that 

autophagy is induced in all NSCLC cell lines treated with dasatinib and PP2 (Figure 30), however to a 

different extent (2-6-fold). We can speculate that this effect may be at least partly attributed to the 

inhibition by dasatinib of mTOR signalling (Figure 22), a key regulator of autophagy. Indeed, 

inhibition of the mTORC1 complex using rapamycin or both mTORC1 and mTORC2 using 

AZD8055 strongly stimulates autophagy (Jung et al., 2010; Sini et al., 2010; Van Limbergen et al., 

2009; Yang and Klionsky, 2010). The ULK1/2-ATG13-FIP200 complex is proposed to mediate 

mTOR signalling to the autophagic machinery (Hara et al., 2008; Jung et al., 2009).  

Stimulation of autophagy upon SFK inhibition could be either a mechanism of cell death or 

serve as a pro-survival signalling (Apel et al., 2009; Chen and Karantza-Wadsworth, 2009; 

Rubinsztein et al., 2007), which will be addressed and discussed further in the next chapter.  

Dasatinib treatment causes regression of A549 xenografted tumours in a zebrafish in-vivo 

NSCLC model (Figure 31). In contrast, tumours in the vehicle-treated control group continued to 

grow. These results indicate that the inhibition of SFKs may present clinical benefits in-vivo. 

Zebrafish is a convenient and quick animal model for testing new therapeutic interventions but it has 

serious limitations: xenografted versus spontaneous tumours, and fish versus mammalian host. 

Therefore, we wanted to assess in-vivo efficacy of dasatinib in K-RAS
G12D

 mice developing 

spontaneous NSCLC tumours. Dasatinib potently affects cell morphology, inhibits migration and 
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reduces cell number in LKR10 and LKR14 mice cell lines derived from these mice. Reduction in cell 

number is linked with strong inhibition of DNA synthesis and proliferation, and induction of 

apoptosis. We also could detect a potent induction of autophagy. The corresponding in-vivo work is 

currently ongoing in collaboration with Prof Julian Downward (Cancer Research UK-LRI, London).  
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Chapter 5.                                                            

Inhibition of autophagy potentiates cell 

killing in response to dasatinib 

  



157 

 

5.1 Introduction 

Autophagy is a cellular catabolic process, in which bulk cytoplasm and damaged/redundant 

organelles are enclosed in double-membrane autophagic vesicles (autophagosomes) and delivered for 

degradation by fusion of autophagosomes with lysosomes (autophagolysosomes). As such, autophagy 

is an integral part of cellular metabolism and homeostasis maintenance, which is especially important 

under stress conditions, e.g. nutrient deprivation, generating energy necessary for cell survival, or 

oxidative stress, removing damaged mitochondria to minimise the amount of reactive oxygen species 

(ROS) production and thus further damage (Klionsky and Emr, 2000; Yang and Klionsky, 2010). In 

this context, autophagy is often perceived as a pro-survival mechanism, helping the cells to overcome 

stress conditions. However, excessive autophagy can be a mechanism of programmed cell death, 

called type-2 or autophagic cell death (Coates et al., 2009; Meijer and Codogno, 2009; Moretti et al., 

2007). 

Consequently, it is not surprising that autophagy is a tightly controlled mechanism. The core 

molecular machinery comprises the ‘Autophagy regulated’ ATG proteins. These include ATG1 

(ULK1/2), ATG13 and ATG17 (FIP200) that are important in the initiation of autophagy, as well as 

ATG proteins acting during the elongation and expansion of the phagophore membrane like ATG8 

(LC3) and ATG12 ubiquitin-like proteins, regulated in turn by ATG5, 7 and 10 (Hara et al., 2008; 

Jung et al., 2009; Kabeya et al., 2000; Meijer and Codogno, 2009). This core machinery is controlled 

by mTOR, PI3Kinases, p53 and BCL-2 family proteins to integrate it to the cellular homeostasis 

system and the extracellular signalling/stress responses (Jung et al., 2010; Maiuri et al., 2009; 

Pattingre and Levine, 2006; Petiot et al., 2000; Tasdemir et al., 2008a). 

In accordance with the opposing functions of autophagy (pro-survival and cell death 

mechanism) both the induction and inhibition of autophagy were reported to present clinical benefits 

for cancer therapy (Apel et al., 2009; Moretti et al., 2007; Van Limbergen et al., 2009). For example, 

autophagy as a cell death mechanism was described by Bursch and colleagues upon anti-estrogens 

tamoxifen and ICI 164 384 treatment in MCF7 cells. Inhibition of autophagy by 3-methyladenine 
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(3-MA) reduced cell death as assessed by quantifying the proportion of cells with pyknotic 

(irreversible condensation of DNA during apoptosis) or fragmented nuclei (Bursch et al., 1996). 

Multiple other groups reported induction of autophagic cell death, e.g. in response to arsenic trioxide 

(Kanzawa et al., 2005) or temozolomide (Kanzawa et al., 2004). However, in the first article 

autophagy was not proven to be a cell death mechanism, as the control experiment, evaluating the 

effect of autophagy inhibition on cell viability, was missing. In this context, the observed induction of 

autophagy could very well be a pro-survival mechanism. In the latter publication, it was shown that 

3-MA, an inhibitor of autophagy initiation, partially blocked temozolomide-induced decrease in cell 

number whereas bafilomycin A1, a late-stage autophagy inhibitor, enhanced this decrease. Thus it is 

hard to conclude if the observed induction of autophagy by temozolomide is a true mechanism of cell 

death.  

In contrast, an inhibition of autophagy was shown to enhance the clinical benefits of radiation 

(Paglin et al., 2001) or paclitaxel treatment (Xi et al., 2011), suggesting a pro-survival role for 

autophagy.  

SFKs inhibition was shown to induce autophagy in ovarian and prostate cancer cells. 

However, in the first case, blocking autophagy by the siRNA-mediated depletion of beclin1 (BECN1) 

reduced the growth inhibition triggered by dasatinib (Le et al., 2010). In the latter, the inhibition of 

autophagy by 3-MA, chloroquine or siRNA targeting ATG7 sensitised prostate cancer cells towards 

PP2 and saracatinib (AZD0530) treatment (Wu et al., 2010). This fact emphasises the need for a better 

understanding of autophagy, particularly with regards to the potential clinical application of its 

modulation by compounds, used either as single agents or in combination with other therapies. 

Here, we sought to determine the effect of autophagy inhibition, either by chemical 

compounds or by siRNA-mediated silencing of ATG5 and BECN1 (beclin1), on the effects of 

dasatinib on NSCLC cells number, proliferation and apoptosis. 

  



159 

 

5.2 Autophagy inhibitors sensitise NSCLC cell lines to dasatinib 

treatment through enhanced apoptosis 

The autophagic process can easily be studied in cells stably expressing LC3-GFP protein 

either by monitoring the formation of LC3-GFP foci using fluorescent microscopy or by Western 

blotting for the conversion of LC3-I to LC3-II (Klionsky et al., 2008a; Klionsky et al., 2007; 

Mizushima and Yoshimori, 2007). LC3-I is normally evenly distributed in the cytoplam. However, 

when autophagy is induced, it becomes lipidated (PE-conjugated) and associates with the membrane 

of autophagosomes (LC3-II). This process is tightly regulated by the autophagy-related (ATG) 

proteins, mainly ATG5, 7 and 12.   

Using U2OS osteosarcoma cells stably expressing LC3-GFP protein, we first assessed 

whether we could modulate the induction of autophagy by dasatinib with the autophagy inhibitor, 

bafilomycin A1. U2OS LC3-GFP cells grown in 96-well plates were starved in 0.5% FCS DMEM for 

4 h and then pre-treated with 3 nM bafilomycin A1 for 2 h prior to incubation with 100 nM dasatinib 

for 16 h. The cells were fixed, stained with DAPI to visualise the nuclei and analysed by fluorescent 

microscopy for the appearance of LC3-GFP foci, indicative of autophagosomes formation. As shown 

in Figure 36A and B, treatment with dasatinib alone increases the number, area and intensity of LC-3-

containig foci, confirming the induction of autophagy. Consistent with the role of bafilomycin A1 as a 

vacuolar H
+
-ATPase inhibitor that blocks the late-stages of autophagy by preventing the fusion of 

autophagosomes with lysosomes, treatment with this inhibitor results in the accumulation of un-

degradable LC3-GFP-containing vesicles (Figure 36A and B). 

These results could be validated by Western blotting for the conversion of LC3-I to LC3-II. 

Indeed, we observe an increase in LC3-II levels upon dasatinib treatment, which is further enhanced 

in the presence of bafilomycin A1 (Figure 36C). 
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Figure 36. Bafilomycin A1 inhibits the late stages of autophagy resulting in the accumulation of 

autophagosomes.  

U2OS stably transfected with the LC3-GFP expression construct were starved in 0.5% FCS DMEM for 4 h, 
pre-treated with 3 nM bafilomycin A1 for 2 h and then incubated with 100 nM dasatinib for 16 h. A and B) Cells 
were fixed and stained with DAPI (blue) to visualise the nuclei. Images were acquired using Molecular Devices 
ImageXpress Micro Screening Microscope. The autopagosomes are visible in the green channel. A) 
Representative images of multiple fields of view. B) 30 images per condition, each with an average of 100 cells, 
were analysed using the software, Metamorph and SPSS. A distribution of vesicles count, area and average 
intensity is represented as box and whisker plots. Box represents 75% and side bar 12.5% of the cell 
population. Line indicates the median measurement. Statistical analysis was performed using a Kruskal-Wallis 
test (*-p<0.05, **-p<0.01, ***-p<0.005 versus untreated control) C) Whole-cell lysates were prepared, 
normalised for protein levels, separated by SDS-PAGE and Western blotted and for LC3 protein. Detection of 
β-actin served as a loading control. 

 

The inhibition of autophagy by bafilomycin A1 was also confirmed in A549 using acridine 

orange staining (Figure 37A) and Western blotting for p62/SQSTM1 (Figure 37B). The latter is an 

important factor in selective autophagy where it plays a role in the recognition of poly-ubiquitinated 

protein aggregates and linking them to the autophagy machinery. In the process, this protein is 

degraded and thus levels of p62 reflect autophagy flux in some cell lines (Bjorkoy et al., 2005; 

Bjorkoy et al., 2006; Dikic et al., 2010). Most studies on p62 focus on the role of this protein in 

neurodegenerative diseases but examples of its involvement in the regulation of selective autophagy 

in cancer are emerging (Dikic et al., 2010).  
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To evaluate if autophagy induction in response to dasatinib treatment is a pro-survival process 

or a mechanism of cell death, we treated NSCLC cells with both dasatinib and bafilomycin A1, and 

assessed the effect of this on cell number, proliferation and apoptosis. A549 and EKVX cells grown in 

96-well plates were starved for 4 h in 0.5% FCS RPMI, pre-treated with 3 nM bafilomycin A1 for 2 h 

and then treated with 100 and 300 nM dasatinib, respectively for 24 or 48 h. 

Changes in cell number were quantified using crystal violet staining 24 and 48 h following 

drug treatment. As shown in Figure 37C, bafilomycin A1 sensitises A549 and EKVX cell lines to 

dasatinib treatment at both the 24 and 48 h time points. 

The induction of apoptosis was assessed using a caspase 3/7 activity assay 24 h after addition 

of the inhibitors. As shown in Figure 38A, the combined treatment with dasatinib and bafilomycin A1 

results in higher levels of caspase 3/7 activity than treatment with either agent alone, in both A549 

and EKVX cell lines. These results correlate with the higher levels of cleaved PARP in A549 cells 

treated with the drug combination, as compared to cells treated with either drug alone (Figure 37B).  

Since the reduction in NSCLC cell number in response to dasatinib can be mostly attributed 

to inhibition of DNA synthesis and cell cycle progression (Figure 26 and Figure 27), we wanted to 

determine the impact of combined drug treatment on cell proliferation. DNA synthesis was quantified 

using EdU incorporation 24 h after addition of the drugs. Treatment with either dasatinib or 

bafilomycin A1 alone results in a significant decrease in DNA synthesis that is not further potentiated 

when both drugs are combined (Figure 38B). This suggests that the potent reduction in cell number 

achieved by the combined treatment can most likely be attributed to enhanced apoptosis. 

We also wished to evaluate the effect of 3-MA, an inhibitor of class-III PI3Ks and thus 

autophagy initiation (Seglen and Gordon, 1982), on the biological activity of dasatinib. In our hands, 

3-MA (1 mM) did not prevent dasatinib-induced autophagy and decrease in cell number in A549 or 

EKVX cells (data not shown).    
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Figure 37. Bafilomycin A1 inhibits autophagy and sensitises A549 and EKVX cells to dasatinib. 

A549 and EKVX cells were starved in 0.5% FCS RPMI for 4 h and pre-treated with 3 nM bafilomycin A1 for 2 h. 
A549 cells were then treated with 100 nM and EKVX with 300 nM dasatinib for A, B) 16 or C) 24 and 48 h. A) 
Cells were incubated with 1 mg/ml acridine orange for 15 min prior to harvesting. Live cells were analysed by 
flow cytometry for red and green fluorescence, corresponding to lysosomal acidicity and DNA content, 
respectively. B) Whole-cell lysates were prepared, normalised for protein levels, separated by SDS-PAGE, 
Western blotted and analysed for p62, cleaved PARP and PARP, indicators of autophagy flux and apoptosis, 
respectively. Detection of β-actin served as a loading control. C) Cells were fixed using 4% PFA and crystal 
violet assay was performed to assess changes in cell number. Graphs represent means ± SEM from three 
independent experiments, normalised to control. Statistical analysis was performed using unpaired, two-tailed 
Student’s t-test with Welch correction (*-p<0.05, **-p<0.01, ***-p<0.005). BafA1 – Bafilomycin A1 
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Figure 38. Bafilomycin A1 sensitises A549 and EKVX cells to dasatinib through enhanced apoptosis 

A549 and EKVX cells were starved in 0.5% FCS RPMI for 4 h and pre-treated with 3 nM bafilomycin A1 for 2 h. 
A549 cells were then treated with 100 nM and EKVX with 300 nM dasatinib for 24 h. A) The Casapse 3/7 Glo 
reagent was added into each well of a 96-well plate and luminescence, corresponding to caspases activity, was 
measured 45 min later. B) EdU was added to the growth medium 2 h prior to fixing to allow its incorporations 
into DNA and stained with azide-fluorescent dye to visualise DNA synthesis. Cells were acquired using FACS 
Canto-1 and analysed using the software, FlowJo. Graphs represent means ± SEM from three independent 
experiments, normalised to control. Statistical analysis was performed using unpaired, two-tailed Student’s t-
test with Welch correction (*-p<0.05, **-p<0.01, ***-p<0.005). BafA1 – Bafilomycin A1 
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We intend to use the NSCLC K-RAS
G12D 

mice for our future in-vivo experiments on the role 

of autophagy in modulating dasatinib sensitivity. These mice develop spontaneous NSCLC tumours 

which better recapitulate human lung cancer than the xenografted tumours of NSCLC cell lines and 

thus are a better model for evaluating the clinical efficacy of new treatment regiments in-vivo. First, 

we repeated the combination treatment of dasatinib and autophagy inhibitors in the LKR10 cell line 

established from this mouse model. Two autophagy inhibitors were evaluated: bafilomycin A1, more 

potent but used predominantly in-vitro, and chloroquine, which is a more clinically relevant inhibitor. 

Bafilomycin A1 was previously successfully used in-vivo as a single-agent treatment in mice 

bearing Capan-1 pancreatic tumour xenografts and in combination with 5-fluorouracil (5FU) in GH3 

rat pituitary cell line xenografts (McSheehy et al., 2003; Ohta et al., 1998). However, it is not in use in 

the clinic and has never entered clinical trials in human cancers. Thus, we included chloroquine (CQ), 

a well-studied inhibitor of autophagy, in our further studies. Indeed, CQ has been extensively used for 

the treatment or prevention of malaria and has well-established pharmacokinetics, pharmacodynamics 

and safety profile. In addition to the treatment of malaria, it is used to treat autoimmune disorders, 

such as rheumatoid arthritis or lupus erythematosus and it is now being evaluated as an antiviral agent 

for the treatment of HIV patients (Cooper and Magwere, 2008).  

Lately, chloroquine has emerged as a promising agent for the treatment of various cancers 

(Solomon and Lee, 2009), either as a single-agent in glioma cells (Kim et al., 2010) or in combination 

with 5-fluorouracil in colon cancer cells (Sasaki et al., 2010). Chloroquine was also shown to sensitise 

prostate cancer cells to dasatinib in-vitro and in-vivo in mouse xenografts (Wu et al., 2010) and breast 

cancer cells to AKT inhibitors (Hu et al., 2008).  

The latest results of a clinical trial in gliomablastoma multiforme showed that oral 

administration of 150 mg/day chloroquine combined to conventional treatment (surgery plus 

radiotherapy and chemotherapy) for 12 months prolonged the survival of patients by 13 months (24 

versus 11 months in placebo-treated group). Only 30 patients were enrolled in this trial but these 

results may suggest that chloroquine improves mid-term survival when combined with conventional 
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glioblastoma treatment (Sotelo et al., 2006). Several other clinical trials involving the use of 

chloroquine in cancer therapy are currently recruiting (http://clinicaltrials.gov). One of them aims to 

assess the benefit of chloroquine addition to cisplatin-etoposide (for extensive disease) or 

radiotherapy plus cisplatin-etoposide (for limited disease) in SCLC. A few clinical trials are set to 

evaluate the efficiency of combining chloroquine and EGFR inhibitors or standard chemotherapy in 

NSCLC (http://clinicaltrials.gov).   

To assess the potential clinical benefits of combining the autophagy inhibitors, bafilomycin 

A1 and chloroquine, with dasatinib in the NSCLC K-RAS
G12D 

mouse model, LKR10 cells grown in 

96-well plates were starved for 4 h in 1% FCS RPMI, pre-treated with 3 nM bafilomycin A1 or 3 µM 

chloroquine for 2 h and incubated with dasatinib for 16, 24 and 48 h.  

Changes in cell number were assessed using the crystal violet assay 48 h following drug 

addition. As shown in Figure 39A, both autophagy inhibitors, when combined with dasatinib cause a 

further reduction of cell number as compared to dasatinib alone. This correlates with enhanced 

apoptosis (Figure 39B). Bafilomycin A1 and to a much lesser extent, chloroquine, impair DNA 

synthesis as a single agent treatment but do not potentiate the inhibition of DNA synthesis by 

dasatinib (Figure 39C). Therefore, the further reduction in cell number obtained in the presence of 

these inhibitors is likely due to the observed enhanced apoptosis (Figure 39).  

 

http://clinicaltrials.gov/
http://clinicaltrials.gov/


167 

 

 
 
Figure 39. Bafilomycin A1 and chloroquine sensitise the LKR10 murine lung cancer cell line to dasatinib 

through enhanced apoptosis. 

LKR10 cells were starved in 0.5% FCS RPMI for 4 h, pre-treated with 3 nM bafilomycin A1 or 3 µM chloroquine 
for 2 h and then incubated with 30 nM dasatinib for B, C) 24 h or A) 48 h. A) Cells were fixed using 4% PFA and 
crystal violet assay was performed to assess cell number. B) The Casapse 3/7 Glo reagent was added into each 
well of a 96-well plate and the luminescence, correlating with the activity of caspases 3 and 7, was measured 
45 min later. C) EdU was added to the growth medium 2 h prior to cell fixation to allow for its incorporations 
into DNA and stained with azide-fluorescent dye to visualise the DNA synthesis. Cells were acquired using a 
FACS Canto-1 and analysed using the software, FlowJo. Graphs represent means ± SEM from three 
independent experiments, normalised to control. Statistical analysis was performed using unpaired, two-tailed 
Student’s t-test with Welch correction (*-p<0.05, **-p<0.01, ***-p<0.005). BafA1 – Bafilomycin A1, CQ - 
Chloroquine   
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5.3 Autophagy inhibition by siRNA-mediated depletion of ATG5 

sensitises A549 cells to dasatinib 

Next, we wanted to confirm that the dasatinib-sensitising effects obtained using bafilomycin 

A1 and chloroquine were linked to their autophagy-inhibitory properties. For this, we used siRNA-

mediated down-regulation of ATG5 and BECN1, two key molecules of the autophagic machinery, as 

a mean to inhibit autophagy. ATG5, together with additional ATG proteins, is essential for the 

conjugation of LC3 to PE and the elongation of the autophagosome membrane. Knockdown of ATG5 

and ATG7 was previously shown to inhibit autophagy (Bellodi et al., 2009; Wu et al., 2010). BECN1 

(ATG6) was one the first mammalian autophagy effectors to be discovered. Together with the class-

III PI3Ks and p150, it forms a complex responsible for the nucleation of autophagic vesicles in 

mammals. Nevertheless, the precise mechanism of its action is unclear (Liang et al., 1999; Sinha and 

Levine, 2008). 

To evaluate the autophagy-inhibitory effect of siRNA-mediated ATG5/BECN1 depletion, 

U2OS cells stably expressing LC3-GFP were transfected with 50 nM siRNA targeting ATG5, BECN1 

or Luciferase (non-targeting control) using the transfection reagent, Dharmafect 2. The cells were re-

plated 24 h later into a 6-well plates, and another 24 h later starved in 0.5% FCS DMEM for 6 h and 

treated with 100 nM dasatinib for 16 h. Whole cell lysates were prepared, normalised for protein 

level, separated by SDS-PAGE and Western blotted. Membranes were probed with ATG5 and 

BECN1 antibodies to confirm their knockdown and with LC3 to evaluate the inhibition of autophagy. 

Detection of β-actin served as a loading control. 

As shown in Figure 40A, the silencing of ATG5 inhibits basal and dasatinib-induced 

autophagy as judged by the decrease in autophagosome-bound LC3-II (lower band). In contrast, 

knockdown of BECN1 has only a minor effect on LC3-II levels, possibly indicating an alternative 

mechanism of autophagosomes nucleation, independent of class-III PI3K/BECN1 molecules. 
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Figure 40. Inhibition of autophagy through siRNA-mediated depletion of ATG5 sensitises A549 cells 

towards dasatinib. 

A) U2OS LC3-GFP or B-D) A549 cells were transfected with 50 nM siRNA against ATG5, BECN1 or Luciferase 
(non-targeting control) using the transfection reagent, Dharmafect 2, and re-plated 24 h later into A,C) 6-well 
dishes or B,D) 96-well dishes. Another 24 h later, cells were starved in 0.5% FCS DMEM (U2OS) or 0.5% FCS 
RPMI (A549), and then treated with 100 nM dasatinib for A) 16 h, C,D) 24 h or B) 48 h. A,C) Whole-cell lysates 
were prepared, normalised for protein levels, separated by SDS-PAGE, Western blotted and analysed for LC-3 
or PARP, pSFKs, ATG5 and BECN1. Detection of β-actin served as a loading control. B) Cells were fixed using 4% 
PFA and a crystal violet assay was performed to assess cell number. D) The Caspase 3/7 Glo reagent was added 
into each well of a 96-well plate and the resulting luminescence, correlating with caspases activity, was 
measured 45 min later. Graphs represent means ± SEM from three independent experiments, normalised to 
control. Statistical analysis was performed using unpaired, two-tailed Student’s t-test with Welch correction (*-
p<0.05, **-p<0.01, ***-p<0.005 versus untreated control). BECN1 – beclin1, cl-PARP – cleaved PARP, Luc – 
Luciferase   
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To evaluate the effect of ATG5 and BECN1 depletion on dasatinib-mediated reduction in cell 

number, A549 cells were transfected with 50 nM siRNA against ATG5, BECN1 or Luciferase using 

the transfection reagent, Dharmafect 2. 24 h later cells were re-plated into 6-well and 96-well plates 

and after another 24 h starved in 0.5% FCS RPMI for 6 h and treated with 100 nM dasatinib for 24 

and 48 h.  

Changes in cell number were evaluated 48 h later using crystal violet staining. The siRNA-

mediated silencing of ATG5 and BECN1 significantly decreases cell number in A549 cells as 

compared to treatment with a non-specific siRNA (Figure 40B). In addition, knockdown of ATG5 

sensitises the cells towards dasatinib whereas BECN1 depletion has no effect on dasatinib-mediated 

reduction in cell number (Figure 40B). 

To assess the induction of apoptosis, we performed a caspase 3/7 activity assay and Western 

blotting experiments for cleaved PARP. To do so, whole-cell lysates were prepared 24 h post-

treatment, separated by SDS-PAGE, Western blotted and analysed using an antibody recognising 

cleaved-PARP. Our data show that dasatinib induces PARP cleavage more efficiently in ATG5-

depleted cells than in siLuciferase or siBECN1-transfected cells (Figure 40C). Membranes were also 

probed for pSFK, ATG5 and BECN1 to confirm the efficiency of SFKs inhibition upon dasatinib 

treatment and the knockdown efficiency of the siRNA-targeted proteins.  

The activity of caspase 3 and 7 was assessed 24 h after addition of dasatinib. The knockdown 

of ATG5 alone has no effect on the activation of caspase 3 or 7 but significantly enhances dasatinib-

mediated induction of apoptosis (Figure 40D). The targeting of BECN1 with siRNAs also increases 

dasatinib-induced apoptosis, although this was not statistically significant. 

These results show that autophagy is inhibited by a depletion of ATG5 but not BECN1 

protein and this inhibition correlates with the sensitisation to dasatinib through enhanced apoptosis. 

These data are in agreement with the results obtained using bafilomycin A1.  

It is not clear why BECN1 knockdown has no influence on the observed autophagy. It may 

suggest that the class-III PI3K/BECN1 activity promoting the nucleation of autophagic vesicles can 
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be substituted by other, as yet un-identified pathways (Tooze and Yoshimori, 2010). In support of this 

hypothesis, only minor effects on dasatinib-induced autophagy were observed using the class-III PI3K 

3-MA, in U2OS and NSCLC cells (data not shown).   

 

5.4 Autophagy inhibitors do not sensitise SCLC cell lines to dasatinib 

We have shown that SCLC cell lines are resistant to dasatinib and other SFK inhibitors (see 

Figure 23). Indeed, concentrations which efficiently block SFK activity have no effect on cell number. 

Growth-inhibitory effects were only seen at the highest concentrations of SFK inhibitors and may be 

attributed to the inhibition of kinases distinct from SFKs. Since autophagy inhibition sensitised 

NSCLC cell lines to dasatinib, we wanted to evaluate if bafilomycin A1 and/or chloroquine would 

overcome the dasatinib resistance of SCLC cells. 

H510 and H69 cells grown in 96-well in SITA medium were pre-treated with bafilomycin A1 

(10 or 30 nM) or chloroquine (10 or 30 µM) for 2 h and then treated or not with increasing 

concentrations of dasatinib, ranging from 100 nM to 3 µM, for 7 days. Cell viability was measured 

using the WST-1 assay. 

Figure 41 demonstrates that the inhibition of autophagy using either bafilomycin A1 or 

chloroquine has no major impact on dasatinib sensitivity in H510 and H69 SCLC cell lines. However, 

both cell lines are extremely sensitive to high concentrations of either autophagy inhibitor: 10 or 30 

nM bafilomycin A1 reduce H510 cell numbers by 87% while 30 µM chloroquine decreases it by 75%. 

Similarly, in H69 cells, 30 nM bafilomycin A1 and 30 µM chloroquine reduce cell numbers by 65% 

and 60%, respectively. These results are statistically significant (p<0.001). 
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Figure 41. The use of autophagy inhibitors does not sensitise SCLC cells to dasatinib. 

H510 and H69 cells grown in 96-well plates in SITA medium were pre-treated with the indicated 
concentrations of bafilomycin A1 or chloroquine for 2 h and then incubated or not with increasing 
concentrations of dasatinib for 7 days. Cell viability was measured using the WST-1 assay. Graphs represent 
means ± SEM from three independent experiments performed in triplicate normalised to vehicle-only control. 
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5.5 Discussion 

Autophagy is a cellular self-digestion process playing an important role in maintaining 

cellular homeostasis, especially under stress conditions e.g. nutrient deprivation or oxidative stress. It 

involves enclosing the bulk of cytoplasm and redundant or damaged organelles into double-membrane 

vesicles called autophagosomes, which then fuse with lysosomes creating autophagolysosomes, 

delivering their content for degradation (Klionsky and Emr, 2000; Yang and Klionsky, 2010). The 

process of autophagy can be both non-specific and selective. The latter involves the recognition of 

poly-ubiquitynated protein aggregates by the p62/SQSTM1 complex and its interaction with LC3, 

targeting them for autophagic degradation (Bjorkoy et al., 2005; Bjorkoy et al., 2006; Pankiv et al., 

2007).  

Autophagy is strongly involved in carcinogenesis. However, depending on cellular context, it 

can either promote or suppress tumorigenesis. In the first instance, autophagy serves as a pro-survival 

mechanism for cancer cells, helping them survive stress conditions. This can be achieved, for 

example, by generating sufficient amounts of energy to enable cell proliferation or limiting ROS 

accumulation to prevent further damage to mitochondria, a trigger of cell death (Apel et al., 2009; 

Chen and Karantza-Wadsworth, 2009; Eisenberg-Lerner et al., 2009; Guo et al., 2011). However, the 

same characteristics of autophagy can suppress carcinogenesis. Indeed, the generation of ATP by 

autophagy may be necessary for the energy-dependent apoptosis to proceed (Eisenberg-Lerner et al., 

2009). Also, by preventing the generation of ROS, autophagy promotes genetic stability, thereby 

limiting the occurrence of oncogenic mutations. Lastly, excessive autophagy can be a mechanism of 

programmed cell death per se (type-2/autophagic) (Coates et al., 2009; Meijer and Codogno, 2009; 

Moretti et al., 2007).  

Consequently, we sought to determine whether the induction of autophagy by dasatinib in 

NSCLC cells is a pro-survival or a cell death mechanism. Initially, we evaluated the effects of 

combining 3-MA or bafilomycin A1 with dasatinib on cell number in a panel of NSCLC cell lines 

(NCI-60 library). 3-MA neither prevented the induction of autophagy in response to dasatinib nor 
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affected the dasatinib-induced decrease in cell numbers (data not shown). However, combining 

bafilomycin A1 and dasatinib resulted in a greater reduction in cell numbers than treatment with either 

drug alone (Figure 37C). Our data suggest that this effect may be attributed to enhanced apoptosis 

(Figure 37B and Figure 38A) as bafilomycin A1 did not potentiate the dasatinib-mediated reduction in 

DNA synthesis (Figure 38B).   

Importantly, we could reproduce these results using a siRNA-based approach. The siRNA-

mediated depletion of ATG5, a key molecule in the autophagic pathway, reduced A549 cell numbers 

as compared to cells treated with the non-targeting siRNA control. Also, it enhanced the response to 

dasatinib, correlating with increased induction of apoptosis (Figure 40).  

A pro-survival function of autophagy in response to dasatinib treatment was also reported by 

Wu and co-workers, where the inhibition of autophagy by 3-MA, chloroquine or siRNA targeting 

ATG7 sensitised prostate cancer cells to PP2 and AZD0530 (Wu et al., 2010). Conversely, siRNA-

mediated depletion of BECN1 partly rescued ovarian cancer cells from dasatinib treatment (Le et al., 

2010). This suggests combining autophagy inhibitors with dasatinib treatment may be a beneficial 

approach for treatment of some but not all cancers and warrants further studies.    

Similarly, both the induction and inhibition of autophagy were reported to present clinical 

benefits in association with various cancer therapies (Apel et al., 2009; Moretti et al., 2007; Van 

Limbergen et al., 2009). The inhibition of autophagy enhanced cell death downstream of irradiation in 

breast cancer cells (Paglin et al., 2001) or paclitaxel treatment in A549 NSCLC cells (Xi et al., 2011). 

On the other hand, autophagy served as a cell death mechanism in MCF7 breast cancer cells 

challenged with the anti-estrogens tamoxifen or ICI 164 384 and inhibition of autophagy by 3-MA 

rescued the cells from cell death (Bursch et al., 1996). Many other research groups reported the 

occurrence of autophagic cell death in response to various therapies but due to the lack of adequate 

controls, these results should be treated with caution. For example, Kanzawa and colleagues described 

the induction of autophagic cell death in response to arsenic trioxide but they never evaluated the 
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impact of autophagy inhibition on cell viability; hence, the observed induction of autophagy could 

serve as a pro-survival mechanism (Kanzawa et al., 2005). 

Similarly, we wanted to evaluate the effect of combined treatment with chloroquine and 

dasatinib in the NSCLC K-RAS
G12D 

mouse model. Preliminary in-vitro studies performed using 

LKR10 cells suggest that chloroquine may improve the therapeutic response to dasatinib in the 

K-RAS
G12D 

model by promoting apoptotic cell death (Figure 39). The corresponding in-vivo studies 

are ongoing. 

We could not demonstrate the sensitisation of SCLC cells to dasatinib upon autophagy 

inhibition, by using either bafilomycin A1 or chloroquine. However, we noted that high-doses of these 

inhibitors resulted in a profound reduction in H510 and H69 cell numbers. It would be interesting to 

extend these studies and investigate the importance of autophagy in SCLC cell biology and response 

to conventional treatments. Clinical trials designed to evaluate the effect of chloroquine in 

combination with cisplatin-etoposide (in extensive disease) or radiotherapy plus cisplatin-etoposide 

(in limited disease) in small cell lung cancer are currently recruiting patients. 

The results of clinical trials run in glioblastoma multiforme patients are encouraging. Oral 

administration of 150 mg/day chloroquine for 12 months together with conventional treatment 

(surgery plus radiotherapy plus chemotherapy) prolonged patients’ survival by 13 months (24 versus 

11 months for the placebo-treated group). Only 30 patients were enrolled in this trial but it may 

suggest that supplementing the conventional glioblastoma treatment with chloroquine improves 

patients’ mid-term survival (Sotelo et al., 2006). 

In summary, autophagy inhibition is a promising therapeutic strategy for lung and many other 

cancers either as a single treatment or in combination with other therapies, such as dasatinib. On the 

contrary, some reports suggest an induction of autophagy is beneficial in cancer treatment, which 

emphasises the need for a better understanding of the context-dependant role of autophagy in cancer. 
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Chapter 6.                                                              

Effect of individual SFK members targeting 

in lung cancer biology  

  



177 

 

6.1 Introduction 

The nine SRC family kinase (SFK) members; SRC, LCK, HCK, FYN, BLK, LYN, FGR, 

YES, and YRK (found only in chicken) share a conserved domain structure and are highly 

homologous except for the N-terminal ‘unique’ domain. Therefore, some of the functions are common 

for the SFKs and they can compensate for each other when one of the family members is silenced. For 

example, a single knock-out of SRC, YES or FYN in mouse has a very mild phenotype, suggesting 

compensation from other family members (Boyce et al., 1992; Grant et al., 1992; Lowe et al., 1993; 

Stein et al., 1992). Most of the SRC/YES and SRC/FYN double mutants die perinatally, suggesting 

that FYN and YES on their own are not able to substitute for the other two ubiquitously expressed 

SFKs (Stein et al., 1994). FYN/YES double mutants are mostly viable but present with renal 

degeneration, indicating that SRC is also not fully able to compensate for the combined knock-out of 

FYN and YES (Stein et al., 1994). Murine embryonic fibroblasts deficient in SRC, YES and FYN are 

commonly used to study involvement of SFKs in the regulation of other signalling pathways (e.g. 

FGFR signalling) (Kilkenny et al., 2003; Sandilands et al., 2007a). 

However, SFKs have also cell type-specific functions which cannot be compensated by other 

family members. For instance, SRC is required for osteoclast function and SRC
-/-

 mice develop 

osteopetrosis (Lowe et al., 1993). FYN associates with the T cell receptor and its knockdown affects 

signalling in thymocytes and peripheral T cells (Stein et al., 1992). Furthermore, FYN is important for 

the hippocampus development and function, and FYN
-/-

 mice exhibit impaired long-term potentiation 

and compromised spatial learning (Grant et al., 1992). LYN plays an important role in B-cell 

signalling and LYN-deficient mice show abnormal B-cell and mast cell function, leading to 

autoimmune disorders (Hibbs et al., 1995). In addition, LYN
-/-

 mice display compromised prostate-

gland development (Goldenberg-Furmanov et al., 2004). 

SFKs are implicated in tumour development, progression and metastasis. Enhanced 

expression of FYN in pancreatic cancer, assessed by immunohistochemistry studies, correlates with 

metastatic potential. Pancreatic cancer cell lines expressing a kinase-dead version of FYN (FYN-KD) 
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exhibit decreased proliferation and higher apoptosis rate in comparison to the parental cell line. When 

injected into the spleen of the nude mice, FYN-KD-expressing cells form significantly smaller 

primary tumours and much fewer liver metastases (Chen et al., 2009). 

In prostate cancer, siRNA-mediated depletion of LYN but not SRC results in reduced cell 

proliferation. However, cells silenced for SRC display reduced migration (Park et al., 2008). The use 

of LYN-specific, sequence-based peptide inhibitors (KRX-123) in-vitro in prostate cancer cell lines 

results in a decreased cell proliferation. In-vivo, the treatment of DU145 prostate cancer xenografts 

with KRX-123 reduces tumour volume and induces apoptosis as demonstrated by TUNEL assay on 

tumour tissue sections (Goldenberg-Furmanov et al., 2004).  

siRNA-mediated silencing of SRC reverts gemcitabine and 5-FU resistance in pancreatic 

cancer cell lines (Duxbury et al., 2004b; Ischenko et al., 2008). Depletion of SRC induces apoptosis in 

human bone sarcoma cell lines (Shor et al., 2007). The expression of a kinase-dead version of SRC 

(SRC-KD) in ovarian cancer cells reduces their numbers and sensitises them to paclitaxel (Chen et al., 

2005). In breast cancer, SRC-KD-expressing cells form significantly fewer bone and visceral 

metastases dramatically increasing mice survival (100% survival) when compared to parental or SRC-

WT-expressing cells (20% survival) (Rucci et al., 2006).   

Here, we sought to evaluate the role of specific SRC family members in NSCLC cell lines by 

either siRNA-mediated silencing of SFKs or by over-expression of FYN and LYN.  
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6.2 siRNA-mediated silencing of individual SRC family members has a 

minor effect on lung cancer proliferation and viability 

In order to investigate the possible specific roles of SRC family members in NSCLC cell 

biology, we first investigated the effect of silencing these kinases on a panel of NSCLC cell lines. 

These cell lines were reversely-transfected with siRNAs targeting either SRC, YES, FYN, LYN or 

Luciferase (non-targeting control), using the transfection reagent, Dharmafect 2 reagent. 72 h later 

cells were fixed and cell numbers assessed using a crystal violet assay. 

As shown in Figure 42, targeting single SFK members does not affect cell numbers in the 

majority of NSCLC cell lines. However, knockdown of SRC and FYN had a profound impact on 

H460 cells, causing over 50% reduction in cell number. In addition, in A549 cells, LYN silencing 

significantly decreased the cell number by 26%. Also, small but significant reductions in cell numbers 

were achieved by depletion of FYN and LYN in HOP62 (by 14% and 16%, respectively). 

To control for the knockdown efficiency, cells were lysed in RIPA buffer 48 h post-

transfection. Equal amounts of protein were loaded onto a polyacrylamide gel, separated by SDS-

PAGE and Western blotted. Membranes were probed using SRC, YES, FYN and LYN antibodies. 

Detection of β-actin served as a loading control. 
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Figure 42. Silencing of single SFKs members does not affect cell numbers in the majority of NSCLC cells. 

NSCLC cell lines were reversely-transfected with 37.5 (H460) or 75 nM siRNA targeting SRC, YES, FYN or LYN 
using the transfection reagent, Dharmafect 2. siRNAs against Luciferase was used as a non-targeting control. 
A,B) 72 h following transfection, the cells were fixed in 4% PFA and cell numbers assessed using crystal violet 
staining. Representative images of stained wells are shown in panel A. Graphs shown in panel B display means 
± SEM from three independent experiments, each performed in triplicate and normalised to siLuciferase 
(siLUC) control. Statistical analysis was performed using unpaired, two-tailed Student’s t-test (*-p<0.05, 
**-p<0.01, ***-p<0.005 versus siLuciferase (siLUC) control). C) 48 h after siRNA transfection cells were lysed in 
RIPA buffer. Cell lysates were normalised for protein levels, separated by SDS-PAGE, Western blotted and 
analysed for SRC, YES, FYN and LYN expression. Detection of β-actin served as a loading control. 
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Bearing in mind the role of autophagy in dasatinib sensitivity, we wanted to evaluate, first, 

whether siRNA-mediated depletion of particular SFKs induces autophagy and, second, if inhibition of 

autophagy using bafilomycin A1 sensitises NSCLC cells to the silencing of SFKs. 

To assess the impact of silencing single SFKs on autophagy induction, U2OS LC3-GFP cells 

were transfected with siRNA targeting SRC, YES, FYN, LYN or Luciferase using the transfection 

reagent, Dharmafect 2. 48 h later, the cells were lysed in RIPA buffer and analysed by Western 

blotting for the conversion of LC3, an event that is indicative of autophagy induction, and SFKs 

knockdown efficiency. Cells transfected with any siRNAs, including the control siRNA 

(siLuciferase), display a higher level of autophagosome-membrane bound LC3 (LC3-II; lower band) 

(Figure 44A). Thus, the observed autophagy is most likely a cellular response to the stress of siRNA 

transfection. There is no significant difference in LC3-II levels between cells depleted for the different 

SFKs investigated.  

To confirm these results, U2OS LC3-GFP cells grown in 96-well plate were fixed 48 h post-

transfection and analysed for LC3-GFP foci formation (autophagosomes) by fluorescent microscopy. 

The nuclei were visualised following DAPI staining. Again, more GFP-positive vesicles are present in 

cells transfected with any siRNAs (regardless of their target) compared to untreated control. Targeting 

various SFKs did not additionally affect LC3-II levels (Figure 44B). 

To monitor the influence of siRNA-mediated depletion of SFKs on U2OS biology, the cells 

were fixed 3 days post-transfection and cell numbers assessed using a crystal violet assay. Targeting 

the FYN and LYN kinases causes 50% reduction in U2OS LC3-GFP cell numbers. 

Next, we wanted to evaluate if inhibition of autophagy by bafilomycin A1 sensitises NSCLC 

cells towards depletion of single SFKs. To do so, A549, H460 and H522 cells were reverse-

transfected with siRNAs targeting SRC, YES, FYN, LYN or Luciferase using the transfection 

reagent, Dharmafect 2. 24 h later, cells were incubated with or without bafilomycin A1 and allowed to 

grow for another 48 h. This was followed by fixation and cell numbers were assessed using a crystal 
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violet assay. Bafilomycin A1 does not appear to modulate the response of NSCLC cells to the 

depletion of single SFKs members (Figure 44).  

 

 
 
 
Figure 43. Knockdown of single SFKs does not affect autophagy levels. 

U2OS cells stably expressing the LC3-GFP fusion protein were transfected with 75 nM siRNAs targeting SFKs or 
Luciferase (non-targeting control) using the transfection reagent, Dharmafect 2. A) 48 h post-transfection, the 
cells were lysed in RIPA buffer, the protein levels normalised, and the lysates separated on SDS-PAGE and 
Western blotted. The membranes were probed with LC3, SRC, YES, FYN and LYN antibodies. Detection of 
β-actin served as a loading control. B) After 48 h, the cells were fixed using 4% PFA, stained with DAPI to 
visualise the nuclei and analysed by fluorescent microscopy for the appearance of LC3-GFP foci, indicative of 
autophagosomes formation. 30 images per condition, each with an average of 100 cells, were analysed using 
the software, Metamorph and SPSS. A distribution of vesicles count per cell is represented as box and whisker 
plot. Box represents 75% and side bar 12.5% of the cell population. Line indicates the median measurement. 
Statistical analysis was performed using the Kruskal-Wallis test (*-p<0.05, **-p<0.01, ***-p<0.005 versus 
untreated control). C) 72 h post-transfection, the cells were fixed in 4% PFA and cell numbers assessed using 
crystal violet staining. Graphs show means ± SEM from three independent experiments, each performed in 
triplicate and normalised to siLuciferase (siLUC) control. Statistical analysis was performed using unpaired, 
two-tailed Student’s t-test (*-p<0.05, ** p<0.01, *** p<0.005 versus siLuciferase control). 
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Figure 44. Autophagy inhibitors do not sensitise NSCLC cells to the knockdowns of single SFKs. 

A549 and H522 cells were transfected with 75 nM and H460 cells with 37.5 nM siRNA targeting the indicated 
SFKs. 24 h later the medium was supplemented or not with 3 nM bafilomycin A1 and the cells were allowed to 
grow for another 48 h. The cells were then fixed in 4% PFA and cell numbers assessed using crystal violet 
staining. The results shown represent the average of at least two independent experiments. 
 

 

6.3 siRNA-mediated combined silencing of SRC, YES, FYN and LYN 

mimics the growth-inhibitory effect of dasatinib 

We then wished to evaluate whether simultaneous silencing of SRC, YES, FYN and LYN 

(siSYFL) in NSCLC cell lines recapitulates the growth-inhibitory effects achieved using dasatinib. To 

do so, A549, EKVX and H460 cells were reverse-transfected with 100 nM siLuciferase or siSYFL (25 

nM siRNAs for each SRC, YES, FYN and LYN). 3 days later the cells were fixed and cell numbers 

assessed using crystal violet assay. 

In A549 cells, in which LYN silencing has a moderate but significant impact (Figure 42), 

combined targeting of all major SFKs results in a further reduction in cell number (by 47%) (Figure 

45). In EKVX cells, in which the silencing of single SFKs has no effect on cell growth and viability 

(Figure 42), joint depletion of SRC, YES, FYN and LYN significantly decreases cell number by 33% 

(Figure 45). In H460 cells we could not observe a further reduction in cell numbers when all SFKs 

were targeted, as compared to SRC or FYN single knockdowns (data not shown). However, the single 

silencing of SRC or FYN causes a profound effect on cell numbers (Figure 42).  
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The reduction in cell numbers achieved by the combined depletion of SRC, YES, FYN and 

LYN (siSYFL) at 72 h is comparable to that achieved at 48 h with dasatinib (reflecting the added time 

required to achieve down-regulation of the targets using siRNAs): 47% (siSYFL) versus 51% 

(dasatinib) decrease for A549 cells and 33% (siSYFL) versus 35% (dasatinib) for EKVX cells (Figure 

45, compare with Figure 37). These results suggest that the growth-inhibitory action of dasatinib can 

be truly attributed to the inhibition of SFKs activity. 

 

 
 
 
Figure 45. SiRNA-mediated combined knockdown of SRC, YES, FYN and LYN reproduces the effect of 

dasatinib on NSCLC cell numbers 

NSCLC cell lines grown in 96-wells were transfected with 25 nM siRNAs targeting each SRC, YES, FYN and LYN 
(100 nM siRNAs total) using the transfection reagent, Dharmafect 2. 100nM siRNA against Luciferase were 
used as a control. 3 days later, the cells were fixed in 4% PFA and cell numbers assessed using crystal violet 
staining. Representative Western blots confirming siRNA-mediated target down-regulation are shown in panel 

A. Detection of -tubulin was used as a loading control. The graphs shown in panel B display the means ± SEM 
from three independent experiments, each performed in triplicate and normalised to the Luciferase siRNA 
control (siLUC). Statistical analysis was performed using unpaired, two-tailed Student’s t-test (*-p<0.05, 
**-p<0.01, ***-p<0.005 versus Luciferase siRNA (siLUC) control). 
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6.4 Expression of FYN and LYN constructs has no impact on cell 

numbers or DNA synthesis in A549 cells. 

Next, we wanted to evaluate the impact of over-expressing FYN and LYN (wild-type, 

dominant-active and dominant-negative) on cell numbers and DNA synthesis in A549 cells, as 

compared to the empty pcDNA6-mCherry plasmid. Initially, Lipofectamine 2000 (Invitrogen), 

TurboFect (Fermentas) and X-tremeGENE 9 (Roche) transfection reagents were evaluated for the best 

transfection efficiency in A549 cells (Figure 46). The TurboFect reagent provided the best 

transfection efficiency/toxicity ratio and was selected for further experiments. 

The impact of LYN and FYN over-expression on cell numbers was assessed using crystal 

violet staining 72 h after transfecting A549 cells with 0.1 µg of these DNA constructs using 

TurboFect. We could not detect any difference in overall cell numbers upon the expression of these 

constructs, as compared to transfection with the empty pcDNA6-mCherry plasmid. However, due to 

the very low transfection efficiency of around 10% these results are inconclusive (Figure 47A).  

Thus, the next experiment was designed to specifically evaluate the impact of FYN and LYN 

over-expression on DNA synthesis by gating the analysis on mCherry-positive cells. Again, A549 

cells grown in 96-wells were transfected with 0.1 µg of plasmid DNA/well using TurboFect. 48 h 

later EdU was added into the growth media for 2 h to allow its incorporation into genomic DNA. The 

cells were then fixed using 4% PFA. Nuclei containing incorporated EdU, which is coupled to alkyne, 

was visualised with an azide-fluorescent dye while DAPI was used as a nuclear counter-stain. The 

cells were then imaged by florescent microscopy in the DAPI channel (excitation/emission 350/460, 

total nuclei), the TRITC channel (540/590, mCherry positivity) and the Cy5 channel (650/670, EdU 

incorporation). The data analysis was performed using the multi-wavelength cell scoring plug-in of 

the software, MetaMorph. 

Expression of the FYN and LYN constructs did not alter the rate of EdU incorporation in the 

general (Figure 47B) or mCherry-positive (Figure 47C) cell populations, as compared to cells 
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transfected with empty pcDNA6-mCherry plasmid. However, it seems that the transfection procedure 

on its own greatly affects cell proliferation as any mCherry-positive cells have 3-4 times lower EdU 

incorporation rate than the non-transfected, mCherry-negative cells. At the moment we cannot 

exclude that this affects the results of our experiment (Figure 47C and B).  

Thus, the work performed so far is inconclusive and further experiments are necessary to 

assess the role that FYN and LYN kinase activity has on cell number and proliferation.  

    

 

 
Figure 46. Optimisation of plasmid DNA transfection. 

A549 cells grown in 6-well plate were transfected with 1 µg of empty vector (pcDNA6-mCherry) or constructs 
encoding for the mCherry-tagged wild-type versions of FYN and LYN (FYN-WT-mCherry or LYN-WT-mCherry) 
using the transfection reagents Lipofectamine 2000 (L-2000), X-tremeGENE 9 (X-tr 9) or TurboFect (TF) 
according to manufacturers’ protocols. 48 h later, the plates were monitored for mCherry-expression using 
fluorescent microscopy. Representative images (RFP and RFP/Bright Field overlays) are shown in panel A. B) 
Whole cell-lysates from transfected cell populations were prepared, normalised for protein levels, separated 
on SDS-PAGE and Western blotted. Membranes were probed with FYN and LYN antibodies. Detection of β-
actin was used as a loading control.  
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Figure 47. Ectopic expression of FYN and LYN constructs has no effect on cell number or EdU 

incorporation in A549 cells.  

A549 cells grown in 96-wells were transfected with 0.1 µg of plasmid DNA/well using the transfection reagent 
TurboFect. FYN and LYN C-terminal mCherry-tagged constructs (wild-type, dominant-active and dominant-
negative) or the empty pcDNA6-mCherry vector were used.  A) The cell numbers were assessed using crystal 
violet staining 72 h post-transfection. Graphs represent means ± SEM from at least three independent 
experiments, each performed in triplicate and normalised to the empty pcDNA6-mCherry plasmid control 
condition. B,C) 48 h  following transfection, EdU was added to the growth media 2 h prior to fixation to allow 
for its incorporation into DNA and then stained with an azide-fluorescent dye to visualise DNA synthesis. 
Nuclei were visualised using DAPI staining. Cells were visualised using fluorescent microscopy and the images 
of 30 fields of view per condition, each with an average of 100 cells per image, were analysed using the 
software, MetaMorph. Graphs represent means ± SEM from at least three independent experiments and show 
the percentage of cells which incorporated EdU A) in general population or B) in mCherry-expression cells (10% 
transfection efficiency). 
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6.5 Discussion  

Our results demonstrate that knockdown of single members of SFKs has no profound 

effect on cell numbers in the majority of NSCLC cell lines, except for A549, HOP62 and 

H460 cells (Figure 42). The knockdown of SRC and FYN in H460 cells results in a reduction in cell 

number superior to 50%. LYN silencing decreases cell numbers by 26% in A549 cells. FYN is not 

expressed in A549 cells and, consistent with this fact, siRNAs targeting FYN have no effects on this 

cell line. A moderate but statistically significant reduction in cell number is also achieved in HOP62 

cells upon the depletion of FYN and LYN (14% and 16%, respectively).  

These results are in agreement with the general opinion that SFKs have a certain degree of 

functional overlap that may be more or less pronounced depending on the cellular context. The single 

knock-out of SRC, YES or FYN in mice results in mild phenotypes, indicating that other family 

members can compensate for the absent protein in the majority of tissues (Boyce et al., 1992; Grant et 

al., 1992; Lowe et al., 1993; Stein et al., 1992). Double SFKs mutants either die perinatally 

(SRC
-/-

/FYN
-/-

, SRC
-/-

/YES
-/-

) or develop a severe renal dysfunction (FYN
-/-

/YES
-/-

), suggesting that 

knock-out of two SFKs members cannot be easily compensated by the remaining SFKs (Stein et al., 

1994).   

In many cellular systems SFKs were reported to possess cell-type dependent functions that 

cannot be substituted by other family members. SRC is required for osteoclast function and SRC
-/-

 

mice develop osteopetrosis (Lowe et al., 1993). FYN plays an important role in T-cell and LYN in 

B-cell signalling and FYN
-/-

 and LYN
-/-

 mice display abnormal immune systems (Hibbs et al., 1995; 

Stein et al., 1992). In addition, LYN
-/-

 mice display a prostate-gland developmental defect 

(Goldenberg-Furmanov et al., 2004) and FYN
-/-

 mice exhibit impaired long-term potentiation and 

spatial learning (Grant et al., 1992). 

Specific functions of particular SFKs were also reported in various cancers. For example, 

FYN is important for pancreatic tumour growth and metastasis (Chen et al., 2009) while LYN is 
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involved in the proliferation of prostate cancer cells (Park et al., 2008). Sequence-based LYN 

inhibitors reduce tumour volume and induce apoptosis in-vivo in DU145 prostate cancer cell mouse 

xenograft models (Goldenberg-Furmanov et al., 2004). The importance of SRC was highlighted in 

pancreatic, breast and ovarian cancers, in the regulation of cell proliferation, chemoresistance and 

metastasis (Chen et al., 2005; Duxbury et al., 2004b; Ischenko et al., 2008; Rucci et al., 2006). 

Importantly, our results show that the combined silencing of SRC, YES, FYN and LYN 

reproduces the growth-inhibitory action of dasatinib in A549 and EKVX cells (Figure 45, compare 

with Figure 37). These results suggest that the reduction in cell number caused by dasatinib can be 

truly attributed to the inhibition of SFKs activity. 

Bearing in mind the importance of autophagy in the response of NSCLC cells to dasatinib, we 

sought to determine whether the siRNA-mediated depletion of particular SFKs induces autophagy 

and, whether the inhibition of autophagy sensitises NSCLC cells to the silencing of SFKs. We could 

not detect the induction of autophagy downstream of the silencing of the SFKs tested (Figure 43). 

This may be due to the increase in background autophagy obtained as a result of the transfection 

procedure masking the effects of our specific siRNAs. However, this technical difficulty may not be 

easy to address as our preliminary results using other transfection reagents to deliver siRNA have a 

similar outcome effect on basal levels of cellular autophagy. 

In addition, we could not detect any significant difference in the cellular response to SRC, 

YES, FYN or LYN depletion upon bafilomycin A1 treatment (Figure 44), suggesting that autophagy 

may only function as a survival mechanism when the activity of all SFKs is inhibited by dasatinib. To 

answer fully this question, it would be necessary to evaluate additional siRNA transfection reagents 

and autophagy inhibitors. 

Last but not least, we wanted to evaluate the effect of over-expressing FYN and LYN 

constructs (wild-type, dominant-active and dominant-negative) on NSCLC cell biology. No 

substantial difference in cell number or the rate of EdU incorporation could be detected. However, our 

results are inconclusive due to low transfection efficiency and some background inhibition of DNA 
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synthesis and cell growth in response to the delivery of the empty pcDNA6-mCherry plasmid alone. 

Additional experiments involving long-term expressing stable cell lines would be necessary to 

confidently assess the effect of these vectors in the biology of NSCLC cells. 

In conclusion, SFKs family members have both common and specific functions depending on 

cellular context. While LYN silencing affected only 2 out of the 9 NSCLC cell lines evaluated, the 

results of our TMA studies suggest that LYN may be particularly important in NSCLC biology as 

expression of LYN but not FYN correlates with poor patient survival. 
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Chapter 7.                                                        

General discussion and future directions 
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In the course of this thesis, we have established that SFKs are over-expressed and activated in 

lung cancer cell lines as compared to the immortalised normal lung cell lines. SRC, FYN and LYN 

are expressed in a high proportion of lung cancer tissue samples but could not be detected in the 

normal lung. Moreover, we could associate elevated levels of LYN with poor patient outcome. We 

demonstrated that SFKs inhibition using dasatinib or PP2 results in a potent reduction of cell number 

in NSCLC cell lines, which correlates with a decreased cell proliferation and enhanced autophagy. 

Furthermore, autophagy inhibition sensitises NSCLC cells to dasatinib treatment, most likely through 

enhanced apoptosis. Dasatinib has an additive effect with common chemotherapeutic agents. Thus, 

our results indicate dasatinib may be a beneficial therapeutic strategy in the management of lung 

cancer patients. 

 

7.1 SFKs in lung cancer biology  

Our study demonstrates that SFKs are over-expressed in-vitro and in-vivo in lung cancer cell 

lines and tumour sections. We could detect the expression of SRC, YES, FYN, LYN and LCK, but 

not HCK, FGR and BLK, in both SCLC and NSCLC cell lines (Figure 14). NSCLC cell lines express 

particularly high levels of LYN and low levels of FYN, as compared to immortalized alveolar type II 

pneumocytes (AT2) and SCLC cell lines. We could also detect a significant increase in the levels of 

auto-phosphorylated SFKs, which indicates enhanced activity of SFKs, in nearly all lung cancer cell 

lines tested as compared to the immortalised normal lung cell lineages. A different set of SFKs is 

expressed and activated in different cell lines (Figure 14 and Figure 15). 

Surprisingly, we found high levels of SFKs expression in the normal type II pneumocytes 

(AT2), contrary to previously published reports and our in-vivo data (Figure 17) showing that SRC is 

not expressed in normal lung tissue (Mazurenko et al., 1992). We hypothesise that this may be 

attributed to the immortalisation procedure. Indeed, HSAEC and NL20 cell lines show lower levels of 

SFKs expression (Figure 14).  
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In agreement with previously published reports (Mazurenko et al., 1992), we show that SRC 

is not expressed in normal lung tissue (n=12) but could be detected in 50% of SCLC (n=16) and 

NSCLC (n=80). In addition, we report for the first time that FYN and LYN are expressed in SCLC 

(n=56) and NSCLC (n=125) tumours but not in normal lung tissue (n=76). LYN could be detected in 

20% of NSCLC but not in SCLC, while Fyn expression was found in 61% of SCLC and 24% of 

NSCLC tumour samples on the commercially available TMAs (Biomax) (Figure 17). The proportion 

of NSCLC tumour samples expressing SFKs is even higher in non-commercial TMAs, kindly 

provided by Dr Guido Bellezza and Prof Stefano Ferrero, which were established from resected as 

opposed to post-mortem-isolated tumours (FYN: 61% and 51%; LYN: 64% and 43%; SRC: 84% and 

not investigated, for TMA1 and TMA2, respectively) (Table 13 and Table 17). Interestingly, it seems 

FYN and LYN are differentially expressed in SCLC and NSCLC (Figure 17). 

Bearing in mind the importance of SFKs in promoting carcinogenesis (reviewed in (Belsches-

Jablonski and S. J., 2005; Ishizawar and Parsons, 2004; Parsons and Parsons, 2004)), we hypothesised 

that this enhanced expression of SFKs in lung cancer could potentially be correlated with the tumour 

progression and/or a poor patient survival. Levels of phosphorylated SRC were previously shown to 

correlate with the increase in adenocarcinoma tumour size, male gender, active smoking and 

squamous cell subtype but not with the ethnicity, pathological stage of disease, or duration of survival 

(Zhang et al., 2007). SRC protein over-expression was found more commonly in poorly differentiated 

squamous cell carcinomas than in well or moderately differentiated ones (Mazurenko et al., 1992). 

However, the correlation between SFKs expression levels and patient survival was not previously 

evaluated.  

To verify whether the enhanced expression of SFKs correlates with a poor patient survival, 

we performed two independent TMA analyses where NSCLC tumour tissue specimens were linked to 

patients’ clinical data such as length of patient survival, type of NSCLC and tumour stage; TMA1 

additionally included information about patient age, tumour grade and size. We are currently waiting 

for more comprehensive information for TMA2, to perform an additional multivariate analysis.  
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The results of the analysis for TMA1 indicate trends between the expression of SRC, FYN 

and LYN and poor patient survival but these were not statistically significant. At 4 years, 52% of 

FYN, 60% of LYN and 75% of SRC negative patients were alive, compared with only 37% of FYN, 

25% of LYN and 40% of SRC positive patients (Figure 18B). In addition, the increase in SFKs 

expression correlated with a decrease in median patient survival time and an increase in the hazard 

ratio (Table 13). Unfortunately, a combined analysis of FYN, LYN and SRC expression in the view of 

patient median survival time was not possible due to the low number of samples that were 

successfully analysed for all three proteins. 

Our second TMA analysis indicated that the increased expression of LYN, but not FYN, is 

predictive of poor patient survival. Similar results were obtained whether the analysis followed the 3-

category (negative/positive/highly positive) or the linear continuous models, in which the increase in 

IHC score was plotted against the 5-year survival probability (Figure 20 and Table 17). 60% of LYN 

negative but only 32% of LYN (40+) positive patients were alive at 4 years. Moreover, none of the 

patients with high LYN expression were alive at 7.5 years while 40% of patients in the LYN negative 

group were still alive. An increase in LYN expression correlated with a decrease in the median patient 

survival time and the increase in the hazard ratio. These differences were statistically significant 

following univariate analysis as well as after the adjustment for tumour stage and NSCLC type (Table 

17).  

In support of our results, LYN was previously reported to play a role in prostate cancer 

biology, driving prostate cancer cell proliferation and survival, both in-vitro and in-vivo (Goldenberg-

Furmanov et al., 2004; Park et al., 2008). Our results are also supported by our in-vitro data showing 

that siRNA-mediated depletion of LYN significantly reduced cell number in A549 and HOP62 cell 

lines (Figure 42). However, no difference in cell number and proliferation could be observed when 

LYN-WT, LYN-DA and LYN-DN expression constructs were expressed (Figure 47) but due to 

technical problems such as low transfection efficiency and reduction in DNA synthesis caused by the 

transfection procedure itself, these results are not conclusive.  
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As opposed to our results for LYN, the expression of SRC and FYN did not correlate with 

patient survival. Nevertheless, siRNA-mediated silencing of SRC and FYN reduced cell number in 

some, but not all, NSCLC cell lines (Figure 44). Indeed, knockdown of single SRC family members 

showed no effect on cell number in the majority of NSCLC cell lines tested while the combined 

depletion of the main SFKs expressed (SRC, YES, FYN and LYN) caused significant reduction in 

cell number (Figure 45). This indicates both the importance of SFKs in lung cancer biology and the 

functional overlap between the SRC family members. In view of these data, it would be interesting to 

determine if combined expression of two or more SFKs in lung cancer tumours could better predict 

patients’ survival.   

 

7.2 Clinical implications of SFKs inhibition 

Multiple SFKs inhibitors are currently in pre-clinical and clinical development. Among them, 

dasatinib is one of the most promising and also most advanced in its clinical development. It is a 

novel, ATP-competitive small molecule tyrosine kinase inhibitor targeting all SRC family kinases, as 

well as ABL, c-KIT, PDGFR-β, EPHA2 and DDR2 kinases. Dasatinib is a relatively safe, well-

tolerated and orally-available drug which is already approved as the second line treatment in CML 

and Ph+ ALL after initial imatinib treatment (Lombardo et al., 2004; Olivieri and Manzione, 2007; 

Shah et al., 2004). Multiple phase I-III clinical trials using this compound for the treatment of solid 

tumours are currently ongoing (www.clinicaltrials.gov). 

Here, we demonstrate that dasatinib potently reduces cell number in NSCLC but not SCLC 

cell lines (Figure 23A and Figure 25A). Importantly, an inhibition of SFKs activity by PP2 (Figure 

25B), or the simultaneous depletion of SRC, YES, FYN and LYN (Figure 45) recapitulates the 

growth-inhibitory action of dasatinib, indicating that it can be truly attributed to the inhibition of 

SFKs. Dasatinib treatment causes the regression of A549 xenografted tumours in zebrafish, while 

tumours in vehicle-treated control group continue to grow (Figure 31). This may suggest the in-vivo 

efficacy of dasatinib in treating NSCLC. 

http://www.clinicaltrials.gov/
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Importantly, all of NSCLC cell lines tested are wild-type for EGFR. However, previous 

findings of Johnson et al. and Song et al. showed that NSCLC, EGFR
WT

 are resistant to dasatinib 

treatment (Johnson et al., 2005; Song et al., 2006). Both research groups reported A549 cells to be 

resistant to dasatinib treatment, while our results indicate that 100 nM dasatinib causes 68% reduction 

in A549 cell number when compared to the control cells. In support of our findings, AZD0530, 

another dual SRC/ABL kinase inhibitor, was previously shown to impair cell proliferation and reduce 

cell number of A549 cells (Gautschi et al., 2006). These discrepancies could possibly be explained by 

differences between clones of cells used and cell culture conditions. In our research, we have used 

cells at the low passage number and regularly monitored them for mycoplasma contamination. 

In contrast to NSCLC cells, we could not observe any differences in the SCLC cell numbers 

upon dasatinib treatment. This difference cannot be attributed to different drug activity in these cell 

lines. It even seems the SFKs activity is blocked more potently by dasatinib in SCLC than NSCLC 

cells (Figure 21A versus Figure 21B). Importantly, the concentrations of dasatinib which efficiently 

block the SFKs activity (30 - 100 nM) in our experiments are in agreement with previously published 

reports (Finn et al., 2007; Johnson et al., 2005; Konecny et al., 2009; Nam et al., 2005; Shor et al., 

2007; Song et al., 2006). We also show that dasatinib-mediated inhibition of SFKs activity persists for 

at least 7 days, which corresponds to the longest treatment we performed in our research project 

(Figure 21C). Overall, these results suggest that inhibition of SFKs activity has no effect on SCLC 

cells proliferation or viability.  

In agreement with previous reports, dasatinib treatment is associated with the inhibition of 

mTOR/S6K1 signalling in NSCLC cell lines (Figure 22) (Le et al., 2010; Liu et al., 2004; Penuel and 

Martin, 1999; Song et al., 2006). However, ERK/MAPK and STAT3 signalling pathways are not 

affected by SFKs inhibition in NSCLC cells (Figure 22), which was demonstrated in other cellular 

settings (Bowman et al., 2001; Byers et al., 2009; Kloth et al., 2003; Laird et al., 2003; Liu et al., 

2004; Parsons and Parsons, 2004; Penuel and Martin, 1999; Sinibaldi et al., 2000). It is possible that 

the growth-inhibitory action of dasatinib can be at least partially attributed to the inhibition of 
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mTOR/S6K1/AKT signalling, strongly implicated in the growth and progression of NSCLC tumours, 

both in-vitro and in-vivo (Boffa et al., 2004; David et al., 2004; Dhillon et al., 2010). 

The reduction in NSCLC cell number observed by us (Figure 25A) coincides with a potent 

reduction of DNA synthesis and proliferation, demonstrated using the EdU incorporation assay 

(Figure 26), cell cycle profiling (Figure 27A and B) and immunoblotting for cyclin D3 and p27
KIP1

 

expression (Figure 27C). On the other hand, apoptosis is significantly induced only in three NSCLC 

cells lines and even in these cells the level of induction is moderate (1.5-2.0 fold over control). This 

may suggest that apoptosis is not a major response of EGFR
WT

 NSCLC to SFKs inhibition, as it is 

seen in EGFR-mutated NSCLC cells (Song et al., 2006; Zhang et al., 2007). 

We show that dasatinib treatment causes the morphological changes in NSCLC cell lines 

(Figure 24). Cells treated with dasatinib tend to be more rounded, which could indicate a loss of 

attachment to the surface of cell-culture plate and/or apoptosis and establish less cell-cell interactions 

than the un-treated cells. This is in agreement with previous reports, showing that dasatinib potently 

inhibits NSCLC cells attachment, migration and invasion (Johnson et al., 2005; Song et al., 2006).  

This may be linked to the inhibition of FAK (Figure 22), a known substrate of SRC involved in the 

turnover of focal adhesion complexes (Ilic et al., 1995; McLean et al., 2005). In agreement, reports by 

other investigators indicated that inhibition of SFKs by dasatinib inhibits cell invasion in all NSCLC 

cell lines tested (Johnson et al., 2005; Song et al., 2006). 

As previously mentioned, the results of phase II clinical trials where dasatinib was used as a 

single agent did not demonstrate any clinical benefits (personal communication), except for SCC 

patients carrying a mutation in DDR2 (Hammerman et al., 2011). However multiple in-vitro and 

in-vivo studies suggest that dasatinib could potentiate the clinical benefits of EGFR inhibitors erlotinib 

and gefitinib (Haura et al., 2010; Zhang et al., 2007). Additional phase I/II clinical trials set up to 

evaluate the safety and clinical efficiency of combining dasatinib and erlotinib are currently recruiting 

(www.clinicaltrials.gov). Another phase I trial that aims to assess the efficacy of combining dasatinib 
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and bevacizumab (VEGF blocking antibody) in the treatment of metastatic solid tumours, including 

lung cancer, is also recruiting (http://clinicaltrials.gov). 

SFKs inhibition was previously shown to revert the resistance to gemcitabine and 5-FU in 

pancreatic (Duxbury et al., 2004a; Duxbury et al., 2004b; Ischenko et al., 2008), paclitaxel and 

cisplatin in ovarian (Chen et al., 2005; Pengetnze et al., 2003) and doxorubicin in breast cancer cell 

lines (Pichot et al., 2009). Similarly, the SFKs inhibitor, AZD0530, sensitized lung cancer cells 

towards irradiation (Purnell et al., 2009). Here we show that dasatinib has an additive effect with low 

doses of common chemotherapeutic drugs, such as etoposide, cisplatin and paclitaxel, in-vitro in 

NSCLC cell lines (Supplementary Figure 1). This suggests the potential benefits of this type of 

combination in the management of NSCLC patients. On the other hand, dasatinib does not influence 

the sensitivity of SCLC to etoposide, cisplatin or paclitaxel (Supplementary Figure 2). However, 

H510 and H69 cells are quite sensitive to these drugs and possibly no further sensitisation by 

dasatinib can be achieved. 

Furthermore, we could observe a cleavage of FYN, LYN and SRC in response to cisplatin or 

etoposide treatment in NSCLC and U2OS osteosarcoma cells (Supplementary Figure 3). This is of 

particular interest as Dr Auberger's group demonstrated that a similar cleavage of a 2 kDa fragment 

occurs upon apoptotic stimuli in immune cells and immune cell-derived cancers, due to caspase 

3-dependent cleavage of 18- and 19-amino acid fragment from the N-terminal of LYN and FYN, 

respectively (Luciano et al., 2001; Ricci et al., 1999). This N-terminal fragment contains a membrane-

targeting signal and consequently both proteins re-locate to the cytoplasm where potentially they can 

phosphorylate a different set of target proteins and thus have a distinct biological function. Indeed, 

soluble (truncated) forms of FYN and LYN act as negative regulators of apoptosis in these cellular 

settings (Gamas et al., 2009; Luciano et al., 2003). It would be interesting to evaluate the functional 

significance of FYN and LYN cleavage in response to chemotherapeutic drugs in NSCLC, especially 

to establish whether the expression of LYN-ΔN and FYN-ΔN constructs increases the resistance of 

these cells to cisplatin or etoposide treatment. If LYN-WT or LYN-ΔN were found to promote 

chemoresistance in NSCLC cells, this may contribute to the poor survival of patients with LYN-
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expressing tumours. In view of this possibility, it would be interesting to evaluate the effect of un-

cleavable FYN-D19A and LYN-D18A expression on the induction of apoptosis in NSCLC cells. 

 

7.3 Clinical implications of autophagy inhibition in the modulation of 

dasatinib sensitivity in lung cancer 

Autophagy or ‘self-eating’ is a cellular catabolic process involved in the degradation of a 

damaged/redundant organelles and long-lived/aggregated proteins. Accordingly, autophagy plays an 

important role in the cellular homeostasis under stress conditions, e.g. nutrient deprivation or 

oxidative stress, and as such is implicated in both promoting and suppressing oncogenesis (reviewed 

in (Apel et al., 2009; Moretti et al., 2007; Van Limbergen et al., 2009)).  

For the first time, we show that autophagy is induced by dasatinib in NSCLC cell lines. Our 

results show that all NSCLC cell lines tested exhibit a 2-6-fold increase in autophagy (Figure 30), as 

demonstrated by acridine orange staining and  posttranslational modification of LC3 . We hypothesise 

that this effect is mediated by the dasatinib-induced inhibition of mTOR signalling (Figure 22), as 

mTOR is a well known regulator of autophagy (Figure 12) (Jung et al., 2010; Sini et al., 2010; Van 

Limbergen et al., 2009; Yang and Klionsky, 2010). Indeed, mTOR directly phosphorylates ULK1/2 

and ATG13, thereby inhibiting the ULK1/2-ATG13-FIP200 complex that is essential for the 

induction of autophagy (Hara et al., 2008; Jung et al., 2009).  

Dasatinib and other SFKs inhibitors were previously reported to induce autophagy in glioma, 

prostate and ovarian cancer cells (Le et al., 2010; Milano et al., 2009; Wu et al., 2010). Similarly to 

our finding, this induction coincided with the inhibition of mTOR signalling, suggesting that the 

inhibition of mTOR could mediate the pro-autophagic effect of dasatinib. The significance of this 

enhanced autophagy is not fully understood as it was shown to both promote and decrease the 

reduction in cell number in response to dasatinib (see chapter below) (Le et al., 2010; Milano et al., 

2009; Wu et al., 2010).   
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In the HEY and SKOv3 ovarian cell lines, the inhibition of autophagy following the siRNA-

mediated depletion of BECN1 prevents the reduction in cell number in response to dasatinib. This 

would suggest that autophagy either promotes the effects of this compound on cell numbers or that 

autophagy may be a mechanism of cell death in this cellular setting (Le et al., 2010). Similarly, the 

treatment of glioma cells using a combination of dasatinib and temozolomide leads to a synergistic 

decrease in cell numbers and a potent induction of autophagy (Milano et al., 2009). The rate of 

apoptosis and cell cycle progression are not altered by this combined treatment suggesting that 

autophagy could be a mechanism of cell death in this cell system. However definite evidence for this 

is still missing (Milano et al., 2009). 

On the other hand, the inhibition of autophagy using 3-MA, chloroquine (CQ) or siRNA 

targeting ATG7 sensitises prostate cancer cells to PP2 or AZD0530 (saracatinib) (Wu et al., 2010). 

Treatment of nude mice prostate cancer xenografts using a combination of AZD0530 and CQ reduces 

the tumour volume more efficiently than each drug administered alone and this correlates with the 

potent induction of apoptosis (Wu et al., 2010).  

Similarly, our results indicate that autophagy inhibition using bafilomycin A1 sensitises A549 

and EKVX cells to dasatinib (Figure 37) (Wu et al., 2010). We show that this correlates with 

enhanced apoptosis but not with a further reduction in DNA synthesis (Figure 38). The potentiation of 

dasatinib action upon autophagy inhibition could be reproduced in A549 cells following the siRNA-

mediated depletion of ATG5 (Figure 40), a key molecule of the autophagic machinery (Figure 11). 

Based on these observations, we plan to evaluate the clinical benefits of combining dasatinib 

with autophagy inhibitors in-vivo using the K-RAS
G12D

 lung adenocarcinoma mouse model (Johnson 

et al., 2001). Importantly, dasatinib potently reduces cell numbers (Figure 35A), affects cell 

morphology (Figure 33) and inhibits cell migration (Figure 34) in LKR10 and LKR14 cells, two cell 

lines established from K-RAS
G12D 

mice adenocarcinomas. The observed reduction in cell number 

could be attributed to both the inhibition of DNA synthesis/proliferation and the induction of 

apoptosis. We could also detect a potent induction of autophagy. Again, autophagy inhibition using 
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either bafilomycin A1 or chloroquine sensitised LKR10 cells to dasatinib treatment through enhanced 

apoptosis (Figure 39). 

In contrast to NSCLC cells, we could not observe any differences in the sensitivity of SCLC 

cells to dasatinib upon autophagy inhibition (Figure 41). However, we show that SCLC cell lines are 

sensitive to single-agent treatment with high doses of autophagy inhibitors (10-30 nM of bafilomycin 

A1 or 10-30 µM of chloroquine) (Figure 41). It would be interesting to extend these studies and 

investigate the importance of autophagy in SCLC cell biology and its impact on modulating cellular 

response to conventional therapy.  

A phase I/II clinical trial designed to evaluate the effect of chloroquine addition to cisplatin-

etoposide (extensive disease) or radiotherapy plus cisplatin-etoposide (limited disease) in SCLC is 

currently recruiting patients (www.clinicaltrials.gov). Similar clinical trials are ongoing in NSCLC 

patients, including the combination of chloroquine with carboplatin, paclitaxel, bevacizumab, 

gefitinib or erlotinib. About 20 other phase I/II clinical trials of combination treatment involving 

chloroquine are currently ongoing in solid cancers. One of these clinical trials, in gliomablastoma 

multiforme, has been completed and proved encouraging (Sotelo et al., 2006). In this study, the oral 

administration of chloroquine (150 mg/day) together with conventional treatment (surgery plus 

radiotherapy plus chemotherapy) for 12 months prolonged survival by 13 months (24 months, 

compared to 11 months in placebo-treated group). Due to the very small size of treatment group (30 

patients) this difference was not significant but it may suggest that supplementing the conventional 

glioblastoma treatment with chloroquine improves a mid-term survival (Sotelo et al., 2006). So far no 

trials have evaluated combining dasatinib with choloquine in either lung or any other cancer type. 

 

 

  

http://www.clinicaltrials.gov/


203 

 

7.4 Conclusions 

 SFKs are over-expressed and activated in SCLC and NSCLC cell lines as compared to 

immortalised normal lung cell lineages. SRC, FYN and LYN are expressed in lung tumour tissue 

sections but not in normal lung tissue; the enhanced expression of LYN but not of FYN correlates 

with a poor survival in NSCLC patients. 

 

 Dasatinib reduces NSCLC cell numbers, which correlates with a potent inhibition of DNA 

synthesis and cell cycle progression. Apoptosis is enhanced in some NSCLC cells, while autophagy is 

induced in all NSCLC cell lines tested.  

 

  Autophagy inhibition either through the use of chemical compounds such as bafilomycin A1 

and chloroquine or by a siRNA-mediated depletion of ATG5, a key regulator of autophagy, sensitises 

NSCLC cells towards dasatinib. This sensitisation correlates with the enhanced apoptosis but not with 

the further inhibition of cell proliferation. 

 

 The siRNA-mediated knockdown of SRC, FYN and LYN inhibits cell growth in some 

NSCLC cell lines. Combined silencing of SRC, YES, FYN and LYN (siSYFL) recapitulates the 

growth-inhibitory effect of dasatinib. 

 

  Targeting SFKs, alone or in combination with autophagy inhibitors and/or chemotherapeutic 

drugs, may be a beneficial therapeutic strategy in the management of NSCLC patients. 
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7.5 Future directions 

Does LYN expression predict poor patient survival following multivariate and meta-analysis?  

We demonstrated that LYN but not FYN expression is linked to poor patient survival. 

However, our TMA2 dataset did not include important information such as patient age and sex, and 

tumour grade. We are currently waiting for these additional data to perform a follow-up additional 

analysis of TMA2 that would take into account these additional variables. We also wish to extend our 

studies by performing the combined analysis of TMA1 and TMA2, which may give us enough 

statistical power to analyse the potential for combined FYN and LYN over-expression as a predictor 

of patient survival. 

 

What is the role of SFKs in lung cancer tumourigenesis and chemoresistance?  

We established that the inhibition of SFKs activity by either dasatinib or PP2, or a 

simultaneous siRNA-mediated depletion of all major SFKs causes a significant growth inhibition in 

the majority of NSCLC cell lines. However, a siRNA-mediated silencing of single SRC family 

members affects cell number only in 3 out of 9 cell lines tested, suggesting that other family members 

compensate for each other but also that, depending on the cellular context, they may possess unique 

functions. It would be interesting to investigate whether the reduction in A549 cell number upon LYN 

depletion or in H460 upon SRC and FYN depletion can be attributed to the cell cycle arrest, apoptosis 

induction or both. Also, we would like to establish whether siRNA-mediated knockdown of SFKs 

affects the sensitivity of NSCLC cell lines to chemotherapeutic drugs, especially in the view of SFKs 

being cleaved in response to these drugs and dasatinib having additive growth inhibitory effects with 

low-doses of etoposide, cisplatin and paclitaxel.  

We would also want to evaluate the role of FYN and LYN in cell proliferation and 

chemoresistance by over-expressing wild-type, dominant-active and dominant-negative versions of 

these two proteins. Our preliminary results from crystal violet and EdU incorporation assays are 
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inconclusive due to the low transfection efficiency obtained and the cell toxicity of the transfection 

procedure used. We did not succeed in establishing A549 or H460 cell lines stably expressing FYN or 

LYN constructs, possibly due to transgene promoter silencing in these cells despite successful 

selection of transfectants using a blasticidin mammalian drug resistance marker. In the future we will 

attempt to establish other NSCLC cell lines stably expressing FYN or LYN constructs. 

 

What is the role of SFKs cleavage in response to cisplatin and etoposide treatment?  

We could detect FYN, LYN and SRC cleavage following cisplatin and etoposide treatment in 

NSCLC and U2OS cells. As similar cleavage of FYN and LYN promote resistance in the immune 

cells and immune cell derived cancers (Gamas et al., 2009; Luciano et al., 2003), it would be 

interesting to evaluate the functional significance of FYN and LYN cleavage in NSCLC. Particularly, 

we want to establish whether the expression of LYN-ΔN and FYN-ΔN would increase the resistance 

of cells to cisplatin and etoposide treatment and whether the expression of the un-cleavable mutant 

kinases FYN-D19A and LYN-D18A would have the opposite effect. It would be particularly 

interesting to establish if LYN-WT or LYN-ΔN expression promotes the chemoresistance of NSCLC 

cells as LYN expression correlates with the poor survival of NSCLC patients. 

 

What is the therapeutic potential of SFK inhibitors in-vivo in lung cancer animal models? 

We show that dasatinib potently inhibits the growth of NSCLC cell lines. In addition, 

blocking autophagy using either chemical compounds or siRNA-mediated depletion of ATG5 

sensitises NSCLC cells towards dasatinib. Therefore, we next want to evaluate the therapeutic 

potential of dasatinib, either as a single-agent or in combination with autophagy inhibitors, in-vivo in 

two lung cancer animal models: zebrafish bearing A549 cells xenogafts and K-RAS
G12D 

mice, which 

develop spontaneous NSCLC tumours.  
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Our preliminary results in zebrafish indicate that dasatinib causes regression of xenografted 

tumours, while tumours in the vehicle-treated group continue to grow. We are now evaluating 

whether autophagy inhibitors bafilomycin A1 and chloroquine can potentiate the anti-tumour action 

of dasatinib. If so, we would also want to determine whether this sensitisation could be attributed to 

enhanced apoptosis (as demonstrated in the in-vitro settings), cell cycle arrest, or both. Proliferation 

will be assessed by EdU incorporation assay and Ki67 staining on fixed tissue sections and apoptosis 

by cleaved cytokeratin 18 staining on tumour tissue sections. 

We would like to investigate the therapeutic potential of treatment with a combination of 

dasatinib and chloroquine in K-RAS
G12D 

mice bearing spontaneous NSCLC tumours. K-RAS
G12D 

mice 

will be randomly divided into 4 groups at two months of age (a time-point previously shown to 

correspond to the first macroscopic signs of lung tumour development) and treated with buffer only 

(control group), 15 mg/kg/day dasatinib, 50 mg/kg/day chloroquine or with both dasatinib and 

chloroquine. The compounds will be administered daily by oral gavages for a period of two months 

and tumour sizes will be monitored by computed tomography at the beginning of the treatment (start 

tumour size) and then every two weeks (5 measurements in total). In addition to monitoring changes 

in tumour volume, we would like to assess the apoptosis, DNA synthesis rate and proliferation of 

tumour cells by cleaved cytokeratin 18 staining, EdU incorporation assay (100 μg of EdU injected 

intra-peritoneally 24 h before the animals are sacrificed) and Ki67 staining at the end of the study on 

tumour tissue sections. 
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APPENDIX 

 

 

 
Supplementary Figure 1. Treatment with dasatinib in combination with commonly used 

chemotherapeutic agents results in additive effects in NSCLC cells. 

A549 and LKR10 cells grown in 96-wells were starved in 0.5% FCS RPMI for 6 h, pre-treated with 30 nM 
dasatinib for 1 h and then treated with the indicated concentrations of etoposide, cisplatin and paclitaxel for 
24 and 48 h. Cell numbers were assessed using the crystal violet assay. Graphs show means ± SEM from three 
independent experiments, each performed in triplicate and normalised to control. Statistical analysis was 
performed using unpaired, two-tailed Student’s t-test (*-p<0.05, **-p<0.01, ***-p<0.005 versus drug-
untreated sample: control or dasatinib only condition).  
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Supplementary Figure 2. Dasatinib does not sensitise SCLC cell lines to chemotherapeutic drug 

treatment. 

H510 and H69 cells grown in 96-wells in SITA medium were pre-treated with 1 µM dasatinib for 1 h and 
treated with the indicated concentrations of etoposide, cisplatin and paclitaxel. A) Cell numbers were 
quantified using the WST-1 assay 7 days later. B) The induction of apoptosis was monitored using the Apo-Glo 
Caspase 3/7 activity assay 3 days after addition of drugs. Graphs display means ± SEM of two independent 
experiments, each performed in triplicate and normalised to control.  
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Supplementary Figure 3. SFKs are cleaved in response to cisplatin and etoposide in NSCLC and U2OS 

cells. 

U2OS osteosarcoma, HCC78 and HCC95 NSCLC cell lines grown in 6-wells in 0.5% FCS medium were treated 
with 30 µM cisplatin and B) 30 µM etoposide for 16 h. Cells were then lysed in RIPA buffer and equal protein 
amounts separated by SDS-PAGE and Western blotted for FYN, LYN, SRC and PARP. Detection of β-actin served 
as a loading control. Cleaved SFKs and cleaved PARP are indicated by arrows.    
 


