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Abstract 

Lung cancer is the leading cause of cancer mortality worldwide, accounting for approximately 

1.6 million deaths per annum. The most common form of lung cancer is non-small cell lung 

cancer, and within this, ALK mutations occur in approximately 6% of cases worldwide. The 

first-generation ALK inhibitor crizotinib had great success in prolonging ALK-positive lung 

cancer patient survival. However, resistance to crizotinib typically develops in within a year of 

treatment. One mechanism by which resistance can occur is through activation of ‘bypass’ 

kinase signalling pathways. It has been previously determined that phosphorylated Src, a 

downstream mediator of ALK, is upregulated in a crizotinib resistant ALK-positive cell line. 

Therefore, this study aimed to investigate the effect of combining crizotinib with the Src 

inhibitor dasatinib in crizotinib-naïve (H3122) and crizotinib-resistant (CR-H3122) ALK-

positive non-small cell lung cancer cells as a treatment strategy to overcome acquired crizotinib 

resistance.  

In cell culture, it was first confirmed that CR-H3122 cells were significantly less sensitive to 

crizotinib than H3122 cells using cell viability assays (p < 0.01). By contrast, the sensitivity of 

CR-H3122 cells to dasatinib was mildly increased (p < 0.05); therefore, no cross-resistance to 

dasatinib had occurred. Combination drug application significantly inhibited the growth of CR-

H3122 (p < 0.0001) cells with there being synergy at lower concentrations and additivity at 

higher concentrations. However, the combination in the H3122 cells had additivity at lower 

concentrations but was only more effective than crizotinib alone at decreasing the cell viability 

(p < 0.001).  

Western blot with densitometry analysis determined that there was significant suppression of 

phosphorylated ALK/ALK levels by crizotinib alone and in combination with dasatinib in 
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H3122 cells (p < 0.02) but not with dasatinib alone (p > 0.05). Also, phosphorylated ALK/ALK 

levels in CR-H3122 cells were significantly decreased by crizotinib alone and the drugs in 

combination (p < 0.01) but not from dasatinib alone (p > 0.05), despite being crizotinib-

resistant. The opposite was the case for phosphorylated Src/Src, with levels being significantly 

reduced by dasatinib alone and the drugs in combination in both the CR-H3122 (p < 0.001) 

and H3122 (p < 0.05) but not by crizotinib alone (p > 0.05). Therefore, it can be concluded that 

crizotinib and dasatinib are acting on independent molecular targets. 

These results are consistent with the hypothesis that the combination of ALK and Src inhibition 

can be more effective than the individual drugs at decreasing the viability of crizotinib resistant 

ALK-positive lung cancer cells, through acting on different molecular targets and therefore 

may aid in overcoming crizotinib resistance, both as an upfront treatment option and as a 

possible treatment following progression on ALK inhibitors alone. 
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1 Introduction  

This study seeks to address the possibility of a new treatment strategy for anaplastic lymphoma 

kinase positive (ALK+) non-small cell lung cancer (NSCLC) using the combination of the 

anaplastic lymphoma kinase (ALK) inhibitor crizotinib and the Src inhibitor dasatinib to 

overcome the resistance that arises. The background to this, including the nature of lung cancer, 

ALK+ NSCLC and drug targets is detailed below. 

1.1 Lung Cancer  

1.1.1 Epidemiology 

Lung cancer is the most prevalent cancer and is the leading cause of cancer mortality 

worldwide, accounting for approximately 1.6 million deaths per annum. For males, it is the 

most prevalent cancer (14.5% of total male cancer diagnoses), whereas for females it is the 

second most prevalent (8.4%) (Bray et al., 2018). As the estimated overall 5-year survival rate 

is approximately 15% (Jemal et al., 2008), there is a high demand for novel treatments. The 

incidence varies across countries depending on the economic development and associated 

lifestyle factors (Bray et al., 2018). For example, New Zealand and Australia have the highest 

rates of lung cancer with 571.2 per 100,000 for males and 362 per 100,000 for females, 

attributed to the western lifestyle and patterns of tobacco exposure (Bray et al., 2018). Also, 

with New Zealand Maori, lung cancer diagnosis and mortality rates are four times higher in 

Maori women and three times higher in Maori men compared to the rest of the New Zealand 

population (Ministry of Health, 2018). Overall, the cancer burden has increased from previous 

years due to population growth, a shift to an ageing population, prolonged tobacco exposure, 

and lifestyle changes. 
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1.1.2 Pathology 

There are two classifications of lung cancer; small cell lung cancer (SCLC) (~10% cases) and 

NSCLC (~85%-90% cases) (Lemjabbar-Alaoui et al., 2015). SCLC is an aggressive lung 

cancer derived from the hormonal lung cells that are both central and peripheral (Kanaji et al., 

2017; Miyauchi et al., 2015). NSCLC has the subtypes of adenocarcinoma, squamous cell 

carcinoma (~25-30%) and large cell undifferentiated carcinoma (~10%). Adenocarcinomas, 

typically located in the peripheral bronchi of the lungs in non-smokers, are the most common 

type of NSCLC, accounting for approximately 40% of cases. Originally thought to be purely 

peripheral in location, recent studies from advanced screening suggests that adenocarcinomas 

have approximately equal central and peripheral lesions (Moon et al., 2016) relating to the 

surface alveolar epithelium or bronchial mucosal glands, hence have a high chance of 

metastasis (Hirsch et al., 2008).  

1.2 Molecular Targets 

In the past, chemotherapy has been the only treatment available for advanced NSCLC. 

However, response rates are low at 20-30% with only approximately 30% having a one-year 

survival rate (Scheff and Schneider, 2013), but now there has been the discovery of a significant 

subset of targetable mutations in NSCLC patients. Although many different types of these 

molecular targets drive NSCLC adenocarcinomas, only a few of these constitute clinically 

relevant targets at present. Epidermal growth factor receptor (EGFR) was the first molecular 

target discovered, followed by the more recently discovered ALK. 

1.2.1 Epidermal Growth Factor  

Dysregulation of EGFR signalling in cancer can be the result of upregulation or amplification 

of the EGFR gene, causing overexpression (Shtivelman et al., 2014). Tumour progression 
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occurs via inhibition of tumour cell apoptosis and induction of cell cycle progression and 

proliferation (Woodburn, 1999). Two original studies by Lynch et al. (2004) and Paez et al. 

(2004) reported EGFR mutations in the tyrosine kinase domain by the amplification of EGFR 

genes of samples from gefitinib-treated NSCLC patients. As a result, there was the discovery 

of in-frame deletions in exon 19 and point mutations in exons 19 and 21. 8/9 (88%) patients 

with gefitinib-responsive NSCLC had EGFR mutations, compared to 0/7 in the non-responsive 

category, suggesting oncogene addiction. This is where the mutation makes the cell reliant on 

EGFR for survival, hence allows the response to EGFR tyrosine kinase inhibitors (TKIs) such 

as erlotinib and gefitinib (Lynch et al., 2004; Weinstein, 2002). This discovery has paved the 

way for using targeted therapies against NSCLC.  

1.2.2 Anaplastic Lymphoma Kinase (ALK) 

The discovery of ALK occurred in 1994 when a 2;5 chromosomal translocation occurred in 

anaplastic large cell lymphoma (ALCL) cells between the amino terminus nucleolar 

phosphoprotein and the catalytic domain of a tyrosine kinase, later identified as ALK located 

at 2p23 (Morris et al., 1994). Characterisation of the full-length of ALK complementary 

deoxyribose nucleic acid (cDNA) by Morris et al. (1997) revealed a 1620 amino acid sequence, 

demonstrating that ALK is a membrane receptor tyrosine kinase composed of an extracellular 

domain (ECD), an intracellular tyrosine kinase and a transmembrane region (Figure 1.1) 

(Iwahara et al., 1997; Morris et al., 1997), with the tyrosine kinase domain being essential for 

enzyme catalysis (Bossi et al., 2010). The ECD of human ALK (hALK) consists of two MAM 

(meprin A5 protein and receptor protein-tyrosine phosphatase mu) regions, a glycine-rich 

domain and a low-density lipoprotein (LDL) (Figure 1.1) (Loren et al., 2001). 



  4 

 

Figure 1.1. Structure of ALK. ALK is composed of an extracellular domain (meprin A5 protein 

and receptor protein-tyrosine phosphatase mu (MAM1), low-density lipoprotein (LDL), 

MAM2, glycine-rich region), a transmembrane domain and an intracellular domain containing 

a tyrosine kinase region. 

 

ALK is located exclusively in the central nervous system (CNS) and has a vital role in 

development and neurogenesis. Morris et al. (1994) first discovered ALK and stated that hALK 

was present in the CNS from embryonic development day 11. In particular, there was the 

identification of ALK in the thalamus, midbrain, olfactory bulb, hypothalamic nuclei, anterior 

horns of the spinal cord and ganglia (Iwahara et al., 1997; Morris et al., 1997). Due to the 

location of ALK, it is thought to have a role in nervous system function and development 

(Iwahara et al., 1997; Morris et al., 1997). ALK knockout mice have revealed defects in 

neurogenesis, yet, as the mice were still viable, there is an assumption that ALK has a redundant 

function in neurogenesis and development (Bilsland et al., 2008; Weiss et al., 2012). Mice 

lacking ALK also have enhanced spatial memory, suggesting that ALK has a role in cognitive 

performance (Weiss et al., 2012).  

The first identified hALK ligand was heparin, which binds with high affinity to the N-terminus 

of the ECD. There are two types, with long-chain heparin inducing ALK-dimerization and 

subsequent downstream signalling (Murray et al., 2015). Recently, there has been the 

identification of the ligands family with sequence similarity 150A (FAM150A/AUG-β) and 

family with sequence similarity 150B (FAM150B/AUG-α) (Guan et al., 2015). These bind to 
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the glycine-rich region of the ECD (Guan et al., 2015), with FAM150B having a higher affinity 

(Reshetnyak et al., 2015). Once activated with a ligand, ALK signals through downstream 

pathways to drive cell growth and transformation. Ligand binding induces dimerisation, 

followed by autophosphorylation of the intracellular kinase domain (Corte et al., 2018). This 

autophosphorylation induces the activation of phosphatidylinositol 3-kinase (PI3K)/protein 

kinase B (Akt), mitogen-activated protein kinase (MEK)/extracellular signal-regulated kinase 

(ERK), and Janus kinase (JAK)/signal transducer and activator of transcription (STAT) 

(Hallberg and Palmer, 2016; Palmer et al., 2009), leading to cell proliferation, inhibition of 

apoptosis and angiogenesis (Stoica et al., 2002). 

1.3 ALK Rearrangements 

Next-generation sequencing has identified over 20 ALK fusions across different malignancies, 

including ALCL, NSCLC and inflammatory myofibroblastic tumours (Lin et al., 2017). 

Nucleophosmin 1 anaplastic lymphoma kinase (NPM1-ALK) and echinoderm microtubule-

associated protein-like 4 anaplastic lymphoma kinase (EML4-ALK) fusions are the most 

common rearrangements in both ALCL and NSCLC, respectively. In NSCLC, ALK 

rearrangements occur in ~3-7% of cases, which is known as ALK+ NSCLC. In a recent 

population observational study in New Zealand, 8.4% out of 3130 tested positive for ALK+ 

NSCLC, with it being more prevalent in Maori (6.8%), Pacific (10.8%) and Asian (22%) 

ethnicities compared to New Zealand European (4.4%) (McKeage et al., 2019).  

1.3.1 EML4-ALK 

In NSCLC, the EML4-ALK fusion occurs in ~ 6% of cases and is associated with younger 

patients and an absence of smoking (Shaw et al., 2009). Soda et al. (2007) identified the EML4-

ALK fusion when analysing cDNA from lung adenocarcinoma. The carboxy-terminal was 



  6 

identical to the hALK intracellular domain, and the amino-terminal was identical to human 

echinoderm microtubule-associated protein-like 4 (EML4). This discovery suggested that there 

was a combination of both EML4 and ALK present that resulted in a chimeric 1059 amino acid 

protein (Figure 1.2) (Soda et al., 2007). The EML4-ALK fusion results in a constitutively 

active ALK causing abnormal signalling hence increased cell proliferation through various 

downstream signalling pathways (Figure 1.3) (Chiarle et al., 2008; Stoica et al., 2002). There 

are three primary variants of EML4-ALK which can affect the biological and molecular 

properties of the cells. These include variants one, two and three a/b. Variant one is the most 

prevalent subtype, occurring in approximately 33% of cases, followed by variant three a/b in 

29% (Sabir et al., 2017). Also, it is essential to note that the detection of EML4-ALK in 

colorectal and breast cancer means that it is unable to be used for a prognostic test specifically 

for NSCLC (Lin et al., 2009). 

 

 

Figure 1.2. Structure of EML4-ALK fusion. The fusion occurs between the HELP domain and 

part of the WD domain of EML4 with the intracellular domain, including the tyrosine kinase region 

of ALK. 
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1.4 Targeting ALK 

Due to the EML4-ALK discovery, there was a proposal that ALK could be a target for patients 

with ALK+ NSCLC. Preclinical studies demonstrated that transgenic mice expressing EML4-

ALK in lung alveolar epithelial cells developed hundreds of adenocarcinoma nodules a few 

weeks after birth (Soda et al., 2008). When treated with an ALK TKI, the mice had prolonged 

survival and no tumour nodules, suggesting that EML4-ALK cells are dependent on ALK for 

survival due to oncogene addiction. This discovery reinforces the critical role that EML4-ALK 

has in the pathogenesis of NSCLC (Soda et al., 2008) and initiated the development of ALK 

TKIs for NSCLC treatment.  

Figure 1.3. Simplified EML4-ALK fusion signalling pathways. The fusion of EML4-ALK 

causes the constitutive activation of the Janus kinase (JAK)/signal transducer and activator of 

transcription (STAT), phosphoinositide phospholipase C (PLCγ), phosphoinositide 3-kinase 

(PI3K)/protein kinase B (Akt) and mitogen-activated protein kinase (MEK)/extracellular 

signal-regulated kinase (ERK) signalling pathways to cause cell cycle progression, survival, 

proliferation and angiogenesis. 
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1.4.1 Crizotinib 

Crizotinib is an oral multi-targeted TKI originally developed as an inhibitor for the tyrosine 

protein kinase Met (c-Met) but also inhibits ALK and ROS proto-oncogene 1 receptor tyrosine 

kinase (ROS1) (Sahu et al., 2013). The molecular formula of crizotinib is C21H22Cl2FN5O and 

is a known as the amine R enantiomer (R)-30[1-(2,6-Dichloro-3-fluorophenyl) ethoxy]-5-[1-

(piperidin-4-yl)-1H-pyrazol-4-yl] pyridine-2-amine (Sahu et al., 2013) (Figure 1.4). Crizotinib 

consists of four main components - piperidine, pyrazole, pyridine-2-amine and halogenated 

benzene (Chuang et al., 2019). The N-substitution of the polar piperidine group on the pyrazole 

plays an essential role in the potency and the lipophilic efficacy of crizotinib (Wang et al., 

2014) (Figure 1.4). It competitively binds to the adenosine triphosphate (ATP) binding pocket 

of the tyrosine kinase domain between the N and C lobes, with the kinase activation loop of 

ALK interacting with crizotinib. Hence, this prevents the binding of ATP and the subsequent 

autophosphorylation for activation of downstream pathways (Roskoski, 2013), causing G1-S 

cell cycle arrest (Cui et al., 2011). However, crizotinib has poor blood-brain barrier (BBB) 

penetrance, therefore is unable to target brain metastasis that can arise due to crizotinib 

resistance (Costa et al., 2011; Gadgeel et al., 2014; Shaw et al., 2014). 

Crizotinib was the first TKI approved by the food and drug administration (FDA) for clinical 

use in advanced ALK+ NSCLC in 2011 (Sahu et al., 2013) despite there being minimal 

preclinical data available. The original preclinical data was in Karpas-299 (human ALCL 

NPM1-ALK) cells. These results demonstrated promise with complete tumour regression in 

xenografts within 15 days, along with an increasing proportion of apoptotic cells after 24-48 

hours (Christensen et al., 2007). Hence, crizotinib had an anti-tumour effect, but there was no 

testing in EML4-ALK cells before progressing to clinical trials, which is atypical for drug 

development. 
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The initial phase I clinical trial involved 82 ALK+ NSCLC patients. First, a dose-escalation 

study determined the maximum tolerated dose (MTD) as 250 mg twice daily. The second phase 

demonstrated that 47/82 (57%) had a response to crizotinib initially, with an average treatment 

time of 6.4 months (Kwak et al., 2010). Overall, crizotinib was tolerated well with mild visual 

disturbances and gastrointestinal effects. Due to these results, there was the initiation of a phase 

II trial (PROFILE 1005) across 12 countries, with 136 ALK+ NSCLC patients (76 for tumour 

response). Each received the MTD, but 93% had already received prior chemotherapy, and 

63/76 patients (83%) had radiological shrinkage of the tumours (Crino et al., 2011). These 

results accelerated the approval of crizotinib by the FDA for metastatic ALK+ NSCLC before 

the final results were available.  

Phase III trials commenced following FDA approval. In the PROFILE 1007 phase III 

randomised control trial (RCT), there was a comparison of crizotinib to pemetrexed or 

docetaxel in ALK+ NSCLC patients with disease progression from prior chemotherapy 

treatment. The objective response rate (ORR) was determined as 65% for crizotinib with a 7.7-

month median progression-free survival (PFS) vs 20% ORR with three months PFS for 

chemotherapy, but there was no change in the overall survival (12.1 vs 12.2 months). This 

indifference could be due to developing resistance, but despite this, crizotinib is considered 

superior to chemotherapy due to increasing the quality of life (Shaw et al., 2013). Another 

significant phase III trial (PROFILE 1014) investigated crizotinib as a first-line treatment vs 

chemotherapy agents (pemetrexed with carboplatin or cisplatin) in an RCT of ALK+ NSCLC 

patients (Solomon et al., 2014). The ORR was 74% for crizotinib vs 45% for chemotherapy, 

with a median PFS of 10.9 months vs 7 months for crizotinib and chemotherapy respectively. 

These results are consistent with that of the original phase III trial, implicating crizotinib as 
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superior to chemotherapy, with a significant decrease in symptoms such as coughing and 

breathlessness, and hence an overall increase in quality of life. 

Figure 1.4. Structure of crizotinib that binds to the ATP binding pocket of ALK. It consists of 

four main components - piperidine, pyrazole, pyridine-2-amine and halogenated benzene 

(Chuang et al., 2019). 

 

1.4.2 Second and Third Generation ALK TKIs 

Later-generation ALK TKIs include the second-generation alectinib and ceritinib, and the third 

generation brigatinib and lorlatinib, with all having definitive clinical evidence compared to 

crizotinib. All of these ALK TKIs can contribute to overcoming crizotinib induced resistance 

through targeting mutations such as the L1196M mutation (Friboulet et al., 2014; Sakamoto et 

al., 2011) and through penetrating the BBB (apart from ceritinib). In clinical trials, there was 

a reduction in intracranial tumour progression of approximately 78-87% due to the high 

lipophilic properties (Camidge et al., 2018; Solomon et al., 2018); hence there is a role for 

alectinib, brigatinib and lorlatinib in the treatment of brain metastases that can arise from 

crizotinib resistance (Gadgeel et al., 2014; Shaw et al., 2014). Lorlatinib has a unique 

macrocycle structure that decreases P-glycoprotein (P-gp) ejecting drug from the brain 

(Akamine et al., 2018). Also, alectinib is not a substrate of P-gp; hence both drugs have high 

BBB penetrance (Costa et al., 2011; Vavalà and Novello, 2018). However, even if patients 
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have an initial response, drug resistance develops in 1-2 years through various mechanisms; 

hence disease progression occurs (Shaw et al., 2013; Solomon et al., 2014). 

1.5 Mechanism of Resistance to Tyrosine Kinase Inhibitors 

ALK TKI resistance mechanisms include point mutations, bypass signalling, ALK 

amplification, lineage changes and drug efflux pumps (Figure 1.5). Two main classes of 

resistance were determined using in vitro cell culture studies; ALK dependent that involves a 

mutation of ALK, and ALK independent where there is the activation of bypass pathways 

(Heuckmann et al., 2011; Katayama et al., 2011; Katayama et al., 2012), with ALK dependent 

resistance accounting for approximately one-third of cases (Doebele et al., 2012; Gainor et al., 

2016; McCoach et al., 2018; Yu et al., 2019). 

1.5.1 Point Mutations – ALK Dependent 

Point mutations result in reduced TKI sensitivity and are the most prevalent ALK dependent 

TKI resistance mechanism (approximately 20-30% of cases) (Lin et al., 2017). These occur 

when a subordinate mutation arises within the ALK tyrosine kinase domain, causing activation, 

even if an ALK TKI is present, resulting in the inability for TKIs to bind or by altering the 

binding affinity of the kinase domain (Lin et al., 2017). The first and most prevalent ALK 

resistance mutation discovered was the L1196M gatekeeper mutation, reported in NSCLC 

crizotinib resistant H3122 cells with the EML4-ALK fusion (H3122 CR) (Choi et al., 2010; 

Katayama et al., 2011). Another known gatekeeper mutation is G1269A, where steric 

hindrance occurs as a consequence of a bulky amino acid side chain at the gatekeeper position 

at the bottom of the binding pocket, preventing TKI binding (Choi et al., 2010). Further 

investigation has concluded that all ALK TKIs have different resistance mutations that occur, 

where the prevalence is related to the TKI used such as G1202R that has an approximately 2% 
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occurrence with crizotinib vs approximately 21% with second-generation TKIs (Gainor et al., 

2016).  

1.5.2 ALK Amplification – ALK Dependent  

ALK fusion gene amplification can arise with first-generation TKI treatment. Exposing H3122 

cells (human adenocarcinoma ALK+ NSCLC cells with the EML4-ALK fusion) to 

intermediate doses (600 nM) of crizotinib, there was ALK fusion amplification development, 

and when exposed to higher doses (1 μM), secondary point mutations developed (Katayama et 

al., 2011). More recent developments had determined that a high level of ALK amplification 

is sufficient to cause resistance when present alone (Katayama et al., 2012), where 1/15 (6.7%) 

crizotinib resistant patient tumour samples demonstrated a high level of gene amplification 

when analysed with fluorescent in situ hybridisation, without the presence of any mutations.  

1.5.3 Bypass Mechanisms – ALK Independent  

Bypass signalling is the most prevalent cause of ALK TKI resistance, occurring in 

approximately 40-50% of crizotinib resistant cases (Lin et al., 2016). It results in the activation 

of downstream signalling pathways through genetic alterations or dysregulation of feedback 

pathways, without the activation of ALK itself, allowing tumour growth and survival even in 

the presence of ALK TKIs (Lin et al., 2017). There are many different bypass pathways which 

can be activated, including EGFR, human epidermal growth factor receptor 2/3 (HER2/HER3), 

Src, insulin-like growth factor receptor 1 (IGF-1R), MEK and c-Met (2nd generation TKIs 

only). EGFR was the first bypass pathway identified in ALK+ NSCLC (Sasaki et al., 2011) 

with 44% of patients having an increase in EGFR activation even in the presence of an ALK 

TKI (Katayama et al., 2012). 
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Src activation is an example of how downstream effectors can also evade ALK TKIs. This idea 

was initially proposed by Crystal et al. (2014) using patient-derived cell lines. In cell lines 

where saracatinib (a Src inhibitor) was effective, ALK inhibition increased Src 

phosphorylation. This effect was a result of a negative regulatory signal co-ordinating ALK 

and Src activities, as there were no mutations detected in Src family kinases or regulators 

(Crystal et al., 2014). Previously in the Ashton lab group, Wilson et al. (2017) reproduced this 

in CR-H3122 (crizotinib resistant EML4-ALK NSCLC) cells and reported a significant 

increase in Src phosphorylation in western blots compared to parental EML4-ALK NSCLC 

cells, even though there was no upregulation of Src itself. Despite these discoveries little is 

known about Src compared to other bypass signalling mechanisms, so further investigation is 

required.  

1.5.4 Drug Efflux Pumps – ALK Independent  

The multidrug transporter (MDR1) is the first member of the ATP binding cassette, subfamily 

B,  that encodes P-gp, an ATP dependent drug efflux pump (Gottesman et al., 2002; Zaman et 

al., 1994). When amplified, P-gp results in reduced cell sensitivity to administered drugs 

(Breier et al., 2013). Mice overexpressing P-gp had a 2-fold decrease in the crizotinib plasma 

concentration, suggesting that the oral absorption and systematic clearance of crizotinib is 

affected by P-gp, with the BBB penetration being limited (Tang et al., 2014). In humans, 3/11 

(27%) crizotinib or ceritinib resistant patient samples had P-gp overexpression, hence acquired 

drug resistance had occurred (Katayama et al., 2015). 

1.5.5 Lineage Changes – ALK Independent  

Lineage changes can contribute to ALK TKI resistance and result when differentiated cells 

display plasticity to change to an alternative cell type or transforming back to a progenitor-like 
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state (Le Magen et al., 2018). Epithelial-to-mesenchymal transition (EMT) to small cell 

morphology has been reported in ALK TKI resistance, involving the loss of E-cadherin and 

gain of vimentin expression (Gainor et al., 2016). Detection of lineage changes first occurred 

in H3122 CR cells, where EMT was potentially involved as no other ALK dependent resistant 

mechanisms were present (Sang et al., 2013). Despite this, there is a lack of understanding 

about the contribution of the lineage changes to ALK TKI resistance. One potential explanation 

is that it causes a loss of retinoblastoma protein expression like in EGFR TKI resistance 

(Niederst et al., 2015; Takegawa et al., 2016). 

Overall, further investigation is required for all aspects of resistance mechanisms to understand 

and develop strategies to overcome resistance and improve patient survival, as currently, there 

are limited treatments available (Figure 1.5). 

 

Figure 1.5. Resistance mechanisms of non-small cell lung cancer and the currently associated 

therapies to overcome the different types of resistance mechanisms that occur. 
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1.6 Strategies to Overcome Resistance 

There are many different types of acquired resistance mechanisms that occur in ALK+ NSCLC 

patients. Therefore, it is essential to develop strategies to overcome resistance or to prevent 

resistance in the first place, to improve patient survival and wellbeing.  

One of these strategies is to use combination therapies by targeting the highly specific ALK 

amplification or constitutive activation with another secondary co-target. The rationale of this 

is to create a co-targeting drug combination to overcome the resistance. A limitation for using 

drugs for co-targeting molecular targets as a treatment is that two drugs that cross the BBB are 

required to overcome brain metastasis that can occur with crizotinib resistance. There have 

been different bypass mechanisms investigated as co-targets including IGF-1R, c-Met, EGFR 

and Src, all of which produce activation of downstream signalling even in the presence of ALK 

TKIs. Previous studies have successfully demonstrated that dual inhibition of ALK and MEK, 

with ceritinib and trametinib (MEK inhibitor) respectively, was effective at suppressing cell 

growth in vitro and in vivo in ALK+ NSCLC crizotinib resistant cells (Hrustanovic et al., 2015).  

1.6.1 Combination Regimes Targeting ALK and Src  

Src is a common proto-oncogene, (Gu and Gu, 2003; Parsons and Parsons, 2004) involved in 

the progression and metastasis of different prominent cancers including lung, prostate, breast 

and colorectal cancers (Wheeler et al., 2009). The location of Src is at the chromosomal 

position 20q11 (Wheeler et al., 2009). It is composed of four Src homology (SH) domains – 

SH4 at the N terminal and is the site of myristoylation, SH3 which is essential for protein-

protein interaction (Teyra et al., 2017), SH2 that binds the target protein (Shah et al., 2018), 

and the SH1 tyrosine kinase ATP binding site that contains the Tyr419 autophosphorylation 

site (Figure 1.6) (Boggon and Eck, 2004; Haura, 2006). 
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Figure 1.6. Structure of the Src gene. Src is composed of four Src homology (SH) domains – 

SH4, SH3, SH2 and SH1, with SH1 containing the tyrosine kinase at the C-terminus, adapted 

from Yeatman, 2004.   

 

As Src is a non-receptor protein tyrosine kinase (Wheeler et al., 2009), it requires activation 

through upstream tyrosine kinase receptors such as ALK, EGFR, HER2, platelet-derived 

growth factor receptor (PDGFR), IGF-1R and vascular endothelial growth factor receptor 

(VEGFR) (Figure 1.7) (Brown and Cooper, 1996; Roskoski, 2005). When activated through 

phosphorylation, Src has been linked to the processes of tumorgenicity and metastasis as well 

as influencing alterations in angiogenesis, growth and apoptosis through driving downstream 

signalling pathways (Figure 1.7) (Brown and Cooper, 1996; Irby and Yeatman, 2000). A 

unique role of Src is that it also can phosphorylate and activate EGFR itself, so is both a 

downstream mediator and upstream activator of EGFR (Zhang et al., 2007); hence the immense 

impact it has on cell growth and proliferation in cancers. 
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Figure 1.7. Simplified Src signalling pathways. Src is activated through many receptor types 

including epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), 

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

1R), vascular endothelial growth factor receptor (VEGFR) and human epidermal growth factor 

receptor 2 (HER2) to cause cell survival, proliferation and angiogenesis. It also can act as an 

activator of EGFR. 

 

Over 50% of lung, pancreas, liver, breast and colon cancers have Src upregulation present 

(Dehm et al., 2004). Upregulation of Src can be attributed to overexpression of Src protein 

levels, overactive upstream receptors such as EGFR, an increase in phosphorylation activity, 

or a presence of mutations such as the conversion of glutamine-531 of Src to a stop codon in 

some colon cancers to promote metastasis (Biscardi et al., 1999; Cartwright et al., 1989; Dehm 

et al., 2004). The Src activity can be increased 5-8 fold in colon cancer (Irby et al., 1997), 4-

20 fold in breast mammary carcinomas (Egan et al., 1999; Jacobs and Rübsamen, 1983; 

Muthuswamy et al., 1994; Rosen et al., 1986) compared to normal tissue, and elevated in 50-

80% of lung cancers (Mazurenko et al., 1992).  
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Overexpression of pp60c-src (a cellular homolog of Rous sarcoma retroviral v-src) was first 

discovered in NSCLC back in 2003, with a tyrosine kinase assay identifying a significantly 

increased kinase activity level in NSCLC patients (1.7-fold increase) compared to normal lung 

tissue (Masaki et al., 2003). Specifically, for NSCLC adenocarcinomas, the frequency of Src 

overexpression is 60-80%, hence is highly prevalent, where most are involved in EGFR 

mutated NSCLC cases (Wang et al., 2018). Src can be targeted in the clinic using Src inhibitors 

such as dasatinib and bosutinib, which were approved by the FDA in 2006 and 2012 

respectively for the treatment of chronic myeloid leukaemia (Brave et al., 2008; FDA, 2017). 

An increase in Src phosphorylation activity has been identified previously in NSCLC patient 

samples where 123/370 (33%) of patient tumours had phosphorylated Src present (Zhang et 

al., 2007). This discovery supported the preclinical studies in NSCLC cells that demonstrated 

a significant decrease in cell growth and invasion when treated with the Src inhibitor dasatinib, 

especially in EGFR dependent NSCLC cells (Johnson et al., 2005; Song et al., 2006). Dasatinib 

was approved by the FDA in 2006 for clinical use in chronic myeloid leukaemia and acute 

lymphoblastic leukaemia (Brave et al., 2008) with 96.1% of treatment-naïve patients having a 

complete cytogenic response after 24 months of treatment (Gore et al., 2018). It acts through 

inhibiting BCR-ABL (the Philadelphia chromosome) and Src by binding to the ATP binding 

sites (Aguilera and Tsimberidou, 2009) where the 2-chloro-6-methyl phenyl ring (Figure 1.8) 

sits in the hydrophobic pocket of the ATP binding site that is typically occupied by ATP 

(Tokarski et al., 2006). Despite promising preclinical results in NSCLC cell lines, in a phase 

II trial with dasatinib as a first-line treatment for advanced NSCLC patients, there was a PFS 

of only 1.36 months, and as the starting dose was high (200 mg total per day) it was not well 

tolerated; hence the dose had to be lowered (Johnson et al., 2010). With SCLC patients, a phase 

II clinical trial showed no efficacy of dasatinib in patients with chemosensitive relapsed SCLC 
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with a PFS of 5.9 weeks (Miller et al., 2010). Therefore, no clinical benefit of using dasatinib 

alone has been found previously in lung cancer patients, but there is interest in using dasatinib 

in combination with other drugs at lower doses to reduce the toxic adverse effect profile. In 

terms of ALK+ NSCLC, a study by Wilson et al. (2017) identified significantly upregulated 

phosphorylated levels of Src in crizotinib resistant H3122 (CR-H3122) cells; hence there is 

interest in using Src as a co-target with ALK for the treatment of ALK TKI resistant NSCLC 

patients.  

 

Figure 1.8. Structure of dasatinib. The 2-chloro-6-methyl phenyl ring on the left-hand side of 

the figure sits in the ATP binding site of Src and BCR-ABL, causing inhibition. 

 

There is little information readily available about Src and ALK, with only two previous studies 

investigating the dual inhibition of Src with ALK. Crystal et al. (2014) reported that resistant 

cells were highly sensitive to saracatinib in the presence of crizotinib. Dasatinib also 

successfully inhibited cell growth when administered in combination with crizotinib, but 

saracatinib was considered more favourable. A more recent paper by Yoshida et al. (2017) 

combined ALK and Src inhibition using alectinib and saracatinib respectively, in ALK+ 

NSCLC alectinib resistant cells (H3122-AFR) both in vitro and in vivo. The results from colony 

formation assays, western blots, immunofluorescent staining and in vivo mouse xenograft 

models injected with H3122-AFR cells demonstrated that this combination was effective for 
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inhibiting cell growth by blocking downstream PI3K/Akt signalling. Also, ALK and Src 

inhibition prevented the growth of ceritinib or lorlatinib resistant cells.  

Saracatinib has been the primary drug investigated for Src inhibition in ALK+ NSCLC, so it 

would be of interest to see how generalisable the inhibition effect would be using a different 

Src inhibitor such as dasatinib and different cell lines. Dasatinib can cross the BBB effectively 

(Porkka et al., 2008), hence would be beneficial as a co-targeting drug to be used alongside an 

ALK TKI, as it fits the criteria to overcome the brain metastasis. Previous papers investigating 

Src inhibition as a co-target have focused on saracatinib which also penetrates the BBB 

(Kaufman et al., 2015), but has a higher EC50 of 10-14 μM (Green et al., 2009) compared to 

0.04-2.2 μM for dasatinib (Wang et al., 2018) in a variety of human NSCLC cell lines. Hence, 

dasatinib is more potent than saracatinib, so it could be more useful for co-targeting Src in 

combination with ALK TKI as a lower concentration could be applied. In this study, dasatinib 

was applied alongside crizotinib to determine if this can help overcome crizotinib resistance 

that occurs in ALK+ NSCLC cells. Also, it is vital to investigate how generalisable the 

application of combination ALK/Src inhibition is in ALK+ NSCLC, as the cells used in the 

Yoshida et al. (2017) study signalled predominantly through the Akt pathway. However, our 

lab generated CR-H3122 cell line signals predominantly through the mitogen-activated protein 

kinase (MAPK) pathway. Therefore, this will contribute to helping improve overall patient 

survival for those diagnosed with ALK+ NSCLC. 
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1.7 Aims 

There are two main aims of this study, with each corresponding to a separate part of the 

experimental design: 

• The first aim is to determine whether the combined inhibition of ALK and Src by 

crizotinib and dasatinib in CR-H3122 NSCLC cells is more effective at decreasing cell 

viability compared to either drug alone. 

• The second aim is to determine the mechanism associated with the change in cell 

viability through investigating levels of Src, phosphorylated Src (pSrc), ALK and 

phosphorylated ALK (pALK) through western blots. 

 

1.8 Hypothesis 

In this study, it is hypothesised that the combination of crizotinib and dasatinib will be more 

effective at decreasing the viability of EML4-ALK+ (H3122 and CR-H3122) cells than when 

the drugs are applied individually. A secondary hypothesis is that the effect will be at least 

retained in crizotinib-resistant CR-H3122 cells. These are further analysed into sub-hypotheses 

below, (Table 1.1) corresponding to the two experimental design components (cytotoxicity 

assays and western blot phosphorylation assays). 
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Table 1.1. Experimental hypotheses. 

Part 1: Cell Viability Assay 

Hypothesis 1 Dasatinib and crizotinib, in combination, will result in a significant 

decrease in cell viability compared to crizotinib or dasatinib applied 

individually. 

Hypothesis 2 The CR-H3122 cell line will not have cross-resistance to dasatinib 

compared to the H3122 NSCLC cell line, unlike for crizotinib. 

Hypothesis 3 The EC50 for crizotinib in the CR-H3122 cell line will be confirmed as 

significantly increased from the H3122 crizotinib EC50. 

Hypothesis 4 Applying crizotinib and dasatinib in combination will result in a 

significant additive effect at various concentrations in both cell lines.  

Part 2: Western Blots 

Hypothesis 5 The mechanism of action of crizotinib but not dasatinib will result in a 

significant decrease in the pALK levels in the H3122 but not the CR-

H3122 cell line. 

Hypothesis 6 The mechanism of action of dasatinib but not crizotinib will result in a 

significant decrease in the pSrc levels in both cell lines.  

Hypothesis 7 The total expression levels of ALK and Src will not change with any of 

the treatment groups for the CR-H3122 and H3122 cells lines. 

Hypothesis 8 Applying crizotinib and dasatinib in combination will result in a 

significant decrease in the pSrc and pALK levels for both cell lines 

compared to the control, with no drug-drug inhibition of effects. 
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2 Methods 

The experimental design of this project consisted of using both H3122 and CR-H3122 cells to 

determine the effects of crizotinib and dasatinib, both individually and in combination on cell 

growth. First, the cellular protein content was determined through the sulforhodamine B (SRB) 

cell viability assay to measure cell proliferation. western blots, with a comparison to the vehicle 

control, followed the SRB assay for the expression of ALK and Src genes. Also, the 

phosphorylated proteins pALK and pSrc to measure the activation and kinase activity. 

2.1 Materials 

Crizotinib and dasatinib were purchased from LC Laboratories (Woburn, Massachusetts, 

USA). Rosswell park memorial institute medium (RPMI) 1640 and TrypLE were purchased 

from Life Technologies (Grand Island, NY, USA). Penicillin/streptomycin, SRB, 

trichloroacetic acid (TCA), copper sulfate, dimethylsulfoxide (DMSO) and acetic acid were 

obtained from Sigma-Aldrich (St Louis, MO, USA). Fetal bovine serum (FBS) was purchased 

from Sigma-Aldrich (Auckland, NZ). Bovine serum albumin (BSA) was obtained from Life 

Technologies (Auckland, NZ). Bicinchoninic acid (BCA) protein assay reagent A was 

purchased from Thermoscientific (USA). SuperSignal West Pico Chemiluminescent and CL-

XPosure was obtained from ThermoFisher (Auckland, NZ). Acrylamide and precision plus 

protein kaleidoscope standards were purchased from Bio-Rad Laboratories (Hercules, CA, 

USA). 

Primary antibodies against ALK (D5F3), pALK (Y1640), Src (36D10) and pSrc 

(Tyr416)(D49G4) were purchased from Cell Signaling Technology (Danvers, MA, USA). It 

should be acknowledged that the pSrc antibody recognizes Tyr416 to assess Src 

phosphorylation so there is the chance of cross-reactivity with other Src kinase family members 
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such as Lyn, Fyn, Yes, Hck, and Lck when activated at the same site. The -tubulin antibody 

was purchased from Sigma-Aldrich (St Louis, MO, USA) and -actin antibody was obtained 

from Santa Cruz Biotechnology (Dallas, Texas, USA). The secondary antibody horseradish 

peroxidase-conjugated goat anti-rabbit was purchased from Calbiochem (San Diego, CA, 

USA) and horseradish peroxidase-conjugated goat anti-mouse antibody was purchased from 

EMD Millipore Corp (USA).  

2.2 Cell Culture 

There were two cell lines used in these experiments. ALK+ human lung adenocarcinoma cells 

(H3122) and a crizotinib resistant derivate cell line (CR-H3122). All cells were stored and 

maintained in a humidified incubator (PHCbi) with 5% CO2 at 37 C and at 80-95% 

confluency, cells were passaged with TrypLE. Professor Daniel Costa, Harvard University 

gifted the H3122 human adenocarcinoma ALK+ NSCLC cell line harbouring the EML4-ALK 

variant one fusion gene. These cells contain variant one of the EML4-ALK fusion, which is 

the most prevalent variant at 33% of EML4-ALK NSCLC cases (Sabir et al., 2017), hence are 

the most appropriate cell line to use. The crizotinib resistant human adenocarcinoma ALK+ 

NSCLC cell line harbouring the EML4-ALK variant one fusion gene (CR-H3122) were 

generated previously by Wilson et al. (2017) with H3122 cells being cultured with increasing 

concentrations of crizotinib (0.4 μM at 24 hours, 0.56 μM at day two and 0.8 μM from day 

three onwards) for four months, with media being changed every three days and supplemented 

with new drug. Once generated, CR-H3122 were maintained in 0.8 μM crizotinib. These CR-

H3122 cells are a good model as there are no ALK kinase domain changes from point mutations 

when compared to H3122 cells, so resistance is more likely to occur due to upregulation of Src 

(Shrestha et al., 2019). Both cell lines were maintained in RPMI 1640 medium supplemented 
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with 5% or 10% FBS for H3122 and CR-H3122 cells respectively, in addition to 1% 

penicillin/streptomycin.  

2.3 Cell Viability Assay 

The cell viability and proliferation rates were determined through the SRB assay to determine 

cellular protein content as first described by Skehan et al. (1990). 

2.3.1 Drug Concentration Range Determination 

Before obtaining data for the SRB assay, the drug concentration ranges had to be determined 

for crizotinib and dasatinib to get an optimal fitting sigmoidal curve for an accurate half-

maximal effective concentration (EC50) value. The EC50 is the effective drug concentration that 

gives a half-maximal response. For crizotinib in the H3122 and CR-H3122 cells, the drug 

concentration ranges had already been optimised by other lab members. Whereas, with 

dasatinib, in order to establish the optimal concentration range, it required success of the 

approximation over a total of five concentration ranges for H3122 cells and three for the CR-

H3122 cells ranges. 

2.3.2 Sulforhodamine B Assay 

Cells were seeded into 96-well plates at densities of 7.0 x 103 and 1.0 x 103 cells per well for 

H3122 and CR-H3122 cell lines respectively and incubated for 24 hours at 37 °C to allow for 

cell adhesion. Cells were treated with a DMSO vehicle (0.025% for crizotinib in both cell lines, 

0.075% for dasatinib in H3122 and 0.055% for dasatinib in CR-H3122 cells) or varying 

concentrations of crizotinib (0.005 – 10 M for H3122 and 0.05 – 40 M for CR-H3122) 

dasatinib (0.5 – 100 M for H3122 and 0.5 – 220 M for CR-H3122) or a combination of both 

crizotinib and dasatinib (0.1x EC50 – 5 x EC50) with a respective DMSO vehicle (0.04% and 
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0.05% for crizotinib and dasatinib respectively in H3122 and 0.025% and 0.035% for crizotinib 

and dasatinib respectively in CR-H3122 cells) and incubated for a further 72 hours. These 

concentrations were used to obtain a sigmoidal curve for an accurate EC50 value calculation. 

Media was removed, and cold 10% TCA was used to fix the cells at 4 °C for 30 minutes. TCA 

was removed using three distilled water washes, and the plate was allowed to dry. 0.1% SRB 

dissolved in 1% acetic acid was added to each well to bind to the cellular protein. After 10 

minutes, SRB was removed quickly and rinsed with 1% acetic acid to eliminate any remaining 

unbound SRB dye, and the plates were allowed to dry. Tris base (10 mM) was added to 

solubilise the bound SRB. The absorbance of each well was measured to determine the effect 

of the different treatments on cell proliferation at 510 nm using a Benchmark Plus Microplate 

Reader (Bio-Rad). Results are presented as a percentage of the vehicle control, and the EC50 

was determined through non-linear regression. Each cell line for each drug or combination had 

three independent experiments performed in technical triplicate. 

2.4 Western Blotting 

The expression of proteins of interest (ALK, pALK, Src, pSrc) was measured using 

densitometry of western blots.  

2.4.1 Cell Culture and Drug Treatment 

Cells were seeded in Petri dishes at densities of 1.0 x 106 cells per dish for H3122 and 1.2 x 

106 for CR-H3122 and incubated for 24 hours at 37 °C to allow for cell adhesion. H3122 cells 

were treated with either a DMSO vehicle (0.01%), crizotinib (0.18 M), dasatinib (20.88 M) 

or a combination of both crizotinib and dasatinib and further incubated for 24 hours. CR-H3122 

cells were treated with either a DMSO vehicle (0.006%), crizotinib (1.0 M), dasatinib (13.82 
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M) or a combination of both crizotinib and dasatinib and further incubated for 24 hours. These 

concentrations are the EC50 values obtained from the cell viability assay. 

2.4.2 Sample Lysis 

On ice, media was removed, and the Petri dishes were washed with non-sterile phosphate buffer 

solution (PBS) (0.01 M) which was then removed. Cells were lysed with a mixture of cell lysis 

buffer (50 mM Tris base (pH – 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, 

0.5% SDS) and protease inhibitors (10 mM sodium fluoride, 1 mM sodium orthovanadate, and 

1mM complete protease inhibitor mix). Cells were scraped and transferred to an Eppendorf 

tube and stored in a -80 C freezer overnight. Samples were then sonicated at seven-second 

increments with five-second breaks, three times, followed by centrifuge at 1000 rpm for eight 

minutes at 4 C.  

2.4.3 Sample Preparation 

A BCA assay was performed to determine the protein content of the superannuant. BSA (0.5 

mg/ml) was added to a 96 well plate at 2 L increments for 0-20 mg/ml in duplicate. 

Superannuant samples were also added in duplicate to separate wells. BCA reagent (50 parts 

BCA reagent A to 1-part copper sulfate) was added to each well, and the plate was incubated 

for 30 minutes in the dark at 37 °C. Absorbance was read at 562 nm using a Benchmark Plus 

Microplate Reader (Bio-Rad), and a standard curve was used to determine the protein content. 

Samples were prepared to 200 g in cell lysis buffer and 4x laemmli buffer (62.5 mM Tris/HCl, 

1% SDS, 10% glycerol, 0.005% bromophenol blue, 355 mM -mercaptoethanol), heated for 

95 C for five minutes and then stored at -20C. 
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2.4.4 SDS Gel Electrophoresis 

20 g of samples were loaded into 7.5% acrylamide gels (acrylamide, 1.5 M lower Tris buffer, 

10% APS, distilled water, 0.015% TEMED) for ALK/pALK/-tubulin and 10% acrylamide 

gels (acrylamide, 1.5 M lower Tris buffer, 10% APS, glycerol distilled water, TEMED) for 

Src/pSrc/-actin, along with precision plus protein kaleidoscope standards loaded as a protein 

ladder and sample buffer (62.5 mM Tris/HCl pH 6.8, 1% SDS. 10% glycerol, 0.005% 

bromophenol blue, 355 mM -mercaptoethanol) in the empty wells. Gels were subjected to 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a Mini Protean 

3 system (Bio-Rad Laboratories, USA) at 80V for five minutes for protein stacking and then 

120 V for 90 minutes to resolve the protein using a running buffer (25 mM Trizma base, 192 

mM glycine, 0.1% SDS).  

2.4.5 Protein Transfer 

Using a wet transfer, proteins were transferred onto an activated polyvinylidene difluoride 

(PVDF) membrane (Bio-Rad Laboratories, USA) in transfer buffer (25 mM Trizma base, 192 

mM glycine, 0.1% SDS, 20% methanol) at 100 V for 90 minutes at 4 ºC using a Mini Protean 

3 system (Bio-Rad Laboratories, USA).  

2.4.6 Antibody Labelling 

Membranes were blocked with 2% BSA to prevent unspecific antibody binding for 60 minutes 

on a shaker. Membranes were then incubated with diluted primary antibodies made up with 

2% BSA and Tris-buffered saline (TBS) (0.1 M NaCl, 0.025 M Tris/HCl pH 7.4) with 0.05% 

Tween (1 x TBST) on a shaker overnight at 4 C. Primary antibody dilutions used were; ALK 

rabbit monoclonal antibody (mAb) (1:1000), pALK rabbit antibody (1:1000), -tubulin mouse 

mAb (1:2000), Src rabbit mAb (1:1000), phosphorylated Src rabbit antibody (1:1000) and -
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actin mouse mAb (1:1000). The membranes were washed six times for five minutes in 1 x 

TBST on a shaker. The appropriate secondary antibodies with horseradish peroxidase attached 

were added to the membrane in a solution with TBS and 5% milk powder; anti-rabbit (1:1000) 

for ALK, Src, pALK and pSrc and anti-mouse (1:1000) for -tubulin and -actin. The 

membranes were further incubated on a shaker for 60 minutes at room temperature, and the 

secondary antibody was removed followed by 6 x five-minute washes with 1 x TBST on a 

shaker.  

2.4.7 Imaging and Densitometry 

Removal of 1 x TBST was followed by the addition of SuperSignal West Pico 

Chemiluminescent substrate for four minutes. Visualisation of the blots occurred with a 

100Plus automatic x-ray film processor with CL-XPosure Film. The amount of the protein of 

interest (ALK, pALK, Src, pSrc) was then measured using GS-710 calibrated imaging 

densitometer (Bio-Rad) and quantified using Quantity One software (v4.6.7) where 

ALK/pALK and Src/pSrc were normalised to the housekeeper protein -tubulin or -actin 

respectively. For each antibody, there were three biological replicates performed. 

2.5 Data Analysis 

For the SRB data, results are presented as a percentage of the control and analysed using non-

linear regression analysis for a log (inhibitor) vs response variable slope (four parameters) 

using GraphPad Prism v8.0 (GraphPad, San Diego, USA) to obtain the EC50 values. The 

differences in the EC50 values were analysed using an unpaired t-test. Whereas, the 

combination data were analysed using a one-way analysis of variance (ANOVA) followed by 

a Bonferroni post hoc test. All SRB data are expressed as mean ± standard error of the mean 

(SEM), and a significant result is when p < 0.05.  
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In order to determine if the combination of crizotinib and dasatinib had synergy, the Bliss 

model was carried out on the SRB data to derive a combination index (CI) (Equation 1) as 

described previously by Bland et al. (2019), and presented in graphical form as a ratio of the 

predicted Bliss CI to the actual observation of response for cell death. EC is the effect of 

crizotinib when applied alone, ED is the effect of dasatinib when applied alone and (EC x ED) 

is the product of the effect of crizotinib and dasatinib. ECD is the degree of the effect of 

crizotinib and dasatinib when applied in combination. A CI of more than one indicates an 

inhibitory effect of the drugs, and a CI less than one indicates positive synergy between the 

two drugs in combination. A CI of one indicates additivity with separate drug targets when in 

combination. 

𝐵𝑙𝑖𝑠𝑠 𝐶𝐼 =  
𝐸𝐶 + 𝐸𝐷 − (𝐸𝐶  ×  𝐸𝐷)

𝐸𝐶𝐷
 

Equation 1. Bliss combination equation for calculation of synergy when crizotinib and 

dasatinib are applied in combination. 

 

For western blots, the datum was analysed using Quantity One software (v4.6.7) (Bio-Rad). 

Background noise was subtracted, and then the datum was normalised to the respective 

housekeeper proteins; -tubulin for ALK and pALK or -actin for Src and pSrc. Data are 

expressed as mean ± SEM and were analysed using a one-way ANOVA followed by a 

Bonferroni post hoc test, with a significant result being when p < 0.05.  

 

 



  31 

3 Results 

3.1  Cell Viability  

The investigation of crizotinib and dasatinib in combination on the suppression of cell growth 

was through an SRB assay in both H3122 and CR-H3122 cell lines. Data were analysed with 

the non-linear regression analysis for a log (inhibitor) vs response variable slope (four 

parameters) for individual drug concentration curves followed by an unpaired t-test, or a one-

way ANOVA with a Bonferroni post hoc test and Bliss equation analysis for drug 

combinations. 

3.1.1 ALK+ NSCLC Cells 

As expected, the EML4-ALK-positive H3122 cells were highly sensitive to crizotinib, with an 

EC50 of 0.18 M, especially when compared to dasatinib, which had a higher EC50 value of 

20.88 M (Figure 3.1A). EC50 values derived from this data were used to design experiments 

using crizotinib and dasatinib combinations at EC50 equivalent values (Figure 3.1B). The three 

lowest concentrations tested (0.1 x EC50, 0.25 x EC50 and 0.5 x EC50) resulted in a significant 

difference between cell growth of the crizotinib and combination treatments (97.7  0.89 vs 

75.5  0.52 M for 0.1 x EC50, 87.6  1.75 vs 62.6  0.018 M for 0.25 x EC50 and 72.6  6.21 

vs 47.0  3.87 M for 0.5 x EC50 for crizotinib and combination respectively, p < 0.001).  

However, there was no significant difference between the cell growth of the combination 

treatment group with individual dasatinib treatment at any concentration (p > 0.05). Analysis 

of the drug combination at each concentration using the Bliss CI established that at the lower 

concentrations there was a CI of 1.0 (0.1 x EC50 and 0.25 EC50), with it increasing to 1.2 (0.5 

x EC50 and 1.0 x EC50) followed by 1.1 (2.5 x EC50 and 5 x EC50) suggesting additivity at lower 

concentrations, but with a mild inhibitory effect at increasing concentrations. 
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Figure 3.1. The effect of crizotinib, dasatinib and the combination on H3122 cell viability. 

(A) Effects of the ALK inhibitor crizotinib and the Src inhibitor dasatinib on cell viability. Data 

points are mean ± SEM. (B) Effects on cell viability in the presence of crizotinib and dasatinib 

in combination, where C = crizotinib, D = dasatinib, C + D = crizotinib and dasatinib in 

combination. Data are expressed as mean ± SEM and were analysed using a one-way ANOVA 

followed by a Bonferroni post hoc test. *** represents a significant difference for crizotinib vs 

combination, p < 0.001. (C) Bliss combination index values for the combination of crizotinib and 

dasatinib (as shown in B). The dotted line represents additivity, below the line represents synergy 

and above the line inhibition. Data points run from lowest to highest combination concentration. 

For all data n = 3 independent experiments repeated in technical triplicate.  
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3.1.2 Crizotinib-Resistant ALK+ NSCLC Cells 

As expected, there was a significant reduction in the sensitivity of the CR-H3122 cells to 

crizotinib, with the EC50 being increased by 5.6-fold compared to the H3122 cells (0.18  0.016 

vs 1.00  0.12 M for H3122 and CR-H3122 cells respectively, p < 0.003) (Figure 3.2A, Table 

3.1). Interestingly, the EC50 of dasatinib in the CR-H3122 cells decreased to 0.7-fold of the 

H3122 cells (20.88  2.36 M vs 13.82  0.39 M for the H3122 and CR-H3122 cells 

respectively, p < 0.05), therefore, the sensitivity increased, and no cross-resistance occurred 

(Figure 3.2A, Table 3.1). EC50 values derived from this data were used to design experiments 

using combinations of crizotinib and dasatinib at EC50 equivalent values (Figure 3.2B). The 

four lowest drug concentrations tested had a significant decrease in cell growth when applied 

in combination compared to when applied individually (p < 0.0001 for crizotinib vs 

combination and p < 0.00001 for dasatinib vs combination). In addition, there was also a 

significant decrease in cell growth at 2.5 x EC50 for dasatinib vs combination (p < 0.00001), 

and at 5 x EC50 for crizotinib vs combination (p < 0.0001). Analysis of the drug combination 

at each concentration using the Bliss CI model demonstrated synergy at lower concentrations 

(0.6 for 0.1 x EC50, 0.8 for 0.25 x and 0.5 x EC50) and additivity at higher concentrations (CI = 

1). 
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Figure 3.2. The effect of crizotinib, dasatinib and the combination on CR-H3122 cell 

viability. (A) Effects of the ALK inhibitor crizotinib and the Src inhibitor dasatinib on cell 

viability. Data points are mean ± SEM. (B) Effects on cell viability in the presence of crizotinib 

and dasatinib in combination, where C = crizotinib, D = dasatinib, C + D = crizotinib and 

dasatinib in combination. Data are expressed as mean ± SEM and were analysed using a one-

way ANOVA followed by a Bonferroni post hoc test. **** represents a significant difference 

for crizotinib vs combination, p < 0.0001 and ****** represents a significant difference for 

dasatinib vs combination, p < 0.00001. (C) Bliss combination index values for the combination 

of crizotinib and dasatinib (as shown in B). The dotted line represents additivity, below the 

line represents synergy and above the line inhibition. Data points run from lowest to highest 

combination concentration. For all data n = 3 independent experiments repeated in technical 

triplicate.  
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Table 3.1. EC50 values for data displayed in figures 3.1 and 3.2. Data are expressed as mean 

± SEM, and the EC50 values were compared using an unpaired t-test where p < 0.05 is 

considered significant. n =3 independent experiments repeated in technical triplicate. 

 H3122 EC50 

(M  SEM) 

CR-H3122 

EC50 (M  

SEM) 

P Value Fold 

Difference 

Crizotinib 0.18  0.016 1.00  0.12 p < 0.003 5.6 

Dasatinib  20.88  2.36 13.82  0.39 p < 0.05 0.7 

     

 

 

3.2 ALK and Src Expression and Activation in Response to Drug Treatment 

Western blotting with densitometry tested the biochemical mechanism by which crizotinib and 

dasatinib, both individually and in combination, alter kinase signalling in H3122 and CR-

H3122 cells. ALK, pALK, Src and pSrc were employed for this in both cell lines. Data were 

analysed with a one-way ANOVA followed by a Bonferroni post hoc test. 

3.2.1 ALK+ NSCLC Cells 

After 24 hours of drug treatment, pALK as a proportion of total ALK (pALK/ALK), was 

suppressed 90% by crizotinib and 95% by the drugs in combination (0.6 ± 0.1 vs 0.06 ± 0.01 

and 0.6 ± 0.1 vs 0.03 ± 0.007 for control vs crizotinib and combination respectively, p < 0.05) 

but there was no change with individual dasatinib treatment (p > 0.05). There was also no 

significant difference between the pALK/ALK levels in the dasatinib and control treatment 

groups (p > 0.05) (Figure 3.3C). The opposite was true for the levels of pSrc as a proportion of 

total Src (pSrc/Src), with these being significantly reduced by more than 99% by both dasatinib 

and the combination (1.8  0.3 vs 0.007  0.002 and 1.8  0.3 vs 0.01  0.007 for control vs 
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dasatinib and combination respectively, p < 0.05), with there being no change with crizotinib 

treatment and between crizotinib and the control (p > 0.05) (Figure 3.3E). There was no 

significant difference between any of the treatment groups for ALK and Src expression levels 

(p > 0.05) (Figure 3.3B, Figure 3.3D).  

Figure 3.3. Effect of crizotinib, dasatinib and the combination on ALK, pALK, Src and 

pSrc expression in H3122 cells at EC50 concentrations. (A) Representative western blots for 

ALK, pALK, Src, pSrc and the housekeeper proteins -tubulin and -actin after exposure to 

various drug treatments for 24 hours. (B) Quantified western blots for ALK gene expression. 

Data are expressed as mean  SEM and were analysed using a one-way ANOVA followed by 

Bonferroni post hoc test (C) Quantified western blots for ALK and pALK. Data are expressed 

as mean  SEM and were analysed using a one-way ANOVA followed by Bonferroni post hoc 

test. * represents a significant difference for dasatinib vs combination, p < 0.05. (D) Quantified 

western blots for Src gene expression. Data are expressed as mean  SEM and were analysed 

using a one-way ANOVA followed by Bonferroni post hoc test (E) Quantified western blots 

for Src and pSrc. Data are expressed as mean  SEM and were analysed using a one-way 

ANOVA followed by Bonferroni post hoc test. * represents a significant difference for 

crizotinib vs combination, p <  0.05. For all western blots n = 3 independent experiments. 
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3.2.2 Crizotinib-Resistant ALK+ NSCLC Cells 

A similar pattern in the pALK/ALK and pSrc/Src protein expression of the H3122 cells 

occurred with the CR-H3122 cells after 24 hours. Interestingly, the ALK/pALK levels were 

decreased by 85% by crizotinib and 87% by the drugs in combination (0.36 ± 0.06 vs 0.05 ± 

0.03 and 0.36 ± 0.06 vs 0.05 ± 0.02 for control vs crizotinib and combination respectively, p < 

0.01) with there being no change with individual dasatinib treatment and between dasatinib 

and the control (p > 0.05) (Figure 3.4C). There was also no significant difference with the ALK 

expression levels between any of the treatment groups (p > 0.05) (Figure 3.4B). An unexpected 

result is that the Src protein expression levels were significantly upregulated by 2.8-fold and 

3.2-fold for the dasatinib and combination treatment groups respectively compared to crizotinib 

(0.53 ± 0.03 vs 1.22 ± 0.13 and 0.53 ± 0.03 vs 1.4 ± 0.22 for crizotinib vs dasatinib and 

combination respectively, p < 0.05) (Figure 3.4D). Even with the significant upregulation of 

the Src levels in the dasatinib and combination treatment groups, the pSrc/Src levels were still 

significantly reduced > 99% by both dasatinib and the combination treatments compared to the 

control (1.7 ± 0.2 vs 0.026 ± 0.02 and 1.7 ± 0.2 vs 0.013 ± 0.006 for control vs dasatinib and 

combination respectively, p < 0.001), with there being no change in expression levels with 

crizotinib alone or crizotinib vs control (Figure 3.4E). 
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Figure 3.4. Effect of crizotinib, dasatinib and the combination on ALK, pALK, Src and 

pSrc expression in CR-H3122 cells at EC50 concentrations. (A) Representative western 

blots for ALK, pALK, Src, pSrc and the housekeeper proteins -tubulin and -actin after 

exposure to various drug treatments for 24 hours. (B) Quantified western blots for ALK gene 

expression. Data are expressed as mean  SEM and were analysed using a one-way ANOVA 

followed by Bonferroni post hoc test. (C) Quantified western blots for ALK and pALK. Data 

are expressed as mean  SEM and were analysed using a one-way ANOVA followed by 

Bonferroni post hoc test. ** represents a significant difference for dasatinib vs combination, 

p < 0.01. (D) Quantified western blots for Src. Data are expressed as mean  SEM and were 

analysed using a one-way ANOVA followed by Bonferroni post hoc test. Ψ represents a 

significant difference for control vs. dasatinib, p < 0.05, ** represents a significant difference 

for control vs. combination, p < 0.01, # represents a significant difference for crizotinib vs 

dasatinib, p < 0.05 and * represents a significant difference for crizotinib vs combination, p < 

0.05. (E) Quantified western blots for Src and pSrc. Data are expressed as mean  SEM and 

were analysed using a one-way ANOVA followed by Bonferroni post hoc test. *** represents 

a significant difference for crizotinib vs combination, p <  0.001. For all western blots n = 3 

independent experiments.  
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Overall, the results obtained were predominantly as the hypotheses predicted and are 

summarised below in Table 3.2 in an updated format from that presented in the introduction. 

There were some surprise results which will be elaborated on in the discussion, such as the CR-

H3122 cells becoming more sensitive to dasatinib and the upregulation of Src gene expression 

in the dasatinib and combination treatment groups. 
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Table 3.2. Summary of results in relation to the experimental hypotheses. 

Part 1: Cell Viability Assay 

Hypothesis 

1 

Dasatinib and crizotinib, in combination, 

will result in a significant decrease in cell 

viability compared to crizotinib or dasatinib 

applied individually. 

Yes at specific low concentrations in 

the CR-H3122 cells. The 

combination in the H3122 cells was 

only more effective than crizotinib 

alone at low concentrations. 

Hypothesis 

2 

The CR-H3122 cell line will not have cross-

resistance to dasatinib compared to the 

H3122 NSCLC cell line, unlike for 

crizotinib. 

Yes, no cross-resistance to dasatinib 

occurred with the CR-H3122 cells 

becoming more sensitive. Cross-

resistance to crizotinib occurred. 

Hypothesis 

3 

The EC50 for crizotinib in the CR-H3122 cell 

line will be confirmed as significantly 

increased from the H3122 crizotinib EC50. 

Yes. 

Hypothesis 

4 

Applying crizotinib and dasatinib in 

combination will result in a significant 

additive effect at various concentrations in 

both cell lines.  

Yes, but slight inhibition in high 

concentrations for the H3122 cells, 

and a synergistic effect at low 

concentrations for CR-H3122. 

Part 2: Western Blots 

Hypothesis 

5 

The mechanism of action of crizotinib but 

not dasatinib will result in a significant 

decrease in the pALK levels in the H3122 

but not the CR-H3122 cell line. 

No, there was a significant decrease 

in the pALK levels in both the H3122 

and CR-H3122 cell lines. 

Hypothesis 

6 

The mechanism of action of dasatinib but not 

crizotinib will result in a significant decrease 

in the pSrc levels in both cell lines.  

Yes. 

Hypothesis 

7 

The total expression levels of ALK and Src 

will not change with any of the treatment 

groups for the CR-H3122 and H3122 cells 

lines. 

No, the total Src levels in CR-H3122 

cells changed with dasatinib and 

combination treatment, but the ALK 

levels for both cell lines and Src 

levels in H3122 cells did not change. 

Hypothesis 

8 

Applying crizotinib and dasatinib in 

combination will result in a significant 

decrease in the pSrc and pALK levels for 

Yes. 

both cell lines compared to the control, with 

no drug-drug inhibition of effects. 
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4 Discussion 

The discovery of the EML4-ALK mutation as a target in NSCLC and the subsequent treatment 

of ALK+ NSCLC with ALK TKIs had an immediate impact on patient outcomes, with a 65% 

ORR for crizotinib vs 20% ORR for chemotherapy (Solomon et al., 2014). However, even if 

patients have an initial response, drug resistance typically develops within 1-2 years of 

initiating treatment. This resistance occurs through various mechanisms (Shaw et al., 2013; 

Solomon et al., 2014), such that no single drug development strategy can overcome all cases 

of drug resistance. Hence developing various strategies to overcome ALK resistance is a 

predominant area of research. Previous literature has suggested that simultaneous drug 

combinations acting on independent targets (e.g. ALK and Src) can be more effective 

compared to the individual drugs at decreasing cell viability, possibly even with the ability to 

cause tumour eradication (Bozic et al., 2013). Therefore, building on the original discovery of 

upregulated pSrc in crizotinib-resistant cells by Wilson et al. (2017), this study sought to 

address the possibility of a new treatment strategy for ALK+ NSCLC using the combination of 

the ALK inhibitor crizotinib and the Src inhibitor dasatinib to overcome the resistance that 

arises.  

4.1 Cell Viability  

Cell viability is a measure of the proportion of live cells and is often used to determine cell 

survival after drug treatment (Aslantürk, 2017). Through repeating earlier studies, it was 

confirmed that the CR-H3122 cells are less sensitive to crizotinib when compared to the H3122 

cells, with a 5.6-fold increase in the EC50 value (p < 0.003) (Table 3.1). This result is somewhat 

less than the degree of resistance reported by Bland et al. (2019) where there was a significant 

13.1-fold increase between the H3122 and CR-H3122 cells with crizotinib EC50 values of 0.12 

± 0.01 M and 1.57 ± 0.33 M respectively. However, this difference is not surprising as both 
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the cell lines used are highly heterogenous, especially with the resistance varying overtime in 

the CR-H3122 cells. 

Interestingly, the CR-H3122 cells were more sensitive to dasatinib, with a 0.7-fold decrease in 

EC50 from the crizotinib-naïve H3122 cells (p < 0.05) (Table 3.1). Cross-resistance is when 

mutations towards one drug decrease the sensitivity to another drug, increasing the EC50 value 

(Munck et al., 2014). Therefore, no cross-resistance to dasatinib had occurred with crizotinib 

resistance in the CR-H3122 cells. In an earlier study by the Ashton laboratory, administration 

of the IGF-1R inhibitor NVP-AEW541 resulted in no development of cross-resistance in the 

CR-H3122 cells (Wilson et al., 2017). In contrast, further research in the Ashton laboratory 

found cross-resistance occurring in CR-H3122 cells to the MEK inhibitor selumetinib, with a 

3.0-fold increase in the EC50 values between the H3122 and CR-H3122 cells (Shrestha et al., 

2019). The genetic or epigenetic mechanisms of resistance in these cells is unclear, and an 

investigation into whole genome sequencing and epigenetics of the H3122 and CR-H3122 cell 

lines is currently underway, aimed at determining the reasons for cross-resistance to occur for 

some drug targets but not others.  

When applied in combination, crizotinib and dasatinib resulted in significant suppression of 

cell viability compared to crizotinib alone in the H3122 cells for 0.1 – 0.5 x EC50 (p < 0.001) 

but not for dasatinib alone (Figure 3.1B). Therefore, the combination was only more effective 

than crizotinib individually at low concentrations. Consequently, the combination had no 

beneficial effect compared to dasatinib alone in the H3122 cells, with the Bliss CI 

demonstrating only an additive and inhibitory effect at low and high concentrations, 

respectively. In contrast, the combination of crizotinib and dasatinib significantly decreased 

the cell viability of the CR-H3122 cells for the four lowest concentrations up to 1 x EC50 

compared to both crizotinib (p < 0.0001) and dasatinib individually (p < 0.00001) (Figure 
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3.2B). In the previous study by Shrestha et al. (2019) investigating crizotinib in combination 

with selumetinib in H3122 and CR-H3122 cells, similar patterns in the results were observed, 

with a significant difference between the combination and individual drugs for 0.1 x EC50 – 

0.5 x EC50 in the CR-H3122 cells and 0.5 x EC50 – 2.5 x EC50 for the H3122 cells. MEK sits 

downstream of Src; therefore, the CR-H3122 cells used may predominantly signal through Src 

and the MEK/ERK signalling pathway. Hence, the drug combinations having a significant 

effect on suppressing cell growth when using crizotinib and targeting Src with dasatinib or 

MEK with selumetinib. Whilst no studies have investigated crizotinib and dasatinib in 

combination, Yoshida et al. (2017) have investigated alectinib in combination with the Src 

inhibitor saracatinib in H3122 and H3122-AFR cells. These results demonstrated that the 

combination significantly inhibited the cell growth of H3122-AFR cells and in mouse 

xenograft models, through preventing PI3K/Akt signalling pathways. Dasatinib also 

significantly suppressed cell growth in H3122-AFR cells when in combination with alectinib. 

Therefore, based on current literature, there can be confidence in the results obtained from this 

present study.  

The Bliss CI revealed a synergistic effect at low concentrations up to 0.5 x EC50 for the 

combination in CR-H3122 cells (Figure 3.2C), which is when the effect of the combination is 

greater than the sum of effects of the individual drugs (Tallarida, 2011). This synergistic effect 

has clinical relevance as when administering drugs to patients, especially in combination, it is 

crucial to use the lowest concentration possible to minimise the adverse side effect profile, 

which a synergistic effect allows (Tallarida, 2011). The effect of crizotinib and dasatinib on 

the cell cycle could explain this synergistic effect observed. Both crizotinib and dasatinib act 

on the G1-S phase of the cell cycle to cause cell death (Cui et al., 2011; Inge et al., 2013), with 

dasatinib, previously increasing p27 expression in Barrett’s oesophagus and heterogeneous 
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myeloid leukaemia cell lines (Guerrouahen et al., 2010; Inge et al., 2013). p27 is involved in 

inhibiting G1 to S phase transition, with Akt activation resulting in a reduction in p27 

transcription (Abbastabar et al., 2018). Therefore, dasatinib could be enhancing the crizotinib 

anti-proliferative effect by enhancing the p27 levels and preventing downstream Akt 

activation; hence increasing the G1 cycle phase arrest and resulting in more cell death.  

However, further investigation is still required to determine the p27 levels with crizotinib vs 

dasatinib and in combination to make a conclusion.  

There is often debate about whether the combination should be applied before or after 

resistance develops. Bozic et al. (2013) supported the upfront application of the combination 

before resistance develops. Since the combination had a more significant effect in CR-H3122 

cells, these results suggest that the application of sequential combination treatment may be 

more effective than upfront treatment. However, this conclusion was based on the one cell line 

used, and hence with only one model of resistance. 

4.2 ALK and Src Expression and Activation in Response to Drug Treatment 

The strategy developed in the modelling by Bozic et al. (2013) requires drug combinations to 

target distinct pathways if resistance is to be delayed or prevented. This study confirmed that 

crizotinib and dasatinib act on distinct targets (ALK and Src respectively) first by 

demonstrating a lack of cross-resistance to dasatinib in CR-H3122 cells, and second, through 

western blots with densitometry analysis to confirm that the drugs act in the H3122 and CR-

H3122 cells by suppressing phosphorylation of their respective targets (Mahmood and Yang, 

2012).  

Following the hypothesis of significant pALK/ALK protein suppression in the H3122 cell line, 

this study determined that the pALK/ALK levels were significantly decreased in the 
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combination group by 95% compared to dasatinib alone (p < 0.05) but not crizotinib alone in 

the H3122 cells. There was also no significant difference between pALK/ALK levels of the 

dasatinib treatment vs the control. Accordingly, dasatinib must be acting on a different 

molecular target than ALK, indicating that the decrease in pALK/ALK seen in the combination 

must be purely due to crizotinib alone (Figure 3.3C), as crizotinib is a known ALK inhibitor 

that significantly decreases pALK levels in H3122 cells (Katayama et al., 2011).  

Interestingly, in the CR-H3122 cells, the same pattern was observed with an 85% decrease by 

crizotinib and an 87% decrease by the combination in pALK/ALK levels compared to the 

control, with no significant difference between dasatinib and the control (Figure 3.4C). This 

result was unexpected, as previous research in the Ashton laboratory has shown no decrease in 

the pALK/ALK levels compared to the control in CR-H3122 cells, when applying the same 

EC50 concentration (Shrestha et al., 2019; Wilson et al., 2017). Therefore, the expectation is 

that the efficacy of crizotinib to suppress the pALK/ALK levels within CR-H3122 will reduce 

dramatically in comparison to the H3122 cells. This decrease in pALK/ALK expression levels 

is indicative of crizotinib inhibiting ALK to decrease activation, but resistant cells should 

require a much higher drug concentration to get a decrease in pALK. A potential explanation 

could be due to the older passage of cells used in this portion of the experiment, as cells of an 

older passage have an alteration in protein expression, although the mechanism underlying this 

is currently not understood (Briske-Anderson et al., 1997; Chang-Liu and Woloschak, 1997; 

Wenger et al., 2004). Also, even with using the same CR-H3122 cell line in this current study 

as previous literature from the Ashton laboratory, the difference in results could be due to the 

highly heterogeneous CR-H3122 cells mutating over time to develop new resistance 

mechanisms. The performance of genomic sequencing determined that the CR-H3122 cells 

had no change in the ALK kinase domain from H3122 cells (Shrestha et al., 2019). These 
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results suggest that, crizotinib may be able to bind to the ALK kinase domain to decrease pALK 

expression, and that crizotinib resistance crizotinib resistance must occur through another 

mechanism, such as the activation of a downstream bypass signalling pathway.  

In terms of the western blots for pSrc/Src, there was a significant decrease in expression levels 

in both the combination and dasatinib treatment groups by > 99% in the H3122 (p < 0.05) and 

CR-H3122 cells (p < 0.001) but not by crizotinib alone. There was also no significant 

difference between pSrc/Src levels of the crizotinib treatment vs the control. Therefore, 

crizotinib must be acting on a different molecular target than Src; hence the decrease in 

pSrc/Src seen in the combination must be purely due to dasatinib alone (Figure 3.4C). Dasatinib 

is a known Src inhibitor and has ultimately resulted in a significant decrease in pSrc levels in 

a range of NSCLC cell lines (Formisano et al., 2015); hence these results are consistent with 

previous literature. Also, these results demonstrate that the knockout of ALK by crizotinib, 

which is upstream of Src, does not affect the pSrc levels, with there being no significant 

difference between pSrc/Src levels of the control and crizotinib treatment groups. This effect 

could be due to the upstream tyrosine kinase receptors EGFR, IGF-1R, VEGFR,  HER2 and 

PDGFR (Figure 1.7) providing alternative activation mechanisms of Src other than ALK 

(Brown and Cooper, 1996; Roskoski, 2005).  

A novel and unexpected finding in these experiments was the significant Src upregulation by 

dasatinib alone and in combination in CR-H3122 cells but not in H3122 cells. The reason for 

this and the relationship to crizotinib resistance is unclear. Nevertheless, it is reasonable to 

speculate that the could be due to epigenetic changes such as deoxyribose nucleic acid (DNA) 

methylation, which is the addition of methyl groups to DNA without changing the actual DNA 

sequence. A recent discovery has linked hypermethylation to gene expression upregulation in 

prostate cancer and normal tissue (Rauluseviciute et al., 2020), which goes against the original 
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viewpoint that links upregulated gene expression with suppression of DNA methylation (Wan 

et al., 2015). Accordingly, this provides a potential mechanism in which dasatinib when 

present, individually, or in combination, could affect Src protein expression. The Ashton 

laboratory is currently pursuing this hypothesis. 

Upregulated pSrc has been previously identified through western blots in the CR-H3122 cell 

line by Wilson et al. (2017). As there were no ALK kinase domain changes from point 

mutations when compared to H3122 cells (Shrestha et al., 2019), resistance is more likely to 

occur due to upregulation of pSrc. However, it would be ideal to repeat this western blot with 

untreated H3122 and CR-H3122 cells to determine if this is still the case with the basal levels 

of pSrc being upregulated in the CR-H3122 cells to further back up the findings of this study.  

4.3 Limitations of this Study 

Several limitations qualify any conclusions drawn from this study, with the first being the 

sample sizes. The sample sizes for all experiments were an n = 3 biological replicates. Whilst 

this is considered acceptable, due to the variability in the western blots, it would be appropriate 

to increase the sample size to decrease the chance of type I error and therefore increase the 

statistical power.  

The experiments were all performed in a cell monolayer, but this is not how cancer cells would 

typically behave in a physiological environment. Lung cancer cells are highly heterogeneous 

through different genetic and epigenetic mechanisms such as mutant alleles, genomic 

instability, somatic mutations and epigenetic changes (Marino et al., 2019). Therefore, due to 

the heterogeneity, results are often generalised from cell lines to patients. Since only one 

patient-derived cell line (H3122) was investigated with one model of resistance (CR-H3122), 

the results obtained from this study are generalized; hence, the application of these results to 
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all individual cases cannot occur. Accordingly, further investigation into trialling crizotinib and 

dasatinib in combination in a range of patient-derived cell lines is required. 

There are also limitations associated with the two methods used – the SRB assay and western 

blots. The SRB assay, even though it is a widely accepted and accurate technique, it does not 

directly measure cellular proliferation; instead, it measures cellular protein content using the 

SRB dye. The cellular protein content results in the determination of the cell mass and hence 

an assumption about the proportion of viable cells. It also cannot distinguish between dead and 

viable cells, but this does not affect the measurement of drug cytotoxicity (Vichai and Kirtikara, 

2006). An alternative method is cell counting of the viable cells through flow cytometry. In 

addition, for western blots it is only semi-quantitative. This semi-quantitative characteristic is 

due to the darkness of the protein expression bands only getting compared against the darkness 

of a housekeeper protein. Therefore, this technique only provides a relative comparison of the 

protein expression levels, and hence only a relative measure of quantity with no absolute 

protein expression values (Mahmood and Yang, 2012).  A suitable alternative method would 

be utilizing proteomic mass spectroscopy, allowing the analysis of phosphorylated protein 

expression levels.  

For the western blots performed in this study, the drug concentrations used was the EC50 values 

for the respective cell lines. In the representative blot images, there is an observation that the 

drug concentration used wholly wiped out the protein expression in the combination group and 

dasatinib alone for pSrc/Src or crizotinib alone for pALK/ALK. Therefore, it would be 

beneficial to use a lower concentration such as 0.5 x EC50 to make the knockdown of protein 

expression, especially in the combination treatment group more apparent.  



  49 

4.4 Future Directions 

Given these limitations, the sample sizes of all experiments carried out in this study will be 

increased up to an n = 5 biological replicates to increase the statistical power. As mentioned 

previously, the performance of a western blot for untreated H3122 and CR-H3122 cells will 

determine the presence of upregulated pSrc basal levels in the CR-H3122 cells, like that in the 

study by Wilson et al. (2017). Hence, it would help explain the sensitivity of the CR-H3122 

cells to the combination observed in this study.  

The EC50 concentration for the western blots wiped out the protein expression for the 

combination. Therefore, the repetition of western blots using a lower concentration of 0.5 x 

EC50 will make the knockdown of protein expression, especially in the combination treatment 

group more apparent. 

The next step is using flow cytometry to investigate the cell cycle to determine where in the 

cell cycle crizotinib and dasatinib act to cause cell death. Likewise, western blots for apoptosis 

markers using cleaved-caspase, cleaved-poly (ADP-ribose) polymerase (cleaved-PARP) and 

Bim will determine the type of cell death occurring. Flow cytometry will also allow further 

investigation into the method of synergy occurring in our lab-specific CR-H3122 cells, and 

hence if there is any overlap of where in the cell cycle crizotinib and dasatinib are acting. Also, 

western blots of p27 will determine the p27 protein expression levels for crizotinib vs dasatinib 

and in combination, as dasatinib could be intensifying the crizotinib anti-proliferative effect by 

enhancing the p27 levels. 

The principal investigative area of interest is looking into a potential mechanism for the 

upregulation of Src in the CR-H3122 when dasatinib is present, both alone or in combination. 

As mentioned previously, this upregulation could be due to epigenetic changes such as DNA 
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methylation, in which there is a link between hypermethylation and gene expression 

upregulation (Rauluseviciute et al., 2020). The starting step into this research would be 

investigating DNA methylation using a DNA methylation assay such as polymerase chain 

reaction (PCR) to look at specific genes of interest such as Src (Kurdyukov and Bullock, 2016). 

This work is currently underway by the Ashton laboratory.  

The pursuit of whole-genome sequencing and epigenetics for DNA methylation and histone 

modification will determine any changes between H3122 and CR-H3122 cells. Concurrently, 

this will allow the determination of any explanation for cross-resistance to occur to some drug 

treatments and not others in both cell lines. This investigation is also currently underway by 

the Ashton laboratory. 

Ultimately, a variety of cell models will be required to give an overall idea of the efficacy of 

the combination treatment due to the heterogeneous nature of cancer cells, with only one cell 

line and resistance model being investigated in this study. Therefore, ideally, clinical testing of 

crizotinib and dasatinib in combination should be carried out. However, in the absence of 

clinical testing, all research should be repeated in a range of patient-derived models to get a 

variety of heterogeneous cells and modes of resistance. 
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Conclusions 

This study demonstrated that crizotinib and dasatinib, in combination, are more effective at 

decreasing the cell viability of crizotinib-resistant ALK+ NSCLC cells compared to individual 

drug treatment, most markedly at low concentrations. The combination was not as effective at 

decreasing the cell viability in the crizotinib-naïve ALK+ NSCLC compared to dasatinib alone, 

but the combination was at least additive in effect at low to moderate concentrations. 

There was confirmation that both crizotinib and dasatinib act on independent molecular targets 

in crizotinib-naïve and crizotinib-resistant cells to decrease cell viability, with crizotinib acting 

at ALK to decrease pALK levels and dasatinib acting on Src to decrease pSrc levels. 

Interestingly, there was significant suppression of pALK/ALK levels of the crizotinib-resistant 

cells to crizotinib treatment alone, suggesting along with the previous finding of no changes in 

the ALK kinase domain, that these crizotinib-resistant cells have a downstream resistance 

mechanism. 

This study, for the first time, demonstrated significant Src upregulation in CR-H3122 cells 

following individual or combination dasatinib treatment, which goes against the hypothesis of 

the Src levels remaining constant between the treatment groups. No mechanism for this has 

been previously reported and is currently not understood.  

Overall, these results are consistent with the hypothesis that combining ALK with Src 

inhibition could be a useful strategy in treating ALK+ NSCLC, both as an upfront treatment 

option and as a possible treatment following progression on ALK inhibitors alone. 
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Appendix – Representative Images for Western Blot Assays  

 

 

Figure A1. Representative image of the whole western blot probed with ALK, pALK and -

tubulin respectively in H3122 cells as shown in Figure 3.3.  
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Figure A2. Representative image of the whole western blot probed with Src, pSrc and -actin 

respectively in H3122 cells as shown in Figure 3.3. 
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Figure A3. Representative image of the whole western blot probed with ALK, pALK and -

tubulin respectively in CR-H3122 cells as shown in Figure 3.4. 

 

 

 

 



  66 

 

 

Figure A4. Representative image of the whole western blot probed with Src, pSrc and -actin 

respectively in CR-H3122 cells as shown in Figure 3.4. 
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