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Abstract 

Background: This study aims to repurpose disulfiram (DS), a drug used to treat alcohol 

dependence, into an effective treatment for non-small cell lung cancer (NSCLC). Lung 

cancer is the leading cause of cancer related death worldwide because of early 

metastasis and chemoresistance. Cancer stem cells (CSCs) play a key role in 

chemoresistance and metastasis. Our previous studies indicate that tumour hypoxia 

induced activation of the nuclear factor-κB (NF-κB) pathway; a pivotal regulator of 

CSCs. Therefore, development of an NF-κB and CSC targeting drug will improve 

NSCLC therapeutic outcomes. New drug development is an expensive and time-

consuming procedure. DS demonstrates excellent in vitro anti-CSC activity in a wide 

range of cancers. Cytotoxicity of DS is copper (II) (Cu)-dependent. DS/Cu induces 

reactive oxygen species and inhibits NF-κB activity, leading cancer cells into apoptosis. 

The clinical application of DS as an anticancer drug is impeded by its very short half-

life in the bloodstream (<2 minutes). To improve the drug delivery efficiency, we 

developed a poly lactic-co-glycolic formulation of DS (DS-PLGA), which demonstrates 

strong anti-cancer efficacy in NSCLC xenograft mouse models. 

Results: Spheroid and hypoxic cultured cells expressed high levels of CSC markers and 

were resistant to first- and second-line NSCLC anticancer drugs (doxorubicin, 

oxaliplatin, paclitaxel and gemcitabine). High NF-κB expression was detected in 

spheroid and hypoxia cultured NSCLC cell lines. After transfection with p65 subunit of 

NF-κB, A549 cells expressed CSC markers and became resistant to a wide range of 

anticancer drugs. DS (5-10 nM) supplemented with Cu (10 μM) induced cytotoxicity to 

hypoxic cultured NSCLC cells, DS (1 μM) in combination with Cu inhibited sphere 

reformation. DS/Cu effectively inhibited NF-κB activity, abolished the CSC population 



iii 

 

and was shown to synergistically enhance the cytotoxicity of the above conventional 

anti-NSCLC drugs with combination index (CI) values less than 1. The study also 

shows that protection of the thiuram structure of DS is vital for its cytotoxicity and DS-

PLGA extends the half-life of free DS in the bloodstream from 2 minutes to 7 hours. 

Intravenous injection of DS-PLGA in combination with oral Cu can effectively target 

NSCLC xenografts in orthotopic and subcutaneous mouse models. 

Conclusion: DS/Cu specifically inhibits NF-κB pathway and targets CSCs in NSCLC 

cell lines. PLGA encapsulation improves delivery of DS which demonstrated very 

strong anticancer activity in NSCLC xenografts in vivo. 
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1.1. Lung Cancer 

1.1.1. Lung cancer epidemiology  

Globally cancer is one of the leading causes of death, with cancer incidence and 

mortality rapidly increasing in both developing and developed countries. In 2016, the 

number of new cancer cases recorded was around 363,000 and accounted for 164,000 

cancer deaths in the UK (CRUK, 2019). Lung cancer is one of the most common 

cancers along with breast, prostate and colorectal cancer, where statistics show the 

registration of lung cancer to be the highest when considering the effects to both males 

and females shown in Figure 1.1 (King and Broggio, 2018).  Lung cancer accounts for 

6.5% of all deaths in males and 5.2% in women in the UK putting it as the top cancer-

related killer below deaths caused by heart disease and dementia disease (GOV.UK, 

2019). The majority of lung cancers are diagnosed in people aged 75 and over, 

generally at a late stage of tumour development and despite treatment, only 5% of 

patients will survive 10 or more years (CRUK, 2019). Comparatively, the survival rate 

for patients with breast, prostate and bowel cancers are 78%, 84% and 57%, 

respectively, demonstrating the devastating effects lung cancer has on patients 

today. Studies from 2012-2018 have demonstrated that lung cancer is greatly affecting 

developing countries; it has been recorded that lung cancer is the most frequently 

diagnosed and the leading causes of cancer death for both men and women (Figure 1.2), 

therefore, placing lung cancer as a global burden (Torre et al., 2015; Bray et al., 2018).   
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Figure 1.1. The number of cancer registrations across 24 registered sites, in 

England, UK, 2016 (King and Broggio, 2018).   

 

 

 

 

 

 

 

Figure 1.2. A representation of the incidence and mortality of the most common 

cancers for males and females Worldwide in 2018 (Bray et al., 2018). 

1.1.2. Lung cancer aetiology  

Some cancers are preventable by lifestyle choices and high-risk environmental 

conditions, four out of ten cancer patients, in the UK, developed the disease because of 

known risk factors and what is striking is that 79% of lung cancer cases are preventable 

(Brown et al., 2018; CRUK, 2019). A risk is the most basic cause of harm to a person 
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that could develop into a disease over time, there are many non-genetic factors 

associated with developing cancer these include: tobacco, alcohol, diet, food additives, 

reproductive and sexual behaviour, occupation, pollution, medicine, geophysical factors 

and infection (Colditz, Sellers and Trapido, 2005). Tobacco smoke contributes to an 

increased risk of lung cancer, a study demonstrated that smoking a pack of cigarettes a 

day correlated with the detection of 150 mutations in normal lung tissues (Alexandrov 

et al., 2016). 

1.1.2.1. Tobacco smoke 

The most dominant risk factor associated with the development of lung cancer is 

cigarette smoking. The spread of the global tobacco epidemic began in 1492 when 

Columbus began the trade of dried tobacco leaves to Europe. Cigarette smoking gained 

its popularity in men in the 1920’s whereas during world war II it became common for 

women to smoke (IARC, 2004). The trading of tobacco in the Western world became a 

great force of income due to the addictive nature of the nicotine component within the 

tobacco plant. With the increasing number of tobacco consumers came the increase in 

lung cancer incidence and related mortalities as shown in Figure 1.3 (CRUK, 2019). 

Today in the UK the percentage of adults smoking cigarettes is 17.2% which has 

reduced in recent years showing that smoking is becoming less common (ONS, 2019). 

One cigarette has been identified to contain more than 5,000 chemicals, among which 

69 are carcinogenic, the strongest of these carcinogens are polycyclic aromatic 

hydrocarbons, N-nitrosamines, and aromatic amines (Centers for Disease Control and 

Prevention US, 2010). A smoker with a twenty pack-year habit has an increased chance 

of 10-fold in developing lung cancer compared to never smokers (McCarthy et al., 

2012). Although the consumption of cigarettes in the developed world has levelled off 
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and begun to decline, the WHO has concluded that the developing world is at the 

beginning of their tobacco epidemic, therefore, it is still a global issue (Hampton, 

2008).  

 

 

 

 

 

 

 

 

Figure 1.3. Prevalence of smoking and lung cancer mortality in the UK (CRUK, 

2019). 

1.1.2.2. Never smokers and occupational exposures 

Not all lung cancers are attributable to smoking, global statistics have shown that 15-

20% of male and more than 50% of female lung cancer patients are classed as never 

smokers but have the disease (Parkin et al., 2005, Bray et al., 2018). The strong 

correlation between smoking and lung cancer may indicate that never smokers who are 

exposed to environmental tobacco smoke, which is a mixture of sidestream smoke and 

mainstream smoke, contains a diluted yet present concentration of the carcinogens (Sun, 

Schiller and Gazdar, 2007). Involuntary smoking is not the most prevalent cause of the 

disease but could be caused by other environmental exposure in the workplace or a 

combination of both. There are several chemicals associated with particular occupations 

which are known risks, such as asbestos, chromium, arsenic, cadmium, silica, diesel, 
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nickel and more. As detailed in Figure 1.4 asbestos contributed to the most registered 

cases amongst the known environmental risks (Brown et al., 2012). 

Asbestos was first introduced into England in the 19th century and the domestic asbestos 

industry was developed. In 1908, the first death associated with exposure to asbestos 

was recorded, and efforts were made to control its use. Workers developed other 

asbestos-related diseases, one identified in 1960 was mesothelioma and it was 

recognised that inhalation of the chemical caused the disease. Finally, in 1999 new 

regulations and prohibitions banned the supply and use of all asbestos (Harding and 

Frost, 2009). Working with asbestos causes greater lung cancer incidence but other 

occupations are also harmful such as tin miners, painters, bricklayers, welders, and 

those with exposure to diesel or non-arsenical insecticides. Many people exposed to 

environmental risks generally consume tobacco smoke, it is thought that in many cases 

smoking remains the primary risk for individuals (Brown et al., 2012). 

 

 

 

 

 

 

 

 

Figure 1.4. The number of registered lung cancer cases attributed to occupational 

exposure risks in the UK (Brown et al., 2012). 
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1.1.2.3. Genetic predisposition  

Another risk for a person to develop cancer is a person’s genetic changes in the early or 

late stage of life. Inheritable genetic changes are widely observed in breast cancer, for 

example, the mutation of the BRCA1 and BRCA2 gene, whereby mothers can pass on 

this mutation to their daughters. Identification of these genes is highly advantageous to 

cancer prevention and screening programs and can successfully prevent tumour 

initiation and development (Collaborative Group on Hormonal Factors in Breast 

Cancer, 2001; Loomans-Kropp and Umar, 2019). However, not all familial diseases are 

inherited, as families may share similar lifestyles and environmental exposures 

contributing to common interactions in their genes, these are sporadic diseases and 

difficult to identify in more than one generation (Hemminki, Sundquist and Bermejo, 

2007). Lung cancer is not a heritable disease but common among families with shared 

risk factors (Zienolddiny and Skaug, 2011). To identify the alleles associated with a 

complex disease Genome-wide association studies (GWAS) are used. GWAS identifies 

the cancer risk locus on a region of a chromosome by scanning for polymorphisms of 

the disease trait (Gibbs et al., 2003). The region detected will highlight known 

oncogenes which ultimately have effects on transcription, mRNA stability, protein 

structure and function, and binding of the sites of miRNA to provide advantageous 

characteristics that promote cancer cell growth and survival (Pomerantz and Freedman, 

2011). The most common mutation found in lung cancer patients is EGFR. Other genes 

regularly mutated include overexpression of oncogenes KRAS, HER2, ALK, MET, 

MYC, MAPK, and PI3K and the downregulation of tumour suppressor genes P53 and 

PTEN (TCGA, 2014). A meta-analysis of 1,018 candidate-gene association studies 

revealed a significant association between genetic predispositions and lung cancer risk, 
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they identified 22 variants in 21 genes to specifically correlate with lung cancer (Wang 

et al., 2017). 

1.1.3. Lung cancer classification and staging 

1.1.3.1. Healthy lung structure and lung cancer 

The adult lungs are highly branched tubes made up of epithelial cells forming a tree-like 

structure beginning at the trachea branching into the bronchus and bronchioles and 

finally terminal alveoli where gas exchange takes place as shown in Figure 1.5. In the 

normal healthy tissues of the proximal airway, cells take on a pseudostratified columnar 

epithelium structure lining the airways on the trachea and bronchus, there are many 

cells required for this tissue including club cell, ciliated cell, goblet cell and basal cells 

surrounded by a basement membrane and protective cartilage. The different epithelial 

cells are vital for the function of the lungs; the ciliated cells with its tiny hair-like 

structure on the cell surface functions to remove dust and mucus from the airways, and 

the goblet cells are secretory cells producing mucus to assist the ciliated cells in 

removing debris (Chen et al., 2014). In the distal airways, the bronchiolar epithelial 

cells consist of club secretory cells to protect the airways and bronchioloalveolar stem 

cells (BASCs) which give rise to new cells during repair. The alveolar epithelial cells 

are highly elastic for efficient gas exchange, type I are the large thin cells responsible 

for respiration and type II initiate repair mechanisms and are critical for protection 

against infection (Chuquimia et al., 2012). Under normal conditions, new cell 

regeneration of lung stem cells has a low turnover, compared to cells of the intestine 

and skin, where any damage has been made the lung stem cells can effectively replace 

this tissue. However, extensive damage for example by cigarette smoking may become 

irreversible (Rawlins et al., 2006). 
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Figure 1.5. The variation and distribution of cell types in normal healthy lungs and 

the sites of origin of lung cancer subtypes.   

1.1.3.2. Lung cancer classification  

Lung cancer is a malignant epithelial tumour and is morphologically classified into two 

main types, small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). 

My project focused on NSCLC which accounts for 87% of cases in the UK (CRUK, 

2019). The different lung cancer subtypes are compared in Table 1.1. SCLC resides in 

the proximal airways of the lung and is characterized by its small round oval and 

spindle-shaped cells with ill-defined cell borders. SCLC is known to affect the vocal 

cords of the patient, although not the first sign of the disease; patients are often 

diagnosed with distant metastasis (Travis, Brambilla and Muller-Hermelink, 2005). 

NSCLCs are predominantly found in the distal areas of the lung and broadly account for 

various histological cell types. The most commonly detected NSCLC subtypes are 

squamous cell carcinoma (SCC) and adenocarcinoma. SCC cells appear as cohesive 

aggregates, usually in flat sheets with elongated or spindle nuclei with intercellular 

bridges and are specifically defined as cells displaying keratinization (Park et al., 2017; 
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Pennarossa et al., 2015). Adenocarcinoma is characterised by cells showing glandular 

differentiation or mucin production which assists in cell signalling for cell growth and 

survival (Kufe, 2009). SCC is most commonly associated with long term smoking and 

in some cases, the entire lung may collapse. Whereas adenocarcinoma is the most 

common sub-type of cancer seen in both smokers and never smokers and associated 

with multisite recurrence and poor survival (Travis, Brambilla and Muller-Hermelink, 

2005).  

1.1.3.3. Staging and prognosis of lung cancer  

The staging procedure of a patient assists the clinicians to identify whether the cancer is 

localised or metastatic, and in turn, dictates the decision to perform surgery as well as 

identify the best treatment options and patient prognosis. A surgical biopsy will provide 

a detailed account of the disease, small samples are removed and analysed by 

immunohistochemical markers and microscopically prepared which identify the lung 

cancer subtypes by their molecular pathology. Further analysis requires the use of 

DNA/RNA extraction for sequencing, combining morphological and molecular results 

ensures reliability (Dietel et al., 2015).  

After tests are completed, they are analysed and evaluated following the tumour, node 

and metastasis (TNM) system, as described in Table 1.2, this system allows for accurate 

determination of the stage of cancer progression. The TNM system was developed by 

Pierre Denoix during 1943 and 1952 and the Union for International Cancer Control 

(UICC) formed a committee and published the first recommendations to classify 

cancers in 1958, it continues to be revised and is a globally accepted system for a wide 

range of cancers (Brierley, Gospodarowicz and Wittekind, 2016).  Evaluation by the 

TNM system indicates the stage of cancer progression by number system I-IV 
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indicating early to late stages of cancer growth in the primary tumour site to metastasis 

to vital organs, as detailed in Table 1.3. The 5-year survival rates at each stage of 

diagnosis have been evaluated in the IASLC lung cancer staging project. Diagnosis of 

lung cancer at stage I provides the best survival outcome, however little to no patients 

are diagnosed at this stage. As the tumour proliferates treatment options and survival 

rates decreases. A patient diagnosed at stage II this is considered to have a localized 

tumour with the opportunity to metastasize to ipsilateral lymph nodes and have higher 

chances of further distant metastasis. Only ~30% of stage II NSCLC patients survive 

five years or more. For patients diagnosed with stage III lung cancer, the 5-year survival 

rate is only ~19% and further reduces to ~7% in cases where the tumour is larger in 

size. The majority of patients are diagnosed at stage IV, metastasis of cancer to other 

organs reduces the survival outcome (Goldstraw et al., 2007). Although there have been 

many advances in treatment options for lung cancer patients, it is evident that too many 

patients are diagnosed at a late stage and a considerable number of patients inflict this 

disease on themselves by cigarette smoking. 
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Table 1.1. Comparison of lung cancer subtypes.  

  Non-small cell lung cancer (NSCLC) 

 Small cell lung cancer (SCLC) Squamous cell carcinoma (SCC) Adenocarcinoma 

 

Definition 

Small cells with scant cytoplasm, ill-

defined cell borders, finely granular nuclear 

chromatin, and absent or inconspicuous 

nucleoli.  

Typically, malignant epithelial cells 

showing keratinization, intercellular 

bridges.  

NSCLC subtype. A malignant epithelial 

tumour with glandular differentiation or 

mucin production, showing acinar, 

papillary, bronchioloalveolar or solid with 

mucin growth patterns or a mixture of these 

patterns.  

Epidemiology  The least common subtype of lung cancer. Predominately associated with cigarette 

smokers. 

The most common histologic subtype of 

lung cancer accounts for a great percentage 

of both smokers and never-smokers  

Imaging  Appear in the proximal airways as hilar or 

perihilar masses often with mediastinal 

lymphadenopathy and lobar collapse. Often 

detected using CT, cells are undetectable 

using radiograph. 

SCC generally lead to lobar or entire lung 

collapse may occur, with a shift of the 

mediastinum to the ipsilateral side. 

Appear as peripheral nodules under 4.0 cm 

in size. Frequently involve pleura and chest 

wall. Solid nodules are detected by CT 

screening  

 

Cytology  The cells are round, oval and spindle 

shaped. 

Appear in cohesive aggregates, usually in 

flat sheets with elongated or spindle nuclei. 

Combination of individual cell 

cytomorphology and architectural features 

of cell clusters usually as a uniform mixture 

of heterogenous adenocarcinoma cell types. 

Molecular 

genetics  

Have a high rate of p53 mutations. Commonly associated with EGFR, 

HER2/neu, KRAS alterations. 

Common mutations of KRAS and HER2 

genes. 

*Adapted from (Travis, Brambilla and Muller-Hermelink, 2005) 
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Table 1.2. Categories of the TNM system and their definitions.  

TNM system Categories Definition  

Primary 

Tumour (T) 

TX Primary tumour cannot be assessed by imagery; however, cancer cells may be present 

T0 No evidence of primary tumour 

Tis Carcinoma in situ 

T1 Tumour is localised to the lung and is 3 cm or less in diameter without evidence of invasion and is located proximal of 

the bronchus. Sub-divided into T1a, T1b and T1c depending on diameter. 

T2 Tumour size is 3-5 cm in diameter or involves the following features: located in the main bronchus, invades visceral 

pleura, partial collapse of the lung or obstruction to the airway. Sub-divided into T2a and T2b depending on diameter. 

T3 Tumour size is 5-7 cm in diameter, or directly invades the following: parietal pleura, chest wall, phrenic nerve, 

parietal pericardium, or separate tumour nodules in the same lobe as the primary tumour. 

T4 Tumour size greater than 7 cm invading the following: diaphragm, mediastinum, heart, great vessels, trachea, 

recurrent laryngeal nerve, oesophagus, vertebral body, carina, or separate tumour nodules in a different ipsilateral lobe 

to the primary tumour site. 

 

Regional 

Lymph 

Nodes (N) 

NX Regional lymph nodes cannot be assessed. 

N0 No metastasis to regional lymph node. 

N1 Metastasis is ipsilateral peribronchial to the primary tumour and/or ipsilateral hilar lymph nodes and intrapulmonary 

nodes. 

N2 Metastasis is ipsilateral mediastinal and/or subcarinal lymph nodes. 

N3 Metastasis is contralateral mediastinal, contralateral hilar, ipsilateral or contralateral scalene, or supraclavicular lymph 

nodes. 

 

Distant 

Metastasis 

(M) 

M0 No distant metastasis 

M1 Distant metastasis: M1a, separate tumour nodules in contralateral lobe, with pleural or pericardial nodules or 

malignant pleural pericardial effusion. M1b, single extrathoracic metastasis in a single organ. M1c multiple 

extrathoracic metastasis in a single or in multiple organs 

*Adapted from (Brierley, Gospodarowicz and Wittekind, 2016) 
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Table 1.3. Definitions of NSCLC stages and relative TNM system.  

 Definition TNM system  

Stage I Cancer is small and has not spread to lymph nodes or distant organs. Subdivided into IA and IB. It can be 

subdivided by size: IA size of the cancer is less than 3 cm in diameter, IB is between 3-4 cm also growing into 

the main bronchus or visceral pleura. 

Stage IA: T1a-c, N0, M0 

Stage IA: T2a-c, N0, M0 

 

 

Stage II Subdivided into IIA and IIB. IIA: cancer size is between 4-5 cm with no metastasis to regional lymph nodes. 

IIB: cancer size is about 5 cm with metastasis to the ipsilateral lymph node. Or 5-7 cm in size and no metastasis 

to regional lymph nodes. Or lymph nodes void of cancer but metastasis to the chest wall, phrenic nerve or 

mediastinal pleura/ parietal pericardium. 

Stage IIA: T2b, N0, M0 

Stage IIB: T1a-c, N1, M0 

or/ T2a-b, N1, M0 

or/ T3, N0, M0 

 

Stage 

III 

Subdivided into IIIA, IIIB and IIIC. IIIA: about 5 cm in size, metastasis to nearby lymph nodes ipsilateral 

mediastinal. Or 5-7 cm in size with separate tumour nodules on the same side as the origin. Or cancer has 

metastasised to the chest wall, phrenic nerve or mediastinal pleura/ parietal pericardium, lymph node in the lung 

or close to the lung. Or the cancer is in more than one lobe of the lung on the same side and metastasised to 

nearby lymph nodes. IIIB: cancer is less than 5 cm and metastasis is ipsilateral mediastinal and/or subcarinal 

lymph nodes. Or size is between 5-7 cm metastasis is ipsilateral mediastinal lymph nodes. Or cancer is any size 

but metastasised to the chest wall, diaphragm or mediastinal pleura/ parietal pericardium. Or cancer is larger 

than 7 cm metastasis is ipsilateral mediastinal lymph nodes, and metastasised to heart, trachea, oesophagus, 

main blood vessel. IIIC: cancer size is 5-7 cm, metastasis to nearby lymph nodes, and phrenic nerve, parietal 

pericardium. Or larger than 7 cm in all nearby lymph node and spread to nearby structures. 

Stage IIIA: T1a-c, N2, M0 

Or/ T2a-b, N2, M0 

Or/ T3, N2, M0 

Or/ T4, N1, M0 

Stage IIIB: T1a-c, N3, M0 

Or/ T2a-b, N3, M0 

Or/ T3, N2, M0 

Or/ T4, N2, M0 

Stage IIIC: T3, N2, M0 

Or/ T4, N3, M0 

 

Stage 

IV 

Divided into IVA and IVB. IVA: separate tumour nodules in contralateral lobe, with pleural or pericardial 

nodules or malignant pleural pericardial effusion. Or single extrathoracic metastasis in a single organ. IVB: 

cancer has multiple extrathoracic metastases in a single or in multiple organs such as liver or bone. 

Stage IV: Any T, Any N, 

M1a 

Any T, Any N, M1b 

Any T, Any N, M1c 

*Adapted from (Greene et al., 2013)
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1.1.4. Treatment options 

1.1.4.1. Surgery 

Surgery is the first-line treatment for the early stages (I and II) of NSCLC. It is 

important to perform a pulmonary resection of the diseased lung as well as analyse 

histological samples in order to confirm post-operative treatment options 

(Vansteenkiste et al., 2013). Pulmonary resection involves removing different portions 

of the lung using diverse procedures: pneumonectomy, lobectomy, sublobular resection, 

wedge resection and segmentectomy (Lackey and Donington, 2013). There are many 

preoperative complications that can determine whether a patient is accepted for surgery, 

these include: oxygen dependence, pack-year smoking history, preoperative smoking 

cessation, more than 70 years of age, significant weight loss, amount of lung to be 

resected and the corresponding amount of anaesthesia that the patient can tolerate, 

baseline lung function, presence of additional co-morbidities e.g. chronic obstructive 

pulmonary disease (COPD), and choice of preoperative chemotherapy (Gould and 

Pearce, 2006). Wedge and segmentectomy are generally used for frailer patients, with 

worse pulmonary reserve and co-morbidities, as their life expectancy would be 

shortened by difficulty in breathing (SIGN, 2014). Lobectomy with video-assisted 

thoracic surgery (VATS) is the choice of surgery for early-stage NSCLC as studies 

have shown that there is a reduced risk of recurrence and improved survival rates 

(Zhang et al., 2013). Surgery is not a recognised treatment option for stage III and IV 

patients because the extent of tumour progression has become complex and inoperable, 

for example, obstruction of bronchus, blood vessel invasion, lymphatic invasion and 

physical evidence of cancer proliferation (Lemjabbar-Alaoui et al., 2015). In some 
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cases, late-stage patients will undergo neoadjuvant chemotherapy to reduce the size of 

the tumour which provides more surgical options (Skarin et al., 1989).  

1.1.4.2. Radiotherapy 

People with poor lung function and deemed medically inoperable account for the 

majority of NSCLC patients receiving radiotherapy, as this treatment is more tolerable 

compared to surgery (Delaney et al., 2005). Stereotactic body radiotherapy (SBRT), is a 

type of radiotherapy procedure that can take up to five days, delivers high radiation 

doses using multiple precisely aimed beams to a specific area isolating the tumour, 

(Ahmad et al., 2012). The main advantage of SBRT is the procedure is less traumatic as 

opposed to frailer patients experiencing open surgery, and drastically reduces the 

recovery time for the patient. Investigations to identify whether SBRT provides better 

outcomes than surgery for low-grade NSCLC have proven problematic because 

comparatively, patients receiving different treatments have diverse preoperative 

conditions (Varlotto et al., 2010; Robinson et al., 2013). Additionally, without surgical 

resection, it is difficult to determine the prognostic factors as surgeons are unable to 

classify the tumour grade, identify whether there is a lymphatic invasion or extract 

samples to categorise the histology of the tumour (Varlotto et al., 2009). Although 

surgery provides the best overall survival, clearly for surgically inoperable patients 

radiotherapy provides better tumour recurrence control and increases their survival in 

contrast to no treatment at all (Bryant et al., 2018).  

1.1.4.3. Chemotherapy  

Cytotoxic chemotherapy is the standard of care for the vast majority of advanced stage 

NSCLC patients. Side effects are very common to most cytotoxic drugs they can occur 

days to weeks after administration, therefore, careful management of dose regimens is 
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essential to minimise toxicity to normal healthy cells. In regards xto treating already 

frail patients with advanced NSCLC this approach can be at the detriment to the patient 

and reduce their survival. The age of a patient is one way to determine how robust an 

individual is in response to chemotherapy, unfortunately, the median age of advanced 

NSCLC diagnosis is 70 years, placing many people in a bracket of caution for treatment 

(Rossi and Gridelli, 2006). Performance status (PS) is assessed for patients as age does 

not necessarily determine a person’s response. PS assesses an individual’s ability to 

perform daily activities and to provide evidence on how well they could tolerate 

chemotherapy (West and Jin, 2015). In many cases the individual’s risks can exceed the 

benefits of chemotherapy, resulting in worsened survival at the detriment of poor 

quality of life (Silvestri, 2004). Therefore, at a late stage, it is very important to evaluate 

life expectancy, as it is strongly correlated with tolerance to anticancer drugs. 

Additionally, a weakened state also means that the individual is not accepted for 

surgery. The necessary biopsies which provide vital information on patients’ response 

to anticancer drugs are not taken. Therefore, many NSCLC patients do not respond to 

the chosen chemotherapeutic regimen and their cancer continues to grow (Heineman, 

Daniels and Schreurs, 2017). Despite this caveat, there are many chemotherapy drugs 

available for NSCLC treatment and there is no single drug capable of producing a 

significant change in late-stage patients. Patients without any options to improve 

survival receive palliative care, which is an option to relieve the patient of tumour-

related symptoms such as pain and stress (Sepúlveda et al., 2002). 

1.1.4.3.1. Platinum-based chemotherapy 

Platinum-based chemotherapies kill cancer cells by DNA damage, inhibiting DNA 

synthesis and cell division as well as inducing apoptosis (Goodsell, 2006). Platinum-

based cytotoxic drugs are metallic coordination compounds containing a platinum ion, 
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shown in Figure 1.6, the first-generation is known as cisplatin (CDDP), followed by 

carboplatin (CBDCA) and oxaliplatin (OXA) and many more new variations developed 

are in ongoing clinical trials. CDDP is activated non-enzymatically inside the cell by 

the displacement of the chloride components, displacement can occur of one or both 

chloride molecules. The platinum ions form covalent adducts with purine DNA bases of 

the cancer cell which causes DNA damage, via formation of DNA cross-links which 

inhibits DNA replication, as shown in Figure 1.7, (Graham, Muhsin and Kirkpatrick, 

2004; Dasari and Bernard Tchounwou, 2014). Platinum drugs induce apoptosis in the 

cancer cells through the elevation of oxidative stress which results in the activation of 

cell signalling cascades that trigger pro-apoptotic genes such as BAX (Brozovic, 

Ambriović-Ristov and Osmak, 2010). Platinum-based cytotoxic drugs are routinely 

used to treat unresectable advanced NSCLC patients, and many studies have 

demonstrated an improvement in the overall survival of patients placing them as a first-

line treatment for NSCLC (Horita et al., 2017; de Castria et al., 2013; Pignon et al., 

2008). Additionally, platinum-based drugs in combination with other anticancer drugs 

such as gemcitabine, and paclitaxel have provided significant anticancer effects even 

for the weakened population although no combination has proven superior (Ferry et al., 

2017; Rosell et al., 2002). However, the use of these drugs remains controversial due to 

the adverse effects which include nephrotoxicity, nausea and vomiting. Of the platinum 

derivatives, CDDP provides the best therapeutic outcome with the worst side effects. 

CBDCA reduces the risks but has slower binding kinetics with long-lasting effects 

reducing the overall activity of the drug compared to CDDP. Despite these variations, 

the impact on survival for both drugs is similar (Santana-Davila et al., 2014). The goal 

of producing a third-generation platinum drug OXA was to increase efficacy and 

improve patient tolerance whilst overcoming chemoresistance (Raez, Kobina and 
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Santos, 2010). A study comparing OXA and CDDP cytotoxicity showed OXA to form 

significantly fewer DNA adducts than CDDP to provide comparable cytotoxicity, 

suggesting OXA adducts to be more lethal to the cancer cell (Woynarowski et al., 

2000). Studies have demonstrated good patient tolerance when administering OXA in 

combination therapies. OXA is given at 130 mg/m2 over a 2-hour infusion on day 1 

following anticancer drugs gemcitabine or paclitaxel in 21-day cycles. Results from 

both studies show high response rates; 26% OXA-gemcitabine and 36% OXA-

paclitaxel, along with low toxicity; there was no recorded nephrotoxicity and vomiting, 

and less myelosuppression compared with CDDP or CBDCA regimens (Cappuzzo et 

al., 2005). The use of CDDP is followed by high rate relapse in NSCLC patients which 

is due to the development of chemoresistance (Li et al., 2019). With tolerability and 

chemoresistance in mind, OXA is used in my study to establish future drug regimens 

that may improve a patient’s quality of life (Cosaert and Quoix, 2002). 

 

 

 

 

Figure 1.6. Chemical structure of platinum-based compounds. (A) cisplatin. (B) 

carboplatin and (C) oxaliplatin. 
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Figure 1.7. Platinum-based drugs: mechanism of action. Platinum ions form 

covalent adducts with purine DNA bases which causes DNA damage and inhibition of 

DNA replication in cancer cells.  

1.1.4.3.2. Gemcitabine 

Gemcitabine (2’,2’-difluoro-2’-deoxycytidine; dFdC), shown in Figure 1.8, is classified 

as a nucleoside analogue prodrug, whereby metabolism of the drug generates its active 

form and elicits a variety of intracellular effects. Figure 1.9 depicts the anticancer 

mechanism of dFdC. dFdC is transported into the cell by human nucleoside transporters 

(hNTs) and a series of subsequent phosphorylation steps produces dFdC 

monophosphate (dFdCMP), dFdC diphosphate (dFdCDP) and dFdC triphosphate 

(dFdCTP). Each phosphorylated product elicits an inhibitory effect on DNA synthesis 

(de Sousa Cavalcante and Monteiro, 2014). dFdCMP inhibits thymidylate synthase 

activity, the formation of dTTP from dUMP to dTTP which inhibits the availability of 

nucleotide bases required for DNA synthesis. dFdCDP inhibits the enzyme responsible 

for deoxyribonucleotide synthesis. The principal role of dFdC involves the 

incorporation of dFdCTP into DNA during DNA replication, this unique mechanism is 

described as masked chain termination because after inclusion of dFdC into DNA 

normal base pairing continues, thus disguising the instruction of cell termination. 
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Therefore, the detection of dFdC in DNA during DNA synthesis results in inhibition of 

tumour cell proliferation. In combination with platinum-based drugs dFdC has shown to 

behave synergistically in vitro and in the clinic to treat advanced NSCLC for more than 

20 years (Moorsel et al., 1999; Cartei et al., 1999). NSCLC patients receiving this type 

of treatment are diagnosed with stage III or stage IV, PS of 0-2, are <80 years of age, 

with a life expectancy of more than 2 months, and normal functioning of their vital 

organs. The standard clinical dose regimen of dFdC in combination with cisplatin, as 

used in the phase III study, is administered at a dose of about 1000 mg/m2 30 min 

infusion on day 1 followed by intravenous injection of cisplatin on day 2. This 

procedure was followed for up to 5 cycles and overall this regimen provided a relatively 

good tumour response and good progression-free survival with no significant 

differences due to age (Wachters et al., 2003). The adverse effects of dFdC alone are 

classed as mild and tolerable, where patients generally experience nausea, vomiting and 

fatigue making it a suitable drug for combination therapies (Yokoyama et al., 1997). 

Difficulty in achieving satisfactory clinical outcomes with the use of dFdC is due to the 

development of resistance. There are a number of challenges to overcome as it is 

understood that chemoresistance involves crosstalk of various signalling pathways that 

dFdC cannot target alone (Jia and Xie, 2015). 

 

 

 

 

 

 

 

 

Figure 1.8. Chemical structure of gemcitabine. 

 



22 

 

dFdC

dFdCMP

dFdCDP

dFdCTP

Phosphorylation steps

1. dFdCTP

incorporation

2. Chain 

termination

3. Inhibition of 

DNA synthesis

DNA polymerase

hNT

Inhibition 

thymidylate 

synthase 

pathway and 

inhibition of 

DNA synthesis

Inhibition of 

deoxyribonucleotides 

synthesis

dFdU

dFdUMP

dTMP

dTTP

dUMP

TS
A

B

C

 

 

 

 

 

 

 

 

 

Figure 1.9. Gemcitabine: mechanism of action. dFdC is transported into the cell by 

human nucleoside transporters (hNTs) and is phosphorylated to form dFdC 

monophosphate (dFdCMP), dFdC diphosphate (dFdCDP) and dFdC triphosphate 

(dFdCTP). Each phosphorylated product elicits an inhibitory effect on DNA synthesis. 

1.1.4.3.3. Paclitaxel 

Paclitaxel (PTX) is a microtubule stabilizing drug, discovered in 1967 from the bark of 

yew trees shown in Figure 1.10. The process of development from its initial isolation to 

an anticancer drug used today was slow and only became approved by the FDA for 

treatment of NSCLC in 1999 (Wani et al., 1971; Weaver, 2014). Under normal mitosis, 

microtubules undergo rapid elongation and shortening via the non-covalent addition of 

-tubulin and -tubulin dimers at the (+) end.  At the time of elongation tubulin-bound, 

GTP is hydrolysed to tubulin-GDP and Pi, where stable tubulin-GDP forms the 

microtubule filament and tubulin-bound GTP forms a cap at the end. When the cap is 

present the microtubule is stable and can grow, this is crucial for the correct and timely 

attachment of chromosomes at kinetochores to the spindle during prometaphase. The 
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event of a single chromosome misalignment is enough to prevent the cell from 

transitioning into anaphase. The anticancer mechanism of PTX shown in Figure 1.11 

describes the ability of PTX to bind with direct high affinity to -tubulin dimers on the 

inside surface of the microtubule structure, to stabilize the microtubule and increase 

polymerization, thereby inhibiting microtubule shortening allowing miss-attachment of 

chromosomes and ultimately inducing apoptosis (Jordan and Wilson, 2004). The 

introduction of PTX monotherapy to treat advanced NSCLC demonstrated positive 

anticancer activity. However, the administration required refinement as the proposed 

infusion schedule insisted 24 hours of 200-250 mg/m2
 to minimize the impact of initial 

toxicity to the patient but was considered unacceptable due to patient compliance. The 

adverse effects of PTX include myelosuppression, neutropenia, and fatigue. Reducing 

the infusion time proved to slightly increase survival whilst providing similar toxicity 

therefore, PTX became a potential drug for combination therapy to help reduce 

toxicities (Socinski, 1999).  Today PTX is used as a first-line treatment option when 

combined with platinum-based drug carboplatin. A recent study has demonstrated the 

addition of bevacizumab to this regimen has prolonged response rate and overall 

survival. However, the additional adverse effects advise this combination therapy for 

selected patients after considering contraindications (Han et al., 2018). A study by 

Carter et al 2012, compared the overall survival of patients treated with PTX and 

CBDCA regimen followed by RT and PTX maintenance, with another group of patients 

receiving the same regimen without PTX maintenance. The results of the experiment 

showed the patients without PTX maintenance had better overall survival than those 

under maintenance PTX, suggesting that toxicity is the limiting factor for survival, 

where patients experience fewer side effects and have a better prognosis (Carter et al., 

2012). Despite its highly cytotoxic nature, more than half of patients do not have an 
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objective response to the treatment, this is due to acquired resistance. Specific attributes 

detected for PTX resistance patients include overexpression of multidrug resistance 

protein, pump p-glycoprotein, which promotes drug efflux (Chiou et al., 2003). It is 

important to detect changes earlier to predict patient response and aid planning for 

future chemotherapy (Yeh et al., 2003; Rosell and Felip, 2001).  

 

 

 

 

 

 

 

 

Figure 1.10. Chemical structure of paclitaxel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. Paclitaxel: mechanism of action. PTX binds to -tubulin dimers of the 

microtubule which stabilizes the microtubule allowing for miss-attachment of 

chromosomes and induces apoptosis. 
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1.1.4.3.4 Doxorubicin 

Anthracyclines are a classification of anticancer compounds derived from the discovery 

of daunorubicin, isolated from Streptomyces peucetius more than 50 years ago, which 

includes epirubicin and doxorubicin (DOX) (Tan et al., 1967). Anthracyclines are all 

known for their high cytotoxicity and they are not frequently used due to high toxicity 

profiles. DOX is the most commonly used anthracycline because of its broad range of 

activity in multiple solid tumours and haematological malignancies (Cortés-Funes and 

Coronado, 2007). The chemical structure of DOX, Figure 1.12, is essential for its 

cytotoxicity as it is made up of a highly reactive quinone-containing ring structure 

contributing to its high redox potential (Bolton and Dunlap, 2016). Figure 1.13 shows 

the anticancer mechanism of DOX to occur in two ways. 1) DOX inhibits 

topoisomerase 2A (TOP2A) activity in the winding and unwinding of DNA strands, 

resulting in the generation of topoisomerase-DNA covalent complexes which block 

DNA synthesis, induce DNA strand breaks, and drive cancer cells into apoptosis 

(Nitiss, 2009). 2) DOX generates free radicals through its metabolism to produce semi-

quinone, which quickly enters redox cycling to produce reactive oxygen species (ROS) 

(Thorn et al., 2011). This mechanism is susceptible to inhibition in DOX-resistant 

cancer cells, making patient response difficult to predict (Cummings et al., 1992; Finn, 

Findley and Kemp, 2011). DOX anticancer activity is associated with an increase in 

cardiotoxicity where some patients experience acute cardiotoxicity and some develop 

early chronic or late-onset chronic cardiotoxicity even after the treatment which results 

in cardiomyopathy and congestive heart failure. A reduction in dose significantly 

reduces cytotoxicity of DOX (Šimůnek et al., 2009). Cardiotoxicity can be avoided with 

the use of liposomal DOX, combination therapies or DOX-prodrug along with better 

therapeutic outcomes. A study with polyethylene glycol-coated liposomal doxorubicin 
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(PLD) formulation, demonstrated the improvement of DOX toxicity while extending 

the half-life of free DOX and enhancing the accumulation of the active drug in the 

tumour. PLD was administered at a dose of 35-45 mg/m2 intravenous infusion every 21 

days to advanced NSCLC patients with tumour progression after platinum-based first-

line therapy. Overall patients did not experience acute or late-onset cardiotoxicity but 

only some patients showed partial or stable response (Numico et al., 2002). Further 

studies have shown the benefits of combination radiotherapy alongside the 

administration of PLD to treat locally advanced NSCLC patients, where a standard dose 

of 20 mg/m2 infusion was given every 2 weeks for 3 cycles with oral vinorelbine, at 

three dose levels (Julien, 2000). The results showed acceptable patient tolerance, with 

inflammation of the lung and oesophagus as adverse effects and a varied response rate. 

The majority of patients had a partial response and 28% patients were free of locally 

advanced NSCLC for 2 years (Tsoutsou et al., 2008). Further work using DOX-prodrug 

to hold DOX inactive in circulation without affecting normal healthy cells is ongoing 

(Trouet et al., 2001). Use of a prodrug on advanced or metastatic solid tumours, 

including NSCLC, demonstrated that patients could accept a higher dose of DOX with 

increased therapeutic effect and experience no acute cardiotoxicity (Schöffski et al., 

2017). 

 

 

 

 

 

 

 

Figure 1.12. Chemical structure of doxorubicin (DOX). 
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Figure 1.13. Doxorubicin: mechanism of action.  (1) DOX inhibits the activity of 

topoisomerase IIA (TOP2A) which induces DNA strand breaks. (2) DOX metabolism to 

semi-quinone induces the generation of reactive oxygen species (ROS).  

1.1.4.4. Biological therapies  

1.1.4.4.1. Gefitinib 

Gefitinib is a first-line treatment for advanced NSCLC patients but restricted to only 

those who test positive for EGFR mutation (Inoue et al., 2009). It is a biological therapy 

classified as a small-molecule tyrosine kinase inhibitor (TKI), where it acts by 

selectively inhibiting the protein kinase activity of EGFR which is highly expressed in 

many epithelial cancers such as NSCLC adenocarcinomas (Shigematsu et al., 2005). 

EGFR is a transmembrane glycoprotein member of the erbB family which allows the 

binding of extracellular EGF to signal tyrosine kinase activation inside the cell which 

elicits cell signalling pathways to assist in cancer cell proliferation (Bethune et al., 

2010). Gefitinib inhibits the phosphorylated activation of tyrosine kinase domains and 

successfully inhibits activation of various cell signalling pathways such as PI3K and 

Ras, as shown in Figure 1.14 (Tiseo, 2010). The analysis of patient genome during 

diagnosis will identify any somatic genetic alterations of EGFR and this must be 
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analysed before offering gefitinib treatment. Detection of active EGFR mutation in lung 

cancer patients does determine a greater likelihood of response to gefitinib. However, 

analysis of EGFR abundance does not signify the patient’s responsiveness to the TKI 

(Paez, 2004). Gefitinib, 250 mg tablet, is orally administered daily to control disease 

progression and the average duration of this regimen is 8 months. Gefitinib is tolerated 

very well by less robust patients, as the anticancer drug is nontoxic, and the overall 

progression-free survival was significantly longer compared with other cytotoxic 

therapies (Brown et al., 2010). The majority of NSCLC patients show wild type EGFR 

expression, a study has demonstrated wild type patients may receive a modest benefit 

from gefitinib therapy. However, there is no definitive analysis to determine the 

patient’s response compared to those with significant EGFR overexpression and other 

common mutations downstream of EGFR many counteract its cytotoxicity (Laurie and 

Goss, 2013). Therefore, suggests that gefitinib therapy has a minimal anticancer effect 

for the NSCLC population. 

 

 

 

 

 

 

 

 

 

Figure 1.14. Gefitinib: mechanism of action. Gefitinib inhibits the phosphorylation of 

tyrosine kinase (TK) domains which prevents cell proliferation and induces apoptosis.  
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1.1.4.4.2. Bevacizumab  

Another biological agent used in the treatment of NSCLC is bevacizumab, a humanized 

monoclonal antibody against vascular endothelial growth factor (VEGF), also known as 

Avastin (Russo et al., 2017). VEGF is highly expressed in most solid hypoxic tumours 

with a dominant role in the stimulation of tumour angiogenesis and the formation of 

blood vessels surrounding the tumour (Ferrara, 2004). VEGF binds to VEGF receptors 

on the surface of blood endothelial cells, inducing various signalling cascades and 

activation of genes associated with angiogenesis, proliferation, migration and survival. 

Bevacizumab has a high affinity for VEGF proteins produced by tumours cells existing 

in the circulatory system, the binding of bevacizumab to VEGF blocks VEGF activity 

and inhibits VEGF receptor activation as shown in Figure 1.15 (Ferrara et al., 2004). A 

study from 2001 to 2004 involving 878 NSCLC patients with recurrent or advanced 

disease, demonstrated the effect of bevacizumab in combination with a first line platin 

regimen PTX-CBDCA. Half of the patients received bevacizumab 7.5-15 mg/m2 

intravenously every 3 weeks (median number of 7 cycles), and comparisons were made 

with patients without bevacizumab treatment. Patients taking bevacizumab had a risk of 

life-threatening pulmonary haemorrhages, especially for squamous cell lung cancer and 

these patients were excluded from the study. However, those patients taking 

bevacizumab and not experiencing fatal side effects did have significantly improved 

survival. The median overall survival of PTX-CBDCA without bevacizumab was 10.3 

months and in combination with bevacizumab was 12.3 months (Sandler et al., 2006). 

Despite this result, it is difficult to pre-determine survival during treatment because 

bevacizumab does not demonstrate cytotoxic effects, as it greatly affects angiogenesis 

and its anticancer mechanism is dependent on starvation of the cancer cells (Zhao and 

Adjei, 2015). 
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Figure 1.15. Bevacizumab: mechanism of action. Bevacizumab binds to VEGF 

proteins and inhibits VEGF binding to its receptor on the surface of endothelial cells of 

blood vessels which inhibits angiogenesis and other tumour promoting processes. 

1.1.4.4.3. Nivolumab  

Under the field of immune oncology, the development of interest in immune checkpoint 

inhibitors became a highlight of chemotherapy in the 21st century. Immune checkpoints 

are important for the immune homeostasis, whereby checkpoints can either inhibit or 

stimulate an immune response. Programmed cell death protein-1 (PD-1) and its ligand 

(PD-L1) are an example of inhibitory response, whereby the presence of PD-L1 on a 

cell can interact with PD-1 on the T-cell to send an immune signal to escape T-cell 

destruction (Pardoll, 2012). Nivolumab is a human immunoglobulin G4 (IgG) anti-PD-

1 monoclonal antibody and the first immunotherapy approved for lung cancer in 2015. 

The mechanism of nivolumab immune checkpoint inhibitor is shown in Figure 1.16, 

nivolumab interacts with PD-1 on the surface of the T-cell inhibiting the PD-L1 

binding, which then restores the function of the T-cells receptors (TCR) and major 
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histocompatibility complex (MHC) binding complex to send the signal to elicit the 

immune response, eventually killing the cancer cells (Lim and Soo, 2016). 

Immunotherapy boosts the natural response of the body to the tumour cells, which 

consequently affects the immune response on normal healthy tissue and may exclude 

patients who are otherwise immunocompromised (Baxi et al., 2018). A recent study 

evaluated the safety and efficacy of nivolumab, compared to docetaxel, in patients with 

disease progression after previous chemotherapy. Patients were administered with 3 

mg/kg of nivolumab or 75 mg/kg docetaxel intravenously every three weeks until 

disease progression. Nivolumab was confirmed to have significantly higher objective 

response rates and significantly improved overall survival compared with docetaxel. 

One-year survival rates for nivolumab was 51% and for docetaxel was 39%. The safety 

profiles were relatively similar with less severe and frequent adverse effects were 

accounted for nivolumab treatment. Despite the relatively good overall response rates, 

the study demonstrated increased response with detection of increased PD-L1 in tumour 

cells, suggesting that more research is required to predict who can benefit from this 

therapy (Borghaei et al., 2015). 

 

 

 

 

 

Figure 1.16. Nivolumab: mechanism of action. Nivolumab interacts with PD-1 on the 

surface of T-cells which inhibits PD-1 binding with PD-L on the surface of cancer cells. 

The binding of TCR and MHC stimulates an immune response.  
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To conclude, there have been many advances in NSCLC treatment in recent years 

providing regimens of improved efficacy and better tolerance. Although these 

improvements are promising the benefits are limited to a minority patient population, as 

there is no definitive therapy for NSCLC. The majority of NSCLC patients are 

diagnosed at later stages of cancer development and their treatment options are 

restricted to cytotoxic chemotherapy with low survival rates and high morbidity. The 

standard NSCLC anti-cancer drugs are platinum-based combination therapies which 

produce the best results in stage I and stage II patients, however, after treatment, there is 

an increased possibility of recurrence (Herbst, Morgensztern and Boshoff, 2018). The 

success of targeted therapies such as gefitinib has consequently highlighted the genetic 

heterogeneity of NSCLC, indicating a vast number of possible targets for new drug 

development without the assurance of certain anticancer effects (Mayekar and Bivona, 

2017). Smoking is the greatest cause of NSCLC mutations, and possible eradication of 

smoking may help to reduce the great numbers of people being affected by this disease 

in future. At present, the major existing challenges include the understanding of 

chemoresistance, identification of driver genes and improving predictive biomarkers of 

chemotherapy response. NSCLC takes the lives of many people worldwide, due to late-

stage diagnosis, therefore requires extensive research to help this larger population of 

currently untreatable patients. 
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1.2. Drug Resistance In NSCLC 

In the UK chemotherapy and radiotherapy are the most commonly advised treatments 

for NSCLC patients, because most patients are diagnosed at a late stage and considered 

medically inoperable. The use of chemotherapy is also widely accepted amongst all 

cancer types, this is because the proliferation of cancer cells is a mutual problem and 

cytotoxic agents are capable of targeting these rapidly dividing cells. Surgery provides 

the best outcomes, and despite the number of patients receiving chemotherapy in 

conjunction with or without surgery, their survival is unpredictable due to resistance to 

anticancer drugs (Gould et al., 2013). Some cancers are unresponsive at the point of 

origin; recognised as intrinsic resistance and some cancers change during treatment and 

develop acquired resistance. Resistance can be limited to a single agent or can reflect a 

failure to respond to multiple drugs. A small percentage of cells remain after treatment, 

and it is thought that these cells give rise to a resistant population, making future 

treatment choices more difficult (Reya et al., 2001). The mechanism of chemoresistance 

is inconsistent between cancers as there are many different contributing molecular 

aspects which are also involved in the crosstalk of signalling pathways to maximise the 

chemoresistant characteristics. Understanding of the cancer cell molecular profile will 

help in finding the ideal target to overcome this problem. Chemoresistance has been 

attributed to many factors such as drug transport pumps, oncogenes, tumour suppressor 

genes, mitochondrial alteration, DNA repair, tumour heterogeneity, epithelial-to-

mesenchymal transition (EMT) and cancer stem cell (CSC). 

1.2.1. Transporter proteins drug efflux 

The transport of various substrates across cell membranes is achieved through ATP-

binding cassette (ABC) transporter proteins. The ABC superfamily consists of 48 
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proteins divided into 7 subfamilies (A-G). Architecturally, all transporters are made up 

of two cytoplasmic nucleotide-binding domains (NBDs) and two transmembrane 

domains (TMDs) (Wilkens, 2015). The NBDs are structurally similar between 

subfamilies, whereas the TMDs are highly heterogeneous, which allows them to 

identify and respond to a diverse number of substrates (Robey et al., 2018). Their 

transport mechanism either imports or exports substrates and involves a conformational 

switching to the TMD which allows for the recognition of a substrate intracellularly or 

extracellularly; the intracellular recognition mechanism is shown in Figure 1.17. The 

TMD region requires ATP hydrolysis to transport substrates against concentration 

gradients, two ATP molecules bind at NBDs and creates another conformational change 

opening the transport channel to allow the passage of the substrate (Chang, 2003).  

The proteins p-glycoprotein and ABCG2 are associated with the transport of 

doxorubicin, paclitaxel and other anti-NSCLC drugs in cancer cells, and detection of 

their high expression confers drug resistance (Ozben, 2006). Detection of the drug 

inside the cell is recognised by the ABC proteins to efflux of drugs out of the cell, 

removal of the drug before eliciting its anti-cancer effect. A study consisting of 38 

NSCLC patients analysed cancerous samples via mRNA and protein expression and 

demonstrated that 71% of patients had high expression of ABC transporter proteins 

which was consistent with resistance to anti-NSCLC drugs. The study concluded ABC 

transporters to be a part of a multi-factorial mechanism of resistance (Roy et al., 2007). 

ABC transporters could play a role in intrinsic resistance, paving the way for additional 

resistance mechanisms to be acquired during treatment. Development of ABC 

modulators may be useful to prevent drug efflux and improve the bioavailability of a 

drug to allow the anticancer effect to take place (Szakács et al., 2006). 
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Figure 1.17. Mechanism of ABC transporter drug efflux. Detection of a drug inside 

the cell is recognised at the transmembrane domain (TMD) of ABC transporter 

proteins. ATP hydrolysis at the nucleotide-binding domain (NBD) induces drug efflux 

out of the cell.  

1.2.2. Oncogenes in NSCLC chemoresistance 

1.2.2.1. EGFR 

The ErbB family are receptor tyrosine kinases and consists of four members including 

EGFR. EGF binds to EGFR extracellularly and elicits the phosphorylation of the 

tyrosine kinase domain at the intracellular domain of EGFR which promotes the 

activation of signalling pathways involved in proliferation and differentiation. In many 

NSCLC cases, EGFR overexpression provides the cancer cell with multiple sites to be 

activated by EGF, therefore, delivering advantageous activation of signalling pathways 

promoting the cancer cell chemoresistance and metastasis (Hynes and Lane, 2005). 

Gefitinib, a TKI for EGFR, provides high response rates however patients develop 

secondary EGFR mutation to interfere with inhibitor binding and leading to 

chemoresistance (Kumar et al., 2008). In a study using molecular analysis of NSCLC 

tumour samples, it was demonstrated that a T790M mutation was shown to confer 

gefitinib resistance in patients bearing EGFR mutation (Pao et al., 2005). Understanding 

of how a secondary mutation occurs requires investigation but allowing EGFR function 

increases the capability of the cell to develop chemoresistance through activation of 
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signalling pathways such as Ras, PI3K-AKT, NF-B and JAK/STAT1, as shown in 

Figure 1.18. Additionally, continuous treatment with a TKI induces chemoresistance to 

other anticancer drugs. A randomized trial consisting of 760 NSCLC patients with and 

without EGFR mutation, compared the use of a TKI as a first-line or second-line 

treatment before or after cisplatin-gemcitabine chemotherapy. The results demonstrated 

that the overall response rate of patients receiving TKI as first-line reduced the response 

to cisplatin-gemcitabine, ultimately reducing the overall survival and indicating TKI 

exposure to induce chemoresistance to second-line therapy (Gridelli et al., 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18. The EGFR signalling pathway. The various cell signalling pathways 

activated by EGF binding to EGFR promote tumourigenesis, survival and maintenance 

of tumour cells.  
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1.2.2.2. K-Ras 

The Ras proteins are a family of GTPase which serve as transducers coupled to a cell 

surface G protein receptor. Their activity to induce signalling pathways inside the cell 

occur in a switching off and on process by the binding of GTP and GDP respectively 

(Pylayeva-Gupta, Grabocka and Bar-Sagi, 2011). GTP hydrolysis can be impaired by 

mutations which maintain the GTP-bound state to provide a persistent activation of 

downstream effectors such as Raf and MEK which initiate transcription factors 

involved in tumour survival (Ferrer et al., 2018). K-Ras mutations are observed in 20-

30% of NSCLC cases and highly associated with chemoresistance and poor prognosis 

(Califano, Landi and Cappuzzo, 2012). A meta-analysis conducted in 2005 

demonstrated the use of immunohistochemistry that Ras overexpression is indicative of 

poor prognosis in patient’s NSCLC adenocarcinoma subtype and specify the Ras 

mutation to be an important factor for the induction and maintenance of NSCLC 

(Mascaux et al., 2004). Arguably the use of K-Ras as a predictive marker is not 

paramount as studies have also demonstrated that the presence or absence of K-Ras in 

NSCLC patients does not specifically correlate with resistance to chemotherapy drugs 

and immunotherapy drugs (Macerelli et al., 2014; Kim, Kim and Kim, 2017). However, 

it is upstream of many important factors involved in tumorigenesis and its crosstalk 

mechanism with multiple signalling pathways does highlight the importance of this 

gene in relation to survival. 

1.2.2.3. PI3K/Akt 

PIK3CA gene encoding for the phosphoinositide 3-kinase (PI3K) is the second most 

mutated oncogene as it controls various cancer promoting aspects. It is a cytoplasmic 

kinase externally stimulated to drive the phosphorylation of phosphoinositide’s to 
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generate secondary messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3) which 

induces the activation of protein kinase B (PKB or Akt) (Fruman and Rommel, 2014). 

Akt is involved in a complex crosstalk and feedback signalling network and for cell 

growth and survival (Franke, 2008). In many cancer cases, wild-type PI3K is detected 

however its signalling pathway is still constitutively activated due to oncogenic lesions 

in TK or Ras, this displays the interconnectivity and importance of PI3K and Akt as it is 

the most frequently altered pathway to assist in cancer development and survival (Yuan 

and Cantley, 2008). Regulation of the PI3K occurs through PTEN to inhibit Akt 

activity. In cancer cells, the PTEN gene is often silenced, therefore, allowing Akt 

hyperactivity which is found in fast-growing and chemoresistant cancers (Song, 

Salmena and Pandolfi, 2012). A study identified the clear relationship between 

hyperactivation of Akt and loss of PTEN function in NSCLC samples evaluated by 

immunohistochemistry and established that loss of PTEN increased the concentration of 

PIP3 and subsequently significant phosphorylation of Akt in the tumour tissues (Tang et 

al., 2006). There are inconsistencies between studies as to whether increased Akt 

confers survival disadvantage. A study comparing normal lung section and various 

malignant lung tissues identified Akt to be a malignant mediator but did not affect the 

stage, histology or survival of NSCLC patients (Shah, 2005). 

1.2.3. Tumour suppressor genes in NSCLC chemoresistance 

Tumour suppressor gene p53 plays a key role in protecting cells from malignancies 

triggered by stress-induced signalling pathways and DNA damage (Lane, 1992). 

Activation of p53 induces the transcription factor to regulate genes involved in DNA 

repair, cell cycle arrest or apoptosis depending on the intensity of the cell stress and the 

extent of damage (Junttila and Evan, 2009). In normal cells, the expression of p53 is 
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low, with a short half-life of 20 minutes. Cellular stress stimulates an increase in the 

expression of p53 which extends its half-life and improves the efficiency of p53 to 

identify whether DNA damage is reversible (Efeyan and Serrano, 2007). In cancer, the 

p53 pathway is often mutated resulting in loss of p53 expression which allows the 

proliferation of damaged cells passing on established mutations to the next generation 

and in some cases to begin tumour formation. Some patients demonstrate inhibition of 

p53 through upregulation of inhibitory protein murine double minute 2 (MDM2) 

(Michael, 2002; Javid et al., 2015). MDM2 has a complementary binding site for p53 to 

inhibit p53 activity in transcription and imitated degradation of p53 and achieves 

constant inhibition via a negative feedback loop (Hientz et al., 2016). 

The relationship of p53 to NSCLC chemoresistance was analysed in a meta-analysis 

and the results showed that patients with the p53 mutation had worsened overall 

survival rate in comparison to those with wild-type p53 expression (Gu et al., 2016). 

The IARC proposed that p53 mutations are significantly associated with the histology 

of cancer; early stage SCC patients typically show a strong correlation between the loss 

of p53 function and of poor prognosis (Bouaoun et al., 2016). Mutations in p53 are 

detected in around 50% of lung cancer cases and highly detected in smokers versus 

non-smokers (Gibbons, Byers and Kurie, 2014). It is important to evaluate p53 and 

other cancer-associated gene mutations simultaneously as prognostic factors for the 

patient, especially as their roles are different according to cancer type and stage of 

progression, therefore providing better outcomes for early-stage patients. 

1.2.4. Mitochondrial alteration induces chemoresistance  

There have been many misconceptions in cancer research regarding the maintenance of 

tumours. One aspect that remains obscure is how malignant cells satisfy their metabolic 



40 

 

needs and create elevated energy for proliferation. The Warburg effect was accepted to 

describe how the cancer cell favours glucose fermentation to produce lactate even with 

available oxygen and was termed aerobic glycolysis, rather than the energy-rich 

oxidative phosphorylation (OXPHOS) pathway (Warburg, 1956). Additional research 

proposed that aerobic glycolysis was caused by mitochondrial alteration and regulated 

by growth factor signalling concluding that the Warburg effect was essential in tumour 

initiation (Fantin, St-Pierre and Leder, 2006). Today, there are still many unanswered 

questions regarding the function of the Warburg effect with the aim of targeting glucose 

and oxygen to combat chemoresistance. In normal cells, mitochondrial function is vital 

for cell metabolism, as they are the major source of ATP, key components for the 

biosynthesis of nucleotides, amino acids and lipids, produce ROS and are pivotal in cell 

death signalling (Liberti and Locasale, 2016). The three types of mitochondrial defects 

observed include (1) increased ROS generation acting as a trigger for oncogene 

adaption against anticancer drugs, (2) accumulation of metabolites such as fumarate, 

succinate and 2-hydroxyglutarate which are capable of controlling gene expression and 

(3) disruption to the mitochondrial outer membrane permeabilization that releases 

cytoprotective proteins which inhibits cell death (Porporato et al., 2017). Various 

signalling pathways are involved in the connection between metabolism and cell death 

beyond the understanding of the Warburg effect and highlights the heterogeneity, 

interconnectivity and complexity of the chemoresistance development (Danhier et al., 

2017).  

Changes in mitochondrial dysfunction can be identified in lung cancer in various ways. 

Identification of specific mitochondrial DNA (mtDNA) mutations shows that they 

frequently occur in NSCLC at the displacement loop of mtDNA but are inconsistent 

with the prognosis status of NSCLC patients (Suzuki et al., 2003). Additionally, a 
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cohort study analysed mtDNA adducts of a population of people exposed to PHAs and 

identified a positive association with cancer risk, highlighting the importance of 

mitochondria in cancer origin (Bonner et al., 2009). Mitochondria are at the core of 

metabolism and cell death and the subsequent effects of mitochondrial dysfunction are 

more highly accepted as determinants for NSCLC patients. Metabolic imbalance 

induces genetic instability such as loss of tumour suppressor p53, an important protein 

in the coordination of metabolism and cell death. The protective potential of p53 is lost 

and initiates the downregulation of apoptosis, allowing for the progression of 

malignancy (Matoba et al., 2006). The Bcl-2 family of proteins regulate apoptosis at the 

mitochondrial level, dysfunction on mitochondrial membrane permeability allows Bcl-2 

anti-apoptotic proteins to inhibit the release of cytochrome c from mitochondria to 

evade apoptosis, Bcl2 proteins have been overexpressed in chemoresistant NSCLC 

(Gallego et al., 2000). 

1.2.5. Inhibition of DNA repair and the development of resistance 

Cancer was thought of as a homogenous clonal expansion from one mutated cell of 

origin. However, it is now understood that there is intra-tumoural variability consisting 

of a population of daughter cells capable of proliferation and differentiation. The 

tumour microenvironment is responsible for the generation of cell diversity (Gay, Baker 

and Graham, 2016). Environmental stresses such as changes in pH, adequate blood 

supply and hypoxia interact with cells to induce complex changes in DNA. Therefore, 

the more mutations that are established and unnoticed by the DNA repair mechanisms 

the more phenotypic changes are acquired by the cell to promote cell survival, 

proliferation and metastasis (Glazer et al., 2000). It is perplexing that under stress 

conditions inhibition of DNA repair would be advantageous to the cancer cell, however 
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studies on evolution show how a high rate of mutations allows for a spontaneous 

mutation to take place which may produce a protective phenotype against the stress 

condition, in this case, the use of anticancer drugs, increases the likelihood of 

developing traits to enable survival, such as chemoresistance (Klein and Glazer, 2010). 

Hypoxic stress plays a very important role in the development of resistance to 

anticancer drugs through the inhibition of DNA repair. Hypoxia induces single-strand 

damage including inhibition of enzyme histone deacetylases involved in nucleotide 

excision repair (NER), this inhibits the translation of DNA mismatch repair (MMR) 

genes decreasing the activity of MMR and inducing genetic instability, as well as and 

causing double-strand breaks by reduced expression of genes, such as BRCA genes, 

involved in homologous recombination (HR) (Bristow and Hill, 2008).  

The efficacy of platinum-based chemotherapy is hindered by the DNA repair capacity 

of damaged cells. Cisplatin causes DNA damage and the cancer cell will respond by 

inducing apoptosis or initiate DNA repair, NER plays a primary role in the NSCLC 

cisplatin resistance mechanism (O’Grady et al., 2014). In the NER mechanism 

xeroderma pigmentosum group C (XPC) proteins recognise and bind with platinum 

adducts formed on the DNA,  this unwinds the DNA helix to remove the damaged DNA 

and recruit polymerase and ligase to complete the repair process (Wang et al., 2004). 

An increase in XPC expression is associated with decreased response to cisplatin. 

Although the hypoxic tumour microenvironment inhibits enzymes involved in NER, 

this mechanism is not as significant as hypoxia-induced inhibition of MMR protein 

expression. MMR is responsible for recognizing DNA damage; however, MMR is 

insufficient to repair platinum adducts. Despite the deficiency in MMR, the loss of 

activity is strongly correlated with cisplatin resistance (Scartozzi et al., 2006). 

Similarly, activity loss of genes responsible for HR to repair double-strand breaks 
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caused by cisplatin would appear disadvantageous, however, the reduced expression is 

directly related to resistance. BRCA1 and BRCA2 play an essential role in HR to repair 

double-strand breaks, they have a well-known role in determining a person’s 

susceptibility to developing breast cancer as well as to modulate patient response to 

platinum-based therapy (Deng and Wang, 2003; Mylavarapu, Das and Roy, 2018). A 

comprehensive molecular analysis on NSCLC patients demonstrated 64% of patients 

showed low mRNA and protein expression of BRCA1 and BRCA2 is related to reduced 

cisplatin sensitivity and could be used as a predictive marker to determine cisplatin 

sensitivity in NSCLC (Lee et al., 2007).  

1.2.6. Tumour microenvironment and chemoresistance  

Intra-tumoural heterogeneity is the development of phenotypic diversity induced from 

the influences of the tumour microenvironment and genetic or epigenetic mutations; 

understanding how cell diversity arises may provide new therapeutic targets (Wahl and 

Spike, 2017). The use of next-generation sequencing has shown NSCLC to be highly 

heterogeneous which impacts tumourigenesis, tumour progression and response to 

treatment (Kandoth et al., 2013; TCGA, 2014). There are several models to describe 

intra-tumoural heterogeneity (Marusyk, Almendro and Polyak, 2012). Clonal evolution 

describes the initial oncogenic alterations which allow for successive mutations to occur 

where only cells with a survival advantage have the capacity to establish clonal 

expansion into a variant subpopulation, the generation of multiple subpopulations 

accounts for the diversity of the tumour bulk (Nowell, 1976). In addition to genetic 

alterations, cancer cells acquire epigenetic alterations which may be responsible for the 

generation of distinct subpopulations (Easwaran, Tsai and Baylin, 2014). The cancer 

stem cell (CSC) model was originally established in leukaemia and follows the 
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hierarchical system of stem cells (Lapidot et al., 1994; Bonnet and Dick, 1997). It 

describes that stem cells do not initiate tumourigenesis but that oncogenic mutations 

drive non-stem cells to dedifferentiate and regain their stem cell status. At this point, the 

CSC holds the potential to pass on malignant changes to their progeny and develop 

populations of cells with diverse tumourigenic potential (Marjanovic, Weinberg and 

Chaffer, 2012). The CSC model was later identified in solid tumours as heterogeneity is 

observed across all cancer types and subtypes drastically affecting the predictability of 

patient response to treatments options (Visvader and Lindeman, 2008). The later model 

suggests targeting the CSC population may provide promising improvements on 

currently available therapies. 

All tissues and organs are made up of a supporting network of various cell types with 

different functions to maintain the normal function of the niche they reside. 

Bidirectional communication is also essential for cancer tissues. Similarly, the tumour 

microenvironment is a supporting network consisting of stromal cells and immune cells 

responding to environmental stresses for the maintenance of cancer cells and CSCs as 

depicted in Figure 1.19 (Meacham and Morrison, 2013). Tumours have the ability to 

circumvent survival advantages to the stress-induced microenvironment, dictating the 

surrounding cells to support tumour growth rather than destroying it, resulting in a 

heterogeneous microenvironment that enhances tumour proliferation, chemoresistance 

and metastasis (Altorki et al., 2018). 

Immune-inflammatory cells include macrophages, mast cells, neutrophils, T 

lymphocytes and B lymphocytes which have supporting roles in response to different 

physiological conditions (DeNardo and Ruffell, 2019; Wernersson and Pejler, 2014; 

Rice et al., 2018; Engblom, Pfirschke and Pittet, 2016). Hypoxic regions encourage the 

accumulation of inflammatory cells, mediating immune dysfunction and inducing a 
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functional transition from tumour-suppressors to tumour-promoters (Taylor and Colgan, 

2017). Inflammatory cells release various tumour promoting factors such as EGF, 

VEGF, FGF, chemokines and cytokines which amplify the inflammatory states of the 

tumour microenvironment to stimulate tumour proliferation, angiogenesis and invasion 

(Shrihari, 2017). 

Normal fibroblasts demonstrate cellular plasticity by their intrinsic ability to adapt and 

survive under high-stress conditions. Cancer-associated fibroblasts (CAFs) are 

programmed variants of normal fibroblasts with enhanced tumourigenic phenotypes 

(Östman and Augsten, 2009; Wang et al., 2009; Chen et al., 2014). They account for a 

large population of the tumour microenvironment providing the structural integrity by 

secreting extracellular matrix components and are highly associated with advanced 

carcinomas. CAFs are highly versatile with enhanced proliferative properties. They 

secrete growth factors, chemokines and activate matrix metalloprotease (MMP), NF-

κB, ROS, TGFβ to promote tumourigenesis (Kalluri, 2016). 

Solid tumours require the establishment of blood supply to provide oxygen and 

nutrients for tumour growth. The hypoxic microenvironment drives the activation of 

quiescent endothelial cells to undergo biological programming to construct new blood 

vessels (Jackson, Zhou and Kim, 2010). Endothelial cells compose arteries, veins and 

capillaries to construct new blood vessels and support the tumour-associated 

vasculature. In addition, endothelial cells have an increased ability to proliferate, 

migrate and form tube structures in response to VEGF secreted from cancer cells, which 

ultimately enhances angiogenesis in NSCLC (McClelland et al., 2007; Dimitrova et al., 

2015). Blood vessels are covered by specialized supporting pericyte cells that work 

together with the endothelial cells to synthesize vascular basement membrane. Pericytes 

play a very important developmental role by providing paracrine signals which control 
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lung morphogenesis and in cancer, initiates metastatic colonization (Kato et al., 2018; 

Er et al., 2018). 

Hypoxia is a critical factor of the tumour microenvironment which influences the 

surrounding cells to promote tumourigenesis (Li et al., 2018; Saforo et al., 2019; Zhao 

et al., 2016; Taylor and Colgan, 2017). Hypoxia is a key regulator for CSCs and 

understanding the hypoxia-induced CSC pathway may elucidate targets to overcome 

chemoresistance (Ye et al., 2019).  

 

 

 

 

 

 

Figure 1.19. The heterogeneous cell population of the tumour microenvironment. 

1.3. CSCs and NSCLC chemoresistance 

1.3.1. Lung stem cells and lung cancer stem cells 

The various mechanisms of innate and/or acquired chemoresistance described above 

can be categorised into one or more of the hallmarks of cancer illustrated in Figure 

1.20. The hallmarks concept was proposed by D Hanahan and R.A. Wienberg to 

describe the distinct, yet complementary, aspects that promote tumourigenesis, 

chemoresistance and metastasis (Hanahan and Weinberg, 2011). Considering all 

possible tumorigenic defects, the development of oncogenic deviations and the 

existence of CSCs emerge as equally responsible for all the hallmarks of cancer. 
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Oncogenes and CSCs play an important role in resisting cell death, sustaining 

proliferation and inducing invasive potential of cancer cells and these functions 

emphasise the proficiency of cell signalling crosstalk in advancing the tumourigenic 

potential of cancer (Maman and Witz, 2018). The above facts are debateable in regards 

to the discovery of cancer origin as it is without a solution whether oncogenes drive 

CSCs or CSCs induce oncogenic changes. In addition, there is no substantial evidence 

to distinguish at which point in tumour progression that oncogenes or CSCs are 

acquired or activated and this further complicates the choice of therapy for patients. 

 

 

 

 

 

 

 

Figure 1.20. The Hallmarks of Cancer in relation to the tumour 

microenvironment.  

All adult tissues and organs have the capacity to initiate repair and regeneration in 

response to normal cell senescence and sudden injury (Goodell, Nguyen and Shroyer, 

2015). The lungs are highly complex organs consisting of various cell types and this 

complexity consequently leads to a normally quiescent cell turnover (Kotton and 

Morrisey, 2014). However, incidental life-threatening injuries demonstrate the lungs’ 

regeneration potential to be highly receptive. Classically, stem cells control rapid 

response by possessing the capability of self-renewal and differentiation via transient 

amplification of one committed cell to form many fully differentiated cells, Figure 1.21 
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(Alison et al., 2002; Valent et al., 2012). The differentiation capacity of adult stem cells 

such as bronchioalveolar stem cells (BASCs), they maintain the replacement of dying 

or damaged cells within its niche, while embryonic stem cells (ESC) can direct 

differentiation into any cell type (Kim et al., 2005). Stem cells exist within the cell 

population of tissues or organs at the apex of a hierarchical system pertaining to the 

control of differentiation during tissue and organ development and later compensatory 

growth (Stripp, 2008; McQualter et al., 2010). The efficiency of stem cell proliferation 

after injury is regulated by the presence of intact extracellular matrix (ECM) and 

activated signalling pathways to promote regeneration. A study performed lung 

pneumonectomy on mouse models and demonstrated that the elasticity loss within the 

matrix composition significantly abolishes compensatory lung regrowth (Hoffman et 

al., 2010). Another study showed how the impairment of the growth factor binding to 

cell surface receptors, such as paracrine growth factors VEGF and FGF, impedes the 

activation of proliferative mechanisms (Ding et al., 2011). Wnt and Notch signalling 

have been identified to control the balance between progenitor amplification and 

differentiation in lung development and regeneration (Zhang et al., 2008; Tsao et al., 

2009). 

Heterogeneity of the NSCLC tumour is presented morphologically and functionally, it 

explains the vast differences in tumour development and progression between lung 

cancer subtypes and evidence for the many mechanisms of chemoresistance observed. 

The cancer stem cell (CSC) hypothesis could provide many answers to the resistance 

mechanisms described above. CSCs were first identified in leukaemia patients as 

haematopoietic stem cells are capable of existing in the circulatory system and were 

later identified with solid tumours (Visvader and Lindeman, 2008). The hierarchical 

organisation of stem cells is reflected in the CSC model, whereby the low frequency of 
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CSCs within the tumour bulk hold the potential of initiating self-renewal and rapid 

proliferation (Reya et al., 2001). The environmental stresses of the tumour drive CSC 

division (Giangreco et al., 2009). The origin of the CSC has been scrutinised and it is 

understood that a differentiated cell spontaneously receives reprogramming signals 

from environmental stress which drives oncogenic mutation and promotes the cells to 

reclaim its stem cell state (Clarke et al., 2006). Conventional chemotherapy can inhibit 

cancer cell division and decrease tumour bulk but are unable to inhibit the division of 

CSCs. That the remaining CSCs develop resistance to anti-NSCLC drugs, shows 

enhanced proliferation rates and increased invasive potential to improve tumourigenesis 

overall (Eramo, Haas and De Maria, 2010). Detection of CSC markers is highly 

important for predicting patient response to anti-NSCLC drugs (Li et al., 2017; Sterlacci 

et al., 2014) However, there is a requirement to validate these markers for future 

clinical assistance. Over the last 10 years, there have been great developments in 

understanding the CSC paradigm; this will be discussed further and is the focus of the 

experimental aspect of this study. 

 

 

 

 

 

 

 

 

Figure 1.21. The process of stem cell transient amplification in response to cell 

senescence and injury.  
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1.3.2. Characteristics of CSCs 

The markers used to distinguish phenotypic differences between a population of cells 

and identify the stem cell population within normal tissues and organs are also 

significantly identifiable with the CSC population. Stem cells and CSCs express a 

variety of specific cell-surface proteins and intracellular proteins which can be 

identified using various methods to determine their expression and activity such as 

cluster differentiation (CD) markers CD133 and CD44, aldehyde dehydrogenase 

(ALDH) and ESC TFs Sox2, Oct4 and Nanog as depict in Figure 1.22 (Eramo et al., 

2007; Jiang et al., 2009; Chen et al., 2008). This demonstrates the different biological 

properties expressed within a phenotypically different population of cells and 

subsequently, there is no conformity of CSC markers between cancers types and 

subtypes. These markers have been known as prognostic tools to determine patients’ 

outcomes, they are extensively used in cell cultures and mice models to confirm the 

presence of CSC population (Chen et al., 2015; Dimou et al., 2012). The current 

prognostic methods cannot fully determine the subpopulations because of the low 

frequency of CSCs within the tumour bulk, therefore, results are seemingly diluted and 

may be misleading.  

1.3.2.1. CD133 

CD133 is frequently used for the detection of CSC population in many solid tumours 

including lung cancer and for some NSCLC patient’s high expression of CD133 

reduces survival chances (Chen et al., 2016). CD133 is a pentaspan transmembrane 

glycoprotein. Its expression can be activated by various promoters and in response to 

the hypoxic tumour microenvironment (Glumac and LeBeau, 2018; Suzuki, 2011). 

CD133 expression is induced by the Wnt signalling pathway and regulated by PI3K/Akt 
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signalling for stem cell maintenance and expansion (Katoh, 2017; Xia and Xu, 2015). 

CD133 is widely accepted to confirm CSC traits for cell line spheroid cultures and 

CD133(+) lung cancer cell can readily form tumours in mice NSCLC xenografts whilst 

demonstrating that the differentiation of CD133(+) cells results in loss of CD133 

expression (Eramo et al., 2007). Additionally, lung cancer studies have demonstrated a 

specific population of cancer cells that are highly tumourigenic and display stem-like 

properties such as CD133 are resistant to cisplatin and treatment (Bertolini et al., 2009; 

Alama et al., 2015). This highlights the specificity of CD133 as a CSC marker for the 

population of undifferentiation and highly tumourigenic cells within NSCLC tumours. 

1.3.2.2. CD44 

Another cell-surface transmembrane glycoprotein typically identified across different 

cancers is CD44 either as an individual marker or in combination with other CSC 

markers. Cells expressing the CD44 phenotype can be isolated from patient tumour 

samples by cell sorting and typically in cell culture methods CD44 positive cells can be 

stimulated to generate spheroid-cultures (Wang et al., 2017). There are many isoforms 

of CD44 with different variable regions. For example, CD44s is the smallest with no 

specific function, and CD44v develop the larger extracellular region and varies with 

functions such as binding with growth factor ligands under specific conditions or 

enhance GSH synthesis to develop resistance to ROS that contributes to survival 

advantages in CSCs (Yan, Zuo and Wei, 2015). CD44 positive cells were initially 

isolated from breast cancer and were associated with poor patient outcomes (Al-Hajj et 

al., 2003). A study produced in vitro and in vivo data to demonstrate the high 

tumorigenic potential of NSCLC expressing CD44 positive cells, represented by clonal 

expansion, resilience to cytotoxic therapy and xenograft initiation (Leung et al., 2010).  
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1.3.2.3. ABCG2 

The ABCG2 protein, also known as breast cancer resistance protein (BCRP) or 

CDw338, is part of the ABC transporter family alongside p-glycoprotein and is one of 

the known causes for multidrug resistance (MDR) (Giacomini et al., 2010). In normal 

physiological conditions, ABCG2 has a very important protective role against drug 

transport across the placenta and the blood-brain-barrier, whilst is also important for 

retention of drugs in intestines (Dietrich, Geier and Oude Elferink, 2003). They use 

energy from ATP hydrolysis to transport substances and in cancer cells, they effectively 

efflux drugs out of the cells to protect them from cytotoxic therapies (Dean, Fojo and 

Bates, 2005). ABCG2 have been extensively studied in relation to the CSC model, as 

highly tumorigenic and drug-resistant cells express more of these transport proteins, 

which follows the hierarchical presentation of CSCs. Dual expression of ABCG2 and 

CD133 have been shown as reliable predictors of NSCLC relapse in early-stage 

NSCLC patients, compared to the expression of either marker alone (Li, Zeng and 

Ying, 2010). An additional study demonstrated ABCG2 expression, assessed against 

other ABC transport proteins, to be a predictive factor of NSCLC survival that may 

serve as a molecular target for new anti-NSCLC therapies (Yoh et al., 2004). 

1.3.2.4. ALDH 

Aldehyde dehydrogenase (ALDH) plays a self-protective role in both normal stem cells 

and CSCs (Ma and Allan, 2010). ALDH is a family of isoenzymes located in the 

cytosol, which are responsible for the oxidation of toxic aldehydes generated during the 

metabolism of alcohols, amino acids, anticancer drugs and neurotransmitters (Singh et 

al., 2013). ALDH also catalyses the oxidation of retinal to retinoic acid, which is an 

essential modulator of genes related to development and differentiation. Loss of ALDH 
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function leads to symptoms of developmental disorders (Hsu et al., 1999). The 

identification of ALDH in solid tumours was first accepted in breast cancer research 

which showed that an increase in ALDH expression indicates poor prognosis for breast 

cancer patients in response to multiple anticancer drugs, ALDH was also identified as a 

functional marker in lung cancer (Tanei et al., 2009; Ucar et al., 2009). Additional 

research indicated ALDH overexpression is positively associated with rapid and 

aggressive tumour growth and predicts poor prognosis for early-stage NSCLC patients. 

ALDH is also found to be a positive indicator of tumour initiation in early-stage lung 

cancer patients (López-González et al., 2014).  Later studies of lung CSCs have shown 

an association with increased ALDH and increase in ATP production, along with 

abnormal ALDH expression related to NSCLC recurrence and metastasis, potentiating 

ALDH as a good NSCLC prognostic marker (Kang et al., 2016; Zhou et al., 2016). 

1.3.2.5. Embryonic stem cell (ESC) transcription factors (TFs) 

In normal physiological conditions, the only cell capable of self-renewal and 

differentiation into any cell type are embryonic stem cells (ESCs). The process of 

differentiation is promoted by the coordinated expression of ESC transcription factors 

binding to specific genes involved in the initiation of cell division (Phesse and Clarke, 

2009). The ESC transcription factors (TFs), sex determining region Y-box 2 (SOX2), 

octamer-binding transcription factor 4 (OCT4) and Nanog homeobox (NANOG), are 

known to work in concert with each other. These TFs have been identified as specific 

markers of the stem cell population in cancer (Ratajczak et al., 2018).  TGFβ signalling 

is a major regulator of proliferation, migration and differentiation in embryonic 

development. Activated TGFβ in cancer initiates the phosphorylation of Smad proteins 

to promote overexpression of ESC TFs SOX2, OCT4 and NANOG (Mullen et al., 
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2011). TGFβ signalling also enhances activation of ESC TFs through crosstalk between 

other stem cell pathways such as Wnt and Notch (Xu et al., 2018). Lung cancer contains 

a population of cells which are poorly differentiated and highly tumourigenic, these 

cells exhibit similar gene expression to ESC, demonstrated by overexpression of SOX2, 

OCT4 and NANOG (Hassan et al., 2009). Research on each TF has demonstrated their 

impact on tumour growth. A study of NSCLC tumour samples identified OCT4 positive 

cells using immunohistochemistry highlighting the small population size within the 

bulk of an NSCLC tumour (Karoubi et al., 2009). Another study demonstrated that the 

lung tumour microenvironment stimulates the expression of OCT4 via HIF pathway to 

promote expression of SLUG directing the cell into EMT (Lin et al., 2018). Similarly, 

studies on SOX2 identified its role as imperative for the activation of stem cell 

development in NSCLC, whereby the deregulation of SOX2 demonstrated suppression 

of tumour growth and metastasis (Xiang et al., 2011). In accordance, a specimen and 

cell line analysis of SOX2 in NSCLC demonstrated the diversity of genes activated by 

SOX2 which promote tumour growth and induce EMT (Fukazawa et al., 2016). 

Overexpression of NANOG also indicates the CSC population in NSCLC and strongly 

correlates with chemoresistance (Li et al., 2013). A study analysed NSCLC samples by 

immunohistochemistry and detected a higher overexpression of NANOG in patients 

who had experience resistance platinum-based therapies (Chang et al., 2017). The 

expression of ESM TFs in tumours assists in survival advantages which emphasises that 

these ESC markers are good prognostic tools for predicting treatment response. 
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Figure 1.22. Location of known NSCLC CSC markers. (A) ALDH, (B) ABCG2, (C) 

CD44, (D) CD133 and (E) ESC TFs Sox2, Oct4 and Nanog. 

1.3.3. Signalling in CSCs 

1.3.3.1. Wnt signalling pathway 

The overexpression of the above CSC and ESC markers are regulated by the activity of 

several cell signalling pathways. To isolate the CSCs from cancer cells, the detection of 

signalling pathways, which are also essential pathways in normal stem cell function, are 

useful to clarify CSC existence (Medema, 2013). Research has demonstrated the 

following pathways Wnt, Notch and TGF to be highly activated in NSCLC.  

The Wnt pathway in cancer was discovered by the detection of the mutagenic Wingless 

gene in relation to malignancy and correspondingly identified as a key mediator in 

embryonic development of anterior-posterior arrangement and cell differentiation 
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(Tsukamoto et al., 1988; Nüsslein-Volhard and Wieschaus, 1980). Wnt signalling is 

divided into canonical -catenin dependent pathway shown in Figure 1.23. The two 

other noncanonical pathways are both -catenin independent they are known as planar 

cell polarity (PCP) and Wnt/calcium pathway shown in Figure 1.24 (Zhan, Rindtorff 

and Boutros, 2016). The canonical pathway begins with paracrine or autocrine 

production of Wnt proteins to bind to the extracellular N-terminal domain of the 

frizzled receptor, a seven transmembrane spanning glycoprotein (Dijksterhuis et al., 

2015). The facilitation of the Wnt signal requires the co-receptor binding of lipoprotein 

receptor-related protein (LRP). Without Wnt activation, cytoplasmic -catenin is 

inactivated by a destruction complex inhibiting its translocation to the nucleus. Wnt 

activation recruit’s phosphoprotein Dishevelled (Dvl) and causes an accumulation of -

catenin in the cytoplasm which subsequently enters the nucleus to behave as a co-

activator for transcription factors of Wnt target genes (Nusse and Clevers, 2017). The 

noncanonical PCP is activated by Wnt binding to the fizzled receptor and recruits Dvl 

which activates Dvl-associated activator of morphogenesis 1 (DAAM1) signalling to 

regulate cytoskeleton rearrangement. Alternatively, Wnt binding activates Ras-related 

C3 botulinum toxin substrate 1 (Rac1) and stimulates transcriptional responses for cell 

survival and migration (Luga et al., 2012). The Wnt/calcium pathway regulates the 

calcium release from the endoplasmic reticulum which in turn activates PKC, 

calcineurin and CAMKII which induces a transcriptional response (Sheldahl et al., 

2003). The oncogenic role of Wnt signalling defines the CSC population in colon 

cancer cells and is directly related to poor prognosis (Dong et al., 2016). In NSCLC, 

Wnt activation is also indicative of poor prognosis and is clearly identified by increased 

levels of Wnt positive regulators CCAT1 and RIF1 (Xu et al., 2018; Mei et al., 2018). 
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 Figure 1.23. Canonical Wnt signalling pathway. Wnt proteins 

bind to the frizzled receptor and co-receptor lipoprotein receptor-

related protein (LRP). Wnt activation recruit’s Dishevelled (Dvl) 

and causes an accumulation of -catenin in the cytoplasm which 

activates the translation of Wnt target genes. 

Figure 1.24. Noncanonical Wnt signalling pathway. (A) planar cell 

polarity (PCP) pathway, Wnt binding activates Dvl-associated activator of 

morphogenesis 1 (DAAM1) which regulates cytoskeleton rearrangement. 

(B) The Wnt/Calcium pathway regulates the calcium release from 

endoplasmic reticulum which induces a transcriptional response. 
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1.3.3.2. Notch signalling pathway 

Notch signalling is well established in T cell acute lymphoblastic leukaemia accounting 

for 50% of activated mutations, making it a key factor in predicting outcomes for these 

patients (Weng et al., 2004). In many solid tumours Notch plays a significant oncogenic 

role and contradictorily act as a tumour suppressor in others, depending on the tissue 

type and cellular context (Nowell and Radtke, 2017). There are four types of Notch 

transmembrane receptors consisting of two subunits the large extracellular domain 

connected to the intracellular domain by non-covalent bonds. The engagement of the 

notch receptor with the notch ligand initiates the signalling pathway to elicit 

tumourigenesis as shown in Figure 1.25 (Ranganathan, Weaver and Capobianco, 2011). 

There are five Notch ligands of the Jagged or Delta family which are also 

transmembrane proteins produced by adjacent cells and are overexpressed in many 

cancers (Purow et al., 2005). The binding of the signal-sending cell to the receiving cell 

induces a conformational change on the Notch receptor to expose a cleavage site on the 

ECD on the enzyme metalloproteinase tumour necrosis factor-α-converting enzyme 

(ADAM) followed by another cleave by enzyme γ-secretase converting NTM to NEXT. 

This releases NICD from the plasma membrane and is translocated into the nucleus 

(Murphy, 2008; Fortini, 2002). Notch mediates the conversion of repressor protein CSL 

to an activator of Notch target genes, which are responsible for CSC maintenance and 

promote malignancy. This is drastically achieved by crosstalk with other pathways 

contributing to diversity (Andersson, Sandberg and Lendahl, 2011). In NSCLC, Notch 

signalling is an important determinant of NSCLC cell survival, whereas, in SCLC 

Notch is predominantly accepted as a tumour suppressor (Galluzzo and Bocchetta, 

2011). A meta-analysis performed on NSCLC patients indicated overexpression of 

Notch in lung cancer cells compared with normal cells and correlated with the detection 
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of other oncogenic mutations such as EGFR and VEGFR. High Notch expression is 

greatly associated with lymph node metastasis and late stages during diagnosis and 

therefore is used as a predictive marker for NSCLC survival outcomes (Yuan et al., 

2015). Increases in Notch along with β-catenin has been linked to resistance of NSCLC 

to TKIs (Arasada et al., 2014). In NSCLC patients displaying EGFR mutations TKIs are 

normally very effective, however, the detected response mechanism of drugs appears to 

initiate multiple complex interactions between CSCs and Notch, driving 

chemoresistance and highlighting potential targets for future anti-NSCLC drugs 

(Arasada et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.25. Notch signalling pathway. The engagement of the notch receptor with the 

notch ligand mediates the conversion of repressor protein CSL to an activator of Notch 

target genes. 
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1.3.3.3. TGF-β signalling pathway 

The multifunctional transforming growth factor-β (TGF-β) superfamily consists of 

TGF-β1–3, activins, inhibins, Müllerian-inhibiting substances (MIS), bone 

morphogenetic proteins (BMPs), nodal and growth differentiation factors (GDFs) 

(Chang, Brown and Matzuk, 2002). Under normal conditions, these various cytokines 

can only activate the TGF-β pathway after ligand-receptor activation and ultimately 

control pluripotency and differentiation of stem cells and mesenchymal cell during 

embryogenesis and tissue regeneration (Xu et al., 2018). TGF-β ligands are deposited in 

the ECM of surrounding tissues and subsequently release in response to molecular 

sensors. Some cytokines specifically initiate plasticity of a specific tissue, for example, 

BMPs are highly abundant in the bone matrix and released from the bone marrow to 

induce recruitment of mesenchymal stem cell and undergo reversal process of 

differentiation for bone growth and regeneration (Crane and Cao, 2014). The release of 

TGF-β cytokines are stored as a complex with latent TGF binding proteins in the ECM 

and their release can be activated by various cellular mechanisms including plasmin, 

matrix metalloproteinases (MMPs), thrombospondin-1, lower pH and ROS generation 

(Shi et al., 2011). Canonical TGF-β signalling initiates a Smad-mediated pathway; there 

are eight intracellular Smad proteins (Macias, Martin-Malpartida and Massagué, 2015). 

Some Smad proteins are activated by the various cytokines; Smad 1, 5 and 8 are 

activated via BMP and MIS, Smad 2 and 3 triggered by TGF-β and activin and are 

classified as regulatory Smads. Smad 6 and 7 both act as inhibitors to control TGF-β 

signalling whilst Smad4 behaves like a common factor for the regulatory Smad proteins 

to promote activity (Massague, Seoane and Wotton, 2005). The signalling pathway is 

shown in Figure 1.26, along with the description on Smad independent pathways, 
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whereby TGF-β directly activates Ras, TAK1, RhoA, PI3K and NF-B pathways 

(Derynck and Zhang, 2003; Wu, Chen and Li, 2016; Freudlsperger et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.26. Signalling pathway of TGF-β. TGF-β signalling initiates a Smad-

mediated pathway and also directly activates Ras, TAK1, RhoA, PI3K and NF-B 

pathways. 

TGF-β cross-talks with other signalling pathways to meet the demands of the cell 

during development or tissue repair. A cohort study of NSCLC specimens evaluated the 

simultaneous over activation of TGF-β and Wnt by identifying microRNA inhibitor 

(miR-128-3p) of TGF-β and Wnt negative regulators.  Results indicated that patients 

with overexpression of microRNA inhibitor demonstrated increased TGF-β and Wnt 

signalling which significantly correlated with poor overall survival (Cai et al., 2017). 
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The cooperation of these pathways has been studied genomically to evaluate the DNA 

repair mechanism employed with overactivation of TGF-β and Wnt, which shows the 

existence of a cooperative link between the two pathways to predict the immune system 

response, thus providing potential targets for lung cancer (Chae et al., 2019). 

Additionally, NSCLC studies in vitro and in vivo have demonstrated that active TGF-β 

signalling promotes increased expression of ESC, CSC and EMT markers, which 

significantly correlates with chemoresistance, migration and invasive ability of NSCLC 

cell (Tirino et al., 2013; Eberlein et al., 2014; Ischenko et al., 2014). 

1.3.3.4. Anti-apoptosis signalling of CSCs 

Research into the cell signalling pathways which respond to the various stress signals 

has revealed apoptosis is predominately triggered, which leads to the acquisition of 

chemoresistance (Baig et al., 2016). The apoptotic signalling is a result of both external 

and internal stimulus as shown in Figure 1.27. The extrinsic pathway is stimulated by 

extracellular stress which activates death receptor dimerization with FAS-associated 

death domain protein (FADD) and initiates caspase-8 and caspase-10. The cleavage of 

caspase-8 and caspase-10 activates effector caspase-3 and caspase-7, driving apoptosis 

(Ichim and Tait, 2016). The intrinsic pathway requires activation of pro-apoptotic 

protein BAX to induce mitochondrial outer membrane permeabilization (MOMP) and 

releases second mitochondria-derived activator of caspases (SMAC) and cytochrome C 

from the mitochondria. This release of cytochrome C interacts with apoptotic protease 

activating factor 1 (APAF1) to assemble the apoptosome which activates caspase-9 and 

subsequently caspase-3 and caspase-7 to induce apoptosis (Ichim et al., 2015). The anti-

apoptotic protein Bcl-2 inhibits Bax activity, in CSCs over activation of oncogenes 

drives the upregulation of Bcl-2 to inhibit apoptosis (Kutuk and Basaga, 2006). 
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(B) Intrinsic pathway

Apoptosis is also control by X-linked inhibitor of apoptosis protein (XIAP) which 

inhibits activation of caspases, this is counteracted by the release of SMAC to inhibit 

XIAP and promote apoptosis (Tait and Green, 2013). In cancer, the detection of 

elevated anti-apoptotic protein such as Bcl-2 correlates with the elevated levels of 

oncogenes and extensive DNA damage in order to promote cancer cell survival 

(Delbridge et al., 2016). The CSC concept follows the understanding that only a small 

population of cells can evade cell death and promote survival, therefore elevated levels 

of anti-apoptotic proteins are determinants of the CSC population (Sastry et al., 2014). 

Despite this, research has demonstrated that positive expression of Bcl-2 is a marker of 

better prognosis in NSCLC and numerous other cancers (Renouf et al., 2009; 

Anagnostou et al., 2010; Zhang et al., 2015).  

 

 

 

 

 

 

 

 

 

 

Figure 1.27. Extrinsic and intrinsic stimulation of apoptosis. (A) The extrinsic 

pathway and (B) the intrinsic pathway. 
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Alternatively, tumour suppressor gene p53 controls apoptotic response to DNA breaks 

and chromosomal abnormalities. Loss of p53 is common in cancer and results in an 

inability to promote proapoptotic genes (Gu et al., 2016; Ma et al., 2016). This suggests 

the apoptotic mechanism is closely regulated and the balance between pro- and anti-

apoptotic proteins can be altered drastically to evade cell death. Control of cellular 

death also takes place through the induction of autophagy and necrosis and different 

cellular stress controls the cell death response in cancer cells (Chen, Kang and Fu, 

2018). The complexity in cancer cells response to cellular stress and apoptotic 

mechanisms highlights the necessity of new drugs to target multiple areas to improve 

outcomes for NSCLC patients.  

1.3.3.5. NF-κB signalling pathway 

Nuclear factor-kappa B (NF-κB) overexpression has been identified with earliest events 

in oncogenesis and tumorigenesis due to the identification of v-Rel, an oncoprotein of 

REL retrovirus and cancer-associated mutation of Ras oncogene, leads to the disruption 

of NF-κB (Gilmore, 1999; Finco et al., 1997). NF-κB is a member of the 

reticuloendothelial (Rel) family divided into two classes both containing the Rel 

homology domain required for dimerization, DNA binding and modulation of 

transcription. NF-κB proteins are heterodimers which are held inactive in the cytoplasm 

by inhibitor kappa B (IκB). External stimuli such as tumour necrosis factor (TNF) 

initiates IκB proteasomal degradation and releases NF-κB in its activated form which 

promotes the translocation of NF-κB into the nucleus (Chen et al., 1998). NF-κB is 

involved in the transcription of many genes of different functional categories related to 

tumorigenesis including immunoregulation, inflammation, anti-apoptosis, cell 

proliferation and metastasis (Karin et al., 2002). Since NF-κB has been identified with 
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tumour initiation and the development of the CSC concept, it follows that NF-κB 

signalling plays a pivotal role in CSC initiation and maintenance (Murohashi et al., 

2009; Tafani et al., 2011; Leizer et al., 2010; Zakaria et al., 2018).  

A study demonstrated that common NSCLC oncogenic mutations induce high NF-κB 

expression which is related to cell cycle and apoptosis interference and are vital for the 

development of chemoresistance in NSCLC (Yang et al., 2015). A meta-analysis study 

evaluated the relationship of NF-κB as a prognostic factor for NSCLC. High expression 

levels on NF-κB, particularly increased nuclear NF-κB protein, correlated with 

decreased 5-year survival rates and was also comparatively higher in advanced NSCLC 

demonstrating the role of NF-κB in migration and invasion (Gu et al., 2018). Activation 

of NF-κB is involved in a diverse number of tumourigenic pathways and its expression 

has shown inconsistencies between NSCLC patients, therefore, may be ineffective to 

determine patient survival. The involvement of NF-κB in NSCLC CSCs is a very 

important factor which will be discussed in more detail in chapter 1.4. 

1.3.4. Hypoxia-induced CSC chemoresistance 

Oxygen is essential for all aerobic forms of life to provide cells with energy to carry out 

various biological processes. The ability of cells to respond to changes in oxygen 

availability is essential for cell survival (Eales, Hollinshead and Tennant, 2016). Solid 

tumours have a lack of vascularization to provide the necessary oxygen and nutrients, 

therefore, the tumour establishes an oxygen gradient whereby the core of the tumour is 

significantly hypoxic, <1% oxygen (Petrova et al., 2018). Tumour hypoxia occurs when 

cells are 100-200 μm away from the circulatory system, where normal cells would 

undergo apoptosis (Zhou et al., 2006; Bertout, Patel and Simon, 2008). However, 

hypoxic cancer cells can also induce phenotypic changes capable of adapting to the 
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deprived tumour microenvironment and promote highly aggressive cancer growth 

(Harris, 2002; Vaupel, 2008). Hypoxia is detected in the majority of solid tumours 

including NSCLC and is greatly associated with highly resistant and metastatic cancers 

and ultimately poor patient prognosis.  

The cellular response to hypoxia predominately activates hypoxia inducible factors 

(HIFs) which are transcription factors of multiple genes associated with tumour cell 

survival, proliferation, chemoresistance, migration and invasion (Majmundar, Wong 

and Simon, 2010; Rankin and Giaccia, 2008). Studies in NSCLC have revealed HIFs to 

play an important role in tumour development and predicting the prognosis of NSCLC 

patients (He et al., 2016; Xie et al., 2018). HIF proteins are heterodimers (HIF-1α, HIF-

2α, HIF-3α) composed of an alpha oxygen sensing subunit and a stable beta subunit 

(HIF-1β) also known as aryl hydrocarbon nuclear translocator (ARNT), only when the 

two subunits are bound HIF proteins can act as transcription factors and bind to the 

promoter region hypoxia response element (HRE) on the DNA (Wang et al., 1995). The 

transcriptional activity of HIF proteins is attributed to HIF-1α and HIF-2α, and their 

contribution of tumourigenesis is distinctly regulated in different cancer types (Keith, 

Johnson and Simon, 2011).  

Hypoxia has a great influence over various signalling pathways including above all 

proteins activated by hypoxia. HIF is a major regulator as its activity is only induced by 

oxygen sensing (Semenza, 2014).  Figure 1.28 depicts the HIF pathway; under normal 

oxygen condition HIF proteins are hydroxylated by prolyl hydroxylase (PHD) which 

allows HIF protein to be recognized by Von Hippel-Lindau (VHL) E3 ubiquitin ligase 

complex stabilizing HIF and targeting it for ubiquitination and subsequently 

proteasomal degradation (Ivan et al., 2001). HIF activity is also inhibited by factor-

inhibiting HIF (FIH) which catalyses the hydroxylation of asparagine residue of HIF-α 
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and inhibits the binding of transcriptional co-activator p300 to HIF, ultimately 

inhibiting the transcriptional activity of HIF-α (Robinson and Ohh, 2014). The 

canonical pathway is oxygen dependent and the generation of a hypoxic 

microenvironment directly inhibits the activity of PHD and FIH. This allows un-

hydroxylated HIF-α to translocate into the nucleus and activates its transcriptional 

potential by actively binding with co-activators aryl hydrocarbon nuclear translocator 

(ARNT) and p300, the hypoxia response element (HRE) complex specifically binds to 

the promoter to elicit the transcription of various genes (LaGory and Giaccia, 2016). In 

parallel, the hypoxic tumour microenvironment can induce EGFR signalling pathways 

including activation of NF-κB, Ras and PI3K which results in the transcription and 

synthesis of HIF proteins (Lee et al., 2009; Tacchini, 2004). Ultimately, the high-stress 

conditions of hypoxia induce genetic instability through the activity of HIF proteins, 

directly promoting the transcription of genes resulting in acquiring of advantageous 

phenotypic changes (Bhandari et al., 2019; Luoto, Kumareswaran and Bristow, 2013; 

Gilkes, Semenza and Wirtz, 2014). Such changes include the acquisition of stem-like 

and mesenchymal traits of cancer (Dong et al., 2016; Qin et al., 2017; Saforo et al., 

2019; Chen et al., 2018). 

Specifically, the hypoxic status of the microenvironment is critical to promote the CSC 

population (Mohyeldin, Garzón-Muvdi and Quiñones-Hinojosa, 2010; Heddleston et 

al., 2010). The CSC phenotype is controlled by HIF specific promotion of ESC TFs 

Sox2, Oct-4 and Nanog (Covello, 2006; Chen et al., 2007; Kumar et al., 2012). 

Dedifferentiation is prompted by the regulation of the ESC markers, therefore, hypoxia 

may be pivotal in tumour development and recurrence (Wang et al., 2017; Fluegen et 

al., 2017). A study demonstrated the significant increase in the detection of ALDH 

positive lung CSCs was due to the generation of intratumoural hypoxia in murine lung 
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cancer xenografts (Yu et al., 2016). HIF also controls the expression of mesenchymal 

TFs such as Twist and snail and correlates with increased invasive potential in NSCLC 

patients (Xu et al., 2010). The ability of hypoxia to control various mechanism relies on 

the alternate regulation of HIF-1α and HIF-2α, thereby allowing the cancer cells to 

generate the greatest possibility for survival (Song et al., 2006; Wu et al., 2015; Lin et 

al., 2017; Deben et al., 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.28. Hypoxia signalling pathway. Under normoxia prolyl hydroxylase (PHD) 

and factor-inhibiting HIF (FIH) targets HIF for proteasomal degradation by Von 

Hippel-Lindau (VHL). Hypoxia inhibits PHD and FIH which induces the 

transcriptional activity of the hypoxia response element (HRE). 
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1.3.5. Epithelial-mesenchymal transition (EMT) and CSCs 

Solid tumours are laminated sheets of epithelial cells, held in a closely packed 

formation by tight and adherens junctions and desmosomes and are attached to the 

basement membrane by hemidesmosomes and display apical-basal polarity. Cells 

typically take on a cobblestone morphology and this organisation is essential for the 

structural integrity of the tumours. Mesenchymal cells are distinctly different in their 

morphology- they are spindle-shaped and they do not have the ability to adhere to other 

cells, therefore, cells remain separated. Epithelial-mesenchymal transition (EMT) is a 

spontaneous and reversible program executed by activating transcription factors (TFs) 

such as SNAIL, TWIST and ZEB families which control phenotypic changes of the 

cell, as shown in Figure 1.29 (Puisieux, Brabletz and Caramel, 2014). Adherent 

epithelial cells typically express E-Cadherin and during the EMT process, EMT TFs 

represses the epithelial phenotype by inhibiting the expression of E-cadherin whilst 

simultaneously activating the mesenchymal cell state by increasing the expression of N-

cadherin, vimentin and fibronectin (Lamouille, Xu and Derynck, 2014). Mesenchymal 

cells display front-rear polarity, become increasingly motile and can acquire invasive 

properties and resistance to chemotherapy (Moreno-Bueno, Portillo and Cano, 2008). 

EMT is a spontaneous process and is reversible, whereby mesenchymal cells revert 

back to their epithelial state, mesenchymal-epithelial transition (MET) (Terry et al., 

2017). Mesenchymal cells have important roles in embryogenesis and wound healing of 

adult cells due to their ability to differentiate into a variety of cell types (Kalluri and 

Weinberg, 2009). The interconversion of an epithelial cell to a mesenchymal cell has 

been highly detected in cancer development and progression including lung cancer and 

this phenomenon is highly associated with the ability of cancer cells to rapidly 

proliferate, develop chemoresistance and metastasize (Lamouille, Xu and Derynck, 
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2014; Mahmood et al., 2017). High expression of N-cadherin proteins has been 

associated with NSCLC tumour progression and poor outcomes (Prudkin et al., 2009; 

Mahmood et al., 2017). 

The initiation of CSC follows a similar pathway whereby a fully differentiated cell is 

directed into a stem-like state to maintain cell plasticity and promote tumourigenesis 

(Shibue and Weinberg, 2017; Nakano et al., 2018). The activation of EMT and CSC are 

controlled by stress signals from the tumour microenvironment which stimulates 

various signalling pathways such as NF-κB, Wnt, Notch, HIF1/2, TGF, and Ras 

(Scheel and Weinberg, 2012; Lee et al., 2015; Kim et al., 2017; Yeh et al., 2018). The 

overlapping similarities of EMT and CSC demonstrate the complexity of cellular 

signalling in the acquisition of cancer cell survival (Floor et al., 2011). Another 

similarity is that a complete EMT programme is rarely executed and that the CSC 

population is also small in size compared to the tumour bulk, therefore, this brings into 

question whether the two populations are the same (Dongre and Weinberg, 2018; 

Brabletz et al., 2018). Also, the CSC hypothesis demonstrates inconsistencies in the 

expression profile of CSC related protein, the EMT program also demonstrates the 

same inconsistencies between cancer types and the expression of EMT TFs (Lee et al., 

2006; Blanco et al., 2002; Krebs et al., 2017). This suggests that the control of CSC and 

the EMT programme are closely linked, however, the crosstalk between their signalling 

pathways makes it difficult to determine which process is more important for NSCLC 

(Akunuru, James Zhai and Zheng, 2012).  

Although EMT is highly associated with metastasis, conversion to a mesenchymal cell 

provides a survival advantage in acquired chemoresistance. A study using 

immunostaining to analyse the mesenchymal phenotype in NSCLC orthotopic mice 

models untreated or treated with anti-NSCLC drug cyclophosphamide showed that 
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tumour cells in the mesenchymal state were significantly more resistant to 

chemotherapy and only resistant cells displayed the targeted phenotype using 

fluorescent imaging. Additionally, mesenchymal cells expressed more drug detoxifying 

enzymes and drug transporter proteins which correlated with cross-resistance to a range 

of anticancer drugs (Fischer et al., 2015). There are various drug-resistant mechanisms 

which induce EMT in response to anticancer drugs, for example, a study of NSCLC cell 

lines demonstrated a significant increase in expression of Snail as a major signalling 

activator of EMT and subsequent cisplatin resistance (Wang et al., 2014). Whereas, 

another study demonstrated an increase in EMT regulator ZEB to be the driver of EMT 

related resistance to EGFR-TK inhibitor erlotinib using erlotinib resistant NSCLC cell 

line (Yoshida et al., 2016). With many potential targets for EMT inhibition exposes a 

great difficulty in targeting EMT mediated chemoresistance.  

 

 

 

 

 

 

 

 

 

Figure 1.29. Typical phenotypic changes in an EMT programme.  
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1.3.6. Targeting CSCs 

Clinically used anti-NSCLC drugs typically inhibit one key pathway related to a single 

hallmark of cancer. Consequently, the drug is unable to completely inhibit the 

tumourigenic mechanism which encourages a counteractive adaptation to take place 

leaving the drug ineffective (Hanahan and Weinberg, 2011). The adaptation may be due 

to spontaneous mutations or epigenetic changes which drives the tumour to re-establish 

a new survival mechanism resistant to the anticancer drug, therefore, maintains the 

cancer cell functionality towards promoting tumour growth and clinical relapse 

(Thomas et al., 2015; Aldonza, Hong and Lee, 2017; Li et al., 2019). In response to 

therapy, tumour dependence on a survival mechanism can be directed towards a new 

resistance mechanism. The unpredictability of this makes it difficult to determine an 

appropriate therapy regimen and predict patient prognosis (Janssen-Heijnen et al., 2010; 

Thomas et al., 2015). Therefore, combination therapies are at the forefront of NSCLC 

chemotherapy regimens such as paclitaxel, gemcitabine in combination with platinum 

drugs, this assists to improve cytotoxicity and reduce adverse side effects however 

multi-drug resistance can still occur (Rotow and Bivona, 2017). Many of the drug 

failures are a result of single targeting drugs, for example, induction of apoptotic cancer 

cell death can counteractive activity by driving mitogenic signalling to compensate for 

the cell loss, promoting a new generation of cells able to evade apoptosis (Tang et al., 

2012). New drug development research must focus on the development of a drug to 

target multiple tumourigenic mechanisms as a result of CSCs. 

In many cases, a small population of undifferentiated cells are resistant to 

chemotherapy and possess the ability to promote tumour proliferation of highly drug-

resistant cells with migratory and invasive potential, as depicted in Figure 1.30 

(Pattabiraman and Weinberg, 2014; Akunuru, James Zhai and Zheng, 2012). The 
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heterogeneous tumours consist of a small population of CSCs amongst differentiated 

cancer cells and tumour derived stromal cells. Changes in the tumour microenvironment 

drive molecular changes to enhance tumour survival. (1) Chemotherapy-induced stress 

promotes tumour cells to acquire advantageous mutation to resist cell death. Anticancer 

drugs eliminate the tumour bulk, however, a resistant population, the CSCs, remain and 

give rise to new resistant tumours observed as tumour relapse in patients. (2) 

Environmental stress also induces phenotypic changes whereby epithelial cells 

transition to a mesenchymal state, able to migrate and invade the basement membrane 

by the process of EMT. Mesenchymal cells enter the circulatory system and induce the 

spread of cancer to nearby organs known as metastasis. Combating the CSC population 

may provide better therapeutic outcomes for patients (Marjanovic, Weinberg and 

Chaffer, 2012; Lytle, Barber and Reya, 2018). Therefore, studies clearly demonstrate 

the demand for new anticancer drugs to co-target multiple pathways to account the 

diversity of resistant mechanisms, co-targeting may then specifically target the CSC 

population. Efforts in CSC targeted therapy has shown that depletion of the CSC 

population alone with targeted therapy is not sufficient to eliminate the tumour entirely. 

Without simultaneously targeting the non-CSCs the loss of CSC can induce selective 

pressure causing dedifferentiation of the surviving non-CSCs to form new CSCs, 

therefore, promoting clinical relapse (Chaffer et al., 2011; Auffinger et al., 2014). One 

strategy is to inhibit the tumour microenvironmental regulation of CSC maintenance, by 

targeting specific cellular response pathways, such as TGFβ, Wnt, and hypoxia (Katz et 

al., 2013; Jang et al., 2015; Wang et al., 2017; Hu et al., 2019). Blocking one CSC 

regulative pathway may counteractive the desired response by upregulating another 

pathway causing adverse response (Zhan et al., 2019). Also, these pathways are not 

exclusively CSC related, therefore targeting these pathways can adversely affect normal 
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healthy cells. However, the levels of signalling activity are significantly less in normal 

cells and may favour the depletion of the CSCs (Matsui, 2016). Another strategy is to 

deliver drugs which encourage the differentiation process rather than maintenance of 

CSCs, which may provide a gateway for clinically used drugs to effectively target the 

differentiated cancer cells. Differentiation therapy tilts the balance between the 

regulatory pathways and induces the exit from the CSC state into a more differentiated 

state (Olsson et al., 1983; Munster et al., 2001). This may be effective to deliver 

combination therapies, improving the anticancer efficacy of existing drugs. There is a 

strong mechanistic link between the generation of CSCs and induction of the EMT 

process. Differentiated epithelial cells can transform into a mesenchymal state by the 

promotion of various signalling pathways involved in the dedifferentiation process of a 

non-CSC into a CSC (Shibue and Weinberg, 2017). Therefore, it is thought that 

studying how the microenvironment controls these phenotypic changes is essential to 

uncover the ways to target the CSCs. Similarly, to targeted CSC therapy, the signalling 

pathways involved in EMT induces multifaceted effects, therefore, individual targeting 

can be counterproductive and directly induce another critical role involved in 

tumourigenesis (van Staalduinen et al., 2018). The EMT process can be inhibited by the 

targeting regulatory pathway such as TGFβ which is promoted by the 

microenvironment, as well as inhibiting specific phenotypic traits of cells that have 

undergone EMT, such as vimentin (Neuzillet et al., 2015; Thaiparambil et al., 2011). 

Alternatively, the use of dedifferentiation; MET therapy can be employed here targeting 

the transition of the mesenchymal cell back to the epithelial which suppresses the 

tumourigenic potential (Gherardi et al., 2012). The crucial limitation to CSC and EMT 

targeted therapies is that the drug must target multiple diverse mechanisms in order to 

suppress tumourigenic potential and overcome chemoresistance.   
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Figure 1.30. Chemoresistance and metastasis are the two major hurdles restricting 

effective treatment of NSCLC. 

 

1.4. Nuclear Factor-Kappa B (NF-κB) 

1.4.1. NF-κB pathway  

The NF-κB pathway was first discovered as an activated protein in stimulated B 

lymphocytes. The protein was named nuclear factor binding near the κ light-chain gene 

in B cells, NF-κB (Sen and Baltimore, 1986). Later the role of NF-κB was identified to 

be involved in more than the immune inflammatory response. In cancer, oncogenic 

mutations within the NF-κB pathway have been demonstrated to drive the 

tumourigenesis pathway having a profound effect on stimulation of proliferative signals 

and inhibition of cell death mechanisms (Courtois and Gilmore, 2006; Taniguchi and 

Karin, 2018).  

The NF-κB transcription factors are activated by diverse cellular stimuli and have a 

broad role in the induction of hundreds of genes (Pahl, 1999). The transcription of these 

genes is activated by the promoter region binding of NF-κB heterodimers, composed of 

different combinations of the five NF-κB proteins within the Rel family p50, p52, p65 

(RelA), RelB and c-Rel (Gilmore, 2006). The similarities of these proteins are the 
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presence of the Rel homology domain which enables three functional features, (1) NF-

κB inhibitory protein binding, (2) dimerization to form active heterodimers and (3) 

adequate DNA binding as transcription factors (Huguet, Crepieux and Laudet, 1997). 

The NF-κB proteins are divided into two classes, the p50 and p52 proteins which arise 

from the proteolytic cleavage of p105 and p100, respectively, whereas the remaining 

NF-κB proteins mature with transcriptionally active domain (Nishikori, 2005). The 

combinations of these proteins elicit different functions. The two main combinations are 

p50:p65 and p52:RelB activated canonical and non-canonical, respectively as displayed 

in Figure 1.31 (Zhang et al., 2019). Unstimulated cells hold NF-κB proteins inactive in 

the cytoplasm by inhibitor protein family including IκBα, IκBβ, IκBε, BCL-3, IκBz, 

IκBNS, and the IκB-like proteins p105 (IκBγ) and p100 (IκBδ) (Zhang, Lenardo and 

Baltimore, 2017). The canonical pathway is of great interest due to the excitatory signal 

induced by the tumour microenvironment. The canonical p50:p65 heterodimer is 

principally regulated by IκBα and is the control point of NF-κB-induced gene 

expression and enables rapid response to stimuli. IκBα undergoes post-translational 

modifications by the IKK complex which is made up of two catalytic subunits IKKα 

and IKKβ and one scaffolding sensing protein NF-κB essential modulator (NEMO) and 

leads to the degradation of IκBα and release of NF-κB heterodimers, which can freely 

shuttle between the cytoplasm and nucleus (Clark, Nanda and Cohen, 2013). The non-

canonical pathway (p52/RelB), involves the activation of NF-κB-inducing kinase (NIK) 

which activates IKKα phosphorylation of p100 for proteasomal degradation and release 

of p52 and RelB subunits, which form a heterodimer and translocates into the nucleus 

to elicit transcription of target genes (Zhang et al., 2019). Under normal conditions, NF-

κB also promotes the upregulation of inhibitory protein, IκBα, which terminates NF-κB 

activity (Hoffmann, 2002). However, in cancer, mutations lead to IκBα redundancy, 
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driving persistent activation of NF-κB which is associated with many of the hallmarks 

of cancer via the regulation of various genes promoting tumourigenesis such as cell 

death, proliferation, inflammatory response and invasion (Cheng et al., 1998; Hoesel 

and Schmid, 2013). Persistent activation of NF-κB is regulated by feedback loops 

whereby NF-κB interacts with other transcription factors such as p53, STAT3 and HIF 

to positively promote NF-κB activity (Webster and Perkins, 1999; Grivennikov and 

Karin, 2010; D’Ignazio and Rocha, 2016). Although there is a great understanding of 

the NF-κB signalling in cells, the complexity of the NF-κB pathway provides many 

avenues of novel interactions and this pathway creates opportunities to develop 

therapeutic agents towards targeting diseases. 

 

 

 

 

 

 

 

 

 

 

Figure 1.31. The NF-κB signalling pathway. The canonical pathway is activated by 

an external stimulus which promotes the degradation of IκBα and the release of 

transcriptionally active p50:p65. The non-canonical pathway involves the activation of 

NF-κB-inducing kinase (NIK) which activates IKKα degradation and release of 

transcriptionally active p52:RelB. 
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1.4.2. NF-κB and hypoxia-induced NSCLC CSCs 

The hypoxic response is triggered by low ambient oxygen and requires oxygen-sensing 

proteins to control the cellular mechanisms. The NF-κB pathway is triggered by the 

innate immune response and is also sensitive to hypoxia. HIF is the major transcription 

factor activated by hypoxia via the inhibition of PHD proteins. Inhibition of PHD has 

also been shown to increase the cellular activity of the IKK complex which leads to the 

release of active NF-κB (Myllyharju, 2013; Cummins et al., 2006). Ultimately, the 

cooperation between the activation of HIF and NF-κB is essential to amplify the cell's 

response to stimuli and provide greater impact on promoting tumourigenesis (Rius et 

al., 2008; D'Ignazio, Bandarra and Rocha, 2015). Hypoxia directed HIF and NF-κB 

transcription factors promote similar targets in cancer to inhibit cell death, promote 

angiogenesis, metastasis and maintain the CSC population. Under hypoxia, NF-κB has 

been shown to regulate the expression of apoptotic proteins such as increasing the 

expression of the anti-apoptotic protein, Bcl2, while simultaneously decreasing pro-

apoptotic protein, BAX (Lin et al., 1999; Karin and Lin, 2002; De Donatis et al., 2015; 

Rada et al., 2018). Hypoxia-induced NF-κB upregulates the expression of IL-8 and 

important chemokines for the induction of angiogenesis (Matsusaka et al., 1993; 

Maxwell et al., 2007; Bonavia et al., 2011). Another important tumour promoting factor 

induced by hypoxic-induced NF-κB is increased expression of proteins involved in 

promotion of the EMT process such as increased expression of MMP which dictates 

motility and adhesion demonstrated in glioblastoma, breast and lung cancers (Westhoff 

et al., 2013; Pires et al., 2017; Merchant et al., 2017). Also in response to hypoxic NF-

κB signaling is the overexpression of CSC related proteins such as ESC TFs (SOX2, 

OCT4 and NANOG). These are overexpressed resulting in an increase of specific CSC 

markers suggesting the involvement of NF-κB in regulation of CSC self-renewal shown 
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in glioblastoma, ovarian, breast and pancreatic cancers (da Hora et al., 2019; Gonzalez-

Torres et al., 2017; Vazquez-Santillan et al., 2016; Birnie et al., 2008). Resisting cell 

death, inducing angiogenesis and the EMT process are all mechanisms induced by the 

maintenance of a CSC population. Therefore, indicating hypoxia to be a very important 

factor influencing the response of the tumour to therapy. In NSCLC, NF-κB has 

demonstrated significance as an unfavourable prognostic marker and research into 

finding NF-κB inhibitors has shown direct reversal of the EMT process, sensitizes 

cancer to other forms of therapy including other chemotherapeutics and radiotherapy 

and indicating NF-κB to be a potential target for immunotherapy (Gu et al., 2018; Wang 

et al., 2018; Li et al., 2017; Blakely et al., 2015; Deraska et al., 2018).  

1.4.3. Targeting NF-κB in cancer  

Despite many cancers being resistant to apoptosis, the induction of apoptotic cell death 

selectively in cancer cells is a desirable therapeutic strategy to avoid inducing cell death 

in normal healthy cells (Baig et al., 2016). NF-κB is a key regulator of apoptosis and is 

overexpressed in cancer which promotes the expression of anti-apoptotic genes, 

therefore, there is interest to therapeutically target NF-κB and overcome resistance to 

apoptosis in CSCs. NF-κB signalling can be targeted either by the interference with 

pathway components or by direct inhibition of NF-κB activity. An NF-κB signalling 

inhibitor, MG-132, reversibly inhibits proteasome activity which reduces IκBα 

proteasomal degradation and inhibits the activation of NF-κB (Ortiz-Lazareno et al., 

2008). MG-132 in combination with the anthracycline, idarubicin, is an effective 

treatment for targeting human leukemic stem cells and the combination effect induces 

extensive apoptosis to CSC population (Guzman et al., 2002). Another proteasomal 

inhibitor, bortezomib, efficiently reduced nuclear translocation of p65 and suppressed 
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the transcription of NF-κB target genes when administered in combination with various 

anticancer drugs such as pegylated liposomal doxorubicin, thalidomide and 

docetaxel (Xue et al., 2011; Orlowski, 2005; Barlogie, 2004; Messersmith, 2006). 

However, the use of proteasomal inhibitors to induce cytotoxicity is significantly 

reduced due to a number of negative off-target effects which do not assist in apoptosis 

and can induce numerous toxicities in patients (Orlowski and Kuhn, 2008). 

Parthenolide selectively induces apoptosis through the generation of ROS and 

simultaneous activation of p53 and inhibition of NF-κB in acute myelogenous 

leukaemia (Guzman et al., 2005). Unlike proteasome inhibitors parthenolide directly 

binds with IKK complex and modifies the p50 and p65 subunits of NF-κB proteins 

(Kwok et al., 2001; Garcı́a-Piñeres, Lindenmeyer and Merfort, 2004). Another 

treatment strategy is immune regulatory drugs such as thalidomide which do not 

directly target NF-κB but inhibit the signals produced by TNF and interleukins (Keifer 

et al., 2001). NF-κB inhibitors are typically administered in combination with other 

cytotoxic therapies as they sensitize the cancer cells to apoptosis. Combination 

treatments with NF-κB inhibitors will potentially tackle the multiple challenges 

generated by the complex heterogeneity of the tumours in order to overcome 

chemoresistance and metastasis (Rinkenbaugh and Baldwin, 2016). There are many 

FDA approved drugs which have also demonstrated effects on NF-κB signalling but 

their cytotoxic potential as an anticancer drug remains unappreciated. It has been 

recorded in multiple cancers that the NF-κB inhibitors which are currently used, or not 

used, in the clinic to treat cancer can significantly reduce the CSC population in vitro 

and in vivo (Miller et al., 2010; Zhang et al., 2014; Zakaria et al., 2018). There is 

currently no approved NF-κB inhibitors for the treatment of NSCLC according to the 

NCI (NCI, 2019). 
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1.5. Disulfiram (DS) 

1.5.1. New drug development versus drug repositioning 

Lung cancer is the most common and lethal disease both in the UK and Worldwide 

therefore, there is an urgent need to find new anti-NSCLC drugs. Significant 

investments have been used in the discovery of novel anticancer drugs. Despite great 

efforts, many anticancer drugs fail to meet the expectations in the clinic, shown by the 

low success rate for approval of new anticancer drugs compared to other therapeutic 

areas (Rubin and Gilliland, 2012). Currently, for NSCLC patients, there is a wide 

variety of chemotherapeutics including biological agents and cytotoxic agents, making 

it challenging to select the right drugs for patients (Sun and Yu, 2015; Ben-David, 

Beroukhim and Golub, 2018). The most recently developed chemotherapeutic for 

NSCLC is nivolumab, an immune checkpoint inhibitor and the first immunotherapy 

approved for lung cancer in 2015 (Passiglia et al., 2018). The complexity of tumour 

initiation and progression has demonstrated the need for a drug to co-target multiple 

pathways, in order to successfully inhibit adaptive chemoresistance and metastasis 

(Rotow and Bivona, 2017; Altorki et al., 2018). Although new drug discovery and 

development is an exciting research area, the process is time-consuming and expensive 

when the investment risk can result in drugs failing to reach clinical trials. Drug 

repositioning is the search for new indications for clinically used drugs or compounds 

in clinical trials with known safety profiles (Breckenridge and Jacob, 2018). This offers 

greater opportunities for scientist to investigate the anticancer ability of FDA approved 

drugs at the fraction of the cost and in a shorter time frame. There have been many 

successfully repositioned drugs including the use of thalidomide to treat multiple 

myeloma (Palumbo et al., 2008). There are drawbacks to finding new indications as the 
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optimal dose may be vastly different and can require evidence of earlier tests before 

pre-clinical data can be supported. Therefore, similar to the new drug development 

process, there is investment risk when the clinical efficacy and cost-effectiveness must 

be assessed.   

1.5.2. History of Disulfiram 

Disulfiram (DS) was discovered unintentionally in the 1940s and is clinically used 

today to treat substance abuse. It is an organic sulfur compound made up of two 

molecules of diethyldithiocarbamate, with a molecular weight of 296.54. DS was first 

introduced into the rubber industry in America 1937 when people first observed a 

connection with exposure to DS and alcohol consumption when workers of the rubber 

industry noticed they suffered side effects after taking alcohol. It wasn’t until 1945 

when Danish scientists reported the substance caused unpleasant physiological effects 

when by chance, he consumed alcohol. This discovery led to the clinical use of DS 

known as ‘Antabuse™’ to treat alcohol addiction (Kragh, 2008). The DS ethanol 

reaction takes place in the liver during the oxidation step of ethanol. The first critical 

step of ethanol metabolism is the oxidation of ethanol to acetaldehyde which is quickly 

turned into acetic acid by enzyme aldehyde dehydrogenase (ALDH) (Gessner and 

Gessner, 1992). DS blocks ALDH activity resulting in the accumulation of toxic 

acetaldehydes. Patients taking DS will experience the following effects after alcohol 

consumption: dilation of facial vessels, increased pulmonary ventilation, raised pulse 

rate and general uneasiness (NICE, 2019). DS has been administered orally at a daily 

dose of 200-500 mg for more than 60 years and provided a detailed safety profile, 

indicating little to no adverse side effects (Brewer, 1992; Skinner et al., 2014). 
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Continued research into DS has demonstrated multiple clinically significant uses of DS 

across a variety of therapeutic areas.  In the 1940s scientists used DS as a medicine to 

treat and cure scabies and later research into its use as a vermicide determined 

additional properties of DS. Scientist Jacobson came to the realization that the scabicide 

effect was due to the ability of DS to absorb copper and chelate the transition metal 

making it an excellent treatment for intestinal worms (Eneanya et al., 1981; Pattanayak, 

Sagar and Pal, 2015). DS has also been shown to significantly deter patients from other 

forms of substance abuse and additions such as cocaine with and without alcohol abuse 

which identifies an alternative therapeutic mechanism which is ALDH-independent 

(Gaval-Cruz and Weinshenker, 2009; Schroeder et al., 2010).  Research into the use of 

DS to treat HIV has demonstrated the ability of DS to activate HIV transcription which 

reactivates HIV latency in T cells and their results show a promising future of DS in 

HIV eradication strategies (Xing et al., 2011; Elliott et al., 2015). The various 

therapeutic areas of DS research highlight its significant ability to target diverse 

mechanisms, making it a good candidate to repurpose for cancer. 

1.5.3. Disulfiram and cancer 

Drug repositioning and new drug development both offer great clinical benefits 

including the potential to improve patient quality of life and provide greater insight into 

the molecular knowledge of the disease. However, drug repositioning focuses on 

finding affordable global cures which focus on patient values rather than commercial 

and economic rewards (Cvek, 2012). There are many advantages to repurposing 

disulfiram for cancer including the known safety profile of DS at a maximum 500 mg 

daily dose has shown little to no adverse side effect to vital organs and the price of one 

200 mg tablet is £1.83, demonstrating good patient and economic benefits (NICE, 
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2019). There is strong evidence of the translation of disulfiram to treat cancer. In the 

1970s there was the first report of DS inhibiting the induction of bladder cancer in rats 

exposed to carcinogen N-butyl-N(4-hydroxybuty) nitrosamine (BHBN) (Irving, Tice 

and Murphy, 1979). Later research in the 2000s revealed a requirement of extracellular 

copper to significantly enhance the toxicity of DS to human melanoma cells via the 

induction of apoptosis (Cen et al., 2004; Brar et al., 2004). The anticancer mechanism 

of DS occurs in a metal-dependent manner, whereby DS can chelate with transition 

metals such as copper (Cu), zinc (Zn) and nickel (Ni). Studying the crystalline structure 

of DS revealed the disulfide bond between two thiol groups is highly reactive and 

allows for metal chelation (Cvek et al., 2008).  

 

 

 

 

 

 

 

Figure 1.32. Chelation reaction between DS and Cu (II).  

Consistently the levels of Cu in serum and tissue of various cancer types has been found 

to be high. This is indicative of tumour promoting properties, such as growth, 

angiogenesis and metastasis. Cu is an essential micronutrient to all cells and acts as a 

co-factor in redox reactions which induces the generation of ROS. However, the levels 

of Cu in cancer are higher compared to normal cells and suggests Cu as a potential 

2+

DS

2 DDC

DDC-Cu(II)

Cu(II)

ROS



85 

 

target in cancer (Denoyer et al., 2015). The combination of DS and Cu (II) induces an 

immediate reaction and is limited only by the concentration of DS within the mixture, 

as shown in Figure 1.32. The anticancer effect is not solely caused by the DS/Cu 

complex but the initial reaction between the two molecules, which induces apoptotic 

cell death through the generation of ROS (Lewis et al., 2014).  

1.5.3.1. The cytotoxic mechanism of DS in combination with Cu 

There have been many different theories accounting for the anticancer mechanism of 

DS/Cu including proteasome inhibition, inhibition of stemness maintenance, 

suppression of CSC related pathways PI3K and STAT3, inhibition of ALDH and 

induction of anoikis (Chen et al., 2006; Choi et al., 2014; Zhang et al., 2010; Kim et al., 

2017; MacDonagh et al., 2017; Kim et al., 2017). Recent research by Skrott et al. 

(2017) demonstrates that DS/Cu specifically binds with NPL4 and inhibits the 

p97/NPL4 pathway which in cancer is responsible for the regulation of multiple 

proteins that aid survival in response to cellular stress, therefore, inducing cell death in 

cancer cells (Skrott et al., 2017). However, the exact mechanism has not been fully 

elucidated, the research has shown that DS may control multiple tumourigenic 

mechanisms and the identification of a critical target responsible for the induction of 

these various mechanisms may hold the potential to overcome chemoresistance.  

The important similarity to all proposed DS anticancer mechanisms is the requirement 

of Cu supplementation. The level of Cu in the serum of lung cancer patients reflects the 

stage of tumour progression whereby highly metastatic patients show elevated levels of 

Cu (Díez et al., 1989; Zhang and Yang, 2018). Increased tumourigenicity is also 

associated with increased oxidative stress compared to normal healthy cells, oxidative 

stress induces the generation of ROS and antioxidant enzymes, which controls whether 
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DNA damage leads to oncogenic transformation or apoptosis (Zhu and Thompson, 

2019). In cancer cells, the levels of ROS and antioxidant is disturbed in relation to Cu 

levels (Reuter et al., 2010). An increase in Cu increases the activity of antioxidant 

enzymes and subsequently low intracellular concentration ROS, which promotes the 

activity of redox-sensitive transcription factors NF-κB, AP-1 and HIF-1α which are all 

important regulators of apoptosis and promote tumor survival, proliferation, 

angiogenesis, metastasis, chemoresistance and stem cell survival (Trachootham et al., 

2008; Hu et al., 2005; Ushio-Fukai and Nakamura, 2008; Cichon and Radisky, 2014; Ito 

and Suda, 2014). Studies of NSCLC have shown that an increase in malignancy is 

associated with increased oxidative stress and increased the concentration of ROS-

scavenger, glutathione peroxidase, in contrast, high levels of cellular ROS can mediate 

tumour cell proliferation and tumorigenesis in KRAS-driven lung cancer (Ho et al., 

2006; Weinberg et al., 2010). As ROS is involved in each step of cancer development, 

therapeutic targeting of either antioxidant inhibitors or promotion of ROS generation 

will lead to apoptotic cell death (Gorrini, Harris and Mak, 2013). 

ROS can be induced indirectly by metabolic processes producing ROS as a by-product 

or induced directly by a signal transduction pathway. The regulation of ROS can be 

controlled by the transcription factor NF-κB, but also the generation of ROS can impact 

NF-κB signalling (Morgan and Liu, 2010). NF-κB in an oncogenic transcription factor 

and in response to oxidative stress can increase the expression of antioxidant proteins 

such as superoxide dismutase and glutathione peroxidase, in order to protect the cancer 

cells from persistent oxidative damage (Kairisalo et al., 2007). In some cases where 

antioxidants are minimal, ROS levels increase drastically and often induce an inhibitory 

effect to the NF-κB pathway in the cytoplasm. High levels of ROS oxidise the IKKβ 

subunit of the IKK complex inhibiting the release of NF-κB from its inhibitor protein 
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IκBα, which prevents the transcriptional activity of NF-κB. Increased ROS may also 

oxidize the NF-κB subunit p50, inhibiting p50 to form a heterodimer with p65 and 

prevent DNA binding (Kabe et al., 2005). DS in combination with Cu has demonstrated 

significant inhibition of the NF-κB pathway through the generation of ROS to 

successfully induce cancer cell death in a variety of cancers (Wang, McLeod and 

Cassidy, 2003; Guo et al., 2010; Zha et al., 2014). Our previous research revealed the 

cytotoxic mechanism of DS in combination with Cu occurs as a biphasic reaction 

following two separate generations of ROS as shown in Figure 1.33 (Tawari et al., 

2015). The immediate reaction of DS chelation of Cu (II) induces the extracellular 

generation of ROS as a by-product which is transported into the cell and actively 

inhibits the NF-κB pathway via the oxidation of IKK complex and NF-κB DNA 

binding subunit p50. The formation of stable DDC-Cu compound is transported into the 

cell where it elicits the second generation of ROS which prolongs the inhibitory effects. 

The NF-κB pathway closely regulates the apoptotic response and inhibition of NF-κB 

transcriptional activity reduces the expression levels of anti-apoptotic genes Bcl2. The 

cell's response to reduced Bcl2 is overexpression of pro-apoptotic proteins, Bax, which 

drives the cell into apoptosis (Karin and Lin, 2002).  

Inhibition of NF-κB transcriptional activity also reduces the expression of hundreds of 

genes related to tumour survival, metastasis and CSCs, thereby making the cell more 

vulnerable to cytotoxicity. Our and others previous research has also demonstrated the 

ability of DS in combination with Cu to inhibit CSC traits (Zhang et al., 2010; Yip et 

al., 2011; Han et al., 2015; Xu et al., 2017; Wang et al., 2017; Jin et al., 2018). NF-κB 

is a pivotal regulator of CSC related genes which control the maintenance and 

tumourigenic potential of CSCs. CSCs are highly associated with overexpression of 

active ALDH enzymes, to detoxify cytotoxic drugs and ABC-transporters, to efflux 
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cytotoxic drugs from the cells (Ma and Allan, 2010; Yoh et al., 2004). DS is a known 

irreversible inhibitor of ALDH and has demonstrated an inhibitory effect on drug efflux 

pumps, proving to be a good combination therapy to allow other cytotoxic drugs to 

remain unchanged in the cell and elicit their anticancer effects, as depicted in Figure 

1.33. The anticancer effect of DS in combination with Cu has shown promising results 

in vitro and in vivo in a variety of cancers, by demonstrating its ability to co-target 

multiple mechanisms of chemoresistance, which highlight interest in repurposing DS to 

treat NSCLC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.33. The anticancer mechanism of action of DS in combination with Cu.  
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1.5.4. Nanoencapsulation of DS improves efficacy in vivo 

In vitro studies have clearly demonstrated the anticancer activity of DS in a variety of 

cancers, unfortunately, the very short half-life of DS in the bloodstream delays the 

translation of DS to the clinic (Agarwal et al., 1986). The clinical use of DS for alcohol 

abuse follows a tablet formulation for oral administration. After ingestion DS is rapidly 

reduced to two molecules of diethyldithiocarbamate (DDC) via the breakdown of the 

disulfide bond, it is at this stage where DS is highly reactive and can chelate with Cu. 

However, DDC is rapidly degraded into diethylamine and carbon disulphide or 

subjected to methylation or glucuronidation to form methylated-DDC or 

glucuronidated-DDC, respectively as shown in Figure 1.34 (Johansson, 1992). These 

metabolic processes inhibit the ability of the thiol group to chelate with Cu. However, 

this does not suppress the activity of the drug when used to treat alcohol addiction. This 

is because the metabolism of DS usually takes place in the liver, which is the site of 

ethanol breakdown, therefore, DS is delivered to the target site when DS and its 

metabolites successfully inhibit ALDH activity. In the case of cancer, target cells are at 

distant sites and require DS to have high drug delivery efficiency in order to remain 

unchanged in the bloodstream and elicit its anticancer activity. Drug delivery choice is 

important for sufficient availability of DS to react with Cu; therefore, oral and 

intravenous administration of a free DS formulation is inadequate due to rapid 

metabolism and subsequent inhibition of the thiol group. Orally administered anticancer 

drugs are well tolerated by patients, however, their bioavailability is poor (Banna et al., 

2010). Bioavailability is just as important as the active compound, there are various 

methods available such as adjusting the formulation, encapsulation of the drug and 

chemical modification which all aim to enhance the delivery of drugs to the target site 

(Stuurman et al., 2013). Conventional therapies also undergo rapid metabolism meaning 
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Figure 1.34. Metabolism of DS. DS quickly enters the bloodstream and is readily 

reduced to diethyldithiocarbamate (DDC) [1], in the liver, the thiol group of DDC is 

methylated by S-methyltransferase to produce methylated-DDC [2], metabolised into 

glucuronidated-DDC by glucuronyl transferase [3], or non-enzymatically degraded 

into diethylamine and carbonyl disulfide [4]. 

Nanotechnology has demonstrated significant improvement in the delivery of a variety 

of chemotherapeutics agents by improving drug efficacy and reducing toxicity. 

Nanoencapsulation methods use biodegradable materials such as liposomes, albumin 

nanoparticles and polymeric micelles to form nanoparticles that are able to encapsulate 

a drug (Shi et al., 2016). The FDA has approved many nano-enabled formulations of 

conventional anticancer drugs including liposomal doxorubicin (Myocet™), albumin 

NP Nab-paclitaxel (Abraxane™) and liposomal vincristine (Marqibo™) which are used 

to treat various cancers (Smith, 2019). The main function of nanoencapsulation is to 

improve the blood circulation half-life of drugs to ensure the drugs reaches its target site 

as well as overcome chemoresistance (Markman et al., 2013). The schematic shown in 

Figure 1.35 shows how nanoencapsulated DS delivered intravenously with oral CuGlu 
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supplementation enables DS to avoid metabolism in the liver and the controlled release 

process within the circulatory system allows DS to reach distant organs and ensure Cu 

chelation occurs at the target tissue or organ. We previously demonstrated liposome 

encapsulation of DS can extend the half-life of DS in serum and in comparison, to free 

DS the in vivo anticancer efficacy in breast cancer mouse models is significantly 

improved (Liu et al., 2014). Continued work into improving the sustained drug release 

profile directed our research group to study the use of the polymer poly (lactic-co-

glycolic acid) (PLGA) to encapsulate DS. PLGA is a successful biodegradable polymer 

with good biocompatibility and controlled degradation rate depending upon the ratio of 

lactide to glycolide monomers used (Acharya and Sahoo, 2011). The preparation of 

PLGA DS-loaded nanoparticles was developed, characterised and tested on liver cancer 

in our previous work (Wang et al., 2017). The study demonstrated the uniformity in size 

and shape of empty PLGA nanoparticles and drug-loaded nanoparticles PLGA-DS and 

drug release studies revealed that the half-life of free DS in serum is significantly 

enhanced from 2 mins to 7 hours in serum by PLGA nanoencapsulation. The use of 

PLGA drug-loaded nanoparticles offers many advantages to the development of 

chemotherapeutics as it provides a delivery system for poorly soluble compounds, with 

protection from metabolic pathways to deliver an active biologically unchanged drug to 

the target. The use of nano-encapsulation has significantly improved the drug delivery 

efficiency of DS and enhanced anticancer activity in vivo. The translation of the PLGA-

DS formulation may lead to the clinical use of DS for NSCLC treatment.   
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Figure 1.35. The short half-life of DS impacts the translation of DS/Cu to the 

clinic.  
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1.6. Aims and Objectives 

This study aims to investigate the chemoresistant characteristics of NSCLC hypoxia-

induced CSCs and identify a molecular target to overcome resistance to conventional 

anti-NSCLC drugs. Ultimately, this study intends to examine the anticancer efficacy of 

DS in combination with Cu in vitro and demonstrate how protection of DS thiuram 

structure using the nano-encapsulated formulation DS-PLGA is essential for the 

anticancer activity of DS in vivo. 

Objectives: 

• To identify the CSC characteristics of NSCLC spheroid and hypoxic cultures and 

observe resistance to conventional NSCLC cytotoxic therapies. 

• To understand the role of the NF-κB pathway within hypoxia-induced NSCLC 

CSCs via stable transfection of NF-κB-p65 in A549 cell line. 

• To investigate the anticancer activity of DS in combination with Cu in NSCLC cell 

lines and examine its effect on CSC traits and the NF-κB pathway. 

• To determine how structural changes of DS affect its function by comparing the 

cytotoxicity of DS analogues. 

• To examine whether DS-PLGA can inhibit tumour growth in orthotopic and 

subcutaneous NSCLC xenograft mouse models.  
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2.1 Materials 

2.1.1. Non-small cell lung cancer cells lines  

The NSCLC cell lines A549 and H23 were purchased from ATCC and NCI DCTD, 

respectively. 

2.1.2. Reagents, Enzymes and Kits 

Reverse Transcription kit: 10× RT Buffer, 25× dNTP mix, 10× RT Random Primers, 

Reverse transcriptase. TaqMan Universal Master Mix II with UNG, primers 20× mix: 

01042014 RELA (p65), 00153153 HIF1A, 01026149 EPAS1 (HIF2α), 01053049 

SOX2, 00999632 POU5F1 (OCT4), 02387400 NANOG, 02786624 GAPDH, 99999909 

HPRT1 (Applied Biosystems, CA, USA) 

Protein estimation kit: DC protein assay reagent A, DC protein assay Reagent B, DC 

protein assay reagent S (BIO-RAD, Hertfordshire, UK) 

EZ-ECL enhanced chemiluminescence detection kit for horseradish peroxidase (HRP) 

(Biological Industries, Cromwell, USA) 

Luciferase vectors pSV40-Renilla, pNFB-Tal-Luc and pGL3-Basic (BD Biosciences, 

New Jersey, USA). 

AccuGel 19:1 40%(w/v) 19:1 Acrylamide:Bis-Acrylamide Solution, 4X ProtoGel 

Resolving Buffer (1.5M Tris-HCl, 0.4% SDS, pH 8.8), ProtoGel Stacking Buffer (0.5 

Tris-HCl, 0.4% SDS, pH 6.8), Pre-stained Blue Protein Ladder (Gene Flow, Lichfield, 

UK) 

Fetal Bovine Serum (FBS), B-27 Supplement, DNase/RNase free water (Gibco, 

Thermo fisher scientific Inc, UK) 
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Hypoxyprobe Kit: Solid pimonidazole HCl (Hypoxyprobe™-1), Rabbit anti-FITC 

conjugated with horseradish peroxidase as a secondary reagent (Hypoxyprobe, 

Massachusetts, USA) 

ActinRedTM, LipofectamineTM 2000 Reagent, S.O.C. Medium, DH5 competent E. coli 

bacterial cells (Invitrogen, Thermo fisher scientific Inc, UK) 

Phosphate Buffered Saline (PBS), Dulbecco's Modified Eagle's Medium (DMEM), 

Dulbecco's Modified Eagle's Medium/nutrient mixture F12 (DMEM-F12), L-

Glutamine, Penicillin-Streptomycin, Amphotericin B Mix, 10× Trypsin (Lonza, Basel, 

Switzerland)  

Image-it Fix-Perm kit: fixative solution, permeabilization solution, blocking solution, 

wash buffer (Molecular probes by life technologies, Massachusetts, USA) 

Total RNA purification kit: buffer RL, wash solution A, elution solution A, spin 

columns, collection tubes, and elution tubes (Norgen Biotek Corp, Ontario, Canada) 

Passive Lysis Buffer, Stop & Glow Substrate, Stop & Glow Buffer, Luciferase Assay 

Substrate, Luciferase Assay Buffer II, restriction enzyme 10× buffer, acetylated BSA 

(10 g/L), restriction enzymes HindIII and XbaI, luciferase vector pGL4.4-

LUC2p/HRE/Hygromycin (Promega, Madison, USA) 

Plasmid maxiprep kit: buffer P1, buffer P2, buffer P3, buffer QBT, buffer QC, buffer 

QF, RNase A, QIAGEN-TIPS 500 (Qiagen, West Sussex, UK) 

rhFGF-basic Fibroblast Growth Factor-basic-157aa recombinant human (R&D systems, 

Abingdon, UK) 
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Annexin-V-FLUOS Staining Kit containing: Incubation Buffer, Propidium Iodide and 

Annexin-V-Fluorescein. Protease inhibitor cocktail tablets, phosphatase inhibitor 

cocktail tablets (Roche Diagnostics Ltd., East Sussex, UK) 

 

Doxorubicin (DOX), oxaliplatin (OXA), gemcitabine (dFdC), paclitaxel (PTX), 

disulfiram (DS), copper chloride (CuCl2), S-methyl-N.N-diethyldithiocarbamate (S-Me-

DDC), bis(n,N-diethyldithiocarbamate)-copper(II) (Cu-DDC), tetramethylthiuram 

disulfide (TMDS), diethyldithiocarbamate (DDC), hydoxy-dithionzoic acid (HDTA), 4-

imidazoledthiocarboxylic acid (IDTA), 2,4,6-trimercaptotriazine (TMT),  hygromycin, 

poly-2-hydroxyethyl methacrylate (Poly-HEMA), insulin, D-Glucose, human EGF, 

heparin, LB Broth, sodium chloride, trizma base, hydrogen peroxide, methanol, 100% 

ethanol, 99.9% dimethylsulfoxide (DMSO), tween 20, tetramethylethylenediamine 

(TEMED), DL-dithiothreitol solution (DTT), fixative, developer, crystal violet solution, 

propidium iodide (powder), agarose, RNase ZAP, fluoroshield, tris HCl, SDS, Triton 

X-100, sodium deoxycholate, NaCl, EDTA, sodium orthovanadate, leupeptin, aprotinin, 

PMSF, Hepes, ICCI, 5% glycerol (Sigma, Dorset, UK) 

ALDEFLUOR Kit containing: dry ALDFLUORTM reagent, Hydrochloric Acid, 4-

Deithylaminobenzaldehyde (DEAB), dimethylsulfoxide (DMSO), ALDEFLUOR 

Assay Buffer (Stemcell technologies, Cambridge, UK) 

Fc OxyBURST® Assay Reagents (Thermo Fischer Sci., Paisley, UK) 

Vectorshield (Vector Laboratories Inc, Burlingame, CA) 
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2.1.3. Antibodies  

Table 2.1. Primary monoclonal antibodies used for Western blot analysis. 

Antibody Reference 

number 

Company Dilution in 

blocking buffer 

IKB alpha ab32518 Abcam  

(Cambridge, UK) 

1:1000 

NF-B-p65 ab16502 Abcam 1:1000 

Bcl-2 ab32124 Abcam 1:1000 

Bax ab32503 Abcam 1:1000 

Cleaved-PARP 5625S Cell signalling Technology, 

Inc (London, UK) 

1:1000 

β-Actin A2228 Sigma 1:5000 

Tubulin T5168 Sigma 1:5000 

Nucleolin SC-8031 Santa Cruz Biotechnology, Inc 

(Texas, US) 

1:1000 

Conjugated secondary antibodies used for Western blot analysis: 

ECLTM Anti-Rabbit IgG Horseradish Peroxidase (HPR) linked whole antibody (from 

donkey), ECLTM Anti-Mouse IgG HPR linked whole antibody (from sheep) (GE 

Healthcare, Life Sciences, Buckinghamshire, UK) 

Fluorescently labelled antibodies used for flow cytometry: 

FITC Mouse Anti-Human CD44, APC Mouse Anti-Human CD338 (BD Biosciences, 

New Jersey, USA)  

CD133/2 VioBright™ FITC human (Macs Miltenyi Biotec, Surrey, UK) 

2.1.4. Buffers 

Freezing Buffer 

Used to suspend cell lines for storage in liquid nitrogen. Prepared by adding 10% 

DMSO in FBS. 

Phosphate Buffered Saline (PBS) 

Prepared by dissolving 5 PBS tablets in 1 litre of deionized water. 
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Flow Buffer 

Used for preparation of antibody staining of cells for flow cytometry analysis. Prepared 

by adding 4% FBS in PBS. 

Sorensen’s glycine buffer 

Prepared by dissolving 3.75 g glycine and 2.92 g NaCl in deionized water. The pH was 

adjusted to pH 10.5 using NaOH (5 M). 

10× Tris-buffered saline (10×TBS) 

Prepared by dissolving 12.11 g tris base and 81.8 g NaCl per 1 litre of deionized water. 

The pH was adjusted to 7.4 using HCl (1 M). 

1×Tris-buffered saline-Tween-20 (TBS-T) 

Used for washing membrane in Western blot analysis. Prepared by mixing 100 mL 

10×TBS with 900 mL of deionized water and 500 μL of Tween-20. 

RIPA buffer 

Used for whole protein extraction. Prepared from the following reagents detailed in 

Table 2.2 to make a stock with a volume of 100 mL and pH 7.4. To an aliquot of 5 mL, 

RIPA buffer protease and phosphatase inhibitors were added. 

Table 2.2. Reagents required for preparation of RIPA buffer. 

Reagents Concentration W/100 mL 

Tris HCl 25 mM 395 mg 

SDS  0.1% 0.1 g 

Triton ×-100 1% 1 mL 

Sodium deoxycholate 0.5% 0.5 g 

NaCl 0.15 M 0.88 g 

EDTA 1 mM 37.2 mg 

Sodium orthovanadate 1 mM 18.4 mg 

Leupeptin  1 μM (1-10 μg/mL) 1 mg 

Aprotinin  1 μM (1-10 μg/mL) 1 mg 

PMSF 1 mM 17.4 mg 
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Buffer A 

Used for nuclear protein extraction. Prepared from the following reagents detailed in 

Table 2.3. 

Table 2.3. Reagents required for preparation of Buffer A. 

Chemical Concentration Stock volume 

Hepes 10 mM 500 mM 200 μL 

KCl 10 mM 2 M 50 μL 

EDTA (pH 8) 0.1 mM 500 mM 2 μL 

DTT 1 mM 0.5 M 20 μL 

Protease inhibitor 25× 500 μL 

deionized water  9.2 mL 

Buffer C 

Used for nuclear protein extraction. Prepared from the following chemicals reagents 

detailed in Table 2.4. 

Table 2.4. Reagents required for preparation of Buffer C. 

Chemical Concentration Stock volume 

Hepes 20 mM 500 mM 200 μL 

NaCl 0.4 mM 5 M 120 μL 

EDTA (pH 8) 1 mM 500 mM 3 μL 

DTT 1 mM 0.5 M 3 μL 

Protease inhibitor 25× 75 μL 

5% glycerol (v/v) 100% 75 μL 

deionized water  1161 μL 

Running buffer 

Used for gel electrophoresis in Western blot analysis. Prepared by mixing 100 mL of 

10x stock (tris/glycine/SDS), with 900 mL of deionized water.  

Transfer buffer 

Used for blotting proteins onto a nitrocellulose membrane in Western blot analysis. 

Prepared by mixing 200 mL methanol, with 100 mL of 10x stock (tris/glycine) and 700 

mL of deionized water. 
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Blocking buffer  

5% (w/v) milk in TBS-T was used in Western blot analysis to prevent non-specific 

binding on the nitrocellulose membrane. Prepared by dissolving 5 g of milk powder in 

100 mL of TBS-T 

2.1.5. Equipment  

Consumables  

• MicroAmp Optical 96-well Reaction Plate (Applied Biosystems, CA, USA) 

• Sterile pipette tips ZAP filter tips (Alpha laboratories, Eastleigh, UK) 

• Fixative procedure tray (Cell Path PLC, Newton, UK) 

• Blotting papers, Amersham Hybond P 0.45 polyvinylidine difluoride (PVDF) 

(GE Healthcare Life Sciences, Buckinghamshire, UK) 

• 0.5, 1.5 mL Eppendorf tube, 10, 25 mL serological pipette, 10, 20 50 and 100 

mL tubes, 6-well, 12-well, 24-well, 96-well flat bottom tissue culture plates, 

T25, T75, T175 tissue culture flask, with vented caps, vacuum filter, cell 

scrapper (Sarstedt Ltd., Leicester, UK) 

• Cryogenic vials, Black 96-well Immuno plate, EZ single Cyto funnel with white 

filter cards (Thermo Scientific, Massachusetts, USA) 

• PolysineTM (VWR International, Pennsylvania) 

Scientific instruments 

• QuantStudio 6 Flex (Applied Biosystems, CA, USA) 

• TE70 ECL Semi-Dry Transfer Unit, Hypercassette (Amersham, Biosciences) 

• BD Accuri C6 Flow Cytometer (BD, New Jersey, USA)  
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• Mini protein electrophoresis chamber kit, tank with lid, gel plate gaskets, 1.5mm 

glass plate and 1.5mm 10 well combs, gel cutter, buffer dam, power pack (BIO-

RAD, Hertfordshire, UK) 

• BioMAT2 Class 2 microbiological safety cabinet (Contained Air Solutions, 

Manchester, UK) 

• PIPETBOY (Integra, Hudson, USA) 

• Evos FL Cell Imaging System (Invitrogen, California, USA) 

• Multifuge 3 S-R (Heraeus, Hanau, Germany) 

• Spectrafuge mini centrifuge, Micropipette for volumes: 0.1-2 μL, 0.5-10 μL, 2-

20 μL, 10-100 μL, 20-20 μL, 100-1000 μL (Labnet, New Jersey, USA) 

• MP220 pH meter (Mettler Toledo, Ohio, USA) 

• Eclipse TS1000 (4×, 10×, 20× lenses) (Nikon, Amsterdam) 

• CO2 Incubators, O2/CO2 Incubators (Panasonic, Leicestershire, UK) 

• Refrigerated centrifuge sigma 6-16KS (Sigma, Dorset, UK) 

• Hypoxic Chamber (StemCell, Durham, NC, USA) 

• Block heater, see-saw rocker, heat-stir UC152 (Stuart, Staffordshire, UK) 

• Multichannel pipette Transferpette S-8  

• Multidrop 384, Multiskan Ascent, Fluoroskan Ascent FL, NanoDrop 2000, 

Shandon Cytospin 4 (Thermo Scientific, Massachusetts, USA)  

• Ultrasonic Cleaner (VWR, Pennsylvania, USA) 
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2.2 Methods 

2.2.1. The cell culture of adherent cells 

Adherent cell lines were cultured and maintained with DMEM medium supplemented 

with 10% FBS, 1% (v/v) L-Glutamine, and 1% (v/v) units/mL penicillin, streptomycin, 

amphotericin mix. Cell lines were incubated using 75 cm2 filtered cap tissue culture 

flasks to allow for the exchange of gas, the incubator maintained at 5% CO2, ~20% 

oxygen, at 37C and established humidity throughout.  

Once the cell line culture growth reached ~90% confluency the adherent cells were 

detached from the flask using the enzyme trypsin. Cells were processed for routine 

subculture and in vitro experiments. Trypsin (1×) was prepared by a 1:10 dilution of 

trypsin (10×) with sterile PBS and stored at 20C. The medium of the near confluent 

flask was aspirated and the attached cells were rinsed with 5 mL of sterile PBS to 

remove any remaining serum. To the flask 3 mL trypsin (1x) was added without 

disturbing the attached cells and incubated at 37C for ~10 minutes until all cells were 

detached from the surface of the flask, the serum-containing medium was added in 

equal amounts of 3 mL to neutralize the activity of trypsin. The cell suspension was 

transferred to a 20 mL centrifuge tube to be centrifuged at 1200 rpm for 5 minutes. 

After centrifugation, cells pellets were re-suspended in fresh FBS-containing medium 

and counted using a hemocytometer. Cell counting is essential when seeding an equal 

number of cells for controlled experiments. For routine subculture, 5.0×104 cells/mL 

serum-containing DMEM medium was added to 75 cm2 tissue culture flask and 

incubated at 37 C with 5% CO2 for three to four days until the surface of the flask 

became confluent. 
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Alternatively, cell pellets were collected. The medium was separated from the pellet by 

resuspending the pellet in 1 mL PBS to transfer cells to an Eppendorf tube, where cells 

are centrifuged for a second time at 2000 rpm for 5 minutes, PBS was aspirated, and 

cells stored at -80 C. 

2.2.2. Storage of cell lines in liquid nitrogen 

1.0×106 cells/mL were suspended as single cells in freezing buffer and transferred to a 

pre-labelled cryovial. Cells were first stored at -80 C overnight and transferred for long 

term storage in liquid nitrogen -160 C. 

2.2.3. Cell lines retrieval from liquid nitrogen  

Cells were recovered by thawing the cryovial containing cells, and immediately 

transferring the content to a prepared 75 cm2 cell culture flask with the serum-

containing medium. The cells were incubated at 37C overnight. After cells have 

attached to the surface of the flask, the medium was replaced to discard any dead cells 

that were remaining.  

2.2.4. Hypoxic cell culture 

Cell lines were maintained as described for adherent cell cultures in normoxic 

conditions. During subculture, cell lines at a density of 6.25×104 cells/mL were 

suspended in 8 mL of DMEM and incubated in 25 cm2 flask and placed in the hypoxic 

incubator maintained at 37C, 5% CO2, 1% O2, rest N2. Cells were incubated for 4 days 

and used for experiments, medium was changed when required. 
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2.2.5. NSCLC spheroid culture  

NSCLC cell lines were stimulated to grow as spheres using nutrient-rich culture 

medium DMEM-F12 supplemented with growth factors and the use of ultra-low 

adherence flasks and plates. Coated flasks and plates were prepared by dissolving poly-

2-hydroxyethyl methacrylate (poly-HEMA) 10 mg/mL, in 95% ethanol. The volumes 

used to coat flask and plates are as follows: 4 mL for the T75 flask, 2 mL for T25 flask 

and 0.3 mL for 24 well flat-bottomed plate, flasks and plates were incubated overnight 

at 50-60C to allow the poly-HEMA coating to set. Before using for cell culture the 

poly-HEMA coating was rinsed twice with PBS to prevent the toxic effect of unset 

poly-HEMA liquid on the cells. 

The sphere cultures were maintained in stem cell culture medium (SCM), serum-free 

DMEM-F12 supplemented with 1% v/v L-glutamine, 1% (v/v) units/mL penicillin, 

streptomycin, amphotericin mix, 10 mL B-27 supplement, 10 ng/mL epidermal growth 

factor (EGF) , 10 ng/ml basic fibroblast growth factor (b-FGF), 20 g/mL insulin, 20 

g/mL heparin, and 3.1 mL 45% D-Glucose. The attached cell lines were cultured as 

spheroids by suspending 6.25×104 cells/mL in 8 mL of SCM in poly-HEMA coated 

T25 flask and incubated at 37 C, 5% CO2  for 6 days. 

Spheroid cultured cells were prepared for experiments by trypsinization. The whole 

spheres were transferred from the flask to a 10 mL centrifuge tube and centrifuged at 

600 rpm for 1 minute, the medium was removed. The cells were carefully resuspended 

in ~500 L trypsin (1x) 25 L of DNase was added and incubated at 37 C for ~10 

minutes and mixed in between. 1 mL of serum containing DMEM was added to 

neutralize the enzyme and centrifuged at 1200 rpm for 5 minutes. Cells were 

resuspended in fresh SCM. 
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2.2.6. Cytotoxicity assay 

Preparation of MTT reagent (5 mg/mL), made by dissolving 2.5 g of 3-(4,5-

dimetgylthiazol-2-yl)-2,5-diphenyltetrazolium bromide in 500 mL of sterile PBS. 

Stored in darkness at 4C.  

For in vitro cytotoxicity assay, the cells were seeded at an equal cell density of 5.0×103 

cells/well into 96-well flat-bottomed microtiter plates overnight, each experiment was 

performed in triplicate culture plates. The outer wells were filled with sterile water to 

maintain humidity across the 96-well plate. After observing an equal distribution of 

cells across the triplicate plates the cells were exposed to different anticancer drugs. A 

two-fold serial dilution of anticancer drug was prepared with DMEM medium, for 

example: 100 nM, 50 nM, 25 nM, 12.5 nM, 6.25 nM 3.125 nM, 1.56 nM and 0.78 nM. 

One control column contained medium without cells, second control contained medium 

and cells, the third control used as DMSO drug carrier control. The remaining wells 

were displaced with serially diluted drug-containing medium and were incubated at 

37C for 72 hours.  

After incubation of the cells with anticancer drugs, 20 L of MTT reagent was added to 

all wells and incubated at 37C in darkness for 3 hours. The solution was removed, and 

the MTT formazan crystals were dissolved in 80 L DMSO and 20 L Sorensen’s 

buffer to maintain pH at 10.5. Absorbance readings were measured using a multi-well 

plate reader spectrophotometer at a wavelength of 540 nm. Results were used to 

calculate the percentage viability (%) after treatment and to determine the IC50 values 

(ideal concentration at which 50% of cells have been killed). 
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2.2.7. Isobologram analysis 

For measuring the synergistic effect of two anticancer drugs, isobologram analysis was 

used. Cell lines were seeded as described above for MTT assay using the same controls. 

After cell seeding, anticancer drugs were serially diluted and used to replace the 

medium. Using the anticancer drugs DOX, dFdC, OXA and PTX each experiment 

investigated whether DS/Cu significantly enhanced cytotoxicity. Experiments required 

3 serial dilutions, for example; dilution 1 DOX alone, dilution 2 DS/Cu alone, and 

dilution 3 DOX in combination with DS/Cu. Cells were incubated with a drug-

containing medium for 72 hours. After incubation, measurement to cell cytotoxicity 

was determined as above for the MTT assay. 

The combination index (CI) provided a quantitative measure to determine the 

synergism between two drugs, this was calculated using the software Calcusyn™. Data 

is processed for individual drugs and combination of drugs in constant or non-constant 

ratios. Calcusyn™ automatically provides a report detailing drug interactions including 

the CI value at effective dose x (EDx) for example as ED50, ED75 and ED90. A CI 

value <1 shows there to be a synergistic effect. Results were obtained from CI values 

taken from an individual experiment to provide an average. 

2.2.8. Sphere formation assay 

Spheroid cultures were maintained for 6 days, cells were collected, and trypsin was 

added to separate the spheroid structure. The single cells were counted and 2.0105 

cells were aliquoted into pre-labelled 10 mL centrifuge tubes for treatment with 

anticancer drugs. One negative control was used for the sphere cell without treatment. 

The remaining samples were exposed to different drug-containing medium in the 

centrifuge tube and incubated for 6 hours at 37°C, 5% CO2 and the samples were mixed 
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by hand at 1-hour intervals. The treated and untreated cells were centrifuged to remove 

the drug-containing medium and replaced with fresh SCM. The cells were seeded, in 

triplicates to PBS rinsed poly-HEMA coated 24-well flat-bottomed plates, at a density 

of 2104 in SCM. The cells were incubated for 7 days to identify the ability of the 

sphere formation after treatment. The numbers of spheres formed were counted 

manually and images were taken a 4× magnification. 

2.2.9. Clonogenic assay 

To understand the survival and proliferation ability of attached cells after treatment with 

anticancer drugs. Monolayered cell cultures were sub-cultured and seeded in DMEM 

into 6-well plates at a cell density of 0.1×106 cells/well, and incubated for 96 hours in 

hypoxia at 37°C. Separately, after 72 hours the sub-cultured cells were seeded into 6-

well plates at a cell density of 0.25×106 cells/well and incubated overnight in normoxia 

at 37°C. After incubation, the medium for all plates in hypoxia and normoxia was 

replaced with the drug-containing medium. IC50 drug concentrations were used and 

cells were incubated for 48 hours in hypoxic or normoxic conditions at 37°C. After 

treatment, all non-viable cells were collected into 10 mL centrifuge tube and viable 

cells trypsinised and transferred to the corresponding tube. The viable and non-viable 

cells collected into their respective tube and centrifuged at 1200 rpm for 5 minutes to 

remove the drug-containing medium. To the cell pellet, fresh medium was added and 

the cells counted using the hemocytometer, cells were reseeded into fresh 6-well plates 

in triplicates. For the A549 cell line cells were seeded at a cell density of 1×104 

cells/well and 2×104 cells/well for normoxia and hypoxia, respectively. The H23 cell 

line was seeded at a cell density of 2×104 cells/well and 4×104 cells/well for normoxia 

and hypoxia, respectively. Cells were incubated in normoxia or hypoxia up to thirty 
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days depending on the speed of colony formation, the cell culture medium was replaced 

twice a week to maintain cell growth. Once colony growth had reached >20 cells per 

colony, the clonogenic assay was fixed and stained. Cell culture medium was removed 

and cells rinsed with PBS, the colonies were fixed with ice-cold 100% ethanol and 

incubated for 15 min at room temperature. Cells were rinsed with PBS and crystal 

violet (1:4 dilution in PBS) was added to cover the area of the well and incubated for 15 

min at room temperature. Crystal violet was collected, plates rinsed thoroughly and left 

to air dry. Colonies were counted manually using an inverted microscope at 4× 

magnification, and images were taken to observe the colony formation of the whole 

well. 

The number of colonies formed after treatment was standardized to the negative 

untreated control of their respective culture condition. 

𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 (%) =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 
𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 
𝑖𝑛 𝑛𝑜𝑟𝑚𝑜𝑥𝑖𝑐 𝑜𝑟 ℎ𝑦𝑝𝑜𝑥𝑖𝑐 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

× 100 

2.2.10. Measurement of hypoxia in cell culture 

The hypoxic status of cell culture conditions was examined using HypoxyprobeTM-1 Plus 

Kit (HPP), by immunohistochemistry and flow cytometry. For immunohistochemistry 

of attached cells in conditions of normoxic (overnight culture) and hypoxic (4-day 

culture), cells were seeded at a density of 5.0×103/well into an 8-well chamber slide and 

incubated for 24 hours. The medium was replaced with HPP-containing medium at a 

concentration of 100 μM and incubated overnight. The medium was removed, and cells 

rinsed with PBS. The Image-it Fix-Perm kit was used to fix the cells and prepare the 

slide for staining. The fixing solution that contained 4% formaldehyde was added to the 
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cells and incubated at room temperature for 15 minutes. Washing buffer was added to 

cells and kept on a see-saw rocker at room temperature for 5 minutes, this was repeated 

for a total of three repeats. Permeabilization solution was then added, containing 0.5% 

Triton X-100 in DPBS, incubated at room temperature for 15 minutes. Washing steps, 

in three repeats, were conducted before incubated the cell with blocking buffer. 

Blocking buffer containing, 3% BSA in DPBS was incubated at room temperature for 

60 minutes. The fluorescently labelled primary antibody used to bind to the HPP, FITC 

anti-HPP was prepared as a 1 in 1000 dilution in blocking buffer, incubated at room 

temperature for 60 minutes. Washing steps were repeated. To stain the cytoskeleton -

actin-PI was prepared by adding one drop to 1 mL of blocking buffer, incubated for 5 

minutes, and washing steps repeated. To stain and preserve the cell staining, vector 

shield with DAPI was added directly to the cell and sealed with a coverslip and clear 

varnish around the edges. The Evos microscope was used to take high magnification 

images. 

For sphere cell culture, spheres were maintained in culture for 6 days. Spheres were 

collected and suspended in a fresh medium. Attached cells were trypsinized and 

collected as a single cell suspension. Cyto funnels were fixed together with a slide and 

placed into the cytospin centrifuge, 500 μL of sphere cells or attached cells were added 

directly to the funnel and sealed, cells were centrifuged at 800 rpm for 5 minutes. The 

slides were removed from the funnel and a buffer dam was drawn to surround the cells 

on the slide. The Image-it Fix-Perm kit was used as above, washing steps did not 

include see-saw rocker, all incubation was completed on the bench in a staining tray. 

For the cell staining procedure, HPP-FITC was used to show the hypoxic status, and PI 

stain was used to stain the nucleus, fluoroshield without DAPI was used to preserve the 

staining. 
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HPP staining was also detected using flow cytometric analysis. Cells were cultured in 

hypoxic conditions in 25 cm2 flasks for 4 days, spheres were cultured in low-attachment 

poly-HEMA coated 25 cm2 flask for 6 days, and control cells were cultured in 

normoxic conditions overnight. Culture medium was replaced with fresh medium 

containing HPP (1:1000) for 2 hours. The cells were trypsinized, rinsed with PBS and 

collected in centrifuge tubes. The pellet was resuspended in 200 μL of PBS and fixed 

adding 2 mL of ice-cold ethanol 100% drop by drop whilst mixing and incubate cells 

for 10 minutes on the bench. Cells were rinsed with PBS and centrifuged, the cell pellet 

was resuspended in diluted HPP-FITC antibody (1:1000) in the flow buffer (5% BSA, 

Triton x-100 in PBS), cells were incubated in 200 μL of the prepared antibody for 1 

hour at room temperature in darkness. Before analysis, the stain was rinsed, and the 

pellet resuspended in 300 μL of PBS. The positive hypoxic population was detected 

using BD flow cytometer with an FL-1_green filter. 

2.2.11. Detection of ALDH activity 

The ALDH positive population was detected using the ALDEFLUOR™ kit (StemCell 

Tech) prepared following the supplier’s instruction. NSCLC cell lines were collected as 

live cells and were aliquoted at a density of 2.5105 cells/tube. ALDEFLUOR™ 

reagent was prepared by adding 5 μL of the reagent to 1 mL of ALDEFLUOR™ buffer. 

The flow buffers used for live cells contain serum to ensure the cells survive during 

analysis, ALDEFLUOR™ buffer additionally contains inhibitors to prevent the 

ALDEFLUOR™ reagent from degradation, therefore, ensured accurate binding to 

ALDH positive cells. Cells were centrifuged at 1200 rpm for 5 minutes and the cell 

pellet resuspended in 100 uL of ALDEFLUOR™ reagent/buffer mix and incubated for 
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30 minutes at 37 C in darkness. The cells were rinsed with PBS and re-suspended in 

300 μL of fresh ALDEFLUOR™ buffer without stain. Samples were analysed using 

BD flow cytometer with an FL-1_green filter to detect positive ALDH activity. 

2.2.12. Detection of CD133 positive population 

NSCLC cell lines were collected and were aliquoted at a density of 2.5105 cells/tube. 

The cells were rinsed with PBS and centrifuged. The CD133-FITC reagent was diluted 

(5 μL stain/100 μL flow buffer). The flow buffer was 4% FBS in PBS and stored in 

4C. The cell pellet was resuspended in 100 μL of diluted CD133 stain and incubated 

for 1 hour at 4C. Cells were rinsed with flow buffer and centrifuged, the cell pellet was 

resuspended in 200 μL of flow buffer. Samples were analysed using BD flow cytometer 

with an FL-1_green filter to detect the positive CD133 population. 

2.2.13. Detection of ABCG2 positive population 

NSCLC cell lines were collected and were aliquoted at a density of 2.5105 cells/tube. 

The cells were rinsed with PBS and centrifuged. ABCG2 is also known as CD338w. 

The CD338w-APC reagent was diluted (5 μL stain/100 μL flow buffer). The cell pellet 

was resuspended in 100 μL of diluted ABCG2 stain and incubated for 30 minutes at 

4C. Cells were rinsed with flow buffer and centrifuged, the cell pellet was resuspended 

in 300 μL of flow buffer. Samples were analysed using BD flow cytometer with an FL-

3_red filter to detect the positive ABCG2 population. 

2.2.14. Detection of CD44 positive population 

NSCLC cell lines were collected and were aliquoted at a density of 2.5105 cells/tube. 

The cells were rinsed with PBS and centrifuged. The CD44-FITC reagent was diluted 
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(5 μL stain/100 μL flow buffer). The cell pellet was resuspended in 100 μL of diluted 

CD44 stain and incubated for 30 minutes at 4C. Cells were rinsed with PBS and 

centrifuged, the cell pellet was resuspended in 300 μL of flow buffer. Samples were 

analysed using BD flow cytometer with a FL1_green filter to detect positive CD44 

population. 

2.2.15. Measurement of external reactive oxygen species (ROS) 

The extracellular ROS levels were determined using Fc OxyBURST® Assay Reagent. 

The preparation of the reaction mixture required the calculation of the total number of 

reaction measurements for each compound in triplicates. Prepare a final concentration 

of 1 μg/mL OxyBURST® reagent in sterile H2O, 100 μL/well for each reaction. Using 

a black opaque 96-well microplate, 100 uL of reagent was added into each well. The 

H2O and H2O2 (1:1000) 10 μL/well were used as negative and positive controls, 

respectively. Different compounds were added to the corresponding well with or 

without CuCl2, all at a concentration of 10 μM. N-Acetyl-L-cysteine (NAC, 2 μL of 100 

mM stock solution) was used as a ROS inhibitor to confirm ROS activity. Immediately, 

the potential oxidative product released from the compounds was detected by a 

continuous fluorescence increase excited at 492 nm and emission of 520 nm at the 

integration of 1 second. The rate of fluorescence increase was directly proportional to 

the generation of oxidative species. 

2.2.16. Assessment of apoptosis by Annexin V/PI assay 

The apoptotic status of the cells after treatment was analysed using FITC-conjugated 

Annexin V/PI assay kit and flow cytometry. Cells were seeded into a 6-well flat bottom 

plate at a cell density of 0.2×106 cells/well and incubated for 24 hours. Cells were 

exposed to different drugs overnight. The medium which contained any dead cells was 
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collected into a prelabeled 10 mL centrifuge tube, the cells were rinsed with 2 mL PBS 

and any dead cell were collected. Any attached cells were detached by adding 500 μL 

of trypsin per well, incubated a 37 ̊C for 5 minutes. All viable cells were collected in 

their corresponding tube. Tubes containing viable and non-viable cells were centrifuged 

at 1500 rpm for 5 minutes. Cell pellets were rinsed with 2 mL PBS and centrifuged 

again at 1500 rpm for 5 minutes. The FITC-conjugated AnnexinV (20 μL) and PI (20 

μL) reagent mix were prepared in 1 mL of incubation buffer. The samples were 

resuspended in 100 μL of the prepared stain in incubation buffer and incubated at room 

temperature in darkness for 15 minutes. After incubation, samples were diluted with 

400 μL of incubation buffer and immediately analysed by flow cytometry. Apoptosis 

and necrosis were analysed by using the FL1 detector for FITC-Annexin V fluorescence 

and an FL2 detector for PI fluorescence. Cells stained positive for Annexin V showed 

early apoptosis, positive PI staining detected necrotic cells population, and double-

positive cells were classified as late apoptotic.  

2.2.17. SDS-PAGE and Western blotting analysis 

Whole protein extraction 

To prepare cells for whole protein extraction cells were cultured and collected as a 

single cell suspension in 1 mL PBS, using 1.5 mL Eppendorf tubes, and centrifuged at 

2,000 rpm for 5 minutes, the PBS was removed, and cell pellets were stored at -80C. 

For cell lysis 100-200 μL of RIPA buffer, containing phosphatase and protease 

inhibitors, see Table 2.2 for its preparation. RIPA buffer was added to the cell pellet and 

mixed thoroughly. To assist the cell lysis the cells were suspended in a sonication water 

bath for 30 seconds and centrifuged at 14,000 rpm at 4 °C for 15 minutes. The 

supernatant was collected and stored in a prelabeled Eppendorf tube at -20C. 
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Nuclear protein extraction 

As instructed above cultured cells were collected and washed in PBS and cells were 

suspended in 200 μL of buffer A. To the mixture 25 μL of 10% NP-40 was added and 

vortexed for 10 seconds followed by for 10 minutes incubation on ice. The samples 

were centrifuged at 14,000 rpm at 4 °C for 20 seconds, the supernatant was removed 

and the pellet resuspended in 200 L of buffer A to be centrifuged for a further 20 

seconds, this is important to remove any cytoplasmic proteins. The supernatant was 

again removed and to the pellet 50-100 L of buffer C was added and centrifuged at 

14,000 rpm at 4 °C for 5 minutes. The supernatant was collected and stored at -20C. 

Protein estimation  

The protein concentration was estimated, by comparison to a protein standard 

calibration curve, prepared by plotting absorbance versus protein concentration graph 

using a serially diluted BSA in RIPA buffer. The BioRad™ protein estimation kit was 

used, 5 L of protein sample was added to a 96-well plate followed by 25 L of S+A 

mix (20 L reagent S to 1 mL reagent A) and 200 L of buffer B. The reaction was 

incubated for 10 minutes at room temperature. Absorbance was measured using multi-

well plate reader spectrophotometer at a wavelength of 650 nm. The absorbance 

measurements were used to estimate the protein concentration using the equation of a 

line from the calibration curve. The protein estimates were then used to equalize the 

protein concentration across the samples between 30-150 μg/lane. 

Preparation of separating gel 

Before the gel mixture was prepared, 1.5mm plates were used and placed together and 

secured with the gel setting clamps and stand. The separating gel was prepared as 

described in Table 2.5. TEMED must be added last, the prepared mixture was 

thoroughly mixed and 7.5 mL was added to the gel plates. Isopropanol 200 μL was 
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added to cover the separating gel mixture, this helps to remove any air bubbles 

escaping. The gel was allowed to set for 20 minutes and rinsed with water three times to 

remove the layer of isopropanol. 

Table 2.5. Preparation of separating gel using 40% 19:1 acrylamide:bis. 

Reagents 12% 10% 8% 7.5% 6% 

Resolving buffer (mL) 5.5 5.5 5.5 5.5 5.5 

40% 19:1 acrylamide:bis (mL) 5.5 4.4 4.3 4.0 3.2 

H2O (mL) 5.5 6.6 6.7 7.0 7.2 

10 % (w/v) APS (μL)* 120 120 120 120 120 

TEMED (μL) 15 15 15 15 15 

*10% Ammonium Persulphate (APS) 

APS was prepared by dissolving 1 g APS in 10 mL distilled water. Stored at room 

temperature and due to unstable nature prepared for use. 

Preparation of stacking gel 

The stacking gel was prepared as shown in Table 2.6. The mixture added above the 

separating gel followed immediately by the 1.5mm comb was inserted, this forms the 

wells required for protein loading. 

Table 2.6. Preparation of stacking gel using 40% 19:1 acrylamide:bis. 

Reagents Volume  

Stacking buffer (mL) 4.2 

40% 19:1 acrylamide:bis (mL) 1.2 

H2O (mL) 6.2 

10 % (w/v) APS (μL) 250 

TEMED (μL) 20 

SDS-PAGE Electrophoresis 

The prepared gel and was secured into the gasket to prevent leakage and positioned into 

the electrophoresis tank. Both the gasket and tank was filled with running buffer. The 

inserted comb was removed to reveal the formed wells, which were cleaned using a 

syringe to remove any gel trapped in the well. Using the quantified protein samples, 

each sample to be loaded was prepared with 4× loading buffer, 1 μL of 0.5M DTT, and 
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deionized water to make to a specified total volume (max loading volume of 40 μL). 

After preparation, the samples were centrifuged using the microcentrifuge before and 

after the samples were heated at 96 ̊C for 10 minutes. The samples were added to the 

corresponding well made in the stacking gel. The running buffer was topped up to 

ensure coverage of the gel. The gel electrophoresis was connected to a power pack 

which was set to 200 V, 300 mA, for 1 hour. The current was maintained through the 

gel to allow for the separation of protein by molecular weight. 

Membrane Blotting 

A semi-dry transfer unit was prepared with five blotting papers (9×10cm) soaked in 

transfer buffer. The PVDF membrane (8×4.5cm) was activated for protein binding by 

the soaking the membrane in methanol followed by transfer buffer. The membrane was 

placed on top of the five blotting papers followed by the SDS-PAGE protein gel and 

five more blotting papers. Transfer buffer was poured to submerge the blot and the 

transfer unit was set to 125 mA and allowed to run for 2 hours. 

Blocking the PVDF membrane 

Once the blotting was complete the membrane was placed in a tray and submerged in 

blocking buffer, the membrane was incubated for 1 hour at room temperature on the 

sea-saw rocker. This step is imperative for accurate antibody binding. 

Antibody staining  

To begin the analysis of a specific protein, the protein membrane is incubated with the 

primary antibody prepared in blocking buffer, the membrane was sealed and stored 

overnight at 4 ̊C on the sea-saw rocker. The next day, the primary antibody was 

removed and the membrane washed twice for 15 minutes with TBS-T (1×) and 

incubated for 1 hour with complementary secondary antibody prepared in blocking 
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buffer. Following this, the membrane was washed with TBS-T two times 15 minutes 

and prepared for signal detection.  

Detection of protein signal 

The ECL detection kit was used to detect the chemiluminescence signal of the selected 

protein. A hypercassette was prepared to hold the membrane in place during the signal 

detection process. ECL was prepared by mixing reagent A and reagent B together in a 

1:1 dilution, the ECL mix was added to the membrane was incubated for 4 minutes. 

ECL mixture was drained off onto a tissue and using the layer of cling film to seal the 

membrane in position. The luminescence detection was performed in a dark room with 

the use of red light, as x-ray films are light sensitive. An x-ray film was placed on top of 

the membrane in the hypercassette for 5 minutes. The exposure of the x-ray film to the 

luminescence signal produced by the protein can be observed as a dark band after the x-

ray film is developed in a developer solution and fixative solution.  

To ensure protein loading efficiency the membranes were washed for 1 hour in TBS-T, 

to remove previously bound antibodies. The loading control proteins used in this study 

include tubulin, -actin and nucleolin and determined by staining with primary antibody 

and HPR conjugated secondary antibody. The tubulin (1:8000), -actin (1:5000) and 

nucleolin (1:1000) were prepared in blocking buffer. The protein signal detected should 

be equal for all samples to demonstrate the accuracy of protein measurement and 

handling throughout the Western blot method. 
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2.2.18. Real-Time Polymerase Chain Reaction 

RNA extraction and purification  

For RNA extraction, whole cell pellets were collected at a cell density of 0.4x106 cells. 

To each sample, 300 µL of lysis buffer was added and incubated for 2 minutes. The 

lysate was transferred to sterile Eppendorf for RNA purification. 

RNA purification was performed using total RNA purification kit (Norgen Biotek). To 

the cell lysate, 200 µL of 100% ethanol was added and vortexed for 10 seconds. The 

spin column was placed inside the collection tube, the total 500 µL was transferred to 

the spin column and centrifuged at 11,000 rpm, room temperature, for 1 minute. The 

spin column was washed with 400 µL of wash solution and centrifuged at 11,000 rpm, 

for 1 minute, this step was repeated a total of three times. The final centrifugation step 

was repeated to ensure removal of wash solution. The spin column was placed inside 

the elution tube and 50 µL of elution solution was added to the column and incubated 

for 2 minutes at room temperature. The samples were centrifuged at 2,000 rpm, room 

temperature, for 2 minutes, followed by centrifugation at 11,000 rpm, room 

temperature, 1 minute. The solution collected in the elution tube is the RNA sample. 

The RNA concentration was measured using a Nanodrop spectrophotometer. To blank 

the machine, 1.5 µL elution solution was used. 1.5 µL of the RNA samples were added 

and the measurements were given in ng/µL. to assess the purity of RNA in the sample, 

the ratio of absorbance at 260nm and 280nm was used. For reverse transcription 500 ng 

of RNA was required, and samples were diluted to 500 ng in 10 µL using DNase/RNase 

free distilled water.  
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Complementary DNA (cDNA) synthesis 

Reverse transcription used to make cDNA from total RNA isolated. A 2× reverse 

transcription master mix was prepared, as shown in Table 2.7, in a sterile Eppendorf. 10 

μL of the master mix was mixed with 10 μL of RNA sample (50 ng/uL).  The samples 

were placed in a thermocycler using the following conditions; 25°C for 10 minutes, 

37°C for 120 minutes, 85°C for 5 minutes. The cDNA samples was placed on ice for 

immediate use or for long term storage samples were stored at -20ºC. The final cDNA 

product was assumed to have a concentration of 500 ng DNA/20 μL and was diluted 

with 80 μL of DNase/RNase free water (1:5 dilution) to make a new concentration of 5 

ng/μL, cDNA was stored at -80 ̊C. 

Table 2.7. Reagents required for the preparation of RT-master mix.   

Reverse transcription reaction mix component 1 Reaction (μL) 

10x RT Buffer 2.0 

25x dNTP mix 0.8 

10x RT Random Primers 2.0 

Reverse Transcriptase enzyme 1.0 

DNase/RNase Free Water 4.2 

Total 10.0 

Quantitative real-time PCR 

RT-PCR was performed using cDNA samples. TaqMan Standard Master Mix was 

prepared for a calculated number of reactions required as detailed in Table 2.8. Master 

Mix was prepared for each specific TaqMan primer used, once mixed together 15 μL of 

the master mix is added to one well of the 96-well reaction plate, followed by 5 μL of 

the corresponding cDNA. The plate was sealed with an optically clear seal and 

centrifuged at 200 rpm for 1 minute. The reaction plate was then placed on a 7500 Fast 

Real-Time PCR System and the PCR cycling conditions were selected to perform an 

initial enzyme 68 activation step at 95ºC for 10 minutes, followed by denaturation at 

95ºC for 15 seconds and annealing and extension at 60ºC for 1 minute for 40 cycles. 
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The expression of housekeeping genes GAPDH and HPRT1 were used in parallel as the 

internal controls. 

Table 2.8. Reagent list for the preparation of RT-PCR mix. 

RT-PCR reaction mix component 1 Reaction (μL) 

2x TaqMan Universal Master Mix II 10.0 

20x TaqMan Assay Primers 1.0 

DNase/RNase free water 4.0 

Total  15.0 

2.2.19. Transformation of competent cells for plasmid amplification 

Preparation of LB plates 

To prepare the LB agar medium, 25 g of LB broth powder and 20 g of agar was added 

to 1 L of deionized water, the medium was autoclaved. To the medium 50 μg/mL 

ampicillin, for the antibiotic selection of successful transformed bacteria, was added to 

the medium. Each 10 cm2 petri dish was prepared with 15 mL of medium containing 

ampicillin and allowed to set at room temperature, and stored at 4°C.  

Transformation  

The chosen competent bacterial cells used for transformation were DH5 competent E. 

coli, 50 L aliquots were stored at -80°C. One aliquot of DH5 was thawed on ice, 1 

g of plasmid DNA was added to the cells and incubated on ice for 15 minutes. Heat-

shock was applied to the tube contain DH5 and DNA for exactly 45 seconds at 42°C 

water bath, to promote the uptake of DNA by the bacterial cells. Immediately, the 

sample was placed on ice for 2 minutes. To the bacterial cells, 1 mL of SOC medium 

was added for cell growth, and cells were allowed to recover for 1 hour in an incubated 

shaker set at 37°C, 240 rpm. 100 L the bacterial cells were spread with an L-rod onto a 

prepared LB plate containing antibiotic ampicillin (100 g/mL) and incubated 

overnight at 37°C to allow colonies to form. A single colony was picked and added to 
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10 mL of LB broth containing ampicillin (100 g/mL) and incubated overnight in an 

incubated shaker et at 37°C, 240 rpm. The culture was enlarged by inoculating 400 mL 

of LB broth in a sterile conical flask and grown overnight in an incubated shaker at 

37°C, 240 rpm. 

2.2.20. Plasmid preparation   

The Qiagen plasmid maxiprep kit was used for the preparation of high-copy plasmid. 

The total volume of culture was collected and bacterial cells harvested by centrifugation 

for 15 min at 6000 g, 4°C. The bacterial pellet was resuspended in 10 mL of buffer P1 

(composition: 50 mM Tris-Cl, pH 8.0; 10mM EDTA; 100 g/mL RNase A) to ensure 

cells are fully suspended mixture was pipetted up and down. For cell lysis, added to the 

mixture was 10 mL of buffer P2 (composition: 200 mM NaOH, 1% SDS (w/v)) mixing 

vigorously by inverting 6 times, incubate mixture for 5 min at room temperature. To 

neutralise cell lysis 10 mL of chilled buffer P3 (composition: 3.0 M potassium acetate 

pH 5.5) was added and mixed vigorously by inverting the mixture 6 times and 

incubated on ice for 20 min. The mixture was centrifuged for 30 min at 20,000 g, 4°C, 

and promptly the supernatant containing DNA was removed. The supernatant was 

further centrifuged for 15 min at 20,000 g, 4°C. A QIAGEN-tip 500 was equilibrated by 

applying 10 mL of buffer QBT (composition: 150 mM NaCl; 50 mM MOPS, pH 7.0; 

15% isopropanol (v/v)) and allowing gravity to empty the column. The supernatant 

collected was applied to the column and allowed to flow by gravity. The QIAGEN-tip 

was washed with buffer QC (composition: 1.0 M NaCl; 50 nM MOPS, pH 7.0; 15% 

isopropanol (v/v)). A suitable tube for the collection was placed under the column and 

to elute the DNA added was 15 mL of buffer QF (composition: 1.25 M NaCl; 50 mM 

Tris-Cl, pH 8.; 15% isopropanol (v/v)). To the eluted DNA 10.5 mL of room-
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temperature isopropanol was added to precipitate the DNA, and immediately mixed and 

centrifuged for 30 min at 15,000 g, 4°C. Carefully the supernatant was removed and the 

DNA pellet washed with 5 mL room-temperature 70% ethanol and centrifuged for 10 

min at 15,000 g, 4°C. The supernatant was decanted and the pellet left to air dry. After 

the DNA was dissolved in TE buffer (composition: 10 mM Tris-Cl, pH 8.0; 1 mM 

EDTA) for nucleic acid concentration to be measured using the Nanodrop 

spectrophotmeter. 

2.2.21. Stable transfection of A549 cell line with NFB-p65 subunit 

For stable transfection A549 cell line was seeded at a density of 0.5×105 cell/well with 

serum containing medium in a 6-well plate and incubated overnight at 37°C, 5% CO2. 

To measure transfection efficiency, controls were used: negative (no plasmid) and mock 

(empty vector). The preparation for each transfection required tubes A and B. In tube A 

250 μL of OPTIMEM was mixed together with 10 μL of lipofectamineTM  2000 and 

incubated for 5 min at room temperature. In tube B 250 μL of OPTIMEM was mixed 

with 10 μg of plasmid DNA. After incubation tube A was added to tube B and mixed 

thoroughly and incubated for 20 min at room temperature, this ensures transfection 

efficiency. The total mix was added to the appropriately labelled well of the prepared 

A549 culture and incubated for 24 hours at 37°C and 5% CO2. Each transfection was 

sub-cultured, all contents were added to the cell culture dish with fresh DMEM 

containing 50 μg/mL hygromycin as the selecting agent. The cells were incubated at 

37°C for 10-15 days until colonies form; medium was regularly changed in between. 

After this time the negative containing no resistance to hygromycin has died, and 

colonies that formed show successful transfection. Each individual colony was picked 

using trypsin to detach the colony from the plate and transfer it to individual wells of a 

24-well plate with fresh DMEM containing 50 μg/mL hygromycin. To slowly enlarge 
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the transfected cell line, each colony is first transferred to 25 cm3 flasks and continue to 

grow indefinitely with the addition of 50 μg/mL hygromycin to the medium. The clones 

were screened compared to the mock clone using the luciferase reporter gene assay, 

RT-PCR, Western blot analysis and FACs analysis. 

2.2.22. Luciferase reporter gene assay 

The effect of culturing cells in hypoxic condition was determined by luciferase reporter 

gene assays, as well as determining the level of overexpression in transfected cell lines. 

Cells were seeded at a cell density of 1104 cells/well in white opaque 96-well plates 

overnight. The transfection of luciferase reporter plasmid DNA was performed using 

lipofectamineTM 2000 transfection reagent. The total number of transfections were 

calculated per transfection with pNFB-Tal-Luc or pGL4.4-LUC2/HRE and pGL3-

Basic, using pSV40-Renilla as an internal control for normalization of the 

transcriptional activity of the reporter vectors. For each transfection two tubes were 

prepared tube A and tube B. Into tube A opti-MEM medium without serum was added 

at a volume of 25 μL/well together with lipofectamineTM 2000 at a volume of 0.5 

μL/well the solution was mixed thoroughly and incubated at room temperature for 5 

minutes.  To tube B the same volume of opti-MEM medium was added along with 

pSV40-Renilla at a concentration of 0.002 g/well, and the plasmid DNA pNFB-Tal-

Luc or pGL4.4-LUC2/HRE and control plasmid pGL3-Basic both vectors added at a 

required concentration of 0.2 g/well. The content of tube A and B were mixed 

thoroughly and incubated at room temperature for 20 minutes. To ensure successful 

transfection the solutions were mixed again before 50 μL of the luciferase reporter 

vectors solution was added to the cultured cells and incubated for 72 hours at 37°C and 

5% CO2.  
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Luciferase assay analysis 

After cell cultures have been incubated with vector for 72 hours medium was removed, 

the cells were rinsed with PBS and lysed with 1x passive lysis buffer (5x passive lysis 

buffer diluted with sterile H2O) incubated at room temperature on a see-saw rocker for 

15 minutes. Luciferase activity was determined using Dual Luciferase Assay kit, 

Luciferase (30 L) and Stop&Glow (30 L) was added to the wells of the 96-well plate 

that was placed into a programmed Fluoroskan Ascent FL. The measurements obtained 

correspond to the luciferase activity deteceted. The luciferase activity in each well was 

normalized to pSV40-Renilla using Ln=L/R (Ln: normalized luciferase activity; L: 

luciferase activity reading; R: Renilla activity reading). The transcriptional specificity 

was monitored by the transcriptional activity of the pGL3-Basic.  

2.2.23. Statistical analysis 

The software GraphPad Prism™ was used for statistical analysis, using t-test and one-

way ANOVA to determine the statistical significance of experiments, p-value scores of 

<0.05 (*) and <0.01 (**) were considered significant. Data are displayed as mean 

values ± standard deviation. 
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3.1 Introduction 

NSCLC is a heterogeneous population of cancers cells with varying tumorigenic 

potential which limits the success of chemotherapeutics and promotes tumour survival 

(Amer et al., 2017; Jia et al., 2018; Hata et al., 2017). The CSC concept may be 

accountable for heterogeneity in NSCLC (Wang et al., 2017; d‘Amato et al., 2007; 

Eramo et al., 2007).  NSCLC CSCs exist at the top of a hierarchical system and dictates 

the fate of the cancer cell by initiating tumourigenesis, chemoresistance and metastasis 

(Marjanovic, Weinberg and Chaffer, 2012; Williams et al., 2013; Kim et al., 2005; 

Lytle, Barber and Reya, 2018). Promising research to target CSCs may enhance the 

cytotoxicity of conventional drugs and improve patient response (Zakaria et al., 2017). 

In vitro experiments have identified that patient-derived primary NSCLC cells and 

NSCLC cell lines can be maintained in specific conditions that promote phenotypic 

changes which classify the CSC population (Akunuru, James Zhai and Zheng, 2012). 

While the established 2-D culture method has provided insight into tumourigenesis, 3-D 

models mimic the complex interactions of the tumour in vivo (Bielecka et al., 2016). 

This study applies the 3-D suspension culture method, which requires the use of low-

attachment flasks to discourage mono-layered cell formation and encourage aggregation 

of cells. Supplementation of growth factors in the nutrient-rich culture medium induces 

stem cell activity and promotes spheroid formation; representing the tumour 

microenvironment (Pisanu et al., 2014). The NSCLC CSCs can be identified by specific 

cell-surface proteins and intracellular proteins such as CD133, or proteins involved in 

CSC pluripotency such as ALDH, ABCG2 and ESC-TFs (Tirino et al., 2013; Shao et 

al., 2014; Dai et al., 2016; Fang et al., 2017). Specific CSC markers are rarely expressed 

in normal tissues, however, detection is unreliable across cancer types and sub-types 

due to the small proportions of CSCs within the heterogeneous tumour (Kim and Ryu, 
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2017; Medema, 2013). The percentage of cancer cells identified as CSC can differ 

between individual cancers ranging from 0.1%-25% due to different growth and 

differentiation rates (Quintana et al., 2008; Yeung et al., 2010; Johnston et al., 2010). 

The use of spheroid culture also mimics the tumour behaviour by establishing an 

oxygen and nutrient gradient between the surface and core of the sphere, understanding 

tumour biology of spheroid cultures provides an excellent in vitro model for 

cytotoxicity testing (Lesher-Pérez et al., 2017; Zanoni et al., 2016). Oxygen is an 

essential regulator of CSC activity and hypoxic stress stimulates dedifferentiation and 

pluripotency in tumours including lung cancer (Heddleston et al., 2010; Wang et al., 

2017). The core of spheroid cultures mimics the hypoxic core of the tumour. Achieving 

and maintaining hypoxic conditions of cell lines is an effective method for analysis of 

molecular pathways involved in the generation of CSC traits and highlight potential 

therapeutic targets (Yoshida et al., 2009). Hypoxia induces epigenetic changes, 

stimulates various survival mechanisms which ultimately changes the phenotype of the 

cancer cells, such as acquisition of resistance to chemotherapeutic drugs and metastatic 

features and abilities (Kumar et al., 2012; Lin et al., 2018; Han et al., 2018; Saforo et 

al., 2019).  

We hypothesize that the hypoxic stress of the tumour drives the existence and 

maintenance of CSCs. This study aims to replicate the tumour microenvironment in 

vitro, with the development of NSCLC spheroid cultures and to demonstrate a positive 

association between the spheroid culture conditions, hypoxic status within the spheres 

and overexpression of specific CSC markers. Using this model, this study also intends 

to understand the development of resistance to anti-NSCLC drugs with the increase in 

the hypoxic status of NSCLC spheroid cultures. In parallel, I also established hypoxic 

cultures of NSCLC cell lines to demonstrate the role of hypoxia to induce reversal of 
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fully differentiated cancer cells into a stem-like state that has CSC traits and 

chemoresistance features similar to that of spheroid cultures.   

3.2. Materials and Methods 

The following section describes the specific methods used within this particular study 

and specifies any experimental changes in relation to the general detailed methods 

explained in chapter 2. 

3.2.1. Culture methods 

In this study two NSCLC cells lines, A549 and H23 were established as mono-layered 

cultures and maintained following routine subculture methods. The attached cell lines 

were used to develop spheroid cultures with the use of ultra-low adherent poly-HEMA 

coated T25 flasks at a cell density of ~5×104 cells/mL. The cells were maintained for 6 

days in nutrient-rich stem cell medium (SCM) and incubated at 37C and 5% CO2. 

Additionally, attached mono-layered cell line cultures were incubated under hypoxia. 

Cell lines cultured using DMEM were seeded at a density of ~5×104 cells/mL and 

incubated using tissue culture incubators maintained at 37C, 5% CO2, 1% O2, for 4 

days.  

3.2.2. Detection of CSC markers 

Flow cytometric analysis was used to measure the presence of the following CSC 

markers, ALDH, CD133 and ABCG2 in NSCLC A549 and H23 cell lines spheroid and 

hypoxic cultures, compared to attached and normoxic cultures, respectively. The 

staining and detection methods are detailed in chapters 2.2.11-13.  
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3.2.3. Detection of ESC markers 

RT-PCR was used to measure the mRNA expression of the following ESC markers, 

SOX2, OCT4 and NANOG in NSCLC A549 and H23 cell lines spheroid and hypoxic 

cultures, compared to attached and normoxic cultures, respectively. The RT-PCR 

procedure was followed as detailed in chapter 2.2.18.  

3.2.4. Measurement of the hypoxic cell population 

The HypoxyprobeTM-1 Plus Kit was used to detect and quantify the hypoxic population 

in NSCLC A549 and H23 cell lines spheroid and hypoxic cultures, compared to 

attached and normoxic cultures, respectively. The two methods used were 

immunocytochemistry and flow cytometry analysis as detailed in chapter 2.2.10.  

3.2.5. Sphere reformation assay 

The NSCLC A549 and H23 spheroid cultures were subjected to sphere reformation 

assay as detailed in chapter 2.2.8. The specific anti-NSCLC drugs and doses used in this 

study are as follows: DOX (200 nM), dFdC (10 nM), OXA (10 μM), and PTX (5 nM). 

A single cell suspension of the spheroid cultures were treated for 6 hours at 37°C, 5% 

CO2. After treatment, the samples were seeded at a low cell density and incubated for 7 

days. The total numbers of spheres formed were manually counted and images were 

taken a 4× magnification. 

3.2.6. MTT Cytotoxicity assay  

The NSCLC A549 and H23 normoxic and hypoxic cultures were subjected to MTT 

cytotoxicity assay as detailed in 2.2.6. The specific anti-NSCLC drugs and highest 

doses used in this study were as follows: DOX (5 μM), dFdC (100 nM), OXA (25 μM), 

and PTX (50 nM). The cell cultures were incubated with serially diluted anti-NSCLC 
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drugs for 72 hours in their respective cell culture incubators. After treatment cells were 

subjected to MTT reagent and percentage cell viability was calculated. 

3.2.7. Clonogenic assay 

The NSCLC A549 and H23 normoxic and hypoxic cultures we subjected to clonogenic 

assay as detailed in chapter 2.2.9. The following drugs and doses were used for 

normoxic and hypoxic A549 cell lines: DOX (200 nM), dFdC (50 nM), OXA (10 μM), 

and PTX (10 nM). The following drugs and doses were used for normoxic and hypoxic 

H23 cell line: DOX (300 nM), dFdC (75 nM), OXA (5 μM), and PTX (10 nM). The 

cells were incubated for 48 hours in their respective culture conditions. After treatment, 

cells were seeded at a low cell density and incubated until individual colony size was 

greater than 20 cells per colony. The clonogenic assay was fixed and stained with 

crystal violet, the number of colonies was manually counted and standardized to the 

untreated control of either normoxic or hypoxic condition to calculate the percentage of 

colonies formed. 
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3.3. Results  

3.3.1. Spheroid-cultured NSCLC cells manifest the characteristics of CSC and are 

resistant to anti-NSCLC drugs  

Established in vitro spheroid-cultures of NSCLC cell lines A549 and H23 develop a 

distinct morphological change, compared to mono-layered attached cultures, and 

display specific functional changes related to CSCs. The morphological differences of 

the cell culture methods are shown in Figure 3.1. Single cells are suspended in SCM 

and contained in low-attachment flasks, during incubation the nutrient-rich medium 

encourages cell division and growth and the cells construct a spherical shape. The light 

microscope images show that the spheroid-cultures vary in shape and size, the A549 

cell line produces tightly packed dense spheres whereas the H23 spheres are loosely 

formed. To characterise the CSC potential of the spheroid-cultures compared to 

attached-cultures, the following CSC markers ALDH, CD133 and ABCG2 were 

detected and analysed by flow cytometry, shown in Figure 3.2. The flow cytometry dot 

plots represent a population of cells positively expressing the CSC marker detected by 

non-immunological or immunological fluorescence. The stronger intensity of 

fluorescence detected represents an increase in the population of positive CSC markers 

within the cell sample. The corresponding bar charts represent a statistically significant 

increase in the population of ALDH, CD133 and ABCG2 in both cell lines cultured as 

spheres. To further verify the CSC identity, the mRNA expression levels of ESC 

markers SOX2, OCT4 and NANOG were detected using RT-PCR. Figure 3.3 shows a 

significant increase in mRNA expression of the all ESC markers in A549 spheroid-

cultures and an increase OCT4 and NANOG in H23 spheres compared to the attached 

cultures.  
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Attached Sphere

A549

H23

NSCLC spheroid-cultures demonstrate chemoresistance behaviours in response to anti-

NSCLC drugs in comparison to attached-cultures. The sphere reformation assay 

determines the ability of cells to reform spheroid-cultures after treatment with anti-

NSCLC drugs. These clinically used drugs are unable to selectively target and inhibit 

sphere reformation (Figure 3.4). The bar chart demonstrates the average number of 

spheres reformed after 10 days of spheroid maintenance. Under all treatment conditions 

tested, the NSCLC cell lines reformed spheroid-cultures. Some anti-NSCLC drugs did 

significantly reduce the number of reformed spheres, in comparison to the untreated 

control. The bar chart shows this reduction of sphere growth with OXA treatment on 

A549 sphere cells and H23 sphere cells formation was reduced by both OXA and PTX. 

However, in terms of complete eradication of CSCs the anti-NSCLC drug tested were 

incapable of inhibiting sphere reformation.  

 

 

 

 

 

 

 

 

Figure 3.1. Morphology of attached and spheroid cultures of NSCLC cell lines. 

Light microscopy images of A549 and H23 NSCLC cell lines gown as attached 

monolayer cultures and suspension spheroid cultures (10× magnification). 
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Figure 3.2. NSCLC spheroid cultures demonstrate increased CSC characteristics. 

The expression of CSC markers was analysed using flow cytometry. (A) ALDH activity 

using ALDEFUOR, (B) CD133 using FITC conjugated anti-CD133 and (C) ABCG2 

using APC conjugated anti-ABCG2. The bar chart displays the population of cells 

expressing CSC markers. n=9, **p <0.01. 
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Figure 3.3. NSCLC spheroid cultures demonstrate increased ESC markers. The 

relative mRNA expression of ESC markers SOX2, OCT4, NANOG analysed using RT-

PCR 2-∆∆Ct method. n=6, *p<0.05, **p<0.01. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. NSCLC spheroid cultures are resistant to anti-NSCLC drugs. NSCLC 

spheroid cultures were treated with DOX (200 nM), dFdC (10 nM), OXA (10 μM), and 

PTX (5 nM) for 6 hours and reseeded to assess sphere reformation. Light microscopy 

images show the spheres that were reformed seven days after treatment (4× 

magnification). The bar chart indicates the average number of spheres reformed. n=8, 

**p<0.01. 
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3.3.2. Spheroid-cultured NSCLC cells have a high proportion of hypoxic cells 

Hypoxia is a crucial factor in the initiation and maintenance of the NSCLC CSC 

population. Spheroid cultures have previously demonstrated a significant increase in the 

detection of CSC and ESC markers. To assess the influence of hypoxia, the hypoxic 

status of spheroid cultures was analysed as shown in Figure 3.5.A. The positive hypoxic 

population was determined using Hypoxyprobe staining by immunocytochemistry, the 

green fluorescence observed in the images represents the positive hypoxic population 

within the different cell cultures and is considerably greater in the spheroid-cultures. To 

quantify the hypoxic population, Hypoxyprobe and flow cytometric analysis was 

performed, the dot plots and bar charts in Figure 3.5.B confirm a statistically significant 

increase of hypoxia in spheroid-cultures. 
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Figure 3.5. Hypoxic population in NSCLC spheroids. Immunocytochemistry staining 

of NSCLC attached and spheroid cells using HypoxyprobeTM-1 kit. (A) In situ detection 

of hypoxic cells in NSCLC spheroids stained by green-FITC HPP and nucleus was 

counterstained with PI (red). Images were taken at 40× magnification. (B) Flow 

cytometric analysis was used to measure the proportion of the hypoxic population in 

NSCLC spheroids. The bar chart displays the percentage of hypoxic cells detected in 

the cell population. n=9, **p<0.01. 
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3.3.3. Hypoxia-cultured NSCLC cells show induced CSC traits 

Hypoxic stress placed on attached cell line cultures generates stress-induced changes 

such as expression of CSC traits. To induce hypoxic stress A549 and H23 cell lines 

were incubated at 37 ̊C, 5% CO2, and <1% O2. The hypoxic status of normoxia and 

hypoxia cultured cell lines was evaluated using the Hypoxyprobe kit. Figure 3.6 shows 

a visual increase of green fluorescence representing the positive hypoxic population of 

hypoxia cultures. Additionally, the result was quantified by flow cytometry analysis 

showing a statistically significant increase in the hypoxic population for cells incubated 

under hypoxia compared to normoxia. Flow cytometry analysis of CSC markers, shown 

in Figure 3.7, compares hypoxic and normoxic cultures in the activity and expression 

levels of ALDH, CD133 and ABCG2. A549 hypoxia cultures demonstrate a significant 

increase in ALDH activity, whereas H23 demonstrated a minor increase. Both cell lines 

A549 and H23 cultured under hypoxia exhibit a significant increase in cell surface 

markers CD133 and ABCG2. Additionally, the comparison of normoxic and hypoxic 

culture conditions on relative mRNA expression of ESC markers SOX2, OCT4 and 

NANOG were analysed by RT-PCR. Results in Figure 3.8 demonstrate a significant 

increase in hypoxic-cultured A549 for all ESC markers and an increase in hypoxic-

cultured H23 for OCT4 and NANOG.  
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Figure 3.6. Hypoxic population in hypoxia cultured NSCLC cells. 

Immunocytochemistry staining of NSCLC normoxia and hypoxia cells using 

HypoxyprobeTM-1 kit. (A) In situ detection of hypoxic cells in NSCLC spheroids stained 

by green-FITC HPP and nucleus was counterstained with PI (red). Images were taken 

at 40× magnification. (B) Flow cytometric analysis was used to measure the proportion 

of the hypoxic population in NSCLC hypoxia cultures. The bar chart displays the 

percentage of hypoxic cells detected in the cell population. n=9, **p<0.01. 
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Figure 3.7. NSCLC hypoxic cultures demonstrate increased CSC characteristics. 

The expression of CSC markers was analysed using flow cytometry. (A) ALDH activity 

using ALDEFUOR, (B) CD133 using FITC conjugated anti-CD133 and (C) ABCG2 

using APC conjugated anti-ABCG2. The bar chart displays the population of cells 

expressing CSC markers. n=9, **p <0.01. 
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Figure 3.8. NSCLC hypoxic cultures demonstrate increased ESC markers. The 

relative mRNA expression of ESC markers SOX2, OCT4, NANOG analysed using RT-

PCR 2-∆∆Ct method. n=6, *p<0.05, **p<0.01. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



142 

 

3.3.4. Hypoxia-cultured NSCLC cells are resistant to anticancer drugs  

A hypoxic microenvironment in vitro induces resistance to anti-NSCLC drugs and 

demonstrates the ability of cancer cells to produce resistant colonies. The cytotoxicity 

of DOX, dFdC, OXA and PTX were tested at different concentrations over 72 hours to 

establish their effects on cell viability of cell lines incubated in the conditions of 

normoxia and hypoxia. Cytotoxicity was analysed using the MTT assay to quantify the 

cell viability after treatment. Figure 3.9 shows the cell viability curves and demonstrates 

the percentage cell viability decreases with increasing anti-NSCLC drug concentration. 

To compare the effect of hypoxia on chemoresistance, IC50 values, shown in Table 3.1, 

were calculated. Normoxic-cultured cell lines were efficiently killed by the anti-

NSCLC drugs and IC50 values were accurately calculated. Whereas hypoxic-cultured 

cell lines did not reach IC50s shown by the plateau on the cell viability curves, 

indicating development of resistance to the drug concentrations used. The clonogenic 

assay is used for mono-layer cultured cells to detect their ability to form clones after 

exposure to chemotherapy drugs. A negative control without treatment was used in both 

normoxic and hypoxic conditions to determine colony formation, of more than thirty 

cells. The images in Figure 3.10 displays differences in colony formation between 

normoxic and hypoxic-cultures and the bar charts show the average percentage of 

colonies formed compared to the negative control. For both cell lines, the hypoxic-

cultured cell lines treated with anti-NSCLC drugs developed significantly more 

resistant colonies compared to the normoxic-cultured cells.  
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Figure 3.9. NSCLC cultures under hypoxia are resistant to anticancer drugs. The 

cell viability curves show the effect of different anticancer drugs on normoxic and 

hypoxic cultures of A549 and H23 cell lines. The cells were treated with (A) DOX, (B) 

dFdC, (C) OXA and (D) PTX for 72 hours and then subjected to MTT assay.  
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Table 3.1 IC50 values for A549 and H23 cell lines under normoxia and hypoxia 

after 72 hours of treatment with anticancer drugs.  
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Figure 3.10. Hypoxia induces chemoresistance and clonogenicity of NSCLC cell 

lines. Clonogenic assay. Normoxic and hypoxic cultures of A549 and H23 cell lines 

were treated with conventional anti-NSCLC drugs at IC50 concentrations for 48 hours. 

After treatment cells were reseeded at a low density and maintained in respective 

conditions for colony formation. (A) Images of colonies reformed after treatment 

(stained with crystal violet). (B) The bar charts represent the number of colonies 

formed. n=6, *p <0.05, **p<0.01. 

A549 H23

Normoxia Hypoxia Normoxia Hypoxia

DOX (nM) 56.6 ±9.3 >1000 292.5 ±8.2 >1000

dFdC (nM) 12.7 ±2.7 >100 9.6 ±3.2 >100 

OXA (µM) 1.4 ±0.3 >25 9.0 ±5.2 >25 

PTX (nM) 4.2 ±3.4 >100 8.7 ±6.1 >100 
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3.4. Discussion 

This study investigated the use of spheroid-cultures to mimic the tumour 

microenvironment in vitro and to examine the chemoresistant potential of NSCLC. This 

directed the study to investigate whether NSCLC spheroid-cultures induce significant 

molecular changes, such as increased expression of specific CSC and ESC markers. 

Spheroid-cultures are accepted in vitro 3-D models to study the existence of 

chemoresistant CSCs (Bielecka et al., 2016). A study demonstrated primary cells 

derived from drug-resistant lung cancer patients were able to promote the formation of 

spheroid-cultures enriched with CSC markers (Tiran et al., 2017). The expression of 

CSC markers has been identified with NSCLC from surgically resected samples and are 

significantly associated with poor prognosis (Shien et al., 2012). In NSCLC the 

expression of cell surface marker CD133 is highly associated with the detection of a 

rare population of undifferentiated cells with the ability to grow indefinitely as spheres 

in the nutrient-rich culture medium, readily generate tumours in mice models and 

recognised as a reliable marker to confer chemoresistance (Eramo et al., 2007). 

Additionally, in NSCLC the expression of ALDH and ABCG2 contributes to stem cell 

phenotype maintenance and reveals poor prognosis (Sullivan et al., 2010; Tang et al., 

2014). The self-renewal ability of CSC can be dictated by the induction of transcription 

factors SOX2, OCT and NANOG which control the differentiation of ESC, the 

presence of these markers in cancer is associated with tumour initiation, growth and 

chemoresistance (Li et al., 2012; Li et al., 2013). The detection of multiple highly 

expressed CSC markers in NSCLC has demonstrated their importance for prognosis 

and are equally important for the identification of CSCs in NSCLC cell lines which is 

useful for studying tumorigenesis. The findings in this study clearly indicate that 

establishment of spheroid-cultures from NSCLC cell lines develop significant increases 
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in the expression of several CSC markers chosen for the study. In comparison to 

attached-cultures, spheroid-cultures appear to take on numerous biological changes 

which may confirm the development of a phenotypic advantage such as resistance to 

conventional anti-NSCLC drugs. 

The CSC traits observed by molecular analysis are supporting evidence in the potential 

development of chemoresistance in NSCLC. Attached-cultures are easily eradicated by 

cytotoxic therapies, however, the spheroid-cultures used in this study demonstrate a 

chemoresistant behaviour. There is growing evidence that assigns the existence of CSCs 

as a defining factor for chemoresistance in lung cancer (Leon et al., 2016). Spheroid-

cultures are excellent models for testing anticancer drugs, the sphere-reformation assay 

demonstrates the difficulty of conventional anticancer drugs to elicit its cytotoxic 

effects on the cells confined at the centre of the tumour bulk (Munera-Maravilla et al., 

2016). Despite this, there are limitations to cytotoxicity testing of 3-D models, such as 

variation in scalability, reproducibility and sensitivity (Sirenko et al., 2015). Other 

cytotoxicity assays such as MTT assay or ATP content assay are used to determine cell 

viability is also hindered by sphere shape and size unreliability as well as introducing 

handling issues because of cell aspiration, therefore, indicating sphere reformation 

assay a preferred method (Mittler et al., 2017). The results from this study suggest that 

after the initial treatment, the cancer cells at the hypoxic core remain resistant to anti-

NSCLC drugs and survive, these cells may be the CSC population, which give rise to 

resistant progeny. This in vitro assay mirrors the effect of chemoresistance in NSCLC 

patients who experience tumour relapse, therefore, indicating that the cytotoxic drugs 

used in the clinic are not capable of selectively targeting the CSC population. 

The establishment of a spheroid-culture is thought to mimic the tumour 

microenvironment including the development of an oxygen gradient where the core of 
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the tumour or sphere is predominately hypoxic. Hypoxia has been identified in multiple 

cancers as a major contributor to chemoresistance, in NSCLC PET/CT imaging 

demonstrates the correlation between hypoxic status and poor treatment outcomes and 

hypoxia is highly studied in tumour spheroid models to examine cellular adaptation (Ye 

et al., 2019; Zegers et al., 2014; Riffle and Hegde, 2017). This study confirms the 

hypoxic status of the NSCLC spheroid-cultures in correlation with the detection of 

specific CSC markers. The hypoxic status and the population of CSCs within the bulk 

tumour exist as a small percentage, therefore, hypoxia may be responsible for the 

initiation of CSCs. 

It is hypothesized that oxygen deprivation drives the survival advantages of cancer by 

promoting the proliferation of CSCs (Covello, 2006; Yoshida et al., 2009; Heddleston 

et al., 2010). The importance of the hypoxic microenvironment in CSC maintenance is 

demonstrated by the use of hypoxic culture conditions, the results show a significant 

increase in the expression of specific CSC markers previously demonstrated to be 

highly expressed in the spheroid-cultures. Hypoxia is an environmental factor which 

stimulates various cell signalling pathways such as inhibition of cell death by apoptosis 

or autophagy, promotion of angiogenesis or induction of migration and invasion to 

ultimately promote cancer cell survival (Koshikawa et al., 2005; Wu et al., 2015; Li et 

al., 2016; Sutendra et al., 2012; Saforo et al., 2019). Research demonstrates that 

hypoxia is an important contributing factor for the dedifferentiation process of a cancer 

cell into a stem cell state and for the maintenance of CSC pluripotency (Mohyeldin, 

Garzón-Muvdi and Quiñones-Hinojosa, 2010; Wang et al., 2017; Bhandari et al., 2019). 

The findings in this study clearly implicate hypoxia as a potential inducer of CSC traits 

which may also facilitate chemoresistant qualities. 
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Hypoxic-culture NSCLC cell lines develop resistance to conventional anti-NSCLC 

drugs and induce clonal expansion of resistant progeny. The IC50 concentrations of 

anti-NSCLC drugs can eliminate cancer cells under normoxic conditions, however, 

hypoxic-cultured cells remain resistant at these concentrations. Chemoresistance may 

be due to the hypoxic environment inducing aggressive phenotypic changes to resist 

cell death, as observed in various cancers (Sullivan et al., 2008; Muz et al., 2014; 

Soleymani Abyaneh et al., 2018; Kim et al., 2018). CSCs are able to generate progeny 

with advantageous phenotypes to sustain survival (Hardavella, George and Sethi, 2016). 

Therefore, under stress conditions such as hypoxia or chemotherapy cells introduce 

advantageous mutations, those with the survival advantage form new resistant colonies. 

The clonogenic assay is an in vitro experiment to determine the potential of attached 

cell lines to form resistant colonies after treatment (Rajendran and Jain, 2017; Buch et 

al., 2012). The findings in this study demonstrate the dramatic effect that the hypoxic 

environment has on the cancer cell to become refractory to anticancer drugs and 

increase the tumours ability to develop cross-resistance across multiple anticancer 

drugs. Relapse is experienced by many NSCLC patients due to the development of 

chemoresistance and this in vitro study clearly indicates that conventional anti-NSCLC 

drugs cannot eliminate highly resistant NSCLC CSCs.  
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Hypoxia drives CSC survival 

through activation of the NF-κB 

pathway 

 

 



150 

 

4.1 Introduction 

The previous study identified hypoxia as a major contributing factor to chemoresistance 

in NSCLC through the activation of CSCs. The use of hypoxic and spheroid-cultures 

demonstrated that a significant increase in the hypoxic status correlated with high 

expression of CSC markers and induced chemoresistance. Hypoxia is an environmental 

factor which cannot be eliminated, however, the signalling mechanisms activated by 

hypoxia may highlight potential therapeutic targets to inhibit CSC population and 

overcome chemoresistance in NSCLC (Buffa et al., 2010; Le, 2006; Hung et al., 2009). 

The cellular response to a hypoxic stimulus activates a principal transcription factor, 

NF-κB, which promotes various survival mechanism to adapt to stress conditions (De 

Simone et al., 2014; Zhou et al., 2003; Fusella et al., 2017; Rada et al., 2018; De 

Donatis et al., 2015; Cui et al., 2017). NF-κB is one of the most investigated 

transcription factors because it is found to be constitutively active in cancers and 

suppression of NF-κB decreases stemness characteristics, sensitizes cancer to 

chemotherapy and inhibits tumour growth (Meylan et al., 2009; Zakaria et al., 2018; 

Bivona et al., 2011; Naidu et al., 2017). The NF-κB pathway is activated by numerous 

external stimuli, oncogenic mutations and various crosstalk signals (Taylor and 

Cummins, 2009; Staudt, 2010, Oeckinghaus, Hayden and Ghosh, 2011). There are five 

members of the NF-κB family inhibited by four inhibitor IκB proteins (Ghosh and 

Karin, 2002). This study focuses on the canonical signalling pathway of NF-κB-p65 

which under normal conditions is held inactive in the cytoplasm by inhibitory protein 

IκBα (Chaturvedi et al., 2010). Activation of the NF-κB pathway, through hypoxic 

stimulus, activates IKK to promote the proteasomal degradation of IκBα which releases 

the active form of NF-κB-p65 (Werner, 2005; Marienfeld, Palkowitsch and Ghosh, 

2006). NF-κB is phosphorylated to initiate its translocation into the nucleus, it interacts 
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with various co-activators to drive the transcription of multiple stemness-related target 

genes (Kumar et al., 2013; Wamsley et al., 2014; Xi et al., 2015; Connelly et al., 2007; 

Vazquez-Santillan et al., 2016). NF-κB is clinically important for NSCLC patients 

because many studies have shown NF-κB as a marker for poor prognosis and as an 

attractive therapeutic target to overcome chemoresistance (Gu et al., 2018; Baud and 

Karin, 2009; Durand and Baldwin, 2017). 

It is hypothesized that hypoxia is the major factor driving tumourigenesis in solid 

tumours and that activation of the NF-κB pathway promotes the existence of CSCs 

which leads to chemoresistance. The aim of this study is to determine the protein 

expression and activity of transcription factor NF-κB in NSCLC cell lines grown as 

hypoxic and spheroid-cultures and to identify a molecular link between the separate 

culture conditions. This study also aims to transfect the A549 cell line with pcDNA3.1 

NF-κB-p65, to overexpress NF-κB-p65 and demonstrate the influence of NF-κB on the 

development of CSC characteristics and chemoresistance in NSCLC. 
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4.2. Materials and Methods 

The following section describes the specific methods used within this particular study 

and specifies any experimental changes in relation to the general detailed methods 

explained in chapter 2. 

4.2.1. Culture methods 

In this study, two NSCLC cells lines, A549 and H23 were established and maintained 

as mono-layered cultures and used to generate spheroid and hypoxic cultures are 

detailed in the previous chapter. This study also used A549 NF-κB-p65 transfected 

clones (C7 and C13) along with A549 mock, all maintained in DMEM medium 

containing 50 g/mL hygromycin and incubated at 37°C and 5% CO2. 

4.2.2. Stable transfection  

Stable transfection was performed on A549 cell line with the goal to ectopically 

overexpress NF-κB-p65. The cDNA of NF-κB-p65 and recombinant vector was 

constructed by inserting the cDNA into pcDNA3.1(+)/hygromycin vector for 

mammalian expression. The A549 cell line was incubated overnight at a density of 

0.5×105 cell/well in a 6-well plate. To measure transfection efficiency, controls were 

used: negative (no plasmid) and mock (empty vector). The pcDNA3.1 NF-κB-p65 and 

the empty pcDNA3.1 constructs were introduced into the cells using lipofectamineTM 

2000 reagent and incubated for 24 hours at 37°C and 5% CO2 The transfected cells 

were sub-cultured into cell culture dishes maintained with fresh DMEM containing 50 

g/mL hygromycin as the selecting agent. Successful transfection formed colonies were 

individually picked and enlarged for screening by the following methods: RT-PCR, 

Western blot analysis and luciferase reporter gene assay. In this study, the A549 cell 
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line transfected with an empty vector identified as mock and the selected A549 clones 

with high NF-κB-p65 expression are C7 and C13.  

4.2.3 Detection of hypoxia-induced proteins by RT-PCR 

RT-PCR was used to measure the mRNA expression of the following hypoxia-induced 

proteins, NF-κB-p65, HIF-1α and HIF-2α in NSCLC A549 and H23 cell lines spheroid 

and hypoxic cultures, compared to attached and normoxic cultures, respectively. The 

NF-κB-p65 transfected clone C7 and C13 were also analysed and compared to mock. 

The RT-PCR procedure was followed as detailed in chapter 2.2.18.  

4.2.4. Detection of NF-κB-p65 by Western blot analysis 

The whole and nuclear protein expression levels of NF-κB-p65 was determined by 

staining with primary antibody and HRP conjugated secondary antibody. The NF-κB-

p65 (1:1000), β-actin (1:5000) and nucleolin (1:1000) primary antibodies were diluted 

in blocking buffer (5% milk in TBS-T). The protein signal was detected using the EZ- 

ECL enhanced chemiluminescence kit.  

4.2.5. Luciferase reporter gene assay to detect NF-κB-p65 and HIF activity 

The luciferase reporter assay was used to determine the transcriptional activity of NF-

κB-p65, HIF-1α and HIF-2α in hypoxic cultures and NF-κB-p65 transfected clones 

compare to normoxia and mock, respectively. Normoxic and hypoxic cultures were 

cultured at a density of 1×104 and incubated overnight in their respective culture 

conditions. The following luciferase vectors were used pNFB-Tal-Luc or pGL4.4-

LUC2p/HRE to detect the transcriptional activity of NF-κB-p65 and HIF proteins 

respectively and pGL3-Basic was used as the control. The luciferase vectors were co-

transfected with pSV40-Renilla using lipofectamineTM 2000, the cells were incubated 
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for 72 hours with the vectors and analysed using Dual Luciferase Assay kit as detailed 

in 2.2.22.  

4.2.6. Detection of CSC markers 

Previously hypoxic and spheroid cultures demonstrated a significant increase in CSC 

markers. In this study flow cytometric analysis was used to measure the presence of the 

following CSC markers, ALDH, CD133 and ABCG2 in A549 pcDNA3.1 NF-κB-p65 

cell lines mock, C7 and C13. The staining and detection methods are detailed in 

chapters 2.2.11-13.  

4.2.7. Detection of ESC markers 

Previously hypoxic and spheroid cultures demonstrated a significant increase in ESC 

markers. In this study RT-PCR was used to measure the mRNA expression of the 

following ESC markers, SOX2, OCT4 and NANOG in A549 pcDNA3.1 NF-κB-p65 

cell lines mock, C7 and C13. The RT-PCR procedure was followed as detailed in 

chapter 2.2.18.  

4.2.8. MTT Cytotoxicity assay  

The NSCLC NF-κB-p65 transfected clones were subjected to MTT cytotoxicity assay 

as detailed in 2.2.6. The specific anti-NSCLC drugs and highest doses used in this study 

were as follows: DOX (5 μM), dFdC (100 nM), OXA (25 μM), and PTX (50 nM). The 

cell cultures were incubated with serially diluted anti-NSCLC drugs 72 hours in their 

respective cell culture incubators. After treatment cells were subjected to MTT reagent 

and percentage cell viability was calculated. 
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4.3. Results  

4.3.1. Hypoxic and spheroid cultures exhibit increased NF-κB activity  

The establishment of a hypoxic microenvironment using hypoxic and spheroid-cultures 

demonstrates a significant increase in the detection and activity of transcription factors 

NF-κB-p65, HIF-1α and HIF-2α. Figure 4.1 identifies the relative mRNA expression of 

NF-κB-p65, HIF-1α and HIF-2α, and shows that hypoxic-cultured A549 and H23 cell 

lines demonstrate a significant increase the expression of NF-κB-p65 and HIF-2α 

compared to normoxia whilst the expression of HIF-1α decreased. Both the A549 and 

H23 spheroid-cultures show an increase in the expression of all target genes, and the 

increased expression of target genes in H23 spheroid-cultures is statistically significant. 

To verify the presence of NF-κB-p65 protein in the cell cytoplasm, whole protein 

extraction and Western blot analysis were performed. Figure 4.2 shows the hypoxic and 

spheroid-cultures detected high NF-κB-p65 protein signals compared to normoxic and 

attached cultures respectively. The NF-κB-p65 protein is also expressed at low levels in 

the control cultures, therefore, to determine the levels of NF-κB-p65 DNA target 

binding and transcriptional activity the luciferase reporter assay was used. The bar 

charts shown in Figure 4.3 demonstrates that an increase of luminescence detected is 

directly proportional to the transcriptional activity of the protein. Hypoxic-cultures 

showed a significant increase in the transcriptional activity of NF-κB-p65 and HRE 

proteins by directly activating the promoter region of luciferase vectors pNFB-Tal-Luc 

or pGL4.4-LUC2p/HRE respectively. 
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Figure 4.1. Hypoxic and spheroid-cultures demonstrate increased mRNA 

expression of hypoxia-induced proteins. The relative mRNA expression of NF-κB-

p65, HIF-1α and HIF-2α, (A) normoxia and hypoxia cultures (B) attached and spheroid 

cultures, analysed using RT-PCR 2-∆∆Ct method. n=6, *p<0.05, **p<0.01. 

 

 

 

 

 

Figure 4.2. Hypoxic and spheroid-cultures exhibit an increased expression of NF-

κB-p65. Western blot analysis shows an increase of NF-κB-p65 whole protein 

expression in (A) hypoxic-cultures (B) spheroid-cultures compared to normoxic and 

attached cultures respectively. β-Actin was used as a loading control.  
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Figure 4.3. Hypoxic-cultures demonstrate high transcriptional activity of NF-κB-

p65, HIF-1α and HIF-2α. Luciferase reporter gene assay was used to analyse the 

transcriptional activity of (A) NF-κB-p65 and (B) HRE in hypoxic cultures compared to 

normoxia. n=15, **p<0.01 (**). 
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4.3.2. Stable transfection of NF-κB-p65 into A549 cell line 

Stable transfection of pcDNA3.1 NF-κB-p65 was performed on A549 cell line with the 

aim to overexpress NF-κB-p65. Two successfully transfected clones were selected C7 

and C13 during a screening procedure to determine the expression and activity of NF-

κB-p65 compared to the control cell line, mock. Figure 4.4.(A) displays a significant 

increase in the relative mRNA expression of NF-κB-p65 in both C7 and C13 compared 

to mock. To confirm the success of NF-κB-p65 transfection Western blot analysis was 

performed to identify the whole protein expression and nuclear translocation of NF-κB-

p65. Figure 4.A.(B/C), shows an increase in the detection of NF-κB-p65 whole protein 

and nuclear protein signals for both C7 and C13 compared to the mock. β-Actin and 

nucleolin were used as loading controls for whole and nuclear protein detection 

respectively, the results further verify the success of NF-κB-p65 transfected cell lines. 

To support these findings the transcriptional activity of NF-κB-p65 was analysed using 

luciferase reporter gene assay and shown in Figure 4.4.(D). The results show an 

increase in the transcriptional activity of NF-κB-p65 proteins through activation of 

pNFB-Tal-Luc reporter. The assay was statistically analysed and indicated that the 

transcriptional activity increase was not significant. 
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Figure 4.4. Successful stable transfection of NF-κB-p65 in A549 cell line. (A) The 

relative mRNA expression of NF-κB-p65 was analysed using RT-PCR 2-∆∆Ct method. 

n=6, *p<0.05, **p<0.01. Western blot analysis demonstrates an increase of NF-κB-

p65 (B) whole and (C) nuclear protein expression in NF-κB-p65 transfected A549 cell 

lines, C7 and C13 compared to mock. β-actin and nucleolin were used as loading 

controls. (D) Luciferase reporter gene assay was used to analyse the transcriptional 

activity of NF-κB-p65 in NF-κB-p65 transfected A549 cell lines, C7 and C13 compared 

to mock. n=15, p-not significant. 
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4.3.3. NF-κB-p65 transfected cell lines induce CSC traits 

Hypoxic and spheroid-cultures significantly promote the expression of CSC related 

proteins, NF-κB-p65 transfected cell lines also demonstrate an increase in the detection 

of CSC and ESC markers. Figure 4.5. shows the flow cytometric analysis of CSC 

markers ALDH, CD133 and ABCG2 in NF-κB-p65 transfected clones C7 and C13 

compared to the mock. The transfected cell lines demonstrated a statistically significant 

increase in the activity of ALDH and expression of CD133. There was no significant 

difference observed for the analysis of ABCG2 in C7 and C13. To further identify 

whether NF-κB-p65 expression correlates with CSC characteristics, the relative mRNA 

expression of ESC transcription factors SOX2, OCT4 and NANOG were analysed by 

RT-PCR and shown in Figure 4.6. The bar charts signify a statistically significant 

increase in relative mRNA expression for all targets in C7 and C13 compared to mock, 

and demonstrated a larger fold increase in C7 compared to C13. 
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Figure 4.5. NF-κB-p65 overexpression induces expression of CSC markers. The 

expression of CSC markers was analysed using flow cytometry. (A) ALDH activity 

using ALDEFUOR, (B) CD133 using FITC conjugated anti-CD133 and (C) ABCG2 

using APC conjugated anti-ABCG2. The bar chart displays the population of cells 

expressing CSC markers. n=9, **p <0.01. 

 

 

 

 

 

Mock C7

ALDH +VE population (%)

S
S

C

C13

4.8% 16.6% 14.7%

**

**

NF-κB-p65 transfected clones

NF-κB-p65 

transfected clones

A

*

**Mock C7

CD133 +VE population (%)

S
S

C

C13

2.6% 6.1% 12.5%

NF-κB-p65 transfected clones

NF-κB-p65 

transfected clones

B

Mock C7

ABCG2 +VE population (%)

S
S

C

C13

2.3% 1.8% 3.2%

NF-κB-p65 transfected clones

NF-κB-p65 

transfected clones

C



162 

 

**

**

**

**

**

*

 

 

 

 

 

Figure 4.6. NF-κB-p65 transfected A549 cells demonstrate increased detection of 

ESC markers. The relative mRNA expression of ESC markers SOX2, OCT4, NANOG 

analysed using RT-PCR 2-∆∆Ct method. n=6, *p<0.05, **p<0.01. 

 

4.3.4. NF-κB-p65 transfected cell lines are chemoresistant  

The above work highlights the overexpression of NF-κB-p65 as a pivotal factor in 

driving CSC characteristics in NSCLC cell lines. In this study, NF-κB-p65 transfected 

A549 cell lines also reveal chemoresistant traits. Hypoxia is a known stimulus of the 

NF-κB pathway and hypoxic cultures examined in chapter 3 demonstrated a significant 

effect on resistance to anti-NSCLC drugs. The cell viability curves shown in Figure 4.7 

compares the cytotoxic effect of anti-NSCLC drugs between NF-κB-p65 transfected 

cell lines. These results demonstrated that a higher concentration of a drug is required to 

kill the transfected cell line C7 and C13 compared to the mock, as the curve for the 

mock declines at lower drug concentration. Table 4.1 shows the calculated IC50 values 

for C7 and C13 are greater than the IC50s calculated for the mock and demonstrate 

significant resistance to dFdC and PTX.  
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Figure 4.7. NF-κB-p65 transfection induces chemoresistance. The cell viability 

curves show the effect of different anticancer drugs on NF-κB-p65 transfected A549 cell 

lines, C7 and C13 compared to mock. The cells were incubated with (A) DOX, (B) 

dFdC, (C) OXA and (D) PTX for 72 hours and then subjected to MTT assay. 

 

Table 4.1. IC50 values for A549 pcDNA3.1 NF-κB-p65 cell lines (mock, C7 and 

C13) after 72 hours treatment with anticancer drugs. 
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4.3.5. NF-κB-p65 transfected cell lines drive HIF signalling 

Additionally, HIF-1α and HIF-2α relative mRNA expression were analysed as it is 

thought that the NF-κB pathway regulates HIF signalling. The results in Figure 4.8.(A) 

show that the NF-κB-p65 transfected clone C7 expresses high levels of HIF but there 

was no significant change observed for the C13 clone. To support these findings the 

protein activity was analysed using luciferase reporter gene assay and shown in Figure 

4.8.(B). The results show an increase in the transcriptional activity of NF-κB-p65 and 

HIF proteins by activation pNFB-Tal-Luc and HRE respectively. The assay was 

statistically analysed and indicated that the transcriptional activity increase was not 

significant. 
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Figure 4.8. NF-κB-p65 transfection drives HIF-1α and HIF-2α. (A) The relative 

mRNA expression of HIF-1α and HIF-2α was analysed in NF-κB-p65 transfected A549 

cell lines using RT-PCR 2-∆∆Ct method. n=6, *p<0.05, **p<0.01. (B) Luciferase reporter 

gene assay was used to analyse the transcriptional activity of HRE in NF-κB-p65 

transfected A549 cell lines, C7 and C13 compared to mock. n=15, p-not significant. 
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4.4. Discussion 

The previous study identified the hypoxic stimulus as a major contributing factor to the 

development of CSC traits and chemoresistance in NSCLC. In this chapter, it was 

shown that NSCLC hypoxic and spheroid-cultures equally demonstrate a significant 

increase in the expression and activity of transcription factor NF-κB. Research on the 

hypoxic tumour microenvironment has indicated that hypoxia activates many 

transcription factors, including NF-κB, HIF-1α and HIF-2α, which further directs the 

transcription of target genes to increase heterogeneity for improved tumour survival 

under hypoxic stress (Rius et al., 2008; Brooks et al., 2016; Fluegen et al., 2017; Ye et 

al., 2019). NF-κB controls the transcription of more than 200 genes activated by various 

mechanisms to control tumour growth (Pahl, 1999; Smale, 2011). NF-κB is the pivotal 

transcription factor directing the transcription of diverse genes including CSC related 

genes and studies have demonstrated that overexpression of NF-κB is a requirement to 

initiate and promote tumourigenesis in lung cancer (Takahashi et al., 2010; Bassères et 

al., 2010; Meylan et al., 2009; Zakaria et al., 2018; Blakely et al., 2015). The findings 

of this study clearly indicate a significant increase in the relative mRNA expression, 

whole protein expression and transcriptional activity of NF-κB, of hypoxic and 

spheroid-cultures, compared to normoxic and attached cultures which may be essential 

for the development of chemoresistance in NSCLC. 

To understand the importance of increased NF-κB transcriptional activity in NSCLC a 

stable transfection was successfully performed on the A549 cell line to overexpress NF-

κB-p65. Regulation of gene expression is essential for cell maintenance. In cancer, 

subtle changes in gene regulation can result in persistent activation of cancer-promoting 

genes. Stable transfection is a powerful analytical method used to overexpress a specific 
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gene in mammalian cell lines and study the downstream effects that promote tumour 

development and growth. Although HIF transcription factors are predominately 

activated under tumour hypoxia, NF-κB is demonstrated as an important pathway due 

to its ability to crosstalk with multiple pathways, including HIF signalling (Masoud and 

Li, 2015; Oeckinghaus, Hayden and Ghosh, 2011; Perkins, 2006). NF-κB elicits the 

transcription of many genes and induces various phenotypic changes for tumour 

survival. The NF-κB pathway activates the transcription of anti-apoptotic genes to 

evade cell death, an important hallmark of cancer, hence NF-κB-p65 was transfected in 

this study to understand the chemoresistant properties of NSCLC (Karin and Lin, 2002; 

Taniguchi and Karin, 2018). The verification of increased NF-κB-p65 expression and 

activity in transfected cell lines support the identification of increased NF-κB-p65 in 

hypoxic and spheroid-cultures. Therefore, these findings may implicate NF-κB as a 

promoter of CSC traits. 

The former study identified specific CSC markers to be overexpressed in hypoxic and 

spheroid-cultures. We hypothesise that persistent activation of the NF-κB pathway 

drives the maintenance of the stem-like phenotype. This study recognises a similar 

increase in the expression of CSC markers in transfected cell lines, indicating NF-κB 

may be responsible for the generation of CSC in NSCLC. Research has demonstrated 

the NF-κB pathway is associated with the activation of stemness-related genes for the 

development and maintenance of pluripotent stem cells in normal embryogenesis and in 

tumourigenesis of various cancers (Yang et al., 2010; Pereira et al., 2019; Shi et al., 

2016; Yamamoto et al., 2013; Yeh et al., 2015; Zhu et al., 2015). This suggests NF-κB 

transfected cell lines encourage the translocation of active NF-κB into the nucleus, and 

this study demonstrates significant upregulation of phenotypic stem cell markers 

ALDH, CD133, SOX2, OCT4 and NANOG, although no significant difference was 
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observed of ABCG2 expression. The findings confer that NF-κB increases the 

expression of CSC related markers and suggest that NF-κB is a pivotal factor in driving 

CSCs in NSCLC. 

In addition, the previous study indicated that the detection of specific CSCs confirms 

chemoresistant properties in NSCLC hypoxic-and spheroid-cultures. The NF-κB-p65 

transfected cell lines also demonstrated CSC traits along with an increase in resistance 

to conventional anti-NSCLC drugs. The MTT assay in this study clearly shows NF-κB-

p65 transfected cell lines display a significant increase in resistance to dFdC and PTX 

treatment and demonstrates a relatively small level of resistance to DOX and OXA. 

Anti-cancer drugs elicit their effects in various ways which may not induce apoptosis, 

therefore, may not be directly affected by NF-κB-p65 overexpression. This study 

clearly implicates NF-κB as an inducer of both CSC traits and chemoresistance in 

NSCLC and targeting NF-κB may improve NSCLC patient response to anticancer 

drugs. Multiple tumour progression-related pathways including Wnt, TGF-β, STAT3 

and PI3K  are associated with activation of NF-κB to inhibit drug-induced cell death in 

NSCLC (Cai et al., 2017; Song et al., 2011; Li et al., 2019). Therefore, highlighting 

multiple targets around the crosstalk of the NF-κB pathway including the potential to 

target NSCLC CSCs through the direct inhibition of NF-κB.  
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Chapter 5  
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5.1 Introduction 

NSCLC patients are typically diagnosed at a late stage of tumour development and 

subsequently, tumours are highly chemoresistant and metastatic (Goldstraw et al., 

2007). In many cases, chemotherapeutics are the only options for advanced NSCLC and 

the response of the patient to anti-NSCLC drugs is unpredictable (Heineman, Daniels 

and Schreurs, 2017). Cytotoxic drugs have a high efficacy for the tumour bulk and can 

drastically reduce the tumour size, however, stress induced by chemotherapeutics 

induces phenotypic changes which promotes cancer cell survival, proliferation, 

chemoresistance and metastasis (Mattern and Volm, 1992; Abe et al., 1996; Rosell et 

al., 2002; Yabuki et al., 2007) Therefore, effectively targeting the resistant cell 

population of cancer is the major challenge researchers face in hope to improve patient 

quality of life. Research has classified the highly resistant population of cells as CSCs, 

induced by the high-stress microenvironment, which regulates the generation of a 

heterogeneous and multi-drug resistant tumour (Wang et al., 2017; Salem et al., 2017). 

Chapter 3 demonstrated that hypoxic stress stimulated the expression of CSC traits and 

significantly induced chemoresistance. The studies in chapter 4 highlighted the NF-κB 

pathway as a potential link between hypoxic-stress and the generation of CSCs in 

NSCLC which suggests NF-κB as a potential drug target to induce CSC death. New 

drug discovery and development is characterised by many barriers which restrain the 

presentation of new therapeutic options for cancer. The process is time-consuming, 

expensive, many drugs fail phase transition and new drugs for NSCLC have a high 

attrition rate of 92% (Nixon et al., 2017). Drug repositioning is an ideal process to 

identify new uses for FDA approved drugs outside of the original intended medical use 

(Nunes-Alves, 2014; Pushpakom et al., 2018). Many different diseases share common 

targetable molecular pathways and finding the appropriate drug and target is assisted by 
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various techniques including microarray and high-throughput screening (Govindaraj et 

al., 2018; Kim et al., 2019). Disulfiram (DS) is an organic sulfur compound successful 

in treating alcohol dependence by irreversibly inhibiting ALDH leading to the 

accumulation of toxic acetaldehydes in the blood (Kragh, 2008; Gessner and Gessner, 

1992). At the therapeutic dose, DS is considered safe with no adverse effects and has 

been used in the clinic for more than 60 years (Skinner et al., 2014). DS has 

demonstrated a significant anticancer effect in various cancers in vitro and in vivo (Iljin 

et al., 2009; Guo et al., 2010; Deng et al., 2016; MacDonagh et al., 2017; Mettang et al., 

2018). Our previous studies revealed the cytotoxicity of DS is entirely dependent on 

copper (Cu) supplementation; the reaction between DS and Cu generates ROS, inhibits 

NF-κB activity and promotes cell death by apoptosis (Tawari et al., 2015; Xu et al., 

2017).  

The aim of this study is to determine the cytotoxicity of DS in combination with Cu on 

NSCLC cell lines. We previously identified that hypoxic-stress promotes CSC 

characteristics and chemoresistance via the NF-κB pathway. The study will examine the 

ability of DS/Cu to inhibit CSC traits, NF-κB activity and reverse chemoresistance and 

identify whether DS/Cu can synergistically enhance the cytotoxicity of conventional 

anti-NSCLC drugs. The main goal is to demonstrate the effectiveness of DS as a new 

anticancer drug, in the hope to repurpose the compound for NSCLC. 
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5.2. Materials and Methods 

The following section describes the specific methods used within this particular study 

and specifies any experimental changes in relation to the general detailed methods 

explained in chapter 2. 

5.2.1. Detection of CSC markers  

Flow cytometric analysis was used to measure the presence of the following CSC 

markers, ALDH, CD133 and ABCG2 after treatment with DS (500 nM) in combination 

with CuCl2 (10 M) for 6 hours in NSCLC A549 and H23 cell lines spheroid and 

hypoxic cultures, compared to attached and normoxic cultures, respectively. The 

staining and detection methods are detailed in chapters 2.2.11-13.  

5.2.2. Sphere reformation assay  

The NSCLC A549 and H23 spheroid cultures we subjected to sphere reformation assay 

as detailed in chapter 2.2.8. The specific drugs and doses used in this study are as 

follows: Cu (10 μM), DS (1 μM), and DS in combination with CuCl2 (DS/Cu). A single 

cell suspension of the spheroid cultures was treated for 6 hours at 37°C, 5% CO2. After 

treatment, the samples were seeded at a low cell density and incubated for 7 days. The 

total numbers of spheres formed were manually counted and images were taken a 4× 

magnification. 

5.2.3 MTT cytotoxicity assay 

The NSCLC A549 and H23 normoxic and hypoxic cultures were subjected to MTT 

cytotoxicity assay as detailed in 2.2.6. The highest dose of the drug used in this study 

DS (100 nM) in combination with CuCl2 (10 μM). The cell cultures were incubated 
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with serially diluted drug for 72 hours in their respective cell culture incubators. After 

treatments cells were subjected to MTT reagent and percentage cell viability was 

calculated. 

5.2.4. Clonogenic assay 

The NSCLC A549 and H23 normoxic and hypoxic cultures we subjected to clonogenic 

assay as detailed in chapter 2.2.9. The specific drugs and doses used in this study are as 

follows: Cu (10 μM), DS (1 μM), and DS in combination with CuCl2 (DS/Cu). The cells 

were incubated for 48 hours in their respective culture conditions. After treatment, cells 

were seeded at a low cell density and incubated until individual colony size was greater 

than 20 cells per colony. The clonogenic assay was fixed and stained with crystal violet, 

the number of colonies was manually counted and standardized to the untreated control 

of either normoxic or hypoxic condition to calculate the percentage of colonies formed. 

5.2.5. Detection of NF-κB-p65 and IκBα by Western blot analysis 

The whole and nuclear protein expression levels of NF-κB-p65 and IκBα were 

determined by staining with primary antibody and HRP conjugated secondary antibody. 

The NF-κB-p65 (1:1000), IκBα (1:1000), and tubulin (1:8000) primary antibodies were 

diluted in blocking buffer (5% milk in TBS-T). The protein signal was detected using 

the EZ- ECL enhanced chemiluminescence kit.  

5.5.6. Isobologram analysis 

For measuring the synergistic effect of the conventional anti-NSCLC drugs in 

combination with DS/Cu, isobologram analysis was used. Hypoxic-cultured cell lines 

were seeded as described for the MTT cytotoxicity assay. Three serial drug dilutions 

were performed for each experiment as follows; anti-NSCLC drug alone, DS/Cu alone 
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and anti-NSCLC drug in combination with DS/Cu. For analytical purposes this study 

required drugs to be added in ratio of 1:1 or 1:100; the specific drugs and highest doses 

used were conducted as follows: DOX (100 nM), dFdC (100 nM), OXA (10 μM), PTX 

(100 nM), DS (100 nM) and CuCl2 supplementation (10 μM).  Cells were incubated 

with a drug-containing medium for 72 hours. After incubation, measurement of cell 

cytotoxicity was determined as above for the MTT assay, the results were used to 

determine combination index (CI) using Calcusyn software as detailed in chapter 2.2.7. 
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5.3. Results  

5.3.1. DS/Cu inhibits CSC markers in spheroid-cultures and blocks sphere 

reformation  

The expression of specific CSC markers induced by NSCLC spheroid-cultures can be 

inhibited with the treatment of DS in combination with CuCl2. Flow cytometric analysis 

determined the effect of DS/Cu treatment on the expression levels of CSC markers 

ALDH, CD133 and ABCG2 in spheroid-cultures as shown in Figure 5.1. A549 

spheroid-cultures demonstrated a significant reduction in the detection of a positive 

CSC population within the sample after treatment with DS (500 nM) in combination 

CuCl2 (10 μM) for all CSC markers analysed. H23 spheroid-cultures also showed 

sensitivity to DS/Cu compared to the untreated control, as after treatment ALDH and 

CD133 significantly reduced, although, ABCG2 was not suppressed significantly. 

Overall treatment with DS/Cu inhibited the expression of specific CSC markers in 

spheroid-cultures. In addition, treatment with DS/Cu eliminated the sphere forming 

ability of NSCLC spheroid-cultures. Figure 5.2 demonstrates that DS (1 μM) and CuCl2 

(10 μM) alone cannot induce cell death to NSCLC spheroid-cultures, however, the cells 

are highly sensitive to treatment with DS in combination with CuCl2. The bar chart 

shows that the sphere-reformation ability of the cells was completely inhibited by 

DS/Cu treatment as no spheres were identified. The above results indicate that DS/Cu 

selectively targets the CSC population and inhibits proliferation of spheroid-cultures.  
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Figure 5.1. DS/Cu inhibits NSCLC CSC characteristics in spheroid cultures. The 

expression of CSC markers after treatment with DS 500 nM + CuCl2 10 μM for 6 hours 

was analysed using flow cytometry. (A) ALDH activity using ALDEFUOR, (B) CD133 

using FITC conjugated anti-CD133 and (C) ABCG2 using APC conjugated anti-

ABCG2. The bar chart displays the population of cells expressing CSC markers. n=9, 

**p <0.01. 
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Figure 5.2. DS/Cu inhibits sphere reformation in NSCLC spheroid cultures. 

NSCLC spheroid cultures were treated with CuCl2 10 μM, DS 1 μM and DS in 

combination with CuCl2 for 6 hours and reseeded to assess sphere reformation. Light 

microscopy images show the spheres that were reformed seven days after treatment (4× 

magnification). The bar chart indicates the average number of spheres reformed. n=8, 

*p<0.05, **p<0.01. 
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5.3.2. Hypoxia-induced CSC traits are inhibited by DS/Cu  

The production of a hypoxic tumour microenvironment in vitro induces the expression 

of CSC markers in an NSCLC cell line, after treatment with DS (500 nM) in 

combination CuCl2 (10 μM), the expression of these specific CSC proteins were 

significantly reduced. Figure 5.3 shows the flow cytometric analysis of CSC related 

markers after treatment with DS/Cu. The bar charts show the expression of CSC 

markers in the hypoxic A549 cell line are significantly reduced after treatment and the 

hypoxic H23 cell line demonstrates a significant reduction in CD133 and ABCG2 but 

did not show a significant difference in the inhibition of ALDH. The results indicate 

treatment with DS/Cu inhibits hypoxia-induced CSC traits. The cytotoxicity of DS/Cu 

on normoxic and hypoxic cultures was determined using MTT cytotoxicity assay. The 

cell viability curves shown in Figure 5.4, demonstrates a similar cytotoxic response of 

normoxic and hypoxic-cultured NSCLC cell lines to DS/Cu treatment. This is 

confirmed by the calculated IC50 values in Table 5.1, which shows no significant 

difference observed between the IC50 calculated for hypoxic cultures compared to that 

of normoxia. In addition, the MTT assay determined a very low concentration of DS is 

required in combination with CuCl2 to elicit its cytotoxic effect in NSCLC hypoxic 

cultures. The calculated IC50 values for A549 and H23 hypoxic cultures were 5.9 nM 

and 8.7 nM, respectively. To further verify the efficiency of DS to inhibit the growth of 

NSCLC cell lines, normoxic and hypoxic cultures were subjected to clonogenic assay. 

The results of this study are shown in Figure 5.5 and clearly indicated the inability of 

DS (500 nM) or CuCl2 (10 μM) alone to inhibit cell growth compared to the untreated 

negative control. However, DS/Cu combination significantly inhibits resistance and 

colony formation in NSCLC normoxic and hypoxic cultures.  
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Figure 5.3. DS/Cu inhibits NSCLC CSC characteristics in hypoxic cultures. The 

expression of CSC markers after treatment with DS 500 nM + CuCl2 10 μM for 6 hours 

was analysed using flow cytometry. (A) ALDH activity using ALDEFUOR, (B) CD133 

using FITC conjugated anti-CD133 and (C) ABCG2 using APC conjugated anti-

ABCG2. The bar chart displays the population of cells expressing CSC markers. n=9, 

**p <0.01. 

 

3.4% 27.8% 4.3%

**

Normoxia 

Negative 

Hypoxia

ALDH +VE population  (%)

S
S

C

DS/CuNegative

A549 H23

Hypoxia Hypoxia

3.1% 4.2% 4.2%

A
5

4
9

H
2
3

A

44.0%1.4% 25.2%

16.2%8.2% 11.2%

**

**

Normoxia 

Negative 

Hypoxia

CD133 +VE population  (%)

DS/CuNegative

A549 H23

Hypoxia Hypoxia

S
S

C

A
5

4
9

H
2

3

B

33.5%2.5% 24.8%

18.0%5.0% 12.9%

Normoxia 

Negative 

Hypoxia

ABCG2 +VE population  (%)

DS/CuNegative

**

**

A549 H23

Hypoxia Hypoxia

S
S

C

A
5

4
9

H
2
3

C



179 

 

 

Figure 5.4. NSCLC hypoxic cultures are sensitive to DS/Cu treatment. The cell 

viability curves show the effect of DS in combination with CuCl2 on normoxic and 

hypoxic cell line cultures. The cells were incubated with a serial dilution of DS 

supplemented with CuCl2 10 μM for 72 hours and then subjected to MTT assay. 

Table 5.1. IC50 values for A549 and H23 cell lines under normoxia and hypoxia 

after 72 hours of treatment with DS/Cu. 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

120

0.1 1 10 100

Normoxia

Hypoxia

0

20

40

60

80

100

120

0.1 1 10 100

Normoxia

Hypoxia

DS/Cu (nM)

V
ia

b
il

it
y

 
(%

)

A549 H23

A549 H23

Normoxia Hypoxia Normoxia Hypoxia

DS/Cu nM 1.0 ±0.3 5.9 ±3.0 13.8 ±2.3 8.7 ±1.0



180 

 

A549 H23

A549 

Normoxia 

A549 

Hypoxia

-VE Cu 10 μM DS 500 nM DS + Cu 

H23

Normoxia

H23 

Hypoxia

A 

 

 

 

 

 

 

 

 

 

 

B 

 

 

 

 

Figure 5.5. DS/Cu inhibits chemoresistance and colony formation in NSCLC cell 

lines. Clonogenic assay. Normoxic and hypoxic cultures of A549 and H23 cell lines 

were treated with CuCl2 10 μM, DS 500 nM and DS in combination with CuCl2 for 48 

hours. After treatment cells were reseeded at a low density and maintained in respective 

conditions for colony formation. (A) Images of colonies reformed after treatment 

(stained with crystal violet). (B) The bar charts represent the number of colonies 

formed. n=6, *p <0.05, **p<0.01. 
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5.3.3. DS/Cu targets NF-κB and is cytotoxic to NF-κB transfected cell lines. 

The expression of hypoxia-induced transcription factor NF-κB is significantly reduced 

after treatment with DS in combination with CuCl2. Figure 5.6 displays the Western 

blot analysis of the whole protein expression of NF-κB-p65 and inhibitor protein IκB 

with and without treatment with DS (500 nM) in combination with CuCl2 (10 μM). NF-

κB-p65 is highly expressed in hypoxic and spheroid-cultures whilst the expression of 

IκB is low compared to normoxic and attached-cultures. After treatment with DS/Cu, 

the expression of IκB is increased and NF-κB-p65 expression is reduced. This result 

indicates that DS/Cu plays an inhibitory role within the NF-κB pathway. NF-κB-p65 

overexpression previously demonstrated increased resistance to anti-NSCLC drugs. The 

cytotoxicity of DS/Cu on NF-κB-p65 transfected cell lines C7 and C13 compared to the 

control mock cell line is shown in Figure 5.7. the cell viability curves indicate 

transfected cells do not demonstrate resistance to DS/Cu at high concentrations. Table 

5.2 shows the calculated IC50 values for NF-κB-p65 transfected clones C7 and C13 are 

10.7 nM and 10.2 nM, respectively, compared to mock 5.5 nM. Therefore, the NF-κB-

p65 transfected clones demonstrate a small resistance to DS/Cu. However, in 

comparison to conventional anti-NSCLC drugs used in chapter 2, DS/Cu demonstrates 

significant anti-NSCLC activity at the nanomolar level.  
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Figure 5.6. DS/Cu inhibits NF-κB-p65 expression in hypoxic and spheroid 

cultures. Whole protein expression of NF-κB and IBα were detected in A549 hypoxic 

cells after treatment with DS 500 nM + CuCl2 10 μM and A549 spheroid culture after 

treatment with DS 1 μM + CuCl2 10 μM. Tubulin was used as the loading control.  

 

 

 

 

 

 

 

Figure 5.7. NF-κB-p65 transfected cell lines are sensitive to DS/Cu treatment. The 

cell viability curves show the effect of DS in combination with CuCl2 on NF-κB-p65 

transfected cell lines C7 and C13 compared with the mock cell line. The cells were 

incubated with a serial dilution of DS supplemented with CuCl2 10 μM for 72 hours and 

then subjected to MTT assay. 

Table 5.2. IC50 values for A549 pcDNA3.1 NF-κB-p65 cell lines (mock, C7 and 

C13) after 72 hours treatment with DS/Cu. 

 

 

A549 p65 transfect cells

MOCK C7 C13

DS/Cu nM 5.5 ±0.2 10.7 ±0.6 10.2 ±1.2
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5.3.4. DS/Cu synergistically enhances first- and second-line anti-NSCLC drugs  

NSCLC cell lines have previously demonstrated increased sensitivity to DS 

supplemented with CuCl2 in comparison to conventional anti-NSCLC drugs. Treatment 

of DS/Cu in combination with anti-NSCLC drugs synergistically enhances the 

cytotoxicity of the conventional drugs in vitro. The anti-NSCLC drugs in combination 

with DS/Cu are represented by the cell viability curves in Figure 5.8, which show the 

cytotoxic effect of different anti-NSCLC drugs alone and in combination with DS/Cu 

on A549 and H23 hypoxic-cultured cell lines. The treatment with anti-NSCLC drugs 

alone demonstrates drug-resistant characteristics as previously identified in chapter 3. 

However, anti-NSCLC drugs in combination with DS/Cu induces significant cell death 

at a lower drug concentration. The results suggest that DS/Cu improves the cytotoxicity 

of the anti-NSCLC drugs by reducing the concentration of drug required to kill the 

cells. To determine the synergy of the drug combinations the combination index (CI) 

was calculated using the calcusyn™ software. A CI value of less than 1 is classified as 

synergistic. Table 5.3 shows the calculated IC50 and CI values of anti-NSCLC drugs in 

combination with DS/Cu. The IC50 values clearly show a reduction in the dose required 

to kill 50% of the cell population. The CI values were calculated using the effective 

dose (ED) at three points of the curve, ED50, ED75 and ED90. The CI values obtained 

at ED50 were less than 1 for all drug combinations in both A549 and H23 hypoxic 

cultures. DS/Cu provided the greatest synergistic in combination with dFdC in both cell 

lines, the CI values at ED50 were 0.66 and 0.64, respectively. The increase in drug 

concentration had little effect on the CI values calculated as CI remained below 1, 

except for A549 hypoxia treated with OXA + DS/Cu at ED90 the CI was 1.02. Overall, 

the isobologram assay presents DS/Cu as a suitable drug to work in combination with 

anti-NSCLC drugs to improve cytotoxicity. 
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Figure 5.8. DS/Cu enhances the anticancer activity of conventional anti-NSCLC 

drugs. The cell viability curves show the synergistic effect of DS/Cu on the cytotoxicity 

of anticancer drugs on hypoxic cultured NSCLC cell lines (A) A549 and (B) H23. The 

cells were incubated with DS supplemented with CuCl2 10 μM in combination with 

anticancer drugs: DOX, dFdC, OXA and PTX for 72 hours and subjected to MTT 

assay.  
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Drug in 

combination with 

DS/Cu 100 nM

A549 Hypoxia H23 Hypoxia

IC50 (nM) CI values IC50 (nM) CI values

ED50 ED75 ED90 ED50 ED75 ED90

DOX 100 nM 3.4±2.1 0.92 0.86 0.81 10.6±5.2 0.81 0.79 0.77

dFdC 100 nM 1.8±0.5 0.66 0.34 0.18 7.0±2.1 0.64 0.52 0.48

OXA 10 µM 8.3±3.2 0.93 0.98 1.02 8.0±2.4 0.84 0.83 0.83

PTX 100 nM 4.5±0.7 0.95 0.69 0.78 6.7±1.5 0.80 0.63 0.58

Table 5.3. Isobologram analysis of anti-NSCLC drugs in combination with DS/Cu 

after 72 hours on A549 and H23 hypoxic cultures: IC50 and Combination Index 

(CI) values.  
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5.4. Discussion 

NSCLC patients demonstrate significant differences in their response to 

chemotherapeutics, making it difficult to predict survival and determine an ideal 

therapeutic regimen because of innate or acquired chemoresistance (Schiller et al., 

2002). Although there have been many advances in personalised medicine for NSCLC 

there is no treatment suitable for all patients (Herbst, Morgensztern and Boshoff, 2018). 

Chemoresistance can occur by a multitude of mechanisms including regulation of drug 

transporters, expression of oncogenes, inhibition of tumour suppressors, upregulation of 

anti-apoptotic genes, alterations in DNA repair, induction of autophagy and stimulation 

of EMT (Rotow and Bivona, 2017). A diverse combination of drug-resistant 

mechanisms controls the tumourigenic potential of cancer to stimulate proliferation, to 

evade cell death and induce chemoresistance and metastasis. The CSC concept was 

introduced to explain the development of a heterogeneous population of cells, whereby 

CSCs are at the apex of a hierarchical organisation with the greatest tumourigenic 

potential (Shibue and Weinberg, 2017). Conventional cytotoxic anti-NSCLC drugs 

typically target a single cellular mechanism and produce lethal effects such as DNA 

damage, inhibition of DNA synthesis or microtubule stabilisation (Graham, Muhsin and 

Kirkpatrick, 2004; de Sousa Cavalcante and Monteiro, 2014; Jordan and Wilson, 2004; 

Thorn et al., 2011). Therefore, combination therapies are widely accepted as first-line 

treatments for NSCLC, to target multi-cellular mechanisms. However, patients are less 

tolerant of highly toxic drugs and CSCs can induce chemoresistant mechanisms to 

evade cell death which leads to patient relapse (Silvestri, 2004). The results from 

chapter 1 demonstrated a strong detection of hypoxia-induced CSC characteristics 

which confers resistance to anti-NSCLC drugs in NSCLC spheroid and hypoxic 

cultures. Therefore, indicating that conventional anti-NSCLC drugs do not selectively 
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target the CSC population. This study demonstrates the significant anti-CSC activity of 

DS in combination with Cu in NSCLC cell lines, suggesting cytotoxic drug 

combinations with DS/Cu may provide better outcomes for patients. 

In this study, DS/Cu treatment inhibits the expression of CSC markers ALDH, CD133 

and ABCG2 in A549 spheroid cultures, and successfully inhibits ALDH and CD133 in 

H23 spheroid-cultures. DS is a known irreversible inhibitor of the enzyme ALDH to 

elicit its therapeutic response when used to treat substance abuse and has also 

demonstrated significant inhibition of ALDH activity in various cancers in vitro 

(Lipsky, Shen and Naylor, 2001; Liu et al., 2012; MacDonagh et al., 2017; Jin et al., 

2018; Wang et al., 2018). Similarly, the inhibition of CD133 and ABCG2 expression 

after DS/Cu treatment has been previously identified in various cancers (Wang et al., 

2017; Loo, Bartlett and Clarke, 2004; Sauna et al., 2004). This study demonstrates that 

after treatment with DS/Cu the detection of specific CSC markers is significantly 

reduced in both NSCLC spheroid and hypoxic cultures. However, the identification of 

such markers were inconsistent between patients and are not considered as reliable 

targeting strategies (Batlle and Clevers, 2017).  

The anticancer effect of DS is entirely dependent on Cu supplementation, DS actively 

chelates with Cu2+ ions and generates ROS known to induce cell death by apoptosis 

(Lewis et al., 2014; Tawari et al., 2015). In this study, the sphere reformation and 

clonogenic assay confirm that the cytotoxic effect of DS is reliant on the 

supplementation of CuCl2. The results clearly indicated that DS/Cu treatment inhibits 

hypoxia-induced CSC traits and suggests that identifying a potential target within this 

mechanism may elucidate the molecular anticancer mechanism of DS/Cu to reverse 

chemoresistance. 
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DS/Cu inhibits the expression of hypoxia-induced transcription factor NF-κB in 

NSCLC hypoxic and spheroid-cultures. NF-κB has been demonstrated to be 

significantly overexpressed in NSCLC and activation of the NF-κB pathway promotes 

heterogeneity (Dimitrakopoulos et al., 2018). The development of NF-κB inhibitors 

such as bortezomib, a proteasome inhibitor to treat multiple myeloma, has demonstrated 

little clarification that its cytotoxicity is attributed to NF-κB inhibition and in other 

cancers show little to no anticancer efficacy when administered alone (Hideshima et al., 

2009; Ando et al., 2014). This suggests that the anticancer ability of NF-κB inhibitors 

alone is insufficient to overcome the heterogeneity of cancer but in combination with 

other anticancer drugs improves the overall anticancer effect. The results of this study 

clearly indicate the NF-κB activity is significantly inhibited whilst IκBα expression is 

increased and the cytotoxicity assay performed on NF-κB-65 transfected clones 

demonstrated sensitivity to DS/Cu treatment. Research has demonstrated DS/Cu can 

downregulate stemness and EMT features through the inhibition of NF-κB signalling in 

colon and breast cancers (Wang, McLeod and Cassidy, 2003; Guo et al., 2010; Yip et 

al., 2011; Han et al., 2015). Therefore, it confirms that DS/Cu is a selective inhibitor of 

NF-κB and CSC traits. In order to combat the heterogeneous nature of the NSCLC 

tumour microenvironment development of drugs to target multiple chemoresistant 

mechanisms will significantly enhance the ability to inhibit CSCs. 

DS/Cu enhances the cytotoxicity of conventional anti-NSCLC drugs in NSCLC 

hypoxic cultured cell lines. DS/Cu can target multiple drug resistant mechanisms 

(Wang, McLeod and Cassidy, 2003; Xu et al., 2011; Li et al., 2015; Li et al., 2017). The 

studies in chapter 3 clearly identified NSCLC spheroid and hypoxic cultures induced 

resistance to anti-NSCLC. Combination therapies are commonly practised as first-line 

therapies for NSCLC patients to account for the multiple chemoresistant mechanisms 
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and synergistically enhance the cytotoxicity of the drugs in increase success (Mokhtari 

et al., 2017). Under normal circumstances, cytotoxic therapies induce debilitating 

adverse side effects, whereas, DS is FDA approved as a clinically safe drug and at its 

therapeutic dose provides little to no side effects (Malcolm, Olive and Lechner, 2008). 

We hypothesise that DS with Cu supplementation in combination with anti-NSCLC 

drugs can reduce therapeutic dose and toxicity of conventional therapies. The results 

highlight the potential of DS/Cu at a nanomolar level to synergistically enhance anti-

NSCLC drugs in cell lines, together with detailed safety data demonstrates the potential 

of DS/Cu to improve treatment options for NSCLC. In order to ensure the anticancer 

capabilities of DS additional studies into whether analogues of DS also demonstrate 

anticancer efficacy would reveal the ideal drug to treat NSCLC. 
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Chapter 6  

 

 

 

 

 

DS structural integrity is essential 

for its cytotoxicity to NSCLC in 

vitro and in vivo 
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6.1 Introduction 

Chapter 5 introduced the potential of repositioning DS, a drug clinically used to treat 

substance abuse, for NSCLC. The study identified DS to specifically target CSC traits 

through inhibition of the NF-κB pathway to elicit its highly cytotoxic effect in NSCLC 

cell lines. Our previous work has determined that DS has a significant anticancer effect 

to overcome chemoresistance and metastasis in multiple cancers (Wang, McLeod and 

Cassidy, 2003; Guo et al., 2010; Liu et al., 2012; Liu et al., 2013). The cytotoxicity of 

DS is entirely dependent on the compounds ability to chelate with Cu. DS is not a stable 

compound it is readily reduced in the bloodstream, Figure 6.1.(A) shows that the active 

thiol group of DS is exposed by a reduction reaction to produce two DDC compounds. 

The thiol group actively chelates with Cu (II) and this reaction immediately generates 

ROS before producing a stable Cu-DDC molecule (Cobby, Mayersohn and Selliah, 

1977). DS copper chelation induces an apoptotic response in cancer cells through the 

generation of ROS (Cen et al., 2004; Morrison et al., 2010; Xu et al., 2017). Oral 

administration of DS is directed to the liver where it is metabolised as shown in Figure 

6.1.(B); the resulting compounds have inactive thiol groups which prevents Cu 

chelation (Faiman, Jensen and Lacoursiere, 1984; Johansson, 1992). Studies on the DS 

metabolite S-Me-DDC has revealed the metabolite’s strong inhibitory effect of ALDH 

in the liver, which sustains the treatment of DS during treatment for substance abuse 

(Hart, Yourick and Faiman, 1990; Hart and Faiman, 1993). Our previous work has 

identified the anticancer mechanism of DS and Cu supplementation to be biphasic, 

whereby the initial reaction generates extracellular ROS which stimulates cell death, the 

final product Cu-DDC is transported into the cell and elicits a second generation of 

ROS intracellularly (Tawari et al., 2015). Our previous studies have demonstrated the 

use of nanotechnology to encapsulate DS using PLGA, significantly extends its half-life 
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in the bloodstream. The study demonstrated the administration of DS-PLGA 

intravenously with oral copper gluconate (CuGlu) supplementation significantly 

improves the anticancer efficacy in liver cancer xenograft mouse models (Wang et al., 

2017). Therefore, determining the anticancer ability of DS analogues will clearly 

indicate which compound provides the most promising nano-encapsulated formulation 

for NSCLC. 

The aim of this study is to determine which DS analogue holds the greatest potential as 

a cytotoxic agent for NSCLC by investigating how changing the molecular structure of 

DS-related compound alters its ability to chelate with Cu. This study will also compare 

the ability of the compounds to induce apoptotic cell death through ROS and their 

inhibitory effects on CSC traits. Revealing the importance of the DS thiuram structure 

in vitro will determine how imperative nano-encapsulation is in order to enhance the 

delivery of intact DS in vivo.  

 

Figure 6.1. The interaction of disulfiram with copper and metabolism of DS in 

vivo. (A) DS readily divides into two DDC compounds, the exposed thiol groups of 

DDC is critical for Cu (II) chelation. The by-product of the reaction generates ROS and 

the final product is one molecule of Cu (II)-DDC. (B) Metabolism of DS. DS quickly 

enters the bloodstream and is readily reduced to DDC [1]. In the liver, the thiol group 

of DDC is methylated by S-methyltransferase to produce S-Me-DDC [2], metabolised 

into glucuronidated-DDC by glucuronyl transferase [3], or non-enzymatically 

degraded into diethylamine and carbonyl disulfide [4] (Butcher et al., 2018). 
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6.2. Materials and Methods 

The following sections describes the specific methods used within this particular study 

and specifies any experimental changes in relation to the general detailed methods 

explained in chapter 2. 

6.2.1. MTT cytotoxicity assay  

The NSCLC A549 attached culture was subjected to MTT cytotoxicity assay as detailed 

in 2.2.6. The following compounds were supplemented with CuCl2 (10 μM) and the 

highest dose used in this study were: S-Me-DDC (100 μM), DDC (5 μM), TMDS (5 

μM) and DS (100 nM); the compound Cu-DDC was not supplemented with CuCl2. The 

cell cultures were incubated with serially diluted drugs for 72 hours in their respective 

cell culture incubators. After treatment cells were subjected to MTT reagent and the 

percentage cell viability was calculated. The cytotoxicity of compounds containing thiol 

groups was also analysed by MTT assay. The following compounds were supplemented 

with CuCl2 (10 μM) and the highest dose used in this study were: HDTA (10 μM), 

IDTA (10 μM) and TMT (10 μM). 

6.2.2. Detection of morphology change after treatment in attached cultures  

The NSCLC A549 attached culture was seeded into a 6-well flat bottom plate at a cell 

density of 2.0×105 cells/well, incubated for 24 hours, and was subjected to treatment 

with S-Me-DDC (10 μM), Cu-DDC (5 μM), DDC (1 μM), TMDS (1 μM), DS (1 μM), 

with and without CuCl2 (10 μM) supplementation and DMSO was used as solvent 

control. The cells were incubated with the drug for 6 hours and replenished with drug-

free medium overnight. The microscopy images were taken at 40× magnification. 

 



194 

 

6.2.3. Analysis of apoptosis by Annexin V  

Flow cytometric analysis was used to determine the percentage of apoptotic cells after 

treatment for 6 hours with DS analogues in NSCLC A549 attached cultures. The 

staining and detection methods are detailed in chapters 2.2.16. The following drugs and 

doses were used S-Me-DDC (10 μM), Cu-DDC (5 μM), DDC (1 μM), TMDS (1 μM), 

DS (1 μM), with and without CuCl2 (10 μM) supplementation and DMSO was used as 

solvent control. To determine the apoptotic potential of compounds containing thiol 

groups, the following compounds, HDBA (10 μM), IDBA (10 μM) and TMT (10 μM) 

with CuCl2 (10 μM) supplementation. 

6.2.4. Detection of apoptotic proteins by Western blot analysis  

The whole and nuclear protein expression levels of cleaved PARP, Bax and Bcl2 were 

determined after treatment with DS analogues by staining with primary antibody and 

HRP conjugated secondary antibody. The cleaved PARP, Bax and Bcl2 (1:1000), and 

tubulin (1:8000) primary antibodies were diluted in blocking buffer (5% milk in TBS-

T). The protein signal was detected using the EZ- ECL enhanced chemiluminescence 

kit. The cells were treated overnight with the following drugs S-Me-DDC (10 μM), Cu-

DDC (5 μM), DDC (1 μM), TMDS (1 μM), DS (1 μM), with and without CuCl2 (10 

μM) supplementation.  

6.2.5. Sphere reformation assay  

The NSCLC A549 spheroid culture was subjected to sphere reformation assay as 

detailed in chapter 2.2.8. The specific DS analogues and doses used in this study are as 

follows S-Me-DDC (10 μM), Cu-DDC (5 μM), DDC (5 μM), TMDS (1 μM) and DS (1 

μM) in combination with CuCl2 (10 μM). A single cell suspension of the spheroid 

culture was treated for 6 hours at 37°C, 5% CO2. After treatment, the samples were 
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seeded at a low cell density and incubated for 7 days. The total numbers of spheres 

formed were manually counted and images were taken a 4× magnification. 

6.2.6. Detection of CSC markers 

Flow cytometric analysis was used to measure the presence of the following CSC 

markers, ALDH and CD44 after treatment with S-Me-DDC (10 μM), Cu-DDC (5 μM), 

DDC (5 μM), TMDS(1 μM)and DS (1 μM) in combination with CuCl2 (10 μM) for 6 

hours in NSCLC A549 spheroid cultures, compared to attached cultures. The staining 

and detection methods are detailed in chapters 2.2.11-13.  

6.2.7. Detection of external ROS 

The extracellular ROS levels were determined using Fc OxyBURST® Assay Reagent 

and prepared as detailed in chapter 2.2.15. The H2O and H2O2 (1:1000) 10 μL/well were 

used as negative and positive controls, respectively. The following compounds were 

used S-Me-DDC (10 μM), Cu-DDC (10 μM), DDC (10 μM), TMDS (10 μM) and DS 

(10 μM) in combination with CuCl2 (10 μM). N-acetyl-L-cysteine (NAC, 2 μL of 100 

mM stock solution) was used as a ROS inhibitor to confirm ROS activity. The rate of 

fluorescence detected is directly proportional to the generation of oxidative species.  

6.2.8. Detection of apoptosis reversal 

In this experiment, A549 attached culture was seeded into a 6-well flat bottom plate at a 

cell density of 0.2×106 per well and incubated for 24 hours. The cells were exposed and 

treated with DS (1 μM) in combination with CuCl2 with or without NAC (2 mM) and 

compared to untreated control for 6 hours and released in drug-free medium overnight. 

Microscopic images were taken at 10x magnification after treatment and the cells were 

subjected to the Annexin V FITC detection kit to analyse apoptosis by flow cytometry. 
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6.2.9. NSCLC xenograft in an orthotopic mouse model treated with DS-PLGA and 

CuGlu 

Human NSCLC xenografts experiments were conducted with 5-week-old female 

BALB/c Nu/Nu athymic nude mice (Biotechnology & Cell Biology, Shanghai, China). 

The mice were housed under pathogen-free conditions according to the animal care 

guidelines of Fourth Military Medical University (FMMU) China. All experiments 

were reviewed and approved by the FMMU Ethical Committee. The animal studies 

were planned by me, Dr Zhipeng Wang and Professor Weiguang Wang. The 

following experiments were conducted by Dr Zhipeng Wang as I do not hold an 

animal license. 

The animal study regimen for the orthotopic model was conducted as follows: NSCLC 

cell line A549 were injected into the tail vein at a cell density of 5×106. After 3 days the 

mice were treated with empty PLGA nano-particles i.v or DS-PLGA 5mg/kg i.v with 

copper gluconate (CuGlu) 5mg/kg p.o supplementation 2 times per week for 8 weeks. 

After 8 weeks the mice were sacrificed, the lungs were dissected and sectioned. The 

samples were analysed by H&E staining, the slides were incubated for 1 minute with 

the stain hematoxylin and eosin. The slide was mounted with 3,3’-diaminobenzidine 

and observed under a light microscope, the images were taken at 20× magnification.  
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6.2.10. NSCLC xenograft in a subcutaneous mouse model treated with DS-PLGA 

and CuGlu 

The human NSCLC xenografts experiments were conducted with 5-week-old female 

CD-1 Nu/Nu athymic nude mice (Biotechnology & Cell Biology, Shanghai, China). 

The mice were maintained in the conditions described as above and approved by the 

FMMU Ethical Committee. The following experiments were conducted by Dr 

Zhipeng Wang. 

The animal study regimen for the orthotopic model was conducted as follows: NSCLC 

cell line A549 were subcutaneously injected on rear flanks of the mice at a cell density 

of 5×106. After 7 days the mice were randomly divided into two groups, each group 

containing 8 mice. The control group was treated with empty PLGA nano-particles i.v 

and the second group was treated with DS-PLGA 5mg/kg i.v with CuGlu 5mg/kg p.o 

supplementation 2 times per week for 4 weeks. After 4 weeks, the mice were sacrificed, 

the tumours were removed, photographed and weighed. 

6.2.11. DS-PLGA toxicity analysis in mouse vital organs 

Following the NSCLC xenograft orthotopic model regimen, the mice were sacrificed 

and dissected, samples of the vital organ’s lung, kidney and liver were collected and the 

tissues were stored in paraffin. The samples were analysed by H&E staining, the slides 

were incubated for 1 minute with the stain hematoxylin and eosin. The slide was 

mounted with 3,3’-diaminobenzidine and observed under a light microscope, the 

images were taken at 40× magnification.   
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6.2.12. Detection of Ki-67 and BAX expression after treatment with DS-PLGA in 

combination with CuGlu  

Immunohistochemistry was performed on paraffin-embedded tumour tissues after 

treatment with empty PLGA nano-particles i.v or DS-PLGA 5 mg/kg i.v with CuGlu 

5mg/kg p.o supplementation. The sections were stained with Ki-67 (1:200, Cell 

Signaling) and BAX (1:200, Abcam). The primary antibodies were then stained with 

the secondary antibody biotinylated anti-mouse immunoglobulin G (H + L) and 

incubated in ABC reagent (DAKO Labs, Cambridgeshire, UK). The slide was mounted 

with 3,3’-diaminobenzidine and observed under a light microscope, the images were 

taken at 40× magnification.  
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6.3. Results  

6.3.1. Intact thiol groups are indispensable for the cytotoxicity of DS 

The cytotoxicity of DS analogues relies on the exposure of a highly reactive thiol group 

to enable Cu chelation. Figure 6.2, displays the chemical structures of the compounds 

used in this study, DS is made up of two DDC molecules bound by a weak disulfide 

bond, S-Me-DDC is a metabolic product of DS blocking the thiol group with a methyl 

group, Cu-DDC the product of DS and Cu, DDC is the single unit with exposed thiol 

group and TMDS has a smaller molecular weight than DS due to the replacement of 

ethyl group with methyl groups. The cell viability curves in Figure 6.3 show the 

cytotoxicity of DS analogues of the A549 attached cell line. The results indicate that at 

the highest concentration of S-Me-DDC (100 μM) had no anticancer effect as the curve 

plateaus and IC50 was not reached. The preparation of Cu-DDC did not require Cu 

supplementation, despite this, Cu-DDC was highly cytotoxic to the A549 cell line as the 

calculated IC50 value of Cu-DDC was 3.3 μM. The remaining compounds were 

supplemented with Cu, DDC/Cu and TMDS/Cu gave an IC50 of 125 nM and 112 nM 

respectively which is greater than the calculated IC50 of DS/Cu 3 nM. The potential of 

the DS analogues to induce cell death was also observed by morphological changes 

after treatment, the images in Figure 6.4 display drugs in combination with Cu, except 

for S-Me-DDC, induced the cell to round up and detach from the culture plate. To 

investigate the mode of cell death induced by the drugs, flow cytometric analysis of 

Annexin V was carried out to detect the live, apoptotic, dead and necrotic cell 

populations within a sample after different treatments, shown in Figure 6.5. The results 

show that the drugs which induce the greatest visible morphological change also induce 

apoptotic cell death. The bar chart clearly shows that only drugs in combination with 
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Cu significantly induce an apoptotic response. To further analyse the induction of the 

apoptotic pathway, Western blot analysis of apoptosis-related proteins were detected 

after treatment with different drugs. The images in Figure 6.6, show the whole protein 

expression of pro-apoptotic proteins cleaved PARP and Bax significantly increase after 

treatment with Cu-DDC, DDC/Cu, TMDS/Cu and DS/Cu whilst simultaneously 

reducing anti-apoptotic protein Bcl2. In comparison, to untreated cells, the expression 

of the proteins is reversed, indicating these DS analogues specifically target the cell to 

induce apoptosis to drive cell death. 

 

Figure 6.2. Chemical structures of DS analogues. DS, S-Me-DDC, Cu-DDC, DDC 

and TMDS. 
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Figure 6.3. The cytotoxic effect of DS and associated compounds on A549 NSCLC 

cell line. (A) Cell viability curves of A549 cells in different treatments. The cytotoxicity 

of different compounds in monolayer cultured A549 cells was examined. All the 

treatments except Cu-DDC were supplemented with CuCl2 (in a consistent 

concentration of 10 μM). The cells were dosed for 72 h and then subjected to MTT 

assay. (B) IC50 (nM) values. 
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Figure 6.4. Morphology of the A549 cell line exposed to different DS analogues with and without Cu supplementation. The morphology of 

the cells subjected to different treatments. The cells were treated with S-Me-DDC (10 μM), Cu-DDC (5 μM), DDC (1 μM), TMDS (1 μM), DS (1 

μM) with or without Cu (10 μM) for 6 h and then release in drug-free medium overnight. The microscopic images were taken at 40× 

magnification. 
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Figure 6.5. Apoptosis induced by different DS analogues. Annexin V analysis of 

apoptosis. The cells were exposed to different compounds at the above concentrations 

with or without 10 μM of CuCl2 for 6 h and immediately subjected to Annexin V 

analysis.  

 

 

 

 

 

 

 

 

 

Figure 6.6. Western blot analysis of apoptosis-related proteins after treatment with 

different DS analogues. Whole protein expression was detected in A549 cells after 

different treatments of DS analogues with and without CuCl2 (10 μM) supplementation. 

The cells were treated for 6 hours and released with drug-free medium overnight. The 

proteins identified were cleaved PARP, Bax and Bcl-2. Tubulin was used as the loading 

control.  
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6.3.2. Intact thiol groups are essential for targeting CSC-like cells  

The A549 spheroid cultures display sensitivity to treatment with the DS analogues in 

combination with CuCl2 as demonstrated with DS/Cu in the previous study. This study 

uses the sphere reformation assay to test the ability of different drugs to inhibit the 

reformation of drug-resistant spheroid cultures after treatment, shown in Figure 6.7. The 

images clearly indicated that the following drugs Cu-DDC, DDC/Cu, TMDS/Cu and 

DS/Cu induced sphere cell death and inhibited the potential to reform. The bar chart 

shows a significant reduction in the number of sphere cells compared to the untreated 

control group. These results also confirm the cytotoxicity is entirely dependent upon Cu 

and suggests S-Me-DDC is not a suitable anticancer drug. The detection of CSC 

markers ALDH and CD44 were used to identify the ability of DS analogues to 

specifically inhibit the CSC traits alongside the elimination of sphere formation. Figure 

6.8 displays flow cytometric analysis of the CSC markers. The activity of ALDH and 

the expression of CD44 are high in A549 spheroid-culture compared to the attached-

culture. The CSC markers detected in the samples after treatment with DDC/Cu, 

TMDS/Cu and DS/Cu were significantly reduced and Cu-DDC did reduce but not 

significantly. The results indicate that CSC markers can be specifically inhibited by the 

DS analogues that actively react with Cu to elicit cell death. Together these results 

clarify that CSCs are a specific target of DS/Cu and suggest that direct inhibition of the 

thiol group interaction with Cu impedes the drugs ability to induce cell death by 

apoptosis. 
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Figure 6.7. Effect of DS and associated compounds on A549 sphere culture. NSCLC 

A549 spheroid cultures were treated with S-Me-DDC (10 μM), Cu-DDC (5 μM), DDC 

(1 μM), TMDS (1 μM) and DS (1 μM) in combination with or without CuCl2 (10 μM) 

for 6 h and reseeded to assess sphere reformation. Light microscopy images show the 

spheres that were reformed seven days after treatment (4× magnification). The bar 

chart indicates the average number of spheres reformed. n=8, **p<0.01. 
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Figure 6.8. The effect of different compounds on CSC traits in A549 spheroid 

culture. The expression of CSC markers after treatment with DS analogues with and 

without CuCl2 supplementation for 6 hours was analysed using flow cytometry. ALDH 

activity using ALDEFUOR and CD44 using FITC conjugated anti-CD44. The bar chart 

displays the population of cells expressing CSC markers. n=9, *p<0.05, **p <0.01. 
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6.3.3. Functional thiol groups are responsible for extracellular ROS generation 

The following analogues DDC, TMDS and DS induce the generation of extracellular 

ROS only in combination with Cu. The levels of extracellular ROS were measured by 

the level of luminescence detected immediately after the addition of the drug to 

determine the ability of a drug to induce ROS outside of the cell. The results shown in 

Figure 6.9, the experiment used a positive control H2O2, a known free radical, to 

demonstrate the generation of ROS and when combined the ROS scavenger NAC the 

luminescent signal is inhibited. The drugs alone did not generate ROS including Cu-

DDC, which previously demonstrated significant cell death but clearly does not 

promote apoptosis through extracellular ROS. DDC/Cu, TMDS/Cu and DS/Cu 

significantly induced extracellular ROS generation and demonstrated that the produced 

ROS can be reversed by NAC. The ability of NAC to successfully scavenge the 

generated ROS supports the previous data that these drugs specifically induce apoptotic 

cell death rather than necrosis. To further understand the ability of DS to induce 

apoptosis by ROS generation, this experiment compared the apoptotic population after 

treatment with DS/Cu with and without ROS scavenger NAC followed by 

replenishment of medium. The results in Figure 6.10 show microscopic images before 

flow cytometric analysis indicating the addition of NAC successfully inhibits cell death, 

and quantification analysis verifies the success of DS/Cu cell death is dependent upon 

ROS generation. The results clearly indicate that the reaction between the thiol group 

and Cu is essential to induce the generation of ROS, which may be responsible to 

increase cytotoxicity compared to Cu-DDC and S-Me-DDC which blocks the highly 

reactive thiol group. 
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Figure 6.9. Cu chelation generated ROS was responsible for cytotoxicity. ROS 

activity generated from different Ds analogues (10 μM) in combination with or without 

CuCl2 (10 μM). H2O2 (1:100 diluted) and OxyBURST® reagent only were used as 

positive and negative controls respectively. 
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Figure 6.10. The cytotoxicity and apoptosis induced by DS/Cu were reversed by 

ROS scavenger NAC.  Attached A549 cells were exposed to DS (1 μM) in combination 

with CuCl2 with or without NAC (2 mM) for 6 hours and released in drug-free medium 

overnight. (A) Microscopic images were taken at 10× magnification. (B) Apoptosis was 

analysed by flow cytometry using the Annexin V FITC detection kit. The bar chart 

displays the percentage of apoptotic cells detected in the cell population.  
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6.3.4. Thiuram structure is essential for DS cytotoxicity 

The compounds in this study share the similar ability of DS to chelate with transition 

metals due to exposure of a thiol group. Figure 6.11 displays the chemical structures of 

HDTA, IDTA and TMT despite the exposed thiol group of the compounds, the thiuram 

structure presented in DS is disrupted by an exchange of one nitrogen atom for one 

carbon atom connected to the thiol group followed by a phenol ring (HDTA), a 

nitrogen-containing 5 membered ring (IDTA) or 6 membered ring (TMT). The 

disruption of the thiuram structure inhibits the cytotoxicity of these compounds to A549 

attached cells. Figure 6.12 displays the cell viability curves; it demonstrates that as the 

drug concentration increases the curve plateaus and IC50 was not reached as shown in 

Table 6.1. to further support the inability of the compounds to induce cell death, Figure 

6.13 demonstrates the inability to induce cell death by apoptosis or by any other means 

as the percentage of live cells after treatment show no significant difference to the 

control untreated cells. In addition, the extracellular ROS generation was analysed and 

determined the compounds inability to promote ROS alone or in combination with Cu. 

Therefore, these results suggest that the protection of the thiuram structure is essential 

for the induction of cell death by DS in combination with Cu. 
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Figure 6.11. Chemical structures of thiol group-containing compounds without 

thiuram structure. (i) 2-Hydroxy-dithiobenzoic acid (HDBA), (ii) 4-

Imidazoledithiocarboxylic acid (IDDCA), and (iii) 2，4，6-Trimercaptotriazine 

(TMT). 

 

 

Figure 6.12. Thiuram structure is essential for the cytotoxicity of DS. The cell 

viability curves show the effect HDBA, IDDCA and TMT with CuCl2 (10 μM) 

supplementation on the A549 cell line attached culture. The cells were incubated with a 

serial drug dilution for 72 hours and then subjected to MTT assay.  

 

Table 6.1. IC50 values (μM) after 72 hours of treatment with different thiol 

compounds for 6 hours. 
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Figure 6.13. The apoptotic potential by induced ROS is determined by the thiuram 

structure. (A) A549 monolayer-cultured cells were exposed at the following 

concentrations After 6 hours treatment cells were immediately subjected to Annexin V 

for FACs analysis. The bar chart represents the apoptotic population after treatment. 

(B) The generation of external ROS was measured of the above compounds at a 

concentration of 10 μM in combination with CuCl2 (10 μM). 
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6.3.5. The effect of PLGA-DS/Cu on NSCLC mouse model  

The thiuram structure must be protected from metabolism to maintain its Cu chelation 

potential and ensure it delivers its anticancer effect to distant tissues and organs. Our 

research group’s previous work, conducted by Dr Zhipeng Wang, developed a nano-

encapsulated formulation of DS using PLGA. The DS-PLGA formulation delivered 

intravenously in combination with oral CuGlu significantly improved the half-life and 

demonstrated a significant anticancer effect in liver cancer. This study used the same 

DS-PLGA formulation prepared by Dr Zhipeng Wang using NSCLC A549 cells. The in 

vivo data demonstrates a significant anticancer effect of DS-PLGA and CuGlu in 

NSCLC xenografts using orthotopic and subcutaneous mice models whilst 

demonstrating DS-PLGA has no toxic effect on the vital organs. The orthotopic mouse 

model was used to identify the ability of the NSCLC A549 cell line to migrate and 

develop tumour nodules at the location of the lung after injection via the tail vein. The 

experiment compared the intravenous administration of empty PLGA nanoparticles and 

DS loaded PLGA in combination with oral CuGlu effect on lung tumour nodules as 

shown in the H&E stained sample in Figure 6.14. The results indicate a significant 

reduction of tumour nodule growth after treatment with i.v DS-PLGA and p.o CuGlu. 

In support of this result, the subcutaneous mouse model was used. After inoculation of 

the A549 cells, the mice treated with i.v DS-PLGA and p.o CuGlu demonstrated 

inhibited tumour growth compared to empty PLGA nanoparticles. After the tumours 

were removed the size and weight was analysed as shown in Figure 6.15. Nano-

encapsulated DS significantly reduced the size and weight of the tumour and in some 

cases eliminated the tumour population. The toxicity of the DS-PLGA formulation to 

vital organs was evaluated as shown in Figure 6.16. The H&E staining revealed no 

toxicity as the samples taken from the lung, kidney and livers after treatment 
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demonstrates the high safety of this drug. In addition, the immunohistochemistry results 

shown in Figure 6.17 demonstrates that DS-PLGA treatment with CuGlu 

supplementation can reduce the protein expression of Ki-67 and increase the expression 

of pro-apoptotic protein Bax. This staining procedure demonstrates DS-PLGA can 

effectively inhibit proliferation and induce apoptosis in NSCLC xenografts.  

 

 

 

 

 

 

 

 

Figure 6.14. Treatment with DS-PLGA with CuGlu supplementation significantly 

reduced NSCLC nodules. A549 NSCLC cells (5x106/mouse) were injected into the tail 

vein. Mice were treated with DS-PLGA 5mg/kg, i.v. + CuGlu 5mg/kg, p.o. or PLGA 

empty nano-particles 2 times/week for 8 weeks. The lungs were dissected and sectioned. 

The slides were H&E stained, images taken at ×20 magnification.  

 

 

 

 

 

 

 

 

Figure 6.15. Treatment with DS-PLGA with CuGlu supplementation significantly 

reduced the size and weight of NSCLC xenografts. A549 NSCLC cells (5x106/mouse) 

were subcutaneously inoculated, mice were treated with DS-PLGA 5mg/kg, i.v. + 

CuGlu 5mg/kg, p.o. or PLGA empty nano-particles 2 times/week for 4 weeks. The mice 

were sacrificed and the xenografts were dissected and weighed. n=8.  
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Figure 6.16. DS-PLGA/Cu has no toxicity to vital organs. Samples of the lung, 

kidney and liver were analysed by H&E staining after treatment. The slides were H&E 

stained and images were taken at ×40 magnification.  

 

 

 

 

 

 

 

 

 

 

Figure 6.17. The effect of DS-PLGA treatment on protein expression of Ki-67 and  

BAX expression in NSCLC xenografts. Samples of tumour tissues after treatment 

with DS-PLGA (5 mg/kg) in combination with CuGlu (5 mg/kg) stained were with 

primary antibodies Ki-67 or BAX followed by secondary antibody staining and 

incubation with ABC reagent. Images were taken at ×40 magnification. 

 

 

 

 

 

 

 

 



215 

 

6.4. Discussion 

The experiments in chapter 5 clearly demonstrated the significant anti-NSCLC activity 

of DS in combination with Cu in comparison to conventional drugs in vitro. Previous 

studies on DS/Cu efficacy in a variety of cancers both in vivo and in vitro have outlined 

a substantial impact on inhibiting cancer cell growth. However, this has not been 

recognised in the clinic (Wang, McLeod and Cassidy, 2003; Liu et al., 2013; Skrott et 

al., 2017; Mettang et al., 2018). Oral administration of DS is readily reduced to DDC 

which is metabolised in the liver and minimises the bioavailability of DS (Johansson, 

1992). DDC undergoes methylation at the thiol group to form S-Me-DDC which is 

subjected to oxidation biotransformation to form to S-methyl N,N-

diethylthiolcarbamate (DETC-Me) and S-methyl N,N-diethylthiolcarbamate sulfoxide 

(DETC-MeSO) and these compounds actively function to treat substance abuse (Hart 

and Faiman, 1993; Madan, Parkinson and Faiman, 1993). This study investigated the 

cytotoxicity and anti-CSC effect of different DS analogues and revealed that its 

anticancer activity is dependent upon the compounds ability to chelate with Cu. We 

hypothesise that delivery of an intact thiol group is essential to elicit its anticancer 

activity at the target site. The findings in this study demonstrate that the compound S-

Me-DDC with or without CuCl2 supplementation failed to induce cell death and target 

CSCs compared to DS and DDC in combination with CuCl2. Despite being biologically 

active for its use in treating alcohol addiction S-Me-DDC inhibits Cu chelation, 

therefore, inhibiting its anticancer activity. However, replacement of the ethyl groups of 

DS with methyl groups did not affect the cytotoxicity as TMDS/Cu is highly toxic to 

the A549 cell line and can target CSC-like cells. Evasion of apoptosis is an important 

biological mechanism in response to chemotherapeutics. A study demonstrated 

that pyrrolidine dithiocarbamate, where the ethyl groups of DDC are substituted with a 
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pyrrolidine ring, in combination with Cu induced an accumulation of Cu in cancer cells 

which selectively targeted these cells for apoptosis (Yu et al., 2007). The findings in my 

study support previous research as only the compounds which actively chelate with Cu 

or are covalently bound with Cu effectively induce an apoptotic response in A549 cell 

lines. Therefore, metabolism at the thiol group drastically changes the structure and 

function of DS. 

The cytotoxicity of DS is a result of Cu chelation that generates extracellular ROS 

which are transported into cancer cells and drives apoptosis (Nobel et al., 1995; Cen et 

al., 2004; Chen et al., 2006; Morrison et al., 2010). Cu-DDC is also significantly 

cytotoxic to NSCLC cells and eradicates spheroid cultures. However, Cu-DDC is a 

stable compound and does not generate extracellular ROS and also demonstrated no 

significant reduction in CSC markers compared to DDC/Cu, TMDS/Cu and DS/Cu. Cu-

DDC can freely pass into cancer cells and our research group has demonstrated that the 

anticancer mechanism of DS/Cu is biphasic, whereby the initial reaction between DS 

and Cu accounts for the greatest anticancer effect, while the product Cu-DDC provides 

a reduced yet highly cytotoxic effect compared to conventional drugs (Tawari et al., 

2015).  In addition, previous work also highlighted the positive impact of targeting 

multiple chemoresistant mechanisms to overcome chemoresistance (Liu et al., 2012; Xu 

et al., 2017). Therefore, this study clearly indicates that Cu chelation extracellularly is 

vital for eliciting the apoptotic response via the generation of ROS and enabling the 

specific targeting of the CSC population. 

Understanding the importance of Cu chelation for the generation of ROS, the following 

known transition metal chelators were analysed HDBA, IDDCA and TMT. This study 

demonstrates that the thiol group is essential for a Cu chelator, but this structure alone 

does not elicit any anticancer activity. The compounds demonstrated no cytotoxic effect 
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in the A549 NSCLC cell line and did not generate extracellular ROS or induce 

apoptosis. The results from these experiments conclude that these compounds cannot 

induce cell death despite their ability to chelate with Cu. The inability of these strong 

Cu chelators to induce cell death suggests that the DS structure is essential for its 

cytotoxicity. The findings in the study have demonstrated that structures changes to the 

ethyl groups do not reduce cytotoxicity (Yu et al., 2007). Therefore, the structural 

integrity of the nitrogen covalently bound to the thiol group, otherwise described as the 

thiuram structure, must play an essential role in the reactivity of the compounds in order 

to generate ROS. This study extends the work from previous studies by demonstrating 

that the thiuram structure is equally important to protect when developing a suitable 

formulation of DS and DDC to treat NSCLC. This study clearly indicated that DS and 

DDC hold the greatest anticancer efficacy and protection of the compounds from 

metabolism is crucial to ensure Cu chelation occurs to target cell death and inhibit 

CSCs. 

In order to support the development of DS as an anti-NSCLC drug, the use of 

encapsulation technology has been explored in our research group using liposomes and 

PLGA nanoparticles to provide new formulations of DS which will overcome the 

metabolic drawbacks of orally administered DS (Liu et al., 2014; Wang et al., 2017). 

Nanoencapsulation methods have proven to delay the release of the drug into the 

bloodstream increase the half-life of the drug, improve the bioavailability to distant 

tissues and organs and overcome chemoresistance mechanisms in cancer (Markman et 

al., 2013; Donahue, Acar and Wilhelm, 2019). The success of an anticancer drug is not 

entirely dependent on its ability to target the disease but also on its bioavailability. 

Research has shown PLGA nanoparticles as one of the most successfully used 

biodegradable polymers for anticancer treatment (Byeon et al., 2018; Park et al., 2009; 
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Moreno et al., 2010; Tian et al., 2017). PLGA encapsulation is a practical application 

for improved drug delivery and a good choice to protect DS from metabolism in my 

study (Acharya and Sahoo, 2011). The drug DS-PLGA has previously demonstrated 

excellent anticancer activity in liver cancer in vitro and in vivo (Wang et al., 2017). The 

study by Z. Wang et al. (2017) confirmed that Cu supplementation is critical for 

cytotoxicity and inhibition of CSC traits of free DS and DS-PLGA as both drug 

formulations demonstrated similar cytotoxicity to liver cancer cell lines. In contrast, the 

different drug formulations were then tested using liver cancer xenograft mice model, 

the results clearly indicated a significant improvement of the anticancer efficiency of 

DS-PLGA compared to free DS only when administered in combination with oral 

CuGlu. There are a variety of clinically used drugs today which have demonstrated 

greater therapeutic effects after reformulation using encapsulation methods (Tran et al., 

2017). Examples of FDA approved encapsulated drugs for cancer include liposomal 

doxorubicin, albumin-bound paclitaxel and liposome (non-PEGylated) vincristine to 

treat ovarian cancer, breast cancer and leukaemia, respectively (Gibson et al., 2013; 

Miele et al., 2009; Silverman and Deitcher, 2012). Therefore, we hypothesize that DS-

PLGA formulation delays the metabolic activity which inhibits DS anticancer activity, 

therefore, improving the delivery of DS to its target area. The findings in my study 

demonstrate that DS-PLGA formulation also induces significant anticancer activity in 

NSCLC xenografts mouse models. In addition, the safety profile of orally administered 

DS has been approved as clinically safe with little to no adverse side effects. This study 

clearly identifies that there was no toxicity to normal healthy cells of the vital organs 

and indicates the specificity of this drug to induce cancer cell death.  
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Lung cancer is the most common and lethal cancer globally and patients diagnosed at a 

late stage tend to be medically inoperable and chemotherapy is their only treatment 

option (Goldstraw et al., 2007). NSCLC tumours are highly resistant to first- and 

second-line anti-NSCLC drugs and are associated with distant metastasis due to the 

hypoxic microenvironment stimulating CSCs, leading to poor survival outcomes. The 

results of this study confirm that the hypoxic status of NSCLC spheroid and hypoxic 

cultures promotes the existence of CSC traits and induces chemoresistance. We have 

also shown that hypoxia drives the existence of chemoresistant CSCs through the 

activation of the NF-κB, an important transcription factor of many genes associated 

with CSC maintenance. The development of new anti-NSCLC drugs to co-target the 

multiple mechanisms pertaining to induced tumour survival is essential in order to 

overcome chemoresistance. Drug repurposing offers an economical and quick solution 

towards producing safe and highly effective anticancer drugs for NSCLC. DS in 

combination with CuCl2 has demonstrated significant cytotoxicity in NSCLC cell lines 

by selectively targeting CSCs through the inhibition of NF-κB activity, whilst 

synergistically enhancing the cytotoxicity of conventional anti-NSCLC drugs. The 

analysis of DS analogues revealed that the functional thiol group of DS is fundamental 

for Cu (II) chelation and the generation of ROS. The delivery of intact DS to distant 

organs and tissues is hindered by metabolism in the liver inhibiting its ability to chelate 

with Cu (II). The in vivo data demonstrates PLGA nanoparticles loaded with DS 

extends the half-life of DS in the bloodstream allowing Cu chelation to occur at the 

target site and significantly reducing the tumour in NSCLC xenograft mice models 

without inducing toxicity to vital organs.  

NSCLC is composed of a highly heterogeneous population of cells with distinct 

phenotypes and varying tumourigenic potential (Chen et al., 2014; Amer et al., 2017). 
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The contribution of CSCs to the existence of a hierarchical system has been established 

in the biology of solid tumours from the original classification of acute myeloid 

leukaemia CSCs (Lapidot et al., 1994; Bonnet and Dick, 1997; Eramo et al., 2007). The 

use of spheroid suspension culture of cell lines is a widely accepted model for studying 

CSCs in vitro (Bielecka et al., 2016). This study also used suspension culture 

maintained with additional nutrients such as growth factors, which promote the 

aggregation of cells together and encourage cells to grow to form spheroids of varying 

size and shape. 3-D spheroid cultures provide a great insight into the establishment of a 

tumour microenvironment and how environmental stimuli promotes phenotypic 

changes (Pisanu et al., 2014). This study supports the identification of phenotypic 

changes of spheroid cultures compared to mono-layered attached cultures by the 

detection of specific CSC markers. The specific markers detected in the study are 

ALDH, CD133, ABCG2, SOX2, OCT4 and NANOG. Overall NSCLC spheroid 

cultures demonstrated a significant increase in the detection of the above markers and 

the expression of stem cell markers in NSCLC is associated with poor survival (Jiang et 

al., 2009; Chen et al., 2016; Li, Zeng and Ying, 2010; Li et al., 2012; Li et al., 2013). 

The use of a variety of CSC markers supports the reliability of the results and 

demonstrates the significant phenotypic changes to cells cultured as spheres and is 

highly beneficial to understand the complex molecular interactions and response to anti-

NSCLC drugs. The sphere reformation assay demonstrates NSCLC spheroid cultures 

are resistant to anti-NSCLC drugs. The results clearly indicate that the culture 

conditions promote CSC traits and induce chemoresistance, after treatment the cells 

which survived treatment generated resistant spheroid cultures. Due to the nature of this 

culture, the cytotoxicity of anti-NSCLC was determined using the sphere reformation 

assay as opposed to the MTT cytotoxicity assay to avoid accidental aspiration of the 
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cells. The major limitation of using spheroid cultures in this study is the irregularity 

observed between sphere cell size, shape and density which hinders the ability to 

directly compare the cytotoxicity.  An alternative 3-D culture system is the use of multi-

well hanging drop microtiter plates. This method demonstrates uniformity in sphere 

diameter providing comparable studies between control groups and additionally assists 

in the establishment of a controlled population of cells (Rimann et al., 2014; Amann et 

al., 2014). Despite this limitation, the sphere reformation assay was conducted by 

treating a single cell suspension of spheroid cultured cells. The use of equal cell density 

before treatment demonstrates the CSC status of a population of cells within the culture 

that has the potential to reform spheroids which are resistant to anticancer drugs.  

The anti-NSCLC drugs used in this study include first line and second line cytotoxic 

agents DOX, dFdC, OXA and PTX. Cytotoxic chemotherapies are frequently used in 

the treatment of NSCLC either in combination with each other or in combination with 

biological agents such as gefitinib and nivolumab (Furuya et al., 2018; Borghaei et al., 

2018). For many patients without genetic alterations, the drugs DOX, dFdC and PTX 

are commonly administered in combination with platin drugs such as cisplatin, 

carboplatin and oxaliplatin, which provides increased cytotoxicity and reduced adverse 

side effects (Horita et al., 2017). The third generation of platin drugs, OXA, provides 

reduced DNA adducts with an equally cytotoxic response which significantly reduces 

the toxicity to normal healthy cells (Monnet et al., 2002; Winegarden, 2004). The long-

term goal of this study is to improve the quality of life of patients as well as enhancing 

the cytotoxicity of conventional therapies. Therefore, this study is focused on first line 

and second line anti-NSCLC drugs which will provide the best therapeutic outcomes for 

NSCLC patients. This study clearly demonstrates that the existence of CSCs promote 
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the chemoresistant properties on NSCLC cell lines, highlighting potential targets to 

inhibit CSCs and over chemoresistance.  

Hypoxia is a major determinant of stemness in the stem cell niche, the cells at the core 

of the tumours are deprived of nutrients and oxygen (Gomes et al., 2016; Riffle et al., 

2017). Cancer cells respond to hypoxic stress via the activation of transcription factors 

which can induce cancer cells to take a stem-like state as an adaptive response which 

enables the tumours to develop chemoresistance (Eguchi et al., 2018). The use of the 

NSCLC spheroid-culture system mimics the hypoxic environment of the tumour. In 

contrast, other research describes the core of the spheroid cultures as hypoxic cells 

surrounding necrotic tissue which is highly associated with aggressive tumours and the 

larger the spheroid the greater the necrotic core (Däster et al., 2016; Karsch-Bluman et 

al., 2018). This study clearly demonstrates the hypoxic status of spheroid cultures to be 

significantly increased compared to attached cultures and hypoxia was analysed by the 

well-established and accepted Hypoxyprobe method. 

To further study the effects of hypoxia on NSCLC cell lines, attached monolayer 

cultures were incubated under hypoxic conditions. The results highlight a strong 

association between hypoxic environmental stress and the expression of CSC specific 

markers. Oxygen tension is a critical determinant of tumour progression of solid 

tumours including NSCLC and demonstrated an elevation in CSC related markers 

which are highly associated with poor survival (Le et al., 2006; Saforo et al., 2019). 

Similarly, the hypoxic cultured cells demonstrated resistance to anti-NSCLC drugs. The 

results of the MTT assay indicated that even at high drug concentrations hypoxic cells 

remained resistant, demonstrated stemness properties and were able to form resistant 

colonies after treatment. The MTT cytotoxicity assay is a universally accepted test to 

confirm the response of cell lines to anticancer drugs. The analysis of the IC50 values is 
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essential in preclinical studies to estimate the ideal dose. In addition, the clonogenic 

assay provides a characterization of resistant phenotypes in NSCLC cell lines (Barr et 

al., 2013).  The results of this study extend the understanding of the hypoxia as a critical 

regulator of chemoresistance. Evaluation of the apoptotic potential of anti-NSCLC 

drugs on NSCLC cell lines would further support this study, however multiple studies 

have clarified the cytotoxic mechanism of these drugs and apoptosis analysis is used in 

this study to determine the cell death profile of DS/Cu (Biswas et al., 2013; Tolis et al., 

1999; Chen et al., 2017; Chu et al., 2016).  

Tumour initiation and progression requires the tumour microenvironment regulation of 

the cancer stem-like niche via the activation of a complex network of molecular 

pathways (Altorki et al., 2018).  The identification of a critical CSC modulator would 

provide potential targets to expose the vulnerabilities of highly chemoresistant CSCs. 

The hypoxic tumour microenvironment promotes the existence of CSCs via the 

activation of the NF-κB pathway. Hypoxic stimuli activate transcription factors NF-κB 

and HIF and this study compared the mRNA expression of NF-κB-p65, HIF-1α and 

HIF-2α in attached/normoxic, hypoxic and spheroid cultures. The findings in this study 

demonstrated a greater increase in the relative mRNA expression of NF-κB compared 

to the HIF proteins and showed a 2-fold increase in spheroid-cultures compared to 

hypoxic cultures. Western blot analysis confirmed a significant increase in the whole 

protein expression of NF-κB-p65 in hypoxic and spheroid-cultures and the luciferase 

reporter gene demonstrated a significant increase in the transcriptional activity of NF-

κB and HIF. The findings in this study highlight the stress induced from spheroid and 

hypoxic cultures promotes the expression of NF-κB, HIF-1α and HIF-2α. Multiple 

studies have also demonstrated the significant requirement of NF-κB in lung cancer 

initiation and progression in mice models and demonstrated prognostic significance 
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(Stathopoulos et al., 2008; Takahashi et al., 2010; Bassères et al., 2010; Jin et al., 2008; 

Gu et al., 2018).  The mechanism of both NF-κB and HIF in response to their respective 

immune and hypoxic stimuli is well established, research has also demonstrated 

extensive crosstalk between the two molecular pathways in a bidirectional manner 

(Cummins et al., 2006; Wright and Duckett, 2009; van Uden et al., 2011). NF-κB plays 

a pivotal role in tumourigenesis as it promotes the transcription of hundreds of genes, 

therefore, emphasizes the potential of NF-κB as a therapeutic target. The techniques 

used to confirm the presence of NF-κB in spheroid and hypoxic models included RT-

PCR, Western blot analysis and luciferase reporter gene assay, collectively these 

analytical tools sufficiently support the understanding that NF-κB is both upregulated 

by environmental cues and is transcriptionally active. The demonstration of nuclear 

translocation by Western blot analysis would further confirm the transcriptional activity 

of NF-κB and demonstration of HIF protein levels inside the cell would also delineate 

the importance of NF-κB.  

Studying the overexpression of oncogenic genes presents the foundation towards 

understanding the molecular importance of the gene in NSCLC. The NF-κB pathway is 

identified as continually activated in tumour initiation and progression, therefore, the 

significance of NF-κB in NSCLC is further examined by transfection of pcDNA3.1 NF-

κB-p65 into A549 NSCLC cell line. The study performed a successful transfection with 

the selection of two positive clones for the overexpression of NF-κB-p65. The NF-κB-

p65 transfected clones demonstrated an increase in the relative mRNA expression of 

NF-κB-p65, HIF-1α and HIF-2α. The protein expression of NF-κB-p65 demonstrated a 

significant increase in both whole and nuclear protein in NF-κB-p65 transfected cell 

lines, however, the increase in transcriptional activity of NF-κB and HIF was 

determined statistically not significant and additional repeats are required to verify this 
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result. The nuclear translocation of NF-κB-p65 in transfected clones correlated with an 

overall significant increase in the detection of CSC and ESC markers. Other research 

has concluded that increased expression of CSC genes in various cancers to be 

attributed to NF-κB signalling (Vazquez-Santillan et al., 2016; Wu et al., 2016; da Hora 

et al., 2019). This study clearly identifies an association between increased expression 

of NF-κB and CSC traits, therefore, extends the research knowledge into NSCLC. The 

NF-κB pathway is also an important regulator of apoptosis; activation of the NF-κB 

transcription factors upregulation anti-apoptotic proteins to avoid cell death, which is an 

essential mechanism of chemoresistance (Meylan et al., 2009; De Donatis et al., 2015; 

Cui et al., 2017). The cytotoxicity studies using transfected NF-κB-p65 cell lines 

demonstrated an increase in resistance to anti-NSCLC drugs compared to the mock cell 

line. NF-κB has demonstrated a clear association with increased CSC traits and 

chemoresistance which reflects the results observed in hypoxic and spheroid cultures. 

The highly complex nature of chemoresistance mechanisms makes it difficult to find a 

good therapeutic target. This study provides evidence of the pivotal role NF-κB plays in 

CSC survival. Therefore, development of an NF-κB inhibitor would specifically target 

CSCs and enhance the cytotoxicity of conventional anti-NSCLC drugs. To further 

identify the role of NF-κB in NSCLC, the use of CRISPR-Cas9 technology to knock 

out NF-κB-p65 would establish the connection between NF-κB and CSCs. 

It is widely practiced that combination therapies provide the best therapeutic outcomes 

for NSCLC patients. With this being said, the development of CSC targeting drugs 

would greatly improve the response when used in combination with conventional 

anticancer drugs. Drug repurposing is a less time-consuming and cost-effective 

alternative process to new drug discovery and development. This study examined the 

use of clinically used drug DS, in combination with Cu, to treat NSCLC cell lines and 
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demonstrated significant anti-CSC activity, eradicated sphere forming ability and 

reversed chemoresistance. DS is an irreversible inhibitor of ALDH, which is commonly 

expressed and used in the isolation of CSCs (Lipsky, Shen and Naylor, 2001; Lin and 

Lin, 2011; Wang et al., 2011; MacDonagh et al., 2017). The results in my study showed 

a significant increase in the ALDH activity in spheroid cultures and the DEAB control 

successfully inhibited ALDH activity. Similarly, DS/Cu showed significant inhibition 

of ALDH. In contrast, the hypoxic H23 cell line did not display ALDH activity, 

however, DS/Cu did significantly reduce ALDH activity is A549 hypoxic cultures. On 

the other hand, DS/Cu also demonstrated inhibition of known NSCLC stemness 

markers CD133 and ABCG2 in NSCLC hypoxia-induced CSC cultures. The negative 

results observed in the detection of CSC markers in H23 cultures is common in flow 

cytometric analysis due to inadequate sample preparation which may not represent the 

actual results and additional repeats may demonstrate a different outcome. Additionally, 

analysis of the ability of DS/Cu to inhibit ESC markers would further emphasize the 

ability of DS/Cu to selectively target CSCs. The sphere reformation assay already 

proved that DS/Cu can eradicate spheroid culture in NSCLC cell lines, demonstrating 

significant inhibition of CSC traits including self-renewal, proliferation and 

chemoresistance. DS is an excellent chelator with metal ions and research has 

demonstrated the importance of Cu (II) supplementation to enhance the cytotoxicity of 

DS (Lewis et al., 2014; Rae et al., 2013; Liu et al., 2012; Lun et al., 2016). The 

cytotoxicity analysis of DS alone and in combination with Cu in this study clearly 

agrees with previous findings indicating that anticancer activity of DS is highly 

dependent upon Cu supplementation on NSCLC cell lines in vitro. The cytotoxicity 

assay demonstrated DS/Cu can reverse chemoresistance in hypoxic cultures. DS/Cu 

significantly induced cell death and inhibited resistant colony formation after treatment. 
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Coupled with the literary evidence, the success of DS/Cu to specifically target CSCs in 

other cancers clearly continues the development of DS/Cu as a potential treatment for 

NSCLC. Data from our research group proposed the anticancer mechanism of DS/Cu is 

biphasic, whereby DS’s initial chelation of Cu (II) generates extracellular ROS as a by-

product followed by the transport of DS/Cu product, DDC-Cu, which enters the cell and 

generates intracellular ROS, this sustains the generation of ROS and drives the cell 

towards apoptotic cell death (Tawari et al., 2015). Significant increase in ROS inhibits 

the release of NF-κB which reduces the expression of anti-apoptotic proteins and in turn 

upregulates the expression of pro-apoptotic protein leading to the induction of apoptosis 

(Guo et al., 2010; Xu et al., 2017). This study demonstrates a simultaneous inhibition of 

NF-κB-p65 and induction of IκBα after treatment with DS/Cu in A549 spheroid and 

hypoxic cultures. In support of this result, NF-κB-p65 transfected cell lines were 

sensitive to DS/Cu treatment. DS/Cu inhibition of NF-κB signalling has been 

demonstrated in various cancers. This study is the first indication of NF-κB as a 

potential target of chemoresistance in NSCLC. To fully elucidate the control of the NF-

κB pathway in NSCLC chemoresistance, future investigation into the expression of NF-

κB target genes such as ESC-TFs and EMT-TFs after treatment would be highly 

beneficial. Importantly, DS/Cu also synergistically enhanced the cytotoxicity of 

conventional anti-NSCLC drugs, the benefits of combination therapy enhances the 

cytotoxic effect and reduces overall toxicity. This study provides strong evidence of the 

potential clinical use of DS/Cu in combination with current therapeutics for NSCLC. 

Clarification of the key chemical structures of DS which are responsible for its 

anticancer mechanism will assist in the translation of DS to the clinic. This study 

determined the anticancer activity of various DS analogues and provided clear evidence 

that only the compounds with intact thiol groups can induce cell death in NSCLC and 
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target CSCs. Previous research has provided substantial data to confirm the anticancer 

activity of DS is dependent upon its ability to chelate with Cu (Guo et al., 2010; Lewis 

et al., 2014; Li et al., 2017; Jin et al., 2018). In comparison with DDC and DS, S-Me-

DDC with or without CuCl2 supplementation demonstrated no cytotoxicity and did not 

inhibit CSC traits. The reaction between DS and Cu generates extracellular ROS which 

activates various signalling pathways that control apoptosis and CSC maintenance 

(Morrison et al., 2010). This data confirms previous research findings as methylation at 

the thiol group inhibits Cu chelation and its anticancer effect. In contrast, modification 

of the ethyl groups of DS to methyl groups to produce TMDS does not influence the 

cytotoxicity as the thiol group remains active. Cu-DDC also demonstrated significant 

cytotoxicity and eradicated spheroids, however, the compound did not generate 

extracellular ROS or inhibit specific NSCLC CSC markers. This clarifies that the initial 

reaction between the thiol group and Cu initiates a greater cytotoxic effect than the 

stable Cu-DDC compound.   

This study confirms that Cu chelation is essential for the anticancer activity of DS. 

There are various known transition metal ion chelators such as HDBA, IDDCA and 

TMT. This study clearly demonstrated that the treatment of the above compounds in 

combination with CuCl2 demonstrated no cytotoxicity to NSCLC despite their ability to 

chelate with Cu. Therefore, the structure of the thiuram in DS which is a highly reactive 

thiol group bound to a molecule of nitrogen must be critical for cytotoxicity of DS. 

Ultimately, this study is the first to classify the functional groups of DS by modifying 

the structural integrity of DS reveals the importance of its structure to provide the best 

therapeutic response. 

The translation of DS to the clinic can be facilitated by encapsulation methods which 

improves the bioavailability of DS and enable its anticancer activity both alone and in 
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combination with other anti-NSCLC drugs. Our previous study demonstrated that 

reformulation of oral DS to nano-enabled DS-PLGA formulation administered via i.v 

injection significantly improved the efficacy of DS when in combination with oral 

CuGlu in liver cancer xenograft mice models without inducing toxicity to vital organs 

(Wang et al., 2017). In support of our previous work, the in vivo data in my study also 

demonstrated significant anticancer activity of DS-PLGA in NSCLC xenograft mice 

models. The in vitro and in vivo studies have clearly demonstrated the success of DS in 

combination with Cu as a potential anti-NSCLC drug, the significance of little to no 

adverse side effects makes it an excellent candidate drug for combination therapies with 

conventional anti-NSCLC drugs and may improve the overall survival and quality of 

life for NSCLC patients. 
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8.1. Conclusions  

To conclude, the establishment of a hypoxic tumour microenvironment in vitro, 

common to NSCLC solid tumours, reveals the role hypoxia has in driving the 

development of a highly chemoresistant population of CSCs. The CSCs possess stem-

like characteristics capable of self-renewal, proliferation, chemoresistance and 

metastasis. Hypoxia controls various cellular mechanisms which induce the expression 

of various genes capable of altering the cancer cell phenotypes which promote survival 

advantages, through the induction of resistance mechanisms and EMT. NF-κB plays a 

vital role in the hypoxic cellular response as it controls the transcription of hundreds of 

genes responsible for evasion of apoptotic cell death, CSC maintenance and induction 

of the EMT process. DS is a known irreversible inhibitor of ALDH and demonstrated 

inhibition of specific NSCLC CSC markers when in combination with Cu (II). The 

cytotoxicity of DS to NSCLC chemoresistant hypoxic and spheroid cultures is 

dependent upon the supplementation of CuCl2 in the culture medium. DS/Cu in 

combination with the conventional anti-NSCLC drugs can synergistically enhance the 

cytotoxicity to chemoresistant hypoxic cultures. The thiuram structure of DS is critical 

for effective Cu (II) chelation to generate extracellular ROS and elicit its anticancer 

effect. The translation of DS to the clinic relies on the successful delivery of the thiuram 

structure intact to the target site and avoiding the metabolism processes. The use of a 

biodegradable polymer PLGA to encapsulate DS extends the half-life of DS in the 

bloodstream and ensures adequate delivery of DS to react with Cu at the distant sites. 

NSCLC xenograft models demonstrated the significant anticancer effect of the DS-

PLGA formulation in combination with Cu without producing any toxicity to vital 

organs. DS is an FDA approved drug administered safely to millions of patients for 

more than 60 years with little to no adverse side effects. This study has provided 
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consistent data with the extensive research conducted in various cancer in support of the 

translation of DS to cancer treatment. The development of this study to elucidate its 

structural integrity in relation to its function as an anticancer drug extends the efforts to 

understand its anticancer mechanism further. DS has the potential to enhance the 

cytotoxicity of conventional anti-NSCLC drugs and reduce toxic side effects, therefore, 

development of DS to cancer clinics may significantly improve overall survival and the 

quality of life for NSCLC patients today. 
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8.2. Future work 

In support of my in vitro studies, CRISPR Cas9 technology would greatly enhance the 

understanding of hypoxia-induced NF-κB signalling within the initiation and 

maintenance of NSCLC CSCs (Martinez-Lage et al., 2018). By establishing NSCLC 

cell lines with a successful knockout of NF-κB-p65, it would reveal whether NF-κB 

plays a pivotal role in the development of chemoresistance and would provide greater 

insights into the mechanism of action of DS/Cu which is currently thought to inhibit 

NF-κB signalling.  

Although this study provides valuable in vitro and in vivo data, the translation of DS to 

the clinic requires multiple guidelines to be met before clinical trials are approved. The 

clinical development process of DS, originally orally administered for alcohol 

addiction, to DS-PLGA administered by i.v injection to treat cancer is classified as both 

a repositioned drug and a reformulated drug (Murteira et al., 2013). The ICH guidelines 

provide the recommendations to support nonclinical evaluations of an anticancer drug 

before proceeding to clinical trials (ICH Topic S9, 2008). Therefore, in order to reach 

approval for clinical trials, we must identify the pharmacological properties of DS-

PLGA in a new indication, establish a safe dose for human exposure and provide a 

detailed toxicological profile especially after changing the formulation and route of 

administration. This process is currently underway for the development of DS-PLGA in 

glioblastoma and mesothelioma.  
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A549 Normoxia A549 Hypoxia

Number of colonies 

counted
Percentage (%) 

Number of colonies 

counted
Percentage (%) 

Negative

113 100 95 100

91 100 63 100

99 100 85 100

97 100 29 100

80 100 41 100

95 100 37 100

DOX

0 0 13 14

0 0 22 35

2 2 20 24

0 0 7 24

0 0 9 22

0 0 8 22

dFdC

3 3 91 96

2 2 82 130

1 1 80 94

50 52 29 100

43 54 38 93

35 37 18 49

OXA

1 1 53 56

1 1 53 84

0 0 56 66

0 0 6 21

0 0 8 20

0 0 11 30

PTX

0 0 46 48

0 0 47 75

0 0 60 71

0 0 44 152

0 0 41 100

0 0 31 84

H23 Normoxia H23 Hypoxia

Number of colonies 

counted
Percentage (%) 

Number of 

colonies counted
Percentage (%) 

Negative

130 100 52 100

119 100 48 100

115 100 50 100

129 100 143 100

120 100 115 100

133 100 110 100

DOX

5 5 32 62

12 12 33 69

3 3 23 46

15 15 29 20

5 5 11 10

4 4 19 17

dFdC

41 32 54 104

38 32 55 115

40 19 60 120

58 45 87 61

60 50 98 85

51 38 92 84

OXA

14 11 19 37

15 13 23 48

11 5 9 18

17 13 12 8

20 17 17 15

7 5 5 5

PTX

14 11 45 87

19 16 43 90

18 9 51 102

24 19 92 64

21 18 108 94

27 20 104 95

Appendices 

Appendix 1. Clonogenic absolute values. A549 and H23 cell lines under normoxia and hypoxia, treated with anticancer drugs and subjected to 

clonogenic assay. Colonies formed were counted manually and converted to percentage of colonies formed. 
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A549 Normoxia A549 Hypoxia

Number of 

colonies counted
Percentage (%) Number of 

colonies counted
Percentage (%) 

Cu

139 123 59 50

139 224 57 72

121 151 35 41

69 71 56 193

74 93 69 168

47 49 66 178

DS

62 55 84 72

67 108 58 73

60 75 44 51

131 135 41 141

125 156 44 107

89 94 62 168

DS/Cu

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

H23 Normoxia H23 Hypoxia

Number of 

colonies counted
Percentage (%) 

Number of 

colonies counted
Percentage (%) 

Cu

102 78 64 123

127 107 52 108

124 105 71 142

96 74 84 59

115 96 77 67

135 102 80 73

DS

91 70 50 96

99 83 70 146

115 97 68 136

136 105 100 70

112 93 93 81

123 92 76 69

DS/Cu

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

Appendix 2. Clonogenic absolute values. A549 and H23 cell lines under normoxia and hypoxia, treated with DS/Cu and subjected to 

clonogenic assay. Colonies formed were counted manually and converted to percentage of colonies formed. 
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Live Apoptotic Dead Necrotic

Negative 91.3  3.6 3.7  1.4 2.6  0.9 2.5 2.4

DMSO 48.4 0.3 3.0 1.9 3.3 0.1 5.3 1.4

Cu 10 μM 91.6 2.8 3.3 2.0 3.2 1.1 2.0 1.8

S-Me-DDC 10 μM 90.7 4.6 4.0 2.6 2.8 2.0 2.5 1.9

S-Me-DDC/Cu 10 μM 91.2 4.0 3.2 1.0 3.5 3.7 2.1 2.1

Cu-DDC 5 μM 46.1 20.3 6.9 4.1 39.7 19.7 7.4 1.9

DDC 1 μM 84.3 10.9 4.5 3.6 5.8 5.3 5.4 5.2

DDC/Cu 1 μM 37.2 17.9 2.6 1.9 30.1 6.8 30.0 12.6

TMDS 100 nM 89.9 4.2 3.3 1.8 4.4 2.5 2.4 1.9

TMDS/Cu 100 nM 35.6 26.1 7.1 6.4 32.5 27.0 24.9 24.5

DS 100 nM 79.1 10.6 4.2 1.4 11.0 9.2 5.7 5.3

DS/Cu 100 nM 37.4 21.9 8.7 6.4 38.5 22.9 15.4 11.7

Appendix 3. Apoptosis analysis of DS and its analogue with or without Cu supplementation analysed using Annexin V, average values were 

calculated for live, apoptotic, dead and necrotic cell populations. 

 

 

 

 

 

 

 

 



287 

 

Live Apoptotic Dead Necrotic

Negative 97.9 0.2 0.4 0.4 1.3 0.8 0.3 0.5

HDTA 10 M + Cu 10 M 98.3 0.8 0.7 0.7 0.8 0.3 0.3 0.2

IDTA 10 M + Cu 10 M 98.1 0.5 0.5 0.5 0.8 0.2 0.6 0.4

TMT 10 M + Cu 10 M 96.8 1.5 0.8 0.8 2.0 1.3 0.4 0.5

Appendix 4. Apoptosis analysis of HDTA, IDDCA and TMT with Cu supplementation analysed using Annexin V, average values were 

calculated for live, apoptotic, dead and necrotic cell populations. 

 

 

 

 

 

 


