
  

 

 

 

 

 

 

 

 

 

 

 

 

 

Radiosensitising agents for non-small cell lung cancer 
(NSCLC)  

 
 

 
 
 

By: 
 

Thomas Luke Jones 
 
 
 
 

A thesis submitted in partial fulfilment of the requirements for the degree 
of 

Doctor of Philosophy  

 

 

The University of Sheffield 
Faculty of Medicine, Dentistry and Health 
Department of Oncology and Metabolism  

 

 

 

 

April 2019 

 



Acknowledgments 
 

ii 
 

Acknowledgments 

I would firstly like to thank Dr Helen Bryant for her constant support, guidance and 

mentorship throughout the PhD, I leave the lab a far superior scientist and much of 

this is due to her. Furthermore, this work wouldn’t have been achievable without her 

incessant drive and determination. I think she would agree that we made a good 

partnership and I will keep a favorable eye on any developments from the Bryant lab. 

I would also like to thank Prof Sarah Danson and Prof Matthew Hatton for their 

brilliant clinical expertise to support a patient study as part of my PhD. It wasn’t easy 

not always having the answer to clinical and logistical questions, but Sarah and 

Matthew’s enduring support meant that no obstacle couldn’t be overcome. I hope 

they enjoyed our collaboration as much as I did.  

I express my gratitude to Yorkshire Cancer Research and all of its donors for funding 

this research project. Me and Helen have experienced firsthand how painstaking 

fundraising can be, so enormous credit is due.  

I thank Dr Spencer Collis for his penetrating questions and advice in many a lab 

meeting, he is owed credit for many successful experiments. Additionally, I would 

like to express my gratitude to Dr Karen Sisley and Dr Sally Thomas for the 

opportunity of work whilst I was writing my thesis.  

I must give credit to all my excellent and talented colleagues from the Bryant, Collis 

and Thompson labs. Your friendship and support, especially through the most 

stressful times, made coming to work a pleasure. I would like to thank Luke, Fatma, 

Leona, Callum, Hannah, Christian, Charlotte, Clair, Rachel, Connor and Nikita for 

their valuable friendship. Hannah, the Queen of IHC, needs mention for her help in 



Acknowledgments 
 

iii 
 

analyzing in vivo tumour tissues. Extra special mentions to Emma, Chris, Polly, 

Katie, Ola and Natasha for their sarcasm and support. Extra extra special mentions 

to David and Dan for their enduring friendship and wit, reveling in the lows of science 

has never been so much fun. I wish them all the best for the future. 

I need to thank Prof Gill Tozer and Dr Will English for their excellent expertise and 

advice regarding our in vivo work. I would also like to thank their lab members Jack 

and Ruth for their support and friendship. Lastly, I must pay credit to the brilliant Matt 

Fisher, whom without much of the in vivo work in this thesis would not have been 

possible. Matt, thanks for being a patient and wise teacher and for going above and 

beyond your duties in collaboration with me and Helen. It was steep a learning curve 

but was never as daunting with you in our corner.    

Honorable mentions also go to Janet Horsman, Carol Crabtree and Greg Wells for 

their support associated with the clinical study of this PhD project. Greg, in particular, 

was a vital source of advice and friendship. Gill Brown and the western park hospital 

research radiography team also deserve immense credit. Without their hard work 

consenting patients the clinical study would not have been able to flourish, there is 

no amount of chocolates that can repay my debt to them. Maggie Glover of the 

histology lab is also needing of mention. Maggie has created a welcoming, efficient 

and knowledgeable set-up for IHC and made endless tissue staining both generally 

successful and pleasant. Dr Jonathan Bury and Tracy Sanderson also contributed 

greatly to the optimisation of patient sample IHC staining. 

As ever, I owe to my everlasting support from my parents. Everything I achieve is 

due to them. And finally, I pay tribute to my loving girlfriend Antonia. You provided 

sanctuary after the hardest of days and your consistent warmth and encouragement 



Acknowledgments 
 

iv 

 

is always appreciated, even when I’m too grumpy to mention it. Some would argue 

that the biggest reward for coming to Sheffield was the PhD, I would argue it was 

finding you. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

v 
 

Abstract 

Over 60% of non-small cell lung cancer (NSCLC) patients receive radiotherapy, 

however outcomes are limited by tumour resistance and normal tissue toxicity. The 

mitotic kinase aurora kinase A (AURKA) is overexpressed in NSCLC. We 

hypothesised that increased expression of AURKA in NSCLC determines 

radioresistance and thus inhibitors of AURKA can sensitise to ionising radiation (IR). 

We demonstrate that AURKA inhibition or depletion radiosensitises NSCLC cells in 

vitro in a p53-dependent manner. The radiosensitising effect is time-dependent with 

inhibition required post-irradiation. 

We establish that treatment combination results in loss of the mitotic population in 

p53 proficient NSCLC cells but not in p53 deficient cells which become increasingly 

polyploid. Additionally, mitotic progression is perturbed, is more likely to result in 

intra-mitotic death or multipolar mitosis and is associated with increased mitotic 

catastrophe. Cooperative increases in senescence are observed in p53 proficient but 

not in p53 deficient NSCLC cells following Alisertib IR combination, implicating 

senescence in treatment response. We find that the addition of Alisertib has no effect 

on DNA damage repair or on checkpoint kinase activation in the initial hours post-

irradiation but was associated with increased residual DNA damage 24 hours post-

treatment.    

Further, we present that Alisertib radiosensitises NSCLC xenograft models in vivo, 

inducing temporary tumour regressions. We demonstrate that mitotic elimination of 

p53 proficient NSCLC cells occurs in vivo following treatment combination and that 

proliferative fraction of cells is reduced.  
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Finally, we show using public datasets that high AURKA mRNA expression is 

associated with poorer clinical outcomes following radiotherapy. We also present 

data that indicate that AURKA protein detection in cell line pellets, and with further 

optimisation in NSCLC patient biopsies, is both adequately sensitive and specific.  
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1. Introduction 

1.1. Non-small cell lung carcinoma (NSCLC) 

1.1.1. Survival statistics and pathology of lung cancer 

Lung cancer is overall the third most commonly diagnosed cancer in the UK, with 

approximately 46,700 new cases per year, only behind prostate cancer in men and 

breast cancer in women respectively (clinicalCRUK 2017). Importantly, lung cancer 

is the greatest cause of cancer related death in the UK and was responsible for 21% 

of all cancer deaths in 2016 (CRUK 2017). This is echoed by worldwide cancer 

statistics which indicate that lung cancer is the third most commonly diagnosed 

cancer and the most common cancer killer, accounting for an average of 18.6 deaths 

per 100,000 globally in 2018 (International Agency for Research on Cancer 2019). In 

fact, lung cancer has the second lowest survival rates amongst twenty of the most 

common cancers in the UK, with 10% and 5% of patients surviving 5 years and 10 

years respectively, and much of this is attributed to late stage diagnosis (CRUK 

2017).  

Lung cancer is generally divided into non-small cell lung carcinoma (NSCLC) and 

small cell lung carcinoma (SCLC) which represent approximately 85% and 15% of 

lung cancers respectively (Jemal et al. 2011). NSCLC itself is further sub-divided 

histologically into squamous cell carcinoma (SCC), adenocarcinoma (ADC), large 

cell carcinoma (LCC) and large cell neuroendocrine carcinoma (LCNEC) with 

implications for disease management (Wistuba and Gazdar 2006; Nicholson et al. 

2015). Furthermore, NSCLC not otherwise specified (NOS) represents a small 

subset of the disease which cannot be histologically categorised (Nicholson et al. 

2015). ADC accounts for approximately 50% of NSCLC and is associated with 
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development in the more distal regions of the lung and has a tendency to display the 

glandular features of alveolar (and their precursor) cells (Chen et al. 2014; Cane et 

al. 2015). ADC may, but not always, develop from a pre-malignant state known as 

atypical adenomatous hyperplasia which develops in the peripheral airways and is 

characterised by localised thickening and fibrosis of the alveolar septa with 

cytological atypia (Westra 2000). SCC meanwhile accounts for approximately 40% of 

NSCLC and is believed to develop from the columnar epithelium of the proximal lung 

and has a stronger association with cigarette smoking than ADC (Chen et al. 2014; 

Cane et al. 2015). SCC may develop in a step-wise fashion histologically, typically 

progressing from squamous cell hyperplasia (Wistuba and Gazdar 2006). A 

diagnosis of LCC is typified by large undifferentiated lung epithelial cells that lack the 

morphological traits of ADC and SCC respectively, whilst a LCNEC diagnosis occurs 

when NSCLC cells display neuroendocrine morphology and traits (Nicholson et al. 

2015). Given that UK survival statistics for NSCLC itself are poor (CRUK 2017) and 

globally approximately 40% of NSCLC patients present with unresectable disease 

(Jemal et al. 2011), lung cancer and even more specifically NSCLC present a major 

clinical challenge. 

1.1.2. Radiotherapy and NSCLC 

1.1.2.1. The staging of NSCLC and implications for radiotherapy  

Primarily, patient management in NSCLC is highly dependent upon the clinical and 

pathological stage of disease (Detterbeck et al. 2017). The clinical staging system for 

NSCLC is based upon a TNM classification system (Detterbeck et al. 2017) which 

accounts for primary Tumour extent and local invasion, lymph Node metastases and 

distant Metastases. TNM descriptor scoring of NSCLC provides prognostic 
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information and affects disease management. The staging system for NSCLC is 

summarised in Table 1.1. 
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Early stage I-IIA NSCLC patients in the UK may be offered surgical resection with or 

without adjuvant cisplatin-based chemotherapy depending performance status (NICE 

2019), whilst IIB and IIIA tumours may also be amenable to surgery in combination 

with other treatment modalities depending on tumour and patient factors such as 

Table 1.1. The 8th Edition staging strategy for NSCLC established by the 

International Association for the Study of Lung Cancer. Average stage-

associated 5-year survival statistics (%) for NSCLC following clinical staging are 

displayed in brackets. Stage I patients have tumours of ≤4 cm in the greatest 

dimension with no lymph node or distant metastases. Stage II patients can have 

primary tumours of >4-≤7 cm in the greatest dimension or moderate local 

invasion and some local lymph node involvement. Stage III patients have 

tumours >7 cm in the greatest dimension or with extensive localised invasion or 

display significant lymph node involvement but do not exhibit evidence of distant 

metastases. Stage IV patients are defined by the presence of distant 

metastases, including pleural dissemination or tumour nodules in a contralateral 

lobe (M1a). A, B and C notations allow for sub-stage stratification based on these 

characteristics (Detterbeck et al. 2017). Adapted with permission from: Tsim et al 

(2010).  
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anatomical location and performance status (Weaver and Coonar 2017). Surgical 

resection of early stage NSCLC is considered the gold standard of treatment, and 

increasing rates of resection in the UK are partially attributed with improvements in 

1-year survival rates since 1990 (Weaver and Coonar 2017). Also, surgery may also 

be of use in a palliative context in advanced NSCLC, although the potential risks and 

benefits of treatment require consideration (Weaver and Coonar 2017). 

In advanced stage IIIB-IV NSCLC systemic therapies are an important treatment 

option. In stage IIIB-IV squamous NSCLC chemotherapy of gemcitabine is offered 

with platinum-agents as first line therapy (NICE 2019). Additionally, when 

programmed death ligand-1 (PD-L1) expression of ≥50% programmed cell death 

protein 1 (PD-1) targeted immunotherapy in the form of pembrolizumab can be 

offered (NICE 2019). Upon progression from pembrolizumab or when tumours are 

≤50% positive for PD-L1 expression gemcitabine platinum agent combination is 

preferred (NICE 2019). The standard first line therapy for stage IIIB-IV non-

squamous NSCLC is pemetrexed in combination with platinum-based 

chemotherapy. However, the systemic treatment of stage IIIB-IV non-squamous 

NSCLC can also be led by gene expression. The presence of epidermal growth 

factor receptor (EGFR) mutation may indicate treatment with first-line targeted 

inhibitors afatinib, erlotinib or gefitinib, presence of anaplastic lymphoma kinase 

(ALK) gene rearrangement may indicate first-line crizotinib, ceritinib or alectinib 

treatment, and ROS1 gene arrangement may indicate first-line crizotinib treatment 

respectively (NICE 2019). In the absence of the above mutations and gene 

rearrangements pemetrexed and platinum chemotherapy is standard and may be 

offered with pembrolizumab (NICE 2019). Pemetrexed is also used as maintenance 

therapy if progression does not occur quickly after chemotherapy (NICE 2019).   
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Radiotherapy is also an important treatment modality in NSCLC with >60% of 

patients receiving radiotherapy at least once during their disease (Vinod 2015). 

Radical (curative) radiotherapy is offered to patients with stages I-III NSCLC in the 

UK (NICE 2019) and highlights the flexibility of the treatment modality. When stage I-

II NSCLC patients are deemed medically inoperable but suitable for curative 

radiotherapy stereotactic ablative radiotherapy (SABR) or continuous 

hyperfractionated accelerated radiotherapy (CHART) is offered as standard in the 

UK (NICE 2019). SABR is an emerging approach to treating inoperable stage I/II 

NSCLC. SABR as a modality of radiotherapy works by focussing multiple, small and 

accurate radiation beams to a discrete area. Each of the multiple beams of SABR 

deliver a small dose of radiation such that the collective dose at the point of beam 

intersection is much greater therefore delivering high doses of radiation to a target 

whilst reducing the dosing of non-targeted tissue (Timmerman et al. 2010). 

Compared to conventional radiotherapy SABR is more conformed with superior dose 

fall off in the surrounding normal tissues and delivers more dose per fraction, thus 

requiring reduced time on treatment and resulting in a higher radiobiological 

equivalent dose (Ball et al. 2019). Subsequently, in a phase III clinical trial, SABR 

has demonstrated superior local control rates without increased toxicity compared to 

conventional radiotherapy in inoperable stage I NSCLC patients (Ball et al. 2019). 

SABR in inoperable early-stage NSCLC has also shown comparable performance to 

surgical resection and highlights the role for radiotherapy in certain early-stage 

NSCLC patients (Timmerman et al. 2010; Yalman and Selek 2015). In operable 

stage IIIa NSCLC patients chemoradiotherapy and surgery may be offered and is 

associated with improved overall and progression-free survival (NICE 2019). In 

NSCLC patients with stage II or III disease that is unsuitable for surgery, concurrent 
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platinum chemotherapy can be offered in combination with radiotherapy in the UK 

when balanced against pre-existing patient morbidities (NICE 2019). Concurrent 

platinum chemotherapy with radiotherapy has yielded small but significant survival 

benefits in NSCLC (Aupérin et al. 2010). Stage III NSCLC patients eligible for radical 

radiotherapy but unsuitable for chemoradiotherapy are also offered CHART (NICE 

2019). Alternatively, wherever CHART cannot be provided, conventionally 

fractionated radical radiotherapy (64-66 Gy in 32-33 fractions) is offered in the UK 

(NICE 2019).  

When NSCLC patients in the UK cannot be treated curatively, but are suitable for 

palliative radiotherapy, radiotherapy can be given immediately or upon the onset of 

symptoms (NICE 2019). This may include stage III patients with circumstances that 

do not favour radical therapy taking factors such as age, performance status, 

pulmonary function and weight loss into account (Rodrigues et al. 2012). In 

oligometastatic stage IV NSCLC aggressive local radiotherapy at both the primary 

and metastatic tumour sites, such as bone, in order to achieve localised disease 

control is well supported (Folkert and Timmerman 2015; NICE 2019). Indeed, there 

is evidence supporting the use of SABR in the treatment of metastatic NSCLC 

(Iyengar et al. 2014) and several clinical trials are investigating the use of SABR in 

this context further (Gaya et al. 2016; Basler et al. 2017; Conibear et al. 2018). Also, 

palliative radiotherapy can be used to manage endobronchial and vena cava 

obstructions (NICE 2019). Thus, radiotherapy is an important treatment modality that 

has a role throughout the different stages of NSCLC, albeit in different contexts.  
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1.1.2.2. The weaknesses of current radiotherapy strategies in NSCLC 

1.1.2.2.1. NSCLC heterogeneity in response to radiotherapy 

Variability in NSCLC response to radiation increases the difficulty in identifying 

NSCLC patients who will benefit best from radiotherapy. In addition, there are 

currently no validated biomarkers of radiation response with clinical utility in NSCLC. 

Both varied response to radiation and lack of predictive biomarkers are likely a 

consequence of both the biological heterogeneity of NSCLC and our lack of 

understanding of how this relates to radiation response. The baseline radiosensitivity 

of the disease varies greatly for example. This is illustrated by the in vitro survival of 

a panel of NSCLC cell lines whereby survival fraction values after 2 Gy (SF2) range 

from 0.02 and 0.9 (Das et al. 2010). Variability in radio-response is not restricted to 

in vitro models however and is also true in NSCLC patients. For example, historical 

data in potentially curable but medically inoperable stage I and II NSCLC treated with 

high dose conventional radiotherapy showed that the number of complete and partial 

tumour regressions varied between 42% and 75% depending on a range of factors 

such as tumour stage and histology (Perez Carlos et al. 1987). Additionally, intra-

thoracic tumour control rates varied between 35% and 20% depending on 

histological subtype (Perez Carlos et al. 1987). Finally, there was also histology 

dependent variability in local failure rates (in the form of tumour recurrence and 

progression) and these were associated with mortality rates (Perez Carlos et al. 

1987). Providing overwhelming evidence that tumour biology, in this case tumour 

histology, and thus genotypic subtype is implicated in NSCLC radiation response. 
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1.1.2.2.2. NSCLC resistance to radiotherapy  

The success of radiotherapy in the treatment of NSCLC is also hampered by 

inherent or acquired radio-resistance – a phenomena highlighted by the failure of 

conventional external beam radiation in achieving local tumour control in 60-70% of 

early stage NSCLC patients (Timmerman et al. 2010). One of the most established 

negative predictors of tumour response to radiotherapy, and thus by implication a 

factor in resistance, is tumour-associated hypoxia as molecular oxygen is involved in 

the fixation of cytotoxic DNA damage following irradiation (Quintiliani 1986). Indeed, 

as in many cancers, low oxygen concentration  or hypoxia is a common 

phenomenon in NSCLC tumours (Le et al. 2006; Trinkaus et al. 2013) and is 

associated with poor clinical outcomes following radiotherapy  (Li et al. 2006). 

Investigations into imaging approaches that can identify hypoxia and adapt 

radiotherapy are underway (Vera et al. 2017; Salem et al. 2018), but hypoxia is not 

routinely used to predict radiotherapy response in NSCLC.  

However, radio-resistance in NSCLC is multifactorial with other suggested 

mechanisms including: an inherently resistant cancer stem cell population (Gomez-

Casal et al. 2013), cancer-stroma interactions (Ji et al. 2015), dysregulated anti-

apoptotic protein expression (Whitsett et al. 2014; Yang et al. 2015) and varied DNA 

repair response after irradiation (Cron et al. 2013). Preclinical data has identified 

dysregulated phosphatidylinositol 3-kinase (PI3K), Ras and EGFR signalling as 

potential molecular mediators of radioresistance in NSCLC (Brognard et al. 2001; 

Kriegs et al. 2015). One study has shown that tumour expression of excision repair 

cross-complementation group 1 (ERCC1) in stage III N2 positive NSCLC treated with 

neoadjuvant platinum chemoradiotherapy conferred poorer overall and progression-

free survival (Hwang In et al. 2008). Another study, the RADAR study, evaluated the 
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expression of plasma biomarkers in NSCLC patients undergoing radical radiotherapy 

using mass spectrometry (Walker et al. 2015). Importantly Walker et al (2015) took 

plasma samples prior to and during radiotherapy given allowing the identification of 

treatment-related biomarkers. This approach identified plasma C-reactive protein 

(CRP) and Leucine-rich alpha-2-glycoprotein (LRG1) upregulation one-week post-

radiotherapy, which when combined predicted worse overall survival (Walker et al. 

2015). Neither plasma CRP and/or LRG1 expression is currently used with clinical 

utility in NSCLC radiotherapy, but these markers do show promise.   

1.1.2.2.3. Normal tissue toxicity following thoracic irradiation  

Normal tissue toxicities further restrict the success of radiotherapy in the treatment of 

NSCLC. Normal tissue responses to radiation are generally divided into the early 

tissue responses and late tissue responses. It is accepted that early tissue 

responses occur within days or weeks of irradiation within the most proliferative 

tissues and that these responses are generally resolvable. In contrast, the late tissue 

responses to irradiation can take weeks, months or years to manifest and are 

generally non-resolvable, hence meaning they are dose-limiting. Early tissue 

responses to thoracic irradiation include radiation pneumonitis and radiation 

oesophagitis and are both common, associated with significant patient morbidity and 

have potential to be dose-limiting (Kwint et al. 2012; Palma et al. 2013; Simone 

2017). Furthermore, radiation pneumonitis is associated with mortality in a small 

number of cases (Palma et al. 2013). Late tissue responses to thoracic irradiation 

include pulmonary fibrosis and cardiac toxicity, of which the former may develop 

from radiation pneumonitis, and both constrain the dose of radiotherapy that can be 

given to the thorax (Simone 2017). Hence, both the early and late normal tissue 
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effects of thoracic irradiation are clinically important and affect radiotherapy 

treatment in NSCLC. Additionally, the specific site of the lung tumour and adjacent 

structures can prove too challenging for radiotherapy with regards to toxicity, 

especially in centrally located tumours that sit within 2cm of the proximal bronchial 

tree (Chaudhuri et al. 2015). 

Given that not all patients develop toxicities such as radiation pneumonitis (Palma et 

al. 2013) there are ongoing studies investigating assays that can predict the normal 

tissue response to thoracic irradiation. The REQUITE study for example will be 

investigating if NSCLC patient radiation-induced lymphocyte apoptosis correlates 

with the development of radiation pneumonitis one-year post-radiotherapy (West et 

al. 2014). Currently, there is no marker predicting likelihood of normal tissue toxicity 

after thoracic irradiation in clinical use.  

Resistance to radiotherapy in tumour cells and sensitivity to radiotherapy in normal 

tissues together contribute to a poor therapeutic response to radiotherapy in NSCLC. 

Hence, there is a clinical need for approaches in NSCLC that enhance the difference 

between tumour response to radiotherapy and likelihood of normal tissue toxicity, 

otherwise known as the therapeutic ratio summarised in Figure 1.1. 
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One approach to improving the therapeutic ratio of radiotherapy in NSCLC is to 

selectively protect the normal tissues from radiation damage (reviewed by (Prasanna 

et al. 2012)). Strategies include the use of free-radical scavengers such as 

amifostine to reduce the cytotoxicity of ionising radiation (IR) in the non-neoplastic 

lung (Sarna et al. 2008). The converse approach to improving the therapeutic ratio of 

radiotherapy in NSCLC is through targeting the molecular determinants of radio-

resistance, concurrently with irradiation, to enhance the response to radiotherapy or 

“radiosensitise” tumour cells (Franken et al. 2013). The radiosensitisation effect is 

highlighted in Figure 1.2 whereby the same cytotoxic killing effect in the A549 

NSCLC cell line is achieved using a reduced dose of radiation in the same cell line 

Figure 1.1. Example therapeutic ratios with increasing radiotherapy dose. 

The graph on the left illustrates the ideal therapeutic scenario whereby the 

difference between tumour response and normal tissues response to radiotherapy 

is maximal. Conversely, the graph on the right illustrates a scenario whereby the 

radiotherapy dose required to achieve tumour control also causes significant 

normal tissue toxicity. Taken with permission from: Bernier et al (2004). 
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pre-treated with increasing concentrations of the Poly (ADP-ribose) polymerase 

(PARP) inhibitor Olaparib (Senra et al. 2011). 

 

The effect in the case of Figure 1.2 is hypothesised to be due to Olaparib pre-

treatment reducing the DNA repair capabilities of a cell and thus enhancing the 

persistence and cytotoxicity of genomic damage received during irradiation (Senra et 

al. 2011).  

1.1.2.3. Drug radiation combinations in NSCLC  

Combining systemically delivered chemotherapies or biological agents that synergise 

with radiation has promise as molecular dependencies or deficiencies present in the 

tumour population can be specifically targeted, with potential to radiosensitise 

tumours without exacerbating normal tissue toxicities. In addition, radiation 

enhancement will likely only occur locally within the irradiated volume. As previously 

discussed, combining platinum agents with radiation has yielded survival benefits in 

NSCLC (Aupérin et al. 2010) and is a standard of care for stage III NSCLC patients 

receiving curative radiotherapy in the UK (NICE 2019). Biological agents have 

Figure 1.2. Survival 

fraction of the A549 

NSCLC cell line 

treated with 

Olaparib 2 hours 

before and 22 hours 

after radiation. 

Taken with 

permission from: 

Senra et al (2011). 
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potential as radiosensitising agents as they are more likely to act specifically on 

tumour cells preferentially over non-neoplastic tissues. However, currently the 

EGFR-targeted antibody therapy cetuximab is the only biological agent known to 

receive approval for use in combination with radiotherapy in the UK, in head and 

neck squamous carcinoma (NICE 2008). Despite much interest in combining 

biological agents with radiotherapy in NSCLC there is no approved biological agent 

for such use. A consensus statement on the investigation of novel biological agent 

radiation combinations in NSCLC in the UK has now been published (Harrow et al. 

2016). DNA damage response inhibitors will be combined with radical radiotherapy 

in stage III NSCLC patients whilst immune-modulating agents will be combined with 

palliative radiotherapy in stage IV NSCLC patients respectively (Harrow et al. 2016). 

PARP, Wee1, ataxia telangiectasia and rad3 related (ATR) and ataxia telangiectasia 

mutated (ATM) inhibitors are planned to be combined with conventionally 

fractionated radiotherapy in stage III NSCLC patients in the phase I CONCORDE 

platform trial in the UK (Hanna et al. 2017). Recent phase III evidence has showed 

that use of the PD-L1 blocking antibody durvalumab after platinum 

chemoradiotherapy in NSCLC patients statistically extends median progression-free 

survival from 5.6 months to 16.8 months compared to placebo with no significant 

increase in toxicity (Antonia et al. 2017). This highlights the potential of combining 

biological agents with radiotherapy in NSCLC and furthermore demonstrates that 

understanding the biological fate of NSCLC cells following irradiation provides 

therapeutic opportunities.  

 

 

 



1. Introduction 

14 

 

1.2. The molecular response to radiation  

1.2.1. Radiation and DNA repair 

IR induces DNA damage through direct ionising events and indirectly through 

reactive oxygen species (ROS) that form through the radiolysis of water. Doses of 1-

2 Grays of radiation are estimated to cause >1000 damaged bases, ~1000 DNA 

single strand breaks and ~40 DNA double strand breaks (DSBs) (International 

Atomic Energy Agency 2010). Cellular DNA repair pathways exist to maintain 

genomic integrity and are subsequently activated following IR. Damaged bases and 

DNA single strand breaks are repaired efficiently by the base excision/single strand 

repair pathway and are generally considered inconsequential to the cell (Maier et al. 

2016). In contrast, the induction of DNA DSBs largely mediates the cytotoxic effect of 

IR (Mladenov et al. 2013) and the cellular response to DNA DSBs post-IR is 

important in determining cellular fate. 

ATM is attracted to and activated at sites of DNA DSBs and locally phosphorylates a 

range of substrates to orchestrate stabilisation of DNA DSBs and facilitate their 

repair (Smith et al. 2010). ATR can also be attracted to sites of DNA damage but is 

more important for the repair of DNA single strand breaks and resolution of stalled 

replication forks (Smith et al. 2010). Canonical non-homologous end joining (c-

NHEJ) can repair DNA DSBs, occurs throughout the cell cycle and functions in an 

error-prone fashion through using DNA microhomologies to guide repair (Lieber 

2010). Another method of DNA DSB repair is homologous recombination repair 

(HRR) which utilises homologous sister chromatid sequence to guide repair in an 

error-free fashion but through the requirement for sister chromatid homology only 

occurs in S and G2 phases of the cell cycle (Sung and Klein 2006). HRR of DNA 

DSBs requires resection of double stranded DNA ends to generate single stranded 
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DNA. This single stranded DNA can then undergo a process called strand invasion, 

annealing to homologous sister chromatid DNA that can be used as a template for 

repair (Sung and Klein 2006). Alternatively, DNA DSB repair can also occur through 

the single strand annealing (SSA) and alternative NHEJ (Alt-NHEJ) pathways. Both 

the SSA and Alt-NHEJ pathways, like HRR, require end DNA DSB end resection that 

expose flanking homologies that can anneal to form an intermediate DNA synapse 

(Bhargava et al. 2016). This DNA intermediate is cleaved at non-homologous 3’ 

single strand tails prior to gap filling by DNA polymerases and ligation of ends 

(Bhargava et al. 2016). SSA requires significant end resection and long stretches of 

homologous sequence whilst Alt-NHEJ requires minor end resection and short 

sequence homologies to occur (Bhargava et al. 2016).  

The cellular decision between c-NHEJ, HRR, SSA and Alt-NHEJ is determined by 

the balance of protection and resection of DNA DSB ends (Chapman et al. 2012) 

and is coordinated by cell cycle dependent phosphorylation of CtIP (Huertas and 

Jackson 2009). CtIP phosphorylation occurs in S-G2 phases through cyclin-

dependent kinases and promotes CtIP-mediated DNA DSB end resection, whilst end 

resection does not occur in G1 (Huertas and Jackson 2009). Therefore, c-NHEJ, 

which does not require end resection, predominates in G1 whilst c-NHEJ, HRR, SSA 

and Alt-NHEJ can all occur in S-G2 phases depending on the relative protection 

DNA DSB ends and extent of end resection (Bhargava et al. 2016). c-NHEJ can 

result in sequence insertions, c-NHEJ, SSA and Alt-NHEJ can all result in sequence 

deletions whilst HRR, however, can fully re-establish DNA sequence information 

using the sister chromatid template (Bhargava et al. 2016). Improperly repaired DNA 

following IR can result in mutations that have potential for deleterious effects in any 
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cellular progeny. Given this, cell cycle progression is intimately linked to the DNA 

DSB repair processes.    

1.2.2. Radiation and cell cycle checkpoints 

Cell cycle checkpoints exist to regulate cellular progression through the cell cycle, 

ensuring appropriate division with faithful duplication of the genome and segregation 

of the duplicated chromosomes into two daughter cells. IR induces activation of DNA 

repair mechanisms which interact with the enforcers of cell cycle checkpoints and 

impact upon cell cycle progression. The G1-S checkpoint exists to regulate the 

irreversible commitment to duplicate the cellular DNA in the presence of extracellular 

mitogens (Pardee 1989). Radiation-induced DNA damage can prevent G1-S 

transition. A biphasic response to radiation-induced DNA damage in G1 has been 

suggested (Bartek and Lukas 2001) whereby an immediate transient response via 

ATM/ATR recognition of genomic damage leads to degradation of cell division cycle 

25A (CDC25A) in a checkpoint kinase 1 (Chk1) dependant manner (Xiao et al. 

2003). This causes loss of de-repression of cyclin dependant kinase 2 (CDK2) 

activity required for G1-S transition (Xiao et al. 2003). A slower but more long-lived 

G1-S block occurs via ATM-mediated stabilisation of p53 (Khosravi et al. 1999; 

Zhang et al. 2011) which subsequently results in the transcriptional activation of p21 

expression and p21-dependant inhibition of cyclin-dependant kinases (Bartek and 

Lukas 2001).  

Intra-S phase checkpoints exist to ensure that DNA replication does not occur in the 

presence of damaged DNA bases and stabilises stalled replication forks allowing 

recovery of replication after damage resolution (Kastan and Bartek 2004). IR-

induced DNA damage can cause arrest in S-phase by inhibiting the initiation of 
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replication at replicative origins (Kastan and Bartek 2004). Inhibition of CDK2 activity 

via CDC25A degradation after DNA damage can also cause inhibition of CDK2-

dependant recruitment of DNA polymerase α at replication origins, restricting the 

initiation of new DNA replication (Falck et al. 2002). In parallel, ATM-mediated 

activation of structural maintenance of chromosomes 1 (SMC1) after IR can also 

cause S-phase arrest (Yazdi et al. 2002), however the mechanism of SMC1 

mediated arrest is still unknown.  

The G2-M checkpoint exists to ensure that cells do not enter mitosis until replicative 

errors and DNA damage is resolved (Kastan and Bartek 2004). Radiation-induced 

DNA damage can additionally prevent G2-M transition. The mechanisms that arrest 

in G2 after DNA damage converge upon CDK1 which associates with cyclin-B1 and 

drives mitotic entry. CDK1 activation has been shown to be inhibited by DNA 

damage-mediated CDC25 family member inhibition in an ATM- and ATR-dependant 

manner (Donzelli and Draetta 2003). Furthermore, positive regulators of CDC25 

family members such as polo-kinase 1 (Plk1) are negatively regulated in the 

presence of genomic damage (Smits et al. 2000). Other DNA damage response 

proteins such as breast cancer early onset 1 (BRCA1) (Yarden et al. 2002) and p53 

binding-protein 1 53BP1 (Fernandez-Capetillo et al. 2002) also have roles in 

establishing a G2-M arrest in response to IR.      

The spindle assembly checkpoint (SAC) achieves a block on the metaphase-

anaphase transition by inhibiting anaphase promoting complex (APC) until all 

chromosomes have the appropriate and stable kinetochore-microtubule attachments 

(Morrow et al. 2005). This ensures the faithful segregation of chromosomes during 

mitosis and there is evidence that the DNA damage response cooperates with the 

SAC. ATM has been shown to inhibit the formation of the centrosome-associated 
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mitotic spindles following DNA damage which is likely to induce activation of the SAC 

(Smith et al. 2009). Intra-mitotic activation of ATM has also been shown to be 

required for the localisation of MDC1 to the kinetochores following DNA damage 

(Eliezer et al. 2014). This localisation of MDC1 was shown to be required for proper 

localisation and function of the mitotic checkpoint complex that governs the SAC 

(Eliezer et al. 2014). This however, contradicts a previous report that found that 

MDC1 promotes mitotic progression by directly targeting APC, in both a BUBR1 and 

ATM/ATR independent manner (Townsend et al. 2009), making the link between 

MDC1 and SAC function in the DNA damage response contentious. Nevertheless, 

there is also evidence that IR can promote localisation of SAC effector Mad2 to the 

kinetochores to inhibit APC activity (Collins et al. 2015), providing a clear link 

between the SAC and the DNA damage response.  

Subsequently, the integrity of cell cycle checkpoints is important in determining an 

appropriate response to IR-induced DNA damage (see Figure 1.3). 
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In the event of incomplete DNA repair and prolonged p53 activation cellular death, 

rather than arrest, can be induced (Zhang et al. 2011). The current evidence 

suggests that ATM drives pulses of p53 activity through stabilising phosphorylation 

of serine-15/serine-20 that promote cell cycle arrest before phosphatase and tensin 

homolog (PTEN) signalling axis predominates leading to phosphorylation of p53 at 

serine-46 promoting pro-apoptotic p53 activity (Zhang et al. 2011).    

 

Figure 1.3. Cell cycle checkpoints invoked by ionising radiation (IR). The 

mechanisms by which cell cycle checkpoints are enforced after ionising radiation 

(labelled here as IR) exposure in human cells is summarised. Adapted with 

permission from: Morgan & Lawrence (2015). 
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1.2.3. Radiation and cell death 

The intrinsic apoptotic pathway predominates post-IR and converges upon the 

release of cytochrome c from the mitochondria (Maier et al. 2016). The intrinsic 

apoptotic pathway is regulated by a balance between expression of pro-apoptotic 

and anti-apoptotic B-cell lymphoma 2 (BCL2) proteins (Del Gaizo Moore and Letai 

2013). The pro-apoptotic and anti-apoptotic BCL2 proteins compete to activate or 

sequester the pro-apoptotic BCL-2 associated X protein (BAX) and BCL-2 

homologous antagonist/killer (BAK) proteins (Del Gaizo Moore and Letai 2013). BAX 

and BAK once activated, oligomerise and form pores in the outer mitochondrial 

membrane, facilitating the release of cytochrome c into the cytosol (Wei et al. 2001). 

Release of cytochrome c into the cytosol then irreversibly commits a cell to apoptotic 

death through the caspase cascade (Li et al. 1997). Prolonged activation of p53 by 

DNA damage post-IR allows nuclear translocation of p53 allowing it to drive the 

expression of the pro-apoptotic BCL2 proteins p53-upregulated modulator of 

apoptosis (PUMA), BAX and NOXA (Oda et al. 2000; Kuribayashi et al. 2011). 

Increased BAX expression is directly pro-apoptotic whilst PUMA and NOXA act as 

sensitiser BCL2 proteins serving to indirectly activate BAX/BAK through inhibition of 

anti-apoptotic BCL2 family members (Del Gaizo Moore and Letai 2013). In addition, 

the ROS formed through IR-induced radiolysis of water can also promote loss of 

mitochondrial membrane integrity, release of cytochrome c to the cytosol and a 

commitment to apoptosis (Maier et al. 2016).  

IR may also promote apoptosis via the extrinsic apoptotic pathway which are 

transduced from extracellular stimuli through death receptors. IR-induced p53 

activation can allow p53 to drive the expression of both the death CD95 and its 

ligand CD95L (Sheard 2001). Binding of CD95 by CD95L causes trimerization of 
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CD95 and conformational changes to the intracellular domains of CD95 resulting in 

downstream activation of a caspase cascade signalling commitment to apoptosis 

(Sheard 2001). IR-induced oxidative damage to the plasma membrane may also 

promote apoptosis in the absence of DNA damage (Liao et al. 1999). p53 dependent 

expression of p21 post-IR can also promote permanent cell cycle exit in the form of 

senescence (Roninson et al. 2001). p21 expression provides an initial block on G1/S 

progression before p16 expression, a CDK4/6 inhibitor, dominates and provides 

enduring inhibition of G1/S progression (Stein et al. 1999). DNA damage-induced 

senescence has mechanistic similarities to replicative senescence and can 

contribute to IR response by limiting the proliferative pool of tumour cells (Roninson 

et al. 2001).  

Conversely, cellular pro-survival pathways are also activated following IR. The 

transmembrane HER1, HER2, HER3 and HER4 receptor tyrosine kinases are 

potently activated by IR (Yan et al. 2015). HER2 activation following IR has been 

shown to contribute to establishment of the G2-M checkpoint through inhibition of 

CDK1 (Yan et al. 2015), whilst HER1 activation following IR targets DNA-dependent 

protein kinase (DNA-PK), an important component of c-NHEJ, to the nucleus to 

participate in repair (Dittmann et al. 2005). This works to promote DNA repair in 

opposition to cell death signalling. Additionally, the activation of HER receptor 

tyrosine kinases has pro-survival consequences through downstream activation of 

PI3K/AKT and ERK1/2 pathways (Hein et al. 2014). HER3 activation post-IR can 

recruit PI3K to the plasma membrane (Soltoff et al. 1994), subsequently activating a 

range of proteins such as phosphoinositide-dependent kinase 1 (PDK1) (Marone et 

al. 2008). PDK1 is then able to phosphorylate AKT activating AKT and priming AKT 

for further activating phosphorylation (Alessi et al. 1997). In addition, AKT is 



1. Introduction 

22 

 

activated by DNA-PK, ATM and ATR post-IR (Xu et al. 2012). Activated AKT can 

then promote cellular survival through inhibitory phosphorylation of pro-apoptotic 

BCL2 family BAX and BAD proteins (Yamaguchi and Wang 2001), indirect reduction 

of pro-apoptotic BIM and NOXA expression (J.-Y. Yang et al. 2006; Obexer et al. 

2007), whilst targeting the expression of anti-apoptotic BCL-2 and BCL-XL 

expression through NF-κB signalling (Ozes et al. 1999; Hein et al. 2014). Activated 

AKT has also been shown to promote cell survival through activation of DNA-PK 

promoting c-NHEJ mediated DNA repair (Toulany et al. 2008). p53-induced 

expression of PTEN occurs following IR (Stambolic et al. 2001), counters AKT 

activation by negatively regulating PI3K signalling (Stambolic et al. 1998) and 

promotes IR-induced apoptosis (Pappas et al. 2007), indicating that pro-survival AKT 

signalling is tightly regulated following IR.  

Similarly, IR also induces activation of the mitogen activated protein kinase (MAPK) 

pathway with pro-survival consequences through ERK1/2 signalling (Dent et al. 

2003). ERK1/2 has been shown to be activated by upstream MEK1/2 following 

radiation (Dent et al. 2003) and is positively regulated by HER family member 

activation (Lee et al. 2008) and ATM signalling (Golding et al. 2007). ERK1/2 

activation can promote cell survival by indirectly promoting the expression of anti-

apoptotic proteins Bcl-2, Bcl-xL and Mcl-1 (Boucher et al. 2000) whilst directly 

inhibiting the activity of BAD and caspase 9 (Bonni et al. 1999; Allan et al. 2003). 

ERK1/2 signalling can also promote DNA repair following IR by positively regulating 

G2-M cell cycle checkpoint activation (Yan et al. 2007), nucleotide excision repair 

(Yacoub et al. 2003), c-NHEJ (Golding et al. 2009) and HRR (Golding et al. 2007; 

Golding et al. 2009), thus opposing cell death. In summary, there is a delicate 
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equilibrium between DNA repair, cell cycle arrest and cell death mechanisms 

following IR.   

Mitosis is particularly prone to the effects of radiation and is classically known as the 

most radiosensitive phase of the cell cycle (International Atomic Energy Agency 

2010). Progression into and through mitosis following irradiation has been shown to 

be important as premature mitotic entry, especially when G2/M checkpoint integrity is 

compromised, has been associated with mitotic catastrophe, a form of cell death 

(Ianzini et al. 2006). Given that mitotic catastrophe is considered the most common 

form of cell death post-irradiation (Cohen–Jonathan et al. 1999), its regulation is 

likely important in determining the response of tumours to radiotherapy. 

1.2.4. Radiation and mitotic catastrophe 

Mitotic catastrophe is defined as a oncosuppressive mechanism that exists to 

recognise mitotic failure and functions to push cells towards the irreversible states of 

senescence, apoptosis and necrosis (Vitale et al. 2011). Mitotic catastrophe is 

however distinct from apoptosis, even though it can precede it, and has been shown 

to occur in intrinsically apoptotic resistant cells (Ianzini et al. 2006; Amornwichet et 

al. 2014). Additionally, mitotic catastrophe is associated with intra-mitotic arrest prior 

to apoptosis, senescence or necrosis which occur during mitosis or in the following 

G1 phase (Vitale et al. 2011). Mitotic catastrophe may arise when there is premature 

mitotic entry through override or inhibition of the G2/M checkpoint (Cogswell et al. 

2000; Ianzini et al. 2006; Bucher and Britten 2008). Compromised G2/M checkpoint 

allows cells to enter mitosis with unrepaired DNA damage which results in 

segregation errors and p53-dependent mitotic catastrophe (Imreh et al. 2011). 
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Perturbation of the mitotic spindles, through microtubule poisons for example 

(Roninson et al. 2001), can also cause mitotic catastrophe through extended 

activation of the SAC (Vitale et al. 2010). Extended SAC activation can result in 

mitotic slippage, whereby cyclin B degradation over time during mitotic arrest allows 

abortive completion of mitosis in the absence of proper chromosome segregation 

(Brito and Rieder 2006). This results in tetraploid progeny which often undergo death 

in the following G1 phase (Gascoigne and Taylor 2008; Huang et al. 2009). 

Centrosomal amplification may also predispose to mitotic catastrophe through 

multipolar mitoses that result in aneuploidy and micronuclei formation (Dodson et al. 

2007). There is evidence that centrosomal amplification occurs after radiation and is 

a product of prolonged G2 arrest in the presence of DNA damage (Dodson et al. 

2004). Furthermore, mitotic catastrophe can occur in the progeny of cells undergoing 

multipolar or abortive mitosis and may manifest after rounds of cellular division 

(Ianzini et al. 2006; Dodson et al. 2007; Gascoigne and Taylor 2008; Vitale et al. 

2010). Subsequently, cellular enlargement with multinucleation and/or multiple 

micronuclei as a result of aberrant/abortive mitosis are considered hallmarks of 

mitotic catastrophe (Vitale et al. 2011).  

 

Mitotic catastrophe, as defined before, can be caused by radiation (Ianzini and M. A. 

Mackey 1997; Ianzini et al. 2006; Dodson et al. 2007; Amornwichet et al. 2014), DNA 

damaging agents (Eom et al. 2005; Vakifahmetoglu et al. 2008), microtubule poisons 

(Jordan and Wilson 2004) and biological agents that target the mitotic machinery in 

vitro (Zhou et al. 2013). However, mitotic catastrophe is difficult to quantify in vivo, 

but delayed cellular response to radiation in vivo suggests that re-entry to the cell 

cycle is important and implicates mitotic catastrophe (J Merritt et al. 1997). 
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Additionally, radiation induced cellular death in vivo with evidence of mitotic 

aberration indicates that mitotic catastrophe is relevant to radiation response (H 

Falkvoll 1990). Mitotic catastrophe is an ideal outcome post-radiotherapy because it 

can eliminate apoptosis-resistant cancer cells (Amornwichet et al. 2014) and tumour 

cells typically have significant tetraploid/aneuploid populations which are inherently 

more sensitive to mitotic aberration and therefore mitotic catastrophe (Janssen et al. 

2009). Given this, combinational strategies that disrupt the mitotic process and 

exacerbate the degree of mitotic catastrophe following radiation are of therapeutic 

interest.  

1.3. Aurora kinase A (AURKA) 

1.3.1. The aurora kinase family of proteins 

Aurora kinase A (AURKA) is a kinase involved in controlling cell cycle progression 

through G2 phase to the end of mitosis (Goldenson and Crispino 2015), and thus is 

under investigation as a potential target for radiosensitisation. Dysregulated 

expression of AURKA has been suggested to affect the integrity of cell cycle 

checkpoints and radiosensitivity in a range of cancers including NSCLC (Guan et al. 

2007; Tao et al. 2007; Lin et al. 2014; Woo et al. 2015). The gene encoding AURKA 

maps to chromosome 20q13.2 in the human genome (Goldenson and Crispino 

2015) and AURKA belongs to the aurora kinase (AURK) family of proteins. Aurora 

kinase B (AURKB) and aurora kinase C (AURKC) are the other family members. All 

three AURK family members are serine-threonine kinases sharing a high degree of 

amino acid sequence homology (Marumoto et al. 2005) but each with distinct 

function in regulating cellular division (see Figure 1.4).  
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All the AURK family share a highly conserved catalytic site, with a conserved 

activation loop (Bischoff et al. 1998; Carmena and Earnshaw 2003). Each family 

member has a threonine residue within their activation loop upon which 

(auto)phosphorylation is a requirement for stable-kinase activity, these are threonine- 

288 (T288) (Littlepage et al. 2002), threonine-232 (T232) (Yasui et al. 2004) and 

threonine-195 (T195) (Goldenson and Crispino 2015) in AURKA, AURKB and 

AURKC respectively (see Figure 1.4). All three family members also share a C-

terminal destruction D-box domain which is important at least in AURKA, for 

recognition of by E3 ubiquitin ligases and targeting for degradation in late mitosis 

(Floyd et al. 2008). The D-box domain of AURKB is also targeted when it is 

degradation in late mitosis (Stewart and Fang 2005), and is likely to function similarly 

in AURKC but this has not been demonstrated. The AURK family members share 

less amino acid similarity at their N-terminal domains and this allows for specificity of 

function, via integration with AURKA, AURKB or AURKC specific interacting 

proteins, and determines cellular localisation during the cell cycle (Giet and Prigent 

2001; Zimniak et al. 2012). AURKA and AURKB also have N-terminal KEN (APC- 

recognition signal) and activating D-box motifs which are targeted by ubiquitination 

during negative regulation (Castro et al. 2002; Littlepage and Ruderman 2002; Min et 

al. 2013).  

AURKB is a chromosomal passenger protein that is required for ensuring proper 

spindle-microtubule binding dynamics (and hence proper chromosomal segregation), 

completion of mitosis and enforcement of the spindle checkpoint in mitosis (Hauf et 

al. 2003). AURKC is exclusively expressed by the tissues of the testis in males and 

in the oocytes of females co-operates with AURKB to regulate centrosomal function 
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and chromosome organisation during meiosis (Kimura et al. 1999; Nguyen et al. 

2018). 

 

 

1.3.2. The mitotic function of AURKA 

Following its discovery, expression levels and enzymatic function of AURKA were 

shown to peak in early M-phase after initially rising in G2 (Bischoff et al. 1998) (see 

section 1.3.2.1). Subsequently established roles for the AURKA gene product 

include regulating G2-M transition (Hirota et al. 2003) mitotic progression and mitotic 

exit (Marumoto et al. 2003; Wang et al. 2014b; Ye et al. 2016), centrosomal 

maturation (Hirota et al. 2003; Joukov et al. 2010) and separation (Marumoto et al. 

2003), bipolar mitotic spindle assembly (Zhang et al. 2008), kinetochore-spindle 

attachment (Ma et al. 2011) with correct chromosomal alignment and segregation.  

Specifically, AURKA has been shown to be integral for promoting G2-M transition at 

the centrosomes. Activated AURKA is able to attract Cyclin B1-CDK1 to the 

Figure 1.4. The 2D protein domain structure of the aurora kinase family 

members. Adapted with permission from: Goldenson and Crispino (2015). 
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centrosome, promoting CDK1 activation and subsequent centrosomal maturation 

(Hirota et al. 2003) which is indispensable for mitotic entry. This is achieved by 

AURKA activating Plk1 through phosphorylation of threonine 210 (Macurek et al. 

2008; Seki et al. 2008; Asteriti et al. 2015). Active Plk1 subsequently acts to directly 

phosphorylate centrosomal cyclin-B1 promoting cyclin-B1 translocation to the 

nucleus and mitotic entry (Toyoshima-Morimoto et al. 2001). Plk1 also relieves the 

suppression of cyclin B1-CDK1 activity by promoting the degradation of inhibitory 

kinase Wee1 (van Vugt et al. 2004). AURKA further drives mitotic entry by 

phosphorylating and activating CDC25B, serving to further promote Cyclin-B1-CDK1 

activation and cyclin-B1 translocation to the nucleus (Cazales et al. 2005). Mutually 

activating interactions at the centrosomes between Arpc1b, a member of an actin 

modulating complex, and AURKA have also been shown to be required for mitotic 

entry and centrosomal activation (Molli et al. 2010).  

During prophase, AURKA promotes localisation of γ-tubulin (Hirota et al. 2003), large 

tumour suppressor 2 (LATS2) (Toji et al. 2004) and nuclear distribution protein nudE-

like 1 (NDEL1) (Mori et al. 2007) to the centrosomes. The net effect of this is to 

further promote centrosomal maturation, preparing the centrosome for microtubule 

nucleation. Upon centrosomal maturation AURKA has been shown to be essential, 

through an unknown mechanism, for separation of sister centrosomes to opposing 

poles of the cell, after prior but incomplete separation before nuclear envelope 

breakdown (Hannak et al. 2001; Barr and Gergely 2007; Asteriti et al. 2015). 

AURKA supports the development of the spindle microtubules which begin to 

emanate from the mature centrosomes and kinetochores during prophase and 

prometaphase (Kufer et al. 2002). AURKA phosphorylates and co-operates with 

transforming acidic coiled coil (TACC) family member 3. It has been shown that 
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phosphorylation of TACC3 by AURKA is critical for targeting this protein to the 

centrosome (Kinoshita et al. 2005). Centrosomal TACC3 can then promote 

centrosomal spindle formation by co-ordinating the location and function of 

XMAP215, a protein which stabilises and promotes the polymerisation of the spindle 

microtubules (Kinoshita et al. 2005) (Barros et al. 2005). In prophase AURKA also 

promotes the assembly of the kinetochores via CENP-A interaction (Kunitoku et al. 

2003). Subsequent to this, AURKA facilitates the nucleation of microtubules from the 

kinetochores in co-operation with targeted protein for Xklp2 (TPX2) and inner 

centromeric protein (INCENP) (Katayama et al. 2008). The kinetochore-associated 

microtubules are stabilised by human hepatoma upregulated protein (HURP), which 

is also positively regulated by AURKA phosphorylation (Barr and Gergely 2007). 

Bi-polar spindle dynamics are ensured by active AURKA, as exhibited through 

inhibition studies (Lioutas and Vernos 2013). It has been suggested that bi-polarity of 

spindles may be due in part to AURKA acting in complex with BimC-like kinesin Eg5, 

XMAP215, TPX2 and HURP to promote inter-polar spindle cross-linking and 

stabilising bi-polar spindle structures (Barr and Gergely 2007). During prometaphase 

AURKA also mediates centrosomal spindle-kinetochore attachment via interaction 

with scaffold associated protein A (SAF-A) at the spindle mid-zone (Ma et al. 2011).  

Additionally, AURKA driven separation of centrosome pairs during prometaphase 

contributes to bi-polar spindle orientation (Barr and Gergely 2007). Maintenance of 

bi-polar spindle orientation and kinetochore-spindle attachments by AURKA 

consequently contributes to proper chromosomal alignment on the metaphase plate 

and chromosomal segregation later in mitosis. 

AURKA also controls progression through prometaphase to anaphase by 

phosphorylating Ras association domain family protein 1 A (RASSF1A) at the 
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spindle poles (Rong et al. 2007). This frees cell division cycle 20 (Cdc20) to act in 

complex with APC which subsequently drives cells into anaphase when all 

chromosomes are aligned with appropriate kinetochore-spindle attachments (Song 

et al. 2004). p73 has be shown to be essential for directing SAC effectors BUB1 and 

BUBR1 to the kinetochores (Tomasini et al. 2009; Vernole et al. 2009) and is 

involved in the sequestering of Cdc20 with SAC protein Mad2 preventing APC from 

driving metaphase-anaphase transition (Katayama et al. 2012). AURKA also 

phosphorylates p73 on S235, which acts to inhibit p73 function in the SAC, 

promoting dissociation of Cdc20 from Mad2 serving to inactivate the SAC and 

promoting metaphase-anaphase transition (Katayama et al. 2012). Conversely, 

inhibition of AURKA has also revealed that it is required for Mad2 localisation to 

unattached kinetochores and thus SAC function during pro-metaphase (Courtheoux 

et al. 2018)  

During anaphase and telophase AURKA is subject to negative regulation (see 

section 1.3.2.2), however some AURKA is localised to the spindle mid-body and may 

control chromosomal segregation and cytokinesis (Kovarikova et al. 2015) 

(Marumoto et al. 2003). In early anaphase segregation of the chromosomes to 

opposing poles of the cell occurs primarily through depolymerisation of the mitotic 

spindles, whilst in late anaphase further separation of the chromosomes relies upon 

the propagation of the central (mid-body) spindles between the segregating 

chromosomes (Scholey et al. 2016). The central spindle also functions to position 

contractile ring assembly and coordinate abscission at the end of cytokinesis 

(Glotzer 2009). AURKA activity has been shown to be essential for central spindle 

production through targeting of TACC3 and P150Glued (Lioutas and Vernos 2013; 

Reboutier et al. 2013). Furthermore, AURKA has been demonstrated to promote the 
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localisation of HURP and NEDD1 to the spindle mid-zone which are required for 

central spindle microtubule nucleation and polymerisation (Courthéoux et al. 2019). 

The contribution of AURKA during cytokinesis, however, is not fully understood as 

AURKA inhibition affects the fidelity but does not fully inhibit cytokinesis (Ye et al. 

2016). Interestingly, AURKA has additionally been implicated in regulating 

mitochondrial fission and thus mitochondrial distribution in the two new daughter 

cells (Kashatus et al. 2011). Taken together, activated AURKA is a key regulator of 

mitotic entry and progression (summarised in Figure 1.5). 
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Figure 1.5. An overview of AURKA function during mitosis.  

1 & 2. Catalytically inactive AURKA begins accumulating at the centrosomes (blue 

L structures above) during late S and G2. At late G2 levels AURKA T288 auto-

phosphorylation is triggered by AURKA-cofactor interactions at the centrosomes. 

This activates the kinase activity of AURKA and allows AURKA to subsequently 

drive mitotic entry and centrosomal maturation.  

3. After nuclear envelope breakdown at the onset of mitosis, AURKA expression 

and activation peaks. Now AURKA mediates further centrosomal maturation and 

centrosomal separation. AURKA also promotes kinetochore formation. Some 

AURKA is now also targeted to the spindle microtubules and promotes their 

nucleation, polymerisation and stabilisation as they emanate from the 

centrosomes and newly formed kinetochores.   

4. AURKA then promotes bi-polar spindle dynamics and centrosomal spindle-

kinetochore attachments during prometaphase and metaphase. 

5 & 6. AURKA drives mitotic progression through to anaphase before it is subject 

to strong negative regulation. Low levels of AURKA remain at the spindle mid-

zone promoting central spindle production before potentially regulating completion 

of cytokinesis and mitotic exit.    

Adapted with permission from: Nikonova et al (2014). 

1. 

2. 

3. 

4. 

5. 

6. 
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1.3.2.1. Positive regulation of AURKA in mitosis 

Activation and function of AURKA is controlled by a series of temporally and spatially 

regulated protein-protein interactions. AURKA has low levels of activity through G1 

and S phase of the cell cycle and its activity is kept in check by protein phosphatase 

1 (PP1) (Marumoto et al. 2002). During S-phase inactive AURKA begins to 

accumulate at the newly duplicated centrosomes (Roghi et al. 1998; Marumoto et al. 

2005; Rannou et al. 2008). However, during late G2-phase centrosomal AURKA 

interacts with several proteins which alter the conformation of the AURKA activation 

loop and thus promote T288 auto-phosphorylation. AURKA interacts at the 

centrosomes with Ajuba (Hirota et al. 2003), Bora (Seki et al. 2008), human 

enhancer of filamentation 1 (HEF1/NEDD9) (Pugacheva and Golemis 2005), and 

p21 activated kinase 1 (PAK1 ) (Zhao et al. 2005). Nucleophosmin (NPM1) also 

induces auto-phosphorylation of S89 of AURKA during G2 phase which is required 

for full kinase activity (Reboutier et al. 2012). Additionally, the protein kinase D2 

(PKD2) has been shown to inhibit AURKA ubiquitination serving to stabilise AURKA 

at G2-M transition (Roy et al. 2018). The net effect is the sustained activation of 

centrosomal AURKA, allowing AURKA to drive centrosomal maturation and mitotic 

entry.  

Upon mitotic entry the breakdown of the nuclear membrane allows the release of 

TPX2 from Ran-GTP (Kufer et al. 2002). TPX2 and LATS2 now provide further pro-

activation signalling to AURKA at the centrosomes (Barr and Gergely 2007). 

Centrosomal AURKA activity in early mitosis is also maximised by interaction with 

centrosomal protein 192 (CEP192) which promotes AURKA dimerization and further 

stabilises active AURKA protein (Joukov et al. 2010). TPX2 also begins to target 

AURKA to the spindle microtubules (Kufer et al. 2002). This interaction with TPX2 
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hinders the access of PP1 to the activation loop of AURKA and subsequent removal 

of T288 phosphorylation (Bayliss et al. 2003) further stabilising activation. In addition, 

AURKA also undergoes phosphorylation at S51 at its activating D-box during mitosis 

through an uncharacterised mechanism, promoting even greater stabilisation of 

AURKA protein (Crane et al. 2004; Kitajima et al. 2007). 

T288 phosphorylation and thus AURKA activation is then maintained throughout 

mitosis until late-mitosis when AUKRA expression is negatively regulated to allow 

mitotic exit and cytokinesis (Marumoto et al. 2005).  

1.3.2.2. Negative regulation of AURKA in mitosis 

Like its positive regulation, the negative regulation of AURKA is achieved through 

interaction with a multitude of factors at mitotic exit. APC in association with its 

coactivator cadherin1 (Cdh1), recognises the destruction D-box in AURKA and 

mediates the ubiquitination and subsequent degradation of AURKA protein during 

anaphase (Floyd et al. 2008). However, for the APC/C-Cdh1 interaction with AURKA 

to occur the stabilising S51 phosphorylation of AURKA must be removed by protein 

phosphatase 2 A (PP2A) during late mitosis (Horn et al. 2007). Another cofactor that 

acts to negatively regulate the expression of AURKA late in mitosis is AURKA 

interacting protein 1 (AURKAIP1) which targets AURKA to the proteasome without 

ubiquitination of AURKA (Kiat et al. 2002).  

Moreover, S342 auto-phosphorylation of AURKA can inhibit kinase activity of 

AURKA and provides another mechanism by which AURKA is negatively regulated 

(Littlepage et al. 2002). This phosphorylation is controlled by glycogen synthase 

kinase 3 (GSK3) and dependant on (micro)environmental stimuli (Sarkissian et al. 

2004). In summary, a delicate interplay of positive and negative regulation manages 
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AURKA activity from late G2 through to the completion of mitosis. The mitotic 

interacting partners of AURKA are summarised in Table 1.2 

Cell Cycle 
Phase 

Gene 
Product 

Interaction Cellular 
Location 

Functionality 

    

G
2

/M
 T

ra
n

s
it
io

n
 

Ajuba Promotes T288 
auto-
phosphorylation 
of AURKA 

Centrosomes AURKA 
activation. 
Centrosomal 
maturation 

Bora Promotes T288 
auto-
phosphorylation 
of AURKA 

Centrosomes AURKA 
activation. 
Centrosomal 
maturation 

HEF1/NEDD9 Promotes T288 
auto-
phosphorylation 
of AURKA 

Centrosomes AURKA 
activation. 
Centrosomal 
maturation 

PAK1 Promotes T288 
auto-
phosphorylation 
of AURKA 

Centrosomes AURKA 
activation. 
Centrosomal 
maturation 

Plk1 Mutual activation. 
Promotes T288 
auto-
phosphorylation 
of AURKA 

Centrosomes Activation of 
Cyclin-B1-CDK1 
for mitotic entry. 
Centrosomal 
maturation.  

CDC25B Phosphorylation 
and activation of 
CDC25B 

Centrosomes Activation of 
Cyclin-B1-CDK1 
for mitotic entry. 

Arpc1b Mutual activation. 
Promotes T288 
auto-
phosphorylation 
of AURKA 

Centrosomes Centrosomal 
maturation. G2-
M transition. 

NPM1 Promotes S89 
auto-
phosphorylation 
of AURKA 

Centrosomes Centrosomal 
maturation. G2-
M transition. 

   
  

  
  

  
  
  

  
  

  
  

  
  
  

  
  

  
  
  

  
  
  

  
  
  

  
  

  
  

  
  
  

  
  

  
  
  

  

P
ro

p
h
a

s
e

-

M
e

ta
p

h
a

s
e
 

TPX2 Promotes T288 
auto-
phosphorylation 
of AURKA 

Centrosomes, 
spindle 
microtubules 

AURKA 
activation and 
protection of 
T288 from PP1. 
Centrosomal 
maturation. 
Targeting of 
AURKA to 
spindle 
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microtubules, 
microtubule 
polymerisation 

CEP192 Promotes T288 
auto-
phosphorylation 
of AURKA and 
AURKA 
dimerisation 

Centrosomes Enhanced 
stability for 
active AURKA 

γ-tubulin Co-localisation Centrosomes Targeting of γ-
tubulin to the 
centrosomes. 
Centrosomal 
maturation 

LATS2 Promotes T288 
auto-
phosphorylation 
of AURKA 

Centrosomes Centrosomal 
maturation 

NDEL1 NDEL1 
phosphorylation 
by AURKA 

Centrosomes Targeting of 
NDEL1 to the 
centrosomes. 
Centrosomal 
maturation 

TACC3 TACC3 
phosphorylation 
by AURKA 

Centrosomes Targeting of 
TACC3 to the 
centrosomes. 
Spindle 
microtubule 
polymerisation 
and stabilisation 

CENP-A CENP-A 
phosphorylation 
by AURKA 

Prophase 
nuclei 

Kinetochore 
formation 

INCENP AURKA and 
INCENP 
complexing 

Kinetochore Kinetochore-
associated 
microtubule 
nucleation 

HURP HURP 
phosphorylation 
by AURKA 

Spindle 
microtubules 

Stabilisation of 
kinetochore-
associated 
spindle 
microtubules 

SAF-A Co-localisation Spindle poles Centrosomal 
spindle-
kinetochore 
attachment 

Eg5 Complexing with 
AURKA 

Spindle 
microtubules 

Stabilisation of 
bipolar spindles 
and spindle 
cross-linking 

P
ro

p
h
a

s
e

-M
e

ta
p

h
a

s
e
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XMAP215 Complexing with 
AURKA 

Spindle 
microtubules 

Stabilisation of 
bipolar spindles 
and spindle 
cross-linking 

RASSF1A Phosphorylation 
of RASSF1A by 
AURKA 

Spindle poles Mitotic 
progression 

  

 

A
n

a
p
h

a
s
e

-C
y
to

k
in

e
s
is

 

TACC3 Phosphorylation 
of TACC3 by 
AURKA 

Spindle mid-
body 

Assembly and 
stabilisation of 
central spindles 

P150Glued Phosphorylation 
of P150Glued 

Spindle mid-
body 

Assembly of 
central spindles 

HURP Presumed HURP 
phosphorylation 
by AURKA 

Spindle mid-
body 

HURP 
localisation to 
central spindle 
microtubules, 
central spindle 
polymerisation 

NEDD1 Phosphorylation 
of NEDD1 by 
AURKA 

Spindle mid-
body 

NEDD1 
localisation to 
central spindle, 
microtubule 
nucleation 

APC-Cdh1 Ubiquitination of 
AURKA by APC-
Cdh1 

Spindle mid-
body 

Proteasomal 
degradation of 
AURKA 

PP2A Removal of ser51 
phosphorylation 
of AURKA by 
PP2A 

Spindle mid-
body 

De-stabilises 
AURKA. Allows 
APC-Cdh1 
interaction with 
AURKA  

AURKAIP1 Targeting of 
AURKA to the 
proteasome in 
ubiquitin-
independent 
manner 

Spindle mid-
body 

Proteasomal 
degradation of 
AURKA 

GSK-3β AURKA ser342 
auto-
phosphorylation 
triggered by 
GSK-3β 

Spindle mid-
body 

Inhibition of 
AURKA kinase 
activity 

 

 

 

Table 1.2. The interacting partners and substrates of AURKA in mitosis. 

Adapted with permission from: Nikonova et al (2014). 
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1.3.3. Non-mitotic functions of AURKA 

Despite a peak of protein expression in G2-M phase of the cell cycle, there is also a 

literature documenting functions of AURKA outside of mitosis. Indeed, there is 

evidence that AURKA is involved in the disassembly of primary cilia in cells and is 

subject to T288 phosphorylation and increased kinase activity in this role 

(Korobeynikov et al. 2017). In keeping with functions in microtubule dynamics, 

AURKA has also been implicated in cytoskeletal remodelling as neurons extend 

(Mori et al. 2009). There is also an interphase role for AURKA in regulating 

mitochondrial morphology (Grant et al. 2018), fission and energy production (Bertolin 

et al. 2018). Investigations in disease have also shown that AURKA has nuclear 

transactivating activity in the absence of kinase activity and can promote the 

expression of a stem-like gene expression programme (N. Yang et al. 2017). In 

keeping with this AURKA has been associated with the maintenance of 

haematopoietic stem cells (Goldenson et al. 2015) and embryonic stem cells (D.-F. 

Lee et al. 2012).  

1.3.3.1. AURKA in DNA repair 

Investigations, mainly in the field of oncology, have also revealed that AURKA is able 

to alter the utilisation of DNA repair pathways, which may or may not be related to 

the mitotic function of AURKA (Sourisseau et al. 2010; Yang et al. 2010; Wang et al. 

2014b; Do et al. 2017). AURKA in cancer cells has been shown to directly oppose 

the expression of BRCA1 and BRCA2, known effectors of homologous 

recombination-based DNA repair, promoting cell cycle progression in the presence 

of DNA damage (Yang et al. 2010; Wang et al. 2014b; Do et al. 2017). Additionally, 

AURKA has been shown to promote the utilisation of non-homologous end joining 
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DNA repair through inhibition of Rad51 recruitment to DNA double-strand breaks in 

cancer cells (Sourisseau et al. 2010). The significance of these interactions between 

the DNA damage response and AURKA in non-neoplastic cells is not fully 

understood but hints at a role for establishing a balance between cell cycle 

progression and DNA repair. 

1.3.3.2.  AURKA and p53 function 

Perhaps one of the most well studied effectors of cell cycle arrest and DNA repair is 

p53. AURKA has been shown to destabilise p53 expression through phosphorylation 

of serine 315 of p53, serving to promote p53 interaction with the negative regulator 

of p53 mouse double minute homolog 2 MDM2 (Katayama et al. 2004). AURKA can 

also phosphorylate serine 215 of p53 causing inhibition of the transactivating 

function of p53 and downregulation of p53-dependent genes such as p21 and PTEN 

(Liu et al. 2005). AURKA also perturbs interactions between p53 and heterogenous 

nuclear ribonucleoprotein K (hnRPNK) inhibiting p53 transactivation of DNA repair 

genes following DNA damage (Hsueh et al. 2011). In contrast, AURKA has also 

been shown to phosphorylate p53 on serine 106 which inhibits MDM2-mediated 

destabilisation of p53 (Hsueh et al. 2013). Conversely, p53 can inhibit AURKA 

kinase activity through physical interaction (Eyers and Maller 2004) and can inhibit 

AURKA through multiple transactivation-dependent mechanisms (Sasai et al. 2016), 

clearly linking p53 and AURKA function.  

AURKA and p53 have been linked during promotion of centrosomal homeostasis. 

During G1-S phase of the cell cycle p53 coordinates synchronous DNA replication 

and centrosomal duplication through a p21-dependent mechanism (Okuda et al. 

2000). In addition, p53 is recruited to the centrosome and inhibits G1-S progression 
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when centrosome integrity is affected (Mikule et al. 2007; Song et al. 2010). p53 

recruitment to the centrosomes, however, is reversible and is dissociated from the 

centrosomes by interactions with Mortalin, releasing the inhibition on centrosomal 

duplication (Ma et al. 2006). AURKA has been shown to promote interaction of p53 

with Mortalin (Katayama et al. 2012) and has also been shown to oppose p53 and 

p21 expression promoting G1-S transition (Xu et al. 2005). This leads to speculation 

that AURKA may be involved in promoting p53 dissociation from the centrosome and 

subsequent centrosomal duplication, but this has not yet been shown.      

p53 can also associate with the duplicated centrosomes during G2/M and is involved 

in establishing G2 arrest following DNA damage through inhibition of cyclin B (Wang 

et al. 2009). Conversely AURKA activation is coupled with the successful duplication 

of the centrosomes through NPM1 (Reboutier et al. 2012). Plk1, a well-known co-

operator and substrate of active AURKA in G2, is capable of promoting degradation 

of p53 and could feasibly affect p53 function at the centrosome at G2 (Yang et al. 

2009). Convergence of signalling upon Cdk1/Cyclin B at the centrosome during 

mitotic entry is AURKA dependent. Cyclin B2 activity has been shown to be 

antagonise p53-dependent inhibition of AURKA activity to coordinate mitotic entry 

and centrosomal separation (Nam and van Deursen 2014). Therefore, AURKA and 

p53 act in a mutually antagonistic manner at the centrosomes to regulate 

centrosome biology and cell cycle progression. This relationship is functionally 

analogous to that of AURKA and p73 during mitosis, described earlier, which 

coordinates the balance between spindle assembly checkpoint function and mitotic 

progression (Katayama et al. 2012).  

There is also evidence of functional interplay between AURKA and p53 in stem cell 

maintenance. p53 can associate with NUMB to antagonise the expression of 



1. Introduction 

41 

 

transcription factors associated with the maintenance of cellular pluripotency (Bric et 

al. 2009) serving to moderate stem cell division. Work in hepatocellular carcinoma 

cancer stem cells reveals that AURKA, through activation of atypical protein kinase 

C (aPKC), phosphorylates NUMB, disrupting NUMB p53 interaction and destabilising 

p53 (Siddique et al. 2015). This promoted the maintenance of a pluripotent 

phenotype (Siddique et al. 2015). AURKA has also been shown to maintain cellular 

pluripotency in embryonic stem cells with evidence of p53 antagonism during this 

process (D.-F. Lee et al. 2012). This suggests that AURKA and p53 establish a 

balance between the maintenance of a pluripotent phenotype and cellular 

differentiation. 

Critically, AURKA (Zhou et al. 1998) and AURKB (Ota et al. 2002) have both been 

implicated in tumourigenesis when their expression is dysregulated. There is an 

emerging hypothesis that AURKC when overexpressed may also contribute to 

tumourigenesis (Khan et al. 2011; Quartuccio and Schindler 2015), but the 

mechanism of AURKC mediated tumourigenesis is unclear.  

1.4. The Oncogenic Role of AURKA Overexpression 

1.4.1. AURKA overexpression in cancers and transforming mechanism 

AURKA overexpression has been indicated in a range of solid and haematological 

malignancies suggesting an oncogenic role for AURKA in cancer (Bischoff et al. 

1998; Gritsko et al. 2003; Lo Iacono et al. 2011; Lucena-Araujo et al. 2011; Chuang 

et al. 2016; Dawei et al. 2018; Guo et al. 2018; Subramanian and Cohen 2019). 

Overexpression of AURKA can result from changes in gene copy number, 

transcriptional activation, protein modification dynamics and epigenetic dysregulation 

(Bischoff et al. 1998; Reiter et al. 2006; Kitajima et al. 2007; Lo Iacono et al. 2011; 
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He et al. 2018). There is also evidence that AURKA is subject to single nucleotide 

polymorphisms (SNPs) in cancer with varying effects on tumour behaviour (Necchi et 

al. 2017; Baumann et al. 2018; Liao et al. 2018). In terms of overexpression, ectopic 

expression of AURKA in rodent fibroblast cell lines was sufficient for malignant 

transformation (Zhou et al. 1998). The transforming mechanism of AURKA 

overexpression is due to several downstream effects. AURKA overexpression can 

contribute to tumourigenesis by causing an override of G2 (Marumoto et al. 2002) 

and spindle assembly (Anand et al. 2003) checkpoints. The G2 and spindle 

checkpoints function to ensure genomic integrity is preserved through critical stages 

of mitosis and thus AURKA-driven override of these checkpoints enhances the 

chance of genetic mutations being fixed into the genome. AURKA activity at G2-M 

has been shown to be normally inhibited by DNA damage (Cazales et al. 2005). 

However, when AURKA is overexpressed it has been associated with a reduction in 

BRCA1 expression levels (Veerakumarasivam et al. 2008), a protein critical for 

establishing G2/M arrest (Yarden et al. 2002). Additionally, AURKA overexpression 

may drive inappropriate G2-M transition through the stabilisation of cyclin-B1 levels 

(Qin et al. 2009). AURKA overexpression can override the spindle assembly 

checkpoint resulting in mitotic abortion and tetraploidy, which in the right genetic 

context (lack of functional p53) can become genetically fixed and may support 

tumourigenesis (Meraldi et al. 2002). Also, AURKA overexpression has cancer 

promoting consequences upon tumour suppressor and proto-oncogene products. 

For example, AURKA overexpression has been shown to enhance the interaction 

between p53 and its negative regulator MDM2 serving to deplete the p53 levels and 

significantly impair the ability of a cell to instigate checkpoint arrest and apoptosis 

(Katayama et al. 2004). Moreover, in AURKA overexpressing cells p73 was 
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phosphorylated at S235 by AURKA and this was shown to inhibit the role of p73 in 

maintaining genomic integrity and appropriate spindle assembly checkpoint 

(Katayama et al. 2012). The expression of pro-apoptotic proteins is also indirectly 

affected by overexpression of AURKA (Hou et al. 2018; Wang-Bishop et al. 2018). 

AURKA overexpression also promotes the stabilisation or activation of other 

oncogenes such as c-Myc (Lu et al. 2014), n-Myc (Otto et al. 2009) and c-Src (Do et 

al. 2014). Interestingly, AURKA may act as a nuclear transcription factor, promoting 

c-Myc expression in a kinase independent mechanism (Zheng et al. 2016). AURKA 

overexpression is additionally implicated in tumour cell metastasis through roles in 

promoting tumour cell migration and invasion (Eterno et al. 2016; Yang et al. 2016; 

Chu et al. 2018; Dawei et al. 2018) including in NSCLC (Zheng et al. 2018). AURKA 

has also been associated with the maintenance of a cancer stem cell subpopulation 

(Eterno et al. 2016; Zheng et al. 2016; N. Yang et al. 2017). Therefore AURKA, when 

overexpressed, can enhance the likelihood of a cell undergoing malignant 

transformation and promotes malignant behaviour (see Figure 1.6).   
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1.4.2. AURKA overexpression in NSCLC 

AURKA mRNA and protein overexpression has been demonstrated in NSCLC tissue 

samples when compared to equivalent non-neoplastic tissue (Lo Iacono et al. 2011; 

Al-Khafaji et al. 2017). Additionally, it was shown that 1.5-fold increased AURKA 

mRNA expression is associated with moderate to poor differentiation in lung tumours 

(Lo Iacono et al. 2011). Another study also found an association between high 

AURKA protein expression in NSCLC tumour samples and worse overall and 

progression free survival criterion (Xu et al. 2014). High AURKA expression, defined 

Figure 1.6. The tumourigenic consequences of AURKA 

overexpression. Adapted with permission from: Nikonova et al (2014). 
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as over 60% tumour tissue staining positive for expression, was detected in 56% of 

NSCLC samples (Xu et al. 2014). Interestingly, combined AURKA and p53 

expression in NSCLC tumours has also been shown to confer a poor prognosis post-

resection (Li et al. 2015). The context of AURKA overexpression in NSCLC however 

may be important. Ogawa et al (2008) found that whilst AURKA protein levels were 

elevated compared to non-neoplastic pulmonary tissue in nearly 83.6% of NSCLC 

samples only those with peri-membrane AURKA localisation (22%) conferred a 

poorer prognosis. Additionally, Ogawa et al (2008) and others have found that 

AURKA overexpression only had significant implications upon criteria such as 

tumour grade in the SCC NSCLC subtype (Ogawa et al. 2008; H.J. Lee et al. 2012). 

This is contrasted by findings that increased AURKA mRNA expression alone and as 

part of an eight-gene signature was prognostic in lung adenocarcinoma (Li et al. 

2018; Zhang et al. 2018). Therefore, the currently available data suggest that 

AURKA overexpression is a common and clinically significant occurrence in NSCLC, 

albeit the importance of this may be restricted to a histological subtype of NSCLC.  

1.4.3. The impact of AURKA overexpression on cancer treatment  

Aside from a direct oncogenic role, AURKA overexpression has therapeutic 

implications. AURKA overexpression has been associated with resistance to 

radiotherapy in laryngeal squamous cell carcinoma in vitro (Guan et al. 2007). 

Indeed, it has been shown in cervical squamous cell carcinoma (CSCC) patients 

treated with definitive radiotherapy that high expression of AURKA in pre-therapy 

tumour biopsies predicted poorer overall survival and disease recurrence (Ma et al. 

2017). Critically, this study found that CSCC patients with high pre-therapy AURKA 

expression in their tumours were less likely to achieve a complete response, and 
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more likely to have progressive disease in response to definitive radical radiotherapy 

(Ma et al. 2017). This suggests that AURKA expression has a direct effect on the 

likelihood of a tumour to respond to the deleterious effects of radiation and provides 

evidence that AURKA may predict radiation response in a patient population. 

Furthermore, AURKA has been implicated in chemoresistance to DNA damaging 

agents such as platinum-based agents (Wang et al. 2006; Lassmann et al. 2007; 

Mignogna et al. 2016) and anthracyclines (Zheng et al. 2014) in a range of 

carcinomas. Moreover, AURKA has been implicated in the resistance to biological 

therapies, including EGFR inhibitors in NSCLC (Shah et al. 2018). Orth et al (2018) 

conversely found that high AURKA mRNA expression was associated with improved 

overall survival in lung adenocarcinoma patients receiving taxane-based 

radiochemotherapy, but these findings are limited by small sample size and were not 

statistically significant. Hence, it is established that AURKA overexpression can 

affect therapeutic outcome. The relationship between AURKA overexpression and 

radiotherapy response however has not been fully investigated in primary NSCLC. 

Due to the emerging role of AURKA overexpression in tumourigenesis and 

therapeutic response, AURKA has been targeted pharmacologically in AURKA 

overexpressing cancers.  

1.5. The use of AURKA inhibitors 

1.5.1. AURKA inhibitor monotherapy 

Several pharmacological AURKA specific inhibitors, as well as pan-inhibitors of the 

aurora kinase family, are now being evaluated in clinical trials in both monotherapy 

and combinational therapy contexts. ENMD-2076 is a specific inhibitor of AURKA in 

the aurora kinase family but has other kinase targets with sub-micro molar IC50s 
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(Tentler et al. 2010). A phase I trial in advanced solid tumour patients showed that 

ENMD-2076 monotherapy had a favourable toxicity profile with few patients 

experiencing grade 3 toxicities and the most common toxicities such as nausea 

being clinically manageable (Diamond et al. 2011). ENMD-2076 has since been 

progressed into phase II trials and has 1.shown modest activity in platinum-resistant 

ovarian cancer with a similar toxicity profile as that seen in phase I (Matulonis et al. 

2013). Phase II trials in triple negative breast cancer and ovarian clear cell 

carcinoma have also been performed and indicate clinical benefit from ENMD-2076 

monotherapy in a small subset of patients (Diamond et al. 2018; Lheureux et al. 

2018)  Another agent MK-5108 is a specific inhibitor of AURKA and has been shown 

to be well tolerated as a monotherapy but may be more useful in a combinatorial role 

in solid tumour patients (Minton et al. 2010). MLN8054 was an orally available 

specific AURKA inhibitor that was progressed into phase I clinical trials but 

abandoned due to dose limiting somnolence (Dees et al. 2011). Subsequent to this 

MLN8237 or Alisertib was developed and is highly specific inhibitor of AURKA 

without the central nervous system toxicities of MLN8054 (Manfredi et al. 2011). 

Alisertib is now the most extensively tested AURKA specific inhibitor in humans 

(Malumbres and Pérez de Castro 2014) and has previously shown promising tumour 

growth inhibition effects in preclinical studies (Manfredi et al. 2011; Palani et al. 

2013). Several phase I dose-escalation studies in patients with advanced solid 

tumours have shown that Alisertib is generally well-tolerated (Cervantes et al. 2012; 

Dees et al. 2012). Alisertib has been tested both as a single-agent and in 

combination with other agents in a range of solid tumours including NSCLC in phase 

II (Melichar et al. 2015). Alisertib monotherapy failed to induce any significant 

objective response in NSCLC patients but was well tolerated with drug-related 
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toxicity being manageable (Melichar et al. 2015). Alisertib also entered a phase III 

clinical trial, as a monotherapy for treating relapsed or refractory peripheral T-cell 

lymphoma, but was withdrawn as it failed to demonstrate superior efficacy compared 

to standard of care (Takeda Pharmaceutical Company Ltd 2015; O'Connor et al. 

2019). Notably phase III failure of Alisertib was not due to safety concerns (Takeda 

Pharmaceutical Company Ltd 2015). More recent meta-analysis has revealed that 

Alisertib treatment is associated with haematological toxicity but that these toxicities 

were mainly manageable (Tayyar et al. 2017). Overall, the available clinical trial data 

suggest that AURKA inhibition is generally well tolerated in solid tumour patients. 

Given the tolerability of AURKA inhibition in clinical trials, in addition to the in vitro 

and in vivo data suggesting that AURKA reduces the efficacy of certain therapeutics 

(Wang et al. 2006; Guan et al. 2007), there is a rationale for use of AURKA inhibitors 

in combination with other therapeutics in cancer. Indeed, there are now several 

active phase I and II clinical trials investigating the effect of combining Alisertib in 

solid tumours with chemotherapy, radiotherapy and other biological agents (see 

Table 1.3). In fact, recent clinical trial data has indicated that Alisertib Paclitaxel 

combination enhanced progression-free survival compared to Paclitaxel alone in 

advanced breast cancer or recurrent ovarian cancer patients (Falchook et al. 2019). 

Furthermore, a recent phase I safety trial in recurrent glioma patients combining 

stereotactic irradiation and escalating doses of Alisertib indicates that the 

combination was generally well tolerated (Song et al. 2019). This is likely to be 

followed up by a phase II trial to investigate combinational efficacy of Alisertib and 

radiation in glioma patients (Song et al. 2019). There is no evidence of a 

combinational trial using AURKA inhibitors and radiotherapy in NSCLC however.  
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1.5.2. Concurrent use of AURKA inhibitors and radiotherapy 

There is emerging support for combining AURKA inhibitors with radiotherapy to 

potentiate cellular response to IR. Alisertib has been shown to enhance radiation 

response in glioblastoma and atypical teratoid rhabdoid tumour models respectively 

in vitro (Venkataraman et al. 2012; Hong et al. 2014). Co-targeting of AURKA and 

AURKB was also shown to synergise with radiation in cell line and primary 

glioblastoma cultures in vitro (Borges et al. 2012). Radio-sensitisation of p53-

deficient hepatocellular carcinoma cell lines in vitro and in vivo has been reported 

using VE-465 (Lin et al. 2014). However this may not indicate that AURKA inhibition 

alone radio-sensitises as VE-465 inhibits both AURKA and AURKB and there was no 

validation of singular AURKA inhibition effect on relative radiosensitivity (Lin et al. 

2014). Another agent Daurinol, which is a plant-derived topoisomerase II inhibitor, 

has been shown to radio-sensitise three NSCLC cell lines in vitro and in vivo via the 

inhibition of transcription of AURKA and AURKB (Woo et al. 2015). Critically, Woo et 

al (2015) used short interfering RNA (siRNA) targeted to AURKA and AURKB 

Table 1.3 A summary of historical and ongoing AURKA inhibitor clinical 

trials as monotherapy or combinational therapy. Data populated using the 

clinicaltrials.gov clinical trial database (US National Library of Medicine 2019) 

) 
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individually to validate their findings using Daurinol and demonstrated radio-

sensitisation by AURKA inhibition alone in two NSCLC cell lines. Additionally, the 

AURKA inhibitor Alisertib has shown radiosensitising activity in a p53-dependant 

manner in a small panel of NSCLC cell lines (Myers et al. 2013). This provides some 

of the first evidence that AURKA can be singularly targeted in NSCLC to enhance 

response to radiation.  

The mechanism by which inhibition of AURKA in AURKA overexpressing cancer 

reverses the radio-resistant phenotype is subject to speculation. It has been 

suggested that the radio-sensitising potential of AURKA inhibition lies with 

interactions between AURKA and mediators of the DNA damage repair response 

(Wang et al. 2014a). In breast, pancreatic and ovarian epithelial cancer cell lines 

respectively it was shown that AURKA overexpression reduces BRCA1/2, 

ATR/CHK1, p53 (including S15 phosphorylation of p53), γ-H2A histone family, 

member X (γH2AX) (S319) and Rad51 expression (Sun et al. 2014). It was 

suggested that AURKA overexpression led to a deficiency in appropriate cell cycle 

checkpoint arrest and induction of DNA repair in response to IR (Sun et al. 2014). 

Indeed, a role for AURKA opposing homologous recombination based repair of DNA 

has been shown in breast cancer cell lines whereby forced overexpression of 

AURKA caused reduced Rad51 foci in response to IR and sensitised cells to PARP 

inhibitors (Sourisseau et al. 2010). Also it has been implied that BRCA1/2, through 

an unknown interaction, oppose the actions of AURKA in establishing an appropriate 

pro-arrest/repair/apoptotic response to the DNA damage induced by IR and provides 

a rationale for inhibiting AURKA alongside radiotherapy (Wang et al. 2014b). 

However, the mechanism is far from understood. 
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Furthermore, in the context of NSCLC there is little data regarding the proposed 

mechanisms of radiosensitisation by inhibiting AURKA. The studies by Woo et al 

(2015) and Myers et al (2013) only demonstrate a radiosensitisation effect in NSCLC 

cell lines after AURKA inhibition and do not offer mechanistic explanation of 

response past AURKA inhibition itself. Also, the work by Sun et al (2014), indicating 

that AURKA overexpression led to a downregulation of certain components of the 

DNA repair response pathway, only addressed this situation with protein expression 

and cell cycle data. This work did not appraise the functional consequences of DNA 

repair downregulation further than γ-H2AX foci formation and was not performed in 

models of NSCLC.  

It could also be argued that Alisertib, alone or in combination with IR could be just as 

useful in other diseases such as SCLC. Indeed, there is clinical evidence to suggest 

that SCLCs are more sensitive to Alisertib monotherapy (Melichar et al. 2015) which 

may be related to an increased incidence of MYC amplification (Sos et al. 2012), and 

Alisertib has been shown to improve progression free survival in combination with 

Paclitaxel in SCLC (Owonikoko et al. 2017). Furthermore, radiotherapy is also used 

flexibly throughout the treatment of SCLC (Glatzer et al. 2017) with similar utilisation 

rates to that in NSCLC historically (Delaney et al. 2005). However, NSCLC is a much 

more prevalent disease compared to SCLC (Jemal et al. 2011) thus increasing the 

pool of patients that could potentially benefit from a combination of Alisertib and IR.        

Taken together, NSCLC is a clinically significant problem and is associated with poor 

overall survival. Radiotherapy is a commonly used and flexible treatment modality in 

the treatment of NSCLC throughout the different stages of disease but is hindered by 

radio-resistance and the toxicity of conventional radiotherapy. Moreover, there is a 

paucity of predictive biomarkers available to identify which NSCLC patients will 
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benefit most from radiotherapy. The mitotic kinase AURKA is overexpressed in 

NSCLC and has been shown to associate with a poor prognosis and a poorly 

differentiated tumour phenotype in some studies. Additionally, AURKA has been 

shown to, when overexpressed, negatively affect the efficacy of radiotherapy in a 

range of cancers. Specific inhibitors of AURKA have since been developed, are in 

clinical trials and are noted for their general tolerability. Given that radiotherapy 

outcome is sub-optimal in NSCLC and that AURKA may be overexpressed by a 

proportion of these tumours, there is a rationale that concurrent AURKA inhibition 

with radiotherapy may improve the therapeutic ratio of radiotherapy in NSCLC 

patients.   

Subsequently, the first hypothesis of this PhD thesis is that inhibiting AURKA in 

NSCLC cells will sensitise these cells to the effects of IR. The second hypothesis of 

this thesis is that AURKA expression levels can predict patient response to 

radiotherapy in primary NSCLC samples. 

The aims of this project are to: 

1. Generate in vitro and in vivo proof of concept data for radiosensitisation of 

NSCLC cells using AURKA inhibitors and AURKA siRNA 

2. Examine AURKA expression in primary NSCLC tumours and how expression 

status predicts radiotherapy response 

3. Investigate the molecular mechanism of radiosensitisation 
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2. Materials & Methods 

2.1. Materials 

2.1.1. Chemicals 

Chemical Supplied by 

Acetone Fisher Scientific 

Agarose Sigma Aldrich 

Amersham enhanced chemiluminescence (ECL) 

western blotting reagent 

GE Life Sciences 

Ammonium persulphate (APS) Fisher Scientific 

Bovine serum albumin (BSA) Sigma Aldrich 

Bromophenol blue  Sigma Aldrich 

4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI) Vector Laboratories 

Diaminobenzidine Vector Laboratories 

Dimethyl sulphoxide (DMSO) Fisher Scientific 

Dithiothreitol (DTT) Fisher Scientific 

Dharmafect 1 GE Life Sciences 

Ethanol Fisher Scientific 

Ethylenediaminetetraacetic acid (EDTA) Sigma Aldrich 

Glycerol  Fisher Scientific 

Glycine Fisher Scientific 

Hydrochloric acid  Sigma Aldrich 

45% Hydroxypropyl-β-cyclodextrin (HBC) Sigma Aldrich 

Industrial methylated spirit (IMS) Fisher Scientific 

Isopentane Sigma Aldrich 
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Methanol Fisher Scientific 

Methylene Blue  Sigma Aldrich 

NP-40 Merck 

O.C.T. Compound Fisher Scientific 

4% paraformaldehyde Boster 

Phenylmethanesulfonyl fluoride (PMSF) Sigma Aldrich 

Phosphatase inhibitor cocktails I & II Sigma Aldrich 

Propidium iodide (PI) Sigma Aldrich 

Protease inhibitor Sigma Aldrich 

Protogel (30% acrylamide, 0.8% w/v bis-acrylamide 

stock solution) 

Geneflow 

7.5% Sodium bicarbonate (NaHCO3) Sigma Aldrich 

Sodium chloride Fisher Scientific 

Sodium dodecyl sulphate (SDS) Sigma Aldrich 

Sodium deoxycholate Sigma Aldrich 

Sodium hydroxide  Fisher Scientific 

Target Retrieval Solution (10x), Citrate pH 6.1 Dako 

Tetracycline  Fisher Scientific 

Tetramethylethylenediamine (TEMED) VWR 

Tris Base  Fisher Scientific 

Triton X-100 Sigma 

Tween 20 Acros Organics 

Universal x-ray developer Champion 

Protochemistry 
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Universal x-ray fixer Champion 

Protochemistry 

Xylene Fisher Scientific 

β-mercaptoethanol Sigma Aldrich 

 

2.1.2. Cell lines 

Cell Line Supplied by Genotype p53 Status 

A549 PHE Human lung adenocarcinoma Wildtype 

H520 ATCC Human lung squamous cell 

carcinoma 

Wildtype 

H460 P. Woll (Zhu 

et al. 2008) 

Human lung large cell 

carcinoma 

Wildtype 

H322 PHE Human lung adenocarcinoma Mutant 

H1299 ATCC Human lung large cell 

carcinoma 

Null 

SW900 ATCC Human lung squamous cell 

carcinoma 

Mutant 

Lewis 

Lung 

Carcinoma 

(LLC-1) 

Dr Will English 

(Bertram and 

Janik 1980) 

Mouse lung carcinoma Wildtype 

HCT116 

p53 +/+ 

Prof Mark 

Meuth (Bunz 

Human colorectal carcinoma Wildtype 
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et al. 1998) 

HCT116 

p53 -/- 

Prof Mark 

Meuth (Bunz 

et al. 1998) 

Human colorectal carcinoma Null 

PHE: Public Health England, ATCC: American Type Culture Collection 

2.1.3. Cell culture reagents 

2.1.3.1. Foetal calf serum (FCS) 

Virus, endotoxin and mycoplasma free FCS was supplied by Seralab and stored at -

20 oC until used. 

2.1.3.2. Cell culture medium 

Cells were cultured in Dulbecco’s modified eagles medium (DMEM) containing 4.5 

g/L glucose with L-glutamine (A549, HCT116 p53 +/+, HCT116 p53 -/-, LLC-1) or 

Roswell Park Memorial Institute (RPMI)-1640 medium (H520, H460, H322, H1299, 

SW900) with L-glutamine. Both culture mediums were from Lonza and stored at 4 

oC. Media was supplemented with 10% foetal calf serum and 1x non-essential amino 

acids (NEAA) supplied by Lonza.  

2.1.3.3. Trypsin and versene/EDTA 

Trypsin EDTA with 0.5 g/L Trypsin and 0.2 g/L versene (EDTA) was supplied by 

Lonza. 
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2.1.3.4. Matrigel matrix 

Growth factor reduced, Phenol Red-free Matrigel® basement membrane matrix was 

supplied by Corning.  

2.1.4. Buffers 

2.1.4.1. Phosphate buffered saline (PBS) 

PBS was produced by dissolving one Oxoid PBS tablet per every 100 ml of ddH2O. 

PBS was sterilised by autoclave and stored at room temperature. 

2.1.4.2. Tris-buffered saline (TBS) 

10x TBS solution was produced by dissolving 24.2 g Tris Base (200 mM) and 80 g 

NaCl (1.4 M) in 900 ml ddH2O. 5 M HCl was then used to adjust solution pH to 7.6 

before final volume was adjusted to 1 L with ddH2O. 10x solution was kept at room 

temperature. 1x solution was achieved by diluting 10x solution with ddH2O. 

2.1.4.3. 1 M Tris pH 6.8 and 8.0 

1 M Tris solution was produced by dissolving 121.1 g of Tris Base in 900 ml ddH2O. 

5 M HCl was then used to adjust solution pH to 6.8 or 8.0 before final volume was 

adjusted to 1 L with ddH2O. 1 M Tris pH 6.8 and pH 8.0 were stored at room 

temperature. 

2.1.4.4. 1.5 M Tris pH 8.8 

1.5 M Tris solution was produced by dissolving 181.7 g of Tris Base in 700 ml 

ddH2O. 5 M HCl was then used to adjust solution pH to 8.8 before final volume was 

adjusted to 1 L with ddH2O. 1.5 M Tris pH 8.8 was stored at room temperature. 

 



2. Materials and Methods 

63 

 

2.1.4.5. 10 mM Tris 1 mM EDTA solution pH 9.0 

10 mM Tris 1 mM EDTA solution was produced by dissolving 1.21 g of Tris Base and 

0.37 g EDTA in 900 ml ddH2O. 5 M HCl was then used to adjust solution pH to 9.0. 

0.5 ml Tween 20 (0.05%) was added to the solution before bringing up volume to 1 L 

with ddH2O.10 mM Tris 1 mM EDTA solution pH 9.0 was stored at 4 oC. 

2.1.4.6. 5 x RIPA lysis buffer 

100 ml 5 x RIPA lysis buffer was produced by adding 25 ml 1 M Tris pH 8.0 

(250mM), 15 ml 5 M NaCl (750mM), 5 ml 10% SDS (0.5%), 5 ml NP-40 (5%), 2.5 g 

Sodium deoxycholate (2.5%) and ddH2O to bring volume to 100 ml. 5 x RIPA lysis 

buffer was stored at room temperature. 

2.1.4.7. 5 x SDS sample buffer 

100 ml 5 X SDS sample buffer was produced by adding 25 ml 1 M Tris pH 6.8 

(250mM), 10 g SDS (10%), 50 ml glycerol (50%), 5 ml β-mercaptoethanol (5%), 20 

mg bromophenol blue (0.02%) and ddH2O to bring volume to 100 ml. 5 x SDS 

sample buffer was stored at room temperature. 

2.1.4.8. 10 x SDS-polyacrylamide gel electrophoresis (SDS-PAGE) running 

buffer 

10 x SDS-PAGE running buffer was produced by dissolving 30 g Tris Base (250 mM) 

and 144 g Glycine (1.9 M) in 900 ml ddH2O. Then 100 ml of 10% SDS (1%) was 

added to bring volume up to 1 L.10 x SDS-PAGE running buffer was stored at room 

temperature. 
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2.1.4.9. 1 x SDS-PAGE running buffer 

1 x SDS-PAGE running buffer was produced by diluting 100 ml 10 x SDS-PAGE 

running buffer with 900 ml ddH2O. 

2.1.4.10. 10 x Towbin transfer buffer 

10 x Towbin transfer buffer was produced by dissolving 30.3 g Tris Base (250 mM) 

and 144 g Glycine (1.9 M) in ddH2O bringing volume to 1 L.  

2.1.4.11. 1 x Towbin transfer buffer 

1 x Towbin transfer buffer was produced by mixing 100 ml 10 x Towbin buffer, 700 

ml of ddH2O and 200 ml methanol in that order, 1 x Towbin transfer buffer was 

stored at 4 oC on day of use. 

2.1.5. Inhibitor Compounds 

Compound Mechanism Diluent Storage Company 

MLN8237 

(Alisertib) 

Inhibits T288 auto-

phosphorylation of 

AURKA 

DMSO -20 oC Selleckchem 

Nocodazole Inhibits microtubule 

polymerisation 

DMSO -20 oC Sigma Aldrich 

Etoposide Topoisomerase II 

poison 

DMSO -20 oC Sigma Aldrich 
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2.1.6. Irradiation 

Irradiation of cells was performed using a CIB/IBL 437 CS-137 irradiator. Irradiations 

were performed in a 3.8 L irradiation canister and were delivered to cells directly in 

90 mm3 dishes (when cells were plated prior to irradiation) or to cells in 15 ml falcon 

tubes (when cells were to be plated following irradiation).  

2.1.7. Short interfering RNA (siRNA) and transfection reagents  

siRNA duplexes were made up to 20 μM stock solution in RNAse free siRNA duplex 

resuspension buffer (Origene) and stored at -20 oC: 

SR30004 Universal scrambled negative control siRNA duplex (Origene)  

AURKA siRNA duplexes (Origene): 

AURKA-siRNA 1: 5’ CGAAGAGAGUUAUUCAUAGAGACAT 3’ 

AURKA-siRNA 2: 5’ GGAACAGUUUAUAGAGAACUUCAGA 3’ 

AURKA-siRNA 3: 5’ AGCUAGCAAACAGUCUUAGGAAUCG 3’ 

P53 siRNA duplexes: 

s605 (Ambion): GUAAUCUACUGGGACGGAATT 

SC-29435 (Santa Cruz Biotechnology): propriety sequence of Santa Cruz 

Biotechnology. 
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2.1.8. Antibodies 

2.1.8.1. Primary antibodies 

Antibody Host Animal Manufacturer 

(Cat number) 

Application 

(Dilution) 

pThr288 AURKA, 
pThr232 AURKB, 
pThr198 AURKC 

Rabbit Cell Signalling 
Technology 
(2914) 

WB (1:500) 

AURKA Mouse Sigma Aldrich 
(A1231) 

WB (1:1000), IHC 
(1:500-1000) 

AURKB Mouse Sigma Aldrich 
(WH0009212M3)  

WB (1:1000) 

AURKC Goat Thermo Fisher 
Scientific (PA5-
19562) 

WB (1:1000) 

β-tubulin Mouse Sigma-Aldrich 
(T8328) 

WB (1:10000) 

β-tubulin Mouse Sigma-Aldrich 
(T4026) 

IF (1:500) 

pSer10 Histone 3 Rabbit Cell Signalling 
Technology 
(9701) 

WB (1:20000) 

pSer10 Histone 3 Rabbit Abcam (Ab47297) FACS (1:500) 

pSer10 Histone 3 Rabbit Abcam (Ab5176) IHC (1:1000) 

p53 Mouse Santa Cruz 
Biotechnology 
(sc-126) 

WB (1:1000) 

p-Ser9 p53  Rabbit Cell Signalling 
Technology 
(9288) 

WB (1:1000) 

p-Ser15 p53 Mouse Cell Signalling 
Technology 
(9286) 

WB (1:1000) 

p-Thr18 p53 Rabbit Cell Signalling 
Technology 
(2529) 

WB (1:1000) 

p-Ser20 p53 Rabbit Cell Signalling 
Technology 
(9287) 

WB (1:1000) 

Pericentrin Rabbit Abcam (Ab4448) IF (1:2000) 

γH2AX 
 

Rabbit Cell Signalling 
Technology 
(2577) 

IF (1:1000) 

Chk1 Mouse Cell Signalling 
Technology 

WB (1:1000) 
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(2360) 

p-Ser345 Chk1 Rabbit Cell Signalling 
Technology 
(2348) 

WB (1:1000) 

Chk2 Rabbit Cell Signalling 
Technology 
(2662) 

WB (1:1000) 

p-Thr68 Chk2 Rabbit Cell Signalling 
Technology 
(2661) 

WB (1:1000) 

Akt Mouse (BD Biosciences) 
610826 

WB (1:2000) 

p-Ser473 Akt Rabbit Abcam (Ab81283) WB (1:5000) 

PTEN Rabbit Cell Signalling 
Technology 
(9559) 

WB (1:2000) 

CD31 (mouse)  Rat Dianova (DIA-
310) 

IHC (1:200) 

Ki67 Rabbit Abcam (Ab16667) IHC (1:400) 

WB: Western blot, IHC: Immunohistochemistry, IF: Immunofluorescence, 

FACS: Fluorescence activated cell sorting 

2.1.8.2. Blocking peptides 

Peptide Host Animal Manufacturer 

(Cat number) 

Application 

(Dilution) 

AURKA blocking 
peptide 

Synthetic 
peptide 

Fitzgerald 
International 
Industries (33R-
1465) 

IHC (1:1000-1:200) 

 

2.1.8.3. Secondary Antibodies 

Antibody Host Animal Manufacturer 

(Cat number) 

Application 

(Dilution) 

Anti-mouse IgG horse 
radish peroxidase 
(HRP) 

Horse Cell Signalling 
Technology 
(7076) 

WB (1:2000) 

Anti-rabbit IgG HRP Goat Cell Signalling 
Technology 
(7074) 

WB (1:2000) 
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Anti-goat IgG HRP Rabbit Dako (P0160) WB (1:2000) 

Anti-mouse Alexa 488 Goat Life Technologies 
(A11017) 

IF (1:1,000) 

Anti-rabbit Alexa 594 Goat Life Technologies 
(A11012) 

IF (1:1000) 

Anti-rabbit Alexa 488 Mouse Life Technologies 
(A11008) 

FACS (1:200) 

Anti-mouse IgG 
Biotinylated  

Goat Vector Labs (BA-
9200) 

IHC (1:200) 

Anti-rabbit IgG 
Biotinylated 

Goat Vector Labs (BA-
1100) 

IHC (1:200) 

Anti-rat IgG 
Biotinylated (mouse 
adsorbed) 

Rabbit Vector Labs (BA-
4001) 

IHC (1:200) 

WB: Western blot, IHC: Immunohistochemistry, IF: Immunofluorescence, 

FACS: Fluorescence-activated cell sorting 

2.1.9. Mouse models 

Male nude CD-1 and C57BL/6 mice aged 4-6 weeks were purchased from Charles 

River. 

2.2. Methods 

2.2.1. Mammalian cell culture 

2.2.1.1. Passaging cells 

NSCLC cell lines were maintained at 37 oC with 5% CO2 in T25 or T75 flasks. To 

passage cells culture media was removed and cells were washed twice in 5 ml PBS. 

Following washing cells were dislodged from the bottom of the flask by adding 1 ml 

Trypsin EDTA and returning cells to 37 oC. Once cells were fully dislodged in trypsin 

EDTA 9 ml of warm (37 oC) culture media was used to dilute trypsin. Freshly 

resuspended cells were then used to seed new flasks.  

All experiments were performed when cells were 60-80% confluent to ensure cells 

were in logarithmic growth phase. 
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2.2.1.2. Freezing cells 

After cells had been suspended in fresh media following trypsin EDTA exposure they 

were centrifuged in 15 ml falcon tubes at 1200 revolutions per minute (RPM) for 3 

minutes. Cellular pellets were resuspended in culture media with 10% DMSO at a 

density of 1x106 cells per ml. Cells for freezing were distributed into 1 ml cryovials 

and stored overnight at -80 oC in a Mr. Frosty™ Freezing Container supplied by 

Thermo Fisher Scientific. Following this cells were kept at -80 oC for short term 

storage (< 1 year) and in liquid nitrogen for long term storage (> 1 year). 

2.2.1.3. Thawing cells 

Resuscitation of frozen cells was achieved by rapidly thawing cells at 37 oC in a 

water bath. Following this cells were transferred from cryovial to a 15 ml falcon tube 

before 9 ml of warm culture media was gently added in dropwise manner. Cells were 

then centrifuged at 1200 RPM for 3 minutes before being resuspended in 10 ml 

media and transferred to a culture flask. 

2.2.1.4. Clonogenic survival assays  

Plating density of NSCLC cells was varied between 500-5000 cells per condition 

plated in 90 mm3 dishes. After appropriate treatment cells were left to form colonies 

for 10-14 days, following this media was removed and colonies were stained with 

methylene blue in methanol (4 g/L). Colonies were defined using a threshold of 50 

viable cells and counted. Plating efficiency was calculated as number of 

colonies/number of cells plated. Survival fraction was determined as plating 

efficiency of condition/plating efficiency of unirradiated control. Unirradiated controls 

were sham irradiated by rotation in irradiation canister without irradiation exposure.  
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Minimum of three independent biological repeats were achieved with averages and 

standard deviations calculated. 

2.2.1.4.1. Irradiation/inhibitor alone experiments 

Cells were plated and allowed approximately 4 hours to adhere to plate, following 

this cells were treated as appropriate.  

2.2.1.4.2. Irradiation inhibitor combination experiments 

When plating pre-treatment cells were allowed approximately 4 hours to adhere to 

plate, following this cells were treated with AURKA inhibitor for 2 hours before 

irradiation as appropriate. 

When plating post-treatment cells were treated with AURKA inhibitor for 2 hours in 

flask before being dislodged with trypsin EDTA. Cells were then irradiated in 15ml 

falcon tubes before being plated. Plated cells were provided with fresh media 

complemented with/without fresh AURKA inhibitor where appropriate.  

2.2.1.4.3. Fractionated irradiation experiments 

Cells were plated and allowed approximately 4 hours to adhere to plate before being 

treated with AURKA inhibitor for 2 hours before cells were irradiated. Cells were then 

irradiated again 24, 48 and 72 hours following with identical radiation doses. 

Unirradiated controls were sham irradiated with each set of irradiations. 

2.2.2. siRNA transfection 

2.25 x 105 H460 cells were seeded per well in 2 ml culture media in 6 well plates 24 

hours prior to transfection for approximately 50% confluency at the time of 

transfection. Per well 2.5 μl of 20 μM siRNA was diluted with 197.5 μl FCS free 
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RPMI-1640 and left 5 minutes to incubate at room temperature. Simultaneously 5 μl 

of Dharmafect 1 was diluted with 195 μl FCS free RPMI-1640 and left 5 minutes to 

incubate at room temperature. Following this siRNA was mixed 1:1 with Dharmafect 

1 gently with pipette and incubated for a further 20 minutes at room temperature. 

During 20-minute incubation cells were removed of media and replaced with 1.6 ml 

normal serum-containing RPMI-1640. Then 400 μl of siRNA-Dharmafect 1 complex 

was added dropwise to the media for final concentration of 25nM siRNA and 

0.0025% Dharmafect 1 per well. Non-transfected controls achieved by adding 400 μl 

of serum free RPMI-1640 to cells in place of siRNA-Dharmafect 1 complex. Vehicle 

controls achieved by mixing Dharmafect 1 in serum free RPMI-1640 1:1 with serum 

free RPMI alone and adding dropwise to cells as above. Scrambled siRNA controls 

achieved by using Trilencer 27 Universal scrambled negative control siRNA duplex 

supplied by Origene. 

2.2.3. Western blotting 

2.2.3.1. Lysate preparation for western blot 

2.2.3.1.1. 2 x SDS sample buffer method 

2.2.3.1.1.1. Cell pre-treatment 

For analysis of pThr288 AURKA 1-3 x 106 NSCLC cells were plated 48 hours prior to 

lysate production in 90 mm3 dishes. After 24 hours of adherence cells were arrested 

in mitosis by treating cells overnight with 100 ng/ml Nocodazole. Nocodazole 

untreated plates were employed for comparison. The following morning all plates 

were gently removed of media and washed twice with warm culture media, to 

remove Nocodazole, before re-complementing plates with 10 ml culture media. 
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Where appropriate cells were treated with AURKA inhibitor for 2 hours prior to lysate 

production. 

2.2.3.1.1.2. Lysate production 

Media was removed and cells were gently washed with 1ml ice cold PBS. Cells were 

then lysed on ice directly in 200 μl 2 x SDS boiling mix with 100 mM DTT (800 μl 5 x 

SDS sample buffer, 1000 μl ddH2O, 200 μl 1 M DTT per 1 ml). Cell scrapers were 

then used to collect all cells in lysis buffer on ice before lysate was passed through a 

25G needle 20 times with a 1 ml syringe and collected in ice-chilled 1.5 ml 

Eppendorf tubes. Lysates were then boiled at 90 oC for 10 minutes before being 

quickly pulse centrifuged and stored at -20 oC until required. 

2.2.3.1.2. RIPA lysis buffer method 

Cells plated at 2.25 x 105 per well in a 6-well plate 24, 48, 72 and 96 hours earlier 

were washed twice with 500 μl PBS and dislodged using 500 μl trypsin EDTA. 

Trypsin was then diluted with 2 ml warm culture media and cells were collected in 15 

ml falcon tubes. Cells were pelleted at 1200 RPM before being resuspended in 1 ml 

ice cold PBS and transferred to ice-chilled 1.5 ml Eppendorf tubes. Cells were 

pelleted at 1200 RPM and were lysed in 100 μl 1x RIPA lysis buffer (200 μl 5 x RIPA 

lysis buffer, 10 μl 100 mM PMSF, 10 μl 100 x SIGMAFAST protease inhibitor, 10 μl 

each of phosphatase inhibitor cocktail I & II and 770 μl ddH2O per 1 ml). Pellet was 

mixed with RIPA lysis buffer by vortexing every 10 minutes for 30 minutes before 

being passed through a 25G needle 20 times. Lysis mix was centrifuged for 10 

minutes at 13400 RPM, of which the supernatant was retained and stored at -20 oC 

prior to quantification and analysis via western blot.  
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2.2.3.2. Protein quantification 

Quantification of total protein concentration in lysates achieved with 1x RIPA buffer 

was performed via the Bradford assay in 1.5 ml Eppendorf tubes. Protein standard 

curves were made using BSA of known concentration (see Table 2.1). 

Total Protein 

(μg) 

0.1 mg/ml 

BSA (μl) 

ddH2O 

(μl) 

Biorad Protein Assay Dye 

Reagent Concentrate (μl) 

0 0 800 200 

1 10 790 200 

5 50 750 200 

10 100 700 200 

15 150 650 200 

20 200 600 200 

1 µl of each lysate was added to 799 µl of ddH2O. 200 µl of Biorad Protein Assay 

Dye Reagent Concentrate was added to the lysates and BSA standards after the 

proteins were diluted in ddH2O. Diluted lysates and standards were then incubated 

at room temperature for 15 minutes before optical density (OD) at 595 nm 

wavelength was measured using the Thermo Scientific Multiskan FC. BSA standards 

ODs were used to plot protein concentration against OD. The standard curve line 

from this allowed calculation of total protein in lysates from their OD values. This 

allowed the amount of protein to be loaded per lane for western blot to be calculated. 

Table 2.1. Production of a BSA protein standard curve  
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Lysates achieved via lysis directly in SDS sample boiling mix could not be quantified. 

Relative protein concentrations in these samples was approximated by western 

blotting for β-tubulin. 

2.2.3.3. SDS-PAGE 

8-12% polyacrylamide resolving gels were produced by using ddH2O, Protogel 30% 

w/v acrylamide 0.8% w/v bis-acrylamide stock solution (Gene Flow), 1.5 M Tris pH 

8.8, 10% SDS, 10% APS and TEMED. 5% stacking gels were produced by using 1 

M Tris pH 6.8 in place of 1.5 M Tris pH 8.8 (see Table 2.2). 

                           Resolving gel (10 ml) Stacking gel (ml) 

 8%  10%  12%   5% 

ddH2O (ml) 4.6 4.0 3.3 ddH2O (ml) 3.4 

30% Acrylamide 

0.8% bis 

acrylamide (ml) 

2.7 3.3 4.0 30% Acrylamide 

0.8% bis 

acrylamide (ml) 

0.83 

1.5 M Tris pH 8.8 

(ml) 

2.5 2.5 2.5 1 M Tris pH 6.8 

(ml) 

0.63 

10% SDS (ml) 0.1 0.1 0.1 10% SDS 0.05 

10% APS (ml) 0.1 0.1 0.1 10% APS (ml) 0.05 

TEMED (ml) 0.006 0.004 0.004 TEMED (ml) 0.005 

For lysates achieved via 2 x SDS sample buffer method 5-25 μl of sample was 

loaded per lane. For lysates achieved via RIPA lysis buffer method 5-30 μg of protein 

was loaded per lane. 5 μl of Precision Plus Protein Standards (BioRad) was ran 

Table 2.2. SDS-PAGE resolving gel and stacking gel recipes  
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parallel to samples. Proteins were separated by size for 1 hour – 1 hour 30 minutes 

at 180 V in 1 x SDS-PAGE running buffer.  

2.2.3.4. Protein transfer 

Proteins were transferred out of the gels onto Protran Nitrocellulose Transfer 

Membrane. This was achieved in a Criterion Blotter (BioRad) running at 80-100 V for 

2 hours in pre-chilled (4 oC) 1 x Towbin Buffer on ice. 

2.2.3.5. Membrane blocking and probing 

All membrane incubations and washings were performed on a rocker. Membranes 

were blocked with 5% milk (Marvel) TBS for 1 hour at room temperature. 

Membranes were probed with primary antibody diluted in blocking solution at 4 oC 

overnight. Following primary antibody incubation membranes were washed three 

times with TBS-Tween 20 (0.05%) every 10 minutes. Then membranes were 

incubated with HRP-labelled secondary antibody diluted in blocking solution for 1 

hour at room temperature. Following secondary antibody incubation membranes 

were washed three times with TBS-Tween 20 (0.05%) every 10 minutes before 

proceeding to enhanced chemiluminescence.  

2.2.3.6. Enhanced chemiluminescence (ECL) 

2 ml each of detection reagent 1 and 2 from the Amersham ECL Western Blotting 

Detection Reagent kit was mixed in a 15 ml falcon tube and then applied to the 

membrane for 1 minute at room temperature. Membranes were then exposed to X-

ray film in a dark room and chemiluminescent signal was developed and fixed using 

RG Universal X-ray Developer and RG Universal X-ray Fixer. 
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2.2.3.7. Western blot quantification  

Films were scanned into JPEG format and band densitometry was performed in 

ImageJ software. Relative protein expression levels were determined by normalising 

target protein band density to β-tubulin band density for the same sample. Higher 

exposures were excluded from densitometry to ensure signal saturation did not 

occur. 

2.2.4. Immunofluorescence 

2.2.4.1. Slide preparation 

2.2.4.1.1. Mitotic phenotype assessment 

1 x 105 NSCLC cells were plated directly onto 70% IMS sterilised 22 mm x 22 mm 

microscope cover slips in 6 well plates. Cells were allowed 4 hours to adhere to 

coverslips before being treated as appropriate. Cell treatment was terminated after 

24 hours and cells were removed of media and gently washed three times with 500 

μl pre-warmed (37 oC) PBS before being fixed in 500 μl 4% paraformaldehyde for 15 

minutes at room temperature. Cells were then permeabilised with 500 μl PBS 0.5% 

Triton X-100 for 5 minutes at room temperature. Following permeabilisation cells 

were gently washed three times with 500 μl PBS before being blocked in 500 μl PBS 

3% BSA for 30 minutes at room temperature. After blocking coverslips were inverted 

onto 100 μl PBS 0.5% BSA containing 1:500 dilution of β-tubulin (Sigma Aldrich) and 

1:2000 dilution of pericentrin (Abcam) primary antibodies on the 6 well plate lid. Cells 

were incubated with primary antibody overnight at 4 oC in a humidified chamber. 

Coverslips were then everted into 6 well plates and unbound primary antibody was 

removed by gently washing three times with 500 μl PBS. After this coverslips were 

inverted onto 100 μl PBS 0.5% BSA containing 1:1000 Anti-mouse Alexa 488 (Life 
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Technologies) and 1:1000 dilution of Anti-rabbit Alexa 594 (Life Technologies) 

secondary antibodies on a fresh 6 well plate lid. Cells were incubated with secondary 

antibody for 1 hour in a humidified chamber in the dark at room temperature. 

Coverslips were then everted into 6 well plates and unbound secondary antibody 

was removed by gently washing three times on a rocker in the dark with 500 μl PBS 

allowing 10 minutes per wash. Lastly cells were mounted onto microscope slides by 

inverting coverslips onto Vectorshield hard set mountant with 4′,6-diamidine-2′-

phenylindole dihydrochloride (DAPI) (Vector Laboratories) sealing coverslip edges 

with nail varnish. Coverslips were allowed 2 hours to dry in mountant in the dark at 

room temperature before being stored at 4 oC in the dark until required.  

2.2.4.1.2. Micronuclei and multinucleate phenotype assessment 

5 x 104 NSCLC cells were plated and treated as in the mitotic phenotype assays of 

methods section 2.2.4.1.1. Cell treatment was terminated after 72 hours and slides 

were prepared as in the mitotic phenotype assays with the exception that pericentrin 

was not stained for.  

2.2.4.1.3. γ-H2AX repair assessment 

2 x 105 NSCLC cells were plated and treated as in the mitotic phenotype assays of 

methods section 2.2.4.1.1. Cell treatment was terminated 15 minutes, 1 hour, 6 

hours and 24 hours post-irradiation respectively and cells were removed of media 

and gently washed twice with 500 μl TBS before being fixed in 500 μl 4% 

paraformaldehyde for 15 minutes at room temperature. Cells were then briefly 

washed once with 500 μl TBS before washing three times for 10 minutes each with 

500 μl TBS 0.2% Tween 20 on a rocker at room temperature. Following this cells 

were blocked with 500 μl TBS 3% BSA for 1 hour at room temperature. Cells were 
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then washed two times for 10 minutes each with 500 μl TBS 0.2% Tween 20 on a 

rocker at room temperature. After washing coverslips were inverted onto 100 μl TBS 

0.5% BSA, 0.25% Triton X containing 1:500 dilution of γ-H2AX (cell signalling) 

primary antibody on the 6 well plate lid. Cells were incubated with primary antibody 

overnight at 4 oC in a humidifying chamber. Coverslips were the everted into 6 well 

plates and unbound primary antibody was removed by gently washing three times for 

10 minutes each with 500 μl TBS 0.2% Tween 20. Washing was performed on a 

rocker at room temperature. Coverslips were then inverted onto 100 μl TBS 0.5% 

BSA, 0.25% Triton X containing 1:500 dilution of Anti-rabbit Alexa 594 (Life 

Technologies) secondary antibody on a fresh 6 well plate lid. Cells were incubated 

with secondary antibody for 1 hour in the dark at room temperature. Coverslips were 

then everted into 6 well plates and unbound secondary antibody was removed by 

gently washing cells once with 500 μl TBS 0.2% Tween 20 for 10 minutes and then 

twice with 500 μl TBS for 10 minutes each. These washes were performed on a 

rocker, in the dark at room temperature. Lastly cells were mounted onto microscope 

slides by inverting coverslips onto Vectorshield hard set mountant with 4′,6-

diamidine-2′-phenylindole dihydrochloride (DAPI) (Vector Laboratories) sealing 

coverslip edges with nail varnish. Coverslips were allowed 2 hours to dry in mountant 

in the dark at room temperature before being stored at 4 oC in the dark until required.  

2.2.4.2. Analysis 

2.2.4.2.1. Mitotic phenotype assessment 

Images of mitotic cells for assessment of mitotic phenotype were taken using a 60x 

objective on a Nikon TE200 Inverted Fluorescence and Phase Contrast Microscope. 

Fluorescent images from separate channels were merged using ImageJ. Pericentrin 

fragmentation was defined as when pericentrin staining was locally disrupted in a 
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cell. Centrosomal amplification was defined as when >2 distinct centrosomes were 

detected within a cell. Mitotic phase was defined in line with previous publication 

(Zhu et al. 2005). 

2.2.4.2.2. Micronuclei and multinucleate phenotype assessment 

Images of cells for assessment of micro- and or multinucleate phenotype were taken 

using a 20x objective on a Nikon TE200 Inverted Fluorescence and Phase Contrast 

Microscope. Fluorescent images from separate channels were merged using 

ImageJ. A minimum of 100 cells were counted per condition. Micronucleated cells 

were defined by the presence or absence of micronuclei which had completely 

budded off of a nucleus within a cell. Multinucleated cells were defined by the 

presence of >1 nucleus within a single cell membrane. Cells with >3 micronuclei 

were excluded to exclude dying cells from the analysis (Countryman and Heddle 

1976). Cells which satisfied micro- and multinucleate criteria were labelled as dual 

phenotype.  

2.2.4.2.3. γ-H2AX repair assessment 

Images of cells for assessment of γ-H2AX repair were taken using a 40x objective on 

a Nikon TE200 Inverted Fluorescence and Phase Contrast Microscope. Fluorescent 

images from separate channels were merged using ImageJ. A minimum of 100 cells 

were counted per condition, counting the number of γ-H2AX foci per nucleus. Mean 

foci per cell (nucleus) was then calculated.   
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2.2.5. Flourescence-activated cell sorting (FACS) 

2.2.5.1. Cell harvesting 

2 x 105 NSCLC cells were seeded per 90 mm3 dish and treated as appropriate. Cells 

were harvested for FACS analysis 24, 48 and 72 hours post-irradiation by washing 

plates twice with PBS and dislodging cells with 1 ml trypsin EDTA. Cells were 

collected in 5 ml ice cold PBS and pooled with media and PBS wash-offs on ice in 50 

ml falcon tubes. Cells were pelleted at 1200 RPM for three minutes, washed once in 

ice cold PBS whilst transferring to 15 ml falcon tubes and resuspended in 1 ml ice 

cold 100% methanol with vortexing. Cells were stored in 100% methanol for a 

minimum of 1 hour and a maximum of 2 weeks at -20 oC. 

2.2.5.2. Propidium iodide (PI) and S10 p-Histone 3 co-staining 

Cells were retrieved from -20 oC and pelleted at 1200 RPM for 3 minutes before 

methanol was poured off and cells were washed twice in PBS. Following this cells 

were resuspended in PBS with 0.5% BSA 0.25% Triton-X100 (Sigma Aldrich) and 

incubated on ice for 15 minutes. Cells were then pelleted at 1200 RPM, supernatant 

removed and resuspended in 100 μl of PBS 0.5% BSA (Sigma Aldrich) 0.25% Triton-

X100 containing 1:500 dilution of S10 p-Histone 3 (#47297 Abcam) primary antibody. 

Cells were incubated with primary antibody for 1 hour at room temperature. Cells 

were washed of unbound primary antibody twice with PBS 0.25% Triton-X100. Cells 

were then resuspended in 100 μl PBS 1% BSA containing 1:200 dilution of Anti-

rabbit Alexa 488 antibody. Cells were incubated for 30 minutes with secondary 

antibody in the dark at room temperature. Cells were then washed of unbound 

secondary antibody once with PBS before being resuspended in 200 μl PI/RNAse A 

solution (18 μg/ml PI, 8 μg/ml RNAse A). Cells were incubated in PI/RNAse A 
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solution in the dark at 4 oC for a minimum of 1 hour 30 minutes prior to being 

analysed with a BD Biosciences FACSCalibur. No primary antibody controls were 

employed to investigate the extent of non-specific secondary antibody staining. 

2.2.5.3. Analysis 

Cell doublets were excluded by plotting FL3 (PI)-Area against FL3-Width and gating 

FL3-Width low cells (see Figure 2.1). 10,000 events were collected in this gating 

region per sample and a FL3-height (FL3-H) histogram was produced. G1 proportion 

of cells was defined by gating across the base of the first peak in FL3-H plot (~200 

FL3-H), G2-M proportion of cells was defined by gating across the base of the 

second peak in FL3-H plot (~400 FL3-H). Sub G1 population was defined as all 

signal to the left of the first peak, S phase population was defined as all signal 

between first and second peaks. Mitotic population was discriminated by plotting G2-

M population FSC-H against FL1-H for S10 p-Histone 3 staining. Mitotic population 

was discriminated with least 0.5 logs of separation in FL1-H intensity versus G2 

population. Polyploid population was defined as all signal the right of the G2-M 

population. 
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Figure 2.1. FACS gating strategy outline. Cell doublets were excluded in the 

plot of the top left with gate in red. Doublets are visible as a population that 

stained with greater PI width. Single cell population was taken forward for cell 

cycle analysis. The plot of the top right illustrates cell cycle profile produced when 

PI height was plotted against S10 p-Histone 3 positivity allowing discrimination of 

G2-M population. Bottom left plot shows alternative to the top left when PI height 

was plotted as a histogram.  

 

2.2.6. Live cell imaging 

2.2.6.1. Cell treatment 

Cells were treated with AURKA inhibitor in T75 flasks before being transferred to 15 

ml falcon tubes for irradiation as appropriate. Then cells were plated at a density of 5 
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x 104 or 2.5 x 104 per well in 6 well plate for imaging 24 or 48 hours post-treatment 

respectively.  

2.2.6.2. Imaging 

Cells were imaged using a Leica AF6000 Time Lapse microscope with temperature 

maintained at 37 oC and CO2 plate maintaining 5% CO2 concentration. Phase 

contrast images were taken using a 20x phase contrast objective every five minutes 

overnight. A minimum of five positions were imaged per well with images being 

focussed on mitotic cells.  

2.2.6.3. Analysis 

Images were put in sequence producing a time-lapse video using ImageJ. Time 

through mitosis was defined as the time of nuclear envelope breakdown to the end of 

cytokinesis (see Appendix Figure 8.1). Cellular death during mitosis was counted 

(see Appendix Figure 8.2). Aberrant mitoses were defined as mitoses which resulted 

in < 2 or > 2 daughter cells (see Appendix Figure 8.3). A minimum of 50 mitoses 

were counted per condition.  

2.2.7. Detection of cellular senescence 

2.2.7.1. Cell treatment 

5 x 104 NSCLC cells were plated directly into 6 well plates. Cells were allowed 4 

hours to adhere to coverslips before being treated as appropriate. Cell treatment was 

terminated after 72 hours and cells were removed of media and gently washed twice 

with 1 ml pre-warmed (37 oC) PBS before being fixed and stained in accordance to 

the manufacturers protocol using the Senescence β-Galactosidase Staining Kit (Cell 

Signalling Technology #9860). Staining was performed at pH 6 adjusting staining 
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solution pH with HCl. 12.5 μM Etoposide treatment for 24 hours was used as a 

positive control for β-galactosidase staining cells. After 24 hours of treatment 

Etoposide was removed and cells were gently washed twice with 1 ml pre-warmed 

(37 oC) PBS before being replaced with 2 ml culture media for remaining 48 hours 

prior to treatment termination. 

2.2.7.2. Imaging 

Cells were imaged using a Nikon OPTIPHOT-2 microscope mounted with a Nikon 

DS-Fi1 digital site. Images were taken using a 10x brightfield objective using Nikon 

NIS Elements F software.   

2.2.7.3. Analysis 

Images were analysed using ImageJ. Cells with strong blue staining were 

considered positive for β-galactosidase expression and were classed as senescent 

(see Figure 2.2). Cells with weak or absent blue staining were considered as 

negative for β-galactosidase expression and were classed as non-senescent. The 

proportion of β-galactosidase expressing cells was calculated counting a minimum of 

100 cells per condition.  
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Figure 2.2. Example scoring of β-galactosidase positive and negative cells. 

Cells with dark perinuclear blue staining were defined as β-galactosidase positive 

(circled red). All other cells with weak or absent blue stain were defined as 

negative for β-galactosidase  

 

 

2.2.8. Immunohistochemistry (IHC) 

2.2.8.1. Sample preparation 

2.2.8.1.1. Cell line pellet preparation 

To prepare a cell line pellet for IHC a minimum of two T75 flasks of cells were 

washed with PBS, dislodged with trypsin EDTA, resuspended in media and pelleted 

at 1200 RPM for 5 minutes in 50 ml falcon tube. Cells were then washed once with 5 

ml PBS and transferred to 15 ml falcon tube before being pelleted again. 1 ml of 4% 

paraformaldehyde was then slowly dripped down the side of the falcon tube to fix but 

not disturb the cell pellet. Cells were fixed overnight at 4 oC before paraformaldehyde 

was pipetted off and carefully replaced with 1 ml ice cold 70% ethanol and stored at -

20 oC for maximum of 2 weeks.  



2. Materials and Methods 

86 

 

To embed cell pellets in wax 70% ethanol was removed from cell pellet and pellet 

was then encased in molten 2% agarose with 4% paraformaldehyde. After agarose 

had cooled and set agarose encased pellet was placed in a cassette and stored in 

70% ethanol at room temperature until processing. Cell pellets were processed using 

a Leica TP 1020. Processed cell pellets were embedded in wax the following day 

using a Leica EG1150 wax embedder. 5 μm sections of wax embedded tissue were 

produced using a Leica RM2125 RTS microtome. Sections were then floated on 

warm water (approximately 47 oC) in a floatation bath and manoeuvred onto Menzel-

Glaser Superfrost Plus Adhesion microscope slides (Thermo Fisher). Tissue was 

dried out and fixed to the microscope slide surface through baking in an oven at 37 

oC for 48 hours. Sections were then ready to be stained and were stored at room 

temperature out of light.  

2.2.8.1.2. In vivo tissue preparation 

Tissues from mouse in vivo experiments were taken immediately at the time of 

culling. Tissues were submerged in O.C.T. compound in Surgipath® clear base 

moulds (Leica) and were snap frozen in isopentane on dry ice. Samples were kept at 

-80 oC until sectioning. 10 μm sections of tissue was produced using a Leica 

CM3050 cryostat and were electrostatically attracted up to Menzel-Glaser Superfrost 

Plus Adhesion microscope slides (Thermo Fisher). Samples were then stored at -20 

oC until they were stained. 

2.2.8.1.3. NSCLC patient diagnostic biopsy samples 

Wax embedded NSCLC patient diagnostic biopsy samples were sectioned and fixed 

onto microscope slides as performed for cell line pellets above. Five sections were 

retrieved per sample in line with the clinical study protocol. 
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2.2.8.2. Staining procedure 

2.2.8.2.1. Dewaxing and hydration of tissue (cell line pellets and diagnostic 

biopsies) 

Slides were dewaxed in xylene for 20 minutes, spending 10 minutes each in 

separate xylene baths. Slides were then gradually hydrated for 3 minutes each in 

baths of 100% IMS, 100% IMS, 95% IMS, 90% IMS and 70% IMS.  

2.2.8.2.2. Fixation and hydration of tissue (O.C.T. frozen tissues only) 

Slides were retrieved from -20 oC and allowed to air dry for 30 minutes before tissues 

were fixed in ice cold 1:1 mix of methanol and acetone for 20 minutes at -20 oC. 

Following fixation, tissues were gently washed twice with PBS to rehydrate, each for 

5 minutes, at room temperature.  

2.2.8.2.3. Blocking endogenous peroxidase activity 

Following tissue hydration slides were incubated in 10% H2O2 in methanol for 30 

minutes at room temperature to block endogenous peroxidase activity. Following this 

slides were washed in tap water for 5 minutes. 

2.2.8.2.4. Antigen retrieval 

2.2.8.2.4.1. Pressure cooker method 

Antigen retrieval was achieved by immersing slides in 1x pH 6.1 citrate Target 

Retrieval Solution (Dako) diluted in ddH2O or 10 mM Tris 1 mM EDTA pH 9.0 buffer. 

These slides were then cooked in buffer for 20 minutes in a retriever 2100 pressure 

cooker (Aptum Biologics) according to the manufacturer’s instructions. Slides 

remained in buffer for a further 2 hours to cool. After antigen retrieval slides were 
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rinsed once in PBS-Tween 20 (0.1%) before being washed twice for three minutes 

each in PBS-Tween 20 (0.1%).  

2.2.8.2.4.2. Microwave method 

1 x Target Retrieval Solution (Dako) diluted in ddH2O was heated on high setting 

until boiling in a microwave before slides were cooked in buffer for four minutes in a 

700W microwave on high setting. After antigen retrieval slides remained in buffer for 

a further 10 minutes to cool before being rinsed once in PBS Tween 20 (0.1%) 

before being washed twice for three minutes each in PBS-Tween 20 (0.1%). 

An extended microwave antigen retrieval protocol was used as above but involved 

retrieval for 10 minutes on high followed by 5 minutes on medium microwave setting. 

2.2.8.2.5. Antigenic blocking  

Secondary antibody host serum (goat/rabbit) (Vector Laboratories) was diluted 1:10 

in PBS 1% BSA 0.1% Tween 20. After antigen retrieval a hydrophobic barrier was 

drawn around the tissue on the slide using an ImmEdge™ pen (Vector Laboratories). 

Approximately 250 μl of 10% secondary antibody host serum in PBS 1% BSA 0.1% 

Tween 20 was dropped onto the tissue section and allowed 1 hour to incubate at 

room temperature in a humidifying chamber.  

2.2.8.2.6. Antibody Incubation 

Blocking solution was tapped off slides and was replaced with 250 μl of PBS 1% 

BSA, 0.1% Tween 20, 2% secondary antibody host serum containing appropriate 

dilution of primary antibody. Tissue sections were incubated with primary antibody 

for 1 hour at room temperature or overnight at 4 oC in a humidified chamber. 

Controls lacking primary antibody were used to investigate non-specific signal. 
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Where applicable, blocking peptide was pre-incubated with primary antibody at room 

temperature for 1 hour with agitation prior to incubation of primary antibody with 

tissue to test the specificity of staining. Following primary antibody incubation 

primary antibody was tapped off the slides. Slides were then rinsed once in PBS-

Tween 20 (0.1%) before being washed twice for three minutes each in PBS-Tween 

20 (0.1%). Biotinylated secondary antibody (Vector Laboratories) was diluted 1:200 

in PBS 1% BSA 0.1% Tween 20 2 % secondary antibody host serum and 250 μl of 

this was dropped onto tissue sections. Secondary antibody incubation was for 1 hour 

at room temperature in a humidified chamber.  

2.2.8.2.7. Avidin-biotin complex (ABC) signal amplification 

ABC solution (Vector Laboratories) was prepared 30 minutes prior to its use. ABC 

solution was made by adding 2 drops of reagent A and 2 drops of reagent B to every 

5 ml of PBS-Tween 20 (0.1%) diluent with vortexing after each addition. After 

secondary antibody incubation slides were rinsed once in PBS-Tween 20 (0.1%) 

before being washed twice for five minutes each in PBS-Tween 20 (0.1%). 250 μl 

ABC solution was then added to tissue sections and incubated for 30 minutes at 

room temperature in a humidified chamber.  

2.2.8.2.8. ImmPRESS® signal detection kit 

As an alternative to using ABC signal amplification the ImmPRESS Horse anti-

mouse HRP Polymer detection kit (Vector Laboratories) was used according to 

manufacturer’s instructions. Sections were blocked for 1 hour in 2.5% ready to use 

horse serum, before primary antibody incubation in PBS 1% BSA 0.1% Tween 20. 

After primary antibody incubation, slides were then rinsed once in PBS-Tween 20 

(0.1%) before being washed twice for five minutes each in PBS-Tween 20 (0.1%) 
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before being incubated with ImmPRESS Peroxidase Anti-mouse IgG reagent for 30 

minutes before signal development. 

2.2.8.2.9. Diaminobenzidine (DAB) signal development 

After ABC/ImmPRESS Peroxidase Anti-mouse IgG reagent incubation slides were 

rinsed once in PBS-Tween 20 (0.1%) before being washed twice for five minutes 

each in PBS-Tween 20 (0.1%). DAB solution (Vector Laboratories) was prepared by 

adding 2 drops of buffer, 4 drops of DAB and 2 drops of H2O2 per 5 ml H2O diluent 

with vortexing after each addition. 250 μl of DAB solution was dropped over tissue 

sections and signal development in the form of a brown precipitate was allowed to 

occur between 30 seconds to 15 minutes. After significant signal development this 

process was halted by washing away DAB from the slides using ddH2O.  

2.2.8.2.10. Haematoxylin counterstain 

Slides were counterstained in a bath of Gills haematoxylin for 1 minute. Excess stain 

was removed by washing slides with running tap water for 5 minutes.  

2.2.8.2.11. Dehydration and mounting of slides 

Slides were then gradually dehydrated for 3 minutes each in baths of 70% IMS, 90% 

IMS, 95% IMS, 100% IMS and 100% IMS. Slides were then bathed in mounting 

xylene for 10 minutes, 5 minutes each in separate baths before being mounted using 

DPX. Slides were left to dry overnight before being imaged. 
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2.2.8.3. Imaging 

Slides were scanned using a Pannoramic 250 Flash III slide scanner using a 20x 

brightfield objective. Slide scans were analysed using QuPath software (v0.1.2) 

(Bankhead et al. 2017). 

2.2.8.4. Analysis  

2.2.8.4.1. Mitotic fraction in xenograft tumour samples 

p-Histone 3 (S10) positive cells were defined with DAB positivity after incubation with 

antibodies for detection p-Histone 3 (S10) detection. Minimum of 9 samplings from 

the viable tumour regions were used to produce mean mitotic fraction data. Viable 

regions of xenograft samples were identified by haematoxylin counter-stain intensity 

with necrotic regions identified by dark staining pattern. Criteria for detection of cells 

in xenograft tumour sections using QuPath software (v0.1.2) (Bankhead et al. 2017) 

is illustrated in Table 2.3 
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Parameter Setting 

Detection method Haematoxylin OD 

Requested pixel size 0.5 μm 

Background nuclear radius 8 μm 

Nuclear Sigma 1.5 μm 

Minimum nuclear area  10 μm2 

Maximum nuclear area 400 μm2 

Haematoxylin intensity threshold 0.1 

Maximum background intensity  2 

Cell expansion (including cell nucleus) 5 μm 

Cells positive for DAB were detected using the criteria outlined in Table 2.3 with a 

stringent single positivity threshold of a cellular DAB OD of 0.95 in QuPath software. 

An example of the tumour tissues stained for p-Histone 3 (S10) and positive cell 

detection performed is shown in Figure 2.3.  

 

 

Table 2.3. Criteria for detection of cells in xenograft tumour samples using 

QuPath software (v.0.1.2) (Bankhead et al. 2017)  
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Figure 2.3. A. Example xenograft section with p-Histone 3 (S10) staining for 

mitotic fraction sampling. Only viable tumour tissues were sampled for mitotic 

fraction. Sampling of a minimum of 9 areas of the tumour ensured sampling of 

several thousand cells per tumour per condition. Scale bar represents 500 μm B. 

Example xenograft section with p-Histone 3 (S10) staining for mitotic 

fraction sampling prior to positive cell detection analysis (left) and after 

positive cell detection analysis (right). Nuclei with inferred cytoplasmic area is 

shown in righthand image. Red pixels indicate positive cell identification. Swelling 

of mitotic cells accounted for through cell expansion parameter. Stringent 

threshold for positivity used to avoid false positive detections. Scale bars 

represent 100 μm. 
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2.2.8.4.2. CD31 analysis in xenograft tumour samples 

CD31 positive regions were defined with DAB positivity after incubation with 

antibodies for CD31 detection. The percentage of positive pixels for DAB as a 

proportion of total pixels of xenograft section was computed using QuPath software 

(v0.1.2)(Bankhead et al. 2017). Pixels only within the viable area of tumour tissues 

were considered in this analysis. Viable regions of xenograft samples were identified 

by haematoxylin counter-stain intensity with necrotic regions identified by dark 

staining pattern. Cell occupied pixels were identified through haematoxylin stain 

threshold and positive cell pixels were identified through DAB threshold outlined in 

Table 2.4. 

Parameter Setting 

Downsample factor 4 

Gaussian sigma 2 μm 

Haematoxylin threshold 0.02 OD units 

DAB threshold 0.1 OD units 

An example of the tumour tissues stained for CD31 and positive cell detection 

performed is shown in Figure 2.4. 

Table 2.4. Criteria for detection of CD31 positive regions in xenograft tumour 

samples using QuPath software (v.0.1.2) (Bankhead et al. 2017)  
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Figure 2.4. Example xenograft section with CD31 staining A. Staining example 

at 2x magnification. B. Staining example with positive pixel scoring at 2x 

magnification. Area within the small rectangle is re-represented in image bottom 

right corner 5x larger. Only viable tumour tissues sampled for CD31 positivity. Cell 

occupied pixels scored blue and DAB positive pixels scored red in B respectively. 

Scale bars represent 400 μm. 
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2.2.8.4.3. Ki67 analysis in xenograft tumour samples 

Ki67 positive regions were defined with DAB positivity after incubation with 

antibodies for Ki67 detection. The same was performed as in CD31 analysis in 

xenograft tumour samples with DAB threshold for positivity made more stringent to 

account for background staining (Bankhead et al. 2017): 

Parameter Setting 

Downsample factor 4 

Gaussian sigma 2 μm 

Haematoxylin threshold 0.02 OD units 

DAB threshold 0.4 OD units 

An example of the tumour tissues stained for Ki67 and positive cell detection 

performed is shown in Figure 2.5. 

Table 2.5. Criteria for detection of Ki67 positive regions in xenograft tumour 

samples using QuPath sotware (v.0.1.2) (Bankhead et al. 2017)  
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Figure 2.5. Example xenograft section with Ki67 staining A. Staining example 

at 1.5x magnification. B. Staining example with positive pixel scoring at 1.5x 

magnification. Only viable tumour tissues sampled for Ki67 positivity. Cell 

occupied pixels scored blue and DAB positive pixels scored red in B. Scale bars 

represent 500 μm 
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2.2.9. In vivo experiments 

In vivo experiments were performed under Animals (Scientific Procedures) Act 1986 

with local ethical approval on: 

Personal license: I7C120AEE 

Project license: PDA78C678 (Held by Dr William English) 

2.2.9.1. Preparation of Alisertib suspension 

Alisertib received from Takeda pharmaceuticals was weighed out and aliquoted into 

2 ml Eppendorf tubes. Alisertib powder aliquots were stored at room temperature in 

the dark until suspension was prepared. 

To prepare Alisertib suspension for in vivo dosing 20% Hydroxypropyl-β-cyclodextrin 

(HBC) and 2% sodium bicarbonate were each prepared with ddH2O. Half of desired 

volume of HBC was added to Alisertib aliquot and solution was sonicated with a 

Diogenode Bioruptor® sonicator for 15 minutes. Sonicator was set on high with on 

and off intervals set at every 30 seconds. After this half of desired volume of 2% 

sodium bicarbonate was added to tube and solution was sonicated for a further 15 

minutes forming an even suspension in 10% HBC 1% sodium bicarbonate vehicle. 

Suspensions were prepared for a dosing volume of 5 ml/kg (100 μl for a 20g mouse). 

Suspension preparation was performed under sterile conditions with sterile reagents 

as final suspension of Alisertib could not be filter sterilised. Suspensions were stored 

at 4oC for a maximum of 21 days.  
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2.2.9.2. Tumour implantations 

Cells for tumour implantation were trypsinised and resuspended in serum deplete 

culture media at 2 x 106 cells per 50 μl (H460 and LLC-1 models) or 1 x 107 per 50 μl 

(H1299 model). Cells were then transferred to ice and mixed 1:1 with Matrigel® 

matrix (Corning). For cellular injection procedure mice were anaesthetised with 

isoflurane gas. 1 x 106 cells (50 μl) (H460 and LLC-1 models) or 5 x 106 cells (H1299 

model) were injected subcutaneously at the hind dorsum of mice with ice chilled 25G 

needle and 1 ml syringe. Immunocompromised CD-1 nude mice aged 6-8 weeks 

were subcutaneously injected with H1299 or H460 cells. Immunocompetent C57BL/6 

mice aged 6-8 weeks were subcutaneously injected with LLC-1 cells.  

2.2.9.3. Tumour measurements 

Tumour dimensions were recorded using callipers and tumour volume was 

determined by 0.52 x d1 (diameter in mm) x d2 (diameter 90o rotated to d1 in mm) x 

d3 (tumour base to tumour peak in mm) calculation.  

2.2.9.4. Humane endpoints 

Humane endpoints were employed to ensure that no animal underwent significant 

pain, suffering or distress. If animals displayed symptoms of any of the below 

immediately or for a stated amount of time, then the animal was immediately culled. 

2.2.9.4.1. Humane endpoints in all experiments 

Significant or chronic piloerection, chronic hypothermia, chronic hunching, chronic 

mild dyspnoea, enlarged lymph nodes, anaemia or eating and/or drinking problems 

for over 48 hours. Body weight reduction of >20% for over 24 hours. Bleeding or 

discharge from any orifice, hind limb paralysis and weakness, movement difficulties, 
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severe breathing disturbances, tremors/convulsions or entering a moribund state at 

any point.  

2.2.9.4.2. Humane endpoints specific to tumour bearing experiments 

Wet desquamation of the skin overlying the tumour that did not resolve in 48 hours. If 

tumours ulcerated with signs of self-trauma or deteriorating health at any point. If 

tumours exceeded a mean diameter of 12 mm at any point. 

2.2.9.4.3. Humane endpoints specific to tumour irradiation experiments 

Any mice that did not become accustomed to restraint in lead irradiation jigs. If 

radiodermatitis resulted in superficial infection. 

2.2.9.4.4. Humane endpoints specific to experiments involving Alisertib dosing 

Minor ailments such as reduction in grooming, poor coat condition and moderate 

weight loss (<20% of starting weight) progressing to more severe toxicity at any 

point.  

2.2.9.5. Alisertib dose escalation experiments 

Non-tumour bearing CD-1 nude mice aged 6-8 weeks were dosed with varying 

concentrations of Alisertib once per day for 10 consecutive days via oral gavage. 10, 

20 and 40 mg/kg daily dosing in line with previously reported maximum tolerated 

doses (MTD) (Görgün et al. 2010; Manfredi et al. 2011; Palani et al. 2013). There 

were two animals per experimental group with a sequential experimental design. 

Depending on the MTD of Alisertib achieved in CD-1 nude mice, the same would be 

applied to non-tumour bearing C57B/6 mice aged 6-8 weeks. If 10 days of 
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consecutive dosing (starting day 0) was tolerated animals would be culled on the 10th 

day. Sequential experimental design is detailed in Table 2.6 

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 

10 mg/kg 10 mg/kg 10 mg/kg 

20 mg/kg 

10 mg/kg 

20 mg/kg 

10 mg/kg 

20 mg/kg 

10 mg/kg 

20 mg/kg 

10 mg/kg 

20 mg/kg 

Day 7 Day 8 Day 9 Day 10 Day 11 Day 12 Day 13 

10 mg/kg 

20 mg/kg 

40 mg/kg 

10 mg/kg 

20 mg/kg 

40 mg/kg 

10 mg/kg 

20 mg/kg 

40 mg/kg 

10 mg/kg 

culled 

20 mg/kg 

40 mg/kg 

20 mg/kg 

40 mg/kg 

C57BL/6 

20 mg/kg 

culled 

40 mg/ kg 

C57BL/6 

40 mg/kg 

C57BL/6 

 

Day 14 Day 15 Day 16 Day 17 Day 18 Day 19 Day 20 

40 mg/kg  

C57BL/6 

40 mg/kg 

C57BL/6 

40 mg/kg 

C57BL/6 

40 mg/ kg 

culled 

C57BL/6 

C57BL/6 C57BL/6 C57BL/6 

Day 21       

C57BL/6 

culled 

      

 

2.2.9.6. Irradiation dose optimisation experiments 

Mice were irradiated once a day for five consecutive days with 200 kV X-rays using 

an AGO HS X-ray system MP1 irradiator when tumours reached a treatment volume 

of 100 mm3. Mice were either irradiated with 4 Gy (H460, H1299 and LLC-1 

Table 2.6. Sequential dosing plan for assessment of Alisertib MTD in CD-1 

nude mice and C57Bl/6 mice (where stated).   
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xenografts) or 8 Gy (LLC-1) per day (total dose of 20 Gy or 40 Gy respectively). 

Radiation dose rate was 1.33 Gy per minute with a focus-surface distance of 17 cm 

in all in vivo irradiation experiments. Mice were culled when tumours reached a 

mean tumour diameter of 10 mm or when humane endpoints were reached. Lead 

jigs were used to restrain animals during irradiation. Additionally, the lead jigs were 

used to promote hind dorsum tumour irradiation whilst restricting normal tissue 

irradiation. Lead jig application is summarised in Figure 2.6.  
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Figure 2.6. Lead jig set up for mouse tumour irradiation. Left: Top-down 

image of jig. Gate mechanism at back of jig prevented exit and movement within 

the jig. Tape was used to immobilise mouse tail and further immobilise mouse 

during irradiation. Open back of jig exposed tumour bearing hind dorsum of 

animal for irradiation. Top: Side view of jig demonstrating tumour exposure. 

Bottom: Jig use in irradiator. Lead shielding of both jig and as part of irradiator 

produced a controlled corridor of irradiation. Irradiator produced x-rays focussed 

by copper plate.   

 

 

2.2.9.7. Alisertib dose optimisation experiments 

CD-1 nude mice bearing H460 xenografts were treated with 5, 10 or 20 mg/kg 

Alisertib or vehicle control once a day for 10 consecutive days via oral gavage once 

tumours reached a treatment volume of 100 mm3. A dosing volume of 5 ml/kg (100 μl 
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for a 20 g mouse) was used. Mice were to be culled when tumours reached a mean 

diameter of 10 mm or when humane endpoints were reached. Prior to culling mice 

were given a final dose of vehicle/Alisertib appropriate to the treatment group before 

allowing 6 hours for drug to have a biological effect within the tumours. Mice were 

then culled, and tumours were harvested and snap frozen immediately in O.C.T. 

compound.  

2.2.9.8. Irradiation Alisertib combination experiments 

CD-1 nude mice bearing H460 xenografts were sham irradiated or irradiated with 20 

Gy in equal fractions of 4 Gy per day for five days and treated with vehicle control or 

5 mg/kg Alisertib for 10 consecutive days once tumours reached a treatment volume 

of 100 mm3. Mice received vehicle or 5 mg/kg Alisertib via oral gavage one hour 

prior to sham irradiation or 4 Gy where appropriate. Half of mice were culled on day 

4 after receiving five (sham) irradiations and five days of oral dosing (starting day 0). 

The tumours from these mice would be harvested for biomarker analysis via IHC 

during the treatment phase. These tumours were harvested 4 hours after the final 

oral dosing of vehicle or Alisertib (3 hours after the final sham irradiation or 4 Gy 

respectively) and snap frozen in O.C.T. compound. The remaining half of mice would 

be culled when tumours reached a volume of 800 mm3 or mean diameter of 12 mm 

or humane endpoints were reached. The tumours from these mice were harvested 

immediately and snap frozen in O.C.T. compound. 

2.2.10. KM plotter analysis 

The KM plotter tool KM plotter is an online tool that can be used to query cancer 

mRNA expression databases GEO, EGA and TCGA whilst simultaneously coupling 
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patient outcome data with mRNA expression data (Győrffy et al. 2013). There are 

2437 NSCLC samples with a mean follow-up of 49 months (Győrffy et al. 2013).  

The relative expression of Affymetrix AURKA mRNA probes 204092_s_at, 

208079_s_at and 208080_at were correlated with NSCLC survival outcomes. 

Dichotomisation of patient cohorts into AURKA high and AURKA low expressers was 

performed using median probe expression when analysis was unrestricted to the 

entire available NSCLC database. When restricting analysis to a subset of NSCLC 

patients who had received radiotherapy (N= 73) (Director's Challenge Consortium for 

the Molecular Classification of Lung et al. 2008; Győrffy et al. 2013) both median 

probe expression and upper and lower tertiles of expression were used to 

dichotomise patient cohorts into AURKA high and AURKA low expressers. Overall 

survival and time to first progression were defined from the first day of treatment. 

Post-progression survival was defined from the day of confirmed progression. 

Patients surviving at the follow-up thresholds investigated were censored rather than 

excluded. Biased arrays were excluded from the analysis. 

2.2.11. Patients and primary tumour samples 

Clinical study was ethically approved by Yorkshire and the Humber Sheffield 

Research Ethics Committee, sponsored by Sheffield Teaching Hospitals and 

portfolio adopted by the NIHR (IRAS 174043).  

2.2.11.1. Patient population 

Eligibility criteria: 

• Pathological (cytological or histological) confirmation of NSCLC 
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• Patients receiving radical or high dose palliative radiotherapy (doses ≥36 Gy 

in 12 fractions) 

• Aged 16yrs or over, no upper limit 

• Archived tissue available 

• Able to give written informed consent 

Exclusion criteria: None 

2.2.11.2. Study endpoints 

Overall survival was defined following the start date of radiotherapy treatment. 

Radiotherapy response was assessed via CT scan at approximately 2-3 months 

post-radiotherapy by radiologist. Tumour radiotherapy response within the irradiated 

volume was defined according the RECIST criteria (Eisenhauer et al. 2009) into 

complete response (CR), partial response (PR), stable disease (SBD) and 

progressive disease (PD). Time to tumour progression was defined as the time from 

start date of radiotherapy treatment to date of confirmed progression. 

Around 50% of NSCLC patients achieve a complete or partial response to 

radiotherapy (Green and Weiss 1992). Assuming equal numbers of cases with 

strong and weak AURKA protein expression a 100 patient recruitment target was 

employed to provide 80% power to detect a 20% reduction in drop in response rate 

in those showing strong AURKA expression.   

2.2.12. Statistical Analysis 

Data were expressed as means +/- standard deviation (SD) when single data points 

were derived from each experiment. Data were expressed as means +/- standard 

error of the mean (SEM) when multiple data points were expressed as a mean from 
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each experiment resulting in a mean of means after several experiments. The 

Shapiro-Wilk test was used to test normality of data distribution but was not practical 

when sample sizes were ≤4N as the test is highly susceptible to type II error with 

small sample sizes (Ghasemi and Zahediasl 2012). Statistical difference between 

means was performed using an unpaired two-tailed t-test.  

When more than one mean was to be compared statistically with another mean then 

a one-way ANOVA was performed. When comparisons between multiple means 

were performed back to the same control condition (many to one comparisons) the 

Dunnett correction for multiple comparisons was performed. When comparisons 

between multiple means were performed between treated conditions as well as 

control conditions the Bonferroni correction for multiple comparisons was performed. 

When data were not normally distributed the Kruskal-Wallis test with Dunn correction 

for multiple comparisons was used to compare multiple means. 

Radiation dose response data were fitted to the linear quadratic model of cell death 

in Graphpad Prism v7. Dose enhancement ratios at 10% survival fraction were 

calculated using these data as: radiation dose (Gy) for 10% survival fraction of IR 

alone control / radiation dose for 10% survival of an irradiated condition. The extra 

sum of squares F test was used statistically compare the survival curves of IR alone 

control compared to other irradiated conditions.   

All statistical calculations were performed using Graphpad Prism v7 assuming a cut-

off for statistical significance of p= <0.05.   

Univariate Cox regression was used to calculate a p-value and hazard ratio 

associated with high and low AURKA mRNA expression and a given clinical 

outcome using KM plotter.   
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3. Evaluation of Alisertib as a radiosensitising agent in NSCLC in vitro 

3.1. Introduction, aims and hypotheses 

There is evidence some limited evidence that AURKA inhibitors may be useful as 

radiosensitising agents in NSCLC (Myers et al., 2013, Woo et al., 2015), however 

these studies do not account for the whole histological breadth of NSCLC. Given that 

AURKA inhibitors are in advanced human clinical trials there is likely to be direct 

translational potential to determining if there is any interaction between AURKA 

inhibition and IR across NSCLC. Furthermore, there have been conflicting reports 

that the p53 background of a cancer cell population may determine the 

radiosensitising efficacy of AURKA inhibitors (Tao et al. 2007; Myers et al. 2013; Lin 

et al. 2014). Given that p53 aberration is a common occurrence in NSCLC 

(Kishimoto et al. 1992) it must also be determined if p53 status affects the efficacy of 

AURKA inhibitor IR combination. The first chapter of the thesis will address the 

question as to whether pharmacological targeting of AURKA enhances IR response 

in NSCLC. 

The aims of this chapter are to assess the following across NSCLC cell line models 

that represent all histological subtypes of the disease: 

1. The doses at which Alisertib inhibits AURKA activating T288 phosphorylation and 

the cellular toxicity of these doses alone 

2. The sensitivity of a range of NSCLC cell lines to radiation alone 

3. The effect of combining Alisertib and IR on cell killing in vitro  

4. The effect of AURKA and p53 expression on Alisertib IR combination 

5. The effect of AURKA inhibition timing relative to IR on Alisertib IR combination 

efficacy 
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The hypothesis of this chapter is: 

Alisertib will enhance IR killing of NSCLC cell lines in vitro. 

3.2. Results 

3.2.1. Effect of Alisertib monotherapy on clonogenic survival and T288 p-

AURKA in NSCLC cell lines  

A panel of NSCLC cell line was continually exposed to increasing doses of the 

AURKA inhibitor Alisertib. Baseline clonogenic response to Alisertib was relatively 

stable across all NSCLC cell lines investigated here, regardless of p53 or histological 

subtype (see Figure 3.1 A-B). The H520 cell line was the most sensitive to Alisertib 

monotherapy with a mean lethal median dose (reduce surviving population to 50%) 

(LD50) of 19.60 nM. The SW900 cell line was the least sensitive to Alisertib 

monotherapy with a mean LD50 of 41.27 nM.  

Inhibition of AURKA by Alisertib was investigated using western blot (see Figure 3.1 

C-D). Nocodazole (Noc) was used to in enrich the mitotic population in all tested cell 

lines so that T288 activating phosphorylation of AURKA could be visualised. After 

release from Noc treatment Alisertib was added for 2 hours before cell lysis. Here 

increasing the concentration of Alisertib was associated with increasing inhibition of 

T288 p-AURKA expression. 25 nM Alisertib was found to consistently and 

significantly reduce the expression of T288 p-AURKA in all cell lines whilst only 

having moderate effect on T232 p-AURKB expression after 2 hours of treatment (see 

Figure 3.1 E-G). 5 nM and 10 nM Alisertib also had modest inhibitory effect on T288 

p-AURKA expression in all cell lines but this effect was more variable between cell 

lines and did not exhibit any increased specificity for T288 p-AURKA inhibition over 

T232 p-AURKB when compared to 25 nM Alisertib treatment. T198 p-AURKC was 
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identified in four of the 6 cell lines but relating these findings to Alisertib treatment 

was hindered by difficulties in reliably detecting AURKC. Note: 25 nM dose was 

tested on ≥3 occasions while lower doses were tested on fewer occasions limiting 

statistical testing at lower doses. 

 

 

Figure 3.1. Alisertib monotherapy response in NSCLC cell lines. Legend 

overleaf 
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Figure 3.1. Alisertib monotherapy response in NSCLC cell lines. A. Survival 

fraction of NSCLC cell lines after treatment with increasing doses of Alisertib. Data 

points represent mean survival fraction normalised to untreated control +/- SD (N= 

3). B. Table of mean Alisertib LD50 values in NSCLC cell lines +/- SD (N= 3). C. 

Representative western blot results for pan p-AURK, AURKA, AURKB, AURKC, 

p-Histone 3 (S10) levels and β-tubulin in protein extracts from A549, H460 and 

H520 cells arrested overnight with 100 ng/ml Nococdazole (Noc) and released 

into increasing concentrations of Alisertib for 2 hours. D. As in above in protein 

extracts from H322, H1299 and SW900 cells. E. Quantification of T288 p-AURKA 

expression normalised to total AURKA levels and adjusted for loading variation 

with β-tubulin from the western blots in C and D. F. Quantification of T232 p-

AURKB expression normalised to total AURKB levels and adjusted for loading 

variation with with β-tubulin from the western blots in C and D. G. Mean T288 p-

AURKA expression normalised to AURKA and adjusted for loading variation 

relative to Noc alone control (N= ≥3). * denotes p= ≤0.05, ** denotes p= ≤0.01, *** 

denotes p=≤0.001 (Student’s independent samples two-tailed unpaired t-test) 

comparing each cell line to Noc control.  
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3.2.2. Baseline radiosensitivity of NSCLC cell lines 

The same panel of NSCLC cell lines was irradiated and then survival was assessed 

using clonogenic survival assays. There was significant heterogeneity in baseline 

response to IR in both the p53 wildtype and p53 deficient NSCLC cell lines 

investigated here, with no apparent correlation between p53 expression status and 

radiosensitivity (see Figure 3.2 A-B). The A549 cell line was found to the most 

inherently radio-resistant cell line investigated with the highest mean survival 

fractions after 2Gy and 4Gy (SF2 and SF4) of 0.82 and 0.41 respectively. This is 

concordant with the literature which identifies the A549 cell line as the prototypical 

radio-resistant NSCLC model (Yang et al. 2013). The SW900 cell line was found to 

be the most radio-responsive cell line investigated here with the lowest mean SF2 

and SF4 values of 0.36 and 0.06 respectively.  
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3.2.3. Characterisation of NSCLC cell lines – AURKA and p53 protein 

expression status 

Given that AURKA protein expression and p53 aberration have previously been 

shown to independently affect the radiosensitivity of other cancer cell lines previously 

(Siles et al. 1996; Guan et al. 2007) the expression of AURKA and p53 was 

assessed in NSCLC cell lines. There was a trend for histological subtype to 

associate with SF2 value in the descending order of ADC>LCC>SCC but this was 

Figure 3.2. Baseline radiation dose-response curves in NSCLC cell lines. A. 

Survival fraction of NSCLC cell lines after treatment with increasing doses of IR. 

Data points represent mean survival fraction normalised to unirradiated control +/- 

SD (N= ≥3). B. Table of SF2 and SF4 values in NSCLC cell lines +/- SD. 
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limited by sample size and was not tested statistically (see Figure 3.3 A) There was 

no clear association between histological subtype and baseline AURKA expression. 

However, the squamous cell carcinoma derived H520 and SW900 cell lines were the 

lowest mean expressers of baseline AURKA, with approximately half the level seen 

in the highest expressing H460 cell line (see Figure 3.3 B-C). Interestingly, there was 

a positive but non-significant correlation between baseline cell line AURKA 

expression and cell line SF2 value (r= 0.714, p= 0.136 (Spearman correlation)) that 

is likely limited by sample size (see Figure 3.3 D). There was no pattern of 

association however between relative expression of AURKA and Alisertib sensitivity 

(data not shown). 

 A549, H460 and H520 cells are reported as containing wildtype p53 sequence 

(Castro et al. 2001; S.O. Lee et al. 2012; Shen et al. 2012), whilst the H1299, 

SW900 and H322 cells are reported as p53 null or mutant respectively (Nishizaki et 

al. 2004; Shen et al. 2012; Korrodi-Gregório et al. 2016). The A549 and H460 cell 

lines were seen to express wildtype p53 as expected, but no wildtype p53 

expression was detected in the H520 cell line despite previous reports of, albeit very 

low, wildtype expression in this cell line (Castro et al. 2001) (see Figure 3.3 E). 

Furthermore, H520 cells could not be seen to express p53 after treatment with 4 Gy, 

25 nM Alisertib or 4 Gy + 25 nM Alisertib combination which could be expected to 

stabilise low level expression (see Figure 3.3 F). p53 expression was also detected 

in the H322 cell line with multiple banding which is probably explained by expression 

of mutant p53 in this cell line (Nishizaki et al. 2001). No p53 expression was detected 

in the H1299 and SW900 cell lines. There was no clear association with p53 status 

and radiation, or indeed Alisertib, sensitivity (data not shown). 
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Figure 3.3. Baseline AURKA and p53 protein expression in the 6 NSCLC cell 

line panel. A. Cell line survival fraction after 2 Gy (SF2) plotted against cell line 

histological subtype. B. AURKA expression adjusted for loading with β-tubulin 

and normalised to H460 expression in NSCLC cell lines +/- SD (N= 4). C. 

Representative western blot for AURKA and β-Tubulin in NSCLC cell lines in 

logarithmic proliferation phase (N= 4). D. Relative cell line expression of AURKA 

normalised to H460 expression plotted against cell line SF2. E. Representative 

western blot for p53 and β-Tubulin in NSCLC cell lines in logarithmic proliferation 

phase (N= 2). F. Representative western blot for p53 and β-Tubulin in H520 cells 

after 1 hour treatment with +/- 25 nM Alisertib, 4 Gy or 4 Gy + 25 nM Alisertib. 

H460 used as a positive control for wildtype p53 expression. 
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3.2.4. Alisertib enhances response to IR in a dose-dependent manner in p53 

wildtype NSCLC cell lines 

Given that 25 nM Alisertib was shown to significantly inhibit AURKA T288 

phosphorylation after 2 hours and to have little effect on toxicity alone in all NSCLC 

cell lines investigated, the effect of combining this dose of Alisertib with IR was 

investigated. Alisertib was given 2 hours prior to irradiation and was present 

continuously throughout the colony survival assay. Mean dose enhancement ratio 

when combining 25 nM Alisertib with IR for 10% survival fraction (DER10) indicated 

that the p53 wildtype A549 and H460 cell lines were radiosensitised by 25 nM 

Alisertib (see Figure 3.4 A & C). Despite questionable p53 protein expression, the 

H520 cell line was also radiosensitised by 25 nM Alisertib.  

Moreover, the extra sum of squares test revealed that the survival curves for 25 nM 

Alisertib IR combination were statistically different from the corresponding survival 

curve for irradiation alone in A549, H460 and H520 cells (p= <0.0001 for all three cell 

lines). Further to this the radiosensitivity of H460 and H520 cell lines was also tested 

in combination with 10 nM Alisertib. These experiments revealed that 10 nM had a 

smaller radiosensitising effect on the H460 and H520 cell lines yielding mean DER 

values of 1.08 and 1.06 respectively at 10% survival fraction (see Figure 3.4 B-C). 

Both cell lines had altered survival curves when co-treated with 10 nM Alisertib and 

irradiation resulting in significant statistical differences between that and the 

irradiation alone survival curves. These data demonstrate a dose-dependent 

radiosensitising effect of Alisertib in p53 expressing NSCLC cells. 

Conversely, 25 nM Alisertib in combination with IR did not cause any statistically 

significant enhancement of IR cytotoxicity in H322, H1299 and SW900 cells (see 
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Figure 3.4 A & C). Further to this the extra sum of squares test revealed that the 

survival curves for 25 nM Alisertib IR combination were not statistically different from 

the corresponding survival curve for irradiation alone in H322, H1299 and SW900 

cells respectively (p= 0.7529, p= 0.949 and p= 0.406).  

When radiation is used to treat NSCLC patients it is fractionated into smaller doses 

which do not tend to exceed 3 Gy per fraction (NICE 2019). Given that single doses 

of radiation had been used to show combinational effect of Alisertib and radiation in 

cell lines it was decided that treating cells with smaller fractionated doses of radiation 

in combination with single dose of Alisertib might be even more clinically relevant. 

This was tested in the H460 cell line chosen as it was a positive responder to 

Alisertib combination with single dose IR and because this cell line had high plating 

efficiency and formed discrete colonies during clonogenic assays. As previously 

Alisertib was added 2 hours prior to irradiation and present throughout the 

clonogenic assay. Note: fresh Alisertib was not added prior to further irradiations. 

There was a statistically significant reduction in survival fraction when H460 cells 

were treated with single dose of Alisertib two hours prior to 1 Gy irradiation and 

irradiated with a further three fractions of 1 Gy, once every 24 hours (see Figure 3.4 

D). Mean survival fraction for 4 x 1 Gy was 0.432 and fell 2.62-fold to 0.165 when 4 x 

1 Gy was combined with a single dosing event of 25 nM Alisertib. This was slightly 

inferior to the 2.98-fold reduction in mean survival fraction when single dose 4 Gy 

was combined with 25 nM Alisertib. 
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Figure 3.4. Survival fraction of NSCLC cells after treatment with IR alone or 

IR in combination with Alisertib. Legend overleaf 
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Figure 3.4 Survival fraction of NSCLC cells after treatment with IR alone or 

IR in combination with Alisertib. A. Survival fraction of NSCLC cell lines after 

treatment with increasing doses of IR +/- 25 nM Alisertib. Data points represent 

mean survival fraction normalised to unirradiated control +/- SD (N= ≥3). F-value 

and p-value derived from extra sum of squares test. B. Survival fraction of 

NSCLC cell lines after treatment with increasing doses of IR +/- 10 nM Alisertib. 

Data points represent mean survival fraction normalised to unirradiated control +/- 

SD (N= ≥3). F-value and p-value derived from extra sum of squares test. C. Table 

of mean DER10 values expressed after combining 25 or 10 nM Alisertib with IR +/- 

SD (N= ≥3). D. Survival fraction of H460 cells after treatment with either 

fractionated or single dose IR and in combination with 25 nM Alisertib. 4 x 1 Gy 

represents when four fractions of 1 Gy were given once daily for four consecutive 

days. Data points represent mean survival fraction normalised to unirradiated 

control +/- SD (N=3). * denotes p= ≤0.05, ** denotes p= ≤0.01 (Students 

independent samples unpaired two-tailed t-test). All the above was performed by 

treating with Alisertib 2 hours prior to irradiation with no drug wash-out post-

irradiation. 
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These data suggest that Alisertib IR combination was effective in enhancing 

radiation response in a subset of NSCLC cell lines in a dose dependent manner and 

that the mechanism may be dependent on p53, although this was not clear cut.  This 

corroborated the findings of Myers et al (2013) in that H460 cells were 

radiosensitised by Alisertib. Furthermore, Alisertib IR combination showed efficacy 

even when IR dosing was split into fractions, although staggering radiation events 

did not synergise any further with the radiosensitising mechanism of Alisertib IR 

combination, perhaps because Alisertib was not renewed.  

3.2.5. AURKA depletion enhances H460 response to IR 

To demonstrate that the radiosensitisation effect was indeed due to AURKA 

inhibition, H460 cells were plated 24 hours post-transfection with scrambled siRNA 

or two independent siRNAs against AURKA and irradiated to see if AURKA depletion 

alone could affect IR response. AURKA siRNA 1 and AURKA siRNA 2 had DER10 

values of 1.21 and 1.23 when compared to scrambled siRNA control, similar to the 

DER10 achieved with 25 nM Alisertib (see Figure 3.5 A). The extra sum of squares 

revealed that the survival curves for both AURKA siRNA constructs were different 

from that of the scrambled curve in a statistically significant manner. 

Densitometry of western blots from H460 lysates harvested sequentially post-

transfection confirmed that the two AURKA targeted siRNAs used here had similar 

effects on AURKA protein expression (see Figure 3.5 B-C). Each siRNA caused a 

mean reduction in AURKA protein expression of 32.3% (siRNA 1) and 57.3 % 

(siRNA 2) by 24 hours post-transfection and 79.6% (siRNA 1) and 81.4% (siRNA 2) 

by 48 hours post-transfection relative to scrambled siRNA control.  
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Figure 3.5. Survival fraction of H460 cells plated and irradiated 24 hours 

after transfection with scrambled or AURKA siRNA A. Survival fraction of 

irradiated H460 cells transfected with scrambled control siRNA, AURKA siRNA 1 

(left) or AURKA siRNA 2 (right) Data points represent mean survival fraction 

normalised to unirradiated control +/- SD. F-value and p-value derived from extra 

sum of squares test. B. Representative western blots of AURKA expression in 

H460 lysate 24 hours (left) and 48 hours post-transfection (right). C. 

Quantification of AURKA expression in H460 lysate normalised to β-Tubulin 

expression and relative to scrambled siRNA control 24 hours (left) (N=3) and 48 

hours post-transfection (right) (N=2). Data points represent mean relative AURKA 

expression +/- SD. * denotes p= ≤0.05, ** denotes p= ≤0.01, *** denotes p= 

≤0.001 (Student’s independent samples unpaired two-tailed t-test). 
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This suggests that AURKA is a legitimate radiosensitising target in the H460 cell line 

and supports data from results section 3.2.4. where AURKA was targeted 

pharmacologically with Alisertib. 

3.2.6. p53 depletion attenuates the radiation enhancing effect of Alisertib in 

NSCLC cells 

3.2.6.1. p53 depletion attenuates the radiation enhancing effect of Alisertib in 

H460 cells 

The results section 3.2.4 suggested that functional p53 may be important when 

determining which cells respond with enhanced IR response after Alisertib IR 

combination. However, these findings were correlative and did not account for other 

genetic differences that may be present between NSCLC cell line models. Given 

this, depletion of p53 expression in the p53 wildtype expressing H460 cell line was 

performed in combination with irradiation +/- 25 nM Alisertib. H460 cells were plated 

48 hours post-transfection with scrambled siRNA or p53 siRNA. p53 depletion 

attenuated the combinational effect of 25 nM Alisertib and radiation in H460 cells 

(see Figure 3.6 A-B). Combining 25 nM Alisertib with irradiation when H460 cells 

were treated with scrambled siRNA control had a mean DER10 of 1.35. This was not 

statistically different from the DER10 for non-transfected H460 cells treated with 25 

nM Alisertib radiation combination. p53 depletion with p53 siRNA 1 and p53 siRNA 2 

in H460 cells caused an attenuation of the mean DER10 to 1.12 (p= 0.057 Student’s 

t-test) and 1.06 (p= 0.04 Student’s t-test) respectively when 25 nM Alisertib and 

radiation were combined. Attenuation of radiosensitising effect when p53 was 

depleted resulted in p-values >0.05 from the extra sum of squares test indicating that 

the radiation survival curves +/- 25 nM Alisertib were best described by one dataset. 
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Densitometry of western blots from H460 lysates harvested sequentially post-

transfection revealed that p53 siRNA 2 sourced from Ambion was more efficient in 

depleting p53 expression when compared to p53 siRNA 1 sourced from Santa Cruz 

Biotechnology (see Figure 3.6 C). This was consistent with greater attenuation of 

radiosensitising effect with p53 siRNA 2 compared to p53 siRNA 1. p53 siRNA 2 

caused mean depletion of p53 expression, relative to that of scrambled siRNA 

control, of 83.3% 24 hours post-transfection, 82.6% 48 hours post-transfection, and 

75.0% 72 hours post-transfection prior to p53 expression levels returning to levels of 

110.5% by 96 hours post-transfection. p53 siRNA 1 caused mean depletion mean 

depletion of p53 expression, relative to that of scrambled siRNA control, by 50.4% 24 

hours post-transfection, 69.5% 48 hours post-transfection, and 38.5% 72 hours post-

transfection prior to p53 expression levels returning to levels of 133.3% by 96 hours 

post-transfection.  

Figure 3.6. Survival fraction H460 cells plated and irradiated 48 hours after 

transfection with scrambled or p53 siRNA. Legend overleaf 
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Figure 3.6. Survival fraction H460 cells plated and irradiated 48 hours after transfection with scrambled or p53 

siRNA. A. Survival fraction of irradiated H460 cells treated transfected with scrambled control siRNA (top left), p53 siRNA 1 

(top right) or p53 siRNA 2 (bottom left) and treated with +/- 25 nM Alisertib. Data points represent mean survival fraction 

normalised to unirradiated control +/- SD. F-value and p-value derived from extra sum of squares test (N= 4). B. Table of 

mean DER10 values expressed after combining 25 nM Alisertib with IR in H460 cells transfected with scrambled or p53 

siRNA +/- SD (N= 4). C. Representative western blots for p53 expression in H460 lysates 24 hours (far left), 48 hours 

(middle left), 72 hours (middle right) and 96 hours (far right) post-transfection with scrambled or p53 siRNA D. 

Quantification of p53 expression in H460 lysate normalised to β-Tubulin expression and relative to scrambled siRNA control 

(N= ≥3). Data points represent mean relative p53 expression +/- SD. NS (non-statistically significant) denotes p= ˃0.05 * 

denotes p= ≤0.05, ** denotes p= ≤0.01, *** denotes p= ≤0.001 (Student’s independent samples unpaired two-tailed t-test). 
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These data suggest that the mechanism of Alisertib mediated radiosensitisation is 

p53 dependent.   

3.2.6.2. Alisertib radiosensitises both the isogenic HCT116 p53 +/+ and HCT116 

p53 -/- colorectal cancer cell lines  

The data above suggest that Alisertib only has radiation dose enhancing effects in 

NSCLC cells in a p53 proficient background and this is in line with the findings of 

Myers et al (2013) in NSCLC models. However considering p53 proficiency and 

AURKAi + IR combinational effect in a pan-cancer manner, the above data is 

contradictory to findings in colorectal carcinoma models (Tao et al. 2007) and 

hepatocellular carcinoma models (Lin et al. 2014) which suggested that the 

radiosensitising effect of AURKA inhibition was in fact more pronounced in p53 

deficient backgrounds in vitro and in vivo. These investigations were performed with 

AURKA inhibitors PHA-680632 and VE465 respectively. We tested the ability of 

Alisertib to radiosensitise the isogenic colorectal carcinoma HCT116 cell lines which 

encode either two wildtype TP53 alleles (p53 +/+) or a homozygous deletion of exon 

2 in the TP53 gene resulting in no p53 protein expression (p53 -/-) (Bunz et al. 

1998). This is the same system tested by Tao et al (2007). Given that Alisertib was 

not tested by Tao et al (2007) this can help deduce whether p53-dependent 

radiosensitisation is an Alisertib specific mechanism. This experiment also 

addresses whether radiosensitisation by Alisertib specifically in p53 proficient 

backgrounds is a pan-cancer phenomenon or if this effect is more specific to 

NSCLC. Additionally, the HCT116 isogenic model represents a stable model of p53 

wildtype and p53 null expression and overcomes some of the limitations associated 

with siRNA transfection such as siRNA/transfection reagent-induced toxicity and 

transient gene expression changes. 
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As expected p53 was expressed in the p53 +/+ HCT116 model when sampled on 

three independent occasions and was not detectable in the p53 -/- HCT116 model 

on the same occasions (see Figure 3.7 A). Additionally, 25 nM Alisertib was shown 

to provide strong inhibition of T288 p-AURKA, in the absence of significant off target 

effect on T232 p-AURKB, in Nocodazole released populations in both the HCT116 

p53 +/+ and -/- cell lines (see Figure 3.7 B). There is evidence of reduced T288 p-

AURKA inhibition by 25 nM Alisertib in the p53 +/+ HCT116 cell line compared to the 

p53 -/- cell line but this western blot was performed only once. It is unclear if this is a 

consistent finding. 

25 nM Alisertib radiosensitised both cell lines (see Figure 3.7 C-D). The was 

combined with radiation the HCT116 p53 +/+ had a mean DER10 of 1.32 compared 

to 1.43 in the HCT116 p53 -/- cell line. This difference in mean DER10, however, was 

not statistically significant (p= 0.506 Student’s unpaired two-tailed t-test).  
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Figure 3.7. Validation of HCT116 p53 +/+ and HCT116 p53 -/- isogenic model 

and survival fraction when treated with IR alone or IR in combination with 

Alisertib. A. Western blot for p53 and β-tubulin in protein extract from HCT116 

p53 isogenic models. B. Western blot for pan p-AURK, AURKA and β-tubulin in 

protein extract from HCT116 p53 +/+ lysates (left) and HCT116 p53 -/- lysates 

(right) from cells arrested overnight with 100 ng/ml Nocodazole (Noc), released 

from Noc and treated increasing concentrations of Alisertib for 2 hours. C. 

Survival fraction of irradiated HCT116 p53 +/+ and HCT116 p53 -/- (right) cells 

after treatment with increasing doses of IR +/- 25 nM Alisertib. Data points 

represent mean survival fraction normalised to unirradiated control +/- SD (N= 4). 

F-value and p-value derived from extra sum of squares test. D. Table of mean 

DER10 values expressed after combining 25 nM Alisertib with IR +/- SD (N= 4). 
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These data suggest that Alisertib mediated radiosensitisation is not p53-dependent 

in HCT116 cells. Although, delineating the genetic determinants of Alisertib IR 

combinational effect is complicated by the microsatellite instable phenotype of 

HCT116 cells (Parsons et al. 1993). Thus, although it appears that p53 is involved in 

Alisertib mediated radiosensitisation of NSCLC cells this finding may not be true in 

all cancers.  

3.2.7. Alisertib inhibits background and IR-induced T288 p-AURKA expression 

Sequential harvest of proteins from H460 cells post-irradiation was employed to 

investigate T288 p-AURKA expression changes over time in the presence or 

absence of 25 nM and/or 4 Gy of irradiation. 25 nM Alisertib or 4 Gy + 25 nM 

Alisertib treatment alone in H460 cells inhibited T288 p-AURKA to undetectable 

levels by 1 hour, 4 hours and 24 hours post-irradiation (see Figure 3.8 A-B). In 

comparison, 4 Gy treatment alone in H460 cells caused moderate reduction in T288 

p-AURKA expression levels by 1-hour post-irradiation (p= 0.01 Student’s t-test), 

completely abolished expression by 4-hours, before expression rebounded and 

exceeded those seen in the untreated control by mean 1.93-fold (p= 0.02 Student’s t-

test) after 24 hours. This suggests that activation of AURKA is important at late 

timepoints post-IR.  

Additionally, total AURKA expression itself was variable in the 1 and 4 hours post-

irradiation but no change was statistically significant compared to control (see Figure 

3.8 A & C). Similar to each treatment alone at 1 and 4 hours post-treatment Alisertib 

IR combination led to small statistically non-significant increases in AURKA 

expression levels. Strikingly, at 24 hours post-irradiation in Alisertib IR combination 

AURKA levels were further increased such that AURKA levels were highly increased 
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relative to untreated control (p=0.02 Student’s t-test) and greatly exceeded the levels 

seen for 25 nM Alisertib and 4 Gy conditions respectively.  
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Figure 3.8. T288 p-AURKA and AURKA protein expression in H460 cells 1-

hour, 4-hours and 24-hours post-IR. A. Representative western blot results for 

pan p-AURK, AURKA and β-Tubulin in protein extract from H460 cells achieved 

1-hour, 4-hours and 24-hours post-irradiation treated with 25 nM Alisertib, 4 Gy or 

25 nM Alisertib 4 Gy combination. B. Quantification of T288 p-AURKA expression 

normalised to AURKA levels and adjusted for β-tubulin levels in H460 lysates (N= 

3). Data points represent mean T288 p-AURKA expression +/- SD relative to 

expression in untreated condition 1-hour post-irradiation. C. Quantification of 

AURKA expression β-tubulin levels in H460 lysates (N= 3). Data points represent 

mean AURKA expression +/- SD relative to expression in untreated condition 1-

hour post-irradiation. * denotes p= ≤0.05 (Student’s independent samples 

unpaired two-tailed t-test). 
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In conclusion to these expression data, 25 nM Alisertib and 25 nM Alisertib in 

combination with 4 Gy caused abolishment of T288 p-AURKA expression 1-hour, 4-

hours and 24-hours post-irradiation in H460 cells. Meanwhile 4 Gy led to a moderate 

increase in T288 p-AURKA expression by 24-hours post-irradiation after previously 

reducing/abolishing T288 p-AURKA 1-hour and 4-hours post-irradiation in H460 

cells. This suggests that AURKA is activated 24-hour post-irradiation but that this 

activation is suppressed by Alisertib when combined with 4 Gy. We also found that 

AURKA protein expression peaked 24-hour post-irradiation in the 4 Gy + 25 nM 

Alisertib combinational, suggesting that the treatment combination caused an 

accumulation of inactive AURKA protein. 

3.2.8.  Alisertib mediated radiosensitisation of H460 cells is dependent on 

Alisertib dosing after radiation 

In previous experiments 2 hour pre-treatment with 25 nM Alisertib followed by 

continuous exposure post-irradiation caused a statistically significant reduction in 

H460 cell survival compared to irradiation alone. Given that treatment with 25 nM 

Alisertib, 4 Gy or 4 Gy + 25 nM Alisertib combination had time dependent effects on 

T288 p-AURKA and AURKA expression it is possible that the timing Alisertib dosing 

relative to the point of irradiation could have an impact on sensitisation. Here the 

dosing regime was altered in H460 cells as depicted in Figure 3.9 A. 

Consistent with previous findings 2 hour pre-treatment with 25 nM Alisertib followed 

by continuous exposure post-IR caused reduction in mean survival fraction from 0.45 

to 0.25 for 2 Gy alone (p= 0.0002 (One-way ANOVA)) (see Figure 3.9 B). However, 

when H460 cells were pre-treated for 2 hours with 25 nM Alisertib prior to irradiation 

but returned to Alisertib free media post-IR there was no significant reduction in 
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survival fraction compared to 2 Gy alone. This finding was also true when 25 nM 

Alisertib pre-treatment was extended to 24 hours prior to irradiation before returning 

cells to Alisertib free media. There were statistically significant reductions in mean 

survival fraction compared to 2 Gy alone when 25 nM Alisertib was added 

immediately after irradiation (mean SF: 0.29, p= 0.0017 (One-way ANOVA)) and 

most interestingly when it was added 24 hours post-irradiation (mean SF: 0.28, p= 

0.0012 (One-way ANOVA)) compared to 2 Gy alone.  
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Given that Alisertib has been shown to cause mitotic accumulation in tumour tissues 

(Manfredi et al. 2011), these data provide evidence against a hypothesis that the 

Figure 3.9. Effect of varying Alisertib IR dosing schedule in H460 cells. A.  

Schema of Alisertib dosing regimen changes relative to the point of irradiation. 

Blue line represents presence of 25 nM Alisertib in the culture media. B. Survival 

fractions of H460 cells after 2 Gy treated with or without 25 nM Alisertib (N=3). 

Data points represent mean survival fraction normalised to unirradiated control +/- 

SD. NS (non-statistically significant) denotes p= ˃0.05, * denotes p= ≤0.05, ** 

denotes p= ≤0.01, *** denotes p=≤0.001 (One-way ANOVA with Dunnett 

correction for multiple comparisons). 
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Alisertib IR combination achieves enhancement of IR response through arresting 

cells in the most radio-responsive phases of the cell cycle prior to irradiation itself. 

These results indicate that the presence of Alisertib in relation to time of irradiation is 

most important in the hours after irradiation, during the cellular recovery phase. As 

radiosensitisation by addition of 25 nM Alisertib is achieved even 24-hours post-

irradiation, this suggests that the combinational mechanism is not through immediate 

recovery effects post-IR. This implicates changes in cell cycle progression and cell 

death as being responsible for the effects seen. 

3.3. Discussion 

In this chapter we present evidence that targeting of AURKA with siRNA or Alisertib 

enhances IR response in NSCLC cells that express wildtype p53 and that the effect 

with Alisertib is dose-dependent. We also show that the Alisertib IR combination has 

significant effects on AURKA protein levels and activation (T288) 24 hours post-

treatment and that Alisertib presence post-IR, rather than pre-IR, is required for this 

radiosensitising effect. 

3.3.1. Targeting AURKA enhances radiation response in p53 wildtype NSCLC 

cells 

Alisertib only radiosensitised p53 wildtype NSCLC cells in vitro in line with the 

findings of Myers et al (2013) with the exception of the H520 cell line which was 

radiosensitised despite absence of detectable p53 protein in our hands. This may be 

due to the H520 cell line being hypersensitive to Alisertib monotherapy, with an LD50 

value nearly 50% lower compared to the other NSCLC cell lines. Depletion of p53 in 

the H460 model provided further evidence that targeting AURKA radiosensitised 

NSCLC cells with a p53 proficient background only. This is an important finding as 
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p53 aberration is common in NSCLC, between 23% and 73% of tumours harbour 

p53 mutations (Takahashi et al. 1989; Kishimoto et al. 1992; Miller et al. 1992; 

Sugimachi et al. 1995; Liloglou et al. 1997; Mitsudomi et al. 2000), and potentially 

limits the patient population that could benefit from Alisertib IR combination. In 

contrast, we did not find a significant difference between HCT116 p53 +/+ and 

HCT116 p53 -/- isogenic cell line response to Alisertib IR combination in vitro, with 

evidence of radiosensitisation in both backgrounds. Our data contradict the findings 

of Tao et al (2007) and Lin et al (2014) in colorectal carcinoma and hepatocellular 

carcinoma who found that targeting AURKA in combination with IR radiosensitised 

cells with p53 deficient backgrounds more potently than p53 proficient backgrounds 

in vitro. This challenges the pan-cancer mechanism of AURKA inhibitor IR 

combination, but does not retract from its potential utility. Neither of these studies 

used Alisertib. Alisertib is 27 times more potent at inhibiting AURKA T288 

phosphorylation than PHA-680632 and is 200-fold more specific to AURKA than 

AURKB, whilst PHA-680632 is only 4.44-fold more specific to AURKA than AURKB 

(Soncini et al. 2006; Manfredi et al. 2011). Additionally, VE-465 used by Lin et al 

(2014) is only 30-fold more specific to AURKA than AURKB (Harrington et al. 2004).  

Therefore, mechanistic differences could arise when using Alisertib vs PHA-680632 

or VE-465 due to the specificity of the inhibitor. These differences in response in to 

Alisertib IR combination may also be affected by the genotypic tendencies of the 

cancer types investigated in Tao et al (2007) and Lin et al (2014). Additionally, the 

HCT116 isogenic cell line is microsatellite unstable (Parsons et al. 1993), and hence 

is subject to genomic instability, which may account for differences between our and 

other published findings using this model. The H1299 H24 cell line, which expresses 

wildtype p53 protein under a Tetracycline controlled promotor (Chen et al. 1996), 
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would be useful here to test the p53-dependency of Alisertib IR combination in a 

NSCLC background.  

Classically radiosensitising agents should have little or no cytotoxic activity alone 

whilst enhancing radiation response, however it is now accepted that radiosensitising 

agents could have either additive or synergistic interactions with radiation provided 

that the on-target anti-tumour effects outweigh the cost of any additional normal 

tissue toxicity (Seiwert et al. 2007). We propose that because the survival curves of 

cell lines treated with the Alisertib IR combination were normalised to Alisertib 

toxicity alone that statistical reductions in survival fraction are at the least additive 

and indicate radiosensitisation occurred. Isobologram analysis as described by Steel 

and Peckham could be used to further determine the level of interaction seen 

between Alisertib and IR (Steel and Peckham 1979).     

3.3.2. Alisertib IR combination causes an accumulation of AURKA that is 

depleted of T288 phosphorylation 

Interestingly, we saw that T288 p-AURKA expression levels were increased 24 hours 

post-irradiation, after initial loss at 4 hours, but were abolished in the presence of 

Alisertib suggesting that activation of AURKA may be involved in the survival 

response to IR. AURKA protein levels were significantly increased in Alisertib IR 

combination but not after irradiation alone, in contrast to previous research which 

has indicated that AURKA expression, at both mRNA and protein level, increases 

following IR in NSCLC cells (Woo et al. 2015). This may be explained by the use of 

different NSCLC cell lines and 10 Gy and 20 Gy doses to assess AURKA expression 

post-IR (Woo et al. 2015). We hypothesise that increases in inactive AURKA 

expression in H460 cells 24 hours post-treatment with Alisertib IR combination could 
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be due to disrupted cell cycle distribution or altered turnover of AURKA. AURKA 

expression is greatest during G2/M phases (Bischoff et al. 1998), and could 

therefore be affected by the relative cell cycle distributions 24 hours post-treatment 

with Alisertib IR combination. Although we did not find similar, there is evidence that 

Alisertib causes reflexive increases in AURKA expression (Felgenhauer et al. 2018), 

providing evidence against disruption of AURKA protein turnover. AURKA has been 

shown to enhance the invasiveness of hepatocellular carcinoma cells in vitro post-

irradiation through epithelial-mesenchymal transition phenotype in a PI3K/AKT 

dependent manner (Chen et al. 2017). Interestingly, this effect was through 

phosphorylation of AKT, suggesting that AURKA-driven phenotype change post-IR 

was kinase activity dependent and thus implicates T288 p-AURKA expression in 

cancer response to IR (Chen et al. 2017). Given that T288 p-AURKA expression  

generally occurs during mitosis (Marumoto et al. 2002), this finding could also 

indicate a recommitment to cell cycle progression following DNA damage.  

3.3.3. Alisertib IR combinational effect is time-dependent 

Here we present findings that show the timing of Alisertib treatment, relative to 

irradiation, is important for radiosensitisation. We find that regardless of pre-

treatment radiosensitisation only occurs when Alisertib is in the media post-IR. This 

implicates cellular recovery phase post-IR. However, given that addition of Alisertib 

24 hours post-IR radiosensitises H460 cells suggests that the immediate repair 

phase post-IR is not involved. The majority of IR-induced DNA damage is repaired 

within 24 hours depending on dose (Redon et al. 2009), suggesting that Alisertib-

mediated radiosensitisation was not through inhibition of DNA repair, contrary to 

links between AURKA function and DNA repair (Sourisseau et al. 2010; Sun et al. 

2014; Wang et al. 2014a). In addition, Alisertib pre-treatment in the absence of 
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continued Alisertib treatment post-IR did not radiosensitise H460 cells. This suggests 

that Alisertib, which has previously been shown to cause mitotic accumulation in cell 

populations (Manfredi et al. 2011), did not enhance IR response by arresting cells in 

canonically the most radiosensitive phase of the cell cycle. Indeed, given that 

Alisertib mediated radiosensitisation occurs when dosing 24 hours post-irradiation 

the radiosensitisng mechanism is likely due to a delayed effect. This potentially 

implicates altered cell cycle and cell death responses, which may manifest after 

several aberrant cell divisions (Vitale et al. 2011). 

3.3.4. Limitations 

2D cell culture was used to test the efficacy of Alisertib IR combination in NSCLC cell 

lines and is advantageous as it is relatively inexpensive compared to in vivo models 

and lends itself to high throughput approaches. But there are limitations to this 

approach as 2D cell culture does not accurately recapitulate the tumour 

microenvironment. For example, 2D cell culture does not, without specialist 

equipment, mimic intra-tumour hypoxia, which is an established negative predictor of 

radiation response in NSCLC (Li et al. 2006). The effect of hypoxia on Alisertib IR 

combinational efficacy in vitro warrants further investigation.  

Whilst care has been taken to optimise the dose of Alisertib to provide the maximal 

amount of on-target effect on T288 p-AURKA with least amount of off-target effect on 

T232 p-AURKB during radiation, there is evidence of T232 p-AURKB inhibition using 

25 nM Alisertib in NSCLC cell lines. Because evidence suggests that AURKB is a 

radiosensitisation target in its own right (Niermann et al. 2011; Woo et al. 2015) it is 

possible that radiosensitisation effect by Alisertib is through off-target AURKA-

independent mechanism. It would be interesting to examine if higher concentrations 
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of Alisertib became more off-target through AURKB inhibition and if this correlated 

with the degree of radiosensitisation seen. 

We used siRNA and the HCT116 stable p53 +/+ p53 -/- isogenic systems to 

investigate differential p53 expression effects within the same genetic model. These 

models however only account for changes in wildtype p53 expression or null 

expression. p53 mutations are common in NSCLC (Miller et al. 1992; Sugimachi et 

al. 1995; Liloglou et al. 1997; Mitsudomi et al. 2000). Additionally, NSCLC samples 

display frequent overexpression of p53 (Mitsudomi et al. 2000) which is suggestive 

of oncogenic gain of function mutation in p53 (Yue et al. 2017). Gain of function p53 

mutations have been shown to have biologically distinct effects on cellular phenotype 

compared to a p53 null background (Olive et al. 2004) including radiation response 

(Li et al. 1998). Therefore, using wildtype p53 depletion and p53 null backgrounds in 

NSCLC oversimplify p53 biology and do not account for a role of p53 gain of function 

mutation affecting Alisertib IR combination in NSCLC cells. It would be interesting to 

observe the effect of p53 mutation on Alisertib IR combinational efficacy in NSCLC. 

Additionally, assessment of Alisertib IR combination effect on AURKA expression 

and T288 p-AURKA expression was performed in the H460 cell line only. The 

significance of these changes in expression following Alisertib IR combination need 

assessing in more cell lines that do and do not respond to Alisertib IR combinational 

effect. 
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4. Evaluation of Alisertib radiosensitising mechanism in vitro 

4.1. Introduction, aims and hypotheses 

Understanding the mechanism by which Alisertib enhances IR response in NSCLC is 

important. The radiosensitising mechanism may allude to biological markers of 

Alisertib IR combination efficacy which affect the target patient population and/or can 

be used as endpoints for in vitro, in vivo and clinical studies. This second results 

chapter will address the biological mechanism for radiosensitisation by Alisertib 

treatment in NSCLC, using the H460 cells as a model cell line that responded to the 

treatment combination. In addition, comparison with other NSCLC cell lines will be 

made to examine the dependency on p53 seen in chapter 3. 

The aims of this chapter are to assess the following in NSCLC cell line models in 

vitro: 

1. The effect of Alisertib IR combination on cell cycle progression in p53 

proficient and p53 deficient NSCLC cell lines 

2. The effect of Alisertib IR combination on mitotic phenotype and mitotic 

progression 

3. The effect of Alisertib IR combination on mitotic catastrophe and associated 

cell death and senescence 

4. The effect of Alisertib IR combination on p53 expression and post-

translational modifications 

5. The effect of Alisertib IR combination on DNA repair, cell cycle arrest and cell 

death machinery 
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The hypotheses of this chapter are: 

• Cell cycle progression will be affected by Alisertib IR combination leading to 

increased cell death 

• Alisertib IR combination will increase mitotic aberrance in NSCLC cells 

leading to increased cell death 

• Alisertib IR combination will affect DNA repair in NSCLC cell lines leading to 

increased cell death 

4.2. Results 

4.2.1. Cell cycle progression is altered in H460 cells treated with Alisertib IR 

combination 

Given that AURKA is important in promoting progression into (Hirota et al. 2003), 

and through (Rong et al. 2007) mitosis, and that we observe radiosensitisation of 

NSCLC cells by Alisertib can occur through a delayed effect, we hypothesised that 

the mechanism of Alisertib IR combinational effect was through altered cell cycle 

progression following irradiation. AURKA inhibition with Alisertib has been shown 

previously to promote G2/M arrest in models of cancer in vitro (Görgün et al. 2010; 

Sehdev et al. 2013). IR can also perturb cell cycle distribution with DNA damage 

checkpoints acting in G1, intra-S and G2/M depending on the intactness of cellular 

checkpoint machinery (Morgan and Lawrence 2015). Lin et al (2014) demonstrated 

that AURKA inhibition and IR cooperated to reduce the G1 population in 

hepatocellular carcinoma cell lines in combination with a G2/M arrest. Tao et al 

(2007) also demonstrated cooperative increases in G2/M populations and noted a 

reduction in the polyploid cell fraction in PHA680632 IR combination when compared 

to PHA680632 or IR treatment alone. These data provide evidence of cooperative 
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changes in cell cycle distribution when co-targeting AURKA with IR. Here we used 

propidium iodide (PI) staining in combination with p-Histone 3 (S10) to determine the 

cell cycle profiles of the NSCLC cell line panel following treatment with Alisertib, 

irradiation or combination. We acknowledge that AURKB has been shown to 

phosphorylate Histone 3 on serine 10 at the start of mitosis (Baek 2011) and that use 

of this mitotic marker may be confounded by off-target effects of Alisertib treatment. 

However, expression of p-Histone 3 at S10 was relatively unaffected by 25 nM 

Alisertib treatment in our hands in all cell lines via western blot and can occur in the 

presence of only basal AURKB activity (Le et al. 2013). Furthermore, S10 

phosphorylation of Histone 3 is required for mitotic entry, still proceeds in the 

presence of AURKB inhibition, and is performed by other proteins (Keen and Taylor 

2009; Baek 2011). Firstly, we investigated cell cycle distribution of the p53 proficient 

H460 cell line which showed enhancement of radiation response after 25 nM 

Alisertib + IR combination. 

We found that the H460 cell line 24 hours post-irradiation displayed a statistically 

significant increase in the G1 population in the 4 Gy treatment condition when 

compared to untreated control, this was not seen in the combination treatment 

condition which was not different from control or Alisertib alone (see Figure 4.1 A & 

C). By 72 hours post-irradiation the G1 population in IR treated condition had 

returned to untreated levels whilst Alisertib alone and Alisertib IR combination had 

caused significant reduction in G1 population compared to untreated control (see 

Figure 4.1 A & E). There was a consistent reduction in S phase fraction of H460 cells 

in all treatment conditions relative to control across all timepoints (see Figure 4.1 A & 

C-E). This was most apparent in IR alone or in Alisertib IR conditions, but there was 

no significant difference between either condition. Compared to untreated controls 
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there was a non-significant trend for an increased G2 fraction in the 25 nM Alisertib 

condition at 24, 48 and 72 hours post-irradiation. This was also true in the Alisertib 

IR combination at 24 and 48 hours post-irradiation, but not at 72 hours. Alisertib 

alone or Alisertib IR combination caused significant increase in mitotic fraction 24 

hours post-irradiation when compared to untreated control (see Figure 4.1 A-C). 

However, in contrast to the increased mitotic population of Alisertib alone, the mitotic 

population in the Alisertib IR combination was lost by 48 and 72 hours post-

irradiation, mimicking IR alone (see Figure 4.1 A-E). There was statistically 

increased polyploid H460 population by 48 hours post-irradiation in all treatment 

conditions and in IR and Alisertib IR combination 72 hours post-irradiation, albeit 

reduced compared to 48 hour timepoint. Consistent with survival data, a sharp 

statistically significant increase in H460 sub G1 population was observed in all 

treatment conditions compared to control by 72 hours post-irradiation with greatest 

increase seen in the combination treatment condition.   
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Figure 4.1. H460 cell cycle distribution 24, 48 and 72 hours following 

treatment with 25 nM Alisertib, 4 Gy or combination. Legend on page 147. 
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Figure 4.1. H460 cell cycle distribution 24, 48 and 72 hours following 

treatment with 25 nM Alisertib, 4 Gy or combination. Legend on page 147. 
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Figure 4.1. H460 cell cycle distribution 24, 48 and 72 hours following 

treatment with 25 nM Alisertib, 4 Gy or combination. Legend overleaf. 
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Figure 4.1. H460 cell cycle distribution 24, 48 and 72 hours following treatment with 25 nM Alisertib, 4 Gy or 

combination. A. Mean cell cycle phase distribution 24, 48 and 72 hours post-irradiation. B. Mean mitotic distribution 

24, 48 and 72 hours post-irradiation re-represented on a different scale for clarity. Data points represent mean cell 

cycle phase distribution +/- SEM (N= ≥2). Table of p-values from One-way ANOVA tests of cell cycle phase data at C. 

24 hours, D. 48 hours and E. 72 hours (bottom) post-irradiation. ANOVA performed with Bonferroni correction for 

multiple comparisons. F. Representative H460 FACS plots for propidium iodide (PI) staining vs p-Histone 3 staining 

24, 48 and 72 hours post-irradiation. Gating examples given in red on untreated plot at 24 hour timepoint. Minimum of 

10,000 single cell events collected in population isolated through (PI (FL-3) width vs PI (FL-3) height). Mitotic 

population defined through p-Histone 3 positivity.  
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These data suggest that Alisertib IR combination altered cell cycle distribution in 

H460 cells after treatment. At 24 hours Alisertib IR combination inhibited the IR-

induced G1 arrest seen in IR alone, instead a mitotic arrest similar to Alisertib alone 

was induced. However, by 48-72 hours this mitotic arrest was lost in combination 

therapy and was associated with an increase in sub G1 fraction and reduction in G1 

and S phase cells. Furthermore, increases in polyploid population in 25 nM Alisertib, 

4 Gy and 4 Gy + 25 nM Alisertib conditions over successive days suggested that the 

mitotic process was aberrant resulting in > 4N genetic content. Taken together, these 

data suggest that Alisertib IR combination treated cells were dying from mitotic 

aberrance. 

4.2.2. Live cell imaging reveals that H460 cells are more likely to undergo intra-

mitotic death, show increased amount of aberrant mitoses and show trend to 

spend longer time in mitosis 24 hours post-treatment with Alisertib IR 

combination 

From the data above to help elucidate the consequences of the altered mitotic 

process in H460 cells treated with Alisertib IR combination, we hypothesised that the 

effect could be explained by two hypotheses that aren’t necessarily mutually 

exclusive: 

• H460 cells die during aberrant mitosis and do not hit the subsequent G1 phase of 

the following cell cycle 

• H460 cells perform aberrant mitosis, undergoing either successful cytokinesis or 

mitotic slippage processes, before cell death is triggered upon subsequent re-

entry to the following cell cycle (G1). 
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We tested this hypothesis by following mitoses via live cell imaging 24-36 hours and 

48-60 hours post-treatment with 25 nM Alisertib, 2 Gy, 4 Gy, 2 Gy + 25 nM Alisertib 

and 4 Gy + 25 nM Alisertib combinations. Using phase-contrast microscopy mitotic 

progression was scored, recording percentage of death during mitosis and time 

spent during mitosis. Additionally, when >2 daughter cells arose, likely during 

multipolar mitosis, these cells were scored as having undergone “aberrant mitosis”.   

Before testing this hypothesis, we adopted an altered approach as live cell imaging 

of multiple parallel conditions needed performing in a multiple well format. This was 

important because in the 6 well format we could not differentially sham irradiate and 

irradiate specific wells, and therefore here we had to plate cells immediately after 

irradiation rather than plating before which as an approach was used in all other cell 

line experiments. When H460 cells were re-plated after irradiation we found that 25 

nM Alisertib enhanced radiation response with a mean DER at 10% survival fraction 

of 1.33 (see Figure 4.2 B). The extra sum of squares revealed that the survival 

curves for irradiation alone compared to Alisertib irradiation combination in H460 

cells plated after irradiation were best described by a different curve for each dataset 

(p= <0.0001). This was similar to the mean DER at 10% survival fraction of 1.31 

seen in H460 cells plated before irradiation in combination with 25 nM Alisertib (see 

Figure 4.2 A) and there was no statistical difference between the H460 mean DER at 

10% survival fraction between plating methods (p= 0.807 (Student’s two-tailed 

unpaired t-test)). This indicated that despite altered plating method this approach for 

live cell imaging would be comparable to the other functional cell line data in this 

thesis. 
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The Shapiro-Wilk test was used accordingly to detect non-normal data distributions 

and the One-way ANOVA or Kruskal-Wallis tests were used to compare means 

where appropriate. During live cell imaging there was a trend for increased mean 

length of mitosis to the point of apparent completion of cytokinesis or death 24-36 

hours post-irradiation in all conditions compared to untreated control, but this was 

only statistically significant in the 2 Gy + 25 nM Alisertib and 4 Gy + 25 nM Alisertib 

conditions (p= 0.0138 and p= 0.0002 (One-way ANOVA)) (see Figure 4.3 A). There 

was a greater than additive effect in the 4 Gy + 25 nM Alisertib condition compared 

to the mean time spent in mitosis in either 25 nM Alisertib or 4 Gy alone (p= 0.011 

and p= 0.005 respectively). There was also a trend for H460 cells to spend longer in 

mitosis until end of cytokinesis or death 48-60 hours post-treatment in all treatment 

conditions when compared to untreated control, but there was no evidence of 

Figure 4.2. Survival fraction of A. H460 cells plated prior to IR and B. H460 

cells plated after IR when treated with IR alone or IR in combination with 25 

nM Alisertib. Data points represent mean survival fraction normalised to 

unirradiated control +/- SD (N= ≥3). F-value and p-value derived from extra sum 

of squares test. Survival fraction after +/- IR +/- 25 nM Alisertib when plating prior 

to IR is re-represented for comparative purposes. 
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additivity as Alisertib IR combinations mirrored the effect of Alisertib at this timepoint 

(see Figure 4.4 A). 

Similarly, when only scoring mitoses that completed in successful cytokinesis there 

was a similar trend for increased mean time in mitosis in all treatment conditions 24-

36 hours post-irradiation compared to untreated control, but this was only statistically 

significant in 4 Gy + 25 nM Alisertib condition (p= 0.0163 (One-way ANOVA)) (see 

Figure 4.3 B). There was a greater than additive effect in the 4 Gy + 25 nM Alisertib 

condition, but this was not statistically different from the mean time in mitosis in 

either 25 nM Alisertib or 4 Gy alone conditions (p= 0.164 and p= 0.073 (One-way 

ANOVA)). At 48-60 hours post-treatment there was a trend for H460 cells to spend 

longer in mitosis in all treatment conditions when compared to untreated control, but 

there was no evidence of additivity as Alisertib IR combinations mirrored the effect of 

Alisertib at this timepoint (see Figure 4.4 B).  

There was also an IR dose-dependent increase in mean intra-mitotic death as a 

percentage of total mitoses in the H460 cells 24-36 hours post-irradiation that was 

statistically significant in the 2 Gy + 25 nM Alisertib and 4 Gy + 25 nM Alisertib 

conditions (p= 0.0110 and p= <0.0001 (One-way ANOVA)) (see Figure 4.3 C). This 

was a greater than additive effect in the 4 Gy + 25 nM Alisertib condition and was 

statistically significant from the levels of mean intra-mitotic death in either 25 nM 

Alisertib or 4 Gy alone (p= 0.0023 and p= 0.0003 (One-way ANOVA)). At 48-60 

hours rates of intra-mitotic death also increased in all treatment conditions when 

compared to untreated control, but there was no evidence of additivity as Alisertib IR 

combinations mirrored the effect of Alisertib at this timepoint (see Figure 4.4 C).  
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The mean fraction of aberrant mitoses (> 2 daughters) as a proportion of all mitoses 

in the H460 cells 24-36 hours post-irradiation in all treated conditions was increased 

compared to control but was only statistically significant in the 2 Gy + 25 nM Alisertib 

and 4 Gy + 25 nM Alisertib conditions (p= 0.0169 and p= 0.0005 respectively (One-

way ANOVA)) (see Figure 4.3 D). There was a greater than additive effect in the 4 

Gy + 25 nM Alisertib condition and this increase in fraction aberrant mitoses was 

statistically significant when compared to 25 nM Alisertib alone condition (p= 0.006) 

but not when compared to 4 Gy (p= 0.060 (One-way ANOVA)). We also observed 

that there were increased levels of aberrant mitoses as a fraction of total mitoses in 

the H460 cells 48-60 hours post-irradiation in all treated conditions when compared 

to untreated control, but this was only statistically significant in the 25 nM Alisertib 

alone 2 Gy + 25 nM Alisertib and 4 Gy + 25 nM Alisertib conditions (p= 0.0082, p= 

0.0024 and p= <0.0001 (One-way ANOVA)) (see Figure 4.4 D). There was a trend 

for less than additive increases in mean percentage of aberrant mitoses in both 2 Gy 

+ 25 nM Alisertib and 4 Gy + 25 nM Alisertib conditions, but neither showed any 

statistical difference to the mean percentage of aberrant mitoses in 25 nM Alisertib 

alone (p= >0.999 and p= 0.285).  
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Figure 4.3. H460 live cell analysis 24-36 hours post-irradiation. A. Time in 

mitosis resulting in cytokinesis or death. B. Time in mitosis resulting in cytokinesis 

C. Proportion of intra-mitotic death and D. Aberrant mitosis resulting in >2 

daughter cells. Minimum 50 mitotic cells counted per condition. Data points 

represent mean proportion of mitotic cells with described outcome +/- SEM (N= 

5). Data point colouration represents each independent experiment. NS (non-

statistically significant) denotes p= ˃0.05, * denotes p= ≤0.05, ** denotes p= 

≤0.01, *** denotes p= ≤0.001 (One-way ANOVA with Bonferroni correction for 

multiple comparisons). 
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These data suggest that 24-36 hours post-treatment there is cooperation between 

Alisertib and IR to slow mitotic progression and that mitosis results more often in 

Figure 4.4. H460 live cell analysis 48-60 hours post-irradiation. A. Time in 

mitosis resulting in cytokinesis or death. B. Time in mitosis resulting in cytokinesis 

C. Proportion of intra-mitotic death and D. Aberrant mitosis resulting in >2 

daughter cells. Minimum 50 mitotic cells counted per condition. Data points 

represent mean proportion of mitotic cells with described outcome +/- SEM (N= 

5). Data point colouration represents each independent experiment. NS (non-

statistically significant) denotes p= ˃0.05, * denotes p= ≤0.05, ** denotes p= 

≤0.01, *** denotes p= ≤0.001 (Kruskal-Wallis test with Dunn correction multiple 

comparisons for A. and B. One-way ANOVA with Bonferroni correction for multiple 

comparisons for C and D). 
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death or aberrant division of daughter cells in an IR dose-dependent manner. Here 

time in mitosis was increased in the H460 cell time after treatment with Alisertib IR 

combinations. This was skewed by cells that underwent intra-mitotic death as the 

effect sizes were reduced when these cells were excluded from the analysis. 

However, once death was accounted for there remained a non-significant trend for 

increased time in mitosis in H460 cells that completed cytokinesis implying that 

Alisertib IR combination was also perturbing mitotic progression. Through 

examination of variation between independent experiments there was a consistency 

in that experiments which yielded higher rates of intra-mitotic death in 25 nM Alisertib 

alone condition also yielded greater effect in Alisertib IR combination conditions. This 

was also true for proportion of aberrant mitoses and mean time in all mitoses and 

mean time in mitoses that lead to successful cytokinesis only. This is highlighted by 

the colouration of data points in Figures 4.3 and 4.4. This suggests that despite inter-

experiment variation, the effects observed above 24-36 hours post-irradiation in 

Alisertib IR combination conditions were Alisertib dependent.  

Together these data provide evidence to support the hypothesis that the Alisertib IR 

combination promotes intra-mitotic death in H460 cells. An increase in aberrant 

mitosis also provides a mechanism for the increase in polyploidisation that occurs in 

NSCLC cells after treatment with Alisertib IR combination. These data also suggest 

that Alisertib IR combination was having the most significant effect on the mitotic 

process 24-36 hours post-treatment as opposed to 48-60 hours post-treatment. By 

48-60 hours post-treatment mean percentage of intra-mitotic death and time in 

mitosis was indistinguishable from 25 nM Alisertib alone condition, indicating that the 

cooperative process between Alisertib and IR is diminishing. However, these 

experiments did not provide adequate or equal cell follow-up periods post-mitosis 
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and therefore fail to address the hypothesis that polyploid H460 cells were dying via 

post-mitotic G1 checkpoint activation.  

4.2.3. H460 cells exhibit altered mitotic phenotype 24 hours following treatment 

with Alisertib IR combination 

4.2.3.1. H460 cells exhibit aberrant centrosomal phenotype 24 hours following 

treatment with Alisertib IR combination  

Our cell cycle profiling and live cell imaging data indicated that the mitotic process 

was disrupted in H460 cells treated with Alisertib IR combination, but did not 

describe the phenotype of mitotic aberration. AURKA is involved in multiple aspects 

of mitotic regulation to ensure fidelity of the process, and we therefore stained cells 

with DAPI, β-tubulin and pericentrin to observe mitotic phenotypes. This was 

investigated in the H460 cell line 24 hours post-treatment as cell cycle profiling data 

above indicated that increases in polyploid population and mitotic elimination, used 

here as surrogate products of altered mitosis, were observable by 48 hours post-

treatment. 

Initial observations revealed obvious changes in centrosomal phenotype and 

resultant spindle formation. Therefore, we scored for two well documented aberrant 

centrosomal phenotypes known as centrosomal fragmentation and centrosomal 

amplification. Centrosomal fragmentation occurs when there is an overduplication of 

the pericentriolar mass in the absence of centriole duplication (Yabuta et al. 2013). 

Centrosomal amplification occurs when the pericentriolar mass is over duplicated 

with the centriole (Yabuta et al. 2013). Both centrosomal fragmentation and 

centrosomal amplification are considered aberrant centrosomal phenotypes and 
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have been shown to contribute to genomic or more specifically chromosomal 

instability (Yabuta et al. 2013).  

24 hours post-irradiation the H460 cells treated with 25 nM Alisertib, 4 Gy or 4 Gy + 

25 nM Alisertib exhibited increased proportion of mitotic cells with either pericentrin 

fragmentation or centrosomal amplification when compared to untreated control (p= 

0.0146, p= 0.0199 and p= 0.0002 (One-way ANOVA)) (see Figure 4.5). The 

proportion of cells with either pericentrin fragmentation or centrosomal amplification 

was less than additive in the combinational treatment arm but was significantly 

increased when compared to the proportions seen for 25 nM Alisertib or 4 Gy alone 

conditions (p= 0.025 and p= 0.018 (One-way ANOVA)).  

The proportion of H460 cells with pericentrin fragmentation alone increased 

significantly when treating with 25 nM Alisertib, 4 Gy or 4 Gy + 25 nM Alisertib when 

compared to untreated control (p= 0.0002, p= 0.0006 and p= 0.0001 (One-way 

ANOVA)) (see Figure 4.5). The effect of combining 25 nM Alisertib and 4 Gy on the 

proportion of pericentrin fragmentation positive H460 cells had no additive effect and 

was statistically non-significant when compared to either treatment alone (p= >0.999 

and p= 0.486 (One-way ANOVA)).  

There was a trend for the proportion of H460 cells with centrosomal amplification 24 

hours post-irradiation to be increased in all treatment conditions when compared to 

untreated control, but this was only statistically significant in the combinational 

treatment arm (p= 0.007 (One-way ANOVA)) (see Figure 4.5). There was a greater 

than additive increase in the proportion of H460 cells with centrosomal amplification 

in the 4 Gy + 25 nM Alisertib combinational treatment arm and this was statistically 

different from the proportion of centrosomally amplified H460 cells seen when 
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treating with 4 Gy alone (p= 0.012), but not significant compared to 25 nM Alisertib 

alone (p= 0.066). 

Considering the proportion of H460 cells that exhibited a dual phenotype of both 

pericentrin fragmentation and centrosomal amplification 24 hours post-irradiation, 

there was a trend for this proportion to be increased in all treatment conditions when 

compared to untreated control, but this was only statistically significant in the 

combinational treatment arm (p= 0.012 (One-way ANOVA)) (see Figure 4.5). There 

was a greater than additive increase in dual pericentrin fragmentation positive and 

centrosomally amplified H460 cells in the 4 Gy + 25 nM Alisertib condition but was 

however not statistically significant from the proportions of either 25 nM Alisertib or 4 

Gy alone (p= 0.071 and p= 0.245 (One-way ANOVA)).  
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Figure 4.5. Centrosomal phenotypes in mitotic H460 cells 24 hours post-

irradiation. A. Proportion of mitotic H460 cells with normal centrosomal 

phenotype, pericentrin fragmentation, centrosomal amplification or both. 30 

mitotic cells counted per condition on each of three independent repeats. 

Data points represent mean proportion of mitotic cells exhibiting given 

phenotype +/- SEM (N=3) * denotes p= ≤0.05, ** denotes p= ≤0.01, *** 

denotes p= ≤0.001 compared to corresponding phenotype in untreated 

control (One-way ANOVA with Bonferroni correction for multiple 

comparisons). B. Representative images of H460 phenotypes scored for 

aberrant centrosomal phenotype 24 hours post-irradiation. Cells stained for 

DAPI (cyan), β-Tubulin (green) and pericentrin (red). 30 mitotic cells counted 

per condition. Imaged with a 60x microscope objective, scale bars represent 

120 μm. Arrows indicate pericentrin fragmentation. 
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These data suggest that Alisertib and IR cooperate to increase the amount of 

centrosomal aberration seen in H460 cells and could, at least partially, explain why 

mitotic cell death and polyploidisation occurs following Alisertib IR combination 

treatment in NSCLC cells. 

4.2.3.2. H460 cells exhibit altered mitotic phase distribution following treatment 

with Alisertib IR condition  

There is evidence that progression through mitosis, or lack of it, can determine 

chemotherapy outcomes (Manfredi et al. 2011). Given this and the slowed mitotic 

progression and altered centrosomal biology we see exacerbated in Alisertib + IR 

condition, we hypothesised that H460 mitotic phase distribution may also be altered 

in cells treated with 25 nM Alisertib, 4 Gy and 4 Gy + Alisertib. Scoring of mitotic 

phase was done in line with previous publication (Zhu et al. 2005) 24 hours post-

treatment. 

When considering the fraction of H460 mitotic cells in prophase, we found there was 

a trend for reduction in the proportion of cells in prophase in all treated conditions 

compared to untreated control, but this was only statistically significant for the 4 Gy 

alone condition (p= 0.019 (One-way ANOVA)) (see Figure 4.6).  

25 nM Alisertib caused a statistically significant increase in the prometaphase 

fraction (p= 0.004 (One-way ANOVA)), 4 Gy had no effect when compared to 

untreated control (p= >0.9999 (One-way ANOVA)), and the combinational treatment 

condition had an intermediate effect with modest increase in prometaphase fraction 

that was not statistically significant (p= 0.757 (One-way ANOVA)) (see Figure 4.6). 
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There was no significant change in the fraction of H460 mitotic cells in metaphase in 

either 25 nM Alisertib, 4 Gy or 4 Gy + 25 nM Alisertib treatment conditions when 

compared to untreated control (p= >0.9999, p= >0.9999 and p= >0.9999 (One-way 

ANOVA)) (see Figure 4.6). 

There was a trend for increasing anaphase fraction of H460 mitotic cells in all treated 

conditions when compared to untreated control, but this increase was only 

statistically significant in the combinational treatment condition (p= >0.9999, p= 

0.168 and p= 0.010 (One-way ANOVA)) (see Figure 4.6). The increase in anaphase 

fraction of mitotic cells in the combinational treatment condition was greater than 

additive in effect but the anaphase fraction seen was not statistically different from 

the anaphase fraction seen in 4 Gy alone condition (p= 0.763 (One-way ANOVA)).  

There was a trend with for reduced telophase fraction of H460 mitotic cells 24 hours 

post-irradiation in the 4 Gy + 25 nM Alisertib condition compared to untreated 

control, but this was not statistically significant (p= 0.506 (One-way ANOVA), whilst 

there was no change in either 25 nM Alisertib or 4 Gy alone (see Figure 4.6).  

Also, there was a reduction in the fraction of H460 mitotic cells undergoing 

cytokinesis 24 hours post-irradiation in all treated conditions compared to untreated 

control, but this was only statistically significant in the 25 nM Alisertib and 4 Gy + 25 

nM Alisertib conditions (p= 0.002 and p= 0.001 (One-way ANOVA)) (see Figure 4.6). 
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Figure 4.6. Mitotic distribution of H460 cells 24 hours post-irradiation. 

Legend overleaf 
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These data suggest that 24 hours post-treatment H460 cells treated with 25 nM 

Alisertib alone were more likely to accumulate in prometaphase. Conversely H460 

cells treated with 4 Gy + 25 nM Alisertib were cooperatively accumulating in 

anaphase, with trends for reductions in the proportion of cells in telophase and 

undergoing cytokinesis. This implied that H460 mitotic progression was being 

differentially impeded following treatment with Alisertib IR combination.   

4.2.4. H460 cells exhibit increased levels of markers of mitotic catastrophe and 

senescence 72 hours following treatment with Alisertib IR combination  

4.2.4.1. H460 cells exhibit increased levels of markers of mitotic catastrophe 72 

hours following treatment with Alisertib IR combination 

 

Cell cycle profiling, live cell imaging and mitotic phenotyping data in H460 cells 

support the hypothesis that Alisertib IR combination may affect normal chromosomal 

segregation. Therefore, we hypothesised that Alisertib IR combination may increase 

the likelihood of mitotic catastrophe in NSCLC cells and that this may explain 

radiosensitising induced cell death. Firstly, we looked in a fixed H460 population 72 

hours post-irradiation, providing an extended period for cells to undergo rounds of 

mitosis and thus accumulation of any divisional aberrations. Cells were stained for 

DAPI and β-tubulin to stain the DNA and cytoskeletal microtubules respectively. 

Figure 4.6. Mitotic distribution of H460 cells 24 hours post-irradiation. A. 

Mean mitotic phase distribution 24 hours post-irradiation. 30 mitotic cells counted 

per condition on each of four independent repeats. Data points represent mean 

proportion of mitotic cells in given phase +/- SEM (N=4), B. Representative 

images of mitotic H460 cells in prophase, prometaphase, metaphase, anaphase, 

telophase and cytokinesis. Cells stained for DAPI (cyan), β-Tubulin (green) and 

pericentrin (red). Imaged with a 60x microscope objective, scale bars represent 

120 μm. 
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Micronuclei (Cohen–Jonathan et al. 1999) and multinucleation (Ganem et al. 2007), 

as phenotypes, are both considered to be markers of aberrant chromosomal 

segregation and in turn mitotic catastrophe. Here in the H460 cell line we found that 

25 nM Alisertib treatment, 4 Gy and 4 Gy + 25 nM Alisertib treatment all increased 

the proportion of cells bearing micronuclei or multiple nuclei from mean of 1.56% to 

18.37%, 35.50% and 60.81% respectively (p= 0.065, p= 0.001 and p= <0.0001 

(One-way ANOVA)) (see Figure 4.7). The proportion of cells bearing micronuclei or 

multiple nuclei in the combinational treatment arm had a greater than an additive 

effect between 25 nM Alisertib and 4 Gy and was statistically significant from either 

treatment alone respectively (p= 0.0002 and p= 0.0069 (One-way ANOVA)).  

The proportion of micronuclei positive H460 cells, when compared to untreated 

control, increased significantly when treating with 25 nM Alisertib, 4 Gy or 4 Gy + 25 

nM Alisertib (p= 0.009, p= 0.002 and p= <0.0001 respectively (One-way ANOVA)) 

(see Figure 4.7). The effect of combining 25 nM Alisertib and 4 Gy on the proportion 

of micronuclei positive H460 cells was approximately additive and statistically 

different from either treatment alone (p= 0.001 and p= 0.004 (One-way ANOVA)).  

When considering the proportion of multinucleate H460 cells we found that this 

population increased when treated with 25 nM Alisertib, 4 Gy and 4 Gy + 25 nM 

when compared to untreated control but this was not statistically significant (p= 

0.515, p= 0.135 and p= 0.069 respectively (One-way ANOVA)) (see Figure 4.7).  

When considering the proportion of cells that exhibited a dual phenotype of both 

micronuclei positivity and multiple nuclei we found that this proportion was 

significantly increased when H460 cells were treated with 4 Gy or 4 Gy + 25 nM 

Alisertib when compared to untreated control (p= 0.035 and p= 0.0004 respectively 
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(One-way ANOVA)) (see Figure 4.7). There was a trend for an increase in dual 

phenotype proportion when treating with 25 nM Alisertib alone compared to 

untreated control (p= 0.7501 (One-way ANOVA)). There was a greater than additive 

increase in dual micronuclei positive H460 cells with multinucleation in the 4 Gy + 25 

nM Alisertib condition when compared to 25 nM Alisertib and 4 Gy alone (p= 0.002 

and p= 0.029 (One-way ANOVA)). 
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Figure 4.7. Mitotic catastrophe markers in H460 cells 72 hours post-

irradiation. Legend overleaf. 
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Figure 4.7. Mitotic catastrophe markers in H460 cells 72 hours post-

irradiation. A. Proportion of H460 cells with normal nuclear phenotype compared 

with cells with any evidence of micronuclei, multiple nuclei or both (dual 

phenotype). Micronuclei and nuclei per cell counted. 100 cells counted per 

condition on each of three independent repeats. Data points represent mean 

proportion of cells exhibiting given phenotype +/- SEM (N= 3). * denotes p= 

≤0.05, ** denotes p= ≤0.01, *** denotes p= ≤0.001 compared to corresponding 

phenotype in untreated control (One-way ANOVA with Bonferroni correction for 

multiple comparisons). B. Representative images of H460 cells stained for DAPI 

(cyan) and β-Tubulin (green) 72 hours post-irradiation. Imaged with a 20x 

microscope objective, scale bars represent 120 μm. C. Representative images of 

H460 phenotypes scored for mitotic catastrophe 72 hours post-irradiation. Cells 

stained for DAPI (cyan) and β-Tubulin (green). Imaged with a 20x microscope 

objective, scale bars represent 120 μm. Arrows indicate micronuclei. 

 



4. Evaluation of Alisertib radiosensitising mechanism in vitro 

168 

 

These data are consistent with the idea that Alisertib IR combination increased the 

number of chromosomal abnormalities that are associated with the phenomenon of 

mitotic catastrophe in H460 cells. This is in line with increasing polyploid fraction 

following Alisertib IR combination observed by cell cycle profiling.  

4.2.4.2. H460 cells exhibit increased levels of senescence 72 hours following 

treatment with Alisertib IR combination 

Mitotic catastrophe can result in irreversible exit from the cell cycle or cellular 

senescence (Vitale et al. 2011) which can limit the proliferative potential of cancer 

cells following treatment (Luo et al. 2013). Given this and that cellular senescence 

has been shown to occur following irradiation in NSCLC cells in a p53-dependent 

manner (Luo et al. 2013) we hypothesised that induction of cellular senescence 

following Alisertib IR combination may explain combinational efficacy. β-

galactosidase expression is a well-established marker of senescent cells (Dimri et al. 

1995) and was used as a surrogate of senescence.  

Here we demonstrate that the proportion of H460 cells positive for β-galactosidase 

was significantly increased 72 hours post-treatment with Alisertib IR combination 

compared to either treatment alone (see Figure 4.8). The etoposide positive control 

showed that this assay was sensitive enough to detect senescence, despite 

evidence of significant cytotoxicity in the H460 cells.  
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Figure 4.8. Proportion of H460 cells positive for β-galactosidase 

expression 72 hours post-irradiation. Legend overleaf. 
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This suggests that the induction of cellular senescence could contribute the 

combinational efficacy of Alisertib IR combination.  

4.2.5. Comparison of Alisertib IR combination in p53 deficient NSCLC cells 

4.2.5.1. Mitotic and polyploid fraction is increased following Alisertib IR 

combination in p53 depleted H460 cells 

We hypothesised that the p53 dependency of the Alisertib induced radiosensitisation 

may be due to differential cell cycle progression or changes in mitotic elimination 

post-treatment. To test this hypothesis in an identical genetic system we investigated 

if transient depletion of p53 in the p53 proficient H460 system affected cell cycle 

progression post-treatment with Alisertib IR combination. The above hypothesis 

would be tested in H460 cells depleted of p53 using siRNA 48 and 72 hours post-

treatment with Alisertib/IR as this is when H460 polyploid proportions increased in 

treated conditions and mitotic population was differentially eliminated. H460 cells 

were re-plated and treated 24 hours post-siRNA transfection to maximise the time 

cells spent in a state of p53 depletion before being harvested for cell cycle profiling 

48 and 72 hours post-treatment with Alisertib/IR (72h and 96h post-transfection 

respectively). Representative western blots for p53 depletion following siRNA 

transfection in H460 cells are available in Figure 3.6 (page 118). 

Figure 4.8. Proportion of H460 cells positive for β-galactosidase expression 

72 hours post-irradiation. A. Proportion of cells with dark perinuclear blue 

staining compared to cells absent of stain. 100 cells counted per condition per 

repeat. Data points represent mean proportion of cells exhibiting given phenotype 

+/- SEM (N= 3). NS (non-statistically significant) denotes p= ˃0.05, * denotes p= 

≤0.05, ** denotes p= ≤0.01, *** denotes p= ≤0.001 (One-way ANOVA with 

Bonferroni correction for multiple comparisons). B. Representative images of 

H460 cells stained for β-galactosidase (blue) 72 hours post-irradiation. 100 cells 

counted per condition per repeat. Imaged with a 10x microscope objective. Scale 

bars represent 120 μm.   
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Comparing non-transfected H460 cells at 48 hours to cells transfected with 

scrambled siRNA showed that transfection itself made little difference to the results 

seen previously such that the predominant effect was loss of cells from G1 and S 

and mitosis and increase in polyploidy and sub G1 fraction in all conditions 

compared to control (see Figure 4.9 A). One exception was that scrambled siRNA 

appeared to prevent mitotic arrest with Alisertib alone, and it was also noted that 

there was a skew from induction of polyploidy to increased sub G1 in all treated 

conditions. 

Next p53 depleted cells were compared to scrambled siRNA treated cells at the 

same 48 hour timepoint. Under combination therapy p53 depletion resulted in 

greater loss of cells from G1 (p= 0.08 for p53 siRNA 1 and p= 0.02 for p53 siRNA 2 

(Student’s t-test)), inhibited loss of cells from mitosis (p= 0.22 for p53 siRNA 1 and 

p= 0.06 for p53 siRNA 2 (Student’s t-test)) and caused increase in polyploidy (p= 

0.13 for p53 siRNA 1 and p= 0.01 for p53 siRNA 2 (Student’s t-test)) suggesting a 

switch from mitotic death to polyploidy (see Figure 4.9 B). The trend for increase in 

mitotic and polyploid cells was also seen in cells treated with Alisertib or IR alone 

(see Appendix Figure 8.4 for representative FACS plots). 

By 72 hours similar trends were observed when comparing non-transfected cells to 

scrambled siRNA treated cells with an increase in polyploidy and sub G1 fraction 

being observed in all treatment conditions when scrambled siRNA was used 

compared to control (see Figure 4.9 C). Again, scrambled siRNA prevented mitotic 

arrest via Alisertib alone, and interestingly caused a decrease in G2 fraction after 

Alisertib treatment.  
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At 72 hours, depletion of p53 had no statistical effect on the endogenous cell cycle 

profile compared to scrambled siRNA (see Figure 4.9 D). Similar to 48 hours, p53 

depletion combined with Alisertib IR treatment again resulted in greater loss of cells 

from G1 (p= 0.017 for p53 siRNA 1 and p= 0.001 for p53 siRNA 2 (Student’s t-test)), 

attenuated mitotic loss (p= 0.251 for p53 siRNA 1 and p= 0.046 for p53 siRNA 2 

(Student’s t-test)) and caused an increase in polyploidy (p= 0.047 for p53 siRNA 1 

and p= 0.080 for p53 siRNA 2 (Student’s t-test)). Reduced mitotic loss and increased 

polyploidy in response to p53 depletion was also seen in Alisertib alone and IR alone 

conditions (see Appendix Figure 8.5 for representative FACS plots).  
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Figure 4.9. Mean H460 cell cycle distribution following siRNA treatment and 

treatment with 25 nM Alisertib, 4 Gy or combination. Legend on page 177. 
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Figure 4.9. Mean H460 cell cycle distribution following siRNA treatment and 

treatment with 25 nM Alisertib, 4 Gy or combination. Legend on page 177. 
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 Figure 4.9. Mean H460 cell cycle distribution following siRNA treatment  and 

treatment with 25 nM Alisertib, 4 Gy or combination. Legend on page 177. 
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Figure 4.9. Mean H460 cell cycle distribution following siRNA treatment and 

treatment with 25 nM Alisertib, 4 Gy or combination. Legend overleaf. 
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In summary, there were large increases in sub G1 fraction of all transfected H460 

cells compared to non-transfected cells even when scrambled siRNA was used. This 

indicated that transfection alone was having significant toxicity. Additionally, the sub 

G1 fraction peaked in 25 nM Alisertib alone conditions with an absence of 

cooperative increases in sub G1 fraction after 4 Gy + 25 nM Alisertib combination 

seen in non-transfected H460 cells. Thus, inhibiting AURKA in cells stressed by 

siRNA transfection hinders interpretation of our data. Furthermore, there was 

consistent reduction in G1 fractions and increase in sub G1 fractions in H460 cells 

treated with 4 Gy + 25 nM Alisertib, regardless of p53 presence or depletion. This 

suggests that reduction in G1 fraction and increase in sub G1 fraction again may be 

reflective of a stress response confusing interpretation of the data. However overall 

there were trends for increased mitotic fraction and polyploid fraction in H460 cells 

transfected with p53 siRNA and treated with 25 nM Alisertib or 4 Gy + 25 nM 

Alisertib when compared to scrambled siRNA control. This suggests that a there may 

be a switch from mitotic death to polyploidy in the absence of p53 and this potentially 

may be related to the therapeutic efficacy of Alisertib IR combination. 

 

Figure 4.9. Mean H460 cell cycle distribution following siRNA treatment and 

treatment with 25 nM Alisertib, 4 Gy or combination. Cell cycle profile of non-

transfected H460 data re-represented for clarity compared to H460 cells 

transfected with scrambled siRNA A. 48 hours and C. 72 hours post-treatment. 

Cell cycle profile of H460 cells transfected with scrambled siRNA or p53 siRNA B. 

48 hours and D. 72 hours post-treatment. Data points represent mean cell cycle 

phase distribution +/- SEM (N= ≥2). 10000 events collected per condition within 

single cell population gate (PI (FL-3) width vs PI (FL-3) height). * denotes p= 

≤0.05 and *** denotes p=≤0.001 (Student’s independent samples two-tailed 

unpaired t-test) comparing to scrambled siRNA control 
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4.2.5.2. Cell cycle progression is altered in H1299 cells treated with Alisertib IR 

combination  

Although the p53 depletion data were helpful, it should be noted that siRNA 

transfection in H460 cells was associated with significant toxicity alone and this may 

potentially confound the effect of Alisertib IR combination on the cell cycle. Given this 

we used the H1299 cell line as a p53 deficient model of NSCLC that did not respond 

to Alisertib IR combination, we sought to investigate if the cell cycle distribution 

following Alisertib + IR could discriminate between the combination responding H460 

cell line and the non-responding H1299 cell line. 

Firstly, we found that, unlike the H460 cell line, the H1299 cell line did not exhibit a 

G1 arrest following IR compared to the H460 cell line (see Figure 4.10). However, 

similar to the H460 cells, there was a time dependent decrease in G1 fraction that 

was statistically significant compared to control in all treatment conditions by 72 

hours ((p= <0.0001, p= 0.0065 and p= <0.0001 One-way ANOVA)) more so in the 

combinational treatment than either 25 nM Alisertib or 4 Gy alone (conditions (p= 

0.0031 and p= <0.0001 (One-way ANOVA)). 

A non-significant trend for reduction in H1299 S phase population was observed 24 

hours post-irradiation in the 4 Gy condition (p= 0.224) and significant reduction in S 

phase population in 4 Gy + 25 nM Alisertib condition (p= 0.003) when compared to 

untreated control (see Figure 4.10). A reduction in S phase fraction in H1299 cells 48 

hours post-irradiation was only detected in the combinational treatment arm and this 

was not statistically significant (p= 0.113). By 72 hours post-irradiation there was a 

trend for reduction in S phase fraction in H1299 cells in the 25 nM Alisertib, 4 Gy and 

4 Gy + 25 nM Alisertib conditions, but this reduction was only significant in the 
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combinational treatment arm when compared to untreated control (p= 0.247, p= 

0.315 and p= 0.007 (One-way ANOVA)). This was similar to the H460 cell line but 

with reduced effect size. 

We could not detect any statistically significant differences in the G2 fractions of 

H1299 cells in the 25 nM Alisertib, 4 Gy and 4 Gy + 25 nM Alisertib conditions when 

compared to untreated control across both the 24 and 48 hour timepoints post-

irradiation (see Figure 4.10). There was a trend for increasing H1299 G2 fraction in 

the 25 nM Alisertib, 4 Gy and 4 Gy + 25 nM Alisertib conditions by 72 hours post-

irradiation, but this was only statistically significant in the combinational treatment 

arm when compared to untreated control (p= >0.999, p= 0.119 and p= 0.007 (One-

way ANOVA)). This was unlike the H460 cell line which showed consistent increase 

at all timepoints in 25 nM Alisertib and combination treatment conditions. 

H1299 mitotic fraction showed a trend to increase in the 25 nM Alisertib and 4 Gy + 

25 nM Alisertib treatment conditions 24, 48 and 72 hours post-irradiation when 

compared to untreated control (see Figure 4.10). This was statistically significant for 

25 nM Alisertib alone at 48 hours post-treatment (p= 0.025 (One-way ANOVA)), and 

for both 25 nM Alisertib and 25 nM Alisertib + 4 Gy conditions at 72 post-treatment 

when compared to the untreated control (p= 0.0001 and p= 0.0002 (One-way 

ANOVA)). This was in contrast to the H460 cell line which saw loss of cells from 

mitosis 48 and 72 hours post-treatment with combination treatment arm. 

There was a trend for polyploid H1299 population to be increased 24 and 48 hours 

post-irradiation in the 25 nM Alisertib, 4 Gy and 4Gy + 25 nM Alisertib conditions 

relative to untreated control (see Figure 4.10). By 72 hours post-irradiation the 

H1299 polyploid population was significantly increased in both the 25 nM Alisertib 
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and 4 Gy + 25 nM Alisertib conditions relative to untreated control (p= 0.0008 and p= 

<0.0001 (One-way ANOVA)). The increase in H1299 polyploid population was 

greater than additive in the combinational treatment arm and was statistically 

significant from the polyploid fractions seen in the 25 nM Alisertib and 4 Gy alone 

treatment conditions (p= 0.0054 and p= <0.0001 (One-way ANOVA)). The H1299 

cell line exhibited greater polyploid population in combinational treatment arm by 72 

hours post-treatment compared to the H460 cell line.  

A trend for increased sub G1 H1299 population 24 and 48 hours post-irradiation was 

observed in all treatment conditions relative to untreated control and was statistically 

significant in the combinational treatment arm by 48 hours (p= <0.0001 (One-way 

ANOVA)) (see Figure 4.10). By 72 hours post-irradiation H1299 sub G1 population 

remained higher in the 25 nM Alisertib, 4 Gy and 4 Gy + 25 nM Alisertib treatment 

conditions each with statistical significance when compared to untreated control (p= 

<0.0001, p= 0.008 and p= <0.0001 (One-way ANOVA)). There was no evidence of 

cooperativity in sub G1 population increase by 72 hours in the H1299 cell line when 

treated with 25 nM Alisertib + 4 Gy, in contrast to the H460 cell line. Comparative 

H460 cell cycle data is re-represented for clarity (see Figure 4.10). 
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Figure 4.10. H1299 and H460 cell cycle distribution 24, 48 and 72 hours 

following treatment with 25 nM Alisertib, 4 Gy or combination. Mean cell 

cycle phase distribution 24, 48 and 72 hours post-irradiation. Data points 

represent mean cell cycle phase distribution +/- SEM (N= ≥2). H460 data are re-

represented for clarity 
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To summarise these data, in p53 deficient H1299 cells reduced G1 and S phase 

fractions 72 hours post-treatment with 4 Gy + 25 nM Alisertib suggest that, like the 

H460 cell line, cells were not re-entering subsequent cell cycles. However, in 

contrast to the H460 cell line, there was not a loss of mitotic cells rather there was a 

greater increase in polyploidy. Curiously, the H1299 cell line also demonstrated 

increases in sub G1 fraction that were greatest in the 4 Gy + 25 nM Alisertib 

combination. Given our long term clonogenic survival data presented earlier, this 

suggested that sub G1 fraction following Alisertib IR combination may not equate to 

long term combinational efficacy. Like the cell cycle data in p53 depleted H460 cells, 

these data suggest that rather than mitotic loss p53 deficient cells become 

increasingly polyploid in response to Alisertib IR combination.  

4.2.5.3. There is a lack of mitotic loss and a greater proportion of polyploid 

cells in p53 deficient NSCLC cells 48 hours post-treatment with Alisertib IR 

combination when compared to p53 proficient NSCLC cells  

To assess any trends in cell cycle distribution that may be due to p53 the A549 cell 

line as a p53 proficient model and H322 and SW900 cell lines as p53 deficient 

models were also subject to cell cycle profiling 48 hours post-treatment with Alisertib 

IR combination. Here we focus in on mitosis and polyploidy but full cell cycle profiles 

are shown in Figure 8.6 (see appendix). At 48 hours post-treatment, compared to 

control, and in line with H460 data there was a trend for loss of cells from mitosis 

following IR alone or combination treatment in p53 proficient NSCLC cell lines (p= 

0.075 and p= 0.194 (One-way ANOVA)) (see Figure 4.11 A). In contrast, in p53 

deficient cells there was no loss of cells from mitosis, in fact there was a trend for 

increased mitotic fraction following Alisertib IR combination compared to control and 

IR alone (p= 0.225 and p= 0.192 (One-way ANOVA)).  
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Untreated p53 deficient NSCLC cell lines have a trend for increasing polyploidy 

compared to untreated p53 proficient NSCLC cell lines (p= 0.066 (One-way 

ANOVA)) (see Figure 4.11 B). There was also a trend for increasing mean proportion 

of polyploid cells 48 hours post-treatment in IR alone and the combinational 

treatment arms compared to untreated control in the p53 proficient and p53 deficient 

NSCLC cell lines although this was only statistically increased in the p53 deficient 

cell lines (p= 0.025 (One-way ANOVA)). Surprisingly there was no association with 

sub G1 proportion and Alisertib IR combinational efficacy 48 hours post-treatment 

(data not shown). 

 

 

 

 

Figure 4.11. A. Mean mitotic proportion and B. Mean polyploid proportion 48 

hours following treatment with 25 nM Alisertib, 4 Gy or combination in 

NSCLC cell line panel. Data points represent mean polyploid distribution +/- 

SEM (N= ≥2) for each cell line tested. 10000 events collected per condition within 

single cell population gate (PI (FL-3) width vs PI (FL-3) height). Dark blue: A549, 

Red: H460, Orange: H322, Green: H1299 and Light blue: SW900 respectively 
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This suggests that the cellular response to IR following Alisertib IR combination is 

important. There was also evidence of increased polyploidy as a baseline and 

following Alisertib IR combination in p53 deficient backgrounds. This agrees with 

previous research which identifies that p53 deficiency is permissive for an increased 

baseline polyploid population and has been documented previously in vitro (Vitale et 

al. 2010) and in vivo (Kurinna et al. 2013). This finding may be partially explained by 

the role of p53 in regulating a post-mitotic checkpoint which arrests tetraploid cells in 

G1 (Andreassen et al. 2001). These data showed similar trends to p53 depleted 

H460 cells and provided further evidence that these effects were both p53-

dependent and potentially related to Alisertib IR combinational efficacy.  

4.2.5.4. H1299 exhibit increased levels of micronuclei, reduced combined 

micronuclei and multinucleation and do not show cooperative increase in 

senescence compared to H460 cells following Alisertib IR combination.  

In p53 proficient cells Alisertib IR treatment combination caused cooperative 

increases in cells with micronuclei alone and in combination with multinucleation as 

well as increasing β-galactosidase expression, indicating mitotic catastrophe and 

senescence respectively. Here we asked did p53 expression affect induction of 

mitotic catastrophe or senescence. We used the H1299 cell line as a model of p53 

deficient NSCLC and as previously tested for micronuclei, multinucleation and β-

galactosidase expression 72 hours post-treatment with 4 Gy + 25 nM Alisertib. 

Like the H460 cell line, in the H1299 cell line 25 nM Alisertib, 4 Gy and 4 Gy + 25 nM 

Alisertib all increased the proportion of cells bearing either micronuclei or multiple 

nuclei from 8.76% in untreated control to 25.86%, 39.07% and 58.00% (p= 0.0637, 

p= 0.0024 and p= <0.0001 (One-way ANOVA)) (see Figure 4.12). However, unlike 
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the H460 cell line the effect seen in the combinational condition was less than 

additive although statistically higher than either 25 nM Alisertib or 4 Gy alone (p= 

0.002 and p= 0.039 (One-way ANOVA)).  

When considering the proportion of micronuclei positive H1299 cells there was an 

increase in all treatment conditions compared to untreated control, but the increase 

was only statistically significant when treating with 4 Gy or 4 Gy + 25 nM Alisertib (p= 

0.0022 and p= 0.0005 (One-way ANOVA)) (see Figure 4.12). There was a less than 

additive increase in micronuclei positive H1299 cells when combining 4 Gy and 25 

nM Alisertib that was statistically increased compared to 25 nM Alisertib alone but 

not compared to 4 Gy alone (p= 0.004 and p= >0.999 (One-way ANOVA)). The 

levels of micronuclei positive H1299 cells following treatment combination exceeded 

those seen in H460 cells by 1.31-fold (p= 0.156 (Student’s independent samples 

unpaired two-tailed t-test)). 

There was a trend to increased proportion of H1299 cells with multiple nuclei in all 

treatment conditions compared to untreated control, but there was no evidence of 

statistical increase and is likely reflective of small effect size (see Figure 4.12). Also, 

similar to the H460 cells, there was no evidence of any cooperative increase in 

proportion of H1299 cells with multiple nuclei in the combinational treatment 

condition. 

As with the H460 cells, the proportion of H1299 cells exhibiting a dual phenotype of 

both micronuclei and multiple nuclei was also increased in all treatment conditions 

compared to untreated control, with statistical increase in the 4 Gy + 25 nM Alisertib 

conditions (p= 0.0001 (One-way ANOVA)) (see Figure 4.12). There was a greater 

than additive increase in proportion of H1299 cells with micronuclei and multiple 
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nuclei in the combinational treatment condition, and this increase was statistically 

increased compared to 25 nM Alisertib or 4 Gy alone (p= 0.002 and p= 0.002 

respectively (One-way ANOVA)). However, the proportion of H1299 cells with dual 

micronuclei positive multinucleate phenotype was reduced by 2.15-fold compared to 

H460 cells (p= 0.024 (Student’s independent samples unpaired two-tailed t-test)). 
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Figure 4.12. Mitotic catastrophe markers in H1299 cells 72 hours post-

irradiation. Legend overleaf. 
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We see increased micronuclei positive cells but reduced dual micronuclei 

positive/multinucleated H1299 cells compared to the H460 cells. It is possible that 

the accumulation of micronuclei positive multinucleated cells following Alisertib IR 

Figure 4.12. Mitotic catastrophe markers in H1299 cells 72 hours post-

irradiation. A. Proportion of H1299 cells with normal nuclear phenotype 

compared with cells with any evidence of micronuclei, multiple nuclei or both (dual 

phenotype). Micronuclei and nuclei per cell counted. 100 cells counted per 

condition on each of four independent repeats. Data points represent mean 

proportion of cells exhibiting given phenotype +/- SEM (N= 4). * denotes p= 

≤0.05, ** denotes p= ≤0.01, *** denotes p= ≤0.001 compared to corresponding 

phenotype in untreated control (One-way ANOVA with Bonferroni correction for 

multiple comparisons). B. Representative images of H1299 cells stained for DAPI 

(cyan) and β-Tubulin (green) 72 hours post-irradiation. Imaged with a 20x 

microscope objective, scale bars represent 120 μm. C. Representative images of 

H1299 phenotypes scored for mitotic catastrophe 72 hours post-irradiation. Cells 

stained for DAPI (cyan) and β-Tubulin (green). Imaged with a 20x microscope 

objective, scale bars represent 120 μm. Arrows indicate micronuclei. 
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combination could be related to combinational efficacy. However, these data also 

suggest that the amount of mitotic aberration in the H1299 cell line following Alisertib 

IR combination may increase, in the form of micronuclei and multiple nuclei, as in the 

H460 cell line. This implies that mechanistically, increase in mitotic aberration 

following Alisertib IR combination occurs in both p53 proficient and p53 deficient 

NSCLC cell lines. Two hypotheses are therefore possible: 

• That mitotic aberration following Alisertib IR combination in NSCLC cells has 

different consequences in p53 proficient and deficient cells 

• Mitotic aberration is not related to efficacy of Alisertib IR combination in 

NSCLC cells 

There is evidence that cellular fate after mitotic catastrophe can be affected by the 

genetic background of the cell and that these outcomes can be influenced by p53 

(Vitale et al. 2010; Luo et al. 2013) or some of its transcriptional targets (Yun et al. 

2009). Therefore, it is possible that the cellular fates of NSCLC cells after Alisertib IR 

combination induced mitotic aberration could be differential based on genetic 

background, explaining the differing clonogenic responses of the H460 and H1299 

cells. Given this, one hypothesis is that the induction of cellular senescence could be 

differential in cells that are and are not radiosensitised by Alisertib IR combination.  

Here we demonstrate that the H1299 cells also showed a trend to increase in β-

galactosidase positive proportion following Alisertib IR combination, however unlike 

the H460 cells this was not statistically different from IR alone (see Figure 4.13).   
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Figure 4.13. Proportion of H1299 cells positive for β-galactosidase 

expression 72 hours post-irradiation. Legend overleaf. 
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These data show that unlike the H460 cell line there is no cooperative increase in β-

galactosidase expression compared to IR alone in H1299 cells treated with Alisertib 

IR combination. This suggests that induction of senescence following Alisertib IR 

combination could be related to therapeutic efficacy of the Alisertib IR combination, 

although the increased effect is small. Overall, it appears that during combination 

therapy Alisertib alters the cells response to IR induced mitotic aberrance by 

increasing loss of cells from mitosis, mitotic catastrophe and senescence in a p53-

dependent manner. 

However, there are also other potential hypotheses for Alisertib IR mechanism. As 

there is published evidence that AURKA may affect the DNA damage response (Sun 

et al. 2014; Wang et al. 2014a), and the main cytotoxic effect of IR is the induction of 

DSBs (Mladenov et al. 2013), we hypothesised that differential DNA damage 

responses may contribute combinational efficacy of Alisertib IR combination in 

NSCLC cells. Note this is not mutually exclusive with changes to cell cycle response. 

 

 

 

Figure 4.13. Proportion of H1299 cells positive for β-galactosidase 

expression 72 hours post-irradiation. A. Proportion of cells with dark 

perinuclear blue staining compared to cells absent of stain. 100 cells counted per 

condition per repeat. Data points represent mean proportion of cells exhibiting 

given phenotype +/- SEM (N= 3). NS (non-statistically significant) denotes p= 

˃0.05, * denotes p= ≤0.05, ** denotes p= ≤0.01, *** denotes p= ≤0.001 (One-way 

ANOVA with Bonferroni correction for multiple comparisons). B. Representative 

images of H1299 cells stained for β-galactosidase (blue) 72 hours post-irradiation. 

100 cells counted per condition per repeat. Imaged with a 10x microscope 

objective, scale bars represent 120 μm. 
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4.2.6. The effect of Alisertib IR combination on the DNA damage response in 

H460 cells 

4.2.6.1. Alisertib IR combination shows trend for increased γ-H2AX foci per cell 

24 hours post-treatment 

Targeting the many components of the DNA damage response has been shown to 

be a viable approach for the radiosensitisation of NSCLC (Maier et al. 2016). Indeed 

the CONCORD platform trial in the UK will combine PARP, ATM and ATR inhibitors 

with conventional radiotherapy in stage III NSCLC patients (Hanna et al. 2017). Our 

data indicate that the Alisertib IR combinational effect in NSCLC models is 

dependent on the expression of wildtype p53, a well-established regulator of the 

DNA damage response. This is coupled with previous data that indicated that 

AURKA can interact with and suppress certain elements of the DNA damage 

response (Sun et al. 2014). Subsequently we hypothesised that Alisertib IR 

combination could be altering the DNA damage response in irradiated cells, leading 

to enhanced cellular death. Firstly, we set out to see if DNA damage resolution was 

affected by staining for γH2AX within the first 24 hours post-irradiation. Serine 139 

phosphorylation of histone H2AX has been shown to occur in the locality of DNA 

DSBs within the first 30 minutes of their induction, attract mediators of the DNA 

damage response and is de-phosphorylated as the DNA damage is resolved 

(reviewed in (Kinner et al. 2008). Here we used the average number of γH2AX foci 

per cell as a measure of DNA damage in H460 cells and its repair kinetics over time. 

At 15 minutes post-irradiation 4 Gy and 4 Gy + 25 nM Alisertib greatly induced and 

significantly increased the number of γH2AX foci per cell compared to untreated 

control (p= 0.0007 and p= 0.0003 (One-way ANOVA)) (see Figure 4.14 A-B). 25 nM 

Alisertib alone caused a slight increase in γH2AX per cell, but this was not 
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significantly different from that seen in untreated cells (p=0.945 (One-way ANOVA)). 

There was more γH2AX foci per cell in the combinational condition compared to 4 

Gy alone, but this effect was less than additive and was not statistically different from 

IR alone (p= >0.999 (One-way ANOVA)). 

At 1 hour post-irradiation the mean foci per cell fell slightly in the 4 Gy and 4 Gy + 25 

nM Alisertib conditions, but the amount of foci per cell remained significantly 

increased compared to control (p= 0.0002 and 0.0002 (One-way ANOVA)) (see 

Figure 4.14 A & C). Mean γH2AX foci per cell for Alisertib treatment alone remained 

above untreated control but this remained statistically non-significant (p= 0.775 

(One-way ANOVA)). There was no difference between 4 Gy and 4 Gy + 25 nM 

Alisertib conditions (p= >0.999 (One0way ANOVA)).  

By 6 hours post-irradiation the mean amount of γH2AX foci per cell was heavily 

reduced in the irradiated conditions when compared to 15 minutes post-irradiation 

(see Figure 4.14 A & D). However, the mean levels of γH2AX foci per cell remained 

significantly higher in the 4 Gy and 4 Gy + 25 nM Alisertib conditions to control (p= 

0.0018 and 0.0003 (One-way ANOVA)). Mean foci per cell in the 25 nM Alisertib 

alone condition remained stable and above that of the untreated control but this 

difference was not statistically significant (p= 0.588 (One-way ANOVA)). The mean 

levels of γH2AX foci per cell was higher in the combinational condition than those 

seen in the 4 Gy alone condition, but this effect was less than additive and was not 

statistically significant (p= 0.392 (One-way ANOVA)). 

By 24 hours post-irradiation the mean foci per cell in the 25 nM Alisertib alone and 4 

Gy alone conditions had resolved to similar levels seen in the control (p= >0.999 and 

p= >0.999 (One-way ANOVA)) (see Figure 4.14 A & E). Mean γH2AX per cell in the 
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combinational condition remained nearly double those of the irradiation alone group, 

but this effect was less than additive and was not statistically different from either 

control or irradiation alone (p= 0.077 and p= 0.177 (One-way ANOVA)). 
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Figure 4.14. Mean γH2AX foci formation and repair in H460 cells following 

treatment with 25 nM Alisertib, 4 Gy or combination. Legend on page 198. 
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 Figure 4.14. Mean γH2AX foci formation and repair in H460 cells following 

treatment with 25 nM Alisertib, 4 Gy or combination. Legend on page 198. 
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Figure 4.14. Mean γH2AX foci formation and repair in H460 cells following 

treatment with 25 nM Alisertib, 4 Gy or combination. Legend overleaf. 
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These data suggest that 25 nM Alisertib induced low levels of DNA damage but did 

not show any significant cooperative increases in damage when combined with IR at 

15 minutes, 1 hour and 6 hours post-treatment. Additionally, there is limited evidence 

Figure 4.14. Mean γH2AX foci formation and repair in H460 cells following 

treatment with 25 nM Alisertib, 4 Gy or combination. A. Data points represent 

mean γH2AX foci per cell +/- SEM (N= 3). 100 cells counted per condition per 

repeat. Representative images of H460 cells stained for DAPI (cyan) and γH2AX 

(red) B.  15 minutes C. 1 hour D. 6 hours and E. 24 hours post-irradiation. Imaged 

with a 40x microscope objective, scale bars represent 120 μm 
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of the repair kinetics of γH2AX foci being changed over time in 4 Gy + 25 nM 

Alisertib combination at these timepoints. This suggests that it is unlikely that general 

DNA damage repair is being significantly affected by the Alisertib IR combination. 

However, by 24 hours we see a trend for persistently increased residual DNA 

damage in cells treated with the Alisertib IR combination compared to IR alone. 

Although the effect size is small, the persistence of unrepaired DNA damage, 

especially DNA DSBs 24 hours post-IR has been related to IR efficacy (International 

Atomic Energy Agency 2010) and therefore could contribute to the therapeutic 

efficacy of Alisertib IR combination.  

4.2.6.2. Alisertib IR combination does not affect the activation of Chk1 or Chk2 

in H460 cells 

In addition to γH2AX resolution, we sought to address if the modulators of p53 in 

response to DNA damage such as Chk1 and Chk2 were altered in cells treated with 

Alisertib IR combination. Chk2 is phosphorylated on T68 by ATM following DNA 

damage (Ahn et al. 2002) and promotes p53 stabilisation through S20 

phosphorylation (Chehab et al. 2000) and inhibition of destabilising interaction with 

MDMX (Chen et al. 2005). Chk1 is a kinase phosphorylated on S345 after DNA 

damage which has been shown to promote Chk1 coupling with p53 and subsequent 

cell cycle arrest (Tian et al. 2002). Given this, we examined activating 

phosphorylation of Chk1 and Chk2 following Alisertib IR combination in p53 

proficient H460 cells 1 hour and 4 hours post-IR. 

As expected, 4 Gy of irradiation strongly induced p-Chk1 (S345) and p-Chk2 (T68) 1 

and 4 hours post-irradiation in H460 cells (see Figure 4.15). There was an increase 

observed in S345 p-Chk1 expression in combination treatment but this was not 
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reproduced across two independent repeats. T68 p-Chk2 expression did not differ 

between 4 Gy and 4 Gy + 25 nM Alisertib conditions at any timepoint. This 

suggested that in the initial hours post-treatment that Chk1 and Chk2 activation was 

not consistently differentially affected in the combinational treatment arm in H460 

cells.  

 

 

 

 

4.2.6.3. p53 phosphorylation following Alisertib IR combination in H460 cells  

Given that we observe Alisertib IR combinational effect in a p53-dependent manner 

in NSCLC cell lines, we hypothesised that p53 could be subject to differential 

phosphorylation patterns in cells treated with Alisertib IR combination. The stability 

and function of the transcription factor p53 is affected by post-translational 

modification of over 40 different amino acids (Gu and Zhu 2012). Under cellular 

stress, such as DNA damage, p53 is phosphorylated on several residues generally 

serving to promote the stabilisation of p53 through inhibition of its interaction with its 

Figure 4.15. Assessment of p-Chk1 (S345), Chk1, p-Chk2 (T68) and Chk2 

expression 1 hour and 4 hours post-treatment in H460 cells. Representative 

western blot results for p-p53 (S15), p53, p-Chk1 (S345), Chk1, p-Chk2 (T68), 

Chk2 and β-tubulin expression 1h and 4h post-treatment in H460 cells (N= 2).  
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negative regulator MDM2 (Gu and Zhu 2012). The phosphorylation of different 

residues on p53, whilst achieving a common goal of p53 stabilisation, can have 

effects on the specific function of p53 (Gu and Zhu 2012). Furthermore, AURKA 

directly phosphorylates p53 on S315 (Katayama et al. 2004), S215 (Liu et al. 2005)  

and S106 (Hsueh et al. 2013) with contrasting effects on p53 stability.  

We tested this hypothesis 1 hour and 4 hours post-treatment, as with Chk1/2, and 

later at 24 hours post-treatment in protein lysates from the p53 proficient H460 cell 

line. These timepoints of measurement were used because changes in p53 

phosphorylation can occur within the first four hours of irradiation (Boehme et al. 

2008) whilst mitotic effects after Alisertib IR combination in the H460 cells were 

observed 24 hours post-irradiation.  

There was a biphasic p53-based response to Alisertib IR combination in H460 cells 

(see Figure 4.16). p53 expression was initially increased, likely through stabilisation, 

1 and 4 hours post-treatment in all irradiated conditions with notable phosphorylation 

of S15, S9 and S20 at these times. Conversely, p53 expression was increased in the 

25 nM Alisertib alone condition at 24 hours, with low level increases in S15, S9 and 

S20 phosphorylation being seen.  

This suggests that IR has a more pronounced effect on p53 expression and 

phosphorylation in the initial hours after irradiation whilst Alisertib alone has more of 

an effect on p53 expression and phosphorylation only upon prolonged exposure.  

T18 phosphorylation of p53 was detected 4 hours post-irradiation in the 25 nM 

Alisertib condition but this was greatly reduced in the 4 Gy + 25 nM Alisertib 

condition at the same timepoint. This suggests that T18 phosphorylation was 

inhibited when combining IR and Alisertib treatment. The only detectable difference 
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between IR and Alisertib IR combination that could not be accounted for by 

expression of total p53 was S15 phosphorylation 24 hours post-treatment which was 

increased in Alisertib IR combination. 

 

 

 

These data firstly suggest that there is a biphasic p53-based response to Alisertib IR 

combination in H460 cells. p53 protein levels are initially increased, likely through 

stabilisation, 1 and 4 hours post-treatment in irradiated conditions with notable 

stabilising phosphorylation of S15, S9 and S20 respectively. This is in line with what 

is reported (Meek 1998; Hofmann et al. 2001) and is likely a response to DNA 

damage. Conversely, p53 expression was increased most in the 25 nM Alisertib 

alone condition at 24 hours, with low levels of S15, S9 and S20 phosphorylation 

being seen. However, S9 and S20 phosphorylation of p53 was not apparent in 4 Gy 

+ 25 nM Alisertib condition at 24 hours post-IR perhaps due to reduced expression of 

total p53 or cell cycle/survival changes. Interestingly, 4 hours post-treatment we see 

robust and reproducible phosphorylation of T18 of p53 by 25 nM Alisertib treatment 

Figure 4.16. Assessment of p-p53 (S15, S9, T18, S20) and p53 1h, 4h and 24h 

post-treatment in H460 cells. Representative western blot results for p-p53 

(S15, S9, T18, S20), p53 and β-tubulin expression 1h, 4h and 24h post-treatment 

in H460 cells (N=2).  
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alone, but not in combination treatment. T18 phosphorylation of p53 has been shown 

to occur after disruption of the mitotic spindles through Mps1 interaction (Huang et 

al. 2009), a component of the SAC, and inhibits the destabilising interaction between 

p53 and MDM2 (Schon et al. 2002). This could suggest that there is differential 

engagement of the SAC following Alisertib IR combination, compared to Alisertib 

alone. Alternatively, the H460 mitotic population may be reduced by IR as early as 4 

hours post-treatment and lack of T18 phosphorylation in the combination treatment 

maybe reflective of cell cycle dynamics/cell death. 

4.2.7. Alisertib IR combination leads to de-phosphorylation of Akt in H460 cells 

Akt is a protein kinase that is able to act upstream of p53, is constitutively active in 

NSCLC, and can promote cell survival and resistance to chemotherapy and radiation 

(Brognard et al. 2001). Additionally, Akt has been shown to be activated by AURKA 

in vitro and ectopic overexpression of AURKA contributed to resistance to Cisplatin, 

Etoposide, Doxorubicin and Paclitaxel in p53 proficient-only ovarian cancer cells (H. 

Yang et al. 2006). This mechanism was subsequently shown to be through AURKA 

mediated inhibition of PTEN expression (Gritsko et al. 2003), which when induced by 

p53 negatively regulates activating phosphorylation of Akt (Stambolic et al. 2001). 

These data align with our demonstration of dependency on wildtype p53 expression 

for combinational effect of Alisertib IR in NSCLC cell lines.  

Consequently, we hypothesised that when we performed the converse, AURKA 

inhibition rather than overexpression, in NSCLC cells that we may see decrease in 

Akt activation and an increase in PTEN expression. And furthermore, we 

hypothesised that decrease in Akt activation and increase in PTEN expression would 

be greater in Alisertib IR condition than either agent alone. Because Akt is activated 
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by phosphorylation of threonine 308 and phosphorylation of serine 473 via 

phosphoinositide 3-kinase (PI3K) signalling pathways (Persad et al. 2001) we used 

S473 p-Akt as a surrogate marker for active Akt. We tested this hypothesis 1 hour, 4 

hours and 24 hours post-treatment in protein lysates from the p53 proficient H460 

cell line. These timepoints of measurement were used because p53, the positive 

regulator of PTEN expression, stabilised within the first four hours of irradiation whilst 

potentially pro-apoptotic mitotic aberrations after Alisertib IR combination were 

observed 24 hours post-irradiation.  

We found that 1 hour post-irradiation there was a trend for reduced expression of 

S473 p-Akt in all treatment conditions compared to control, but this was only 

statistically significant in the 4 Gy + 25 nM Alisertib condition (p= 0.023 (One-way 

ANOVA)) (see Figure 4.17). There was increased reduction in S473 p-Akt 

expression in the 4 Gy + 25 nM Alisertib condition, but this effect was less than 

additive and was not statistically significant when compared to either 25 nM Alisertib 

or 4 Gy alone conditions (p= 0.295 and p= 0.263 (One-way ANOVA)). There was no 

observable change in PTEN expression at any timepoint. 

4 hours post-irradiation a similar trend was observed with statistical reduction in 

S473 p-Akt expression in the 25 nM Alisertib, 4 Gy and 4 Gy + 25 nM Alisertib 

conditions compared to control (p= 0.0026, p= 0.0009 and p= 0.0001 (One-way 

ANOVA)) (see Figure 4.17). There was increased reduction in S473 p-Akt 

expression in the 4 Gy + 25 nM Alisertib condition that was less than additive but 

statistically significant when compared to either 25 nM Alisertib or 4 Gy alone 

conditions (p= 0.002 and p= 0.006 (One-way ANOVA)).  
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By 24 hours post-irradiation in H460 cells there was a reduction in S473 p-Akt 

expression in the 25 nM Alisertib, 4 Gy and 4 Gy + 25 nM Alisertib conditions, each 

with statistical significance when compared to control (p= 0.0047, p= 0.0031 and p= 

<0.0001 (One-way ANOVA)) (see Figure 4.17). There was increased reduction in 

S473 p-Akt expression in the 4 Gy + 25 nM Alisertib condition that was greater than 

additive and statistically significant when compared to either 25 nM Alisertib or 4 Gy 

alone conditions (p= 0.0009 and p= 0.0013 (One-way ANOVA)). 
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Figure 4.17. Assessment of p-Akt (S473), Akt, and PTEN expression 1, 4 and 

24 hours post-treatment in H460 cells. Legend overleaf. 
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These data suggest that Alisertib IR combination cooperated to reduce S473 p-Akt 

expression. Given that activated Akt is a well-established anti-apoptotic factor in 

NSCLC (Fumarola et al. 2014), this could indicate that the equilibrium between cell 

survival and apoptosis could be cooperatively shifted towards apoptosis by Alisertib 

IR combination in NSCLC.  

4.3. Discussion 

Here we present data indicating that cell cycle progression is altered in NSCLC cells 

treated with Alisertib IR combination. Furthermore, we show this cell cycle effect 

differs in NSCLC cells that are radiosensitised by Alisertib IR combination compared 

to NSCLC cells that do not show radiosensitisation suggesting a dependency on 

p53. In p53 proficient cells treated with Alisertib IR combination we see mitotic 

aberrance that results in mitotic catastrophe and senescence, whilst in p53 deficient 

cells we see greater polyploidy with less cell death and senescence. We also show 

that Alisertib IR combination does not significantly alter resolution of DNA damage 

but may promote persistence of residual DNA damage 24 hours post-treatment. 

Additionally, p53 is subject to biphasic stabilisation following Alisertib IR combination 

but we do not find any significant change in the activation of DNA damage 

checkpoint proteins. Lastly, we find cooperative reduction in activated Akt expression 

Figure 4.17. Assessment of p-Akt (S473), Akt, and PTEN expression 1, 4 and 

24 hours post-treatment in H460 cells. A. Representative western blot results 

for p-Akt (S473), Akt, PTEN and β-tubulin expression 1, 4 and 24 hours post-

treatment in H460 cells. B. Quantification of S473 p-Akt expression 1, 4 and 24 

hours post-treatment in H460 cells normalised to total Akt levels and adjusted for 

loading variation with β-tubulin (N= ≥2). Data points represent mean expression 

relative to untreated control +/- SD. NS (non-statistically significant) denotes p= 

˃0.05, * denotes p= ≤0.05, ** denotes p= ≤0.01, *** denotes p=≤0.001 (One-way 

ANOVA with Dunnett correction for multiple comparisons). 
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following Alisertib IR combination in NSCLC cells which may promote cell death, 

again suggesting that the role of p53 is to skew the cellular response towards mitotic 

death and senescence. 

4.3.1. Alisertib IR combination is associated with mitotic cell loss in p53 

proficient NSCLC cells but not in p53 deficient cells which show increased 

polyploidy basally and following Alisertib IR combination 

We present cell cycle data, in both a NSCLC cell line panel and in p53 depleted 

H460 cells that p53 proficient cell lines show mitotic loss by 48 hours post-treatment 

with both IR alone and Alisertib IR combination, whilst p53 deficiency attenuates this 

loss of mitotic population. This suggests that AURKA is important in p53 proficient 

cells. This is counter-intuitive given a range of literature which show that p53 

deficiency promotes death by mitotic catastrophe when targeting the mitotic 

machinery as G2-M checkpoint integrity is compromised (Bunz et al. 1998) meaning 

cells aberrantly enter mitosis (Marxer et al. 2013), even in the presence of DNA 

damage (Nitta et al. 2004; Jurvansuu et al. 2007). However, we did not find any 

difference in G2 population in p53 proficient and p53 deficient cell lines 24 and 48 

hours post-treatment (data not shown). Indeed there are intra-mitotic functions for 

p53 including regulation of centrosomal biology (Fukasawa et al. 1996) and there is 

evidence of cooperation between BubR1 and p53, a member of the SAC machinery, 

to eliminate cells with amplified centrosomes (Oikawa et al. 2005). Furthermore, 

centrosomal amplification has been shown to promote caspase 2 activation, which in 

turn promotes p53 stabilisation (Fava et al. 2017). This coupled with our data that 

Alisertib IR combination increases centrosomal amplification in H460 mitotic cells, 

both alone and in combination with centrosomal fragmentation, could explain the 

difference in mitotic cell populations in p53 proficient and p53 deficient NSCLC cells 
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following Alisertib IR combination. It is possible that the levels of intra-mitotic death 

seen in H460 cells by live cell imaging are related to p53-regulated clearance of cells 

with amplified centrosomes. If so, it would be interesting to investigate if p53 

deficient models of NSCLC exhibit differential amounts of intra-mitotic death 

compared to p53 proficient models following Alisertib IR combination.  

Additionally, we show that Alisertib IR combination cooperates to increase the 

polyploid population in NSCLC cells and that p53 deficiency is permissive for both 

increased basal polypoid population and increased polyploidy following Alisertib IR 

combination compared to p53 proficient cells. This provides further evidence that the 

mitotic process is aberrant in NSCLC cells treated with Alisertib IR combination as 

polyploidy arises from abortive mitoses (Storchova and Pellman 2004). Furthermore, 

this suggests that the induction of polyploidy and relative elimination of polyploid 

cells may be related to the radiosensitising effect of Alisertib IR combination in 

NSCLC. There is evidence that p53 deficiency is permissive for polyploidy to occur 

(Vitale et al. 2010; Kurinna et al. 2013) and that p53 regulates a post-mitotic 

checkpoint that arrests and promotes apoptosis in tetraploid cells in G1 (Lanni and 

Jacks 1998; Andreassen et al. 2001; Huang et al. 2009). There is also evidence 

escape of polyploid p53 deficient cancer cells from post-mitotic checkpoint following 

aberrant mitosis post-IR (Erenpreisa et al. 2008). Given this, it is a possibility that 

polyploidy following Alisertib IR combination may lead to differential outcomes 

depending on p53 status and therefore could explain combinational efficacy. 

Alternatively, there is also a possibility that mitotic elimination after Alisertib IR 

combination in p53 proficient NSCLC cells, and lack of in p53 deficient cells, may be 

related to differences in polyploidy, in that fewer aberrant mitotic cells in p53 

proficient cells survive mitosis to form polyploid progeny. It would be interesting to 
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perform synchronisation studies in p53 proficient and p53 deficient NSCLC models 

to delineate if mitotic progression or if post-mitotic checkpoint function is more 

important in determining Alisertib IR combinational outcome.  

4.3.2. Alisertib IR combination is associated with aberrant mitotic phenotype  

We show that the Alisertib IR combination cooperated to increase time in mitosis, 

intra-mitotic death and aberrant mitoses (>2 daughters) at 24-36 hours post-

treatment but not at 48-62 hours post-treatment. In contrast, we show that by 48-62 

hours post-treatment there was a trend for increased aberrant mitoses but time in 

mitosis and intra-mitotic death was similar to Alisertib alone. This supports 24 hours 

post-treatment as the critical phase of Alisertib IR combinational effect in line with 

our previous dose-scheduling data. Increased time in mitosis is suggestive of delay 

in mitotic progression and potentially implicates the SAC which promotes mitotic 

delay in the presence of mitotic aberration or DNA damage (Silva et al. 2011). 

Increased intra-mitotic death implicates mitotic catastrophe as the mode of cell death 

following Alisertib IR combination treatment (Vitale et al. 2011), although we see 

general increases in micronuclei formation and multinucleation in H460 and H1299 

cells which respond differently via clonogenic assay. Increasing aberrant mitoses 

following Alisertib IR combination further implicates mitotic processes as the target of 

this treatment combination and complements our cell cycle and mitotic phenotype 

data.  

We also present that Alisertib IR combination cooperates to promote centrosomal 

aberration, especially in the case of centrosomal amplification alone or in 

combination with pericentrin fragmentation. This is unsurprising given that AURKA 

functions in establishing centrosome homeostasis (Katayama et al. 2012) and 
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Alisertib treatment has previously been shown to increase multipolar mitoses which 

can result from centrosomal amplification (Asteriti et al. 2014). IR alone has also 

been shown to promote centrosomal amplification (Dodson et al. 2004). This may 

explain increased aberrant mitoses with >2 daughter cells seen after Alisertib IR 

combination as centrosomal amplification has been shown to promote multipolar 

mitosis (Vitale et al. 2011). Furthermore, recent evidence suggests that AURKA 

function is required for centrosome clustering in cells with >2 centrosomes, allowing 

bipolar division and progeny with capacity to undergo further cell divisions (Navarro-

Serer et al. 2019). Inhibition of AURKA activity was associated with increased 

proportion of multipolar mitoses and mitotic catastrophe in cells with centrosomal 

amplification (Navarro-Serer et al. 2019). This could explain why we see increased 

rates of aberrant mitoses by live cell imaging which result in >2 daughter cells after 

Alisertib IR combination. It would be interesting to see if this was a consistent effect 

in both p53 proficient and p53 deficient NSCLC cell lines and if the fate of cells with 

amplified centrosomes was p53-dependent as observed by Fava et al (2017). 

Furthermore, DNA damage induced centrosome amplification has been shown to be 

Chk1-dependent (Bourke et al. 2007), it would be interesting to see if centrosomal 

amplification mediated Alisertib IR combinational effect and could be attenuated with 

Chk1 inhibition.   

We also find that mitotic phase distribution is altered following treatment with 

Alisertib IR combination with H460 cells showing cooperative increase in anaphase 

population and fewer cells undergoing cytokinesis. This is interesting as it suggests 

that the SAC has either not been activated, or that the SAC has been unsuccessful 

in preventing mitotic progression in cells treated with Alisertib IR combination. 

Indeed, there is evidence that AURKA is required for maintenance of SAC function in 
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pro-metaphase and that AURKA inhibition with Alisertib in prometaphase inhibits 

SAC function (Courtheoux et al. 2018). Interestingly, IR has been shown to cause 

activation of the SAC in multipolar mitoses but that these cells can, following mitotic 

delay, satisfy the SAC and progress into anaphase despite significant mitotic 

aberrance (Dodson et al. 2007). This suggests that multipolar cells, following IR, can 

escape SAC-induced block on metaphase anaphase transition. Anaphase-telophase 

transition occurs when the segregated chromosomes decondense and the nuclear 

envelope begins to reform (Afonso et al. 2014). There is evidence that AURKA is 

required for assembly of the central spindle during anaphase (Lioutas and Vernos 

2013; Reboutier et al. 2013; Courthéoux et al. 2019). Here depletion of AURKA 

caused defect in anaphase progression, completely inhibited telophase and 

cytokinesis and resulted in binucleated cells (Reboutier et al. 2013) which we also 

observed after Alisertib IR combination. Furthermore IR can perturb anaphase 

progression, which results in death or post-mitotic arrest in a p53-dependent manner 

(Redpath et al. 2003). It is possible that AURKA inhibition and IR cooperate to inhibit 

anaphase progression. Interestingly, AURKA-dependent centrosome clustering for 

bipolar division in the presence of centrosomal amplification can affect anaphase 

progression (Navarro-Serer et al. 2019) and therefore it is possible that centrosomal 

aberration in the absence of AURKA activity may be linked to lack of anaphase 

resolution. Furthermore, mitotic slippage may occur after extensive block on mitotic 

progression (Brito and Rieder 2006), and cellular fate following slippage could 

determine Alisertib IR combinational efficacy. It would be useful to see if anaphase is 

also targeted by Alisertib IR combination in p53 deficient NSCLC cell lines. 
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4.3.3. Alisertib IR combination is associated with increased in mitotic 

catastrophe and senescence in NSCLC cells 

We show that Alisertib IR combination leads to an increase in mitotic catastrophe in 

both p53 proficient and p53 deficient NSCLC cells. Mitotic catastrophe results in 

micronuclei formation or multinucleated cells (Vitale et al. 2011), which is 

corroborated by our findings that polyploidy is increased by Alisertib IR combination. 

Also, mitotic catastrophe has been shown to occur following perturbation of the 

mitotic machinery (Vitale et al. 2011), including centrosomal amplification (Dodson et 

al. 2007). Given that we see increased centrosomal amplification, alone or in 

combination with pericentrin fragmentation, in NSCLC cells treated with Alisertib IR 

combination, it is possible that this contributes to the mitotic catastrophe and 

polyploidy observed. Additionally, mitotic catastrophe has been shown to occur after 

perturbation of the mitotic spindles (Roninson et al. 2001), of which function and 

polymerisation during mitosis is intimately linked to AURKA function (Kinoshita et al. 

2005). Whilst we did not assess spindle morphology and function here there is 

evidence that Alisertib alone (Manfredi et al. 2011) and IR alone (P. Li et al. 2014) 

can affect the mitotic spindle. Moreover, centrosomal amplification can result in 

multipolar mitotic spindle formation (Dodson et al. 2007), meaning that is it likely that  

Alisertib IR combination also affects mitotic spindle function. Interestingly, we find 

that the proportion of cells bearing micronuclei after Alisertib IR combination was 

increased in the p53 deficient H1299 cell line, whilst micronuclei in combination with 

multinucleation was greater in the H460 cell line. Micronuclei may form after 

incomplete DNA synthesis following IR (Obe et al. 1975) or aberrant chromosomal 

segregation (Vitale et al. 2011) whilst multinucleation is an outcome of multipolar or 

abortive mitosis (Vitale et al. 2011). It is unclear if this discrepancy is both consistent 
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in p53 proficient and deficient NSCLC cell lines and significant in determining 

Alisertib IR combinational outcome. However, we are confident that Alisertib IR 

combination causes an increase in mitotic catastrophe markers irrelevant of p53 

status and we hypothesise that differential clonogenic response to Alisertib IR 

combination could be due to differential population response to the same stimulus of 

mitotic aberration. Given that Alisertib dosing has been shown to be well tolerated 

once a day for up to 21 days in vivo (Palani et al. 2013), it would be interesting to 

see if continuous redosing of Alisertib with irradiation could push p53 deficient 

NSCLC populations towards a state of aberration that is not compatible with survival.    

We also see increased proportion of senescent cells following Alisertib IR 

combination in both p53 proficient NSCLC cells. Mitotic catastrophe can result in 

cellular senescence (Vitale et al. 2011) and therefore proportions of mitotic 

catastrophe and senescence seen here could be linked. We did not see induction of 

further senescence following Alisertib IR combination in p53 deficient H1299 cells 

compared to IR alone, unlike in the p53 proficient H460 cells, suggesting that 

induction of senescence may determine the therapeutic efficacy of Alisertib IR 

combination. Wildtype p53 expression has been shown to be critical for the induction 

of genotoxic stress-induced senescence (Qian and Chen 2013). Evidence suggests 

that replicative senescence, distinct from genotoxic stress-induced senescence, is 

reversible through p53 inactivation (Beauséjour et al. 2003; Dirac and Bernards 

2003). It is possible that the robustness of senescence induced by Alisertib IR 

combination could be affected by p53 expression status. 
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4.3.4. Alisertib IR combination showed trend for increased γ-H2AX foci per cell 

24 hours post-treatment 

We show that DNA damage resolution using number of γH2AX foci per cell as a 

surrogate marker of damage following IR is not significantly affected by the addition 

of Alisertib at 15 minutes, 1 hour and 6 hours post-treatment. However, we see a 

consistent trend for increased residual DNA damage in the treatment combination, 

but not IR alone, by 24 hours post-treatment. This suggests that whilst the Alisertib 

IR combination did not significantly affect the majority of DNA repair, a subset of 

damage was less likely to be repaired. Unrepaired DNA 24 hours post-IR is 

understood to be therapeutically significant (International Atomic Energy Agency 

2010) and therefore could, at least partially, explain the efficacy of Alisertib IR 

combination. However, given that we see that radiosensitisation can occur with the 

addition of Alisertib 24 hours post-irradiation, when most of the DNA damage after IR 

alone is repaired, it is unlikely that changes to DNA repair are critical mechanistically. 

It would be interesting to assess the relative repair pathway usage in cells treated 

with Alisertib IR combination. Sun et al (2014) found that targeting AURKA caused 

statistically more γH2AX foci to be present in combination with IR at 6 hours post-

irradiation, and our data follows a similar non-significant trend. However, we did not 

see evidence of Chk1 or Chk2 expression changes upon targeting AURKA. These 

discrepancies may be explained by usage of different irradiation doses and the 

mechanistic differences between AURKA depletion and pharmacological inhibition of 

AURKA with Alisertib.  
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4.3.5. p53 is subject to biphasic stabilisation following Alisertib IR combination 

We show that p53 expression is increased by 1 and 4 hours post-treatment with IR 

or Alisertib IR combination, whilst by 24 hours post-treatment p53 is stabilised by 25 

nM Alisertib alone but not in 4 Gy + 25 nM Alisertib. This trend was also illustrated by 

p53 phosphorylation at S9 and S20 which was induced by IR at 1 and 4 hours post-

treatment, but was not at 24 hours, whilst the opposite was true in 25 nM Alisertib 

condition. Given that S9 and S20 have been shown to promote stabilisation of p53 

(Meek 1998; Hofmann et al. 2001), correlation of p53 expression in combination with 

S9 and S20 phosphorylation is as expected. This suggests that IR-induced p53 

response is dominant in the initial hours post-IR, and Alisertib induces a p53 

response in the later recovery period post-IR. Furthermore, IR-induced p53 response 

which wains by 24 hours post-treatment dominates in the Alisertib IR combination 

and may explain differential p53 expression by 24 hours. S15 p-p53 expression on 

the other hand was expressed after IR at 1 and 4 hours post-treatment, and in both 

Alisertib containing conditions at 24 hours. Furthermore, S15 p-p53 expression 24 

hours post-treatment with Alisertib IR combination could not be accounted for by 

total p53 changes. S15 phosphorylation of p53 is reported to occur after DNA 

damage through ATM or DNA PK, serves to promote p53 stabilisation and is partially 

required for the induction p53-dependent apoptosis (Cheng and Chen 2010). It is 

possible that continued S15 phosphorylation of p53 24 hours post-treatment with 

Alisertib IR combination could be related to the residual DNA damage we observe 

(Wittlinger et al. 2007).   

Interestingly, we see T18 phosphorylation of p53 4 hours following Alisertib 

treatment but not following Alisertib combination. T18 phosphorylation has been 

shown to occur through Mps1, a member of the SAC, and allows p53 to mediate a 
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post-mitotic checkpoint which promotes G1 arrest and apoptosis in cells undergoing 

mitotic slippage (Huang et al. 2009). This potentially indicates that Alisertib treatment 

is inducing activation of the SAC and mitotic slippage in H460 cells by 4 hours and 

suggests that, presumably through an IR dominant response on p53 and cell cycle 

progression, Alisertib IR combination does not induce SAC activation. This is 

counter-intuitive given that Alisertib mediated inhibition of AURKA in prometaphase 

has been shown to inactivate the SAC (Courtheoux et al. 2018), but may be related 

to different timepoints and dose of Alisertib used. A lack of SAC activation in the 

Alisertib IR combination treatment could explain why more cells are observed in 

anaphase by 24 hours post-treatment. However, we must consider how cell cycle 

distribution affects S9, S20 and T18 p-p53 expression, especially T18 p-p53 

expression which is related to mitotic progression (Huang et al. 2009). It is possible 

that cell cycle distribution is affecting p53 modification and that an IR-dominant 

response to cell cycle distribution, as we see in H460 mitotic fraction by 48 hours 

contributes differential p53 stabilisation and phosphorylation. It would be useful to 

assess H460 cell cycle profile at 1 and 4 hours post-treatment with Alisertib IR 

combination to help assess if cell cycle distribution is misleading p53 expression 

data. 

4.3.6. Alisertib IR combination causes dephosphorylation of Akt 

Here we present data that show that Alisertib IR combination cooperatively reduces 

expression of S473 p-Akt in H460 cells 1, 4 and 24 hours post-treatment, although 

this effect did not appear to depend on PTEN stabilisation. Activated S473 p-Akt has 

been shown to promote cell survival through inhibition or reduction of pro-apoptotic 

factors (Yamaguchi and Wang 2001; J.-Y. Yang et al. 2006) and promotion of anti-

apoptotic factors (Ozes et al. 1999; Hein et al. 2014). Furthermore, activated S473 p-
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Akt has been shown to occur in NSCLC and promote cellular survival following IR 

(Brognard et al. 2001). Dephosphorylation of S473 on Akt has been associated with 

an upregulation of apoptotic markers (Itoh et al. 2002; Sun et al. 2004). Moreover, 

AURKA has also been shown to activate Akt in ovarian cancer cells (H. Yang et al. 

2006). Therefore, it is plausible that combining Alisertib and IR, through targeting of 

Akt, causes a shift in the equilibrium towards p53-dependent apoptosis. This could 

explain why we see mitotic aberration in both p53 proficient and deficient NSCLC cell 

lines following Alisertib IR combination, but differential response via clonogenic 

assay. However, it remains unclear as to whether Akt dephosphorylation would 

occur prior to, or as a result of shift towards cell death. Interestingly, Akt has been 

shown to be required to recruit PTEN to the centrosomes, and Akt inhibition was 

associated with an increase in centrosomal amplification (Leonard et al. 2013). This 

opens the possibility that centrosomal, and thus mitotic, defects seen in Alisertib IR 

combination are through targeting of Akt. It would be interesting to see if Alisertib IR 

combinational efficacy was Akt-dependent.  

4.3.7. Limitations 

When investigating the p53-dependent effects of Alisertib IR combination on cell 

cycle progression we depleted p53 using siRNA in the p53 proficient H460 cell line. 

However, we found significant toxicity in the form of sub G1 peak in cells transfected 

with siRNA and co-treated with Alisertib, IR or both. This led to Alisertib having 

dominant effects on sub G1 peak and polyploidy and did not replicate the 

cooperativity between Alisertib and IR seen previously in non-transfected H460 cells. 

This indicated that this approach to investigate cell cycle changes was potentially not 

representative due to the combined toxicities of siRNA transfection and Alisertib or 

IR dosing. Leading on from this we investigated the efficacy of Alisertib IR 
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combination in a limited range of cell lines and used the H460 & H1299 cells as p53 

proficient and p53 deficient models of NSCLC. This approach is hampered by the 

genetic differences that may exist between cell lines independent of p53 which may 

determine response to Alisertib IR combination. It would be useful to repeat these 

experiments in an isogenic system, such as the H1299 H24 cell line (Chen et al. 

1996), to test the functional consequences of p53 proficiency and deficiency on 

Alisertib IR combination in a single genetic background. This system would be of 

particular use for assessment of intra-mitotic death, which has potential to be 

differential based upon genetic background (Oikawa et al. 2005).  

Furthermore, here we demonstrate changes in ploidy through PI staining alone. PI 

staining with flow cytometric analysis as an indirect measure of ploidy is 

advantageous as large numbers of cells can be analysed quickly per sample 

(Darzynkiewicz 2010). However, as a DNA binding fluorochrome, PI staining 

properties can be influenced by changes to the chromatin structure which occur 

following treatment with DNA-interacting drugs or radiation (Darzynkiewicz 2010). 

Therefore, it would be useful to validate our findings with a secondary method of 

measuring ploidy such as direct assessment through metaphase spread analysis.    

Here we use Alisertib to test effect of AURKA inhibition in combination with IR in 

NSCLC cell lines. It is reported that Alisertib is both the most specific and 

translationally relevant of the AURKA inhibitors (Malumbres and Pérez de Castro 

2014). Additionally, using the 25 nM dose provides optimal on target AURKA effect 

with minimal off target AURKB effect according to our data. However, there is a risk 

that observed effects are through Alisertib specific or off target effects. It would be 

useful to confirm our mechanistic findings using different AURKA inhibitors or 

through AURKA depletion.  
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We investigated the effect of Alisertib IR combination on DNA repair using γH2AX 

foci per cell. Using γH2AX foci as a measure of DNA damage following IR however, 

whilst sensitive, is limited by also recognising single stranded DNA which can exist 

during DNA replication and repair and is an indirect measure of damage/damage 

resolution (Löbrich et al. 2010). Moreover, there is evidence that targeting of AURKA 

can result in a change in the relative contributions of different DNA repair pathways 

(Sourisseau et al. 2010; Sun et al. 2014; Wang et al. 2014). γH2AX foci staining 

does not appraise these shifts in pathway usage and therefore we cannot rule out 

that DNA damage repair is subject to alteration following Alisertib IR combination. It 

would be interesting to see if the relative contributions of DNA repair pathways were 

altered by Alisertib IR combination.       

We used S473 p-Akt as a surrogate for Akt activity in the H460 cell line as it has 

been shown to be required in combination with T308 phosphorylation for Akt kinase 

activity in vitro (Alessi et al. 1997). There is also evidence that S473 p-Akt is a poor 

prognostic marker in NSCLC, indicating that this phosphorylation is functionally 

important (David et al. 2004). However, it has also been shown that T308 

phosphorylation correlates better with Akt kinase activity when compared to S473 in 

NSCLC (Vincent et al. 2011). It may be useful to assess the effect of Alisertib IR 

combination on T308 p-Akt expression, to ensure that Akt activity is reduced 

following treatment. 
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5. Evaluation of Alisertib as a radiosensitising agent in vivo 

5.1. Introduction, aims and hypotheses 

In vitro assessment of Alisertib IR interaction provides proof of concept and 

indications of mechanism. Additionally, in vitro experiments are flexible and often 

amenable to high-throughput approaches, and hence have value in cancer research. 

However, these experiments are limited by the methodology of 2D cell culture which 

fails to recapitulate the 3D tumour microenvironment and its related selective 

pressures that are applied to cancer cells during their growth and treatment. For 

example, intra-tumoural hypoxia has been shown to occur in NSCLC (Le et al. 2006; 

Trinkaus et al. 2013), and has been associated with poor prognosis (Li et al. 2010) 

and worse radiotherapy response (Li et al. 2006). However, hypoxia does not occur 

in 2D cell culture without the use of specialised equipment. One approach to address 

this issue is to use murine models to assess lung cancer growth in vivo. We set out 

to use three in vivo models of NSCLC to assess whether Alisertib enhances IR 

response in vivo. Xenografts of either H460 or H1299 human NSCLC cell lines are 

used in immunocompromised CD-1 nude mice as model responders and non-

responders of NSCLC to the Alisertib IR combination in vitro. Additionally, mouse 

LLC-1 cells are grown in immunocompetent C57Bl6 mice as a syngeneic model to 

consider any effect of an active immune system on Alisertib IR combination.  

The aims of this chapter are to assess the following in in vivo mouse models of 

NSCLC: 

1. The tolerability and efficacy of Alisertib treatment  

2. The sensitivity of NSCLC in vivo models to radiation alone 

3. The effect of combining Alisertib and IR treatment 
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4. The biological mechanism of Alisertib IR combinational effect  

The hypotheses of this chapter are: 

• Alisertib will enhance the radiation response of in vivo models of NSCLC  

• Alisertib IR combination will target the mitotic population of NSCLC models in 

vivo 

5.2. Results 

5.2.1. Mouse LLC-1 cells show trend to respond to Alisertib IR combination in 

vitro 

LLC-1 cells are p53 proficient (Wu et al. 2011) and are a sub-clone derived from the 

Lewis lung carcinoma cell line which originate from a primary mouse lung SCC 

(Bertram and Janik 1980). LLC-1 cells are commonly used with immunocompetent 

C57Bl6 mice as a syngeneic model of NSCLC (Kellar et al. 2015). To ensure that the 

model was suitable prior to in vivo testing, the IR enhancing effect of Alisertib was 

tested on LLC-1 cells in vitro using clonogenic survival assays. 25 nM Alisertib 

induced a mean DER of 1.23 at 20% survival fraction (see Figure 5.1.). Although 

extra sum of squares analysis revealed that the survival curves for irradiation alone 

compared to Alisertib irradiation combination in LLC-1 cells were best described by 

one curve (p= 0.076), this was likely due to the small sample size used (N=2). 

Encouragingly radiosensitisation was observed on each occasion tested. 
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Thus, co-treatment of LLC-1 in vivo was deemed an appropriate model data to 

assess immune effects that could contribute to the efficacy of the Alisertib IR 

combination. 

5.2.2. Alisertib treatment via oral gavage for 10 consecutive days is well 

tolerated in both CD-1 nude and C57Bl6 mouse models 

The tolerability of Alisertib given in suspension via oral gavage in non-tumour 

bearing CD-1 nude and C57Bl6 male mice was initially tested. It has been previously 

been shown that Alisertib treatment via oral gavage is tolerated up to 30 mg/kg once 

daily for 21 days in female CD-1 nude mice bearing subcutaneous HCT116 

xenografts (Manfredi et al. 2011). It has also been shown that 98% of Alisertib is 

excreted by 24 hours post-treatment in mouse systems and therefore a once daily 

dosing schedule was justified with little risk of any drug accumulation (Palani et al. 

2013). Here a similar but distinct dosing schedule of once daily for 10 consecutive 

Figure 5.1. Survival fraction LLC-1 cells after treatment with IR alone or IR in 

combination with 25 nM Alisertib. Data points represent mean survival fraction 

normalised to unirradiated control +/- SD (N=2). F-value and p-value derived from 

extra sum of squares test. 
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days in male CD-1 nude mice was tested. Additionally, the tolerability of Alisertib 

treatment was tested in the C57Bl6 mouse model as there is evidence that different 

mouse models can be inherently more or less sensitive to chemotherapeutic agents 

(Aston et al. 2017).  

We performed a maximum tolerated dose (MTD) experiment sequentially testing 10 

mg/kg Alisertib, then 20 mg/kg Alisertib and finally 40 mg/kg in CD-1 nude mice 

given once a day for 10 days. The dose was escalated in two independent mice 

once two mice of the prior lesser dose had successfully received 5 days consecutive 

of Alisertib (see Materials and Methods Table 2.6). Once the MTD was established in 

CD-1 model, the same dose of Alisertib with identical dosing schedule was tested in 

C57Bl6 mouse model. Tolerability of treatment was assessed with daily weighing of 

mice and checking of behaviour for signs of pain or distress (see Figure 5.2). Here 

doses up to 40 mg/kg Alisertib were tolerated once daily for 10 consecutive days in 

both CD-1 Nude and C57Bl6 having no effect on mouse weight. 

 

 

0 5 1 0 1 5

2 0

2 5

3 0

3 5

4 0

D a y s  p o s t - t r e a t m e n t

M
o

u
s

e
 w

e
ig

h
t 

(
g

r
a

m
s

)

1 0 m g / k g  ( C D - 1  N u d e )

1 0 m g / k g  ( C D - 1  N u d e )

2 0 m g / k g  ( C D - 1  N u d e )

2 0 m g / k g  ( C D - 1  N u d e )

4 0 m g / k g  ( C D - 1  N u d e )

4 0 m g / k g  ( C D - 1  N u d e )

4 0 m g / k g  ( C 5 7 B l 6 )

4 0 m g / k g  ( C 5 7 B l 6 )

Figure 5.2. Mouse weight following treatment with increasing doses of 

Alisertib once a day for 10 consecutive days.  Data points represent individual 

mouse weights and therefore no error is displayed. Note this experiment was 

performed entirely by Matthew Fisher. 
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5.2.3. Four Gy per day for 5 consecutive days causes moderate growth 

inhibition in H460 and H1299 xenografts but does not inhibit the growth of 

syngeneic LLC model 

In order to test if Alisertib enhances radiation response in the H460, H1299 and LLC 

models in vivo a dose of radiation that causes moderate growth inhibition (20%≤ 

≥50% growth inhibition) needed to be established. A dose of radiation too low may 

not have enough of a biological effect on the tumour to allow any potential 

combinational effects between Alisertib and radiation to occur. A dose of radiation 

too high could cause significant tumour growth inhibition and reduce the chance of 

observing any combinational effect. 20 Gy was given as 4 Gy fractions once a day 

for 5 days, 24-hours post the final fraction 32.65% and 17.01% mean growth 

inhibition was seen in H460 and H1299 xenografts respectively (see Figure 5.3 A-B). 

However, neither mean tumour volume seen was statistically significant (p= 0.099 

and 0.255 respectively (Student’s independent samples unpaired two-tailed t-test)) 

from the mean tumour volumes seen in the respective sham irradiated controls. On 

the other hand, by day 10 post-treatment 20 Gy had caused a mean growth inhibition 

of 31.78% (p= 0.079 (Student’s independent samples unpaired two-tailed t-test)) in 

the H460 xenograft models and 27.59% (p= 0.127 (Student’s independent samples 

unpaired two-tailed t-test)) in the H1299 xenograft models respectively. We therefore 

considered that this dosing schedule was adequate to induce a moderate effect and 

it was taken forward to the combination experiments. 

Conversely 20 Gy given over 5 days had little effect on LLC syngeneic model growth 

rate, recording a mean growth inhibition of 5.14% 24 hours following final irradiation 

fraction (p= 0.715 (Student’s independent samples unpaired two-tailed t-test)) (see 

Figure 5.3 C). Escalating the radiation dose to 40 Gy over 5 days in the LLC model 
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caused a mean growth inhibition of 26.93% (p= 0.372 (Student’s independent 

samples unpaired two-tailed t-test)) (see Figure 5.3 D). However, there were 

problems with tumour ulceration in the LLC model with 2 out of 3 mice being culled 

after 48 hours of wet desquamation of the tumour after 4- and 12-days post-

treatment respectively and this model was not taken forward on ethical grounds. 

 

 

 

 

 

 

 

Figure 5.3. Mean tumour volumes of A. H460 xenografts, B. H1299 

xenografts, C. LLC-1 syngeneic models treated with sham irradiation or 20 

Gy over 5 days and D. LLC-1 syngeneic models treated with sham 

irradiation of 40 Gy over 5 days. Irradiations once a day on days 0-4 indicated 

by arrows. Data points represent mean tumour volume per condition +/- SD (sham 

irradiated H460 xenografts N=4, irradiated H460 xenografts N=3, sham irradiated 

H1299 xenografts N=5, irradiated H1299 N=4, both sham irradiated LLC-1 

syngeneic model sets N=4, 20 Gy irradiated LLC-1 N=3 and 40 Gy irradiated 

LLC-1 N=3). Tumour volumes calculated using d1 x d2 x d3 x 0.52 calculation. 

Note that tumour implantation and dosing in this experiment was performed in 

collaboration with Matthew Fisher. 
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5.2.4. Five mg/kg Alisertib once daily for 10 consecutive days causes moderate 

growth inhibition in H460 xenografts and increases tumour mitotic fraction  

Like radiation dose, the dose of Alisertib used in vivo in Alisertib IR combinational 

experiments should have moderate inhibition of growth with relevant biological effect 

and thus the dose of Alisertib used in vivo in combination with radiation required 

careful optimisation. This optimisation was performed in the H460 xenografts which 

more reliably engrafted CD-1 nude mice compared to the H1299 cell line. 

There was a dose-dependent inhibition of H460 xenograft in CD-1 nude mice by oral 

Alisertib given once a day for 10 consecutive days (see Figure 5.4). By day 10, 24 

hours after the final dosing event, there was a statistically significant growth inhibition 

of 47.57%, 61.09% and 70.77% with daily dosing of 5 mg/kg, 10 mg/kg and 20 

mg/kg Alisertib respectively when compared to vehicle control (p= <0.0001, p= 

<0.0001 and p= <0.0001 respectively (One-way ANOVA)). 



5. Evaluation of Alisertib as a radiosensitising agent in vivo 

228 

 

 

 

 

 

Alisertib has been shown to have a short half-life in vivo and approximately 98% of 

Alisertib is excreted by 24 hours post-treatment (Palani et al. 2013). Given this, to 

assess the immediate biological effect of Alisertib treatment, the CD-1 nude mice in 

the above experiment were also treated once with vehicle control or the relevant 

dose of Alisertib just prior to tumours hitting 500 mm3 in volume or on day 16 of the 

experiment when mice were culled. The tumour tissues from these mice were then 

harvested 6-hours after the final dosing event. Alisertib treatment has previously 

Figure 5.4. Mean tumour volumes of H460 xenografts treated with vehicle 

control or A. 5 mg/kg Alisertib, B. 10 mg/kg Alisertib or C. 20 mg/kg Alisertib. 

Dosing once per day on days 0-9 indicated by arrows. Data points represent mean 

tumour volume per condition +/- SD (all conditions N=4). Tumour volumes 

calculated using d1 x d2 x d3 x 0.52 calculation. Note that tumour implantation 

and animal dosing in this experiment was performed in collaboration with Matthew 

Fisher. 
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been shown to cause increases in mitotic fraction of xenograft tissues (Manfredi et 

al. 2011). Because of this, immunohistochemistry for p-Histone 3 (S10) was 

performed to establish the intra-tumour mitotic fraction to assess the biological effect 

of increasing Alisertib dose. Treatment with 5 mg/kg, 10 mg/kg and 20 mg/kg 

Alisertib all significantly increased the mitotic fraction in the viable regions of H460 

xenograft tumours relative to vehicle control group (p= 0.0386, p= <0.0001 and p= 

0.0109 respectively (One-way ANOVA)) (see Figure 5.5). 10 mg/kg Alisertib 

provided the greatest increase in mean mitotic fraction, followed by 20 mg/kg and 

then 5 mg/kg respectively. These response kinetics at 6 hours post-treatment are in 

line with previous findings in HCT116 xenograft models which identified a maximal 

increase in mitotic fraction with 3 mg/kg Alisertib by 4 hours, with 10 mg/kg Alisertib 

by 8 hours and a delayed response that peaked at 12 hours with 30 mg/kg Alisertib 

treatment (Manfredi et al. 2011). Furthermore, effects on mitotic fraction were likely 

to be due to terminal dosing event as opposed to any accumulative effects as 98% of 

Alisertib has been previously been shown to be eliminated from mouse systems after 

24 hours (Palani et al. 2013).  
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Figure 5.5. H460 xenograft mitotic fractions 6 hours post-treatment with 

vehicle control or increasing doses of Alisertib. Legend overleaf. 
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Together these indicated that 5 mg/kg Alisertib once daily for 10 consecutive days 

both had an intra-tumour biological effect and moderate tumour growth inhibition 

therefore this dose was taken forward for use in combination experiments.  

5.2.5. Five mg/kg Alisertib given once daily for 10 consecutive days in 

combination with 20 Gy given in 5 equal fractions of 4 Gy over 5 days causes 

temporary regression in H460 xenografts with significant growth inhibition 

In combination experiments cells were implanted and xenografts were allowed to 

grow to an approximate tumour size of 100 mm3. Five mg/kg oral Alisertib was the 

given 1-hour prior to 4 Gy IR on 5 consecutive days (days 0-4). Following this 5 

mg/kg daily Alisertib was continued for a further 5 days (days 6-10) before tumours 

were left to grow out to 800 mm3 or to day 25 whichever came first.  

The Shapiro-Wilk test revealed that there was no data skew at any timepoint in any 

condition indicating that One-way ANOVA comparisons were appropriate. Using the 

H460 xenograft model we found that at day four Alisertib alone or 5 fractions of 4 Gy 

alone induced a mean growth inhibition of 35.5% and 28.9% respectively when 

compared to control group (p= <0.0001 and p= <0.0001 (One-way ANOVA)) (see 

Figure 5.5. H460 xenograft mitotic fractions 6 hours post-treatment with 

vehicle control or increasing doses of Alisertib. A. Mean H460 xenograft 

mitotic fractions 6 hours post-treatment. Data points represent mean mitotic 

fraction per tumour per condition +/- SEM (N=4 for all conditions). * denotes p= 

≤0.05, ** denotes p= ≤0.01, *** denotes p= ≤0.001 (One-way ANOVA with 

Dunnett correction for multiple comparisons). B. Representative H460 xenograft 

mitotic fraction examples 6-hours post-treatment with vehicle control, 5 mg/kg, 10 

mg/kg and 20 mg/kg Alisertib. Mitotic cells stained brown with DAB, defined as 

positive for p-Histone 3 (S10). Mitotic fraction defined within viable regions of 

tumour as a percentage of cells present. 9 regions sampled per tumour. Images 

taken with a Pannoramic 250 Flash III slide scanner 20x objective. Area within the 

small rectangle is re-represented in image bottom right corner 10x larger. Scale 

bars represent 500 μm. 
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Figure 5.6 A, C-D). Encouragingly the Alisertib IR combination had caused a mean 

tumour regression from 100 mm3 treatment volume of 12.8% (p= <0.0001 (One-way 

ANOVA)).  

By day 9, after 10 consecutive doses of 5 mg/kg Alisertib, Alisertib alone had 

induced a mean growth inhibition of 47.8% compared to control group (p= <0.0001 

(One-way ANOVA)) (see Figure 5.6 A & C). IR alone also had induced a mean 

growth inhibition of 52.3% compared to control group (p= <0.0001 (Student’s 

independent samples unpaired two-tailed t-test)). Alisertib IR combination had now 

caused a mean tumour regression from treatment volume of 40.7% (p= <0.0001 

(One-way ANOVA)).    

By day 14, 5 days following that last oral dosing of Alisertib, the sham IR + vehicle 

control group were nearing legal tumour volume limits or had already been culled 

(see Figure 5.6 A, C-D). At this timepoint the group receiving Alisertib alone showed 

mean tumour growth inhibition of 58.68% when compared to control group (p= 

<0.0001 (One-way ANOVA)). Additionally, the group receiving 20 Gy alone had a 

mean tumour growth inhibition of 62.94% when compared to control group (p= 

<0.0001 (One-way ANOVA)). Most excitingly the group treated with Alisertib IR 

combination had a mean tumour regression of 45.1% by day 14 (p= <0.0001 (One-

way ANOVA)).  

By day 25 mean tumour volume in the Alisertib treated group was like that of the 

Irradiation alone group at 628.5 mm3 and 519.2 mm3 respectively (see Figure 5.6 A, 

C-D). The mean tumour volume in the Alisertib IR combination group remained 

significantly reduced when compared to irradiation alone at 228.9 mm3 (p= 0.003 
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(One-way ANOVA)). There was, however, evidence of tumour regrowth in the 

combination treatment group by day 25.  

Mouse weight was measured weekly as a crude measure of health and there was no 

indication of weight loss after treatment with Alisertib, 20 Gy or Alisertib + 20 Gy 

combination (see Figure 5.6 B). This suggested that Alisertib was tolerated as both a 

monotherapy and in combination with IR, although this model lacks the anatomical 

relevance of an orthotopic model.  
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Figure 5.6. Mean tumour volumes of H460 xenograft tumours treated with 

sham IR or 20 Gy over 5 days and vehicle control or 5 mg/kg Alisertib 

once daily for 10 days. Legend on page 237. 
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Figure 5.6. Mean tumour volumes of H460 xenograft tumours treated with sham IR or 20 Gy over 5 

days and vehicle control or 5 mg/kg Alisertib once daily for 10 days. Legend on page 237. 
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Figure 5.6. Mean tumour volumes of H460 xenograft tumours treated with 

sham IR or 20 Gy over 5 days and vehicle control or 5 mg/kg Alisertib once 

daily for 10 days. Legend overleaf. 
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5.2.6. Alisertib IR combination and IR alone reduce H460 xenograft mitotic 

fraction and Ki67 positivity but do not affect intra-tumour CD31 expression 

In combination experiments 50% of mice were culled at day four after completing 5 

consecutive days of IR and 5 days or half of oral Alisertib dosing regimen. These 

mice were culled 4 hours post-Alisertib dosing (3 hours post-IR) and tumours were 

used to investigate the intra-treatment biological effects of Alisertib IR combination. 

Given that we see targeting of the mitotic population in H460 cells treated with 

Alisertib IR combination in vitro, we investigated the effect of Alisertib IR combination 

on the mitotic fraction of H460 xenografts in vivo. We found there was no evidence of 

data skew using the Shapiro-Wilk test. Also, we find that the mitotic fraction of H460 

xenografts was significantly increased compared to control in the Alisertib alone 

Figure 5.6. A. Mean tumour volumes of H460 xenograft tumours treated with 

sham IR or 20 Gy over 5 days and vehicle control or 5 mg/kg Alisertib once 

daily for 10 days. Top: Data points represent tumour volume per mouse per 

condition. Bottom: Data points represent mean tumour volume per condition +/- 

SD (Sham IR + vehicle control, Sham IR + 5 mg/kg Alisertib and 20 Gy + vehicle 

control N=5, 20 Gy + 5 mg/kg Alisertib N=6). Tumour volumes calculated using d1 

x d2 x d3 x 0.52 calculation. B. Mean mouse weights bearing H460 xenografts 

treated with sham IR or 20 Gy over 5 days and vehicle control or 5 mg/kg Alisertib 

once daily for 10 days indicated by arrows. Data points represent mean mouse 

weight +/- SD (Sham IR + vehicle control, Sham IR + 5 mg/kg Alisertib and 20 Gy 

+ vehicle control N=5, 20 Gy + 5 mg/kg Alisertib N=6). C. Waterfall plots of H460 

xenograft tumour volume changes from 100 mm3 treatment volume at day 4 (top 

left), day 9 (top right), day 14 (bottom left) and day 25 (bottom right). Data points 

represent change from 100 mm3 treatment volume per mouse per treatment 

group (no error displayed). D. Representative examples of CD-1 nude mice 

bearing H460 xenografts on day 4 (top row), day 14 (middle row) and day 25 

(bottom row) of treatment with sham IR or 20 Gy given once daily in 4 Gy 

fractions on days 0-4 and vehicle control or 5 mg/kg Alisertib given once daily on 

days 0-9. Major scale marks in cm, minor scale markings in mm. Images taken 

with an iPhone SE. Note that tumour implantations were performed in 

collaboration with Matthew Fisher. 
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treatment group (p= 0.010 (One-way ANOVA)) (see Figure 5.7). Conversely, the 

mitotic fraction of H460 xenografts treated with 20 Gy alone or in combination with 

daily 5 mg/kg Alisertib was significantly reduced compared to control (p= 0.0001 and 

p= <0.0001 (One-ANOVA)), but there was no statistical difference between IR alone 

and Alisertib IR combination.  
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Figure 5.7. H460 xenograft tumour mitotic fractions 4 hours after final dose 

of vehicle control or 5 mg/kg Alisertib and 3 hours after final sham IR or 4 

Gy treatment after 5 consecutive days of treatment. Legend overleaf. 
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Ki67 is a nuclear marker that is exclusively expressed by actively dividing cells in G1, 

S, G2 and mitosis and therefore is associated with the proliferative potential, and 

thus aggression, of tumours (L.T. Li et al. 2014). The Shapiro-Wilk test indicated that 

the distribution of the untreated condition was not normal and therefore comparisons 

were made using the Kruskal-Wallis test. Here we find that there is no statistical 

difference in % pixels positive for Ki67 expression between control and Alisertib 

alone tumours. In contrast, there was a trend for Ki67 staining to be reduced in both 

20 Gy alone and 20 Gy + daily 5 mg/kg tumours compared to control (p= 0.042 and 

p= 0.088 (Kruskal-Wallis test)) (see Figure 5.8). These data indicate that both IR 

alone and IR + Alisertib reduce the proliferating fraction of NSCLC cells in vivo.  

Figure 5.7. H460 xenograft tumour mitotic fractions 4 hours after final dose 

of vehicle control or 5 mg/kg Alisertib and 3 hours after final sham IR or 4 

Gy treatment after 5 consecutive days of treatment. A. Mean H460 xenograft 

mitotic fractions 4 hours post-treatment with vehicle control or 5 mg/kg Alisertib. 

Data points represent mean mitotic fraction per tumour per condition +/- SEM 

(Sham IR + vehicle control and 20 Gy + 5 mg/kg Alisertib N=6, Sham IR + 5 

mg/kg Alisertib N=5 and 20 Gy + vehicle control N=4). ** denotes p= ≤0.01, *** 

denotes p= ≤0.001, **** p= ≤0.0001 (One-way ANOVA with Bonferroni correction 

for multiple comparisons). B. Representative H460 xenograft mitotic fraction 

examples 4 hours post-treatment with vehicle control or 5 mg/kg Alisertib and 3 

hours post-treatment with sham IR or 4 Gy. Mitotic cells stained brown with DAB, 

defined as positive for p-Histone 3 (S10). Mitotic fraction defined within viable 

regions of tumour as a percentage of cells present. 9 regions sampled per 

tumour. Images taken with a Pannoramic 250 Flash III slide scanner 20x 

objective. Area within the small rectangle is re-represented in image bottom right 

corner 10x larger. Scale bars represent 400 μm.  
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Figure 5.8. Ki67 expression in H460 xenograft tumours 4 hours after final 

dose of vehicle control or 5 mg/kg Alisertib and 3 hours after final sham IR 

or 4 Gy treatment after 5 consecutive days of treatment. Legend on page 243. 
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Figure 5.8. Ki67 expression in H460 xenograft tumours 4 hours after 

final dose of vehicle control or 5 mg/kg Alisertib and 3 hours after 

final sham IR or 4 Gy treatment after 5 consecutive days of treatment. 

Legend overleaf. 
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Depletion of AURKA has also been shown to shown to reduce angiogenesis in 

ovarian cancer cell lines (Wang et al. 2016), whilst pharmacological targeting of 

AURKA with Alisertib has been shown to reduce VEGF expression, a pro-

angiogenesis signalling protein, in neuroblastoma cells (Romain et al. 2014). Given 

that targeting AURKA with Alisertib may affect angiogenesis, and that targeting 

angiogenesis has been shown to positively affect radiation response in tumours in 

vivo (Wachsberger et al. 2003), we also measured CD31 expression in H460 

xenografts. CD31 is expressed by endothelial cells and is essential for new blood 

vessel formation (DeLisser et al. 1997), and therefore we used this marker to identify 

mouse blood vessel recruitment in the human H460 xenograft tumours. The Shapiro-

Wilk test indicated that the both conditions with Alisertib treatment were not normally 

distributed, so the Kruskal-Wallis test was used to compare mean CD31 expression. 

Here there was a trend for increased intra-tumour CD31 expression, quantified as % 

positive pixels, in both sham IR + 5 mg/kg Alisertib and 20 Gy + 5 mg/kg Alisertib 

Figure 5.8. Ki67 expression in H460 xenograft tumours 4 hours after final 

dose of vehicle control or 5 mg/kg Alisertib and 3 hours after final sham IR 

or 4 Gy treatment after 5 consecutive days of treatment. A. Mean % of 

positive pixels for Ki67 staining in H460 xenograft mitotic fractions 4 hours post-

treatment with vehicle control or 5 mg/kg Alisertib. Data points represent mean % 

positive pixels for Ki67 expression per tumour per condition +/- SEM (Sham IR + 

vehicle control N=6, Sham IR + 5 mg/kg Alisertib and 20 Gy + 4 mg/kg Alisertib 

N=4, 20 Gy + vehicle control N=5). NS denotes p= >0.05, * denotes p= ≤0.05 

(Kruskal Wallis test with Dunn correction for multiple comparisons). B. 

Representative Ki67 expression (left) and scored Ki67 positive pixels (red) and 

negative pixels (blue) (right) in H460 xenograft tumours 4-hours post-treatment 

with vehicle control or 5 mg/kg Alisertib and 3 hours post-treatment with sham IR 

or 4 Gy. Ki67 positive cells stained brown with DAB. Ki67 positive pixels defined 

within viable regions of tumour as a percentage of tumour occupied pixels 

present. Images taken with a Pannoramic 250 Flash III slide scanner 20x 

objective. Area within the small rectangle is re-represented in image bottom right 

corner 10x larger. Scale bars represent 500 μm. 
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treatment groups when compared to sham IR + vehicle control but neither increase 

was statistically significant (Kruskal-Wallis test) (see Figure 5.9). 

 

 

Figure 5.9. CD31 expression in H460 xenograft tumours 4 hours after final 

dose of vehicle control or 5 mg/kg Alisertib and 3 hours after final sham IR 

or 4 Gy treatment after 5 consecutive days of treatment. Legend on page 246. 



5. Evaluation of Alisertib as a radiosensitising agent in vivo 

245 
 

 

Figure 5.9. CD31 expression in H460 xenograft tumours 4 hours 

after final dose of vehicle control or 5 mg/kg Alisertib and 3 hours 

after final sham IR or 4 Gy treatment after 5 consecutive days of 

treatment. Legend overleaf. 
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5.3. Discussion 

In this chapter we present evidence that AURKA inhibitor Alisertib is well tolerated in 

mouse models and has dose-dependent growth inhibition effect against H460 

xenografts. Additionally, we show that targeting AURKA with Alisertib enhances IR 

response in H460 xenografts and induced almost 50% tumour regression until 

treatment effect had passed. We also show that Alisertib IR combination in vivo, like 

our in vitro investigations, significantly reduces the H460 mitotic population like IR 

alone, whilst Alisertib treatment increases mitotic fraction in vivo.  

5.3.1. Alisertib is well tolerated in mouse models and has dose-dependent 

growth inhibition effect against H460 xenografts 

We find that 10 consecutive days of Alisertib treatment up to 40 mg/kg was well 

tolerated in both C57Bl6 mice and CD-1 nude mice with no obvious toxicities. This is 

in line with the previously published in vivo MTDs for Alisertib (Görgün et al. 2010; 

Figure 5.9. CD31 expression in H460 xenograft tumours 4 hours after final 

dose of vehicle control or 5 mg/kg Alisertib and 3 hours after final sham IR 

or 4 Gy treatment after 5 consecutive days of treatment. A. Mean % of 

positive pixels for CD31 staining in H460 xenograft mitotic fractions 4 hours post-

treatment with vehicle control or 5 mg/kg Alisertib. Data points represent mean % 

positive pixels for CD31 expression per tumour per condition +/- SEM (Sham IR + 

vehicle control N=4, Sham IR + 5 mg/kg Alisertib, 20 Gy + vehicle control and 20 

Gy + 5 mg/kg Alisertib N=5). B. Representative CD31 expression (left) and scored 

CD31 positive pixels (red) and negative pixels (blue) (right) in H460 xenograft 

tumours 4-hours post-treatment with vehicle control or 5 mg/kg Alisertib and 3-

hours post-treatment with sham IR or 4 Gy. CD31 positive cells stained brown 

with DAB. CD31 positive pixels defined within viable regions of tumour as a 

percentage of tumour occupied pixels present. Images taken with a Pannoramic 

250 Flash III slide scanner 20x objective. Area within the small rectangle is re-

represented in image bottom right corner 10x larger. Scale bars represent 250 

μm.  
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Manfredi et al. 2011; Palani et al. 2013). This suggests that Alisertib may be a useful 

combinational agent. Furthermore, we find that 5 mg/kg, 10 mg/kg and 20 mg/kg 

Alisertib given once daily for 10 consecutive days significantly inhibited the growth of 

H460 xenografts in a dose-dependent manner, as previously published (Palani et al. 

2013). Daily 20 mg/kg Alisertib nearly completely inhibited growth in H460 xenografts 

before release from treatment. This suggests that Alisertib monotherapy may be of 

use in NSCLC, although a lack of efficacy as monotherapy using twice daily 50 

mg/kg dose was demonstrated in phase II trials in NSCLC (Melichar et al. 2015). 

This may be explained by dose cycles, which allowed 14 days recovery following 7 

days of Alisertib treatment (Melichar et al. 2015), which may promote tumour escape 

from the inhibitory effects of Alisertib. Additionally, H460 xenograft regrowth following 

treatment release suggested that Alisertib at higher doses of 10 mg/kg and 20 mg/kg 

was more likely to be having cytostatic, rather than cytotoxic, effect. This replicates 

previously published work in HCT116 and PC3 xenograft models where cytostatic 

effect was observed using the molecular precursor to Alisertib MLN8054 (Manfredi et 

al. 2007).    

5.3.2. Alisertib IR combination enhances radiation response in H460 

xenografts 

Daily 5 mg/kg Alisertib significantly enhanced the radiation response in H460 

xenografts, causing temporary tumour regression in xenografts treated with Alisertib 

IR combination. This provides further evidence that co-targeting of AURKA with IR is 

a valid approach in in vivo models of NSCLC (Woo et al. 2015), and that Alisertib 

radiosensitises cancer cells (Venkataraman et al. 2012; Hong et al. 2014), but is the 

first example using Alisertib and IR in in vivo models of NSCLC. However, additivity 

or synergy cannot be inferred here as in vivo experiments are complicated by 
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treatment effects on the tumour bed, which can result in the slowed proliferation of 

tumours in the absence of compromised reproductive potential, leading to 

overestimation of anti-tumour treatment effects (Stone et al. 2016). There was 

evidence of xenograft regrowth by day 20 onwards in the Alisertib IR combinational 

treatment group implying that combinational effect on cellular proliferation and 

survival was temporary. This argues against permanent cell cycle exit as a 

mechanistic explanation for Alisertib IR combinational efficacy, although there is 

evidence that treatment-induced senescence may be reversible in cancer (L. Yang et 

al. 2017). Tumour regrowth in the Alisertib IR combinational treatment arm to mean 

100 mm3 tumour volume was achieved by day 19, 10 days post-treatment, and 

therefore could be related to treatment release. 

5.3.3. Alisertib IR combination reduces H460 xenograft mitotic fraction and 

Ki67 expression but does not affect intra-tumour CD31 expression  

We show that 4 hours post-treatment with 5 mg/kg Alisertib, H460 xenograft mitotic 

fraction was increased compared to control treatment arm, in line with what has been 

previously published (Manfredi et al. 2007). Furthermore, we find that tumour 

irradiation, both alone and in combination with 5 mg/kg Alisertib, causes significant 

reduction in mitotic fraction in line with our H460 cell cycle data in vitro. Similarly, we 

find that H460 xenograft Ki67 expression showed trend to be reduced by IR alone 

and IR in combination with Alisertib with no evidence of cooperativity between 

Alisertib and IR. This suggests that IR has a dominant role in determining cell cycle 

response in the H460 cell line following Alisertib IR combination and we speculate 

that mitotic populations are undergoing cell death. This also suggests that Alisertib 

IR combination does not have combinational efficacy in vivo through cooperative 

reductions in proliferation. This is in line with our findings in H460 cells in vitro which 
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suggest that proliferation continues in presence of Alisertib IR combination, albeit 

with more mitotic aberration. It would be interesting to see relative expression of 

markers of apoptosis is differential between 20 Gy and 20 Gy + daily 5 mg/kg 

Alisertib treated tumour tissues, despite similarities in proliferative behaviour. 

We find there was a trend for increased intra-tumour CD31 expression H460 

xenograft tumours treated with 5 mg/kg Alisertib, alone or in combination with IR, but 

this was not statistically significant. This is counter-intuitive, given that targeting 

AURKA has been shown to reduce VEGF expression (Romain et al. 2014; Wang et 

al. 2016) which is known to positively regulate angiogenesis (Ferrara 2002). The 

findings of Romain et al (2014) were performed using human umbilical vein 

endothelial cells (HUVEC) cultured with neuroblastoma cell line conditioned media 

after treating with and without Alisertib. This approach was performed in 2D tissue 

culture and therefore may not be representative of angiogenesis after targeting 

AURKA in vivo. Furthermore, the functional redundancy of VEGF family members 

means that reduced VEGF expression by tumour cells may not necessarily result in 

reduced angiogenesis in vivo ((Zhao and Adjei 2015). This however, does not 

account for the findings by Wang et al (2016) who found that general angiogenesis 

was inhibited upon AURKA depletion in ovarian xenograft models in vivo and 

warrants further investigation. Currently we are investigating what effect 10 mg/kg 

and 20 mg/kg Alisertib doses, which were more potent as monotherapy, had on the 

tumour vasculature. It would also be interesting to assess xenograft tissues for T288 

p-AURKA and AURKA expression, polyploidy and centrosomal amplification 

following treatment with Alisertib IR combination to see if we find similar data trends 

as previously in vitro.   
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5.3.4. Limitations 

Here we used subcutaneous human cell line xenograft models of NSCLC as they 

reliably engraft, have well established growth kinetics and tumour growth can be 

monitored superficially without the need for specialist imaging equipment (Kellar et 

al. 2015; L. Yang et al. 2017). Also, NSCLC xenografts have been shown to predict 

efficacy of chemotherapy to reasonable degree in humans suggesting they are 

useful models, although these were patient derived xenograft models and engrafted 

under the renal capsules of mice (Dong et al. 2010). Subcutaneous xenografts also, 

at least partially, recapitulate elements of the tumour microenvironment that are not 

accounted for by 2D cell culture such as hypoxia (Jiang et al. 2016) and 

angiogenesis (Nishikawa et al. 2004). However, subcutaneous human cell line 

xenograft models lack the complexity of NSCLC, cell line models are generated to be 

genetically identical to a single clone and do not recapitulate the genetic 

heterogeneity observed in NSCLC (de Bruin et al. 2014; Ibarrola-Villava et al. 2018). 

Intra-tumour genetic heterogeneity has been shown to influence radiotherapy 

response in cancer (Cooke et al. 2011) including NSCLC (Das et al. 2010). There is 

a trend towards patient-derived xenograft models in the literature (Ibarrola-Villava et 

al. 2018), these better recapitulate the genetic heterogeneity of NSCLC (Kang et al. 

2018) and could be useful to assess efficacy of Alisertib IR combination in NSCLC 

further. Also, subcutaneous xenograft models do not recapitulate the lung 

microenvironment unlike orthotopic models. Lung microenvironment factors have 

been shown to affect radiation response in NSCLC (Altorki et al. 2019). This also 

makes it difficult to assess normal tissue responses following Alisertib IR 

combination as neither the lung tissue or oesophagus are irradiated in these models, 

both of which may produce dose-limiting normal tissue toxicities after thoracic 
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irradiation (Kwint et al. 2012; Palma et al. 2013). It would be interesting to investigate 

the incidence of normal tissue toxicities and if Alisertib IR combination retained 

efficacy using orthotopic mouse models of NSCLC.    

Human xenografts models require immunocompromised host mouse models to 

reduce the chance of immune rejection of human cell transplants (Kellar et al. 2015). 

There is evidence that the immune system plays a significant role in determining 

NSCLC behaviour and treatment response including radiotherapy (Altorki et al. 

2019). Given that the immune response post-IR has been shown to affect 

radiotherapy outcomes in NSCLC, the lack of a functional immune system in our 

models reduce the translational relevance of our findings. It would have been useful 

to assess Alisertib IR combinational efficacy in the LLC syngeneic model, but this 

was limited by ethical means.  

Additionally, the administration of radiation to the tumour here was crude, whereby 

radiation fractions were applied in two equal parts, half of dose being given to one 

face of the tumour and half of dose to the opposite tumour face. This approach 

lacked the precision of CT guided radiotherapy and did not adapt to the shape of 

tumours meaning that radiation dose may not have been equally distributed across 

the tumour. This increases the chance that some tumour cells were insufficiently 

irradiated and potentially dilutes any observed treatment effects. 
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6. Evaluation of AURKA expression as a predictive biomarker for NSCLC 

response to radiation 

6.1. Introduction, aims and hypotheses 

Lung cancer kills more people annually than any other cancer in the UK, however 

there has been little improvement in 10-year survival since the 1970s (CRUK 2018). 

These data suggest that the current treatment options for lung cancer, including 

radiotherapy, are suboptimal, and this is in part due to a lack of predictive 

biomarkers for therapeutic response. AURKA is overexpressed, relative to non-

neoplastic tissue equivalents, in a large range of cancers (Bischoff et al. 1998; 

Gritsko et al. 2003; Lo Iacono et al. 2011; Lucena-Araujo et al. 2011; Chuang et al. 

2016; Ma et al. 2017). AURKA overexpression is also a well-documented indicator of 

a poor prognosis in a range of cancers (Lucena-Araujo et al. 2011; Ma et al. 2017; 

Yan et al. 2018), including NSCLC (Xu et al. 2014; Al-Khafaji et al. 2017; Koh et al. 

2017; Schneider et al. 2017) and this demonstrates the potential utility of AURKA as 

a biomarker. There is also evidence linking AURKA expression and radiation 

response. Ectopic over-expression of AURKA in vitro has been shown to reduce the 

radiosensitivity of laryngeal squamous cell carcinoma cell lines (Guan et al. 2007). 

Furthermore, in cervical squamous cell carcinoma high AURKA expression in pre-

therapy tumour biopsies correlated with poorer overall survival and disease 

recurrence in patients receiving radical radiotherapy (Ma et al. 2017). Importantly, 

high pre-therapy AURKA expression in cervical squamous cell carcinoma was 

associated with reduced likelihood to achieve a complete response and increased 

likelihood to have progressive disease in response to definitive radical radiotherapy 

(Ma et al. 2017). This provides evidence that AURKA expression status may predict 
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radiation response in a patient population. This chapter will address if AURKA 

expression status in NSCLC is predictive of clinical outcome post-radiotherapy. 

The aims of this chapter are to assess the following: 

1. The predictive value of AURKA mRNA expression in NSCLC patients treated 

with radiotherapy using public datasets 

2. The sensitivity and specificity of AURKA staining in cell line pellets and 

NSCLC patient pre-therapy diagnostic tumour samples 

3. AURKA protein expression in NSCLC patient pre-therapy diagnostic tumour 

samples and association with overall survival, radiotherapy response and time 

to tumour progression in patients treated with radical or high dose palliative 

radiotherapy  

The hypothesis of this chapter is: 

• High AURKA expression is associated with poorer clinical outcomes following 

radiotherapy 

 

 

 

 

 

 

 

 



6. Evaluation of AURKA expression as a predictive biomarker for NSCLC response 
to radiation 

254 
 

6.2. Results 

6.2.1. Kaplan Meier (KM) Plotter data reveals AURKA mRNA expression is a 

negative prognostic marker in NSCLC and is associated with worse overall 

survival, reduced time to first tumour progression and worse post-progression 

survival in NSCLC patients that received radiotherapy 

6.2.1.1. AURKA mRNA is overexpressed in NSCLC samples and is associated 

with a poor prognosis that is disease subtype specific 

KM plotter is an online tool that can be used to query cancer mRNA expression 

databases GEO, EGA and TCGA whilst simultaneously coupling patient outcome 

data with mRNA expression data (Győrffy et al. 2013)  There are 2437 NSCLC 

samples with a mean follow-up of 49 months (Győrffy et al. 2013). This database 

was queried to assess the prognostic and predictive value of AURKA in NSCLC. 

There were three Affymetrix probes that were used to assess AURKA mRNA 

expression in NSCLC samples: 204092_s_at, 208079_s_at and 208080_at. When 

assessed for expression in the NSCLC cohort with it was found that median 

expression of 204092_s_at and 208079_s_at probes were significantly upregulated 

in NSCLC tissues when compared to normal lung tissues (data not shown). There 

was a reduction in median expression of the 208080_at probe in NSCLC samples 

when compared to normal lung tissues which was not in line with what is accepted 

about AURKA mRNA expression in NSCLC (Lo Iacono et al. 2011; Li et al. 2015; Al-

Khafaji et al. 2017; Li et al. 2018; Zhang et al. 2018), therefore this probe 

(208080_at) was not carried forward for further analysis.  

Overall survival is considered the gold standard for outcome when assessing the 

impact of cancer treatment (Mauguen et al. 2013). Subsequently when dichotomising 
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the NSCLC samples, based on median expression, into high and low expressers of 

AURKA mRNA high expression was associated with worse overall survival in 

NSCLC patients (see Figure 6.1 A & D). In addition, when disease subtype was 

considered, high AURKA mRNA expression was associated with worse overall 

survival in lung adenocarcinoma patients (see Figure 6.1 B & D). In contrast, in lung 

squamous cell carcinoma patients high AURKA mRNA expression was found that 

have no effect on overall survival (see Figure 6.1 C-D). 



6. Evaluation of AURKA expression as a predictive biomarker for NSCLC response 
to radiation 

256 
 

 

Figure 6.1. Prognostic Impact of AURKA mRNA expression probes 

204092_s_at and 208079_s_at in A. Total NSCLC B. Lung ADC and C. 

Lung SCC. Legend overleaf 
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These data suggest a prognostic role for AURKA expression in lung 

adenocarcinoma patients. This contrasts with the findings of Lee et al (2012) who 

found no association with AURKA expression status and overall survival in either 

lung squamous cell carcinoma or lung adenocarcinoma subtypes respectively. The 

findings by Lee et al (2012) were however based upon protein AURKA expression, 

unlike the mRNA-based approach here.  

 

 

Figure 6.1. Prognostic Impact of AURKA mRNA expression probes 

204092_s_at and 208079_s_at in A. Total NSCLC B. Lung ADC and C. Lung 

SCC. Overall survival presented. Cutoff for high vs low expression status was 

median probe expression. Follow-up threshold was 240 months, patients 

surviving over this threshold were censored. D. Table of median survival in 

populations, Hazard ratios (HR) with 95% confidence intervals (CI) stated. 

Survival distributions compared, and p-value derived from logrank test. (All 

NSCLC group N= 1926, Lung ADC only group N= 720 and Lung SCC only group 

N= 524). 
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6.2.1.2. High AURKA mRNA expression is associated with worse overall 

survival, reduced time to tumour progression and showed trend for worse 

post-progression survival in NSCLC adenocarcinoma patients treated with 

radiotherapy 

To assess the predictive impact of high AURKA expression on NSCLC radiotherapy 

response KM plotter was again used to assess outcomes in a small cohort of 

patients (N= 70) that had received radiotherapy (Director's Challenge Consortium for 

the Molecular Classification of Lung et al. 2008; Győrffy et al. 2013). This cohort is 

comprised of lung ADCs of stages I, II and III (Director's Challenge Consortium for 

the Molecular Classification of Lung et al. 2008). Unfortunately, there is no 

accompanying information pertaining to the dose of radiotherapy received, the 

modality of radiotherapy and whether radiotherapy was used alone or in conjunction 

with surgery or chemotherapy (Director's Challenge Consortium for the Molecular 

Classification of Lung et al. 2008). However, this dataset can provide a first 

investigation into a NSCLC ADC cohort that has received radiotherapy and 

association of AURKA mRNA expression with patient outcomes.  

Using median probe expression as a cut-off for high and low expression of AURKA 

mRNA there was a non-significant trend for reduced 5-year survival (see Figure 6.2 

A & D). Statistical non-significance here, however, may be accounted for by small 

sample size (N= 70) and a median expression cut-off may dilute effect size. Given 

this, the 1st and 3rd tertiles of AURKA mRNA expression were used to dichotomise 

patients into AURKA high and low expressers (see Figure 6.2 B & D). This resulted 

in further separation of 5-year survival curves that were close to statistical 

significance. Convergence of survival curves when assessing at the 60 month point 

of follow-up, despite differences in survival in the intermediate months, implied that 
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by 5-years survival rates were levelling off. Choosing 36-month follow-up as an 

intermediate point of assessment revealed that overall survival in patients with 

AURKA mRNA expression in the upper tertile was significantly reduced when 

compared to patients with expression in the lower tertile (see Figure 6.2 C-D).  
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Figure 6.2. Overall survival of NSCLC ADC patients receiving 

radiotherapy when AURKA mRNA expression was high or low through 

probes 204092_s_at and 208079_s_at using A. Median expression cut-off 

and 60-month follow-up threshold, B. Upper and lower tertile expression 

cut-off and 60-month follow-up threshold & C. Upper and lower tertile 

expression cut-off and 36-month follow-up threshold.  Legend overleaf 
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Whilst overall survival is considered a gold standard for assessing NSCLC treatment 

outcomes it is limited by length of follow-up time required and can be affected by the 

occurrence of non-cancer deaths (Mauguen et al. 2013). Given this, surrogate 

endpoints associated with tumour progression, with the advantage of requiring 

reduced follow-up, are also considered useful endpoints in NSCLC patients post-

radiotherapy (Mauguen et al. 2013). NSCLC ADC patients receiving radiotherapy 

were also more likely to experience first tumour progression earlier when AURKA 

mRNA expression was high. 36-month follow-up showed that there was a trend for 

NSCLC ADC patients receiving radiotherapy to experience earlier first tumour 

progression when AURKA expression was high (see Figure 6.3 A & D). As 36-month 

follow threshold for time to first progression was affected by convergence of 

Figure 6.2. Overall survival of NSCLC ADC patients receiving radiotherapy 

when AURKA mRNA expression was high or low through probes 

204092_s_at and 208079_s_at using A. Median expression cut-off and 60-

month follow-up threshold, B. Upper and lower tertile expression cut-off 

and 60-month follow-up threshold & C. Upper and lower tertile expression 

cut-off and 36-month follow-up threshold. Patients surviving over follow-up 

thresholds were censored. D. Table of median survival in populations, Hazard 

ratios (HR) with 95% confidence intervals (CI) stated. Survival distributions 

compared, and p-value derived from logrank test. (N= 70). 

 



6. Evaluation of AURKA expression as a predictive biomarker for NSCLC response 
to radiation 

262 
 

probability curves an earlier 18-month follow-up threshold was investigated (see 

Figure 6.3 B & D). This revealed that when AURKA mRNA expression was high 

NSCLC ADC patients receiving radiotherapy were significantly more likely to 

experience earlier first tumour progression.  

Post-progression survival is the time between progression free survival and overall 

survival and has been shown to correlate with overall survival in NSCLC patients 

following chemoradiotherapy (Kasahara et al. 2015). When using a 36-month follow 

up threshold, there was a non-significant trend for reduced post-progression survival 

when expression of AURKA mRNA expression was high (see Figure 6.3 C-D). 
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Figure 6.3. Time to first tumour progression and post-progression 

survival of NSCLC ADC patients receiving radiotherapy when AURKA 

mRNA expression was high or low through probes 204092_s_at and 

208079_s_at A. Time to first tumour progression using 36-month follow-

up threshold. B. Time to first tumour progression using 18-month 

follow-up threshold. C. Post-progression survival using 36-month 

follow-up threshold. Legend overleaf 
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These data suggest that high AURKA mRNA expression in NSCLC patients treated 

at least once with radiotherapy was associated with worse overall survival, earlier 

first tumour progression and had a trend for reduced post-progression survival. Data 

showing that AURKA mRNA expression status was associated tumour progression 

following treatments indicate that AURKA may influence treatment efficacy. 

However, these data are limited to lung adenocarcinomas and are further limited by 

a lack of radiotherapy dose data to accompany clinical outcome data. Finally, these 

investigations were restricted to clinical outcome associations with AURKA mRNA 

expression only. AURKA regulation, is complex and AURKA protein overexpression 

can be driven through post-translational stabilisations in an mRNA independent 

manner (Kitajima et al. 2007). Therefore, the above data derived from KM plotter 

Figure 6.3. Time to first tumour progression and post-progression survival 

of NSCLC ADC patients receiving radiotherapy when AURKA mRNA 

expression was high or low through probes 204092_s_at and 208079_s_at 

A. Time to first tumour progression using 36-month follow-up threshold. B. 

Time to first tumour progression using 18-month follow-up threshold. C. 

Post-progression survival using 36-month follow-up threshold. Upper and 

lower tertile expression cut-off used. Patients surviving over follow-up thresholds 

were censored. D. Table of median time to event survival in populations, Hazard 

ratios (HR) with 95% confidence intervals (CI) stated. Survival distributions 

compared, and p-value derived from logrank test. (N= 70 for first tumour 

progression N= 57 for post-progression survival). 
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needs complementing with data that considers radiotherapy dosing specifics and 

AURKA expression at the protein level to provide support to the hypothesis that 

AURKA expression can predict radiotherapy response in NSCLC. 

6.2.2. Optimisation of AURKA staining via IHC 

6.2.2.1. AURKA staining in NSCLC cell line pellets and patient biopsy samples 

using pressure cooker antigen retrieval, pH 6.1 citrate target retrieval buffer 

and avidin-biotin (ABC) signal amplification 

When staining patient NSCLC biopsy samples for AURKA there must be evidence 

that the stain is sensitive and specific. Cell line pellets are useful tools for 

optimisation of IHC staining because gene expression is easily altered in vitro. 

Modulating gene expression in vitro using siRNA and IHC staining for that target 

using cell line pellets can provide indications about the sensitivity and specificity of 

the staining protocol. Here we used a standard IHC protocol using pressure cooker-

based antigen retrieval, pH 6.1 citrate target retrieval solution for antigen retrieval, 

overnight primary antibody incubation and ABC signal amplification prior to 

detection. 

When the H460 cell line was depleted of AURKA using AURKA siRNA 1 or 2 and 

harvested 24 hours post-transfection we found that AURKA staining was reduced 

when compared to H460 cell pellet transfected with scrambled siRNA control when 

using 1:500 and 1:1000 primary antibody (see Figure 6.4 A). Also sampling of H460 

populations prior to fixation for western blot analysis confirmed relative depletion of 

AURKA expression by 65.8% and 53.3% when transfecting with AURKA siRNA 1 or 

2 compared to scrambled siRNA control (see Figure 6.4 B). However, using 1:1000 

AURKA blocking peptide with AURKA primary antibody in cell line pellets however 
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revealed that a proportion of stain via this methodology was likely non-specific (see 

Figure 6.4 C). The same protocol using 1:1000 primary antibody in diagnostic patient 

samples was also associated with background stain as well as suspected positive 

stain (see Figure 6.4 D).   
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Figure 6.4. AURKA IHC staining in H460 cell line pellets transfected 

with scrambled or AURKA siRNA and patient biopsy samples using 

pressure cooker antigen retrieval, citrate retrieval buffer and ABC 

signal amplification. Legend on page 269. 
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Figure 6.4. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples using pressure 

cooker antigen retrieval, citrate retrieval buffer and ABC signal amplification 

Legend overleaf 
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Figure 6.4. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples using pressure 

cooker antigen retrieval, citrate retrieval buffer and ABC signal 

amplification. A. Representative images of AURKA IHC staining in H460 cell line 

pellets. No antibody controls were counterstained with Gill’s haematoxylin. 

Antibody signal on stained cells was developed with DAB for 3 minutes 30 

seconds (N=1). Scale bars represent 50 μm. B. Western blot for AURKA in H460 

lysates from cells 24-hours post-transfection with scrambled siRNA or AURKA 

siRNA 1/2. Lysates sampled from populations that were used to create cell line 

pellets in A (N=1). C. IHC staining for AURKA in H460 cell line pellets transfected 

with scrambled siRNA +/- 1:1000 blocking peptide (N=1). Scale bars represent 

400 μm (- blocking peptide) and 250 μm (+ blocking peptide) respectively. D. 

AURKA staining in the diagnostic biopsy of a SCC NSCLC patient using 1:1000 

primary antibody. DAB exposure was for 3 minutes 30 seconds. Cells were 

counterstained with haematoxylin. Scale bar represents 100 μm. Area within the 

small rectangle is re-represented in image bottom right corner 5x larger. Black 

arrow indicates epithelial cancer cell with positive nuclear and cytoplasmic 

staining. Red arrow indicates area of non-specific stain. All slides were scanned 

using a panoramic 250 slide scanner using a 20x objective.  
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These results suggest that AURKA staining protocol was potentially successful in 

detecting AURKA but improvements to the signal:background ratio were required to 

ensure the specificity of stain in biopsy samples.   

6.2.2.2. AURKA staining in NSCLC cell line pellets and patient biopsy samples 

optimising primary antibody incubation and concentration, antigen retrieval 

method and buffer and signal detection system 

To improve the sensitivity of the staining protocol 1:200 primary antibody was used 

in line with a published example using the same antibody for IHC in NSCLC samples 

(Xu et al. 2014). Initial protocol optimisations would use this concentration of 

antibody, pressure cooker antigen retrieval, pH 6.1 citrate target retrieval solution for 

antigen retrieval and ABC signal amplification for signal detection as a baseline of 

comparison. The length of primary antibody incubation (1 hour vs 18 hours), antigen 

retrieval method (pressure cooker vs microwave), antigen retrieval buffer (pH 6.1 

citrate target retrieval solution vs pH 9.0 Tris EDTA buffer) and signal detection 

system (ABC vs ImmPRESS® kits) was then altered to see which protocol provided 

best trade-off between sensitivity and specificity in the H460 cell line pellets 

described above.  

Here we show that the baseline protocol with 1:200 primary antibody was associated 

with significant background stain both with 1 hour and overnight incubations and 

poorly discriminated cell line pellet expression levels (see Figure 6.5 A-B). 

Microwave antigen retrieval, compared to pressure cooker method, was associated 

with increased specificity after 1 hour primary antibody incubation, producing staining 

consistent with siRNA depletion data, although this specificity was lost when 

incubating primary antibody overnight (see Figure 6.5 A-B). The pH 9.0 Tris EDTA 
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buffer, compared to pH 6.1 citrate target retrieval solution, did not provide any 

superior specificity with either 1 hour or overnight primary antibody incubation (see 

Figure 6.5 A-B). The ImmPRESS® detection system, compared to ABC kit, 

demonstrated improved correlation of staining with gene expression data after 1 hour 

primary antibody incubation but specificity was lost when antibody incubation was 

overnight (see Figure 6.5 A-B).  
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Figure 6.5. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA after varying antigen retrieval method, 

antigen retrieval buffer and signal detection system. Legend on page 274. 
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Figure 6.5. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA after varying antigen retrieval method, 

antigen retrieval buffer and signal detection system. Legend overleaf 
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These data suggest that using microwave retrieval method or ImmPRESS® signal 

detection system with 1 hour primary antibody incubation enhanced the specificity of 

the AURKA staining protocol compared to the standard protocol. Given this we 

investigated using microwave retrieval in combination with the ImmPRESS system, 

using 1 hour primary antibody incubation, microwave retrieval method, pH 6.1 citrate 

target retrieval solution and ABC signal detection as standard. We also used an 

increased concentration of 1:200 AURKA blocking peptide to compare the specificity 

of staining protocols. 

Here we found that both microwave retrieval alone and microwave retrieval with 

ImmPRESS® detection method achieved staining consistent with gene expression 

data in cell line pellets (see Figure 6.6 A-B). However, when using the AURKA 

blocking peptide we see greater reduction in signal in the protocol combining 

microwave retrieval and ImmPRESS® signal detection, suggesting that this protocol 

provided superior specificity. Using the combined protocol with microwave retrieval 

and ImmPRESS® signal detection to stain patient biopsies also significantly reduced 

background compared to the first attempt, with evidence of a small number of weakly 

positive tumour cells (see Figure 6.6 C-D).   

 

Figure 6.5. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA after varying antigen retrieval method, antigen 

retrieval buffer and signal detection system. Representative images of AURKA 

IHC staining in H460 cell line pellets after A. 1 hour primary antibody incubation 

and B. overnight primary antibody incubation. Standard comparative protocol 

using labelled 1:200 AURKA used pressure cooker retrieval, pH 6.1 citrate target 

retrieval solution and ABC detection system. Antibody signal on stained cells was 

developed with DAB for 3 minutes 30 seconds and cells were counterstained with 

Gill’s haematoxylin (N=1). Scale bars represent 50 μm. All slides were scanned 

using a panoramic 250 slide scanner using a 20x objective.  
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Figure 6.6. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples after microwave 

retrieval method and ImmPRESS® detection system. Legend on page 278. 
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Figure 6.6. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples after microwave 

retrieval method and ImmPRESS® detection system. Legend on page 278. 
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Figure 6.6. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples after 

microwave retrieval method and ImmPRESS® detection system. 

Legend overleaf 



6. Evaluation of AURKA expression as a predictive biomarker for NSCLC response 
to radiation 

278 
 

  

 

 

 

 

 

 

 

 

This suggested that using microwave antigen retrieval with ImmPRESS signal 

detection had increased the specificity of AURKA staining in both cell line pellets and 

diagnostic NSCLC tumour samples. However, whilst positive signal was clear in cell 

line pellets we observed reduced sensitivity for AURKA detection in diagnostic 

NSCLC tumour samples. Whilst measures were taken to mimic fixation procedures 

in cell line pellets as in diagnostic biopsy material, this discrepancy in staining 

sensitivity may be explained by extent of fixation (Ramos-Vara 2005). Therefore, we 

investigated using increased primary antibody concentration and extended antigen 

retrieval time with the optimised protocol so see if we could achieve enhanced 

staining sensitivity in the absence of increasing background. This was firstly tested in 

cell line pellets, despite adequate staining sensitivity in this material, due to the 

precious nature of diagnostic biopsy material.  

Figure 6.6. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples after microwave 

retrieval method and ImmPRESS® detection system. Representative images 

of AURKA IHC staining using in H460 cell line pellets after A. microwave retrieval 

with ABC signal detection system and B. microwave retrieval with ImmPRESS® 

signal detection system. Tissues stained with 1:200 AURKA primary antibody +/- 

blocking peptide. Antibody signal on stained cells was developed with DAB for 3 

minutes 30 seconds and cells were counterstained with Gill’s haematoxylin (N=1). 

Scale bars represent 50 μm C. AURKA staining in the diagnostic biopsy of a SCC 

NSCLC patient using 1:1000 primary antibody with overnight incubation, pressure 

cooker retrieval and ABC signal detection system re-represented for comparative 

purposes. DAB exposure was for 3 minutes 30 seconds. D. AURKA staining in a 

section from the same diagnostic biopsy in C, using 1:200 primary antibody with 1 

hour incubation, microwave antigen retrieval and ImmPRESS® signal detection 

system. DAB exposure was for 15 minutes. Cells were counterstained with 

haematoxylin. Scale bars represent 100 μm. Area within the small rectangle is re-

represented in image bottom right corner 5x larger. Black arrow indicates 

epithelial cancer cells with positive nuclear and cytoplasmic staining. All slides 

were scanned using a panoramic 250 slide scanner using a 20x objective.  
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Increasing primary antibody concentration to 1:100 and 1:50 was associated with 

increasing positive signal that still discriminated well between cell line pellet AURKA 

protein expression levels (see Figure 6.7 A). However, use of the blocking peptide 

revealed that increasing the antibody concentration to 1:100 and 1:50 was also 

associated with increased non-specific signal (see Figure 6.7 B). Using extended 

microwave antigen retrieval also resulted in increased positive signal that was in line 

with levels of AURKA protein known to be present in the cell line pellets (see Figure 

6.7 C). Extended microwave antigen retrieval with blocking peptide incubation 

resulted in general reduction of signal intensity indicating that this protocol was 

specific. Combining extended microwave antigen retrieval with increased primary 

antibody concentration resulted in significant non-specificity that did not discriminate 

AURKA protein expression in cell line pellets and thus was not a useful approach 

(see Appendix Figures 8.7 and 8.8). Extended microwave antigen retrieval in patient 

samples resulted in superior sensitivity, compared to the standard microwave 

retrieval protocol, in the absence of excessive background signal (see Figure 6.7 D-

E).  
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Figure 6.7. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples using increased 

primary antibody concentration or extended microwave retrieval method. 

Legend on page 284. 
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Figure 6.7. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples using increased 

primary antibody concentration or extended microwave retrieval method. 

Legend on page 284. 
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Figure 6.7. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples using increased 

primary antibody concentration or extended microwave retrieval method. 

Legend on page 284. 
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Figure 6.7. AURKA IHC staining in H460 cell line pellets transfected 

with scrambled or AURKA siRNA and patient biopsy samples using 

increased primary antibody concentration or extended microwave 

retrieval method. Legend on overleaf. 
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Taken together these data indicate that using extended microwave antigen retrieval 

time along with our optimised AURKA staining protocol improves protocol sensitivity 

in both cell line pellets and patient diagnostic biopsy samples without reduction in 

signal specificity. 

6.3. Discussion 

In this chapter we present data that illustrates that high AURKA mRNA expression is 

associated with associated with a poor prognosis in NSCLC ADC patients but not 

SCC patients. We also show that in a cohort of NSCLC patients receiving 

radiotherapy that high AURKA mRNA expression is associated with poorer clinical 

outcomes. Finally, we show that AURKA protein expression can be detected with 

specificity in cell line pellets using an optimised protocol, and that with further 

Figure 6.7. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples using increased 

primary antibody concentration or extended microwave retrieval method. 

Representative images of AURKA IHC staining using in H460 cell line pellets after 

A. Microwave retrieval with ImmPress® signal detection system and increasing 

primary antibody concentration B. As in A with blocking peptide. C. With extended 

microwave retrieval protocol with ImmPRESS® signal detection system +/- 

blocking peptide. Antibody signal on stained cells was developed with DAB for 3 

minutes 30 seconds and cells were counterstained with Gill’s haematoxylin (N=1). 

Scale bars represent 50 μm. D. AURKA staining in the diagnostic biopsy of a SCC 

NSCLC patient section using 1:200 primary antibody with 1 hour incubation, 

standard microwave antigen retrieval and ImmPRESS® signal detection system 

re-represented for comparative purposes. DAB exposure was for 15 minutes. E. 

AURKA staining in a section from the same diagnostic biopsy in C, using 

extended microwave antigen retrieval. DAB exposure was for 7 minutes. Cells 

were counterstained for haematoxylin. Scale bars represent 100 μm. Area within 

the small rectangle is re-represented in image bottom right corner 5x larger. Black 

arrow indicates epithelial cancer cells with positive nuclear and cytoplasmic 

staining. All slides were scanned using a panoramic 250 slide scanner using a 

20x objective.  
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optimisation an acceptable signal:background ratio could be achieved in NSCLC 

biopsy samples.  

6.3.1. High AURKA mRNA expression is associated with a poor prognosis in 

ADC but not SCC NSCLC patients 

We present data that high AURKA mRNA expression is associated with poorer 

overall survival in NSCLC, which when tissue histology was accounted for was only 

true in NSCLC ADC but not SCC. This corroborates other published data that 

supports a prognostic role for high AURKA mRNA expression in NSCLC ADC (Li et 

al. 2018; Zhang et al. 2018) but contrasts with data that suggest that AURKA protein 

overexpression is prognostic in NSCLC SCC only (Ogawa et al. 2008) or in neither 

subtype (H.J. Lee et al. 2012). These discrepancies may be accounted for by the 

mRNA approach adopted here compared to the protein detection by Ogawa et al 

(2008) and Lee et al (2012). Ogawa et al (2008) found that only peri-membrane 

overexpression of AURKA was of prognostic importance in SCC and this biological 

complexity is not accounted for by mRNA expression. It would be interesting to see if 

there is a prognostic/predictive role for high AURKA (mRNA/protein) expression in 

NSCLC LCC, despite this subtype being less common compared to ADC and SCC 

(Chen et al. 2014). 

6.3.2. High AURKA mRNA expression is associated with poorer clinical 

outcomes in NSCLC patients receiving radiotherapy 

Our data also show that in a NSCLC ADC patient cohort receiving radiotherapy, high 

AURKA mRNA expression was associated poorer overall survival, reduced time to 

first progression and a trend for reduced post-progression. These data suggest that 

treatment outcomes post-radiotherapy in NSCLC ADC are poorer when AURKA 
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mRNA expression is high which is in line with a predictive role suggested in cervical 

squamous cell carcinoma (Ma et al. 2017). Further investigations are needed to see 

if these findings are validated when detecting AURKA at the protein level, and if 

shorter-term radiotherapy response is also affected by AURKA expression status as 

seen by Ma et al (2017).   

6.3.3. AURKA protein staining protocol is sensitive and specific in cell line 

pellets and in NSCLC patient diagnostic biopsy samples  

Here we show that our optimised AURKA staining protocol is sensitive and specific 

and discriminates well between AURKA protein expression levels in cell line pellets. 

We show that use of our primary antibody at 1:200, in line with previous reports (Xu 

et al. 2014), provided adequate sensitivity whilst microwave antigen retrieval method, 

pH 6.1 citrate target retrieval solution and ImmPRESS signal detection system all 

contributed to the specificity of the staining protocol. However, in NSCLC patient 

diagnostic biopsies we found that our improved protocol lacked sensitivity. Alteration 

of this protocol, by using extended microwave antigen retrieval, improved the signal 

sensitivity of AURKA staining without reducing specificity in both cell line pellets and 

patient biopsy samples. This suggests that fixation procedure may be an important 

factor in any future studies of AURKA in NSCLC (Ramos-Vara 2005) and may 

require fresh or frozen tissue specimens to ensure that fixation procedure is 

consistent between samples. The extended microwave antigen retrieval protocol 

produced both cytoplasmic and nuclear staining pattern in NSCLC epithelial cells 

consistent with previous reports (Lo Iacono et al. 2011; Xu et al. 2014). We are now 

prepared to assess AURKA protein expression in our NSCLC cohort and will 

correlate AURKA staining status with three month radiological response to 

radiotherapy, time to tumour progression and overall survival. This will give an 
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indication of the predictive utility of AURKA expression in NSCLC patients receiving 

radical radiotherapy or high dose palliative radiotherapy. It will also be important in 

any future clinical trials of AURKA where AURKA staining can be assessed as a 

biomarker of response to AURKA inhibition/radiation response. Additionally, given 

that we see that AURKA inhibition radiosensitised NSCLC cell lines in a p53-

dependent manner in vitro, assessment of both p53 and AURKA protein expression 

in pre-therapy samples may be of predictive utility when combining AURKA inhibitors 

and radiotherapy in NSCLC patients.     

6.3.4. Limitations  

One weakness associated with our KM plotter data is a lack of patient/treatment 

associated information. Whilst the prognostic impact of high AURKA mRNA 

expression stands in a large cohort of NSCLC patients, a lack of dosing information 

is limiting in the subset of patients receiving radiotherapy. The NSCLC cohort 

analysed is comprised of early stage (I and II) ADC patients (Director's Challenge 

Consortium for the Molecular Classification of Lung et al. 2008). It is therefore 

possible that radiotherapy treatment was used in a combinational/adjuvant setting 

and therefore our findings in this smaller cohort are particularly at risk to confounding 

variables. Another weakness associated with our KM plotter data is that it only 

appraises AURKA expression at the mRNA level. It is well-established that mRNA 

levels do not always equate to protein expression levels (de Sousa Abreu et al. 

2009) and AURKA overexpression has been demonstrated through transcription-

independent mechanisms (Kitajima et al. 2007). Therefore, AURKA protein 

expression, in the absence of mRNA overexpression, could affect our KM plotter 

data and highlight the importance of our clinical study with control for extraneous 

variables and appraisal of AURKA expression at the protein level. 
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It is also possible that our findings using KM plotter AURKA mRNA expression data, 

and any potential future correlations between AURKA protein data and NSCLC 

radiotherapy outcomes, are related to the prognostic impact of AURKA expression 

and unrelated to specific therapeutic outcome. A true predictive biomarker identifies 

patients who are most likely to respond positively to a given treatment (Paesmans 

2012) and is best exemplified by Her2 positivity for Trastuzumab treatment for breast 

cancer (Slamon et al. 2011). High AURKA mRNA/protein expression is a well-

established marker of malignancy and poor prognosis in multiple cancer types 

(Lucena-Araujo et al. 2011; Ma et al. 2017; Yan et al. 2018), including NSCLC (Xu et 

al. 2014; Al-Khafaji et al. 2017; Koh et al. 2017; Schneider et al. 2017). The 

prognostic impact of AURKA may therefore be misleading a potential predictive role. 

It is postulated that predictive biomarkers need validation through randomised 

clinical trials to demonstrate the specificity of prediction towards a specific treatment 

(Paesmans 2012) and this is outside of the scope of this study. It will be interesting 

to see if AURKA expression status affects three month radiotherapy response in our 

study, as this could provide the first indication as to whether expression status 

affects immediate treatment response and could hint at predictive utility. Additionally, 

although not performed in our study, it would useful to see if NSCLC AURKA 

expression changes during treatment are predictive of radiotherapy response. Like 

the RADAR study (Walker et al. 2015), this approach would have potential to identify 

treatment-related changes in biology which we would expect to have increased 

predictive utility. Moreover, staining for activated T288 p-AURKA may be a useful 

approach, although this would not account for kinase-independent AURKA activity 

which has been evidenced in breast cancer (Zheng et al. 2016). 
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Cell line pellets are useful models for IHC staining optimisation because gene 

expression is easily manipulated in vitro to provide material with varying target 

expression and are potentially endless sources of material. Cell line pellets do not 

recapitulate the tissue complexity, such as the stromal component, of NSCLC patient 

diagnostic samples which could affect staining properties (Gedda et al. 2010). We 

found that signal intensity, once acceptable staining was achieved in cell line pellets, 

was much reduced in NSCLC patient diagnostic biopsy samples. This highlights the 

poor translation of IHC staining between cell line pellets and biopsy samples and is 

potentially a consequence of prolonged fixation in patient samples, which is known to 

reduce antigenicity (Ramos-Vara 2005). It would be useful to have access to a 

biopsy sample known positive control for AURKA protein such as a normal colonic 

mucosa sample (Xu et al. 2014) to further ensure our staining protocol is adequately 

sensitive and specific in formalin-fixed tissue specimens. 
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7. Discussion 

7.1. Targeting AURKA radiosensitises NSCLC cells 

In this thesis we provide evidence that increased AURKA protein expression is 

associated with decreased radiosensitivity in NSCLC cell lines whilst increased 

mRNA expression was associated with a poor prognosis following radiotherapy in 

NSCLC patients using a publicly available database. This suggests that AURKA 

expression contributes to the radioresistance of NSCLC and is line with previous 

reports in different cancer types (Guan et al. 2007; Ma et al. 2017). We also show 

that AURKA is activated by IR alone 24 hours post-IR which suggests that AURKA is 

directly involved in the radiation response of NSCLC cells. This provides further 

evidence that AURKA activity following IR contributes to the cellular radiation 

response in vitro (Chen et al. 2017).  

We find that targeting AURKA pharmacologically with Alisertib has significant anti-

tumour effects in both in vitro and in vivo models of NSCLC. Importantly, we present 

data that demonstrate that targeting AURKA, both pharmacologically with Alisertib 

and with siRNA, radiosensitises NSCLC cell lines in vitro using single dosing events 

of Alisertib and IR respectively. Furthermore, we find that Alisertib monotherapy 

potently inhibited H460 xenograft growth and remarkably induced temporary tumour 

regressions in combination with IR in vivo. Taken together these data provide further 

evidence identifying AURKA as a radiosensitisation target in NSCLC in vitro (Myers 

et al. 2013; Woo et al. 2015) and in vivo (Woo et al. 2015) and that Alisertib is 

capable of radiosensitising cancer in vivo (Venkataraman et al. 2012; Hong et al. 

2014). However, this is the first example of Alisertib radiosensitising NSCLC in vivo. 

We predict that this striking effect in vivo may be related to repeated IR and Alisertib 

dosing events. We show that radiosensitising effect of targeting AURKA is p53-



7. Discussion 

291 
 

dependent in NSCLC cell lines in vitro, as previously reported (Myers et al. 2013), 

which may restrict the patient population that can benefit from this treatment 

combination.    

We demonstrate that the radiosensitising potential of Alisertib is time-dependent 

requiring presence of Alisertib 24 hours post-IR. This, along with delayed activation 

of AURKA post-IR, provides evidence of a delayed radiosensitising mechanism and 

has important implications for combining Alisertib and radiation in further preclinical 

and human studies. In addition, this provides evidence of a pre-treatment 

independent effect, and therefore counters the hypothesis that the radiosensitising 

mechanism is through irradiation of a mitotically enriched population of cells 

(Manfredi et al. 2011). Moreover, we present that 24-hours post-treatment Alisertib 

inhibits IR-induced activation of AURKA and causes an accumulation of inactive 

AURKA protein, consistent with a function of AURKA for cell survival during recovery 

from IR. 

7.2. Radiosensitising mechanism of the Alisertib IR combination  

In this thesis we also present an evaluation of the radiosensitising mechanism/mode 

of cell death following Alisertib IR combination. Consistent with a delayed 

radiosensitising effect, we observed p53-dependent changes in NSCLC cell cycle 

profiles 48 hours post-treatment with Alisertib IR combination in vitro. By 48 hours 

post-treatment we observe loss of the mitotic population in p53 proficient NSCLC cell 

lines, but not in p53 deficient cell lines which showed greater polyploidy as a basal 

population and following Alisertib IR combination. In agreement with this finding, we 

also find that mitotic population was eliminated in p53 proficient H460 cells in vivo 

following Alisertib IR combination. H460 xenograft Ki67 staining was also reduced 
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following IR alone or Alisertib IR combination in vivo, showing that cell cycle 

progression was perturbed.  

Additionally, we also show that H460 cells underwent increased intra-mitotic death, 

aberrant mitotic divisions and spent longer in mitosis 24-36 hours but not 48-62 

hours following Alisertib IR treatment. This provides evidence of a time-dependent 

window of effect on the H460 mitotic population and may be related to time-

dependent radiosensitising effect observed in the same cell line. Phenotyping of 

H460 mitotic cells following Alisertib IR combination highlights cooperative increases 

in centrosomal amplification, with or without pericentrin fragmentation, and increased 

anaphase population 24 hours post-treatment. There is evidence that cells with 

centrosome amplification are eliminated via p53-dependent mechanism (Oikawa et 

al. 2005) and this could explain the p53-dependency of radiosensitisation. Given that 

AURKA activity is required for centrosome clustering after centrosomal amplification 

(Navarro-Serer et al. 2019) and anaphase progression (Reboutier et al. 2013; 

Courthéoux et al. 2019), we speculate that AURKA is important for the integrity of 

mitotic progression following IR. This could explain why we see IR-induced AURKA 

activation, and AURKA accumulation 24 hours post-treatment in Alisertib IR 

combination as mitotic progression becomes impeded. Furthermore, a lack of 

centrosome clustering capability in Alisertib IR combination can provide the 

mechanistic basis for increased multipolar mitoses observed. We also observed 

increases in the incidence of micronuclei and multinucleation 72 hours following 

Alisertib IR combination in both the p53 proficient H460 and p53 deficient H1299 cell 

lines, indicative of increased mitotic aberrance (Vitale et al. 2011). Taken together, 

this suggests inhibition of AURKA following IR causes cell death, as seen in 

clonogenic survival, not due to mitotic aberrance per se but due to differential 
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response to a consistent stimulus. One potential outcome following mitotic aberration 

is senescence and we see cooperative increases in β-galactosidase expression in 

H460 cells following Alisertib IR combination, but not in H1299 cells. This allows us 

to speculate that the induction of cellular senescence following mitotic aberrance 

may contribute to the efficacy of the Alisertib IR combination. This is plausible given 

that the induction and maintenance of stress-induced senescence has been shown 

to occur in a p53-dependent manner (Beauséjour et al. 2003; Dirac and Bernards 

2003; Qian and Chen 2013). The induction of cellular senescence following Alisertib 

IR combination treatment in vivo has not yet been tested.   

We also demonstrate that the addition of Alisertib does not significantly alter DNA 

damage induction or damage resolution in the initial hours following IR but does 

show trend for increased residual damage 24 hours post-irradiation. This has 

potential to contribute to the therapeutic efficacy of the Alisertib IR combination, as 

persistent DNA damage is highly cytotoxic (International Atomic Energy Agency 

2010). We have yet to determine if the Alisertib IR treatment combination changes 

the relative contributions of the different DNA damage repair pathways following IR. 

However, we do not predict that this effect is significant in determining the efficacy of 

the Alisertib IR combination as our data show that radiosensitisation occurs when 

Alisertib is given 24 hours post-IR, by which point the DNA damage from IR alone is 

mostly resolved. We show that p53 is subject to biphasic stabilisation following 

Alisertib IR combination, stabilising initially through IR treatment, before Alisertib 

mediated stabilisation predominates by 24 hours post-treatment. We also see 

phosphorylation of p53 at T18, which is related to SAC activation and the p53 post-

mitotic checkpoint (Huang et al. 2009), 4 hours post-treatment with Alisertib alone 

but not after Alisertib IR combination. However, we currently do not understand the 
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functional consequences of this differential phosphorylation and if it is linked to 

Alisertib IR efficacy nor have we assessed direct activation of the SAC. We also do 

not see consistent changes to Chk1 and Chk2 activation following Alisertib IR 

treatment, contrary to a previous report (Sun et al. 2014). Overall, we find that 

changes to mitotic biology following Alisertib IR combination were more striking 

compared to any changes to the DNA damage response and therefore conclude the 

former is likely a greater contributor to combinational efficacy.    

We present data that demonstrates greater than additive de-phosphorylation of Akt 

at S473 by 24 hours post-treatment with Alisertib IR combination. We hypothesise 

that could be the result of an equilibrium shift towards cell death as constitutively 

S473 phosphorylated Akt in NSCLC is associated with promotion of cellular survival 

(Brognard et al. 2001). Dephosphorylation of Akt has been shown to occur prior to 

apoptosis (Itoh et al. 2002; Sun et al. 2004) supporting the argument that cell death, 

potentially in the form of p53-dependent apoptosis, is being initiated. Akt could also 

could be the molecular target for induction of centrosome amplification as Akt activity 

is required for maintenance of centrosome homeostasis (Leonard et al. 2013). Given 

that AURKA interacts with Akt post-IR (Chen et al. 2017), we predict that Akt de-

phosphorylation is involved in the response to Alisertib IR combination.    

In summary, we hypothesise that Alisertib and IR cooperate to promote centrosomal 

amplification in NSCLC cells in a potentially Akt-dependent mechanism, however in 

the presence of AURKA inhibition centrosomal clustering and anaphase progression 

does not occur. This leads to increased intra-mitotic death in p53 proficient cells but 

not in p53 deficient cells which exit aberrant mitoses and form polyploid cells. Given 

we observe increased time in mitosis, it is possible that mitotic exit may be through 

mitotic slippage (Brito and Rieder 2006; Vitale et al. 2011) and thus explains the 
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increase in polyploid cells. We also see increased multipolar mitoses which are the 

result of a lack of centrosomal clustering promoting micronuclei formation and 

multinucleation in daughter cells. In this case we hypothesise that the extent of 

genomic aberration results in cooperative increases in senescence in a p53-

dependent manner. 

7.3. AURKA as a predictive biomarker for radiotherapy response in NSCLC 

We illustrate that high AURKA mRNA expression data may be associated with 

poorer outcomes in a NSCLC patient cohort that received radiotherapy. However, 

without information about the radiotherapy given to these patients there may be 

confounding factors at play. Also, without initial radiotherapy response data poorer 

outcomes could be reflective of the well documented prognostic impact of high 

AURKA mRNA expression (Li et al. 2015; Li et al. 2018; Zhang et al. 2018) and 

unrelated to radiotherapy response. In cell line pellets we demonstrate that 

immunohistochemical detection of AURKA can be achieved and that microwave 

antigen retrieval combined with ImmPRESS signal detection system provided the 

best contrast in signal when AURKA was expressed or depleted. However, the same 

protocol, despite acceptable background stain, was not sensitive enough in NSCLC 

diagnostic biopsies. Extended microwave retrieval enhanced the sensitivity of the 

staining protocol in biopsy samples without reducing specificity and is suitable for 

staining our cohort of biopsy samples. If the Alisertib IR treatment combination is 

progressed to human clinical trials in NSCLC, then our data and staining optimisation 

will be important in accurately identifying patients with tumours evidencing high 

AURKA expression. Our data and others (Ma et al. 2017) indicate that high AURKA 

expression is associated with poorer radiotherapy outcomes, and therefore accurate 
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AURKA detection in NSCLC tumours has predictive potential and may allow for 

patient selection in clinical trials combining Alisertib and radiotherapy.   

7.4. Future Work 

We demonstrate the efficacy of the Alisertib IR combination in vitro and in vivo and 

support investigation of this treatment combination in human clinical trials. Inclusion 

of an agent into the CONCORDE platform trial in NSCLC requires evidence of an 

agent’s synergy with radiotherapy in vitro and in vivo, assessment of additional 

toxicity following thoracic irradiation in vivo to predict toxicity patterns as well as 

dosing and toxicity information of said agent monotherapy in humans (Hanna et al. 

2017). Alisertib monotherapy is well characterised in humans including NSCLC 

patients (Malumbres and Pérez de Castro 2014; Melichar et al. 2015) and therefore 

has immediate translational potential. Furthermore, there is pre-existing data 

pertaining to the use of Alisertib in a combinational context (Falchook et al. 2019), 

even with radiotherapy (Song et al. 2019) and can guide the design of Alisertib IR 

combinational trials in NSCLC patients.  

Encouragingly it appears that Alisertib IR combination has an acceptable safety 

profile in gliomas (Song et al. 2019), further supporting a combinational trial in 

NSCLC. It would be important to further develop an AURKA staining protocol in 

NSCLC patients to complement any potential human trial as it could allow for patient 

selection/stratification. Additionally, fixation likely contributed to the requirement for 

extended antigen retrieval protocol (Ramos-Vara 2005) and future clinical studies 

should standardise the tissue fixation method, or indeed acquire fresh tissue to 

promote staining consistency between tissue samples. 
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Given the incidence of p53 aberration of NSCLC, it is essential that the p53-

dependency of Alisertib IR efficacy is further examined as this will impact patient 

selection in any future potential clinical studies. This would be best investigated 

using an isogenic NSCLC system such as the H1299 H24 system (Chen et al. 1996) 

in vitro and in vivo and could be used to test the p53-dependency of the Alisertib IR 

combinational effects in NSCLC. Identifying the specific molecular mediators of the 

radiosensitising effect of Alisertib IR combination is also important. This could be 

achieved by assessing the phospho-proteome following Alisertib IR combination 

using mass spectrometry. Identifying the mediators of the radiosensitising effect of 

the Alisertib IR combination have predictive potential in both pre-clinical and human 

trials using this treatment combination. 

The normal tissue effects of the Alisertib IR combination must also be appraised to 

inform any potential human studies, as exacerbation of normal tissue toxicities 

following thoracic irradiation is to be avoided. We predict that targeting AURKA in 

combination with radiation will be most effective in the tumour tissues which are 

more likely to be high AURKA expressing and enriched for mitotic/cycling cells (Lo 

Iacono et al. 2011). However, there is a risk that targeting a mitotic kinase such as 

AURKA will radiosensitise all proliferative tissues within the field of irradiation 

including normal tissues such as the oesophagus (Fountain et al. 2015). It is 

accepted that the use of platinum agents as broad radiosensitising agents in 

NSCLC, whilst improving overall survival (Aupérin et al. 2010) have increased the 

incidence of radiation oesophagitis and pneumonitis (Verma et al. 2017). It must be 

established if Alisertib also does the same in a preclinical setting, especially given 

that clinical trials such as the CONCORDE trial require a preclinical appraisal of 

normal tissue effects of treatment combination to predict organs at risk (Hanna et al. 
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2017). This requires at least thoracic irradiation, ideally in orthotopic models of 

NSCLC, in combination with Alisertib in vivo. This could further help guide Alisertib 

dosing and toxicity endpoints in any potential human clinical trials combining Alisertib 

and IR in NSCLC. 
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Figure 8.1. Representative images of a H460 cell undergoing mitosis. Circled 

in red is the subject cell of this video. By frame 7 the subject has swollen as the 

nuclear envelope breaks down. By frame 7 and 11 chromosomes can be seen 

aligning at the metaphase plate. By frame 14 two daughters can be visualised as 

the cell performs cytokinesis. By frame 20 there are two distinct daughter cells, 

indicating that this mitosis took approximately 13 frames (7 – 20) or 65 seconds. 

Cells imaged with time-lapse phase contrast microscopy and with a 20x 

microscope objective. Each frame was captured after 5 minute intervals.  
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Figure 8.2. Representative images of a H460 cell that undergoes intra-mitotic 

death. Circled in red is the subject cell of this video. By frame 16 the subject has 

swollen as the nuclear envelope breaks down. By frame 18 the chromosomes 

aligning at the metaphase plate can be observed in subject. By frame 74 subject 

appears fully detached from well surface before cell undergoes cellular 

obliteration seen in frame 119 and frame 128. Cells imaged with time-lapse phase 

contrast microscopy and with a 20x microscope objective. Each frame was 

captured after 5 minute intervals.  
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Figure 8.3. Representative images of a H460 cell that undergoes aberrant 

mitosis resulting in >2 daughter cells. Circled in red is the subject cell of this 

video, seen visible with multiple nuclei. By frame 6 the subject has swollen as the 

nuclear envelope breaks down. By frame 24-27 multipolar mitosis is occurring. By 

frame 43 an initial 4 daughters cells has become three as bottom left and bottom 

right fuse, indicative of dysfunctional cytokinesis. By frame 57 there remains three 

viable daughter cells. Cells imaged with time-lapse phase contrast microscopy 

and with a 20x microscope objective. Each frame was captured after 5 minute 

intervals.  
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Figure 8.4. Representative H460 FACS plots for propidium iodide (PI) staining vs p-Histone 3 staining in cells 

transfected with scrambled siRNA control or p53 siRNA 1/p53 siRNA 2 48 hours post-irradiation (72 hours post-

transfection). Minimum of 10,000 single cell events collected in population isolated through (PI (FL-3) width vs PI (FL-3) 

height). Mitotic population defined through p-Histone 3 positivity 
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Figure 8.5. Representative H460 FACS plots for propidium iodide (PI) staining vs p-Histone 3 staining in cells 

transfected with scrambled siRNA control or p53 siRNA 1/p53 siRNA 2 72 hours post-irradiation (96 hours post-

transfection). Minimum of 10,000 single cell events collected in population isolated through (PI (FL-3) width vs PI (FL-3) 

height). Mitotic population defined through p-Histone 3 positivity 
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Figure 8.6. A549, H322 and SW900 cell cycle distribution 24 and 48 hours 

following treatment with 25 nM Alisertib, 4 Gy or combination. Mean cell 

cycle phase distribution 24 and 48 hours post-irradiation. Data points represent 

mean cell cycle phase distribution +/- SEM (N= ≥2).  
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Figure 8.7. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples using increased 

primary antibody concentration and extended microwave retrieval method. 

Representative images of AURKA IHC staining using in H460 cell line pellets after 

extended microwave antigen retrieval with ImmPress® signal detection system 

and increasing primary antibody concentration. Antibody signal on stained cells 

was developed with DAB for 3 minutes 30 seconds and cells were counterstained 

with Gill’s haematoxylin (N=1). Scale bars represent 50 μm.  
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Figure 8.8. AURKA IHC staining in H460 cell line pellets transfected with 

scrambled or AURKA siRNA and patient biopsy samples using increased 

primary antibody concentration and extended microwave retrieval method + 

blocking peptide. Representative images of AURKA IHC staining using in H460 

cell line pellets after extended microwave antigen retrieval with ImmPress® signal 

detection system and increasing primary antibody concentration + blocking 

peptide. Antibody signal on stained cells was developed with DAB for 3 minutes 

30 seconds and cells were counterstained with Gill’s haematoxylin (N=1). Scale 

bars represent 50 μm.  
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