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Abstract  
 

The tumour suppressor p53 is the most frequently mutated gene in human cancer 

with loss or suppression of wild-type function thought to be a prerequisite for the 

development of most malignancies. In colorectal cancer (CRC), approximately 50% of 

tumours harbour mutations in the TP53 gene, whilst the remaining wild-type 

tumours suppress or circumvent p53 activation via non-mutational mechanisms. This 

includes dysregulation of the p14ARF/MDM2 axis which constitute the major 

mechanism for inducing p53 stabilisation within the cell. Strategies aimed at 

reactivating latent wild-type p53 in such tumours therefore hold enormous clinical 

potential. This led to the development of small molecule inhibitors of the E3 ubiquitin 

ligase, MDM2, which normally targets p53 for degradation and disrupts its 

transcription factor activity. Blocking this negative MDM2-p53 interaction results in 

rapid stabilisation of p53 protein, however, this most often leads to the activation of 

p53-induced cell cycle arrest rather than cell death. Understanding the mechanisms 

which are responsible for this decision making process are therefore of great 

importance in order to utilise these compounds and augment the efficacy of other 

therapeutic agents that activate p53. 

 

Recent work in our lab has demonstrated that combination of direct (MDM2 

inhibition) or indirect (DNA-damaging chemotherapy) p53 activation with inhibitors 

of nuclear Class-I Histone deacetylases (HDACi) is effective in enhancing p53-

dependent apoptotic cell death in multiple models of CRC. Interestingly, despite a 

notable switch in phenotype from cell cycle arrest to cell death, few changes in the 

mRNA and protein expression of pro-apoptotic p53 targets were observed following 

combined treatment with the MDM2 inhibitor, Nutlin-3A, and the Class I specific 

HDACi, Entinostat, when compared to Nutlin-3A treatment alone. Indeed, the 

addition of Entinostat was instead found to decrease the expression of p53 induced 

anti-apoptotic proteins which most notably included the only known pseudo-caspase 

and cell death regulatory protein, FLIPL. 
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The work presented in this thesis builds upon these previous observations and delves 

into the complex mechanisms and pathways responsible for the synergistic induction 

of cell death following combined MDM2- and HDAC-inhibition in p53 wild-type 

models of CRC. Using both functional genomics and molecular techniques, this work 

identifies FLIPL as a direct, p53-induced transcriptional target which is potently 

upregulated by Nutlin-3A and suppressed by Entinostat. Importantly, both 

pharmacological and mutational inhibition of the NFκB pathway reveal that the 

Nutlin-3A-induced upregulation of FLIPL occurs independently of its canonical 

regulation by NFκB, further supporting the p53-dependent nature of this response.  

 

Phenotypic analyses conducted by Annexin V/PI flow cytometry reveal that whilst 

treatment with Nutlin-3A or Entinostat alone fail to induce cell death, combining 

these agents significantly increases the induction of apoptotic cell death in a p53-

dependent manner. In order to delineate the role of Entinostat mediated FLIPL 

downregulation in the cell death resulting from the combined Nutlin-3A/Entinostat 

treatment, siRNA-mediated FLIPL depletion was used to successfully phenocopy this 

result. Subsequently, further mechanistic analyses demonstrated that p53-mediated 

FLIPL upregulation blocks the induction of apoptosis by inhibiting caspase-8 activation 

at a TRAIL-R2/DR5 death inducing signalling complex. Notably, the activation of this 

p53-induced complex occurs independently of canonical TRAIL ligand binding.  

 

In addition to the early induction of caspase-8 dependent apoptotic cell death, this 

work reveals that depleting FLIPL in combination with p53 activation can also result 

in the induction of caspase-8 independent cell death at later timepoints. Herein, the 

p53 transcriptional target and caspase-8 paralog, caspase-10, is demonstrated to 

compensate for the loss of caspase-8 in order to induce apoptosis, albeit to a lesser 

extent than in caspase-8 proficient cells. Moreover, FLIPL is also revealed to modulate 

the expression of p53 transcriptional targets such that in the absence of both 

caspase-8 and -10 cell death can still proceed. Depleting FLIPL is shown to suppress 

the p53-induced expression of the cell-cycle inhibitor, p21, whilst simultaneously 

enhancing the p53-induced expression of the pro-apoptotic protein, PUMA. Indeed, 

this upregulation of PUMA significantly contributes to the cell death induced by FLIPL 
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depletion and p53 activation at later timepoints. Thus, the results presented in this 

thesis identify novel, clinically-relevant biology in which FLIPL acts to determine cell 

fate following p53 activation. Therapeutically targeting FLIPL with Entinostat 

therefore represents a viable means of overcoming FLIPL-mediated resistance to 

MDM2-inhibitors in tumours retaining wild-type p53.   
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1.1 Cancer  
 

The human body is a truly remarkable biological phenomenon with nearly 40 trillion 

individual cells functioning as part of larger tissues and organs in order to carry out 

the intricate, co-ordinated processes which enable life. This vast network of cells 

requires a highly-ordered degree of regulation, mediated by both intra- and extra-

cellular cues, to maintain the normal function of tissues and ensure homeostasis. 

Thus, by modulating fundamental cellular processes such as division, differentiation 

and death, a delicate balance is achieved which supports the structural integrity and 

activity of organ systems and ultimately, life. Indeed, it is when this balance is 

disrupted that disease states ensue.  

 

Cancer is the term used to describe a collection of related diseases arising from 

genetic alterations which lead to cellular dysregulation and uncontrolled 

proliferation. Distinct forms of cancer can occur almost anywhere in the body and, 

with nearly 18.1 million new cases diagnosed annually, it is not surprising that it is 

often an area at the forefront of scientific research (Bray et al., 2018; Ferlay et al., 

2019). The global health burden cancer imposes on World society is understandably 

enormous as huge strains are put on healthcare systems as they struggle to diagnose 

and treat the ever increasing number of cancer patients effectively. In fact, it is 

projected that within the next two decades global cancer incidence will have risen to 

nearly 25 million new cases per year, which will have the most detrimental impact on 

ill-equipped healthcare systems such as those in developing countries (Stewart and 

Wild, 2014).  

 

In terms of non-communicable diseases (NCD), which account for around 70 % of all 

deaths globally, cancer is the second most prevalent cause of death behind 

cardiovascular disease (WHO, 2018). However, in many countries, mortality rates are 

decreasing for both stroke and coronary heart disease relative to cancer. This rise in 

cancer incidence and mortality reflect both an aging population and various 

socioeconomic factors, with low- and middle-income countries less equipped to deal 

with the accelerating prevalence of this disease (Stewart and Wild, 2014). 

Nonetheless, with treatment costs escalating and the ever increasing adoption of a 
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‘Westernised’ lifestyle, healthcare systems in higher-income countries are also 

struggling to cope with the cancer burden (Bray et al., 2012). However, like most NCD, 

around 30 – 50% of cancers are deemed preventable (WHO, 2018). Risk factors such 

as tobacco, obesity, alcohol consumption, infection and pollution are avoidable both 

in developing and developed countries given the correct implementation of 

strategies aimed at reducing cancer burden. These include raising awareness, 

reducing exposure to risk factors and adopting a healthier lifestyle which together 

aim to reduce the global cancer burden in a cost-effective and sustainable manner 

(Bray et al., 2012, 2018).  
 

Ultimately, cancer is a genetic disease. Aberrations in the genome or epigenome, 

either inherited or acquired during one’s lifetime, can lead to the dysregulation of 

genes which control fundamental cellular process such as growth, cell division and 

programmed cell death (apoptosis), thus promoting cancer development. Therefore, 

just as population studies aid in our understanding of cancer risk factors and possible 

methods of intervention, advances in basic scientific research and molecular biology 

continue to identify just how cancer arises in the first place. This involves 

investigating the cellular and molecular mechanisms which are altered in the 

transformation of a normal healthy cell into a potentially lethal malignancy.  

 

In their seminal paper, The Hallmarks of Cancer, Hanahan and Weinberg described 

six main capabilities which cancer cells must acquire in order to undergo neoplastic 

transformation (Hanahan and Weinberg, 2000). These include cell death evasion, 

uncontrolled proliferation, sustained angiogenesis, insensitivity to antigrowth 

signals, loss of growth signal dependencies and activation of tissue invasion and 

metastasis. In addition to these core capabilities, a further four hallmarks were 

proposed in their follow-up 2011 publication (Hanahan and Weinberg, 2011). 

Emerging characteristics included deregulation of cellular energetics and avoiding 

immune destruction which were proposed alongside enabling characteristics such as 

genome instability and mutations and tumour promoting inflammation. In defining 

these ‘hallmarks of cancer’, the authors homed in on multiple, targetable 

mechanisms that contribute to the development of almost all cancers. Thus, 
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therapeutic strategies can be designed which specifically exploit cancer cell 

vulnerabilities which arise following acquisition of these cancer hallmarks. For 

example, targeted immune checkpoint therapies, such as PD-1/PD-L1 inhibitors, are 

now used in the clinic to treat multiple cancers as they mitigate the ability of cancer 

cells to avoid immune destruction (Darvin et al., 2018). Importantly, as these 

hallmarks define the most commonly observed traits in all cancers, treatment options 

often extend across a range of diseases, e.g. impeding sustained proliferation 

through the use of EGFR inhibitors in the treatment of both non-small cell lung cancer 

and colorectal cancer (Troiani et al., 2016). 

 
1.2 Colorectal Cancer  
 

With around 1.8 million new cases reported annually and a 5-year global prevalence 

of nearly 4.8 million, colorectal cancer (CRC) undoubtedly has a profound impact on 

global health. Indeed, recent epidemiological analyses rank CRC as the third most 

commonly diagnosed form of cancer worldwide (Figure 1.1A) (Bray et al., 2018; 

Ferlay et al., 2019). Despite significant advancements in early diagnosis and 

treatment, nearly 900,000 patients succumb to the disease each year making it the 

second leading cause of cancer deaths across the globe (Figure 1.1B) (Bray et al., 

2018; Ferlay et al., 2019). 
 

The aetiology of CRC is remarkably heterogeneous with both heritable and 

environmental risk factors contributing to its incidence. However, only around 5-10% 

of colorectal cancers are attributed to hereditary cancer syndromes such as 

hereditary nonpolyposis colorectal cancer (HNPCC) or familial adenomatous 

polyposis (FAP) (Jasperson et al., 2010). In fact in most patients the disease appears 

to arise sporadically as a consequence of acquired somatic genetic and epigenetic 

abnormalities. It is perhaps not surprising then that the most significant risk factor 

associated with the development of CRC is age. Incidence and mortality rates of CRC 

dramatically increase in adults over the age of 50, with some 90% of cases being 

attributed to this demographic worldwide (Bray et al., 2018; Ferlay et al., 2019). A 

gender imbalance is also observed when analysing CRC population statistics as 

increased rates of incidence and mortality are observed in the male population.   
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Incidence: Top 5 Cancers Worldwide in 2018
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Figure 1.1. Global cancer incidence and mortality. (A) Estimated percentages of new cancer cases 
(incidence) world-wide including both genders and all ages. (B) Estimated percentages of cancer 
deaths (mortality) world-wide including both genders and all ages. Data source: GLOBOCAN 2018 
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Importantly, many of the risk factors which contribute to the sporadic occurrence of 

CRC are potentially modifiable with appropriate intervention. These risk factors 

include, smoking, excessive alcohol consumption, diet and obesity and are often 

associated with a ‘Westernised’ lifestyle (Chan and Giovannucci, 2010; Johnson et al., 

2013). Indeed, this correlates with the increased incidence of CRC in more developed 

countries, although more advanced screening and early detection measures also 

contribute to this rising figure. Nevertheless, as a result of these increased screening 

measures, survival rates are also higher in more developed areas (Keum and 

Giovannucci, 2019). In the UK, routine screening is offered for individuals over the 

age of 60. Whilst this population encompasses those at greatest risk, an emerging 

and worrying trend in CRC epidemiology is the increased occurrence of disease in 

young adults (<50 years old) (Hofseth et al., 2020). Diagnosis at this age is frequently 

correlated with more advanced disease and therefore improvements in early 

detection strategies are crucial in order to curb mortality in this group too. 

Studying the molecular pathogenesis of any disease is critically important in order to 

guide clinical practice. In colorectal cancer particular mutations and genomic 

alterations are associated with different routes of disease initiation and evolution 

(discussed in further detail in [Introduction: section 1.2.1]) and consequently are 

associated with differences in prognosis and overall survival. Among the most 

frequently occurring mutations in colorectal cancer are mutations in APC (70%), TP53 

(50%), KRAS (40%), PTEN (30%), TGFBR2 (30%), PIK3CA (20%), and BRAF (10%) (Grady 

and Pritchard, 2014). Additionally, genomic alterations such as Chromosome 

instability (CIN, 70%), Microsatellite instability (MSI, 15%), CpG Island Methylator 

Phenotype (CIMP, 15%)  and 18qLOH (50%) are also abundant in this disease (Grady 

and Pritchard, 2014). Understanding the molecular landscape which leads to disease 

development and progression will ultimately aid in the identification of predictive 

biomarkers, determine patient stratification and guide clinical treatment. For 

example, routine clinical practice now screens for the presence of KRAS mutation in 

colorectal cancer as a contraindication for treatment with the epidermal growth 

factor receptor (EGFR) monoclonal antibodies, cetuximab and panitumumab 

(Karapetis et al., 2008). In this way, molecular testing can facilitate reduced medical 
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expense and actually improve patient outcomes by stratifying patients who are likely 

to respond to treatment.  

1.2.1 Development and progression 
 

Colorectal cancer is a disease with a particularly well-defined molecular pathogenesis 

and it has been suggested that CRC develops through one of three major pathways, 

namely, the adenoma-carcinoma sequence, the serrated pathway or the 

inflammatory pathway. Of these, the adeno-carcinoma sequence is said to account 

for around 85-90% of CRC cases and is the most extensively studied pathway of the 

three (Conteduca et al., 2013; Keum and Giovannucci, 2019). The majority of 

colorectal cancers begin as an adenomatous polyp (adenoma), a precursor lesion 

which can slowly progress (over approximately 10 years) into a malignant carcinoma. 

However, less than 10% of adenomas actually develop into CRC (Conteduca et al., 

2013), thus identifying predictive factors which determine the likelihood of 

progression remains an area of active research.  

 

The adenoma-carcinoma sequence is described as the stepwise accumulation of both 

genetic and epigenetic aberrations which drive the transformation of normal colonic 

epithelium into cancerous tissue (Leslie et al., 2002). An important gatekeeper to this 

process has been identified as the adenomatous polyposis coli (APC) tumour 

suppressor gene located on chromosome 5q21 (Kinzler et al., 1991). Inactivating 

mutations in APC have been identified in over 70% of colorectal adenomas, leading 

to the over-activation of the Wnt/β-catenin signalling pathway and aberrant 

proliferation (Fodde, 2002). The loss of APC function is considered an early, initiating 

event which enables CRC progression from a small adenoma. This is promoted by 

activating mutations in the KRAS oncogene which further drive dysregulated 

proliferation and differentiation pathways (Janssen et al., 2006). In the subsequent 

developing adenoma, the functional inactivation of the TP53 tumour suppressor gene 

(via mutation or 17p allelic loss) occurs as a late event in the adenoma-carcinoma 

sequence and aids tumour progression into a potentially malignant carcinoma (Drost 

et al., 2015). Importantly, the adenoma-carcinoma sequence is also associated with 

chromosomal instability (CIN), i.e. abnormalities in chromosome number and 
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structure (Pino and Chung, 2010). However, whether this occurs as a result of, or is 

causative of, the abnormalities in the aforementioned tumour suppressors and 

oncogenes remains to be elucidated.  
 

The serrated pathway of colorectal cancer development accounts for around 10-15% 

of sporadic disease and differs from the conventional adenoma-carcinoma sequence 

both histologically and molecularly (Conteduca et al., 2013). Although serrated 

polyps represent a heterogeneous group of lesions, this pathway most commonly 

refers to the progression from hyperplastic polyps to sessile serrated adenomas and 

ultimately to colorectal cancer (Noffsinger, 2009). Sessile serrated adenomas are 

typically located in the proximal colon and are more difficult to detect than traditional 

adenomas (Rosty et al., 2013). Adenomas arising as a result of the adenoma-

carcinoma sequence often project into the lumen of the colon as readily detectable 

polyps with a tubular or villous morphology. In contrast, sessile serrated adenomas 

have a saw-tooth appearance and are often observed as more flattened lesions 

frequently covered with a mucus cap, thus proving a challenge for endoscopic 

discovery (Rosty et al., 2013). Aside from their distinct morphology, the genetic and 

epigenetic alterations which lead to the formation of sessile serrated adenomas also 

differ from typical adenomas. Genetic alterations such as mutations in the BRAF 

proto-oncogene are frequently associated with this pathway and drive cellular 

proliferation and survival via constitutive activation of the MAPK pathway (Kambara 

et al., 2004; Rustgi, 2013). The CpG island methylator phenotype (CIMP) is also 

characteristic of the serrated pathway and results in global epigenetic alterations of 

gene expression (Kambara et al., 2004). CIMP refers to the presence of 

hypermethylation at CpG islands (repetitive CG dinucleotides) in the promoter region 

of numerous genes, including tumour suppressor genes, which ultimately results in 

the silencing of gene expression. CIMP has also been shown to lead to the silencing 

of DNA mismatch repair genes, such as MLH1, resulting in defective DNA mismatch 

repair and microsatellite instability (MSI) (Issa, 2004). This further accelerates the 

progression from sessile serrated adenoma towards colorectal cancer.  
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Studies have also described a link between chronic colonic inflammation and 

colorectal cancer, thus the inflammatory pathway has been proposed as a distinct 

carcinogenic process in the progression of disease. However, this accounts for less 

than 2% of sporadic colorectal cancer incidence (Triantafillidis, Nasioulas and 

Kosmidis, 2009). Patients with inflammatory bowel disease (IBD), particularly 

ulcerative colitis, have frequently been shown to have an increased risk of developing 

colorectal cancer (Triantafillidis, Nasioulas and Kosmidis, 2009; Terzić et al., 2010). 

Recently published data from over 95,000 ulcerative colitis patients in a Scandinavian 

cohort identified more than 1,300 cases of CRC with over 600 deaths attributed to 

the disease (Olén et al., 2020). When compared to the general population, patients 

in this study were found to have an increased risk of CRC diagnosis of approximately 

60% highlighting the profound role of the inflammation as a driver of disease (Olén 

et al., 2020). Importantly, the molecular events which drive disease progression in 

response to chronic inflammation are distinct from the more frequently observed 

adenoma-carcinoma sequence. Whilst inactivation of APC and TP53 occur early and 

late respectively in the adeno-carcinoma pathway, the opposite is observed during 

the inflammatory pathway. TP53 mutation has been identified as a frequent and 

early event in this process whilst loss of APC appears to occur late in this histologically 

distinct subtype (Leedham et al., 2006).  

 

1.2.2 Diagnosis, Staging and Stratification 

A diagnosis of colorectal cancer is primarily by colonoscopy accompanied with a 

biopsy of the suspected cancerous lesion for histopathological confirmation (NICE, 

2014). This is then followed by computed tomography (CT) imaging of the chest, 

abdomen and pelvis to further facilitate effective staging of the cancer (NICE, 2014). 

The TNM classification system (8th Edition) is a universally established standard 

implemented to efficiently stage many solid tumours including colorectal cancer 

(Brierley, Gospodarowicz and Wittekind, 2017). Use of this method enables the 

robust and reproducible classification of a given cancer based on the local 

invasiveness to the surrounding tissue (T stage), degree of lymph node involvement 

(N stage) as well as metastatic spread to distant organs (M stage) (Brierley, 
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Gospodarowicz and Wittekind, 2017). Together, this information enables the clinician 

to form a definitive ‘stage’ for each individual CRC patient and thus provides the 

framework on which future therapeutic decisions are based. For this reason, accurate 

disease staging is considered one of the most important factors affecting prognosis. 

This will not only guide treatment options, including the use of adjuvant 

chemotherapy, but also dictate permissibility for clinical trials.  

The following five stages of colorectal cancer (stage 0 and stages I-IV) are defined 

based on TNM staging (Figure 1.2), however, sub-staging also exists within later 

stages (Jacques et al., 2009). Stage 0, also denoted carcinoma in situ, is the least 

reported diagnosis of colorectal cancer as this represents very early onset disease in 

which cancerous or precancerous cells are only found in the mucosal layer of the 

colon. This is followed by stage I disease in which the cancerous cells are still well 

confined to the wall of the colon, however, growth has extended through the mucosa 

into the submucosa and may also penetrate the muscle layer. At this early stage, 

there is no evidence of growth into surrounding structures, lymph node involvement 

or metastatic spread to distant organs. Stage II CRC is subdivided based on the 

progression of the cancerous lesion through the wall of the colon and into the 

surrounding tissues, with stage IIA representing growth into the serosa (outermost 

layer of the colon wall), stage IIB denoting growth through the serosa and stage IIC 
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Figure 1.2. Colorectal cancer staging according to TNM model. (A) Diagram representing specific 
staging components of colorectal cancer based on the widely adopted TNM staging method. (B) Table 
summarising colorectal cancer staging by TNM classification.   
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indicating growth into nearby tissues or organs. Importantly, like stage I disease, 

there is no lymph node involvement or metastases at this point. Stage III CRC is also 

divided into three main groups which represent the extent of lymph node 

involvement. In stage IIIA the cancer has grown into, but not through, the wall of the 

colon and has spread to up to three regional lymph nodes. Stage IIIB and C are both 

characterised by growth into or through the outermost layer of the colon wall with 

possible spread into nearby tissues but not distant organs. A distinction is made 

between the two based on the degree of lymph node involvement, 3 or less 

represents stage IIIB whilst 4 or more represents stage IIIC. Lastly, stage IV CRC 

denotes the most advanced stage of disease with substages primarily defined based 

on the extent of metastatic spread. This results in two major substages, stage IVA and 

stage IVB, in which there is spread to one distant organ or two or more, respectively. 

Importantly, therapeutic interventions vary for each stage of colorectal cancer with 

curative treatment options available at early stage disease and more aggressive 

combination strategies required for late stage disease (American Cancer Society, 

2017). Typically, stages 0, I and II are curable with surgery alone, however, adjuvant 

chemotherapy may also be offered to some stage II patients. This involves surgical 

resection of the colon and removal of regional lymph nodes as well as an area of 

surrounding healthy tissue in order to excise all cancerous tissue. Stage III CRC 

patients will also receive surgery and in most cases adjuvant chemotherapy (Poston 

et al., 2011; American Cancer Society, 2017). Enrolment in a clinical trial may also be 

recommended at this stage. In the metastatic setting, stage IV disease, curative 

therapy is not often achievable, however, various treatment strategies can be 

implemented in order to slow the spread of disease and manage symptoms.  Again, 

surgical resection of the colon and/or sites of metastatic spread in other organs (such 

as the liver and lungs) can be utilised in combination with chemotherapy, 

radiotherapy and targeted therapies in order to reduce the tumour burden and 

extend the likelihood of survival (Poston et al., 2011; American Cancer Society, 2017). 

Patients with stage IV disease may also be encouraged to enrol in a clinical trial if 

response to standard-of-care treatments are ineffective.  
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Numerous chemotherapeutic options are available for treating colorectal cancer and 

the choice of drug or drug combinations will depend on the extent of the disease as 

well as the tumour molecular biology. Currently, there are around 30 FDA approved 

drug treatments for CRC, many of which can be used in various combinations (NCI, 

2020). In particular, 5-Fluorouracil (5FU), Leucovorin, Oxaliplatin, Irinotecan and 

Capecitabine make up the backbone for most chemotherapeutic strategies 

implemented for both stage III and stage IV disease (Holch, Stintzing and Heinemann, 

2016; American Cancer Society, 2017). Standard of care treatment regimens for stage 

III/IV disease include FOLFOX (5FU, Leucovorin and Oxaliplatin) or CapeOx 

(Capecitabine and Oxaliplatin). In addition, patients with stage IV disease may also be 

treated with FOLFIRI (5FU, Leucovorin and Irinotecan) or FOLFOXIRI (5FU, Leucovorin, 

Oxaliplatin and Irinotecan) (Holch, Stintzing and Heinemann, 2016). Importantly, 

patient-defined targeted drug treatments are also routinely used in combination with 

standard of care treatments in stage IV disease and include bevacizumab (VEGF 

inhibitor) (Saltz et al., 2008), cetuximab (EGFR inhibitor) (Bokemeyer et al., 2009) or 

immunotherapies such as pembrolizumab (PD1 inhibitor) (Ganesh et al., 2019; 

Marcus et al., 2019). As expected with cytotoxic drugs, numerous side-effects are 

suffered during the course of chemotherapy. These often include vomiting, nausea 

and diarrhoea, thus treatment regimens are also determined based on the overall 

health (performance status) of the patient (NICE, 2014) . 

Recent epidemiology analysis of individuals presenting with colorectal cancer in 

England (2012-2017) has reported that only 17% of cases are diagnosed at stage I 

whilst approximately 23% are diagnosed with metastatic stage IV disease (Figure 

1.3A) (National Cancer Registration and Analysis Service, 2019). As survival is 

negatively corelated with stage at diagnosis, this alarming finding highlights the need 

for more effective early detection methods and enhanced screening measures, 

especially in the younger population where the emerging incidence of CRC is 

becoming an ominous trend. Indeed, survival data extracted over the same period 

(England, 2013- 2017) reflected the abysmal outcome for patients diagnosed with 

late stage colorectal cancer. Strikingly, less than 10% of patients diagnosed with stage 

IV disease survived for 5 years (Figure 1.3B) (Office for National Statistics).  
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Figure 1.3. Colorectal cancer stage at diagnosis and 5-year survival. (A) Colorectal cancer stage at 
diagnosis for patients presenting with disease in England between 2012-2017. Data source: National 
Cancer Registration and Analysis Service. (B) Estimated 5-year, age-standardised cancer survival for 
patients diagnosed with colorectal cancer at specific disease stages in England between 2013-2017. 
Data source: Office for National Statistics.  
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Together these findings reflect the need for continued research and development of 

innovative treatment strategies as colorectal cancer continues to present as a 

massive health burden with particularly poor clinical outcomes at late stage disease.  

In this regard, developing more advanced stratification methods based on molecular 

analysis of individual tumours is becoming increasingly more relevant as although 

histopathological and surgical staging is an extremely useful therapeutic guide, it 

does not accurately predict individual patient responses to a given therapy. Indeed, 

in an era where ‘one size fits all’ is no longer accepted as an adequate model for 

cancer treatment strategies, there is a growing necessity for more robust patient 

stratification approaches that will enable more personalised approaches to cancer 

therapy to be adopted in the clinical setting. 

To this end, the Colorectal Cancer Subtyping Consortium (CRCSC) aimed to analyse 

and integrate large scale CRC transcriptomic data from patient-derived tumour 

samples in order to define distinct molecular subgroups with specific biological 

features and patient outcomes. In 2015, this world-wide collaborative study resulted 

in the publication of the Consensus Molecular Subtypes (CMS) of colorectal cancer 

(Guinney et al., 2015). Four robust subtypes (CMS1-4) were proposed in this study, 

each with inherent biological characteristics which could potentially be used as 

therapeutically predictive factors: CMS1 (MSI Immune), CMS2 (Canonical), CMS3 

(Metabolic) and CMS4 (Mesenchymal). However, around 13% of the sampled 

tumours remained unclassified (non-consensus), limiting the translational benefit of 

this classification system. Further limitations of this classification system are that a 

large stromal content (particularly Cancer Associated Fibroblasts (CAFs)) could 

impact the transcriptional, biological and clinical interpretation of the findings (Calon 

et al., 2015; Isella et al., 2015; Dunne et al., 2016). Accordingly, a more tumour cell 

intrinsic molecular classification system derived from PDX models of colorectal 

cancer was proposed, namely the CRC intrinsic subtypes (CRIS) (Isella et al., 2017). 

The authors propose five distinct CRIS groups with limited overlap; CRIS-A (mucinous 

MSI/KRAS mutant), CRIS-B (TGF-β activation, EMT, poor prognosis), CRIS-C (elevated 

EGFR activity), CRIS-D (WNT activation, increased IGF2 expression) and CRIS-E 
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(Paneth cell-like phenotype, p53 mutant). Whether the implementation of these 

molecular classifiers significantly translates into guided clinical treatments with 

enhanced survival outcomes remains to be seen.  

With this in mind, a recent study by Allen et al. aimed to explore the potentially 

clinically translatable value of these classification systems by predicting response to 

standard-of-care adjuvant chemotherapy in a stage II/II colorectal cancer cohort 

(Allen et al., 2018). Here the authors demonstrated that by using a combination of 

transcriptional subtyping (CMS and CRIS) and CD8 immunohistochemistry a group of 

poor prognostic stage II/III patients who benefit from adjuvant standard-of-care 

chemotherapy could indeed be identified. Patients stratified in the epithelial-rich 

CMS2 subtype of colorectal cancer were found to have significant benefit from 

adjuvant chemotherapy in both stage II and stage III disease while the CMS3 subtype 

only benefited in stage III disease. Further sub-stratification of the CMS2 tumours by 

CRIS classification identified the CRIS-C subtype as having significant benefit from 

post-surgery chemotherapy in stage II and III disease, while CRIS-D patients 

benefitted in stage III disease only. This study therefore provides evidence of the 

predictive value of these stratification methods which could be utilised in order to 

identifying colorectal cancer patients who are most likely to benefit from adjuvant 

chemotherapy whilst sparing non-responders from this potentially harmful 

treatment regime. Moreover, as the CMS classification has been shown to be 

confounded by stromal-derived intratumoral heterogeneity (Dunne et al., 2017), 

adopting a combinatorial approach with such classification systems may help 

overcome this bias leading to more reproduceable and clinically translatable results.  

Overall, despite huge advances in the diagnosis and treatment of colorectal cancer, 

the rising incidence of disease (especially in the younger population) and poor 

survival outcomes in the metastatic setting is an extremely worrying prospect with 

potentially disastrous consequences for health care systems around the globe. Whilst 

scientists continue to develop unique and increasingly more sophisticated models for 

identifying prognostic/predictive factors and stratifying colorectal cancer, an 

enhanced understanding of the intricate cellular biology driving disease progression 
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will ultimately be required in order to develop new treatment strategies and improve 

survival. More often than not, this will involve the identification and exploitation of 

tumour-specific/selective vulnerabilities which most effectively result in colorectal 

cancer cell death. 

1.3 Cell death 
 
Cell death is essential for almost all life. In order to maintain physiological 

homeostasis, cells which become obsolete, irreversibly damaged or potentially 

harmful to the organism must be eliminated in an active and controlled manner. For 

example, fundamental physiological processes such as embryonic development and 

tissue renewal require the meticulous removal of redundant cells, whilst cells 

undergoing irreparable stress or pathological insult must also be abolished to limit 

the spread of damage and/or the propagation of genetically damaged cells. Thus, 

highly regulated cell death pathways exist within multicellular organisms which 

prevent disease and ensure overall survival. Over the last four decades, our 

understanding of these vital cell death pathways and the intricate mechanisms 

through which they are activated and regulated has increased significantly. Indeed, 

this has led to the therapeutic exploitation of cell death pathways in order to treat 

complex diseases such as cancer.  

 
1.3.1 Apoptosis  
 
Apoptosis is the most well-studied form of regulated cell death first described by Kerr 

and colleagues in 1972 (Kerr, Wyllie and Currie, 1972). Since then research into this 

highly organised, non-inflammatory cell death process has been extensive although 

not yet exhaustive. This is due to the vastly intricate network of signalling 

mechanisms which are initiated and propagated throughout the cell in response to 

numerous extracellular and intracellular apoptotic stimuli. However, although the 

underlying biology is complex, the biochemical and morphological changes which 

occur upon activation of apoptosis are well defined and uniquely distinct from many 

other forms of cell death. Internucleosomal fragmentation of genomic DNA is 

regarded as one of the most prominent biochemical hallmarks of apoptosis (Wyllie, 

1980), whilst cell shrinkage, membrane blebbing and formation of apoptotic bodies 
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are key morphological features associated with this cell death pathway (Kerr, Wyllie 

and Currie, 1972). The highly organised and non-disruptive manner of this cell death 

process is indicative of a highly conserved molecular programme which extends 

across multiple species. Indeed, some of the earliest insights into the genetic 

regulation and molecular components of this pathway came from studies in the 

Caenorhabditis elegans nematode worm (Ellis and Horvitz, 1986; Ellis, Yuan and 

Horvitz, 1991). Several genes identified as being crucial for the normal process of 

programmed cell death in this model (e.g. CED-3, CED-4, CED-9 and EGL-1) have since 

been shown to be functionally preserved in mammalian apoptotic pathways. This 

pioneering research conducted in the C. elegans led to Robert Horvitz being awarded 

the 2002 Nobel Prize in Physiology or Medicine and paved the way for our 

understanding of cellular apoptosis in human beings.  

 
Apoptosis can occur through two distinct although ultimately converging 

mechanisms known as the extrinsic (death receptor-mediated) apoptotic pathway 

and the intrinsic (mitochondria-mediated) apoptotic pathway (Figure 1.4) (reviewed 

by (Elmore, 2007)). Each pathway is activated in response to specific apoptotic stimuli 

with the subsequent initiation of complex signalling cascades which terminate in cell 

death. The enzymatic catalysts which function as both initiators and executioners of 

apoptotic cell death are from a family of homologous proteins known as caspases 

(cysteine aspartyl specific proteases) (Cohen, 1997). Both the extrinsic and intrinsic 

apoptotic pathways utilise caspases to disseminate the cell death signal and 

proteolytically dismantle the cell and its contents. This includes cellular organelles 

such as the endoplasmic reticulum and Golgi as well as the nucleus and cytoskeleton 

(McIlwain, Berger and Mak, 2015). Thus, the morphological changes associated with 

apoptosis are primarily a consequence of caspase activation.  

 

Importantly, as is also characteristic of apoptosis, this form of programmed cell death 

does not result in inflammation, a process which would otherwise occur upon 

exposure of intracellular contents to the extracellular milieu (Berghe et al., 2010). 

Instead, the tightly packaged apoptotic bodies containing cellular organelles and 

debris are rapidly engulfed and degraded by neighbouring phagocytic cells or by  
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Figure 1.4. An overview of the process of apoptosis. Schematic representation of the proteins 
involved in the induction of the extrinsic and intrinsic apoptotic cell death pathways.  



Chapter 1  Introduction 

 
 

20 

nearby immune cells. This process of efferocytosis enables the repurposing of cellular 

macromolecules and ensures the maintenance of a non-inflammatory environment 

(Doran, Yurdagul and Tabas, 2020). However, although previously thought of as a 

passive and immunologically silent process, emerging evidence suggests that 

apoptosis can directly modulate the surrounding microenvironment and initiate an 

immune response (Gregory and Pound, 2011; Yatim, Cullen and Albert, 2017). 

Moreover, Medina et al. have recently described a process by which apoptotic cells 

actively secrete metabolites in order to modulate gene expression in neighbouring 

immune cells and regulate outcomes in the surrounding tissue (Medina et al., 2020). 

Thus, in parallel with the complex regulation of the intracellular signals and pathways 

which result in the demise of the cell, it appears that apoptotic cells also exert 

complex effects on their cellular neighbourhood. 

 
1.3.1.1 Caspases: Executioners of apoptosis 
 
Caspases are a family of endo-proteases involved in signalling networks which 

regulate fundamental cellular processes such as cell death and inflammation. To 

date, eleven caspases (caspases 1-10 and caspase-14) have been identified in humans 

each of which is translated as an inactive procaspase zymogen (Julien and Wells, 

2017). Procaspases require dimerization and proteolytic cleavage in order to become 

functionally active. In this way, the activation of caspases is tightly controlled and 

only occurs in response to specific stimuli. 

 

Caspases were first implicated in cell death following the characterisation of CED-3 in 

the nematode C. elegans. The CED-3 gene was shown to encode a cysteine protease 

which was essential for the induction of programmed cell death in the nematode 

model. Importantly, CED-3 was also shown to share distinct homology with the 

independently identified mammalian interleukin-1-β converting enzyme (ICE, later 

renamed caspase-1), a crucial mediator of inflammation (Thornberry et al., 1992; 

Yuan et al., 1993). Additional members of the caspase family were subsequently 

identified in mammals and their functional importance characterised by their ability 

to promote apoptotic cell death and inflammation. In humans, caspases-3, -6, -7, -8, 

-9, and -10 have been predominantly implicated in apoptotic signalling and cell death 
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whereas caspases-1, -4, and -5 have been more strongly associated with 

inflammatory processes. 

 

In terms of their structure, all caspases contain an N-terminal prodomain (of varying 

length), a large subunit and a small subunit. A conserved ‘QACXG’ amino-acid motif 

exists within their active site, where the cysteine residue is critical for enzymatic 

activity and X is either G, Q or R (Nicholson, 1999). Whilst target substrates vary, all 

caspases possess an absolute specificity for cleavage after aspartic acid residues. 

Active caspases are hetero-tetrameric complexes of the small and large catalytic 

subunits, therefore procaspases must undergo proteolytic cleavage before becoming 

catalytically functional. However, different processes are required to activate specific 

caspases. Caspases can be classified as either ‘initiator’ caspases or ‘effector’ 

caspases. This classification also determines the position of caspases within a 

signalling cascade such as those involved in apoptotic cell death. As their name 

suggests, initiator caspases are activated upstream of the effector caspases. Due to 

their enhanced catalytic activity and larger substrate repertoire, effector caspases 

are often termed executioner caspases as they are responsible for the controlled 

dismantling of the cell and its contents. Initiator caspases (caspases -1, -2, -4, -5, -8, -

9 and -10) contain larger prodomains than effector caspases (caspases -3, -6 and -7) 

which is indicative of their mode of activation (Kumar, 2007).  

 

As initiator caspases are formed as inactive monomers within the cell, they typically 

require dimerization before becoming functionally active. This is achieved by 

recruitment to larger signalling complexes that contain adaptor molecules which are 

recognised by conserved regions within the initiator caspase prodomain. A caspase 

activation and recruitment domain (CARD) is typically found within the prodomain of 

caspases activated in response to intrinsic stimuli (i.e. procaspase-9) whereas death 

effector domains (DED) are present within those activated by extrinsic stimuli (i.e. 

procaspases-8 and -10) (Shi, 2002). The specific protein-protein interactions formed 

between a given initiator procaspase and its adaptor protein facilitates dimerization 

of the procaspases leading to the processing of the inactive zymogen dimers to a fully 

functional mature caspase. This involves removal of the prodomain and separation 
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of the large and small subunit which is achieved by complex cleavage events. In 

contrast, the effector caspases (such as caspases -3 and -7) exist as homotypic dimers 

and therefore do not require the same recruitment domains for their activation 

(hence, their shorter prodomains). Instead, these procaspases are activated by direct 

cleavage which is primarily mediated by an upstream mature initiator caspase. This 

results in the formation of an active hetero-tetramer which can subsequently cleave 

a multitude of cellular components and induce cell death (Julien and Wells, 2017). 

Indeed, caspase activation is an essential requirement for the induction of both 

extrinsic and intrinsic apoptotic cell death. 

 

1.3.2 Extrinsic Apoptosis 
 
The extrinsic or death receptor-mediated apoptotic pathway is initiated by 

extracellular signalling molecules which act as ligands for death receptors on the 

surface of a cell. Proapoptotic ligands are often expressed as membrane-bound 

proteins on neighbouring cells (typically immune cells); however, they can also be 

proteolytically released from the cell surface as soluble cytokines (albeit with lesser 

apoptotic inducing potential). Binding of such ligands to specific transmembrane 

death receptors results in the formation of complex intracellular signalling platforms 

which further recruit and activate proteins involved in the induction of cell death. 

Numerous pro- and anti-apoptotic proteins then regulate the downstream signalling 

cascade following death receptor activation.  

 

Both the receptors and their respective ligands are members of a functionally related 

family known as the tumour necrosis factor (TNF) superfamily. The TNF superfamily 

consists of 19 ligands and 29 receptors which can promote either apoptosis, 

proliferation, survival or differentiation (Aggarwal, 2003). The specific members of 

this superfamily which are predominantly responsible for the induction of extrinsic 

apoptosis are termed death receptors. Death receptors are type I transmembrane 

proteins consisting of a C-terminal intracellular tail, a membrane-spanning region and 

an extracellular N-terminal ligand binding domain (Locksley, Killeen and Lenardo, 

2001). Up to six cysteine-rich domains (CRD) are present within the extracellular 
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binding domain which define the ligand specificity of individual receptors (Smith, 

Farrah and Goodwin, 1994). Importantly, unlike other members of the TNF receptor 

superfamily, death receptors also contain a conserved region in their cytoplasmic tail 

which is essential for the induction of cell death and thus is aptly named the death 

domain (DD) (Muzio, 1998). In order for the DD to recruit downstream apoptotic 

machinery, the death receptor must first be bound by its cognate ligand. Ligands 

which stimulate death receptor activation are typically type II transmembrane bound 

proteins consisting of an intracellular N-terminus, a transmembrane region and a C-

terminal extracellular tail. A TNF homology domain (THD) is present within the 

extracellular domain of the ligand which facilitates assembly of the ligand into a non-

covalent trimer. Three receptor binding sites can therefore be occupied by the 

multivalent ligand which promotes receptor clustering and ultimately downstream 

signal transduction (Locksley, Killeen and Lenardo, 2001).  

 

In terms of their ability to regulate cell death, the most well studied death 

receptors/ligands in this family are TNF receptor 1 (TNFR1) and its ligand TNFα, 

CD95/Apo-1/Fas and Fas-ligand (FasL) and the TRAIL receptors (TRAIL-R1/DR4 and 

TRAIL-R2/DR5) which are activated by TNF-related apoptosis inducing ligand (TRAIL). 

Stimulation of these death receptors by their cognate ligands results in the 

recruitment of intracellular adaptor proteins such as TRADD (TNF-related death 

domain) in the case of TNFR1 activation or FADD (Fas-associated death domain) in 

the case of Fas or TRAIL-R1/-R2 activation. Subsequent recruitment of the initiator 

caspases -8 or -10, results in the formation of a death inducing signalling complex 

(DISC) the activation and regulation of which is discussed in further detail below.  

 
1.3.2.1 Death Inducing Signalling Complex  
 
Canonical DISC assembly was first described following the activation of CD95/Fas by 

its associated ligand, FasL (Kischkel et al., 1995; Chinnaiyan et al., 1996; Muzio et al., 

1996). Since then the proteins and interactions necessary for DISC assembly and 

dissemination of the death inducing signal have been well described, a schematic of 

which is presented in Figure 1.5. Fas receptors are expressed as pre-formed 

homotrimers capable of binding membrane-bound trimeric FasL on the surface of 
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nearby immune cells (Nagata and Golstein, 1995). N-terminal interactions facilitate 

the formation of the trimeric receptor structure, and it is within this region that the 

DD is also present. Ligand binding leads to a conformational change in the Fas 

receptor which results in the exposure of its DD. This enables specific protein:protein 

interactions to form between the DD of Fas and the DD of the adaptor protein FADD 

(Chinnaiyan et al., 1995). FADD also contains a DED at its N-terminus, and it is via this 

region that the initiator caspases are recruited. Procaspases-8 and -10 both contain 

tandem DEDs that facilitate their recruitment and activation at DISCs (Riley et al., 

2015). However, activation of the apical caspases at such complexes is regulated by 

the cell death inhibitory protein, FLIP (FLICE-like inhibitory protein) (Irmler et al., 

1997). Like caspase-8 and -10, FLIP is recruited to FADD via its DED and can alter the 

catalytic activity of the initiator procaspases through heterodimer formation. 

Catalytic cleavage of homo-dimeric procaspase-8 at the DISC results in the formation 

of active caspase-8 which can then translocate to the cytosol where it promotes the 

induction of cell death. In so called ‘Type I’ cells, this can occur through the direct 

cleavage and activation of the effector caspases-3 and -7, which subsequently 

dismantle the cell and its components (Scaffidi et al., 1998). Alternatively, in ‘Type II’ 

cells, active caspase-8 first cleaves the BH3-only protein, BID, which then cooperates 

with other Bcl-2 family members to promote activation of the intrinsic apoptotic 

pathway and ultimately caspase-3/-7 activation (Scaffidi et al., 1998). 

 

In much the same way, the binding of TRAIL to either TRAIL-R1/DR4 or TRAIL-R2/DR5 

also leads to DISC assembly (Figure 1.5). TRAIL is typically expressed as a homotrimer 

on the surface of immune cells, however the extracellular region can be cleaved by 

metalloproteinases in order to form a soluble, physiologically-active ligand (Wiley et 

al., 1995). When bound to TRAIL-R1/DR4 or TRAIL-R2/DR5, TRAIL stimulates the 

propagation of a pro-apoptotic signal via specific interactions between the DD of the 

TRAIL receptor and the downstream apoptotic machinery as described above. 

However, so called decoy receptors exist within the TRAIL-receptor family, namely 

DcR1 (TRAIL-R3) and DcR2 (TRAIL-4), which do not induce a pro-apoptotic signal upon 

ligand binding (LeBlanc and Ashkenazi, 2003). This is due to the fact that the decoy 

receptors lack a transmembrane domain and/or a functional death domain.  
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In addition, the soluble TNFR family member osteoprotegrin (OPG) can also act as a 

decoy receptor by sequestering TRAIL binding, albeit with much lower affinity at 

physiological temperatures (LeBlanc and Ashkenazi, 2003). Nonetheless, TRAIL 

binding to TRAIL-R1/DR4 or TRAIL-R2/DR5 induces the canonical activation of the 

extrinsic apoptotic pathway as has been described for Fas activation in both Type I 

and Type II cells (Özören and El-Deiry, 2002). In either case, death receptor activation 

results in the induction of apoptotic cell death which is dependent on caspase-8 (and 

to a lesser extent caspase-10) and can be regulated by the anti-apoptotic protein, 

FLIP. The role of caspase-8, caspase-10 and FLIP at the DISC will therefore be 

discussed in more detail.  

 
1.3.2.2 Caspase-8  
 

Caspase-8 is encoded by the CASP8 gene located on chromosome 2q33-34 and is 

expressed as two main pro-apoptotic isoforms within the cell; procaspase-8A and 

procaspase-8B (Scaffidi et al., 1997; Grenet et al., 1999). The 55/53 kDa full length 

protein is comprised of two tandem DEDs at the N-terminus followed by a C-terminal 

proteolytic domain (Figure 1.6). Two subunits are present within the C-terminal 

region, a large subunit and a small unit, each of which must be cleaved in order to 

form the active caspase heterotetramer. A nuclear export signal (NES; located within 

the first DED) and a nuclear localisation signal (NLS; located in the C-terminus) have 

also been identified within the caspase-8 protein (Müller et al., 2020). Like all 

caspases, caspase-8 is expressed as an inactive zymogen. Therefore in order to 

become enzymatically active, procaspase-8 must first dimerise and undergo catalytic 

cleavage (Boatright et al., 2003). This is facilitated by recruitment to DISCs where full 

processing and activation of this initiator caspase is achieved. Active capsase-8, 

present as a cytosolic heterotetramer, can then disseminate the apoptotic stimuli 

and induce cell death.  
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1.3.2.2.1 Caspase-8 at the DISC  
 

Upon activation of the DISC, the DED of FADD recruits procaspase-8 via homotypic 

interactions with its DEDs (Riley et al., 2015). This leads to the initial homo-

dimerization of procaspase-8 which, following inter-dimer cleavage between the 

large and small catalytic subunits and intra-dimer processing between the prodomain 

and the large catalytic subunit results in the formation of the active caspase (Figure 

1.6). Importantly, death receptor ‘clustering’ is often necessary to promote and 

amplify this process in order to efficiently induce apoptotic cell death (Pan et al., 

2019). Interdimer (trans) cleavage between two proximal procaspase-8 homodimers 

is the first step in this process and occurs at Asp374, producing the initial p43/41- and 

p12- cleavage subunits (Pop et al., 2007; Kallenberger et al., 2014). Whilst the 

p43/41-subunits remain bound at the DISC via their DEDs, the cleaved p12-subunits 

must also remain in the complex as they facilitate the formation of the active site 

which is necessary for the second cleavage event. This subsequent intradimer (cis) 

cleavage occurs after Asp210, Asp 216 or Asp 223 in the p43/41-subunit and after Asp384 

in the p12-subunit, thus producing the p18- and p10-subunits, respectively (Pop et 

al., 2007; Kallenberger et al., 2014). The p18- and p10-subunits then form an active 

heterotetramer (dimer of dimers) which can translocate to the cytoplasm and 

facilitate the induction of apoptosis through effector caspase-3/-7 activation and BID 

cleavage and intrinsic pathway engagement.  

 

1.3.2.3 Caspase-10 
 
Like caspase-8, caspase-10 is an initiator caspase predominantly associated with the 

extrinsic apoptotic pathway (Ng, Porter and Jänicke, 1999; Wang et al., 2001). The 

CASP10 gene is located immediately adjacent to CASP8 in humans (chromosome 

2q33-34) and is thought to have been derived through a tandem duplication event. 

Interestingly, no equivalent rodent ortholog for human caspase-10 has been 

identified. In human cell line models, the physiological function of caspase-10 

remains to be fully elucidated as numerous studies have reported conflicting 

outcomes in both protein knockout and overexpression analyses (Wang et al., 2001; 

Mühlethaler-Mottet et al., 2011; Horn et al., 2017). 
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1.3.2.3.1 Caspase-10 at the DISC  
 

Caspase-10 contains two tandem DED in its N-terminus which efficiently bind to the 

DED of FADD following its recruitment to activated death receptors. Importantly, four 

different splice sites have been identified within the DEDs of caspase-10 which give 

rise to four different isoforms; namely caspase-10A, -10B, -10D and -10G (formerly -

10C) (Ng, Porter and Jänicke, 1999; Wang et al., 2007). Whilst caspase-10A, -10B and 

-10D are transcribed as full length proteins, expression of caspase-10G results in a 

truncated isoform consisting only of the two DEDs (Figure 1.7) (Ng, Porter and 

Jänicke, 1999; Wang et al., 2007). The catalytic domain of caspase-10 shares 

significant homology with caspase-8 and thus it has long been suggested that the two 

initiator caspases function redundantly within the extrinsic cell death pathway. 

Potential homodimer cleavage sites have been identified at Asp297 and Asp319 which 

result in the separation of the large and small proteolytic subunits of caspase-10 in a 

similar manner as caspase-8 (Wachmann et al., 2010). Moreover, BID has been shown 

to be fully cleavable by caspase-10 suggesting that caspase-10 has similar functions 

to caspase-8 at the DISC (Milhas et al., 2005; Wachmann et al., 2010). 

 

 However, in contrast to the well-defined pro-apoptotic role of caspase-8, conflicting 

reports have been published with regards to the role of caspase-10 in cell death. This 

may be due to cell line and/or isoform specific roles of this apical caspase. Indeed, 

this has been suggested by Mühlethaler-Mottet et al. whereby isoform-specific 

expression altered the apoptotic response (Mühlethaler-Mottet et al., 2011). The 

authors demonstrated that overexpression of caspase-10A and -10D sensitised 

caspase-8-silenced Neuroblastoma cell lines to TRAIL-induced apoptosis, whereas 

overexpression of caspase-10B and -10G had no effect or were weakly anti-apoptotic, 

respectively (Mühlethaler-Mottet et al., 2011). In contrast to this predominantly pro-

apoptotic role of caspse-10, support for an anti-apoptotic role of caspase-10 has also 

been demonstrated in the literature in response to death receptor signalling. Upon 

FasL stimulation, Horn et al. demonstrated that caspase-10 negatively regulated 

caspase-8-mediated cell death in favour of NFκB activation and cell survival (Horn et 

al., 2017).  
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Interestingly, Mohr et al. have recently reported a role for caspase-10 in regulating 

cell death induction outside of its canonical role in extrinsically activated apoptosis. 

In response to DNA-damaging chemotherapy, ATR-dependent upregulation of 

caspase-10 was shown to result in the formation of an intracellular complex termed 

the FADDosome (Mohr et al., 2018). Formation of this complex resulted in caspase-

8-dependent cell-autonomous apoptosis. Conversely, loss of caspase-10 expression 

led to the formation of a different intracellular complex, the FLIPosome, which was 

capable of inducing caspase-8-dependent communal cell death. This study suggests 

that caspase-10 may have a regulatory role in cell death induction rather than a direct 

activatory function as has been described for caspase-8. Further research is therefore 

necessary to fully understand the role of caspase-10 in extrinsic apoptosis and cell 

death signalling. 

 
1.3.2.4 FLIP 
 
The most well described functions of FLIP (Fas-associated death domain (FADD)-like 

IL1β-converting enzyme (FLICE)-inhibitory protein) is as a regulator of caspase-8 

activity and an inhibitor of cell death (Thome et al., 1997; Tschopp, Irmler and Thome, 

1998; Krueger et al., 2001). FLIP is encoded by the CFLAR gene located on 

chromosome 2q33.1 alongside the genes for its paralogs caspase-8 (CASP8) and -10 

(CASP10) to which is shares significant homology. Transcriptional regulation of FLIP 

expression is canonically regulated by the transcription factor NFκB and is typically 

involved in pro-survival signalling mechanisms (Micheau et al., 2001). Numerous 

splice variants of FLIP have been identified, however, only three are expressed at the 

protein level in humans: FLIP long (FLIPL), FLIP short (FLIPS) and FLIP Raji (FLIPR), each 

of which has specific structure and functions (Figure 1.8) (Djerbi et al., 2001). All three 

isoforms of FLIP contain two tandem DEDs at the N-terminus which facilitate binding 

to the adaptor protein FADD during the formation of signalling complexes such as the 

DISC. Each specific isoform is distinguishable by the length of its C-terminus which 

also determines its physiological role within the cell.  

 

FLIPL is a 55 kDa protein comprised of two DEDs followed by a long C-terminal 

pseudo-caspase domain. This region shares significant homology with the proteolytic 
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domains of caspase-8 and -10, however it lacks the critical cysteine residue necessary 

for catalytically activity (Safa, 2012; Humphreys, Espona-Fiedler and Longley, 2018). 

Analogous to its paralog caspase-8, a NLS and NES have been identified in FLIPL, both 

located in the C-terminal region (Katayama et al., 2010). In contrast, FLIPS is 

expressed as a much shorter 26 kDa protein lacking entirely in this pseudo-caspase 

region. Instead FLIPS has a 20 amino acid C-terminal region which is responsible for 

regulating its stability within the cell (Safa, 2012; Humphreys, Espona-Fiedler and 

Longley, 2018). Post-translational modifications within this region, namely 

ubiquitination, leads to its proteasomal degradation and rapid turnover within the 

cell. Similarly, FLIPR also has a short C-terminus but differs from FLIPS as a result of 

alternative splicing. This produces a 24 kDa protein which is mainly expressed in 

human T-cells and is the only short isoform expressed in mice (Safa, 2012; 

Humphreys, Espona-Fiedler and Longley, 2018). In terms of their ability to regulate 

the activation of caspase-8, both FLIPS and FLIPR are described as bona fide inhibitors. 

Recruitment of these short isoforms (via DED specific interactions) to signalling 

complexes containing caspase-8 results in the formation of a FLIP:caspase-8 

heterodimer which is catalytically inactive (Djerbi et al., 2001). This is due to the lack 

of complementary C-terminal interactions with the catalytic subunits of procaspase-

8, which are necessary for procaspase-8 processing. The propagation of a cell death 

signal is therefore prematurely terminated by this inhibitory interaction and thus 

promotes cell survival (Humphreys, Espona-Fiedler and Longley, 2018). In contrast to 

the simpler inhibitory functions of FLIPS and FLIPR, the role of FLIPL in the regulation 

of caspase-8 is somewhat more complex. Moreover, to date, FLIPL is the only pseudo-

caspase identified in humans suggesting a more widespread purpose for this 

canonical cell death regulatory protein (Smyth et al., 2020). 
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Figure 1.8. FLIP isoform expression and structure. Schematic representation of FLIP isoforms. Anti-
apoptotic roles have been described for FLIPS and FLIPR, however the role of FLIPL may be context 
dependent in terms of its pro- vs anti-apoptotic function. 
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1.3.2.4.1 FLIPL at the DISC  
 

As previously described, procaspase-8 must first homodimerize at DISCs in order to 

become fully activated. However, heterodimers comprised of procaspase-8 and FLIPL 

also retain a limited amount of catalytic activity (Micheau et al., 2002). Such 

heterodimers are initially formed through DED specific interactions with FADD which 

subsequently facilitates C-terminal interactions that are not unlike those formed by 

the procaspase-8 homodimer (Riley et al., 2015). This results in the formation of a 

catalytically active heterodimer which remains bound at the DISC. This is achieved by 

inter-dimeric cleavage between adjacent heterodimers or between a heterodimer 

and an adjacent procaspase-8 homodimer, which results in the formation p43- and 

p12-FLIPL cleavage products and the p43/41- and p12-procaspase-8 cleavage 

products (Pop et al., 2011). The p43 cleavage products consist of the tandem DEDs 

and the large subunit of the proteolytic domain of procaspase-8 and pseudo-caspase 

domain of FLIPL. The cleaved p12 subunits also remain bound to the complex and are 

necessary for the limited enzymatic potential of the heterodimer. In contrast to the 

procaspase-8 homodimer, the FLIPL:procaspase-8 heterodimer cannot undergo intra-

dimeric cleavage due to the lack of the critical cysteine residue in the pseudo-caspase 

domain of FLIPL. Full processing of procaspase-8 is therefore inhibited limiting its 

catalytically activity, with tethering to the DISC also limiting its substrate repertoire. 

The single caspase-8 active site induced by the formation of this heterodimer is 

therefore only capable of cleaving nearby, complex-bound proteins such as 

procaspase-8 dimers, other heterodimers and RIPK1 (Pop et al., 2011). Importantly, 

the heterodimeric complex of FLIPL and procaspase-8 cannot propagate the cell 

death signal to the executioner caspases and thus cannot directly induce apoptosis.  

 

However, the relative abundance of FLIPL:procaspase-8 heterodimers at DISCs may 

determine whether FLIPL serves as a pro- or anti-apoptotic protein in the induction 

of the extrinsic apoptotic pathway. Whilst a predominantly anti-apoptotic role for 

FLIPL at such complexes has been widely accepted (Safa, 2012), a recent study by 

Hughes et al. describes a model in which FLIPL expression is in fact required for the 

optimal activation of caspase-8 (Hughes et al., 2016). This is supported elsewhere in 
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the literature where a pro-apoptotic role for FLIPL has also been described (Öztürk, 

Schleich and Lavrik, 2012). In an attempt to reconcile these contrasting observations, 

recent work from our group proposed a model in which high levels of FLIPL at the 

DISC attenuates the cell death signal by limiting the number of procaspase-8 

homodimers thus preventing sufficient formation of apoptosis-inducing, active 

caspase-8 hetero-tetramers (Humphreys et al., 2020). Conversely, low levels of FLIPL 

result in a predominance of procaspase-8 homodimers at the DISC, as well as a 

limited number of FLIPL:procaspase-8 heterodimers. The initial rate-limiting inter-

dimer cleavage event between procaspase-8 homodimers requires formation of the 

active site in the pro-enzyme, and this requires greater activation energy for 

homodimers than for FLIPL:procaspase-8 heterodimers. Therefore, FLIPL:procaspase-

8 heterodimers facilitate cleavage of nearby procaspase-8 homodimers more 

efficiently than other homodimers. So, even if fewer apoptosis-activating 

procaspase-8 homodimers are present at the DISC due to formation of some 

heterodimers, the rate of caspase-8 activation can be accelerated by low levels of the 

heterodimer (Humphreys et al., 2020). If sufficient caspase-8 hetero-tetramers are 

generated then an apoptotic signal will be initiated. 

 

1.3.2.5 TNFR1-signalling  
 
Activation of TNFR1 can occur through binding of TNFα or lymphotoxin-α (LTα/TNFβ) 

which causes receptor trimerization and initiation of downstream signalling. This is 

mediated by the formation of a multicomponent protein complex which in the first 

instance is recruited to TNFR1 via its intracellular death domain (DD). Like many 

members of the TNF superfamily, signalling through TNFR1 in this way has been 

shown to activate the transcription factor NFκB which can promote cell survival. 

However, cell death can also be induced following receptor ligation and intracellular 

complex formation. Seminal work by Micheau and Tschopp demonstrated that 

following TNFR1 activation, two sequential signalling platforms are induced, a 

balance between which determines the overall fate of the cell, i.e. in favour of cell 

survival or cell death (Micheau and Tschopp, 2003).  
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Complex I 

Following TNFR1 activation, complex I is formed at the plasma membrane. 

Downstream signalling from this complex results in the canonical activation of NFκB 

and the induction of a predominantly pro-survival phenotype. Initially, TRADD (TNFR 

associated death domain) is recruited to the activated trimeric TNFR1 via interactions 

with its intracellular death domain. Here TRADD acts as an adaptor protein for the 

recruitment of TRAF2 and TRAF5 (TNF receptor-associated factor-2/-5) which then 

recruit and activate the RING (really interesting new gene) finger domain containing 

E3 ligases, cIAP1 and cIAP2 (cellular inhibitor of apoptosis protein-1/-2). RIPK1 

(receptor interacting protein kinase 1) is also recruited with the aforementioned 

proteins, and altogether this complex is termed complex I (Figure 1.9) (Micheau and 

Tschopp, 2003). The polyubiquitination of RIPK1 at lysine 63 (K63) by cIAP1 and 2 

promotes interactions with LUBAC (linear ubiquitin chain assembly complex) as well 

as the TAB/TAK and IKK/NEMO complexes (Li et al., 2006; Wu et al., 2006). The 

TAB/TAK complex is composed of three proteins, TAK1, TAB2 and TAB3, which 

interact with the complex via ubiquitin binding domains (UBDs) in TAB2. TAK1 can 

then phosphorylate components of the IKK complex, which is composed of IKKα, IKKβ 

and the ubiquitin binding domain containing IKKγ (NEMO). Phosphorylation of IKKβ 

leads to the subsequent phosphorylation and proteasomal degradation of IκBα, a 

protein usually responsible for sequestering NFκB within the cytoplasm (Oeckinghaus 

and Ghosh, 2009). This leads to the translocation of the p50/p65 NFκB subunits to 

the nucleus where they transcriptionally activate both pro-survival (e.g. FLIP and 

cIAP1/2) and pro-inflammatory NFκB target gene expression (Wang et al., 1998; 

Micheau et al., 2001).  

 
Complex II  

Subsequent to TNFR1 internalisation and dissociation of the components of complex 

I, a second signalling complex is formed which is primarily located in the cytoplasm 

and can result in cell death (Micheau and Tschopp, 2003). Depending on the 

availability of various cellular proteins, two distinct complexes can be formed termed 

complex IIa or complex IIb (Figure 1.10) (Wang, Du and Wang, 2008).  
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Figure 1.9. Complex assembly and cellular outcome. Schematic representation of the proteins 
involved in complex I formation and subsequent pathway activation.   
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subsequent cellular outcome is determined by the relative expression of anti-apoptotic proteins 
such as FLIP and the cIAPs and is described in more detail throughout the text.  
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Complex IIa 

This complex is formed when TRADD and RIPK1 dissociate from internalised TNFR1 

and form a signalling platform with the adaptor protein FADD (Fas-associated death 

domain), procaspase-8 and FLIP (Micheau and Tschopp, 2003). FADD is recruited to 

this complex via interactions with the DD of TRADD where it then facilitates the 

activation of procaspase-8. The homodimerization of procaspase-8 at this complex 

results in its autocatalytic activation and the subsequent induction of apoptotic cell 

death via downstream activation of the executioner caspases -3 and -7 as described 

above for the DISC (Figure 1.10). However, if FLIP levels are sufficiently high, e.g. 

following NFκB-mediated transcriptional upregulation, the activation of procaspase-

8 will be blocked. In this way, the canonical activation of NFκB by complex I can act 

as a negative feedback loop to limit the cell death-inducing potential of complex IIa. 

 

Complex IIb 

Similar to complex IIa, signalling form complex IIb can result in the initiation of 

apoptotic cell death (Figure 1.10). However, activation of this complex is primarily 

regulated by RIPK1 which, instead of TRADD, is responsible for recruiting FADD via 

DD interactions (Wang, Du and Wang, 2008). Formation of this complex only occurs 

under conditions in which RIPK1 cannot be ubiquitinated at complex I, which leads to 

dissociation of TRADD and RIPK1 from the receptor. Such instances occur when cIAPs 

are significantly depleted or following deubiquitylation of RIPK1 by deubiquitinating 

enzymes such CYLD. Formation of the cytosolic complex IIb can result in the 

recruitment of procaspase-8 to FADD and the subsequent induction of cell death.  

 

1.3.2.6 The Ripoptosome and the Necrosome 
 

The ripoptosome is a cell death-inducing signalling platform which shares a lot of 

similarities with complex IIb, however, formation of this complex does not require 

death receptor activation (Tenev et al., 2011). Like complex IIb, the ripoptosome 

consists of the core components RIPK1, FADD and procaspase-8 and assembles when 

the expression of IAPs are depleted (Figure 1.11). This occurs in response to 

genotoxic stress or treatment with SMAC mimetic compounds (also termed IAP 
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inhibitors), which trigger rapid degradation of cIAP1/2, and results in the activation 

of caspase-8-dependent apoptotic cell death (Tenev et al., 2011). Importantly, 

depending on the relative abundance of the cell death regulatory proteins, FLIPL and 

FLIPS, the cell death signal induced by the ripoptosome can be attenuated or result in 

the formation of the necrosome. Following the recruitment of FLIPL to the 

ripoptosome, a FLIPL:caspase-8 heterodimer is formed which (as at the DISC) has 

limited, spatially restricted, catalytic activity (Pop et al., 2011). Whilst cleavage of 

local substrates such a RIPK1 is achievable, activation of downstream executioner 

caspases is not, thus cell death is inhibited and the complex is disassembled via 

caspase-8-dependent RIPK1 cleavage. In this way, increased expression of FLIPL acts 

to inhibit ripoptosome-induced cell death and instead promotes cell survival. 

Conversely, incorporation of FLIPS (or viral forms of FLIP) into the ripoptosome 

completely inhibits the activation of procaspase-8. As RIPK1 is no longer cleaved, it 

can then recruit and activate RIPK3, resulting in the formation of the necrosome 

(Tenev et al., 2011).  

 

Formation of the necrosome results in a programmed form of necrotic cell death 

termed necroptosis (Figure 1.11) (Hitomi et al., 2008). As previously mentioned, the 

necrosome is formed upon failure of the ripoptosome to induce cell death, e.g. 

following experimental treatment with caspase inhibitors, or clinically, following 

infections with viruses (e.g. Poxvirsuses) that express FLIPS-like proteins or caspase 

inhibitors like crmA (Nichols, De Martini and Cottrell, 2017). This results in the 

accumulation of a complex containing RIPK1, FADD and procaspase-8, with 

subsequent recruitment of RIPK3 by RIPK1 (Hitomi et al., 2008). Autophosphorylation 

of RIPK3 at this complex results in the phosphorylation and activation of MLKL (mixed 

lineage kinase domain pseudo-kinase) (Sun et al., 2012). Following translocation to 

the plasma membrane, MLKL can oligomerise and form pores which disrupt ion flux. 

This results in the propagation of an inflammatory response via the release of DAMPS 

(damage associated molecular patterns) and the induction of immunogenic cell death 

(Berghe et al., 2014)
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Figure 1.11. Ripoptosome and necrosome assembly and cellular outcome. Schematic representation of the proteins involved in the formation of the ripoptosome (right) 
and necrosome (left). The formation of each complex and the subsequent cellular outcome is determined by the relative expression of anti-apoptotic proteins such as FLIP 
and the cIAPs and is described in more detail throughout the text. 
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1.3.2.7 Targeting the Extrinsic Pathway in Cancer   
 
Extensive efforts have been made to therapeutically exploit the extrinsic apoptotic 

pathway, however, to date no treatments have been clinically approved for the 

treatment of cancer. Targeting the extrinsic pathway has involved the generation of 

both recombinant ligands and death receptor-activating monoclonal antibodies with 

the aim of stimulating an apoptotic cell death response specifically within tumour 

cells. However, pre-clinical models utilising Fas/CD95 agonists were associated with 

severe liver toxicity whilst studies involving TNF were impeded by unfavourable 

inflammation (Ogasawara et al., 1993; Lejeune, Rüegg and Liénard, 1998). In 

contrast, TRAIL receptor agonists have shown a lot more clinical promise, largely 

owing to the fact that the induction of TRAIL mediated cell death is more selective 

for cancer cells than non-transformed somatic cells.  

 

In the late 1990’s, a recombinant form of TRAIL (rTRAIL) was developed as a soluble 

ligand comprised of amino acids 114-281 of human TRAIL which formed stable 

homotrimers (Ashkenazi et al., 1999). Both in vitro and in vivo analyses demonstrated 

limited toxicity towards normal cells and potent anti-tumour effects across a range 

of cancer cell line models including lung, colorectal and breast cancer (Ashkenazi et 

al., 1999; Lawrence et al., 2001). However, when tested in clinical trials, no 

meaningful therapeutic benefit was reported with the use of rTRAIL as a single agent 

or in combination with chemotherapy. A variety of factors are thought to have 

contributed to the reduced clinical efficacy including the short half-life of the rTRAIL 

as well as ineffective receptor clustering. The development of TRAIL-R1/DR4 and 

TRAIL-R2/DR5 activating monoclonal antibodies held more promise in this regard as 

they are more stable (longer half-life) and more capable of inducing death receptor 

clustering. Although well tolerated in the clinical setting, limited efficacy has also 

been reported for these agents. For example, the TRAIL-R2 specific monoclonal 

antibody conatumumab/AMG655 showed no additional benefit on progression-free 

or overall survival when combined with standard-of-care chemotherapy in advanced 

NSCLC or metastatic colorectal cancer (Fuchs et al., 2013; Paz-Ares et al., 2013). More 

recently, multi-valent ligands targeting TRAIL-R2/DR5 have been developed. 
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MEDI3039 is a highly potent TRAIL-R2/DR5 agonist which has demonstrated robust 

in vitro efficacy in multiple breast cancer cell lines and in vivo models of lung 

metastases (Greer et al., 2019). Ongoing clinical trials involving the application of 

such multi-valent ligands hold promise for future clinical implementation.  

 

Intrinsic tumour cell resistance to TRAIL-based therapies may contribute to the 

limited efficacy of these targeted agents observed in the clinical setting. Indeed, more 

recently, studies have demonstrated re-sensitisation to TRAIL-induced apoptosis 

when these agents are used in combination with treatments which enhance death 

receptor expression or modulate downstream anti-apoptotic proteins. The first-in-

class small molecule ONC201, for example, has been shown to upregulate the 

expression of TRAIL and TRAIL-R2/DR5 via integrated stress response mechanisms 

involving antagonism of the dopamine receptor and activation of the ATF4/CHOP 

pathway (Allen et al., 2016). Preclinical studies have demonstrated that ONC201 

induces p53-independent apoptosis in numerous cancer models with ongoing clinical 

studies in glioblastoma showing good tolerability with trends towards single agent 

efficacy (Arrillaga-Romany et al., 2017). The selective use of small molecules such as 

ONC201 in combination with already established TRAIL-based therapies has the 

potential to reactive extrinsic apoptotic signalling and thus interest in the field has 

been invigorated.  

 

1.3.2.8 Targeting FLIP  
  
Given the central role of FLIP in regulating caspase-8 induced apoptosis following 

death receptor activation, therapeutically targeting FLIP represents a promising 

means of sensitising cells to extrinsic apoptotic stimuli. FLIP is ubiquitously expressed 

in human tissue; however cancer cells appear to be addicted to this anti-apoptotic 

protein with overexpression observed in numerous cancer models. Indeed, FLIP 

expression, has been identified as an independent prognostic marker in colorectal 

cancer (Ullenhag et al., 2007; McLornan et al., 2010). FLIP expression has also been 

shown to contribute to therapeutic resistance in models of NSCLC and CRC (Wilson 

et al., 2007; Riley et al., 2013; McLaughlin et al., 2016).  
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Current methods of FLIP inhibition primarily involve the use of more broad spectrum 

drugs, such as NFκB pathway inhibitors, proteasome inhibitors and histone 

deacetylase inhibitors (HDACi) (Schuchmann et al., 2006; Takada et al., 2006; Li, 

Zhang and Olumi, 2007). For example, numerous studies have demonstrated the 

potent downregulation of FLIP in response to HDACi with synergistic induction of cell 

death apparent upon co-treatment with pro-apoptotic stimuli (Kerr et al., 2012; 

Crawford et al., 2013). However, due to the multiplicity of their effects, the specific 

role of FLIP in the resulting phenotype is often difficult to assess. Therefore, utilising 

FLIP-specific siRNA-mediated knockdown approaches are often more beneficial when 

addressing the relative contribution of FLIP to a given response/phenotype. Such 

studies have described a critical role for FLIP in mediating cancer cell survival across 

multiple cancer models (Longley et al., 2006; Rogers et al., 2007), although these 

types of approaches are purely experimental at the moment.  

 

Developing FLIP-specific inhibitory molecules has been a challenging process as 

conventional drug discovery programmes often exploit the enzymatic site of a 

protein in order to render it functionally inactive through competitive inhibition or 

allosteric changes. Such strategies cannot be implemented when targeting FLIP as it 

does not possess inherent enzymatic activity. Preventing the recruitment and binding 

of FLIP at DISCs represents a more achievable approach to inhibiting its anti-apoptotic 

functions. To this end, first-in-class small molecule inhibitors of the FLIP:FADD 

protein-protein interaction have been developed (Higgins et al., 2016). Pre-clinical 

evaluation of such compounds has demonstrated effective induction of apoptosis as 

single agents as well as enhanced chemo-sensitisation when used in combination 

with standard-of-care treatments in models of NSCLC and CRC. Therapeutically 

targeting FLIP in this way holds promise for future clinical studies.  
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1.3.3 Intrinsic Apoptosis  
 

The intrinsic or mitochondrial apoptotic pathway is initiated by intracellular signals 

which are triggered in response to various microenvironmental stresses, including 

DNA damage, endoplasmic reticulum (ER) stress, hypoxia, growth factor depreciation 

or mitotic defects, to name a few. Accumulation of such stresses within individual 

cells can ultimately lead to irreversible mitochondrial outer membrane 

permeabilization (MOMP), an event which is often dubbed ‘the point of no return’ in 

terms of a cell’s commitment to death. A multitude of both pro- and anti-apoptotic 

proteins are known to contribute to and regulate this process, many of which are 

members of the Bcl-2 family. A schematic overview of the intrinsic apoptotic pathway 

is presented in Figure 1.12. 

 

1.3.3.1 Role of Bcl-2 family proteins in MOMP 
 

B-cell lymphoma 2 (Bcl-2) was originally identified as a candidate oncogene in B-cell 

follicular lymphoma cells due to a common chromosomal translocation t(14:18) 

which resulted in the coupling of the immunoglobulin heavy chain locus on 

chromosome 14 to the BCL-2 gene located on chromosome 18 (Vaux, Cory and 

Adams, 1988). However, unlike classical oncogenes which when overexpressed result 

in enhanced cellular proliferation, Bcl-2 was instead found to promote cell survival in 

response to stress. From this stemmed the notion that inhibition of cell death could 

actively contribute to tumorigenesis by enabling a transformed cell to persist and 

acquire further mutations. Indeed, subsequent research has identified a whole family 

of proteins that predominantly function as regulators of intrinsic apoptosis and are 

often dysregulated in cancer. This Bcl-2 family of proteins are structurally related by 

the presence of one to four Bcl-2 homology (BH) domains (BH1, BH2, BH3, BH4) and 

can be divided into both pro-apoptotic and anti-apoptotic subfamilies which co-exist 

in a delicate balance under normal, homeostatic conditions (Czabotar et al., 2014). 

However, in response to the aforementioned perturbations which lead to 

unfavourable cellular stress, this balance rapidly shifts to facilitate the induction of 

cell death.  
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Figure 1.12. Overview of Intrinsic Apoptosis. Schematic representation of the proteins 
involved in the activation of the intrinsic apoptotic pathway.  
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Bcl-2 associated X (BAX) and Bcl-2 antagonist/killer 1 (BAK) are two of the most well 

studied pro-apoptotic proteins in this family which, like the pro-survival Bcl-2 

proteins, each contain four BH domains (BH1-4, as defined by (Kvansakul et al., 2008)) 

and act as direct effectors of MOMP (Figure 1.13). This is due to the pore forming 

capabilities of these proteins which when inserted in the outer mitochondrial 

membrane lead to the release of molecules that promote caspase activation and cell 

death (Czabotar et al., 2014). A third multidomain containing protein, Bcl-2-related 

ovarian killer (BOK), is often grouped with BAX and BAK due to sequence and 

structural similarities (Figure 1.13) and its ability to promote apoptosis in response 

to ER stress (Hsu et al., 1997; Carpio et al., 2015). However, the exact role of BOK 

remains controversial as studies have demonstrated limited phenotypic changes in 

BOK knockout mouse models whilst others have described a neuroprotective 

function for this cellular protein (Ke et al., 2012; D’Orsi et al., 2016). This is in contrast 

to BAX and BAK which are indispensable for the pro-apoptotic function of BH3-only 

proteins (Zong et al., 2001). Moreover, loss of BAX and BAK has been shown to confer 

resistance to a broad range of apoptotic stimuli (Wei et al., 2001).  

 

BAX was first identified as a 21 kDa Bcl-2-bound protein capable of altering the 

dynamics of cell survival. Overexpression of BAX was found to accelerate apoptotic 

cell death and counteract the apoptosis repressive activity of Bcl-2, suggesting that a 

defined ratio of pro- vs anti-apoptotic proteins was necessary for the induction of cell 

death (Oltval, Milliman and Korsmeyer, 1993). Following the discovery of this pro-

apoptotic Bcl-2 regulatory protein, subsequent members of the Bcl-2 family were 

identified based on similar sequence homology and protein interactions. This 

included the identification of BAK through complementary Bcl-2 homology domain 

DNA sequences and the characterisation of its function as a pro-apoptotic Bcl-2 

antagonist analogous to BAX (Kiefer et al., 1995).  

 

Structurally, BAX and BAK are both globular proteins each comprised of 9 helices; a 

hydrophobic α5 helix surrounded by 7 amphipathic helices and an α9 helix at the C-

terminal which acts as a transmembrane domain that can anchor BAX and BAK to the 

mitochondrial outer membrane (MOM) (Westphal et al., 2011). However, whilst BAK 
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is constitutively tethered to the MOM in healthy cells, BAX predominantly resides in 

the cytosol.  In response to apoptotic stimuli, BAX and BAK become activated through 

interactions with various BH3-only proteins (discussed below). This results in major 

conformational changes in their protein structure which facilitates oligomer 

formation and promotes apoptosis via MOMP. For example, exposure of the 

hydrophobic α9 helix causes BAX to translocate from the cytosol and insert into the 

MOM, whilst exposure of the α2 helix containing the BH3 domain enables the 

formation of hetero- or homo- oligomeric BAX/BAK complexes and subsequent pore 

formation (Kim et al., 2009). However, just how BAX and BAK interact and oligomerise 

to form the mitochondrial pore structure still remains to be fully elucidated. 

 

The BH3-only Bcl-2 family members are so called as they only contain one BH domain, 

BH3. This pro-apoptotic subfamily of proteins includes BIM, BID, BAD, PUMA, NOXA, 

BMF, BIK and HRK (Figure 1.13), all of which function to promote mitochondrial 

induced apoptosis (Omonosova and Hinnadurai, 2008). In response to upstream 

apoptotic stimuli, the BH3-only proteins become activated either by increased 

transcriptional upregulation, enhanced protein stabilisation or post-translational 

modification and facilitate the induction of BAX/BAK pore formation. This involves 

either the direct binding of certain BH3-only proteins to BAX and BAK in order to 

stimulate the allosteric changes required for their oligomerisation or by neutralising 

the repressive effects of the anti-apoptotic Bcl-2 family members in order to promote 

cell death (Giam, Huang and Bouillet, 2008). The BH3-only proteins can therefore be 

further sub-divided as ‘activators’ or ‘sensitizers’ of BAX/BAK-mediated MOMP. The 

most well described activators of MOMP are BIM and BID, with studies describing 

effector protein (BAX and BAK) activation specificity based on structural differences 

and cellular localisation. Subsequently, a model in which BIM preferentially activates 

BAX and BID preferentially activates BAK has been proposed (Sarosiek et al., 2013). 

More recently, PUMA and NOXA have also been shown to directly activate BAX and 

BAK (Kim et al., 2009; Chen et al., 2015), although to a much lesser extent than BIM 

and BID. They are in fact more typically regarded as sensitizers in the process of 

MOMP, whereby they act to disrupt complexes of BAX or BAK which have been 

sequestered by anti-apoptotic proteins. 
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Figure 1.13. Structure and function of Bcl-2 family proteins. Schematic representation of the key 
structural components of the various pro- and anti-apoptotic Bcl-2 family proteins. (BH = Bcl-2 
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Alongside PUMA and NOXA, numerous other BH3-only proteins are grouped as 

sensitizers, specifically BAD, BIK, BMF and HRK (Letai et al., 2002). Sequence 

specificity within the individual BH3 domains of these pro-apoptotic proteins is 

thought to determine their affinity for a particular subset of the anti-apoptotic Bcl-2 

proteins. For example, studies have demonstrated that BAD interacts with Bcl-2, Bcl-

xl and Bcl-w in order to neutralise their pro-survival effects, whereas NOXA has 

preferential affinity for Mcl-1 (Chen et al., 2005). In contrast, BIM, BID and PUMA 

have been shown to bind promiscuously with all anti-apoptotic Bcl-2 family proteins 

(Chen et al., 2005).  

 

The anti-apoptotic Bcl-2 family members contain four BH domains (BH1-4) and share 

both sequence and structural similarities with Bcl-2. This pro-survival subfamily is 

made up of Bcl-2, Bcl-xl, Bcl-w, Mcl-1 and AI/BFL-1 (Figure 1.13), all of which directly 

bind to the effector proteins BAX and BAK in order to prevent their oligomerisation 

and subsequent induction of MOMP (Czabotar et al., 2014). Overexpression of these 

anti-apoptotic proteins is frequently observed in cancer (Raffo et al., 1995; Del Bufalo 

et al., 1997) and thus confers an overall survival advantage by raising the threshold 

required for the induction of apoptosis. Ultimately, a fine balance exists between the 

pro- and anti-apoptotic proteins that regulates MOMP and cell death.  

 

1.3.3.2 Consequences of MOMP 
 

Subsequent to MOMP, multiple apoptogenic proteins are released from the 

mitochondria to the cytoplasm where they contribute to the overall demise of the 

cell through a variety of mechanisms. This includes the release of proteins such as 

cytochrome c, SMAC/DIABLO and Omi/HtrA2. Due to the critical nature of its role in 

mitochondrially-induced cell death, the release of cytochrome c from the 

mitochondria intermembrane space has been extensively studied (Liu et al., 1996; 

Cai, Yang and Jones, 1998). Cytochrome c normally functions as an electron shuttle 

in the respiratory chain and thus it is essential for life. However, in response to 

apoptotic stimuli which lead to MOMP, cytochrome c becomes a lethal protein. Once 

present in the cytosol, cytochrome c directly binds to Apaf-1 (apoptotic protease 
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activating factor 1) which is the mammalian ortholog of the nematode CED-4 protein 

(Zou et al., 1997). Binding of Apaf-1, cytochrome c and dATP results in the formation 

of the cell death inducing apoptosome via interactions with the initiator caspase, 

procaspase-9 (Li et al., 1997). Procaspase-9 is present as a monomeric, inactive 

zymogen within the cytoplasm and must undergo processing in order to become 

functionally active. To this end, the apoptosome acts as a multimeric adaptor 

complex which stimulates the dimerization and activation of caspase-9 in order to 

initiate a terminal caspase cascade.  

 

The apoptosome is made up of seven Apaf-1 proteins which form a wheel-like 

structure often termed ‘the wheel of death’. This occurs in response to cytochrome-

c and dATP binding at the Apaf-1 C-terminal which leads to a conformational change 

in the monomeric protein structure (Saleh et al., 1999). Assembly of the heptameric 

Apaf-1-containing apoptosome is then able to recruit procaspase-9 via N-terminal 

CARD:CARD (caspase recruitment domain) homotypic interactions. This 1:1 complex 

between the CARD regions of Apaf-1 and procaspase-9 has previously been shown to 

be indispensable for caspase-9 activation (Qin et al., 1999). However, recent studies 

have identified additional interactions which are crucial for the induced conformation 

model of initiator caspase activation (Hu et al., 2014). This model proposes that 

rather than simply enhancing the proximity of procaspase-9 molecules in order to 

induce activation, the Apaf-1 apoptosome facilitates the formation of an activated 

caspase-9 confirmation through specific binding interactions (Hu et al., 2014; Li et al., 

2017). Nonetheless, activation of caspase-9 within this complex results in the 

downstream activation of the executioner caspases-3 and -7 thereby triggering the 

controlled demolition of the cell and its components. 

 

Omi/HtrA2 has been shown to function in a caspase-independent manner through 

its serine protease activity (Blink et al., 2004). However, the most well-defined role 

of Omi/HtrA2 involves a caspase-dependent mechanism-of-action. Following MOMP, 

Omi/HtrA2 is released into the cytosol where it binds to inhibitor of apoptosis 

proteins (IAPs) thus promoting the indirect activation of caspases and ultimately cell 

death (Suzuki et al., 2001). This is analogous to the function of the IAP inhibitor 
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SMAC/DIABLO (second mitochondrial derived activator of caspase) which is also 

released as a consequence of MOMP (Du et al., 2000). By neutralising the effects of 

IAPs, SMAC further promotes the cytochrome c dependent activation of caspases 

thus committing the cell to death. Inhibitor of apoptosis proteins (IAPs) have been 

shown to be potent regulators of the intrinsic apoptotic pathway. IAPs are a family 

of structurally related proteins characterised by the presence of one to three BIR 

(Baculovirus IAP Repeat) domains (Salvesen and Duckett, 2002). A subset of IAPs 

(including XIAP, c-IAP1/2) also contain a RING domain which confers E3 ubiquitin 

ligase activity and results in the proteasomal degradation of their target substrates. 

XIAP has been shown to bind to caspase-9, caspase-3 and caspase-7, blocking their 

activation and thus the subsequent induction of apoptotic cell death (Deveraux et al., 

1997). 

 

Two other IAPs, cellular IAP-1/-2 (cIAP1 and cIAP2) also play important roles in 

inhibiting the caspase cascade and cell death, however they mainly act upstream of 

MOMP at TNFR signalling complexes as previously described [Chapter 1 Introduction; 

section 1.3.2.5] (Silke and Meier, 2013). In order for apoptosis to proceed, the IAPs 

must be adequately inhibited or depleted. SMAC, which is normally sequestered in 

the mitochondria under homeostatic conditions, is an important negative regulator 

of IAPs. Upon the induction of MOMP, SMAC is released to the cytosol where it can 

bind to and inhibit all members of the IAP family including XIAP, c-IAP1/2 and survivin 

(Du et al., 2000). This facilitates the activation of the apoptotic caspase cascade which 

ultimately culminates in cell death. IAPs are frequently overexpressed in cancer as a 

means of promoting tumour progression through the inhibition of apoptosis.  

 

1.3.3.3 Targeting the intrinsic apoptotic pathway  
 
Therapeutic strategies aimed at targeting the intrinsic apoptotic pathway as a means 

of sensitising tumour cells to programmed cell death largely focus on two main areas: 

inhibition of the anti-apoptotic Bcl-2 family proteins and inhibition of the IAPs. By 

‘inhibiting the inhibitors’ the efficacy of apoptosis inducing treatments such as 

chemotherapeutics are likely to be significantly enhanced specifically within tumour 
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cells which frequently overexpress these anti-apoptotic proteins in order to evade 

death. In this regard, it is said that such tumours are “primed” to undergo apoptosis 

and that agents that target these proteins push them “over the edge” into cell death 

(Certo et al., 2006).    

 

BH3-mimetics are a class of small molecules designed to inhibit the function of the 

anti-apoptotic Bcl-2 family proteins (Merino et al., 2018). Binding to the hydrophobic 

groove of the pro-survival Bcl-2 proteins liberates the pro-apoptotic BH3-only 

proteins which can then induce MOMP in response to the relevant upstream 

apoptotic stimuli. One such molecule, ABT263 (an orally available derivate of 

ABT737), has been shown to preferentially inhibit Bcl-2, Bcl-xL and Bcl-W and 

enhance the induction of apoptosis in both pre-clinical and clinical studies (Tse et al., 

2008; Kipps et al., 2015).  However, the high incidence of thrombocytopenia 

attributed to the on-target effect of Bcl-xL inhibition in platelets has dampened the 

therapeutic benefit of ABT263 and led to the development of compounds with 

reduced toxicity such as ABT199 (Venetoclax) which is selective for Bcl-2 (Roberts et 

al., 2012; Souers et al., 2013). Venetoclax has now been approved as a front-line 

treatment for patients with Chronic Lymphocytic Leukaemia (CLL) and continues to 

show promise for the treatment of solid tumours (Fischer et al., 2019; Jain et al., 

2019; Lok et al., 2019). 

 

Another class of small molecule inhibitors, so-called SMAC mimetics, have been 

developed in order to inhibit the anti-apoptotic function of the IAPs (Fulda and Vucic, 

2012). SMAC mimetics bind to and inhibit the function of XIAP by disrupting its 

association with caspases-3/7/9. Moreover, SMAC mimetics can also bind to the BIR-

domain of the c-IAPs causing a conformational change in their protein structure 

which results in autoubiquitylation and proteasomal degradation (Varfolomeev et al., 

2007). SMAC mimetics have been shown to enhance the response to 

chemotherapeutic drugs as well as increasing radio-sensitisation in various human 

cancers (Probst et al., 2010; Fulda, 2012). Moreover, clinical evaluation of Birinapant, 

a synthetic small molecule SMAC mimetic, demonstrated efficacy in combination 

with chemotherapy in a subset of CRC patients (Senzer et al., 2013), indicating that 



Chapter 1  Introduction 

 
 

54 

patient stratification may improve the clinical application of SMAC mimetic 

treatment. Indeed, studies have been undertaken in order to predict the cellular and 

in vivo responsiveness to Birinapant in combination with standard of care 

chemotherapies in models of CRC (Crawford et al., 2018).  

 

1.4 p53 
 

The p53 protein was first identified in SV40 transformed cells in complex with the 

viral large T antigen and thus was originally described as a host cellular oncoprotein 

(Lane and Crawford, 1979; Linzer and Levine, 1979). This was supported by the 

successful cloning of murine p53 cDNA from transformed cells which when 

overexpressed in primary cells resulted in neoplastic transformation (Oren and 

Levine, 1983; Jenkins, Rudge and Currie, 1984). However, work carried out in the late 

1980’s rapidly disproved this notion as it became apparent that the sequence of the 

original p53 cDNA clones were in fact divergent from the sequence generated from 

normal mouse tissue (Eliyahu et al., 1988). In light of this observation, it was 

suggested that tumour-derived cells frequently harbour mutations in the p53 

sequence whilst non-transformed cells maintain wild-type p53 gene expression. 

Further characterisation of the wild-type gene in rodent models demonstrated that 

p53 overexpression did not lead to oncogenic transformation, rather it impeded this 

process in combination with the putative oncogenes c-myc and Ras (Eliyahu et al., 

1989; Finlay, Hinds and Levine, 1989). These findings were supported by 

simultaneous work carried out in human colorectal tumours in which it was observed 

that wild-type p53 expression was frequently lost by either mutations or deletions 

(Baker et al., 1989). Thus p53 was established as a bona fide tumour suppressor gene 

whereby loss of wild-type protein expression actively contributed to neoplastic 

transformation. This was further exemplified when germ-line mutations in p53 were 

identified as a causal factor in Li-Fraumeni syndrome (LFS); a familial cancer pre-

disposition syndrome which gives rise to variety of early-onset neoplasms (Malkin et 

al., 1990).  
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Research stemming from these early observations has uncovered a vast network of 

genes, proteins and signalling pathways which p53 regulates in order to ensure tissue 

homeostasis and prevent tumour development. Indeed, with over 100,000 PubMed 

entries, p53 is one of the most extensively studied genes and proteins in the scientific 

literature (PubMed, 2020). However, the generation of this enormous catalogue of 

research has not yet been exhaustive as new roles for p53 and its cellular targets are 

identified on a regular basis. With that said, one of the first-identified and most 

critical processes regulated by p53 is the DNA damage response pathway and thus 

p53 is frequently denoted ‘the guardian of the genome’ (Lane, 1992).  

 

It is now well established that wild-type p53 functions as a cellular transcription 

factor (Fields and Jang, 1990; Raycroft, Wu and Lozano, 1990; Kern et al., 1991) which 

is responsible for maintaining genomic integrity and preventing tumorigenesis. This 

is mediated by the transcriptional activation of a plethora of genes involved in many 

fundamental cellular processes including, but not limited to, cell-cycle arrest, 

apoptosis, metabolism, senescence and, as previously mentioned, DNA damage 

repair (Figure 1.14) (reviewed by (Kruiswijk, Labuschagne and Vousden, 2015) and 

(McDade and Fischer, 2018)). This canonical function enables p53 to respond to 

various stimuli such as DNA damage, genotoxic stress or viral insult in order to first 

arrest the cell, assess and repair any acquired genomic aberrations or commit the cell 

to programmed death if the damage is too extensive; thereby preventing oncogenic 

transformation. With such a vast and critical role in maintaining cellular homeostasis, 

it is not surprising that the TP53 gene is the most frequently mutated gene in human 

cancer (Olivier, Hollstein and Hainaut, 2010). Around 50% of all human cancers 

harbour mutations within the TP53 gene as a means of inactivating its tumour 

suppressive functions. Such mutations, in both germ-line tumours (LFS) and sporadic 

tumours, typically occur within the DNA-binding domain of p53 (Muller and Vousden, 

2013). This abrogates the function of p53 as a tumour suppressive transcription 

factor and can ultimately lead to tumour development and progression. This can 

occur through loss of heterozygosity which is commonly associated with p53 

mutation and results in the dominant-negative inhibition of the remaining wild-type 

allele. Moreover, as the vast majority of p53 mutations occur within the DNA-binding 
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Metabolism

Autophagy Senescence 

Cell Cycle Arrest DNA Damage Repair

Apoptosisp21, CDC25A, 1433S

PML, PAI1, miR34a

TIGAR, SCO2, GLS2

PUMA, NOXA, BAX

RRM2, XPC, DDB2

ATG2, ATG4, DRAM1p53

Figure 1.14. p53 regulates multiple cellular processes. p53 transcriptionally regulates a plethora of 
genes involved in distinct cellular processes such as metabolism, autophagy, DNA damage repair, 
apoptosis, cell cycle arrest and senescence.   
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domain, particular ‘hot-spots’ have been identified which are more prone to 

mutation, specifically R175, G245, R248, R249, R273 and R282 (Baugh et al., 2018). 

 

Mutations in this region can broadly affect the transcription factor activity of p53 via 

two distinct mechanisms. Contact mutants, such as R248W and R273H, significantly 

alter the ability of p53 to directly bind to DNA (although tetramer formation is still 

feasible) whilst conformational mutants, such as R175H and R249S, alter the 

structure of p53 in such a way that it can no longer form tetramers and thus cannot 

bind DNA (Muller and Vousden, 2013). Interestingly, missense mutations are far 

more frequently observed than frameshift, nonsense or deletions indicating a 

possible selection for mutant p53 expression. Indeed, neomorphic gain-of-function 

properties have been attributed to particular forms of mutant p53, with studies 

describing more aggressive and malignant phenotypes upon mutant p53 expression 

(reviewed in (Oren and Rotter, 2010)). However, these effects are likely context-

dependent with tumour type, binding partner availability and microenvironment all 

contributing to the role of specific p53 mutants. On the other hand, tumours 

retaining wild-type p53 must circumvent its tumour suppressive functions through 

non-mutational mechanisms. The structure, function and canonical regulation of 

wild-type p53 are therefore discussed in further detail below.  

 

1.4.1 p53 Structure  
 

The TP53 gene is located on chromosome 17p13.1 and encodes a 393 amino acid 

peptide composed of multiple domains. The full-length ‘wild-type’ protein, typically 

denoted as simply p53 or TAp53α, is the most extensively studied p53 isoform (Figure 

1.15). However, a range of alternatively spliced and truncated isoforms have also 

been identified which can modulate p53 transcriptional activity and alter cell fate 

(Khoury and Bourdon, 2010; Vieler and Sanyal, 2018). In the canonical p53 structure 

two tandem transactivation domains (TAD1 and 2) are present within the N-terminus 

which are responsible for p53 activation and target gene expression (Wang et al., 

1994). Both positive and negative regulators of p53 bind to this region, resulting in 

the addition of post-translational modifications within the C-terminal domain which  
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DBD OD CTDPRD TAD1

Core domainN-terminal C-terminal

p53 

TAD2

Figure 1.15. Structure of p53. Schematic representation of the key structural components of the p53 
protein. (TAD = transactivation domain, PRD= proline-rich domain, DBD = DNA binding domain, OD = 
oligomerisation domain and CTD = C-terminal domain). 
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subsequently modulate p53 activity and stability (Raj and Attardi, 2017). A proline-

rich region is also present within the N-terminus which is thought to contribute to 

p53’s transcriptional activation. Interestingly, although originally observed as a 53 

kDa band in protein expression analyses, it is thought that the actual molecular 

weight of p53 is closer to 43 kDa and that the presence of this proline-rich domain 

simply results in a slower transition through the SDS-polyacrylamide gel (Levine and 

Oren, 2009). Moreover, this region has been associated with the pro-apoptotic 

functions of p53. The main core of the p53 protein consists of the DNA-binding 

domain, which is the site most frequently mutated in cancer. This region is 

responsible for the direct binding of p53 to the DNA-binding motif within its 

transcriptional targets. This p53 binding motif consists of two 10bp half-site 

sequences (RRRCWWGYYY: R, G/A; W, A/T; Y, C/T) separated by a spacer of variable 

length (0-20 nucleotides) (El-Deiry et al., 1992; Funk et al., 1992). Binding of p53 to 

this consensus motif typically occurs within the promotor region of putative p53 

targets, however binding has also been demonstrated within the first intron and 

indeed in distal sites such as enhancer regions. Importantly, in order to bind to and 

transcriptionally active target gene expression, p53 must form a homo-tetrameric 

structure. While studies have demonstrated an ability for the p53 core domain to 

self-tetramerise when complexed with DNA (Veprintsev et al., 2006), these 

interactions are predominantly mediated by the adjacent oligomerisation domain 

located within the p53 C-terminus (Clore et al., 1995). Moreover, like all transcription 

factors, p53 must localise to the nucleus in order active gene expression. Nuclear 

localisation signals and a nuclear export signal are therefore present within its protein 

structure (Shaulsky et al., 1990). Lastly, the C-terminal domain (CTD) of p53 is a 

flexible, lysine-rich region which is often described as being somewhat analogous to 

a histone tail. Numerous studies have demonstrated that this region is required for 

DNA-binding and can modulate p53 activity through the addition of post-

translational modifications (Hamard, Lukin and Manfredi, 2012; Kim et al., 2012). In 

particular, MDM2-mediated ubiquitination of the CTD targets p53 for proteasomal 

degradation whilst acetylation of this region by the acetyl-transferases p300/CBP and 

PCAF has been shown to promote p53 stability and activation (Gu and Roeder, 1997; 

Rodriguez et al., 2000). However, Hamard et al. have demonstrated that the 
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functional significance of the CTD may be highly target- and tissue-specific as multiple 

phenotypes were observed in vivo following overexpression of a C-terminally-

truncated p53 protein (Hamard et al., 2013).  

 

1.4.2 Function 
 

As previously mentioned, p53 is activated in response to a range of stimuli and 

regulates the cellular response to promote either repair and survival or programmed 

death. However, repair and survival pathways are only initiated following the 

induction of p53-dependent cell-cycle arrest. Indeed, the cell-cycle arrest pathway is 

a key mechanism through which p53 mediates its tumour suppressive functions in 

response to genotoxic stress. This enables the cell to assess the extent of the damage 

and direct the subsequent p53 response accordingly. One of the most well-studied 

and putative p53 target genes involved in this process is the cyclin dependent kinase 

inhibitor, CDKN1A, which encodes the cell-cycle inhibitory protein, p21 (Waldman, 

Kinzler and Vogelstein, 1995). In response to p53-activating DNA-damage, p21 is 

rapidly upregulated at both the transcriptional and protein level. This forces the cell 

to arrest predominantly within the G1-phase of the cell cycle due to p21-dependent 

inhibition of cyclin-dependent kinase-2 (CDK2) and CDK4/6 (Harper et al., 1995). 

Ultimately, this promotes the transcriptional silencing of E2F1 targets which are 

critical for DNA replication and cell-cycle progression. Moreover, p53-mediated 

upregulation of GADD45A (Growth Arrest and DNA Damage-Inducible Alpha) further 

arrests cells in the G2-phase of the cell cycle (Wang et al., 1999). In this way, damaged 

DNA, which could lead to oncogenic transformation, is not likely to be carried forward 

following cell division. 

 

Cellular senescence is a closely related pathway which is also regulated by p53 

(Itahana, Dimri and Campisi, 2001). A failure to respond to mitogenic stimuli is a 

hallmark of cellular senescence which results in the permanent withdrawal of the cell 

from the cell cycle. Activation of the DNA-damage response pathway in response to 

pro-senescent stimuli activates p53 via ATM-dependent phosphorylation. This 

facilitates the transactivation of p53 target genes such as p21 and PML 
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(Promyelocytic leukaemia protein) which can then induce terminal growth arrest and 

prevent neoplastic transformation (Itahana, Dimri and Campisi, 2001; De Stanchina 

et al., 2004). However, in instances where DNA-damage repair is the preferred 

cellular outcome, p53 can upregulate a subset of genes which respond to the specific 

type of DNA-damage. For example, DNA-damage caused by UV-radiation typically 

results in the activation of nucleotide excision repair machinery. Nucleotide excision 

repair pathways involve the p53-dependent up-regulation of proteins such as XPC 

and DDB2 which then bind to distinct complexes to facilitate DNA-repair (Adimoolam 

and Ford, 2003). Conversely, when DNA-damage is too extensive p53 can instead 

direct the cell towards programmed cell death.  

As a tumour-suppressor, p53 can also mediate the removal of damaged or potentially 

cancerous cells from tissues and organs in order to preserve homeostasis. The most 

efficient and least damaging means of doing so is through the activation of apoptosis 

in which p53 plays a central role. In response to overwhelming DNA-damage or high 

levels of other types of cellular stress, p53 transcriptionally activates a number of 

genes involved in the regulation of both the extrinsic and intrinsic apoptotic signalling 

pathways (reviewed by (Aubrey et al., 2018)). This includes transactivation of the 

death receptors Fas (Owen-Schaub et al., 1995; Müller et al., 1998) and TRAIL-R2/DR5 

(Wu et al., 1997; Takimoto and El-Deiry, 2000) which canonically mediate the 

induction of cell death in response to extracellular stimuli [Chapter 1 Introduction; 

section 1.3.]. However, the physiological impact of p53-mediated death receptor 

upregulation remains controversial. Typically, p53 activation resulting from DNA-

damaging inducing agents (such as radiation or chemotherapy) does not require 

extrinsic/death receptor pathway activation in order to induce cell death (Newton 

and Strasser, 2000). The upregulation of Fas and TRAIL-R2/DR5 may, however, serve 

to sensitise cells to killing by proximal or recruited death-receptor-ligand-expressing 

immune cells. To this end, studies have demonstrated that chemotherapy-induced, 

p53-mediated TRAIL-R2/DR5 upregulation sensitises TRAIL-resistant cells to 

recombinant TRAIL (Wang and El-Deiry, 2003). Thus, p53-mediated death receptor 

upregulation may enhance the response to cytotoxic damage by priming the cells for 

elimination by TRAIL and FasL expressing immune effector cells. 
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p53 also regulates cell death in response to cell intrinsic stimuli. Induction of intrinsic 

apoptosis is often mediated in a p53-dependent manner as numerous Bcl-2 family 

members are transcriptionally upregulated following p53 activation. This includes the 

BH3-only proteins PUMA (Nakano and Vousden, 2001) and NOXA (E. Oda et al., 2000) 

as well as BAX (Toshiyuki and Reed, 1995), all of which co-operate in order to induce 

mitochondrial pore formation and initiate the intrinsic apoptotic pathway [Chapter 1 

Introduction; section 1.3.3]. Additionally, the apoptosome adapter Apaf-1 has also 

been identified as a p53 transcriptional target which is upregulated in response to 

DNA damage and facilitates caspase activation following MOMP (Moroni et al., 2001; 

Robles et al., 2001). However, the relative contribution of these canonical p53 targets 

to the induction of p53-dependent apoptosis appears to be quite complex. For 

example, studies have demonstrated that PUMA is perhaps the most essential 

mediator of p53-dependent apoptosis as loss of PUMA expression resulted in a 

profound resistance to p53 overexpression or p53-activating DNA-damaging agents 

(Yu et al., 2003; Jeffers et al., 2003). However, a certain degree of redundancy may 

also exist as studies have demonstrated that in response to γ-radiation or drug-

induced p53 activation, simultaneous loss of PUMA and NOXA conferred more 

resistance to apoptosis than loss of PUMA alone (Villunger et al., 2003; Michalak et 

al., 2008). Conversely, NOXA has been shown to mediate ultra-violet radiation-

induced apoptosis in certain cell types (Naik et al., 2007), suggesting that the critical 

mediators of the p53-driven apoptotic response may vary based on cell type and 

stimuli. Additionally, whilst p53-induced BAX and Apaf-1 expression significantly 

contributes to p53-mediated apoptotic cell death (Mccurrach et al., 1997; Soengas et 

al., 1999), the pivotal role of these proteins in intrinsic apoptosis ensures that other 

measures are in place to either compensate for their loss or regulate their expression 

in the absence of p53. Interestingly, studies have also described a non-transcriptional 

role for p53 in the regulation of BAX and subsequent induction of intrinsic apoptosis. 

Chipuk et al. demonstrated that p53 can directly bind to and activate BAX at the 

mitochondrial membrane in order to induce MOMP and cell death (Chipuk et al., 

2004). A non-transcriptional role for p53-mediated regulation of MOMP has also 

been proposed elsewhere in the literature. Studies have demonstrated that, 

following genotoxic activation, p53 can translocate to the cytosol where it interacts 
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with/sequesters anti-apoptotic members of the Bcl-2 family in order to promote the 

activation of intrinsic apoptosis (Marchenko, 2000; Mihara et al., 2003). Thus the 

transcriptional-dependent and -independent roles of p53 in the intrinsic apoptotic 

pathway likely operate in concert to ensure the prompt and efficient induction of cell 

death.  

As discussed, p53 can regulate the expression of an extensive repertoire of 

transcriptional targets many of which are involved in seemingly opposing cellular 

pathways i.e. arrest vs death. Indeed, many of these target genes appear to be 

upregulated in response to the same p53-activating stimuli. Numerous mechanisms 

have been identified which regulate the activity of p53 and influence cell fate 

including chromatin structure and accessibility and p53 activation dynamics. 

However, at the molecular level this is most extensively mediated by post-

translational modifications and the recruitment of activatory co-factors.  

1.4.3 p53 regulation and post-translational modification  
 

Under normal homeostatic conditions, p53 must be actively suppressed at low 

cellular levels to avoid aberrant activation of cell-cycle arrest or cell death. While a 

number of proteins have been identified which regulate p53 stability via proteasome-

mediated degradation (e.g. Pirh2 and COP1), the most extensively studied is that of 

the RING-finger type E3-ubiquitin ligase, MDM2 (Mouse Double Minute 2). MDM2 

was originally described as an oncogene as overexpression increased the tumorigenic 

potential of murine cells (Fakharzadeh, Trusko and George, 1991). Following the 

discovery of the human ortholog, a relationship between p53 and MDM2 was quickly 

established in which MDM2 was shown to function as a putative negative regulator 

of the p53 tumour suppressor (Haupt et al., 1997; Kubbutat, Jones and Vousden, 

1997). Indeed, amplification and overexpression of MDM2 has been identified in a 

number of human malignancies as a means of circumventing the tumour suppressive 

role of p53 (Momand et al., 1998; Oliner, Saiki and Caenepeel, 2016). Canonically, 

MDM2 functions as a homodimer (although heterodimers of MDM2 and MDMX have 

also been described (Wade, Li and Wahl, 2013)) which binds to the p53 N-terminal 

transactivation domain in order to regulate its stability and function (Figure 1.16). 
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MDMX is a molecular homolog of MDM2 which can also bind to p53’s transactivation 

domain and inhibit its transcription factor activity (Shvarts et al., 1996). However, 

unlike MDM2, MDMX cannot oligomerise as a homodimer and thus does not possess 

inherent E3-ligase activity i.e. it cannot ubiquitylate and degrade p53. In contrast, the 

formation of MDMX/MDM2 heterodimers results in a complex with enhanced 

MDM2-mediated E3 ligase activity which therefore facilitates the more efficient 

inhibition of p53 (Linares et al., 2003). MDM2 mediated mono-ubiquitylation of p53 

C-terminal lysine residues exposes its NES resulting in the inhibition of p53 

transcriptional activity whilst poly-ubiquitylation of this region targets p53 for 

destruction by the proteasome (Moll and Petrenko, 2003). Importantly, this occurs 

as part of an auto-regulatory loop as the MDM2 protein is itself under the 

transcriptional control of p53, thus its levels are concomitantly reduced upon p53 

degradation (Moll and Petrenko, 2003).  

 

In order for p53 to become transcriptionally active, this negative interaction with 

MDM2 must be disrupted. This can occur via a variety of mechanisms in response to 

numerous stimuli. For example, activation of p14ARF by aberrant mitogenic stimuli 

sequesters MDM2 in the nucleolus, thus stabilising p53 expression and directing the 

cell towards cell-cycle arrest or apoptosis (Stott et al., 1998). However, the most 

extensively studied mechanisms of p53 stabilisation and activation rely on the 

addition of post-translational modifications which inhibit its interaction with MDM2 

and facilitate co-activator binding (Shieh et al., 1997; Ashcroft, Kubbutat and 

Vousden, 1999). This occurs in response to DNA-damage inducing stimuli which 

canonically active the ATM (ataxia-telangiectasia mutated) and ATR (ataxia-

telangiectasia mutated and Rad3-related) kinases resulting in p53 N-terminal 

phosphorylation (Banin et al., 1998; Tibbetts et al., 1999). In addition to ATM and 

ATR, phosphorylation can also be mediated by CHK1, CHK2 and HIPK2 which are also 

important regulators of p53 function (D’Orazi et al., 2002; Ou et al., 2005). 

Importantly, this process can be repressed by PPM1D (Protein Phosphatase, 

Mg2+/Mn2+ Dependent 1D) which actively de-phosphorylates the p53 N-terminus thus 

adding another degree of complexity to the regulation of p53 and its functional 

output (Yan et al., 1997).   
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Figure 1.16. Regulation of p53 stability and transcriptional activity. Schematic representation of the 
key proteins involved in the regulation of p53 activity and stability.   
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Nevertheless, in response to adequate stimuli, p53 N-terminal phosphorylation 

events (S15, S20, S46 and T18) efficiently disrupt the binding of MDM2 to this region, 

leading to increased p53 stability and transcription factor activity (Figure 1.16). 

Particular phosphorylation events such as S46 phosphorylation (mediated by HIPK2 

or other stress-induced kinases) have been shown to regulate p53 activity in favour 

of cell death by transcriptionally activating pro-apoptotic mitochondrial associated 

genes such as p53AIP1 and BAX (K. Oda et al., 2000; D’Orazi et al., 2002). Additionally, 

the phosphorylation-dependent dissociation of MDM2 from p53 facilitates the 

binding of transcriptional co-activators such as p300 and CBP (CREB-binding protein) 

(Ogryzko et al., 1996; Grossman, 2001). p300/CBP function as acetyltransferases 

alongside PCAF which is typically involved in p53 acetylation following DNA damage 

(Sakaguchi et al., 1998). In addition to phosphorylation-specific transcriptional 

regulation, acetylation events have also been shown to regulate p53-induced cell fate 

by transcriptionally favouring the expression of genes involved in either cell-cycle 

arrest or apoptosis (Figure 1.16) (Brooks and Gu, 2003). 

 

p53 is highly regulated by the acetylation of multiple lysine residues within its CTD 

(K370, K372, K373, K381, K382 and K386), DNA-binding domain (K120 and K164) and 

oligomerisation domain (K320) (Figure 1.17). In the first instance, acetylation of 

lysine residues within the CTD competitively inhibits MDM2-mediated ubiquitylation 

at these same sites and thus results in p53 stabilisation and increased transcriptional 

activity. Moreover, in response to particular stimuli, acetylation of specific lysine 

residues has been shown to be critical for fine tuning the p53-mediated 

transactivation of genes involved in either cell-cycle arrest or apoptosis. For example, 

studies have demonstrated that acetylation of lysine K120 by the acetyltransferase 

Tip60 is crucial for p53-dependent apoptosis but is dispensable for cell-cycle arrest 

(Sykes et al., 2006; Tang et al., 2006). In contrast, acetylation of K320 has been shown 

to have a more important role in the regulation of cell-cycle arrest (Knights et al., 

2006). In addition to fine tuning the p53 response, Tang et al. have demonstrated 

that p53 acetylation at eight key lysine residues is indispensable for the activation of  

both cell-cycle and apoptotic target gene expression and thus its tumour suppressive 

function (Tang et al., 2008). Importantly, multiple de-acetylases, including the  



Chapter 1  Introduction 

 
 

67 

  

DBD OD CTDPRDTAD1

Core domainN-terminal C-terminal

p53 

Acetylation 
Phosphorylation 
Ubiquitylation 

TAD2

S15 T18 S20 K382K370

K372 K380

K373K120 K164

K386

K320S46

Figure 1.17. p53 post-translational modifications. Schematic representation of the key post-
translational modifications which have been shown to regulate p53 activity.  
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histone deacetylases 1, 2 and 3 (HDAC1-3) and SIRT1, have been shown to inhibit p53 

transcriptional activity through the removal of acetyl groups (Juan et al., 2000; Vaziri 

et al., 2001). The existence of this actively repressive mechanism further highlights 

the significance of p53 acetylation in regulating its canonical tumour suppressive 

activity.  

 

Aside from phosphorylation and acetylation (which make up the bulk of the most 

cited p53 post-translational modifications), p53 can also be regulated by methylation, 

neddylation and sumolyation (Liu, Tavana and Gu, 2019). Thus a paradigm exists 

wherein p53 is acutely regulated by the relative expression and competitive binding 

of multiple PTM-associated proteins. Given the irreversible nature of initiating a cell 

death signal in response to p53 activation, the increased degree of regulation 

afforded by such extensive post-translational modifications may act as a ‘fail safe’ 

mechanism in order to prevent aberrant activation of apoptosis under physiological 

conditions. However, cancer cells can also hijack this process as a means of 

functionally inactivating p53 in tumours retaining wild-type protein expression.  

 

1.4.4 Targeting wild-type p53 in cancer  
 

A prerequisite for the development and progression of most human cancers is 

believed to be the functional inactivation of the tumour suppressor p53. This is not 

only evidenced by the fact that p53 is the most frequently mutated gene in cancer 

but also through the increased presence of adaptations which inhibit the stability and 

function of p53 in tumours retaining wild-type protein expression. Developing 

therapeutic strategies aimed at reviving the latent activity of wild-type p53 therefore 

represents an extremely valuable clinical opportunity to exploit the innate anti-

cancer function of this fundamental cellular protein. This is exemplified by numerous 

studies which have demonstrated remarkable tumour regression when p53 is 

reactivated in vivo (Martins, Brown-Swigart and Evan, 2006; Ventura et al., 2007; Xue 

et al., 2007), highlighting the inherent potency of this tumour suppressor and its 

profound role in abrogating the survival of cancer cells. Moreover, a more robust 

response to standard-of-care treatments such as cytotoxic chemotherapy and 
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ionising radiation is often observed in the presence of functionally active p53. Thus, 

enhancing the expression and tumour suppressive activity of wild-type p53 has the 

potential to significantly alter cancer progression and improve responses to current 

treatments.  

 

Significant advances in our understanding of the mechanisms which canonically 

regulate p53 stability and function have facilitated the development of numerous 

small molecules and drugs that exploit vulnerabilities within the p53 regulatory 

network, namely the tumour-cell-specific dysregulation of p53 post-translational 

modifications (Dai and Gu, 2010). The aberrant expression of proteins involved in the 

regulation of p53’s post-translational modification status is an adaptation frequently 

employed by cancer cells in order to inactivate the tumour suppressive functions of 

wild-type protein expression. One of the most well-established, therapeutically 

exploitable targets in this field is perhaps not surprisingly MDM2. As discussed, 

MDM2 binds with high affinity to the amino terminus of p53, thus inhibiting its 

phosphorylation and co-factor recruitment whilst simultaneously tagging it for 

destruction through C-terminal ubiquitylation events. Indeed given its central role in 

the negative regulation of p53 stability and transcription factor activity, MDM2 

amplification and overexpression has been observed in a number of p53 wild-type 

cancers as a means of diminishing the anti-tumorigenic functions of p53 (Oliner, Saiki 

and Caenepeel, 2016). Thus, targeting the MDM2-p53 axis has the potential to 

reactive the latent tumour suppressive functions of wild-type p53 and inhibit cancer 

survival. 

 

The first major effort in the development of small molecule inhibitors of MDM2 

resulted in the generation of a family of cis-imidazoline analogues termed Nutlins 

(Vassilev et al., 2004). This work was guided by a previous study which had crystalized 

the N-terminal domain of MDM2 in complex with a p53 transactivation domain 

peptide and identified three critical amino acid residues (Phe19, Trp23 and Leu26) 

within the p53 peptide which were necessary for binding within a deep hydrophobic 

cleft in MDM2 (Kussie et al., 1996). Mimicking these interactions enabled Nutlins to 

bind to the hydrophobic pocket of MDM2 and thus displaced its canonical interaction 
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with p53. By competitively inhibiting the binding of p53 with MDM2, treatment with 

Nutlins effectively increased p53 protein expression and transcription factor activity 

leading to the induction of p21, cell-cycle arrest and apoptosis. Importantly, these 

effects were only apparent in cell lines retaining wild-type p53 expression. Moreover, 

the authors also demonstrated that the lead compound, Nutlin-3, could inhibit the 

growth of p53-proficient human cancer xenografts in vivo (Vassilev et al., 2004). 

Further studies utilising Nutlin-3A, the active enantiomer of Nutlin-3, demonstrated 

that MDM2 inhibition significantly enhanced the expression and tumour suppressive 

functions of p53 in a range of cancer models. However, although most cell lines 

undergo cell cycle arrest, only those with MDM2 amplification or overexpression 

were particularly sensitive to p53-induced apoptosis following treatment with Nutlin-

3A alone. Nonetheless, combinations of Nutlin-3A and genotoxic agents efficiently 

induced apoptosis in both haematological malignancies and solid tumours 

demonstrating the potential therapeutic benefit for p53 wild-type cancers in the 

clinical setting. Unfortunately, clinical translation of the Nutlin-3A analogue RG7112 

was hampered by dose-limiting toxicities such as thrombocytopenia and neutropenia 

which precluded its use in cancer treatment (Iancu-Rubin et al., 2014; Tisato et al., 

2017). 

 

The huge potential in targeting the MDM2-p53 interaction has, however, spurred the 

development of more potent Nutlin derivatives such as RG7388 (Ding et al., 2013). 

This pyrrolidine compound has demonstrated enhanced efficacy at doses which are 

orders of magnitude lower than those of its predecessors both in vitro and in vivo. As 

with other MDM2 inhibitors, treatment with RG7388 effectively activates p53, 

leading to the induction of cell cycle arrest or apoptosis in tumours expressing wild-

type p53. Clinical trials involving the use of RG7388 are currently ongoing with early 

indications of efficacy in multiple cancer models (Khurana and Shafer, 2019) . In 

addition, other classes of small molecule inhibitors have been developed such as the 

spirooxindoles (MI series of compounds e.g MI773), benzodiazepinediones (e.g 

TDP521252) and piperidinones (e.g. AMG232) (Wang et al., 2017). Differing in their 

structural composition and affinity for the key residues in the MDM2 binding pocket, 
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these compounds have also made their way into clinical trials with the aim of 

activating the latent p53 tumour suppressor response in p53 wild-type cancers.  

The use of such MDM2 inhibitors holds promise for the treatment of colorectal 

cancer as unlike other cancers, such as pancreatic cancer, wild-type p53 expression 

is retained in almost 50% of colorectal tumours. However, despite promising safety 

and tolerability profiles, some clinical studies have reported limited tumour-

suppressive activity of MDM2 inhibitors as single agents (de Jonge et al., 2017). This 

highlights the need for improved patient stratification guided by biomarker 

identification and predictive gene signatures which could predict sensitivity to these 

agents. Moreover, such agents may be limited clinically due to their exquisite on-

target specify i.e. treatment may drive the progression of a more aggressive tumour 

through acquired loss or mutational inactivation of p53. Indeed, in colorectal cancer, 

p53 mutation often results in oncogenic ‘gain of function’ activity which is frequently 

associated with poor prognosis and decreased survival. A more attractive clinical 

strategy may be to combine MDM2 inhibition with treatments which exploit 

vulnerabilities induced by p53-activation or which facilitate a cell-death driven p53 

response. For example, pre-clinical studies have demonstrated that MDM2 inhibitors 

such as Nutlin-3A can augment standard of care chemotherapy in colorectal cancer 

cells (Paek et al., 2016) and enhance the p53 driven cell death response to regulators 

of apoptosis such as IAP inhibitors (Gowda Saralamma et al., 2017) and BH3 mimetics 

(Le Pen et al., 2016). Intriguingly, bispecific small molecules have now been 

developed targeting MDM2 and anti-apoptotic proteins such as BCL2 and XIAP which 

represent a promising strategy for exploiting p53 activation in tumours retaining 

wild-type expression (Gu et al., 2016; Z. Wang et al., 2016). The use of MDM2 

inhibitors as single agents does however have clinical promise in the field of 

‘cyclotherapy’ (van Leeuwen et al., 2012). In this context, stimulating non-apoptotic 

p53 activation through pre-treatment with MDM2 inhibitors halts the proliferation 

of healthy tissue and protects normal cells from the toxicity induced by subsequent 

treatment with anti-tumorigenic DNA damaging agents such as chemo- and radio-

therapy.  
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With the promise of efficacy afforded by newly developed, potent, small molecule 

MDM2 inhibitors with favourable pharmaco-kinetic and -dynamic properties a 

growing number of clinical trials are now underway for the treatment of both 

haematological and solid malignancies. Numerous Phase 1 and 2 trials are ongoing to 

assess the single agent effects of MDM2 inhibition as well as combination treatments 

with chemotherapy, radiotherapy, epigenetic modifying agents, immune-oncology 

agents and various other small molecule inhibitors (Konopleva et al., 

2020)(clinicaltrials.gov). RG7388 (Idasanutlin) is currently the only MDM2 inhibitor 

active in a Phase 3 trial in which efficacy is being assessed in combination with 

cytarabine, a DNA synthesis inhibitor, in AML (clinicaltrials.gov ID: NCT02545283). 

High levels of MDM2 in AML have previously been correlated with improved 

outcomes following a Phase 1/1b trial with RG7388 suggesting that MDM2 

expression may be used as a biomarker for response in this disease (Reis et al., 2016). 

Although more frequently studied in haematological malignancies (owing to the 

reduced presence of p53 loss/mutation), MDM2 inhibitors also show clinical promise 

in solid tumours. In colorectal cancer, RG7388 Is currently under clinical investigation 

in Phase 1 and 2 trials in combination with the Atezolizumab, an anti–PD-L1 targeted 

agent (clinicaltrials.gov ID: NCT03555149). HDM201 (Siremadlin) is another MDM2 

inhibitor currently being investigated in Phase 1 trials in colorectal cancer in 

combination with a MEK inhibitor (clinicaltrials.gov ID: NCT03714958) and a PDL1-

inhibitor (Spartalizumab). Recently published results from a Phase I study assessing 

the MDM2 inhibitor MK-8242 as a monotherapy in advanced/refractory solid 

tumours harbouring wild-type p53 demonstrated acceptable safety and tolerability. 

Moreover, a partial response was reported with prolonged progression free survival 

in patients with liposarcoma thus inciting potential for future studies in this disease 

type (Wagner et al., 2017).  

As a transcription factor, the function of p53 is not only regulated by the expression, 

stabilisation and activation of the protein itself but also by the epigenetic landscape 

which permits its association with DNA. The epigenetic regulation of DNA and 

histones is an essential process which modulates gene expression without altering 

the underlying genetic code (Allis and Jenuwein, 2016). This is facilitated by various 
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post-translational modification events which act in concert to regulate chromatin 

accessibility, transcription factor binding, co-factor recruitment and gene expression. 

A plethora of post-translational modifications have now been identified; however 

few have been extensively studied. Of these, phosphorylation, methylation, and 

acetylation are perhaps the most well-established regulators of chromatin 

remodelling and gene expression (Allis and Jenuwein, 2016). Indeed, acetylation and 

methylation were the first described histone post-translational modifications 

suggested to have a role in the regulation of  transcription (Allfrey, Faulkner and 

Mirsky, 1964). Since then, our understanding of the vast epigenetic and post-

translational modification network has significantly improved. For example, histone 

acetylation is now a recognised means through which the compaction state of 

chromatin is regulated (Grunstein, 1997). In the most basic sense, acetylation of the 

histone tail neutralizes the charge of unmodified lysine residues and disrupts the tight 

association of DNA with the histone complex. This facilitates the recruitment and 

binding of transcription factors and other co-factors, particularly at enhancer and 

promoter regions; thus, acetylated histones frequently denote areas of active 

transcription and gene expression (Verdone, Caserta and Di Mauro, 2005).  

 

Importantly, histones are not the only proteins regulated by post-translational 

modifications. Non-histone proteins such as transcription factors, heat shock 

proteins and structural proteins have all been shown to undergo various post-

translational modifications which regulate their stability and function within the cell. 

In fact the first non-histone protein that was found to be regulated by post-

translational modifications was p53 (Gu and Roeder, 1997). As previously described 

[Chapter 1 Introduction; section 1.4.3], extensive post-translational modifications 

regulate all aspects of p53’s activity as a tumour suppressor. Indeed, it appears that 

the proteins most typically regulated by post-translational modifications tend to be 

involved in fundamental cellular pathways such as DNA-repair, cell-cycle arrest and 

apoptosis. This process must therefore be tightly co-ordinated in order to ensure 

homeostasis and prevent disease. Unsurprisingly, cancer cells frequently dysregulate 

post-translational modifications to promote oncogenesis and enhance survival (Jones 

and Baylin, 2002; Barneda-Zahonero and Parra, 2012). Given the importance of 
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acetylation in regulating the expression and activity of p53, as well as facilitating the 

formation of euchromatin and enabling transcription factor binding, the following 

section will discuss in more detail the therapeutic potential of targeting this PTM 

pathway in the treatment of cancers with wild-type p53.  

 

1.5 Histone and non-histone protein post-translational modification  
 
1.5.1 Histone Acetyltransferases (HATs) 
 
The acetylation of histones and non-histone proteins is mediated by a family of 

enzymes known as histone acetyl-transferases (HATs). HATs catalyse the transfer of 

an acetyl group from acetyl-CoA cofactors to Nϵ-lysine residues within their target 

substrate (Marmorstein and Zhou, 2014). Whilst HATs are predominantly located 

within the nucleus, an increasing body of evidence suggests they may also shuttle to 

the cytoplasm (Sadoul et al., 2010) – further highlighting their role in the acetylation 

of non-histone proteins. Three main families of HATs have been broadly identified 

which differ in their structure and mechanism of acetylation, namely the GNAT family 

(e.g. PCAF), the p300/CBP family and the MYST family (e.g. Tip60) (Marmorstein and 

Roth, 2001). Additionally, the substrate sites recognised by individual HATs, even 

within the same subfamily, are remarkably diverse. This points to a controlled and 

highly regulated system which has been evolutionary conserved across species. 

Appropriate acetylation is required for the transcriptional regulation of gene 

expression during normal cellular processes such as proliferation and differentiation. 

This is primarily mediated by both histone acetylation and the acetylation of 

transcription factors which facilitate gene expression (Berger, 1999). Indeed, 

knockout of key HATs such as p300/CBP is embryonically lethal in mouse models 

whilst in humans, mutations in CBP (and to a lesser extent p300) have been 

associated with Rubinstein-Taybi syndrome; leading to intellectual impairment, 

physical abnormalities and an increased risk of tumour development (Milani et al., 

2015). Moreover, the dysregulation of acetylation has also been linked to 

tumorigenesis and poor prognosis in human malignancies.  
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1.5.2 Histone Deacetylases (HDACs) 
 
The action of HATs is functionally opposed by their cellular counterparts histone 

deacetylases (HDACs), which are typically involved in gene silencing and 

transcriptional repression (Figure 1.18) (Cress and Seto, 2000). Like HATs, HDACs also 

target an extensive repertoire of non-histone proteins in addition to their more 

canonical role in histone deacetylation. Functioning in both the nucleus and the 

cytoplasm, our knowledge of the vast network of regulation imparted by HDACs is 

somewhat more advanced than for HATs. This is at least in part due to the fact that 

HDACs have become an attractive target in the treatment of human diseases such as 

a cancer (Barneda-Zahonero and Parra, 2012; Li and Seto, 2016).   

 

The human genome encodes 18 HDACs which can be broadly grouped into two major 

categories; the Zn2+ dependent ‘classical’ HDACs and the NAD+ dependent sirtuin 

deacetylases. Based on phylogenetic studies and sequence similarity HDACs can be 

further divided into four main classes (reviewed by (Haberland, Montgomery and 

Olson, 2009)). Class I HDACs (yeast Rpd3-like enzymes) (HDAC1, HDAC2, HDAC3 and 

HDAC8) are ubiquitously expressed, have an N-terminal deacetylase domain and are 

localised to the nucleus. Class II HDACs (yeast Hda1-like enzymes) (HDAC4, HDAC5, 

HDAC6, HDAC7, HDAC 9 and HDAC10) are expressed in a tissue-specific manner, have 

a C-terminal deacetylase domain and can be subdivided based on their cellular 

localisation. Class IIa (HDAC4, HDAC5, HDAC7 and HDAC9) are normally localised to 

the nucleus, however, they can shuttle to the cytoplasm in response to the 

appropriate stimuli. On the other hand, Class IIb (HDAC6 and HDAC10) are 

predominantly present in the cytoplasm. Class III HDACs are also known as the  
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Figure 1.18. HATs and HDACs regulate gene expression. Histone acetyltransferases (HATs) enable 
gene expression by acetylating histone proteins and facilitating transcription factor (TF) binding to 
open areas of transcriptionally active chromatin. This process is counteracted by the action of Histone 
deacetylases (HDACs) which remove acetyl groups and promote chromatin condensation and inhibit 
gene expression.  
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sirtuins based on their homology to yeast silent information regulator 2 (Sir2). Seven 

sirtuins have been identified in humans (SIRT1-7) which localise to different cellular 

compartments including the nucleus, nucleolus, cytoplasm and mitochondria. The 

last class of HDACs, Class IV, is comprised of only one member HDAC11 which 

functions in the nucleus and shares sequence homology with both Class I and Class II 

HDACs.  

 

Like HATs, HDACs function in a non-redundant manner, with tissue specific 

expression and regulation of distinct acetylated-lysine substrates. In order to broadly 

regulate gene transcription, HDACs mediate the removal of acetyl-groups from lysine 

residues within the histone complex thereby facilitating the formation of more 

densely packed heterochromatin. Moreover, HDACs can further regulate this process 

by deacetylating other epigenetic  modifying agents such as DNA-methyltransferases 

(DNMTs), HATs and indeed other HDACs (Peng et al., 2011; Eom et al., 2014; 

McCullough and Marmorstein, 2016). Interesting, HDACs typically function as 

transcriptional corepressors in complex with other essential proteins. For example 

HDAC1 and HDAC2 are components of the Sin3 and NuRD complexes which are 

canonically involved in chromatin remodelling, histone modification and 

transcriptional repression (Zhang et al., 1999). In addition to regulating the 

acetylation status of histones, HDACs have a critical role in deacetylating non-histone 

proteins. This includes p53 which, as previously described, is regulated by HDAC1, 

HDAC2 and SIRT1 [Chapter 1 Introduction; section 1.4.3]. Deacetylation of p53 at key 

lysine residues directly affects its protein stability and transcriptional activity thereby 

abrogating its function as a tumour suppressor (Juan et al., 2000). This has been 

demonstrated by the USP4-mediated stabilisation of HDAC2 which resulted in 

reduced p53 C-terminal acetylation at K373 and reduced expression of the pro-

apoptotic transcriptional targets BAX and PUMA (Li et al., 2016). Thus it is 

unsurprising that HDAC amplification and overexpression have been identified in 

multiple human cancers.  
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1.5.2.1 HDACs in Cancer  
 
Enhanced HDAC expression has been correlated with more advanced disease and 

poorer outcomes in patients with haematological malignancies and solid tumours. 

For example, overexpression of Class I HDACs has been associated poor prognosis in 

multiple myeloma (Mithraprabhu et al., 2014), and high expression of HDAC8 has 

been associated with advanced-disease and reduced survival in neuroblastoma 

(Oehme et al., 2009). In colorectal cancer, Class I HDAC expression has been 

described as an independent prognostic factor (Wilko Weichert et al., 2008) whilst 

high expression of HDAC1 in gastrointestinal tumours, and in particular colorectal 

tumours, has more recently been shown to correlate with cancer progression and 

poor prognosis (Cao et al., 2017). HDAC dysregulation has also been reported in 

prostate (W. Weichert et al., 2008), breast (Müller et al., 2013) and lung cancer 

(Minamiya et al., 2011), thus targeting HDACs is an appealing therapeutic strategy for 

the treatment of patients with a broad range of malignancies.  

 

1.5.2.2 HDAC inhibitors in the treatment of cancer  
 
The discovery and synthesis of histone deacetylase inhibitors (HDACi) has not only 

furthered our understanding of the intricate biology regulated by the acetylation 

status of histone and non-histone proteins, but has also generated a promising new 

class of cancer therapeutics. Numerous first and second generation HDACi have now 

been developed, many of which are currently undergoing clinical trials for their 

efficacy in the treatment of multiple cancers. However, to date, only a few have been 

successfully approved for clinical practice.  

 

HDACi primarily mediate their function by binding to the Zn2+ ion within the active 

site of the classical HDACs, namely Classes I, II and IV HDACs, thus rendering them 

functionally inactive (Li and Sun, 2019). Depending on the specificity of the HDACi, 

this can result in global increases in lysine acetylation throughout the cell. Multiple 

natural and synthetic HDACi have now been extensively studied and are grouped 

based on their structural composition (Eckschlager et al., 2017). This includes the 

hydroxamic acids (e.g. Vorinostat), the benzamides (e.g. Entinostat), the short-chain 
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fatty acids (e.g. Valproic acid) and cyclic peptides (e.g. Romidepsin). Hydroxamates 

such as Vorinostat and Panobinstat are regarded as classical pan-HDACi as they target 

HDAC Classes I, II and IV non-selectively. In contrast, more selective, class-specific 

HDACi have also been developed such as the benzamide Entinostat which exclusively 

targets the nuclear Class I HDACs. Importantly, HDACi also differ in their potency and 

toxicity which has implications for their use in the clinical setting (Li and Sun, 2019). 

Vorinostat (suberoylanilide hydroxamic acid, SAHA) has perhaps been the most 

extensively studied HDACi and indeed it was the first FDA approved HDACi for the 

treatment of advanced primary Cutaneous T Cell Lymphoma (CTCL) (Duvic et al., 

2007; Mann et al., 2007). Since then, few other HDACi have been given FDA approval 

and as yet none have been recommended for the treatment of solid tumours. 

However, the Class I-specific HDACi, Entinostat, has been granted break-through 

therapy status for the treatment of advanced breast cancer highlighting the promise 

of this drug in the treatment of solid cancers (Yardley et al., 2013; Connolly, Rudek 

and Piekarz, 2017). Entinostat is currently undergoing phase II clinical testing for the 

treatment of multiple cancers including colorectal, lung and pancreatic in 

combination with various other agents (clinicaltrials.gov).  

 

Preclinically, HDACi have demonstrated anti-tumour efficacy with apoptosis the most 

commonly cited cell death pathway associated with HDACi-treated cancer cells. 

HDACi can regulate apoptosis mediated by both the extrinsic and intrinsic pathways 

by regulating the relative expression of pro- and anti-apoptotic proteins (reviewed by 

(Zhang and Zhong, 2014)). In relation to extrinsic pathway activation, HDACi have 

been shown to upregulate the expression of death receptors and/or their cognate 

ligands as well as downregulating the expression of FLIP (VanOosten et al., 2005; 

Carlisi et al., 2009; Huang et al., 2013). FLIP downregulation has been observed in 

response to treatment with numerous HDACi (including SAHA, Valproic acid and 

Entinostat), and this has frequently been identified as a key sensitizer to cell death 

when HDACi are combined with standard-of-care chemotherapies or radiation (Kerr 

et al., 2012; McLaughlin et al., 2016; McCann et al., 2018). Additionally numerous 

proteins involved in the intrinsic apoptotic pathway are dysregulated following 

treatment with HDACi. This includes downregulation of the anti-apoptotic Bcl2 family 
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proteins, Bcl-2 and Bcl-xL (Fandy and Srivastava, 2006) as well as upregulation of pro-

apoptotic proteins such as PUMA, NOXA and BIM (Inoue et al., 2007; Bandolik et al., 

2019). Moreover, HDACi-mediated de-repression of BAX by Ku70 deacetylation has 

been highlighted as an important pro-apoptotic event (Subramanian et al., 2005). 

Ultimately though, the effects on apoptotic protein expression appear to depend on 

specific HDACi, cell lines and co-factors thus complicating their clinical application.  

 

As p53 is negatively regulated by HDACs, HDACi may exert a degree of their anti-

cancer activity through the activation of this tumour suppressive pathway. Moreover, 

many of the proteins associated with HDACi-induced apoptosis are also 

transcriptionally regulated by p53. Indeed, numerous studies have demonstrated 

p53-dependent activation of tumour cell death following treatment with HDACi 

(Henderson et al., 2003; Condorelli et al., 2008; Bajbouj et al., 2012). However, it is 

well documented that HDACi also mediate their effects through p53-independent 

mechanisms and thus the relative contribution of p53 is sometimes difficult to assess 

(Sonnemann et al., 2014). Therapeutic strategies aimed at activating p53 in 

combination with HDACi perhaps hold more promise for harnessing its tumour 

suppressive functions in cancers retaining wild-type p53 expression.  

 

1.6 Aims and Objectives  
 
As a tumour suppressor, p53 regulates a multitude of cellular pathways in order to 

maintain homeostasis and avoid oncogenic transformation. However, despite being 

the most frequently mutated gene in cancer, approximately 50% of tumours retain 

wild-type p53 expression. Cancer cells harbouring wild-type p53 must therefore 

acquire additional adaptions in order to circumvent or supress the activity of p53 via 

non-mutational mechanisms. Re-awakening the latent tumour suppressive function 

of p53 in such cancers is thus an attractive therapeutic strategy. 

 

Targeting the p53-MDM2 inhibitory interaction has received significant attention in 

this regard as following treatment with MDM2 antagonists p53 is rapidly stabilised 

and transcriptionally activated. However, such agents typically induce p53-mediated 



Chapter 1  Introduction 

 
 

81 

cell-cycle arrest rather than cell death. This suggests the existence of cell death 

resistance mechanisms which actively regulate the induction of apoptosis in response 

to p53 stabilisation.  

 

Extensive evidence presented throughout the literature has also identified p53 C-

terminal acetylation as a key post-translational regulatory event which promotes an 

apoptotic phenotype in response to p53 activation. As the acetylation status if p53 

(and many other fundamental cellular proteins) is negatively regulated by HDACs, 

combining HDAC inhibition with MDM2 inhibition may sensitise cancer cells to death. 

 

The overall aim of this work is therefore to identifying mechanisms through which 

tumours retaining wild-type p53 evade apoptosis. Moreover, by utilising MDM2 

inhibition in combination with HDAC inhibition, this study further aims to delineate 

clinically relevant pathways for the therapeutic exploitation of wild-type p53 in 

colorectal cancer. 

 

 

The main objectives of this thesis are to: 

  

1) Assess the role of FLIPL as a direct, cell death resistance mechanism induced 

by p53 activation. 

2) Delineate mechanism/s underlying p53-dependent, HDAC inhibitor induced 

cell death. 

3) Establish a rationale for targeted pathway interventions in combination with 

p53 activation and/or HDAC inhibitor based therapies.  
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2.1 General  
 
All laboratory reagents, buffers and materials were of analytical grade. General 

equipment such as conical tubes, disposable pipettes and pipette tips were 

purchased from Sarstedt (Sarstedt AG & Co). Sterile tissue culture plastic-ware such 

as culture dishes, flasks and cryotubes were purchased from Nunc (ThermoFisher 

Scientific). All glassware and tissue culture reagents were sterilised by autoclaving for 

20 minutes at 121°C and 15 psi. 

 

2.2 Safety  
 
All laboratory procedures and experiments were carried out in accordance with the 

in-house health and safety regulations. COSHH risk assessments were carried out for 

each procedure and hazardous waste disposed of by incineration. Liquid waste was 

decontaminated in 1% Rely+On™ Virkon® (Day Impex Ltd, UK) solution for a minimum 

of 4 hours incubation. Biohazardous waste was decontaminated by autoclave 

sterilisation.  

 
2.3 Tissue Culture  
 
2.3.1 General  
 

Routine cell culture was carried out in a Class II laminar flow biological safety cabinet 

(Thermo Fisher Scientific). All cell lines were maintained at 5% CO2 and 37°C in a 

humidified incubator (Sanyo Electrical Co., Ltd.). Early passage cells were grown in 

their appropriate growth medium with added supplements. Cells were grown as a 

monolayer in a filtered flask (25 cm2 (T-25), 75 cm2 (T-75) or 175 cm2 (T-175)) until 

approximately 70% confluent. At this point, cells were trypsinised, diluted in fresh 

growth media and an appropriate ratio transferred to a new, sterile, filtered flask. 

Cell lines were regularly checked for signs of infection with routine Mycoplasma 

testing also carried out approximately every eight weeks. Further information on 

tissue culture reagents and buffers is available in Appendix A.  
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2.3.2 Cell Lines 
 

HCT116 colorectal cancer cells were authenticated and obtained from American Type 

Culture Collection (ATCC). Derived from a male patient with a colorectal carcinoma, 

HCT116 cells have an epithelial morphology and are KRAS mutant (G13D) and TP53 

wild-type in genotype.  

 
HCT116 p53+/+ and p53-/- were obtained from Prof Bert Vogelstein’s laboratory (John 

Hopkins Center, Baltimore, MD). Targeted homologous integration was used to 

inactivate both alleles of the TP53 gene by deletion of exons 2,3 and 4 (Bunz et al., 

1998). However, the D40 and D133 p53 isoforms are still expressed in this knockout 

model (Aoubala et al., 2011). HCT116 BAX-/- cells were also obtained from the 

Vogelstein lab. Deletion of BAX was achieved using a targeting construct consisting 

of two homologous arms and a hygromycin-resistant gene. (Zhang et al., 2000).  

 
HCT116 Caspase-8 WT and Caspase-8 Null p53-VKI cells were obtained from Dr Galit 

Lahav (Harvard Medical School, Boston, MA). The inactivation of CASP8 was achieved 

by lentiviral transduction of Cas9 and sgRNA against caspase-8 (Paek et al., 2016). 

These cells also have one allele of p53 C-terminally tagged with a Venus fluorescent 

protein (YFP analogue) in exon 11 whilst the other allele remains unaltered.  

 
HCT116 IκB super-repressor (SR) and matched parental cells (EV) were obtained from 

Dr Aideen Ryan (University of Galway, Galway, Ireland). These cells express a 

haemagglutinin (HA)-tagged, mutant form of the human IκB-α with serine 32 and 36 

mutated into alanine and were generated using a pRc-β-actin-IκB-α plasmid (SR) or a 

control pRc-β-actin plasmid (EV) (DiDonato et al., 1996; Luo et al., 2004; Ryan et al., 

2015). Stable cell line clones were selected and maintained in the appropriate media 

supplemented with 1 mg/mL Geneticin (G418).  

 
HCT116 TRAIL-R2/DR5, SMAC and BAX/BAK knockout and matched parental cells 

were obtained from Prof Markus Rehm (University of Stuttgart, Stuttgart, Germany). 

HCT116 TRAIL-R2/DR5 knockouts were generated using CRISPR/Cas9-based gene 

targeting with gRNA sequences; CACCGCAGAACGCCCCGGCCGCTT (forward) and 

AAACAAGCGGCCGGGGCGTTCTGC (reverse). Oligos were annealed and ligated into a 
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pSpCas9(BB)-2A-GFP vector, enabling GFP sorting of successfully transfected cells 

with subsequent flow cytometry and western blot validation of knockout clones 

(Stöhr et al., 2020).HCT116 SMAC knockouts were generated as previously described 

(Kohli et al., 2004), selected in Geneticin (G418) and successful knockout verified by 

PCR and Western blotting. HCT116 BAX/BAK double knockouts were generated as 

previously described (Wang and Youle, 2012).  

 
HCT116 BID knockout and parental cells were obtained from Dr Lin Zhang (University 

of Pittsburg, Pittsburg, PA). Gene targeting vectors were constructed using the 

recombinant adeno-associated virus (rAAV) system (Kohli, 2004), with two 

homologous arms flanking exon 4 and spanning exon 5 of BID (Leibowitz et al., 2014). 

Stable knockouts were selected in Geneticin (G418) with successful knockout verified 

by PCR and Western blotting.  

 
HCT116 FADD CRISPR knockout cells were generated in house by Dr Nyree Crawford 

(Queen’s University Belfast, Belfast, NI). HCT116 parental cells (ATCC) were 

retrovirally infected with pLentiCRISPR with either a non-targeting control guide RNA 

or with the guide RNA targeting FADD: guide sequence GCGGCGCGTCGACGACTTCG. 

Complete knockouts were then selected in 1 µg/mL puromycin and clonally expanded 

for validation by Western blot.  

 
All HCT116 models were cultured in McCoy’s 5A Medium (Gibco) supplemented with 

10% Foetal Bovine Serum (FBS) (Gibco), 1% Penicillin/Streptomycin (Pen/Strep) 

(Gibco), 2 mM L-glutamine (Gibco) and 1 mM sodium pyruvate (Gibco).  

 
LoVo colorectal cancer cells were authenticated and obtained from ATCC. Derived 

from a metastatic site in a male patient with Dukes’ type C grade IV colorectal 

adenocarcinoma, LoVo cells have an epithelial morphology and are KRAS mutant 

(G13D) and TP53 wild-type in genotype. Cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM) (Gibco) supplemented with 10% Foetal Bovine Serum (FBS) 

(Gibco), 1% Penicillin/Streptomycin (Pen/Strep) (Gibco) and 2 mM L-glutamine 

(Gibco).  



Chapter 2 Materials and Methods 

 
 

86 

RKO colorectal cancer cells were authenticated and obtained from ATCC. RKO cells 

have an epithelial morphology and are BRAF mutant (V600E) and TP53 wild-type in 

genotype. Cells were cultured in McCoy’s 5A Medium (Gibco) supplemented with 

10% Foetal Bovine Serum (FBS) (Gibco), 1% Penicillin/Streptomycin (Pen/Strep) 

(Gibco), 2 mM L-glutamine (Gibco) and 1 mM sodium pyruvate (Gibco). 

 
HEK293(F)T were authenticated and obtained from ATCC. Derived from embryonic 

kidney tissue, HEK293(F)T cells have an epithelial morphology and are frequently 

used as a transfection host. Cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) (Gibco) supplemented with 10% Foetal Bovine Serum (FBS). 

 
2.3.3 Thawing Cell Lines 
 

Cryotubes stored at -80°C were quickly thawed at 37°C and transferred to a T-25 cell 

culture flask containing 10 mL of appropriate growth medium. Cells were incubated 

for 24 hours to allow viable cells to adhere after which time the growth media was 

aspirated and replaced with 5 mL of fresh media in order to remove the debris and 

non-viable cells.  

 

2.3.4 Routine Culture and Trypsinisation 
 

Cell culture medium was aspirated from the flask using a 152 mm plastic aspirator 

pastette. Sterile 1X PBS was gently rocked over the monolayer of cells to wash away 

residual media before being aspirated off. Following this, 0.05% trypsin-EDTA was 

added to the flask and cells incubated until detached. An appropriate volume of fresh 

media was added to neutralise the trypsin and resuspend the cells. Cells were then 

diluted to an appropriate ratio and reseeded in a new tissue culture flask containing 

the appropriate growth medium. This procedure was carried out 2-3 times/week for 

routine cell culture proposes. Alternatively, the trypsinised cell suspension was used 

to count cells which were then seeded for experimental setup.  

 

2.3.5 Cell Counting  
 

Following trypsinisation, single-cell suspensions were counted using the Countess II® 

Automated Cell Counter (Thermo Fisher Scientific). Briefly, 10 µL of the cell 

suspension was stained using 10 µL of 0.4% trypan blue solution (Invitrogen) with 10 
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µL of the cell/trypan blue mixture subsequently loaded onto an EVE™ cell counting 

slide (NanoEnTek, VWR). The cell counting slide was then inserted into the Countess 

II Automated Cell Counter which accurately determined both the cell concentration 

and viability, displayed as cells/mL and percentage viability respectively. Live cell 

population counts were used to determine the volume of cell suspension required 

for each experimental setup. Cell seeding densities were optimised for each cell line 

depending on cell size and growth rate. Typical seeding densities for the colorectal 

cancer cells used throughout this thesis are displayed below (Table 2.1). 

 

Table 2.1. Colorectal cancer cell seeding densities for experimental set-up.  

 

Experimental plate Cell number 

per treatment time  

Volume of Cell Culture 

Medium (µL) 

24 hours 48 hours 72 hours 

96 well plate 8 x 103 4 x 103 2 x 103 100 

12 well plate 2 x 105 1 x 105 0.75 x 105 1,000 

p60 culture dish 8 x 105 4 x 105 3 x 105 4,000 

p90 culture dish 2 x 106 1 x 106 0.75 x 106 10,000 

 
 
2.3.6 Freezing cell lines 
 

Cell suspensions of known concentration were obtained following trypsinisation and 

counting as previously described [Materials and Methods; section 2.3.4 and 2.3.5]. 

Cells were then pelleted in a falcon tube by centrifugation at 2,000 rpm for 5 minutes. 

The cell culture medium was removed and the pelleted cells resuspended in freezing 

medium (50% FBS, 40% appropriate cell culture medium and 10% DMSO) to achieve 

a final suspension of 1 x 106 cells/mL. 1 mL of this cell suspension was added to 1.8 

mL cryotubes which were appropriately labelled and stored at -80°C. 

 

2.3.7 Mycoplasma Testing 
 

Cells were routinely tested for the presence of mycoplasma using the MycoAlert 

mycoplasma detection kit (Lonza) according to manufacturer’s instructions. Briefly, 

cells were cultured in a filter flask for 3 days prior to the removal of 1 mL of culture 
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medium for testing. The media was centrifuged for 5 minutes at 1,500 rpm and 100 

µL added to the well of a white bottom 96-well plate. 100 µL of MycoAlert Reagent 

was added to the media in each well, incubated for 5 minutes and read on a 

luminometer (Reading A). 100 µL MycoAlert Substrate was then added and incubated 

for a further 10 minutes followed by a second plate read (Reading B). A ratio of 

Reading B/Reading A was calculated with ratios >1.2 considered positive for 

mycoplasma infection and cells appropriately discarded. Samples with a borderline 

ratio of 0.9-1.2 were quarantined and retested as necessary.  

 

2.4 Generation of CRISPR knockout cells  
 
The HCT116 Caspase-8 WT and Caspase-8 Null cell lines obtained from the Lahav 

laboratory were used to generate caspase-10 single knockout and caspase-8/10 

double knockout cells respectively. The LentiCRISPRv2-blast vector (Figure 2.1) with 

a custom Caspase-10 CRISPR guide RNA (gRNA) and Cas9 inserted was purchased 

from GenScript (Piscataway, NJ, USA). Caspase-10 specific gRNA’s were designed to 

target the first and third exons, resulting in the knockout of all caspase-10 isoforms. 

The caspase-10 single knockout cell line was generated using the gRNA sequence: 

TGAAGATAATCTGACATGCC. The caspase-8/10 double knockout cell line was 

generated using the gRNA sequence: GACTGCTGCCCACCCGACAA. A LentiCRISPRv2-

blast empty vector (EV) was used as a control.  

 

2.4.1 Generation of mature virus  
 

The plasmid constructs were first transformed into DH5α competent cells. 3 µL of 

each construct was added to 40 µL of competent cells and incubated on ice for 15 

minutes. Tubes were then heat-shocked at 42°C for 1 minute before being returned 

to ice for 5 minutes. 200 µL of Lysogeny Broth (LB) was added to each tube and 

agitated for 60 minutes at 37°C. The cells were then plated onto LB agar plates with 

the appropriate selection antibiotic and incubated overnight at 37°C. The following 

day colonies were isolated using a sterile pipette tip and grown overnight at 37°C in 

LB  broth containing the appropriate selection antibiotic. Transformed bacterial cells 

were then pelleted and extracted and the PureLink® HiPure Plasmid Maxiprep Kit 
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(Thermo Fisher Scientific) used according to the manufacturer’s instructions to 

isolate the plasmid DNA. The plasmid DNA was then co-transfected into HEK293(F)T 

cells along with the pVSVg coat protein plasmid and the pCMV-dR8.2dvpr packaging 

plasmid. Briefly, 9 x 105 HEK293(F)T cells were seeded onto p90 cell culture plates in 

their appropriate growth medium and allowed to adhere overnight. The following 

day the cells were transfected using the FuGENE® HD transfection reagent 

(Promega). 3 µg of the CRISPR constructs, 1.5 µg VSVG and 4.5 µg DVPR were added 

to 1.5 mL microcentrifuge tubes containing 879 µL Opti-MEM and 27 µL FuGENE® HD. 

Tubes were then incubated for 10 minutes at room temperature. The transfection 

mix was added to the HEK293(F)T cells in 10 mL of normal antibiotic-free growth 

medium. Plates were incubated under normal conditions for 6 hours following which 

the media containing the transfection mix was removed and stored at +4°C. 10 mL of 

fresh cell culture media was added to each plate and incubated overnight.  

 

2.4.2 Inoculation of recipient cells and clonal selection 
 

The following day, media from the HEK293(F)T cells was again removed and 

combined with the previously collected media, all of which was then passed through 

a filter. Recipient cells, Casp8 WT and Casp8 Null, were seeded so as to be around 

60% confluent (typically 2 million cells/p90) at the time of viral inoculation. A 

control/kill plate was set up alongside those for knockdown generation in order to 

guide antibiotic selection. 1 mL of the virus media was added to each target cell plate 

and topped up with 4 mL of normal cell culture medium. Plates were then incubated 

overnight under normal conditions. The following day, the viral media was removed 

from the recipient cells, decontaminated with 1% Virkon® and discarded according 

to in-house health and safety protocols. The plates were replenished with normal 

culture medium and after 6 - 8 hours antibiotic selection was added (10 µg/mL 

Blasticidin). Resistant (transfected) cells were allowed to grow in antibiotic selection 

media until the control/kill plate was approximately 90% dead. Remaining resistant 

cells were then seeded at a single-cell density in a 96 well plate and clonally expanded 

after approximately 2 weeks. Clones were then screened and validated for complete 

knockout by Western blot. 
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Figure 2.1. LentiCRISPR v-2 Blast plasmid. Detailed map of the lentiCRISPR v2-Blast vector used 
to generate Caspase-10 CRISPR/Cas9 knockout HCT116 colorectal cancer cells.  Expression of a  
blasticidin resistance gene facilitates stable cell line selection and clonal expansion 
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2.5 Drugs and Compounds  
 
A range of drugs and compounds were used throughout this work with response to 

treatment examined under experimental conditions. The table below (Table 2.2) 

provides additional information regarding the procurement and storage of these 

reagents.  

 

 
Table 2.2 Details of drugs and compounds used in cell culture experiments. 

 
COMPOUND SOURCE DISSOLVENT STOCK CONC. STORAGE 

Entinostat (MS-275) Selleck Chemicals DMSO 10 mM -20°C 

Nutlin-3A MedChemExpress DMSO 10 mM -20°C 

5-Fluorouracil (5-FU) Belfast City Hospital 1X PBS 10 mM +4°C 

Oxaliplatin Belfast City Hospital 1X PBS 1 mM +4°C 

BAY 11-1082 Sigma Aldrich DMSO 100 µM +4°C 

zVAD-fmk (Caspase 

inhibitor I)  

Calbiochem DMSO 10 mM -20°C 

Isoleucine Zipper 

TRAIL 

produced in house maintenance 

buffer 

1.93 mg/mL -80°C 

RG7388 Selleck Chemicals DMSO 1 mM -20°C 

MI773 Selleck Chemicals DMSO 10 mM -20°C 

AMG232 Selleck Chemicals DMSO 10 mM -20°C 

 

 

 
2.6 Small Interfering RNA (siRNA) Transfections  
 
All siRNAs were obtained from Dharmacon and reconstituted in 1X siRNA buffer 

(Eurofins) to a stock concentration of 20 µM and stored at -20°C. Individual siRNA 

sequences can be found in Appendix B. The following protocols for forward and 

reverse transfections detail the procedure for one p60 cell culture dish and can be 

modified depending on the total volume required and the size of the cell culture dish. 
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2.6.1 Forward transfection  
 

Cells were seeded and allowed to adhere for 24 hours prior to transfection. The 

following day two reaction mixtures, mix A and mix B, were made as follows; 

Mix A: 200 µL Opti-MEM + 2.5 µL Lipofectamine RNAiMAX reagent 

Mix B: 200 µL Opti-MEM + 60 nM specific siRNA 
 
The two mixtures were incubated separately for 5 minutes at room temperature 

before being combined in a single tube and incubated for a further 15 minutes, again 

at room temperature. 800 µL of appropriate antibiotic-free, serum-supplemented 

cell culture medium was then added to the transfection mixture, diluting the siRNA 

to a final concentration of 10 nM. The media was then removed from the recipient 

cell plate and replaced with 1.2 mL of the transfection mixture. Cells were then 

incubated under normal culture conditions for 6 hours to achieve knockdown of the 

specific target. The transfection mixture was then removed and 4 mL of fresh media 

and drug treatment added to the plate for the specified time.  

 
2.6.2 Reverse transfection  
 

Cells were counted and seeded at the same time as the siRNA transfection. Two 

reaction mixtures, mix A and mix B, were made as follows; 

Mix A: 300 µL Opti-MEM + 2.5 µL Lipofectamine RNAiMAX reagent 

Mix B: 300 µL Opti-MEM + 133.3 nM specific siRNA 

 
The two mixtures were incubated separately for 5 minutes at room temperature 

before being combined in a single tube and incubated for a further 15 minutes, again 

at room temperature. 600 µL of the transfection mixture was added to the centre of 

a p60 cell culture dish upon which 3.4 mL of antibiotic-free, serum-supplemented cell 

suspension was added, thus diluting the siRNA to a final concentration of 10 nM. Cells 

were then incubated under normal culture conditions for 24 hours to allow cells to 

adhere and achieve knockdown of the specific target. The transfection mixture was 

then removed and 4 mL of fresh media and drug treatment added to the plate for the 

specified time.  
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2.7  PrestoBlue® Cell Viability  
 
Cells were seeded at the appropriate density, typically 2,000 cells/well in a volume of 

100 µL of the corresponding cell culture medium, in a clear 96-well plate. Each plate 

was incubated for 24 hours under normal conditions to allow the cells to adhere. A 

half-log dilution series for each drug treatment was then prepared at 20X more 

concentrated than the final required concentration. This included 8 steps of half-log 

dilutions followed by a 10-fold dilution and a media only control. 5 µL of each dilution 

step was added to each of the wells in triplicate, thus achieving a final 1X drug 

concentration. Plates were then incubated for the indicated time, normally 72 hours, 

and viability assessed using the PrestoBlue® Cell Viability Reagent (Invitrogen). 10 µL 

of the reagent was added to each well and the plate incubated for approximately 30 

minutes at 37°C. The Synergy 4 plate reader (BioTek, USA) was then used to measure 

the resulting fluorescence (read at 560 nm excitation and 590 nm emission). Arbitrary 

values from the treatment wells were normalised to the untreated controls and 

displayed as percentage viability. GraphPad Prism 8 was used to plot the data and 

calculate the half-maximal inhibitory concentration (IC50) value for each drug 

treatment.  

 

2.8 Colony Formation Assay (CFA)  

Cells were seeded at a density of 200 cells/mL in a 12 well plate format. Plates were 

incubated for 24 hours to allow cells to adhere. The following day the required drug 

treatments were added to each well in triplicate. After the desired treatment time, 

the media was carefully removed from each well and replaced with 1 mL of fresh cell 

culture media. The plate was then incubated for a further 10 days to enable the 

growth and formation of surviving cell colonies. At the experimental end-point, the 

media was removed from each well and the colonies fixed and stained in 1 mL of 0.5% 

crystal violet in 85% methanol for 15 minutes. The crystal violet solution was then 

removed and the plate gently washed in lukewarm tap water to remove excess stain. 

Images of each plate were then digitalised using the GelCount colony counter (Oxford 

Optronix) and accompanying software. Colony number was counted per well and 

results plotted and analysed in GraphPad Prism 8.  
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2.9 Flow Cytometry  

The Accuri C6 Plus flow cytometer (BD Biosciences) was used for FITC-Annexin 

V/Propidium Iodide flow cytometry analysis. Instrument quality control was carried 

out daily using the BD Accuri C6 Plus using BD™ Cytometer Setup and Tracking (CS&T) 

beads to ensure optimal laser function and performance. Instrument control, 

workflow and downstream data analysis were performed using the Accuri C6 Plus 

software. 

2.9.1 Experimental Setup and Harvest 
 

Cells were seeded in a 12 well plate at the appropriate density (Table 2.1) and 

allowed to adhere for 24 hours. Drug treatments were then added to specific sample 

wells and the plate incubated under normal conditions for the indicated time, 

typically 24 or 48 hours. At the experimental endpoint, the media from each well was 

transferred to individually labelled 15 mL falcon tubes. Each sample was then washed 

with 500 µL 1X PBS which was then removed and transferred to the corresponding 

falcon tube. Cells were detached in 250 µL 0.05% trypsin-EDTA incubated at 37°C. 1 

mL of medium from the corresponding sample tube was used to neutralise the 

trypsin and resuspend the cells. All contents of the well were transferred to the 

respective falcon tube which was then centrifuged at 2,000 rpm for 5 minutes at 4°C 

to pellet the cells. The supernatant was then removed from each sample. 

 

2.9.2 Staining and Capturing of Cell Populations 
 

The cell pellets were resuspended in 300 µL of 1X Binding Buffer (BD Biosciences) 

containing 3 µL FITC-Annexin V (AV) (BD Biosciences). Samples were then transferred 

to a 5 mL flow tube (BD Biosciences) and incubated for 15 minutes. 2 µL Propidium 

Iodide (PI) (Sigma Aldrich) was added to each sample immediately prior to analysis. 

Staining of cell populations was then visualised on the Accuri C6 flow cytometer.  

Auto-compensation performed by the instrument removed overlapping wavelengths 

between the two fluorophores, FITC-Annexin V (excitation 494 nm/emission 521 nm) 

and PI (excitation 493 nm/emission 636 nm). The whole cell population was first 

located based on forward- and side- scattering profiles. From this, cell doublets and 

cellular debris were removed by applying a region gate to produce the sub-
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population (R2) (Figure 2.2A). On average 10,000 events (cells) were analysed within 

the sub-population R2. Histogram peaks were visualised for FITC- and PI- positivity to 

facilitate the placement of defined quadrant regions in the scatter-plot of FITC vs PI 

positivity. Regions were defined based on the control sample and remained 

unchanged throughout the experiment in order to accurately quantify positive 

staining (Figure 2.2B). This produced a scatterplot with 4 distinct quadrants based on 

cell staining (Table 2.3). Positively stained cells were displayed as a percentage of the 

total recorded population.  

 
Table 2.3. Quadrant specific Annexin V and Propidium Iodide staining  

 
 

 

 

 

 

 

 

 

Unstained cells (Q1-LL) represent the live cell population within each sample and are 

negative for both dyes. Cells undergoing the early stages of apoptotic cell death will 

express phosphatidylserine on their intact cell surface membrane and therefore stain 

positive for FITC-Annexin V only (Q1-LR). However, as cell death progresses, the cell 

membrane becomes compromised which enables PI to enter and stain the DNA. This 

results in a dually positive stained cell (Q1-UR). In contrast, cells stained positively 

with PI only (Q1-UL) are no longer viable with completely disrupted cell membranes 

allowing the staining of the exposed DNA. Percentage populations of stained cells 

within a given sample were analysed using GraphPad Prism 8. Graphs generated 

represent all Annexin V positively stained cells i.e. Annexin V positive only (Q1-LR) 

and Annexin V/PI dual positivity (Q1-UR). Statistical analysis was performed on each 

experimental triplicate using two-way ANOVA, matching by both column and row, 

with p-values for significance reported for each experiment.  

 

Quadrant 

Stain 

FITC-Annexin V Propidium Iodide 

Lower Left – Q1-LL - - 

Lower Right – Q1-LR + - 

Upper Left – Q1-UL - + 

Upper Right – Q1-UR + + 
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Figure 2.2. Representative example of gates applied to cell populations under experimental 
conditions. (A) The cell population was identified from the control sample and donated the ‘R2’ 
population. Peaks for FITC and PI positivity were also observed in order to guide gating under 
experimental conditions. (B) Representative example under experimental conditions; HCT116 
colorectal cancer cells treated with 5 µM Nutlin-3A, 2.5 µM Entinostat or their combination for 24 
hours were stained with AV/PI prior to flow cytometry analysis. Quadrants were defined based on 
the DMSO treated sample and remained fixed throughout subsequent sample analysis in order to 
quantify positive staining. 
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2.10 High Content Microscopy  
 
2.10.1 Experimental Setup and Harvest 
 

Cells were seeded at the appropriate density (Table 2.1) in a black 96-well glass-

bottom plate (Cellvis) and allowed to adhere for 24 hours. The following day 5 µL of 

the required treatment was added to each well in triplicate and incubated for the 

indicated time. At the experimental end-point, 50 µL of cell staining solution was 

added to each well enabling the detection and quantification of cells undergoing 

apoptotic cell death. This solution was prepared using 3X Binding Buffer (BD 

Biosciences) in diH2O, 3 µL/mL FITC-Annexin V (BD Biosciences), 1 µL/mL Propidium 

Iodide (PI) (Sigma Aldrich) and 3 µL of 10 mg/mL Hoechst 33342 (Invitrogen) in 1X 

PBS. The plate was then incubated for 15 minutes at room temperature prior to 

reading on the ArrayScan. The ArrayScan XTI Live High Content Platform (Thermo 

Fisher Scientific) was used to assess cell death in a high-throughput manner.  

 

2.10.2 Analysis of Cell Populations  
 

Auto-compensation was performed by the machine in order to generate a sufficient 

exposure time for image capture. Hoechst nuclear stain (blue) was then used to 

locate single cells and subsequent thresholds for FITC-Annexin V (green) and PI (red) 

fluorescence were adjusted and set for optimal detection. This was achieved by 

analysing both positive and negative control samples in order to define staining for 

each population i.e. ‘dead’ and ‘live’ cell populations. Scoring of individual cells based 

on PI or FITC-Annexin V fluorescence intensities allowed a threshold to be applied 

across the plate and thus a measurement of percentage positive populations to be 

detected in each well. A minimum of 2,000 cells were analysed per well and the 

relevant data extracted. Typically this included % Responders Channel 2 (average 

intensity PI), % Responders Channel 3 (average intensity AV) and Type 2 Events (PI 

and/or AV positive). Image analysis was performed on the HCS Studio™ Cell Analysis 

Software (Thermo Fisher Scientific). Graphpad Prism8 was used to perform statistical 

analysis by two-way ANOVA (matching by both column and row) with p-values for 

significance reported for each experiment. 
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2.11 Western blot analysis of protein expression 
 
Information on the reagents and buffers used during protein analysis are available in 

Appendix C. A schematic representation of the Western blotting workflow is 

presented below (Figure 2.3). 

 

 

 
 
2.11.1 Cell Harvest  
 

Cells were appropriately seeded in p60 or p90 cell culture dishes (Table 2.1) and 

allowed to adhere for 24 hours prior to treatment for the indicated time. At the 

experimental endpoint, cells were detached from the plate using a cell scraper and 

resuspended in the plate media, all of which was then transferred to a 15 mL falcon 

tube placed on ice. The cell suspension was then centrifuged at 2,000 rpm for 5 

minutes at 4°C to form a pellet. The supernatant was discarded and the resulting cell 

pellet resuspended in 0.5 mL of 1X PBS and transferred to 1.5 mL microcentrifuge 

tubes. The cells were again pelleted by centrifugation at 2,000 rpm for 5 minutes at 

4°C, 1X PBS removed and cell pellets stored at -80°C until required for protein 

extraction.  

 

 

 

Lysis Buffer

YY

HRP-tagged 
secondary antibody

Primary antibody

Colorectal cancer cells Cell pellet

Western blot running apparatus

Protein sample loading 

Figure 2.3. Schematic overview of protein analysis by Western blot. Colorectal cancer cells were 
cultured under experimental conditions prior to protein extraction. Cell pellets were lysed, quantified to 
insure uniform concentration and denatured. Samples were then loaded on an acrylamide gel and 
subjected to electrophoresis in order to separate proteins based on size. Following transfer to a 
nitrocellulose membrane, individual protein bands were visualised using specific antibody probes and a 
chemiluminescent detection reagent.  
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2.11.2 Protein Extraction  
 

Cell pellets were thawed on ice and resuspended in 20-100 µL of radio-

immunoprecipitation (RIPA) buffer, supplemented with protease inhibitor cocktail, 

phosphatase inhibitor and HDAC inhibitor. The cell suspension was lysed on ice for 

15 minutes before being centrifuged at 12,000 rpm for a further 15 minutes at 4°C to 

pellet and remove cell debris. The supernatant containing the protein lysate was then 

transferred to fresh 1.5 mL microcentrifuge tubes and placed on ice prior to protein 

quantification.  

 

2.11.3 Protein Quantification  
 

Bradford assay (BioRad), supplied at 5X concentration and diluted to 1X using 

deionised H2O, was used to measure the protein concentration in each cell lysate. 1 

µL from each sample was added to 1 mL of 1X Bradford reagent in a plastic cuvette 

which was then briefly vortexed and absorbance read at 595 nm on a 

BioSpectrometer Basic (Eppendorf). The resulting absorbance values were converted 

to µg/µL using a co-efficient previously determined by standard curve (conc µg/µL = 

abs 595 x 22.5). 20-30 µg of each protein sample was prepared by first diluting the 

protein lysate in RIPA to a fixed loading volume and then adding an equal volume of 

2X Laemelli loading buffer. Samples were denatured by boiling for 5 minutes at 95°C 

on a heat block, briefly centrifuged and stored at -20°C until required. 

 

2.11.4 Protein analysis by Western blot  
 

Samples for protein analysis were thawed at room temperature and vortexed briefly 

before loading. Equal volumes of each sample with predetermined protein 

concentrations were loaded into pre-cast 8 or 4-12% polyacrylamide NuPage Bis-Tris 

gels (Thermo Fisher Scientific) alongside 2.5 µL of PageRuler Plus™ Prestained Protein 

Ladder (Thermo Fisher Scientific). 1X NuPage MES running buffer (Thermo Fisher 

Scientific) was used during electrophoresis which was performed at 120 Volts at room 

temperature for approximately 2 hours using the XCell4 SureLock Midi-Cell system 

(Thermo Fisher Scientific). Proteins were then transferred from the gel onto a 0.2 µm 

nitrocellulose membrane using the Thermo Fisher iBlot 2 Dry Blotting System (23 

Volts for 8 minutes) with iBlot 2 Transfer Stacks (Thermo Fisher Scientific) according 
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to manufacturer’s instructions. Successful transfer and loading accuracy were 

visualised by immersing the membrane in Ponceau S solution (Sigma) which also 

enabled the membrane to be cut according to protein size if necessary. The Ponceau 

stain was removed by washing in 1X PBS-0.2% Tween-20 (PBS-T) after which the 

pores in the membrane were blocked for 1 hour in PBS-T with 5% milk (milk powder, 

Marvel) to reduce non-specific binding.  The membrane was then probed with the 

desired primary antibody [Appendix D] made up at the optimal concentration in 5% 

milk-PBS-T. Following overnight incubation at 4°C, the primary antibody was 

removed and the membrane washed 3 times in PBS-T (5 minutes per wash). The 

membrane was then incubated for 1 hour at room temperature in species-specific 

secondary HRP-conjugated antibodies [Appendix D] prepared in 5% milk-PBS-T. 

Again, the membrane was washed twice in PBS-T (5 minutes per wash) with a final 5-

minute wash in 1X PBS.  An electrochemiluminescence (ECL) solution was then added 

to the nitrocellulose membrane to visualise the specific protein bands. 

Chemiluminescence was detected and images acquired using the G:BOX ChemiXX6 

gel doc system with GeneSys image software (Syngene).  

 
2.11.5 Densitometry 
 

When required, densitometric analysis of protein expression was performed using 

Image J (Collins, 2007). Individual sample lanes for the desired protein of interest 

were isolated and relative pixel intensity calculated. Values obtained from treated 

samples were first normalised to the untreated control lane and then to the 

corresponding loading control for each blot (again treated lanes were first normalised 

to the control sample for the loading control). This produced a fold change in signal 

intensity relative to the untreated control and values could then be plotted to 

visualise quantitative changes in protein expression between the treatment groups. 
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2.12 Immunoprecipitation (IP) 
 
2.12.1 Death Inducing Signalling Complex (DISC) IP 
 

Cells were seeded at the appropriate density in a p90 cell culture dish (Table 2.1) and 

allowed to adhere overnight. The following afternoon, 30 µL of anti-TRAIL-R2/DR5 

beads were added and the plate incubated at 37°C for 90 minutes to stimulate 

activation of the death inducing signalling complex (DISC). This enables the pull-down 

of the receptor along with any proteins which may be in complex with it, such as the 

DISC components. Anti-TRAIL-R2/DR5 beads were prepared by adding 1.2 mg of the 

anti-TRAIL-R2/DR5 antibody, Conatumumab (AMG655, Amgen Inc.) to 60 mg of 

Dynabeads using the Dynabead® Antibody Coupling Kit (Life Technologies), according 

to the manufacturer’s instructions. 

The harvest procedure was then performed in a cold room at 4°C, using ice-cold 

buffers in order to slow down the dynamics of the DISC interactions. The media 

containing unbound beads was removed from the plate and the cells washed in 5 mL 

ice-cold 1X PBS, with residual PBS carefully removed with a pipette. 1 mL of DISC IP 

buffer supplemented with protease inhibitor cocktail [Appendix C] was then added 

to the plate which was lysed for 30 minutes at 4°C with agitation. Cells were then 

scraped and resuspended in the DISC IP buffer and transferred to a 1.5 mL 

microcentrifuge tube. The tube was then placed on a magnetic rack and the 

supernatant removed and transferred to a fresh 1.5 mL microcentrifuge tube and 

stored at -20°C for investigation of the unbound lysate. The tubes containing the 

magnetically isolated beads were then washed 5 times in 750 µL DISC IP buffer and 

briefly centrifuged to remove excess buffer and bubbles. The beads were then 

resuspended in 50 µL of 2X Laemelli loading buffer and heated to 95°C for 5 minutes 

in order to elute the sample for analysis by Western blot. The unbound lysate and IP 

sample were then stored at -20°C until required. 

2.12.2 Post-lysis TRAIL-R2/DR5 IP 
 
 

Similarly to the DISC IP, the post-lysis TRAIL-R2/DR5 IP aims to immuno-precipitate 

any proteins which may be in complex with the TRAIL-R2/DR5 receptor. However, 

this protocol is performed on cells which have already been lysed and therefore does 
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not stimulate formation of the canonical, ligand-dependent DISC apparatus. Anti-

TRAIL-R2/DR5 antibody-coated Dynabeads were prepared as in [Materials and 

Methods; section 2.12.1). 

 
Cells were seeded at the appropriate density in a p90 cell culture dish (Table 2.1) and 

allowed to adhere for 24 hours before the addition of the desired treatment for the 

indicated time. Sample harvest was then performed in a cold room at 4°C at the 

experimental end-point. The cell culture media was removed and the plate washed 

in 5 mL of ice-cold 1X PBS with excess PBS carefully removed using a pipette. 1 mL of 

DISC IP buffer supplemented with protease inhibitor [Appendix C] was added to the 

plate and the cells lysed for 90 minutes at 4°C with agitation. Cells were then scraped 

and resuspended in the DISC IP buffer before being transferred to a 1.5 mL 

microcentrifuge tube. At this point, 30 µL of the anti-TRAIL-R2/DR5 coated magnetic 

beads were added to the lysate and the tube rolled overnight at 4°C. 

 
The following day the beads were magnetically isolated and the unbound lysate 

transferred to a fresh 1.5 mL microcentrifuge tube (stored at -20°C until required). 

The beads were then vigorously washed 5 times in 750 µL of DISC IP buffer. The tube 

was briefly centrifuged to remove excess buffer and bubbles and the beads 

resuspended in 50 µL of 2X Laemelli loading buffer.  This was followed by heating to 

95°C for 5 minutes in order to elute the sample from the beads for analysis by 

Western blot [Materials and Methods; section 2.11]. Each sample was then stored at 

-20°C until required.  

 

2.13 RNA analysis  
 
Details of reagents and individual primer sequences are available in Appendix E. 
 

2.13.1 RNA Harvest  
 

Cells were appropriately seeded in a 12 well plate (Table 2.1) and allowed to adhere 

for 24 hours prior to treatment for the indicated time. At the experimental endpoint, 

cells were detached from the plate by first removing the cell culture medium, 

washing with 1 mL of 1X PBS and incubating at 37°C with 250 µL 0.05% trypsin-EDTA. 
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Cells were resuspended, transferred to 1.5 mL low-bind, RNAse-free micro-centrifuge 

tubes (Eppendorf) and pelleted by centrifugation at 2,000 rpm for 5 minutes at 4°C. 

The supernatant was then removed and discarded and the cell pellet resuspended 

and lysed in Buffer RLT Plus (Qiagen) followed by storage at -80°C until required. 

 
2.13.2 RNA Extraction 
 

Samples were thawed on ice and the extraction procedure performed in a pre-PCR 

environment to avoid contamination. The lysates were first passed through a 

QIAshredder microcentrifuge spin-column homogenizer (Qiagen), according to the 

manufacturer's instructions, to ensure complete homogenisation. The RNeasy Plus 

Mini Kit (Qiagen) was then used according to the manufacturer’s instructions to 

extract the RNA. This spin-column based technology involves the effective removal 

of genomic DNA via gDNA Eliminator columns as well as RNA extraction and 

purification using the RNeasy Mini spin columns. The RNA was then eluted from the 

column in 35 µL of RNAse-free water. 

 
2.13.3 RNA quantification  
 

RNA yield and quality were determined using a NanodropTM ND-1000 (Thermo Fisher 

Scientific). The instrument was cleaned and 1 µL RNAse-free water loaded to 

generate a baseline blank reading. Subsequently, 1 µL of each sample was loaded to 

accurately determine the RNA concentration. Samples were then diluted to 100 

ng/µL in 35 µL RNAse-free water and aliquoted for future use. 

 
2.13.4 cDNA Synthesis  
 

cDNA was prepared using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche) 

following the manufacturer's instructions. Briefly, 1 µL of Random Hexamer primers 

(600 µM) was added to 4.7 µL (470ng) of RNA and incubated for 10 minutes at 65°C. 

During this time a master mix was prepared for the reverse transcription reaction. 

This contained 2 µL of 5X RT buffer, 0.25 µL of RNAse inhibitor, 1 µL of dNTPs, 0.5 µL 

of DDT and 0.55 µL of reverse transcriptase per sample. 4.3 µL of this master mix was 

added to each sample, giving a final reaction volume of 10 µL. The Alpha Cycler 4 

(PCRmax) was then used to incubate the final reaction mixture for 10 minutes at 29°C, 

followed by 60 minutes at 48°C and finally 5 minutes at 85°C. The resulting cDNA 
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samples were then held at 4°C and quickly centrifuged to recover any evaporation 

before being stored at -20°C until required. 

2.13.5 Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 
 

2.13.5.1 Primer design  
 

Primer sequences were designed using the publicly available Roche Universal Probe 

Library Assay Design Centre. Target organism was selected followed by the input of a 

specific gene name in order to generate a list of available gene transcript sequences. 

Primers generating an intron spanning product were pre-selected and designed 

based on selection of specific transcript variants. Primers were selected based on the 

criteria presented in Table 2.4 and sequences ordered from Eurofins Scientific. 

 

Table 2.4 Optimal primer design criteria. 

 
Primer length 18-20 base pairs 

Amplicon length 70-180 base pairs 

GC content 40 – 60 % 

Melting Temperature 60°C 

 

 

2.13.5.2 qRT-PCR assay 
 

A LightCycler® 480 (Roche) was used to run the qRT-PCR reaction which was then 

visualised and analysed using the LightCycler® 480 1.5 Software (Roche). The 

LightCycler® 480 SYBR Green I Master (Roche) was used to quantify the cDNA plated 

in a 384 well plate format. This one-component reaction mix contains FastStart Taq 

DNA polymerase and DNA double-strand-specific SYBR Green I dye thus making it 

ideal for product detection and quantification. Primer sets at a stock concentration 

of 3 µM were prepared as a master mix with SYBR Green (0.5 µL Forward Primer + 

0.5 µL Reverse Primer + 2.5 µL SYBR Green I Master) and 3.5 µL plated per well. cDNA 

samples were diluted 1:10 in PCR-grade water and 1.5 µL then added to each well set 

up in technical triplicate. The plate was then sealed and briefly centrifuged at 1,000 

g for 1 minute. The cycling conditions used to generate quantitative data (Cp values) 

are displayed in Table 2.5. Quantification of the expression levels of each gene of 
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interest was calculated by first normalising the Cp values of each gene target to the 

control sample. Normalising the expression of the internal house-keeping gene, unit 

60S of the ribosomal protein L24 (RPL24) in this way produced the ΔCT value. The 

relative fold change in gene expression in a given sample was then determined 

relative to the housekeeping gene using the ΔΔCT method.  

 

Table 2.5. qRT-PCR cycle parameters. 

 
Step Cycles Temperature (°C) Time 

Pre-amplification 1 95 5 minutes 

Amplification 45 95 10 seconds 

  60 10 seconds 

  72 10 seconds 

Melting Curve 1 65-97 1 minute 

Cooling 1 40 30 seconds 

 
 

 

2.14 Chromatin Immunoprecipitation  
 
Cells were seeded at the appropriate density (Table 2.1) in p90 cell culture plates (3 

plates per treatment) and allowed to adhere overnight. The following day the plates 

were treated with the indicated drugs and incubated under normal cell culture 

conditions for 8 hours. Cells were harvested at the experimental endpoint and fixed 

for downstream analysis.  

 
2.14.1 Cell Harvesting and Fixation 
 

First, the media was removed from the plates and transferred to a 50 mL falcon. The 

cells were then washed in 1 mL 1X PBS and detached from the plate using 1 mL 0.05% 

trypsin-EDTA. The corresponding media was then used to neutralise the trypsin and 

resuspend the cells. All contents from the 3 plates per treatment group were 

combined into the same tube and the total cell number counted as previously 

described. The falcon tubes were then centrifuged at 2,000 rpm for 5 minutes at 4°C 
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in order to pellet the cells and discard the supernatant. The cell pellets were then 

resuspended in 1% formaldehyde / 1X PBS to a final concentration of 5 x 106  cells/mL. 

The cells were allowed to fix for 8 – 10 minutes with gentle agitation at room 

temperature. This was followed by the prompt addition of 2.5 M Glycine to achieve 

a final concentration of 0.125 M in order to neutralise the fixation process. Tubes 

were incubated for a further 5 minutes at room temperature with gentle agitation 

and the fixed cells then centrifuged for 5 minutes at 2,000 rpm and 4°C. The 

supernatant was discarded according to in house health and safety protocols and the 

cells resuspended and washed in an equivalent volume of ice-cold 1X PBS. This wash 

step was then repeated before finally resuspending the fixed cell pellet in 1 mL ice-

cold 1X PBS and transferring to a 1.5 mL microcentrifuge tube. The cells were again 

centrifuged at 2,000 rpm for 5 minutes at 4°C, the supernatant discarded and the 

pellet stored at -80°C until required. 

 
2.14.2 Cell Lysis and Chromatin Shearing  
 

The iDeal ChIP-seq kit for Transcription Factors (Diagenode) was used according to 

manufacturer’s instructions. Briefly, ice-cold lysis buffer (iL1b) was added to the 

pellet and the cells resuspended. This was then transferred to a 15 mL falcon tube 

and additional lysis buffer added to obtain a 1 x 106 cell / mL suspension before being 

incubated at 4°C for 20 minutes with gentle agitation. Cells were centrifuged at 1,600 

rpm for 5 minutes at 4°C and the supernatant discarded. Ice cold lysis buffer (iL2b) 

was then used to resuspend the cells, first in 1 mL and then an additional volume to 

again obtain a 1 x 106 cell / mL suspension. Tubes were incubated for 10 minutes at 

4°C with gentle agitation and pelleted as before. Shearing buffer (iS1b) was prepared 

with 200X protease inhibitor cocktail to a final concentration of 1X and cells 

resuspended in 250 µL. Samples were then transferred to 1.5 mL TPX microcentrifuge 

tubes and sonicated using the Bioruptor® Plus (Diagenode) for 32 cycles (12 cycles: 

30 seconds on 30 seconds off followed by 2 x 10 cycles: 30 seconds on 30 seconds 

off) as previously optimised. Samples were briefly vortexed and centrifuged between 

each cycle. Samples were then centrifuged at 13,000 rpm for 10 minutes at 4°C and 

the supernatant containing the sheared chromatin collected and stored in 1.5 mL 

microcentrifuge tubes.  



Chapter 2 Materials and Methods 

 
 

107 

 

 

2.14.3 Magnetic Immunoprecipitation 
 

Chromatin Immunoprecipitation for p53 was carried out using the DO-1 ChIP grade 

antibody (Diagenode) and was performed on the Diagenode IP-star using the direct 

ChIP method according to manufacturer’s instructions. Briefly, a master mix of 1X 

ChIP Buffer (iC1b) + 5% BSA was prepared as a wash buffer for the magnetic beads 

(300 µL per IP). This was also used to prepare the antibody coating mix (100 µL per 

IP) along with 200X Protease Inhibitor Cocktail and the required concentration of 

desired antibody (DO-1: 2.5 µg). The immunoprecipitation mix was then prepared, 

consisting of the 200 µL of the sheared chromatin samples, 5% BSA and 200X 

Protease Inhibitor Cocktail. All mixes and reagents, including a number of wash 

buffers, as well as the necessary plasticware were loaded onto the IP Star and the 

pre-defined ChIP protocol allowed to run overnight. The next morning the samples 

were recovered from the robot, placed on a magnetic rack and the supernatant 

transferred to fresh tubes.  An input sample was prepared by adding 2 µL of sheared 

chromatin to 94 µL of Elution Buffer (iE1). 4 µL of Elution Buffer (iE2) was then added 

to all samples including the input. 

 
2.14.4 Purification and DNA elution 
 

The iPure Kit was then used according to the manufacturer’s instructions in order to 

elute and purify the ChIP samples. This process involves chromatin reverse cross-

linking, purification with magnetic beads, washing and final DNA elution. The iPure 

protocol was performed on the Diagenode IP-Star. Briefly, 2 µL of carrier was added 

to each IP and input with tubes incubated for 10 minutes at room temperature. 10 

µL of magnetic iPure beads were dispensed onto a 96 well plate and various wash 

buffers added to the appropriate plasticware in the IP Star. The iPure protocol was 

then performed and eluted ChIP DNA samples recovered and stored at -20°C until 

required. 

 
2.14.5 ChIP qRT-PCR 
 

A LightCycler® 480 (Roche) was used to perform quantitative PCR on the ChIP 

samples using primers directed against the promoter region of target genes 
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[Appendix E]. The LightCycler ® 480 SYBR Green Master I (Roche) was used to quantify 

the DNA in a 96 well plate format. The ChIP DNA and input were diluted 1:10 using 

PCR grade water and primer sets made up to a working stock concentration of 3 µM. 

From this a master mix was prepared using 5 µL SYBR green, 1 µL Forward Primer 

plus 1 µL Reverse Primer and 1 µL plated per well in triplicate. 3 µL of ChIP DNA/Input 

was then added to each well and the plate briefly centrifuged at 1,000 g for 1 minute. 

The following cycling conditions were used during each run (Table 2.6): 

 

Table 2.6. ChIP qRT-PCR cycle parameters. 

 
 
 
 

 

 

 

 

 

 

Quantification of the expression levels of the promoter region of each gene of 

interest were then calculated. First the Cp values generated across each primer set 

were normalised to the input sample (ΔCT). The fold change in expression of a specific 

target was then calculated relative to the negative control region, Cyclin D1/CCND1, 

using the ΔΔCT method.  

 
 

2.15 CaspaseGlo® Assay 
 
This protocol was performed using protein lysates extracted and quantified from cells 

as previously described [Materials and Methods; Section 2.11.2 and 2.11.3]. 5 µg of 

each experimental sample lysate was made up to a volume of 25 µL using 1X PBS and 

plated in triplicate in a white 96 well plate. 25 µL of the Caspase-Glo®-3/7 reagent 

(Promega, UK) was added to each well and the plate incubated in the dark with gentle 

agitation for approximately 40 minutes. The plate was then read on a Synergy 4 plate 

Step Cycles Temperature (°C) Time  

Pre-amplification 1 95 5 minutes 

Amplification 45 95 10 seconds 

  55 15 seconds 

  72 30 seconds 

Melting Curve 1 65-97 1 minute  

Cooling 1 40 30 seconds 



Chapter 2 Materials and Methods 

 
 

109 

reader (Biotek, USA) at a sensitivity of 200. Blank readings were also recorded to 

account for background luminescence.  

2.16 Statistical Analyses  
 
Statistical analyses were performed using Prism 8.0 software (Graphpad). 

Experimental results were compared using a two-tailed, paired Student’s t-test, One-

Way ANOVA, or Two-Way ANOVA (matching by both row and column factor) where 

appropriate. The following annotations were used to represent statistical 

significance: ns = not significant, * = p ≤ 0.05, ** = p ≤ 0.01, and *** = p ≤ 0.001,  

**** = p ≤ 0.0001. Experiments were replicated at least 2 times and in most cases 3 

or more. 
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3.1 Introduction 
 

The ability of the tumour suppressor p53 to regulate a multitude of fundamental 

cellular processes is both impressive and complex. A plethora of studies has 

described a central role for p53 in modulating a variety of homeostatic 

processes within the cell, be that through its core functions in DNA repair and cell 

cycle arrest or its emerging functions in the regulation of cellular metabolism. This is 

of course alongside the remarkable ability of p53 to regulate apoptotic cell death, 

without which tissue dysregulation and tumorigenic processes often ensue. A fine 

balance must, therefore, exist within the cell which modulates p53 activity in 

response to specific signals and stresses and which is ultimately responsible for 

regulating cell fate. Intensive research in this area has been conducted over the last 

few decades; however, due to the extensive degree in which p53 can be activated 

and regulated this has proven a mammoth task with much still to be discovered. 

 
Under normal unstressed conditions, p53 is maintained at low cellular levels by its 

predominant negative regulator Mouse Double Minute 2 (MDM2) (Momand et al., 

1992). MDM2 is an E3 ubiquitin ligase which acts to ubiquitylate the p53 C-terminus 

in order to target it for destruction by the proteasome or export it from the nucleus 

(Haupt et al., 1997; Moll and Petrenko, 2003). This stringent control of p53 stability 

and function is governed by a tight negative feedback loop in which the p53 protein 

transcriptionally regulates the expression of MDM2 that in turn regulates the stability 

of the p53 protein (Wu et al. 1993). Importantly, in response to genotoxic stress or 

oncogenic activation, this negative interaction is disrupted in favour of p53 

stabilisation and activation. This is mediated by the addition of post-translational 

modifications which have been shown to regulate the transcriptional function of p53 

and its stability within the cell, resulting in the modulation of genes and processes 

that ultimately govern cell fate. For example, DNA damage-induced phosphorylation 

of the p53 N-terminus has long been described as a critical post-translational 

modification event which rapidly stabilises p53 by inhibiting its negative association 

with MDM2 (Shieh et al., 1997). This results in increased p53 protein expression 

leading to the transactivation of numerous target genes including those involved in 

cell cycle arrest and DNA damage repair (promoting cell survival) and apoptosis 
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(promoting cell death). Context-specific activation of these pathways is critical in 

order to prevent oncogenic transformation and ensure tissue homeostasis and 

therefore, the p53-mediated response must be tightly regulated (Vousden and 

Prives, 2009). Indeed, the transcriptional activity of p53, which ultimately determines 

cell fate, relies not only on MDM2, but also on chromatin accessibility, co-factor 

binding and temporal dynamics (Hafner et al., 2019). Thus, the precise mechanisms 

of p53 activation and regulation that lead to differential pathway activation (i.e. 

arrest vs death) have proven difficult to delineate. 

 

The discovery that epigenetic modulation of histone and non-histone targets can 

drastically alter transcriptional activation and target protein function has provided a 

significant advancement in this field. Histone methylation and acetylation have been 

shown to be important regulators of gene silencing and expression, with aberrant 

epigenetic histone modifications often contributing to disease and oncogenesis. 

Importantly, p53 has been identified as a non-histone target protein which 

undergoes extensive epigenetic and post-translational regulation. The differential 

acetylation, methylation, ubiquitylation and phosphorylation status of p53 have been 

shown to regulate both its transcriptional function and its stability within the cell, 

resulting in the modulation of specific subsets of its target genes and processes which 

ultimately govern cell fate (Brooks and Gu, 2003). Numerous studies have 

documented the importance of p53 acetylation as a determinant of target gene 

activation ((Gu and Roeder, 1997; Tang et al., 2008) and reviewed by (Reed and 

Quelle, 2014)). Acetylation of C-terminal domain (CTD) lysine residues has been 

shown to inhibit MDM2-mediated p53 poly-ubiquitination thereby resulting in 

increased protein stability (Li et al., 2002). The acetylation of multiple lysine residues 

within the p53 DNA binding domain (DBD) has also been proposed to directly 

modulate the transcriptional activation of distinct p53 targets such as pro-apoptotic 

genes versus those involved in cell cycle arrest (Sykes et al., 2006; Tang et al., 2006). 

Moreover, CTD acetylation has also been shown to regulate p53 protein-protein 

interactions such as with the oncoprotein SET which, in unstressed cells i.e. 

unacetylated, inhibits p53 transcriptional activity. Under homeostatic conditions, the 

positively charged, lysine-rich, p53 CTD acts as a docking site for acidic domain 
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containing proteins such as SET, leading to the formation of a p53-SET trans-

criptionally repressive complex. However, stress-induced acetylation of p53 lysine 

residues neutralises their positive charge, abolishing the CTD interaction with SET and 

promoting p53 activation (D. Wang et al., 2016). Indeed, such acetylation-dependent 

regulation of p53 may also extend to other acidic domain containing proteins that 

are reportedly associated with transcriptional regulation and chromatin remodelling.  

 

Importantly, these acetylation-dependent effects of p53 are negatively regulated by 

the action of Histone Deacetylases (HDACs). In contrast to Histone Acetyltransferases 

(HATs), such as CBP/p300, which promote p53-mediated transcription (Grossman, 

2001), HDACs are deemed to be actively repressive for the canonical functions of p53 

(Juan et al., 2000). Deacetylation of histone marks also restricts gene expression by 

promoting the formation of heterochromatin which further impedes transcription 

factor function by reducing binding. With such profound effects on chromatin 

remodelling and transcription factor function, it is unsurprising that HDAC activity is 

frequently dysregulated in cancer (Cress and Seto, 2000). This aberrant HDAC activity 

results in the silencing of both anti-proliferative genes and tumour suppressors thus 

further enhancing tumour cell survival. However, this increased dependency on 

HDAC activity within cancer cells also gives rise to possible therapeutic exploitation 

through the use of Histone Deacetylase inhibitors (HDACi). Many studies have been 

undertaken which demonstrate not only the tumour-specific sensitivity of HDAC 

inhibition (Lee et al., 2010), but also the ability of HDACi to enhance the efficacy of 

standard-of-care treatments such as chemo- and radio-therapy (Eckschlager et al., 

2017). However, despite clinical approval for the treatment of multiple 

haematological malignancies, the mechanisms of action of these drugs remains 

poorly understood. This is, therefore, an important unmet area of research as further 

understanding of the proteins and pathways involved in mediating the effects of 

these agents may lead to new and innovative treatment combinations as well as 

potentially developing rationales for patient stratification.  

 

In this regard, recent work in our laboratory has been focused on the use of MS-275, 

the Class I-specific HDACi commonly referred to as Entinostat. By assessing the effect 
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of Entinostat across multiple models of colorectal cancer, it was observed that 

treatment with this HDACi could enhance p53 acetylation. Importantly, this work also 

focused on evaluating the effect of combining HDAC inhibition with direct p53 

activating agents such as the MDM2 inhibitor, Nutlin-3A. This led to the observation 

that cells primed with a p53 activating agent could undergo apoptotic cell death when 

subsequently exposed to Entinostat (Figure 3.1A). In contrast, little cell death was 

observed with single-agent Entinostat or indeed Nutlin-3A, despite Nutlin-3A 

activating p53 pro-apoptotic transcriptional targets such as PUMA (Figure 3.1B). 

 

Subsequent analysis in colorectal cancer cells aimed to assess the transcriptional 

changes which contribute to the observed synergy between HDAC inhibition and p53 

stabilisation. Utilising mRNA-seq analysis, 8 hours post-treatment with Nutlin-3A, 

Entinostat or their combination in p53 wild-type and null HCT116 colorectal cancer 

cells, evaluation of gene expression revealed significant changes in the transcriptional 

landscape following each drug treatment (Figure 3.2). Whilst demonstrating the 

striking selectivity of Nutlin-3A to only alter p53-dependent gene expression, 

Entinostat was found to have both p53-dependent and -independent transcriptional 

effects (Figure 3.2A). In the p53 wild-type HCT116, synergistic effects on both the 

upregulation and downregulation of gene expression were observed following the 

combination treatment as a greater number of genes were found to be significantly 

altered than what would be observed by simply adding those altered by the single 

agent treatments. Surprisingly, of the 393 genes upregulated in response to Nutlin-

3A, 143 were not significantly enhanced in the combination. Moreover, 388 genes 

were found to be significantly reduced in the combination treatment compared to 

Nutlin-3A treatment alone (Figure 3.2B). This indicated that Entinostat could 

negatively regulate a subset of p53-induced genes and indeed further analysis 

demonstrated that 58 genes which were significantly upregulated following 

treatment with Nutlin-3A were no longer significantly upregulated in the 

combination treatment (Figure 3.2C). These genes were enriched for p53 and TNFa  

signalling pathways and included both pro-and anti-apoptotic targets. Notably, this 

analysis identified CFLAR/FLIP as a Nutlin-3A induced, Entinostat repressed target 

gene (Figure 3.2C).  
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The CFLAR gene encodes the caspase-8 paralog and cell death regulator, FLIP. 

Canonically functioning as a regulator of the extrinsic apoptotic pathway, numerous 

studies have demonstrated an increased sensitivity to cell death-inducing agents 

when FLIP levels are depleted. This includes the destabilisation and downregulation 

of FLIP in response to HDAC inhibition which has previously been reported across 

multiple models including colorectal, mesothelioma, lung and prostate cancer cell 

lines (Kerr et al., 2012; Crawford et al., 2013; Riley et al., 2013; McLaughlin et al., 

2016; McCann et al., 2018).  
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Figure 3.1. Pharmacological inhibition of Class I HDACs synergises with p53 stabilisation by Nutlin-
3A and Oxaliplatin. (A) HCT116 were treated with the indicated doses of Nutlin-3A/Oxaliplatin for 
24h prior to treatment with Entinostat for a further 24 h. Percentage apoptotic cells with each 
treatment was measured by Annexin V flow cytometry. Data are represented as mean ± s.d. of three 
independent experiments. P values for synergy with combined treatments were calculated by 2-way 
ANOVA. *p < 0.05; **p < 0.01. (B) Western blotting on matched lysates was conducted with 
antibodies against the indicated proteins. Actin was used as loading control. (Data generated by Dr 
Alex McIntyre) 
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Figure 3.2. p53 stabilisation in combination with HDAC inhibition alters the transcriptome. (A) 
Differential gene expression analysis of mRNA-seq performed in HCT116 p53 wild-type (WT) and null 
cells from two independent experiments. RNA was extracted 8 hours post treatment with DMSO, 5 
μM Nutlin-3A, 2.5 μM Entinostat or their combination. Mapped read counts for transcripts were 
RPKM normalized for relative expression, and differentially expressed transcripts between each 
treatment detected by 3-way ANOVA (mean RPKM ≥1.7x, FDR <0.05). The total numbers of 
significantly up/down-regulated genes vs DMSO for each treatment are tabulated. Venn diagrams 
illustrating numbers of transcripts significantly upregulated (Red) or downregulated (Green) in 
response to Entinostat, Nutlin-3A and the combination in p53 WT cells. (B) Total number of 
transcripts significantly up/down-regulated in the combination treatment vs either treatment as a 
single agent. (C) Venn diagram of numbers of transcripts whose transcriptional upregulation in 
response to Nutlin-3A is significantly attenuated in the combination treatment, and list of those 58 
genes sub-categorized based on cellular function. (Data generated by Dr Alex McIntyre) 
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However, whilst the ability of HDAC inhibition to attenuate FLIP is not in itself a novel 

concept, the apparent downregulation of p53-dependent, Nutlin-3A-induced FLIP 

levels may contribute to the observed cell death synergy between Nutlin-3A and 

Entinostat. This work suggests a strong rationale for combining Entinostat with p53 

activating agents in order to induce colorectal cancer cell death. However, the 

molecular pathways which are differentially activated as a result of this treatment 

combination remain to be fully elucidated. Furthering our understanding of how p53 

activation leads to distinct cell fates and investigating the molecular processes 

involved following HDAC inhibition may, therefore, uncover novel biology as well as 

identifying possible new treatment regimes. 

 

3.2 Hypothesis and Goal 
 
The central hypothesis of this chapter is that p53-dependent upregulation of FLIPL 

acts as a barrier to colorectal cancer cell death which can be overcome by co-

treatment with Entinostat.  

 

By investigating the phenotypic and molecular consequences of HDAC inhibition or 

siRNA-mediated FLIPL depletion in combination with p53 activation, the overall goal 

is therefore to delineate pathways involved in the induction of cell death. RNA 

interference and CRISPR knockout models will be utilised to disrupt canonical FLIP 

pathway activation and identify mechanisms which determine cell fate. 

 

3.3  Aims  
 

1) Investigate the role of FLIPL as an inhibitor of p53 induced cell death 

2) Delineate molecular mechanisms of Entinostat induced cell death following 

p53 activation 
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3.4 Results 
 

3.4.1 Combining HDAC and MDM2 inhibition results in p53-dependent colorectal 
cancer cell death 

 

In order to confirm the previously observed synergy between p53 activation and 

HDAC inhibition which resulted in colorectal cancer cell death, a preliminary 

experiment was conducted using the HCT116 p53+/+ and p53-/- isogenic cell lines 

[Materials and Methods; section 2.3.2]. Importantly, whilst cells were first primed 

with a p53 activating agent prior to the addition of a HDAC inhibitor in the initial work 

carried out in our lab, this study aimed to utilise a more clinically applicable co-

treatment approach in order to induce cancer cell death. Cells were treated with 

previously optimised doses of Nutlin-3A (5 µM), Entinostat (2.5 µM) and their 

combination for a total of 24 hours prior to phenotypic analysis of cell death (Figure 

3.3A). This was performed using Annexin V/PI flow cytometry with changes in 

apoptotic cell death quantified based on the percentage of cells within each sample 

staining positive for Annexin V either alone or in combination with PI staining 

[Materials and Methods; section 2.9]. This revealed that whilst single-agent 

treatments failed to induce a cell death response in the HCT116 p53+/+ cells, a 

significant increase in the percentage of Annexin V positive cells was observed 

following treatment with Nutlin-3A in combination with Entinostat. Importantly, this 

co-treatment-induced apoptotic cell death was not observed in the HCT116 p53-/- cell 

line, demonstrating an absolute requirement for p53 in order to elicit this response.  

 

Given this observed dependency on p53, an additional experiment was then 

conducted using HCT116 p53+/+ cells and a panel of MDM2 inhibitors (MDM2i) in 

order to assess the reproducibility of the apoptotic response induced by p53 

stabilisation in combination with HDAC inhibition. Cells were treated with either 5 

µM Nutlin-3A, 5 µM MI773, 5 µM AMG232 or 1 µM RG7388 (dose response assays 

showing comparable effects of agents illustrated in Appendix F) in the presence and 

absence of 2.5 µM Entinostat for 24 hours (Figure 3.3B). Phenotypic analysis was then 

performed using Annexin V/PI flow cytometry with matched protein lysates extracted 

for Western blot analysis.  
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Figure 3.3. Assessment of apoptotic cell death following 24 hours of HDAC inhibition and p53 
activation. (A) HCT116 p53+/+ and p53-/- cells were treated with a DMSO control, 2.5 µM Entinostat 
(Entino), 5 µM Nutlin-3A (N3A) or their combination for 48 hours prior to Annexin V flow cytometry 
analysis. Graph displays the percentage of Annexin V positive cells detected per treatment group. 
Error bars represent mean ± SEM of three independent experiments. Statistical analysis conducted 
by 2-way ANOVA with p values: *p < 0.05. (B) Flow cytometry analysis of Annexin V positivity (above) 
and Western blot (below) analysis of protein expression in HCT116 p53+/+ cells treated with the 
indicated concentrations of MDM2 inhibitors alone and in combination with 2.5 µM Entino for 24 
hours. Antibodies were used against the indicated proteins with GAPDH serving as a loading control.  
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These analyses revealed that MDM2 inhibition alone, as previously observed, 

induced very little apoptotic cell death as demonstrated by a distinct lack of Annexin 

V positive cells in samples treated across the panel of MDM2 inhibitors. This 

correlated with an absence of cleaved PARP and lack of γH2AX (Figure 3.3B, lanes 2-

5), proteins which are often assessed as markers of caspase activation and DNA 

damage repair respectively. The expression of p53 was however notably stabilized in 

response to MDM2 inhibition and an increase in its transcriptional activity observed 

as indicated by the upregulation of its known targets; the cell cycle inhibitory protein, 

p21, and MDM2 (Figure 3.3B, lanes 2-5). Despite being functionally active, this 

upregulation of p53 was not sufficient alone to induce cell death. This may be due to 

the observation that p53 upregulation in response to all of the MDM2 inhibitors also 

coincided with the increased expression of the anti-apoptotic protein, FLIPL (Figure 

3.3B, lanes 2-5). This finding is in agreement with the initial work carried out in our 

lab utilising Nutlin-3A and demonstrates that the expression of FLIPL can be 

reproducibly enhanced by the direct stabilization of p53 in response to multiple small 

molecule inhibitors of MDM2.  

 

In contrast to the single-agent treatment of MDM2 inhibition, co-treatment with the 

HDAC inhibitor, Entinostat, resulted in the dramatic increase of apoptotic cell death. 

This result was again reproducibly observed across the panel of MDM2 inhibitors, 

with similar effects at lower doses in response to more potent compounds such as 

RG7388 (Ding et al., 2013). This synergistic induction of apoptotic cell death, as 

observed by the presence of Annexin V positive cells was further demonstrated by 

protein analysis.  

 

Treatment with Entinostat in combination with MDM2 inhibition was concomitant 

with the detection of both cleaved PARP and γH2AX induction, with p53 activation 

and p21 upregulation also apparent (Figure 3.3B, lanes 7-10). In contrast, MDM2i-

induced, p53-mediated expression of MDM2 was attenuated in response to co-

treatment with Entinostat (Figure 3.3B, lanes 7-10). Similarly, the expression of FLIPL 

was significantly depleted upon treatment with Entinostat at both the basal level and 

following MDM2 inhibition (Figure 3.3B, lanes 6-10). These findings are in agreement 
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with work previously carried out in our lab and others which have demonstrated 

depletion of FLIP following HDAC inhibition in multiple models. The results from these 

initial experiments demonstrate that co-treatment with Entinostat can synergize with 

MDM2 inhibition to induce p53-dependent cell death. Moreover, this data further 

implicates FLIP as a p53-dependent, nodal regulator of this response.  

 
 

3.4.2 Nutlin-3A directly upregulates FLIPL independently of NFκB 
 

As previously discussed, mRNA-seq data generated in our lab identified an increased 

level of CFLAR/FLIP transcripts following treatment with Nutlin-3A in HCT116 

colorectal cancer cells. This ultimately translated to an increase in the protein 

expression of the FLIPL isoform, an observation which was apparent in multiple p53 

wild-type colorectal cancer models following treatment with Nutlin-3A. In support of 

these data, this work has demonstrated that FLIPL can be upregulated at the protein 

level following p53 stabilisation with a number of different MDM2 inhibitors (Figure 

3.3B). Thus, since FLIP is not an established p53 target, the question as to whether 

this was a direct p53 transcriptional effect or an indirect mechanism initiated as a 

consequence of p53 activation became of particular interest.  

 

CFLAR/FLIP is a well-established NFκB transcriptional target with multiple studies 

documenting its role in the NFκB-induced cell survival/anti-apoptotic pathway 

(Micheau et al., 2001; Oeckinghaus and Ghosh, 2009). NFκB transcriptional activity is 

canonically activated by ligand binding to receptors on the cell surface, such as TNF 

or Toll-like receptors, which then trigger an intracellular signalling cascade. This 

results in the formation of a signalling complex which involves the recruitment of 

multiple proteins such as NEMO (NFκB essential modulator) and the IκB kinases (IKK). 

Activation of IKK leads to the phosphorylation and subsequent proteasomal 

degradation of IκBα, a protein normally responsible for sequestering NFκB subunits 

within the cytoplasm. The NFκB family of transcription factors is comprised of several 

subunits, namely RelA (p65), RelB, c-Rel, p50 and p52, which can exist as either homo- 

or hetero-dimers. Canonically, dimers consisting of the p65 and p50 subunits are 

released from the repressive IκB complex and translocate to the nucleus where they 
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modulate gene expression through binding of promoter and enhancer regions. 

Importantly, this includes the regulation of numerous proteins which are actively 

involved in mediating resistance to programmed cell death such as Bcl-2 family 

proteins, cellular Inhibitor of Apoptosis Proteins (cIAP) and as previously mentioned 

FLIP. Moreover, previous studies have described an intimate network of cross-talk 

between NFκB and p53 signalling which is responsible for discretely regulating 

cellular responses to defined stimuli (Webster and Perkins, 1999). This includes 

competitive transcriptional activity as well as regulation of key cellular processes such 

as metabolism and indeed cell death.  

 

Therefore, to investigate the possible contribution of enhanced NFκB activity to the 

observed upregulation of FLIPL following p53 stabilisation, analysis was first 

conducted using the IKK inhibitor BAY 11-7082. Reducing this essential kinase activity 

results in constitutively lower phosphorylation, and therefore degradation, of IκBα 

which sequesters NFκB in the cytosol and reduces its transcriptional activity. HCT116 

p53+/+ cells were treated with varying doses of BAY 11-7082 in the presence and 

absence of 5 µM Nutlin-3A for 24 hours prior to protein extraction and Western Blot 

analysis (Figure 3.4A). Concurrent samples were also treated with 2.5 µM Entinostat 

in the presence and absence of Nutlin-3A to assess alterations in NFκB activity which 

may occur in response to HDAC inhibition and contribute to the potent Entinostat-

induced downregulation of FLIP previously demonstrated (Figure 3.4A). This revealed 

that, as expected, treatment with BAY 11-7082 reduced the phosphorylation of IκBα, 

and subsequently the expression of NFκB subunits p65 and p50. This correlated with 

the decreased expression of the well-established NFκB transcriptional target 

BIRC2/cIAP1 indicating reduced transcriptional activity. Importantly, whilst FLIPL 

expression was reduced in a BAY 11-7082 dose-dependent manner, the relative 

induction following co-treatment with Nutlin-3A remained constant (Figure 3.4B). 

This suggests that although basally regulated by NFκB, the upregulation of FLIPL 

apparent upon stabilisation of p53 occurs via an NFκB-independent mechanism. 

Additionally, simultaneous upregulation of the canonical p53 transcriptional target 

p21 was observed in parallel with FLIPL induction. Unlike FLIPL, the expression of p21 

was largely unaffected by BAY 11-7082.  
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Figure 3.4. Assessment of IKK inhibition in combination with p53 activation. (A) Western blot 
analysis of protein expression in HCT116 p53+/+ cells treated with the indicated concentrations of BAY 
11-7082 alone and in combination with 5 µM Nutlin-3A (N3A) for 24 hours. Concurrent samples were 
also treated with 2.5 µM Entinostat (Entino) alone and in combination with 5 µM N3A. Antibodies 
were used against the indicated proteins with GAPDH serving as a loading control. (B) Densitometry 
analysis of the relative induction of FLIPL protein expression following treatment as in (A). ImageJ-2 
software was used to quantify expression normalised to the GAPDH control.  
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Notably, Entinostat was able to completely abrogate the expression of FLIPL both as 

a single-agent and upon co-treatment with Nutlin-3A (Figure 3.4A, lanes 11 and 12). 

This was detected in parallel with the diminished levels of phosphorylated IκBα, thus 

demonstrating that HDAC inhibition can affect components of the NFκB pathway 

which further exemplifies the complex modalities of this inhibitor. 

 

In order to further confirm these findings, additional methodologies were employed 

to disrupt the NFκB signalling pathway. This was first achieved using RelA (p65) 

specific siRNA, which was incubated with HCT116 p53+/+ cells for 24 hours prior to 

treatment with 5 µM Nutlin-3A for a further 24 hours (Figure 3.5A). Western blot 

analysis revealed a marked reduction in the expression of both phosphor- and total-

RelA following treatment with siRelA, as well as reduced expression of phosphor- and 

total-IκBα indicating compromised NFκB signalling. Despite this, the expression of 

FLIPL was enhanced following treatment with Nutlin-3A to a similar extent in both the 

presence and absence of RelA (Figure 3.5B), again indicating an NFκB independent 

regulatory mechanism. As expected, treatment with Nutlin-3A also increased the 

expression of p53 and its transcriptional target p21 in an NFκB-independent manner. 

 

Similar analyses conducted in a HCT116 cell line stably expressing the IκB Super 

Repressor (IκB SR) alongside matched parental cells were in agreement with these 

findings. The IκB SR cells express a mutant, degradation resistant from of IκBα (hence 

‘super-repressor’) [Materials and Methods; section 2.3.2] which has previously been 

shown to result in diminished NFκB transcriptional activity and an inability to respond 

to TNFα stimulation in other models of colorectal cancer (Ryan et al., 2015). Both cell 

lines were treated for 24 hours in the presence and absence of Nutlin-3A, with lysates 

subsequently extracted for Western blot analysis (Figure 3.5C). This revealed a 

distinct lack of phosphorylated IκBα expression in the IκB SR cells along with the 

detection of a higher MW IκBα band corresponding to the HA-tagged IκB SR. Although 

levels of RelA appeared to be enhanced in the IκB SR cells, possibly due to decreased 

proteasomal degradation when in complex with IκBα, basal expression of its target 

FLIPL was notably decreased indicative of diminished NFκB transcriptional activity. 
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Figure 3.5. Assessment of NFkB inhibition in combination with p53 activation. (A) Western blot 
analysis of protein expression in HCT116 p53+/+ cells treated with a RelA specific siRNA (siRelA) 
alongside a scrambled control (siScr) for 24 hours prior to treatment with a DMSO control or 5 µM 
Nutlin-3A (N3A) for a further 24 hours. (B) Densitometry analysis of the relative induction of FLIPL 

protein expression normalised to the GAPDH control following treatment as in (A). (C) Western blot 
analysis of protein expression in HCT116 parental and IkB super-repressor cells treated with a DMSO 
control or 5 µM N3A for 24 hours. (D) Densitometry analysis of the relative induction of FLIPL protein 
expression normalised to the GAPDH control following treatment as in (C). Antibodies were used 
against the indicated proteins with GAPDH serving as a loading control. ImageJ-2 software was used 
to quantify protein expression for densitometry analysis.  
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Nevertheless, treatment with Nutlin-3A resulted in a similar level of FLIPL induction 

as that which was observed in the parental cells (Figure 3.5C/D). Again, this coincided 

with the increased expression of p53 and p21 which were unaffected by altered NFκB 

activity. The reproducible results achieved across multiple experimental models of 

NFκB pathway interference, including pharmacological inhibition, siRNA depletion 

and the use of a dominant negative cell line, show that p53-dependent transcription 

of FLIPL is independent of its canonical transcriptional regulation by NFκB.  

 

As a transcription factor, p53 binds to and regulates the expression of a many target 

genes involved in a multitude of cellular processes including metabolism, cell cycle 

arrest and apoptosis. Thus, the regulation of FLIP by p53 could be indirect through 

the activation of alternative cellular processes as well as due to direct binding and 

activation of the CFLAR/FLIP promoter. In order to assess this, a chromatin 

immunoprecipitation (ChIP) [Materials and Method, section 2.14] was performed 

followed by qPCR analysis. This was conducted 8 hours post-treatment with 5 µM 

Nutlin-3A in HCT116 p53+/+ using the p53 specific DO-1 antibody to pull down regions 

of accessible, bound chromatin. A schematic representation of the experimental 

workflow is summarised in Figure 3.6A. ChIP-seq data previously generated by our 

group in p53 activated MCF7 and HFK cells was used to identify a potential p53-

CFLAR/FLIP binding site to which primers were then designed. Notably, the ChIP 

demonstrated Nutlin-3A-induced, direct p53 binding to the CFLAR/FLIP promoter 

(Figure 3.6B) with approximately 15 fold enrichment observed over the control 

(DMSO). Nutlin-3A-induced binding of p53 to the CDKN1A/p21 promoter region was 

also assessed as a positive experimental control and, as expected, revealed a 

substantial ~150 fold enrichment compared to the control. Fold enrichment is 

commonly used to quantify the relative changes in target expression following ChIP-

qPCR analysis i.e. expression in each sample is determined relative to the input 

sample with data normalised using a negative control loci (CCND1 promoter) to 

account for changes in background noise. Alternative methods of analysis may also 

be used when quantifying ChIP-qPCR data such as determining expression as a 

percentage input (% input), relative to control sequences or relative to nucleosome 

density. Various assumptions and limitations apply to all methods of analysis and so 
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data must be carefully interpreted in order not to mask biological importance during 

normalisation/quantification. For example, one such limitation may be that 

background noise can vary between experiments thus complicating the assessment 

of fold enrichment. Nonetheless, these data indicate that CFLAR/FLIP is a direct p53 

transcriptional target.  

 

This ability of p53 to induce the expression of multiple genes with seemingly opposing 

functions, such as cell cycle arrest as well as both pro- and anti-apoptotic proteins, 

has long been an area of intense research which remains poorly defined. Numerous 

studies have attributed this disparity to differential promoter affinity, activation by 

specific upstream signals and varying temporal dynamics. Therefore, in order to 

evaluate the regulation of both pro- and anti- apoptotic targets in response to 

treatment with Nutlin-3A, a time-course experiment was carried out in HCT116  
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Figure 3.6. Analysis of Nutlin-3A-induced direct p53 transcriptional targets. (A) Schematic workflow 
of experimental procedure utilised during ChIP-qPCR. (B) p53 ChIP-qPCR analysis was performed on 
HCT116 p53+/+ cells following 8 hours treatment with a DMSO control or 5 µM Nutlin-3A. Primers 
were designed against the FLIP/CFLAR and the p21/CDKN1A promoter regions and increased p53 
promoter occupancy calculated by fold-enrichment of target region versus a non-specific region 
(Cyclin D1/CCND1). Error bars represent mean ± SD of two independent experiments performed with 
Dr A McIntyre. 
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parental cells. Protein expression was assessed by Western blot at defined time 

points ranging from 0-48 hours post-treatment with 5 µM Nutlin-3A (Figure 3.7). This 

analysis revealed that Nutlin-3A induced, time-dependent increase in the expression 

of multiple proteins involved in the regulation of apoptosis, including p53 and its pro-

apoptotic transcriptional targets BAX, BAK and PUMA. Upregulation of these core 

pro-apoptotic targets was not observed until 12-24 hours. This was in contrast to the 

more immediate upregulation of p21 (Figure 3.7). FLIPL expression was also increased 

in a time-dependent manner, whilst the expression of FLIPS remained unaltered. 

Importantly, Nutlin-3A-mediated upregulation of FLIPL (apparent at 12 hours) 

preceded p53-dependent activation of NFκB (apparent at 24 hours as demonstrated 

by increased total and phosphor-RelA) (Figure 3.7). Again, this suggests that FLIPL is a 

direct p53 induced anti-apoptotic target and that this induction is NFκB-independent. 

Further analysis of proteins involved in FLIP-regulated apoptosis included the p53 

transcriptional target TRAIL-R2/DR5, the expression of which peaked 12–24 hours 

post-treatment with Nutlin-3A. However, although expression of the apoptosis-

initiator caspase-8 was largely unaffected by treatment with Nutin-3A, its paralog 

caspase-10 appeared to be somewhat induced in an isoform specific manner.  

 

Altogether these data suggest that the immediate response to p53 activation, 

initiated by treatment with Nutlin-3A is to induce cell cycle arrest (via p21) and avoid 

commitment to apoptosis (by upregulating FLIPL). In the context of a DNA damage 

event, this would provide a means through which the cell could attempt to repair the 

damaged DNA. In this setting, p53 can continue to increase expression of its pro-

apoptotic proteins, which are then primed to induce cell death if the DNA damage is 

irreparable or following subsequent insult. To this end, the ability of p53 to 

upregulate the expression of FLIPL may be a crucial node in the blockade of rapid 

induction of apoptotic cell death which may otherwise be unnecessarily initiated by 

p53 stabilisation. 
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Figure 3.7. Time course analysis of Nutlin-3A induced protein expression. Western blot analysis of 
protein expression in HCT116 p53+/+ cells treated with 5 µM Nutlin-3A (N3A) for the indicated times. 
TMC = time matched DMSO treated control. Antibodies were used against the indicated proteins with 
GAPDH serving as a loading control. 
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3.4.3 p53 activation and FLIPL depletion results in apoptotic cell death 
 

Having identified FLIPL as a p53-induced negative regulator of cell death, functional 

analyses were carried out to determine the effect of FLIPL-specific knockdown in 

combination with p53 activation. Whilst the previously demonstrated cell death-

inducing combination of Entinostat and Nutlin-3A was linked to the decreased 

expression of FLIPL in response to Entinostat, the HDAC inhibitor will simultaneously 

regulate multiple genes, proteins and pathways. For this reason, siRNA-mediated 

depletion of FLIPL enables a more precise dissection of the molecular mechanisms 

which are induced following its depletion in combination with p53 activation. 

Moreover, using FLIPL-specific siRNA may elucidate discrete effects which might 

otherwise have been missed upon treatment with Entinostat. 

 

Therefore, HCT116 p53+/+ and p53-/- isogenic cell lines were forward transfected with 

FLIPL specific siRNA alongside a scrambled control (siScr) for 6 hours [Materials and 

Methods; section 2.6.1] followed by 24-hour treatment with 5 µM Nutlin-3A or DMSO 

control (Figure 3.8). Phenotypic analyses were then conducted by Annexin-V/PI flow 

cytometry [Materials and Methods; section 2.9] with changes in apoptotic cell death 

quantified based on the percentage of cells within each sample staining positive for 

Annexin V alone or in combination with PI staining. This analysis revealed a significant 

increase in the percentage of HCT116 p53+/+ cells undergoing apoptotic cell death 

subsequent to FLIPL knockdown and treatment with Nutlin-3A, an effect which was 

completely abrogated in the HCT116 p53-/- cells (Figure 3.8A). Matched Western blot 

analyses further confirmed this p53-dependent apoptotic phenotype and enabled 

the assessment of key cell death regulatory proteins (Figure 3.8B). Upregulation of 

p53 and its known transcriptional targets, TRAIL-R2/DR5, p21, PUMA and BAX were 

detected upon treatment of HCT116 p53+/+ cells with Nutlin-3A (Figure 3.8B, lane 2), 

which was concomitant with the upregulation of FLIPL. HCT116 p53-/- cells failed to 

elicit any response to Nutlin-3A, confirming the specificity of this treatment (Figure 

3.8B, lane 6). Interestingly, in the p53+/+ cells, siRNA-mediated downregulation of 

FLIPL in combination with Nutlin-3A resulted in the increased expression of TRAIL-

R2/DR5, upregulation of the pro-apoptotic target PUMA and downregulation of the 

cell cycle inhibitor p21 (Figure 3.8B, lane 4) when compared to Nutlin-3A treatment  
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Figure 3.8. Assessment of apoptotic cell death following 24 hours of FLIPL depletion and p53 
activation in the presence and absence of p53. (A) Annexin V flow cytometry analysis of HCT116 
p53+/+ and p53-/- cells transfected with 10 nM FLIPL specific siRNA (siFLIPL) alongside a scrambled 
control (siScr) for 6 hours followed by treatment with 5 µM Nutlin-3A (N3A) for a further 24 hours. 
Graph displays the percentage of Annexin V positive cells detected per treatment group. Error bars 
represent mean ± SEM of three independent experiments. Statistical analysis conducted by 2-way 
ANOVA with p values: ns = non-significant, *p < 0.05. (B) Western blot analysis of matched protein 
lysates extracted from samples treated as in (A). Antibodies were used against the indicated proteins 
with GAPDH serving as a loading control.  
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alone (Figure 3.8B, lane 2). This correlated with an increase in cell death as evidenced 

by increased PARP cleavage, activation of  procaspase-8 (resulting in the formation 

of the p18 cleavage product), cleavage of BID to form tBID and activation of caspase-

3, forming the p17/p19 cleavage products (Figure 3.8B, lane 4). Again, the matched 

p53-/- cells were unresponsive to the treatment with Nutlin-3A even in combination 

with siFLIPL (Figure 3.8B, lane 8).  

 

In order to validate these findings, similar analyses were conducted in two different 

models of colorectal cancer. RKO and LoVo cell lines both harbour wildtype TP53 yet 

differ in genetic background to each other and to HCT116 cells [Materials and 

Methods; section 2.3.2] and thus were used to assess the cross-model efficacy of this 

treatment regimen. Each cell line was forward transfected with either a FLIP targeting 

siRNA or a scrambled control (siScr) for 6 hours followed by a 24 hour treatment with 

DMSO or 5 µM Nutlin-3A (Figure 3.9). Consistent with the result observed in the 

HCT116 p53+/+ model, treatment with Nutlin-3A enhanced the expression of FLIPL in 

both the RKO and LoVo models (Figure 3.9A, lane 2 and B, lane 2). Importantly, in 

both the LoVo and RKO cell lines, knocking-down FLIP in combination with p53 

activation also phenocopied the cell death observed in HCT116 p53+/+ cells as 

demonstrated by increased PARP cleavage (Figure 3.9A, lane 4 and B, lane 4).  

 

These results confirm the prediction that downregulation of FLIP can synergize with 

p53 activation to induce cell death, as despite Nutlin-3A activation of numerous pro-

apoptotic p53 targets the simultaneous upregulation of FLIPL is indeed able to act as 

a crucial barrier to apoptotic death. However, just how FLIPL suppression in 

combination with Nutlin-3A resulted in the induction of cell death remained to be 

defined. 
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Figure 3.9. Assessment of apoptotic cell death following 24 hours of FLIPL depletion and p53 
activation in LoVo and RKO colorectal cancer cells. (A) Western blot analysis of protein expression in 
LoVo colorectal cancer cells transfected with 10 nM FLIP specific siRNA (siFLIP) alongside a scrambled 
control (siScr) for 6 hours followed by treatment with 5 µM Nutlin-3A (N3A) for a further 24 hours. 
(B) Western blot analysis of protein expression in RKO colorectal cancer cells transfected with 10 nM 
FLIP specific siRNA (siFLIP) alongside a scrambled control (siScr) for 6 hours followed by treatment 
with 5 µM Nutlin-3A (N3A) for a further 24 hours. Antibodies were used against the indicated proteins 
with GAPDH serving as a loading control. 
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3.4.4 Evaluating the role of the extrinsic and intrinsic apoptotic pathways   
 

As previously described [Chapter 1 Introduction; section 1.3.2.4], the most well-

characterized function of FLIP is as a regulator of caspase-8 dependent cell death. 

However, while the FLIPS isoform is universally recognized as a bona fide inhibitor of 

caspase-8 activity that acts in a straightforward dominant negative manner, the 

specific role of FLIPL as an inhibitor or activator of caspase-8 has become an area of 

debate. Recent studies have proposed a model of interaction in which the relative 

abundance of FLIPL to caspase-8 determines the magnitude and speed of caspase-8 

activation at the DISC, with a 1:1 ratio of FLIPL:procaspase-8 an appropriate level of 

FLIPL required for complete inhibition (Humphreys et al., 2019). Thus, overexpression 

of FLIPL can act as a potent barrier to the cell death initiated by extracellular ligand-

mediated activation of a DISC, while lower levels may help propagate the response 

by accelerating the first step of procaspase-8 processing (trans inter-dimer cleavage) 

(Humphreys et al., 2019). It is, therefore, plausible that the upregulation of FLIPL 

induced by treatment with Nutlin-3A may act as a barrier to caspase-8 dependent 

cell death, which only then ensues when FLIPL levels are sufficiently reduced. This is 

supported by the findings in the HCT116 p53+/+ cells in which activation and 

processing of caspase-8 and apoptosis were only observed following treatment with 

Nutlin-3A when FLIPL was downregulated with siRNA (Figure 3.8B, lane 4). 

 

Therefore, to investigate the dependency for caspase-8 in the cell death induced by 

FLIPL depletion and p53 activation, a HCT116 caspase-8 proficient (Casp8 WT) and 

deficient (Casp8 Null) isogenic paired model was utilised [Materials and Methods; 

section 2.3.2]. Phenotypic assessment of cell death was carried out using Annexin 

V/PI flow cytometry 24 hours post-treatment with FLIPL siRNA and 5 µM Nutlin-3A 

(Figure 3.10A) as previously described. This revealed a significant reduction in the 

percentage of apoptotic cells, as measured by Annexin V positivity, in the caspase-8 

deficient cells following p53 activation and FLIPL depletion. Western blot analysis of 

matched protein lysates further demonstrated resistance to cell death consequent 

to loss of caspase-8 (Figure 3.10B). Treatment with Nutlin-3A alone in this isogenic 

pair (Figure 3.10B, lane 2 and lane 6) failed to induce cell death despite the 

upregulation of p53 and its transcriptional targets, DR5, PUMA, BAX and p21 as FLIPL 
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Figure 3.10. Assessment of apoptotic cell death following 24 hours of FLIPL depletion and p53 
activation in the presence and absence of capsase-8. (A) Annexin V flow cytometry analysis of 
HCT116 caspase-8 proficient (CASP8 WT) and deficient (CASP8 Null) cells transfected with 10 nM FLIPL 

specific siRNA (siFLIPL) alongside a scrambled control (siScr) for 6 hours followed by treatment with 5 
µM Nutlin-3A (N3A) for a further 24 hours. Graph displays the percentage of Annexin V positive cells 
detected per treatment group. Error bars represent mean ± SEM of three independent experiments. 
Statistical analysis conducted by 2-way ANOVA with p values: *p < 0.05. (B) Western blot analysis of 
protein lysates extracted from samples treated as in (A). Antibodies were used against the indicated 
proteins with GAPDH serving as a loading control.  
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expression was again considerably increased from basal levels. Despite an almost 

identical response to Nutlin-3A treatment alone, the cell death resulting from the 

combined treatment of siFLIPL and Nutlin-3A was significantly attenuated in the 

caspase-8 deficient model. This was detected by a decrease in PARP cleavage and 

markedly reduced caspase-3 activation and processing when compared to the 

parental cell line (Figure 3.10B, lane 8 vs lane 2). These results, therefore, 

demonstrate a crucial role for caspase-8 in the cell death initiated by FLIPL depletion 

and p53 activation. 

 

A significant caspase dependency was also observed in HCT116 p53+/+ cells treated 

for 24 hours with 2.5 µM Entinostat in combination with 5 µM Nutlin-3A. This was 

assessed using Annexin V/PI flow cytometry and revealed a significant decrease in 

the percentage of apoptotic cell death when cells undergoing the combined 

treatment were co-incubated with 10 µM of the pan-caspase inhibitor zVAD FMK-1 

(Figure 3.11A). Further Annexin V/PI flow cytometry analysis was then performed in 

the HCT116 caspase-8 proficient and deficient models following treatment with 2.5 

µM Entinostat in combination with 5 µM Nutlin-3A for 24 hours (Figure 3.11B). Again, 

a significant, albeit incomplete, rescue of apoptosis was observed in the caspase-8 

deficient cells when compared to their parental counterparts. These results are in 

agreement with those obtained using siRNA-mediated depletion of FLIPL and suggest 

a key role for caspase-8 in HDAC inhibitor-induced p53-mediated cell death. 

 

FLIP and caspase-8 are known to interact via the adapter protein FADD. This occurs 

during the formation of DISCs which, as previously described [Chapter 1 Introduction; 

section 1.3.2.1], are responsible for propagating the response from extracellular 

ligand binding to the intracellular death machinery. Therefore, in order to investigate 

the possible induction of a FADD-dependent complex which results in caspase-8 

activation following FLIPL depletion and p53 activation, analysis was extended to a 

HCT116 FADD CRISPR knockout model.  
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Figure 3.11. Assessment of apoptotic cell death following 24 hours of HDAC inhibition and p53 
activation in caspase deficient cells. (A) Caspase-8 proficient (CASP8 WT) and deficient (CASP8 Null) 
HCT116 cells pre-treated with the 10 µM of the pan-caspase inhibitor, zVAD-fmk (zVAD), for 1 hour 
followed by treatment with a DMSO control, 2.5 µM Entinostat (Entino), 5 µM Nutlin-3A (N3A) or 
their combination for 24 hours prior to Annexin V flow cytometry analysis. (B) CASP8 WT and CASP8 
Null HCT116 cells treated with a DMSO control, 2.5 µM Entinostat (Entino), 5 µM Nutlin-3A (N3A) or 
their combination for 24 hours prior to Annexin V flow cytometry analysis. Graphs display the 
percentage of Annexin V positive cells detected per treatment group. Error bars represent mean ± 
SEM of three independent experiments. Statistical analysis conducted by 2-way ANOVA with p values: 
*p < 0.05, **p < 0.01. 
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Phenotypic and molecular assessment of cell death was conducted following 24 

hours transfection of siScr or siFLIPL specific siRNA alone and in combination with 5 

µM Nutlin-3A (Figure 3.12). Annexin V/PI flow cytometric analysis revealed a 

significant decrease in the percentage of Annexin V positive cells detected in the 

FADD knockout model when compared to their matched parental cells following 

treatment with siFLIPL in combination with 5 µM Nutlin-3A (Figure 3.12A). This 

indicates a role for FADD in the apoptotic phenotype and suggests that it facilitates 

interaction between caspase-8 and FLIP following treatment with Nutlin-3A and 

results in cell death upon sufficient FLIPL depletion.  

 

Matched Western blot analysis (Figure 3.12B) in the FADD isogenic model mirrored 

this result and indeed the previous results observed in the caspase-8 deficient 

models. A marked reduction in PARP cleavage was observed alongside attenuated 

caspase-3 processing in the FADD knockout cells compared to the parental cells 

following the combination treatment (Figure 3.12B, lane 8 vs lane 2). Interestingly, 

Nutlin-3A treatment resulted in the increased expression of TRAIL-R2/DR5, a p53 

transcriptional target and major component of the extrinsic apoptotic signalling 

pathway. Maximal TRAIL-R2/DR5 detection coincided with increased levels of cell 

death and thus suggests the formation of a TRAIL-R2/DR5 – FADD dependent 

apoptotic signalling complex. Notably, the expression of TRAIL-R2/DR5 appeared 

reduced at both the basal and inducible level in the FADD knockout model. Despite 

the rescue of cell death observed in this knockout model an increase in pro-apoptotic 

BH3-only protein expression was detected. Whilst the enhanced basal expression of 

BAX may be a clonal artefact of selection, the Nutlin-3A induced expression of both 

BAX and PUMA was notably augmented when compared to the parental cell line. This 

suggests that activation of the mitochondria may contribute to the cell death 

phenotype, however, this is insufficient alone and requires an upstream FADD (and 

caspase-8) dependent signal. 

 

 Signalling from such complexes can ultimately culminate in activation of MOMP, and 

this is needed in order to further amplify the apoptotic response. Importantly, various 

groups have identified HCT116 as being “Type-II” cells. This means that they  
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Figure 3.12. Assessment of apoptotic cell death following 24 hours of FLIPL depletion and p53 
activation in the presence and absence of FADD. (A) Annexin V flow cytometry analysis of HCT116 
parental and FADD CRISPR knockout (FADD KO) cells transfected with 10 nM FLIPL specific siRNA 
(siFLIPL) alongside a scrambled control (siScr) for 6 hours followed by treatment with 5 µM Nutlin-3A 
(N3A) for a further 24 hours. Graph displays the percentage of Annexin V positive cells detected per 
treatment group. Error bars represent mean ± SEM of three independent experiments. Statistical 
analysis conducted by 2-way ANOVA with p values: **p < 0.01. (B) Western blot analysis of protein 
lysates extracted from samples treated as in (A). Antibodies were used against the indicated proteins 
with GAPDH serving as a loading control.  
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absolutely require signal amplification through the mitochondria in response to 

extrinsic apoptotic signals that cause caspase-8 activation. Insults which trigger 

MOMP typically induce BAX/BAK dependent pore formation, compromising the 

mitochondrial outer membrane integrity and resulting in the release of SMAC and 

cytochrome-c as discussed in Chapter 1. This leads to the full activation of the 

executioner caspases-3 and -7, which subsequently results in apoptotic cell death. 

Moreover, it is well established that p53 activation leads to the upregulation of a 

number of pro-apoptotic mitochondrial associated proteins such as PUMA, BAX and 

Noxa which can co-operate with upstream signals from the DISC in order to induce 

apoptotic cell death. Indeed, Nutlin-3A-induced upregulation of PUMA and BAX were 

observed in p53 wild-type cells as discussed above. 

 

Matched HCT116 parental and BAX/BAK double knockout (DKO) cells were therefore 

used to investigate the contribution of the mitochondria to the cell death observed 

upon FLIPL depletion and p53 activation. Interestingly, as measured by Annexin V/PI 

flow cytometry, the response to 24 hours treatment with 5 µM Nutlin-3A in 

combination with siFLIPL was completely attenuated in the BAX/BAK DKO model 

when compared to the parental cells (Figure 3.13A). This correlated with an absence 

of PARP cleavage, γH2AX induction and caspase-3 activation as detected by Western 

blot analysis of matched protein lysates (Figure 3.13B, lane 8 vs lane 4). The 

apparent, although reduced, processing of BID to tBID present in the BAX/BAK DKO 

cells (Figure 3.13B, lane 8) is likely due to a lack of amplification of the apoptotic 

signal via the mitochondria resulting in less caspase-3 activation; BID is also a 

substrate of caspase-3 (Slee, Keogh and Martin, 2000; Huang et al., 2016).  

 

Further support for the role of mitochondria depolarization in facilitating this cell 

death response was observed in a SMAC null HCT116 cell line when compared to their 

wild-type counterparts (Figure 3.14). SMAC is one of the key apoptosis-inducing 

molecules released from the mitochondria along with cytochrome c after MOMP 

[Chapter 1 Introduction; section 1.3.3.2]. Following treatment with siFLIPL and 5 µM 

Nutlin-3A for 24 hours, Annexin V/PI flow cytometry analysis revealed a partial 

attenuation of apoptotic cell death in the SMAC null cells (Figure 3.14A).   
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Figure 3.13. Assessment of apoptotic cell death following 24 hours of FLIPL depletion and p53 
activation in the presence and absence of BAX and BAK. (A) Annexin V flow cytometry analysis of 
HCT116 parental and BAX/BAK CRISPR double knockout (BAX/BAK DKO) cells transfected with 10 nM 
FLIPL specific siRNA (siFLIPL) alongside a scrambled control (siScr) for 6 hours followed by treatment 
with 5 µM Nutlin-3A (N3A) for a further 24 hours. Graph displays the percentage of Annexin V positive 
cells detected per treatment group. Error bars represent mean ± SEM of three independent 
experiments. Statistical analysis conducted by 2-way ANOVA with p values: **p < 0.01. (B) Western 
blot analysis of protein lysates extracted from samples treated as in (A). Antibodies were used against 
the indicated proteins with GAPDH serving as a loading control.  
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Figure 3.14. Assessment of apoptotic cell death following 24 hours of FLIPL depletion and p53 
activation in the presence and absence of SMAC. (A) Annexin V flow cytometry analysis of HCT116 
parental and SMAC CRISPR knockout (SMAC KO) cells transfected with 10 nM FLIPL specific siRNA 
(siFLIPL) alongside a scrambled control (siScr) for 6 hours followed by treatment with 5 µM Nutlin-3A 
(N3A) for a further 24 hours. Graph displays the percentage of Annexin V positive cells detected per 
treatment group. Error bars represent mean ± SD of two independent experiments. (B) Western blot 
analysis of protein lysates extracted from samples treated as in (A). Antibodies were used against the 
indicated proteins with GAPDH serving as a loading control.  
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In agreement with this, Western blot analysis detected decreased PARP cleavage and 

reduced caspase-3 activation following FLIPL depletion and p53 activation in the 

SMAC null cells compared to their matched SMAC expressing parental cells (Figure 

3.14B, lane 8 vs lane 4). 

 

The requirement of the intrinsic apoptotic pathway was similarly assessed in 

response to Nutlin-3A/Entinostat. HCT116 BAX/BAK DKO cells and their matched 

counterparts were treated with 2.5 µM Entinostat, 5 µM Nutlin-3A and their 

combination for a total of 24 hours prior to Annexin V/PI flow cytometry and Western 

blot analysis. Results presented in Figure 3.15 demonstrate a rescue of apoptotic 

death in cells lacking the expression of the mitochondrial pore-forming proteins, BAX 

and BAK. Microscopy images captured at the experimental endpoint (Figure 3.15A) 

illustrate the changes in cellular morphology observed following individual or 

combined treatments across both the parental and BAX/BAK DKO cells. Of note, 

treatment with Entinostat in combination with Nutlin-3A appeared to induce cellular 

membrane blebbing as well as the presence of small, rounded, detached cells which 

together are indicative of an apoptotic morphology. In contrast to this, the BAX/BAK 

DKO cells did not demonstrate the same morphological changes and instead 

appeared to be undergoing growth arrest as larger, more flattened cells were 

observable. These observations were confirmed by flow cytometric analysis of the 

percentage of Annexin V positive, and therefore apoptotic, cells detected within each 

sample (Figure 3.15B). This revealed the almost complete rescue of cell death in the 

BAX/BAK DKO model which was in stark contrast to the parental phenotype. Western 

blot analysis of protein expression (Figure 3.15C) demonstrated a complete rescue of 

both PARP and caspase-3 cleavage in the BAX/BAK DKO cells, despite similar 

activation of p53 and depletion of FLIPL observed in the parental cell line (Figure 

3.15C, lane 8 vs lane 4). Interestingly, treatment with Entinostat appeared to induce 

the processing of BID to tBID in both the parental and DKO cells, the presence of 

which was most notable following the combination treatment with Nutlin-3A in the 

parental model. This suggests that the ability of Entinostat to downregulate FLIPL, 

which coincided with the increased detection of tBID, can initiate a signalling event 

upstream of the mitochondria and is in agreement with the results achieved using  
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Figure 3.15. Assessment of apoptotic cell death following 24 hours of HDAC inhibition and p53 
activation in the presence and absence of BAX and BAK. (A) Microscopy images of HCT116 parental 
and BAX/BAK CRISPR double knockout (BAX/BAK DKO) cells treated with a DMSO control (Con), 2.5 
µM Entinostat (Entino), 5 µM Nutlin-3A (N3A) and their combination for 24 hours. (B) Annexin V flow 
cytometry analysis of HCT116 parental and BAX/BAK DKO cells treated as in A. Graph displays the 
percentage of Annexin V positive cells detected per treatment group. Error bars represent mean ± 
SEM of three independent experiments. Statistical analysis conducted by 2-way ANOVA with p values: 
**p < 0.01. C Western blot analysis of protein lysates extracted from samples treated as in (A)/(B). 
Antibodies were used against the indicated proteins with GAPDH serving as a loading control.  
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siRNA-mediated FLIP depletion. Subsequently, activation of p53 and its 

transcriptional targets such as BAX amplify this signal through engagement of the 

mitochondria in order to elicit cell death (Figure 3.15C, lane 4). However, processing 

of BID alone is insufficient to induce cell death when mitochondrial function is 

compromised. In support of this, the presence of tBID was observed in the BAX/BAK 

DKO cells following treatment with siFLIPL and Nutlin-3A (Figure 3.13B, lane 8) and 

Entinostat and Nutlin-3A (Figure 3.15C, lane 8), even in the absence of cell death. 

This suggests the activation of an initial upstream event that triggers BID processing.  

 

Caspase-8 activation at death inducing signalling complexes leads to cleavage of the 

pro-apoptotic BH3-only protein BID to its truncated form, tBID. Subsequent 

translocation of tBID to the mitochondria enables crosstalk between the extrinsic and 

intrinsic apoptotic pathways following death receptor activation and DISC formation. 

Therefore, to investigate the role of BID signalling in the previously described 

apoptotic cell death, an isogenic HCT116 BID CRISPR knockout model [Materials and 

Methods; section 2.3.2] was utilised. Cells were subjected to Annexin V/PI flow 

cytometry and Western blot analysis following 24 hours treatment with 5 µM Nutlin-

3A in combination with 10 nM siFLIPL (Figure 3.16). As a positive control, cells were 

treated with 3 ng/mL Iso-leucine Zipper TRAIL (IZ-TRAIL), which binds to TRAIL-R1/2 

(DR4/5) to induce the formation of a DISC. Consistent with the previous results, loss 

of BID significantly attenuated the cell death induced as a consequence of FLIPL 

depletion and p53 activation. This was demonstrated by decreased Annexin V 

staining (Figure 3.16A) as well as the reduced detection of cleaved PARP and caspase-

3 activation (Figure 3.16B, lane 8 vs lane 4) despite the p53-dependent upregulation 

of TRAIL-R2/DR5, PUMA and BAX (Figure 3.16B, lane 8). By comparison, the cell death 

inducing effects of IZ-TRAIL were completely abrogated by BID depletion (Figure 

3.16B, lane 10 vs lane 9).  

 

The same rescue of cell death was not achieved following treatment with Entinostat 

and Nutlin-3A in the BID KO cells (Figure 3.17). Annexin V/PI flow cytometry analysis 

of HCT116 parental and BID KO cells subjected to 24 hours treatment with 2.5 µM  
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Figure 3.16. Assessment of apoptotic cell death following 24 hours of FLIPL depletion and p53 
activation in the presence and absence of BID. (A) Annexin V flow cytometry analysis of HCT116 
parental and BID CRISPR knockout (BID KO) cells transfected with 10 nM FLIPL specific siRNA (siFLIPL) 
alongside a scrambled control (siScr) for 6 hours followed by treatment with 5 µM Nutlin-3A (N3A) 
for a further 24 hours. Concurrent samples treated with 3 ng/ml Isoleucine Zipper TRAIL (IZ-TRAIL) in 
the presence and absence of BID serve as positive control for BID-dependent cell death. Graph 
displays the percentage of Annexin V positive cells detected per treatment group. Error bars 
represent mean ± SEM of three independent experiments. Statistical analysis conducted by 2-way 
ANOVA with p values: **p < 0.01. (B) Western blot analysis of protein lysates extracted from samples 
treated as in (A). Antibodies were used against the indicated proteins with GAPDH serving as a loading 
control.  
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Figure 3.17. Assessment of apoptotic cell death following 24 hours of HDAC inhibition and p53 
activation in the presence and absence of BID. Annexin V flow cytometry analysis of HCT116 
parental and BID CRISPR knockout (BID KO) cells treated with a DMSO control, 2.5 µM Entinostat 
(Entino), 5 µM Nutlin-3A (N3A) or their combination for 24 hours. Concurrent samples treated with 
3 ng/ml Isoleucine Zipper TRAIL (IZ-TRAIL) in the presence and absence of BID serve as positive 
control for BID-dependent cell death. Graph displays the percentage of Annexin V positive cells 
detected per treatment group. Error bars represent mean ± SEM of three independent experiments. 
Statistical analysis conducted by 2-way ANOVA with p values: ns = non-significant.   
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Entinostat in combination with 5 µM Nutlin-3A revealed only a partial reduction in 

apoptotic cell death (Figure 3.17). Importantly, treatment with Entinostat has 

previously been shown to upregulate other proteins associated with mitochondrial 

activation such as BIM (Lee et al., 2014) which may facilitate cell death induction even 

in the absence of tBID. This again illustrates the multi-faceted modes of action of 

HDAC inhibitors, which simultaneously effect numerous cellular pathways. 

 

Nonetheless, the results presented thus far suggest the formation of a p53 driven 

FADD/Caspase-8 complex which upon depletion of FLIPL activates cell death via tBID 

and BAX/BAK through the mitochondria. 

 

3.4.5 Ligand independent DISC formation 
 

Canonically, DISCs are formed via ligand binding to membrane-bound death 

receptors or genotoxic stress-induced activation of the ripoptosome (Riley et al., 

2015). This results in the processing and activation of caspase-8 which is regulated by 

interactions with both FADD and FLIP. Phenotypic analysis of the cell death induced 

by p53 activation with Nutlin-3A and FLIPL depletion had thus far established a key 

role for these proteins. Therefore, in order to identify the upstream machinery 

responsible for the recruitment of FADD, FLIPL and caspase-8 following treatment, a 

preliminary siRNA screen was conducted. HCT116 cells were reverse-transfected with 

siRNAs targeting the core death receptors, TRAIL-R1/DR4, TRAIL-R2/DR5 and FAS as 

well as the ripoptosome regulator RIPK1 and caspase-8 (the latter serving as a 

positive control for the rescue of cell death; Figure 3.18A). Cells were then forwarded 

transfected with siFLIPL and treated with 5 µM Nutlin-3A for 24 hours. Analysis was 

carried out using High Content Microscopy [Materials and Methods; section 2.10], 

with results presented as the percentage of cells stained positive for PI within each 

sample. As expected, RNAi-mediated downregulation of caspase-8 was sufficient to 

rescue the cell death induced by FLIPL depletion and p53 activation, however, only 

the knockdown of TRAIL-R2/DR5 was able to mimic this response. This suggests a 

distinct role for this death receptor in mediating the observed cell death. 
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Figure 3.18. Assessment of death receptor silencing on the cell death induced by 24 hours of FLIPL 

depletion and p53 activation in HCT116 colorectal cancer cells. (A) High Content Microscopy analysis 
of HCT116 cells transfected with 10 nM of the indicated siRNA’s for 24 hours in the presence of 10 
nM siFLIPL and 5 µM Nutlin-3A (N3A). Graph displays the percentage of PI positive cells per treatment 
group. Error bars in (A) represent the mean ± SD of one experiment conducted in technical triplicate. 
Data courtesy of Dr A McIntyre. (B) Microscopy images of HCT116 p53+/+ cells transfected with the 
indicated siRNA’s for 24 hours followed by transfection with a FLIPL specific siRNA (siFLIPL) or a 
scrambled control (siScr) for 6 hours prior to treatment with a DMSO control or 5 µM N3A for 24 
hours. (C) Western blot analysis of matched protein lysates extracted from samples treated as in (B). 
Antibodies were used against the indicated proteins with GAPDH serving as a loading control.  
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To further explore this finding, HCT116 p53+/+ cells were reverse transfected for 24 

hours with siRNAs targeting either TRAIL-R2/DR5, caspase-8 or p53 alongside a 

scrambled, non-targeting control siRNA (siScr). Cells were then forward transfected 

with a FLIPL specific siRNA for 6 hours followed by a 24-hour treatment with 5 µM 

Nutlin-3A. In agreement with the initial High Content analysis, knock-down of TRAIL-

R2/DR5 was sufficient to rescue the cell death induced by FLIPL depletion and p53 

activation and did so to a similar extent as caspase-8 and p53 depletion (Figure 3.18B 

and C).  Photographs taken at the experimental endpoint are displayed in Figure 

3.18B and depict the rescue of cell death following knockdown of TRAIL-R2/DR5, 

caspase-8 and p53. Cells treated with a scrambled siRNA in combination with siFLIPL 

and Nutlin-3A appear to be undergoing apoptosis with visible cellular membrane 

blebbing and small, rounded, detached cells present in the media. This phenotype is 

rescued in cells which have depleted levels of TRAIL-R2/DR5, caspase-8 or p53 as the 

cell morphology more closely resembles that of the control, untreated sample (Figure 

3.18B).  

 

Western blot analyses confirmed the visual changes in morphology observed 

following the knockdown of TRAIL-R2/DR5, caspase-8 and p53 with samples probed 

for multiple proteins involved in extrinsic pathway activation (Figure 3.18C). As 

previously observed, treatment with 5 µM Nutlin-3A in combination with siFLIPL 

induced cell death in a manner consistent with the formation of a signalling complex 

which results in caspase activation (Figure 3.18C, lane 2). Upregulation of p53 and its 

transcriptional targets, TRAIL-R2/DR5, PUMA and p21 were detected as well as BID 

processing and caspase-3 activation (Figure 3.18C, lane 2). Cleaved PARP was also 

detected alongside an increase in γH2AX indicative of caspase activation and DNA 

damage as a result of treatment (Figure 3.18C, lane 2). Importantly, this apoptotic 

activation of cell death did not occur in samples with depleted expression of TRAIL-

R2/DR5 and caspase-8, or indeed p53. This was demonstrated as samples treated 

under these knockout conditions (Figure 3.18C, lanes 3, 4 and 5) exhibited a distinct 

lack of BID processing and caspase-3 cleavage as well as significantly reduced levels 

of PARP cleavage and γH2AX expression. It appears that despite p53 stabilization and 

activation of pro-apoptotic targets, such as PUMA (Figure 3.18C, lanes 3 and 4) this 
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is not sufficient to induce cell death which only occurs in the presence of TRAIL-

R2/DR5 and caspase-8 (Figure 3.18C, lane 2) at this timepoint. 

 

To further validate these findings Western blot analysis was conducted in both the 

RKO and LoVo cell lines following 24-hour treatment with siFLIPL and 5 µM Nutlin-3A 

under the same knockdown conditions previously carried out in the HCT116 p53+/+ 

cells (Figure 3.19). Results observed from this analysis were concordant with those 

previously demonstrated in HCT116 p53+/+ cells as cell death was rescued following 

the downregulation of TRAIL-R2/DR5, caspase-8 or p53 in both the RKO and LoVo cell 

lines (Figure 3.19A and B). Western blot analysis revealed PARP cleavage and γH2AX 

induction consequent to FLIPL depletion and p53 activation, which was confirmed by 

increased p53 expression and upregulation of known transcriptional targets such as 

p21 and TRAIL-R2/DR5 (Figure 3.19A, lane 2 and B, lane 2). Despite the activation of 

p53 and reduced FLIPL expression in cells treated with siRNAs targeting TRAIL-R2/DR5 

(Figure 3.19A, lane 3 and B, lane 3) or caspase-8 (Figure 3.19A, lane 4 and B, lane 4), 

there was a significant reduction in both PARP cleavage and γH2AX induction 

indicating a rescue of caspase activity, DNA damage and ultimately cell death. As 

expected, the same molecular phenotype was observed with loss of p53 (Figure 

3.19A, lane 5 and B, lane 5), further emphasizing the absolute dependency on p53 

for this response.  

 

Preliminarily investigations involving the use of siRNA for mechanistic analyses 

provide quick and useful information regarding possible pathways for further 

interrogation. However, there are some drawbacks to consider when using siRNA 

technology such as off-target effects and inefficient knockdown. Hence, CRISPR 

knockout models can provide an alternative, robust confirmation of the phenotype 

resulting from loss of protein expression. For this reason, the analysis of the role of 

TRAIL-R2/DR5 was extended to a HCT116 TRAIL-R2/DR5 CRISPR knockout model 

[Materials and Methods; section 2.3.2]. Phenotypic assessment of cell death was 

carried out using Annexin-V/PI flow cytometry 24 hours post-treatment with FLIPL 

siRNA and 5 µM Nutlin-3A as previously described. Changes in apoptotic cell death 

were again quantified based on the percentage of cells within each sample staining  
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Figure 3.19. Assessment of TRAIL-R2/DR5 silencing on the cell death induced by 24 hours of FLIPL 

depletion and p53 activation in LoVo and RKO colorectal cancer cells. (A) Western blot analysis of 
protein expression in LoVo cells transfected with the indicated siRNA’s for 24 hours followed by 
transfection with a FLIP specific siRNA (siFLIP) or a scrambled control (siScr) for 6 hours prior to 
treatment with a DMSO control or 5 µM N3A for 24 hours. (B) Western blot analysis of protein 
expression in RKO cells following treatment as in (A). Antibodies were used against the indicated 
proteins with GAPDH serving as a loading control.  
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positively for Annexin V either alone or in combination with PI staining (Figure 3.20A). 

In support of the previous findings achieved using siRNA-mediated downregulation 

of TRAIL-R2/DR5, the results presented in Figure 3.20 indicate a significant reduction 

of apoptotic cell death in the TRAIL-R2/DR5-deficient model following treatment with 

5 µM Nutlin-3A and FLIP specific siRNA.  

To explore the molecular basis underpinning the rescue of cell death in the TRAIL-

R2/DR5 KO model, Western blotting was conducted on matched protein lysates 

(Figure 3.20B). As expected, treatment with Nutlin-3A alone in this isogenic pair 

(Figure 3.20B, lane 2 and lane 6) failed to induce cell death despite the upregulation 

of p53 and its transcriptional targets as this coincided with a considerable 

upregulation of FLIPL expression. Interestingly, p53 expression, and that of its 

transcriptional targets p21 and PUMA, appeared to be further enhanced by 

treatment with Nutlin-3A following knockout of TRAIL-R2/DR5. This could suggest a 

previously unreported interplay between TRAIL-R2/DR5 and p53 which effects p53 

protein expression and transcriptional activity. However, as these knockout cells 

were clonally derived, the observed changes in p53 activity must be treated with 

caution. Further investigation, for example re-expression of TRAIL-R2/DR5 in this 

model would, be required to assess this finding. 

Despite this activation of p53, even upon FLIPL depletion, the TRAIL-R2/DR5 knockout 

cell line failed to induce cell death in response to Nutlin-3A. This was demonstrated 

by a reduction in PARP cleavage as well as an almost complete attenuation of 

caspase-8, BID and caspase-3 processing when compared to the parental cell line 

(Figure 3.20B, lane 8 vs lane 2). Given that canonical activation of caspase-8 and BID 

processing are mediated via DISC assembly, these results suggest the presence of a 

TRAIL-R2/DR5 dependent signalling complex. This complex appears to be induced by 

p53 activation and, upon sufficient depletion of FLIPL, is capable of inducing cell death 

via crosstalk with the mitochondria.  

 

To assess the potential contribution of ligand binding to the TRAIL-R2/DR5-mediated 

apoptotic cell death induced by FLIPL depletion and Nutlin-3A treatment, a TRAIL 

neutralisation experiment was conducted in HCT116 p53+/+ cells (Figure 3.21).  
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Figure 3.20. Assessment of apoptotic cell death following 24 hours of FLIPL depletion and p53 
activation in the presence and absence of TRAIL-R2/DR5. (A) Annexin V flow cytometry analysis of 
HCT116 parental and TRAIL-R2/DR5 CRISPR knockout (DR5 KO) cells transfected with 10 nM FLIPL 

specific siRNA (siFLIPL) alongside a scrambled control (siScr) for 6 hours followed by treatment with 5 
µM Nutlin-3A (N3A) for a further 24 hours. Graph displays the percentage of Annexin V positive cells 
detected per treatment group. Error bars represent mean ± SEM of three independent experiments. 
Statistical analysis conducted by 2-way ANOVA with p values: **p < 0.01. (B) Western blot analysis of 
protein lysates extracted from samples treated as in (A). Antibodies were used against the indicated 
proteins with GAPDH serving as a loading control.  
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Following 6 hours forward transfection with siFLIPL, 100 ng/mL of a human anti-TRAIL 

antibody [Appendix, D] was added to the cells in combination with 5 µM Nutlin-3A 

for a further 24 hours. Concurrent samples were treated with 3 ng/mL IZ-TRAIL in the 

presence and absence of the TRAIL neutralising antibody in order to demonstrate the 

efficacy of the antibody in attenuating TRAIL-induced apoptosis. Interestingly, 

despite the requirement for TRAIL-R2/DR5, co-incubation with the TRAIL neutralising 

antibody failed to rescue the apoptotic cell death induced by p53 activation and FLIPL 

depletion, as observed by Annexin V flow cytometry (Figure 3.21A). Additionally, co-

treatment with IZ-TRAIL in the presence Nutlin-3A and siFLIPL did not significantly 

enhance the observed apoptotic cell death. These phenotypic findings were also 

supported at the protein level. Whilst Western blot analysis (Figure 3.21B) revealed 

a substantial attenuation of the IZ-TRAIL response upon co-treatment with the 

neutralising antibody, as observed by reduced PARP cleavage and lack of caspase-8 

processing (Figure 3.21B, lane 2 vs lane 3), no notable changes in protein expression 

or processing were detected when the neutralising antibody was combined with 

siFLIPL and Nutlin-3A treatment (Figure 3.21B, lane 4 vs lane 5).  

Overall, these results suggest that ligand-independent TRAIL-R2/DR5 signalling 

complexes may exist within the cell. Despite a convergence of function in terms of 

eliciting cell death, these TRAIL-R2/DR5 complexes appear to be formed in response 

to entirely different stimuli, i.e. ligand-dependent TRAIL binding versus ligand-

independent p53 activation. Further support for a Nutlin-3A induced TRAIL-R2/DR5 

complex was also observed in time-course experiments performed in HCT116 

parental cells alongside their TRAIL-R2/DR5 knockout counterparts. Cells were 

treated with 5 µM Nutlin-3A and harvested for Western blot analysis at various time 

points post-treatment together with an untreated time-matched control (TMC) 

(Figure 3.22). This facilitated the examination of Nutlin-3A induced p53 target 

expression over time and offered insight into the temporal relationship between 

both pro- and anti- apoptotic protein induction.  

This analysis revealed the acute stabilisation of p53 which was detected as early as 3 

hours post-treatment with Nutlin-3A, whilst more significant changes in target 
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Figure 3.21. Assessment of TRAIL neutralisation treatment on the cell death following 24 hours of 
FLIPL depletion and p53 activation. (A) Annexin V flow cytometry analysis of HCT116 cells transfected 
with 10 nM of a FLIPL specific siRNA (siFLIPL) alongside a scrambled control (siScr) for 6 hours, followed 
by treatment with 100 ng/ml TRAIL neutralizing antibody (nAb) in the presence and absence of 5 µM 
Nutlin-3A (N3A) and/or 3 ng/ml isoleucine zipper TRAIL (IZ-TRAIL) for 24 hours. Error bars represent 
mean ± SEM of three independent experiments. Statistical analysis conducted by 1-way ANOVA with 
p values: ns = non-significant, *p < 0.05, **p < 0.01. (B) Western blot analysis of matched protein 
lysates extracted from samples treated as in (A). Antibodies were used against the indicated proteins 
with GAPDH serving as a loading control.  
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protein expression were observed thereafter (Figure 3.22, lane 2 and lane 8). 

Interestingly, proteins involved in reducing p53 stability, inducing cell cycle arrest and 

blocking apoptosis (MDM2, p21 and FLIPL respectively) appeared to be initially 

upregulated at earlier time points when compared to the pro-apoptotic proteins 

PUMA, BAX and BAK (Figure 3.22). This is in agreement with the notion that the initial 

response of p53 is to halt cell growth in order to assess/repair damage before 

committing the cell to death. Additionally, Nutlin-3A induced upregulation of the 

TRAIL-R2/DR5 in the HCT116 parental cells coincided with the increased expression 

of FLIPL. More importantly, this coincided with the appearance of the p43-FLIPL 

fragment which was detected 12 - 24 hours post-treatment with Nutlin-3A. p43-FLIPL 

is typically generated at the DISC when FLIPL interacts with caspase-8 through a FADD 

dependent mechanism. Importantly, p43-FLIPL was not observed in the TRAIL-

R2/DR5 knockout cells. These findings further support the hypothesis that Nutlin-3A 

is able to drive the formation of a catalytically active complex involving TRAIL-

R2/DR5-caspase-8-FLIPL which forms independently of ligand binding.  

In order to investigate this possibility, a TRAIL-R2/DR5 immunoprecipitation assay 

[Material and Methods; section 2.12] was performed in HCT116 parental cells by Dr 

Nyree Crawford. Importantly, this method enabled the isolation of Nutlin-3A induced 

TRAIL-R2/DR5 complexes in the absence of ligand binding. Following 24 hours of 

treatment with 5 µM Nutlin-3A, cells were first lysed before overnight incubation 

with the anti-TRAIL-R2/DR5 antibody/Conatumamab (AMG655), coated beads. This 

enabled the pull-down of intracellular complexes which were subsequently 

precipitated for analysis. Unbound protein lysates (Inputs) were also extracted to 

validate the experimental setup. A canonical DISC IP was conducted in parallel which, 

in contrast to the post-lysis TRAIL-R2 IP, involved the addition of anti-TRAIL-R2/DR5 

antibody-coated beads prior to cell lysis and thus stimulated the formation of the 

ligand-induced DISC. Analysis of canonical DISC IP components alongside the post-

lysis TRAIL-R2/DR5 IP served as a positive control for complex formation.  
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Figure 3.22. Time course analysis of Nutlin-3A induced protein expression in the presence and 
absence of TRAIL-R2/DR5. Western blot analysis of protein expression in HCT116 parental and TRAIL-
R2/DR5 CRISPR knockout (DR5 KO) cells treated with 5 µM Nutlin-3A (N3A) for the indicated times. 
TMC = time matched DMSO treated control. Antibodies were used against the indicated proteins with 
GAPDH serving as a loading control. 
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Western blot analysis of bound proteins extracted following the post-lysis TRAIL-

R2/DR5 IP (Figure 3.23A) demonstrated that treatment with Nutlin-3A did, in fact, 

result in the formation of a complex involving TRAIL-R2/DR5, FADD, caspase-8 and 

FLIPL (Figure 3.23A, lane 3). Detection of both p43/41-caspase-8 and p43-FLIPL in cells 

transfected with a scrambled siRNA alongside treatment with Nutlin-3A indicate the 

presence of the catalytically active caspase-8/FLIPL heterodimer [Chapter 1 

Introduction; section 1.3.2.2.1], in this complex. Importantly, siRNA-mediated 

silencing of FLIPL in combination with Nutlin-3A resulted in the increased recruitment 

and processing of caspase-8 within this complex as well as increased levels of the 

DISC adaptor protein FADD (Figure 3.23A, lane 4). This provides a molecular 

explanation for the apoptotic phenotype induced by FLIPL depletion and p53 

activation via this novel, ligand-independent TRAIL-R2/DR5 Death Inducing Signalling 

Complex (LI-DISC).  
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Figure 3.23. Analysis of TRAIL-R2/DR5 complex formation following 24 hours of FLIPL depletion and 
p53 activation. Post-lysis TRAIL-R2/DR5 immunoprecipitation assay (TRAIL-R2 IP) (left) and matched 
protein lysates (Inputs) (right) performed in HCT116 parental cells transfected for 6 hours with 10 
nM of a scrambled control (siScr) or a FLIPL specific siRNA (siFLIPL) prior to treatment with a DMSO 
control or 5 μM Nutlin-3A (N3A) for a further 24 hours. A canonical DISC IP was also performed as a 
positive control for protein interactions. Antibodies were used against the indicated proteins. 



Chapter 3  Results 

 163 

3.5 Conclusions  
 
 

The work in this chapter aimed to delineate mechanisms which resulted in colorectal 

cancer cell death following HDAC inhibition (Entinostat) in combination with p53 

activation (Nutlin-3A) (Figure 3.24). This investigation revealed a significant role for 

the cell death regulatory protein FLIP, and more specifically the FLIP long (FLIPL) 

isoform. FLIPL was identified as a direct p53 transcriptional target that is upregulated 

following treatment Nutlin-3A. Importantly, this p53-dependent induction of FLIPL 

was shown to be independent of its canonical regulation by NFκB. 

 

In response to treatment with Nutlin-3A, the enhanced expression of FLIPL resulted 

in a blockade of p53-dependent, apoptotic cell death. This inhibition can be 

overcome by the addition of Entinostat which potently downregulates FLIPL to 

promote the induction of apoptotic cell death. siRNA-mediated FLIPL depletion was 

used as a tool to further assess the mechanisms of action, phenocopying the 

response to Entinostat, whilst delineating this effect from the complex nature of 

effects of HDAC inhibition. Analysis performed in multiple, p53 wild-type, models of 

colorectal cancer revealed that following p53 activation and FLIPL depletion, 

extrinsically mediated apoptosis was initiated. In HCT116 colorectal cancer cells, this 

was shown to be dependent on caspase-8, FADD and TRAIL-R2/DR5 which 

subsequently signalled to the mitochondria by causing the cleavage of the caspase-8 

substrate BID. This resulted in the activation of BAX and BAK which induced MOMP 

and ultimately cell death. Similar, albeit not identical, results were also observed 

consequent to treatment with Entinostat in combination with Nutlin-3A. The 

differences are likely due to the fact that treatment with Entinostat can also directly 

affect other cellular pathways, e.g. the intrinsic apoptotic pathway, thus individual 

protein knockouts (such as BID) were insufficient in completely attenuating cell 

death; this is explored further in Chapter 4. 

 

Notably, a previously unreported TRAIL-R2/DR5 death inducing signalling complex 

(DISC) was identified which was stimulated in response to p53 activation and which, 

upon FLIPL depletion, activates apoptosis (Figure 3.24). Moreover, it was 
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demonstrated that this complex does not require canonical ligand binding to TRAIL-

R2/DR5 in order to elicit cell death via recruitment of FADD and activation of caspase-

8. Together, these findings identify novel cellular biology that has the potential to be 

therapeutically exploited in order to induce apoptosis in p53 wild-type colorectal 

cancer cells and potentially other cancers that retain wild-type p53.  

 

At the heart of this biology is FLIPL. FLIP is frequently overexpressed in tumours and 

indeed previous studies have demonstrated that this can lead to increased 

chemotherapy resistance in colorectal cancer (Longley et al., 2006). Moreover, FLIP 

overexpression has also been identified as an independent marker of poor prognosis 

in colorectal cancer patients (Ullenhag et al., 2007; McLornan et al., 2010).  

 

Interestingly, the permissive immune microenvironment which enables tumour 

establishment and growth has also been shown to rely on FLIP expression. Myeloid-

derived suppressor cells (MDSCs) have been shown to facilitate the formation of an 

immunosuppressive microenvironment via suppression of lymphocyte activation. 

Importantly, the monocytic MDSCs which mediate T cell suppression critically require 

the expression of FLIP for survival (Haverkamp et al., 2014). Thus, targeting the 

expression of FLIP has the potential to reactivate a latent immune response as well 

as sensitising cells to TRAIL (which is expressed on the surface of immune effector T 

cells and NK cells) and chemotherapeutic agents.  

 

The results presented in this chapter further highlight the importance of FLIP biology 

in regulating the activation of cancer cell death in response to p53 activating agents. 

Latent activation of the cell death-inducing functions of p53 is an attractive 

therapeutic strategy as some 50% of tumours retain wild-type p53 expression (Brown 

et al., 2009). Indeed, siRNA-mediated depletion of FLIP was sufficient to induce 

colorectal cancer cell death in combination with p53 activation which otherwise 

resulted in cell cycle arrest. This demonstrates the potential for targeting FLIP in 

combination with standard of care chemotherapies, such as Oxaliplatin, as this may 

further enhance the p53 driven anti-tumour response. 
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However, developing therapeutic strategies which specifically inhibit FLIP, and 

therefore its cell death inhibitory function, has proven difficult to accomplish. This 

process has been primarily hindered by the lack of a human FLIP crystal structure and 

the absence of enzymatic activity associated with this protein which together makes 

targeting FLIP particularly challenging. Despite this, our lab has developed novel first-

in-class small molecule inhibitors of FLIP which target the FLIP-FADD protein-protein 

interaction. Pre-clinical evaluation of the FLIP inhibitors has demonstrated efficacy 

both in vitro and in vivo as FLIP inhibition resulted in caspase-8 activation and cancer 

cell death (Higgins et al, 2016). This promising work may, therefore, represent a 

valuable clinical tool in the near future which could enhance the tumour suppressive 

functions of p53.  

 

Previous studies from our group have reported a critical role for HDACi-dependent 

FLIP downregulation in mediating the induction of cell death by these agents (Kerr et 

al., 2012; Crawford et al., 2013). This is in agreement with the work presented in this 

chapter in which Entinostat-mediated FLIP depletion leads to the synergistic 

induction of Nutlin-3A induced p53-dependent cell death. Treatment with Entinostat 

can result in the hyper-acetylation of p53, which has previously been shown to 

regulate its function as a transcription factor (Sonnemann et al., 2014). To what 

extent this affects FLIP transcription remains to be evaluated as does how this 

acetylation affects upregulation of pro-apoptotic p53 targets such as PUMA and BAX. 

Numerous studies have indeed demonstrated an essential role for the intrinsic 

apoptotic pathway in HDACi-induced cell death (Matthews, Newbold and Johnstone, 

2012; Zhang and Zhong, 2014) and this will, therefore, be further investigated in 

Chapter 4.   
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4.1 Introduction 
 
The activation of p53, and subsequently its vast array of transcriptional targets, has 

been described as a dynamic process which is regulated by the degree and duration 

of the p53 stimulatory signal. Indeed, while the absolute levels of p53 induction (i.e. 

p53 threshold) have been shown to be important for cell fate decisions, the changes 

in p53 levels over time (i.e. p53 dynamics) also significantly contribute to the 

induction of distinct cellular outcomes particularly in response to DNA damage. For 

example, treatment with ionizing radiation has been shown to induce pulses of p53 

protein expression and activity which facilitates the induction of DNA-repair 

mechanisms and cell survival. In contrast, when p53 expression is sustained over 

longer periods of time (e.g. following treatment with Nutlin-3A) this can lead to the 

irreversible activation of senescence or indeed cell death (Purvis et al., 2012). Thus 

the amplitude, frequency and duration of the p53 response can significantly alter the 

cellular outcome. 

 

These relatively new concepts of p53 dynamics and threshold mechanisms as key 

determinants of cell fate is in contrast to the previously described ‘affinity model’ 

(Chen et al., 1996; Szak, Mays and Pietenpol, 2001; Inga et al., 2002; Qian et al., 

2002). This model proposes that following low levels of activation, p53 preferentially 

binds to high-affinity p53 response elements (p53RE) in pro-arrest target genes in 

order to induce cell-cycle arrest. Accordingly, higher levels of p53 were deemed 

necessary to facilitate binding to low-affinity p53RE in pro-apoptotic genes in order 

to induce cell death. However, the regulation of p53-induced cell fate as proposed by 

this model has since been disputed as high-affinity p53RE in pro-apoptotic genes such 

as PUMA have also been identified (Kaeser and Iggo, 2002; Weinberg et al., 2005).  

 

Subsequently, a threshold mechanism of cell fate regulation has been described 

whereby the relative level and duration of p53 expression, and those of its 

transcriptional targets, work in concert under certain cellular conditions/contexts to 

induce cell-cycle arrest, apoptosis or indeed other cell fates (Kracikova et al., 2013; 

Paek et al., 2016). This model asserts that high p53 levels are required to induce 
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sufficient amounts of pro-apoptotic proteins in order to overcome the apoptotic 

threshold of a cell. This apoptotic threshold has long been described as the minimum 

ratio of pro-apoptotic to anti-apoptotic signals which are required to induce 

apoptotic cell death; indeed this concept is frequently leveraged in order to sensitize 

cancer cells to treatment induced death (Chmura et al., 1997; Chonghaile et al., 2011; 

Kracikova et al., 2013). Thus, a significant level of p53 activation is therefore required 

in order to overcome the apoptotic threshold and induce cell death, whereas below 

this threshold cells typically undergo cell-cycle arrest (Kracikova et al., 2013). 

Interestingly, a recent study by Paek et al. has also demonstrated that although a 

threshold for p53 activity must be reached in order to activate cell killing, this 

threshold significantly increases over time and thus p53-induced cell fate is also 

regulated in a dynamic temporal manner (Paek et al., 2016). This process has been 

attributed to the treatment-induced upregulation of negative regulators of cell death 

which are concomitantly induced alongside pro-apoptotic p53 targets in response to 

chemotherapy (Paek et al., 2016). Over time, the accumulation of such anti-apoptotic 

proteins increases the threshold of p53 activation that is required to elicit a cell death 

response and may even contribute to the emergence of resistance in response to 

chemotherapeutic agents.  

 

In support of the temporal threshold model, time-course analyses conducted 

following Nutlin-3A treatment in HCT116 cells revealed that whilst canonical p53 

targets such as p21 and PUMA are induced in a time-dependent manner, this also 

includes the anti-apoptotic protein FLIPL (Figure 4.1A). As demonstrated throughout 

Chapter 3, FLIPL significantly inhibits cell death following 24 hours of Nutlin-3A-

mediated p53 stabilization and thus may also increase the apoptotic threshold 

following longer treatment time-points despite notable increases in p53 pro-

apoptotic proteins such as PUMA (Figure 4.1A). As reported in Chapter 3, co-

treatment of Nutlin-3A and Entinostat (or FLIPL specific siRNA) significantly 

attenuated the p53-induced expression of FLIPL, thus lowering the apoptotic 

threshold and promoting cell death. 

  



Chapter 4  Results 

 170 

In addition to the acute downregulation of FLIPL, treatment with HDAC inhibitors such 

as Entinostat have the potential to further synergize with p53 activation through a 

variety of other mechanisms. Although these agents are most commonly associated 

with the regulation of p53 transcriptional activity, their functions also extend to the 

regulation of p53 transcription and translation, protein stability and protein-protein 

interactions. For example, p53 C-terminal acetylation has been described as crucial 

for the transcriptional-independent pro-apoptotic functions of p53 in response to the 

HDACi suberoylanilide hydroxamic acid (SAHA). In this study the authors demonstrate 

that acetylated p53 can disrupt the repressive binding of Ku70 to BAX via acetylation 

dependent protein-protein interactions, thereby facilitating BAX activation and the 

induction of apoptosis (Yamaguchi et al., 2009). Conversely, HDAC inhibitors have 

also been shown to induce a wide-range of p53 independent anti-cancer effects, 

including the generation of reactive oxygen species, activation of endoplasmic 

reticulum (ER) stress as well as the p53 independent regulation of numerous pro and 

anti-apoptotic proteins (reviewed by (Xu, Parmigiani and Marks, 2007; Zhang and 

Zhong, 2014)). 

 

Importantly, in order to induce cell death (either p53 dependent or independent), 

studies have highlighted both concentration- and time-dependent effects of HDAC 

inhibition (Baradari et al., 2007; Sonnemann et al., 2014). Whilst higher 

concentrations of HDACi treatment frequently elicit an enhanced cytotoxic response 

this is often associated with increased off-target effects and adverse toxicities 

therefore hampering clinical translation. In contrast, extending the treatment time-

point has been shown to significantly increase the cell death associated with lower 

concentrations of HDACi treatments, particularly when used as single agents. This 

includes analyses conducted in both p53 wild-type and null HCT116 CRC cells, 

wherein the cell death inducing effects of multiple HDAC inhibitors was shown to be 

significantly enhanced following 48 hours continuous treatment when compared to 

12, 24 or 36 hours of treatment (Sonnemann et al., 2014). In agreement with these 

findings, the data presented throughout Chapter 3 demonstrates that treatment with 

the Class I specific HDACi Entinostat fails to induce cell death as a single agent at an 

early timepoint of 24 hours. Moreover, as presented in Figure 4.1B, preliminary  
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Figure 4.1. Preliminary analyses of sustained Nutlin-3A and Entinostat treatment in HCT116 
colorectal cancer cells. (A) Western blot analysis of HCT116 p53+/+ cells treated with 5 µM Nutlin-3A 
(N3A) for the indicated times. TMC = time matched control. (B) Annexin V flow cytometry analysis of 
HCT116 p53+/+ and p53-/- cells treated with 0.5, 1 and 2.5 µM Entinostat (Entino) for the indicated 
time. (C) Western blot analysis of HCT116 p53+/+ cells treated with 0.5, 2.5 and 10 µM Entinostat alone 
and in combination with 5 µM Nutlin-3A for 48 hours. Antibodies were used against the indicated 
proteins with GAPDH serving as a loading control. 
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concentration and time-course analysis of single agent Entinostat revealed a notable 

increase in HCT116 apoptotic cell death when the treatment timepoint was extended 

to 48 or 72-hours. Importantly, this also appeared to occur in a predominantly p53-

dependent manner (Figure 4.1B). Thus, by extending the treatment time-point, the 

single agent effects of Entinostat and the combined effects of Nutlin-3A and 

Entinostat may result in a more robust activation of p53-dependent cell death. As 

presented in Figure 4.1C, initial western blot analyses conducted 48 hours post-

treatment indeed points to enhanced single agent activity of Entinostat which is 

further augmented in combination with Nutlin-3A-medaited p53 stabilization. 

Investigating the cell death inducing mechanisms of action of both Entinostat alone 

and the combined treatment of Entinostat and Nutlin-3A at this later time-point of 

48 hours may therefore reveal novel, potentially exploitable, p53-related cellular 

biology.  

 
 
4.2 Hypothesis and Goal 
 
The results presented in Chapter 3 demonstrate that Nutlin-3A induces a targetable 

dependence on FLIPL which is therapeutically exploitable through the use of 

Entinostat. Entinostat mediated FLIPL depletion results in the activation of the 

extrinsic apoptotic pathway with subsequent crosstalk with the mitochondria. 

Furthermore, the induction of a ligand-independent TRAIL-R2/DR5 complex was also 

identified following treatment with Nutlin-3A in siRNA mediated FLIPL depleted cells. 

This appeared to drive the initial engagement of the extrinsic pathway as at this early 

timepoint of 24 hours as cell death was shown to proceed in a caspase-8 dependent 

manner. The goal of this chapter is therefore to further investigate the mechanisms 

underlying cell death activated in response to combined MDM2/HDAC inhibition, 

with a focus on the mechanisms operating at later timepoints. The central hypothesis 

is that sustained HDAC inhibition will differentially modulate p53 activity in 

combination with Nutlin-3A and trigger cell death via multiple pathways.  
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4.3  Aims  
 

1) Extend the treatment timepoint to assess long term effects on cell survival  

2) Investigate the p53-dependent effects of single agent Entinostat 

3) Utilise siRNA-mediated FLIPL depletion to phenocopy Entinostat treatment 

and identify key components of cell death induced at this timepoint  

 

4.4 Results 
 

4.4.1  Investigating the effects of sustained HDAC inhibition in p53 wild-type and 
null colorectal cancer cells  

 

An initial viability assay was performed in HCT116 p53+/+ and p53-/- cells to determine 

the concentration-dependent effects of prolonged HDAC inhibition in the presence 

and absence of p53. Cells were treated with eight, half-log dilutions of Entinostat, 

starting at a maximum concentration of 50 µM, alongside an untreated control for 

72 hours (Figure 4.2). At the experimental end point, percentage viability relative to 

the untreated control was quantified using the Presto Blue cell viability reagent 

[Materials and Methods; section 2.7]. This analysis revealed a remarkably similar 

sensitivity to Entinostat regardless of p53 status, with half maximal inhibitory 

concentrations (IC50) reported as 0.53 µM and 0.58 µM for the HCT116 p53+/+ and 

p53-/- cell lines respectively (Figure 4.2A). No statistically significant difference was 

recorded between the two cell lines, indicating that Entinostat can affect HCT116 cell 

viability in a p53-independent manner (Figure 4.2B). 

 
Further analyses were therefore carried out in order to exam the concentration-

dependent effects of sustained HDAC inhibition at the protein level. HCT116 p53+/+ 

and p53-/- cells were treated for 48 hours with concentrations of Entinostat ranging 

from 0.5 - 2.5 µM. Protein lysates were then extracted and analysed by Western blot 

[Materials and Methods; section 2.11]. The results presented in Figure 4.3 

demonstrate that changes in protein expression could be detected with 

concentrations of Entinostat as low as 0.5 µM e.g. acetyl-Histone-3 (a marker of 

HDACi-induced efficacy). A concentration-dependent increase in Histone-3 
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acetylation was observed in both the p53 wild-type and null models, however, this 

was most apparent in the HCT116 p53+/+ cells (Figure 4.3). Notably, Entinostat was 

able to affect the expression of numerous proteins in a p53-independent manner. 

This included the cell-cycle related proteins FOXM1 (Forkhead box protein M1) and 

p21 (Figure 4.3). Whilst the expression of the proliferation-associated transcription 

factor, FOXM1, was potently downregulated in response to Entinostat, expression of 

the cyclin-dependent kinase inhibitor, p21, was significantly upregulated. This 

suggests an overall, HDACi-induced cell-cycle inhibitory response which can occur 

independently of p53 expression. Treatment with Entinostat did however increase 

p53 acetylation and total protein expression (Figure 4.3). As p53 canonically 

regulates p21 transcription, this may account for the higher levels of p21 observed 

following Entinostat treatment in the HCT116 p53+/+ cells when compared to their 

p53 null counterparts. Nonetheless, the HDACi-induced, p53-independent regulation 

of these crucial cell-cycle associated proteins may explain why no significant 

difference in viability was observed between the HCT116 p53+/+ and p53-/- cells  
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Figure 4.2. Concentration-dependent effects of 72-hour HDAC inhibition in the presence and 
absence of p53. (A) HCT116 p53+/+ and p53-/- cells were treated with the indicated doses of Entinostat 
for 72 hours prior to analysis with Presto Blue viability reagent. Graph displays percentage viability of 
Entinostat (Entino) treated samples relative to the untreated control. Error bars represent mean ± 
SEM of three independent experiments. (B) No statistically significant difference, as determined by 
Student’s t-test, was observed between the IC50 values of HCT116 p53+/+ and p53-/- cells treated as in 
(A). 
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(Figure 4.2).It was also noted that FLIPL expression was reduced following HDAC 

inhibition in both cell lines regardless of p53 status (Figure 4.3). However, PARP 

cleavage (which is indicative of caspase activation and cell death) was only observed 

at higher concentrations of Entinostat in the HCT116 p53+/+ cells (Figure 4.3). 

Together, these data suggest that sustained treatment with Entinostat can mediate 

cell-cycle arrest independently of p53 whilst also inducing cell death in a p53-

dependent manner. Prolonged treatment with this HDACi therefore has the potential 

to further synergise with Nutlin-3A (synergy previously demonstrated in Chapter 3). 

 
 
4.4.2 Long term survival effects of HDAC inhibition alone and in combination with 

MDM2 inhibition 
 

To assess the additional benefit of an extended treatment time point on long term 

survival, colony formation assays (CFAs) [Materials and Methods, section 2.8] were 

performed in HCT116 p53 wild-type colorectal cancer cells. This assay is frequently 

used to evaluate the ability of cancer cells to maintain their proliferative potential 

following acute insult or stress. To this end, HCT116 p53 wild-type cells were treated 

with 2.5 µM Entinostat, 5 µM Nutlin-3A and their combination for a period of either 

24 hours or 48 hours (Figure 4.4). At the designated endpoint, the drug-containing 

media was removed, and cells were allowed to recover in fresh media for a further 

10 days. This enabled the formation of individual cell colonies, which were 

subsequently stained with crystal violet, counted and analysed relative to the 

corresponding untreated control. Digital images of the resulting cell colonies are 

displayed and represent one of three experiments performed as technical triplicates. 

Quantitative analysis was then performed based on the number of surviving colonies 

formed after treatment.  

 

Following 24 hours of treatment (Figure 4.4), the number of surviving colonies was 

significantly reduced by Entinostat, Nutlin-3A and their combination. However, 

although significant, cells treated with Entinostat alone for 24 hours appeared to 

retain a substantial degree of their colony-forming capacity as the relative reduction 

in colony formation was less than 30% when compared to the control cells (Figure  



Chapter 4  Results 

 178 

  

A

B

2.5 µM Entino 5 µM N3AControl Combination

0

20

40

60

C
ol

on
y 

N
um

be
r

Control
2.5 µM Entino

***
***

**

Control N3A

Figure 4.4. Effect of HDAC inhibition and p53 activation on the colony forming potential of HCT116 
colorectal cancer cells. HCT116 cells were treated with a DMSO control (Con), 2.5 µM Entinostat 
(Entino), 5 µM Nutlin-3A (N3A) or their combination for 24 hours (A) or 48 hours (C) after which 
treatment was removed and colonies grown in fresh media for a further 10 days. Graphs display 
colony number per treatment group at the experimental endpoint. Error bars represent mean ± SEM 
of three independent experiments conducted in technical triplicate. Statistical analysis performed by 
Students paired t-test with p values **p < 0.01 ***p < 0.001. (B) and (D) Representative images of a 
HCT116 colony formation assay treated as in (A) and (C).  
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Figure 4.4 continued. Effect of HDAC inhibition and p53 activation on the colony forming potential 
of HCT116 colorectal cancer cells. HCT116 cells were treated with a DMSO control (Con), 2.5 µM 
Entinostat (Entino), 5 µM Nutlin-3A (N3A) or their combination for 24 hours (A) or 48 hours (C) after 
which treatment was removed and colonies grown in fresh media for a further 10 days. Graphs 
display colony number per treatment group at the experimental endpoint. Error bars represent 
mean ± SEM of three independent experiments conducted in technical triplicate. Statistical analysis 
performed by Students paired t-test with p values **p < 0.01 ***p < 0.001.  Representative images 
(B) and (D) of a HCT116 colony formation assay treated as in (A) and (C) respectively.  
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4.4A and B). The number of surviving colonies was more significantly attenuated 

following treatment with Nutlin-3A with a reduction of around 40% relative to the 

control. Interestingly, the anti-proliferative effects of Nutlin-3A were not significantly 

enhanced upon co-treatment with Entinostat at this timepoint (Figure 4.4A and B). 

 

In contrast, by extending the treatment timepoint to 48 hours (Figure 4.4), more 

significant inhibitory effects on colony formation were observed following HDAC 

inhibition alone and in combination with Nutlin-3A. Quantitative analysis revealed 

that treatment with Entinostat alone for 48 hours more significantly attenuated the 

proliferative potential of the HCT116 p53 wild-type cells as an approximately 50% 

reduction in colony number was recorded (Figure 4.4C and D). This was also 

comparable to the result observed following treatment with Nutin-3A at this 48-hour 

treatment timepoint. Notably, colony formation was most significantly attenuated in 

response to the co-treatment of Entinostat and Nutlin-3A, with an approximately 

85% reduction in colony number observed relative to the control (Figure 4.4C and D). 

Thus, it appears that sustained (48 hour) HDAC inhibition in combination with p53 

activation further diminishes the survival capacity of HCT116 p53 wild-type colorectal 

cancer cells compared to either treatment as a single agent.  

 
The results presented thus far demonstrate that sustained HDAC inhibition can 

enhance the p53-mediated response in favour of cell death, both as a standalone 

treatment (Figure 4.3) and in combination with p53 activation via Nutlin-3A mediated 

MDM2 inhibition (Figure 4.4). However, mechanistically, the direct cell death 

inducing effects elicited by HDAC inhibition remain to be elucidated. Likewise, the 

enhanced effects of sustained HDAC inhibition in combination with p53 activation 

observed at this 48-hour timepoint are yet to be fully assessed.  

 

Therefore, in order to first confirm the p53-dependent nature of the cell death 

induced by sustained HDAC inhibition, HCT116 p53+/+ and p53-/- cells were treated 

with either 2.5 µM Entinostat, 5 µM Nutlin-3A or their combination for a total of 48 

hours. Analysis of cell death was performed using Annexin V/PI flow cytometry with 

subsequent molecular analyses conducted on matched samples (Figure 4.5).  At this  
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time point, a marked increase in the level of cell death was observed following 

treatment with Entinostat as a single agent in HCT116 p53+/+ cells. This was 

demonstrated by the increased detection of Annexin V positively stained cells (Figure 

4.5A). Treatment with Nutlin-3A, however, failed to induce a cytotoxic response even 

at this later time point.  Despite this, the combined treatment of Entinostat and 

Nutlin-3A resulted in synergistic induction of cell death (Figure 4.5A). In contrast, the 

HCT116 p53-/- cells failed to induce cell death in response to Entinostat or Nutlin-3A, 

both as single agents and following co-treatment after 48 hours (Figure 4.5A).  

 

These results were supported by Western blot analyses of protein expression which 

further demonstrated the p53-dependent nature of the cell death response (Figure 

4.5B). As was previously observed (Figure 4.3), the expression of the cell-cycle 

inhibitory protein, p21, appeared to be induced by Entinostat in a p53-independent 

manner (Figure 4.5B). This was in contrast to the Entinostat-induced expression of 

the pro-apoptotic protein, PUMA which was notably enhanced in a p53-dependent 

manner (Figure 4.5B). However, as both p21 and PUMA are direct p53 transcriptional 

targets, expression of these proteins was most apparent following treatment with 

Nutlin-3A alone and in combination with Entinostat. Nonetheless, the p53-

dependent expression of PUMA was observed alongside the detection of cleaved 

PARP following treatment with Entinostat alone and in combination with Nutlin-3A 

(Figure 4.5B, lanes 2 and 4). This occurred in parallel with the loss of FLIPL expression 

and was concomitant with the activation and processing of caspase-8. This was most 

apparent in the co-treated sample in which the caspase-8 p18 apoptotically active 

subunit was also observed (Figure 4.5B, lane 4). Importantly, despite the Entinostat-

induced downregulation of FLIPL observed in the p53-/- cells (Figure 4.5B, lanes 6 and 

8), there was a marked absence of cell death. This was observed by the lack of PARP 

cleavage and activated caspase-8 (p18) following the combination treatment in this 

model (Figure 4.5B, lane 8); PUMA expression was also not upregulated confirming 

its p53-dependence. 
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Figure 4.5. Assessment of apoptotic cell death following 48 hours of HDAC inhibition and p53 
activation in the presence and absence of p53. (A) HCT116 p53+/+ and p53-/- cells were treated with 
a DMSO control (Con), 2.5 µM Entinostat (Entino), 5 µM Nutlin-3A (N3A) or their combination for 48 
hours prior to Annexin V flow cytometry analysis. Graph displays the percentage of Annexin V 
positive cells detected per treatment group. Error bars represent mean ± SEM of three independent 
experiments. Statistical analysis conducted by 2-way ANOVA with p values: ns = non-significant, *p 
< 0.05. (B) Western blot analysis of matched protein lysates extracted from samples treated as in 
(A). Antibodies were used against the indicated proteins with GAPDH serving as a loading control.  
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4.4.3 Investigating the role of caspase-8 and caspase-10 in the induction of cell 
death at later timepoints 

 

Entinostat mediated FLIPL depletion and subsequent caspase-8 activation 

significantly contributed to the cell death observed following 24 hours of co-

treatment with Nutlin-3A (Chapter 3). Given that caspase-8 also appears to be 

activated following 48 hours of treatment, analyses were conducted to assess the 

role of this initiator caspase in the cell death induced by sustained HDAC inhibition 

and p53 activation.  

 

Thus, HCT116 Caspase-8 WT and Null cells were treated with 2.5 µM Entinostat, 5 

µM Nutlin-3A or their combination for 48 hours prior to both phenotypic assessment 

of cell death and molecular analysis of protein expression (Figure 4.6). Interestingly, 

High Content Microscopy analysis [Materials and Methods, section 2.10] 

demonstrated that the cell death induced by Entinostat alone and in combination 

with Nutlin-3A appeared to proceed in a caspase-8 independent manner at this later 

treatment time point of 48 hours (Figure 4.6A). This was quantified based on the 

percentage of cells staining positive for Propidium Iodide (PI) with a two way ANOVA 

statistical analysis reporting no significant between the capsase-8-proficient and -

deficient cell lines (Figure 4.6A). These results were further supported at the 

molecular level following Western blot analysis of apoptotic protein expression 

(Figure 4.6B). Despite the potent downregulation of FLIPL, the cell death induced by 

Entinostat as a single agent and in combination with Nutlin-3A proceeded in caspase-

8-independent manner. This was observed by the presence of cleaved PARP in both 

the Caspase-8 WT and Null cell lines following treatment with Entinostat (Figure 4.6B, 

lanes 2 and 6) with dramatically enhanced PARP cleavage detected upon co-

treatment with Nutlin-3A (Figure 4.6B, lanes 4 and 8). The increased expression of 

p53 and its transcriptional targets p21 and PUMA were also detected in response to 

treatment with Entinostat and Nutlin-3A (alone and in combination) in both models. 

Notably, the expression of PUMA was greatest following co-treatment with 

Entinostat and Nutlin-3A, suggesting a possible convergence of the mechanistic 

pathways activated by both HDAC- and MDM2- inhibition at this timepoint (Figure 
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4.6B, lanes 4 and 8). The Caspase-8 WT cells appear to induce canonical activation of 

the extrinsic pathway in response to Entinostat alone and in combination with Nutlin-

3A, with downregulation of FLIPL, activation and processing of caspase-8 and 

processing of BID to tBID (Figure 4.6B, lanes 4). This may subsequently lead to 

mitochondrial engagement and activation of mitochondrial outer membrane 

permeabilization (MOMP) involving PUMA. Interestingly, the expression of tBID was 

also observed following the combined treatment in the Caspase-8 Null cell line, albeit 

to a lesser extent (Figure 4.6B, lanes 8). This may indicate a possible role for the 

caspase-8 paralog, caspase-10 (Introduction, section 1.3.2.3), in the caspase-8-

independent cell death as activation of this apical caspase has also been shown to 

result in the processing of BID to tBID (Milhas et al., 2005). The expression of caspase-

10, specifically the proapoptotic caspase-10D isoform, appeared to be induced in a 

p53-dependent manner with reduced detection observed following treatment with 

Entinostat. This may indicate cell death inducing processing of active caspase-10 or 

HDACi-mediated downregulation of caspase-10 protein expression and therefore 

required further investigation.   

 
Like caspase-8, activation of caspase-10 would likely require the expression of FLIPL 

to be suitably reduced in order to initiate the apoptotic cascade. As Entinostat not 

only downregulates FLIPL, but also affects multiple other signalling pathways 

simultaneously, siRNA-mediated FLIPL depletion was utilised as a tool for dissecting 

the molecular mechanisms of cell death induced by HDAC- and MDM2- inhibition at 

this extended treatment timepoint of 48 hours.  

 

This was first performed in HCT116 p53+/+ and p53-/- cells with the aim of 

phenocopying the Entinostat/Nutlin-3A induced response observed in Figure 4.5.  

Each cell line was transfected with 10 nM FLIPL specific siRNA alongside a scrambled 

control (siScr) prior to the addition of either a DMSO control or 5 µM Nutlin-3A for a 

further 48 hours. Phenotypic and molecular analyses were conducted as previously 

described using Annexin V/PI flow cytometry in parallel with Western blot-mediated 

protein detection. The results presented in Figure 4.7 demonstrate that sustained 

Nutlin-3A induced p53 activation in FLIPL depleted cells induces a highly significant  
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Figure 4.6. Assessment of apoptotic cell death following 48 hours of HDAC inhibition and p53 
activation in the presence and absence of caspase-8. (A) Caspase-8 proficient (Casp8 WT)

 
and 

deficient (Casp8 Null) HCT116 cells treated with a DMSO control (Con), 2.5 µM Entinostat (Entino), 5 
µM Nutlin-3A (N3A) or their combination for 48 hours prior to Annexin V flow cytometry analysis. 
Graph displays the percentage of Annexin V positive cells detected per treatment group. Error bars 
represent mean ± SEM of three independent experiments. Statistical analysis conducted by 2-way 
ANOVA with p values: ns = non-significant. (B) Western blot analysis of matched protein lysates 
extracted from samples treated as in (A). Antibodies were used against the indicated proteins with 
GAPDH serving as a loading control.  
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level of apoptotic cell death at 48 hours. This was demonstrated by a marked increase 

in the percentage of Annexin V positive HCT116 p53+/+ cells detected following 

treatment with siFLIPL and Nutlin-3A (Figure 4.7A). The p53-dependent nature of this 

cell death-inducing combination was clearly apparent as minimal response was 

observed in the HCT116 p53-/- cell line (Figure 4.7A). Further evaluation of the 

molecular mechanism of action was then performed by Western blot analysis of 

matched protein lysates (Figure 4.7B). In the wild-type cells activation of p53 and its 

transcriptional targets, TRAIL-R2/DR5, p21, PUMA and BAX were observed following 

treatment with Nutlin-3A (Figure 4.7B, lane 2). This was concomitant with the 

induction of FLIPL, which like p53 and the aforementioned transcriptional targets was 

not induced in the p53 null cells (Figure 4.7B, lane 6). The expression of caspase-10 

again appeared to be regulated in a p53-dependent manner, with caspase-10D and 

caspase-10G isoform induction clearly apparent following treatment with Nutlin-3A 

(Figure 4.7B, lane 2). Similar to treatment with Entinostat, combining Nutlin-3A with 

siFLIPL resulted in the reduced detection of procaspase-10. This treatment 

combination also resulted in the p53-dependent induction of cell death, with 

significant levels of cleaved PARP detected (Figure 4.7B, lane 4). Activation of the 

extrinsic apoptotic pathway was observed by the enhanced expression of TRAIL-

R2/DR5, activation of caspase-8 (producing the p18 fragment) and subsequent 

processing of BID to tBID in the combination treated HCT116 p53+/+ cells (Figure 4.7B, 

lane 4). This was detected alongside the increased expression of PUMA and activation 

and processing of caspase-3 (forming the p19 and p17 cleavage products) and is 

indicative of intrinsic apoptotic pathway activation. In contrast, neither the extrinsic 

nor intrinsic apoptotic pathways were activated in response to FLIPL depletion and 

Nutlin-3A treatment in the HCT116 p53-/- cell line demonstrating the absolute p53-

dependent nature of this cell death phenotype (Figure 4.7B, lane 8). Importantly, the 

phenotypic and molecular responses induced by siRNA-mediated FLIPL depletion and 

Nutlin-3A were remarkably similar to those observed following treatment with 

Entinostat and Nutlin-3A in the HCT116 p53+/+ and p53-/- cell lines.  

 

As previously demonstrated (Figure 4.6), treatment with Entinostat and Nutlin-3A 

resulted in caspase-8-independent cell death at this later timepoint of 48 hours.  
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Figure 4.7. Assessment of apoptotic cell death following 48 hours of FLIPL depletion and p53 
activation in the presence and absence of p53. (A) Annexin V flow cytometry analysis of HCT116 
p53+/+ 

and p53-/- cells transfected with 10 nM FLIPL specific siRNA (siFLIPL) alongside a scrambled 
control (siScr) for 6 hours followed by treatment with 5 µM Nutlin-3A (N3A) for a further 48 hours. 
Graph displays the percentage of Annexin V positive cells detected per treatment group. Error bars 
represent mean ± SEM of three independent experiments. Statistical analysis conducted by 2-way 
ANOVA with p values: ns = non-significant, ***p < 0.001.(B) Western blot analysis of matched protein 
lysates extracted from samples treated as in (A). Antibodies were used against the indicated proteins 
with GAPDH serving as a loading control.  
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Therefore, in order to evaluate the caspase-8 dependency of the cell death induced 

by siRNA-mediated FLIPL depletion and Nutlin-3A at this timepoint, analyses were 

conducted in the HCT116 Caspase-8 WT and Null cell lines. Cells were transfected 

with either a scrambled control or FLIPL specific siRNA for 6 hours prior to treatment 

with DMSO or 5 µM Nutlin-3A for 48 hours (Figure 4.8). Phenotypic assessment of 

cell death was then performed using High Content Microscopy. Notably, both the 

Caspase-8 WT and Caspase-8 Null cells underwent significant amounts of cell death 

in response to 48 hour treatment with siFLIPL and Nutlin-3A (Figure 4.8A). 

Subsequent Western blot analysis of protein expression was in support of this finding. 

As demonstrated throughout this chapter, treatment with Nutlin-3A alone for 48 

hours failed to induce cell death as demonstrated by a lack of PARP cleavage (Figure 

4.8B, lane 2 and 6). Nutlin-3A-induced p53 activation did however result in the 

increased expression of pro-survival proteins such as p21 and FLIPL. In contrast, 

combining Nutlin-3A with siRNA-mediated FLIPL depletion resulted in the dramatic 

proteolytic cleavage of PARP, with detection of the full-length protein markedly 

diminished in both the Caspase-8 WT and Null models (Figure 4.8B, lane 4 and 8). 

The detection of full length procaspase-10 was also reduced following this 

combination treatment in both the Caspase-8 WT and Null cells (Figure 4.8B, lanes 4 

and 8), indicative of its processing and suggesting a possible role for this apical 

caspase in the induction of cell death, particularly in the absence of caspase-8. 

Indeed, similar findings were also observed following treatment with Entinostat and 

Nutlin-3A in the HCT116 Caspase-8 WT and Null model (Figure 4.6). However, in 

contrast to caspase-8, the role of caspase-10 processing and activation in cell death 

is not as well understood. Therefore, further investigation was required in order to 

determine the exact role of caspase-10 in mediating this cell death phenotype.  

 
Nonetheless, the caspase-8-independent nature of the cell death induced by siRNA 

mediated FLIPL depletion and Nutlin-3A was an intriguing finding as the most well-

documented cell death regulatory functions of FLIP involve this initiator caspase 

(Smyth et al., 2020). Moreover, the results presented in Chapter 3 demonstrated an 

absolute requirement for capsase-8 in order induce the cell death observed following 

24 hours of Nutlin-3A treatment in FLIPL depleted cells.  
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Figure 4.8. Assessment of apoptotic cell death following 48 hours of FLIPL depletion and p53 
activation in the presence and absence of capsase-8. (A) High content microscopy analysis of HCT116 
caspase-8 proficient (Casp8 WT)

 
and deficient (Casp8 Null) cells transfected with 10 nM FLIPL specific 

siRNA (siFLIPL) alongside a scrambled control (siScr) for 6 hours followed by treatment with 5 µM 
Nutlin-3A (N3A) for a further 48 hours. Graph displays the percentage of PI positive cells detected 
per treatment group. Error bars represent mean ± SEM of three independent experiments performed 
in technical triplicate. Statistical analysis conducted by 2-way ANOVA with p values: ns = not, ***p < 
0.001. (B) Western blot analysis of protein lysates extracted from samples treated as in (A). 
Antibodies were used against the indicated proteins with GAPDH serving as a loading control.  
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Therefore, in order to further assess the caspase-8 independent cell death induced 

at this later timepoint, isoleucine-zipper TRAIL (IZ-TRAIL) was added to the 

experimental conditions as a positive control for caspase-8 activation. As previously 

described, caspase-8 is canonically activated via ligand binding to death inducing 

signalling complexes (DISCs) [Chapter 1, Introduction; section 1.3.2.1]. This includes 

TRAIL binding to TRAIL receptor-1 (TRAIL-R1/DR4) or TRAIL receptor-2 (TRAIL-

R2/DR5) which initiates the extrinsic apoptotic pathway via recruitment of FADD and 

subsequent activation and processing of caspase-8. Therefore, in order to drive this 

well-documented caspase-8 dependent response and assess its contribution, or lack 

thereof, to the death induced following 48 hours of siRNA-mediated FLIPL depletion 

in combination with Nutlin-3A, cells were also co-treated with IZ-TRAIL. HCT116 

Caspase-8 WT and Null isogenic cells were transfected with either 10 nM scrambled 

control or FLIPL specific siRNA for 6 hours prior to treatment with DMSO, 5 µM Nutlin-

3A and/or 3 ng/ml IZ-TRAIL for 48 hours (Figure 4.9). Phenotypic analyses were then 

conducted using High Content Microscopy with cell death quantified by the 

percentage of cells within each sample staining positive for Propidium Iodide (PI) 

(Figure 4.9A). As expected, the Caspase-8 Null cell line did not respond to treatment 

with IZ-TRAIL either alone or as part of a combination treatment (Figure 4.9A). This 

was in contrast to the significantly increased induction of cell death detected 

following treatment with IZ-TRAIL in the Caspase-8 WT cells transfected with either 

siScr or siFLIPL (Figure 4.9A). Interestingly, the enhanced cell death observed 

following the addition of IZ-TRAIL to the siScr/Nutlin-3A treated sample did not reach 

statistical significance (Figure 4.9A). As demonstrated throughout this thesis, 

treatment with Nutlin-3A induces the expression of FLIPL, which may act to inhibit IZ-

TRAIL-mediated cell death. Western blot analysis of matched protein lysates (Figure 

4.9B) revealed increased FLIPL expression following Nutlin-3A treatment alone and in 

combination with IZ-TRAIL when compared to the corresponding control samples, 

suggesting that Nutlin-3A induced FLIPL indeed impairs TRAIL-induced apoptosis. 

However, following FLIPL depletion, treatment with Nutlin-3A (with or without the 

addition of IZ-TRAIL) induced significant amounts of cell death in both the Caspase-8 

WT and Null cell lines (Figure 4.9A and B). This caspase-8 independent cell death was 

observed by the almost complete processing of PARP, cleavage of BID and activation 
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of caspase-3 which were detected in both cell lines following treatment with 

siFLIPL/Nutlin-3A (Figure 4.9B, lanes 7 and 15). In agreement with the phenotypic 

analysis, detection of these cell death related proteins did not seem to be further 

enhanced by the addition of IZ-TRAIL to the siFLIPL/Nutlin-3A treated samples (Figure 

4.9B, lanes 8 and 16). This was in contrast to the increased processing of PARP, 

cleavage of BID and activation of caspase-3 which was detected in all other IZ-TRAIL 

treated Caspase-8 WT samples compared to their corresponding controls (Figure 

4.9B). This suggests a unique siFLIPL/Nutlin-3A-dependent mechanism of action 

which can proceed in the presence and absence of caspase-8. Moreover, the 

observed TRAIL-independent nature of the response at this timepoint further 

supports the ligand-independent findings presented in Chapter 3. 

 
The results presented thus far demonstrate that the cell death induced by FLIPL 

depletion (either via Entinostat treatment or siRNA-mediated down-regulation) and 

Nutlin-3A relies on the activation of p53 and can occur independently of caspase-8 

after 48h. Given that treatment with Nutlin-3A results in the highly specific activation 

of p53, the p53-dependent nature of this cell death is perhaps unsurprising. However, 

despite the well-established function of FLIPL as a regulator of caspase-8, the cell 

death resulting from treatment with Nutlin-3A and FLIPL depletion did not depend on 

this initiator caspase function, which is a notable finding.  

 

As previously mentioned, procaspase-10 is a paralog of both procaspase-8 and FLIP 

which also functions as a regulator of the extrinsic apoptotic pathway. However, like 

FLIPL, there exists some controversary around the exact role of caspase-10 as a 

promoter or inhibitor of cell death. Whilst some studies have described a role for 

caspase-10 in compensating for the loss of caspase-8 in order to induce cell death 

(Wang et al., 2001), other studies have suggested that caspase-10 cannot 

compensate for caspase-8 (Sprick et al., 2002) and may even act to inhibit the pro-

apoptotic functions of caspase-8 (Horn et al., 2017). Reconciling these seemingly 

paradoxically functions of caspase-10, Mühlethaler-Mottet et al. have proposed that 

specific isoform expression of caspase-10 may be responsible for some of the 

discrepancies described in the literature (Mühlethaler-Mottet et al., 2011). Here the  
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Figure 4.9. Assessment of IZ-TRAIL induced cell death following 48 hours of FLIPL depletion and p53 
activation in the presence and absence of capsase-8. (A) High content microscopy analysis of HCT116 
caspase-8 proficient (Casp8 WT)

 
and deficient (Casp8 Null) cells transfected with 10 nM FLIPL specific 

siRNA (siFLIPL) alongside a scrambled control (siScr) for 6 hours. This was followed by treatment with 
3 ng/mL Isoleucine Zipper TRAIL (IZ-TRAIL) alone and in combination with 5 µM Nutlin-3A (N3A) for a 
further 48 hours. Graph displays the percentage of PI positive cells detected per treatment group. 
Error bars represent mean ± SEM of three independent experiments performed in technical triplicate. 
Statistical analysis conducted by Students paired t-test with p values: ns = non-significant, *p < 0.05. 
(B) Western blot analysis of matched protein lysates extracted from samples treated as in (A). 
Antibodies were used against the indicated proteins with GAPDH serving as a loading control.  
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authors demonstrated that overexpression of the caspase-10A and -10D isoforms 

lead to increased apoptosis in caspase-8 silenced cells whilst increased expression of 

caspase-10G was weakly anti-apoptotic. Of course, the role of caspase-10 may also 

vary in response to specific stimuli and individual cell types and thus warrants further 

investigation. 

 

Results previously presented in this chapter (Figure 4.7) have demonstrated the 

enhanced expression of the caspase-10D and caspase-10G isoforms following 

treatment with Nutlin-3A which occurred alongside the increased expression of more 

well-established p53 targets such as TRAIL-R2/DR5. Furthermore, treatment with 

Entinostat/Nutlin-3A and siFLIPL/Nutlin-3A resulted in the decreased detection of 

full-length caspase-10A and -10D, as well as caspase-10G, in both the HCT116 

Caspase-8 WT and Null cells suggesting processing of this apical caspase in response 

to the activation of cell death. As previously mentioned, previous studies have also 

demonstrated the ability of caspase-10 to cleave BID during the induction of 

apoptosis. Processing of BID to tBID was observed following treatment with 

siFLIPL/Nutlin-3A in cells lacking caspase-8 (Figure 4.9), indicating a possible role for 

caspase-10 in facilitating this proteolytic cleavage event. Thus caspase-10 may be 

able to compensate for the lack of caspase-8 to mediate the cell death observed in 

response to 48 hour Nutlin-3A treatment in FLIPL-depleted HCT116 Caspase-8 Null 

cells. 

 

In order to explore the role of caspase-10 in the caspase-8-independent cell death, 

HCT116 Caspase-8 Null cells were first reverse transfected with either 10 nM of a 

scrambled control, Caspase-10 or TRAIL-R2/DR5 specific siRNA for 24 hours. 

Following the knockdown of caspase-10 and/or TRAIL/R2, cells were forward 

transfected for 6 hours with either a scrambled control or FLIPL specific siRNA prior 

to treatment with either DMSO or 5 µM Nutlin-3A, respectively, for a further 48 hours 

(Figure 4.10). Western blot analysis of protein lysates extracted at the experimental 

endpoint revealed that, as expected, treatment with siFLIPL in combination with 

Nutlin-3A resulted in cell death. This was observed by the presence of PARP cleavage 

and γH2AX induction which was concomitant with the downregulation of FLIPL,  
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Figure 4.10. Assessment of caspase-10 and TRAIL-R2/DR5 silencing on the cell death induced by 48 
hours of FLIPL depletion and p53 activation in the absence of capsase-8. Western blot analysis of 
protein expression in HCT116 caspase-8 deficient (Casp8 Null) cells transfected with 10 nM of a 
caspase-10 (siCasp10) and/or TRAIL-R2/DR5 (siDR5) specific siRNA alongside a scrambled control 
(siScr) for 24 hours. This was followed by a 6-hour transfection with either 10 nM siScr or 10 nM of 
a FLIPL specific siRNA (siFLIPL). FLIPL depleted samples were then treated with 5 µM Nutlin-3A (N3A) 
for a further 48 hours. Antibodies were used against the indicated proteins with GAPDH serving as a 
loading control.  
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activation of p53 and processing of BID to tBID (Figure 4.10, lane 5). Treatment with 

siFLIPL in combination with Nutlin-3A also resulted in the isoform specific induction 

of caspase-10; however, no detectable increase in TRAIL-R2/DR5 expression was 

detected under these conditions. Silencing caspase-10 or TRAIL-R2/DR5 in 

combination with siFLIPL and Nutlin-3A attenuated PARP cleavage, BID processing 

and γH2AX induction, indicating some degree of cell death rescue (Figure 4.10, lane 

6 and 7). This was most pronounced when both caspase-10 and TRAIL-R2/DR5 were 

concurrently silenced (Figure 4.10, lane 8). However, due to the sub-optimal silencing 

of caspase-10 alone (Figure 4.10, lane 6), it is difficult to assess whether the 

enhanced rescue of cell death observed following the combined knockdown is simply 

mediated by the more efficient knockdown of caspase-10 or indeed requires co-

silencing of TRAIL-R2/DR5. Nevertheless, these results suggested a possible role for 

both caspase-10 and TRAIL-R2/DR5 in mediating the caspase-8-independent cell 

death induced by FLIPL depletion and p53 activation.  

 
As the cell death induced by Entinostat alone and in combination with Nutlin-3A also 

appears to proceed independently of caspase-8 at this timepoint, analysis of a 

possible caspase-10 compensatory role was also carried out. HCT116 Caspase-8 Null 

cells were reverse transfected with either 10 nM scrambled control or caspase-10 

specific siRNA for 24 hours followed by treatment with either DMSO, 2.5 µM 

Entinostat, 5 µM Nutlin-3A or their combination for a further 48 hours (Figure 4.11). 

As was now expected, Western blot analysis revealed the induction of cell death 

following treatment with Entinostat alone and in combination with Nutlin-3A in the 

caspase-8 deficient, caspase-10-proficient samples. This was demonstrated by the 

detection of PARP cleavage which occurred alongside BID processing, activation of 

caspase-3 and induction of γH2AX expression (Figure 4.11, lanes 3 and 4). Treatment 

with Entinostat also resulted in the reduced detection of FLIPL and importantly, 

procaspase-10, which again may be indicative of its activation and processing during 

the activation of cell death (Figure 4.11, lanes 3 and 4). In contrast to this, the 

expression of procaspase-10 was notably enhanced in an isoform-specific manner 

following treatment with Nutlin-3A which also (as expected) induced the expression 

of FLIPL, p53 and its transcriptional target p21 (Figure 4.11, lane 2). Following the  
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Figure 4.11. Assessment of caspase-10 silencing on the cell death induced by 48 hours of HDAC 
inhibition and p53 activation in the absence of capsase-8. Western blot analysis of protein 
expression in HCT116 caspase-8 deficient (Casp8 Null) cells transfected with 10 nM of a caspase-10 
(siCasp10) specific siRNA alongside a scrambled control (siScr) for 24 hours. This was followed by 
treatment with a DMSO control, 2.5 µM Entinostat (Entino), 5 µM Nutlin-3A (N3A) or their 
combination for 48 hours. Antibodies were used against the indicated proteins with GAPDH serving 
as a loading control.  
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siRNA-mediated silencing of caspase-10, the expression pattern of Nutlin-3A induced 

proteins remained consistent. This was in contrast to the notable change in 

expression of the cell death related proteins observed following loss of caspase-10 in 

the Entinostat-treated samples. Silencing of caspase-10 resulted in a substantial 

degree of cell death rescue as demonstrated by the marked reduction of PARP 

cleavage and attenuation of BID processing and caspase-3 activation when compared 

to the Entinostat treated, caspase-10-proficient control (Figure 4.11, lane 7 vs lane 

3). However, silencing of caspase-10 did not appear to as significantly affect the cell 

death induced by the co-treatment of Entinostat and Nutlin-3A as observed by the 

presence of PARP cleavage, BID processing and caspase-3 activation which appeared 

only marginally attenuated when compared to the corresponding caspase-10-

proficient sample (Figure 4.11, lane 8 vs lane 4). 

 
The results obtained using siRNA-mediated caspase-10 depletion indicated a possible 

role for this cell death regulatory protein in facilitating the caspase-8-independent 

cell death induced by Entinostat or siFLIPL in combination with Nutlin-3A. However, 

as the degree of cell death rescue in this instance relies on adequate protein 

knockdown, the validity of these results needed further assessment. For this reason, 

caspase-10 CRISPR knockout models were generated.  

 

4.4.4 Generating Caspase-10 CRISPR knockout models 
 

As described in more detail in Materials and Methods, the HCT116 Caspase-8 WT and 

Null isogenic pair were used to generate both caspase-10 single knockout and 

caspase-8 and -10 double knockout cell lines. Briefly, two different custom caspase-

10 CRISPR guide RNAs were inserted into LentiCRISPRv2-blast vectors both of which 

targeted caspase-10 within the first three exons and therefore should knockout all 

procaspase-10 isoforms (Figure 4.12A). The procaspase-10 CRISPR gRNA-expressing 

constructs and a control LentiCRISPRv2-blast empty vector (EV) were transformed 

into DH5α competent cells and plasmid DNA isolated using the PureLink® HiPure 

Plasmid Maxiprep Kit. Following the generation of mature virus by transfecting each 

of these constructs into HEK293(F)T cells, recipient cells were inoculated and 

subjected to Blasticidin antibiotic selection in order to isolate a mixed population of  
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Figure 4.12. Generating caspase-10 CRISPR knockout HCT116 colorectal cancer cells. (A) 
Diagrammatic representation of the sequence specific caspase-10 guide RNA’s inserted into the 
lentiCRISPRv2-Blast vector. (B) Schematic representation of the workflow performed in order to 
generate stable caspase-10 CRISPR knockout cells.  
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procaspase-10 gRNA-expressing cells. Individual cells were then clonally expanded 

and screened by Western blot to identify successfully transfected, caspase-10 

knockout clones. A schematic of this work flow is illustrated in Figure 4.12B. To 

ensure total knockout of procaspase-10, Western blot analysis was performed using 

an anti-human caspase-10 specific monoclonal antibody capable of detecting all 

caspase-10 isoforms [Appendix D]. Samples were run alongside a wild-type control 

lysate in order to effectively demonstrate loss of protein detection. All of this work 

was performed with the help and guidance of Dr Nyree Crawford.  

 
Figure 4.13 demonstrates the Western blot validation carried out when identifying 

caspase-10 single knockout clones from caspase-8 WT cells. This process identified 

numerous clones in which knockout had been unsuccessful as caspase-10 protein 

expression was retained, thus these clones were subsequently discarded. However, 

some clones appeared to have little or no caspase-10 expression and so these clones 

were selected and re-analysed to further assess the knockout. From this, Clone #3 

was identified as a successful, Caspase-8 WT, Caspase-10 knockout cell line (Figure 

4.13A, lane 4). As clonal selection can result in alterations in gene expression 

between knockout and control models, and as the caspase-10 locus also encodes 

both caspase-8 and FLIP, further Western blot assessment was performed to assess 

expression of pathway-relevant proteins (Figure 4.13B). This process was repeated 

in the Caspase-8 Null cell line in order to identify successfully transfected caspase-10 

knockout cells from the antibiotic-selected mixed population. Western blot 

validation of multiple clones identified Clone #2 as being caspase-8 and caspase-10 

null, with retained expression of other key apoptotic proteins (Figure 4.14A, lane 3). 

Following expansion and storage of these new cell lines, Western blot assessment of 

untreated protein lysates was performed across all four models. This included the EV 

transfected parental cells which were generated alongside the knockout models, i.e. 

Casp8 WT/Casp10 WT (EV), Casp8 WT/Casp10 Null (clone #3), Casp8 Null/Casp10 WT 

(EV) and Casp8 Null/Casp10 Null (clone #2). Analysis of apoptotic proteins such as 

FLIP and BAX revealed similar expression across all four models whilst caspase-8 and 

-10 expression varied as expected (Figure 4.14B). These cell lines were therefore 

taken forward for experimental analyses.  
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Figure 4.13. Screening and validation of successful caspase-10 CRISPR-cas9 knockout in HCT116 
Casp8 WT colorectal cancer cells. (A) Multiple HCT116 Casp8 WT clones were assessed by Western 
blot for the successful transfection and CRISPR-cas9 mediated knockout of caspase-10 (Casp10 KO). 
(B) Caspase-10 expression was assessed alongside key apoptotic proteins in order to validate the 
selection of a successful caspase-10 knockout clone. Antibodies were used against the indicated 
proteins with GAPDH serving as a loading control 
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Figure 4.14. Screening and validation of successful caspase-10 CRISPR-cas9 knockout in HCT116 
Casp8 Null colorectal cancer cells. (A) Multiple HCT116 Casp8 Null clones were assessed by Western 
blot for the successful transfection and CRISPR-cas9 mediated knockout of caspase-10. Caspase-10 
expression was assessed alongside key apoptotic proteins in order to validate the selection of a 
successful caspase-8/caspase-10 double knockout clone (Casp8/10 DKO). (B) Western blot validation 
of protein expression in the parental and newly derived caspase-10 knockout HCT116 Casp8 WT and 
Null models. Antibodies were used against the indicated proteins with GAPDH serving as a loading 
control. 
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4.4.5 Investigating the role of caspase-10 and the extrinsic apoptotic pathway  
 
The newly derived HCT116 caspase-8/-10 individual and double knockout cell lines 

were first utilised alongside their matched parental cells in order to assess the 

contribution of caspase-10 to the cell death induced by HDAC inhibition and p53 

activation. All four cell lines, Casp8 WT/Casp10 WT, Casp8 WT/Casp10 Null, Casp8 

Null/Casp10 WT and Casp8 Null/Casp10 Null, were treated with 2.5 µM Entinostat, 5 

µM Nutlin-3A and their combination for 24 hours (Figure 4.15). Phenotypic 

assessment of cell death was performed using Annexin V/PI flow cytometry with the 

percentage of Annexin V positively stained cells displayed for each sample (Figure 

4.15A). This analysis revealed that knockout of caspase-10 in the caspase-8 proficient 

cells appeared to enhance the sensitivity of HCT116 cells to both Entinostat 

treatment alone and the combined treatment of Entinostat and Nutlin-3A, although 

this did not reach statistical significance when compared to the wild-type model 

(Figure 4.15A). As anticipated, when compared to the caspase-8 proficient cells, 

knockout of caspase-8 alone significantly reduced the 24 hour co-treatment induced 

cell death (Figure 4.15A). Considerable cell death was however still apparent in this 

single caspase-8 knockout model. Importantly, this residual cell death was 

significantly attenuated by the co-deletion of caspase-10 in the caspase-8 deficient 

cells (Figure 4.15A). These results were further supported at the protein level as 

matched Western blot analyses revealed that PARP cleavage was dramatically 

attenuated in the caspase-8/-10 double knockout cell line following 24 hours of co-

treatment with Entinostat and Nutlin-3A (Figure 4.15B).  

  

Following these initial findings, analyses were extended to the 48 hour treatment 

time-point (Figure 4.16), i.e. when caspase-8-independent cell death is observed. 

Annexin V flow cytometry analysis revealed that loss of either caspase-8, caspase-10 

or indeed caspase-8 and caspase-10, did not significantly affect the cell death 

observed in response to Entinostat as a single agent (Figure 4.16A). Similarly, no 

significantly different responses were observed across these models in response to 

the combination of Entinostat and Nutlin-3A (Figure 4.16A). Western blot analysis of 

matched protein lysates (Figure 4.16B) supported these findings as PARP  
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Figure 4.15. Assessment of apoptotic cell death following 24 hours of HDAC inhibition and p53 
activation in the presence and absence of caspase-8 and/or caspase-10. (A) Annexin V flow 
cytometry analysis of parental and caspase-8/10 single and double CRISPR knockout HCT116 cells 
treated with a DMSO control (Con), 2.5 µM Entinostat (Entino), 5 µM Nutlin-3A (N3A) or their 
combination for 24 hours. Graph displays the percentage of Annexin V positive cells detected per 
treatment group. Error bars represent mean ± SEM of three independent experiments. Statistical 
analysis conducted by 2-way ANOVA with p values: ns = non-significant, *p < 0.05. (B) Western blot 
analysis of matched protein lysates extracted from samples treated as in (A). Antibodies were used 
against the indicated proteins with GAPDH serving as a loading control.  
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Figure 4.16. Assessment of apoptotic cell death following 48 hours of HDAC inhibition and p53 
activation in the presence and absence of caspase-8 and/or caspase-10. (A) Annexin V flow 
cytometry analysis of parental and caspase-8/10 single and double CRISPR knockout HCT116 cells 
treated with a DMSO control (Con), 2.5 µM Entinostat (Entino), 5 µM Nutlin-3A (N3A) or their 
combination for 48 hours. Graph displays the percentage of Annexin V positive cells detected per 
treatment group. Error bars represent mean ± SEM of three independent experiments. Statistical 
analysis conducted by 2-way ANOVA with p values: ns = non-significant, *p < 0.05. (B) Western blot 
analysis of matched protein lysates extracted from samples treated as in (A). Antibodies were used 
against the indicated proteins with GAPDH serving as a loading control.  
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cleavage was consistently observed across all models following treatment with either 

Entinostat alone or as a co-treatment with Nutlin-3A. Together these data suggest 

that in response to co-treatment, caspase-10 activity can significantly compensate 

for the loss of caspase-8 at an early time-point (24 hours). However, following 48 

hours of treatment, loss of apical extrinsic procaspase expression is insufficient to 

recuse cell death. This may be due to an increased dependence on other cell death 

inducing pathways activated following sustained HDAC inhibition, e.g. intrinsic 

apoptosis.  

 
To further assess the role of caspase-10 in facilitating the caspase-8 independent cell 

death observed following FLIPL specific knockout in combination with p53 activation 

(i.e. independent of the multifaceted effects of HDAC inhibition), parallel analyses 

were performed using siRNA-mediated FLIPL depletion in combination with Nutlin-3A 

across the caspase-8/-10 knockout models. All four cell lines (Casp8 WT/Casp10 WT, 

Casp8 WT/Casp10 Null, Casp8 Null/Casp10 WT and Casp8 Null/Casp10 Null) were 

transfected with 10 nM FLIPL specific siRNA alongside a scrambled control (siScr) for 

6 hours prior to treatment with 5 µM Nutlin-3A for 24 hours (Figure 4.17A) or 48 

hours (Figure 4.17B). Annexin V/PI flow cytometry was carried out in order to 

accurately quantify the resulting cell death across the knockout models.  

 

As expected, analyses performed 24 hours post Nutlin-3A treatment in FLIPL depleted 

cells demonstrated that the Casp8 WT/Casp10 WT cells underwent apoptotic cell 

death which was significantly attenuated by the loss of caspase-8 (Figure 4.17A). 

Notably, the rescue of cell death mediated by caspase-8 deletion occurred regardless 

of caspase-10 status at this time point. In contrast to this, loss of caspase-10 in the 

caspase-8 proficient cells actually resulted in a significant increase in apoptotic cell 

death. This increased sensitivity was also previously observed following treatment 

with Entinostat and Nutlin-3A at this time point, suggesting that in the presence of 

caspase-8, caspase-10 may have a cell death inhibitory effect. 

 

Following on from these early time-point observations, Annexin V/PI flow cytometry 

analysis of cell death was then performed 48 hours post-treatment with siFLIPL and  
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Figure 4.17. Assessment of apoptotic cell death following FLIPL  depletion and p53 activation in the 
presence and absence of caspase-8 and/or caspase-10. Annexin V flow cytometry analysis of 
parental and caspase-8/10 single and double CRISPR knockout HCT116 cells transfected with 10 nM 
FLIPL specific siRNA (siFLIPL) alongside a scrambled control (siScr) for 6 hours followed by treatment 
with 5 µM Nutlin-3A (N3A) for 24 (A) or 48 hours (B). Graphs display the percentage of Annexin V 
positive cells detected per treatment group. Error bars represent mean ± SEM of three independent 
experiments. Statistical analysis conducted by 2-way ANOVA with p values: ns = non-significant, *p < 
0.05.  
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Nutlin-3A (Figure 4.17B) - a timepoint at which caspase-8 independent cell death was 

previously observed. In the Casp8 WT/Casp10 WT cells, significant amounts of cell 

death were observed following 48 hours of Nutlin-3A treatment in combination with 

FLIPL depletion, however, this no longer appeared to be significantly enhanced by the 

deletion of caspase-10 alone (Figure 4.17B). Interestingly, the treatment-induced, 

caspase-8-independent cell death observed at this time-point was significantly 

attenuated by the co-deletion of caspase-10 in the caspase-8 knockout cell line 

(Figure 4.17B).  

 

Western blot analysis was subsequently performed in order to evaluate apoptotic 

protein expression following 48 hour siFLIPL/Nutlin-3A treatment in the caspase-8/-

10 proficient and deficient models. All four cell lines (Casp8 WT/Casp10 WT, Casp8 

WT/Casp10 Null, Casp8 Null/Casp10 WT and Casp8 Null/Casp10 Null) were 

transfected with 10 nM FLIPL specific siRNA alongside a scrambled control (siScr) for 

6 hours prior to treatment with 5 µM Nutlin-3A for 48 hours (Figure 4.18). As 

expected, treatment with Nutlin-3A alone resulted in the upregulation of p53 and its 

transcriptional target p21. This was also observed in parallel with the increased 

expression of FLIPL across all models (Figure 4.18). The expression of procaspase-10 

was also increased in response to Nutlin-3A in the caspase-10-proficient cell lines 

which may be the driving force behind the observed dependencies previously 

described. The subsequent induction of cell death elicited by treatment with Nutlin-

3A in FLIPL-depleted cells resulted in the processing and activation of procaspase-3, 

with cleaved caspase-3 expression correlating with the detection of cleaved PARP 

(Figure 4.18). The expression of these apoptosis markers mirrored the results 

observed by flow cytometry and were therefore most pronounced in the caspase-8-

proficient cell lines (Figure 4.18, lanes 4 and 8), with marked reduction in PARP 

cleavage and caspase-3 activation observed in cells lacking caspase-8 expression 

(Figure 4.18, lanes 12 and 16). Importantly, deletion of caspase-10 in the caspase-8-

deficient model further attenuated both cleaved PARP and cleaved caspase-3 when 

compared to loss of caspase-8 alone (Figure 4.18, lane 16 vs lane 12). It was also 

observed that the substantial amount of cell death elicited by the combination 

treatment in the caspase-8-proficient cell lines correlated with reduced Nutlin-3A- 
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Figure 4.18. Assessment of apoptotic cell death following 48 hours of FLIPL depletion and p53 
activation in the presence and absence of caspase-8 and/or caspase-10. Western blot analysis of 
protein expression in parental and caspase-8/10 single and double CRISPR knockout HCT116 cells 
transfected with 10 nM FLIPL specific siRNA (siFLIPL) alongside a scrambled control (siScr) for 6 hours 
followed by treatment with 5 µM Nutlin-3A (N3A) for 48 hours. Antibodies were used against the 
indicated proteins with GAPDH serving as a loading control 
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induced p53 expression (Figure 4.18, lanes 4 and 8). This was in contrast to the 

observations made in the caspase-8-deficient models in which sustained p53 

expression was observed following FLIPL depletion in combination with Nutlin-3A 

alongside reduced levels of cell death (Figure 4.18, lanes 12 and 16). Transcriptional 

expression of p53 target genes may therefore be differentially regulated between 

these cell lines as a consequence of cell death. However, the Nutlin-3A-induced 

expression of p21 was considerably reduced across all cell lines in samples co-treated 

with siFLIPL regardless of the levels of p53 (Figure 4.18, lanes 4, 8, 12 and 16). This 

suggests a possible switch in the transcriptional activity of p53 following FLIPL 

depletion in Nutlin-3A treated cells which is independent of the magnitude of cell 

death and extent of p53 stabilisation. Moreover, the p53-dependent, Nutlin-3A-

induced expression of PUMA was not attenuated by co-treatment with siFLIPL (Figure 

4.18, lanes 4, 8, 12, 16). In fact, this treatment combination appeared to result in the 

increased expression of PUMA across all four cell lines, with the most pronounced 

effects observed in the Casp8 Null/Casp10 Null cell line (Figure 4.18, lane 16). 

Interestingly, treatment with siFLIPL alone also appeared to induce the expression of 

PUMA in all the cell line models (Figure 4.18, lanes 2, 6, 10, and 14). The 

accumulation of this pro-apoptotic mitochondrial associated protein suggests that 

the effects of this extended treatment regime may be mediated by PUMA-induced 

MOMP.  

 
In order to investigate this further, similar analyses were performed in HCT116 

isogenic cell lines in which extrinsic apoptosis is comprised. This included analyses in 

the TRAIL-R2/DR5 (Figure 4.19), FADD (Figure 4.20) and BID (Figure 4.21) CRISPR 

knockout models. Each knockout and matched parental cell line was transfected with 

10 nM FLIPL specific siRNA alongside a scrambled control (siScr) for 6 hours prior to 

treatment with 5 µM Nutlin-3A for 48 hours. Annexin V/PI flow cytometry analysis 

were then conducted across the three knockout models, with results displayed as 

percentage Annexin V positive cells within each sample. Analyses revealed that loss 

of these extrinsic pathway associated components, significantly rescued the cell 

death observed in the parental cells following 48 hour treatment with siFLIPL and 

Nutlin-3A. Nonetheless, as was observed following loss of caspase-8/-10 expression  
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Figure 4.19. Assessment of apoptotic cell death following 48 hours of FLIPL depletion and p53 
activation in the presence and absence of TRAIL-R2/DR5. (A) Annexin V flow cytometry analysis of 
HCT116 parental and TRAIL-R2/DR5 CRISPR knockout (DR5 KO) cells transfected with 10 nM FLIPL 

specific siRNA (siFLIPL) alongside a scrambled control (siScr) for 6 hours followed by treatment with 5 
µM Nutlin-3A (N3A) for a further 48 hours. Graph displays the percentage of Annexin V positive cells 
detected per treatment group. Error bars represent mean ± SEM of three independent experiments. 
Statistical analysis conducted by 2-way ANOVA with p values: *p <0.05, **p < 0.01. (B) Western blot 
analysis of protein lysates extracted from samples treated as in (A). Antibodies were used against the 
indicated proteins with GAPDH serving as a loading control.  
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Figure 4.20. Assessment of apoptotic cell death following 48 hours of FLIPL depletion and p53 
activation in the presence and absence of FADD. (A) Annexin V flow cytometry analysis of HCT116 
parental and FADD CRISPR knockout (FADD KO) cells transfected with 10 nM FLIPL specific siRNA 
(siFLIPL) alongside a scrambled control (siScr) for 6 hours followed by treatment with 5 µM Nutlin-3A 
(N3A) for a further 48 hours. Graph displays the percentage of Annexin V positive cells detected per 
treatment group. Error bars represent mean ± SEM of three independent experiments. Statistical 
analysis conducted by 2-way ANOVA with p values: *p <0.05, ***p < 0.001. (B) Western blot analysis 
of protein lysates extracted from samples treated as in (A). Antibodies were used against the 
indicated proteins with GAPDH serving as a loading control.  
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Figure 4.21. Assessment of apoptotic cell death following 48 hours of FLIPL depletion and p53 
activation in the presence and absence of BID. (A) Annexin V flow cytometry analysis of HCT116 
parental and BID CRISPR knockout (BID KO) cells transfected with 10 nM FLIPL specific siRNA (siFLIPL) 
alongside a scrambled control (siScr) for 6 hours followed by treatment with 5 µM Nutlin-3A (N3A) 
for a further 48 hours. Graph displays the percentage of Annexin V positive cells detected per 
treatment group. Error bars represent mean ± SEM of three independent experiments. Statistical 
analysis conducted by 2-way ANOVA with p values: **p < 0.01. (B) Western blot analysis of protein 
lysates extracted from samples treated as in (A). Antibodies were used against the indicated proteins 
with GAPDH serving as a loading control.  
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(Figure 4.17), reduced yet significant amounts of Annexin V positive cells were still 

detected in the TRAIL-R2/DR5 (Figure 4.19A), FADD (Figure 4.20A) and BID (Figure 

4.21A) CRISPR knockout cell lines. In agreement with this, Western blot analysis of 

matched protein lysates revealed the detection of both cleaved PARP and activation 

and processing of caspase-3 in FLIPL-depleted, Nutlin-3A treated TRAIL-R2/DR5 

(Figure 4.19B), FADD (Figure 4.20B) and BID (Figure 4.21B) knockout cell lines. 

Importantly, the previously described accumulation of PUMA was again evident in 

these knockout cell lines following treatment with siRNA-mediated FLIPL depletion 

and Nutlin-3A (Figures 4.20B – 4.22B, lane 8). Together these data suggest a FLIPL-

regulated, p53-driven response which involves PUMA following 48 hour treatment. 

 
4.4.6 Investigating the intrinsic apoptotic pathway  
 

To assess the involvement of intrinsic apoptotic pathway in the induction of cell 

death, HCT116 BAX/BAK DKO and matched parental cell lines were transfected with 

10 nM FLIPL specific siRNA alongside a scrambled control (siScr) for 6 hours prior to 

treatment with 5 µM Nutlin-3A for 48 hours (Figure 4.22). Phenotypic analysis 

performed by Annexin V/PI flow cytometry demonstrated complete rescue of cell 

death following the combination treatment of siFLIPL and Nutlin-3A in the BAX/BAK 

DKO cell line compared to their parental counterparts (Figure 4.22A). In agreement 

with these data, Western blot analysis revealed the dramatic attenuation of both 

PARP and caspase-3 cleavage following FLIPL depletion and Nutlin-3A treatment in 

the BAX/BAK DKO cell line compared to the matched parental cell line (Figure 4.22B, 

lane 8 vs lane 4). Interestingly, processing of BID to tBID was observed in both cell 

lines despite the absence of cell death in the BAX/BAK DKO model (Figure 4.22B, 

lanes 4 and 8). This supports the findings previously demonstrated in which co-

treatment induces the activation of upstream extrinsic caspases. However, due to the 

impaired mitochondrial function of the BAX/BAK DKO cell line, this does not translate 

into cell death. Importantly, the increased expression of PUMA was again detected 

in response to both siFLIPL alone and in combination with Nutlin-3A in this isogenic 

model. The accumulation of this canonical p53-induced target was most notably 

detected in the non-apoptotic, BAX/BAK DKO cells (Figure 4.22B, lane 8). However,  
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Figure 4.22. Assessment of apoptotic cell death following 48 hours of FLIPL depletion and p53 
activation in the presence and absence of BAX and BAK. (A) Annexin V flow cytometry analysis of 
HCT116 parental and BAX/BAK CRISPR double knockout (BAX/BAK DKO) cells transfected with 10 nM 
FLIPL  specific siRNA (siFLIPL) alongside a scrambled control (siScr) for 6 hours followed by treatment 
with 5 µM Nutlin-3A (N3A) for a further 48 hours. Graph displays the percentage of Annexin V positive 
cells detected per treatment group. Error bars represent mean ± SEM of three independent 
experiments. Statistical analysis conducted by 2-way ANOVA with p values: **p < 0.01. (B) Western 
blot analysis of protein lysates extracted from samples treated as in (A). Antibodies were used against 
the indicated proteins with GAPDH serving as a loading control.  
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in this instance, the pro-apoptotic functions of this BH3 protein appeared to be 

completely abolished due to the lack of the mitochondrial pore forming proteins BAX 

and BAK.  

 
Indeed, an identical dependency was also observed in this model following HDAC 

inhibition and p53 activation. As presented in Figure 4.23, HCT116 parental and 

BAX/BAK DKO cells were treated with 2.5 µM Entinostat, 5 µM Nutlin-3A and their 

combination for 48 hours. Prior to Annexin V/PI flow cytometry, bright field 

microscopy images were captured which depict the treatment induced changes in 

cellular morphology across the two cell lines (Figure 4.23A). Cellular membrane 

blebbing was apparent alongside the presence of small, rounded, detached cells in 

the Entinostat treated parental cells which is indicative of apoptosis (Figure 4.23A). 

In contrast, the BAX/BAK DKO cell line appeared only to be undergoing cell-cycle 

arrest in response to this treatment, with larger, more flattened cells observed 

(Figure 4.23A). This was similar to the arrested morphology observed in the Nutlin-

3A treated samples in both the parental and BAX/BAK DKO models. In contrast, 

significant amounts of cell death appeared to be induced in the parental cell line in 

response to the combined treatment of Entinostat and Nutlin-3A as few live cells 

remained adherent amongst the predominantly dying and detached remnants 

(Figure 4.23A). This was in stark contrast to the BAX/BAK DKO cells which, in response 

to the same co-treatment, did not appear to be undergoing cell death (Figure 4.23A).  

 

These observations were perfectly reflected in the subsequent flow cytometry 

analyses (Figure 4.23B). This demonstrated that loss of BAX and BAK resulted in the 

complete attenuation of cell death in response to both Entinostat as a single agent 

and the combined treatment with Nutlin-3A (Figure 4.23B). In further support of this, 

Western blot analysis of protein expression (Figure 4.23C) revealed that both single 

and combined treatments in the BAX/BAK DKO cell line failed to activate caspase-3 

and PARP cleavage despite the downregulation of FLIPL and processing of BID to tBID 

(Figure 4.23C, lane 8). This was in contrast to the parental model where expression 

of these cell death markers were readily detectable (Figure 4.23C, lane 4). The 

expression of PUMA was once again most significantly observed in the non-apoptotic  
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Figure 4.23. Assessment of apoptotic cell death following 48 hours of HDAC inhibition and p53 
activation in the presence and absence of BAX and BAK. (A) Microscopy images of HCT116 parental 
and BAX/BAK CRISPR double knockout (BAX/BAK DKO) cells treated with a DMSO control (Con), 2.5 
µM Entinostat (Entino), 5 µM Nutlin-3A (N3A) and their combination for 48 hours. (B) Annexin V flow 
cytometry analysis of HCT116 parental and BAX/BAK DKO cells treated as in A. Graph displays the 
percentage of Annexin V positive cells detected per treatment group. Error bars represent mean ± 
SEM of three independent experiments. Statistical analysis conducted by 2-way ANOVA with p 
values: **p < 0.01. (C) Western blot analysis of protein lysates extracted from samples treated as in 
(A)/(B). Antibodies were used against the indicated proteins with GAPDH serving as a loading control.  



Chapter 4  Results 

 217 

BAX/BAX DKO cells following treatment with Entinostat in combination with Nutlin-

3A (Figure 4.23C, lane 8). 

 

Whilst BAX and BAK are both involved in mitochondrial pore formation, BAX is the 

more well-established p53 transcriptional target which is potently induced in 

response to p53-activating apoptotic stimuli (Toshiyuki and Reed, 1995; Sykes et al., 

2006). Moreover, treatment with HDAC inhibitors has previously been linked to the 

upregulation of BAX protein expression (Subramanian et al., 2005). Therefore, it was 

of interest to ascertain whether deletion of BAX alone could rescue the p53-mediated 

cell death which resulted from HDAC inhibition or FLIPL depletion in combination with 

Nutlin-3A.  

 

HCT116 BAX single knockout cells were utilised alongside their matched parental 

control cells [Materials and Methods; section 2.3.2]. Each cell line was treated with 

2.5 µM Entinostat, 5 µM Nutlin-3A and their combination for a total of 48 hours 

(Figure 4.24). Annexin V/PI flow cytometry was used to assess phenotypic changes in 

cell death (Figure 4.24A) whilst Western blot analysis was performed in parallel to 

assess changes in key apoptotic protein expression (Figure 4.24B). These analyses 

revealed that BAX KO cells indeed have a diminished capacity to undergo apoptotic 

cell death in response to treatment with Entinostat alone and the co-treatment of 

Entinostat and Nutlin-3A. This was first observed by the significant reduction in the 

percentage of BAX KO cells staining positively for Annexin V following treatment with 

Entinostat as a single agent and in combination with Nutlin-3A when compared to 

the corresponding parental controls (Figure 4.24A). Subsequent examination of 

protein expression mirrored this with notable reductions in both PARP cleavage and 

caspase-3 activation (Figure 4.24B). It was also observed that co-treatment with 

Entinostat significantly downregulated the expression of Nutlin-3A-induced FLIPL 

whilst enhancing the acetylation and activation of p53 and its pro-apoptotic target, 

PUMA. Despite this, significant apoptotic cell death was observed in the BAX KO 

model indicating that BAK can compensate to some extent for the loss of BAX. 
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Figure 4.24. Assessment of apoptotic cell death following 48 hours of HDAC inhibition and p53 
activation in the presence and absence of BAX. (A) HCT116 parental and BAX CRISPR knockout (BAX 
KO) cells treated with a DMSO control (Con), 2.5 µM Entinostat (Entino), 5 µM Nutlin-3A (N3A) or 
their combination for 48 hours prior to Annexin V flow cytometry analysis. Graph displays the 
percentage of Annexin V positive cells detected per treatment group. Error bars represent mean ± 
SEM of three independent experiments. Statistical analysis conducted by 2-way ANOVA with p 
values: ***p < 0.001. (B) Western blot analysis of matched protein lysates extracted from samples 
treated as in (A). Antibodies were used against the indicated proteins with GAPDH serving as a 
loading control.  
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Interestingly, the same degree of cell death rescue was not observed in response to 

treatment with siRNA-mediated FLIPL depletion in combination with Nutlin-3A. 

HCT116 BAX KO cells were transfected for 6 hours with either a scrambled control or 

FLIPL-specific siRNA prior to treatment with Nutlin-3A for a further 48 hours (Figure 

4.25). Analysis of cell death was conducted using Annexin V/PI flow cytometry with 

parallel Western blot analysis of matched protein lysates (Figure 4.25A and B). This 

revealed only a slight, albeit statistically significant, attenuation of apoptotic cell 

death. This was demonstrated by the reduced detection of Annexin V stained cells in 

the BAX KO cells following siRNA-mediated FLIPL depletion in combination with 

Nutlin-3A when compared to the matched parental control (Figure 4.25A). At the 

protein level (Figure 4.25B), no obvious difference in PARP cleavage was observed 

between the BAX-deficient and -proficient models, with similar expression patterns 

for FLIPL, p53 and PUMA also detected (Figure 4.25B). Together, these results suggest 

that whilst knocking out both BAX and BAK results in the complete rescue of the cell 

death induced by either siRNA-mediated FLIPL depletion or Entinostat treatment in 

combination with Nutlin-3A, the relative dependency on BAX differs between the two 

treatment combinations.  

 

BAX and BAK mediated mitochondrial pore formation is a well-documented process 

with numerous studies describing the major conformational changes, including 

biochemical and structural alterations, which are necessary to facilitate this process. 

Under homeostatic conditions, BAK is predominantly localised to the mitochondria 

outer membrane whilst BAX is largely present as a cytosolic protein and then 

translocates to the mitochondria upon appropriate apoptotic stimulation (Todt et al., 

2015). Such stimuli are active pro-apoptotic BH3-only proteins which subsequently 

bind and neutralise anti-apoptotic Bcl-2 family proteins (e.g. Bcl-2), as well as directly 

activating BAX and BAK to induce complex structural alterations. Whilst the relative 

importance of neutralisation vs direct activation in terms of apoptosis induction 

remains somewhat a matter of debate, studies have identified preferential activation 

of BAX and BAK by distinct BH3-only proteins. Importantly, this includes an increased 

propensity for the activation of BAX via BIM, whereas BID (tBID) has been shown to 

have a greater affinity for activating BAK (Sarosiek et al., 2013). Since FLIP is a known  
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Figure 4.25. Assessment of apoptotic cell death following 48 hours of FLIPL depletion and p53 
activation in the absence of BAX. (A) HCT116 parental and BAX CRISPR knockout (BAX KO) cells 
transfected with 10 nM FLIPL specific siRNA (si FLIPL) alongside a scrambled control (siScr) for 6 hours 
followed by treatment with 5 µM Nutlin-3A (N3A) for a further 48 hours. Graph displays the 
percentage of Annexin V positive cells detected per treatment group. Error bars represent mean ± 
SEM of three independent experiments. Statistical analysis conducted by 2-way ANOVA with p values: 
*p < 0.05. (B) Western blot analysis of matched protein lysates extracted from samples treated as in 
(A). Antibodies were used against the indicated proteins with GAPDH serving as a loading control.  
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regulator of BID processing, and therefore BAK activation, this may explain why BAX 

knockout alone was insufficient to substantially rescue the cell death induced by 

siFLIPL in combination with Nutlin-3A (Figure 4.25). In contrast, Entinostat has 

previously been shown to upregulate the expression of BIM (Zhou, Konopleva and 

Andreeff, 2008) (as well as BAX itself) thus potentially promoting BAX-dependent 

mitochondrial activation. This provides a rationale for the significant reduction in cell 

death observed following treatment with Entinostat and Nutlin-3A in the HCT116 BAX 

knockout cell line (Figure 4.24).  

 

In order to further investigate this, BIM expression was first assessed in response to 

HDAC inhibition and p53 activation. HCT116 cells were treated with 2.5 µM 

Entinostat, 5 µM Nutlin-3A and their combination for 24 or 48 hours prior to protein 

extraction and Western blot analysis (Figure 4.26A). In agreement with previous 

studies, treatment with Entinostat indeed resulted in the marked increase of BIM 

expression (Figure 4.26A). This coincided with increased detection of acetylated 

Histone-3 which was probed as a marker of effective HDAC inhibition. Whilst 

treatment with Entinostat as a single agent appeared to induce BIM expression to a 

greater extent than when combined with Nutlin-3A, this may be as a consequence of 

the previously observed cell death induced by this combination treatment (Figure 

4.26A). However, the relative contribution of BIM to this induction of cell death 

remained to be investigated.  

 

Therefore, HCT116 cells were reverse transfected with a BIM-specific siRNA or a 

scrambled control (siScr) for 24 hours prior to treatment with 2.5 µM Entinostat, 5 

µM Nutlin-3A and their combination for a further 48 hours (Figure 4.26B). 

Interestingly, Western blot analyses revealed that silencing BIM resulted in the partial 

attenuation of the cell death observed in response to treatment with Entinostat as a 

single agent. This was demonstrated by reduced PARP cleavage and caspase-3 

activation in BIM-silenced cells in the single agent Entinostat arm relative to the 

control, siScr/Entinostat treated sample (Figure 4.26B, lane 6 vs lane 2). The residual 

cell death observed following BIM knockdown and Entinostat treatment may be 

attributed to caspase-8 and BID activation following Entinostat-mediated FLIPL  
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Figure 4.26. Assessment of BIM silencing on the cell death induced by 48 hours of HDAC inhibition 
and p53 activation. (A) Western blot analysis of protein expression in HCT116 parental cells treated 
a DMSO control (Con), 2.5 µM Entinostat (Entino), 5 µM Nutlin-3A (N3A) or their combination for 24 
hours (left) and 48 hours (right). Antibodies were used against the indicated proteins with GAPDH 
serving as a loading control. (B) Western blot analysis of protein expression in HCT116 parental cells 
transfected with a BIM specific siRNA (siBIM) alongside a scrambled control (siScr) for 24 hours prior 
to treatment with a DMSO control (Con), 2.5 µM Entinostat (Entino), 5 µM Nutlin-3A (N3A) or their 
combination for 48 hours. Antibodies were used against the indicated proteins with GAPDH serving 
as a loading control.  
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depletion, as indicated by the reduced expression of these full length proteins (Figure 

4.26B, lane 6). In contrast to the single agent cell death rescue, silencing BIM in 

combination with co-treatment Entinostat and Nutlin-3A failed to attenuate the 

apoptotic response (Figure 4.26B, lane 8). No notable decreases in PARP cleavage or 

caspase-3 activation were observed following BIM knockout in the co-treated cells, 

with similar levels of FLIPL, caspase-8 and BID processing detected regardless of BIM 

expression (Figure 4.26B, lane 8 vs lane 4). 

 
These findings suggest that whilst BIM may be involved in the single agent Entinostat-

induced cell death response, other Nutlin-3A driven p53-dependent mechanisms are 

predominantly involved in response to the combination treatment which elicit a 

mitochondrial response. For example, PUMA and NOXA are two well established, 

pro-apoptotic, p53-induced BH3-only proteins which have been identified as key 

regulators mitochondrial outer membrane permeabilization and ultimately cell death 

(Villunger et al., 2003; Shibue et al., 2006; Michalak et al., 2008). In support of this, 

Western blot analyses carried out throughout this chapter have, in fact, suggested a 

key role for PUMA in contributing to the cell death resulting from FLIPL depletion in 

the presence of p53 activation. Co-treatment with Entinostat and Nutlin-3A or siRNA-

mediated FLIPL depletion in combination with Nutlin-3A resulted in the distinct 

upregulation of this BH3-only protein, with the most pronounced expression 

observed following the combination treatments in non-dying cells. This suggested a 

central role for PUMA in facilitating the p53-dependent mitochondrial induced 

response. However, interpreting the relative contribution of mitochondrial 

associated proteins is somewhat difficult to assess in caspase-8/-10 proficient cells as 

crosstalk between the extrinsic and intrinsic apoptotic also results in direct 

mitochondrial engagement.  

 

Therefore, in order to investigate the role of various BH3-only proteins, an RNA 

interference experiment was performed in the HCT116 Casp8 Null/Casp10 Null cell 

line. Cells were reverse transfected with 5 nM of siRNA targeting either NOXA, BIM 

or PUMA, alone and in combination with each other, alongside a scrambled control 

for 24 hours. Due to the various combinations of knockdown required, each sample 
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was transfected with a total of 15 nM siRNA by addition of the non-targeting, 

scrambled control. Following transfection, samples were treated with the cell death 

inducing combination of Entinostat and Nutlin-3A alongside a DMSO control sample 

for a further 48 hours (Figure 4.27). As expected, Western blot analysis revealed that 

Casp8 Null/Casp10 Null cells underwent a considerable amount of cell death when 

transfected with siScr prior to the co-treatment of Entinostat and Nutlin-3A (Figure 

4.27A, lane 2). This was observed by the substantial degree of PARP cleavage and 

caspase-3 activation which were detected in parallel with decreased FLIPL expression 

and increased BIM, PUMA and NOXA expression when compared to the DMSO 

treated control (Figure 4.27A, lane 2 vs lane 1). Varying degrees of cell death rescue 

were subsequently observed in response to the silencing of the specific BH3-only 

proteins either alone or in combination. Whilst the siRNA mediated knockdown of 

either NOXA or BIM alone failed to significantly reduce the cell death induced by 

Entinostat and Nutlin-3A, silencing PUMA resulted in considerable cell death rescue 

(Figure 4.27A). This was demonstrated by the lack of detection of cleaved caspase-3 

which also coincided with significant reductions in PARP cleavage in all siPUMA 

treated samples (Figure 4.27A). These results were further supported by matching 

quantitative caspase-3/-7 activity data generated using the Caspase-3/7 Glo assay 

(Figure 4.27B) [Materials and Methods; section 2.15]. This analysis demonstrated 

that silencing PUMA most notably reduced caspase-3/7 activity levels, with further 

attenuation observed upon co-deletion of BIM (Figure 4.27B). Together these data 

suggest that whilst a certain degree of redundancy may exist with regards to the cell 

death inducing role of individual BH3-only proteins, the most substantial contributor 

to this process appears to be PUMA. 
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Figure 4.27. Assessment of BH3-only protein silencing on the cell death induced by 48 hours of HDAC 
inhibition and p53 activation. (A) Western blot analysis of protein expression in HCT116 
Casp8/Casp10 Null cells transfected with 5 nM of NOXA, BIM and PUMA specific siRNA’s (siNOXA, 
siBIM, siPUMA), alone and in the indicated combinations, alongside a scrambled control (siScr) for 24 
hours prior to treatment with a DMSO control (Con), 2.5 µM Entinostat (Entino) in combination with 
5 µM Nutlin-3A (N3A) for 48 hours. Antibodies were used against the indicated proteins with GAPDH 
serving as a loading control. (B) Caspase-3/7 Glo assay performed in matched HCT116 Casp8/Casp10 
Null sample lysates treated as in (A). 
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4.4.7 Assessing the role of PUMA as a p53-dependent regulator of cell fate induced 
by HDAC inhibition/FLIPL depletion and Nutlin-3A 

 
Given the observed role of PUMA as a predominant regulator of the cell death 

induced by the co-treatment of Entinostat and Nutlin-3A, further mechanistic 

analyses were performed across the four caspase-8/-10 proficient and deficient 

models. Each cell line (Casp8 WT/Casp10 WT, Casp8 WT/Casp10 Null, Casp8 

Null/Casp10 WT and Casp8 Null/Casp10 Null) was reverse transfected with either a 

PUMA-specific siRNA or a scrambled control (siScr) for 24 hours prior to treatment 

with either a DMSO control or 2.5 µM Entinostat in combination with 5 µM Nutlin-3A 

for a further 48 hours (Figure 4.28). As the experimental objective was primarily to 

assess rescue of cell death consequent to the silencing of PUMA, only the cell death 

inducing combination of Entinostat and Nutlin-3A was analysed alongside a DMSO 

control. As expected, Western Blot analysis revealed the induction of cell death 

across all four models following co-treatment of Entinostat and Nutlin-3A. This was 

observed by the detection of PARP cleavage and caspase-3 activation which occurred 

in parallel with FLIPL depletion and p53 activation (Figure 4.28). The upregulation of 

PUMA was most apparent following the combination treatment in the caspase-8-

deficient cells (Figure 4.28, lanes 12 and 16). Nevertheless, silencing PUMA in 

combination with co-treatment of Entinostat and Nutlin-3A markedly reduced the 

detection of cleaved caspase-3 across all models. However, PARP cleavage was still 

observed in all siPUMA pre-treated combination samples, albeit to a slightly reduced 

degree when compared to the siScr controls (Figure 4.28). This was most pronounced 

in the caspase-8/-10 deficient cells suggesting the most pronounced degree of cell 

death rescue in this model. 

 

More detailed analysis was therefore performed in the HCT116 Casp8 Null/Casp10 

Null model, which were transfected as before with either 10 nM of a PUMA-specific 

siRNA or a scrambled control for 24 hours prior to treatment with either 2.5 µM 

Entinostat, 5 µM Nutlin-3A or their combination for a further 48 hours (Figure 4.29). 

Annexin V/PI flow cytometry was carried out in order to assess the levels of cell death 

induction (Figure 4.29A) with matched Western blot analysis of protein expression 
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Figure 4.28. Assessment of PUMA silencing on the cell death induced by 48 hours of HDAC inhibition 
and p53 activation. Western blot analysis of protein expression in HCT116 parental and caspase-8/10 
single and double knockout cells transfected with 10 nM PUMA specific siRNA (siPUMA) alongside a 
scrambled control (siScr) for 24 hours prior to treatment with a DMSO control (Con), 2.5 µM 
Entinostat (Entino) in combination with 5 µM Nutlin-3A (N3A) for 48 hours. Antibodies were used 
against the indicated proteins with GAPDH serving as a loading control.  
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Figure 4.29. Assessment of PUMA silencing on the cell death induced by 48 hours of HDAC 
inhibition and p53 activation in the absence of caspase-8 and caspase-10. (A) HCT116 Casp8/10 
Null cells were transfected with 10 nM PUMA specific siRNA (siPUMA) alongside a scrambled control 
(siScr) for 24 hours followed by treatment with a DMSO control (Con), 2.5 µM Entinostat (Entino), 5 
µM Nutlin-3A (N3A) or their combination for 48 hours prior to Annexin V flow cytometry analysis. 
Graph displays the percentage of Annexin V positive cells detected per treatment group. Error bars 
represent mean ± SEM of three independent experiments. Statistical analysis conducted by 2-way 
ANOVA with p values: *p < 0.05. (B) Western blot analysis of matched protein lysates extracted from 
samples treated as in (A). Antibodies were used against the indicated proteins with GAPDH serving 
as a loading control 
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also performed (Figure 4.29B). This indeed revealed that silencing PUMA prior to co-

treatment with Entinostat and Nutlin-3A significantly, albeit incompletely, rescued 

the resulting cell death. Detection of Annexin V positive cells was reduced by around 

50% between the co-treated sample transfected with siPUMA versus the siScr control 

indicating that, although reduced, cell death can still proceed in the absence of 

caspase-8/-10 and PUMA (Figure 4.29A). Interestingly, the cell death elicited by 

Entinostat as a single agent was also reduced by silencing the expression of PUMA, 

however this did not reach statistical significance (Figure 4.29A).  

 

The quantitative results achieved using flow cytometry were subsequently supported 

at the protein level. Western blot analysis demonstrated that both PARP cleavage 

and activation of caspase-3 was markedly reduced in PUMA deficient cells treated 

with Entinostat and Nutlin-3A compared to the PUMA proficient counterparts (Figure 

4.29B, lane 8 vs lane 4). The detection of cleaved PARP in the Entinostat treated, 

PUMA expressing cells was also notably attenuated by loss of PUMA (Figure 4.29B, 

lane 6 vs lane 2). Together, this suggests that whilst expression of this BH3-only 

protein significantly enhances the cell death induced by Entinostat in combination 

with Nutlin-3A, other proteins also contribute. 

 
Further analyses were performed across all four caspase-8/-10 proficient and 

deficient models in order to assess the impact of silencing PUMA on apoptotic 

signalling following siRNA-mediated FLIPL depletion and p53 activation. Each cell line 

(Casp8 WT/Casp10 WT, Casp8 WT/Casp10 Null, Casp8 Null/Casp10 WT and Casp8 

Null/Casp10 Null) was reverse transfected with 10 nM of a PUMA specific siRNA 

alongside a scrambled control (siScr) for 24 hours. This was followed by a 6 hour 

forward transfection of either siScr or siFLIPL prior to treatment with DMSO or 5 µM 

Nutlin-3A respectively for a further 48 hours (Figure 4.30). Again, as the experimental 

objective was to assess cell death rescue, only the cell death inducing combination of 

siFLIPL and Nutlin-3A was analysed alongside a siScr and DMSO control. Western blot 

analysis revealed that, as previously observed, 48 hours treatment with Nutlin-3A in 

FLIPL-depleted cells resulted in the induction of cell death across all caspase-8/-10 

proficient and deficient models (Figure 4.30). This was demonstrated by the  
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Figure 4.30. Assessment of PUMA silencing on the cell death induced by 48 hours of FLIPL depletion 
and p53 activation. HCT116 parental and caspase-8/10 single and double knockout cells transfected 
with 10 nM PUMA specific siRNA (siPUMA) alongside a scrambled control (siScr) for 24 hours. This 
was followed by a 6-hour transfection with either 10 nM siScr or 10 nM of a FLIPL specific siRNA (si 
FLIPL). FLIPL depleted samples were then treated with 5 µM Nutlin-3A (N3A) for a further 48 hours 
prior to Western blot analysis of protein expression. Antibodies were used against the indicated 
proteins with GAPDH serving as a loading control.  
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detection of PARP cleavage and caspase-3 activation which coincided with reduced 

FLIPL expression. However, the levels of these apoptotic markers were notably 

reduced in the caspase-8 single and caspase-8/10 double knockout models (Figure 

4.30). Silencing PUMA prior to treatment with siFLIPL and Nutlin-3A resulted in the 

reduced activation and processing of capsase-3 across all four models. In agreement 

with previous findings, the expression of PUMA was most predominantly detected in 

the caspase-8-deficient cell lines in response to treatment with siFLIPL and Nutlin-3A. 

Subsequently, silencing PUMA in these cell lines resulted in the most notable rescue 

of cell death. This was observed by the complete loss of cleaved caspase-3 detection 

which also correlated with the total attenuation of PARP cleavage (Figure 4.30, lanes 

12 and 16). In contrast, the partial attenuation of caspase-3 processing observed in 

the caspase-8 proficient cells failed to decrease PARP cleavage (Figure 4.30, lanes 4 

and 8). This suggests that sufficient caspase-3 activation is induced in response to 

treatment in the caspase-8 proficient cells which is able to drive cell death 

independently of PUMA. On the other hand, the cell death induced by siFLIPL and 

Nutlin-3A in the caspase-8 deficient cells appears to require cooperation between 

caspase-10 and PUMA.  

 
Subsequent examination of the role PUMA in siFLIPL and Nutlin-3A-mediated cell 

death was therefore carried out in the Casp8 Null/Casp10 Null cell line. Cells were 

again reverse transfected with 10 nM of a PUMA-specific siRNA or a scrambled 

control (siScr) for 24 hours. This was followed by a 6 hour forward transfection with 

either siScr or siFLIPL prior to treatment with DMSO or 5 µM Nutlin-3A for a further 

48 hours (Figure 4.31). Quantitative analysis of cell death was then performed using 

Annexin V/PI flow cytometry (Figure 4.31A) with matched Western blot analysis 

(Figure 4.31B) providing further insight into the proposed mechanism of action. 

Notably, this revealed that silencing PUMA completely rescued the residual cell death 

observed in this caspase-8/-10-deficient model following 48 hours of treatment with 

siFLIPL and Nutlin-3A. A significant reduction in the percentage of Annexin V positive 

cells was observed when cells treated siFLIPL and Nutlin-3A were first pre-treated 

with siPUMA versus the siScr treated control (Figure 4.31A). This again correlated 

with the loss of caspase-3 activation and PARP cleavage both of which were notably  
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Figure 4.31. Assessment of PUMA silencing on the cell death induced by 48 hours of FLIPL depletion 
and p53 activation in the absence of caspase-8 and caspase-10. (A) HCT116 Casp8/10 Null cells were 
transfected with 10 nM of a PUMA specific siRNA (siPUMA) alongside a scrambled control (siScr) for 
24 hours. Following this cells were transfected with 10 nM of a FLIPL specific siRNA (siFLIPL) alongside 
a scrambled control (siScr) for 6 hours. Cells were then treated with 5 µM Nutlin-3A (N3A) for a 
further 48 hours prior to Annexin V flow cytometry analysis. Graph displays the percentage of 
Annexin V positive cells detected per treatment group. Error bars represent mean ± SEM of three 
independent experiments. Statistical analysis conducted by 2-way ANOVA with p values: **p < 0.01. 
(B) Western blot analysis of matched protein lysates extracted from samples treated as in (A). 
Antibodies were used against the indicated proteins with GAPDH serving as a loading control. 
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induced alongside the expression of PUMA in the siScr control cells following 

treatment with siFLIPL and Nutlin-3A (Figure 4.31B, lane 8 vs lane 4). Interestingly, in 

the siScr pre-treated cells, the enhanced expression of PUMA which was observed 

following treatment with siFLIPL and Nutlin-3A also coincided with the decreased 

expression of p21 when compared to the Nutlin-3A treated sample alone. In 

agreement with previous observations (Figure 4.18), this suggests that the Nutlin-3A 

induced upregulation of FLIPL may regulate the expression of p53 transcriptional 

targets. Importantly, as the expression of p21 was also downregulated in the siPUMA 

pre-treated cells (i.e. non-apoptotic cells) this does not appear to a consequence of 

cell death.  

 
In light of this observation, RT-qPCR analysis was performed in the Casp8 Null/Casp10 

Null cell line to assess the treatment induced transcriptional changes of these core 

p53 targets. Cells were transfected for 6 hours with either siScr or siFLIPL prior to 

treatment with Nultin-3A for a further 48 hours. Samples were then harvested, mRNA 

extracted and target gene expression quantified using RT-qPCR [Materials and 

Methods, section 2.13.5]. The results presented in Figure 4.32 demonstrate that 

silencing FLIPL enhances the expression of Nutlin-3A-induced BBC3/PUMA mRNA 

(Figure 4.32A) whilst concomitantly suppressing CDKN1A/p21 mRNA induction 

(Figure 4.32B). This reciprocal relationship supports the observations made at the 

protein level and suggests a novel feedback mechanism whereby p53-induced FLIPL 

acts to suppress PUMA-mediated apoptosis in favour of p21-mediated cell cycle 

arrest.  
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Figure 4.32. Assessment of gene expression following 48 hours of FLIPL depletion and p53 
activation in the absence of caspase-8 and caspase-10. qRT-PCR analysis of PUMA (A), p21 (B) and 
FLIPL (C) mRNA expression in HCT116 Casp8/10 Null cells transfected with 10 nM of a FLIPL specific 
siRNA (siFLIPL) alongside a scrambled control (siScr) for 6 hours prior to treatment with 5 µM Nutlin-
3A (N3A) for a further 48 hours. Graphs display the fold change in mRNA expression relative to 
siScr/control treated sample. Error bars represent mean ± SEM of four independent experiments 
performed in technical triplicate. Statistical analysis conducted by Students paired t-test with p 
values: *p < 0.05.  
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4.5 Conclusions  
 
The work presented in this chapter aimed to build on the findings reported in Chapter 

3 by extending analyses to a later treatment time point in order to identify and 

delineate cell death pathways activated by sustained HDAC inhibition (Entinostat) 

alone and in combination with p53 activation (Nutlin-3A) (Figure 4.33). As 

demonstrated in Chapter 3, the cell death regulatory protein FLIPL was integral to the 

cell death elicited by the co-treatment of Entinostat and Nutlin-3A at 24 hours. Thus, 

siRNA-mediated FLIPL depletion was also utilised in combination with p53 activation 

in order to further evaluate the contribution of FLIPL in the 48 hour treatment-

induced response.  

 

Analyses revealed that following 48 hours of HDAC inhibition alone or in combination 

with Nutlin-3A, cell death was induced in a p53-dependent manner. This occurred 

despite the p53-independent effects of HDAC inhibition elicited at this time point 

which otherwise predominantly resulted in growth arrest. Importantly, the p53-

dependent cell death initiated by Entinostat and Nutlin-3A was found to proceed 

independently of caspase-8 at this 48 hour time point. Interestingly, the cell death 

initiated by siRNA mediated FLIPL depletion in combination with Nutlin-3A was also 

found to occur in a p53-dependent, caspase-8-independent manner. The role of the 

caspase-8 and FLIPL paralog and p53 target, caspase-10 was therefore examined in 

response to both treatment regimens (Entinostat/Nutlin-3A and siFLIPL/Nutlin-3A) in 

order to determine if this apical caspase could potentially compensate for the loss of 

caspase-8 expression and function. The results presented in this chapter correlate 

with the complex role of caspase-10 as reported elsewhere in the literature, with 

seemingly paradoxical roles in the regulation of apoptotic cell death. These findings 

suggest that in the presence of caspase-8, caspase-10 can act in a cell death inhibitory 

manner, as knockout of caspase-10 alone enhanced the sensitivity of HCT116 cells to 

both Entinostat/Nutlin-3A and siFLIPL/Nutlin-3A at the 24 hour timepoint. 

Conversely, in cells lacking caspase-8 expression, co-deletion of caspase-10 

surprisingly attenuated the cell death induced by both treatment regimens. However, 

due to convergent mechanisms operating at a later timepoint, this cell death rescue 
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was only observed following 24 hours of treatment with Entinostat/Nutlin-3A. In 

contrast, co-deletion of caspase-10 in caspase-8-deficient cells significantly rescued 

the cell death induced by 48 hours of siFLIPL/Nutlin-3A. This suggests that caspase-10 

can indeed compensate for loss of caspase-8 in order to drive apoptosis when levels 

of FLIPL are suitably depleted and p53 is activated, albeit less efficiently.  

 

Remarkably, even in the absence of both caspase-8 and caspase-10 (and other 

extrinsic apoptotic pathway components such as TRAIL-R2/DR5, FADD and BID), 

apoptosis was still observed in response to 48 hour siRNA mediated FLIPL depletion 

in combination with Nutlin-3A. Similarly, a prominent lack of extrinsic pathway 

dependency was observed following treatment with Entinostat and Nutlin-3A at this 

48 hour time point. This was not entirely surprising given the role of HDAC inhibitors 

in simultaneously regulating other cellular proteins and pathways including those 

involved mitochondrial activation (Zhang and Zhong, 2014). Further investigation 

revealed that intrinsic apoptosis is initiated following 48 hours of Entinostat and 

Nutlin-3A co-treatment, with specific BH3-only proteins identified as significant 

effectors of this process. Entinostat was found to upregulate the expression of both 

BIM and PUMA whilst Nutlin-3A induced the expression of both NOXA and PUMA in 

a p53-dependent manner. Indeed, in cells lacking extrinsic pathway activation 

(caspase-8/10 DKO), depletion of PUMA alone was sufficient to significantly 

attenuate the cell death induced by this treatment combination. Surprisingly, the 

residual cell death observed following treatment with siFLIPL and Nutlin-3A in 

caspase-8/10 DKO cells was also significantly attenuated by silencing the expression 

of PUMA. This revealed a somewhat unexpected role for FLIPL in regulating the 

intrinsic apoptotic pathway. This was demonstrated in caspase-8/10 DKO cells by the 

apparent switch in p53 target expression upon FLIPL depletion in Nutlin-3A treated 

cells. Under these conditions, expression of the p53-dependent pro-apoptotic 

protein PUMA was considerably upregulated whilst p53-dependent p21 expression 

was notably decreased. Moreover, these findings were mirrored at the mRNA level. 

This suggests a hitherto unreported function for FLIPL in the regulation of p53 

transcriptional targets.  
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As previously presented in Chapter 3, results generated as part of this thesis 

identified a ligand independent TRAIL-R2/DR5 complex comprised of both caspase-8 

and FLIPL. However, the precise location and function of this complex remain to be 

determined. Interestingly, a recent study has demonstrated that tumour cells can 

employ nuclear caspase-8 to over-ride the p53-dependent G2/M cell-cycle 

checkpoint in response to DNA damage in order to facilitate survival (Müller et al., 

2020). This was reportedly mediated through nuclear caspase-8 dependent USP28 

cleavage, a known regulator of p53 which normally functions to enhance its stability 

(Cuella-Martin et al., 2016). Similarly, since FLIPL is a well described regulator of 

caspase-8 that has also been detected in the nucleus, the FLIPL-dependent regulation 

of p53’s transcriptional output may be related to the formation of the 

aforementioned Nutlin-3A-induced complexes residing in the nucleus.  

 

Together these results suggest a pro-survival function for FLIPL outside its normal 

interactome which involves p53 target regulation. In response to Nutlin-3A-induced 

p53 activation, FLIPL appears to suppress the expression of pro-apoptotic PUMA (and 

potentially other targets) in favour of p21 (and potentially other cell-cycle inhibitors), 

thus promoting cell survival and inhibiting commitment to apoptosis. In the context 

of p53 activating DNA damage, this would “buy the cell time” to attempt to repair 

the damaged DNA. In this setting, p53 can continue to increase the expression 

of its pro-apoptotic protein targets, which are then primed to induce cell death if the 

DNA damage is irreparable. This is in agreement with studies that have proposed 

an ‘apoptotic-threshold’ mechanism in which the balance between anti- and pro-

apoptotic protein induction must be tipped in favour of pro-apoptotic proteins in 

order for cell death to proceed (Kracikova et al., 2013). To this end, the ability of p53 

to upregulate the expression of FLIPL may be a crucial node in the blockade of rapid 

induction of apoptosis by inhibiting activation of both the extrinsic pathway 

(mediated by caspase-8/10 inhibition) and the intrinsic pathway (mediated by 

suppression of p53-induced PUMA expression). Whilst this may be a potentially 

favourable response in non-transformed homeostatic cells to ensure cell death does 

not proceed en masse, the induction of this FLIPL mediated apoptotic blockade may 

in fact contribute to the emergence of resistance following DNA-damaging 
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chemotherapeutic interventions in the treatment of cancer cells retaining wild-type 

p53 expression.  

 

Importantly, the results presented throughout this chapter demonstrate that 

Entinostat can effectively abolish the anti-apoptotic functions of FLIPL in order to 

induce colorectal cancer cell death in a p53-dependent manner, both as a single 

agent and in combination with Nutlin-3A.  At the heart of this synergy with Nutlin-3A 

mediated p53 stabilisation are interactions between various BH3 proteins such as 

BIM, PUMA and BAX which drive MOMP and thereby promote the induction of cell 

death. At this later time point of 48 hours, there appears to be a convergence of 

mechanisms which results in signal amplification from the extrinsic cell death 

pathway and potent induction of mitochondrial induced cell death. In the first 

instance, Nutlin-3A induces the formation of a ligand-independent death inducing 

signalling complex which, upon Entinostat or siRNA mediated FLIPL depletion, results 

in the activation and processing of caspase-8/-10 and subsequent cleavage of BID to 

form tBID. Concomitant upregulation of BIM upon Entinostat treatment further 

facilitates mitochondrial engagement in parallel with tBID. Additionally, Nutlin-3A 

also potently induces the expression of p53-dependent mitochondrial associated 

proteins such as BAX and PUMA, the latter of which is enhanced further following 

Entinostat- or siRNA-mediated FLIPL depletion. This ultimately leads to BAX/BAK-

mediated MOMP and commitment to cell death.  

 

Importantly, by delineating possible mechanisms of action for the cell death induced 

by Entinostat in combination with Nutlin-3A, this work highlights areas of potentially 

direct translational impact in the treatment of p53 wild-type colorectal cancer. For 

example, as treatment with Nutlin-3A has been hampered in the translational setting, 

alternative mechanisms of p53 activation may be utilised clinically in combination 

with HDAC inhibition. Indeed, standard-of-care treatments in colorectal cancer such 

as  radio- and chemo-therapy are known to stabilise and activate p53 therefore 

combining these treatment regimens with Entinostat may further sensitise tumours 

to cell death and potentially attenuate the development of resistance by lowering 

the p53-induced apoptotic threshold. Moreover, combining Entinostat with 2nd 
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generation Nutlin-3A-like compounds may aid in their clinical relevance and 

translational impact.  

 

The use of BH3 mimetics in combination with Nutlin-3A and/or Entinostat also 

represents a potentially translatable avenue for clinical application as this work has 

demonstrated critical convergence on the intrinsic apoptotic pathway. BH3 mimetics, 

such as the clinically approved compound ABT199/ Venetoclax, act as small molecule 

inhibitors of the anti-apoptotic BCL2-family proteins and have been shown to induce 

intrinsic apoptosis through the subsequent activation of MOMP (Merino et al., 2018). 

In this chapter, both MDM2- and HDAC-inhibition have been shown to regulate the 

expression of various BH3 proteins such as PUMA and BIM thus combining these 

agents with BH3 mimetics may further enhance the cell death response in p53 

proficient tumours.  

 

The work described in this chapter also highlights a key role for the cell death 

regulatory protein, FLIPL, in facilitating the synergistic induction of apoptosis 

mediated by HDAC inhibition and p53 activation. FLIPL appears to regulate p53 

induced cell death at multiple levels – by attenuating extrinsic apoptosis and by 

modulating the p53-induced expression of intrinsic apoptosis related proteins. 

Combining treatments which attenuate the expression of FLIPL may therefore 

represent a viable clinical approach with treatments which active p53 such as DNA-

damage inducing agents and radiation. To this end, our lab has developed first in class 

small molecule inhibitors of FLIP which have shown preclinical efficacy in 

combination with Nutlin-3A and chemotherapy in models of p53 wild-type colorectal 

cancer.  
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5.1 Overall Discussion and conclusions 
 

Cancer is a multifaceted global health burden that requires immediate and extensive 

action. According to the World Health Organisation around one in six deaths are 

attributed to this disease worldwide, making it the second leading cause of human 

mortality (WHO, 2018). In order to reduce the immense suffering, loss and socio-

economic impact caused by this devastating disease, scientists must continue to 

develop and expand the current therapeutic armamentarium in the fight against 

cancer. This includes identifying genetic determinants of cancer risk and 

predisposition, developing innovative early detection methods and applying a more 

patient-personalised approach to cancer treatment strategies in the era of precision 

medicine.  

 

Precision medicine aims to exploit a patient’s individual cancer cell vulnerabilities in 

order to design treatment strategies which most effectively induce tumour cell death 

whilst sparing the body’s healthy tissues. The clinical implementation of this 

approach requires an in-depth understanding of complex cellular biology in order to 

develop targeted therapies with precise mechanisms-of-action and identify robust 

biomarkers which indicate the likelihood of a successful response. Such therapies 

usually involve the activation of cancer cell-specific apoptosis, a hallmark pathway 

which is frequently dysregulated during neoplastic transformation. However, the 

success of such targeted treatments is often hampered by drug resistance, either 

inherent or acquired, which adds an additional layer of complexity to the 

development and application of effective therapeutic strategies.  

 

The work carried out in this thesis explored the rationale of specifically targeting p53 

wild-type tumours with the aim of reactivating its latent tumour suppressive activity 

in order to induce apoptosis and colorectal cancer cell death. Mechanistic analyses 

of the cell death pathways activated in response to treatment subsequently 

uncovered novel cellular biology and mechanisms of resistance which have important 

implications for future research aimed at therapeutically exploiting the tumour 

suppressor p53. 
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p53 is widely recognised as the most frequently mutated gene in human cancer with 

approximately 50% of tumours harbouring mutations which inactivate the wild-type 

protein function. Conversely, a significant number of tumours actually retain wild-

type p53 expression and must therefore dampen its response through alternative 

mechanisms, e.g. MDM2 amplification (Liu et al., 1993).  

 

Indeed the MDM2/p53 axis is the best described and most prominent means through 

which p53 activity is regulated at the cellular level. As previously discussed [Chapter 

1 Introduction; section 1.4.3.], MDM2 regulates p53 activity and expression through 

the addition of post-translational modifications, namely ubiquitination. 

Ubiquitination of p53 at specific residues targets it for degradation by the UPS, 

prevents co-factor activation and prevents the nuclear translocation of p53 thus 

inhibiting its function as a tumour suppressive transcription factor. MDM2 

amplification has been reported in multiple cancer models including sarcomas (Oliner 

et al., 1992), lung cancer (Higashiyama et al., 1997) and colorectal cancer (Forslund 

et al., 2008). MDM2 over-expression has also been linked to poor prognosis and 

increased chemotherapeutic resistance (Oliner, Saiki and Caenepeel, 2016). 

Moreover, a single nucleotide polymorphism in the MDM2 promoter has been shown 

to enhance its expression by creating a binding site for the transcription factor SP1 

(Bond et al., 2004). The subsequent increase in MDM2 protein expression abrogates 

p53 activity and accelerates tumour development. Activation of proto-oncogenes 

such as Akt can also active MDM2 through phosphorylation which again attenuates 

p53 activity (Gottlieb et al., 2002) .  

 
Conversely,  the MDM2/p53 axis is also regulated by p14ARF which acts as a tumour 

suppressor and key sensor of hyperproliferative stress. p14 ARF sequesters MDM2 in 

the nucleolus following aberrant mitogenic signalling of oncogenic activation which 

therefore stabilises p53 expression and promotes tumour suppression (Stott et al., 

1998). Indeed, p14ARF deficient mice are highly tumour prone which highlights the 

importance of this pathway in tumour surveillance (Kamijo T et al., 1999). Expression 

of p14 ARF is frequently lost or attenuated in tumour cells through mutation, deletion, 

increased epigenetic silencing by promoter methylation, overexpression of splice 
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variants and negative regulation by the oncogenic transcription factors such as TWIST 

(reviewed in (Sherr and Weber, 2000)). The function of p14ARF is abrogated in around 

5% of colorectal cancers predominantly through mutation, deletion and promoter 

methylation (TCGA). Interestingly, whilst loss of p14 ARF function may potentiate 

tumour progression through dysregulation of p53, over-expression of p14ARF has 

been correlated with mutant p53 expression making the use of p14ARF as a prognostic 

biomarker somewhat controversial (Inoue and Fry, 2018).  

 

Importantly, p53 is also heavily regulated by multiple cellular proteins which 

modulate its post-translational modification status. Such proteins can either enhance 

or inhibit its tumour suppressive activity and therefore represent potential 

therapeutic targets for the activation of p53 in cancer cells. p53 phosphorylation by 

the DNA-damage response kinases Ataxia-telangiectasia-mutated (ATM) and ataxia 

telangiectasia and Rad3-related (ATR) and checkpoint kinases 1 and 2 (Chk1/CHEK1, 

Chk2/CHEK2) is critically important for its tumour suppressive function as this blocks 

the negative interaction with MDM2 and promotes activatory co-factor binding 

(Banin et al., 1998; Tibbetts et al., 1999; Shieh et al., 2000). Conversely, 

phosphorylation induced p53 activation is repressed by the phosphatase, 

WIP1/PPM1D which adds another degree of complexity to the regulation of p53 

(Bulavin, 2002). In addition to phosphorylation dependent regulation, acetylation 

plays a critical role in modulating p53 activity and downstream pathway activation. 

Acetylation induced by acetyltransferases such as p300, CBP (CREB-binding protein) 

and PCAF (p300/CBP-associated factor complex) is critical for the transcriptional 

activity of p53 (Tang et al., 2008). Moreover, acetylation at specific residues has been 

shown to promote the activation of p53 in favour of cell cycle arrest or apoptosis 

(Sykes et al., 2006). Acetylation has also been shown to inhibit the interaction of 

negative regulators of p53 activity such as the proto-oncogene SET (D. Wang et al., 

2016). p53 acetylation is antagonised by the action of histone deacetylases (HDAC) 

which, unsurprisingly, abrogate its tumour suppressive function (Juan et al., 2000).  

As previously discussed [Chapter 1 Introduction; section 1.5.2.1.], HDAC’s are 

frequently overexpressed in cancer which as lead to the development and clinical 

application of class-specific HDAC inhibitors (Li and Seto, 2016).    
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Thus, targeting the p53 network in tumours has enormous potential as a therapeutic 

strategy. However, despite the development of selective agents aimed at stabilising 

and activating p53 (such as the MDM2 inhibitor, Nutlin-3A) these compounds have 

failed to be successfully translated into clinical utility. Although potent in their ability 

to regulate p53 expression, the primary outcome in response to these agents is 

typically the induction of cell-cycle arrest rather than cell death (Shangary and Wang, 

2009). Elucidating mechanisms which preferentially regulate the induction of cell 

death in response to p53 activating agents is therefore a highly attractive approach 

for the treatment of p53 wild-type cancers.  

 

5.1.1 Loss of FLIPL expression leads to p53-mediated apoptosis in response to 
MDM2 inhibition 

 

Building on work previously carried out in our lab, the work presented in this thesis 

demonstrates that FLIPL, a well-established cell death regulatory protein, is a key 

mediator of resistance to p53-induced apoptosis in response to MDM2 inhibition. 

FLIP is canonically described as a putative pro-survival NFκB transcriptional target and 

is associated with the attenuation of cell death via inhibitory protein-protein 

interactions with procaspase-8. By interacting with procaspase-8, FLIPL reduces the 

formation of procaspase-8 homodimers which are necessary for generation of the 

apoptotically active caspase-8 at death inducing signalling complexes and thus 

modulates the downstream dissemination of extrinsically derived cell death signals. 

Throughout this thesis, analyses conducted in p53 wild-type models of colorectal 

cancer have demonstrated that following p53 stabilisation by Nutlin-3A, FLIPL is 

significantly upregulated at the protein level. Moreover, in such models treatment 

with Nutlin-3A failed to result in cell death despite the potent upregulation of p53 

induced pro-apoptotic targets such as BAX and PUMA. Nutlin-3A treated cells did, 

however, undergo considerable cell cycle arrest as observed by morphological 

changes, diminished proliferative capacity in the absence of cell death and the 

immediate induction of the cell cycle inhibitory protein and p53 transcriptional 

target, p21. Indeed, others in the lab have confirmed that p53 wild-type CRC cells 

arrest predominantly in the G1 phase of the cycle in response to Nutlin-3A (data not 
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shown). Importantly, the Nutlin-3A-induced, p53-dependent expression of FLIPL was 

concurrent with that of p21. This preceded the p53-dependent activation of NFκB an 

established transcriptional regulator of FLIP, thus suggesting non-canonical 

regulation of FLIPL in response to Nutlin-3A. Subsequently, both pharmacological and 

genetic inhibition of the NFκB pathway failed to rescue Nutlin-3A-induced FLIPL 

protein upregulation as demonstrated by Western blot analyses. Moreover, 

chromatin immunoprecipitation analyses established FLIPL as a direct, Nutlin-3A-

induced, p53 transcriptional target. Thus, by depleting the levels of Nutlin-3A induced 

FLIPL expression, utilising either siRNA mediated knockdown or treatment with the 

Class I specific HDAC inhibitor Entinostat, both phenotypic and molecular analyses 

demonstrated the sensitisation of colorectal cancer cells to p53-mediated cell death.  

 

Indeed, HDAC inhibitors such as Entinostat have previously been exploited in order 

to downregulate the cell death regulatory protein, FLIP. Numerous studies have 

reported significant loss of FLIP expression following treatment with HDAC inhibitors, 

with many utilising this particular mechanism of action in order to further explore 

FLIP biology and promote tumour cell death in combination with SoC 

chemotherapies. For example, studies carried out within our group had previously 

highlighted the crucial role of HDACi-mediated FLIP downregulation in the observed 

anti-tumour response to treatment with the pan-HDACi, Vorinostat, as well as the 

Class I specific HDACi, Entinostat, in multiple cancer models (Kerr et al., 2012; Riley 

et al., 2013; McLaughlin et al., 2016; McCann et al., 2018). Interestingly, the potent 

down-regulation of FLIP observed in response to HDAC inhibition can occur via either 

transcriptional or post-transcriptional mechanisms depending on the specificity of 

the HDACi and the model within which it is used. Compelling down-regulation of FLIP 

mRNA expression has been observed following HDACi treatment in various studies 

(Watanabe, Okamoto and Yonehara, 2005), whilst others have identified alterations 

in acetylation-dependent protein-protein interactions as causal determinants of 

HDACi-induced FLIP depletion (Kauh et al., 2010; Kerr et al., 2012). This includes the 

acetylation-dependent regulation of the FLIP-Ku70 interaction which normally acts 

to enhance FLIP stability. Consequent to treatment with HDACi, increased Ku70 

acetylation disrupts its association with FLIP leading to increased FLIP ubiquitination 
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and proteasomal degradation (Kerr et al., 2012). In contrast, the transcriptional 

mechanisms of FLIP downregulation which have been reported are most likely due 

to enhanced histone acetylation, chromatin remodelling and altered transcription 

factor binding/activity. As previously demonstrated within our lab, and presented in 

Figure 3.1, a downregulation in FLIP mRNA is observed following treatment with 

Entinostat in HCT116 colorectal cancer cells, both basally and in response to p53-

mediated upregulation. This acetylation-dependent loss of FLIP expression is also 

readily apparent at the protein level and is a critical mechanism through which cell 

death is induced following Nutlin-3A-mediated p53 stabilisation.  

 

Importantly, combined siRNA mediated knockdown of the nuclear Class I HDACs 

targeted by Entinostat (i.e. HDAC1/2/3) has also been shown to reduce FLIPL protein 

expression (Lees et al., 2020). Individual knockdown of HDAC1, 2 or 3 had little effect 

on FLIPL protein expression in both the control and Nutlin-3A treated samples owing 

to a possible compensatory mechanism which appeared to be in place e.g. HDAC2 

knockdown resulted in enhanced HDAC1 expression. However, a significant 

reduction in FLIPL protein expression was observed following the combined siRNA 

mediated depletion of HDAC1, 2 and 3 which, importantly, also correlated with a 

significant increase in PARP cleavage (i.e. cell death) in Nutlin-3A treated cells (Lees 

et al., 2020). This highlights the on-target and reproducible effect of nuclear HDAC 

inhibition in regulating FLIPL expression and suggests a significant acetylation-

dependent, transcriptional component through which the expression of this key cell-

death regulatory protein is regulated.  

 

Interestingly, the role of the acetylation axis in the regulation of transcriptional super 

enhancers (SE) has recently been explored (Gryder et al., 2019). SE are described as 

hyper-active regulatory domains that are comprised of identity determining 

transcription factors which control key gene networks in specific cell types (Wang, 

Cairns and Yan, 2019). However, cancer cells are often addicted to SE with aberrantly 

high levels of transcription factor binding as this facilitates oncogenic transformation. 

Targeting key components of SE assembly or activity, such as core regulatory (CR) 

transcription factors, may therefore selectively attenuate tumour growth and 
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survival (Gryder et al., 2019; He, Long and Liu, 2019; Wang, Cairns and Yan, 2019). 

Indeed, a recent study by Gryder et al. has demonstrated that treatment with HDACi 

(specifically HDAC1/2/3 inhibitors, such as Entinostat) results in SE looping defects 

and a collapse of CR transcription which likely contributes to their observed anti-

proliferative activity in cancer (Gryder et al., 2019). Interestingly, a SE has been 

described upstream of the CFLAR/FLIP promoter in a model of B cell lymphoma, with 

subsequent FLIP over-expression driving resistance to TNFα-mediated apoptosis and 

necroptosis (Ma et al., 2017). Thus it is plausible that the acute downregulation of 

FLIP observed following treatment with Entinostat may be as a consequence of HDACi 

induced SE collapse and transcriptional dysregulation. Nonetheless, whether FLIP 

expression is regulated at the transcriptional or post-transcriptional level, it is 

becoming increasingly apparent that its HDACi-mediated depletion significantly 

contributes to the induction of cancer cell death in response to numerous 

combination therapies. This includes SoC treatments for colorectal cancer such as 

platinum and 5-FU based regimes (Longley et al., 2006; Wilson et al., 2007; Kerr et 

al., 2012) as well as radiation and targeted therapy based treatments in a range of 

other cancers (Riley et al., 2013; McLaughlin et al., 2016; McCann et al., 2018). 

Moreover, as FLIP is frequently overexpressed in multiple cancer models, utilising 

HDACi’s in combination with other treatments may also alleviate therapeutic 

resistance (Humphreys, Espona-Fiedler and Longley, 2018).  

 

Identifying FLIPL as a p53-induced negative regulator of cell death provides novel 

mechanistic insight into the lack of apoptotic response previously described in 

response to treatment with MDM2 inhibitors despite the robust upregulation of p53 

and its canonical pro-apoptotic targets. In such instances the concomitant 

upregulation of the anti-apoptotic protein FLIPL appears to be sufficient to abrogate 

cell death signalling and hold the cells in a state of arrest. This may indeed be an 

important evolutionary designed phenomenon whereby in response to rapid p53 

stabilisation epithelial cell death is prevented en masse by the simultaneous 

upregulation of anti-apoptotic proteins such as FLIPL. By using FLIPL as an initial block 

on the commitment of p53 apoptotically primed cells to cell death, this seemingly 

paradoxical mechanism may be critical for maintaining normal epithelial cell barrier 
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function and tissue homeostasis. Importantly, the rapid upregulation of FLIPL induced 

by p53 activation in epithelial cells may also act to inhibit pro-inflammatory signalling 

via RIPK-1/-3 dependent necroptosis as previously described (Introduction, section 

1.3.2.6). Numerous inflammatory diseases are associated with barrier dysfunction in 

epithelial cells, thus this finding may offer mechanistic insight into the biology 

underlying diseases beyond cancer. 

 

5.1.2 p53 activation induces the formation of a ligand-independent TRAIL-R2/DR5 
death inducing signalling complex  

 

In recent years, the role of FLIPL as a promotor or inhibitor of caspase-8 dependent 

cell death has been called into question with studies reporting instances of both pro-

survival and pro-apoptotic signalling following hetero-dimer formation (reviewed by 

Smyth et al., 2020). However, mechanistic analyses carried out in this study clearly 

demonstrate that in response to p53 activation by Nutlin-3A, the rapid upregulation 

of FLIPL significantly inhibits caspase-8-mediated colorectal cancer cell death. 

Depleting FLIPL expression in the presence of Nutlin-3A sensitised colorectal cancer 

cells to caspase-8 dependent apoptosis which also required the adaptor protein 

FADD and the downstream effector protein BID. Cleavage of BID in ‘Type-II’ apoptotic 

cells is required in order to facilitate crosstalk with the mitochondria by activating 

BAX- and in particular BAK-mediated apoptosis. Thus, the cell death observed in 

response to FLIPL depletion and p53 activation in HCT116 cells was also shown to be 

dependent on the expression of BAX and BAK. This seemingly canonical mechanism-

of-action involving extrinsic apoptotic activation with amplification via the intrinsic 

mitochondria pathway is well described and perhaps not surprising given the role of 

FLIPL as a key regulator of caspase-8-dependent apoptotic cell death. However, the 

upstream activation of such apoptotic signalling cascades typically involves binding 

of extrinsic ligands to their cognate death receptors in order to initiate the cell death 

response. Surprisingly, the work presented in this thesis demonstrates that although 

TRAIL-R2/DR5 is the predominant death receptor associated with the induction of 

cell death in response to FLIPL depletion and p53 activation, the binding of TRAIL is 

not required to facilitate this response. Indeed, this work demonstrates that in 
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response to acute p53 activation by Nutlin-3A a ligand-independent TRAIL-R2/DR5 

complex is formed which recruits FADD and, upon sufficient downregulation of FLIPL, 

activates caspase-8 in order to induce colorectal cancer cell death.  However, this 

work does not address exactly how or where TRAIL-R2/DR5 becomes sufficiently 

activated in order to elicit the formation of this ligand-independent DISC (LI-DISC). 

 

TRAIL-R2/DR5 has been extensively described as a p53 transcriptional target which, 

as demonstrated throughout this work, is dramatically enhanced at the protein level 

following p53 activation. However, the expression of TRAIL-R2/DR5 can also be 

significantly upregulated by a variety of other signalling molecules including those 

associated with the unfolded protein response and ER-stress. Indeed, numerous 

studies have described a role for TRAIL-R2/DR5 upregulation as a key mediator of ER-

stress induced apoptosis (Lu et al., 2014; Chang et al., 2018). Moreover, significant 

enhancement of TRAIL-induced apoptosis has been reported in response to ER-stress 

inducing agents via the upregulation of TRAIL-R2/DR5 and simultaneous 

downregulation of FLIP (Martín-Pérez, Niwa and López-Rivas, 2012). Interestingly, 

ligand-independent activation of TRAIL-R2/DR5 has also been described in response 

to models of unresolved ER stress. Recently this has been reported to be mediated 

by the binding of misfolded proteins to the TRAIL-R2/DR5 ectodomain, thus 

proposing the notion of non-canonical ligand binding rather than truly ligand-

independent activation of TRAIL-R2/DR5 (Lam et al., 2020). Alternatively, studies 

have also suggested that ER-stress induced, ligand-independent TRAIL-R2/DR5 

activation may be attributed to enhanced receptor clustering at the ER membrane 

resulting in auto-activation of the death receptor or to altered receptor glycosylation 

caused by dysregulated ER trafficking (Sullivan et al., 2020). Whether the ligand-

independent TRAIL-R2/DR5 activation presented in this thesis in response to FLIPL 

downregulation involves ER-stress signalling remains to be elucidated.  

 
Interestingly, whilst the depletion of FLIPL in Nutlin-3A treated cells resulted in the 

induction of a ligand-independent TRAIL-R2/DR5 complex and predominantly 

caspase-8-dependent cell death in the first 24 hours, significant levels of caspase-8-

independent cell death were observed by 48 hours. Thus the contribution of the 
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caspase-8 paralog caspase-10 was assessed. Like FLIPL the roles of caspase-10 in cell 

death has been somewhat controversial, with studies reporting both pro- and anti-

apoptotic functions of this apical caspase (Kischkel et al., 2001; Horn et al., 2017). The 

results presented in Chapter 4 utilising siRNA mediated FLIPL depletion in 

combination with Nutlin-3A offer new insights into the complex biology of caspase-

10. Indeed, the caspase-8/-10 single and double knockout HCT116 models generated 

as part of this study indicate that following the attenuation of FLIPL expression in p53 

activated cells, the activation of caspase-8-dependent cell death is significantly 

enhanced upon deletion of caspase-10 at an early time-point of 24 hours whilst the 

caspase-8-independent cell death observed at a later time-point is significantly 

attenuated upon caspase-10 deletion. It therefore appears that caspase-10 can 

attenuate the cell death inducing activation of caspase-8 and yet also compensate 

for the loss of caspase-8 following sustained stimulation. Importantly, this may relate 

to the p53-induced expression of reportedly pro-apoptotic caspase-10 isoforms 

(Mühlethaler-Mottet et al., 2011). Specific interaction dynamics based on the relative 

expression of these proteins at DISCs may therefore explain the differential outcomes 

reported in the literature.  

 

Additionally, a role for caspase-10 in mediating colorectal cancer cell death has also 

been reported in response to DNA-damaging chemotherapy (Mohr et al., 2018). 

Formation of an intracellular complex (FADDosome) driven by ATR-induced caspase-

10 expression was shown to result in cell-autonomous death via caspase-8 activation 

whilst communal cell death, mediated by an alternative caspase-8 complex 

(FLIPosome), was observed following caspase-10 depletion. This supports a role for 

caspase-10 in altering the magnitude of cell-death induction by regulating caspase-8 

activity which is in agreement with results proposed in this study. Conversely, the 

p53-independent upregulation of caspase-10 demonstrated by Mohr et al. was found 

to be solely regulatory and not directly cell death inducing. Thus the role of caspase-

10 may also be dependent on specific activatory signals. Whether p53-induced 

caspase-10 is recruited into the LI-DISC following treatment with Nutlin-3A remains 

to be determined.   
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5.1.3 FLIPL modulates the expression of key p53-induced targets   
 

A particularly interesting finding demonstrated by the work presented in Chapter 4 

is that even in the absence of caspase-8 and caspase-10, depleting FLIPL in 

combination with Nutlin-3A still induces colorectal cancer cell death. Moreover, this 

residual cell death was shown to be independent of TRAIL-R2/DR5, FADD and BID, 

yet dependent on BAX/BAK – indicative of a previously unreported role of FLIPL in 

regulating the intrinsic apoptotic pathway. This led to the surprising discovery that 

FLIPL may contribute to the transcriptional regulation of p53-targets, including the 

pro-apoptotic mitochondrial associated protein PUMA. Analyses performed in the 

absence of both caspase-8 and caspase-10 demonstrated that following FLIPL 

depletion and p53 activation, PUMA was more significantly transcriptionally 

upregulated and that this translated into increased protein expression. Conversely, 

the p53-induced transcriptional and protein expression of the cell-cycle inhibitory 

protein, p21, was significantly reduced upon FLIPL depletion in Nutlin-3A treated 

cells. Thus, these data suggest additional pro-survival functions of FLIPL relating to 

the suppression of p53 induced pro-apoptotic proteins such as PUMA in favour of 

increased p21 expression. Exactly how FLIPL is able to mediate these effects and 

whether this translates into a switch in p53-induced phenotypes in response to 

alternative p53 activatory stimuli remains to be investigated.  

 

The significant contribution of PUMA to the cell death mediated by FLIPL depletion 

and p53 activation was also mirrored in the cellular response to sustained HDAC 

inhibition. Class-I HDACs such as Entinostat have been previously shown to regulate 

the C-terminal acetylation of p53, with hyper-acetylation correlating with the 

induction of apoptosis (Tang et al., 2008). The work carried out in this thesis utilising 

Entinostat at a later time-point of 48 hours demonstrated that whilst prolonged 

HDAC inhibition alone has p53- independent growth inhibitory effects, the cell death 

inducing properties of this treatment occur in a p53-dependent manner. This 

translated into enhanced p53-wildtype colorectal cancer cell death when Entinostat 

was combined with Nutlin-3A which was subsequently shown to be highly dependent 

on the expression of PUMA. Similar to treatment with Nutlin-3A/siFLIPL, considerable 
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cell death rescue was observed following siRNA-mediated PUMA depletion in Nutin-

3A/Entinostat treated cells lacking upstream extrinsic apoptotic machinery, i.e. 

caspase-8 and -10. However, given the multiple effects of HDAC inhibition, other 

proteins were also found to contribute to the cell death inducing effects of Entinostat 

alongside FLIPL and PUMA. As demonstrated by this work and others, Entinostat 

significantly upregulates pro-apoptotic BIM (Chen et al., 2009; Yang et al., 2009), 

which promotes the induction of MOMP and cell death. Indeed with this in mind, it 

was interesting to observe that treatment with Nutlin-3A/FLIPL was less BAX 

dependent than the combination of Nutlin-3A/Entinostat as BIM has been reported 

to preferentially active BAX whilst tBID (generated by FLIPL depletion and caspase-8 

activation) has greater affinity for BAK (Sarosiek et al., 2013).  

 

Interestingly, the expression of many of the proteins which are enhanced by 

treatment with Entinostat, and siRNA mediated FLIPL depletion, alone and in 

combination with Nutlin-3A also have links to other key cellular processes such as ER-

stress induced apoptosis and autophagy. Multiple studies have described a nodal role 

for BIM in ER-stress induced apoptosis (Morishima et al., 2004, Puthalakath et al., 

2007, Ghosh et al., 2012) as upregulation of this BH3-only protein occurs via both 

transcriptional mechanisms (mediated by the ER-stress induced transcription factor 

CHOP) and non-transcriptional mechanisms which prevent its proteasomal 

degradation (mediated by ER-stress induced dephosphorylation of protein 

phosphatase 2A) (Puthalakath et al., 2007). As demonstrated, Entinostat (and siRNA 

mediated FLIPL depletion) potently induces BIM expression and indeed treatment 

with HDAC inhibitors has also been shown to enhance ER-stress signalling. This occurs 

via multiple pathways including reactive oxygen species (ROS) generation as well as 

activation of key ER stress associated proteins such as PERK and the ATF4/ATF3/CHOP 

pathway (reviewed by Chen et al., 2017). The activation of p53 and its transcriptional 

targets has also been associated with the induction of ER-stress induced apoptosis. 

Most notably, PUMA expression has been consistently reported as a crucial mediator 

of ER-stress induced apoptosis, however, studies have demonstrated both p53-

dependent and -independent mechanisms of PUMA upregulation associated with 

this pathway (Reimertz et al., 2003, Li et al., 2006, Ghosh et al., 2012). Nonetheless, 
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activation of the mitochondrial apoptosis pathway consequent to PUMA and BIM 

upregulation facilitates the induction of apoptotic cell death in response to ER stress. 

 

The results presented in this thesis demonstrate that both PUMA and BIM are crucial 

mediators of the cell death activated by treatment with Entinostat and Nutlin-3A and 

thus a further convergence of apoptotic signalling mechanisms may facilitate the 

widespread induction of cell death apparent at this later time point. Moreover, as 

described above, a recent study by Lam et al. has described ligand-independent cell 

death induced by TRAIL-R2/DR5 in response to misfolded proteins and unresolved ER 

stress (Lam et al., 2020). Additionally, FLIPL silencing has previously been shown to 

enhance TRAIL-induced cell death in ER-stressed cells that induce TRAIL-R2/DR5 

through PERK activation (Martín-Pérez, Niwa and López-Rivas, 2012). Thus the p53-

induced expression of TRAIL-R2/DR5 and subsequent formation of a cell death 

inducing ligand-independent complex (presented in Chapter 3) may also have 

functions in regulating ER stress induced apoptosis when FLIPL expression is 

attenuated following treatment with Entinostat or FLIPL specific siRNA.  

 

In addition to the activation of apoptosis, ER-stress can also result in the activation 

of autophagy. Whilst autophagy is an indispensable mechanism for the regulation of 

homeostasis in non-transformed cells, tumour cells often exhibit dysregulated 

autophagic processes and thus therapeutic strategy’s targeting this critical cellular 

programme are more frequently being investigated (Mulcahy Levy and Thorburn, 

2020). With that said, whether the activation of autophagy induces a tumour 

suppressive or tumour promoting environment remains to be exclusively determined 

and likely depends on the cellular context within which it is activated and the 

underlying genetic profile. Indeed, the tumour suppressor p53 has been shown to 

both activate and inhibit autophagy via multiple mechanisms (reviewed by Chiara 

Maiuri et al., 2016 and Mrakovic et al., 2018). Activation of p53 transcriptional targets 

such as PUMA and BAX have also been shown to induce autophagy which is closely 

linked with apoptosis and occurs independently of ER stress (Yee et al., 2009). Similar 

to the ambiguous function of p53 in autophagy, HDAC inhibitors also demonstrate 

both pro- and anti-autophagic mechanisms of action. However, a study by Zhan et al. 
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has reported that, in colorectal cancer cells, Entinostat treatment can induce 

autophagy at an early time point which is subsequently followed by apoptosis at a 

later time point (Zhan et al., 2012). The authors attributed this function to HDAC 

inhibitor induced ROS generation and differential regulation of p38 MAP kinase. 

Thus, in addition to the mechanisms delineated in this thesis, both p53- and HDACi-

induced autophagy may contribute to the induction of apoptotic cell death observed 

in response to treatment with Nutlin-3A and Entinostat.  

 

5.2 Future Directions  
 
The results presented in this thesis pave the way for future experiments aimed at 

uncovering novel cellular biology particularly surrounding the role of FLIPL in the 

regulation of p53 transcriptional targets and the formation of the ligand-independent 

TRAIL-R2/DR5 DISC. Identifying the molecular components of this complex will be of 

primary importance in order to further elucidate the downstream consequences of 

LI-DISC formation. This could be achieved by immunoprecipitating TRAIL-R2/DR5 

under the experimental conditions described throughout this thesis, i.e. in response 

to p53 activation alone and in combination with FLIPL depletion, and subsequently 

performing mass spectrometry analysis in order to identify novel components of the 

complex. Confirmation of candidate interactors could then be established by 

IP/Western-blot analyses. Additionally, investigating how and where the LI-DISC 

forms will likely shed light on why cells have developed this mechanism of apoptosis 

avoidance/induction. Since activation of the LI-DISC has been shown to occur 

independently of TRAIL binding, it is plausible that this complex forms intracellularly 

unlike the canonical TRAIL-R2/DR5 DISC. Thus confocal microscopy analyses could be 

utilised in order to determine the cellular compartment/localisation of the LI-DISC. 

This could then be further validated by sub-cellular fractionation experiments 

followed by IP/Western blot analyses.  

 

Importantly, whilst the formation of the LI-DISC has been detected in response to 

direct p53 activation with Nutlin-3A, whether this complex is formed by alternative 

methods of p53 activation is another ongoing area of study. Both radiation and DNA-
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damaging chemotherapeutic agents have been shown to activate p53; therefore 

examining the formation of the LI-DISC and the downstream consequences of this in 

response to clinically-relevant p53 activating DNA damaging agents will be of 

particular value from a colorectal cancer clinical therapeutic point of view. However, 

it is also important that this work is carried out in parallel in normal, non-transformed 

human epithelial cells. As previously speculated, the role of p53-induced FLIPL 

expression and formation of the LI-DISC may have evolved in epithelial cells as a 

barrier to prevent the immediate commitment of p53 induced cell death in response 

to p53 activating agents such as UV-damage in skin cells. Assessing the physiological 

role of this complex will further enhance our understanding of its canonical functions 

and mechanisms of regulation and therefore determine whether this complex can be 

potentially selectively exploited in tumour cells.  

 

Perhaps one of the most exciting future aspects of the research presented in this 

thesis will be that of the role of FLIPL in regulating the expression of p53 

transcriptional targets. Whilst a recent study has suggested a pro-survival and p53-

regualtory role for caspase-8 in the nucleus, mediated by caspase-8 dependent 

cleavage of USP28 (Müller et al., 2020), whether FLIPL can function as part of such 

nuclear complexes in order to regulate the transcriptional output of p53 remains to 

be investigated. It is planned to utilise nuclear localisation and immunoprecipitation 

analyses to determine if and when FLIPL is present in the nucleus following p53 

activation and whether this is mediated by the formation of complexes comprised of 

caspase-8 and potentially TRAIL-R2/DR5, such as those identified in Chapter 3. 

Utilising p53 chromatin immunoprecipitation analyses (ChIP) will also be key to 

assess changes in p53 binding and transcriptional activation of target gene expression 

in the presence and absence of FLIPL. Matched ChIP-seq and RNA-seq analyses 

performed in such samples will be invaluable in order to fully assess changes in the 

p53 transcriptome.  

 

 

5.3  Translational impact  
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The mechanistic analyses conducted throughout this study help to illuminate 

avenues of possible therapeutic exploitation and clinical translational which could 

potentially enhance tumour regression and patient survival in p53-wild-type 

colorectal cancer. For example, in p53 wild-type tumours, the cell death inducing 

effects of 2nd generation Nutlins may be enhanced by simultaneously targeting the 

intrinsic apoptotic pathway. As previously described in this study, p53 alone is unable 

to induce MOMP by upregulating PUMA, NOXA and BAX, it also requires further BH3-

proteins to converge on the mitochondrial membrane. This is facilitated by the 

cleavage of BID following the formation of the p53-induced, ligand-independent 

TRAIL-R2 complex in FLIPL depleted cells. It is also facilitated by the upregulation of 

BIM which occurs both in response to Entinostat and FLIPL depletion and the 

enhancement of p53-mediated induction of PUMA when FLIPL is depleted. 

 

In support of this proposed mechanism-of-action, a preliminary experiment involving 

the use of the clinically-relevant BH3 mimetic, ABT199 (Venetoclax, a Bcl-2 selective 

inhibitor) was performed in p53 wild-type HCT116 colorectal cancer cells (Figure 5.1). 

Following 24 hours of co-treatment with ABT199, cell death was notably enhanced in 

response to both Entinostat alone and Nutlin-3A alone (as demonstrated by 

increased PARP cleavage and caspase-3 activation). However, the most significant 

cell death inducing response was observed following co-treatment of ABT199 with 

the combination of Entinostat and Nutlin-3A. This effectively demonstrates the 

synergistic utility of combining these drugs with apoptotic priming agents such as BH3 

mimetics and further highlights the dependence of the cell death phenotype on the 

interplay of Bcl-2 family proteins at the mitochondrial membrane which appears to 

be at the heart of this mechanism (particularly in the Type-II apoptotic cells examined 

in this thesis). Implementing such combination treatment regimens may therefore 

have clinically utility in the treatment of p53 wild-type colorectal cancer. In support 

of this, studies conducted in numerous human leukaemia cell lines have previously 

demonstrated synergy between HDAC inhibition and BH3 mimetics, however the 

relative contribution of individual BH3 proteins to this response appears to be cell 

line and treatment specific (Wiegmans et al., 2011; Xargay-Torrent et al., 2011).   
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Figure 5.1. Assessment of BCL-2 inhibition in combination with HDAC inhibition and p53 activation. 
Western blot analysis of protein expression in HCT116 p53+/+ cells treated with 2.5 µM Entinostat 
(Entino) alone in combination with 5 µM Nutlin-3A (N3A) in the presence and absence of ABT199 for 
24 hours. Antibodies were used against the indicated proteins with GAPDH serving as a loading 
control. 
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The work conducted throughout this thesis has utilised tools to directly activate p53 

and assess the mechanisms involved in the induction of cell death consequent to 

FLIPL depletion and HDAC inhibition. However, due to unfavourable toxicities (such 

as neutropenia and thrombocytopenia) the use of the MDM2-inhibitor, Nutlin-3A, 

has not been immediately clinically translatable. Simultaneous work carried out in 

our lab has, however, demonstrated efficacy in pre-clinical models of human 

colorectal cancer when Entinostat is combined with the backbone chemotherapeutic 

agent 5-Fluorouracil (5-FU) and the clinically relevant chemotherapy doublet of 5-FU 

and Oxaliplatin, commonly referred to as FOLFOX. This combination resulted in the 

significant enhancement of p53-dependent cell death and therefore represents a 

more clinically translatable approach to targeting the mechanisms presented in this 

thesis as, like Nutlin-3A, treatment with FOLFOX activates p53 in tumours retaining 

wild-type protein expression.  

In order to assess the potentially translatable impact of combining FOLFOX treatment 

with Entinostat in p53 wild-type models of colorectal cancer, preliminary in vitro 

experiments were first conducted utilising the CT26 murine model. Cells were treated 

with 1.25 µM 5-FU in combination with 1 µM Oxaliplatin (FOLFOX) either alone or in 

combination 2.5 µM Entinostat for a period of 48 and 72 hours. This resulted in a 

significant enhancement of cell death as detected by Annexin V flow cytometry and 

Western blot analyses of protein expression (Figure 5.2). These results were also 

mirrored using 5 µM Nutlin-3A in combination with Entinostat (Figure 5.3), 

suggesting a possible overlap in the mechanism of action of these two treatment 

regimens. Importantly, the combination of FOLFOX and Entinostat translated into in 

vivo efficacy as tumour volume was significantly attenuated in the combination 

treated, immune competent, syngeneic mouse model when compared to either 

treatment alone (Figure 5.4) [Supplementary methods available in Appendix F]. This 

highlights the potential clinical benefit of utilising standard-of-care chemo-

therapeutics in combination with HDAC inhibition in order to enhance p53-mediated 

colorectal cancer cell death.  
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Figure 5.2. Assessment of FOLFOX treatment in combination with HDAC inhibition in a murine 
model of colorectal cancer. (A) Annexin V flow cytometry analysis of CT26 murine CRC cells treated 
with Entinostat (2.5 μM) and FOLFOX (1.25 μM 5-FU plus 1 μM Oxaliplatin) for 48 and 72 hours. Graph 
displays the percentage of Annexin V positive cells detected per treatment group. Error bars represent 
mean ± SEM of three independent experiments. Statistical analysis conducted by 2-way ANOVA with 
p values: *p < 0.05. (B) Western blot analysis of protein lysates extracted from samples treated as in 
A. Antibodies were used against the indicated proteins with α-tubulin serving as a loading control.  

0

20

40

60

%
 A

nn
ex

in
 V

 p
os

iti
ve

Control
2.5 μM Entino

Control FOLFOX Control FOLFOX

48 hours 72 hours

*

*

A

B

PARP
2.5 µM Entino - + - +

Con FOLFOX
72 h

Cl Caspase-3 p19/17

Procaspase-3

⍺-tubulin

p53

- + - +
Con FOLFOX

48 h

(kDa)

88
116

17

42

19

53

35

1 2 3 4
Lane

5 6 7 8



Chapter 5  Discussion 

 261 

   

Figure 5.3. Assessment of Nutlin-3A treatment in combination with HDAC inhibition in a murine 
model of colorectal cancer. (A) Annexin V flow cytometry analysis of CT26 murine CRC cells treated 
with 2.5 µM Entinostat alone and in combination with 5 µM Nutlin-3A for 48 and 72 hours. Graph 
displays the percentage of Annexin V positive cells detected per treatment group. Error bars represent 
mean ± SEM of three independent experiments. Statistical analysis conducted by 2-way ANOVA with 
p values: **p < 0.01. (B) Western blot analysis of protein lysates extracted from samples treated as in 
A. Antibodies were used against the indicated proteins with α-tubulin serving as a loading control.  
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Figure 5.4. In vivo assessment of FOLFOX treatment in combination with HDAC inhibition. (A) 
Assessment of fold change (FC) in tumour size of BALB/c mice (3 per group) injected with 1x106 CT26 
murine cells over 7 days of daily treatment with vehicle (30% cyclodextrin/PBS), FOLFOX (5-FU 10 
mg/kg, Oxaliplatin 1 mg/kg), Entinostat (10 mg/kg), or their combination. (B) Tumour growth analysis 
(6 per group) of mice treated for 3 days as in (A). Error bars are represented as mean ± s.d. P values: 
*P < 0.05; **P < 0.01 calculated by Students t-test. 
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There are currently 29 active or recruiting clinical trials involving the use of Entinostat 

as a single agent or as a combined therapy in a range of both haematological 

malignancies and solid tumours (clinicaltrials.gov, 2020). However, despite being the 

first HDACi granted Breakthrough Therapy status for the treatment of a solid tumour 

(AI-resistant breast cancer), a recent phase III study (Yeruva et al., 2018) failed to 

demonstrate enhanced survival benefit when used in combination with the hormone 

therapy, exemestane. Whilst disappointing, the continually advancing research of 

Entinostats precise mechanisms of action, both tumour intrinsic and 

immunomodulatory, offers further support and rationale for developing future 

clinical combinations with potentially more robust outcomes. In p53 wild-type 

colorectal cancer, this may include Entinostat in combination with the SoC 

chemotherapy, FOLFOX, as described above.   

 

Importantly, in addition to inducing the cancer cell intrinsic death mechanisms 

described throughout this thesis, HDACi’s have also been implicated in the 

modulation of the tumour microenvironment and activation of an anti-tumour 

immune response (Villagra, Sotomayor and Seto, 2010). Similarly, treatment with 

chemotherapeutic agents have also been associated with the induction of 

immunogenic cell death (ICD) in certain contexts. Whilst treatment-induced 

necroptosis rather than apoptosis is more frequently linked with an immune 

response, recent reports have begun to uncover a novel immunogenic role for 

apoptotic cell death (Inoue and Tani, 2014). This has been associated with various 

damage associated molecular patterns (DAMPs) including the cell surface exposure 

of calreticulin and ATP and HMGB1 release which together help to stimulate immune 

cell attraction and activity in order to enhance tumour clearance (Galluzzi et al., 

2015).  

 

More recently, the direct effect of chemotherapeutic treatments on the immune cell 

population and surrounding tumour micro-environment has been more intensely 

evaluated. This research has been primarily driven by analyses conducted in tumour-

laden, immune competent murine models in order to delineate the immune 

suppressive or stimulatory role of standard of care chemotherapies. Such research 
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aims to identifying co-operative treatments which synergise with, rather than 

deplete, the host immune system thus producing a more robust anti-tumour effect. 

For example, using both patient samples and in vivo mouse models of colorectal 

cancer, a recent study has demonstrated that the positive immune response elicited 

by treatment with the backbone CRC chemotherapeutic agent 5FU, can be offset 

depending on its combination (Kanterman et al., 2014). In this study the authors 

demonstrate that whilst treatment with 5-FU in combination with Oxaliplatin 

(FOLFOX) was found to attenuate the levels of immunosuppressive Myeloid Derived 

Suppressor Cells (MDSC), treatment with 5-FU and Irinotecan (FOLFIRI) actually 

facilitated their expansion which was associated with increased mouse mortality 

(Kanterman et al., 2014). Thus, in addition to the cancer cell autonomous death 

mechanisms described throughout this thesis, the activation of an anti-tumour 

immune response may also contribute to the FOLFOX/HDACi-induced synergy 

presented in the immune competent CT26 murine model of colorectal cancer.  

 

Indeed multiple mechanisms of action have also been reported for the use of 

Entinostat as an immunomodulatory agent, with somewhat dichotomous functions. 

For example, treatment with Entinostat has been shown by our lab and others to 

upregulate proteins involved in immune cell evasion, such as programmed death 

ligand 1 (PDL1) (Woods et al., 2015). PDL1 binds the immune checkpoint receptor, 

PD1, on the surface of effector T-cells (as well as other immune cells such as Natural 

Killer cells) in order to limit their cytotoxic activity and when expressed by cancer cells 

promotes survival. Thus HDACi induced PDL1 expression may promote tumour 

progression and immune evasion and contribute to treatment resistance. Conversely, 

treatment with HDAC inhibitors has also been shown to augment immunogenic cell 

death by increasing tumour antigen expression, processing and loading onto major 

histocompatibility complexes (MHC), enhancing effector T-cell function and reducing 

the expression of MDSC (reviewed by (Banik, Moufarrij and Villagra, 2019)). As 

alluded to by their name, MDSC suppress the anti-tumour immune environment by 

negatively regulating cytotoxic T-cell function and driving the expression of 

regulatory T-cells and thus are often associated with poor-prognosis and treatment 

resistance.  Notably, HDAC inhibitors have been shown to significantly attenuate the 
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expression of this immune cell population  (Haverkamp et al., 2014; Kim et al., 2014), 

leading to the enhanced efficacy of immune checkpoint inhibitor treatments such as 

anti-PDL1 therapies when used as a combination therapy (Orillion et al., 2017). 

Mechanistically this has, at least in part, been attributed to HDACi induced FLIP down-

regulation as overexpression of this caspase-8 inhibitor has been shown to 

significantly contribute to MDSC survival (Haverkamp et al., 2014).  

 

However, the profound immunomodulatory effects of HDAC inhibition, and indeed 

other epigenetic modifying agents such as DNA methyltransferase inhibitors 

(DNMTi), have recently been shown to extend far beyond that of individual gene 

regulation or protein expression. In a particularly interesting study by Brocks et al. 

the authors demonstrated that treatment with both HDACi and DNMTi induced 

cryptic transcription from thousands of previously unannotated transcription start 

sites (TSSs), predominantly within endogenous retroviruses (ERVs) (Brocks et al., 

2017). Moreover, the treatment induced non-annotated TSSs (TINATs) were shown 

to encode transcripts which frequently splice into genic exons resulting in aberrant 

protein expression. Thus, in addition to regulating the expression of known anti-

tumour genes and proteins, this work suggests that the therapeutic efficacy of such 

treatments may also be underpinned by the unique ability of these agents to elicit an 

anti-tumour immune response through the expression of TINAT-derived neo-

antigens (Brocks et al., 2017).  
 

 

5.4 Summary 
 

The work presented in this thesis uncovers novel, clinically-relevant biology that 

identifies FLIPL as a major mediator of resistance to MDM2 inhibitors in p53-wild-type 

models of colorectal cancer. The acute p53-mediated upregulation of FLIPL prevents 

commitment of colorectal cancer cells to death by first blocking the activation of 

caspase-8 at a p53-induced, ligand-independent TRAIL-R2/DR5 complex and 

subsequently by suppressing the expression of the pro-apoptotic p53-transcriptional 

target PUMA. This work also sheds new light on the role of caspase-10 in p53-induced 
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cell death showing that it has dual functionality - both inhibiting apoptosis in the 

presence of caspase-8 and propagating an apoptotic signal in the absence of caspase-

8 when FLIPL is depleted. 

 

In a more clinically relevant and translational sense, Entinostat is able to potently 

downregulate FLIPL expression and synergise with Nutlin-3A in order to induce cell 

death in a manner which, as demonstrated using FLIPL specific siRNA, relies on a 

convergence of mechanisms at the mitochondrial membrane. This includes a delicate 

interplay between members of the BH3-only protein family, namely tBID, PUMA and 

BIM. Thus this work highlights the potential use of class-I HDAC inhibitors (or more 

direct FLIP inhibitors) in combination with MDM2 inhibition (or indeed other p53 

activatory stimuli such as DNA-damaging inducing chemotherapy) in order to 

overcome mechanisms of resistance and sensitise p53 wild-type colorectal cancer 

cells to death.  
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Figure 5.5. Summary diagram. Schematic overview of the mechanisms through which FLIPL 

suppresses cell death induced by p53 activation. 
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Appendix A 
 

Cell Culture Reagents and Buffers 
 

A.1 Cell Culture Medium  
 
 

McCoy’s 5A (modified) medium (Gibco, Thermo Fisher Scientific)  
This medium was originally formulated as a modification of Basal Medium 5A with 

the addition of glutathione, bacto-peptone and high level of glucose. The addition of 

Phenol Red also acts as a pH indicator. Supplied as a 500 mL bottle and stored at 4°C. 

For use in cell culture this medium was further supplemented with 10% FBS, 1% 

penicillin-streptomycin, 2 mM L-glutamine and 1 mM sodium pyruvate.  

 
 

Dulbecco’s Modified Eagle Medium, DMEM (Gibco, Thermo Fisher Scientific) 
This medium was formulated with 4 times the concentration of amino acids and 

vitamins than the original Eagle's Minimal Essential Medium. Contents include L-

Glutamine and a high level of glucose alongside Phenol Red. This was further 

supplemented with 10% FBS, 1% penicillin-streptomycin, 2 mM L-glutamine and 1 

mM sodium pyruvate for use in cell culture. Supplied as a 500 mL bottle and stored 

at 4°C.  

 
 

Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, Thermo Fisher 

Scientific) This medium is unique from other media as it contains vitamins such as 

biotin, vitamin B12 and PABA. High concentrations of glutathione, as well as the 

vitamins inositol and choline, are present in this medium. Supplied as a 500 mL bottle 

and stored at 4°C. For use in cell culture, this medium was further supplemented with 

10% FBS, 1% penicillin-streptomycin and 1 mM sodium pyruvate. 

 
 

Opti-MEM (Gibco, Thermo Fisher Scientific) 
This medium is a modified, reduced serum derivative of Eagle’s Minimum Essential 

Medium. It is commonly used during cationic lipid transfections such as 

Lipofectamine transfection reagents. Supplied as a 500 mL bottle and stored at 4°C 

in light restricted conditions.  
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A.2 Sterile Reagents  
 
 

Foetal Bovine Serum, FBS (Gibco, Thermo Fisher Scientific)  
This serum supplement has a total protein concentration of 3-5 g/dL with less than 

25 mg/dL haemoglobin. Produced in the USA it is subjected to up to 50 specification 

tests including endotoxin and mycoplasma testing. Supplied as a 500 mL bottle, 

aliquoted into 50 mL portions and stored at -20°C.  

 
 

Dialysed Foetal Bovine Serum (Sigma-Aldrich)  
This serum supplement is dialysed by ultrafiltration against 0.15 M sodium chloride 

and has a Bovine IgG concentration of ≤1 mg/mL with haemoglobin ≤20 mg/mL. 

Produced in the USA it is subjected to multiple specification tests including endotoxin 

testing. Supplied as a 500 mL bottle, aliquoted into 50 mL portions and stored at -

20°C. 

 
 

Penicillin-Streptomycin 100X (Gibco, Thermo Fisher Scientific) 
This antibiotic solution contains 10,000 units/mL of penicillin (targeting gram-positive 

bacteria) and 10,000 µg/mL of streptomycin (targeting gram-negative bacteria). 

Supplied as a 100 mL bottle, aliquoted into 5 mL portions and stored at -20°C. 

 
 

Sodium Pyruvate 100 mM (Gibco, Thermo Fisher Scientific) 
This supplement is commonly added to cell culture media as an additional carbon 

source. Formulated using 11 g sodium pyruvate per litre of water. Supplied as a 100 

mL bottle stored at 4°C.  

 
 

L-Glutamine 200 mM (Gibco, Thermo Fisher Scientific)  
This amino acid supplement is required for nucleotide and protein synthesis and is 

involved in glucose production. Supplied as a 100 mL bottle, aliquoted into 5 mL 

portions and stored at –20°C. 

 
 

 

Trypsin-EDTA 0.5% (Gibco, Thermo Fisher Scientific) 
This irradiated mixture of proteases is commonly used as a dissociation reagent in 

routine cell culture. The 10X solution provided is diluted to 1X in sterile PBS for daily 

use. Supplied as a 100 µL bottle and stored at 4°C.  
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Phosphate-buffered saline, PBS (pH 7.4) 
A 10X non-sterile solution was prepared using 20 g potassium chloride (KCl), 24 g 

potassium dihydrogen phosphate (KH2PO4), 800 g sodium chloride (NaCl) and 144 g 

sodium phosphate monobasic (NaH2PO4) dissolved in 10 L deionized water (diH2O) 

and pH adjusted to 7.4. A 1X PBS solution was subsequently prepared using 100 mL 

10X PBS and 900 mL diH2O. For use in tissue culture, 1X PBS was autoclaved for 

sterilization. 

 
 

Dimethyl sulfoxide, DMSO (Sigma-Aldrich) 
Frequently used as a solvent for lyophilised drug stocks as well as being a component 

of cell culture freezing media used when storing cell stocks. Supplied as a 500 mL 

bottle and stored at 4°C. 

 
 

Lipofectamine RNAiMAX Transfection Reagent (Invitrogen, Thermo Fisher Scientific)  
This transfection reagent is specifically designed for the delivery of siRNA and miRNA 

into cells using a cationic lipid formulation. Supplied as a 1.5 mL tube and stored at 

4°C. 

 
 

A.3 Non-sterile reagents  
 
 
 

Annexin V Binding Buffer (BD Pharmingen™) 
Facilitates the binding of Annexin V to phosphatidylserine. Provided as a 10X solution 

which is diluted to a working concentration, typically 1X or 3X, using diH2O. Supplied 

as a 10 mL bottle and stored at 4°C. 
 

 

 

 

 

 

 

Annexin V/Propidium Iodide stain 
Used during flow cytometry-based analysis of cell death. Stain prepared using 300 µL 

of 1X Annexin V binding buffer, 3 µL FITC-Annexin V (BD Pharmingen™) and 1 µL 

Propidium Iodide solution (Sigma-Aldrich) per sample.  

 

Annexin V/Propidium Iodide/Hoechst stain 
Used during High Content microscopy-based analysis of cell death. Stain prepared 

using 1 mL of 3X Annexin V binding buffer supplemented with 3 µL FITC-Annexin V 

(BD Pharmingen™), 1 µL Propidium Iodide solution (Sigma-Aldrich) and 3 µL of 10 
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mg/mL Hoechst 33342 (Invitrogen). Volumes adjusted according to sample number 

(50 µL/sample).  

 

PrestoBlue™ Cell Viability Reagent (Invitrogen) 
This cell permeable resazurin-based solution was used to quantitatively measure cell 

viability based on the ability of proliferating cells to reduce the reagent which 

produces a highly fluorescent change in colour (blue-red). The subsequent changes 

in absorbance (560-590 nm) were detected and quantified using the Synergy 2 plate 

reader (BioTek). A 1X concentration was achieved by adding 10 µL of the provided 

10X PrestoBlue to 100 µL of plated cells which were then incubated for approximately 

30 minutes prior to analysis. Supplied as a 25 mL bottle and stored at 4°C. 
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Appendix B 
 
siRNA sequences 
 
 

Lyophilised siRNA oligos (Dharmacon) were resuspended in 1X RNA buffer 

(Dharmacon) to give a stock concentration of 100 µM (stored at -80°C). Aliquots were 

prepared at a concentration of 20 µM in 1X RNA buffer (stored at -20°C) and further 

diluted in Opti-MEM to the required experimental concentration (typically 10 nM). 

Protein specific siRNA sequences are displayed below (Table B.1). 

 

Table B.1. siRNA sequences used for protein knock-down analysis. 

 

TARGET SEQUENCE (5’-3’) 

Scrambled control AATTCTCCGAACGTGTCACGT 

FLIPL AAGGAACAGCTTGGCGCTCAA 

FLIP AAGCAGTCTGTTCAAGGAGCA 

TRAIL-R1/DR4 CAAACUUCAUGAUCAAUCA 

TRAIL-R2/DR5 GACCCTTGTGCTCGTTGTC 

RIP1 GGAGCAAACUGAAUAAUGAUU 
 

Caspase-8 GAGUCUGUGCCCAAAUCAATT 

p53 GUUCCGAGAGCUGAAUGA 

PUMA ON-TARGETplus SMARTpool; 
CGGACGACCUCAACGCACA    CCGAGAUGGAGCCCAAUUA 

CCUGGAGGGUCCUGUACAA   GUAGAUACCGGAAUGAAUU 

Noxa ON-TARGETplus SMARTpool; 
AAACUGAACUUCCGGCAGA   GAACCUGACUGCAUCAAAA 
AAUCUGAUAUCCAAACUCU   GCAAGAACGCUCAACCGAG 

 
BIM ON-TARGETplus SMARTpool; 

GCGGAGAAAUCAAGUUUAA   GGAAGUUUGUUGUGAAUGU 
UGAGUCAGAACAAGAGUUA   UCUUACGACUGUUACGUUA 

 
Caspase-10 ON-TARGETplus SMARTpool; 

ACAAGGAAGCCGAGUCGUA    UGGCAGAACUCCUCUAUAU 
CAACAUUGGUAUUCCAGUU    ACAAUAAUGUGACGAAAGU 
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Appendix C 
 

Protein Analysis Reagents 
 
 

Radioimmunoprecipitation (RIPA) buffer 
Cell lysis and protein extraction were achieved using this detergent-based lysis 

reagent. RIPA buffer was formulated using 5 mL of 10X PBS, 0.25 g of Sodium 

Deoxycholate (Sigma Aldrich), 500 µl of 10% SDS and 500 µl of Nonidet P 40 substitute  

(Sigma Aldrich) which was made up to 50 mL with diH2O and stored at 4°C. Prior to 

cell lysis 1 mL RIPA buffer was supplemented with 50 µl PIC and 10 µl 1M sodium 

butyrate. 
 
 

DISC IP buffer 
In order to immunoprecipitate proteins in complex, this detergent-based lysis 

reagent was used. DISC IP buffer was prepared using 1.12 g of 20mM TRIS-HCl, 4.38 

g of 150 mM NaCl, 1 mL of 0.2% Nonidet P 40 substitute (Sigma Aldrich) and 50 mL 

Glycerol. This was made up 500 mL with diH2O, pH adjusted to 7.4 and stored at 4°C. 

Prior to cell lysis DISC IP buffer was supplemented with PIC to a dilution of 1:1000.  
 

 

Protease/phosphatase inhibitor cocktail (PIC) 
This cocktail of protease and phosphatase inhibitors was used during cell lysis and 

protein extraction to prevent sample degradation. Supplied as individual tablets and 

stored at 4°C. One phosSTOP™ phosphatase inhibitor cocktail tablet (Roche) and one 

cOmplete ™ mini-protease inhibitor cocktail tablet (Roche) were dissolved in 1 mL 

diH2O, aliquoted into 50 mL portions and stored -20°C. Prior to use, aliquots were 

defrosted and added to 1 mL of RIPA buffer. 
 

 
Sodium Butyrate (Santa Cruz Biotechnology)  
This HDAC inhibitor was added to RIPA buffer during cell lysis and protein extraction 

to facilitate the analysis of acetylated proteins. A 1 M solution was prepared in diH2O 

and stored at 4°C.  
 

Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad) 
This colorimetric assay is based on the Bradford method and is used to accurately 

determine total protein concentration. Provided as a 5X concentrate this reagent is 

diluted to 1X using autoclaved diH2O. Supplied as a 45 mL bottle and stored at 4°C. 
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Laemelli loading buffer 2X 
This buffer is used to denature proteins and facilitate optimal band resolution when 

preparing samples for SDS-PAGE gel electrophoresis. It is prepared using 3 g SDS 

(Sigma Aldrich), 10 mL 100 mM TRIS (pH 6.8), 3 mL β-Mercaptoethanol (Sigma 

Aldrich), 10 mL Glycerol, 27 mL diH2O and a pinch of Bromophenol Blue (Sigma 

Aldrich). Aliquoted into 1 mL portions and stored at -20°C. 
 

 
NuPage™ MES SDS running buffer 20X (Invitrogen, Thermo Fisher Scientific) 
This buffer is optimised for use with NuPAGE Bis-TRIS gel. The 20X solution provided 

is diluted to 1X using diH2O prior to use. Supplied as a 5 L bottle and stored at room 

temperature.  
 

 
NuPage™ Bis-Tris Gels (Invitrogen, Thermo Fisher Scientific) 
Precast polyacrylamide gels used for the optimal separation of protein samples under 

denaturing conditions. With a neutral pH, Bis-Tris gels minimise protein 

modifications. Depending on the degree of separation required proteins were run on 

8% or 4-12% gradient, 1 mm, Bis-Tris gels. Supplied as a box of ten and stored at 4°C. 
 

 

 
Ponceau S Solution (Sigma-Aldrich) 
This staining reagent is used for the rapid and reversible detection of proteins on a 

nitrocellulose membrane. Efficiency of protein transfer and equal loading can, 

therefore, be assessed during Western blotting procedures. Supplied as a 1 L bottle 

and stored at room temperature.  
 

PageRuler™ Plus Prestained Protein Ladder (Thermo Fisher Scientific) 
This protein ladder consists of nine pre-stained proteins of known molecular weight 

ranging from 10-250 kDa and is used to provide a series of size standards during 

Western blotting (2.5 µL loaded onto gel). Supplied as a 250 µL tube and stored at -

20°C. 
 

 

iBlot™ 2 Transfer Stack, nitrocellulose (Thermo Fisher Scientific) 
Used to transfer proteins using the iBlot 2 Gel Transfer Device under dry conditions. 

Stacks are comprised of a copper cathode and anode, blotting membrane and filter 

paper with pre-run gel sandwiched within the stack. The nitrocellulose membrane 

has a pore size of 0.2 microns. 
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PBS-Tween 0.2% (PBS-T) 
Used as a wash buffer for the removal of unbound proteins/antibodies during 

Western blotting procedures. Prepared using 2 mL Tween 20 (Sigma-Aldrich) and 1 L 

1X PBS. 
 

5% Milk - PBS-T  
This solution was used as a blocking reagent for the nitrocellulose membrane and for 

diluting both primary and secondary antibodies during Western blotting procedures. 

Prepared using 10 g of Marvel Original Dried Skimmed Milk dissolved in 200 mL PBS-

T. Stored for 3 days at 4°C. 

p-Coumaric Acid 90 mM (Sigma-Aldrich)  
Prepared as a component of ECL detection reagent, 0.07g of p-Coumaric acid salt was 

dissolved in 5 mL DMSO and stored at room temperature. 

Luminol 250 mM (Sigma-Aldrich)  
Prepared as a component of ECL detection reagent, 0.25 g of luminol powder acid 

was dissolved in 5 mL Tris-HCl (pH 8.5) and stored under light-free conditions at room 

temperature. 

Tris-Hydrochloride (Tris-HCl) 0.1 M  
Prepared as a component of ECL detection reagent, 15.7 g of Tris-HCl (Melford) was 

dissolved in 1 L diH2O with pH adjusted to 8.5. Autoclaved for sterilisation and stored 

at room temperature. Alternatively, pH was adjusted to 6.8 for use in Laemelli loading 

buffer and stored at room temperature.  
 
 

Enhanced Chemiluminescence (ECL) Reagent  
Used for the chemiluminescent detection of HRP-conjugated antibodies bound to 

protein bands following Western blotting. Prepared immediately prior to use by 

combining 33 µl of 90 mM p-Coumaric acid, 75 µl of 250 mM luminol, 15 mL of 0.1 

Tris-HCl (pH 8.5) and 5 mL of H2O2. 

 
 

WesternBright ECL HRP substrate (Advansta) 
Used for the high sensitivity chemiluminescent detection of HRP-conjugated 

antibodies bound to protein bands following Western blotting. Prepared using a 1:1 

ratio of reagents components.  
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Appendix D 
 
Antibodies  
 

Antibodies used as part of experimental conditions are displayed below. 
 

- Human TRAIL/TNFSF10 antibody (R&D systems) was used at a concentration 

of 100 ng/mL in neutralisation experiments. 

- Anti-TRAIL-R2/DR5 monoclonal antibody, Conatumumab (AMG655, Amgen 

Inc.) was coupled to magnetic beads and used during DISC 

immunoprecipitation experiments. 

- ChIP grade, p53 DO-1 antibody (Diagenode) was used in chromatin immuno-

precipitation experiments. 

 
 

A list of the primary (Table D.1) and secondary (Table D.2) antibodies used for 

Western blot analysis of protein expression are displayed below. 
 

Table D.1. Details of Primary Antibodies. 
 

Antibody Molecular 
weight (kDa) 

Species Supplier Storage 
conditions 

Dilution (in 5% 
Milk/PBST) 

Ac Histone-3 17 rabbit Upstate -20°C 1 : 2,000 

β-actin  42 mouse SCBT -20°C 1 : 10,000 

Bax 20 rabbit CST -20°C 1 : 1,000 

Bak 25 rabbit CST -20°C 1 : 1,000 

BID 23 rabbit CST -20°C 1 : 1,000 

BIM 23, 15, 12 rabbit CST -20°C 1 : 1,000 

Caspase-3 
 

35, 19, 17 rabbit CST -20°C 1 : 1,000 

Caspase-8 
(12F5) 

55, 43, 18 mouse Enzo +4°C 1 : 1,000 

Caspase-10 59, 55, 30 mouse Merck-
Millipore 

-20°C 1 : 1,000 

cIAP1 62 rat Enzo -80°C 1 : 1,000 

TRAIL-R2/DR5 48, 40 rabbit CST -20°C 1 : 1,000 

FADD 28 rabbit CST -20°C 1 : 1,000 

FLIP (NF6) 55, 43, 26 mouse Adipogen -20°C 1 : 1,000 

GAPDH 37 rabbit SCBT +4°C 1 : 4,000 
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Ps-IκBα (S32)  36 rabbit CST -20°C 1 : 1,000 

IκBα   36 mouse CST -20°C 1 : 1,000 

MDM2  90 mouse Oncogene +4°C 1 : 1,000 

Noxa 10 mouse CST -20°C 1 : 1,000 

p21 
 

21 rabbit SCBT -20°C 1 : 2,000 

p53 (DO-1) 53 mouse SCBT +4°C 1 : 1,000 

Ac-p53 (K382) 53 rabbit Abcam -20°C 1 : 1,000 

p53 (1801) 53 mouse JCB Lab -20°C 1 : 1,250 

p53 murine 53 mouse Abcam -20°C 1 : 500 

PARP 116, 88 rabbit CST -20°C 1 : 1,000 

Ps-RelA (S536) 65 rabbit CST -20°C 1 : 1,000 

RelA 65 mouse SCBT +4°C 1 : 1,000 

PUMAα (B-6) 23 mouse SCBT +4°C 1 : 1,000 

p21 21 mouse SCBT +4°C 1 : 1,000 

SMAC 30 rabbit CST -20°C 1 : 1,000 

γH2AX (S139) 17 rabbit CST -20°C 1 : 1,000 

 
Abbreviations:  

Antibody Supplier 
Ps = Phospho SCBT = Santa Cruz Biotechnologies  
Ac = Acetyl CST = Cell Signalling Technologies 
 JCB Lab = Jean Christophe Bourdon Laboratory 
 Enzo = Enzo Life Sciences, Inc. 

 
 
Table D.2. Details of Secondary Antibodies. 
 

Antibody Supplier Storage 
conditions 

Dilution (in 5% 
Milk/PBST) 

Goat, anti-mouse IgG 
(HRP-linked) CST -20°C 1 : 2,000 

Goat, anti-rabbit IgG 
(HRP-linked) CST -20°C 1 : 2,000 

Goat, anti-rat IgG 
(HRP-linked) SCBT +4°C 1 : 1,000 

 
Abbreviations:  

Supplier 
CST = Cell Signalling Technologies 
SCBT = Santa Cruz Biotechnologies  
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Appendix E 
 
qRT-PCR reagents  
 

Reverse Transcription Master Mix 

The Roche Transcriptor High Fidelity cDNA Synthesis kit was used to prepare a master 

mix (Table E.1) for cDNA synthesis. Appropriate volumes of each component were 

added to a micro-centrifuge tube according to the principle ‘reagent volume = 

number of samples + 3’ in order to ensure excess.  

Table E.1. Reverse Transcription Master Mix Reagents. 
 

COMPONENT VOLUME/SAMPLE (µL) 

5X Reaction Buffer 2 

RNase inhibitor (40U/µL) 0.25 

dNTP’s (10 mM) 1 

DTT 0.5 

Reverse Transcriptase 0.55 

 
SYBR Green/Primer Master Mix  

The Roche LightCycler®480 SYBR Green Master I was used to prepare a master mix 

with specific primers of interest (Table E.2). Appropriate volumes of each component 

were added to a micro-centrifuge tube according to the principle ‘reagent volume = 

number of wells + 8’ in order to ensure excess. A total of 3.5 µl of the specific primer 

master mix was added to the corresponding wells of a 384 well PCR plate followed 

by the addition of 1.5 µl of sample cDNA. Each sample was plated in technical 

triplicate. 

Table E.2. SYBR Green/Primer Master Mix Reagents. 

 

COMPONENT VOLUME/WELL (µL) 

2X SYBR Green 2.5 

Forward Primer (3 µM) 0.5 

Reverse Primer (3 µM) 0.5 
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Primer Sequences 

Lyophilised primers (Eurofins Scientific) were resuspended in nuclease-free water to 

give a stock concentration of 100 µM. Prior to use, primers were diluted to a 3 µM 

working concentration in nuclease-free water. Individual forward and reverse primer 

sequences are displayed below for both qRT-PCR (Table E.3) and ChIP qPCR analyses 

(Table E.4). 

 
 

Table E.3. Forward and reverse primer sequences for qRT-PCR. 
 
 

GENE FORWARD PRIMER SEQUENCE REVERSE PRIMER SEQUENCE 

RPL24  AAGGCTCAACGAGAACAAGC GGTGCTGCCTTTGTAGGTG 

CFLAR  CCTAGGAATCTGCGTGATAATCGA TGGGATATACCATGCATACTGAGATG 

CDKN1A  TGGGTGGTACCCTCTGGA TGAATTTCATAACCGCCT 

BBC3 GACCTCAACGCACAGTACGA GAGATTGTACAGGACCCTCCA 

 
 
 
Table E.4. Forward and reverse primer sequences for ChIP qPCR. 
 
 

GENE FORWARD PRIMER SEQUENCE REVERSE PRIMER SEQUENCE 
CCND1 (Cyclin D1 
negative region)  

TGCCACACACCAGTGACTTT ACAGCCAGAAGCTCCAAAAA 

CDKN1A  (p21 
promoter/enhancer) 

GTGGCTCTGATTGGCTTTCT  CTGAAAACAGGCAGCCCAAG 

CFLAR (FLIP 
promoter) 

ATTTCAGCCGGTGGGTGGCG GCTCAGACCTGCTGCTCCGC 
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Appendix F 
 

Supplemental data and methods 
 
Chapter 3 Supplemental Data: 
 
 

 
 
 
 
 
 
 
 
 

F.1. Concentration-dependent effects of 72-hour MDM2 inhibition in HCT116 colorectal cancer 
cells. HCT116 p53+/+ cells were treated with the indicated doses of the MDM2 inhibitors Nutlin-
3A (green), MI773 (red), AMG232 (blue) and RG7388 (orange) for 72 hours prior to analysis with 
Presto Blue viability reagent. Graph displays percentage viability of MDM2 inhibitor treated 
samples relative to an untreated control. Error bars represent mean ± SEM of three independent 
experiments.  
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Chapter 5 Supplemental Methods:  
 
In Vivo Study  
 

All procedures were carried out in accordance with the Animals (Scientific 

Procedures) Act, 1986 in compliance with institutional guidelines and authority 

regulations under SPF conditions. For transplant studies, 8-12 week-old female 

BALB/c mice received a single, subcutaneous injection of 1 x 106 CT26 cells (ATCC) in 

PBS (Invitrogen). Tumour volumes (mm3) were measured twice weekly using the 

formula: ½ (a x b2), where b is the shorter measurement.  Once tumours were 

established (average volume 100 mm3), animals were randomised and assigned to 

four treatment groups: Vehicle (30% cyclodextrin (Entinostat vehicle, OG)/PBS 

(FOLFOX vehicle, IP), FOLFOX alone (10 mg/kg 5-FU + 1 mg/kg Oxaliplatin (IP), 30% 

cyclodextrin (OG)), Entinostat alone (10 mg/kg Entinostat (OG), PBS (IP)) or a 

combination of both (10 mg/kg 5-FU + 1 mg/kg Oxaliplatin (IP), 10 mg/kg Entinostat 

(OG). For FOLFOX treatment, 5-FU was administered daily and Oxaliplatin on Day 1 

of 7 only. Mice were treated for 3 or 7 days, with tumour volume assessed 

throughout, and tumours harvested and fixed for FFPE processing at endpoint.  
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