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Abstract

Abstract

c-FLIP (cellular FADD-like-interleukin-ip-converting enzyme (FLICE) inhibitory 

protein) is a major anti-apoptotic protein that prevents apoptosis mediated by the 

death receptors TNF-R1, Fas, DR4 (TRAIL-R1) and DR5 (TRAIL-R2). c-FLIP binds 

to the death inducing signalling complex (DISC) via its tandem death effector 

domains (DEDs) and the DED of Fas-associated death domain-containing protein 

(FADD), thereby inhibiting processing of procaspases 8 and 10 at the DISC. 

Overexpression of c-FLIP results in the evasion of apoptosis, a key hallmark of 

cancer and a major factor in drug resistance.

Previous research in our group demonstrated that c-FLIP is critical regulator of cell 

death, regulating apoptosis induced not only by death ligands, but also by a range of 

chemotherapeutic agents in a variety of disease models. Importantly, normal cells do 

not appear to rely on c-FLIP for survival to the same extent as cancer cells. c-FLIP is 

overexpressed in colorectal cancer, and high c-FLIP expression has been 

demonstrated to be an independent adverse prognostic marker in stage ll/lll 

colorectal cancer. Collectively, these and a number of other preclinical studies have 

indicated that c-FLIP is an important determinant of cancer cell survival and drug 

resistance and that inhibition of c-FLIP constitutes a promising therapeutic strategy

for the treatment of cancer.



Abstract

We conducted a yeast-2-hybrid screen to identify novel binding partners of c-FLIP. 

The DNA repair protein Ku70 was identified in this screen, and the aim of this study 

was to characterise the interaction between c-FLIP and Ku70, with a particular focus 

on how Ku70 regulates c-FLIP expression. It was found that Ku70 interacts with both 

long and short forms of c-FLIP. The region of Ku70 that interacts with c-FLIP was 

identified as amino acids 430-496. This region is also important in mediating Ku70 

DNA repair functions by facilitating the heterodimerisation with Ku86 to form the Ku 

complex. Furthermore, the nuclear localisation signal (NLS) that is involved in the 

retention of Ku70 in the nucleus is also located in this region. It was also 

demonstrated that the second DED (DED2) of c-FLIP is important in mediating its 

interaction with Ku70, and more specifically arginine 122 of c-FLIP was found to be 

involved. However, this arginine residue did not affect the interaction between c-FLIP 

and FADD and procaspase 8, indicating that c-FLIP uses distinct but overlapping 

regions to interact with FADD/procaspase 8 and Ku70 respectively.

Using siRNAs targeted against Ku70, it was demonstrated that when Ku70 is 

silenced, c-FLIP expression is decreased in a panel of colorectal cancer cells. 

Further investigation determined that siRNA-mediated Ku70 silencing results in 

decreased protein stability, increased ubiquitination of c-FLIP and increased protein 

turnover. In addition, silencing Ku70 induces caspase 8-dependent apoptotic cell 

death that requires down-regulation of c-FLIP. These results demonstrate that Ku70 

plays a role in regulating c-FLIP expression by inhibiting its ubiquitination.



Abstract

Ku70 is a target for acetylation, and this acetylation is increased following treatment 

with HDAC inhibitors. The interaction between c-FLIP and Ku70 was demonstrated 

to be highly dependent on acetylation of Ku70, with acetylation of lysines K539 and 

K542 of Ku70 important in regulating the c-FLIP-Ku70 interaction. Furthermore, it 

was demonstrated that the pan-FIDAC inhibitor SAFIA could increase the acetylation 

of Ku70, dissociate the c-FLIP-Ku70 interaction and cause the degradation of c-FLIP 

through the ubiquitin-proteasome system. Moreover, degradation of c-FLIP by SAHA 

induced caspase 8-dependent apoptosis that was also dependent on the expression 

of death receptors, particularly DR5. In addition, it was found that SAHA significantly 

down-regulated c-FLIP expression and retarded the growth of colorectal xenografts. 

Also, the overexpression of c-FLIP attenuated the in vivo growth retardation caused 

by SAHA treatment. Through the use of the more selective HDAC inhibitors, 

Droxinostat (HDAC3, 6 and 8) and Tubacin (HDAC6), it was determined that HDAC6 

is a key HDAC in regulating the acetylation of Ku70 and the expression of c-FLIP in 

colorectal cancer cells.

In summary, this study identified an interaction between the anti-apoptotic protein c- 

FLIP and the DMA repair protein Ku70 that is regulated by HDAC6-dependent 

acetylation of Ku70 and which regulates the expression of c-FLIP. In addition, due to 

the importance of c-FLIP down-regulation during the apoptotic response to SAHA 

and the frequency of c-FLIP overexpression in a variety of cancer subtypes, it is 

possible that c-FLIP, caspase 8 and Ku70 may be biomarkers of response to HDAC

inhibitor treatment.
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Chapter 1: Introduction



Introduction

1.1 Cancer

Most tissues exhibit the capacity for the identification, deletion and 

replacement of damaged cells. To this end, homeostasis is maintained 

between the processes of cell division, differentiation and cell death. The 

regulatory mechanisms that govern these states usually operate highly 

effectively, however disruption of these control points plays an important 

role in the development of cancer1.

Cancer is a genetic disease; it is a multistep process, resulting from a series 

of mutations to the genome. These mutations confer a growth or survival 

advantage and drive the progressive transformation of normal cells into 

malignant cancer cells 2. In their seminal paper, Hanahan and Weinberg 

(2000) 3 4 5 6 suggested that six key changes are necessary to convert a normal 

cell into a malignant cancer cell:

1. Loss of dependence on external growth signals

2. Develop insensitivity to antigrowth signals

3. Evasion of apoptosis

4. Limitless replicative potential

5. Sustained angiogenesis

6. Tissue invasion and metastasis

i
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These changes are driven by mutations to genes that directly or indirectly 

regulate these six processes and result in the transformed cells overcoming 

systemic anti-cancer defence mechanisms and developing into a self- 

sufficient tumour mass capable of spreading from the primary tumour site.

It is now believed that additional factors may be involved in the 

pathogenesis of cancer4; these are divided into two sub-categories:

Emerging hallmarks

1. Deregulation of cellular energetics

Uncontrolled cell proliferation involves not only deregulated control of cell 

proliferation but also requires similar adjustments in energy metabolism to 

fuel cell growth and division. The metabolic switch to aerobic glycolysis was 

demonstrated by Warburg5, 6 and results in an energy deficit due to less 

efficient ATP production. This deficit is compensated in cancer cells through 

the up-regulation of glucose transporters7 and through activation of 

oncogenes such as Ras and Myc and mutation of tumour suppressor genes 

such as TP537'8.

2. Avoiding immune destruction

A role for defective immune surveillance in tumour formation is supported 

by a body of evidence from genetic and clinical epidemiological studies 

which demonstrate that deficiencies in cells of the immune system lead to

2
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susceptibility to cancer development9'11. The process of “immunoediting” 

describes the development of tumours in immunocompetent and 

immunocompromised settings12. However, cancer immunology can be more 

complex than Smyth et al suggest. Highly immunogenic cancer cells may 

evade immune destruction by disabling components of the immune system; 

this is akin to a ‘tumour counterattack’. For example, cancer cells can 

disable cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells through 

the secretion of TGF|3 or other immunosuppressive factors13.

Enabling characteristics

1. Genome instability and mutations

Tumourigenesis is enabled through the selection of advantageous 

mutations14. Multistep tumour progression can be portrayed as a 

succession of clonal expansions, each of which is triggered by the chance 

acquisition of an enabling mutant genotype15,16, or through non-mutational 

changes that affect the regulation of gene expression17 18. Genomic 

maintenance recognises and repairs defects thereby keeping the rate of 

spontaneous mutations low. For this reason cancer cells often acquire the 

capacity to increase the rate of mutations, enabling cells to acquire the 

number of mutations needed to orchestrate tumourigenesis19,20. Moreover, 

defects in DMA repair machinery have been documented to take place at 

many stages during tumlourigenesis19, 21'23. Defects in genome 

maintenance and repair are selectively advantageous and therefore 

instrumental to tumour progression, even if only to accelerate the rate at
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which evolving premalignant cells can acquire mutations that lead to a 

malignant genotype.

2. Tumour promoting inflammation

Neoplastic lesions frequently contain immune cells. The presence of these 

immune cells was initially thought to reflect a systemic attempt to eradicate 

these tumour cells. Over the past decade however, research has 

demonstrated that the innate immune system has a functionally important 

role in tumour promotion 24"27. Inflammation can contribute to multiple 

hallmark capabilities by supplying the microenvironment with growth factors 

and cytokines that sustain proliferative signalling; such as, survival factors 

that limit cell death; pro-angiogenic factors; and extracellular matrix 

modifying enzymes that facilitate angiogenesis, invasion and metastasis. 

Inflammation can be considered an enabling characteristic through its 

contributions to the acquisition of core hallmark capabilities.

Tumours exhibit another dimension of complexity as they can also contain 

normal non-transformed cells from the host tissue that are involved in the 

acquisition of malignant phenotypes by contributing to the creation of a 

microenvironment suitable for the growth of the tumour. Thus, the biology of 

tumours is highly complex and can only be understood by the study of the 

many individual specialised cell types within the tumour and the tumour 

microenvironment constructed by the cancer cells during malignant 

progression28. Dysfunction in the tumour microenvironment can be crucial 

for carcinogensis29.
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1.2 Colorectal cancer

Colorectal cancer is the third most common cancer in the United Kingdom 

(CRUK), with around 40,000 new cases diagnosed every year (AICR). 

Colorectal cancer is the second highest cause of cancer death in the UK, 

however death rates have been falling in parallel with improvements in 

treatment. In the last decade, there has been a 13% drop in colorectal 

cancer deaths (CRUK, Office of National Statistics).

Colorectal Tumourigenesis

It is widely accepted that colorectal cancer results from an accumulation of 

mutations in tumour suppressor genes and oncogenes leading to cancer 

initiation and progression30. The most prevalent and earliest genetic 

mutational event identified in colorectal cancer is a genetic disruption in the 

adenomatous polyposis coli (ARC) pathway31. APC is a tumour suppressor 

gene located on chromosome 5q2132. The APC pathway is responsible for 

regulating (3 catenin/TCF mediated transcription33. Disruption of this 

pathway results in increased transcription of genes that promote cell 

growth34. The APC pathway is reportedly altered in approximately 95% of 

colorectal tumours35. All inherited mutations identified in the APC gene thus 

far result in inactivation of the gene. These mutations include gross 

deletions, but more often involve a localised mutation that results in 

frameshifts, the insertion of stop codons or mis-sense mutations36. Further 

evidence to support the importance of the APC gene in the development of 

colorectal cancer is demonstrated by allelic losses involving chromosome
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5q21 in 35-60% of tumours from patients with no familial link to colorectal 

cancer37'39. Inactivating mutations of ARC are thought to promote 

tumourigenesis by causing unregulated transcription of oncogenes such as 

c-Myc and Cyclin D1 downstream of activation of □-catenin/TCF34,40.

p53 is a tumour suppressor gene located on chromosome 17p, a region 

frequently subject to allelic loss38, 41 42. The p53 gene encodes a nuclear 

phosphoprotein that can directly bind to DNA and act as a transcriptional 

activator43 44. Genes targeted by p53 can cause cell cycle arrest allowing 

damaged cells to either repair or initiate apoptosis45. Allelic losses affect 

chromosome 17p in more than 75% of colorectal cancers41. In more than 

90% of colorectal cancer with loss of heterozygosity (LOH) on 17p, a single 

mis-sense mutation could be detected in the remaining p53 allele46. 

Mutations of the p53 gene are among the commonest genetic alterations in 

all cancers47. Overexpression of p53 (a surrogate marker for p53 mutation) 

has also been noted in colorectal carcinoma compared to benign 

adenomas48, and multiple studies have indicated that mutation to the p53 

gene is important in the development of colorectal cancer49.

Mutation leading to dysregulation of the K-ras proto-oncogene is also 

thought to be an early event in colon cancer formation50. The K-ras gene is 

located on the short arm of chromosome 12 and encodes a 21kDa protein 

(p21ras) that is involved in G protein-mediated signal transduction51. Located 

on the inner surface of the membrane, the K-ras protein is bound to GTP 

when active. Hydrolysis of the GTP to GDP by GTPase renders it inactive52.

6



Introduction

Downstream mediators of the K-ras pathway, kinases such as mitogen 

activated protein kinase kinase (MAPKK/MEK1) and mitogen activated 

protein kinase (MAPK/ERK), have roles in cell division and promote 

proliferation53. Mutations in codons 12, 13 or 61 convert the K-ras gene into 

an oncogene, and there is a -50% incidence rate of K-ras mutations in 

colorectal cancer54. Mutations in K-ras lead to decreased GTPase activity, 

resulting in a constitutively active K-ras protein. This active K-ras 

predisposes to the tumourigenic development and progression of polyps 

and therefore colorectal cancer55.

The challenges in combating colorectal cancer are to understand the factors 

that initiate and drive tumourigenesis and underpin its responsiveness to 

anticancer therapies56. Therefore the model proposed gives us insight into 

the genetic development of the disease and identifies possible targets for 

intervention (Figure 1.1).
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Figure 1.1: Schematic representation of the mutations that contribute to the 

development and progression of colorectal cancer.
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Colorectal Cancer Treatment

Surgery is the most effective treatment for colorectal cancer and is 

frequently curative in early stage disease (stages II and III) when the tumour 

is localised 57. Palliative resection of the primary tumour can also be offered 

in advanced disease to reduce morbidity. A significant number of patients 

present with advanced stage disease, and the management of this requires 

systemic chemotherapy. 5-flurouracil (5FU) was introduced in 1957 and is 

still the mainstay of therapeutic regimens for patients with colorectal 

cancer58,59. The mechanism of action of 5FU is based on its ability to inhibit 

thymidylate synthase (TS). Thymidylate synthase catalyses the reductive 

methylation of deoxyuridine monophosphate (dUMP) by 5,10- 

methylenetetrahydrofolate to produce deoxythymidine monophosphate 

(dTMP)60, which is essential for DNA replication and repair61. 5FU is 

converted intra-cellularly to active metabolites that disrupt RNA synthesis 

and inhibit the activity of TS62. This prevents the synthesis of thymidine and 

results in the incorporation of fluorinated nucleotides into DNA and RNA 

thus inducing DNA damage 62. However, response rates for 5FU as single 

first line treatment in advanced colorectal cancer are only 10-15% 63. The 

combination of 5FU treatment with the DNA damaging agents irinotecan 

and oxaliplatin have led to improved response rates (RR) in the treatment of 

CRC of -40-50% 64.

The once accepted “one size fits all” approach to treatment and 

chemotherapy is no longer applicable, with a multitude of factors accepted 

as contributing to the success of the chemotherapy regimen. The 

heterogeneous nature of colorectal cancer reflects the need for
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individualised treatment strategies. Colorectal cancer is one of the best 

understood cancer types from a genetic perspective 65,66, with identification 

of sequential mutations leading to its development 38. However, colorectal 

cancer is also the second most common cause of cancer cell death 

(CRUK), indicating the lack of efficacy of current therapies, particularly in 

the advanced disease setting. The development of targeted biological 

agents has provided some clinical improvement in colorectal cancer 

treatment:

• EGFR-targeted therapy.

The epidermal growth factor receptor (EGFR) is a trans-membrane 

receptor with an intracellular tyrosine kinase domain, whose activating 

ligands include epidermal growth factor (EGF) and transforming growth 

factor alpha (TGFa) 67. Activation of EGFR by ligand binding initiates 

several intracellular signalling pathways that influence cell cycle, 

proliferation, migration, angiogenesis and inhibition of apoptosis 67"69. 

Dysregulation of the EGF pathway is associated with aggressive disease 

and poor prognosis, as it promotes growth and progression of many 

cancers including colorectal cancer 70. The monoclonal antibodies, 

Cetuximab and Panitumumab can bind to the extracellular domain and 

inhibit the activation of intracellular pathways. Mutations of the K-ras gene 

have been shown to be a significant predictor of response to cetuximab 

therapy 71. Similarly, the efficacy of panitumumab in colorectal cancer was 

shown to be confined to patients with tumours lacking a K-ras mutation 72. 

Mutations in the K-ras gene render the EGFR pathway constitutively active
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and therefore not dependent on upstream activation by EGFR. Hence, 

EGFR-targeted therapies are ineffective in this genetic context.

• Vascular endothelial growth factor (VEGF).

VEGF is a secreted ligand with specific receptors primarily expressed by 

angioblasts and endothelial cells 73. The pathways activated by VEGF play 

a major role in tumour growth and angiogenesis. Overexpression of VEGF 

is also associated with tumour progression and poor prognosis in colorectal 

cancer74. Bevacizumab is a monoclonal antibody targeted against VEGF. It 

was the first anti-angiogenic agent approved by the FDA for treatment in 

metastatic colorectal cancer, in combination with 5FU based therapy 75.

The development of biologically targeted agents such as those described 

above has demonstrated clinical benefits in terms of response rates76, 77, 

however, the benefits in terms of overall and progression-free survival have 

been relatively modest. Drug resistance still remains the greatest problem in 

the advanced disease setting and is therefore a major clinical challenge78, 

79. In early stage disease, the challenges are somewhat different. In stage II 

disease, most patients are cured by surgery alone; the challenge here is 

predicting which patients will relapse and targeting them for treatment with 

chemotherapy. In stage III disease, -55% of patients relapse after 

surgery80. Again, there is a clinical need to identify these patients and 

develop more effective therapies that eradicate their residual disease 

following surgery. At present, all stage II and III patients receive adjuvant 

5FU-based chemotherapy, despite the majority deriving no benefit from this
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treatment either because they would be cured by surgery alone or the 

chemotherapy is ineffective due to drug resistance81.
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1.3 Drug Resistance

Drug resistance is a major factor in limiting the effectiveness of 

chemotherapy treatment in cancer. It is believed to cause treatment failure 

in over 90% of patients with metastatic disease 82. Drug resistance can be 

divided into 2 types, inherent or acquired. Inherent resistance occurs when 

tumour cells are intrinsically resistant to chemotherapy prior to treatment. 

Tumours can also acquire resistance to chemotherapy treatment, even 

though they were initially sensitive. Acquired resistance is a particularly 

challenging problem as it may cause tumours to become cross-resistant to 

other forms of chemotherapy treatment with varying mechanisms of action 

83. Overcoming drug resistance is one of the major challenges of current 

cancer research. There are many factors that affect drug sensitivity and 

cancer cell resistance to chemotherapy can occur at many levels.

• Increased drug efflux/ Decreased drug influx

Increased drug efflux and decreased drug influx limit the effectiveness of 

chemotherapy by reducing the concentration of active drug in the tumour 

cell. Alterations in drug efflux has been demonstrated to be regulated by 

ABC transporter proteins P-glycoprotein (P-gp) and multi-drug resistance 

protein (MRP)84. Overexpression of these proteins increases the amount of 

drug pumped out of the cell, limiting the amount of drug in the tumour cells.
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• Drug inactivation

5-FU, the main chemotherapy used to treat colorectal cancer58 is an 

example of inactivation of the cytotoxic drug before it reaches its target. 

5FU is catabolised by DPD to dihydrofluorouracil in the liver, and more than 

80% of 5FU is metabolised in this way 85. DPD overexpression in cancer 

cells has been demonstrated to confer resistance to 5FU 86. The increased 

degradation of 5FU limits the levels of drug available at the tumour site.

• Alterations in drug target

Mutation of chemotherapy targets has a major impact on drug resistance. 

For example, irinotecan is a semi-synthetic analogue of camptothecin 

characterized by the presence of a bulky piperidine side-chain at the C-10 

position87, 88, with anticancer effects demonstrated in a variety of cancer 

types including colorectal cancer89. This side-chain can be cleaved 

enzymatically by carboxylesterase to 7-ethyl-10-hydroxycamptothecin (SN- 

38)88, the active metabolite of irinotecan, which is 1000-fold more potent. 

These compounds specifically target DNA topoisomerase I (Topo I). The 

formation of a cleavable drug-Topo l-DNA complex results in lethal double

strand DNA breakage and cell death90. Mutations in topo I have been found 

that reduce its affinity for SN-38, thus reducing sensitivity to iriontecan 91.

• Processing of drug induced damage

Chemotherapy treatment frequently aims to induce DNA damage in cancer 

cells, either directly with platinum drugs, or indirectly with the use of anti

metabolites such as 5FU or topoisomerase poisons. The ability of cancer
14
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cells to repair the damage induced will determine the tumour’s sensitivity to 

a particular chemotherapy. DNA damage repair pathways are extremely 

complex, and the balance between cell cycle arrest and DNA repair and 

apoptosis is context dependent. Nucleotide Excision Repair (NER) is a 

major repair pathway in DNA damage induced by platinum drugs, such as 

cisplatin and oxaliplatin, through the removal and repair of DNA adducts 92. 

NER is a complex process involving many steps. One of the proteins 

involved, and one which is a rate limiting factor is Excision repair cross

complementing 1 protein (ERCC1). ERCC1 is important in determining 

sensitivity to cisplatin treatment93 and increased expression of ERCC1 has 

been shown to correlate with cisplatin resistance 94.

• Evasion of apoptosis

Evasion of apoptosis is one of the hallmarks of cancer described by 

Hanahan and Weinberg. A critical balance between DNA damage repair 

and cell death exists in cells. This balance is tightly regulated by numerous 

factors. One of these factors is the tumour suppressor p53 95. As mentioned 

above, the gene that encodes p53 (TP53) is mutated in approximately 50% 

of all tumour types 96. p53 itself is subject to regulation and can be rendered 

inactive by mutations in its positive regulator p14ARF or over-activation of 

negative regulators such as Akt. A number of studies have demonstrated a 

lack of functional p53 contributes to drug resistance through an inability to 

undergo apoptosis. For example, in vitro studies demonstrate reduced 

sensitivity to 5FU when p53 is mutated or lost 61, and some clinical studies 

have corroborated this 97.
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Another important mediator of drug resistance and the main focus of this 

thesis is cellular- Fas associated death domain like interleukin ip converting 

enzyme (FLICE) like inhibitory protein (c-FLIP). Overexpression of c-FLIP 

has been found to inhibit death receptor-mediated apoptosis in a number of 

in vitro studies98'100, and knockdown of c-FLIP expression sensitises to 5- 

FU, oxaliplatin, and CPT-11, demonstrating a key role in mediating 

response to chemotherapy101. Overexpression of c-FLIP has been 

demonstrated to confer resistance to chemotherapy and TRAIL 

treatments101"103. c-FLIP prevents the induction of death receptor mediated 

apoptosis through binding to and preventing the complete activation of 

caspase 8104 105 and this pathway will be discussed in more detail later.

Drug resistance is indeed very complex, and the attempt to overcome this 

major obstacle to cancer treatment is daunting. Improvements in technology 

and the development of more targeted therapies will hopefully lead to 

innovative ways of tackling the problem of drug resistance in cancer. The 

hope is that through a better understanding of drug response and 

mechanisms of resistance in patients, treatments can be tailored to suit 

individual disease subtypes.
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1.4 Apoptosis

Cell death is a fundamental cellular response required for the development 

of organism structure and in regulating tissue homeostasis by terminating 

disordered cells106. Cell death is an active process which is tightly regulated 

in both malignant and non-malignant cells107. Three distinct mechanisms of 

cell death have been recognised; apoptosis, necrosis and autophagy108'112. 

Other atypical cell death mechanisms have been suggested but remain to 

be confirmed.

Genetic studies have demonstrated that apoptosis has a significant role 

during mammalian development113. The term “apoptosis” was first coined by 

Kerr 114 and is defined by certain morphological changes that are the result 

of caspase activity115; these include chromatin condensation and nuclear 

fragmentation, blebbing of the cell membrane, cell shrinkage and eventual 

engulfment of the cell by phagocytic macrophages, with no inflammatory 

response 116. Apoptosis was the first form of programmed cell death to be 

characterised and shown to be genetically regulated, from the study of 

Caenorhabitis Elegans in the early 1990’s117. Of the 1090 somatic cells 

generated in the adult worm, 131 of these cells undergo apoptosis at 

particular points in development demonstrating the remarkable accuracy 

and control of apoptosis during development118.
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The process of apoptosis is mediated by the activation of a family of 

enzymes termed caspases. Caspases are cysteine-dependent, aspartate

targeting proteases that can be activated by at least two major routes: one 

from the cell surface and the other from the mitochondria107. Both of these 

apoptotic pathways are regulated at many points making this pathway an 

ideal target for therapy. For example, at the level of receptor signalling119 

120, caspase activity120, through expression of anti-apoptotic proteins such 

as c-FLIP, XIAP and Bcl-2 family members121, and through the expression 

and activation of pro-apoptotic effectors such as the BH3-only Bcl-2 family 

members122. These are all discussed below.

Apoptosis eradicates potentially harmful cells, particularly genetically 

altered cells, thus maintaining the integrity of the genome 123. Evasion of 

apoptosis is not only a hallmark of cancer but also a key mechanism in the 

failure of anti-cancer therapies 124. Due to the tightly regulated nature of the 

apoptotic program at various points in either pathway, it provides 

opportunities for therapeutic intervention. The pathways leading to apoptotic 

cell death and the strategies being developed to target them in anti-cancer 

therapy will be discussed in detail in the following sections.
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1.4.1 Caspases

Caspases are cysteine proteases that can cleave their substrates after an 

aspartate residue 125. Caspases are the central effectors of the apoptotic 

response; they are a conserved family of enzymes and activation of a 

subset of caspases will irreversibly commit a cell to die 126, 127. They are 

synthesised as inactive pro-caspases (zymogens) consisting of an N- 

terminal pro-domain, a large subunit (20kDa) and a small subunit (10kDa). 

During apoptosis, they are cleaved at internal aspartate residues to form the 

active enzyme, consisting of a heterodimer of two large and two small 

subunits, with two active sites per molecule 127. The first caspase to be 

identified in humans was interleukin 1p converting enzyme (ICE, caspase 1) 

128, 129, but it was the study of the nematode Caenorhabditis elegans that 

demonstrated that apoptosis was an active biological process requiring 

specific genes and proteins 13°. It was in C. elegans that the gene ced-3 

was determined to be required for cell death, and the protein product CED-3 

was related to mammalian ICE (caspase 1) 131. Although the first 

mammalian caspase, ICE was identified as an important regulator of the 

inflammation response, at least 7 out of the 14 known mammalian caspases 

have important roles in apoptosis 132. Apoptotic caspases are generally 

divided into two classes: the initiator caspases which include caspase 2, 8, 

9 and 10; and the effector caspases including caspase 3, 6 and 7 133. An 

initiator caspase is characterised by aspartate residues that separate the 

large (p20) and small (p10) subunits. Initiator caspases can be auto-
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activated, however this process of activation is tightly regulated, often 

requiring the assembly of a multi-component complex 134. To facilitate the 

formation of these complexes, the pro-domains of the initiator caspases 

contain either a death effector domain (DED) or a caspase recruitment 

domain (CARD). Activation of pro-caspase 8 requires association with the 

adaptor protein FADD (Fas-associated death domain) at the DISC (death 

inducing signalling complex) via homotypic DED-DED inter-molecular 

interactions 135. Activation of pro-caspase 9 involves association with APAF- 

1 (apoptotic protease activating factor 1) and cytochrome c via CARD- 

CARD interactions 136. Effector caspases have shorter pro-domains and 

depend on initiator caspases to activate them. Following activation, the 

effector caspases activate cytoplasmic endonucleases and proteases, 

which are responsible for the cleavage of a range of cellular targets, 

resulting in the apoptotic phenotype 137. There are two main apoptotic 

pathways, triggered by different death stimuli The extrinsic pathway, 

involving the activation of caspase 8, and the intrinsic pathway involving the 

activation of caspase 9. Despite a difference in initiation, both pathways 

converge on the same effector caspases, and there is cross-talk between 

the pathways.
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Figure 1.2: Overview of the Fas and TRAIL apoptotic pathways involved by 

caspase activation resulting in cell death.
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1.4.2 Intrinsic apoptotic pathway

The intrinsic apoptotic pathway is triggered in response to a wide range of 

death stimuli, such as developmental signals, cytotoxic insults, DNA 

damage or growth factor withdrawal 124. The pathway is mediated by the 

mitochondria, where in response to apoptotic stimuli, several pro-apoptotic 

proteins are released from the inter-membrane space into the cytoplasm 138. 

Intrinsic apoptosis is regulated by the Bcl-2 family of proteins.

1.4.2.1 Bcl-2 family proteins

Bcl-2 (B cell lymphoma 2) was first discovered as the protein product of the 

t(14;18) gene translocation breakpoint in B cell follicular lymphoma 139. 

Overexpression of Bcl-2 however does not promote cell proliferation as 

many other oncogenes do, but rather overexpression of Bcl-2 inhibits cell 

death 140. Members of the Bcl-2 family share one or more of the Bcl-2 

homology (BH) domains, which are relatively short amino acid sequences 

141, and can be divided into three groups based on their structural and 

functional characteristics. There are two groups of pro-apoptotic proteins, 

one is the BH3-only proteins, which only have a BH3 domain, and include 

BID, BIM, BAD, NOXA and PUMA. The other pro-apoptotic proteins, Bax 

and Bak, have three BH domains (BH1-3). The anti-apoptotic group all
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contain four BH domains (BH1-4), and include Bcl-2, BcI-Xl, Bcl-w, Mcl-1, 

and A1. To date, 25 members of the Bcl-2 family have been identified 142.

In response to pro-apoptotic stimuli, Bax and Bak undergo conformational 

changes, deep insertion into the outer mitochondrial membrane (OMM) and 

oligomerisation 143. This induces mitochondrial outer membrane 

permeabilisation (MOMP), possibly via the formation of pores or channels in 

the OMM 144. This permeabilisation triggers the release of multiple 

apoptogenic factors into the cytosol and also leads to mitochondrial 

dysfunction 145. MOMP is generally accepted as the step at which the cell 

has committed to undergo apoptosis. The anti-apoptotic Bcl-2 proteins 

inhibit MOMP, thereby preserving cell viability. BH3-only proteins facilitate 

OMM permeabilisation and promote cell death 146, 147. However, the 

regulation of apoptosis induction by BH3-only proteins is still controversial. 

Structural studies of the multi-domain pro-survival Bcl-2 family proteins 

suggest that these form a “binding pocket” through an elongated 

hydrophobic groove, acting as a receptor for the amphipathic a helical BH3 

“ligand” of pro-apoptotic partners 148. Two major competing models have 

been proposed for the regulation of this apoptotic process. The indirect or 

displacement model suggests that the anti-apoptotic Bcl-2 family members 

directly bind to Bax and Bak, thus inhibiting their activation. Self-activation 

of Bax and Bak is then proposed to occur when BH3-only proteins bind to 

and sequester the anti-apoptotic Bcl-2 family members, thereby blocking 

their inhibitory effect on Bax/Bak149. Alternatively, a direct or split BH3
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model suggests that there are two subtypes of BH3-only proteins. In this 

model, activator BH3 proteins such as Bid and Bim interact with Bax and 

Bak to directly induce activation, and the the anti-apoptotic Bcl-2 family 

members act to sequester these BH3 activator proteins away from Bax/Bak. 

As in the indirect model, ‘sensor’ type BH3-only proteins such as Bad and 

Noxa act as ‘dissociators’ by binding to the anti-apoptotic Bcl-2 family 

members and prevent their association with Bax/Bak 150,151.
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Figure 1.3: (A) Representation of the BH containing Bcl-2 family proteins, 

demonstrating the difference between multidomain and BH3 domain only 

proteins. (B) Preferential binding activities of BH3-domain only proteins to 

anit-apoptotic Bcl-2 family members.
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1.4.2.2 Post mitochondrial control of apoptosis

Mitochondrial outer membrane permeabilisation (MOMP) results in the 

release of several pro-apoptotic proteins from the mitochondrial inner 

membrane space. Cytochrome C is one of these pro-apoptotic proteins. 

Once in the cytosol, cytochrome c induces the oligomerisation of Apaf-1 

forming the Apoptosome complex 152, which in turn binds to and activates 

pro-caspase 9 153. Caspase 9 then activates effector caspases 3 and 7, 

leading to cell death. Proteins that indirectly modulate the activation of 

caspases, such as Smac (second mitochondrial-derived activator of 

caspases)/DIABLO are also released from the mitochondria following 

MOMP. Smac binds to the IAP family proteins, preventing their inhibitory 

action on caspases 154.

Inhibitor of Apoptosis proteins (IAP) function as intrinsic regulators of the 

caspase cascade. They are the only known endogenous proteins that 

regulate the activity of both initiator (caspase 9) and effector caspases 

(caspases 3 and 7). They were first discovered in baculoviruses, in which 

they were demonstrated to be involved in suppressing host cell death 

response to viral infection 155. Six IAP family members have been identified 

in humans: neuronal apoptosis inhibitor protein (NAIP), cellular IAP1 (c- 

IAP1), C-IAP2, X-linked IAP (XIAP), Survivin and BIR repeat containing 

ubiquitin-conjugating enzyme (BRUCE)155. They are characterised by the
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presence of a novel domain of ~70 amino acids termed the baculoviral IAP 

repeat (BIR). There can be at least three tandem copies of the BIR domain 

in IAP proteins. The characteristic BIR fold holds a zinc ion that is 

coordinated by one histidine and three cysteine residues156. The BIR 

domains of some lAPs allow them to bind to and inhibit the proteases, 

caspases, that orchestrate the apoptotic destruction of cells 157.

Because the IAP proteins can bind to and inhibit caspase activity and 

potently prevent cell death it must be removed, or its anti-caspase activity 

must be antagonized, for programmed cell death to occur. Smac/DIABLO 

(second mitochondrial activator of caspases/direct IAP binding protein with 

low pi), is a protein which in healthy cells is thought to be sequestered in 

the mitochondria158. In response to apoptotic stimuli, is released from the 

mitochondria into the cytosol where it can bind to lAPs, displacing caspases 

and thus perpetuating the apoptotic signal 159. Smac has been 

demonstrated to bind to all of the lAPs, including XIAP, C-IAP1, C-IAP2 and 

Survivin 16°. Smac can bind to either BIR2 or BIR3 domains interfering with 

either caspase 3/7 or caspase 9 activities, but the binding is considerably 

stronger with BIR3 161. lAPs and their inhibition by Smac present attractive 

therapeutic targets in a wide range of diseases including cancer. Preclinical 

studies have validated lAPs as potential drug targets. Overexpression of 

lAPs such as XIAP and Survivin confers resistance to multiagent 

chemotherapy in vitro 162. Furthermore, lAPs are also attractive as 

therapeutic targets because their inhibition does not appear to be toxic to 

normal adult cells. For example, XIAP knock out mice survive until birth and 

display no significant pathology 163. Currently two approaches are being
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used to develop IAP inhibitors- antisense oligonucleotides and small 

molecule inhibitors. This is discussed in the next section in more detail.
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Figure 1.4: Diagram representing the intrinsic apoptotic pathway showing 

caspase 9 activation through the mitochondira, and control of apoptosis 

through anti-apoptotic proteins.
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1.4.2.3 Targeting the intrinsic apoptotic pathway

Alteration of Bcl-2 family expression, namely the overexpression of anti- 

apoptotic Bcl-2 proteins can prevent induction of apoptotic cell death by 

anticancer therapies164'166. The therapeutic approaches to modulating 

apoptosis via the mitochondria have concentrated on two areas: targeting 

the Bcl-2 family proteins and targeting the overexpression of the IAP family 

proteins.

The first agent targeting Bcl-2 that entered clinical trials was a Bcl-2 

antisense, oblimersen sodium167, which demonstrated chemo-sensitising 

effects168. Further research has lead to the development of small molecule 

inhibitors of the Bcl-2 family proteins141. These are designed to bind to the 

hydrophobic groove of Bcl-2 proteins in place of BH3-only proteins169, and 

are therefore termed BH3 mimetics141,170'172. ABT-7 37 173 inhibits Bcl-2 and 

BcI-Xl and has demonstrated clinical activity as a single agent and in 

combination with other therapies. However, it has been determined that 

overexpression of Mcl-1 can mediate resistance to ABT-737. Obatoclax 

mesylate, another BH3 mimetic, has been demonstrated to inhibit all six anti 

apoptotic Bcl-2 proteins including Mcl-1150. It is currently being investigated 

in both solid and haematological malignancies. Table 1.2 summarizes 

agents that target the Bcl-2 family of proteins.
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AGENTS TARGET PROTEINS STAGE
Apogossypol Bcl-2, Bcl-XL, Mcl-1 Preclinical
HA-14 Bcl-2 Preclinical
Antimycin A Bcl-2, Bcl-XL Preclinical
BH3ls Bcl-XL Preclinical
Oblimersen sodium Bcl-2 Phase III
Gossypol (AT-101) Bcl-2, Bcl-XL, Bcl-w, Mcl-1 Phase I/ll
ABT-737 (ABT-263) Bcl-2, Bcl-XL, Bcl-w Phase 1
GX 15-070 Bcl-2, Bcl-XL, Bcl-w, Mcl-1 Phase 1

Table 1.1: Summary of agents that target the Bcl-2 family proteins141.
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Smac/DIABLO promotes apoptosis through its ability to antagonize IAP- 

mediated caspase inhibition once released from the mitochondria into the 

cytoplasm154, 160. The development of Smac mimetic (SM) compounds, 

designed to inhibit members of the inhibitor of apoptosis protein (IAP) family 

and to sensitise cancer cells to death, represents a more targeted therapy 

employed to overcome resistance to chemotherapy 174. SM compounds are 

a class of small pharmacological molecules that mimic the amino-terminal 

lAP-binding motif (AVPI) of mature Smac175. Although originally designed to 

inactivate XIAP, SMs are most effective with clAP1 and clAP2, triggering 

auto-ubiquitylation and proteasomal degradation of clAP1 and clAP2176. 

This results in NFkB activation, prolonged TNFR1 stimulation and RIP 

dependent cell death 177 178.Use of these agents have been demonstrated 

to synergise with TNFa and TRAIL 179 overcoming resistance caused by 

IAP overexpression 18°.
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1.4.3 The extrinsic apoptotic pathway

The extrinsic pathway is initiated by the binding of extracellular death 

ligands to their complementary death receptors on the surface of the cell181 

182. Death receptors belong to the tumour necrosis factor (TNF) receptor 

superfamily and are characterised by the presence of between one to five 

cysteine-rich repeats in their extracellular domains 183. The death receptors 

also contain a cytoplasmic N-terminal domain of approximately 80 amino 

acids, termed the death domain (DD)184 which facilitates the formation of a 

signalling platform following the oligomerisation of receptors that is 

stimulated by ligand binding 185 186. The best characterised death receptors 

are Fas/CD95/Apo1 which can be bound by the Fas ligand (FasL), the 

TRAIL receptors TRAIL-R1(TNF related apoptosis inducing ligand (TRAIL) 

receptor 1)/DR4, TRAIL-R2/DR5 which can be bound by TRAIL, and 

TNFR1 (tumour necrosis factor receptor 1) which can be bound by TNFo187' 

19°. Death ligands are mainly expressed as type II transmembrane proteins 

with an intracellular N-terminal domain, a transmembrane domain, and a C- 

terminal extracellular tail181. Ligands can be cleaved by metalloproteinases 

to form soluble cytokines, but the pro-apoptotic efficacy of the ligands is 

diminished compared to the much more potent membrane-bound forms 191, 

192. When bound by their cognate ligands, death receptors aggregate and 

the resulting complex is internalised by endosomal transport. This allows 

recruitment of the adaptor protein Fas associated death domain (FADD) 

through homotypic interactions between the DD on FADD and on
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Fas/TRAILR1/R2184 186. FADD binding facilitates the recruitment of 

procaspase 8, to form the DISC (death inducing signalling complex) through 

homotypic interactions between respective death effector domains (DEDs). 

Procaspase 8 is then activated through cleavage, and goes on to activate 

the downstream effector caspases-3,-6 and -7, initiating a caspase cascade 

188. Active caspase 8 can also cleave and activate the pro-apoptotic Bcl-2 

family member Bid, facilitating activation of the intrinsic pathway and cross 

talk between pathways 193.
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1.4.3.1 INF receptors and TNFa

The TNF receptor signalling pathway has two distinct receptors TNFR1 and 

TNFR2, and three ligands: membrane bound TNFa, soluble TNFa and 

soluble lymphocyte-derived cytokine LTa 194. Only TNFR1 is considered a 

canonical death receptor as TNFR2 lacks an intracellular death domain. 

Apoptosis induced by TNF signalling is thought to proceed through a FADD 

mediated complex, however TNF is also involved in NFkB activation and 

survival signalling. TNFa is produced mainly by activated macrophages and 

T cells in response to infection and inflammation, and by binding to TNFR1, 

it activates transcription factors NFKB 195 196 and Activator Protein 1 (AP1)

196, 197

Canonical NFkB activation: Complex I

Micheau and Tschopp reported the formation of two sequential signalling 

complexes and it is a balance of signalling from these complexes that 

results in cell survival or death198. The adaptor protein TRADD (TNFR 

associated death domain) is recruited following receptor oligomerisation 1". 

TRADD acts as a platform adaptor to facilitate the recruitment of TRAF2, 

RIP and C-IAP1 and 2 200_202. This complex, known as Complex I, forms 

rapidly at the plasma membrane following receptor ligation. Receptor 

interacting protein kinase 1 (RIP1) is polyubiquitinated by clAP1 and clAP2 

at lysine 377, and this ubiquitination facilitates the recruitment of LUBAC 

(Linear UBiquitin chain Assembly Complex) and the TAB/TAK and
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NEMO/IKK complexes. LUBAC adds M1 ubiquitin chains to NEMO and 

RIP1, thus stabilising the complex. Binding of NEMO to ubiquitin chains 

leads to conformational changes in IKKp and subsequent activation. This 

results in phosphorylation, ubiquitination and subsequent degradation of 

IkK, and removes inhibition of NFkB activation203, 204. IkK depletion 

facilitates NFkB translocation to the nucleus where it drives transcription, of 

anti-apoptotic and pro-inflammatory genes, such as c-FLIP, C-IAP1, C-IAP2, 

TRAF1 and TRAF2 205. Since NFkB activation is critically dependent on 

ubiquitin-mediated interactions, expression of DUBs such as CYLD can 

regulate NFkB activity through complex I formation.

TNF mediated cell death: Complex lla

However, under certain circumstances TNF signalling can result in cell 

death. The formation of Complex I is transient. Micheau and Tschopp were 

the first to identify a secondary, death promoting complex formed after TNF 

stimulation, which they termed complex II. Following the internalisation of 

the receptors by endocytosis 206, a second complex (Complex II) is formed 

in the cytosol, 2 hours after receptor ligation. This complex is derived from 

complex I and consists of TRADD and RIP1 binding to FADD via DD 

interactions 207. FADD can in turn recruit procaspase 8 and procaspase 10 

via DED interactions, promoting caspase cleavage and apoptosis 208. The 

apoptotic potential of Complex II is determined by the expression levels of 

c-FLIP. NFkB activation can transcriptionally up-regulate c-FLIP, which can 

bind to Complex II and prevent caspase 8 and 10 activation 206. Thus the
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apoptotic form of complex II can only form in the absence of NFkB activity. 

In addition, the JNK MAP kinase pathway is also activated following 

receptor stimulation by TNFa. This activation is mediated via MAPS kinases 

209. Sustained activation of c-Jun N-terminal kinase (JNK) results in 

phosphorylation and activation of the E3 ligase ITCH, which can 

ubiquitinate the c-FLIP, inducing its proteasomal degradation 21°. Thus, 

competing signals following TNFR1 activation lead to up- (NFKB) and down 

(JNK) -regulation of c-FLIP and therefore determine the apoptotic potential 

of Complex II. However, the heterodimerisation of FLIP-Caspase 8 is 

functionally active, as the heterodimerisation rotates the catalytic pocket of 

caspase 8 into a position for catalysis211. This active heterodimer is not 

sufficient to trigger apoptosis, as FLIP inhibits prodomain cleavage and 

subunit release from the adaptor protein. Furthermore, the heterodimer is 

much less active on apoptotic substrates such as Bid and caspase 3212.

37



Introduction

TNFu

Complex-1

T^DD])hRIP<l

(lyW2 -I- TSf
.1^ . ^ ./AS?tj--- IAB2)

i" .— Ub,.uf
LUBAC [

P — P

NF kB C

Nucleus

I
"t'*

TRAF2
vciAP

Degradation

Complex-ll

In the absence In the absence of
of clAPs NF-k'B signalling

RlPKi; RIPKI (TRADD^TRADD

f ' FADD (V s; FADD

Ca

\ /
Caspase 8 Caspase 8

Apoptosis

Figure 1.5: NFkB activation and Apoptosis induction via formation of 

complex I and complex II (lla or lib) following TNF signalling. (Nature

Reviews Cancer 10, 561-574 (August 2010)

38



Introduction

Non-canonical NFkB activation

Activation of the non-canonical NFkB pathway occurs in response to ligands 

of a subset from the INF receptor superfamily that include CD40L and 

TWEAK. In the absence of stimulus, non-canonical NFkB activity is 

normally supressed because of constituative NIK proteasomal degradation. 

This degradation is triggered by ubiquitination of NIK by a 

TRAF2/TRAF3/clAP complex that functions as an E3 iigase complex213. 

Receptor ligation recruits TRAF/clAP complex, and results in the 

ubiquitination of components of this complex in a cell/receptor dependent 

context, ultimately resulting in stabilisation of NIK, which subsequently 

phosphorylates IKKa and p100, an NFkB porecursor. p100 is partially 

degraded to generate p52, which together with RelB translocates to the 

nucleus and drives transcription of NFkB target genes. Loss of IAP or TRAF 

expression can also result in non-canonical NFkB activation. Non-canonical 

signalling can lead to autocrine production of TNF, particularly in the 

absence of lAPs.

39



Introduction

a Retting \tagc b Activated stage (high levels of NIK)

Figure 1.6: Non-canonical NFkB signalling, demonstrating NIK degradation 

and p52/RelB driven transcription (Nature Reviews Cancer 10, 561-574 

(August 2010)
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Complex lib

Loss of lAPs or the depletion of expression through use of compounds such 

as Smac Mimetics (SM) can result in the formation of complex I through the 

stimulation of receptors by autocrine INF214. However, a lack of 

ubiquitination prevents stabilisation of this complex, and results in the 

formation of complex Mb, Complex Mb is similar to complex lla but requires 

RIP1 as opposed to TRADD for the recruitment of FADD and caspase 8207. 

Complex Mb forms in response to TNF signalling only when lAPs are 

missing or when their E3 ligase activity is defective. Formation of this 

complex results in rapid activation of caspase 8 and induction of 

apoptosis206. In some cell types that have caspase activation blocked, either 

through inhibition or genetic defects in caspase 8 activation, the response to 

TNF signalling becomes a form of death referred to as necroptosis, or 

programmed necrosis215. This switch in programmed death depends on 

levels of RIP3216. When RIP3 expression is high, it is recruited to complex 

Mb via interaction with RIP1, and activation of these kinases triggers a 

signal cascade that results in necropoptotic cell death217.
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The ripoptosome

Independent of INF stimulation and receptor ligation, cellular or genotoxic 

stress can result in the formation of a large cytoplasmic complex that 

regulates cell death responses. This 2MDa complex, termed “the 

Ripoptosome” consists of components similar to that of complex lib, namely 

RIP1, RIPS, FADD and caspase 8, but is independent of complex I 

formation218. clAP expression can regulate the formation of this complex, by 

controlling the ubiquitination and degradation of RIP1. RIP1 recruits FADD 

and caspase 8 and results in the induction of apoptosis, or recruits RIPS 

and results in programmed necrosis. The complex is negatively regulated 

by FLIP and the lAPs. Genotoxic stress can result in the downregulation of 

lAPs and as such prevent ubiquitination of RIP1219. This triggers 

spontaneous formation of the ripoptosome complex, and can lead to 

caspase 8 activation. Depending on cell and stress contexts, RIPS can also 

be recruited and necroptosis can also occur220. The use of Smac Mimetic 

compounds also can deplete levels of IAP, and trigger ripoptosome 

formation, independent of autocrine TNF in this context221. FLIP, which will 

be discussed later in greater detail, can inhibit the induction of apoptosis, 

but heterodimerisation with FLIPl can still result in caspase 8 activation as 

mentioned above. This heterodimerisation and caspase 8 activity has been 

demonstrated to attenuate the necroptotic death induced by RIP1-RIP3 

complex formation221. This is thought to explain why RIP1 or RIPS knockout 

in FLIP-, FADD-, or caspase 8- null mice can rescue the embryonic lethal 

phenotype222. This complex has been demonstrated to have an important
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role in the regulation of inflammation and as such should be considered in 

colorectal cancer.
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Figure 1.8: Summary of ripoptosome formation following SM or genotoxic 

stress (Mol Cell. 2011 Aug 5;43(3):432-48.)
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1.4.3.2 The Fas and TRAIL receptors

One of the best characterised receptor-ligand binding complexes is that of 

Fas and Fas ligand. Fas, also known as CD95 and Apo-1, is a type II trans

membrane protein that has no intrinsic catalytic activity 223. Fas receptors 

are expressed on the cell surface as pre-associated homotrimers via a 

binding site at their extracellular NH2 terminal domain 224. When bound by 

FasL, the homotrimer recruits the adaptor protein FADD via DD homotypic 

interactions, facilitating formation of the DISC (Death inducing signalling 

complex) 225. FADD also contains a death effector domain (DED) located at 

its N-terminus. Through this DED, FADD recruits procaspase 8 and 10 or c- 

FLIP to the DISC 226. At the DISC oligomerisation of procaspase 8 leads to 

auto- and trans- catalytic cleavage events, and caspase 8 is then released 

from the DISC as an active heterodimer containing two p18 and two p10 

subunits 221.

Tumour Necrosis Factor-related apoptosis inducing ligand (TRAIL), or Apo- 

2 Ligand as it is also known, was first identified by its sequence homology 

to FasL and the TNF superfamily 228, 229. TRAIL can bind to two pro- 

apoptotic TNF family signalling receptors: Death Receptor 4 (DR4/ TRAIL- 

R1) 230 and Death Receptor 5 (DR5/ TRAIL-R2)231"233. Both these receptors 

also contain death domains (DD) similar to that in Fas and TNFR1. In 

addition to the two death receptors, three other receptors also bind to
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TRAIL. The decoy receptors, DcR1 234' 235 (TRAIL-R3) and DcR2 236' 237 

(TRAIL-R4) have close homology to the extracellular domains of DR4 and 

DR5, and are termed decoy receptors as they disrupt apoptotic signalling. 

DcR1 lacks both a trans-membrane domain and a death domain, whilst 

DcR2 has a truncated, non-functional death domain. Osteoprotegrin (ORG), 

a soluble TNF family member, also binds to TRAIL albeit with reduced 

affinity 2381239.

TRAIL is a type II trans-membrane protein, containing 281 amino acids and 

functions as a homotrimer that binds to receptor molecules on the surface 

of the target cell. The extracellular region of TRAIL can form a soluble 

biologically active ligand through cleavage from the cell surface by 

metalloproteinases 24°. The stability and biological activity of both 

membrane-bound and soluble TRAIL is mediated by a zinc atom in the 

trimeric ligand 241. Apoptosis signalling through TRAIL receptors requires 

formation of a DISC in a manner similar to that described above for Fas and 

involving sequential recruitment of FADD and procaspases 8 and 10 225.
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CD95 TRAIL R1/R2

Figure 1.9: The Extrinsic Apoptotic Pathway demonstrating formation of the 

DISC and caspase activation through the FAS and TRAIL death receptors.
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1.4.3.4 Targeting the extrinsic pathway

Consideration of the extrinsic pathway as a therapeutic target has led to the 

development of PARA’s (Pro Apoptotic Receptor Activator). There are 

currently two classes of PARA in clinical development. One is a 

recombinant form of human TRAIL228 229. The other consists of agonistic 

monoclonal antibodies that target DR4 or DR5 242'243. There have also been 

ligands developed against the other death receptors. However, although 

ligands of Fas and TNFR1 were shown to induce apoptosis in vitro, they 

were also found to have severe systemic toxicity 244,245.

Recombinant human TRAIL (rhTRAIL) is a homotrimeric molecule 

comprised of amino acids 114 to 281 of the original TRAIL ligand 246. Unlike 

Fas-targeted agents, TRAIL has been shown to preferentially induce 

apoptosis in transformed and malignant cells over normal cells. It is 

considered to be a tumour-selective apoptosis inducing cytokine 247. In pre- 

clinical studies, TRAIL has been demonstrated to produce impressive 

inhibition of growth and cytotoxicity in a range of cancers 248'250 251-253 /n 

vivo, TRAIL has been shown to have anti-tumour activity in colon, lung and 

pancreatic mouse xenograft models of cancer 254'256. Soluble forms of 

rTRAIL suppressed the growth of TRAIL-sensitive human tumour 

xenografts, with no apparent systemic toxicity 257.
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1.5 c-FLIP

Identified as a human cellular homolog of viral FLIP, the c-FLIP gene is 

located on chromosome 2q33-34. It is found in a cluster with the genes for 

pro-caspase 8 and procaspase 10, and it has been suggested that these 

genes evolved by duplication 258. c-FLIP, or cellular FLICE-like inhibitory 

protein, is a key inhibitor of death receptor signalling121. Thirteen splice 

variants of the gene have been identified, but only three of these, a long 

form (c-FLIPl) and two short forms (c-FLIPs and c-FLIPr) have been 

demonstrated to be expressed at the protein level259. c-FLIPl is a 55kDa 

protein, with structural homology to procaspase 8, with the presence of 

tandem DED repeats at the N-terminal, and a C-terminal caspase-like 

domain. In contrast to caspase 8 however, lacks the catalytic cysteine 

embedded in the conserved pentapeptide QACRG or QACQG motif and 

therefore has no cysteine protease activity 198. c-FLIPs is a 26kDa protein 

that again contains tandem DED repeats, but has a truncated C-terminal 

domain, more like the viral counterpart98. Its unique short C-terminal domain 

however does contain residues key to mediating its ubiquitination and 

degradation210. The third protein isoform of the c-FLIP gene was first 

identified in Raji cells and therefore termed c-FLIPr 260, 261. Expression of c- 

FLIPr requires inclusion of intron 6 into the c-FLIP transcript. Because read- 

through into intron 6 leads to a rapid encounter of a stop codon, a second 

short form of c-FLIP, namely c-FLIPR, is produced that is similar in size to 

c-FLIPs but differs in the final C-terminal amino acids261. c-FLIPr is the only
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isoform of c-FLIP expressed in mice, due to a lack of exon 7 which is 

necessary for the expression of the other protein isoforms 262. Ueffing et al 

demonstrated that c-FLIPr is recruited to the DISC via a ‘hydrophobic 

patch’ region on DED2262.
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Figure 1.10: Schematic representation of the DED containing proteins, 

including FLIP isoforms, FADD and Procaspase 8.
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1.5.1 Functions of c-FLIP

Initially both pro- and anti-apoptotic functions were proposed for c-FLIP 

263-265 Enhancecj ce|| death occurred mainly in experiments where c-FLIP 

was transiently overexpressed at supra-physiological levels. Excessive c- 

FLIP overexpression can lead to the formation of Death Effector ‘filaments’ 

266, which are thought to lead to caspase 8 activation independent of ligand 

binding. The majority of studies now indicate that c-FLIP mainly functions as 

an anti-apoptotic protein by limiting apoptotic signalling through the Fas and 

TRAIL DISCs or TNFR1 Complex II. Recruitment of c-FLIP occurs through 

homotypic interactions between the DEDs of c-FLIP and the DED of FADD.

The presence of c-FLIPs at the DISC inhibits the dimerisation and therefore 

activation of procaspase 8, thereby blocking the apoptotic cascade. c-FLIPl 

also forms a heterodimeric complex with procaspase 8 that blocks full 

activation of caspase 8. However, unlike c-FLIPSl heterdimerisation of 

procaspase 8 with c-FLIPl results in cleavage of procaspase 8 to generate 

p43/41 and the p12 subunits. c-FLIPl is also processed to its p43-form. 

These cleaved p43-FLIPL and P41/43-caspase 8 intermediates remain 

bound to the DISC 267. This partially processed heterocomplex is 

proteolytically active and can cleave local substrates such as RIP 268, 

however it is not capable of activating a downstream caspase cascade to 

induce apoptosis.
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c-FLIP also activates several cytoprotective signalling pathways involved in 

cell survival, proliferation and carcinogenesis 269. Overexpression of c-FLIPl 

activates NFKB and ERK signalling by binding to adaptor proteins in each 

pathway, such as TRAF1, TRAF2, RIP and Raf1 104, 27°. The caspase-8 

processed N-terminal fragment of c-FLIPL (p43-cFLIP) is more efficient 

than c-FLIPL at recruiting TRAF2 and RIP1, leading to more robust NF-kB 

activation 271. It has also been demonstrated that in non-apoptotic cells, c- 

FLIP and the procaspase-8 can heterodimerize to generate a NH2-terminal 

fragment of c-FLIP (p22-FLIP) which can promote NF-kB activation by 

binding directly to the IKK complex 212. Akt is a serine-threonine kinase that 

plays a major role in transducing cellular survival signals273. It also regulates 

a number of proteins involved in the apoptotic signalling pathways. Recent 

results showed that Akt interacts with c-FLIPl protein and that c-FLIPl 

enhances anti-apoptotic Akt functions by modulating GSK3P activity 274. 

Overexpression of c-FLIPl inhibited the ubiquitination and proteasomal 

degradation of P-catenin, resulting in an increase in expression of cyclin D1, 

colony formation, and invasive activity in prostate cancer cells. The c- 

FLIP/p-catenin/cyclin D1 signals contributing to colony formation and 

invasion were reversed by selective silencing of c-FLIP expression 275. 

Thus, c-FLIP can participate in multiple oncogenic pathways in addition to 

its role in inhibiting caspase activation by death receptors.
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1.5.2 Regulation of c-FLIP expression

c-FLIP is a transcriptional target of several transcription factors. NFKB 

activation by TNFa leads to up-regulation of c-FLIP mRNA levels276, 211. 

Likewise, the transcriptional up-regulation of c-FLIP expression by the 

activation of the phosphatidylinositol-3 kinase (PI3K)/Akt, mitogen-activated 

protein kinase (MAPK) pathways confers protection to apoptosis induced by 

death receptors 278. The chemokine IL-8 was demonstrated to increase c- 

FLIPS and c-FLIPl mRNA levels through both NF-kB- and androgen- 

receptor dependent transcriptional activation in prostate cancer cell lines 

279. c-FLIP expression is also negatively regulated, through interferon P- 

mediated IRF5 activation 280 and by TRAIL-induced activation of c-Fos, 

where c-Fos directly binds to the c-FLIP promoter, repressing transcription

281. E2F1, critical in the progression of S phase, has been shown to down- 

regulate c-FLIP expression at the transcriptional level in lung 

adenocarcinomas, sensitising them to death receptor mediated apoptosis

282. c-myc represses FL/P transcription by binding to the FL/P gene 

promoter and is a major determinant of TRAIL sensitivity283. Nuclear factor 

of activated T cells (NFAT) induces upregulation of the c-FLIPs isoform 

following short term activation of T cells and contributes to resistance to 

apoptosis284. The splice form specific regulation of expression is poorly 

understood, and appears to depend on the transcription factor, the 

signalling pathway and the cell type.
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c-FLIP proteins have very short half lives whose expression can be 

regulated by a number of post-translational factors that control its turnover 

by the ubiquitin proteasome system (UPS). The short isoform of c-FLIP is 

more prone to ubiquitination, due to its unique C-terminal tail 285. 

Ubiquitination of c-FLIP has been reported to be mediated by the E3 ligase 

ITCH, which in turn is activated by JNK 286 287. Prolonged activation of JNK 

is required for maintaining ITCH in an activated state that is necessary for 

degrading the entire cellular pool of c-FLIP. ITCH was previously thought to 

be specific for c-FLIPl, targeting its caspase-like domain. However, 

degradation of c-FLIPs was also demonstrated to be mediated by ITCH in 

later studies288.

Phosphorylation of c-FLIP can also affect its turnover. Serine 193 was 

demonstrated to be a crucial site of phosphorylation on all c-FLIP isoforms 

and reported to inhibit its ubiquitination, although only the stability of the 

short isoforms was affected 289. This phosphorylation was further shown to 

be mediated by Protein Kinase C (PKC). In another study, TNFa was shown 

to up-regulate c-FLIP mRNA expression via NFKB activation290. But 

following TNFa induced activation, an acute down-regulation of c-FLIPl at 

the protein level was observed. This was shown to be due to the 

phosphorylation of c-FLIPl at serine 273 by the PI3K/Akt pathway291.
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1.5.3 The role of c-FLIP in cancer

Several studies have suggested a role for c-FLIP in tumourigenesis, and c- 

FLIP has been shown to be overexpressed in many different cancer types 

(TABLE 1.2). c-FLIP expression has been shown to correlate with 

resistance to Fas-induced apoptosis in vitro in tumour cell lines derived from 

B-cell lymphomas 292 293. Moreover, c-FLIP expression in tumour cells has 

been correlated with tumour escape from T-cell immunity and enhanced 

tumour progression in vivo 294. Also, expression of c-FLIP in two 

independent murine tumour cell lines was shown to lead to tumour 

progression 295. c-FLIP has been demonstrated to be a key regulator of 

colorectal cancer cell death, independent of p53 status296. Moreover, c- 

FLIPl was demonstrated to be the more important isoform in colorectal 

cancer101 as overexpression of this isoform inhibits chemotherapy-induced 

apoptosis. c-FLIP has recently been demonstrated to be an independent 

adverse prognostic biomarker in colorectal cancer, with c-FLIP expression 

in tumour tissues significantly higher than in matched normal samples297. 

Furthermore, the overexpression of c-FLIP has demonstrated to regulate 

the response to chemotherapy in other disease settings103. Collectively, 

these and a number of other pre-clinical studies have indicated that c-FLIP 

is a determinant of cancer cell survival and drug resistance. Thus, inhibition 

of c-FLIP constitutes a promising therapeutic strategy for cancer. However, 

due to its lack of enzyme activity and relative similarity to caspase 8, c-FLIP 

is a difficult therapeutic target. A range of agents have been reported to
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affect c-FLIP expression, including chemotherapeutic drugs, PPARn 

ligands and protein synthesis inhibitors 298'299 103'300 301 302. One group of 

drugs that is repeatedly linked with c-FLIP expression is histone 

deacetylase inhibitors (HDACi). These are discussed in the next sections.
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Cancer Clinical relevance of c-FLIP 
overexpression

B-cell chronic lymphocytic 
leukaemia3”3

TRAIL resistance

Bladder urothelial
• ^04carcinoma

Independent adverse prognostic 
indicator of survival

Burkitt's lymphoma30* Independent adverse prognostic 
indicator

Cervical carcinoma306 Independent adverse prognostic 
indicator

Colorectal carcinoma30/'310 Independent adverse prognostic 
indicator

Gastric carcinoma311,312 TRAIL resistance, tumour 
progression and lymph node 

metastasis
Hepatocellular carcinoma313 Adverse indicator of RFS
Hodgkins lymphoma314"316 Fas resistance

Melanoma317,316 Fas/TRAIL resistance
Ovarian carcinoma319'322 Fas/TNFa resistance, independent 

adverse prognostic indicator
Pancreatic carcinoma323,324 Fas resistance, progression to 

malignancy
Prostate carcinoma326 TRAIL resistance

Table 1.2: Table summarising clinical relevance of c-FLIP expression in a 

range of cancers
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1.6 Histone Acetyltransferases, Histone Deacetylases and HDAC 

inhibitors

Acetylation plays an important role in regulating many cellular processes, 

many of which determine cell fate. Acetylation of both histone and non

histone proteins are controlled by the action of histone acetyltransferases 

(HAT) and histone deacetylases (HDAC).

1.6.1 HATs

Histone acetylation has been correlated with transcriptional activation326, 

and the first transcription-related histone acetyltransferase activity was 

identified in 1996327. The primary targets of HAT enzymes are the 8 amino 

groups of lysine residues on histone proteins 328. HATs catalyse the transfer 

of an acetyl group from acetyl-coenzyme A to the S-NH2 group of lysine 

residues. An enzyme responsible for histone acetylation, HAT A, was 

initially identified in Tetrahymena 327. HAT A possesses a high degree of 

homology to the yeast protein GCN5 which also catalyses histone 

acetylation. Subsequently, about 30 proteins have been found to have HAT 

activity. Each of these HATs have a particular histone substrate specificity 

329. Each nucleosome comprises two molecules of each of the four core 

histones (H2A, H2B, H3 and H4) together with 147 base pairs of DMA, 

which spools around the histone octamer in two turns. Each histone
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contains a globular carboxy-terminal domain with a histone-fold motif 

important for nucleosome assembly, and a highly charged amino-terminal 

tail domain, which protrudes from the body of the nucleosome and is the 

site of histone modifications such as methylation, ribosylation, 

phosphorylation, and acetylation330. Histone hyperacetylation provides a 

more open chromatin structure facilitating recuitment of transcription factors 

and the activation of gene expression331. HATs remodel chromatin in 

promoter regions facilitating the subsequent binding of other transcription 

factors. This is due to a reduction in the ionic interactions between positive 

histone tails and the negatively charged DMA backbone. A large number of 

transcription coactivator proteins are now recognised to have HAT 

activity332, including PCAF ,p300 and CBP.
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1.6.2 HDACs

The acetylation of histones at 8 amino groups of lysine residues is highly 

reversible, and this is regulated by the action of histone deacetyases. 

HDACs are separated into two families: the classical HDACs, which are 

dependent on Zn2+ for deacetylase activity, and the Sirturins which require 

NAD+ as the co-factor333. The classical HDAC family are further subdivided 

into 3 classes depending on homology and localisation. Class I includes 

HDAC1, HDAC2, HDACS and HDACS and have homology to yeast RPD3. 

Class II HDACs are homologous to yeast HDA1 and can be further 

subdivided into Classes lla and lib. Class lla contains HDAC4, HDACS, 

HDAC7 and HDAC9. Class Mb, namely HDAC6 and HDAC10 are different 

from all other HDACs as they contain two deacetylase domains. HDAC11 

shares equal sequence consensus with both RPD3 and HDA1 and is the 

unique Class IV enzyme334'336. Sirturins are the third class of histone 

deacetylases, and with an absolute dependence on NAD, do not seem to 

have histones as a primary target. They are homologous to the yeast Sir2 

and have seven members, SIRT1 to SIRT7. HDACs were named due to the 

belief that histones were the primary deacetylase target, however 

phylogenetic analysis indicates that the evolution of HDACs preceded the 

evolution of histones indicating that the primary target for deacetylation may 

not be histones337.
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Class I HDACs are approximately 50kDa and are ubiquitously expressed. 

They have a deacetylase domain (DAC) of close to 300 residues and also a 

C-terminal region that is often subject to posttranslational modifications 

such as phosphorylation, ubiquitination and sumoylation338. They are 

generally nuclear in localisation, particularly HDAC1 and HDAC2, however 

HDACS contains both nuclear export and import signals indicating that it 

may shuttle in and out of the nucleus although, it is nearly always localised

in the nucleus in the majority of reported studies. HDAC1 is involved in
\

embryonic development, and knockout of the HDAC1 gene results in 

embryonic lethality339'341, despite the levels of HDAC2 and HDACS being 

elevated342. HDAC2 modulates transcription by regulating p53 binding 

activity343. HDAC2 knockout models are characterized by multiple cardiac 

defects344. Knockout of HDAC3 resulted in defects in cell cycle progression, 

inducing G2/M arrest and mitotic defects345,346.

Class II HDACs are considerably larger than class I and are made up of 

approximately 1000 amino acids. Class I la HDACs have a deacetylase 

domain at the C-terminus, similar to HDA1, and N-terminal extensions, with 

multiple binding domains and regulatory sites. Class Mb deacetylases are 

different as they have an additional N-terminal deacetylase domain 336. 

Class lla HDACs can shuttle in and out of the nucleus. Mice lacking HDAC9 

are sensitised to hypertrophic signals and exhibit stress-dependent 

cardiomegaly347. The localisation of HDAC4, HDACS and HDAC7 is a very 

tightly regulated process 348, 349. In response to a differentiation signal,
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HDAC4 is phosphorylated, resulting in its export together with CRM1, a 

cellular export factor for proteins with a leucine-rich Nuclear Export Signal 

(NES). 14-3-3 protein (a cytosolic anchor protein) binds the phosphorylated 

form of HDAC4 and sequesters it in the cytosol. After fusion of muscle cells, 

terminal differentiation occurs, and HDAC4 phosphorylation levels 

decrease, resulting in the release of HDAC4 from 14-3-3, facilitating its 

nuclear import. HDAC5 resides in the nucleus during the proliferation of 

muscle cells. It relocalises to the cytoplasm during differentiation. HDAC7 

has a very high degree of sequence similarity to HDAC5, except that 

HDAC7 does not have a NES. Like HDAC5, HDAC7 is able to shuttle from 

the nucleus to the cytoplasm during muscle cell differentiation. In cell types 

other than muscle cells, the regulation of the localisation of HDAC5 and 

HDAC7 is less clear. Mice lacking HDAC4 display premature ossification of 

developing bones, as this deacetylase is a central regulator of chondrocyte 

hypertrophy and endochondral bone formation 350, 351. Knockout of HDAC5 

severly affects heart development; mice lacking HDAC5 have very large 

hearts, with pressure overload resulting from aortic constriction or 

constitutive activation of cardiac stress signals 352, 353. HDAC7 knockout 

mice are embryonically lethal, with this deacetylase involved in maintaining 

vascular integrity. Lack of HDAC7 results in loss of endothelial cell-cell 

adhesion, and dilation and rupture of vessels354.

The Class lib HDAC6 is localised mainly to the cytoplasm355 356 and is 

notably different from the other Class II HDACs as it contains two
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catalytically active deacetylase domains and a ZnF-UBP (Zinc-Finger 

Ubiquitin Binding region) domain357. Both catalytic domains of FIDAC6 are 

fully functional HDACs and contribute independently to the overall activity of 

the FIDAC6 protein357'359. This is a unique feature that allows FIDAC6 to 

interact with ubiquitin and ubiquitin-modified proteins 356 and has a role in 

regulating ubiquitinated misfolded protein turnover360. HDAC6 knockout 

mice have hyperacetylated a tubulin, but develop normally361. Minor 

changes in bone density and immune responses were noted, and knockout 

MEFs did not recover from oxidative stress362. FIDAC10 can be localised in 

the nucleus or the cytoplasm, but the function of each of these locations is 

yet to be determined363 364. HDAC10 knockout studies are yet to be 

reported.

Class III deacetylases, the sirturins, have a different mechanism of 

catalysis, where they transfer the acetyl group to a co-substrate NAD+365. 

The seven human SIRT deacetylases are all ubiquitiously expressed366. 

SIRT1, 6 and 7 are nuclear proteins, but all have differing subnuclear 

localisations. SIRT2 is located in the cytoplasm, and SIRT3, 4 and 5 are 

mitochondrial proteins, involved in regulating mitochondrial processes.

FIDAC11 is the only Class IV FIDAC, with its characteristic double homology 

to both RPD3 and FIDA1 making it unique among the classical FIDAC 

family. FIDAC11 was found not to reside in any of the known FIDAC
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complexes (Sin3, N-CoR/SMRT), possibly indicating a biochemically distinct 

function for HDAC1 1335. There are no HDAC11 knockout studies published 

to date.
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Nuclear Catalytic activity: Cytoplasmic Ubiquitin
exclusion -HSP90 anchoring binding

-a Tubulin

Figure 1.12: Schematic representation of structure of class lib HDAC6, 

including both deacetylase domains (DD1/DD2), the nuclear export signal 

(NES) and the zinc finger- ubiquitin binding domain (ZnF-UBP).
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1.6.3 Non-histone protein targets of HDACs

Phylogenetic analyses of bacterial HDACs suggest that all four HDAC 

classes preceded the evolution of histone proteins, indicating non-histone 

functions for deacetylases337. Acetylation is is now known to modify a 

variety of proteins, including transcription factors, nuclear import factors and 

alpha-tubulin3b7. HDAC mediated deacetylation alters the transcriptional 

activity of nuclear transcription factors, including p5 3368, E2F369, c-Myc370, 

nuclear factor kB (NF-kB)371, hypoxia-inducible factor 1o (HIF-1a)372, as well 

as estrogen receptor373 and the androgen receptor complexes374. Other 

cancer-related proteins are acetylated, including the DNA repair enzyme 

Ku70375, the chaperone heat shock protein 90 (HSP90)376, and the signaling 

pathway intermediate STAT3377.

Acetylation of a protein can have many different effects378. Reversible 

acetylation can modulate protein stability. Both acetylation and 

ubiquitination often occur on the same lysine residue, and there is a direct 

cross-talk between these two modifications379. Competition between the 

binding of an acetyl or ubiquitin group can determine protein stability, 

thereby indirectly regulating its function. HDACs may act to decrease the 

half-life of proteins by removing acetyl groups, leaving the residue free to be 

ubiquitinated, thereby increasing protein degradation380"382. Sometimes 

controlling protein expression and stability is more complex than a balance
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between acetylation and ubiquitination. Protein-protein interactions are also 

regulated by reversible acetylation. For example, acetylation of hypoxia- 

inducible factor 1 (HIF1), which has a regulatory role in the cellular 

response to changes in oxygen availability and angiogenesis372,383, leads to 

increased association with the von Flippel-Lindau (VHL) ubiquitylation 

complex and proteasome-mediated degradation. Reversible acetylation can 

change the subcellular localisation of proteins. In some cases, the nuclear 

localisation signal contains lysine residues that favour nuclear retention 

when acetylated377. In the case of the multifunctional FIMG box 1 (FIMGB1) 

protein, acetylation favours nuclear export and cytosolic accumulation 

before secretion384. Furthermore, proteins involved in nuclear import and 

export can themselves be regulated by acetylation385.
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1.6.4 The role of HDACs in cancer

Altered expression or mutation of genes that encode histone deacetylases 

have both been associated with tumour development since they induce the 

aberrant transcription of key genes regulating important cellular functions 

such as cell proliferation, cell cycle and apoptosis386. Data suggest that loss 

of acetylation on lysine 16 of histone H4 is associated with 

tumourigenesis386 387. Furthermore, a decrease in histone acetylation is 

also associated with tumour invasion and metastasis388. The abberant 

recruitment of HDACs to specific promoters is one way that HDACs may be 

linked to cancer development. HDACs are recruited to promoters through 

the interaction with fusion proteins that are often the result of chromosomal 

translocations typically found in haematological malignancies. The most 

studied model is that of acute promyelocytic leukemia (API). The fusion 

proteins generated in this malignancy was found to facilitate the recruitment 

of the HDAC repressor complex and prevent the expression of genes 

involved in regulating normal differentiation and proliferation of myeloid 

cells389. A similar mechanism has been reported in acute myeloid leukemia 

(AML)390.

The is no conclusive evidence that a pattern exists for altered HDAC 

expression in human cancers. A number of studies have demonstrated 

altered expression of individual HDACs in tumour samples. Elevated
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HDAC1 expression has been noted in a variety of disease subtypes, 

gastric391, prostate392, colon393 and breast394, linking elevated expression 

with increased proliferation and survival. Increased HDAC2 expression was 

noted in cervical395 and gastric396 cancers, with high HDAC2 expression 

linked with tumour aggressiveness and cell survival. HDAC3 and HDAC6 

expression was elevated in colon393 and breast397, with increased 

expression of HDAC6 associated with better outcome, whereas HDAC3 

overexpression was associated with colon cell maturation and p21

398expression

It is important to note that the role of HDACs in cancer is not restricted to 

their contribution to histone deacetylation, but also to their role in 

deacetylation of non-histone proteins. For example, HDAC1 interacts with 

the tumor suppressor p53 and deacetylates it in vivo399 and in vitro400. 

When the cell is subject to stress, p53 is phosphorylated and acetylated. 

Since the lysine residues acetylated in p53 overlap with those that are 

ubiquitinated, p53 acetylation serves to promote protein stability and 

activation, inducing checkpoints in the cell-division cycle, permanent cell- 

division arrest, and cell death.

The many roles demonstrated for HDACs in the development make them 

an attractive therapeutic target and has led to the development of small 

molecule inhibitors for the classical deacetylase family.
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1.6.5 Histone Deacetylase inhibitors

Histone deacetylase inhibitors (HDACi) were originally developed to target 

abberant hypoacetylation in cancer. Many small molecule HDAC inhibitors 

have been studied in vitro and more recently in vivo, and various types of 

HDACi are under clinical investigation. HDAC inhibitors generally target the 

classical HDACs, class I, II and IV, by targeting the zinc ion at the active 

site of the enzyme. The inhibitors chelate the zinc ion at the base of the 

active site that is required for its DAC activity401.

There are several classes of HDAC inhibitors that can be subdivided 

according to their structure. These include hydroxamates, cyclic peptides, 

aliphatic acids, and benzamides334 402'404. Trichostatin A (TSA) was the first 

natural hydroxamate discovered to inhibit HDACs405, and from this, SAHA 

was developed 406. SAHA is a pan-HDAC inhibitor, inhibiting Class I and II 

HDACs and was the first HDACi approved for cancer therapy, in the 

treatment of cutaneous T-cell lymphoma (CTCL) 407. Since the FDA 

approved SAHA in this setting, the development of many HDAC inhibitors, 

both pan-HDACi and more selective HDACi, is ongoing.

Given the multiple molecular effects of HDAC inhibition, HDACi would be 

expected to have a narrow therapeutic window. However, data suggest that 

transformed cells are more sensitive to HDAC inhibitor-induced apoptosis
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than normal cells. CTCL cells undergo higher rates of apoptosis than 

normal lymphocytes in response to HDAC inhibitor treatment 408. Similarly, 

transformed human fibroblasts have a decreased growth rate and lower 

viability than normal fibroblasts when these cell types are grown in the 

presence of HDAC inhibitors 409. These differences in sensitivity may be 

due to addiction of tumour cells to certain cellular pathways driven by 

specific genetic defects, or an inability of transformed cells to up-regulate 

rescue pathways after a toxic insult410. Despites their efficacy, the lack of 

selectivity of pan-HDAC inhibitors such as SAHA has resulted in 

considerable efforts to develop more selective HDAC inhibitors. These more 

selective inhibitors include MS-275, depsipeptide and valproic acid, which 

all target class I HDACs only, and tubacin which only targets class lib411.
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Compound
HDAC
specificity

In vitro 
potency

Hydroxamic Acid
SAHA (Vorinostat®) Class I, II pM

ISA Class I, II, IV pM
LAQ824 Class I, II, IV nM

LBH589 (Panobinostat®) Class I, II, IV nM
PXD101 (Belinostat®) Class I, II, IV pM

Tubacin Class lib pM
Cyclic tetrapeptide

Depsipeptide (FK228) HDAC1 and 2 nM
Benzamide

MS-275 (Entinostat) HDAC1, 2 and 3 pM
MGCD0103 Class I nM

Short chain fatty acids
Valproic Acid (VA) Class I, lla nM
Phenyl butaryate Class I, lla nM

AN-9 N/A pM

Table 1.3: Summary of existing HDAC inhibitors and their specificity in 

vitro4''2.
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1.6.6 The biological effects of HDAC inhibition

HDAC inhibitors exhibit potential as a cancer treatment through their ability 

to selectively induce apoptosis in tumour cells. The evidence for this tumour 

selectivity comes from the results of clinical trials and pre-clinical animal 

studies334, 413 414. However, treatment with pan-HDAC inhibitors results in 

toxic side-effects, including thrombocytopaenia, nausea and fatigue415. The 

mechanisms controlling the induction of cell death or tumour selectivity in 

response to HDACi are as yet not fully understood. However, given the 

pleiotropic effects of HDACi treatment, it is likely that the mechanisms 

involved in HDACi-induced cell death is dependent on the cellular context, 

with possibly more than one signalling pathway involved.

Various members of TNF receptor superfamily and their corresponding 

ligands are transcriptionally activated following HDACi treatment416,417, and 

numerous studies have correlated HDACi-induced apoptosis with this up- 

regulation. In malignant, but not normal cells, HDACi treatment has been 

shown to up-regulate DR5 at the mRNA and protein level, and sensitises to 

TRAIL-induced apoptosis418, 419. Fas and Fast have been shown to be 

induced by various HDAC inhibitors in different disease settings420'422, c- 

FLIP down-regulation has also been observed in a number of studies, in 

CLL by MS-27 5423, by depsipeptide 424 in osteosarcoma 425, and by valproic
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acid in hepatocellular carcinoma426. However, whether signalling through 

the death receptors is required for apoptosis induction is controversial.

A large number of studies strongly support a role for the mitochondrial 

apoptotic pathway in HDACi-mediated apoptosis. HDACi treatment can lead 

to activation of the mitochondrial apoptotic pathway as demonstrated by 

cytochrome c release and caspase 9 activation42/. However, the 

mechanism of caspase 9 activation varies depending on the HDACi 

involved, the cell type and cellular context. Overexpression of Bcl-2 and Bcl- 

XL blocks apoptosis induced by HDAC inhibitors428,429, suggesting a role for 

the intrinsic pathway in mediating the apoptotic response. Furthermore, the 

cleavage of Bid in response to HDAC inhibitor treatment mediates 

apoptosis, suggesting cross-talk between the extrinsic and intrinsic 

pathways430. Activation of Bax through a disruption of protein-protein 

interactions in neuroblastoma has also been described following HDAC 

inhibitor treatment431.

Reactive oxygen species (ROS) accumulation in tumour cells is promoted 

by HDAC inhibitor treatment430, 432, 433, and treatment with free radical 

scavengers prevents HDACi-induced apoptosis409, 434, 435. SAHA and MS- 

275 induce transcriptional activation of the ROS scavenger TRX selectively 

in non-transformed cells. siRNA-mediated knockdown of TRX increases the
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sensitivity of tumour cells to HDACi. Selective induction of TBP2, a negative 

regulator of TRX, in transformed cells occurs in response to SAHA.

All HDAC inhibitors studied to date, with the exception of Tubacin, can 

induce cell cycle arrest G1/S436"439. This is most often associated with the 

transcriptional up-regulation of CDKN1A, which encodes the G1 cyclin- 

dependent kinase inhibitor p2iWAF1/CIP1 44a 441. The induction of CDKN1A 

may not be solely responsible for the G1 arrest observed in response to 

HDACi, as HDAC inhibition represses expression of the genes encoding 

cyclin D and cyclin A and contributes to the loss of CDK2 and CDK4 kinase 

activity and hypophosphorylation of pRb442,443. HDACi can mediate G2/M- 

phase arrest by activating a G2-phase checkpoint, although this is a much 

rarer event than HDACi-induced G1 arrest443, and in certain circumstances 

the loss of G2 phase checkpoint can determine apoptotic sensitivity to 

HDAC inhibitors.

Heat shock protein 90 (HSP90) acts as a chaperone protein, stabilising 

many of its client proteins. Acetylation of HSP90 disrupts its chaperone 

function, and the client proteins become unstable and can undergo 

proteasomal degradation376. These chaperone proteins are involved in a 

wide range of cellular proteins including pro-survival pathways. HSP90 is a 

specific substrate of HDAC6, with the inhibition of HDAC6 reported to 

induce apoptosis as a result of HSP90 acetylation444. HDAC6 is important in
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mediating the mis-folded protein response, directing polyubiquitinated 

misfolded proteins to the aggresome for degradation445. Therefore, 

inhibition of HDAC6 can cause apoptosis through the accumulation of 

protein aggregates.

Hypoxia inducible factors 1 and 2 (HIF-1 and -2) are transcription factors for 

angiogenic genes and are activated in the hypoxic conditions that are 

typically found in tumours. HDAC inhibition can suppress HIF-1a by both 

decreased expression446 and increased degradation447. VEGF-induced 

receptor expression is also inhibited by HDACi treatment, and prevents 

endothelial cells responding to angiogenic stimuli generated from VEGF448,

449
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1.6.7 HDAC inhibitors in clinical trials

Suberoylanilide hydroxamic acid (SAHA) was the first HDAC inhibitor 

approved by the U.S. Food and Drug Administration for the treatment of 

cutaneous T-cell lymphoma (CTCL). The major trial supporting approval 

was a single-arm open-label trial conducted at 18 Centres in the U.S. and 

Canada that enrolled 74 patients with stage IB and higher CTCL who had 

failed two systemic therapies 450. Since then, many HDAC inhibitors have 

demonstrated pre-clinical activity and have entered clinical investigation 

either as monotherapy or for use in combination in many disease settings.

HDAC inhibition was detected in patients as increased accumulation of 

acetylated histones in tumours, bone marrow and peripheral blood cells. 

Phase I studies with SAHA have resulted in complete and partial responses 

(CRs and PRs, respectively) in both refractory solid and haematological 

malignancies. Clinical improvement was observed in Phase I studies with 

SAHA in renal cell carcinoma, head and neck squamous carcinoma, 

mesothelioma, B- and T-cell lymphomas and Hodgkins disease406. SAHA 

has also been demonstrated to have clinical activity in mesothelioma by oral 

administration in separate studies451. LBH-589 is a hydroxamic acid-based 

HDACi with a structure similar to SAHA. It is in phase I clinical trials for 

cutaneous T-cell lymphoma as an oral agent. Toxicities were similar to 

those observed with SAHA404. ITF2357, another hydroxamic acid-based
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HDACi, is in clinical trials for refractory multiple myeloma452. Other types of 

HDAC inhibitors, such as cyclic peptides and benzamides are also in 

clinical trials as monotherapies 453 454. (Full details of all clinical trial 

information involving HDAC inhibitors can be found on the website 

www.clinicaltrials.qov.)
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1.6.8 Rationale for combination therapies using HDACi

It is believed that HDAC inhibition primes cancer cell for death. Given the 

range of molecular and biological responses that these agents can elicit and 

their low levels of toxicity to normal cells, their use in combination with other 

agents could prove to be their most useful application412. HDAC inhibitors 

have been tested with conventional chemotherapeutic agents including 

platinums, taxanes, gemcitabine, fluorouracil, and epirubicin in solid 

tumours404. Multiple pre-clinical studies and clinical data support the use of 

HDAC inhibitors in combination with other cancer therapies455. In many 

instances a molecular rationale for a particular combination study exists.

HDAC inhibition has been shown to induce the expression of the apoptotic 

death receptors and their ligands. Together with this enhanced expression, 

a lower apoptotic threshold induced by HDACi treatment provides a strong 

rationale for combining these two therapies. Indeed, potent synergistic 

tumour cell apoptosis has been observed using different HDACi with 

activators of the TRAIL and Fas pathways432, 456'460. Down-regulation of c- 

FLIP has been demonstrated to sensitise osteosarcoma and other cancer 

cell lines to death receptor-mediated apoptosis461.

Many HDACi synergize with y-irradiation to kill tumour cells in vitro462'466. 

Importantly, these studies have been extended into animal models and
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have shown that MS-275 and VPA enhanced the radiosensitivity of prostate 

and brain carcinoma xenografts and that the combination treatment had 

greater therapeutic efficacy than either treatment alone. This synergy may 

be due to decreased capacity to repair DNA double strand breaks following 

HDAC inhibition, for example due to acetylation of Ku70 467.

There have been several trials reported that use SAHA combinations in 

solid malignancies. Two of these studies have focused on colorectal cancer. 

Pre-clinical data showed that SAHA is able to down-regulate the expression 

of thymidylate synthase (TS) in tumour tissue. As this protein is the target 

enzyme of 5-FU, a synergistic effect was hypothesised and demonstrated 

between 5-FU and SAHA in preclinical experiments 468,469. A phase I trial of 

Vorinostat in combination with 5-fluorouracil, Leucovorin and Oxaliplatin 

(Folfox) determined the maximum tolerated dose (MTD) to be 300 mg twice 

daily (BID) for 1 week every 2 weeks470. However, a down-regulation of TS 

expression could only be detected in two out of six patients. This data is 

consistent with the results of another phase I study from Wilson et al47\ 

Only one out of ten patients showed a decline in the intratumoral TS levels. 

However response data from the Diasio trial with Vorinostat in Combination 

with 5-Fluorouracil and Leucovorin in Patients with Refractory Solid Tumors 

was encouraging. The maximum tolerated dose was determined for both 

schedules, 1,700 mg once daily 600 mg twice daily. Furthermore there were 

no dose limiting toxicities (DLT) observed at these doses. Twenty-one of 

thirty-eight patients with FU-refractory colorectal cancer had stable disease,
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and one had a partial response. Vorinostat maximum serum concentrations 

at the MTD exceeded concentrations associated with thymidylate synthase 

downregulation in vitro. No pharmacokinetic interactions were noted 

between vorinostat and FU472. This data provides evidence that 

combinations with HDAC inhibitors must be further investigated to 

determine their clinical efficacy.
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1.6.9 Resistance to HDAC inhibitors

Resistance to HDAC inhibitor treatment has been investigated in vitro to 

further our understanding of HDAC biology and mechanisms of death. A 

mutation in HDAC2 was found in cell lines resistant to trichostatin A, and 

the same mutation was found in a subset of primary human tumour 

samples473. DMA hypermethylation represents a mechanism of resistance 

uniquely relevant to HDACi, as this interferes with their ability to induce 

transcriptional activation of silenced tumour suppressor genes. Increased 

drug efflux has been discussed as a factor in multidrug resistance, but 

depsipeptide is the only HDACi that has been established as a substrate for 

P-glycoprotein and multidrug resistance-associated protein 1474, 475. 

Oxidative damage is a significant component of the anti-proliferative effect 

triggered by HDAC inhibitors. Up-regulation of the anti-oxidant thioredoxin 

has been proposed to constitute a defence mechanism against HDACi- 

induced increases in ROS409. Overexpression of anti-apoptotic Bcl-2 or Bcl- 

XL is sufficient to render transformed cells resistant to HDAC inhibitors428, 

429. Because Bcl-2 overexpression occurs in leukemias and lymphomas, 

and loss of Bim and Bid has been reported in human cancers, it is possible 

that alterations in these proteins may play a role in clinical response to 

HDACi. The anti-apoptotic transcription factor NFkB has been identified as 

a mediator of resistance to HDACi treatment, as the activation of NFkB by 

HDAC inhibitors disrupts their ability to initiate apoptosis in non small cell 

lung cancer (NSCLC) and leukemia cell lines 476 477.
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1.6.10 HR23B-A biomarker to HDAC inhibitor response

HR23B is a putative biomarker for response to HDAC inhibitor treatment 

identified in a genome-wide loss-of-function screen478. HR23B has an 

important role in shuttling ubiquitinated cargo proteins to the proteasome 

through its Ubiquitin-like domains at its N- terminal and C-terminal 

regions479 48°. As a determinant of sensitivity to HDAC inhibitors in vitro, it 

was postulated that HR23B may be a useful predictive biomarker in the 

clinical setting. To this end, HR23B was determined to be a predictive 

marker for response to HDAC inhibition in CTCL.

Major challenges remain in the determination of factors affecting resistance 

to HDAC inhibitor treatment. These challenges are due to the molecular 

heterogeneity of tumours and the pleiotropic cellular responses induced by 

HDAC inhibition. Pre-clinical studies have demonstrated that resistance to 

HDAC inhibitors is multi-factorial and is likely to differ depending on the 

particular cancer and particular HDACi. The further identification and 

development of biomarkers will be crucial to enable stratification of patients 

into groups that will benefit from treatment with these anti-cancer agents. 

Ultimately, the use of biomarkers presents the opportunity to maximise the 

therapeutic advantages to the cancer patient481.
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1.7 Aims and Objectives

The objectives of this study were:

• To investigate the interaction between c-FLIP and Ku70 in colorectal 

cancer cells

• To map the residues/regions important in maintaining this interaction

• To identify factors that regulate this interaction

• To assess the impact that this interaction has on c-FLIP expression

• To assess the role of FIDAC inhibitors in regulating c-FLIP 

expression

• To elucidate the mechanism of FIDACi-induced apoptosis in 

colorectal cancer

• To determine the HDAC/FIDACs involved in regulating the interaction 

between c-FLIP and Ku70

85



Chapter 2: Materials and Methods



Materials and Methods

2.1 General

All inorganic material used in this study were of analytical grade

2.2 Safety

All tissue culture was performed in BioMAT class II unidirectional laminar 

down-flow microbiological safety cabinets (Thermo Sceintific, Waltham, 

MA). All biohazardous waste was disposed of by incineration and liquid 

waste discarded in 1% virkon. Each experimental procedure was analysed 

and a risk assessment carried out.

2.3 Sterilisation

All tissue culture solutions and general glassware and plastic ware were 

sterilised by autoclaving at 121°C for 20 minutes at a pressure of 15 psi.
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2.4 Tissue Culture

2.4.1 General Materials

Tissue Culture flasks (T25, T80 and T175), cryotubes, pipettes, 6, 12, 24 

and 96 well plates and P60, P90 and P140 tissue culture plates were 

obtained from Nunc™ (Life Technologies Inc. Paisley, Scotland). Pipette 

tips, 15mL and 50mL sterile conical tubes were obtained from Sarstedt Ltd. 

(Leicester, UK)

2.4.2 Cell lines

HCT116 Parental, HT29, H630 and RKO cell lines were a kind gift from the 

Drug Resistance Group, CCRCB, Queen’s University Belfast.

The HCT116 c-FLIPl overexpressing cell line FL#17 was generated by Dr. 

Timothy Wilson in the Drug Resistance Group as previously described101.

The matched isogenic Bax null HCT116 cell line was kindly provided by 

Prof B. Vogelstein (Johns Hopkins University School of Medicine, 

Baltimore).
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2.4.3 Preparation of Growth Medium

HCT116 Parental and Bax null cell lines are maintained in McCoys 5A 

media (Sigma-Aldrich, Dorset, UK), supplemented with 10% Fetal Calf 

Serum (FCS) (PAA Laboratories Ltd., Somerset, UK), 1% Sodium Pyruvate, 

1% L-Glutamine and 1% Penicillin/Streptomycin (Penicillin 100U/mL and 

streptomycin lOOpg/mL), (all from Life Technologies, Paisley, Scotland). 

HCT116 FL#17 was maintained in this medium, but also supplemented with 

1 mg/ml puromycin (Life Technologies Inc., California, USA). HT29, H630 

and RKO cell lines were maintained in DMEM media (PPA Laboratories 

Ltd., Somerset, UK) supplemented with 10% Fetal Calf Serum (FCS), 1% 

Sodium Pyruvate, 1% L-Glutamine and 1% Penicillin/Streptomycin 

(Penicillin 100U/mL and streptomycin 100pg/mL), (all from Life 

Technologies, Paisley, Scotland).

2.4.4 Passage of Cell Lines

Cell lines were maintained in a humidified incubator at 37°C supplemented 

with 5% C02 (Sanyo Europe Ltd., Herts, UK). Cells were grown in T175 

tissue culture flasks until they reached approximately 80% confluency. All 

cell lines were passaged twice weekly at a ratio of 1:12. Growth medium 

was removed and cells were washed in 5mL of sterile 1xPBS solution. The 

PBS was then removed and 4mL of sterile 1x Trypsin was added. At this 

point flasks were returned to the incubator until cells had detached, which 

varied between cell lines. 8mL of the respective medium was added to the
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flask and cells were gently pipetted to break up any clumps and ensure the 

cells were thoroughly mixed. 1ml of this cell suspension was then 

transferred to a new flask with 24ml of pre-warmed media and the new 

flask returned to the incubator.

2.4.5 Freezing cells

Cells were grown to approximately 80% confluency in a T175 tissue culture 

flask. Growth medium was removed and cells were washed with sterile 

1xPBS before 2mL of sterile IxTrypsin was added. The flask was returned 

to the incubator until all cells had detached. 7ml_ of freezing medium (90% 

FCS/10% DMSO) was then added and the cell suspension gently pipette to 

mix the cells and remove any clumps before approximately 1.5ml_ was 

placed in Nunc® cryopreservation vials for freezing. The cryotubes were 

then placed in an isopropanol freezing chamber and the chamber 

subsequently placed at -SOX overnight before being transferred to a liquid 

nitrogen (BOC Ltd., Surrey, UK) cryostat for long term storage.

2.4.6 Thawing Cell Lines

Cells were removed from liquid nitrogen and thawing was initiated quickly in 

a 37°C water-bath and the vial surface decontaminated with 70% ethanol 

solution. The cells were then resuspended in 10mL of pre-warmed growth 

medium in a T25 tissue culture flask and placed in the incubator overnight 

to allow cells to adhere. The following day the medium was removed and 

cells were washed in 1xPBS to remove all residual DMSO from freezing
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medium. The medium was then replaced and cells were allowed to reach 

80% confluency before being transferred to larger T80 or T175 tissue 

culture flasks.

2.4.7 Mycoplasma Testing

All cell lines were regularly screened for the presence of mycoplasma using 

the MycoAiert® mycoplasma detection kit (Lonza, Basel, Switzerland). Both 

the MycoAiert® reagent and MycoAiert® substrate were prepared according 

to manufacturer’s instructions. In brief, 2ml_ of cell suspension was 

centrifuged at 1500rpm for 5 minutes and 100pL of each culture 

supernatant was then transferred to a 96 well Nunc® white walled plate. To 

each sample, lOOpl of MycoAiert® reagent was added. Following a 5 

minute incubation period the plate was placed in the luminometer for a 1 

second integrated read (Reading A). The MycoAiert® substrate was then 

added and, after a further 10 minute incubation, a 1 second integrated read 

was performed (Reading B). The ratio of Reading B/ Reading A was used to 

determine the presence or absence of mycoplasma contamination. Cells 

infected with mycoplasma commonly give ratios >1. Any borderline results 

marginally above 1 led to that particular cell culture being placed into 

quarantine with retesting after 24 hours.

2.4.8 Cell Counting
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Cells were trypsinised as previously described and 100pL of the cell 

solution was transferred into cell counting cups. 10mL of Isoton solution 

(Beckman Coulter, Buckinghamshire, UK) was added to the cell solution 

and cells were counted using Z2 Coulter Particle and Size analyser 

(Beckman Coulter). The number of cells per 1mL of cell suspension was 

calculated and the cells were subsequently seeded onto the appropriate 

plates at required densities for each experiment.
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2.4.9 siRNA Transfections

Cells were seeded at appropriate densities in antibiotic free media and left 

overnight to adhere. siRNA transfections were performed on sub-confluent 

cells using Oligofectamine reagent (Invitrogen) for HCT116, H630 and RKO 

cell lines and Lipofectamine reagent (Invitrogen) for HT29 cells according to 

manufacturer’s instructions (Appendix 2). For Oligofectamine transfections, 

Opti-MEM, siRNA and Oligofectamine were combined and incubated for 30 

mintues to allow liposomal complexes to form. During this incubation, all 

medium was removed from cells and replaced with Serum Free Opti-MEM. 

The siRNA mix was then added dropwise to the cells. Four hours post

transfection, 2x growth medium was added to the cells. For Lipofectamine 

2000® transfections, siRNA and Lipofectamine 2000® were individually 

incubated with Serum Free Opti-MEM for 5 minutes before both mixes were 

combined and incubated for a further 15 minutes. During the incubation, 

medium was removed and replaced with fresh pre-warmed antibiotic free 

medium. The siRNA mix was then added to the plates in a dropwise 

fashion. After the siRNA mix was added to the cells, the plate was gently 

rocked to ensure even distribution across the cells. Following transfection 

by either method, the appropriate time was allowed for protein knockdown 

(24 or 48 hours), and cells were treated as required.
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2.4.10 DNA Transfections

Cells were seeded at appropriate denisities in antibiotic free medium and 

allowed to adhere overnight. Sub-confluent cells were transfected with DNA 

plasmids using GeneJuice® transfection reagent (Merck-Millipore, London, 

UK ) according to manufacturer’s instructions. Unsupplemented Opti-MEM 

was mixed with GeneJuice and incubated for 5 minutes to allow complexes 

to form. Following this, plasmid DNA was then added to the mix and 

incubated for a further 30 minutes. During this incubation, medium was 

removed and replaced with fresh antibiotic free medium before the DNA mix 

was added dropwise. Plates were then gently rocked to ensure even 

distribution across the cells. Following transfection, cells were returned to 

the incubator for 24 hours before treatment as required.
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2.5 Reagents

Vorinostat (Zolinza, SAHA, suberoylanilide hydroxamic acid; Selleck 

Chemicals, Suffolk, UK) was received as solid powder, and resuspended in 

100% DMSO to a stock concentration of 100mM before filter sterilisation. 

The solution was then aliquoted to avoid repeated freeze thaw cycles and 

stored at -20°C.

Droxinostat (4-(4-chloro-2-methylphenoxy)-N-hydroxybutanamide,

compound #5809354) and its inactive analog 4-(4-chloro-2-methylphenoxy)- 

N-(3-ethoxypropyl)butanamide (compound #7271570, ChemBridge 

Corporation, San Diego, CA) was received as solid powder, and 

resuspended in 100% DMSO to a stock concentration of 10mM before filter 

sterilisation. The solution was then aliquoted to avoid repeated freeze thaw 

cycles and stored at -20°C.

Tubacin was a kind gift from Dr Ralph Mazitschek and Dr Stuart Schreiber 

(Howard Hughes Medical Institute, Broad Institute of Harvard and MIT) and 

was received at a 10mM solution and stored at -20°C.

Entinostat (MS-275) was kindly synthesised in the Drug Discovery Group 

laboratory, CCRCB, as previously described482. It was received as solid 

powder, and resuspended in 100% DMSO to a stock concentration of 

10mM before filter sterilisation. The solution was then aliquoted to avoid 

repeated freeze thaw cycles and stored at -20°C.
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For all HDAC inhibitors, a fresh working stock was made each time by 

diluting the stock solution in sterile unsupplemented Opti-MEM to the 

concentration required.

Recombinant human TRAIL was obtained from Calbiochem (Gibbstown, 

New Jersey, USA) and reconstituted in 1xPBS/0.1% Bovine Serum 

Albumen (Sigma-Aldrich) to a stock concentration of 20ng/pL. The solution 

was then aliquoted to avoid repeated freeze thaw cycles, and stored at - 

SOX. It was thawed on ice and diluted in 1xPBS to required concentrations, 

with fresh dilutions made each time.

Cyclohexamide (CHX) solution (Sigma-Aldrich, Dorset, UK), an inhibitor of 

de novo protein synthesis, was supplied as a ready-made solution at a 

concentration of 100mg/mL. It was stored at 4°C, and diluted to 100pg/mL 

in unsupplemented Opti-MEM before use in experiments.

The proteasome inhibitor, MG132 (Z-Leu-Leu-Leu-al) (Sigma-Aldrich) was 

dissolved in 100%DMSO to a concentration of 10mM, and aliquoted to 

avoid freeze thaw cycles before storage at -20°C. It was then thawed on ice 

and added to the cells at concentrations required to inhibit proteasome 

activity (1-1 OpM).
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2.6 Caspase Inhibitors

The cell permeable non-reversible pan-caspase inhibitor z-VAD-fmk 

(Caspase inhibitor I) and caspase 8 inhibitor z-IETD-fmk (Caspase 8 

inhibitor II) were obtained from Merck Biosciences, Nottingham, UK. They 

were dissolved in 100% DMSO to give a stock concentration of 5mM before 

being stored at -20°C. They were thawed on ice and if necessary diluted in 

1xPBS before use in experiments to achieve a concentration of 10pM that 

will inhibit caspase activity. Following 1 hour pretreatment to insure caspase 

inhibition, cells were treated as required.

The biotinylated-z-VAD-fmk (Biotin-Val-Ala-Asp(OMe)-FMK) was obtained 

from MR Biomedicals Europe, (lllkirch, France) and resuspended in 100% 

DMSO to achieve a concentration of 20mM before being stored at 4°C. 

Cells were then treated with 20pM of the solution for 1 hour to inhibit 

caspase activity, following this cells were treated as required.
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2.7 MTT Cell Viability Assay

Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide (MTT) (Sigma-Aldrich). Cells were seeded at 

4000 cells in 200(jL media per well on 96 well plates and allowed to adhere 

overnight. Cells were then treated with varying concentrations of 

compounds as required for 72 hours. After 72 hours, a 1:10 dilution of 

5mg/mL MTT was added to the media and the plate incubated at 37°C for 2 

hours. The media was then carefully removed and the formazan crystals 

were solubilised in 200pL dimethyl sulphoxide (DMSO, Sigma-Aldrich) and 

the plates placed on a shaker for 15 minutes. Cell viability was determined 

by reading the absorbance of each well at 570nm using a Biotrak II 

microplate reader (Amersham, New Jersey, USA). Sigmoidal dose- 

response curves were plotted for the fractions of control of the treated wells 

using Prism 5.0 software (GraphPad Software, CA, USA), and the IC5o 

doses (identified as the half maximal inhibitory concentrations) were 

calculated by extrapolation by the software.
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2.8 Flow Cytometry

Samples were analysed on a BD FACS calibur flow cytometer machine, 

using Cell Quest Pro software. Flow cytometry analysis was carried out in 

duplicate for each experiment.

2.8.1 Propidium Iodide Staining

Cells were seeded at 1x105 cells in 2ml_ media per well in 6 well plates and 

left to adhere overnight. The cells were then transfected and treated as 

required. Following the required incubation the cells were harvested. The 

media was collected into pre-cooled 15ml_ tubes on ice and 2ml_ of 

PBS/0.5M EDTA (Appendix 1) was added to the cells. The plates were then 

returned to a 37°C incubator until the cells detached. Cells were then 

transferred to the corresponding tube and pelleted by centrifugation at 

2,400rpm for 5 minutes at 4°C. After centrifugation, the supernatant was 

removed and the pellet gently resuspended in ImL of PBS/1 %FCS 

(Appendix 1). A further 4mL of PBS/1 %FCS was added to wash the cells 

and the cells were again pelleted by centrifugation. This wash step was 

then repeated a second time. After the second wash, the supernatant was 

poured off, and the cell pellet was resuspended in the residual supernatant 

before 5ml_ ice-cold 100% ethanol was added whilst vortexing. Cells were 

fixed in ethanol at least overnight before analysis by propidium iodide (PI) 

staining of DNA content. To stain the cells with PI the fixed cells were 

pelleted by centrifugation at 2,400rpm for 5 minutes at 4°C. Cells were
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washed as described in the harvesting protocol twice before the pellet was 

resuspended in 360pL of PBS containing PI (Sigma) and RNase A (Qiagen, 

Venlo, The Netherlands) (Appendix 1). Cells were incubated in the stain for 

30 minutes in the dark at 37°C and stored at 4°C until analysis. Samples 

must be analysed within 24 hours.
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2.8.2 Annexin V Staining

Cells were seeded at 1x105 cells in 2mL of media per well in a 6 well plate 

and allowed to adhere overnight. Cells were then transfected and treated as 

required. After the treatment period, the media was transferred to a pre

cooled 15ml tube on ice and 1mL PBS was added to each well to wash the 

cells. The PBS was then transferred to the same tube and 1mL trypsin was 

added to each well. The plates were then returned to the incubator at 37°C 

until the cell detached. Cells were then transferred to the 15ml_ tube and 

spun at 2000rpm for 5 minutes at 4°C. The supernatant was poured off and 

the cell pellet was gently resuspended in 1mL of cold PBS. 4ml_ of cold 

PBS was then added to this cell suspension and the samples spun again. 

This wash was repeated to remove all trypsin from the cells. The resulting 

cell pellet was then gently resuspended in 100pL 1x binding buffer 

(Appendix 1) and transferred to a fresh 1.5mL eppendorf. 5pL of Annexin V 

stain was added to each sample first, followed by 5pL of 1:20 dilution of PI 

stain and the samples were incubated at room temperature in the dark for 

15 minutes. After incubation with both stains, 320pL 1x binding buffer was 

added to each sample before immediate analysis.
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2.8.3 Cell Surface Expression

Cells were seeded at 1x105 cells in 2mL of media per well in a 6 well plate 

and allowed to adhere overnight. Cells were then transfected or treated as 

required. Following treatment, media was removed and the cells were 

washed carefully with 1xPBS. 1ml of trypsin was added to each well and 

the plate returned to the incubator until the cells detached. When all cells 

had detached from the plate, the suspension was transferred to a 15ml 

tube and 5mL PBS/0.1% sodium azide/0.2% BSA (Appendix 1). Cells were 

then pelleted by centrifugation at 2000rpm for 5 minutes at 4°C and the 

supernatant discarded. The pellet was then resuspended in 95pL PBS/0.1% 

sodium azide/0.2% BSA, and 5pL of directly conjugated antibody or isotype 

control was added and incubated in the dark for 60 minutes at 4°C. Cells 

were then washed twice with 5mL PBS/0.1% sodium azide/0.2% BSA, once 

further with PBS before finally being resuspended in 300pL PBS and 

analysed immediately.
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2.9 Western Blotting

2.9.1 Protein Collection

Cells were seeded at a density of 1x106 cells in 10mL media on P90 tissue 

culture plates and allowed to adhere overnight. Transfection and treatment 

was then carried out as required. Cells were then harvested at the 

necessary time post treatment. Media was transferred to a pre-cooled 15ml_ 

tube on ice, leaving approximately 2mL on the plate. The adherent cells 

were then scraped into the residual media and transferred to the same 

15ml tube. Cells were pelleted by centrifugation at 2,400rpm for 5 minutes 

at 4°C and the supernatant discarded. The pellet was then washed once in 

5mL PBS and again the supernatant discarded. The pellet was 

resuspended in 100pL of RIPA buffer (Appendix 1) containing protease 

inhibitors, transferred to a fresh 1.5mL eppendorf and snap frozen in liquid 

nitrogen. Samples were then lysed on ice for at least 30 minutes before 

centrifugation at 13,200rpm for 20 minutes at 4°C to remove cellular debris. 

The supernatant containing protein was then transferred to a clean 1.5ml_ 

eppendorf and stored at -20°C.
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2.9.2 Determination of Protein Concentration

Proteins were quantified using the Bicinchoninic Acid (BCA) assay method 

according to the manufacturer’s instructions (Pierce, Rockfort, Illinois). 

2.5|jL of protein was added in duplicate onto a 96 well plate, before the 

addition of 250pL of a working solution of BCA (245pL BCA reagent A and 

5pL BCA reagent B). Following incubation at 37°C for 20 minutes, 

absorbance was read at 570nm on a Biotrak II microplate reader. A protein 

standard curve was generated using known protein concentrations of BSA, 

which resulted in a linear relationship between concentration and 

absorbance. Results of unknown protein concentrations were determined 

using known standard curve values and Prism 5.0 GraphPad software.

2.9.3 Preparation of Protein Samples

Protein lysates were thawed on ice and the required volume of lysate equal 

to 30pg of protein was aliquoted into a fresh 0.5ml_ eppendorf on ice. The 

same volume of 2x western loading dye (Appendix 1) containing 10% p- 

mercaptoethanol (Sigma-Aldrich) was added to the protein lysate before 

briefly vortexing to ensure samples were mixed. Samples were then 

denatured at 95°C for 5 minutes.

2.9.4 Sodium Dodecyl Sulphate (SDS) Polyacrylamide gel 

electrophoresis (SDS-PAGE)
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Proteins were separated on a 10% SDS-polyacrylamide gel. The casting 

frame was fitted with a short glass plate and a 1.5mm spacer glass plate, 

with the short plate facing outwards. The pressure clamps were locked to 

secure the plates in the frame. Approximately 7mL of resolving gel 

(Appendix 4) was poured into the plates and sealed with 1ml_ of water- 

saturated butan-1-ol (Appendix 4) and allowed to polymerise at 37°C. The 

water-saturated butanol was then poured off and the stacking gel (Appendix 

4) was poured ontop of the resolving gel until it reached the top of the short 

plate, with the immediate insertion of 1.5mm diameter 10-well combs. The 

stacking gel was allowed to polymerise at room temperature. Once set, the 

gels were then assembled into a Mini-PROTEAN™ 3 electrophoresis 

module apparatus (BioRad Laboratories (UK) Ltd.) and the combs removed. 

The casket was then filled with running buffer, and the wells well rinsed. To 

permit the determination and visualisation of protein molecular weight 

ranges 5uL of prestained protein ladder (Fermentas) was loaded onto the 

gel alongside the protein samples. Electrophoresis began with a current of 

15mA per gel until the protein samples had entered the resolving gel, at 

which point the current was increased to 20mA per gel until the desired 

separation had been achieved.

2.9.5 Protein Transfer

Following separation of proteins by SDS-PAGE, the plates were removed 

from the casket and separated carefully. The stacking gel was then trimmed 

and discarded before the proteins were transferred to nitrocellulose
104



Materials and Methods

membrane (Whatman®) using the Mini Trans-Blot™ electrophoretic transfer 

cell (BioRad Laboratories (UK) Ltd.). The nitrocellulose membrane, 

Whatman filter paper (3mm), and sponge pads were soaked in transfer 

buffer (Appendix 4) for 5 minutes prior to the assembly of the transfer 

“sandwich”. The transfer was then assembled in the cassette, black side 

down, as follows: sponge pad, 2x Whatman paper, gel, nitrocellulose, 2x 

whatman paper and sponge pad (Figure 2.1). Once the nitrocellulose was 

overlaid on the gel, it was rolled to ensure all bubbles were removed. This 

process was repeated following application of each piece of whatman 

paper. This cassette was then closed and inserted into the transfer 

apparatus, black side of the cassette facing the back black side of the 

apparatus. A frozen ice pack was inserted to keep the apparatus cool 

during the transfer. The apparatus was then filled with transfer buffer. The 

proteins were transferred at 100V for 70 minutes, after which time the 

membrane was removed and immediately placed into PBS. The membrane 

was rinsed in PBS-0.1%Tween (Appendix 4) to remove any residual 

acrylamide before the addition of Ponceau-S to ensure efficacy of transfer 

by protein visualisation. The membrane was trimmed and washed three 

times in PBS-0.1%Tween to remove the stain. The membrane was then 

blocked in 5% Marvel (non-fat dry milk) in PBS-0.1%Tween (Appendix 4) for 

1 hour with agitation.
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Sponge Fibre Pad 

Blotting Paper x2

Membrane

Gel

Blotting Paper x2 

Sponge Fibre Pad

Figure 2.1: Schematic representation of ‘transfer sandwich’ assembly
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2.9.6 Immunoblotting

Following blocking, the membrane was placed in primary antibody. The 

chosen primary antibody was diluted in 5-1 OmL of 5% Marvel in PBS- 

0.1%Tween at the suggested dilution factor (Appendix 5). The membrane 

was incubated with primary antibody preferably overnight at 4°C with 

agitation. If not possible, the membrane was incubated at room temperature 

for at least 2 hours. Following this, the membrane was removed from 

antibody and washed three times in PBS-0.1%Tween for 10 minutes to 

remove any excess primary antibody. The membrane was then incubated in 

the appropriate diluted HRP-conjugated secondary antibody (Appendix 5) 

for at least 1 hour. Prior to immunodetection, the membrane was removed 

from secondary antibody and washed three times in PBS-0.1%Tween for 10 

minutes each time.

2.9.7 Immunodetection

The membrane was removed from the final wash and any excess wash 

buffer removed by gently blotting the membrane on tissue paper. The 

membrane was then placed onto taught cling film, before the detection 

reagent was prepared. Supersignal WestPico reagent (Pierce, Rockford, 

Illinois) and ECL Western Lightning reagent (Perkin Elmer, Massachusetts, 

USA) were prepared in sufficient volumes according to manufacturer’s 

instructions and added gently using a pipette to the upper membrane 

surface. This was incubated for the required time before excess was
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removed by gently blotting the membrane on tissue paper. The membrane 

was then carefully placed into a clean x-ray cassette between two pieces of 

acetate. It was then exposed to Fuji-RX x-ray film (Fuji, Japan). The film 

was then developed using Ilford Multigrade Developer and Kodak Unifix 

Fixer. The film was washed and dried before aligning to the molecular 

weight marker on the membrane.

2.9.8 Densitometry

Densitometry was performed using the Imaged® image processing and 

alaysis software according to manufacturer’s instructions.
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2.10 Quantitative RT-PCR

2.10.1 RNA extraction

Cells were seeded at a density of 1x106 cells in 10mL media on a P90 

tissue culture plate and allowed to adhere overnight. The following day cells 

were transfected and treated as required for the desired time period. At 

harvesting, media was removed and 1mL RNA STAT-60™ reagent 

(Biogenesis, Poole, UK) was added and plates were rocked gently for 5 

minutes to ensure all cells have detached. The RNA STAT-60™ reagent 

was then transferred to a fresh 1.5mL eppendorf microcentrifuge tube and 

100pL choloroform (BHD) was added before samples were vortexed 

thoroughly for 30 seconds. The samples were then allowed to stand at room 

temperature for 10 minutes before centrifugation at 13,200rpm for 30 

minutes at 4°C. The upper separated aqueous layer was carefully extracted 

and placed into a fresh 1.5mL eppendorf, leaving the DNA and proteins 

behind in the lower organic phase or the interphase. 500pL isopropanol 

(Lab-Scan Analytical, Dublin, Ireland) was added to the fresh eppendorf, the 

sample vortexed and placed at -20°C for at least 60 minutes. Centrifugation 

of the samples at 13,200rpm for 30 minutes at 4°C and the supernatant was 

discarded. The RNA pellet was then washed twice with 1mL 75% 

ethanol/25% DEPC water and centrifuged at 13,200rpm for 5 minutes at 

4°C. The supernatant was finally discarded and the RNA pellet air dried at 

room temperature for 10 minutes before the pellet was resusupended in 

30pL DPEC water and stored at -20°C.
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2.10.2 RNA Quantification

The concentration and purity of the RNA was determined by a NanoDrop 

bioanalyser (NanoDrop Technologies, Wilmington, DE). The sampling arm 

of the apparatus was lifted and the stage cleaned before 2pL DREG water 

was added and the sample arm lowered. The machine and software was 

then initialised. A blank measurement was made to record the baseline, 

again using 2pL DREG water, before RNA was quantified. After cleaning the 

stage, 2pL of purified RNA was added and a measurement of concentration 

made and recorded.

2.10.3 Reverse Transcription

2pg RNA was made up to a total volume of 10pL with DREG water in a 

0.5mL eppendorf microcentrifuge tube. 1pL of 0.3pg/pL random primers 

(Invitrogen) and 1pL of 10mM deoxynucleotriphosphates (dNTPs) were 

added, incubated at 65°C for 5 minutes and transferred to ice. Next, 4pL 

first strand buffer, 2pL dithiothretiol (DTT), 1pL RNaseOut and 1pL 200U 

Moloney Murine Leukaemia Virus Reverse Transcriptase (MMLV-RT) (all 

from Invitrogen) were added, incubated at 37°C for 1 hour and then heated 

to 70°C for 10 minutes to inactivate the reaction enzymes. The resultant 

complementary DNA (cDNA) was stored at -20°C.
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2.10.4 Quantitative RT-PCR Conditions

Quantitative PCR was performed using two techniques, the Taqman assay 

method and the SYBR green method.

The SYBR green method was performed using 10pl_ reactions in triplicate 

for each test sample. 5pL 2xSYBR green (Qiagen), 2pL (2pM) of each 

primer (forward and reverse) and 1pL of cDNA was aliquoted into each well 

and the plate spun for 2 minutes to ensure the mix is at the bottom of the 

well. RT-PCR was then performed on the Opticon™ DNA Engine thermal 

cycler (BioRad, Hercules, CA, USA). The cycling conditions for total c-FLIP 

primer, c-FLIPl and c-FLIPs were the same: 95°C for 10 minutes followed 

by 45 cycles of 95°C (15 seconds), 55.2°C (30 seconds), 72°C for 1 minute 

and subsequent melting curve analysis. Data was normalised to the 

baseline via establishing the median over the cycle range. The standards 

were obtained using external cDNA with serial ten fold dilutions. Standard 

curves were generated for each plate. Relative quantification of c-FLIP was 

normalised with an endogenous housekeeping gene and statistical 

analyses subsequently performed.

The Taqman method employs the fluorogenic 5’nuclease chemistry (also 

known as Taqman probe chemistry) to enable specific detection of PCR 

product. The reactions were carried out in triplicate for each sample, with a 

final volume of 15pL. 7.5pL of Taqman Universal PCR mastermix (2x) and 

0.75pL of 20x primer-probe mix (all from Applied Biosystems) were placed 

into each well of the 96 well PCR plate. 50ng of c-DNA was made up to 

6.75pL in DNase-free water and added to the reaction. RT-PCR was then
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performed on the Lightcycler® 480 system (Roche) under standard Taqman 

cycling conditions: SOX for 2 minutes, 95X for 10 minutes, followed by 40 

cycles of denaturation at 95X (15 seconds) and annealing/extension at 

SOX (1 minute). The FLIP primers assessed total c-FLIP levels. The 

housekeeping gene GAPDH severed as an endogenous control. Cycle 

threshold (Ct) values for each sample were obtained and relative c-FLIP 

mRNA expression determined using the Ct (AACt) method.
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2.11 Immunoprecipitation

Cells were seeded at 5x106 cells in 20ml_ media on P140 tissue culture 

plates and allowed to adhere overnight. The following day cells were 

transfected or treated as required for the time dictated by experimental 

conditions. Media was then removed and the plates washed in 10ml_ PBS 

before the addition of ice cold 1ml of CHAPS buffer with protease 

inhibitors. The plates were then placed on a shaker at 4°C for 10 minutes. 

The remaining adherent cells were detached with pipetting and the cell 

suspension transferred to a fresh 1.5ml_ eppendorf microcentrifuge tube. 

Samples were then homogenised using a 25G needle and 1mL syringe and 

placed on ice to lyse for 30 minutes. Following lysis, samples were 

centrifuged at 13,200rpm for 20 minutes at 4°C and the supernatant 

collected in a fresh 1.5ml_ eppendorf microcentrifuge tube. The protein 

concentration of each sample was determined using the BCA assay method 

as previously described. 1mg of lysate was transferred to a fresh 1.5mL 

eppendorf and made up to 500pL with lysis buffer. Samples were 

precleared overnight with 30pL prewashed anti-rabbit Dynabeads® at 4°C 

with rotation. The next day, precleared lysates were transferred to a fresh 

eppendorf and placed on ice in the cold room. 30pL Dynabeads® were 

conjugated to 1pg of the corresponding antibody for each sample for 1 hour 

with rotation at 4°C. The conjugated beads were then washed three times in 

500pL of CHAPS buffer before being resuspended in 30pL CHAPS and 

then added to the precleared lysates. Lysates were incubated with 

antibody-conjugated beads for 4 hours at 4°C with rotation, after which the 

lysates were removed and kept as first wash samples to ensure efficient
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precipitation of the target protein. Beads were washed five times with 500pl_ 

CHAPS and twice with 500pL PBS before being resuspended in 2xwestern 

loading dye and denatured at 95°C for 5 minutes. Samples were then 

stored at -20°C until being analysed by Western blotting.
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2.12 Caspase Trap assay

Cells were seeded at 2x106 cells in 10ml_ media on P90 tissue culture 

plates and allowed to adhere overnight. The following day, cells were 

pretreated with 20pM Biotinylated z-VAD-fmk for 1 hour before addition of 

HDAC inhibitors for 24 hours. TRAIL was also used in this technique as a 

positive control. After the required time had elapsed, media was removed 

and cells were washed with 2mL PBS. The PBS was further removed and 

500pL CHAPS lysis buffer with protease inhibitors was added to each plate. 

Plates were then placed on a plate shaker at 4°C for 10 minutes. The 

remaining adherent cells were removed by pipetting and the cell suspension 

transferred to a fresh 1.5mL eppendorf on ice. After homogenisation by 

syringing, cells were lysed on ice for 30 minutes. Following lysis, the 

samples were centrifuged at 13,200rpm for 20 minutes at 4°C and the 

supernatant transferred to a fresh 1.5mL eppendorf. The protein 

concentration of each sample was determined using the BCA assay as 

previously described. 500pg of lysate was then made up to a final volume of 

500pL in lysis buffer and denatured for 5 minutes at 95°C. 30pL of 

immobilised streptavidin slurry (Thermo Scientific, Surrey, UK) was then 

added to each lysate and incubated for 4 hours with rotation at 4°C. 

Following incubation, the samples were centrifuged at 13,200rpm and the 

supernatant removed, with extreme care taken not to disturb the beads. The 

supernatant was kept and stored at -20°C for later analysis. The remaining 

beads were then washed five times in 500pL CHAPS buffer and then 

resuspended in 2xwestern loading dye before denaturing at 95°C for 5
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minutes. The samples were then stored at -20°C until analysis by Western

blotting.
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2.13 Ubiquitin Enrichment Kit

The Ubiquitin Enrichment Kit (Thermo Scientific) was used to precipitate 

ubiquitin according to manufacturer’s instructions. Cells were seeded at 

2x106 cells in 10ml_ media on P90 tissue culture plate and allowed to 

adhere overnight. The cells were the transfected and treated as required. 

Following the required time, the media was removed and the cells were 

washed in PBS before the addition of 500pL RIPA buffer with protease 

inhibitors. The cells were then scraped to remove adherent cells and 

transferred to a 1.5mL eppendorf before being placed on ice to lyse for 30 

minutes. Following lysis, the samples were centrifuged for 20 minutes at 

13,200rpm at 4°C and the lysates transferred to a fresh 1.5mL eppendorf. 

150pg of the protein lysate was made up to a total volume of 150pL with 

RIPA buffer was incubated with 20pL of ubiquitin affinity resin in the filtered 

spin columns overnight at 4°C with rotation. Following incubation, the spin 

columns were centrifuged at 5,000xg for 15 seconds and the flow through 

collected for later analysis. The ubiquitinated proteins were captured in the 

resin on the membrane, and so were washed three times with wash buffer 

before eluting the ubiquitinated proteins using 30pL 2xwestern loading dye. 

The samples were incubated at 95°C for 5 minutes and then the columns 

were centrifuged with a collection tube below to collect loading dye and 

stored at -20°C until analysis by Western blotting.
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2.14 Transformation of plasmid DNA

2|jL of plasmid DNA solution was added to 200pL of sterile competent 

DH5o cells (Invitrogen) and gently mixed using the pipette tip, then 

incubated on ice for 15 minutes. The cells were heat shocked at 42°C in a 

water bath for 1 minute, and then 1mL of sterile SOCS media (Invitrogen) 

was added under flame and the cell solution incubated at 37°C with gentle 

agitation for 1 hour. During this incubation, LB agar/Ampicillin plates were 

warmed at 37°C. Following the 1 hour incubation, a low density plate was 

streaked with 200pL of cell solution. The remaining solution was then 

centrifuged to obtain a more concentrated solution and the supernatant 

discarded, leaving 200pL media to gently resuspend the cell pellet before 

these cells were streaked onto a high density plate. The plates were left at 

37°C overnight. Negative (no DNA) and positive (PUC19) transformation 

control plates were also streaked and left at 37°C to ensure the 

transformation remained sterile (negative) and that the cells were 

competent for transformation (positive). The next day, positive colonies 

were picked and grown up in 3mL LB/Ampicillin overnight at 37°C with 

agitation.

2.15 Small-scale plasmid DNA extraction

The QIAprep Spin Miniprep Kit (Qiagen), uses an anion-exchange-based 

method of plasmid DNA purification with bacterial lysate clearing by
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filtration. The purified DNA is equivalent to that obtained by 2 x CsCI 

gradient centrifugation and is suitable for Transfection Grade applications.

1.5mL of the overnight culture grown from transformed DNA was 

transferred to a 1.5mL eppendorf and centrifuged at 13,200rpm for 2 

minutes. The supernatant was removed and the pellet resuspended in 

250pL Buffer P1 (Resuspension buffer) including RNase A, ensuring no 

clumps remained in the suspension. 250pL of lysis buffer (Buffer P2) 

containing LyseBlue® was then added to the suspension, and the 

eppendorfs inverted 6 times gently. The solution then turns viscous and 

slightly clear, and blue in colour. 350pL of Buffer N3 (Neutralisation buffer) 

was then added, with immediate mixing by inverting the eppendorf gently 6 

times. When complete neutralisation had occurred the solution turned from 

blue to white, indicating that the SDS had been efficiently precipitated. The 

samples were then centrifuged for 10 minutes at 13,200rpm to precipitate 

the cell debris, and the supernatant transferred by pipetting to a QIAprep 

spin column. The columns were centrifuged at 13,200rpm for 60 seconds 

and the flow through discarded. The DNA was then trapped on the resin, 

and washed firstly with 500pL PB buffer followed by a second wash with 

750pL PE buffer before a final spin to remove all residual wash buffer. The 

DNA was then eluted in 50pL of injection water and the concentration and 

purity was determined using the NanoDrop technology.
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2.16 Large-scale plasmid DNA extraction

QIAfilter Plasmid Maxi Kit (Qiagen) works under the same principles as the 

miniprep kit, based on a modified alkaline lysis procedure, followed by 

binding of plasmid DNA to QIAGEN Anion-Exchange Resin under 

appropriate low-salt and pH conditions. RNA, proteins, dyes, and low- 

molecular weight impurities are removed by a medium-salt wash. Plasmid 

DNA is eluted in a high salt buffer and then concentrated and desalted by 

isopropanol precipitation.

200mL of culture grown overnight at 37°C from transformed DNA plasmids 

or glycerol deeps was transferred to a 250mL centrifuge tube and 

centrifuged at 6000 x gr for 15 minutes at 4°C to pellet bacteria. The pellet 

was then resuspended in 10mL of Buffer P1 (Resuspension buffer) 

containing 100 pg/ml RNase A, taking care to ensure all the clumps have 

been removed and the suspension is homogenous. 10mL of Buffer P2 

(Lysis buffer) was then added to the solution, with the immediate mixing by 

gentle inversion 6 times before a 5 minute incubation at room temperature. 

The solution became homogenous, clearer and blue in colour, due to the 

LyseBlue® reagent. 10mL of prechilled Buffer P3 (Neutralisation buffer) was 

then added to the solution, and again mixed by inverting gently 6 times. The 

lysate was then poured into the barrel of a QIAfilter cartridge and incubated 

at room temperature for 10 minutes allowing the lysate to separate. During 

this time, the QIAGEN- High Speed Maxi Tip was prepared and 

equilibriated using 10mL of QBT buffer, which drained through by gravity. 

Following 10 minutes, the precipitate in the QIAfilter had floated to the top,
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and the remaining clear lysate present at the bottom of the cartridge. The 

plunger was then inserted and the lysate transferred to the Maxi Tip and 

allowed to enter the resin by gravity flow. The trapped DNA was then 

washed with 60mL QC buffer, before elution into a 50mL tube using 15ml 

QF buffer. The DNA was then precipitated by incubation with 10.5mL of 

Isopropanol for 5 minutes at room temperature. The precipitated DNA was 

then passed through a QIAprecipitator Maxi Module, where it was trapped 

on the resin. Following this the DNA was washed in 2ml_ 70% ethanol/30% 

DREG water before air drying. The DNA was then eluted from the 

precipitator module using 1mL TE buffer and the purity and concentration 

determined by NanoDrop™ analysis before storing at -20°C.

2.17 Phenol Cholorform DNA Precipitation

SOOpL of TE-saturated phenol/chloroform/isoamyl alcohol (25:24:1) (Sigma) 

was added to 300pL extracted DNA, in a 1.5ml_ eppendorf and vortexed for 

1 minute. The sample was then centrifuged at 13,200rpm for 2 minutes and 

the upper layer was transferred to a fresh 1.5mL eppendorf. To this, 1/10 

volume of 3M sodium acetate and 3 volumes of ethanol were added and the 

mixture placed at -SOX for 30 minutes or -20°C overnight. The mixture was 

then centrifuged at 13,200rpm at room temperature for 10 minutes and the 

supernatant discarded. The DNA pellet was then air dried and resuspended 

in 100pL injection water and stored at -20X.
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2.18 Generation of Mutant Constructs

2.18.1 Site Directed Mutagenesis

The KOD Xtreme(TM) Hot Start DNA polymerase kit was used to introduce 

point mutations into the required wild type template plasmid. The DNA 

polymerase kit used is an optimized PCR system for the amplification of 

long or GC-rich DNA templates. The high fidelity KOD DNA polymerase is 

complexed with two monoclonal antibodies to permit hot start thermocycling 

and prevents the amplification of non-specific products.

The mutagenesis process involves three steps: firstly, the correct point 

mutations were introduced using PCR amplification of the target plasmid 

(10ng) with two phosphorylated primers (5pM) in a 50pL reaction. The 

second step removed any remaining template DNA by digestion with DPN1 

enzyme which cleaves only methylated DNA. 5pL of this resulting PCR 

product was visualised by gel electrophoresis to confirm successful PCR 

amplification. Thirdly and finally, the PCR products were transformed in 

DH5a E.coli. competent cells and plated on LB/Ampicillin agar and 

incubated at 37°C overnight. Colonies were selected and grown up in 

LB/Ampicillin broth and miniprep purified before a sequencing reaction was 

carried out using BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied 

Biosystems). The samples were then sent to the Queen’s Genomics 

Sequencing facility to generate electrophoretograms. Once sequencing
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confirmed the correct mutation, the remaining small scale culture was 

incubated with 200mL LB/Ampicillin broth and purified by maxiprep.

Lysine (K) to Glutamine (Q) Ku70 mutants, K539Q and K542Q, were 

generated using specific sets of forward and reverse primers (Appendix 7) 

with wild type Ku70 pCMV triple tag 3.1 (Appendix 9) plasmid as template.

The mutation of Arginine (R122) and Tyrosine (Y119) to Alanine (A) in c- 

FLIPs were generated using specific primer sets (Appendix 7) with wild type 

c-FLIPs pGEX 6P3 (Appendix 9) plasmid as template.

2.18.2 Cloning of Ku70 Deletion constructs

N terminal deletion mutants of Ku70 were generated using PCR 

amplification of C terminal regions of wild type Ku70 in pCMV triple tag 

plasmid. Platinum(R) Pfx DNA polymerase (Invitrogen) posseses 

proofreading 3’ to 5’ exonuclease activity and is a highly processive enzyme 

with fast chain extension capability. Polymerase activity is restored following 

a PCR denaturation step at 94°C which removes binding of the Platinum(R) 

antibody and increases specificity and accuracy.

Forward primers were generated beginning at the required codon for each 

deletion mutant with the same reverse primer suitable for all reactions. 

Generation of the C-terminal constructs took place in four steps:

The first step generated PCR product of each fragment required from a 

template of wild type Ku70 in pCMV triple tag plasmid (10ng) using
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Platinum(R) Pfx with 10fjL forward and reverse primers in a 50pL reaction. 

Secondly, 30pL of the PCR product was analysed by gel electrophoresis on 

low melt agarose. PCR products of the correct size were cut from the gel 

and extracted by (3-Agarase (New England Biolabs) digestion. The third 

step consisted of vector preparation in which the wild type Ku70 pCMV 

triple tag plasmid were digested using BamH1 and Xho1 enzymes (New 

England Biolabs) to remove DNA insert. The digested products were then 

separated by gel electrophoresis on low melt agarose and the vector 

purified using P-Agarase digestion and phenol/chloroform precipitation. The 

vector was then treated with Calf Intestinal Phosphatase (CIP) (New 

England Biolabs) which catalyses the removal of 5' phosphate groups from 

DNA, preventing self ligation and facilitating ligation of the insert. The fourth 

step required the ligation of the insert and vector; 50ng of vector and a 10 

times molar excess of insert were incubated with T4 DNA Ligase 

(Invitrogen) in a 20pL reaction overnight at room temperature. The ligation 

reaction was then transformed in DH5a chemically competent bacteria and 

plated onto LB/Amp plates. Colonies were picked and cultured in LB/Amp 

broth before miniprep purification. DNA was then screened by BamH1/Xho1 

double digests to confirm insertion of Ku70 DNA. The DNA with the correct 

inserted Ku70 fragments were then amplified by maxiprep. Concentration of 

each DNA construct was then determined by Nanodrop.
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2.19 GST Protein Production

The c-FLIPs PCR product was inserted into the pGEX 6P3 GST-expression 

vector and transformed into competent BL21 bacterial cells. Following 

successful plating, a colony was picked and a small scale culture was 

grown overnight and glycerol stocks were generated. These stocks were 

stored at -80°C until required.

2.19.1 Protein Expression

An overnight preculture was prepared from the GST-c-FLIPs pGEX 6P3 

glycerol stocks diluted in 20mL of LB/Ampicillin and grown overnight at 

37°C with agitation. The next morning, the preculture was further inoculated 

into 1 litre of LB/Ampicillin at a ratio of 1:50 and the bacteria grown at 37°C 

with shaking until an optical density measured at 600nm (OD6oo) of between 

0.6 and 0.8 was achieved. Protein expression was then induced with 0.5mM 

IPTG, and the culture further incubated for 4-5 hours at 30°C with shaking. 

The bacteria present were pelleted by centrifugation and the supernatant 

removed and discarded. The remaining pellet was then stored at -20°C 

overnight.

2.19.2 Protein Purification

The bacterial pellets were thawed on ice before being resuspended in 30mL 

of ice-cold lysis buffer and incubated on ice for 30 minutes. 3mL of 10% 

TritonX-100 and 330pL of 1M MgCI2 were added, gently mixed and again
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incubated on ice for a further 30 minutes. The lysate was then homogenised 

using sonication, before centrifugation at 14000rpm to remove cellular 

debris. The clear lysate was transferred to a fresh tube and placed on ice 

until the Poly-Prep columns (BioRad) were prepared. 1.2ml of washed 

Glutathione Separose beads were loaded into the column and equilibriated 

using lysis buffer. The lysate was then loaded into the column and allowed 

to flow through by gravity, before being washed three times with wash 

buffer. The protein was then eluted and dialysed using Slide-A-Lyzer® 

Dialysis Cassette (Thermo Scientific) before the addition of glycerol to a 

final concentration of 10%. The resulting protein was aliquoted and stored 

at -SOX until use.
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2.20 GST pulldown assay

The cells were seeded at 2x106 cells in 10mL of media on P90 tissue 

culture plates and left to adhere overnight. Following the required

transfection and treatment, the media was removed and the cells washed 

with PBS before the addition of 500pL CHAPS buffer with protease 

inhibitors. The cells were scraped and transferred to a 1.5mL eppendorf on 

ice where they were syringed and allowed to lyse on ice for 30 minutes. The 

samples were then centrifuged at 13,200rpm for 20 minutes at 4°C and the 

supernatant transferred to a fresh 1.5mL eppendorf. The protein

concentration was then determined by the BCA assay method as previously 

described. 500pg of each protein sample was then made up to a final 

volume of 500pL in lysis buffer and precleared for 1 hour with 20pL GSH- 

fast flow sepharose beads at 4°C with rotation. During the preclear step, 

10pg of each GST proteins (GST and GST-c-FLIP) was conjugated to 20pL 

GSH-beads per sample at 4°C with rotation. The beads conjugated to GST 

protein were then washed 3 times with 500pL CHAPS buffer and 

centrifuged at 1500 x g for 60 seconds each time. The beads were then 

resuspended in 20pL CHAPS and placed on ice. The lysates were

centrifuged at 13,200rpm for 60 seconds, where the beads form a pellet,

and the precleared lysate transferred to the 1.5mL eppendorf containing the 

protein-bead mix. The samples were then incubated for 2 hours at 4°C with 

rotation. Samples were then washed 5 times with 500pL CHAPS buffer, or 

for constructs with high levels of unspecific binding a more stringent buffer 

such as RIPA or NP40 was used. The beads were then resuspended in
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20|jL 2xwestern loading dye and denatured at 95°C for 5 minutes. Samples 

were then stored at -20°C before Western blot analysis.
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Identification of Ku70 as a novel binding partner of c-FLIP

3.1 Introduction

Previous work from our group and others has identified c-FLIP as a key 

regulator of both chemotherapy- and death ligand- induced apoptosis in 

colorectal cancer 83, non-small cell lung cancer 296 and other cancers, c- 

FLIP represents an attractive therapeutic target, but directly targeting it is 

challenging due to its inherent lack of enzymatic activity and undefined 

crystal structure. We hypothesised that understanding more about c-FLIP 

biology may help us identify novel ways of indirectly targeting c-FLIP. To 

this end, our group conducted a Yeast-2-Hybrid experiment to identify novel 

binding partners of c-FLIP. Ku70 was among the proteins identified by this 

assay as potential binding partners for the long c-FLIP splice form, c-FLIPl.

Ku70 is a DNA damage repair protein, a critical component of the Non- 

Flomologous End Joining (NHEJ) system for repairing double-stranded 

breaks in DNA 483. Ku70 is one of the proteins that make up the Ku 

complex, which exists as a heterocomplex with Ku86. It is encoded by the 

XRCC6 gene, and as part of the Ku complex plays a major role in DNA 

repair. It is predominantly located in the nucleus, in regions that are 

transcriptionally active, and contains a nuclear localisation signal (NLS) that 

facilitates its transport into the nucleus 484,485.

129



Identification of Ku70 as a novel binding partner of c-FLIP

3.1.1 Ku70: A critical role in DNA repair

There are two major pathways employed in mammalian cells in response to 

DNA damage. The first, homologous recombination (HR), promotes 

accurate DNA double strand break repair through the synthesis of new DNA 

from an undamaged DNA template. The second is non homologous end 

joining (NHEJ), and Ku70 plays a crucial role in this process. NHEJ rejoins 

the ends of broken DNA, irrespective of sequence, in an homology- 

independent manner 486. The main components of the NHEJ system are the 

catalytic subunit of DNA protein kinase (DNA-PKcs), which is recruited by 

the Ku protein complex, a heterodimer of Ku70 and Ku86, as well as the 

XRCC4 protein and DNA ligase IV 487. Ku70 forms a heterodimer with Ku86, 

binding to DNA through their DNA binding domains at both the N- and C- 

terminals. It is thought to be the binding of this complex to DNA that 

activates the DNA-PKcs, facilitating repair488. It has been demonstrated that 

the C-terminal region, from amino acid 254 to 609, is the key region on the 

Ku70 structure involved in DNA binding, and from amino acid 439 to 609 on 

the Ku70 structure is key in forming the complex with Ku86 489. In mouse 

models the effect of loss of Ku70 was investigated. Inactivation of Ku70 

leads to multiple defects including growth retardation, hypersensitivity to IR 

and severe combined immune deficiency (SCID) due to severely impaired 

NHEJ recombination 49°. Low expression of Ku70 was associated with good 

response to radiotherapy, sensitising the cells to DSB 491, whereas 

radioresistant cervical cancer demonstrated a significantly increased 

expression of Ku70 492. Loss of Ku70 expression by RNA interference also 

showed an increased sensitivity to DNA damaging agents, topoisomerase II
130



Identification of Ku70 as a novel binding partner of c-FLIP

inhibitors and y radiation493, demonstrating its importance in DNA damage 

repair.

3.1.2 An antiapoptotic role for Ku70

Apart from the crucial role Ku70 plays in DNA damage, a non-repair related 

role has also been demonstrated for this protein. A cytoplasmic pool of 

Ku70, independent of Ku86, has been demonstrated to interact with the 

proapoptotic protein Bax 494. This interaction with Ku70 sequesters Bax, 

preventing its translocation to the mitochondria and subsequent induction of 

apoptosis. It has also been shown that the interaction of Bax with Ku70 

prevents the ubiquitination of Bax495. Ku70 can remove the ubiquitin groups 

that target it for degradation by the proteasome 495. Cohen et al 375 

demonstrate that Ku70 can be acetylated by the histone acetyltransferases 

(HATs) CBP and PCAF. the lysines on the linker region are the key targets 

for acetylation. This acetylation also breaks up the interaction between 

Ku70 and Bax, leading to Bax mediated MOMP and apoptosis induction. 

The acetylation of Ku70 can also be achieved using histone deacetylase 

inhibitors (HDACi) and it is this acetylation dependent breakup of the Ku70 

- Bax complex that mediates cell death induced by these HDACi 

compounds 431.

There are several factors that also influence the interaction between Ku70 

and Bax. A transcription independent role for p53 in regulating apoptosis is 

reported, with a novel interaction between p53 and Ku70 responsible for
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regulating Bax-induced apoptosis 49S, and the interruption of Bax - Ku70 

binding dependent on the acetylation of p53. An interaction with a fragment 

of cyclin E has also been shown to influence Ku70’s binding to Bax. The 

cyclin E/cdk 2 complex is key in regulating the transition from G1 phase to S 

phase in the cell cycle, and also in DNA replication processes. Cyclin E has 

been shown to be cleaved by caspase activation to form a p18-cyclin E 

subunit 497. This subunit can no longer interact with cdk 2 and therefore has 

a role independent of cell cycle regulation. This p18-cyclin E fragment 

interacts with Ku70, preventing an interaction with Bax, and inducing 

apoptosis, or sensitising to apoptosis inducing agents 498.

The first aim of this chapter was to confirm the interaction between the c- 

FLIP and Ku70 in colorectal cancer cell line models. The second and third 

aims were to identify critical regions or residues of c-FLIP and Ku70 that are 

critical for their interaction.
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3.2 Confirmation of a c-FLIP-Ku70 interaction

To study the interaction between c-FLIP and Ku70 in mammalian cells we 

used colorectal HCT116 cancer cells. HCT116 cells are p53 wild-type, 

MMR deficient, K-ras mutant colorectal carcinoma cells and have been well 

characterised in our lab as being sensitive to apoptosis induced following 

the silencing of c-FLIP296. HCT116 cells are also sensitive to death 

receptor-mediated apoptosis499. Endogenous HCT116 cells were 

transfected with FLAG-c-FLIPl for 24 hours. Cells were collected and Ku70 

was immunoprecipitated from protein lysates. The complexes formed with 

Ku70 were then analysed by Western blot, and FLAG-c-FLIPl was detected 

in the anti-Ku70 immunoprecipitates (Figure 3.1). This confirms the 

interaction between c-FLIPl and Ku70 in colorectal cancer cells.

To assess whether Ku70 can interact with both main c-FLIP splice forms, 

FLAG-FLIPl and FLAG-FLIPS were transiently transfected into HCT116 

cells. The FLAG epitope was then immunoprecipitated from the cells and 

the immunocomplexes visualised by Western blot. Confirmation of the 

interaction between c-FLIP and Ku70 was demonstrated by the presence of 

endogenous Ku70 in the anti-FLAG immunoprecipitates (Figure 3.2). This 

data demonstrates that c-FLIPs also interacts with Ku70.

Subsequently, the interaction between c-FLIP and Ku70 was further 

investigated using recombinant c-FLIP. A recombinant GST-tagged c-FLIPs 

fusion protein was generated, conjugated to glutathione beads and
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incubated with protein lysates generated from HCT116 cells. The resulting 

complex was then resolved by SDS-PAGE and visualised by Western 

blotting. Endogenous Ku70 was pulled down by GST-FLIP (Figure 3.3) 

confirming the interaction between c-FLIPs and Ku70.

Taken together, this data confirms the interaction initially identified in yeast 

between c-FUPL and Ku70. We have demonstrated that this interaction can 

occur in mammalian cells, using the colorectal cancer cell line HCT116. We 

have also confirmed that Ku70 interacts with both splice forms of c-FLIP.
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Figure 3.1: Confirmation of Ku70 interaction with c-FLIPl
HCT 116 cells were seeded at 5x106 cells, and following 24h were 
transfected with 1 pg of FLAG-FLIPL construct. After 48h, cells 
were lysed using CHAPS buffer and protein lysate collected. 
Immunoprecipitation of Ku70 was carried out using Santa Cruz 
antibody conjugated to Sheep Anti-Rabbit Dynabeads (Invitrogen) 
, with IgG (Santa Cruz) as a control. Immunoprecipitates were 
resolved by SDS-PAGE and visualised using Western blotting.
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Figure 3.2: c-FLIPs also interacts with Ku70 in mammalian 
cells. HCT 116 cells were seeded at 5x106 cells per plate, and 
following 24h were transfected with 1 pg of FLAG-FLIPL, FLAG- 
FLIPS and FLAG-EV (empty vector) constructs. After 48h, cells 
were lysed using CHAPS buffer, and protein lysate collected. 
Immunoprecipitation of FLAG was carried out using FLAG M2 
(Sigma) antibody conjugated to Sheep Anti-Rabbit Dynalbeads 
(Invitrogen) , with IgG (Santa Cruz) as a control. 
Immunoprecipitates were resolved by SDS-PAGE and visualised 
using Western blotting.
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Figure 3.3: Recombinant c-FLIPs interacts with Ku70
HCT116 cells were seeded at 5x106, and after 48h cells were 
lysed using CHAPS buffer and lysates collected. Recombinant 
GST-FLIPS was conjugated to Fast-Flow Glutathione Beads and 
incubated with lysates for 2h. Protein complexes were resolved 
using SDS-PAGE and visualised using Western blotting.
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3.3 Mapping the region of c-FLIP that binds to Ku70

The aim of this section was to identify the regions or residues of c-FLIP that 

are important in mediating the Ku70 - c-FLIP interaction.

3.3.1 FLIP peptide array analysis

To identify regions of c-FLIP that are important for its interaction with Ku70, 

a peptide array was generated to encompass the entire sequence of c- 

FLIPS using 25-mer overlapping peptides, each shifted by 4 amino acids 

each time. The 25-mer peptides were spot synthesised onto nitrocellulose 

membranes by Dr Patrick Kiely (University College Cork). FLAG-Ku70 or 

the empty vector (EV) were transfected into HCT116 cells, and protein 

lysates were then collected. The lysates were incubated with the c-FLIP 

peptide arrays, and regions of binding were visualised by Western blotting 

for FLAG. Ku70 bound strongly to four distinct regions on the FLIP 

sequence; in contrast, no signal was observed from the EV lysates (Figure 

3.4). The amino acids in each peptide spot for all four of these regions of 

interaction are highlighted in Figure 3.5. Regions 1 and 3 are part of the 

Death Effector Domains DED1 and DED2 of c-FLIP, which have been 

identified as being important for binding to FADD 500. Region 2 is adjacent 

to the hydrophobic patch of c-FLIP, a region reported to be directly involved 

in its interaction with FADD DED 501 502. Region 4 corresponds to the C-
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terminal tail of c-FLIPs and contains two lysine residues (K192 and K195) 

reported to be important sites of c-FLIPs polyubiquitination 285.

To begin to fine map the c-FLIP-Ku70 interaction to specific amino acids of 

c-FLIP, alanine substitution arrays were generated for peptides 17 (Region 

1), 30 (Region 2), 41 (Region 3) and 46 (Region 4), in which each amino 

acid was sequentially replaced by alanine. These four peptides represent 

the strongest binding in each of the four regions identified in Figure 3.4. 

This array was again overlaid with lysate expressing FLAG-Ku70, and 

potentially important residues for the c-FLIP-Ku70 interaction were indicated 

this time by a loss of signal. Several alanine substitutions in peptide 30 

were found to very significantly disrupt the binding of Ku70 (Figure 3.6A). In 

comparison, alanine substitution of the amino acids in peptides 17, 41 or 46 

had less effect on the interaction of Ku70 with FLIP. Densitometry was used 

to quantify the loss of interaction for each alanine substitution compared to 

the binding levels of the wild type peptides (Figure 3.6B). Again, these 

results suggested that specific amino acids in region 2 are important in 

mediating the interaction between c-FLIP and Ku70.
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Figure 3.4: Ku70 interacts with four distinct regions of c- 
FLIPS. FLIPS peptide array was generated from a library of 
overlapping 25-mer peptides, each shifted by 4 amino acids that 
encompass the entire FLIP(S) sequence. The arrays were blocked 
in 5% milk/ PBS/0.5% Tween-20 for 1h and then overlayed with 
lysates prepared from cells transfected with Flag-tagged Ku70 or 
the control empty vector and incubated overnight. Following 
several washes (PBS/0.5% Tween-20), bound Flag-tagged Ku70 
was detected using the Flag-HRP conjugated antibody (Sigma).



Peptide Spot Residues 25-mer sequence
Reqion 1
16 61-85 RVRRFDLLKRILKMDRKAVETHLLR
17 65-89 FDLLKRILKMDRKAVETHLLRNPHL
18 69-93 KRILKMDRKAVETHLLRNPHLVSDY
19 73-97 KMDRKAVETHLLRNPHLVSDYRVLM

Reqion 2
26 101-125 GEDLDKSDVSSLIFLMKDYMGRGKI
27 105-129 DKSDVSSLIFLMKDYMGRGKISKEK
28 109-133 VSSLIFLMKDYMGRGKISKEKSFLD
29 113-137 IFLMKDYMGRGKISKEKSFLDLVVE
30 117-141 KDYMGRGKISKEKSFLDLWELEKL
31 121-145 GRGKISKEKSFLDLVVELEKLNLVA
Reqion 3
40 157-181 KNIHRIDLKTKIQKYKQSVQGAGTS
41 161-185 RIDLKTKIQKYKQSVQGAGTSYRNV
42 165-189 KTKIQKYKQSVQGAGTSYRNVLQAA
43 169-194 QKYKQSVQGAGTSYRNVLQAAIQKS

Reqion 4
45 177-202 GAGTSYRNVLQAAIQKSLKDPSNNF
46 181-206 SYRNVLQAAIQKSLKDPSNNFRMIT
47 185-210 VLQAAIQKSLKDPSNNFR/W/7PYAH
48 189-214 AIQKSLKDPSNNFR/W/7PYA/-/CPDL

Figure 3.5: Ku70 interacts with four distinct regions on c- 
FLIP. Table detailing the amino acid sequence of the four regions 
of interaction identified in the FLIPS scanning peptide array 
following incubation with FLAG-Ku70 lysate (Figure 3.4). The 
amino acids in italics are unique to FLIPS and not expressed in 
FLIPL. The rest of the amino acids are all also present in FLIPL.
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Figure 3.6: Alanine scanning identifies specific residues in 
region 2 as potential binding sites for Ku70 on c-FLIP. (A)
Each amino acid in peptides from each of the four regions 
identified in figure 3.4 was sequentially substituted for alanine. The 
arrays were blocked in 5% milk/ PBS/0.5% Tween-20 for 1h and 
then overlayed with protein lysates prepared from cells transfected 
with Flag-tagged Ku70 or the control empty vector and incubated 
overnight. Following several washes (PBS/0.5% Tween-20), bound 
Flag-tagged Ku70 was detected using the Flag-HRP conjugated 
antibody. (B) Loss of binding represented as fraction of WT 
expression was determined by densitometry using Image J 
software.
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3.3.2 Computer modelling suggests R122 and Y119 are surface 

exposed

To determine the location of the residues in region 2 identified as being 

potentially important for the FLIP-Ku70 interaction, we needed a structure of 

c-FLIP to work with. By using viral FLIP MC159 as a template 503, Dr Miriam 

Sgobba (CCRCB, Queen’s University Belfast) generated an homology 

model of human FLIP(S). The model predicted that two of the candidate 

residues identified in the alanine substitution array, Y119 and R122, are 

prominently surface exposed on DED2 (Figure 3.7aB) and therefore 

potentially available for the formation of protein-protein interactions. The 

other candidate residues in DED2 were predicted to be buried within the c- 

FLIP structure and therefore not directly available for Ku70 binding. 

Included is the modelling for D133, demonstrating the buried location of this 

residue on the FLIP model (Figure 3.7bB). For this reason we focussed 

further fine mapping experiments on R122 and Y119.

To test the importance of these residues in mediating the c-FLIP-Ku70 

interaction we mutated both the residues and assessed the impact on Ku70 

binding. Site-directed mutagenesis was carried out to mutate R122 and 

Y119 to alanine (A) (Primers in Appendix 7) in the GST-FLIPs expression 

construct (Figure 3.8), with correct mutations confirmed by sequencing 

(Figure 3.9). To investigate how these mutations affected the ability of c- 

FLIP to interact with Ku70, recombinant proteins were generated from 

IPTG-stimulated BL21 bacteria. Bacterial cell lysates were purified using
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Glutathione-Sepharose beads and dialysed before use. Samples were 

taken at each stage of the purification process and subjected to 

electrophoresis followed by Coomassie staining (Figure 3.10).
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Peptide 30 alanine scan
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Figure 3.7a: Identification of surface exposed residues on c- 
FLIP that may be important for binding to Ku70. (A) Alanine 
scan of peptide 30 of FLIPS overlaid with FLAG-Ku70; the amino 
acids that are substituted with alanine in each peptide are given 
and the surface exposed residues that result in loss of interaction 
are highlighted. (B) Human c-FLIPS homology model based on the 
structure of viral FLIP MC159. Surface exposed residues and 
internalised residues were identified. The surface locations of 
residues Y119 and R122 are highlighted.
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Figure 3.7b: Identification of surface exposed residues on c- 
FLIP that may be important for binding to Ku70. (A) Human c- 
FLIPS homology model based on the structure of viral FLIP 
MC159. Surface exposed residues and internalised residues were 
identified. The surface locations of residues Y119 and R122 are 
highlighted, with oreintation altered to coincide with orientation of 
(B) (B) Human c-FLIPS homology model based on the structure of 
viral FLIP MC159. Surface exposed residues and internalised 
residues were identified. The internal location of residue D133 is 
highlighted in pink.
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B WT Y119 R122

Figure 3.8: Surface exposed residues Y119 and R122 of c- 
FLIPS were mutated to Alanine. (A) pGEX vector map 
demonstrating the restriction sites used for cloning of pGEX c- 
FLIPS plasmid. (B) PCR product screen from PCR reaction used to 
insert mutations at R122 and Y119.
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GG6 : GAGGCAAG ATHGCAAGGiG AAG AGTTTCTTGGAC CTTGTGGTTGACCTCATTAATTTTCCTCATGAAGGA

R122A
310 ~ 320 330

TCCTC*TT»iTTTTCCTC*TGUCG*TT»C4TGGG GCA*G*TA4GCiiGG*GUG*GTTTCTTGGiCCTTGTGGTTG

Figure 3.9: Surface exposed residues Y119 and R122 of c- 
FLIPS were mutated to Alanine. Residues Y119 and R122 were 
mutated to alanine (A) by site-directed mutagenesis using KOD 
Xtreme Hot Start DMA Polymerase kit (Merck) using the GST-c- 
FLIPS expression vector as the template. Above are sequencing 
results using Big Dye Terminator v3.1 Cycle Sequencing Kit 
(Applied Biosystems). Sequencing was performed to confirm the 
insertion of the correct mutations.
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Figure 3.10: Expression and purification of recombinant 
GST-tagged wild type and R122A and Y119A mutants c- 
FLIPS. GST-tagged FLIPS were expressed in IPTG-stimulated 
BL21 bacteria. Bacterial cell lysates were purified using 
Glutathione-Sepharose beads (GE Healthcare Bio-Sciences AB, 
Uppsala, Sweden) and dialysed using Slide-A-Lyzer Dialysis 
Cassettes (Thermo Scientific).
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3.3.3 R122 is involved in mediating the c-FLIP-Ku70 interaction

To test the ability of the Y119A and R122A mutants to interact with Ku70, 

GST pull-down assays were carried out. GST-tagged WT, Y119A and 

R122A FLIPs recombinant proteins were conjugated to Glutathione- 

Sepharose beads and then incubated with protein lysates generated from 

HCT116 cells. The complexes formed were then analysed by Western blot 

for Ku70 expression. WT GST-FLIPs bound strongly to endogenous Ku70, 

as did Y119A mutant GST-FLIPs (Figure 3.11), whereas R122A mutant 

GST-FLIPs had significantly reduced interaction with Ku70, suggesting that 

this arginine residue is important in mediating the Ku70-FLIP interaction. 

Interestingly, mutation of this R122 residue had no effect on the protein’s 

ability to bind to the DISC adaptor protein, FADD or procaspase 8 indicating 

that this protein can still interact with the central DISC components.
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Figure 3.11: Mutation of residue R122A but not Y119A 
attenuates the c-FLIP- Ku70 interaction. Recombinant wild- 
type (WT) GST-FLIPS and Y119A or R122A mutant proteins were 
conjugated to Glutathione Fast Flow beads (GE Healthcare) and 
incubated with protein lysates generated from HCT116 cells. 
Protein complexes were resolved by SDS-PAGE and visualised 
by Western blotting.
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3.4 Mapping the site of Ku70 that binds c-FLIP

Ku70 structure is well defined and interactions with known binding partners 

such as Ku80 and Bax are mapped to distinct regions. For example, Ku80 

binds to two regions of Ku70 from amino acids 1-115 and 430-482, and Bax 

binds to the C-terminal region from 560-609 489. In order to map the binding 

site of c-FLIP to Ku70, we generated Ku70 deletion mutants and assessed 

their ability to interact with c-FLIP.

3.4.1 Generation of Ku70 N-terminal deletion constructs

The Yeast-2-Hybrid screen identified the C-terminus from amino acids 390 

to 609 of Ku70 as the region that interacted with c-FLIPl. Using WT FLAG- 

Ku70 as a template, N terminal deletion constructs were generated by PCR: 

amino acids 430-609, 496-609, 535-609, and 578-609 (Figure 12A). 

Forward and reverse primers containing BamPM and Xhol restriction sites 

were designed for each of these regions (Appendix 8). PCR products were 

generated using WT Ku70 as a template (Figure 3.12B) , digested with 

BamPH and Xhol and ligated into the FLAG-pCMV6.1 vector(Figure 3.13A). 

The ligation reactions were transformed into DH5D competent cells, grown 

up on LB-Amp agar plates overnight, and colonies selected for minprep 

analyses. BamH1/Xho1 restriction digests were used to screen for 

successful ligation of the Ku70 fragments (Figure 3.13B).

Each of the constructs was then transfected into FICT116 cells to check 

expression levels in cells. Proteins were collected 24h post transfection and
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expression levels assessed by Western blotting for the FLAG epitope. All 

but one of the constructs were expressed well in HCT116 cells (Figure 

3.13C); the 578-609 deletion mutant was not detectable, possibly due to its 

very small size.

3.4.2 c-FLIP binds to Ku70 in region 430-496 of Ku70

We investigated at the ability of each Ku70 N-terminal deletion construct to 

bind to c-FLIP. Following transfection of FLAG-Ku70 constructs into 

HCT116 cells, c-FLIP was immunoprecipitated from the lysates using the 

anti-FLIP H202 antibody (Santa Cruz). The immunocomplexes isolated 

were analysed by Western blotting. WT FLAG-Ku70 bound to c-FLIP as 

expected, as did the 430-609 deletion mutant (Figure 3.14 top panel). 

However, neither the 496-609 nor 535-609 mutants interacted with c-FLIP 

despite being expressed highly (Figure 3.14 bottom panel). This data 

indicates that c-FLIP interacts with the C terminal region of Ku70, and 

specifically maps this interaction site to amino acids 430-496.
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Figure 3.12: Deletion constructs of FLAG-Ku70 were 
generated using PCR. (A) Schematic representing the deletion 
mutants of Ku70 that were generated, including known regions of 
interaction with Ku80 and Bax. (B) Primers were designed to 
make deletion constructs of Ku70 as indicated. Wild Type (WT) 
FLAG-Ku70 was used as a template and constructs were 
generated using PCR. Temperature gradient PCR products for 
430-609 are represented.
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Figure 3.13: Deletion constructs of FLAG-Ku70 were 
generated by inserting PCR products into pCMV-3tag-1 
vector. (A) PCR products generated for each mutant construct 
were then ligated into pCMV 3.1 vector using BamH1/Xho1 
restriction sites before transformation into chemically competent 
DH5a bacteria. (B) BamH1/Xho1 digests on miniprep DNA 
products to identify correct insertion. Digestion products from 
screen of 430-609 is shown. (C) Plasmid DNA was amplified by 
Maxiprep and expression of each construct assessed by 
transfection in HCT116 cells and immunodetection of FLAG 
epitope.
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Figure 3.14: FLIP binds to amino acids 430-496 of Ku70
FLAG-Ku70 wild type (WT) and deletion constructs, 430-609, 
496-609 and 535-609 were expressed in HCT116 cells by 
transfection using GeneJuice (Novagen). Lysates were then 
incubated with anti-FLIP antibody (FI202, Santa Cruz) conjugated 
to Dynal beads. Precipitate was resolved using SDS-PAGE and 
visualised by Western blotting.
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3.5 Discussion

c-FLIP is an anti-apoptotic protein that blocks death receptor-mediated 

apoptosis by binding at the DISC and preventing complete processing of 

caspase 8 to its fully active p10 and p18 subunits 259. Chemotherapy- 

induced apoptosis is also regulated by c-FLIP101 103 296 504. Moreover, c- 

FLIP is overexpressed in colorectal cancer and has been shown to be an 

independent adverse prognostic biomarker in this disease setting297. For 

these reasons, c-FLIP is an attractive therapeutic target in colorectal 

cancer. However, due to the current lack of a crystal structure for human c- 

FLIP and its lack of enzymatic activity, strategies targeting c-FLIP are 

challenging. siRNA techniques have been employed to silence c-FLIP 

expression and demonstrate that reduction in c-FLIP expression sensitises 

cells to apoptosis101. However, the use of RNA interference techniques is 

not yet clinically feasible. Therefore, we need new techniques to target c- 

FLIP.

We carried out a yeast-2-hybrid screen to identify novel FLIP-interacting 

proteins, with the aim of identifying novel regulators of FLIP expression or 

function that could potentially act as more tractable surrogate targets for 

inhibiting FLIP. From this screen, we identified known binding partners such 

as TRAF2 and FADD, and also a number of novel interacting proteins, 

including Ku70. Ku70 is involved in DMA damage repair, as a critical 

component of the NHEJ pathway repairing double strand breaks 505. It has 

also been demonstrated to have an anti-apoptotic role independent of its
142



Identification of Ku70 as a novel binding partner of c-FLIP

ability to bind to DNA by sequestering Bax in the cytosol and preventing its 

translocation to the mitochondria 375 494.

Immunoprecipitation and pull-down experiments demonstrated that both the 

long and short splice forms of c-FLIP interact with Ku70 in colorectal cancer 

cells. This suggested another possible role for Ku70 in apoptosis regulation. 

The key regions of c-FLIP necessary for its interaction with Ku70 were 

identified using peptide arrays. A region in c-FLIP DED2 adjacent to the so- 

called ‘hydrophobic patch’262 region was demonstrated to be involved in 

mediating the interaction between c-FLIP and Ku70. Fine mapping of this 

site and computer modelling identified a surface exposed arginine (R122) 

as a critical residue for the FLIP-Ku70 interaction: the ability of c-FLIP to 

bind Ku70 was completely abolished in an R122A mutant. Although the 

R122 residue is adjacent to the hydrophobic patch region that is important 

to c-FLIP’s ability to bind to FADD501 502, mutating this arginine residue had 

no effect on FADD or procaspase 8 binding to c-FLIP. This suggests that 

this mutation does not affect the structural integrity of c-FLIP and further 

suggests that this residue is not involved in DISC recruitment of c-FLIP. We 

identified one residue that can mediate the interaction between FLIP and 

Ku70. This residue is prominently surface exposed on the linker region 

between a3 and a4 helices. Further modelling would add great value to the 

characterisation of this interface, as it is possible that the R122 residue is 

important for making initial contact with Ku70, but following contact, the 

structure may shift to accommodate the interaction with another protein 

molecule, thus protein dynamics must be considered, together with other 

residues around this site.
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We also mapped the site of Ku70 where c-FLIP binds. The original Yeasty- 

Hybrid screen identified the C-terminus of Ku70 from amino acid 390 as 

being the region that interacted with c-FLIP. Therefore we designed and 

generated Ku70 expression constructs that would map this region of the 

protein. Following immunoprecipitation of endogenous c-FLIP, we identified 

the region from amino acid 430-496 as being important for Ku70’s ability to 

interact with c-FLIP. Interestingly, this region has been identified as one of 

the two regions on Ku70 that mediate its heterodimerisation with Ku8 0 489 

during NHEJ DMA damage repair.

The aim of the yeast 2 hybrid was to identify a novel protein that interacts 

with c-FLIP, to allow us to understand more about c-FLIP biology. We have 

demonstrated that c-FLIP interacts with Ku70 at a distinct locus (amino 

acids 430-496) that is mediated by the c-FLIP residue R122. This region 

has also been identified as a binding domain to Ku86489 and the region 

where the NLS is located484. The significance of this remains to be 

determined, but it could be that the interaction between c-FLIP and Ku70 

affects the DMA repair capacity of Ku70, competing with Ku86 for binding 

and blocking the NLS binding sites preventing translocation. However, we 

aimed to identify proteins that through its interaction with c-FLIP may 

become more tractable therapeutic targets that can regulate c-FLIP 

expression. For this reason, we must now assess the effect of Ku70 on c- 

FLIP. Ku70 interacts with Bax preventing its translocation to the 

mitochondria494 and reversing Bax ubiquitination495. In addition, c-FLIP 

interacts with Ku70 via residue R122 in DED2 in a region that is not 

involved in its DISC recruitment. Considering that this R122 region is
144



Identification of Ku70 as a novel binding partner of c-FLIP

conserved in all c-FLIP splice variants, we hypothethised that Ku70 may 

have an important role in regulating c-FLIP function.
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Regulation of c-FLIP/Ku70 complex and c-FLIP expression

4.1 Introduction

In the previous chapter, Ku70 was identified as a novel binding partner of c- 

FLIP. Given that in addition to its nuclear role in regulating DNA repair 

processes, Ku70 regulates Bax cellular localisation, polyubiquitination and 

degradation by the proteasome 495, we hypothesised that Ku70 may also 

regulate c-FLIP function. Therefore, the first aim of this chapter was to 

determine the function of the c-FLIP-Ku70 interaction and its role in 

regulating c-FLIP expression.

Removing Ku70 from the cell is known to induce apoptosis, reportedly 

through the activation of the mitochondrial apoptotic pathway by the 

translocation of Bax 431. The second aim therefore, was to assess the role 

of c-FLIP and the extrinsic apoptotic pathway in mediating apoptosis 

induced following Ku70 silencing.

Ku70 can be regulated by acetylation, and the levels of Ku70 acetylation 

determines its ability to bind to both DNA and Bax The third aim of this 

chapter was to assess whether the acetylation status of Ku70 regulated its 

interaction with c-FLIP. Cohen et al demonstrated that Ku70 can be 

acetylated on various lysine residues in its flexible linker region and that this 

acetylation is regulated by the histone acetyl transferases CBP and PCAF 

(Diagram 4.15) 375. HDAC inhibitors block the deacetylase activity of 

HDACs, resulting in the increased acetylation of both histone and non

histone protein targets506. HDAC inhibitors are known to increase Ku70
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acetylation levels 467, therefore we used the HDAC inhibitor vorinostat 

(SAHA) as a tool for investigating the effects of Ku70 acetylation on its 

interaction with c-FLIP.
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4.2 Ku70 regulates c-FLIP protein turnover by the ubiquitin 

proteasome system (UPS)

4.2.1 siRNA-mediated silencing of Ku70 causes down-regulation of c- 

FLIP protein expression in HCT116 cells

The role Ku70 plays in regulating c-FLIP expression was assessed in 

HCT116 colorectal cells. We silenced the expression of Ku70 using three 

different Ku70-targeted siRNA sequences (siKu#2, #3 and #4). Proteins 

were collected 48 hours post transfection, and c-FLIP expression was 

assessed by Western blotting. Ku70 silencing was confirmed by assessing 

the expression of Ku70 protein. Following Ku70 silencing, down-regulation 

of both splice forms of c-FLIP protein was observed in HCT116 cells (Figure 

4.1A), with FLIPl expression more significantly down-regulated than FLIPS. 

This was quantified by densitometry to evaluate c-FLIP expression relative 

to SC (Figure 4.1 B). This data suggests that Ku70 has a role in the 

regulation of c-FLIP expression in colorectal cancer cells.
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Figure 4.1: Decreased Ku70 expression causes the down- 
regulation of c-FLIP(L) and (S). FICT116 cells were transfected 
with 50nM Scrambled Control (SC) or 3 different Ku70-targeted 
(Ku#2, 3 and 4) siRNAs using Oligofectamine reagent (Invitrogen) 
for 48 hrs. (A) Samples were collected, and protein lysate resolved 
using SDS-PAGE. Expression levels of c-FLIP and Ku70 were 
visualised by Western blotting. Actin was used to ensure equal 
loading. (B and C) Expression of each splice form following 
transfection was compared using densitometry on Imaged and 
represented as a fraction of scrambled control (SC).
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4.2.2 siRNA-mediated silencing of Ku70 causes down-regulation of c- 

FLIP protein expression in a panel of CRC cell lines

To ensure that c-FLIP down-regulation following Ku70 silencing was not cell 

line-specific, the effect of Ku70 silencing on c-FLIP expression was also 

assessed in three other colorectal cancer cell lines. HT29, H630 and RKO 

are three colorectal cancer cell lines well characterised in our laboratory. 

The expression levels of c-FLIPl and c-FLIPs vary across the panel with 

H630 cells having higher c-FLIP expression and both HT29 and RKO cells 

having slightly lower levels. Again, we silenced Ku70 expression using 

siRNA, and 48 hours post transfection c-FLIP expression was assessed by 

Western blotting. In all four colorectal cell lines, c-FLIP protein expression 

was reduced following Ku70 knockdown with targeted siRNA (Figure 4.2A). 

The level of c-FLIP down-regulation was not as pronounced in the H630 cell 

line as in the other three cells, however an approximately 50% reduction in 

c-FLIPl expression and a 35% reduction in c-FLIPs expression was still 

observed in this cell line as determined by densitometry (Figure 4.2B). The 

relative expression of c-FLIPs in the RKO cell line was not determined due 

to very low expression levels. These results suggest a general relationship 

between Ku70 and c-FLIP expression in colorectal cancer cells.
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Figure 4.2: Loss of Ku70 causes the down-regulation of c- 
FLIP in a panel of CRC cells. A panel of colorectal cancer cells, 
HCT116, H630, HT29 and RKO cells were transfected with 50nM 
Scrambled Control (SC) or Ku70-targeted (KU) siRNAs for 48 hrs. 
(A) Samples were collected, and protein lysate resolved using 
SDS-PAGE. Expression levels of Ku70 and c-FLIP were visualised 
by Western blotting. Actin was used to ensure equal loading. (B) 
Expression levels of c-FLIP(L) and c-FLIP(S) in the Western blots 
were determined using Imaged software and expressed as a 
fraction of SC.
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4.2.3 Ku70 regulates c-FLIP expression at a post-translational level

Having demonstrated an interaction between c-FLIP and Ku70, and shown 

that Ku70 expression affects the level of c-FLIP protein expression in 

colorectal cancer cells, we wanted to determine whether this regulation 

occurs at the transcriptional level. An siRNA targeted against Ku70 (siKu70) 

or a non-silencing control (SC) were transfected into HCT116 cells. Forty- 

eight hours post transfection, samples were collected, and RNA was 

isolated. cDNA was then generated, and using quantitative PCR, the effect 

of Ku70 silencing on c-FLIP mRNA expression was assessed. No 

significant difference in c-FLIP mRNA expression was observed between 

cells treated with SC or Ku70 siRNA (Figure 4.3). This indicates that the 

loss of Ku70 expression does not affect c-FLIP mRNA expression. 

Therefore, the effects observed at the protein level are due to Ku70 

regulating c-FLIP expression through a post-transcriptional mechanism.
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Figure 4.3: Ku70 down-regulation has no effect on c-FLIP 
mRNA expression. HCT116 cells were transfected with 50nM 
Scrambled control (SC) and Ku70-targeted (Ku70) siRNA. 
Samples were collected and total RNA was isolated using the 
RNA STAT-60 reagent (Biogenesis, Poole,United Kingdom). 
Reverse transcription of 2pg of RNA was carried out using a 
Moloney murine leukemia virus-based reverse transcriptase kit 
(Invitrogen). Quantitative reverse transcription-PCR (Q-PCR) 
analysis of FLIP gene expression was performed using TaqMan 
Gene Expression Assays (Applied Biosystems, Foster City, CA 
USA); assays used were: FLIP (Hs01116280_m1), and GAPDH 
(Hs99999905_m1).
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4.2.4 Ku70 expression regulates c-FLIP protein stability

Knowing that Ku70 regulates c-FLIP expression at a post-transcriptional 

level, we next assessed whether Ku70 regulates c-FLIP protein turnover by 

monitoring the rate of c-FLIP degradation in the presence and absence of 

Ku70 expression. Cycloheximide treatment inhibits de novo protein 

synthesis; this allows the rates of protein degradation and therefore protein 

stability to be assessed under different experimental conditions. Using 

siRNA we silenced the expression of Ku70. Forty-eight hours post 

transfection, cycloheximide was added and proteins collected. c-FLIP 

expression was determined by Western blotting. In non-silencing control 

samples, we saw degradation of c-FLIPl beginning at 2 hours, with 

complete loss noted at 4 hours following cycloheximide treatment (Figure 

4.4A). c-FLIPs has a much shorter half-life, with significant loss already 

observed after 1 hour and no c-FLIPs visible 2 hours after cycloheximide 

treatment. Despite the short half-lives of both c-FLIP splice forms in the 

scrambled control samples, Ku70 down-regulation further accelerated the 

turnover of both c-FLIPl and c-FLIPs in HCT116 cells, as following siKu70 

transfection, c-FLIP degradation was more rapid, with complete loss of both 

splice forms evident 1 hour after cycloheximide treatment (Figure 4.4A). 

Expression levels of c-FLIP long and short were quantified by densitometry 

to further demonstrate the increased rate of protein turnover using Imaged 

software (Figure 4.4B). An increased rate of degradation was observed 

following Ku70 silencing in both c-FLIPl and c-FLIPs compared to 

scrambled control samples. These results suggest that Ku70 regulates c- 

FLIP expression in colorectal cancer cells by controlling its rate of turnover,
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suggesting that the c-FLIP-Ku70 interaction plays a role in the stabilisation 

of c-FLIP protein.
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Figure 4.4: Ku70 down-regulation accelerates c-FLIP 
turnover. HCT116 cells were transfected with 50nM Scrambled 
control (SC) and Ku70-targeted (Ku70) siRNA. 48 hrs following 
transfection, cells were treated with 100|jg/mL Cycloheximide 
solution (Sigma) and collected at the timepoints indicated above. 
(A) Samples were collected, and protein lysate resolved using 
SDS-PAGE. Expression levels of FLIP and Ku70 were visualised 
by Western blotting. Actin was used to ensure equal loading. (B) 
FLIP expression levels were measured using Imaged software and 
each represented as a fraction of untreated SC expression.
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4.2.5 Loss of Ku70 induces c-FLIP polyubiquitination

Protein degradation can be triggered by polyubiquitination, with the addition 

of ubiquitin molecules tagging proteins for degradation by the 

proteasome507. To determine whether increased ubiquitination could be the 

post-translational modification responsible for the decreasing stability of c- 

FLIP, we used a Ubiquitin Enrichment Kit [Section 2.13], FLAG-tagged c- 

FLIPl and c-FLIPs were transiently transfected into SC and siKu70- 

transfected HCT116 cells. Proteins were then collected and ubiquitin- 

tagged proteins immunoprecipitated by incubation of lysates with the 

ubiquitin-binding resin. Polyubiquitinated c-FLIP was then visualised by 

Western blotting for FLAG. Polyubiquitination of both the long and short c- 

FLIP splice forms was observed following Ku70 silencing as indicated by 

increased laddering (Figure 4.5). RIPA buffer was used to ensure stringent 

conditions unfavourable to protein protein interactions, however, the 

experiment could have been conducted under denaturing conditions to 

completely ensure that only ubiquitinated FLIP was detected. Furthermore, 

due to the nature of ubiquitination targeting lysine residues, another FLAG- 

tagged construct may be used to control for ubiquitination of these residues. 

This data indicates that the ubiquitination of both c-FLIPl and c-FLIPs is 

sensitive to Ku70 expression levels. Ku70 has been demonstrated to 

stabilise Bax expression by preventing its ubiquitination 495. It could be that 

the interaction between c-FLIP and Ku70 may also act to inhibit the 

ubiquitination of c-FLIP, thus stabilising its expression. Moreover, loss of 

this interaction may be what triggers ubiquitination and subsequent 

degradation of c-FLIP in colorectal cancer cells. The data presented here
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indicates at c-FLIP ubiquitination, more controlled conditions would allow us 

to demonstrate c-FLIP ubiquitination definitively.
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Figure 4.5: Ku70 down-regulation induces ubiquitination of c- 
FLIP. HCT116 cells were transfected with 50nM Scrambled control 
(SC) and Ku70 targeted (Ku70). 48 hrs following transfection, 
samples were collected and ubiquitinated proteins isolated using 
Ubiquitin Enrichment Kit (Pierce). Ubiquitinated proteins were 
resolved using SDS-PAGE and FLAG-tagged FLIP proteins 
visualised by Western blotting for the FLAG epitope.
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4.3 Ku70 down-regulation induces apoptosis

4.3.1 Ku70 down-regulation induces apoptosis in CRC cells

In section 4.2, it was demonstrated that Ku70 down-regulation induces the 

ubiquitination of c-FLIP and its subsequent degradation. Our group have 

previously demonstrated that siRNA-mediated down-regulation of c-FLIP 

induces apoptosis in colorectal cancer cells 508. Moreover, Ku70 is a key 

regulator of DNA damage repair and Bax-mediated apoptosis [431 487 488, 

495]. We therefore assessed the effect of Ku70 down-regulation on 

apoptosis in colorectal cancer cells. Silencing of Ku70 was achieved by 

transfection of HCT116 cells with Ku70 targeted siRNA (siKu70) or a control 

siRNA (siSC). Forty-eight hours post-transfection, samples were collected 

and apoptosis assessed by flow cytometry. Down-regulation of Ku70 

expression significantly induced apoptosis in HCT116 cells, with an 

increase of the sub-G1 apoptotic fraction of cells to 34% (Figure 4.6A; 

p=0.0001; t test). Furthermore, siRNA-mediated Ku70 silencing resulted in 

significant increases in caspase 8 like (Figure 4.6B) and caspase 3/7 like 

activity (Figure 4.6C).

Similar results were observed in HT29 and RKO cells where increased 

caspase 8 and caspase 3/7 was noted following Ku70 silencing, although 

not in H630 cells, in which Ku70 silencing failed to activate either caspase 8 

or caspase 3/7 (Figures 4.7A, B and C); this may be because FLIP down-
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regulation following Ku70 depletion was less pronounced in this cell line 

(Figure 4.2A). These results demonstrate that decreased Ku70 expression 

induces significant levels of caspase activation and apoptotic cell death in 

colorectal cancer cells.
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Figure 4.6: Loss of Ku70 induces apoptosis in Colorectal 
Cancer cells. HCT116 cells were transfected with Scrambled 
control (SC) and Ku70 targeted (Ku70) siRNA using 
Oligofectamine reagent (Invitrogen). 48 hrs following 
transfection, (A) samples were collected and apoptosis 
assessed using Flow cytometry, with PI staining. Apoptotic 
fraction indicated by Sub- G1 fraction. P value = 0.0001 as 
determined by t test. (B) Caspase 8 like activity and (C) 
Caspase 3 like activity were assessed using caspase activity 
assays (Promega), and read on luminometer.
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Figure 4.7 Caspase 8 like activity and Caspase 3 like activity 
in (A) H630, (B) HT29 and (C) RKO cells transfected with 
50nM control (SC) or Ku70-targeted (siKu) siRNAs for 48h. 
Caspase activity was then determined using caspase assays 
(Promega) and activity measured by luminescence (ns not 
significant; * denotes p<0.05; ** denotes p<0.01; *** denotes 
p<0.001; Students t-test).
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4.3.2 The degradation of c-FLIP following Ku70 silencing is not a result 

of caspase activation

Caspase activation and apoptosis induction results in targeted degradation 

of key proteins509. Furthermore, FLIPl is a target for cleavage by caspase 

8510. To determine whether the down-regulation of c-FLIP observed 

following Ku70 down-regulation was due to caspase activation, we 

examined the effect of caspase inhibition on c-FLIP expression in a Ku70 

silenced setting. Following Ku70 siRNA transfection, cells were treated with 

the pan-caspase inhibitor z-VAD-fmk (Section 2.6) at 10pM, a concentration 

previously determined to inhibit caspase activation in this cell line. Protein 

lysates were collected and protein expression determined by Western 

blotting. Importantly, we demonstrated that c-FLIP degradation following 

Ku70 silencing was not due to caspase activation and apoptosis induction, 

as decreased c-FLIPL expression was still observed in cells co-treated with 

the pan-caspase inhibitor (Figure 4.8). PARR cleavage, a molecular 

hallmark of apoptosis, was observed in Ku70 silenced cells, however this 

was abrogated in cells co-treated with z-VAD-fmk, demonstrating that 

caspase activation was inhibited in these cells.
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Figure 4.8: c-FLIP degradation induced by Ku70 silencing is 
not due to caspase activation. PICT116 cells were transfected 
with 50nM Scrambled control (SC) and Ku70 targeted (Ku70) 
targeted siRNA using Oligofectamine reagent (Invitrogen). 
Samples were then treated with 10pM z-VAD-fmk. 48 hrs 
following transfection, proteins were collected and expression of 
PARP, Ku70 and c-FLIP determined by Western blot. Actin was 
assessed to confirm equal loading.
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4.3.3 The apoptosis induced by Ku70 silencing is dependent on 

caspase 8 activation

As Ku70 down-regulation decreases c-FLIP expression, we wanted to 

assess the role of the death receptor pathway in mediating the apoptosis 

induced in colorectal cancer cells following Ku70 silencing. Caspase 8 is the 

apical caspase activated following death ligand binding 511, and was 

previously shown to be responsible for apoptosis induced following FLIP 

silencing 512. In addition, Ku70 silencing increased caspase 8 activity in 3A 

colorectal cancer cell lines (Figures 4.6 and 4.7). For these reasons, the 

role of caspase 8 in siKu70-induced apoptosis was assessed. Samples 

were transfected with siRNA targeted against Ku70 and co-transfected with 

siRNA targeted against caspase 8 to simultaneously silence the expression 

of both proteins. Samples were collected and apoptosis assessed by flow 

cytometry, with the levels of apoptotic cells indicated by the sub-G1 

populations. Apoptosis was induced by Ku70 silencing, with -28% of cells 

in the sub-G1 fraction in siKu70 samples compared to -8% in SC 

transfected cells (Figure 4.9A). The apoptosis induced in Ku70 silenced 

cells was significantly attenuated following caspase 8 silencing (p=0.0175). 

This indicates a major role for caspase 8 in the apoptosis triggered by Ku70 

silencing.

Previous studies have reported that Ku70 regulates Bax-mediated 

apoptosis431,494,495,498. However, silencing Ku70 still resulted in significant 

(albeit reduced) levels of apoptosis in Bax null HCT116 cells, and this was
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again highly caspase 8-dependent (Figure 4.9B). Collectively, these results 

suggest that the extrinsic apoptotic pathway is at least as important as the 

intrinsic pathway in regulating the apoptosis induced following Ku70 

silencing.
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Figure 4.9: Apoptosis induced by Ku70 silencing is 
dependent on Caspase 8 activation . HCT116 (A) Parental 
cells or (B) Parental and Bax Null cells were transfected with 
50nM Scrambled control (SC) and Ku70 targeted (Ku70) siRNA 
and co-transfected with Caspase 8 (C8) targeted siRNA using 
Oligofectamine reagent (Invitrogen). 48 hrs following transfection, 
samples were collected and apoptosis assessed using Flow 
cytometry, with PI staining. Apoptotic fraction indicated by Sub- 
G1 fraction. P value = 0.0157 as determined by t test.
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4.3.4 Ku70 down-regulation induces apoptosis that is dependent on c- 

FLIP degradation

To directly determine whether the loss of c-FLIP expression is a key event 

in the induction of apoptosis following Ku70 silencing, we used a cell line 

that overexpresses c-FLIPl (FL17)101. FICT116 parental and c-FLIPl 

overexpressing cells were treated with control (siSC) or Ku70-targeted 

(siKu70) siRNAs for 48 hours. Apoptosis induction was then assessed by 

flow cytometry measurement of the sub-G1 population. In the parental cell 

line, silencing of Ku70 expression induced -34% apoptosis (Figure 4.10). 

The overexpression of c-FLIPl significantly reduced the apoptosis induction 

to 17.5% (p<0.001; ttest). This result confirms the importance of c-FLIP and 

the extrinsic pathway in siKu70-mediated apoptosis in colorectal cancer 

cells.
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Figure 4.10: Apoptosis induced by Ku70 silencing is 
dependent on down-regulation of c-FLIP. HCT116 Parental and 
FLIP(L) over-expressing cells (FL#17) were transfected with nM 
Scrambled control (SC) orKu70 targeted (Ku70) siRNA using 
Oligofectamine reagent (Invitrogen). 48 hrs following transfection, 
samples were collected and apoptosis assessed using Flow 
cytometry, with PI staining. Apoptotic fraction indicated by sub- G1 
fraction. P value = 0.0003 as determined by t test.
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4.3.5 Ku70 silencing enhances the effects of TRAIL

As Ku70 silencing down-regulates c-FLIP, the key intra-cellular inhibitor of 

TRAIL-mediated apoptosis, we hypothesised that silencing Ku70 would 

sensitise cells to TRAIL treatment. To test this, Ku70 expression was 

silenced in HCT116 cells, which were then treated with low doses of TRAIL 

(1 and 2.5ng/mL) for a further 24 hours. Apoptosis induced by Ku70 

silencing was significantly increased in cells co-treated with rTRAIL (p<0.05) 

(Figure 4.11). To ensure that the increase in apoptosis was due to c-FLIP 

down-regulation in Ku70 silenced cells, we again used the c-FLIPl 

overexpressing FL#17 cell line. When Ku70 was silenced in FL#17 cells, 

the level of apoptosis was again significantly reduced compared to the 

parental cell line (p<0.001). rTRAIL treatment had no effect on apoptosis in 

the FL17 cell line. Moreover, Ku70 silencing failed to sensitize FL17 cells to 

rTRAIL (p<0.01). Taken together, these results suggest that Ku70 silencing 

can enhance TRAIL-mediated apoptosis due to down-regulation of c-FLIP 

expression.
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Figure 4.11: Ku70 silencing enhancesTRAIL induced 
apoptosis in a c-FLIP-dependent-manner. HCT116 Parental 
and FLIP(L) overexpressing (FL#17) cells were transfected with 
nM non-silencing control (SC) and Ku70 targeted (Ku70) siRNA 
using Oligofectamine reagent (Invitrogen). 24 hrs post
transfection, cells were treated with increasing doses of rTRAIL 
(TR). After a further 48h, samples were collected and apoptosis 
assessed using Flow cytometry, with PI staining. Apoptotic fraction 
indicated by sub-G1 fraction. Both cell line and treatment were 
determined to be significant by Two-Way ANOVA (p<0.0001). * 
denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001 as 
determined by student t test.
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4.4 The c-FLIP-Ku70 complex is regulated by Ku70 acetylation

4.4.1 The c-FLIP-Ku70 complex is disrupted by SAHA

It has been reported that the acetylation status of Ku70 can determine its 

ability to bind to DNA and Bax 375 467. We hypothesised that acetylation of 

Ku70 may also regulate its ability to bind to c-FLIP. To assess this, we used 

the HDAC inhibitor SAHA, which is known to increase Ku70 acetylation431, 

467 HCT116 cells were treated for 1, 2 and 4 hours with 1pM SAHA, and 

proteins were collected. Immunoprecipitation of c-FLIP was performed, and 

its interaction with Ku70 assessed by Western blotting (Figure 4.12). Two 

hours after SAHA treatment, a dramatic decrease in the interaction of c- 

FLIP with Ku70 was observed, as indicated by loss of Ku70 from the c-FLIP 

immunocomplexes, despite equal Ku70 expression in the input lysates. 

Equal amounts of c-FLIP were immunoprecipitated in each sample: c-FLIPl 

migrates just above the IgG heavy chain, the appearance of which is 

caused by the cross reactivity of antibodies used during 

immunoprecipitation and immunoblotting.

SAHA has already been demonstrated to increase the acetylation of Ku70 

467 513. To determine whether c-FLIP is also a target for acetylation, we 

immunoprecipitated acetylated proteins from samples treated with SAHA. 

HCT116 cells were treated with 1pM SAHA for 2 hours, and proteins 

collected. Immunoprecipitation was carried using a pan anti-acetylated
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lysine antibody. Western blot analysis of immunocomplexes determined that 

Ku70 acetylation is significantly increased following SAHA treatment, 

whereas we were unable to detect any evidence for c-FLIPl or c-FLIPs 

acetylation (Figure 4.13). Also of note was that Ku70 acetylation correlated 

with loss of interaction with c-FLIP, occurring around 1 hour after SAHA 

treatment.

We confirmed the dependence of the c-FLIP-Ku70 interaction on the 

acetylation status of Ku70 by GST pull-down. GST or GST-c-FLIPs 

recombinant proteins conjugated to GSH beads were incubated with 

HCT116 lysates that had previously been treated with 1 pM SAHA for 1 or 2 

hours. Proteins bound to recombinant c-FLIP were then analysed by 

Western blot. A loss of interaction between Ku70 and GST-FLIPs was 

observed after 1 hour of SAHA treatment, and this was still evident at 2 

hours (Figure 4.14A). At both these timepoints, Ku70 was highly acetylated 

as indicated by acetylated lysine immunoprecipitation followed by Western 

blotting for Ku70 (Figure 4.14B). Equal levels of recombinant GST-FLIPs 

was present in the pull-downs, and equal expression of Ku70 in the inputs 

was also confirmed by Western blotting (Figure 4.14C).
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Figure 4.12: HDACi treatment breaks up FLIP - Ku70 complex
in CRC cells. HCT116 cells were treated with a sub-IC50 dose of 
1(jM SAHA , a pan-HDACi, for 1, 2 and 4 hours. Samples were 
collected and immunoprecipitation of c-FLIP was carried out using 
Sheep anti-Rabbit Dynalbeads pre-conjugated to anti-FLIP H202 
antibody (Santa Cruz). Immunoprecipitates were resolved using 
SDS-PAGE ,and the complex visualised by Western blotting for 
FLIP and Ku70. Inputs were assessed for total Ku70 expression.
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Figure 4.13: HDACi treatment targets Ku70 and not c-FLIP for 
acetylation. HCT116 cells were treated with SAHA for 2 hours and 
lysates collected. Acetylated proteins were immunoprecipitated using 
Sheep anti-Rabbit Dynalbeads pre-conjugated to Acetylated Lysine 
antibody (Cell Signalling). Immunoprecipitates were resolved using 
SDS-PAGE and FLIP and Ku70 were visualised byWestern blotting. 
5% of input lysates were used as expression control between 
samples.
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Figure 4.14: SAHA treatment inhibits Ku70 binding to 
recombinant GST-FLIP(S). HCT116 cells were treated with a 
sub-IC50 dose of 1 pM SAHA for 1 or 2 hour time points. Samples 
were collected and lysate incubated with GST-FLIP(S) 
conjugated to Glutathione Fast Flow beads (GE Healthcare). 
GST was used as a control against unspecific binding. The pull
down was resolved using SDS-PAGE and visualised by Western 
blotting for endogenous Ku70. Inputs were assessed for total 
Ku70 expression. In addition, these lysates were assessed for the 
presence of acetylated Ku70 as described in figure 4.13.
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4.4.2 The c-FLIP-Ku70 interaction is dependent on acetylation of K539 

and K542

Ku70 contains a lysine-rich ‘flexible linker’ region adjacent to the region with 

which it binds to c-FLIP. Two of these lysine residues, K539 and K542, 

have been demonstrated as being important for the interaction of Ku70 and 

Bax 375 (Figure 4.15). In order to determine whether the acetylation of these 

Ku70 residues regulates its interaction with c-FLIP, site-directed 

mutagenesis was performed to mutate K539 and K542 to glutamine (Q); 

this mutation mimics lysine acetylation 375.

Primers were designed to insert these point mutations into the wild type 

(WT) FLAG-Ku70 vector using KOD Xtreme ® site directed mutagenesis kit. 

To confirm whether the mutations were correctly inserted, minipreps of 

transformed colonies were prepared and sequenced; sequences of 

expression constructs with the K539Q and K542Q mutation are presented 

in Figure 4.15A. To ensure that the mutated proteins were expressed in 

cells, we transiently transfected HCT116 cells with each of the constructs 

and compared the expression of these to the WT construct by Western blot 

(Figure 4.15B). The K539Q and K542Q mutant constructs were expressed 

to similar levels as the WT construct. Interestingly, the mutants migrated 

slightly faster than the WT protein. The reason for this is currently unclear, 

however, it may be due to the change in charge introduced by the K-Q 

mutations.
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To test our hypothesis that acetylation of Ku70 in this linker region reduces 

its ability to bind to c-FLIP, a GST pull-down experiment with recombinant c- 

FLIPs as bait (Figure 4.16A) and an IP experiment in which endogenous c- 

FLIP was immunoprecipitated were carried out (Figure 4.16B). HCT116 

cells were transfected with WT, K539Q and K542Q FLAG-tagged Ku70 

constructs for 48 hours. Lysates were incubated with recombinant GST-c- 

FLIPS conjugated to GSFI beads, and proteins bound to recombinant c- 

FLIPs were analysed by Western blotting. As expected, we observed a 

strong interaction between GST-c-FLIPs and WT FLAG-Ku70 (Figure 

4.16A), however, both K539Q and K542Q Ku70 had significantly reduced 

levels of interaction. We used these lysates to immunoprecipitate c-FLIP 

and analysed the immunocomplexes formed by Western blot. Equal levels 

of c-FLIP were pulled down from the lysates (Figure 4.16B). A strong 

interaction was observed between WT FLAG-Ku70 and endogenous c- 

FLIP, however the K539Q and K542Q mutants again exhibited significantly 

reduced levels of interaction with c-FLIP. These results demonstrate that by 

mimicking the acetylation of either K539 or K542 the interaction between 

Ku70 and c-FLIP is inhibited. This confirms the importance of Ku70 

acetylation status for the c-FLIP- Ku70 interaction and that the lysines in 

the flexible linker region of Ku70 are important in determining this 

interaction.
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Figure 4.15: Key Lysine residues identified as targets for 
acetylation on Ku70 structure. (Cohen et al., Molecular Cell, Vol. 
13, 627-638, 2004.) Acetylation of the C terminus of Ku70 by CBP 
and PCAF controls Bax-Mediated Apoptosis.
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Figure 4.15: Acetylation mutants of FLAG-Ku70 were generated 
using Site Directed Mutagenesis. K539Q and K542Q FLAG- 
tagged Ku70 mutants were generated using KOD Xtreme Site 
Directed Mutagenesis kit (Novagen). Mutations were confirmed 
using Big Dye (Applied Biosystems) DNA sequencing; 
electrophoretograms are presented in (A). Expression of the mutated 
proteins was assessed by transfection of constructs into HCT116 
cells followed by Western blotting for the FLAG epitope (B).
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Figure 4.16: Acetylation mutants of FLAG-Ku70 have 
reduced binding to c-FLIP. Wild Type (WT) FLAG-Ku70 and 
acetylation mutants K539Q and K542Q were expressed in 
HCT116 cells by transfection using GeneJuice (Novagen). 
Lysates were then (A)incubated with recombinant GST-FLIPS 
conjugated with Glutathione Fast Flow beads (GE Healthcare) 
for 2h or (B) subject to immunoprecipitation of c-FLIP using 
Dynabeads preconjugated to H202 c-FLIP antibody (Santa 
Cruz). Precipitate was resolved using SDS-PAGE and visualised 
by Western blotting.
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4.5 Discussion

c-FLIP is frequently overexpressed in stage II and III colorectal tumours, 

and high c-FLIP expression is an independent adverse prognostic factor in 

this disease setting 514. We have demonstrated that through its interaction 

with Ku70, c-FLIP expression is stabilised. Loss of interaction with Ku70 

causes destabilisation of the protein through increased levels of 

polyubiquitination, leading to decreased protein stability. Interestingly, the 

down-regulation of Ku70 using siRNA had a more pronounced effect on c- 

FLIPl expression than c-FLIPs. The reason for this is currently unclear, but 

may reflect a greater interaction between endogenous c-FLIPl and Ku70 

proteins; preliminary data suggest that c-FUPL has relatively high 

expression in the nucleus, where Ku70 is predominantly expressed, 

however, whether this is the main site of the c-FLIP-Ku70 interaction 

remains to be determined. Of note, c-FLIPl has been demonstrated to be 

the more important splice form for regulating apoptosis and drug resistance 

in colorectal cancer cell line and in vivo models 508.

Our group has previously demonstrated that silencing of c-FLIP expression 

is in itself sufficient to induce apoptosis in colorectal cancer cells, and that 

the apoptosis induced following FLIP silencing is caspase 8-dependent 508. 

We have demonstrated that loss of Ku70 expression induces apoptosis in 

colorectal cancer cells. The loss of Ku70 mimics the apoptotic phenotype
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previously shown with c-FLIP-targeted siRNA, with the cell death induced 

dependent on caspase 8 activation. It has been reported that Ku70 

regulates Bax-mediated apoptosis494, however the data presented here 

suggests that (at least in colorectal cancer cells) the extrinsic apoptotic 

pathway is at least as important as the intrinsic mitochondrial pathway in 

mediating apoptosis following Ku70 silencing. Importantly, overexpression 

of c-FLIP also attenuated the apoptosis induced by Ku70 silencing. Ku70 

silencing was also shown to increase the levels of TRAIL-mediated 

apoptosis in a manner dependent on c-FLIP down-regulation: the lack of c- 

FLIP following Ku70 silencing would remove endogenous inhibition of the 

extrinsic apoptotic pathway, making the treatment with TRAIL more potent.

Ku70 has been reported to be regulated by post-translational modifications 

such as phosphorylation 515 and particularly acetylation 375. CBP and PCAF 

are two HATs (histone acetyltransferases) that have been demonstrated to 

regulate levels of Ku70 acetylation, and FIDAC (histone deacetylases) 

inhibitors can increase the level of acetylation of Ku7 0 431. The importance 

of acetylation status for the c-FLIP-Ku70 interaction was investigated, with 

the mutation of key lysine residues (K539 and K542) in the linker region of 

Ku70 to glutamine to mimic acetylation demonstrating that Ku70 binding to 

c-FLIP is disrupted when Ku70 is acetylated. It is possible that when these 

lysines are acetylated, it induces a conformational change in Ku70, 

inhibiting the binding of c-FLIP in the region adjacent to the linker region. It 

has been reported that there are other lysines within the linker region of
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Ku70 that can also be acetylated, but have no role in mediating the Bax- 

Ku70 interaction. Although these lysines have not been investigated in this 

study, it is possible that they may also affect the c-FLIP - Ku70 interaction.

The acetylation status of Ku70 is therefore important in regulating its 

interaction with c-FLIP. Histone deacetylases were initially identified as 

regulating the acetylation of histones, and therefore regulating nuclear 

events such as transcription. However, non-histone proteins have since 

been identified as a target for deacetylases and acetyltransferases 378. 

Changes in acetylation status can affect the protein-protein interactions 516. 

Ku70 is one of these non-histone protein targets of HDACs. The HDAC 

inhibitor SAHA potently increases Ku70 acetylation by preventing the action 

of HDACs, and this results in the breakup of the c-FLIP-Ku70 interaction. 

SAHA, a pan HDACi 412 has been approved for the treatment of chronic T 

cell lymphoma (CTCL) 407 and many HDACi are currently being evaluated in 

clinical trials in solid tumours. If HDACi can be used to target Ku70 for 

acetylation, preventing its interaction with c-FLIP, it may mimic the effects of 

siRNA-mediated down-regulation of Ku70 on c-FLIP expression. The effect 

of SAHA on c-FLIP expression was investigated in Chapter 5.
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5.1 Introduction

In the previous chapter, it was demonstrated that Ku70 binds to c-FLIP and 

stabilises its expression in colorectal cancer cells by preventing its 

degradation; the maintenance of c-FLIP expression subsequently prevents 

apoptosis induction via caspase 8 activation. Moreover, it was found that 

treatment with the HDAC inhibitor SAHA increases the acetylation of Ku70, 

resulting in breakup of its interaction with c-FLIP.

SAHA is a pan-HDAC inhibitor that targets the deacetylase activity of class I 

and class II HDACs in the nanomolar range 517. SAHA has been 

demonstrated to have anticancer effects in vitro, however the mechanisms 

are complex, involving both HDACs that regulate histones and non-histone 

protein targets 378. A key mechanism of apoptosis induction in response to 

HDAC inhibitors has been reported to be disruption of the interaction 

between Ku70 and the pro-apoptotic protein, Bax431, 494. Treatment with 

SAHA enhances Ku70 acetylation and prevents its binding to Bax, allowing 

the translocation of Bax to the mitochondria and induction of apoptosis. The 

interaction with Ku70 is also reported to inhibit the ubiquitination of Bax and 

its subsequent turnover by the proteasome 495. The data presented in 

Chapter 4 suggested that a similar relationship exists between c-FLIP and 

Ku70, in colorectal cancer cells. We therefore hypothesised that by using 

HDACi to acetylate Ku70 we could recapitulate the effects of Ku70 silencing 

in colorectal cancer cells.
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The first aim of this chapter was to assess the effect of HDACi treatment on 

c-FLIP expression and cell viability in a colorectal cancer cell line panel. 

Although Ku70 silencing causes down-regulation of c-FLIP expression, 

HDAC inhibitors have multiple targets at both the transcriptional and protein 

level, therefore the second aim of this chapter was to assess the 

mechanism of c-FLIP regulation in response to HDACi treatment in 

colorectal cancer cells. Thirdly, we wanted to assess the phenotype of 

apoptosis induced by HDAC inhibitors in our colorectal model. Particularly, 

we wanted to assess the importance of c-FLIP and the extrinsic apoptotic 

pathway in SAHA-induced cell death in vitro and in vivo.

The combination of HDAC inhibitors with chemotherapy is also under 

clinical investigation in colorectal cancer471 and has demonstrated 

therapeutic efficacy in various disease settings. In addition, the combination 

of HDAC inhibitors with TRAIL-targeted therapeutics has been shown to 

sensitise cancer cells to apoptosis in vitro and in vivo 518 519 52°. Therefore 

our final aim in this chapter was to evaluate the effects of combining SAHA 

with chemotherapy or TRAIL in colorectal cancer models and to assess the 

importance of c-FLIP in modulating the interaction between these agents.
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5.2 SAHA post-transcriptionally down-regulates c-FLIP

5.2.1 Effect of SAHA on c-FLIP expression and apoptosis in CRC cells

The sensitivity to SAHA treatment of a panel of colorectal cancer cell lines 

was assessed using the MTT cell viability assay. Dose response curves 

were plotted (Figures 5.1 and 5.2) and IC5o values calculated for each cell 

line (Figure 5.3). All 4 cell lines assessed were relatively sensitive to SAHA, 

with the HCT116 cell line being the most sensitive with an IC5o of 1.7pM, 

and RKO cell line being the least sensitive with an IC5o of 3.7pM.

To assess the effect of SAHA on c-FLIP expression, HCT116 cells were 

treated with a sub-IC5o dose (1pM) of SAHA, and protein was collected over 

a 24 hour period. Analysis of protein levels by Western blotting indicated 

that c-FLIP expression was rapidly reduced following SAHA treatment 

(Figure 5.4A), with both splice forms significantly down-regulated by 4 hours 

and completely lost by 8 hours post-treatment. Cell death was assessed by 

PARP cleavage, with the appearance of the cleaved form of PARP 

noticeable after 12 hours, and particularly apparent at 24 hours. PARP is a 

substrate of active caspase 3, with cleavage of PARP indicative of apoptotic 

cell death. Notably, there was no overall change in the expression levels of 

Ku70. Apoptotic cell death was also assessed by flow cytometry, with PI 

staining of DNA content analysed. The level of cell death was indicated by 

the percentage of cells in the sub-G1 population. DMSO-treated controls
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had a baseline level of apoptosis of 2%. Following 1pM SAHA treatment, 

the percentage of cells in the sub-G1 population increased to 15% after 24 

hours (Figure 5.413). This difference was determined to be highly statistically 

significant by t test, with a p value of 0.0095.
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HCT116 SAHA 72h

IC50= 1.69uM

Concentration (LOG)

RKO SAHA 72h
IC50= 3.72uM

Concentration (LOG)

Figure 5.1: Colorectal cancer cell panel demonstrates 
differences in sensitivities to SAHA treatment. HCT116 and 
RKO cells were treated for 72 hours with increasing doses of 
SAHA and cell viability was then assessed using MTT (3-(4,5- 
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay 
(Sigma). IC50 values were calculated using PRISM software and 
non linear regression analysis.



H630 SAHA 72h

IC50=1.B5uM

Concentration (LOG)

HT29 SAHA 72h

Concentration (LOG)

Figure 5.2: Colorectal cancer cell panel demonstrates 
differences in sensitivities to SAHA treatment. HT29 and 
H630 cells were treated for 72 hours with increasing doses of 
SAHA and cell viability was then assessed using MTT (3-(4,5- 
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay 
(Sigma). IC50 values were calculated using PRISM software and 
non linear regression analysis.
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HCT116 1.7

RKO 3.7

H630 1.9

HT29 3.0

Figure 5.3: Colorectal cancer cell panel demonstrates 
differences in sensitivities to SAHA treatment. HCT116, 
HT29, H630 and RKO cells were treated for 72 hours with 
increasing doses of SAHA and cell viability was then assessed 
using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide) assay (Sigma). IC50 values were calculated using 
PRISM software and non linear regression analysis.
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Figure 5.4: HDACi treatment induces c-FLIP down-regulation 
and apoptosis in HCT116 colorectal cancer cells. (A) HCT116 
cells were treated with a sub-IC50 dose (1|jM) SAHA over a 24h 
timecourse. Samples were collected and protein expression 
assessed by Western blotting for c-FLIP and Ku70. PARP 
cleavage indicates apoptosis. Actin was assessed as loading 
control. (B) HCT116 cells were treated for 24h with 1pM SAHA. 
Apoptosis was assessed by Flow cytometry, using PI staining. 
Apoptotic fraction indicated by sub-GI fraction. ** denotes p<0.01 
determined by student t-test.
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To ensure that the effects of SAHA were not cell line specific, we assessed 

c-FLIP expression following SAHA treatment in a panel of colorectal cancer 

cell lines, namely HT29, H630 and RKO. Following treatment with 

increasing doses of SAHA from 1pM to 5pM, protein expression was 

assessed at 6 hours and 24 hours by Western blotting. In all three cell lines 

treated, the expression of both splice variants of c-FLIP was decreased 

compared to control levels at 6 hours post treatment (Figures 5.5A-5.7A) 

with the lowest concentration used (1pM SAHA). This decreased 

expression was maintained to the 24 hour timepoint in all three cell lines. An 

increase in cleaved PARP indicative of apoptosis induction was observed 

following SAHA treatment at the 24 hour timepoint which correlated with 

the degree of c-FLIP down-regulation. Apoptosis induction was also 

assessed by flow cytometry for each of the three cell lines following SAHA 

treatment, 1pM SAHA induced significant levels of apoptosis in H630 

(Figure 5.5B) and RKO (Figure 5.7B) after 24 hours treatment, as indicated 

by increases in the sub G1 population of cells. The HT29 cell line did not 

demonstrate a significant induction of apoptosis at 1pM, but did induce 

significant cell death at 5pM SAHA treatment (Figure 6.6B). The differences 

in apoptosis induction correlate with sensitivities determined by cell viability 

assay.
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Figure 5.5: HDACi treatment causes FLIP down-regulation 
and induction of apoptosis in a panel of CRC cells. (A)
Colorectal cell line H630 were treated with increasing 
concentrations of SAHA for 6 and 24 hours. Samples were 
collected and resolved by SDS-PAGE. c-FLIP protein expression 
was assessed by Western blotting, with PARP cleavage 
indicating apoptosis. Actin was used to confirm equal loading. (B) 
H630 cells were treated with 1pM SAHA for 24hours before 
apoptosis was assessed by flow cytometry. The apoptotic cells 
were indicated by the sub G1 fraction. ** denotes p<0.01 as 
determined by student t-test.
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Figure 5.6: HDACi treatment causes FLIP down-regulation 
and induction of apoptosis in a panel of CRC cells. (A)
Colorectal cell line HT29 were treated with increasing 
concentrations of SAHA for 6 and 24 hours. Samples were 
collected and resolved by SDS-PAGE. c-FLIP protein expression 
was assessed by Western blotting, with PARP cleavage 
indicating apoptosis. Actin was used to confirm equal loading. (B) 
HT29 cells were treated with 1pM or 5pM SAHA for 24hours 
before apoptosis was assessed by flow cytometry. The apoptotic 
cells were indicated by the sub G1 fraction. ** denotes p<0.01 as 
determined by student t-test.
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Figure 5.7: HDACi treatment causes FLIP down-regulation 
and induction of apoptosis in a panel of CRC cells. (A)
Colorectal cell line RKO were treated with increasing 
concentrations of SAHA for 6 and 24 hours. Samples were 
collected and resolved by SDS-PAGE. c-FLIP protein expression 
was assessed by Western blotting, with PARP cleavage 
indicating apoptosis. Actin was used to confirm equal loading. (B) 
RKO cells were treated with 1pM SAHA for 24hours before 
apoptosis was assessed by flow cytometry. The apoptotic cells 
were indicated by the sub G1 fraction. * denotes p<0.05 as 
determined by student t-test.
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5.2.2 Effect of SAHA on a panel of apoptosis-regulating proteins

The expression of a panel of pro- and anti- apoptotic proteins was assessed 

at an early (6 hour) and late (24 hour) timepoint following treatment with 

increasing doses with SAHA, from 0.5pM to 5pM. c-FLIPl and c-FLIPs were 

the only proteins whose expression was significantly affected by SAHA 

treatment after 6 hours, with significant decreases in expression of both 

splice forms following treatment with as little as 0.5pM SAHA (Figure 5.8). 

The expression of no other apoptosis-regulating protein was altered at the 6 

hour timepoint. An increase in Bax expression and a moderate decrease in 

XIAP expression were observed following 24 hours SAHA treatment at the 

higher concentrations of SAHA (1 and 5pM). These changes in Bax and 

XIAP correlated with an increase in cleaved PARP, which was also noted at 

the 24 hour timepoint following treatment with both 1 and 5pM SAHA. 

Moreover, a decrease in the pro-form of caspase 8 (procaspase 8) 

indicative of caspase 8 activation also correlated with PARP cleavage.
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Figure 5.8: Effect of SAHA on a panel of apoptosis
regulating proteins. HCT116 cells were treated with increasing 
concentrations of SAHA for 6 and 24 hours. Samples were 
collected and protein expression of a panel fo apoptosis protiens 
assessed by Western blotting. PARP cleavage indicates 
apoptosis. Actin was used to confirm equal loading.
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5.2.3 c-FLIP is post-transcriptionally regulated by SAHA treatment

c-FLIP protein expression is decreased following HDACi treatment in 

colorectal cancer cell lines. HDAC inhibitors have been demonstrated to 

affect c-FLIP expression both at protein 521,522 and mRNA levels 523,524 in a 

number of disease settings. The effect of HDACi on the mRNA levels of 

total c-FLIP was assessed using cDNA generated from HCT116 cells 

treated with or without SAHA over a 24 hour timecourse by qPCR. Notably, 

there were no major changes in c-FLIP mRNA expression following SAHA 

treatment at any timepoint compared to the time-matched control (Figure 

5.9). The levels of mRNA at 18 hours and 24 hours post SAHA treatment 

were slightly lower than in untreated controls, but these timepoints have 

increased levels of apoptosis that could explain these small differences. 

Most importantly, no changes in c-FLIP mRNA expression were observed at 

the early timepoints, despite the profound down-regulation of c-FLIP protein 

expression that is observed at these timepoints (Figure 5.4A). This indicates 

a post-transcriptional mechanism of c-FLIP down-regulation following SAHA 

treatment in HCT116 cells.

To ensure that this post translational regulation of c-FLIP expression is not 

a cell line-specific effect, the effect of SAHA on c-FLIP mRNA expression 

was assessed in the other three colorectal cell lines again using qPCR. 

cDNA was generated from each of the cell lines following treatment with 

increasing doses of SAHA (from 0.5pM to 5pM which corresponds to the 

concentrations used in the protein expression experiments). The total c-
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FLIP mRNA expression was unaffected in all three colorectal cells following 

SAHA treatment (Figure 5.10) indicating that SAHA does not 

transcriptionally down-regulate c-FLIP expression in colorectal cancer cells.

176



HCT116

SAHA (h)

control
Saha

Figure 5.9: HDACi treatment has little impact on c-FLIP 
mRNA expression. HCT116 cells were treated with 1(jM SAHA 
over a 24h timecourse. Samples were collected and total RNA 
was isolated using the RNA STAT-60 reagent (Biogenesis, 
Poole,United Kingdom). Reverse transcription of 2pg of RNA was 
carried out using a Moloney murine leukemia virus-based 
reverse transcriptase kit (Invitrogen). Quantitative reverse 
transcription-PCR (Q-PCR) analysis of FLIP gene expression was 
performed using the SYBR Green method. GAPDH was 
assessed as control.
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Figure 5.10: HDACi treatment has little impact on c-FLIP 
mRNA expression. Colorectal cell lines, H630, HT29 and RKO 
were treated with increasing doses of SAHA and samples 
collected. Total RNA was isolated using the RNA STAT-60 
reagent (Biogenesis, Poole,United Kingdom). Reverse 
transcription of 2pg of RNA was carried out using a Moloney 
murine leukemia virus-based reverse transcriptase kit 
(Invitrogen). Quantitative reverse transcription-PCR (Q-PCR) 
analysis of FLIP gene expression was performed using the 
SYBR Green method. GAPDH was assessed as control.
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5.2.4 SAHA induces c-FLIP degradation via the UPS

Both splice forms of c-FLIP are known targets for the ubiquitin-proteasome 

system285. The proteasome is a multi-subunit enzymatic complex in which 

ubiquitin-tagged proteins are degraded 525 526. To further assess the 

mechanism of c-FLIP down-regulation in response to SAHA, cells were pre

treated for 1 hour with the proteasome inhibitor MG132 before SAHA was 

added for 6 hours. c-FLIP expression was then assessed by Western 

blotting. The inhibition of the proteasome with 1pM or 10pM MG132 was 

sufficient to block c-FLIP down-regulation following SAHA treatment (Figure 

5.11). The increased expression of the rapidly turned over c-FLIPs in 

response to MG132 provides evidence that proteasomal inhibition was 

achieved. This confirms that SAHA induced c-FLIP down-regulation is 

mediated through proteasomal degradation.

As discussed in chapter 1, conjugation of ubiquitin to lysine residues can 

tag a protein for degradation by the proteasome 527. To directly assess the 

role of ubiquitination in SAHA-mediated c-FLIP down-regulation, HCT116 

cells were transfected with FLAG-FLIPl and FLAG-FLIPS and then treated 

with SAHA for 4 hours. The ubiquitin status of both splice forms was then 

assessed using a Ubiquitin Enrichment Kit as described in section 4.2.5. 

Immunoblotting for the FLAG epitope revealed that SAHA treatment 

induced polyubiquitination of both c-FLIPL and c-FLIPs as demonstrated by 

the laddering observed in the SAHA-treated lysates following precipitation 

with the anti-ubiquitin conjugated resin (Figure 5.12). Equal loading of the
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FLAG-FLIP proteins into the assay was confirmed by Western blotting of 

the inputs. MG132 was used as a positive control, as inhibiting the 

proteasome should lead to an overall increase in polyubiquitinated proteins. 

This data further suggests that following SAHA treatment, c-FLIP becomes 

ubiquitinated and then degraded by the proteasome.
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Figure 5.11:SAHA induces c-FLIP down-regulation via the 
proteasome. HCT116 cells were pre-treated with increasing 
concentrations of proteasome inhibitor, MG132 (Sigma) for 1hr. 
SAHA was then added for 6 hours and samples collected. 
Samples were resolved using SDS-PAGE and c-FLIP protein 
expression assessed using Western blotting. Actin was used to 
confirm equal loading.
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Figure 5.12: SAHA treatment induces FLIP poly- 
ubiquitination. HCT116 cells were transfected with FLAG-tagged 
c-FLIP expression constructs for 24 hours followed by treatment 
with 1 pM SAHA or 1 pM MG132 for 4 hours. Samples were 
collected and Ubiquitinated proteins isolated using Ubiquitin 
Enrichment Kit (Pierce). Isolated proteins were resolved using 
SDS-PAGE and ubiquitinated c-FLIP visualised byWestern blotting 
for the FLAG epitope.
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5.3 SAHA-induced apoptosis is dependent on the extrinsic

pathway

5.3.1 SAHA-induced apoptosis is caspase 8-dependent

SAHA treatment induces apoptosis in HCT116 cells, which we 

hypothesised was due at least in part to the down-regulation of c-FLIP. 

Given c-FLIP’s important role in preventing apoptosis through inhibiting 

activation of caspase 8, we wanted to assess the role of this important 

initiator caspase in SAHA mediated apoptosis. The intrinsic apoptotic 

pathway, in which caspase 9 is the initiator caspase, has also been 

reported to be important for HDAC inhibitor-induced apoptosis528"530. To 

assess the relative importance of caspase 8 and caspase 9 in mediating 

SAHA-induced apoptosis, caspase 8- and caspase 9-targeted siRNAs were 

used. Following transfection of caspase 8- or caspase 9-targeted siRNAs 

for 48 hours, cells were treated with SAHA and apoptosis assessed by flow 

cytometry (Figure 5.13A). Procaspase 8 silencing significantly attenuated 

SAHA-induced apoptosis, decreasing the sub-G1 population from 41% in 

the non-silencing control (SC) to 20% in the caspase 8-silenced cells. In 

contrast, there was no decrease in apoptosis induction in caspase 9 

silenced cells. Western blotting confirmed procaspase 8 and 9 down- 

regulation following transfection of their respective siRNAs (Figure 5.13B). 

In addition, Western blotting confirmed that c-FLIP was down-regulated by 

SAHA in both procaspase 8 and procaspase 9 silenced cells. These results
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indicate the importance of caspase 8 for SAHA induced apoptosis in CRC 

cell line models.

180



HDACi target c-FLIP/Ku70 and induce apoptosis by c-FLIP downregulation

5.3.2 SAHA-induced apoptosis is DR5-dependent

HCT116 cells express both TRAIL death receptors, TRAIL-R1 (or DR4) and 

TRAIL-R2 (or DR5), although the expression of DR4 is significantly less 

than DR5 504..We previously demonstrated that the apoptosis induced 

following c-FLIP silencing is highly dependent on DR5 531. For this reason, 

we assessed the importance of the TRAIL receptors on SAHA-induced 

apoptosis. Using siRNAs targeted against each death receptor, or a non 

silencing control (SC), the expression of DR4, DR5 or a combination of both 

were silenced (Figure 5.14A). Cells were then treated with 1pM SAHA for a 

further 24 hours, and apoptosis was assessed by flow cytometry. Loss of 

DR4 had no effect on the level of apoptosis induced by SAHA treatment, 

with little change observed in the sub-G1 population compared to control 

(~34% in SC compared to ~35% in DR4 silenced cells, Figure 5.14B). In 

contrast, silencing DR5 had a pronounced effect on SAHA-induced 

apoptosis, with a reduction in apoptotic fraction to ~18%. Combined 

silencing of DR4 and DR5 completely attenuated SAHA-induced apoptosis, 

with the sub-G1 fraction reduced to control levels. This suggests that DR5 

and to a lesser extent DR4 are important mediators of SAHA-induced 

apoptosis, which is consistent with the importance of caspase 8 

demonstrated in figure 5.13.
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Figure 5.14: SAHA-induced apoptosis is dependent on Death 
Receptor 5 (DR5) expression. HCT116 CRC cells were 
tranfected with Scrambled Control (SC), Death Receptor 4 
targeted (DR4), Death Receptor 5 targeted (DR5) or a combination 
of DR4 and DR5 siRNAs using Oligofectamine reagent 
(Invitrogen). Following 48h knockdown, 1pM SAHA was added for 
a further 24h. (A) Knockdown was confirmed by assessment of cell 
surface receptor expression. (B) Apoptosis assessed by flow 
cytometry, using PI staining. Apoptotic fraction was indicated by 
Sub-G1 fraction. ** denotes p<0.01 as determined by student t- 
test.
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5.3.3 SAHA-induced apoptosis is dependent on c-FLIP down- 

regulation

Loss of Ku70 was shown in Chapter 4 to down-regulate c-FLIP expression 

and subsequently induce apoptosis in colorectal cancer cells. Ku70 has 

been reported to regulate Bax-mediated apoptosis, but we demonstrated 

that overexpression of c-FLIPl significantly attenuated the cell death 

induced by loss of Ku70 expression [section 4.3.4], To directly determine 

whether the apoptosis induced by SAHA was also c-FLIP-dependent, the c- 

FLIPl overexpressing HCT116 cell line (FL17) was compared to the 

parental cell line. c-FLIP overexpression attenuated the apoptosis induced 

by SAHA treatment as demonstrated by a lack of PARP cleavage and 

processing of procaspase 8 in the FL17 cells compared to parental HCT116 

cells (Figure 5.15). The expression of c-FLIP was also assessed, with the 

parental cells showing a decrease in both c-FLIPl and c-FLIPs. However, 

although c-FLIPs was down-regulated in response to SAHA in the FL17 cell 

line, SAHA treatment actually increased c-FLIPl expression in this cell line 

(Figure 5.15); this is caused by activation of the CMV-driven c-FLIPl trans

gene following SAHA treatment.

By flow cytometry, the overexpression of c-FUPL was also found to 

significantly decrease the apoptosis induced by SAHA treatment, as 

demonstrated by a reduction in sub-G1 population (Figure 5.16A; 1pM, 

p<0.05, 5pM, p<0.001). These results demonstrate the importance of c- 

FLIP down-regulation for SAHA-induced apoptosis. In addition, the effects
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of SAHA on cell cycle arrest were assessed: at 24 hours, significant arrest 

in G2/M phase was observed in both cell lines, indicating that c-FLIPl 

overexpression does not affect the cytostatic effects of SAHA (Figure 

5.16B).

Given its reported importance in mediating HDAC inhibitor-mediated 

apoptosis431, we next assessed the importance of Bax for SAHA-induced 

apoptosis by directly comparing the effects of loss of Bax and c-FLIPl 

overexpression. Parental, FL17 and Bax null HCT116 cells were treated 

with 1pM SAHA for 24 hours, and apoptosis was then assessed by flow 

cytometry. The Bax null cells were significantly less sensitive to SAHA 

(Figure 5.17: p<0.05). Importantly, overexpression of c-FUPL was as potent 

(if not more so) than the loss of Bax in inhibiting SAHA-induced apoptosis. 

This demonstrates that in colorectal cancer cells, down-regulation of c-FLIP 

is key initiating step for apoptosis induction following SAHA treatment.
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Figure 5.15 Exogenous over-expression of c-FLIP(L) inhibits 
SAHA-mediated apoptosis. Parental and FLIP(L) over
expressing (FL17) HCT116 cells were treated with increasing 
doses of SAHA for 24 hours and samples collected. Protein 
lysate was resolved using SDS-PAGE and expression levels of c- 
FLIP and procaspase 8 and PARP cleavage were assessed by 
Western blotting. Actin was used to ensure even loading.
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Figure 5.16: Exogenous over-expression of FLIP(L) 
inhibits SAHA-induced apoptosis. A Parental and FLIP(L) 
over-expressing (FL17) HCT116 cells were treated with 
increasing doses of SAHA for 24 hours and samples 
collected. Apoptosis levels were assessed using Flow 
cytometry, with PI staining. Apoptotic fraction was indicated 
by sub-G1 fraction. B Parental and FLIP(L) over-expressing 
(FL17) HCT116 cells were treated with 2.5pM SAHA for 24 
and 48 hours and samples collected and analysed by flow 
cytometry, with PI staining. The cell cycle histograms are 
presented.
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Figure 5.17: Exogenous over-expression of FLIP(L) 
inhibits SAHA-induced apoptosis to a similar extent as 
loss of Bax. Parental, FLIP(L) over-expressing (FL17) and 
Bax null HCT116 cells were treated with 1pM of SAHA for 24 
hours and samples collected. Apoptosis levels were assessed 
using flow cytometry with PI staining, with the percentage of 
cells in the sub-G1 fraction measured. * denotes p<0.05 as 
determined by student t-test.
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5.3.4 The levels of apoptosis induced by SAHA are similar to those 

induced by siRNA-mediated silencing of Ku70 and c-FLIP

As SAHA has multiple mechanism of action and been reported to induce 

apoptosis in a number of ways, we further assessed the roles of c-FLIP and 

Ku70 in SAHA-induced apoptosis by assessing the levels of cell death in c- 

FLIP and Ku70 depleted cells in the presence and absence of SAHA. 

HCT116 cells were transfected with Ku70- or c-FLIP-targeted siRNAs and 

then treated with 1pM SAHA for 24 hours. The level of apoptosis was 

assessed by flow cytometry (sub-G1 fraction). The levels of apoptosis 

induced by silencing Ku70 (-33%) or c-FLIP (-24%) were similar to those 

induced by treatment with SAHA alone (Figure 5.18). Moreover, the addition 

of SAHA treatment did not significantly increase the apoptosis induced by 

Ku70 silencing (p=0.6021, t test), and only marginally (although 

significantly) increased the levels of apoptosis induced in c-FLIP-silenced 

cells (p=0.04, t test). These results suggest that in terms of apoptosis 

induction, treatment with SAHA may be functionally equivalent to down

regulating either Ku70 or c-FLIP.
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Figure 5.18: The levels of apoptosis induced by Ku70 or 
FLIP silencing is similar to that induced by SAHA. HCT116 
cells were transfected with siRNAs targeted against Ku70 
(siKu), FLIP (siFLIP) or a scrambled control (SC) sequence. 
24h post-transfection, cells were treated with DMSO or 1pM 
SAHA for a further 24h. Samples were collected and apoptosis 
levels were assessed using flow cytometry with PI staining, 
with the percentage of cells in the sub-G1 fraction measured, 
ns denotes non significant interaction, * denotes p<0.05 as 
determined by student t-test.
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5.4 Effect of c-FLIP overexpression on SAHA in vivo

5.4.1 SAHA down-regulates c-FLIP in vivo

HCT116 parental and c-FLIPl overexpressing (FL17) models were used to 

assess the effects of SAHA treatment in vivo. Following implantation and 

tumour establishment, a treatment regime of 100mg/kg SAHA or vehicle 

control (10% DMSO/45% PEG400) was administered for 5 days followed by 

2 days off was implemented for 2 weeks. Tumour growth was assessed and 

xenografts collected 6 hours after the final SAHA treatment. Protein was 

extracted from the xenografts and expression assessed by Western 

blotting. SAHA treatment increased the levels of acetylated histone H4 and 

acetylated D-tubulin in both parental and FLIP overexpressing xenografts 

(Figure 5.19); these are markers of nuclear HDAC (HDAC1-3) and HDAC6 

inhibition respectively. SAHA potently down-regulated c-FLIPl expression in 

parental xenografts, and significantly down-regulated c-FLIPl in the FL17 

xenograft (Figure 5.19). Importantly however, the levels of c-FLIPl in the 

SAHA-treated FL17 xenografts remained comparable to that in the vehicle- 

treated parental xenografts. The expression of c-FLIPs was obscured by the 

mouse IgG light chain.
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5.4.2 c-FLIPl overexpression attenuates the anti-tumour effects of 

SAHA in vivo

The growth of the parental and FL17 xenografts was assessed three times 

a week. Following SAHA treatment, the growth of parental xenografts was 

significantly attenuated, decreasing average tumour volume from 420cm3 in 

the vehicle-treated to 250cm3 in SAHA treated at day 19 (Figure 5.20; 

p<0.001, t test). However, the overexpression of c-FLIPl prevented this 

growth retardation, with no significant difference in tumour volume observed 

between vehicle-control and SAHA-treated FL17 xenografts (370cm3 and 

350cm3 respectively at day 19, p=0.638).
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Figure 5.19: SAHA treatment down-regulates c-FLIPl 
expression in vivo. Mice were inoculated with parental or c- 
FLIP(L) overexpressing FL17 HCT116 cells. When tumours 
reached ~100mm3 volume, the mice were injected i.p. with 
100mg/kg SAHA each day using a 5 day on/2 day off schedule 
for 2 weeks. Mice were sacrificed 6h after the final SAHA 
treatment. Levels of c-FLIP, acetylated histone H4 and acetylated 
a-tubulin in the tumours were assessed by Western blotting. Actin 
was used as a loading control.
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Figure 5.20: SAHA treatment inhibits tumour growth in 
parental but not FLIPl over-expressing Xenografts. Mice were 
inoculated with Parental or FL#17 HCT116 cells. When tumours 
reached ~100mm3 volume, the mice were injected i.p. with 
100mg/kg SAHA each day using a 5 day on/2 day off schedule for 2 
weeks. Xenograft growth was assessed twice weekly. ** and *** 
denote p<0.01 and p<0.001 respectively; t test.
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5.5 Combination of SAHA with TRAIL and chemotherapy: role of c- 

FLIP

5.5.1 Combination of SAHA with TRAIL increases apoptosis induction 

in colorectal cancer cells

Previous work from our group has demonstrated that TRAIL-targeted 

therapies could be used to enhance chemotherapy in colorectal cancer, and 

this may be further enhanced by the use of c-FLIP targeted siRNA 532. 

Since SAHA treatment down-regulates c-FLIP expression in the colorectal 

cancer cell line panel, we examined the effect of SAHA treatment on 

rTRAIL-induced apoptosis. Each cell line was pre-treated with 1pM SAHA 

for 6hours before addition of 2.5ng/mL rTRAIL for a total treatment time of 

24 hours. Apoptosis was then assessed by determining the percentage of 

Annexin V positive cells by flow cytometry (Figure 5.21). HCT116 cells are 

both sensitive to SAHA and rTRAIL (both -30% apoptosis), however, the 

combined treatment was found to be supra-additive (-74%), with the 

increase determined to be statistically significant: p<0.01.. The RKO and 

HT29 cell lines are resistant to both agents at these concentrations, 

however the combined treatments were supra-additive in both cell lines, 

with a highly significant increase in Annexin V positive cells: p<0.001. The 

H630 cell line was sensitive to both TRAIL and SAHA but again, the 

combined treatment was supra-additive, with the increase in cell death 

highly significant: p<0.01. Thus, SAHA treatment significantly enhances 

TRAIL-induced apoptosis in each CRC cell line.
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Figure 5.21: SAHA treatment increases TRAIL-induced 
apoptosis in colorectal cancer cells. HCT116, RKO, H630 and 
HT29 cells were pretreated with 1pM SAHA for 6 hours before 
5ng/mL rTRAIL to a total of 24 hours. Apoptosis was assessed 
using flow cytometry with Annexin V/PI staining. ** denotes 
p<0.01, *** denotes p<0.001 as determined by student t test.
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5.5.2 Overexpression of c-FLIPl attenuates apoptosis in response to 

combined treatment with SAHA and TRAIL

To determine whether the increase in apoptosis observed following SAHA 

and TRAIL co-treatment was dependent on c-FLIP down-regulation in 

response to SAHA, we used the c-FLIPl overexpressing FL17 model, c- 

FLIPl expression is not down-regulated in FL17 cells in response to SAHA 

(Figure 5.15). Cells were pre-treated with 1pM SAHA for 6 hours before 

2.5ng/mL of TRAIL was added for a further 18 hours. Apoptosis was 

determined by flow cytometry with PI staining. A decrease in the apoptotic 

sub-G1 population from -29% in the parental cell line to -10% in the FL17 

cell line was observed in cells co-treated with SAHA and rTRAIL (Figure 

5.22). This decrease was determined to be highly significant, with a p value 

of 0.0071 as determined by t test.
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Figure 5.22: c-FLIP(L) overexpression prevents apoptosis 
induced by SAHA and rTRAIL combination treatment.
HCT116 parental and FLIP(L) overexpressing (FL17) cells were 
treated with IpM SAHA for 6 hours followed by 18 hours 
treatment of 2.5ng/mL of rTRAIL. Samples were collected and 
apoptosis levels were assessed using flow cytometry with PI 
staining, with the percentage of cells in the sub-G1 fraction 
measured. ** denotes p<0.01 as determined by student t-test.
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5.5.3 Overexpression of c-FLIPl attenuates apoptosis in response to 

combined treatment with SAHA and chemotherapy

Previous work from our group has demonstrated that the cytotoxic effect of 

chemotherapies 5FU and Oxaliplatin can be enhanced by the use of c-FLIP 

targeted siRNA101. Since SAHA treatment downregulates c-FLIP expression 

in our panel of colorectal cancer cells (Figures 5.4-5.7), we examined the 

effect of SAHA treatment in combination with 5FU and Oxaliplatin 

treatment. HCT116 cells were pre-treated with 5FU or Oxaliplatin for 24 

hours before the addition of 1pM SAHA for a further 24 hours. Protein 

expression, determined by Western blot, demonstrated a decrease in c- 

FLIP expression in all SAHA treated samples (Figure 5.23A). PARP and 

caspase 8 expression were assessed to determine induction of apoptosis. A 

slight increase in apoptosis, demonstrated by the appearance in cleaved 

PARP and the p18 subunit of caspase 8, was observed with 5FU treatment 

and no effect observed with Oxaliplatin. With addition of SAHA treatment 

increased PARP cleavage and appearance of p18 was observed in both 

5FU and Oxaliplatin treated samples, indicating an increase in cell death 

with combination treatment. Apoptosis induction was also assessed by flow 

cytometry, as indicated by Annexin V positive cells. Significant increases in 

apoptosis was observed with combination of SAHA in 5FU (p= 0.002) and 

oxaliplatin (p=0.0024) treated samples.

We demonstrated that overexpression of c-FLIP can attenuate the 

apoptosis induced by SAHA treatment (Figure 5.16) and also with 

combination of SAHA and TRAIL (Figure 5.22). We examined the effect of
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c-FLIP overexpression on the combination of SAHA with chemotherapy. 

Overexpression of c-FLIP prevented the supra-additive effect of SAHA and 

5FU and Oxaliplatin (Figure 5.23B), with significant reductions in apoptosis 

in both treatments (p=0.0042 for 5FU/SAHA and p=0.0031 for 

Oxaliplatin/SAHA). Furthermore, a reduction in PARP and caspase 8 

cleavage was demonstrated in FL17 c-FLIP overexpressing cells (Figure 

5.23A).

These results suggest that combination of SAHA with chemotherapy 

enhances cytotoxic cell death in colorectal cells, and that this supra-additive 

effect is attenuated by the overexpression of c-FLIP.

190



A
Parental FL17

+SAHA +SAHA

- 5FU0XA - 5FU OXA - 5FU OXA - 5FU OXA

PARP

FLIP(L)

p18-caspase 8

B HCT116

Figure 5.23 (A) Western blot analysis of PARP cleavage, 
FLIP(L) expression and caspase 8 activation in parental (Par) 
and FLIP(L) overexpressing HCT116 cells (FL17) treated with 
5pM 5FU or 0.5pM oxaliplatin (OXA) for 24 hours followed by 
1pM SAHA for a further 24 hours. (B) Flow cytometry analysis of 
apoptosis (Annexin V method ) in parental (Par) and FLIP(L) 
overexpressing HCT116 cells (FL17) treated with 5pM 5FU or 
0.5pM oxaliplatin (OXA) for 24 hours followed by 1pM SAHA for 
a further 24 hours, (ns not significant; * denotes p<0.05; ** 
denotes p<0.01; *** denotes p<0.001; Students t-test).
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5.6 Discussion

c-FLIP, as previously discussed, is an attractive therapeutic target but as of 

yet there is nothing in clinical use that can specifically inhibit c-FLIP’s anti- 

apoptotic activity. There have been a number of studies demonstrating c- 

FLIP down-regulation in response to HDAC inhibitor treatment in a range of 

malignancies, including CLL 533 522, osteoscarcoma 461, and hepatocellular 

carcinoma 426. SAHA specifically has been shown to induce c-FLIP down- 

regulation in hepatocellular carcinoma and thyroid cancer cell lines 519 534.

HDAC inhibitors such as SAHA have been demonstrated to not only 

increase the acetylation of histones, but also target non-histone proteins for 

acetylation 535. Ku70 has been identified as one of these non-histone 

protein targets. When Ku70 expression is down-regulated with siRNA, c- 

FLIP is ubiquitinated and degraded (Chapter 4). Moreover, acetylation of 

Ku70 in response to SAHA disrupts the c-FLIP-Ku70 complex. We 

therefore hypothesised that treatment with SAHA would recapitulate the 

effects of Ku70 silencing. Indeed, it was found that SAHA treatment down- 

regulated c-FLIP expression in all 4 colorectal cancer model cell lines. 

Mechanistically, it was found that SAHA treatment down-regulated c-FLIP 

protein expression, but had no effect on c-FLIP mRNA expression in any of 

these cell lines. SAHA treatment therefore post-transcriptionally down- 

regulates c-FLIP expression.
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Ku70 has been reported to sequester Bax and prevent its ubiquitination and 

degradation by the proteasome in an acetylation-dependent manner 495. We 

hypothesised therefore that the mechanism of c-FLIP degradation in 

response to SAHA may also be mediated through the UPS. MG132, a 

proteasome inhibitor, was able to prevent SAHA mediated c-FLIP 

degradation, indicating a role for proteasomal degradation. Moreover, we 

found that both c-FLIP splice forms were ubiquitinated following SAHA 

treatment. Thus, the effects of SAHA on c-FLIP are highly similar to the 

effects of Ku70 silencing: ubiquitination followed by proteasomal 

degradation.

Previous work from our group has demonstrated that depleting c-FLIP 

expression in colorectal cells using siRNA triggers caspase 8-dependent 

apoptosis. Apoptosis was induced in all four colorectal cell lines following 

SAHA treatment as demonstrated by an increase in the sub-G1 population 

and PARP cleavage, and this correlated with loss of c-FLIP expression. All 

4 cell lines demonstrated different levels of sensitivity to SAHA, with the 

HCT116 cells the most sensitive and the RKO cells the least sensitive, but 

all four had IC5o values in the low micromolar range, a therapeutically 

relevant dose. SAHA-induced apoptosis was demonstrated to be highly 

dependent on caspase 8 activation, as down-regulation of procaspase 8 

expression was sufficient to attenuate the apoptosis induced by SAHA 

treatment. In contrast, caspase 9 was not required for SAHA-induced 

apoptosis. The apoptosis induced by SAHA treatment has been reported to
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be regulated by the intrinsic mitochondrial apoptotic pathway 536 537, but 

since caspase 8 rather than caspase 9 is the more important initiator 

caspase for SAHA-mediated apoptosis in CRC models, it suggests that 

there is a more prominent role for the extrinsic pathway in this disease.

To further assess the importance of the extrinsic apoptotic pathway, we 

evaluated the role of the death receptors in mediating SAHA-induced 

apoptosis. The TRAIL receptors were shown to be an important mediator of 

SAHA-induced apoptosis, with loss of DR5 expression significantly 

decreasing apoptosis, and the combined loss of DR4 and DR5 completely 

attenuating SAHA-induced apoptosis. This agrees with previous work from 

our lab, in which DR5 was shown to be the most important death receptor in 

regulating c-FLIP siRNA-mediated apoptosis 538. This evidence further 

supports the importance of the extrinsic pathway in mediating SAHA- 

induced apoptosis in the colorectal cancer disease setting.

Since HDAC inhibitors have been demonstrated to have pleiotropic effects 

depending on cellular context, it was important to directly determine the role 

of c-FLIP in mediating the effects of SAHA in our colorectal cancer models. 

Overexpression of c-FLIP has been shown to increase the resistance of 

colorectal cancer cells to chemotherapy 512. To assess the role of c-FLIP in 

regulating SAHA-mediated apoptosis, we utilised a c-FLIPl overexpressing 

model 101. Compared to the parental cell line, overexpression of c-FLIPl
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attenuated the apoptosis induced by SAHA treatment. Notably, the 

overexpression of c-FLIPl reduced the levels of SAHA-induced apoptosis 

as much as loss of Bax expression, further supporting the importance of the 

extrinsic apoptotic pathway in SAHA induced apoptosis in colorectal cancer 

cells. HCT116 cells have been demonstrated to be type II cells 539, which 

means that they require amplification of death receptor mediated apoptotic 

signalling through the mitochondria; this may explain the lower levels of 

SAHA-induced apoptosis in the Bax null cells. The phenotype of SAHA- 

induced cell death in colorectal cancer cells is highly similar to that of 

siKu70-induced apoptosis (Chapter 4), as they are both c-FLIP- and 

caspase 8-dependent. Moreover, treatment of Ku70 silenced cells with 

SAHA was found not to further enhance apoptosis in response to Ku70 

down-regulation, further suggesting that in terms of apoptosis induction at 

least, treatment with SAHA may be functionally equivalent to siRNA- 

mediated down-regulation of Ku70.

To determine the impact of SAHA in vivo, we used xenografts generated 

from parental and c-FLIPl overexpressing HCT116 cells. We observed a 

significant retardation of growth in the parental model following SAHA 

treatment. In addition, we also observed a decrease in c-FLIPl expression 

following SAHA treatment in vivo. Importantly, c-FLIPl overexpression 

abrogated any growth attenuation in response to SAHA treatment. This is 

the first evidence that overexpression of c-FLIP prevents SAHA-induced 

apoptosis in vivo.
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There have been several early phase clinical trials in advanced, 

chemotherapy-resistant CRC examining SAHA in combination with 

standard 5-Fluorouracil (5-FU)-based chemotherapy 470, 472 54°. In the most 

recent of these, 21/38 5-FU-refractory patients had stable disease and one 

had a partial response 472. The plasma concentrations of SAHA achieved in 

these patients exceed the concentrations that we find are sufficient to down- 

regulate FLIP in CRC models. Of note, we found that SAHA synergized with 

both 5-FU and oxaliplatin to induce apoptosis in CRC cells, however this 

synergy was abolished in cells overexpressing FLIP(L). Thus, our data 

suggest that FLIP and components of the extrinsic pathway such as 

procaspase 8 may be useful predictive biomarkers for the targeted use of 

HDAC inhibitors in combination with chemotherapy in colorectal cancer. In 

addition, SAHA significantly increased the apoptosis induced by rTRAIL 

treatment in colorectal cancer cells in a c-FLIPL-dependent manner. TRAIL- 

targeted therapies have performed disappointingly in clinical trials, including 

in colorectal cancer 541_543. This may be due to intrinsic TRAIL resistance 

mediated by c-FLIP. Thus, down-regulating c-FLIP with SAHA may 

enhance the clinical activity of TRAIL-targeted therapeutics. In this regard, 

overexpression of c-FLIPl is reported to be a frequent event in colon 

carcinoma 308.
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HDAC6: A key mediator of c-FLIP/Ku70 interaction

6.1 Introduction

In the previous chapters, it was demonstrated that c-FLIP is down-regulated 

in response to SAHA treatment in colorectal cancer cells as the result of the 

acetylation of Ku70, leading to disruption of a c-FLIP-Ku70 complex and 

degradation of c-FLIP via the UPS. CBP and PCAF have been identified as 

the Histone Acetyltransferases (HATs) that regulate the acetylation of 

Ku7 0375, but the particular HDACs which regulate Ku70 deacetylation are as 

yet unidentified. Pan-HDAC inhibitors have shown modest effects in solid 

malignancies, possibly because their dosing is limited by toxicity which may 

be the result of the pleiotropic effects of these agents. The development of 

more selective HDAC inhibitors is underway, with the aim of retaining 

anticancer activity while reducing unwanted side-effects. Therefore, the aim 

of this chapter was to determine which histone deacetylases are involved in 

regulating the interaction between c-FLIP and Ku70 in colorectal cancer 

models. To do this, HDAC inhibitors which are reported to be specific for 

different HDAC isoforms were used.

Droxinostat selectively inhibits HDACS, HDAC6 and HDACS at IC5o of 16.9 

,2.47 and 1.46pM, respectively 544. It was originally identified in a small 

molecule screen to sensitise prostate cancer cells to death receptor 

ligands545. From this screen, 4-(4-chloro-2-methylphenoxy)-/V- 

hydroxybutanamide was identified as a compound that down-regulated c-
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FLIP expression in PCS prostate cancer cells and selectively sensitised 

these cells to the extrinsic pathway activating ligands Fas and TRAIL. 

Droxinostat was subsequently determined to be an HDAC inhibitor, with 

changes in gene expression after Droxinostat treatment resembling 

changes observed after treatment with histone deacetylase (HDAC) 

inhibitors 544. Further analysis of HDAC activity revealed that Droxinostat 

has activity against HDACs 3, 6 and 8 544

Tubacin is a class II HDAC selective inhibitor that targets HDAC6546. It was 

first identified in a multidimensional, chemical genetic screen of 7,392 small 

molecules designed to uncouple a tubulin acetylation (a result of HDAC6 

inhibition) from the nuclear effects of pan HDAC inhibitors (histone 

acetylation) 546. Tubacin does not significantly affect the level of histone 

acetylation, gene-expression patterns, or cell-cycle progression, but targets 

HDAC6-associated tubulin stability and cell motility by inhibiting the specific 

HDAC6 tubulin deacetylase domain 546. HDAC6 is a cytoplasmic HDAC, 

which associates with microtubules and localizes with the microtubule motor 

complex 547. In vivo, the overexpression of HDAC6 leads to a global 

deacetylation of D-tubulin, whereas a decrease in HDAC6 increases □- 

tubulin acetylation 355. HDAC6 also contains a ubiquitin-binding zinc finger 

and becomes bound to ubiquitinated proteins upon inhibition of proteasome 

activity 548 549.
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6.2 Characterisation of Droxinostat, a HDAC 3, 6 and 8 inhibitor

6.2.1 Effect of Droxinostat and Inactive control analogue 7271570 on 

cell viability

HCT116 cells were treated with a range of concentrations of HDAC inhibitor 

Droxinostat and the inactive control analogue 7271570 and the effect on 

cell viability determined by MTT assay. After 72 hours, Droxinostat 

demonstrated a decrease in cell viability, with an IC5o dose of 68.7|jM 

determined using PRISM software (Figure 6.2). No effect on cell viability 

was observed with the inactive control compound, 7271570 and an IC5o was 

not achieved.
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Figure 6.2: Determination of IC50 values of Droxinostat and 
Inactive control analodue: HCT116 cells were treated for 72 
hours with increasing doses of (A) Droxinostat or (B) 7271570, 
the inactive control analogue for Droxinostat, and cell viability was 
then assessed using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5- 
diphenyl tetrazolium bromide) assay (Sigma). IC50 values were 
calculated using PRISM software and non linear regression 
analysis.
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6.2.2 Droxinostat down-regulates c-FLIP protein expression in 

colorectal cancer cells

HCT116 cells were treated with DMSO, 7271470 an inactive control 

analogue 550 or Droxinostat at a sub IC5o dose (Figure 6.2) of 30pM over a 

24 hour period. Western blot analysis of c-FLIP expression showed that 

following Droxinostat treatment, both splice forms of c-FLIP were down- 

regulated from as early as 6 hours post-treatment (Figure 6.3), 

recapitulating the effects of SAHA treatment. Actin expression was 

assessed as a loading control. This suggests that inhibition of HDACs 3, 6 

and 8 is sufficient to down-regulate c-FLIP expression, indicating that these 

HDACs may potentially regulate Ku70 acetylation and therefore c-FLIP 

expression.
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Figure 6.3:Droxinostat, a HDAC3, 6 and 8 specific 
HDACi down-regulates c-FLIP expression in 
colorectal cancer cells HCT116 cells were treated 
with 30pM Droxinostat, an inactive control analogue 
(7271570), vehicle control (DMSO), or an untreated 
control (CON). At 6 hr intervals over 24hrs, samples 
were collected and protein lysates resolved using SDS- 
PAGE. Expression levels of c-FLIP were assessed 
using Western blotting. Actin was used to confirm equal 
loading.
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6.2.3 Droxinostat has no effect on c-FLIP mRNA expression

HCT116 cells were treated with SOpM Droxinostat or DMSO (solvent 

control) across a 24 hour period. Samples were collected at 6 hour intervals 

and RNA extracted. cDNA was generated and quantitative PCR analysis 

demonstrated that Droxinostat did not affect c-FLIP expression at the 

mRNA level (Figure 6.4). This is in contrast with the study which initially 

identified Droxinostat, in which decreased c-FLIP expression was observed 

at mRNA level in PCS prostate cancer cells following Droxinostat treatment 

545. This demonstrates that the effect of this compound on c-FLIP protein 

expression is post-transcriptional, supporting the hypothesis that inhibition 

of HDACs 3, 6 and 8 regulates c-FLIP expression through modulating Ku70 

acetylation in colorectal cancer.
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Figure 6.4: Droxinostat has no effect on c-FLIP mRNA 
expression. HCT116 cells were treated with 30|jM Droxinostat 
or vehicle control (DMSO) over a 24h timecourse. Samples were 
collected and total RNA was isolated using the RNA STAT-60 
reagent (Biogenesis, Poole, United Kingdom). Reverse 
transcription of 2pg of RNA was carried out using a Moloney 
murine leukemia virus-based reverse transcriptase kit 
(Invitrogen). Quantitative reverse transcription-PCR (Q-PCR) 
analysis of FLIP gene expression was performed using the 
SYBR Green method. GAPDH was assessed as control.
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6.2.4 Droxinostat induces apoptosis in colorectal cancer cells

HCT116 cells were treated with SOpM Droxinostat and the inactive control 

analogue 7271570 and were collected at 6, 12, 18 and 24 hours post 

treatment. Propidium iodide staining of the DNA content of cells was carried 

out to assess the cell death induced by Droxinostat. No significant change 

in cell death was noted following vehicle control (DMSO) or 7271570 

treatment. Increases in the sub-G1 apoptotic fraction was noted as early as 

12 hours post-Droxinostat treatment (Figure 6.5), with 8% of cells in this 

sub-population. A steady increase in apoptosis over the 24 hour period was 

observed, resulting in 14% cell death after 24 hours of Droxinostat 

treatment. This increase was significant: p<0.05 determined by student t 

test. This data shows that Droxinostat induces apoptosis in a time- 

dependent manner in colorectal cells.
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Figure 6.5: Droxinostat induces apoptosis in Colorectal 
cancer cells. HCT116 cells were treated with 30pM 
Droxinostat, inactive control analogue (7271570), vehicle 
control (DMSO), or untreated (CON) over a 24h timecourse. 
Apoptosis was assessed using flow cytometry, with PI staining. 
Apoptotic levels were assessed by determining the sub-G1 
fraction. * denotes p<0.05 as determined by student t test.
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6.2.5 Droxinostat treatment induces caspase 8-dependent apoptosis 

in colorectal cancer cells

To assess the importance of the extrinsic pathway during Droxinostat - 

induced apoptotic cell death, we examined the role of caspase 8, the apical 

caspase in the death receptor pathway. Caspase 8 expression was silenced 

in HCT116 cells using targeted siRNA for 48 hours. Samples were then 

treated with 30pM Droxinostat for a further 24 hours. Apoptotic cell death 

was assessed using flow cytometry with PI staining of DNA content. An 

increase in the sub-G1 fraction, indicative of apoptosis was noted following 

Droxinostat treatment, reaching -25% in non silencing control siRNA- 

transfected cells (SC). However, by silencing caspase 8 expression, the 

apoptosis induced by Droxinostat was completely attenuated, with only -6% 

of cells in the sub-G1 fraction (Figure 6.6). This reduction in apoptosis was 

highly significant, with a p value of 0.0004 as determined by t test. This data 

indicates that caspase 8 activation is an important step during Droxinostat- 

induced apoptosis, similar to the phenotype observed following SAHA 

treatment (Figure 5.13).
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Figure 6.6: Droxinostat- induced apoptosis is dependent 
on caspase 8. HCT116 cells were transfected with 20nM 
Scrambled Control (SC) or caspase 8-targeted (siCaspase 8) 
siRNA using Oligofectamine reagent (Invitrogen). 48hr after 
transfection, cells were treated with 30mM Droxinostat for 
24hrs and apoptosis was assessed using flow cytometry, with 
PI staining. Apoptosis levels were assessed by determining 
the sub-G1 fraction. P value = 0.0004 as determined by t 
test.
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6.2.6 Caspase 8 is the proximal Caspase activated after Droxinostat 

and SAHA treatment

The cell death induced by both SAHA and Droxinostat has been 

demonstrated to be highly dependent on caspase 8 activation (Figures 5.13 

and 6.6). To further investigate the role of caspase 8 and the extrinsic 

pathway in the initiation of the apoptotic cascade following HDACi 

treatment, we preformed a ‘caspase trap’ assay 551 to determine the 

proximal activated caspase following treatment. Caspase activation induces 

a conformational change in the caspase structure, opening up the binding 

pocket into which a biotinyated derivative of the caspase inhibitor z-VAD- 

fmk can bind and prevent further caspase activation. The biotinylated z- 

VAD-fmk binds to the proximal caspase activated following cellular stress, 

and allows us to determine the proximal caspase activated following SAHA 

and Droxinostat treatment using streptavidin to precipitate z-VAD-fmk- 

bound proteins. Caspases 8 and 9 were visualised using Western blotting 

and the results indicated that the proximal caspase activated following 

treatment with SAHA and Droxinostat is Caspase 8 (Figure 6.7A). TRAIL, 

an agent known to activate the extrinsic apoptotic pathway was used as a 

positive control. The levels of caspase 8 binding compared to control were 

graphically represented using densitometry by Imaged software (Figure 

6.7B) and demonstrate that both Droxinostat and SAHA treatment activate 

caspase 8 to similar levels as TRAIL. This data provide further evidence for 

the involvement and importance of the extrinsic pathway following HDACi 

treatment.
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Figure 6.7: Caspase 8 is the proximal caspase activated 
following Droxinostat treatment. (A) HCT116 cells were 
pretreated for 2 hours with biotinylated z-VAD-fmk (MP 
Biomed) before treatment with 1pM SAHA, 30pM Droxinostat 
or 5ng/mL TRAIL for 4 hours. Lysates were collected and the 
initiator caspase isolated by caspase trap assay. Caspases 
were then visualised by Western blotting. (B) Procaspase 8 
binding levels in all four treatment groups were graphically 
represented by densitometry using Imaged software.
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6.2.7 The down-regulation of c-FLIP in response to Droxinostat is not 

due to caspase cleavage or apoptosis induction

To ensure that the degradation of c-FLIP in response to Droxinostat was not 

due to the activation of caspases and apoptosis induction, we utilised the 

caspase inhibitors lETD-fmk and z-VAD-fmk. Caspases have substrate- 

specific catalytic motifs that have been highly conserved and allow the 

development of inhibitors that compete for caspase binding 552. lETD-fmk is 

a caspase 8 inhibitor, whereas z-VAD-fmk is a pan-caspase inhibitor. 

HCT116 cells were pre-treated with these inhibitors for 1 hour prior to 

Droxinostat treatment and samples collected. Caspase inhibition was 

confirmed by the lack of PARR cleavage following Droxinostat treatment in 

lETD-fmk and z-VAD-fmk treated samples. c-FLIP expression was also 

assessed; its down-regulation following Droxinostat treatment was still 

observed in lETD-fmk and z-VAD-fmk treated samples (Figure 6.8), 

indicating that the degradation of c-FLIP occurs prior to the activation of 

caspases following HDAC inhibition.
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Figure 6.8: Droxinostat-mediated down-regulation of c- 
FLIP precedes caspase activation and induction of 
apoptosis. FICT116 cells were pre-treated with 10pM Pan- 
Caspase inhibitor, BOC-fmk or Caspase 8 inhibitor, lETD-fmk 
(Calbiochem) for 1 hour. Treatment with DMSO or 
Droxinostat followed for 24hrs. Samples were collected and 
protein lysates resolved using SDS-PAGE. Expression of c- 
FLIP and PARP were visualised by Western blotting. PARP 
cleavage indicates apoptosis. Actin was used to confirm 
equal loading.
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6.2.8 Apoptosis induced by Droxinostat treatment is dependent on 

Death Receptor 5 expression

The involvement of the extrinsic pathway in Droxinostat-induced apoptosis 

was further assessed by determining the role of the TRAIL death receptors. 

Using siRNA to silence the expression of Death Receptor 4 (DR4), Death 

Receptor 5 (DR5) or a combination of both, we assessed the impact of loss 

of expression these receptors on Droxinostat-induced apoptosis. Following 

transfection with 20nM siRNA for 48 hours, 30pM Droxinostat was added 

for 24 hours and apoptosis induction assessed by flow cytometry. An 

increase in the sub-G1 fraction to ~36% was observed following Droxinostat 

treatment in cells transfected with a non-silencing control siRNA (SC) 

(Figure 6.7). Down-regulation of DR4 had a non-significant effect on 

apoptosis induction, with -27% of population in apoptotic fraction (p=0.067). 

Down-regulation of DR5 expression significantly decreased Droxinostat- 

induced apoptosis, with only -18% of cells in the apoptotic fraction 

(p=0.019). The combined down-regulation of both DR4 and DR5 completely 

attenuated Droxinostat induced apoptosis, with -12.5% apoptosis 

(p=0.014), which was similar to the levels in the untreated samples. This 

further confirms the involvement and importance of the extrinsic apoptotic 

pathway following Droxinostat treatment.
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Figure 6.9: Droxinostat-induced apoptosis is dependent 
on the expression of TRAIL receptors DR5 and DR4.
HCT116 cells were transfected with 20nM siRNA targeted 
against TRAIL receptor 4 (DR4), TRAIL receptor 5 (DR5), a 
combination of both DR4 and DR5 or a Scrambled control. 
48h post transfection, cells were drugged with 30pM 
Droxinostat. 24h after Droxinostat treatment, samples were 
collected and apoptosis analysed by flow cytometry with PI 
staining. Apoptotic population was indicated by Sub-G1 
fraction. P values determined by t test, * denotes p value 
<0.05, ns denotes non significant.
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6.2.9 Overexpression of c-FLIPl inhibits Droxinostat induced 

apoptosis

FL17 c-FLIPl overexpressing cells were used to assess the effect of c-FLIP 

overexpression on Droxinostat-induced apoptosis. Following treatment with 

increasing doses of Droxinostat from 10pM to 60pM for 24 hours, samples 

were collected and c-FLIP expression was determined by Western blotting. 

In the parental HCT116 cells, c-FLIPl and c-FLIPs expression was 

decreased with the lowest dose of Droxinostat, 10pM (Figure 6.10A). In 

FL17 cells, c-FLIPs expression was decreased at this concentration, 

however c-FLIPl was not down-regulated in response to Droxinostat 

treatment, even at the highest concentration of 60pM. Importantly, the 

apoptotic cell death induced by Droxinostat was completely attenuated by c- 

FLIPl overexpression, with only ~6% apoptosis noted in the FL17 cells 

compared to -17% in the parental cell line (Figure 6.1 OB). This reduction in 

apoptosis was determined to be significant, with a p value of 0.0246 

calculated by t test. This evidence supports the importance of c-FLIP down- 

regulation in the apoptosis induced by Droxinostat treatment and 

phenocopies the response of colorectal cancer cells to SAHA treatment 

(Section 5.3). Moreover, given that c-FLIP is overexpressed in colorectal 

cancer 297, the overexpression of this anti-apoptotic protein may attenuate 

the response of colorectal cancer to this class of HDAC inhibitor. It is 

possible that the expression levels of c-FLIP may predict the levels of 

apoptotic cell death achieved by HDAC inhibition.
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Figure 6.10: Exogenous over-expression of FLIP(L) 
prevents Droxinostat mediated FLIP down-regulation and 
apoptosis induction. (A) Parental and FLIP Long over
expressing (FL17) HCT116 cells were treated with increasing 
doses of Droxinostat for 24 hours and samples collected. 
Protein lysate was resolved using SDS-PAGE and c-FLIP 
expression visualised by Western blotting. Actin was used to 
ensure even loading.(B) Parental and FL17 HCT116 cells were 
treated with 30pM Droxinostat for 24h before apoptosis was 
assessed by flow cytometry with PI staining. Apoptosis was 
determined by the sub-G1 fraction. * denotes p<0.05 as 
determined by student t test.
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6.3 Characterisation of Tubacin, a HDAC6 specific inhibitor

6.3.1 Tubacin down-regulates c-FLIP expression

HDAC6 is a class IIB HDAC that is predominantly localised in the cytoplasm 

and regulates the acetylation status of tubulin and other cytoplasmic 

proteins such as HSP90553. Tubacin has been developed as an HDAC 

inhibitor that specifically targets HDAC6, particularly the catalytic domain 

that possesses tubulin deacetylase activity546. HCT116 cells were treated 

with increasing doses of Tubacin for 6 hours to determine the effect of 

HDAC6 inhibition on c-FLIP expression. SAHA was included as a positive 

control for c-FLIP degradation. Treatment with 2.5pM Tubacin caused a ~2- 

3-fold down-regulation of c-FLIP expression, while at 5pM and 10pM 

concentrations, significant down-regulation of both c-FLIP splice forms was 

observed to levels comparable to that observed in response to SAHA 

(Figure 6.11 A). The extent of c-FLIP degradation was demonstrated by 

densitometry, with the expression of c-FLIPl represented as a fraction of 

untreated control for each sample (Figure 6.11B). We also assessed the 

acetylation of histone H4 and a tubulin to determine the selectivity of 

Tubacin for HDAC6, as these are markers of nuclear and cytoplasmic 

HDAC inhibition respectively. Significantly less histone H4 acetylation was 

observed following Tubacin treatment than in response to SAHA, consistent 

with specificity of this agent for HDAC6.
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Figure 6.11: Tubacin, a HDAC6 specific inhibitor down- 
regulates c-FLIP expression. (A) HCT116 cells were 
treated with increasing concentrations of Tubacin, or 2.5(iM 
SAHA, DMSO and an untreated control. Samples were 
collected and resolved using SDS-PAGE. Expression of c- 
FLIP, acetylated aTubulin and acetylated H4 was assessed 
by Western blotting., with Actin used as loading control. (B) 
Expression of c-FLIP long was determined by densitometry 
using Imaged software and represented as fraction of 
control.
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The effect of Tubacin treatment on c-FLIP mRNA expression was 

examined. HCT116 cells were treated with 10pM Tubacin for 6 hours and 

RNA was isolated. cDNA was generated and quantitative PCR was 

performed to analyse total c-FLIP mRNA expression. No significant 

changes in c-FLIP mRNA expression were observed following Tubacin 

treatment (Figure 6.12). GAPDH was assessed as control. The difference in 

expression was determined to be non-significant by t test, with a p value of 

0.0711. This again indicates that the regulation of c-FLIP expression by 

Tubacin is through a post-transcriptional mechanism.
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Figure 6.12: Tubacin, a HDAC6 specific inhibitor has 
no effect on c-FLIP mRNA expression. HCT116 cells 
were treated with iOpM Tubacin for 6h. Samples were 
collected and total RNA was isolated using the RNA STAT- 
60 reagent (Biogenesis, Poole,United Kingdom). Reverse 
transcription of 2pg of RNA was carried out using a 
Moloney murine leukemia virus-based reverse 
transcriptase kit (Invitrogen). Quantitative reverse 
transcription-PCR (Q-PCR) analysis of FLIP gene 
expression was performed using the Taqman method. 
GAPDH was assessed as control. P value = 0.0711 as 
determined by t test.
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6.3.2 MS-275, an inhibitor of HDAC1, 2 and 3 has no effect on c-FLIP 

expression

MS-275 (Entinostat) is an HDAC inhibitor specifically targeted against 

HDAC1, HDAC2 and HDAC3, but not HDAC6. HCT116 cells were treated 

for 6 hours with 1pM MS-275 and samples were then collected. Protein 

expression was determined by Western blotting. Treatment with MS-275 

had no effect on c-FLIP expression compared to DMSO vehicle control 

(Figure 6.13). No acetylation of a tubulin was observed, indicating no 

cytoplasmic FIDAC inhibition; however, significant increases in histone F14 

acetylation were observed indicative of nuclear HDAC inhibition. This 

indicates that the inhibition of HDAC1, 2 and 3 have no effect on c-FLIP 

expression, further implicating HDAC6 as the key HDAC involved in 

regulating c-FLIP expression in colorectal cancer cells.
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Figure 6.13: MS-275, a non FIDAC6 targeting HDACi 
has no effect on c-FLIP expression. HCT116 cells were 
treated with 1pM Entinostat (MS-275) or vehicle control 
(DMSO) for 6 hours. Samples were collected and resolved 
using SDS-PAGE. Expression of c-FLIP, acetylated a 
tubulin, and acetylated H4 was assessed by Western 
blotting. Actin was used to confirm equal loading.
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6.3.3 Tubacin induces apoptosis in colorectal cancer cells

To assess apoptosis induction, cells were treated with 10pM Tubacin for 24 

hours and assessed by flow cytometry using Annexin V staining. Previously 

we determined the apoptotic fraction of population using PI staining and 

assessment of the sub-G1 population, however the structure of Tubacin 

means that it auto-fluoresces at the wavelengths used to detect PI, 

therefore we determined the apoptotic population by Annexin V staining. 

Annexin V binds to phosphatidylserine when it is externalised following 

induction of apoptosis 554. An increase in the Annexin V positive population 

from ~9% to -26% was observed following Tubacin treatment, and this 

increase was determined to be significant by t test, with a p value of 0.026 

(Figure 6.14)
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Figure 6.14: Tubacin induces apoptosis in CRC. HCT116 
cells were treated with lOpM Tubacin for 24h. Samples 
were collected and apoptosis assessed using Flow 
cytometry with Annexin V staining. The apoptotic population 
was indicated by Annexin V positive fraction. P value = 
0.026 as determined by t test.
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6.3.4 Overexpression of c-FLIPl inhibits Tubacin-induced c-FLIP 

degradation and apoptosis

Tubacin treatment down-regulates c-FLIP expression and subsequently 

induces apoptosis in HCT116 cells. To determine the importance of c-FLIP 

degradation in Tubacin-mediated cell death, we compared the effect of 

Tubacin treatment on the parental and FL17 c-FLIPl overexpressing 

HCT116 cells. The treatment of the parental HCT116 cells with 10pM 

Tubacin down-regulated the expression of both c-FLIP splice forms (Figure 

6.15A). Although c-FLIPs was down-regulated in response to Tubacin in the 

FL17 cell line, c-FLIPl expression was actually increased; we speculate that 

this is again due to the activation of the CMV promoter of the c-FLIPl trans

gene, which was also observed following treatment with SAHA and 

Droxinostat.

To determine the effect of c-FLIPl overexpression on Tubacin-induced cell 

death, we assessed the apoptosis induction following treatment with 10pM 

Tubacin for 24 hours. The overexpression of c-FLIPl significantly reduced 

the apoptosis induced by Tubacin, from -26% in the parental cell line to 

-12% in the FL17 cell line (Figure 6.13B). This reduction was determined to 

be significant by t test, with a p value of 0.016. c-FLIP down-regulation is 

therefore a critical determinant of apoptosis induction in response to 

Tubacin treatment. The apoptotic phenotype observed following Tubacin 

treatment in HCT116 cells is therefore exactly like that following SAHA and 

Droxinostat treatment: an apoptotic response mediated through the extrinsic
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Figure 6.15: Tubacin-induced apoptosis is 
dependent on down-regulation of c-FLIP. HCT116 
cells were treated with 10pM Tubacin for 24h. Samples 
were collected for protein expression and apoptosis 
induction. (A) Proteins were resolved using SDS-PAGE 
and c-FLIP expression assessed by Western blotting. 
Actin was used to confirm equal loading. (B) Apoptosis 
was assessed using Flow cytometry with Annexin V 
staining. The apoptotic population was indicated by 
Annexin V positive fraction. * denotes p<0.05 as 
determined by student t test.
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6.3.5 The inhibition of HDAC6 increases acetylation of Ku70

SAHA, Droxinostat and Tubacin all have the ability to down-regulate c-FLIP 

expression and subsequently induce apoptosis in colorectal cancer cells. In 

chapter 3, we demonstrated an interaction between c-FLIP and Ku70 that 

regulates c-FLIP expression. To investigate whether the degradation of c- 

FLIP following treatment with HDAC inhibitors Droxinostat and Tubacin was 

through the same mechanism as that of SAHA, we assessed the affect of 

each inhibitor on Ku70 acetylation. As expected, acetylation of Ku70 was 

increased following SAHA treatment. (Figure 6.16). Similarly, both 

Droxinostat and Tubacin also increased the levels of Ku70 acetylation. This 

further suggests that HDAC6 is the key HDAC in regulating Ku70 

acetylation status and therefore c-FLIP expression in colorectal cancer 

cells.
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Figure 6.16: Droxinostat and Tubacin cause acetylation of 
Ku70. HCT116 cells were treated with 1pM SAHA, 30pM 
Droxinostat (Drox) and 10pM Tubacin (TUB) for 2h. Samples 
were collected and protein lysates were incubated with Sheep 
anti-Rabbit dynalbeads (Invitrogen) pre-conjugated to pan- 
acetylated lysine antibody (Cell Signalling) for 4h. 
Immunoprecipitates were resolved using SDS-PAGE and Ku70 
expression was visualised by Western blot. Whole cell lysate 
(WCL) was included to confirm size. Inputs were assessed to 
ensure equal expression of Ku70.
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6.4 Discussion

In chapter 3, an acetylation-dependent complex between c-FLIP and Ku70 

was identified that regulates c-FLIP stability and degradation via the UPS in 

colorectal cancer cells. The modulation of the stability of this complex was 

demonstrated to be affected by Ku70 acetylation following treatment with 

the pan-HDAC inhibitor SAHA. CBP and PCAF are histone acetyl- 

transferases documented to regulate Ku70 acetylation 375, and Ku70 has 

recently been reported as a substrate for HDAC6555. However, at this 

juncture we did not know which deacetylase was important for Ku70 

acetylation and c-FLIP mediated degradation in colorectal cancer cells. 

SAHA is a pan-HDAC inhibitor that targets both class I and II HDACs 556 

potently inhibiting HDACs 1-3 and 6, and to a lesser extent HDACS. In an 

attempt to determine the HDAC involved in regulating Ku70 acetylation, we 

used HDAC inhibitors targeting specific HDAC isoforms. Droxinostat, 

although less potent, has a narrower range of specificity, targeting HDAC3, 

6 and 8 544. Tubacin is reportedly more specific, targeting only cytoplasmic 

HDAC6 546, not the nuclear HDACs. Entinostat (MS-275) targets only 

nuclear class I HDACs 1-3 556. Since pan-HDAC inhibitors target multiple 

HDAC isoforms, they can cause a wide variety of biological effects 411 557. 

This may result in a relatively small therapeutic window due to effects on 

multiple pathways, some of which are required in normal cells. One of the 

aims therefore of current HDAC research is to develop isoform-selective
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HDAC inhibitors, with similar anticancer effects but more limited side-effects 

at therapeutically relevant doses.

Droxinostat, as mentioned in the introduction, was originally discovered in a 

small molecule screen for compounds that sensitised to Fas and TRAIL 

mediated apoptosis545. Importantly, it was demonstrated to down-regulate c- 

FLIP expression in PCS prostate cancer cells. Furthermore, it was then 

identified as an inhibitor of HDAC 3, 6 and 8 544. In an attempt to narrow 

down the candidate HDACs involved in regulating Ku70 acetylation and the 

c-FLIP-Ku70 complex, we used this more specific HDAC inhibitor. 

Droxinostat caused the down-regulation of c-FLIP protein from 6 hours 

post-treatment with a sub-IC5o dose, mirroring the down-regulation 

observed following SAHA treatment, indicating that one or more of the 

HDACs inhibited by Droxinostat is involved in regulating c-FLIP expression 

in colorectal cancer cells. This degradation was determined to be through a 

post-transcriptional mechanism, as there was no effect observed at the 

mRNA level. This is in contrast to the study that initially identified this 

compound, where they demonstrated down-regulation of c-FLIP mRNA 

following Droxinostat treatment in the prostate cancer cell line PCS 545. This 

demonstrates the importance of cellular context in response to HDAC 

inhibition. Following down-regulation of c-FLIP expression in response to 

Droxinostat, we observed an induction of apoptosis. This apoptosis was 

determined to be highly dependent on caspase 8 activation, indicating the 

involvement of the extrinsic apoptotic pathway in regulating Droxinostat- 

mediated apoptosis in colorectal cancer cells. In addition, using the caspase 

trap assay, caspase 8 was determined to be the proximal caspase activated
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in response to Droxinostat treatment; this has also been demonstrated to be 

the apoptotic pathway induced when c-FLIP expression is silenced using 

siRNA 508. To ensure that the down-regulation of c-FLIP was not due to an 

induction of apoptosis and subsequent non-specific degradation of proteins, 

z-VAD-fmk and lETD-fmk were used to prevent caspase activation and 

apoptosis induction. Despite the lack of caspase activation, confirmed by 

the lack of PARP cleavage, we continued to observe down-regulation of c- 

FLIP expression following Droxinostat treatment. This indicates that the 

degradation of c-FLIP precedes the activation of caspases and apoptosis 

induction in colorectal cancer cells. To further confirm the involvement of 

the extrinsic apoptotic pathway, the importance of the TRAIL death 

receptors was assessed. DR5 and to a lesser extent DR4 were found to be 

important mediators of Droxinostat-mediated apoptosis, again confirming 

that the extrinsic apoptotic pathway is important in mediating the 

Droxinostat response. Furthermore, this recapitulates the phenotype 

demonstrated by both c-FLIP siRNA101 296, 504 and SAFIA treatment in 

colorectal cancer cells. The importance of c-FLIP degradation in the 

apoptosis induced was directly confirmed, as overexpression of c-FLIPl 

again significantly attenuated apoptosis induced by Droxinostat, as it does 

following SAHA treatment. Taken together, these data demonstrate that 

through the selective inhibition of HDAC 3, 6 and 8 in colorectal cancer 

cells, induction of caspase 8-dependent apoptosis is induced following the 

down-regulation of c-FLIP. Moreover, the Droxinostat data suggest that 

HDAC3, 6 and/or 8 can regulate the acetylation of Ku70 and thus the 

stability and expression of c-FLIP.
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The data with Droxinostat demonstrated that through the selective inhibition 

of HDAC3, 6 and 8 we can modulate c-FLIP expression and induce 

caspase 8 and c-FLIP dependent apoptosis in colorectal cancer cells. This 

suggested that FIDAC3, 6 or 8 may have been key in regulating c-FLIP 

expression, possibly through the modulation of the c-FLIP-Ku70 complex.

The post-translational modification and degradation of c-FLIP following 

SAHA treatment was demonstrated to be dependent on the UPS. HDAC6 

therefore seemed like an attractive candidate to regulate c-FLIP expression 

due to its role in protein regulation360 558 559. Tubacin therefore was used to 

inhibit HDAC6 in colorectal cancer cells and the resulting phenotype 

observed. Following Tubacin treatment, degradation of c-FLIPl and c-FLIPs 

was observed, similar to the degradation levels induced by SAHA. 

Acetylation of a tubulin was consistent with HDAC6 inhibition, and 

acetylation of histone H4 (a marker of nuclear HDAC inhibition) was 

markedly reduced. Furthermore, the inhibition of HDAC6 had no effect on 

the mRNA expression of c-FLIP, confirming post-transcriptional regulation 

of expression. This is significant, as the isoform selective HDAC6 inhibitor 

can induce c-FLIP degradation, suggesting HDAC6 as a key HDAC in 

regulating c-FLIP expression. To further confirm the importance of HDAC6 

targeting in c-FLIP degradation, MS-275 (Entinostat) was also assessed. 

Entinostat selectively inhibits HDACs 1-3, but doesn’t target HDAC6. No 

change in c-FLIP expression was observed following entinostat treatment 

suggesting that HDACs 1-3 are not involved in regulating c-FLIP 

expression, strengthening the case for HDAC6.
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This is the first time HDAC6 has been shown to regulate apoptotic cell 

death by the modulation of c-FLIP expression. Moreover, the apoptosis 

induced by Tubacin treatment was highly dependent on the degradation of 

c-FLIP, similar to the phenotype observed with SAHA and Droxinostat. In 

addition, it was demonstrated that both Droxinostat and Tubacin increase 

the acetylation levels of Ku70, and are thereby likely to disrupt the c-FLIP- 

Ku70 complex leading to degradation of c-FLIP and induction of apoptosis. 

This was evidence that HDAC6 has the ability to regulate the acetylation 

status of Ku70, and Ku70 was subsequently reported to be a substrate of 

HDAC6555., Regulation of Ku70 acetylation prevents apoptosis induction 

through the stabilisation of c-FLIP expression, and possibly through the 

sequestration of pro apoptotic Bax.

Narrowing down the HDAC involved, from the numerous HDACs inhibited 

by SAHA to HDAC6 inhibited by Tubacin, whilst retaining the ability to 

induce apoptotic cell death is an important result. HDAC inhibitors targeted 

against specific isoforms may have less potential for unwanted side-effects, 

so to retain the ability to induce cancer cell death while decreasing the off- 

target effects may result in improved clinical effectiveness. Normal cells are 

considerably more resistant to HDAC inhibition that tumour cells416 and 

normal cells are not as dependent on c-FLIP expression for survival 

compared to tumour cells560. Furthermore, a common finding is that higher 

level of expression of HDAC isoenzymes412, and a higher level of histone 

acetylation in normal colon epithelium compared to adenoma561. Therefore,
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a higher level of HDAC6 expression in cancer cells may provide therapeutic 

advantage over normal cells.

However, we have not examined the effect of specific HDAC6 inhibition in 

normal cells, and there are mixed opinions as to the benefit of such specific 

HDAC inhibitors562. Further work is needed to determine the benefit of an 

isoform selective inhibitor in vitro and in vivo.

The determination of HDAC6 as a key HDAC involved in regulating Ku70 

acetylation and c-FLIP expression in colorectal cancer is an important 

finding. It may allow us to target the expression of c-FLIP in vivo through the 

modulation of Ku70 acetylation and the subsequent induction of apoptosis. 

Overexpression of c-FLIP attenuated the apoptosis induction of both pan 

HDAC- and isoform selective HDAC6- inhibition. This correlates with 

previous data from our group where we demonstrated that overexpression 

of c-FLIP attenuated chemotherapy induced apoptosis in colorectal 

models101. In addition, c-FLIP overexpression has been noted in several 

malignancies, and is an adverse prognostic marker in colorectal cancer297. 

This demonstrates that c-FLIP expression may be a predictive marker of 

response to HDAC6-targeted therapies in colorectal cancer.

219



Chapter 7: Summary and Future Directions



Summary and Future Directions

7.1 Summary

Cancer is a genetic disease, caused by disruptions in the regulatory 

mechanisms that govern the processes of renewal, differentiation and cell 

death563. Key changes must take place to result in the development of a 

self-sufficient malignancy. These changes are termed the Hallmarks of 

Cancer3 4. One of the key hallmarks of cancer described by Hanahan and 

Weinberg is the ability of cancer cells to evade apoptosis, through the 

manipulation of pro- and anti- apoptotic signals3. Evasion of apoptosis 

contributes significantly to the problem of drug resistance in cancer 

therapy83. Drug resistance is one of the major reasons for the failure of anti

cancer treatment, with dysfunctional cell death leading to the inability of 

current therapies to effectively eliminate tumours. Cancer cells often 

interfere with the apoptotic cascade through the alteration in the expression 

or mutation of proteins that regulate cell death. Therefore, much current 

research is aimed at developing therapies that target apoptosis either 

directly or indirectly, thereby overcoming this aspect of drug resistance.

c-FLIP is an anti-apoptotic protein that is frequently overexpressed in a 

variety of tumour types and has been implicated in drug resistance564, c- 

FLIP is an attractive therapeutic target as our group and others have 

demonstrated that silencing the expression of c-FLIP induces apoptosis in 

models of colorectal101, breast103, prostate279 and pancreatic cancers, as
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well as AML and mesothelioma (not yet published). Moreover, c-FLIP has 

been demonstrated to be an independent adverse prognostic marker in 

colorectal cancer297 and a key regulator of colorectal cell death in the 

context of treatment with standard chemotherapeutic agents 296. Therefore 

the targeting of c-FLIP in a colorectal cancer setting could lead to improved 

therapeutic responses to chemotherapy. However, the clinical targeting of 

c-FLIP is difficult due to the current lack of crystal structure for the human 

protein and its lack of enzymatic activity that would facilitate high throughput 

screening for small molecule inhibitors.

In order to understand more about c-FLIP biology, our group conducted a 

Yeast-2-Hybrid experiment to identify novel binding partners of c-FLIP. The 

screen identified a number of known c-FLIP binding partners including 

FADD and TRAF2 as well as novel binding partners such as Ku70. Ku70 is 

a protein that, as part of the Ku heterodimer 488, is involved in the repair of 

DMA damage by Non-Homologous End Joining487. Ku70 is therefore a 

critical component of the DMA repair machinery and lack of its expression or 

inhibition of its activity results in hypersensitivity to DMA damage490 491. 

Moreover, overexpression of Ku70 has been associated with resistance to 

radiotherapy492. In addition, an interaction between Ku70 and the pro- 

apoptotic protein Bax was identified494. By interacting with Bax, Ku70 

inhibits apoptosis induction by suppressing Bax translocation to the 

mitochondria494. This interaction was also reported to regulate Bax 

expression by inhibiting its ubiquitination and turnover by the
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proteasome495. Ku70 was also identified as a target for post-translational 

modification by acetylation. Ku70 can be acetylated by the histone 

acetyltransferases (HATs) CBP and PCAF375, and this acetylation disrupts 

its interaction with Bax thereby triggering Bax translocation to the 

mitochondria and apoptosis induction.

To understand more about the biology of the c-FLIP-Ku70 interaction, we 

determined the regions important for regulating the interaction in both c- 

FLIP and Ku70. Through the generation of deletion mutants of Ku70, we 

determined that c-FLIP interacted with a region of Ku70 from amino acids 

430 to 496. Interestingly, this region has been demonstrated as being 

important for the heterodimerisation of Ku70 with Ku86 to form the Ku 

protein complex489. The significance of c-FLIP binding in this region has yet 

to be elucidated, however if it disrupts the Ku70-Ku86 interaction, it could 

be important in determining the function of Ku70 protein in DNA repair. The 

c-FLIP interface was assessed by peptide array and alanine substitution 

experiments. These assays identified residues in the DED2 region of c-FLIP 

that are potentially important for Ku70 binding. The locations of these 

residues were then visualised using a homology model of c-FLIPs based on 

the structure of viral c-FLIP503. This model identified two candidate residues 

that were surface exposed and so available for forming protein-protein 

interactions. The other potential residues were predicted to be buried in the 

DED2 structure and were therefore not likely candidates for mediating inter- 

molecular protein-protein interactions. The surface exposed residues, R122
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and Y119, were then further assessed, and it was determined that R122 

was a critical residue for interaction, whereas Y119 appeared to be non- 

critical. Interestingly, the mutation of R122 to alanine had no effect on the 

binding of FADD and procaspase 8 to c-FLIP despite this residue being 

located adjacent to the 'hydrophobic patch’ region of c-FLIP that mediates 

its interaction with FADD503. Thus, the interaction of c-FLIP with Ku70 may 

have no effect on its ability to be recruited to the DISC.

To determine the relevance of the interaction between c-FLIP and Ku70, we 

looked at how loss of Ku70 affected c-FLIP expression. Silencing Ku70 by 

siRNA resulted in down-regulation of c-FLIP expression that was 

subsequently determined to be due to increased ubiquitination of both c- 

FLIP isoforms followed by degradation via the UPS. We conclude that, at 

least in colorectal cancer cells, Ku70 regulates c-FLIP expression by 

preventing its ubiquitination and degradation. These results confirmed that 

Ku70 has a role in mediating c-FLIP expression, and as such could be a 

better therapeutic target than c-FLIP.

Studies by Subramanian et a/.431 demonstrated that the increased 

acetylation of Ku70 caused by HDAC inhibitor treatment can induce 

apoptosis mediated by Bax and the mitochondrial apoptotic pathway431. 

HDAC inhibitors are an emerging class of therapeutics that target histone 

deacetylase (HDAC) activity, inhibiting the action of these enzymes and
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resulting in a global increase in acetylation333. HDAC inhibitors are currently 

in clinical development in solid and haematological malignancies412 565 and 

Vorinostat (SAHA) has been FDA approved for the treatment of CTCL450. 

This discovery of Ku70 as a non-histone protein target of HDACs, and the 

potential of Ku70 acetylation to be induced by HDAC inhibitors led us to 

examine how these agents regulate c-FLIP expression in colorectal cancer. 

HDAC inhibitors have been reported to regulate c-FLIP expression in a 

variety of disease settings426 and modulate the apoptotic response via the 

Death Receptor pathway418. Therefore, the role of acetylation in regulating 

the c-FLIP-Ku70 interaction was investigated. It was found that SAHA, 

which is a pan-HDAC inhibitor targeting class I and II HDACs412, disrupted 

the c-FLIP-Ku70 interaction by increasing the levels of Ku70 acetylation. 

Following loss of its interaction with Ku70, c-FLIP was found to be 

polyubiquitinated and degraded via the UPS. This result has therapeutic 

potential for therapeutic targeting of c-FLIP expression. The importance of 

Ku70 acetylation in mediating the interaction between Ku70 and c-FLIP was 

further confirmed by the generation of Ku70 mutants that mimicked 

constitutive acetylation at lysine residues in the linker region of Ku70. We 

demonstrated that acetylation of lysines K539 or K542 disrupted the binding 

between c-FLIP and Ku70, demonstrating that acetylated Ku70 can no 

longer interact efficiently with c-FLIP. We hypothesised that this was due to 

a conformational change that was induced when the linker region of Ku70 

became acetylated, resulting in disruption of the c-FLIP binding site.
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HDAC inhibitors have multiple mechanisms of action and therefore can 

induce apoptosis in a number of ways 427. To demonstrate that c-FLIP 

down-regulation following HDAC inhibitor treatment was a key event in 

inducing apoptosis in response to these agents, we assessed the 

dependency of HDAC inhibitor-induced apoptosis on components of the 

death receptor pathway. c-FLIP was the only apoptotic protein with 

significant alterations in expression at early timepoints following HDAC 

inhibition, and the mitochondrial-dependent caspase, caspase 9 had no 

significant effect on apoptosis induction. This suggested that SAHA was 

exerting its apoptotic effects through the modulation of c-FLIP expression 

and subsequent activation of death receptor-mediated apoptosis. This 

phenocopies the effects observed following loss of Ku70 expression and 

also correlates with the mechanism of apoptosis induced following c-FLIP 

silencing by siRNA296.

c-FLIP down-regulation in response to SAHA treatment was also observed 

in vivo, and the tumour retardation caused by SAHA was attenuated by c- 

FLIP overexpression. In addition, SAHA treatment was also demonstrated 

to potentiate the apoptotic effects of TRAIL and chemotherapy in colorectal 

cancer cells, indicating its potential role in combination therapies as a way 

for overcoming c-FLIP-mediated drug resistance. Overexpression of c-FLIP 

has been recorded in several tumour types and could possibly be a 

biomarker of response to SAHA.
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Ku70 is known to be acetylated by the HATs CBP and PCAF375, however 

the HDACs involved in regulating Ku70 de-acetylation were at the time of 

this study unknown. Therefore, using HDAC-selective inhibitors, we aimed 

to identify the HDACs involved in the deacetylation of Ku70. SAHA is a pan 

HDAC inhibitor that targets class I and II HDACs, including nuclear 

(HDAC1, 2, 3 and 8) and cytoplasmic (HDAC6) deacetylases544. To narrow 

down our candidate list we first used a HDACS, 6 and 8-selective inhibitor, 

Droxinostat. Droxinostat was first identified as an agent that selectively 

sensitizes PCS prostate cancer cells to Fas and TRAIL by downregulating 

c-FLIP mRNA expression545. Treatment of colorectal cancer cell lines with 

Droxinostat resulted in decreased c-FLIP expression and subsequent 

induction of apoptotic cell death. The apoptosis was demonstrated to be 

highly dependent on caspase 8 activation, and caspase 8 was determined 

to be the proximal caspase activated by SAHA and Droxinostat treatment 

using a Caspase Trap assay551. Furthermore, the induction of cell death 

was dependent on c-FLIP degradation, with overexpression of c-FLIP 

attenuating Droxinostat-induced apoptosis. However, we observed no 

significant effect of Droxinostat on c-FLIP mRNA levels, contrary to the 

study which initially identified Droxinostat. siRNA experiments indicated the 

dependence of Droxinostat-induced apoptosis on caspase 8 and the TRAIL 

receptors, particularly DR5. This data allowed us to conclude that HDACS, 6 

or 8 may be involved in the regulation of c-FLIP expression.
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Both SAHA and Droxinostat inhibit the predominantly cytoplasmic 

HDAC6412,544, which plays a key role in mediating protein turnover357,379,566, 

and therefore we hypothesised that HDAC6 was important in regulating c- 

FLIP expression. To test this hypothesis, we used a HDAC6 selective 

inhibitor, Tubacin546 567. Due to a limited supply of Tubacin, we had to 

carefully select which experiments to focus on. Tubacin was found to post- 

transcriptionally down-regulate c-FLIP expression and induce apoptosis in a 

c-FLIP-dependent manner. Moreover, MS-275, an inhibitor of HDAC1-3, but 

which has no HDAC6 inhibitory activity, had no effect on c-FLIP expression, 

suggesting that inhibition of these nuclear HDACs is not necessary for post- 

transcriptional down-regulation of c-FLIP. From this data, we conclude that 

HDAC6 is the primary HDAC involved in the regulation of c-FLIP 

expression. We then assessed whether the mechanism of degradation 

involved Ku70 acetylation, and found that both Droxinostat and Tubacin 

treatment resulted in increased levels of acetylated Ku70. This data 

confirmed that inhibition of HDAC6 is sufficient to induce Ku70 acetylation 

and degradation of c-FLIP protein leading to induction of apoptotic cell 

death.

HDAC inhibitors are in clinical development for both haematological and 

solid malignancies, however a global increase in acetylation is believed to 

be associated with increased off-target effects and therefore dose-limiting 

toxicities 412. It is hypothesized that the development of more selective 

HDAC inhibitors will reduce the side-effects associated with this class of
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agent without losing the clinical efficacy. Thus, the data presented in this 

thesis that HDAC6 regulates the c-FLIP-Ku70 interaction and subsequently 

regulates apoptosis induction in response to HDAC inhibitors provides a 

rationale for the development and characterisation of HDAC6 specific 

inhibitors. Furthermore, there are a current lack of biomarkers of response 

for HDAC inhibitors. HR23B has been reported to be a predictive biomarker 

in CTCL568, however we have found that it plays no role in HDAC inhibitor- 

induced c-FLIP down-regulation and apoptosis induction in CRC models 

(Figure 7.1), suggesting that it may not act as a predictive marker in all 

disease settings. In contrast, c-FLIP expression is a critical determinant of 

sensitivity to HDAC inhibition in vitro and may be a more suitable marker of 

sensitivity to HDAC inhibitor-induced cell death in the colorectal cancer 

setting.

In conclusion, we have identified a novel interaction between c-FLIP and 

Ku70 that regulates the expression of c-FLIP in colorectal cancer cells. 

Furthermore, the acetylation-dependent nature of this interaction suggests 

that c-FLIP expression may be targeted through the use of clinically 

relevant inhibitors of HDACs, effectively enabling us to target c-FLIP 

therapeutically.
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7.2 Future Directions

c-FLIP is a major anti-apoptotic protein that blocks activation of death 

receptor-mediated apoptosis by preventing the complete processing and 

thus activation of caspase 8 at the DISC259 267. Previous research from our 

group has demonstrated c-FLIP to be a key mediator of cell death and 

sensitivity to chemotherapy in various cancer cell line models101 103 296 504 

560. Furthermore, c-FLIP expression was determined to be an independent 

adverse prognostic marker in colorectal cancer297. Importantly, normal cells 

do not appear to be as dependent on c-FLIP for survival to the same extent 

as cancer cells560. Collectively these results and those of others indicate 

that c-FLIP is a critical determinant of cancer cell survival and contributes 

significantly to drug resistance. As such, the pharmacological inhibition of c- 

FLIP constitutes a promising therapeutic strategy for the treatment of 

cancer. The discovery of an acetylation dependent interaction between c- 

FLIP and Ku70 that modulates c-FLIP expression and induces apoptosis 

may allow us to indirectly target c-FLIP expression in vivo through the use 

of HDAC inhibitors. Further investigation will determine the potential of 

targeting c-FLIP in this manner.
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7.2.1 Understanding the c-FLIP-Ku70 complex: determination of 

unknown binding partners

Data from this study identifies an acetylation dependent c-FLIP-Ku70 

interaction that regulates c-FLIP expression in colorectal cancer. This 

discovery is significant as it provides new information on the biological 

processes that post translationally regulate c-FLIP expression. By exploiting 

this interaction, we hope to therapeutically target c-FLIP expression. We 

hypothesise that there are more proteins involved in regulating this 

interaction, and as such could be part of the complex. Data from the initial 

yeast-2-hybrid screen also identified the scaffold protein RACK1 as a novel 

interacting protein with c-FLIP. As a scaffold protein, RACK1 is involved in 

many cellular processes569"571. In addition to interacting with c-FLIP, 

preliminary data has shown that RACK1 can interact with Ku70. We aim to 

assess whether RACK1 has a role in regulating the c-FLIP-Ku70 

interaction.
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7.2.2 Localisation and expression of the c-FLIP-Ku70 complex; is 

Ku70-FLIP an apoptotic switch?

The sub-cellular localisation of the c-FLIP-Ku70 complex remains to be 

determined. We plan to assess whether it is either nuclear or cytoplasmic 

(or both) using microscopy and sub-cellular fractionation techniques. The 

presence of a nuclear localisation signal (NLS) on c-FLIP(L) has been 

demonstrated [ref]. Ku70 is a predominantly nuclear protein, regulating the 

repair of DNA double strand breaks, however a cytoplasmic pool of Ku70 

was identified and reported to interact with the pro-apoptotic protein Bax494. 

Therefore, we aim to determine whether the complex is nuclear or 

cytoplasmic, and whether the localisation of either protein changes following 

treatment with HDAC inhibitors. Furthermore, we plan to determine whether 

the localisation of each of these proteins is altered in response to other 

stimuli, specifically following treatment with TRAIL or DNA damaging 

chemotherapy or ionising radiation.

As mentioned in the introduction, the treatment with DNA damaging agents 

can cause a decrease in c-FLIP levels in a cell-dependent manner. 

Cisplatin299, Doxorubicin300 and 5-FU532 572 have all been demonstrated to 

result in the down-regulation of c-FLIP expression. This down-regulation 

may be a result of decreased c-FLIP stability due to disassociation of the c- 

FLIP-Ku70 complex following DNA damage-induced acetylation of Ku70. To 

test this, we aim to assess the acetylation status of Ku70 after 

chemotherapy treatment, and test whether the mutants that prevent Ku70
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acetylation can prevent the induction of apoptosis following cytotoxic insult. 

It is also possible that following DNA double strand breaks, a nuclear Ku70- 

FLIP complex may dissociate to allow Ku70 to fulfil its role in NHEJ. At the 

same time, the released c-FLIP may exit the nucleus and bind to FADD at 

DISCs formed in response to the stress induced by the DNA damage. This 

would block DISC-mediated apoptosis induction in response to the DNA 

damage, giving the cell time to repair the damage. We plan to assess this 

using fluorescent and confocal microscopy.
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7.2.3 Assessment of all lysines in Ku70 linker region

Ku70 acetylation status was demonstrated to be crucial in mediating the 

interaction between Ku70 and c-FLIP by using Ku70 mutants that mimic 

constitutive acetylation of two lysine residues in the linker region of Ku70. 

We hypothesise that through increased acetylation of this linker region, a 

conformational change in Ku70 structure disrupts c-FLIP binding. However, 

there are several other acetylatable lysine residues that have not been 

investigated in this study, and it will be important to investigate the role of 

these residues in regulating Ku70’s interaction with c-FLIP. Through 

sequential mutation of each of the lysine residues, we could determine 

whether there are further key residues in the linker region that regulate the 

c-FLIP-Ku70 interaction or whether acetylation of any one of these residues 

is sufficient to induce the presumed conformational changes in Ku70 

structure that inhibit its interaction with c-FLIP.
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7.2.4 The role of HDAC6 in mediating c-FLIP expression

Through the use of more selective HDAC inhibitors, we have demonstrated 

that inhibition of HDAC6 can increase the acetylation of Ku70 and down- 

regulate c-FLIP expression resulting in apoptotic cell death via the extrinsic 

pathway. However, due to the limited supply of Tubacin, we had to be 

selective in the experiments conducted. Our group has recently acquired 

HDAC6 selective inhibitors from Acetylon Pharmaceuticals Ltd. (Boston) 

that are currently in pre-clinical and clinical development. With these 

inhibitors, we plan to further characterise the cell death induced by HDAC6 

inhibition. In addition, we will determine whether the inhibition of HDAC6 

can break up the interaction between c-FLIP and Ku70 and whether the 

mechanism of c-FLIP degradation is through the ubiquitin proteasome 

system. HDAC6 has been identified as important in the turnover of mis- 

folded proteins through the aggresome pathway445, and therefore as 

HDAC6 inhibition induces c-FLIP degradation, it would be important to 

determine whether the aggresome pathway plays a role in c-FLIP 

degradation through assessing aggresome activity.

Furthermore, studies using HDAC6-targeted siRNA will help us to further 

determine the role of HDAC6 in colorectal cancer. HDAC6 siRNA should 

result in an increase the acetylation of Ku70. However, silencing of HDAC6 

expression by siRNA is different from acute HDAC6 inhibition in response to 

treatment of cells with small molecule inhibitors, therefore the use of siRNA 

may not truly reflect the effects of HDAC6 inhibitor treatment. HDAC6 binds
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to ubiquitin through a putative zinc finger549 and regulates ubiquitin-chain 

turnover through interaction with chaperone p97A/CP360. We have obtained 

HDAC6 constructs, wild type (WT) and deacetylase dead (DD), and plan to 

use these constructs to determine the effects of DD HDAC6 on Ku70 

acetylation and FLIP expression both constitutively and in the context of 

treatment with HDAC6 inhibitors.

More selective targeting of HDAC6 may reduce toxicities compared to pan- 

HDAC inhibitors, but may also facilitate the development of drug resistance. 

To assess the factors that may lead to HDAC6 inhibitor resistance, we aim 

to generate cell lines resistant to at least two of the HDAC6 selective 

inhibitors. Once these cell lines have been generated, we will assess the 

status of the c-FLIP-Ku70 complex in these resistant daughter cell lines, 

both constitutively and in response to HDAC inhibitor treatment. We also 

aim to assess the changes in gene expression and alteration in signalling 

pathways that could be responsible for the resistant phenotype. This could 

be achieved by carrying out a microarray profiling experiment comparing 

gene expression in the parental and resistant daughter cell lines. Pathway 

analyses could then be carried out to determine the signalling pathways that 

are altered in the resistance cell lines. These pathways may be amenable to 

therapeutic inhibition to reverse resistance. Our group has considerable 

experience in this sort of approach to understanding drug resistance573 574.
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7.2.5 Clinical expression of Ku70 and HDAC6; correlation with c-FLIP 

expression

Overexpression of Ku70 has been demonstrated to inhibit Bax-mediated 

apoptosis494 and is associated with loco-regional tumour recurrence and 

resistance to radiotherapy575. Higher Ku70 expression could increase 

stabilisation of c-FLIP, resulting in higher c-FLIP expression levels in vivo. 

Therefore, we plan to assess the expression levels of Ku70 in stage II and 

stage III CRC patients using a previously established TMA297. This cohort 

has already been assessed for c-FLIP expression. Thus, in addition to 

correlating Ku70 expression with clinico-pathological parameters such as 

disease stage and overall and disease-free survival, we will correlate Ku70 

expression with c-FLIP expression. Based on the in vitro studies described 

in this thesis, we speculate that there may be a direct correlation between 

high c-FLIP expression and high Ku70 expression. Similar studies will be 

carried out for HDAC6.
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7.2.6 Biomarkers for response to HDAC inhibitor treatment in 

colorectal cancer

HR23B, the human homologue of RAD23 in yeast, binds to XPC proteins to 

form a nucleotide excision repair complex576 5/7. The complex preferentially 

binds to damaged DNA578 579 and facilitates repair. RAD23 proteins also 

contain ubiquitin-like (UbL) domains580 which bind to the 26S 

proteasome581. Two ubiquitin-associated (DBA) domains that are proposed 

to bind ubiquitin582 are present in RAD23B, with the C-terminal domain 

(UBA2) involved in DNA replication check points583 and also binds to 

p300/CBP complex584 regulating transcription. It blocks the formation of 

multi-ubiquitin chains controlling protein stability and turnover479 through 

shuttling to the proteasome. A genome wide loss-of-function screen 

identified an important role for the proteasome during HDAC inhibitor- 

induced apoptosis478; in particular, a role for HR23B in regulating response 

in chronic T cell lymphoma (CTCL) was identified. Furthermore, HR23B was 

then identified as a biomarker in CTCL568, where a correlation between 

HR23B expression and clinical response to HDAC inhibitor was noted in 

clinical samples.

Given that HR23B is involved in regulating protein turnover, we assessed 

whether it was involved in the degradation of c-FLIP. We determined that 

lack of HR23B did not affect SAHA mediated c-FLIP degradation (Figure 

7.1). In future experiments, we aim to examine the effect of silencing 

HR23B on HDAC(6) inhibitor-mediated apoptosis in colorectal cancer cells,
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to assess whether it has any role in regulating apoptosis induction in 

response to these agents and therefore whether it has the potential to 

predict response to these inhibitors in the colorectal cancer disease setting.

The data we present in chapters 5 and 6 demonstrates that the apoptosis 

induced by pan-HDAC inhibition and specific inhibition of HDAC6 is highly 

dependent on activation of caspase 8 and c-FLIP down-regulation. High 

caspase 8 expression is significantly associated with poor survival585, and 

higher caspase 8 expression was observed in colorectal tumours compared 

to matched normal tissues297. c-FLIP is also overexpressed in several 

cancer types including colorectal307'310. We hypothesize that caspase 8 and 

c-FLIP may be potential biomarkers of response to HDAC inhibitor 

treatment. To test this hypothesis, our group is currently trying to gain 

access to patient tissues from clinical trials in which Vorinostat has been 

used.
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Figure 7.1: No role for HR23B in SAHA induced c-FLIP 
down-regulation. HCT116 cells were transfected with two 
siRNAs targeted against HR23B (HR23B#1 and HR23B#2) 
and one sequence against Scrambled Control (SC). 48h 
post transfection, cells were treated with SAHA for 6h. 
Samples were collected and protein lysates resolved by 
SDS-PAGE. c-FLIP and HR23B expression was assessed 
by Western blotting, with Actin used to confirm equal 
loading.
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7.2.7 Mechanism of c-FLIP degradation

We demonstrated in chapter 5 that c-FLIP degradation is a result of 

increased ubiquitination of the protein and subsequent degradation by the 

proteasome. The proteasome catalyzes the degradation of the vast majority 

of cellular proteins586. Degradation of cellular proteins is a highly complex, 

temporally controlled and tightly regulated process587. Ubiquitin, a highly 

conserved 76 amino acid polypeptide588, is joined to e-amino group of a 

lysine residue in the substrate protein through an isopeptide bond to the 

ubiquitin C terminus589. Three enzymatic components are required to link 

chains of Ub onto proteins destined for degradation. E1 (Ub-activating 

enzyme) and E2 (Ub-carrier or conjugating proteins) proteins prepare Ub for 

conjugation. The key enzyme in the process is the E3 Ub-protein ligase, 

because it recognizes a specific protein substrate and catalyzes the transfer 

of activated ubiquitin590.

Itch is a monomeric protein that belongs to the HECT (homologous to E6- 

AP carboxy terminus) like type family of E3 ligases591 592. The C-terminal 

HECT domain coordinates with the E2 enzyme and contains an 

evolutionarily-conserved cysteine residue, which forms thioester complexes 

with ubiquitin before final attachment of ubiquitin to the target proteins593. 

JNK-mediated phosphorylation and activation of Itch was demonstrated to 

specifically ubiquitinate c-FLIP and induce its proteasomal degradation286. 

We examined whether Itch could mediate the degradation of c-FLIP 

induced by HDAC inhibitor treatment. However, it was found that Itch had

239



Summary and Future Directions

no role in SAHA-mediated c-FLIP degradation (Figure 7.2). In future 

studies, we plan to identify the E3 ligase responsible for the ubiquitination 

and degradation of c-FLIP following HDAC inhibitor treatment. The results 

of the Yeast 2 Hybrid experiment demonstrated that c-FLIP interacts with 

many Ubiquitin and Ubiquitin-like molecules, and also some E2 and E3 

ligases; we plan to assess the role of these candidates in c-FLIP 

degradation. In addition, in collaboration with Prof Richard Kennedy 

(CCRCB, Queen’s University and Almac Diagnostics), we plan to carry out 

an siRNA screening approach to identify E2 and E3 ligases involved in 

regulating c-FLIP expression. The focussed library assembled by Prof 

Kennedy’s team also contains all known de-ubiquitinating enzymes (DUBs), 

so we hope to use this siRNA library to identify both the E3 Ub ligase and 

DUB for c-FLIP. This will require the generation of fluorescently-labelled c- 

FLIP expression constructs to allow easy monitoring of the effect of each 

siRNA on c-FLIP. We are currently exploring the use of GFP- and Lumio- 

tagged c-FLIP in this assay system.
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Figure 7.2: No role for E3 Ubiquitin Ligase ITCH in 
SAHA induced c-FLIP down-regulation. HCT116 cells 
were transfected with two siRNAs targeted against ITCH 
(ITCH#1 and ITCH#2) and one sequence against 
Scrambled Control (SC). 48h post transfection, cells were 
treated with SAHA for 6h. Samples were collected and 
protein lysates resolved by SDS-PAGE. c-FLIP and ITCH 
expression was assessed by Western blotting, with Actin 
used to confirm equal loading.
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APPENDIX 1: GENERAL BUFFERS

PHOSPHATE BUFFERED SALINE

One PBS tablet (OXOID) was dissolved per 100mL ddH20 and autoclaved

RIPA BUFFER (PHOSPHO PROTEINS)

0.606g 0.5M TRIS

4.383g Sodium Chloride

0.186g EDTA

5mL Triton-X

5mL 10% SDS

Made up to 500mL with ddH20 and stored at 4°C. One protease inhibitor cocktail 
tablet, 100pL sodium orthovanidate and 100pL sodium fluoride was added per 10ml 

RIPA buffer prior to use.

CHAPS BUFFER

10mM HEPES

150mM NaCI

1% CHAPS

Made up to 500mL with ddH20, pH to 7.4 and store at 4°C. One protease inhibitor 

cocktail tablet and 100pL PMSF was added per 10mL CHAPS buffer prior to use.



NP40

0.2% NP-40

20mM Tris-HCL (pH 7.4)

150mM NaCI

10% glycerol

Made up to 500ml_ with ddH20 and store at 4°C. One protease inhibitor cocktail 

tablet and 100pL PMSF was added per 10mL NP40 buffer prior to use.

BSA

10mg Bovine serum albumin (Sigma)

10mL ddH20

Stored at 4°C

DEPC H20

1mL diethylpyrocarbonate (Sigma)

Made up to 11 with ddH20 and autoclaved. Stored at room temperature.

5M SODIUM CHLORIDE

29.22g Sodium Chloride (BDH)

Dissolved in lOOmL of ddH20 and autoclaved. Stored at room temperature.



0.5M EDTA

18.6g EDTA (ethylenediamine tetraacetic acid - GibcoBRL)

2.2g NaOH pellets (BDH)

Made up to 100mL with ddH20 and pH adjusted to 8.0 with glacial acetic acid

PBS/0.1 %EDTA

500pL 0.5M EDTA (pH8.0)

Made up to 500mL with 1xPBS

1 x PBS/1 % PCS

5ml PCS (PAA Analab)

Made up to 500mL with 1x PBS

PBS/0.1 % SODIUM AZIDE/ 0.2% BSA

0.5g Sodium Azide (Sigma)

1g BSA (Sigma)

Made up to 500mL with 1xPBS

0.1M SODIUM CITRATE

2.94g Sodium Citrate (BHD)

50mL ddH20

Store in the dark at room temperature. Dilute 1:1 with ethanol before use.



10X TAE

242g TRIS-Acetate (Gibco BRL)

100mL 0.5MEDTA

Made up to 1L with ddh^O, pH adjusted to 8.0 with glacial acetic acid and 

autoclaved. Store at room temperature.

GLYCEROL DEEPS SOLUTION

20mL 100mL Calcium Chloride

4.1mL Glycerol

Autoclave and store at room temperature.

CALCIUM CHLORIDE.6H20

1.47g CaCl2.6H20 (BHD)

Made up to 10OmL with ddH20, autoclave and store at 4°C.

75% ETHANOL/25% DEPC H20

7.5mL Ethanol

2.5mL DEPC H20

Mix and store at room temperature.



3M SODIUM ACETATE

123g Anhydrous Sodium Acetate (Sigma)

Made up to 500ml with ddH20. pH 5.2 with glacial acetic acid. Store at room 

temperature.

10mM dNTPs (GIBCO BRL)

10pL lOOmMdATP

10pL lOOmMdTTP

10pL 100mMdCTP

10pL lOOmMdGTP

Made up to 100pL with injection H20.

0.3pg/pL RANDOM PRIMERS

Stock arrives as 3pg/pL, stored at -20°C. A 1:10 dilution with injection H20 gives 

working stock of 0.3pg/pL.

PROPIDIUM IODIDE/ RNAase A SOLUTION

150pL 1mg/mL Propidium iodide solution (Sigma)

37.5pL 100mg/mL RNase A (Qiagen)

Made up to 15mL with 1x PBS/ 1% PCS.



10X BINDING BUFFER- ANNEXIN V STAINING

100pL HEPES pH 7.4

1.5mM Sodium Chloride

50mM Potassium Chloride

10mM Magnesium Chloride

18mM Calcium Chloride

MTT (5mg/ml_)

1g MTT (Sigma)

Made up to 200mL with sterile 1xPBS. Store in dark.

1% AGAROSE GEL

1.0g Agarose (Gibco BRL)

100mL 1xTAE buffer

Boiled for 2 minutes and allowed to cool.

5pL SYBR® SAFE (Invitrogen)

AMPICILLIN

1.5g Ampicillin (Sigma)

15mL Injection H20

Filtered through a 0.2pM filter. Stored at -20°C.



LB BROTH/AMPICILLIN

2g NaCI (BHD)

2g Yeast extract (OXOID)

4g Tryptone (OXOID)

0.4mL 1M NaOH

Dissolved in 400mL ddH20 and autoclaved.

After cooling ampicillin (100mg/mL) added.

LB AGAR

2g NaCI (BHD)

2g Yeast extract (OXOID)

4g Tryptone (OXOID)

6g Agar powder (OXOID)

0.4mL 1M NaOH

Dissolved in 400mL ddH20 and autoclaved. After cooling ampicillin (100mg/mL) 

added. Agar plates poured and stored at 4°C.



APPENDIX 2: CELL CULTURE AND TRANSFECTION REAGENTS

PENICILLIN-STREPTOMYCIN (5mg/mL)

Purchased as a sterile solution (Invitrogen). Stored at 4°C.

PUROMYCIN (1mg/mL)

25mg Puromycin (GibcoBRL)

25mL McCoys 5A

Filter sterilised through a 0.2|jM filter and stored at -20°C. Light sensitive.

FOETAL CALF SERUM (PAA, ANALAB)

Purchased as sterile 500mL bottles and stored at -20°C in 50mL aliquots.

DIALYSED FOETAL CALF SERUM (GIBCO)

Purchased as sterile 500mL bottles and stored at -20°C in 50mL aliquots.

10X TRYPSIN-EDTA (INVITROGEN)

Purchased as a 100mL bottle and diluted 1:10 with sterile 1x PBS and stored at 4°C.

L-GLUTAMINE 200mM (GibcoBRL)

Purchased as sterile 100mL bottles and stored at -20°C in 10mL aliquots.



SODIUM PYRUVATE (GibcoBRL)

Purchased as a sterile lOOmL bottles and stored at4°C.

FREEZING MEDIUM

9ml_ Growth medium

1mL DMSO (Dimethylsulphoxide - Sigma)

GENEJUICE REAGENT (NOVAGEN)

Purchased as 1mL aliquots and stored at4°C.

OLIGOFECTAMINE REAGENT (INVITROGEN)

Purchased as 1mL aliquots and stored at4°C.

LIPOFECTAMINE 2000® REAGENT (INVITROGEN)

Purchased as 1mL aliquots and stored at 4°C.

OPTIMEM (LIFE TECHNOLOGIES INC)

Purchased as 500mL bottle and stored at 4°C.



TRANSFECTION PROTOCOLS

OLIGOFECTAMINE: 1nM per well

P90 6 well plate 96 well plate
Oligofectamine 16pL 3pL 0.3pL

Optimem 794pL 179pL 19.45pL

siRNA 1pL 4pM 0.25pL 4pM 0.25pL0.4pM

Total

(RT 30 minutes)
800pL 200pL 20pL

Additional Optimem

(37°C 4 hours)
3.2mL 800pL 80pL

2x Growth Media 4mL 1mL 100pL

LIPOFECTAMINE: 1nM per well

P90 6 well plate 96 well plate
Oligofectamine 16pL 3pL 0.3pL

Optimem 500pL 100pL 10pL
siRNA 1pL 4pM 0.25pL 4pM 0.25pL 0.4pM

Optimem 500pL 100pL 10pL

Incubate A and B

separately (RT 5

minutes)

500pL each 100pL each 10pL each

Total A+B mix

(RT 30 minutes)
1mL 200pL 20pL

Additional Medium 5mL 800pL 80pL

GENEJUICE: 1pg per plate

Transfections carried out with reagents at a ratio of 1pg DNA: 3pL GeneJuice: SOpL 
OptiMEM.



APPENDIX 3: siRNA SEQUENCES

Name Target Sequence

FLIP Targeted (FT) AAG CAG TCT GTT CAA GGA GCA

Caspase-8 AAC CCA GAG TCA AAG GCA GFC

Caspase-9 Comercially available- IMGENEX

DR4 CAA ACU UCA UGA UCA AUC AdTdT

DR5 GAC CCU UGU GCU UGC UGU C

HR23B sequence 1
(Qiagen)

AAC TGT GGC TCA GGC TCC AAC

HR23B sequence 2
(Qiagen)

TAG GTG TCT AAT TAG TGT TTA

ITCH sequence 1 (Qiagen) AAC CAC AAC ACA CGA AUU ACA dT dT

ITCH sequence 2 (Qiagen) AAG UGC UUC UCA GAA UGA UGA dT dT

Scrambled Control (SC) AAT TCT CCG AAC GTG TCA CGT

Ku70 #2 (Qiagen) GAG GAT CAT GCT GTT CAC CAA

Ku70 #3 (Thermo Scientific) GAU GCC CUU ACU GAA AAA dT dT

Ku70 #4 (Qiagen) AAG CTC TAT CGG GAA ACA AAT



APPENDIX 4: WESTERN BLOTTING

WESTERN GEL RECIPIES

Reagent 10% Resolving gel Stacking gel

ddH20 7.9mL 5.1mL

30% (w/v) Acrylamide 6.7mL 1.27mL

1.5M TRIS pH8.8 5mL

0.5M TRIS pH6.8 940pL

10% SDS 200pL 75pL

10% APS 200pL 75pL

TEMED (N,N,N’,N’-

tetramethylethyldiamine -
Sigma)

8pL 7.5pL

1.5M TRIS (pH 8.8)

90.75g TRIS (Sigma)

Dissolved in 500mL ddH20. Adjusted to pH 8.8 with hydrochloric acid.

0.5M TRIS (pH 6.8)

30.25g TRIS

Dissolved in 500mL ddH20. Adjusted to pH 6.8 with hydrochloric acid.



10% SDS

10g Sodium Dodecyl Sulphate (Invitrogen)

Dissolved in 100mLddH2O.

10% APS

0.1g ammonium persulphate (Sigma)

1mL ddH20

10x WESTERN RUNNING BUFFER

60.6g TRIS (Invitrogen)

288g Glycine (Merck)

20g SDS (Invitrogen)

Made up to 2 litres with ddH20.

Diluted 1:10 with ddH20 for 1x running buffer.

10x Western Transfer Buffer

60.6g TRIS (Invitrogen)

288g Glycine (Merck)

Made up to 2 litres with ddH20.



1x Transfer Buffer

720mL ddH20

80mL lOx Transfer Buffer

200mL Methanol

2x WESTERN LOADING BUFFER

2.5ml 1.5M TRIS (pH6.8)

10ml 10% SDS

5ml Glycerol (Sigma)

2mg Bromophenol blue (Sigma)

Made up to 25ml with ddH20.

WATER SATURATED BUTANOL

75mL ddH20

25mL Butanol (BDH)

Shake and allow to separate, store at room temperature.



PBS/0.3% Tween

500mL 1XPBS

1.5mL Tween-20

PBS/0.1 % Tween

500ml 1XPBS

0.5mL Tween-20

BLOCKING SOLUTION

5% non-fat dry milk (Marvel) dissolved in PBS/0.1% Tween.



APPENDIX 5: ANTIBODIES

WESTERN BLOT ANTIBODY SUPPLIER AND STORAGE

Antibody Supplier Storage

c-FLIP (NF-6) Alexis Biochemical 4°C

Caspase-8 (12F5) Alexis Biochemical 4°C

PARR (C2-10) eBioscience 4°C

(3-Actin Sigma -20°C

Caspase-3 Cell Signaling -20°C

Caspase-9 Cell Signaling -20°C

FADD BD Bioscience 4°C

BID Cell Signaling -20°C

Anti-Mouse Amersham 4°C

Anti-Rabbit Amersham 4°C

Ku70 BD Bioscience -20°C

BCL-Xl Cell Signaling -20°C

MCL-1 Cell Signaling -20°C

BCL-2 Cell Signaling -20°C

XIAP Cell Signaling -20°C

BAX Cell Signaling -20°C

BAK Cell Signaling -20°C

HR23B Bethyl Laboratories 4°C



ITCH BD Bioscience -20°C

Acetylated aTubulin Cell Signalling -20°C

Acetylated H4 Millipore -20°C

ANTIBODY DILUITIO N AND INCUBATION SOLU TION

Antibody Dilution Antibody Solution

c-FLIP 1:1000 5% marvel/PBS/0.3% Tween

Caspase-8 1:2000 5% marvel/PBS/0.3% Tween

PARR 1:5000 5% marvel/PBS/0.3% Tween

p-Actin 1:2000 5% marvel/PBS/0.3% Tween

Caspase-3 1:1000 5% marvel/PBS/0.1% Tween

Caspase-9 1:1,000 5% marvel/PBS/0.1% Tween

FADD 1:1000 5% marvel/PBS/0.3% Tween

BID 1:1000 5% marvel/PBS/0.3% Tween

Anti-Mouse 1:2000 5% marvel/PBS/0.1% Tween

Anti-Rabbit 1:2000 5% marvel/PBS/0.1% Tween

Ku70 1:2000 5% marvel/PBS/0.3% Tween

BCL-Xl 1:1000 5% marvel/PBS/0.3% Tween

MCL-1 1:1000 5% marvel/PBS/0.3% Tween

BCL-2 1:1000 5% marvel/PBS/0.3% Tween

XIAP 1:1000 5% marvel/PBS/0.3% Tween

BAX 1:1000 5% marvel/PBS/0.3% Tween

BAK 1:1,000 5% marvel/PBS/0.3% Tween



HR23B 1:1000 5% marvel/PBS/0.3% Tween

ITCH 1:1000 5% marvel/PBS/0.3% Tween

Acetylated aTubulin 1:5000 5% BSA/PBS/0.3% Tween

Acetylated H4 1:5000 5% marvel/PBS/0.3% Tween



ANTIBODY DETECTION REAGENT AND PROTEIN SIZE

Antibody Detection Size (kDa)

c-FLIP ECL+
Long (55), p43-Long (43), Short

(28)

Caspase-8 ECL+
Procaspase-8 (55/53), Cleaved

(41/43 and 18)

PARR Super signal Full length (116), Cleaved (86)

(3-Actin Super signal 42

Caspase-3 ECL+ Full length (35), Cleaved (19/17)

Caspase-9 ECL+ Full length (47), Cleaved (37/35)

FADD Super signal 27

BID ECL+ 15, 22

Ku70 ECL+ 70

BCL-Xl ECL+ 30

MCL-1 ECL+ 40

BCL-2 ECL+ 28

XIAP ECL+ 53

BAX ECL+ 20

BAK ECL+ 25

HR23B ECL+ 58

ITCH ECL+ 113

Acetylated aTubulin Super signal 55

Acetylated H4 Super signal 10



Cell Surface Antibodies, Manufacturer and Conjugate

Antibody Manufacturer Conjugate

DR4 eBioscience PE

DR5 eBioscience PE

IMMUNOPRECIPITATION ANTIBODIES, MANUFACTUERER, STORAGE AND CONCENTRATION

Antibody Manufacturer Storage Concentration

H202 c-FLIP Santa Cruz 4°C 200|jg/mL

Pan Ac-Lysine Cell signalling -20°C 200|jg/mL

Ku70 Santa Cruz 4°C 200|jg/mL

FLAG Sigma -20°C 800|jg/mL

igG Santa Cruz 4°C 400|jg/mL



APPENDIX 6: RT-QPCR

Sybr® Green Method

c-FLIP and GAPDH QPCR Primers

Total FLIP F

5’- CGA AGA CCG TTG TGA GOT TC-3’ 

Total FLIP R

5’- TCG CCT CAC TCT GTA GAG CA-3’ 

GAPDH F

5’- ACA GTC AGC CGC ATC TTC TT-3’ 

GAPDH R

5’- GAC AAG CTT CCC GTT CTC AG-3’

c-FLIP QPCR Conditions

95°C 10 minutes

95°C 15 seconds

55.2°C 30 seconds

72°C 1 minute

72°C 10 minutes

4°C Hold

► 44 cycles



Taqman® Method

c-FLIP assay (FAM) 

Hs01116280 ml

GAPHD assay (FAM) 

Hs99999905 ml

QPCR Conditions

UDG Incubation 50°C 2 minutes

UP Enzyme Activation 95°C 10 minutes

C
D cn
o o 15 seconds

oooC
D 1 minute

-fc
. o o Hold

^ 40 cycles



APPENDIX 7: SITE DIRECTED MUTAGENESIS

Component Volume Final Concentration

2X Xtreme Buffer 25 pL lx

dNTPs (2 mM each) 10 pL 0.4 mM (each)

PCR Grade Water X pL

Sense (5') Primer (10 pM) 1.5 pi 0.3 pM

Anti-Sense (3') Primer (10 pM) 1.5 pi 0.3 pM

Template DNA 1 pi

KOD XtremeO Hot Start DNA

Polymerase (1 U/pl)
1 pi 0.02 U/pl

Total reaction volume 50 pi

3-step cycling

1. Polymerase activation 94°C for 2 minutes

2. Denature 98°C for 10 seconds

3. Annealing Lowest Primer Tm°C for 30 s > 20-40 cycles

4. Extension 68°C for 1 min/kbp



Site Directed Mutagenesis Primers

Ku70 Primers

K539Q F

GAT TAG AAT CCT GAA GGG CAA GTT ACC AAG AGA AAA C 

K539Q R

G TTT TCT CTT GGT AAC TTG CCC TTC AGG ATT GTA ATC 

K542Q FORWARD

GAA GGG AAA GTT ACC CAG AGA AAA CAC GAT AAT G 

K542Q REVERSE

C ATT ATC GTG TTT TCT CTG GGT AAC TTT CCC TTC

FLIP Primers

Y119A F

CCT CAT GAA GGA TGC CAT GGG CCG AGG CAA G 

Y119A R

CTT GCC TCG GCC CAT GGC ATC CTT CAT GAG G 

R122AF

GAT TAG ATG GGC GCA GGC AAG ATA AGC AAG 

R122A R

CTT GCT TAT CTT GCC TGC GCC CAT GTA ATC



APPENDIX 8: Ku70 CLONING

Generation of PCR product

Component Volume Final Concentration

10X Pfx Amplification
Buffer

5-10 pi 1X-2X

10 mM dNTP mixture 1.5 pi 0.3 mM each

50 mM MgS04 1 pi 1 mM

Primer mix (10 pM each) 1.5 pi 0.3 pM each

Template DNA (10 pg -

200 ng)
>1 pi As required

Platinum®

Pfx DNA Polymerase

0.4 pi 1 unit

Autoclaved, distilled water to 50 pi

PCR Protocol 

3-step cycling

1. Denature

2. Denature

3. Annealing

4. Extension

94°C for 2-5 minutes 

94°C for 15 seconds 

55°C for 30 s 

68°C for 1 min/kbp

> 20-40 cycles



Primers

Ku70 start (BamH1) F

GAC GAT GGA TCC ATG TCA GGG TGG GAG TCA TAT TAG

Ku70 stop (Xhol) R

GAT AAT CTC GAG TCA GTC CTG GAA GTG CTT GGT GAG

Ku70 430 (BamH1) F

GAT ACT GGA TCC CCA GGC TTC CAG CTG GTC TTT TTA C

Ku70 496 (BamH1) F

GAT ACT GGA TCC GAT TTG ATG GAG CCG GAA CAA GCA G

Ku70 535 (BamH1) F

GCA ACG GGA TCC AAT CCT GAA GGG AAA GTT ACC AAG

Ku70 578 (BamH1) F

ATA ATT GGA TCC GTG CCC ATG CTG AAA GAG GCC TGC

Ku70 stop 430 (Xhol) R

GCA ACG CTC GAG TCA AGG AGT CAC CTG AAT TTT CTG GTC ATC



APPENDIX 9: VECTOR MAPS

FLAG EXPRESSION VECTOR- pCMV 3.1

pCMV-3Tag-l Multiple Cloning Site Region
(sequence shown 620-893)

FLAG tag

T3pnonu»t*r M 1 D Y R D
XATTAACCCrC>.CTAAAC-GC->J-j:>iAAAGCTGGAGCTCCACCGCGGTGGCGGCCGCCACC ATG GAT TAT AAG GAT.

-flAa aas FLAG tag

d d d k1 Id y k ~d ~'d d d k1 ro y k d d d d iT1
. . .GAC GAC GAT AAG GAC TAT AAG GAC GAT GAT GAC AAG GAC TAC AAA GAT GAT GAC GAT AAA

Wl BamH I P.-1 EeoK I Ec«J V tind II Xre |,'5d I
I I I I I I I

.GCC CGG GCG GGA TCC CCC GGG CTG CAG GAA TIC GAT ATC AAG CTT ATC GAT ACC GTC GAC. . .

Jhc I Apo I
T7 promote r

.ere GAG GGG GGG CCC GGT ACC TTAATTAATTAAGGI.ACCAGGTAAGTGTACCCAATTCGCCCTATAGTG.AGTCGTA.TTA
MULTIfLC COOOKC

In oCMV-37bg-1 no boaes in^'-ed; in pCMV-3Tag-19, A inve'-ed; in pCMV-3Tog• 1C, AA inseHed

Feature Nucleotide Position

CMV promoter 1 —dOz

T3 promoter and T3 primer binding ii*e ’5 ' AATTAACCCTCACTAAAGGG 3 | 6:c^63?

3 x FLAG tog 682-753

multiple cloning site 75J-82S

T7 promoter and T7 primer btnaing si*e [3 ' CGGGAIATCACT C A GO AT AAT G 5 J 872-893

5GH polyA signa 908-1134

*1 origin of Si-QNA rep ;cation 1273-1579

bio promoter 1604-1728

SV40 promoter 1748-2086

recnmycin,/Vonomycin reststonce O^F 2121-2912

HSV-thymidine Idna&e (TK) polyA s.gra 2916-3371

pUC on gin 3500-41 67



GST EXPRESSION VECTOR pGEX-6P3

pGEX-6P-3
PreS:i*»o-i Axteost

.ej Gl_ '.'3 lsj Pt-* jr-'Gv ^ro .e. Sr’ Pro £xr Ur A”
:tg Sii :--t ctg nc cag CCC CTG GoA rcc r:c cgg g*c g.

Sfol 4i?3 
N»-I 4322 
» asl 4321 
EcoftV 4132 
8SSH11 4093 
iKl

Hlul 3682

lac2_a
H13_pUC_f«d_pr mer 
H 13_ f orMar <120 _ pr mer 
hi3_rever5e_pri*er 
M13_pUC_rev_pri«ier 
iac.pronoter

PCEX-6P3 
4983 bp

\

t tv cooler
NL3_pOC_rev.priner 
HscI 4bS

Bit81 655 
Suial 685

.Stirrer
precision
Ban^] 945 
EcoSI 953 
Kmal 958 
S»al 960 
S*1I 963 
AccI 964 
Xhol 968 
Mot! 974 
EajI 974 
pGEX 3 prirntr 
Aatll 1259

profsoter

p8R322_origin P51I 19%



APPENDIX 10: BUFFERS FOR PROTEIN PURIFICATION

LYSIS BUFFER

for 5 ml use 50ul of 0.1 M PMSF stock

20 ul of 50 mg/ml lysozyme 

25ul of 1M DTT 

5ml of lx PBS

(final concentreations: 5mM DTT, 1mM PMSF, 0.2mg/ml lysozyme in PBS

WASH BUFFER

for 200 ml use 1ml of 1M DTT stock

2ml of TritonX-100 

in 200ml of cold PBS

(final concentrations : 5mM DTT, 1%TritonX 100)

ELUTION BUFFER

10mM GSH in 50mM Tris pH8.0 (for 50 ml I use 0.3028g Tris and 0.1536g GSH)
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