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Abstract

Resistance to radiotherapy is a significant cause of treatment failure and tumour 

relapse. Therefore, strategies to improve the efficiency of cell death induction by 

ionizing radiation (IR) are required to improve therapeutic outcomes. FLIP, an 

endogenous caspase-8 inhibitor is a critical regulator of cell death that is frequently 

overexpressed in various cancers. FLIP overexpression in cancer contributes to 

resistance to death receptor- and chemotherapy- induced cell death. Thus, this 

Thesis investigated the role of FLIP in regulating resistance to IR. FLIP protein 

levels were downregulated by RNA interference or stably overexpressed by 

retroviral methods, and resulted in enhanced radioprotection and radioresistance 

respectively. The effect of FLIP modulation on IR-induced cell death was assessed 

by caspase activity assays, short-term cell death and clonogenic survival assays. 

Overexpression of a FLIP mutant which cannot interact with its binding partner 

FADD, and thus cannot inhibit caspase-8 activation, did not protect cells from IR- 

induced cell death, indicating that the FLIP-FADD protein-protein interaction and 

consequential inhibition of caspase-8 activity is mainly responsible for 

radioprotection conferred by FLIP overexpression. This study provides convincing 

evidence indicating that FLIP should be investigated in clinical samples as a 

predictive biomarker of resistance to radiotherapy.

Clinically approved HDAC inhibitors were used to downregulate FLIP protein 

levels, and the effect on IR-induced cell death was assessed. The results presented in 

this study reveal that F1DAC inhibitors sensitize non-small cell lung carcinoma 

(NSCLC) cell lines to IR. Furthermore, the radiosensitizing properties of HDAC 

inhibitors were highly dependent on their ability to suppress FLIP expression. 

Therefore. FLIP down-regulation induced by HDAC inhibitors is a potential clinical 

strategy to radiosensitize and improve control of non-small cell lung carcinoma 

tumours, and thereby increase the poor survival rates of patients.

The levels of FLIP protein localized within the nucleus increased following IR. 

suggesting that FLIP has a nuclear role in the response to DNA damage, independent 

from caspase-inhibition at the membrane-bound death-inducing signalling complex.



FLIP overexpression resulted in aberrant constitutive activation of the DNA damage 

response and increased the levels of endogenous DNA damage in untreated cells. 

Thus. FLIP overexpressing cells may have increased levels of genomic instability, 

which fuels cancer development and may also contribute to resistance to radio- and 

chemotherapy. Loss of FLIP resulted in spontaneous and enhanced IR-induced DNA 

damage, which was partially independent of caspase activity; thus, agents which 

downregulate FLIP expression may also sensitize NSCLC cells to IR by enhancing 

DNA damage.

Overall, this study provides key evidence that pharmacological inhibition of FLIP 

may improve the response of NSCLC to IR and enable successful control of more 

radiation-resistant subpopulations of tumour cells.
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Chapter 1: Introduction



Introduction

1.1 Cancer

Cancer is a term used to describe a large group of diseases, which share common 

traits. Cancer cells divide uncontrollably and have the potential to invade and 

destroy surrounding tissues. There are over two hundred types of cells in the human 

body; each of which may potentially transform into malignant neoplasms. Every 

malignant tumour is unique and consists of a heterogeneous population of neoplastic 

cells, with distinct differences in growth rates, treatment responses and 

aggressiveness.

Cancer is not a modern disease; there are descriptions detailed in the Egyptian Edwin 

Smith Papyrus, which was dated to 3000 BC. Paleopathological research into 

prehistoric animal fossils also proved that tumours existed in animals before 

mankind evolved1. The oldest record of a tumour in a human fossil was discovered 

in the rib of a Neanderthal who lived 120,000 years ago2.

Hanahan and Weingberg (2000) described six hallmarks that result in deviant 

cellular physiology and govern the multi-step transformation of normal cells to 

malignant neoplasms with unregulated cellular growth. Genomic instability results 

in the genetic diversity of cancer cells and leads to the acquisition of augmented 

survival capacity as cells acquire (1) self-sufficiency of mitogenic growth signals; 

and (2) insensitivity to anti-proliferative signals, resulting in increased cell number. 

The rate of cellular attrition is diminished by (3) evasion of programmed cell death 

and (4) unlimited replicative potential. Neoplasms develop the ability to (5) activate 

an angiogenic switch and induce angiogenesis to support further growth. Ultimately, 

pioneer cells acquire the ability to (6) invade surrounding tissues and metastasize to 

distant sites. Metastases make cancer a deadly disease3; they are responsible for 

-90% of fatalities4. More recently, an updated review published in 2011. 

summarized the progress in research since their seminal ‘hallmarks of cancer' paper 

was published. Most notably, two additional hallmarks were described: the evasion 

of immune destruction, and reprogramming of energy metabolism. Importantly, two 

related enabling characteristics were also highlighted: firstly, the development of a 

tumour-permissive microenvironment, which consists of a repository of enlisted
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normal cells that are 'hijacked' to sustain and further enrich tumour growth; and 

secondly the inflammatory state driven by immune cells that promotes tumour 

progression'. A tumour-promoting inflammatory state and tumour-permissive 

microenvironment not only supports multiple hallmark capabilities but also provides 

mechanisms by which cells can become resistant to cancer therapeutics and 

radiotherapy.

A classic enabling characteristic found in numerous cancer types is defective DNA 

damage repair due to inactivation of mismatch repair genes, known as a replication 

error repair (RER) deficient phenotype (RER+). RER+ cells display increased 

microsatellite instability with consequential genetic hypermutability and 

carcinogenesis6"10. The 'mutator phenotype' of cancer facilitates the initiation and 

progression of the disease and importantly detrimentally impacts on cellular 

responses to cancer therapy, for example as cancer cells can ignore death signals and 

continute to proliferate even when their DNA is damage due to mutations in key 

checkpoint and/or regulatory genes.

3



Introduction

1.2 Lung cancer

In 2011, lung cancer was the second most common cancer overall in the United 

Kingdom, in both sexes. There were 43,463 new cases: 55% male and 45% female. 

Lung cancer is the most common type of cancer in Scotland, which has incidence 

rates amongst the highest in the World1114. Lung cancer is by far the most frequent 

cause of cancer mortality, accounting for almost one in four (23%) cancer deaths in 

males and just over a fifth (21%) in females in the UK1 M4.

The age-specific incidence rates rise steeply from around age 40 and peak in those 

aged 80 and older. Between 2009 and 2011. almost nine in ten cases were in those 

aged 60 and above. Incidence rates are similar in both sexes up until the early 50's 

and. thereafter, the male incidence rates are increasingly higher than in females. 

Thus, lung cancer mostly manifests itself in the older generation11’14.

Primary lung cancers are broadly classified into non-small cell lung carcinoma 

(NSCLC), small-cell lung carcinoma (SCLC) and mesothelioma. NSCLC 

encompasses all lung cancers that are not SCLC or mesothelioma. The National 

Lung Cancer Audit (LUCADA) recorded that in 2012 within England and Wales, 

10.5% of cases were classified as SCLC, 5.6% mesothelioma, and the remaining was 

subdivided into confirmed NSCLC (71%) and other types (29%), such as carcinoid 

(neuroendocrine) tumours and sarcomas. Therefore, NSCLC is by far the most 

common type of lung cancer1 \
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1.2.1 Lung cancer stages

The staging of lung cancer is based on the extent of spread of malignant cells. 

NSCLC is staged according to the number and TNM (Tumour, Node, Metastases) 

staging systems. Currently, the 7th edition of TMN classification system of 

malignant tumours is most commonly used and was recently reviewed and updated 

in 201016 i7. The accurate staging of cancer is important as it guides predictions of 

prognosis and indicates the most suitable course of treatment.

Unfortunately, most people are diagnosed during advanced stages of the disease; 

around 68% are diagnosed at stages III or IV (Table 1). This could be due to the 

lack of symptoms in the early stages of disease. A persistent cough, coughing up 

blood, breathlessness, unexplained fatigue and cachexia tend to only be present when 

the disease is already in advanced stages. In the UK between 2000 and 2013, a third 

of patients with lung cancer died within 90 days of their initial lung cancer diagnosis. 

It was reported that General Practitioners who request chest X-rays more frequently 
identify and refer their patients earlier, with subsequently more favourable 

outcomes18. Multiple studies have attempted to find a cost-effective method of 

screening for the early detection of lung cancers in high-risk patients19'21. The 

National Lung Screening Trial reported that the use of computed tomography (CT) 

screening in high risk individuals reduced cancer associated mortality by 20% . 

Therefore, this could be a possible clinical screening strategy; however the 
implementation may be hindered by the associated cost and risks23.
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Stage Proportion of Cases (%)

I 14.5

II 7.3

III 31.8

IV 35.8

Unknown 10.6

Table 1: Proportion of lung cancer cases diagnosed by stage in England and Wales in 201124
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1.2.2 NSCLC classification

There are three different types of NSCLC based on the cell of origin: squamous cell 

carcinoma (SCC), adenocarcinoma and large cell carcinoma. The determination of 

tumour histology is not always possible, as cells may appear undifferentiated or the 

biopsy may be insufficient. Traditionally, these histological sub-types were grouped 

together and simply distinguished from SCLC as they have a similar prognosis and 

response to conventional treatments. However, the distinction between NSCLC and 

SCLC is no longer sufficient for emerging and recently implemented targeted 

therapeutics. Pathologists now sub-classify NSCLC to determine the molecular 

pathology of the cancer cells . The identification of epidermal growth factor 

receptor {EGFR) gene mutations and anaplastic lymphoma kinase (ALK) gene 

rearrangements provides valuable information on the suitability of the patient for 

targeted therapies. Subtyping is important, considering certain targeted agents such 

as the angiogenesis inhibitor, bevacizumab. are contraindicated in SSC . Gefitinib, 

an EGFR tyrosine kinase inhibitor (TKIs) was the first targeted therapy used in the 

treatment of NSCLC with high tumour response rates observed in light or non

smoking patients with adenocarcinomas28"^0. A phase Ill clinical study revealed that 

an EGFR activating mutation was responsible3132, and the higher response of 

adenocarcinoma versus SSC was due to the higher prevalence of EGFR-activating 

mutations within this histological subtype33 34. EGFR TKIs are now the standard-of- 

care for advanced lung adenocarcinomas " , therefore, selecting the appropriate 

patient cohort is essential. Targeted therapies are a major improvement over 

conventional chemotherapy34 30, but are only effective in patients with tumours 

dependent on the associated driver oncogene; which is 10% for EGER1* and 3-7% 
for/fCK40
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1.2.3 NSCLC risk factors

Tobacco smoke is the leading NSCLC risk factor and accounts for approximately 

90% of cases of lung cancer41, risk increases with increasing number of pack-years 

(calculated by multiplying the number of packs of cigarettes smoked per day by the 

number of years the person has smoked). Historically, occupational asbestos 

exposure was common in shipbuilding industrial workers in Scotland, and this, 

alongside the higher urban smoking rate, may have contributed to the elevated lung 

cancer incidence rate in this region. Other risk factors include exposure to radon, 

diesel exhaust, uranium ore, arsenic, beryllium, cadmium, silica, vinyl chloride, 

nickel compounds, chromium compounds, coal products, mustard gas and 

chloromethyl ethers42 4 '.

1.2.4 Treatment of NSCLC

1.2.4.1 Evolution of chemotherapy

‘First generation' anti-cancer agents, such as methotrexate, cyclophosphamide, 

vincristine, and doxorubicin were found to be essentially inactive in NSCLC. 

Despite being widely used in the 1970s and 1980s in the treatment of SCLC, their 

use in the treatment of NSCLC was considered only palliative. Later, ‘second 

generation' drugs such as cisplatin, ifosfamide. mitomycin, vindesine, vinblastine 

and etoposide were used clinically, and more favourable responses were observed. 

Cisplatin in combination with other agents, such as mitomycin, ifosfamide and 

cisplatin (MIC), or mitomycin, vinblastine and cisplatin (MVP) chemotherapy 

regimens44 4^ were the key to this early success. Despite the effectiveness of 

cisplatin, the associated renal toxicity and neurotoxicity prompted the development 

of alternative treatment combinations. Later, 'third generation" agents such as 

taxanes (paclitaxel. docetaxel), gemcitabine and vinorelbine emerged46. Carboplatin, 

an analogue of cisplatin and other 'third generation' drugs proved to be effective and 

were introduced in place of cisplatin in combination treatments47. ‘Fourth 

generation' targeted agents, namely pemetrexed. TKIs such as gefitinib, erlotinib and 

afatinib and monoclonal antibodies, such as bevacizumab (Avastin®) and cetuximab 

have more recently been introduced.
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1.2.4.2 Management of NSCLC

National Institute for Health and Care Excellence (NICE) guidelines recommend that 

early stage NSCLC tumours should be surgically resected by lobectomy if the patient 

is medically fit; however, more extensive surgery may be required to obtain clear 

margins. Patients unsuitable for surgery may be treated with chemotherapy and/or 

radiation therapy (RT). Radical RT is recommended for patients with inoperable and 

Pancoast tumours of stages I-III NSCLC with a World Health Organization (WHO) 

performance status of 0 or 1. A continuous hyper-fractionated accelerated 

radiotherapy (CHART) regimen is advised. Chemotherapy is recommended for 

advanced stage III or IV patients with good performance status, with the aim to 

improve quality-of-life and survival. Treatment consists of a combination treatment 

of a platinum-based drug, such as carboplatin or cisplatin. and a third generation 

drug such as gemcitabine. paclitaxel. docetaxel or vinorelbine4X.

Pemetrexed. an antifolate agent in combination with cisplatin is recommended for 

the first-line treatment of patients with locally advanced or metastatic disease with 

adenocarcinoma or large-cell histology44. For locally advanced or metastatic 

NSCLC that tests positive for the activating EGER mutation, the first line of 

treatment is the EGER TKI gefitinib44. When previous chemotherapy has failed, 

erlotinib is recommended as an alternative to docetaxel as a second-line of 
treatment;'<)", 1.
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] .2.4.3 Radiotherapy and NSCLC

There are three types of RT currently used to treat NSCLC within the UK.

i. Conventional external beam radiotherapy (EBRT)
EBRT (Section 1.9.2.2) is commonly used to treat NSCLC. which may be 

given daily (Mon-Fri) for 3-7 weeks or by CHART regimen (dose 

fractionation: Section 1.9.3). which is unfortunately not yet widely available.

ii. Stereotactic radiotherapy
Stereotactic RT (Section 1.9.2.6) is available at many locations in the UK. 

Several high-energy radiation beams are used to accurately target very small 

or peripherally located tumours whilst sparing surrounding tissue.

iii. Brachytherapy
Brachytherapy (Section 1.9.2.1) is administered as a palliative treatment 

when a tumour obstructs an airway or causes a pneumothorax.
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1.2.5 Prognosis ofNSCLC patients

The prognosis ofNSCLC is dependent on the stage of cancer and whether or not it 

has metastasized. The lung cancer-staging project (2007) provided survival statistics 

for NSCLC; data from 81.000 patients from 19 different countries were collected. 

The 5-year survival rate for stage I ranged from 43-73%, however, disease is rarely 

detected at this stage. The 5-year survival rates declined for stage II disease to 

between 24-46%. and further to between 19-24% and 7-9% for stage IIIA and IIIB 

respectively. Metastatic stage IV disease had a very low 5-year survival rate of 2- 
13%52.
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1.3 Principles of ionizing radiation

Ionizing radiation (IR) can be generated by a linear accelerator (LINAC) device, 

emitted from unstable nuclei or from the de-excitation of atoms and their nuclei in 

nuclear reactors.

1.3.1 Particulate radiation

Particulate radiation such as a-particles, P-particles (electrons), protons, neutrons and 

ions randomly cause ionization and excitation of atoms along their ballistic tracks 

within biological tissue. This results in intense energy deposition and tissue damage. 

Cyclotrons are used to produce particle radiation; unfortunately, they have 

considerably higher costs and therefore the availability of proton beam therapy is 

currently very limited, however, costs are expected to decline53.

1.3.2 Electromagnetic radiation

Electromagnetic radiation includes radiowaves, microwaves, visible light, ultra violet 

(UV) light. X-rays and y-rays. Electromagnetic radiation waves have energy inverse 

to their wavelength. A cathode ray tube or LINAC is used to excite and accelerate a 

stream of electrons into a metal target to produce X-rays (in moving packets of 

energy known as Bremsstrahlung photons), whereas y-rays originate from the 

radioactive decay of elements such as Cobalt-60, Radium and Caesium. X-ray and 

y-ray photons have no mass and are sparsely ionizing, and therefore, the energy 

deposited to the biological tissue by the secondary electrons generated have a low- 

linear energy transfer (LET).
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Non-ionizing radiation waves of the electromagnetic spectrum do not have the 

necessary energy to remove an electron from an atom, and therefore are generally 

harmless to biological tissues (at levels below that required to produce heat). Their 

longer wavelength and smaller energy packet renders them incapable of significantly 

chemically altering atoms or molecules.

1.3.3 Linear energy transfer and radiation units

As IR passes through biological tissue it gradually loses its energy along its path. 

The rate of energy loss depends on the type of radiation, energy levels and the 

density of the recipient tissue. The LET of the radiation represents the density of 

energy deposition into biological tissues, and it is defined as the average energy 

deposition per unit length of the radiation track (keV/pm). The biological effect 

(relative biological effectiveness: RBE) of a type of radiation depends on its average 

LET. Particle radiations such as protons and heavy ions have more advantageous 

biological dose distributions than photons. Heavy charged ions and charged particles 

have a greater mass and deposit greater levels of energy along their track, and 

therefore have a higher LET and increased biological effectiveness'4 compared to X- 

rays and y-rays, which cause relatively sparse numbers of ionizations. The absorbed 

radiation dose is the amount of energy (Joules) absorbed per unit mass of tissue and 

has the unit Gray (1 Gy = 1 .1/ kg).
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1.3.4 Direct and indirect effects ofIR

IR causes molecular damage through its direct and indirect effects (Figure 1.1). The 

deposition of energy on macromolecules (e.g. DNA) directly breaks chemical bonds. 

Additionally, free radical production indirectly induces molecular damage; reactive 

oxygen species (ROS) comprise of free radical and non-free radical oxygen 

intermediates such as superoxide ((V'). hydrogen peroxide (H2O2), and hydroxyl 

radicals ("OH). Particulate IR sources have kinetic energy and directly disrupt the 

atomic structure and damage biological molecules. In contrast. X-rays and y-rays 

indirectly ionize by ejecting an electron from orbit in an atom to produce secondary 

charged particles. The ionized or excited molecules can produce free radicals that 

interact with surrounding molecules and produce secondary DNA or lipid radicals, 

altering the chemistry between these critical macromolecules. Critically, water 

molecules absorb photons, resulting in the excitation and ionization of water. 

Radiolysis also results in the production of free radicals (a hydrated electron, a 

hydroxyl radical and a hydrogen atom). Hydroxyl radicals are highly reactive 

oxidizing agents that cause further damage to biological tissues. Within damaged 

macromolecules there is a dynamic equilibrium of fixation and restitution of free 

radicals. Hydrogen donating compounds, such as thiols and cysteine are 

radioprotectors and can neutralize free radicals. However, if the damage occurs in 

the presence of molecular oxygen or oxygen mimicking compounds, they react with 

free radicals to form peroxides within important biomolecules, and hence “fix” the 

DNA lesion (Figure 1.2). This is called the ‘oxygen fixation effect' and explains the 

increased IR-induced molecular and thus cellular damage that occurs in the presence 

of oxygen, which highlights oxygen as a potent radiosensitizer and explains why 

hypoxic tumours are radioresistant5^07.
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Photon

INDIRECT
ACTION

Energy deposited

Figure 1.1: Direct and indirect actions of IR-induced DNA damage.

The direct action of IR is the physical deposition of energy that causes ionization or 

excitation and breaks chemical bonds. The indirect action results when the photons 

ionize other molecules, such as water causing water radiolysis that generates free 

radicals, which have high reactivity towards other macromolecules inducing 

secondary damage. The direct and indirect action of IR both result in DNA damage 

such as DNA-DNA cross links. DNA base damage. DNA single-strand breaks and 

DNA double-strand breaks.

(Adapted from HALL. E.J., GIACCIA, E.. Editors. Radiobiology for the Radiologist, 

6th edition (2006). J.B. Lippincott Company, Philadelphia. USA)
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Figure 1.2: The fixation or restitution of IR-induced DNA damage depends on the 

presence of oxygen

Following IR highly reactive free radicals are formed directly or indirectly in the 

DNA. The DNA radical can interact with an SH group and be chemically 

transformed to its reduced form. Molecular oxygen is an extremely electron-affinic 

molecule and if present, a non-restorable change to R02» is formed, resulting in 

fixation of damage (R represents any organic molecule in the cell). This reaction 

cannot proceed in hypoxic conditions, in these circumstances chemical restitution of 

the DNA occurs.
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1.3.5 IR-induced DNA lesions

As DNA is of critical importance to cellular function, cells have evolved multiple 

pathways to promptly detect and repair DNA damage. IR can result in breaks within 

DNA helices, resulting in single strand breaks (SSBs) or double strand breaks 

(DSBs). Additionally, bases can be modified by alkylation, methylation, oxidation 

and deamination or the DNA can contain apurinic/apyrmidinic sites (AP sites), all of 

which can indirectly result in DNA SSBs and/or DSBs. Lastly, IR can result in inter

strand DNA-DNA or DNA-protein cross-links (Figure 1.3: Mechanisms of genomic 

maintenance following DNA damage).

1.3.6 DNA double strand breaks

DNA DSBs are frequently produced during normal cellular metabolic processes. For 

example, during meiosis to promote homologous recombination between homologs, 

during V(D)J recombination and class switch recombination of immunoglobulins 

and by endogenously generated ROS. DSBs are also formed when a DNA 

replication fork encounters a site with another type of DNA lesion. IR, radiomimetic 

drugs such as, etoposide (topoisomerase II poisons), bleomycin, and neocarzinostatin 

result in DNA DSBs. The anti-cancer drug cisplatin causes the formation of DNA 

crosslinks, the repair of which results in the formation of DNA DSBs. DNA DSBs 
are the most lethal form of DNA damage and compromise genomic integrity58'59. 

They are formed when SSBs are made in the backbone of opposing strands of DNA 

within 10-20 base pairs of each other60'61. A single DSB can potentially result in loss 

of genetic information in the range of 100 million base pairs62. If repaired 

incorrectly the effects are potentially catastrophic as they can lead to genomic 

instability, chromosome translocations, loss of genetic material and predisposition to 

carcinogenesis. Genomic instability is a key feature of carcinogenesis and is often 

associated with the acquisition of mutations in oncogenes, tumour suppressor genes 

(TSGs) and DNA repair genes63.
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Figure 1.3: Mechanisms of genomic maintenance following DNA damage

An overview of sources of DNA damage and resulting types of DNA lesion that 

occur are shown. The most relevant repair mechanisms activated are listed. The 

acute effects of DNA damage are cell cycle arrest in Gl. S. G2 and M phases and a 

transient pause in DNA replication; apoptosis is induced if DNA damage is 

irreparable or excessive. Longer-term effects of DNA damage are permanent 

alterations in DNA sequence resulting in chromosomal aberrations and mutagenesis. 

(Adapted from Hoeijmakers. J. H. Genome maintenance mechanisms for preventing 

cancer. Nature 411, 366-374 (2001)).
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1.4 DNA damage repair pathways

It is estimated that 1 Gy of IR results in approximately 10 ionizations in each cell, 

-1000 incidents of damage to DNA bases, around 1000 SSBs and approximately 20- 

40 DSBs. However, 1 Gy typically only kills about 30 per cent of cells64. Despite 

the large number of lesions, IR has relatively limited cytotoxicity, and this is due to 

the efficient DNA damage repair processes within cells.

The DNA damage response (DDR) determines the fate of cells after IR-induced 

DNA damage has occurred. Accordingly DNA damage repair, cell cycle delay and 

cell death may ensue (Figure 1.3). Mammalian cells have evolved five main 

pathways to repair DNA lesions and hence maintain genomic stability.

There are three excision repair pathways: the nucleotide excision repair (NER) 

pathway responds to damage that distorts the DNA helix, inhibits base pairing and 

prevents transcription and replication processes. UV light and cisplatin cause DNA 

damage, that results in bulky DNA adducts, and thus the NER pathway is an 

important mechanism to repair DNA damage from these sources. Chemical 

alterations of bases (e.g. oxidation. AP sites) are repaired by base excision repair 

(BER). Single-strand break repair (SSBR) is closely related to BER; the damage on 

one strand is removed and replaced using the complementary strand as a template. 

The mismatch repair (MMR) pathway corrects base-pairing errors that can occur 

during replication.

DSBs require more complex repair pathways; homologous recombination repair 

(HRR) (Section 1.4.6.2) occurs when an intact homologous template strand is 

available during S and G2 phases of the cell cycle66 and results in high fidelity repair. 

When there is no template strand available in G0/G1 phase of cell cycle, non- 

homologous end joining (NHEJ) repairs the DNA damage by DNA end modification 

and simple ligation (Section 1.4.6.1). However, NHEJ is inherently error-prone and 

typically results in loss of nucleotides or mutations66
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1.4.1 DNA damage response: sensing DSBs

DNA damage is initially detected by sensor proteins, which recognize lesions in the 

DNA and amplify the signal to transducer proteins, which in turn relay the signal to 

downstream effector proteins.

The Mrel 1-Rad50-Nbsl (MRN) complex functions as a DNA lesion sensor by 

detecting DSBs6768 and assembles rapidly at the site of damaged DNA. Mrel 1 has 

DNA-binding activity, recruits other DNA repair proteins and has endonuclease and 

exonuclease activity69. Mrel 1 directly interacts with Rad50, which unwinds the 

dsDNA at the break site, enabling access of other DDR proteins70. Nbsl can bind to 

phosphorylated proteins and recruits various DNA repair and checkpoint proteins to 

the DNA lesion. The MRN complex detects and initiates checkpoint signalling of 

DSBs and signals to both the HR and NHE.I repair pathways.

The MRN complex initiates DDR signalling and activates transducer proteins. Three 

phosphatidylinositol-3-kinase-related protein kinases (PIKKs) respond to DNA 

damage and rapidly phosphorylate various downstream effector proteins. The 

serine/threonine-protein kinases ataxia-telangiectasia mutated (ATM) and DNA- 

dependent protein kinase catalytic subunit (DNA-PKcs) respond mainly to DNA 

DSBs, whereas ataxia-telangiectasia and rad3-related (ATR) is activated by SSBs 

and stalled DNA replication forks. Activation of these apical kinases requires 

recruitment to the sites of DNA damage via conserved carboxyl-terminal motifs in 

Nbsl. ATR-interacting protein (ATRIP) and Ku80, which facilitate their interaction 

with ATM, ATR and DNA-PKcs respectively. These motifs are essential for the 

recruitment of the kinases to sites of DNA damage71. ATM, ATR and DNA-PKcs 

rapidly phosphorylate histone H2AX (Section 1.4.3) within 5-30 minutes of DSB 

induction, to amplify the DDR signal and activate downstream signalling pathways 

such as cell cycle checkpoints and DNA repair.

ATM-MRN; The MRN complex recruits ATM via a protein interaction with the C- 

terminus of Nbsl7172, inducing the autophosphorylation of ATM at Serl981. which 

disrupts the association of ATM dimers. ATM monomers possess kinase activity 

which can phosphorylate and activate downstream targets, such as p53, mouse
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double minute 2 homolog (MDM2) and checkpoint kinase 2 (Chk2) to activate the 

G1 checkpoint71.

DNA-PKcs-Ku. The Ku70-K.u80 heterodimer complex locates and binds to exposed 

DNA ends and forms a transient bridge74. The DNA-bound Ku heterodimer recruits 

DNA-PK.cs to the DSB75, where it is activated upon DNA binding by multisite 

phosphorylation, although the precise mechanism of which is currently unknown76'78. 

DNA-PKcs plays a critical role in DNA damage repair, particularly in NHEJ repair 

of DSBs formed by IR79, but also functions in telomere maintenance and in the 

response to DNA replication stress80.

ATR-ATRIP: ATRIP is a critical interacting partner of ATR. which mediates its 

accumulation on damaged chromatin via an interaction with the replication protein A 

(RPA) complex that recognizes and coats ssDNA81. Simultaneously, the Rad9- 

Radl-Husl (9-1-1) checkpoint sensor clamp is recruited to DNA by the Rad 17- 

replication factor C (RFC), a “clamp loader’’ complex82. This results in the 

recruitment of the ATR activator, topoisomerase II binding protein 1 (TOPBP1 )81'84. 

ATR-ATRIP directly binds with the activation domain of TOPBP1, which is 

stabilized by A I R autophosphorylation on Thr-198985, resulting in ATR activation. 

The mechanism by which DNA damage regulates TOPBP1 activation of ATR- 

ATRIP in vivo is still poorly understood. Activated ATR can also phosphorylate 

histone H2AX in response to IR-induced DSBs. thus contributing to the initial DNA 

damage detection signal. ATR does not play any further role in the repair of this 

type of lesion, except for when RPA-coated ssDNA results from processing of a 

DSB. ATR is critical for DDR signalling in response to damage resulting from DNA 

replication.
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1.4.2 Phosphorylation targets of ATM, ATR and DNA-PKcs

ATM, ATR and DNA-PKcs have similar substrate specificities in vitro. Importantly, 

they also have partially overlapping substrate specificities in vivo. Phospho- 

proteomic screens have identified seven hundred proteins containing the PIKK 

phosphorylation motif (SQ/TQ) that is phosphorylated in response to IRx<vXS. Many 

of these damage responsive proteins harbour conserved phospho-protein binding 

motifs, namely forkhead-associated (FHA) and breast cancer 1 (BRCA1) C-terminal 

(BRCT)89'90 domains91.

1.4.3 Histone H2AX and MDC1

The discovery that Rad51 forms discrete clusters, called foci, at sites of DNA 

damage92 stimulated further study to determine whether or not other DDR and DNA 

repair proteins localize and concentrate at DNA lesions. Subsequently, it was 

determined that DNA damage-induced phosphorylation of histone variant H2AX on 

Ser-139 occurs in discrete foci at sites of DNA DSBs93. ATM is the first and main 

kinase responsible94, but ATR and DNA-PKcs can also phosphorylate histone 

H2AX95'96. Phosphorylated histone H2AX (yH2AX) serves as a sensitive, early 

cellular marker of DNA DSBs and can be exploited as an indicator of their initiation 

and resolution97. Visualization of yH2AX foci and thus DNA DSBs is achieved 

using indirect immunofluorescence and fluorescent microscopy93'98. Following IR. 

numerous IR-induced foci (IR1F) are visible in the nucleus: each focus represents the 

repair platform of 1 DNA DSB. The formation of yH2AX foci is a key event in the 

DDR; an epigenetic signal recognized by specific domains on many downstream 

DDR proteins that are recruited to DSBs65, which also facilitates re-joining of the 

DNA ends by anchoring the broken ends together through nucleosome repositioning 

at the damaged sites99 l()(). Initially, a very small number of base pairs may be 

involved in the DSB. but the signal is rapidly amplified to surrounding areas, which 

confirms the requirement of chromatin modification in the initiation of DNA damage 

responses73.

Mediator of DNA damage checkpoint 1 (MDC1) protein plays a central role in 

recruiting DNA repair and cell cycle checkpoint proteins to DSBs101'102. MDC1 is
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the predominant yH2AX recognition protein as it has a phospho-peptide binding cleft 

tailored to recognize yH2AXl()l'103'104. Therefore, MDC1 functions as an H2AX- 

dependent protein interaction affinity platform105, a scaffold protein, which can bind 

to numerous DDR proteins, including the MRN complex106 and ATM, and 

coordinates their focal assembly10'. Thus. MDC1 amplifies and stabilizes the DDR 

signal around the DSB. alters chromatin structure and enables docking of other DNA 

repair proteins, including BRCA1 and 53BP1. MDC1 mediates cell cycle 

checkpoint control and DSB repair through the recruitment and retention of effector 

proteins107-109. For example. MDC1 recruits the E3 ubiquitin ligase RNF8. which 

ubiquitinates histone H2AX: a modification required for BRCA1 accumulation at 

sites of damaged DNA110-"2.

1.4.4 P53

TP53 (tumour protein p53) is the most commonly mutated TSG. P53 protein 

functions as a transcription factor to regulate genes that control cell-cycle 

checkpoints and programmed cell death. The p53 protein is activated by 

phosphorylation on SerlS by ATM in response to DNA damaging agents113, which 

leads to the accumulation of p53 and enables it to trans-activate downstream target 
genes114. Thus, the activation of p53 after 1R can result in a block in proliferation (in 

G1 and G2) or the induction of cell death in response to DNA damage. MDM2 

regulates p53 protein turnover through their protein-protein interaction. The 

interaction leads to rapid ubiquitination and degradation of p53 through the 

ubiquitin-proteasomal pathway. Therefore, under conditions without stress, p53 

levels are kept low via this positive-feedback mechanism. ATM phosphorylates p53 

and MDM2, which disrupts their interaction and leads to the stabilization and 

activation of p53. The G1 checkpoint depends primarily on the function of p53 and 

its downstream target gene, the cyclin-dependent kinase (CDK) inhibitor, p21. P53 

can also directly induce apoptosis through the upregulation of pro-apoptotic proteins 

BCL-2-associated X protein (BAX)115, Noxa116 and p53 upregulated modulator of 

apoptosis (PUMA)117. The death receptors death receptor 5 (DR5)IIX and FAS (first 

apoptosis signal)119120 are also induced following DNA damage in a p53-dependent 

manner.
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1.4.5 Cell cycle progression

The cell cycle phases are regulated by the activity of CDKs, which bind to regulatory 

subunits called cyclins that are produced and degraded at specific stages of the cell 

cycle. Cyclins form complexes with their CDK partner and drive progression 

through different cell cycle phases. CDK inhibition results in the activation of the 

checkpoint and cell cycle arrest ensues121. Mechanistically, there are two ways the 

cell cycle can be arrested: firstly. CDK inhibitors can inhibit cyclin-CDK complexes 

and secondly, CDK activity can be attenuated by modulation of their 

phosphorylation status.

1.4.5.1 Cell cycle checkpoints

Maintenance of genomic stability is of fundamental importance; any alteration of 

genomic structure can lead to loss of proliferative control and/or cell death (Figure 

1.3). Initiation of the DDR results in the activation of cell cycle checkpoints through 

activation of ATM and ATR. 1R results in delays in the cell cycle at Gl, S and G2 

phases, through the activation of four checkpoints within the cell cycle that halt 

replication and provide time to repair, thus, preventing propagation of cells with 

damaged DNA and possible genetic mutations122. Additionally, the checkpoint 

machinery activates downstream effectors involved in DNA damage repair, 

chromatin remodelling and modulates transcriptional activity. However, when the 

DNA damage is irreparable cells may enter a senescent state or undergo cell death .
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1.4.5.2 Checkpoint regulation

Two distinct kinase-signalling cascades, the ATM-Chk2 and ATR-Chkl pathways, 

are activated by DNA DSBs and ssDNA respectively and coordinate the cellular 

response to DNA damage. ATM and ATR can directly phosphorylate the 

serine/threonine kinases Chk2 and Chkl respectively, however, there is crosstalk 

between these pathways and with DNA-PK.cs in response to IRm.

Chkl activation: Activated ATR phosphorylates Chkl at Ser317 and Ser34512xl26, 

initiating Chkl autophosphorylation at Ser296127 l2x. Phosphorylated Chkl can 

dissociate from chromatin to phosphorylate its substrates in both the nucleus and 

cytoplasm129, thereby, launching the cell cycle checkpoint response120. Chkl 

regulates the cell cycle by phosphorylating regulators of CDK inhibitors such as cell 

division cycle 25 homolog A (Cdc25A)131, cell division cycle 25 homolog C 

(Cdc25C)132 and Weel133. G2 arrest is achieved through inhibition of the Cdkl- 

cyclin B complex, which results from inhibition of the Cdc25 phosphatase family134. 

Chkl is constitutively active and present predominantly in S and G2 phases, 

although its activity is enhanced following DNA damage12513\

Chk2 activation: ATM phosphorylates Chk2 on a specific threonine residue, Thr68, 

located within an N-terminal SQ/TQ-rich motif136. Activated Chk2 translocates from 

the damage site on DNA to its substrates within the nucleus, effecting cell cycle 

progression, gene transcription and apoptosis . Chk2 substrates include p53 ’ ,

Cdc25 family phosphatases which activate CDKs139, BRCA1140 and the transcription 

factor E2F114'. Chk2 is present throughout the cell cycle, but is inactive until DNA 

damage occurs142.
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1.4.5.3 Chkl/2 downstream effectors

Chkl and Chk2 are key signal transducers within the complex network of genomic 

integrity checkpoints. The substrates of Chkl and Chk2 are diverse; each checkpoint 

protein has unique and overlapping targets. Depending on the type of DNA damage 

and the cellular context, checkpoint signalling may result in14 ':

• Modulation of the chromatin remodelling pathways (Tlkl/2144).

• Activation of stress-induced transcription program (E2F1, BRCA1, p53).

• Direct or indirect initiation of DNA repair (BRCA1, p53).

• Acute delay (degradation of Cdc25A) and/or sustained cell cycle block 

(Cdc25C, p53).

• Apoptosis (promyelocytic leukaemia-1 (PML-1)145, p53146, E2F1l41).
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1.4.6 DNA DSB repair

Generally, two mechanistically and genetically distinct pathways eliminate DNA 

DSBs: NHEJ and HRR. NHEJ is considered the primary repair pathway for DSBs in 

mammals147. Molecular defects in this pathway result in vastly increased sensitivity 

to IR148'150.

1.4.6.1 Non-homologous end joining repair

The major players involved in NHEJ are Ku, DNA-PK.cs, Artemis, X-ray repair 

cross-complementing protein 4 (XRCC4) and DNA ligase IV. As described in 

Section 1.4.1, the Ku70/Ku80 heterodimer recognizes and binds to exposed DNA 

ends'7174. DNA-bound Ku then stimulates and recruits DNA-PKcs to form the 

active DNA-PK protein kinase75. IR-induced DSBs do not have ‘clean-cut’ blunt 

ends; there are usually 3’ and 5’ overhangs with phosphate or phosphoglycolate 

groups, the removal or processing of which is required to permit ligation. Artemis is 

an important protein required for processing of DNA ends; it possesses exonuclease 

activity and is required for processing 3’ phosphoglycolate groups172. DNA-PKcs 

molecules of adjacent DNA ends are then brought together to form a synapse in 

preparation for ligation153. The XRCC4/DNA ligase IV complex is recruited to the 

DNA-PK complex and ligates the processed broken DNA ends.
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1.4.6.2 Homologous recombination repair

HRR primarily occurs in response to replication errors or stalled replication forks. 

HRR of DNA DSBs utilizes an intact and homologous DNA molecule, namely a 

sister chromatid as a template to prime synthesis. The broken ends of the DSB must 

undergo nucleolytic processing. The MRN complex has helicase and exonuclease 

activities and mediates extensive 5' to 3' end-processing at broken DNA ends. The 

resulting 3' ssDNA tails are bound by RPA that is then replaced by RadSl. which 

requires the DNA-end binding capability of Rad52. to form nucleoprotein filaments 

along the unwound DNA strand. The nucleoprotein filaments facilitate strand 

invasion; the 3’ end invades a homologous DNA duplex. RadSl dissociates from the 

ssDNA exposing the 3‘-OH required for DNA synthesis, permitting base pairing of 

the invading and complementary template strand and extension by DNA polymerase. 

The extended strand can then dissociate and anneal with the processed end of the 

non-invading strand on the opposite side of the DSB. Alternatively, both ssDNA 

strands can invade the template to produce two DNA cross overs (Holliday 

junctions), which must be resolved for the separation of recombining partners to 

occur. Remaining ssDNA gaps or nicks are repaired by DNA polymerase and DNA 

ligase. Ultimately resulting in precise, error-free repair of the DSB61 l >4.
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1.5 IR-induced cell death

The DDR determines the sensitivity of cells to IR and the resulting mechanism of 

cell death. The response to IR differs in normal and tumour cells and within the 

heterogeneous cancer cell populations. Quantification of cell death after IR is 

complicated as cells can die at different stages following treatment, even after 

multiple circuits of the cell cycle. Therefore, in the context of radiobiology and 

cancer therapies, clonogenic survival (surviving fraction) is the most robust 

assessment technique. Clonogenic survival assays determine the number of cells that 

retain their proliferative capacity after IR. i.e. the cells which could potentially 

repopulate the tumour leading to disease relapse.

Unrepaired DNA damage can lead to cell death through various mechanisms: 

apoptosis, necroptosis/necrosis, autophagy, mitotic catastrophe and the process of 

terminal growth arrest, termed senescence (Figure 1.4). The apoptotic pathway can 

be directly activated by the DDR and is therefore a strong determinant of IR-induced 

cell death. Importantly, levels of IR-induced apoptosis have previously been shown 

to accurately predict radiosensitivity and therefore it is a surrogate marker of cellular 

response to radiationlr\ Autophagy, which has an interrelated network with the 

apoptotic pathway is also an important process that contributes to clonogenic 

radiosensitivity156. Although apoptosis and mitotic catastrophe are the major 

pathways involved in radiation-induced cell death, autophagy and necrosis may be of 

equal importance1^7. Alterations to any of these cell death pathways within abnormal 

cancer cells, such as mutations or overexpression of protein components, could 

potentially affect radiosensitivity and contribute to tumour radioresistance.
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Figure 1.4: IR-iiuluced cell death

IR-induced DNA damage results in activation of DDR. cell cycle checkpoints and 

DNA repair pathways. If the DNA damage is irreparable, cell death pathways will 

be activated resulting in early cell death. In most cases, however, cells will survive 

to undergo mitosis and any remaining or misrepaired damage will result in mitotic 

catastrophe, which can occur after the first attempt or after several cycles of 

proliferation, which subsequently results in late cell death. Early and late cell death 

may occur through apoptosis, autophagy. necrosis or cells senesce.
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1.6 Cell death pathways

1.6.1 Mitotic catastrophe

Mitotic catastrophe results from aberrant mitosis; it is a major mechanism of cell 

death in response to 1R in cells that have defective cell cycle checkpoints and 

impaired DNA repair capacity. Microscopically, the cells are very enlarged, with 

aberrant nuclear morphology, multiple nuclei/micronuclei and centrosome 

amplification. Cells undergoing mitotic catastrophe will ultimately die by delayed 

apoptosis/necrosis, autophagy or become senescent (Figure 1.4).

1.6.2 Senescence

IR-induced senescence is a form of stable cell cycle arrest (Figure 1.4), which can 

occur when DNA damage exceeds the repair capacity of cells that have functional 

cell cycle checkpoints. Senescent cells are metabolically active but have 

permanently exited the cell cycle and no longer undergo cell division. The 

morphology of these cells in vitro is enlarged and elongated, with increased 

granularity. Senescent cells upregulate CDK inhibitors such as p21 and stain 

positive for senescence-associated P-galactosidase1^. However, senescent cells are 

not entirely passive as they can acquire a senescence-associated secretory phenotype 

(SASP) which can convert senescent fibroblasts into pro-inflammatory cells that can 

promote tumour progressionl:'4.
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1.6.3 Autophagy

Autophagy is a biological process responsible for the turnover and recycling of long- 

lived proteins and dysfunctional or damaged organelles. Central to autophagy is the 

formation of vesicles with a double membrane called autophagosomes, which engulf 

proteins or organelles when required. An autophagosome fuses with a lysosome to 

become an autolysosome. Within autolysosomes, the engulfed content is digested 

and subsequently the constituent molecules are released and recycled1'10. An 

evolutionarily conserved set of proteins, the extensive autophagy-related (ATG) 

family have been identified as key regulators and components of the autophagy 
machinery161162163. The majority of pro-autophagic events are initiated by the 

serine/threonine protein kinase mammalian/mechanistic target of rapamycin 

(mTOR); a sensor of the cellular nutritional status that regulates the balance between 

growth and autophagy in response to cellular physiological conditions and 

environmental stress164’166.

Autophagy is essential for the maintenance of cellular homeostasis in various stress 

conditions. However, excessive or uncontrolled levels of autophagy can result in 

autophagy-dependent cell death. When IR results in critical damage to intracellular 

organelles autophagy can eliminate these structures. In the event of starvation, 

hypoxia, heat-shock, protein aggregation or oxidative stress, autophagy processes are 

upregulated resulting in catabolism of aberrant cellular components. This process 

maintains optimal metabolism and removes potentially damaging components, 

thereby, maintaining cell viability. Therefore, autophagy is an important protective 

mechanism against stress stimuli and cytotoxic insults167.

Abnormal autophagy may interfere with protein quality control processes in 

irradiated cells and can result in cell death or degeneration followed by cellular and 

tissue dysfunction168169. Radiation promotes autophagy in tumour cells, however, it 

is currently unknown to what extent this occurs and if it can or should be suppressed 

for therapeutic benefit170.

32



Introduction

Morphologically, autophagy is characterized by membrane blebbing, partial 

chromatin condensation and presence of autophagic vacuoles in the cytoplasm171

(Figure 1.4).
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1.6.4 Necrosis

Necrosis is a passive form of cell death, which lacks the intricate regulatory 

mechanisms of programmed cell death (PCD). The morphology of necrotic cells is 

diverse; an important feature is the swelling and rupture of cells (Figure 1.4). The 

cell membrane becomes permeable early in the process causing leakage of cellular 

contents, including lysosomal enzymes and an inflammatory response ensues. 

Cellular organelles dilate, ribosomes dissociate from the endoplasmic reticulum, the 

nucleus clumps and disintegrates and increased vacuolation occurs in the cytoplasm.

Thus, necrosis is considered an uncontrollable, chaotic form of cell death induced in 

response to extremely unfavourable conditions that prevent normal physiological 

processes, such as extreme changes in heat, pH, ion imbalance, energy loss, 

infection, disease and ischemia. Necrosis frequently occurs in tumours, in particular 

within their hypoxic core. IR-induced necrosis typically occurs in cells exposed to 

high doses of 1R.
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1.6.5 Apoptosis

Apoptosis is a tightly regulated, genetically controlled form of PCD that occurs in 

normal and malignant cells. The term was first coined in 1972 and is characterized 

by a distinct cellular morphology: cytoplasmic shrinkage, membrane blebbing, 

pyknosis (chromatin condensation), karyorrhexis (nuclear fragmentation) and 

production of apoptotic bodies17217’. Apoptotic bodies are ultimately engulfed by 

macrophages, thereby avoiding an inflammatory response174. Apoptosis is initiated 

by various stimuli such as growth factor withdrawal, DNA damage, UV radiation, IR 

and hypoxia. The activation of death receptors (extrinsic pathway), mitochondria 

(intrinsic pathway) or a combination of both can activate the apoptotic pathway .

Evasion of apoptosis is a hallmark of cancer4. Defects in the apoptotic pathways 

result in uncontrolled accumulation of malignant cells. Therefore, apoptosis is a 

critical mechanism responsible for the effectiveness and resistance to cancer 

therapeutics176"178.
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1.6.5.1 Death domain superfamily proteins

The death domain (DD) superfamily includes four subfamilies of proteins'7y:

i. Death domain (DD)

ii. Death effector domain (DED)

iii. Caspase recruitment domain (CARD)

iv. Pyrin domain (PYD)

The nuclear magnetic resonance (NMR) structures of the DD of FAS , the DED of 

FAS-associated death domain (FADD)181, the CARD of RIP-associated ICH-l/CED- 

3 homologous protein with death domain (RAIDD)I8“ and the PYD of NACHT 

leucine-rich repeat and PYD containing 1 (NALP1) protein183 revealed a six-helical 

bundle structural fold as the unifying feature of all the DD superfamily proteins. 

Proteins within the same subfamily can interact with each other via homotypic 

interactions of the specific domain (e.g. DD:DD). These interactions facilitate the 

assembly of oligomeric complexes that mediate apoptotic and inflammatory 
signalling in response to stimuli. The signalling complexes function to recruit and 

activate effector proteins by proximity-induced auto-activation. DD superfamily 

proteins of interest and associated signalling complexes are outlined in Table 2 and 

are explained in detail in the following text.
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The extrinsic apoptotic pathway (Section 1.6.5.8) is mediated by death receptors, a 

subfamily of the tumour necrosis factor (TNF) receptor superfamily. The 

intracellular region of each death receptor has a DDIX4"186, the self-association of 

which is required for signal transduction187. The DD of each death receptor can 

interact with the DD of adaptor proteins to assemble signalling complexes that 

activate caspases or nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-kB) (Section 1.7).

1.6.5.2 FADD

Following receptor ligation (Section 1.6.5.8) the DD on the intracellular portion of 

the death receptors FAS, DR4 or DR5 interacts with the DD on the C-terminus of 

FADD. FADD also has a DED and when recruited to the death receptor, a 

conformational change of FADD is induced that exposes the DED. The FADD DED 

can then interact with other DED-containing proteins including procaspase-8/-10 and 

FLIP ' . FADD recruitment is essential for the assembly of the caspase-

activation platforms which assemble following ligation of the death receptors 
FAS188190, DR4. DR5191192 and TNFR1. The DD of TNFR1 interacts with the DD 

of TNF-receptor type 1-associated DD protein (TRADD), which does not have a 

DED and must recruit FADD via its DD to induce apoptosis193.
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Signalling

complex Domains Proteins

DISC DD and DED FAS, DR4/DR5. FADD, caspase-

8/-10, FLIP

TNFRl complex I DD
TNFRl, TRADD, RIP, TRAP

TNFRI complex II DD, DED
TRADD, RIP, FADD, caspase-8

PIDDosome DD, CARD
PIDD. RA1DD, caspase-2

Apoptosome CARD APAF-1, cytochrome c,

ATP/dATP, caspase-9

Table 2: Selected examples of death domain superfamily proteins and associated signalling complexes.
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1.6.5.3 Caspases

Cysteine-dependent aspartate-specific proteases, called caspases are a family of 

proteins that play essential roles in apoptosis, necroptosis and inflammation. They 

are highly specific and have protease activity at aspartate-containing tetrapeptide 

motifs194. Caspases are synthesized as catalytically dormant tripartite zymogens 

called procaspases, which enables their rapid and strictly controlled activation when 

stimulated. Procaspases are highly conserved and consist of a prodomain, a large 

subunit and a small subunit. Cleavage at specific aspartate residues results in 

liberation of the catalytically active fragment from the prodomain195.

There are three known mechanisms of caspase activation: recruitment activation, 

trans-activation and auto-activation. Recruitment activation is based on the induced- 

proximity hypothesis196. Following recruitment of multiple procaspases to a 

common oligomerization site, there are low levels of catalytic activity which can 

initiate full catalytic activation by proteolysis of the Asp-X (X represents any amino 

acid) cleavage site at the junction between the large and small subunits197"199. 

Recruited procaspases can then auto-activate and trans-activate as part of the 
amplification cascade.

Apoptosis is mediated by caspases; the proteolytic enzymatic cascade orchestrates 

the controlled disassembly of the cell through cleavage of their various substrates 

(Section 1.6,5.9). Apoptosis ultimately results in numerous biochemical changes: 

ATP depletion, release of intracellular calcium stores and loss of membrane integrity 

causing exposure of anionic phospholipids and phosphatidylserine200.

1.6.5.4 Initiator caspases

The initiator procaspase-8 and procaspase-10 have tandem DEDs that facilitate 

homotypic interactions with the DED-containing adaptor protein FADD190. 

Procaspase-2 and procaspase-9 have CARDs, which enables interactions with other 

CARD-containing procaspases and RAIDD201 (Section 1.7.2) and APAF-l2tl2 

(Section 1.6.5.7.3) respectively.
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1.6.5.5 Caspase-8

There are two main isoforms of procaspase-8 expressed in cells, procaspase-8a and 

procaspase-Sb20'. Both harbour tandem DEDs and two catalytic subunits, a large 

pi 8 and a small plO subunit (Figure 1.5).

1.6.5.5.1 Caspase-8 activation

Caspase-8 activation is a two-step catalytic process involving both dimerization and 

cleavage that occurs following recruitment by FADD204 to large caspase-activating 

complexes205"208. Dimerization of the prodomains of two procaspase-8 molecules 

results in a conformational change in the caspase domains, which permits 

autocatalytic cleavage between the pi 8 and pH) subunits. Caspase-8 can then trans- 

catalytically cleave between the pi8 subunit and pro-domain of its dimerization 
partner209"211.

The activation mechanism of caspase-8 remains controversial; originally a 

mechanism of induced-proximity activation was theorized. Later studies showed 

that dimerization of procaspase-8 molecules is sufficient to activate the enzyme and 

that proenzyme cleavage stabilizes the complex, with subsequent cleavage releasing 
the active caspase fragment209"214. Although in vitro studies have shown that 

uncleaved procaspase-8 can be activated by dimerization alone; in vivo models215 

indicate that non-cleavable procaspase-8 cannot induce apoptosis208.

1.6.5.5.2 Caspase-8 cleavage

The initial cleavage occurs at Asp-374, which is located between the pi8 and plO 

subunits generating the intermediates p43/p41 and plO. The second cleavage occurs 

at Asp-216, within the p43/41-caspase-8 fragment between the p26/p24 pro-domain 

and the active enzymatic pi8 subunit. The active enzyme is a hetero-tetramer 

consisting of two pi8 and two plO subunits from a procaspase-8 homodimer212 

(illustrated in Figure 1.5). Cleavage can result in the generation of caspase-8 

p43/p41, cytotoxicity-associated protein (CAP3)210, p26/24, p30217. pl8 and plO 

fragments, depending on the sequence of cleavage events.

40



Introduction

Apart from mediating apoptosis, caspase-8 has a diverse set of functions within cells 

and the caspase-8/FLIP long (L) heterodimer is predominantly responsible for 

executing these non-apoptotic functions of caspase-8 (Section 1.8.3)207'218'219,

1.6.5.6 Executioner caspases

Executioner procaspases-3, -6. and -7 constitutively form homodimers in cells and 

are activated following cleavage by initiator caspases between their large and small 

subunits. Cleavage results in intramolecular rearrangements that bring two active 

sites of the procaspase dimer together to form the mature enzymatically active dimer. 

Activated executioner caspases can then activate more executioner procaspases. 

forming a positive feedback loop of amplified caspase activation. By cleaving 

multiple structural and repair proteins, executioner caspases coordinate the execution 

phase of apoptosis (Section 1.6.5.9).
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Figure 1.5: Procaspase-8 and caspase-8 cleavage products

Activation of caspase-8 requires a two-step cleavage event. The first cleavage 

results in the caspase-8-p-43/41 and caspase-8-pl 0 cleavage products. The second 

cleavage produces caspase-8-p26/p24 and caspase-8-pl 8. If the first cleavage occurs 

between the prodomain and large subunit, p30 is formed. The procaspase-8 

molecules must homodimerize to enable cleavage to occur, ultimately two pi8 and 

two plO fragments form the active caspase-8 heterotetramer complex. (DD: Death 

domain. DED: death effector domain).
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1.6.5.7 Intrinsic apoptotic pathway

The intrinsic apoptotic pathway is mediated by mitochondria in response to a variety 

of stress stimuli, in particular those that cause DNA damage. Free radicals, UV 

radiation. IR. chemotherapy, hypoxia, viral infections and toxins result in cellular 

stress that activates p53, which responds by transcriptionally activating a defined set 

of target genes which results in PCD22" (Figure 1.6).

1.6.5.7.1 BCL-2 proteins

The transcription factor p53 activates transcription of many pro-apoptotic proteins 

including members of the B cell lymphoma-2 (BCL-2) family proteins, which 

regulate the intrinsic pathway2"1. BCL-2 family proteins have BCL-2 homologue 

(BH) 1-4 domains. BAX and BAK are key pro-apoptotic family members, 

conversely, BCL-2, BCL-2 like protein 1 long isoform (BCL-xL), BCL-W, myeloid 

cell leukemia-1 (MCL-1) and BCL-2-related protein A1 (BCL2A1) have anti- 

apoptotic roles. The anti-apoptotic BCL-2 proteins interact with and inhibit the pro- 

apoptotic family members . The pro-apoptotic BH3-only proteins BAD. BH3- 
interaction domain death agonist (BID). BCL-2 interacting mediator of cell death 

(BIM), PUMA and Noxa regulate the anti-apoptotic proteins. They can directly 

activate BAX and BAK, or bind to the anti-apoptotic proteins preventing their 

interaction with BAX and BAK, resulting in apoptosis224'22^ 226.

1.6.5.7.2 Mitochondrial outer membrane permeabilization

When stimulated BAX translocates to a mitochondrion and oligomerizes with 

BAK to form a pore within the outer membrane " . The pore results in

mitochondrial outer membrane permeabilization (MOMP) ’ and consequential 

release of apoptosis-promoting factors from the mitochondrial intermembrane 

space224. The pro-apoptotic factors released from mitochondria include cytochrome 

c, a direct caspase activator232 and indirect caspase activators second mitochondrial- 

derived activator of caspase (SMAC)/direct inhibitor of apoptosis protein (1AP)- 
binding protein with low PI (DIABLO) and Omi/HtrA2236'237. Additionally, pro- 

apoptotic, caspase-independent factors are also released, such as endonuclease G 
and apoptosis-inducing factor (AIF)239'240.
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1.6.5.7.3 Apoptosome

Cytochrome c release induces a conformational change in apoptosis protease

activating factor-1 (APAF-1). Multiple APAF-1 proteins assemble and oligomerize 

in a wheel-like structure with their cytochrome-c-bound regions extending outwards 

like spokes and their CARDs facing the centre of the complex241. This multi-protein 

caspase-activation complex, is called the apoptosome242 244. At the apoptosome, the 

initiator procaspase-9 interacts with APAF-1 (via their CARDs) resulting in caspase- 

9 activation. Activated caspase-9 then activates downstream executioner caspases- 

3/-7 resulting in apoptosis244.
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Figure 1.6: Overview of apoptotic signalling pathways

The extrinsic, death receptor-mediated apoptotic pathway and the intrinsic, 

mitochondrial pathway are two pathways of apoptosis induction. The pathways are 

linked via BID and ultimately result in activation of executioner caspases and 

programmed cell death. Image from Holohan et al. Cancer drug resistance: an 

evolving paradigm. Nat Rev Cancer 13. 714-726 (2013).
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1.6.5.7.4 Inhibitors of apoptosis proteins

Inhibitors of apoptosis (lAPs) proteins contain 1-3 baculoviral inhibitory repeat 

(BIR) domains, which are important for mediating protein-protein interactions, and a 

C-terminal really interesting new gene (RING) domain with E3 ubiquitin ligase 

activity. lAPs are endogenous caspase inhibitors of initiator procaspase-9 and 

executioner procaspases-3 and -7. The IAP family consists of X chromosome-linked 

IAP (XIAP), cellular-IAPl (c-IAPl), cellular-IAP2 (C-IAP2), neuronal apoptosis 

inhibitor protein (NAIP), survivin and BIR repeat-containing ubiquitin-conjugating 

enzyme (BRUCE).

XIAP directly inhibits procaspase-3/-7 by binding via its BIR-2 domain and the 

region between BIR-1 and BIR-2. The BIR-3 domain binds to procaspase-9 

preventing its homodimerization and activation. Additionally, XIAP may use its 

RING domain to target caspases for degradation236245 246. Although XIAP and c- 

IAP1/2 proteins can directly bind and inhibit caspases, c-IAPl/2 have only weak 

inhibitory activity in vivo241. c-IAPl/2 function mainly using their E3 ubiquitin 

ligase RING domain activity which targets specific substrates for proteasomal 

degradation (K48-polyubiquitination) or for participation in specific signalling 

pathways (K63-polyubiquitin linkages)248.

The action of lAPs are antagonized by SMAC/DIABLO244 220 and Omi/HtrA2237, 

which results in caspase activation through neutralization of the inhibitory effect of 

lAPs. SMAC binds to the BIR-3 domain of lAPs prohibiting caspase binding221. In 

contrast, Omi is a serine protease that cleaves various lAPs, including c-IAPl 222. and 

substantially reduces its ability to inhibit and ubiquitinate caspases .
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1.6.5.8 Extrinsic apoptotic pathway

The extrinsic apoptotic pathway is initiated when extracellular death ligands bind to 

their respective cognate receptor (Figure 1.6). TNF receptor (TNFR) family 

members such as FAS (CD95), DR4 (TRAIFR1), DR5 (TRA1FR2) and TNFR1 are 

located on the cell surface and regulate the extrinsic apoptotic pathway. Death 

ligands are type-11 transmembrane proteins, which can be cleaved by 

metalloproteinases to produce soluble death-inducing ligands. The former are much 

more proficient at activating death receptor signalling pathways253 254. The death 

ligands FAST. TRAIF and TNF-a bind to FAS, DR4/DR5 and TNFR1 respectively. 

Death receptors also have an intracellular DD2v which recruits DD-containing 

adaptor proteins such as FADD and TRADD. DR4/5 and FAS receptor ligation and 

recruitment of FADD forms the death inducing signalling complex (DISC)188'256 

(Section 1.7.1). The DISC recruits and activates procaspase-8/-10 ultimately 

resulting in cleavage and activation of the executioner caspase-3 and caspase-7 and 

apoptosis.

There is crosstalk between the intrinsic and extrinsic apoptotic pathways. The 

outcome of DR-mediated activation of caspase-8 depends on the cell type. In type-1 

cells caspase-8 initiates apoptosis directly by activating executioner caspases. In 

type-11 cells, an amplification loop is required: active caspase-8 cleaves BID, which 

then translocates to the mitochondria and activates the mitochondrial/intrinsic 

apoptotic pathway (Figure 1.6) .
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1.6.5.9. Caspase substrates

Executioner caspases cleave various cellular substrates to mediate apoptosis. DNA 

repair processes are disabled by inactivation of key proteins involved in genomic 

maintenance, such as poly (ADP-ribose) polymerase (PARP) and DNA-PK proteins. 

Executioner caspases also control the structural disassembly of cellular components, 

for example, through the inactivation of ICAD an inhibitor of caspase-activated

DNase (CAD), an endonuclease that is responsible for apoptotic DNA fragmentation.
2^0Apoptotic regulators are also modulated; anti-apoptotic proteins such as BCL-2 

and c-IAPl2^ are inhibited and pro-apoptotic proteins such as BAD2<’I, and BID261262 

are activated.
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1.7 Caspase activation platforms

Pro-apoptotic signals result in assembly of oligomeric multi-protein complexes that 

activate initiator caspases.

/. 7.1 The DISC

Activation of FAS. DR4 or DR5 death receptors results in DISC assembly, which 

consists of FADD. procaspase-8/-10 and the short and long splice forms of the 

caspase-8 inhibitor FLIP2(" (Section 1.8). The mechanism of DISC assembly is an 

evolving area of research. Originally a 1:1:1:1 ratio was proposed; a death ligand 

trimer bound to a trimeric receptor which recruits three FADD molecules, that in turn 

recruit three procaspase-8 molecules. However, this model does not explain the 

requirement of procaspase homodimers for processing and activation264. Another 

proposed model later suggested a 3:2:2 ratio of FAS:FADD:procaspase-8, which is 

logical considering the requirement of procaspase-8 dimerisation265.

Recently, new insights were provided by two complementary studies on the FAS and 

TRAIL DISC, regarding DISC composition and the recruitment and activation of 

caspases. The studies concluded that FADD is present at sub-stoichiometric levels 

compared to other proteins at the DISC, particularly procaspase-8. The procaspase 

molecules must interact sequentially with each other following recruitment to FADD 

to form "chains’ within which adjacent procaspase-8 molecules can dimerize and 

activate266'267.

Our group recently identified the preferential modes of interaction and stoichiometry 

of the DEDs of FADD, FLIP and procaspase-8 at the DR5 DISC268. Following 

stimulation, the DD of the death receptor becomes available and interacts with DD of 

FADD. FADD can then form protein-protein interactions with the DEDs of 

procaspase-8 and FLIP. Due to their relative binding affinities, FLIP is primarily 

recruited to the al/a4 surface of FADD and procaspase-8 is recruited to the a2/a5 

surface of FADD to form intermediate tripartite complexes. The individual tripartite 

complexes then interact with one another via interactions between the al/a4 face of
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FLIP and the a2/a5 surface of procaspase-8. Procaspase-8 remains unprocessed 

when the short FLIP splice form, FLIP(S), is recruited to the al/a4 surface of the 

FADD DED. Flow'ever, when the long splice form, FLIP(L) is recruited an 

interaction with procaspase-8 in an adjacent DED trimer allows an interaction 

between the caspase-like domain of FLIP(L) and the caspase domain of caspase-8. 

leading to formation of the apoptosis-incompetent, membrane-restricted but 

catalytically active p43-FLIP(L)-p41/43-caspase-8 heterodimer366 (Section 1.8.3).

FLIP is expressed at levels up to 100 times lower than procaspase-8 in cancer cells. 

High levels of death receptor ligation result in depletion of FLIP, and in this instance 

procaspase-8 is recruited more frequently to the al/a4 surface of the FADD DED in 

addition to the a2/a5 surface. Interactions between adjacent trimers results in the 

formation of procaspase-8 homodimers which are consequently processed and 

activated269.
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I. 7.2 PIDDosome

P53-induced protein with a DD (PIDD). a transcriptional target of p53, is considered 

a molecular switch that decides the fate of cells after DNA damage or heat-induced 

damage . PIDD can activate signalling of cell survival or death pathways ’ by 

forming a large molecular platform called the PIDDosome. The pathway activated 

depends on the binding partner of PIDD. When PIDD translocates to the nucleus 

and interacts with receptor-interacting serine/threonine-protein kinase 1 (RIPK1) or 

NF-kB essential modulator (NEMO) the initiation of NF-kB signalling occurs27, 27<’. 

Conversely, PIDD can interact with the adaptor protein RAIDD. which in turn can 

recruit and activate procaspase-2 . Activated caspase-2 cleaves BID and thus 

contributes to the release of cytochrome c from mitochondria and the activation of 

the intrinsic apoptotic pathway274280. PIDD overexpression results in spontaneous 

activation of caspase-2 and sensitization to apoptosis induced by genotoxic insults .

The mechanism of PIDD binding partner selection and its regulation remains 

unclear. Flowever, Ando et al. (2012) reported that ATM could phosphorylate PIDD 

within its DD on Thr-788. This phosphorylation event is required for RAIDD 

binding and when the DD is unphosphorylated at this residue PIDD binds to RIPK1 

instead. Thus, ATM-mediated phosphorylation of the DD of PIDD is a binary 

switch for survival or death signalling following DNA damage . PIDD signalling 

is also involved in the regulation of cell cycle progression and DNA repair" '
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1.7.3 TNF signalling pathway

TNF-a signalling is pleiotropic and induces an array of cellular responses, such as 

inflammatory cytokine production, cell survival, cell proliferation and cell death. 

The differential outcomes depend on the cellular context . Activation of TNFR1 

chiefly induces pro-inflammatory activity, through c-Jun N-terminal kinase (JNK), 

NF-kB and p38-mitogen-activated protein kinase (MARK) pathways.

TNFR1 ligation results in two sequential signalling complexes: an initial complex 

regulating inflammatory/cell survival signalling (complex I) and a secondary 

complex promoting cell death: apoptosis or necroptosis (complex II)143 (Figure 1.7). 

RIPK.1 is a crucial regulatory kinase on the crossroad of TNFR1 signalling pathways. 

R1PK1 activity is tightly regulated by its ubiquitination status, which determines 

whether NF-kB signalling or cell death pathways are induced286. TNF-a-induced 

apoptosis is regulated by c-IAPl/2 and FLIP287.
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Figure 1.7: Overview of TNFR! signalling

Upon TNFR1 receptor ligation complex I forms at the cell membrane. c-IAPs and 

LUBAC ubiquitinates RIPKl and inhibit the formation of complex II. Complex I 

activates NF-kB survival signalling pathways, resulting in the transcriptional 

upregulation of FLIP. Complex I is internalized to form complex lla. and depending 

on FLIP levels the complex can signal survival (high FLIP) or RIPKl-dependent 

apoptosis (low FLIP). In circumstances of IAP ablation (e.g. SMAC mimetic (SM) 

treatment), complex lib also activates apoptosis. When caspases are absent, 

(inhibitor or genetic defect) the necrosome forms, and a caspase-independent form of 

PCD called necroptosis occurs that is RIPK3-dependent. RIPKl and RIPK3 can 

associate in even in the absence of FADD, via their RIP homotypic interaction 

motifs.
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1.7.3.1 Complex I

Complex I assembles at the membrane following TNFR1 ligation (Figure 1.7). 

The adaptor protein TRADD interacts with the intracellular portion of TNFR1, 

forming a molecular platform which recruits TNFR-associated factor 2 

(TRAF2)289'290, R1PK1. c-lAPl and C-1AP2291. Recruitment of RIPK1 or TRAF2 is 

required for TNF-a-induced NF-kB activation and .INK activation, respectively292. 

Complex 1 is ubiquitin-dependent. TRAF2 binds to c-lAPl and C-IAP2293'294 which 

are E3 ubiquitin ligases. c-lAPl/2 polyubiquitinate RIPK129x296 and are therefore 

critical mediators of TNF-induced NF-kB activation ‘ . Polyubiquitination of

R1PK1 forms a docking site for downstream kinases that are required for activation 

of the canonical NF-kB signalling pathway. Activation of the IkB kinase (IKK) 

complex phosphorylates the endogenous NF-kB inhibitor IkB, which is subsequently 

ubiquitinated and degraded, liberating NF-kB from cytoplasmic inhibition299. The 

NF-kB dimers translocate to the nucleus and induce the transcription of pro- 

inflammatory cytokines and anti-apoptotic genes, including TNF-a, FLIP, c-IAPl 

and C-IAP2. This generates a positive feedback loop that re-enforces NF-kB survival 

signalling, as complex II is inhibited by FLIP, a NF-kB target gene and prevents 

apoptosis induction and sustains inflammation300'303.
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1.7.3.2 Complex II

TNF-induced cell death can be activated by the formation of caspase-containing 

secondary complexes, namely complex Ha or lib. which are negatively regulated by 

FLIP and c-IAPs. respectively287 (Figure 1.7).

Complex 11a: The cytoplasmic complex Ha results from the deubiquitination of the 

components of complex I. Complex 11a consists of TRADD. FADD. procaspase-8 

and FLIP. TRADD can recruit and interact with FADD, which in turn recruits 

procaspase-8 and FLIP.

The endogenous caspase-8 inhibitor. FLIP negatively regulates apoptosis 

induction193. Cellular levels of FLIP are a critical determinant of the outcome of this 

signalling complex. Since NF-kB can up-regulate FLIP(L) expression, activation of 
NF-kB signalling by complex I prevents apoptotic signalling from complex Ha302'303. 

If the NF-kB pathway is disrupted or if protein synthesis is inhibited. FLIP levels are 

reduced and under these conditions procaspase-8 homodimerizes and activates287 at 
complex Ila triggering apoptosis193'304'305.
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Complex lib: c-IAPl and C-IAP2 positively regulate anti-apoptotic, pro- 

inflammatory canonical NF-kB signalling and simultaneously inhibit caspase-8 

activation in response to TNFR1 ligation. In their absence, RIPK1 is not 

polyubiquitinated and thus TNF-a ligation to TNFR1 results in the formation of the 

caspase-8 activating platform complex lib (Figure 1.7). At TRADD-independent 

complex lib. RIPK1 directly binds to FADD which recruits procaspase^244 2X7 and 

can trigger apoptosis if c-IAPl/2 are depleted.

The overexpression of lAPs can be exploited in cancer therapy through treatment 

with SMs’06. SM treatment imitates the activity of SMAC/DIABL02M) 307 resulting 

in conformational changes, auto-ubiqutination and degradation of c-IAPl and c- 

IAP2308. Importantly, FLIP can also be recruited to FADD at complex lib. SM 

treatment results in non-canonical NF-kB activation and upregulation of FLIP 

protein expression; thus FLIP is a major inhibitor of SM-mediated apoptosis .
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1.7.4 Necroptosis

Necroptosis is a form of necrosis that is programmed and dependent on RIPK1 

and/or RIPK3. The necrosome complex consisting of RIPK1, RIPK.3309 and FADD. 

forms in response to TNFR signalling in the absence of caspase-8 activity (Figure 

1.7). Deubiquitinated RIPK1 recruits RIPK3 via RIP homotypic interaction motifs 

(RHIM) in both molecules, which can only occur in the absence of active caspase- 

8'1". RIPK.3 regulates necrosis-specific RIPK1 phosphorylation which stabilizes 

their association’11. Necrosome signalling triggers downstream signalling events 

resulting in ROS production312 313 and caspase-independent cell death, namely 

necroptosis311'314'315.

The mixed lineage kinase domain-Like (MLKL) protein is also part of the necrosome 

complex and is required for ROS generation and the late-phase activation of JNK316' 

3I8. RIPK3 phosphorylates MLKL, which enables MLKL proteins to form oligomers 

that can bind to phosphatidylinositol lipids and cardiolipin. Thus, MLKL can bind to 
plasma and intracellular membranes and disrupt their integrity319"320.

When caspase-8 is active, either in caspase-8 homodimers or FLIP(L)-caspase-8 

heterodimers219 it can cleave RIPK1, blocking RIPK3-dependent necroptosis.
321 322Therefore, caspase-8 is a necrosome inhibitor ' .

Genetic evidence suggests RIPK1 and RIPK3 signalling are responsible for the lethal 

defect in caspase-8-, FADD-, and FLIP-deficient animals and tissues. Genetic 

knockout of the caspase-8 or FADD gene is embryonically lethal due to this 

process323 324; mice lacking both the caspase-8 and R1PK3 genes {CASP8~'RIPK3") 

develop normally and resist death induced by anti-FAS antibody219 325.

The morphology of necroptotic cells is characterized by cytoplasmic swelling, 

mitochondria dysfunction with increased ROS production, lipid peroxidation, 

membrane permeabilization and the release of cytoplasmic content into the 

extracellular space. Unlike apoptosis, this form of cell death does not exhibit DNA 

fragmentation326.
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Various cellular stress stimuli can initiate necroptosis, including anti-cancer drugs 

and IR " . Other death receptors of the TNFR superfamily, besides TNFR1,

including FAS and TRAIL receptors, have also been reported to trigger a form of 

non-apoptotic cell death consistent with necroptosis330'333.

1.7.5 Ripoplosome

The ripoptosome is a large 2MDa cell death-inducing signalling platform, containing 

RIPK1. FADD and procaspase-8. The ripoptosome assembles in the cytosol in 

response to XIAP. c-lAPI and C-IAP2 depletion following genotoxic stress334 or SM 

treatment. The ripoptosome complex forms independently of death ligands, death- 

receptors and the mitochondrial pathway. The complex is dependent on RIPK1 and 

signalling can result in caspase-8 mediated apoptosis or caspase-independent RIPK3- 

mediated necroptosis, depending on the cellular context335.

FLIP(L), c-IAPl, C-IAP2 and XIAP negatively regulate the complex. FLIP(L) 

prevents ripoptosome formation, whereas FLIP(S) promotes assembly. Genotoxic 

stress can result in the down-regulation of c-IAPs. thus preventing ubiquitination of 

RIPK1 and ultimately resulting in ripoptosome formation336. The DNA-damaging 

drug etoposide depletes IAPs334 and downregulates FLIP337 338, resulting in 

spontaneous formation of the apoptosis-inducing ripoptosome336.
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1.8 FLIP

Cellular (FADD-like interleukin-1 (3-converting enzyme)-like inhibitory protein (c- 

FLIP. hereafter referred to as FLIP) was discovered in a search for inhibitors of 

apoptosis containing DEDs. The CFLAR gene encodes FLIP proteins; it comprises 

of 13 exons and is located on chromosome 2q33-34. CFLAR is clustered within 

200kb of the genes encoding procaspase-8 and procaspase-10, suggesting these 

genes evolved from a common ancestral gene, through gene duplication’34.

FLIP has numerous aliases, such as usurpin339, Casper340, inhibitor of FLICE (I- 

FLICE)341, MACH-related inducer of toxicity (MRIT)342, CLARP343, FLAME-1344 

and CASH345 as a result of the protein's simultaneous identification by numerous 

research groups, however, it is now commonly known as FLIP.

Cells express inhibitory proteins to restrain and regulate cell death pathways, 

including decoy surface receptors (e.g. DcR-l/-2/-3 which lack DDs) and 

intracellular anti-apoptotic proteins such as FLIP and lAPs340. FLIP isoforms are 

well-characterized inhibitors of death receptor-mediated apoptosis347. FLIP 

functions as a dominant-negative inhibitor by binding to FADD and blocking the 

processing and activation of procaspase-8/-10 at the DISC, TNFR complex II and the 

ripoptosome.
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Figure 1.8: FLIP splice forms and cleavage products and their action at caspase- 

activation platforms

There are three splice forms of FLIP expressed at the protein level. FLIP(L). FLIP(S) 

and FLIP(R). The figure illustrates the various protein domains. Caspase-8 can 

cleave FLIP(L) to produce FLIP(P43) and FLIP(P22). FLIP can heterodimerize with 

pro-caspase-8 at the adaptor protein FADD.
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1.8.1 FLIP structure and splice forms

At the mRNA level there are 13 distinct splice variants, of which 3 encode FLIP 

protein through alternative mRNA splicing. FL1P(L). FLIP(S) and FLIP Raji 

(FLIP(R))348 349. FLIP proteins are procaspase-8/-10 paralogues, containing tandem 

DEDs which share homology with the DEDs of procaspase-8 and can bind to FADD 

and compete with procaspase-8/-10 for recruitment at the DISC350.

FLIP(L) is structurally similar to procaspase-8/-10 (Figure 1.8), however the N 

terminus of FLIP(L) contains a pseudo-caspase domain. The pseudo-caspase domain 

is catalytically inactive as there are substitutions of several amino acids that are 

conserved in caspases, including the critical cysteine residue (within QACXG-motif) 

that is required for proteolytic activity351'353. FLIP(S) and FLIP(R) also contain 

tandem DEDs, but lack a pseudo-caspase domain348. Thus, FLIP(L) and FLIP(S) 

inhibit different steps of caspase-8 activation. FLIP(L) promotes completion of the 

first cleavage of procaspase-8, but not the second (Section 1.6.5.5.2). In contrast, 
FLIP(S)does not have this ability and prevents any processing of procaspase-8347. 

The C-terminus of FLIP(S) contains a unique section, of 20 amino acids, which is 

required for its ubiquitination and degradation354 355. FLIP(R) is further truncated at 

the C-terminal end356.
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1.8.2 FLIP cleavage products

In non-apoptotic cells, FLIP can form heterodimers with procaspase-8. Procaspase-8 

can cleave FLIP at Asp 198. distal to DED2 resulting in an NFL-terminal fragment, 

FLIP(p22) (Figure 1.8). FLIP(p22) is a potent inducer of NF-kB activity that 

interacts with the IKK complex via the NEMO/IKKy subunitw. At the DISC, 

caspase-8 cleaves FLIP(L) between the large and small subunit at Asp376, to 

produce FLIP(p43) and FLIP(pl2) (Figure 1,8).

1.8.3 FLIP(L)-caspase-8 heterodimer

When FLIP(L) and procaspase-8 form a heterodimer, FLIP(L) can facilitate self

cleavage of procaspase-8 by promoting rearrangement of a catalytic activation loop 

in the procaspase-8 C-terminus that allows self-cleavage between the large and small 
catalytic subunits to generate caspase-8(p43/41 ),:'^U:'l, (Figure 1.5). However, 

FLIP(L) cannot induce further processing of procaspase-8. as it lacks any catalytic 

activity and therefore, cannot cleave caspase-8(p43/41) between the prodomain and 

the pi 8-subunit. Caspase-8(p43/p41) can cleave FLIP(L) producing a 
FLIP(p43)/caspase-8(p43/41) heterodimer. This partially processed form and also 

the non-cleaved FLIP(L)/procaspase-8 heterocomplex are proteolytically active360 

and have a limited repertoire of DISC-proximal substrates, such as RIPK1207 361. 

FLIP(p43) can interact with rapidly accelerated fibrosarcoma-1 (RAF1), TRAF2362 

and RIPKl 360 to augment extracellular signal regulated kinase (ERK) and NF-kB 

activation369. By cleaving RIPKl, the FLIP(L)/caspase-8 heterodimer can also 
inhibit necroptosis219 363 364 and prevent NF-kB activation at TNFR1 complex I365. 

Importantly, the FLIP(L)/caspase-8 heterodimer cannot transduce pro-apoptotic 

signals to caspase-3 or BID207 218.
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1.8.4 Regulation of FLIP

Numerous transcription factors regulate FLIP: NF-kB302'303, p53366, p63 367, nuclear 

factor of activated T-cells (NFAT)368, early growth response 1 (EGR1)369, 

heterogeneous nuclear ribonucleoprotein K (hnRNP K)370, androgen receptor (AR)371 

and specificity protein 1 (SP1 )372 positively regulate (activate) FLIP expression, 

whilst c-MYC373, forkhead box 03a (F0X03a)374, FBJ murine osteosarcoma viral 

oncogene homolog (c-FOS)377 and interferon regulatory factor 5 (IRF5)’76 negatively 

regulate (repress) FLIP transcription. The transcription factors can be activated by 

various signalling pathways, including TNF ligands, growth factors, chemokines 

(e.g. IL-8l77), DNA-damaging agents and chemotherapy drugs.

Regulation of different FLIP splice forms depends both on the transcription factor 

and signalling pathway activated in vitro. Studies have shown that the regulation of 

FLIP is cell-line dependent, for example, in the lung adenocarcinoma cell lines A549 

and HI299, the transcription factor E2F1 induces apoptosis by decreasing FLIP(S),
^78but not FLIP(L) protein expression .

FLIP protein expression is also tightly regulated at the post-transcriptional level by 

degradation via the ubiquitination-proteasomal pathway. .INK activation379 and heat 

stress regulate FLIP protein levels via this mechanism. Protein kinase C (PKC) 

differentially regulates the stability of FLIP proteins in a splice variant-specific 

manner. PKC phosphorylates FLIP(S) at Seri93 preventing its polyubiquitination, 

thus, stabilizing FLIP(S) levels and enhancing cell survival3^4. Conversely, Akt can 

phosphorylate FLIP(L) at Ser273, which enhances its degradation381.
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1.8.5 Role of FLIP in cell death regulation

FLIP and procaspase-8 are recruited to the DISC, TNFR1 complex II and 

ripoptosome by FADD. FLIP(S) inhibits the activation of caspase-8 through 

competitive binding to FADD263'347'348. Initially, studies showed conflicting roles of 

FLIP(L) in apoptosis, with pro- and anti-apoptotic functions described ' ' ' . It

was later determined that cell fate depends on the level of FLIP(L) expression in the 

cell384'387. When FLIP is expressed at high concentrations, it can inhibit the pro- 

caspase-8 binding sites on FADD, preventing apoptosis26’. However, when levels of 

FLIP are low, FLIP(L) co-operates with caspase-8 to induce apoptosis"63.

FLIP(L) also regulates TNFR1 complex II and the ripoptosome. The 

FLIP(p43)/caspase-8(p43/41) heterodimer can cleave RIPK1 and process the 

deubiquitinating (DUB) enzyme cylindromatosis (CYLD). Processing of CYLD 

prevents RIPK1 de-ubiquitination386 and recruitment to complex II/ripoptosome. 

thereby, inhibiting RIPK-dependent necroptosis219. The FLIP(S)-caspase-8 

heterodimer can block apoptosis, but cannot process RIPK1 as it lacks any catalytic 

activity. It has been suggested that FLIP(S) can actually promote necroptosis by 

preventing RIPK1 cleavage and presumably CYLD processing. TNF-a signalling 

through TNFR1 can result in cell survival or death; the outcome is a balance between 

NF-kB and JNK signalling.

NF-kB upregulates pro-inflammatory genes and promotes survival by negatively 

regulating cell death by upregulation of anti-apoptotic genes, such as FLIP387. 

Additionally, NF-kB induces the expression of anti-oxidant proteins that quench 

ROS and result in downregulation of JNK activation288. Conversely, sustained TNF- 

a-mediated JNK activation enhances cell death ' by activating Itch, an E3 ubiquitin 

ligase that ubiquitinates FLIP and induces its proteasomal degradation and thus 

accelerates FLIP turnover. FLIP(L) directly interacts with the JNK activator, 

MEKK7 in a TNF-a dependent manner389, which inhibits the positive feedback of 

the JNK-regulatory loop sustained by ROS accumulation, suppressing the prolonged 

phase of JNK-mediated TNF-a induced activation and thereby preventing cell death. 

Nakajima et al. (2006) also showed that FLIP mouse embryo fibroblasts have 

constitutively activated MEKK1 and this contributes to ROS accumulation and thus
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prolonged activation of JNK390. These results suggest that FLIP expression promotes 

cell survival by antagonizing MEK.K.1 activation.

FLIP can suppress the autophagy machinery via an inhibitory interaction with ATG3, 

by preventing microtubule-associated protein lA/lB-light chain 3 (LC3) binding; 

FLIP prevents LC3 processing and inhibits autophagosome formation. Therefore. 

FLIP inhibits autophagy-induced cell death391'393.

Thus. FLIP is a key regulator of the signalling from the DISCs, TNFR1 complex II 

and ripoptosome and hence is a major determinant of cell fate. The complexity of 

FLIP regulation at transcriptional and post-transcriptional levels reflects its 

importance as a regulator of cell fate.
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1.8.6 FLIP overexpression and cancer

FLIP protein is overexpressed in numerous cancer types. In vitro studies of cancer 

cell lines identified elevated FLIP levels in models of colorectal’94. pancreatic3t,\ 

ovarian™7prostate’97 and breast398'399 carcinomas, gastric adenocarcinoma400 and 

melanoma401402. Importantly, increased FLIP expression is also present in primary 

tissues from various cancers: lung adenocarcinoma378, NSCLC403. colon 

adenocarcinoma404, B-cell chronic lymphocytic leukaemia (CLL)405'406. bladder 

urothelial carcinoma407, gall bladder carcinoma408, hepatocellular carcinoma409, 

gastric carcinoma410411, Hodgkin's lymphoma412, melanoma41’ and Ewing's 

sarcoma414. FLIP overexpression in these various studies was shown to result in 

TRAIL, FAS or TNF-a resistance.

FLIP is a key regulator of death receptor-mediated apoptosis and induces resistance 

to death receptor ligands263 348. Overexpression of FLIP is associated with an 

increased resistance to apoptosis mediated by FAS and TRAIL. Clinical studies of 

colorectal carcinoma394 404 416, cervical carcinoma416, Burkitt's lymphoma417. non- 

Hodgkin’s lymphoma418 419 and bladder urothelial carcinomas407 have demonstrated 

that patients with tumours with elevated levels of FLIP had a poorer prognosis. High 

levels of FLIP expression are an independent adverse prognostic biomarker in stage 

II-III colorectal cancer and thus may aid identification of patients most at risk of 

relapse420. In hepatocellular carcinoma. FLIP over-expression is an adverse indicator 

of relapse-free survival421. In the majority of clinical cases, it is the FLIP(L) splice 

variant that is overexpressed in tumours. Although, there are some studies showing 

upregulation of FLIP(S). but not FLIP(L), in gastric422 and pancreatic cancer cell 

lines423 and lung adenocarcinomas from patient tumours378.

Importantly, FLIP inhibits the action of anti-cancer drug-induced cell death in 

preclinical models424 42\ and therefore. FLIP levels are a critical determinant of drug 

resistance.
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1.8.7 FLIP, procaspase-8 and death receptors in NSCLC

The caspase-8 gene (CASP8) is expressed in NSCLC, although it is often inactivated 

in SCLC through methylation of the promoter region combined with allelic loss at 

2q3342h'42c). It has also been reported that FAS, DR5 and procaspase-10 are absent in 

SCLC430, but are present in NSCLC. NSCLC cells have high levels of expression of 

procaspase-8 and are therefore very sensitive to the loss of the caspase-8 inhibitor. 

FLIP431"4’3. Additionally, DR5 is overexpressed in approximately 70% of primary 

tumours of NSCLC patients and in around 75% of metastases4 ’4. Thus, the essential 

machinery for apoptosis is intact in NSCLC and strategies to activate this pathway 

therapeutically are therefore apposite.

Our group has previously shown that procaspase-8 is overexpressed in 85% of a 

small series of NSCLC (mixed histology) patients (n=20) when compared to 

matched normal tissues. Importantly, all procaspase-8 overexpressing tumours also 

overexpressed FLIP431. More recently, a larger patient cohort was utilized to 

generate a tissue microarray (TMA) of 184 samples; each patient sample contained 3 

tumour cores and an adjacent normal tissue core. To investigate cytoplasmic and 

nuclear FLIP and procaspase-8 expression, immunohistochemistry and a novel 

digital pathology approach were used to individually score the cores from digitally 

captured images. FLIP and procaspase-8 were significantly overexpressed in 

NSCLC tumours, and high FLIP cytoplasmic expression correlated with decreased 

overall survival433.
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1.8.8 FLIP and IR

There are a limited number of studies investigating the effect of IR on the death 

receptor pathway and FLIP. Ramp et al. (2003) investigated apoptosis induction in 

renal carcinoma cells following treatment with TRAIL and y-radiation. They noted 

that the individual and combined treatments activated caspase-8. and this was 

augmented by a reduction in FLIP protein expression levels435.

In 2008. Luo et al. reported that silencing of FLIP sensitizes cervical 

adenocarcinoma (Hela) cells to RT and chemotherapy436. In the same year. 

Verbrugge and colleagues found that IR-enhances sensitivity to TRAIL-induced 

apoptosis in Jurkat (type II) cells that stably overexpressed BCL-2. IR enables DR5 

and FAS to bypass the mitochondrial pathway for executioner caspase activation. 

Pre-treatment with IR strongly increased the ability of ligand-bound death receptors 

to recruit FADD and activate caspase-8/-l0 at the DISC. Total FLIP levels were 

unaffected by IR. However, the amount of FLIP(L) in the TRAIL DISC was 

comparable between irradiated and control cells, therefore they concluded that 

enhanced caspase-8 activation following IR is due to its preferential recruitment over 

FLIP(L). This study also reported modest changes in FAS, DR4 and DR5 expression 

15 hours post-IR at clinically relevant doses, with a more profound increase at higher 

doses437.

A study of osteosarcoma cell lines by Hori et al. (2010) found that IR pre-treatment 

for 24 hours slightly increased DR4 cell surface expression, but greatly enhanced 

that of DR5. Both DR4 and DR5 mRNA levels were also increased at this time point 

(IR dose not specified; 2-20 Gy). Additionally, IR resulted in decreased expression 

levels of FLIP and XIAP, further enhancing induction of apoptosis438.

A recent study in colorectal carcinoma (CRC) cell lines reported that sub-lethal IR 

induced minimal levels of cell death, but effectively sensitized CRC cells to both 

TRAIL- and FAS-induced apoptosis. The effect of IR on various apoptosis 

inhibitors was investigated. IR (10 Gy) resulted in down regulation of FLIP in only 

one (HCT116) of the three CRC cell lines investigated, and thus it was concluded 

that IR-induced downregulation of FLIP does not correlate with the enhanced
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sensitivity to FAS- or TRAIL-mediated apoptosis displayed in all the CRC cell 

lines439 .

There are currently no studies published evaluating the role of FLIP in modulating 

tumour cell response to IR in NSCLC and therefore that is the topic investigated 

within this Thesis.
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1.8.9 Targeting FLIP

FLIP protein is widely expressed in normal cells, including activated T-cells and 

normal tissues such as skeletal muscle, pancreas, kidney, cardiomyocytes440 and 

immune privileged tissues, such as the testes and placenta'44. Our group has 

previously shown that in NSCLC cell-line models, down-regulation of FLIP by 

siRNA spontaneously induces caspase-8 activation and consequentially activates the 

apoptotic pathway . In contrast, normal lung cells are not sensitive to the loss of 

FLIP. Importantly, FLIP silencing-induced apoptosis was found to be dependent on 

procaspase-8 overexpression and DR4/DR5. Importantly, FLIP silencing in NSCLC 

cell line models results in increased TRAIL-induced apoptosis; in contrast, normal 

lung cells maintain their TRAIL resistance. Furthermore, FLIP silencing results in 

sensitization to chemotherapy in vitro and was shown to retard xenograft growth and 

enhance the effectiveness of cisplatin in v/vo4’14’\

In summary, overexpression of FLIP leads to resistance to FAS and TRAIL- 

mediated cell death, is indicative of poor prognosis and has been linked to tumour 

escape from immune system-mediated tumour control and thus cancer 
progression441. For these reasons. FLIP is a potential anti-cancer target and strategies 

to downregulate FLIP expression or inhibit critical protein-protein interactions are 

under investigation.
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1.9 Radiotherapy

Radiotherapy (RT) is currently one of the most effective cancer treatments. It is 

estimated that over half of all patients will receive RT at some point in their 

treatment regimen. RT is utilized in 76% of lung cancer cases442. In the treatment of 

NSCLC, 64% of patients receive RT: 46% in their initial treatment and 18% later in 

the course of their illness. The use of RT is also dependent on the stage of the cancer 

41%. 55%. 84% and 66% of patients in stages I-IV respectively will receive RT44’.

1.9.1 Curative or palliative radiotherapy

RT is administered with either radical/curative or palliative intent. Curative 

treatment can achieve longer-term tumour volume control, whilst sparing normal 

tissue. This is a preferable alternative to surgical resection when the tumour invades 

important anatomical structures, where resection would seriously impede or prevent 

normal physiological function. Additionally. RT may be combined with surgery as a 

neoadjuvant; to reduce tumour volume prior to surgery; or as adjuvant treatment, to 

destroy residual micro-tumours following surgery. RT is commonly combined with 

other treatments such as chemotherapy or immunotherapy. Palliative treatment aims 

to reduce tumour volume to alleviate symptoms and prolong life.

1.9.2 Dose fractionation and the R’s ’ of radiobiology

Cancer cells and normal tissues have varying radiobiological responses. To exploit 

this characteristic RT is delivered in fractionated doses to maximise the therapeutic 

ratio by amplifying the survival advantage of normal cells, which have superior sub- 

lethal DNA damage repair potential. Cancer cells have an elevated rate of 

proliferation compared to normal cells and therefore do not have sufficient time to 

repair DNA damage prior to replication444. In 1906. Bergonie and Tribondeau 

predicted that cells have differing radiosensitivities depending on three properties: 

high rate of cell division, a long dividing future and an unspecialized phenotype44\ 

Treatment regimens are based on a linear-quadratic model, which considers time- 

dose parameters for different tumours and normal tissues446.

71



Introduction

Dose fractionation has been implemented into clinical treatments to permit normal 

cells to repopulate and recover. In general the "4 R’s of radiobiology’ determine the 

success of clinical RT: repair of DNA damage, redistribution of cells in the cell cycle 

(reassortment), repopulation and reoxygenation of hypoxic tumour areas447 448. 

Additionally, Steel suggested that intrinsic radiosensitivity should be considered as 

the 5th ‘R'449.

1. Repair or recovery
IR causes various types of lesions in DNA; unrepaired DSBs frequently result in 

lethality. However, at low doses most of the DNA damage is sub-lethal and can be 

successfully repaired, resulting in cellular recovery. Normal cells differ from 

cancerous cells in their ability to repair IR-induced DNA damage. This 

characteristic is exploited by fractionating doses, as normal cells have a slower rate 

of proliferation than cancer cells and can repair more efficiently. The outcome of IR 

depends on the amount of DNA damage induced and the successful activation of the 

DDR (cell cycle checkpoints. DNA damage repair processes and cell death). In 

cancer cells, the genes controlling these important DNA repair processes are 

frequently mutated, resulting in aberrant responses to DNA damage leading to 

potentially less repair between fractions.

2. Redistribution
The radiosensitivity of cells varies considerably in different stages of the cell cycle. 

S-phase is the most resistant450451, as HRR is increased due to the availability of 

sister chromatid templates and an open DNA conformation permits easy access to 

repair factors. Late G2 and mitosis are the most radiosensitive because these cells 

have passed the G2 checkpoint, which is normally activated immediately following 

IR exposure to give the cells in early G2 time to repair the damage by HRR prior to 

cell division4^2. Following IR. it is likely that surviving cells were in S phase at the 

time of treatment; and given time the cell cycle will progress. In the time between 

fractionated treatments cells can progress into a more radiosensitive cell cycle phase, 

making IR more effective in subsequent fractions. This phenomenon is called 

’redistribution" or ‘reassortment".
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3. Repopulation

Every fraction of IR reduces the population of clonogenic cells; any surviving 

clonogenic cells can potentially proliferate. Repopulation can occur during the 

course of treatment, resulting in increased numbers of radioresistant cancer cells. 

Any delay in the delivery of a treatment fraction or prolongation of the overall 

treatment time can result in higher numbers of clonogenic cells and accelerated 

repopulation, which will then require a higher dose for the tumour to be effectively 

controlled.

4. Reoxygenation
The response of cells to IR is highly dependent upon the presence of oxygen, which 

can be explained by the oxygen-fixation hypothesis (Section 1.3.4)453'454; hypoxic 

cells have been shown to be 2-3 times more resistant to radiation453. Molecular 

oxygen is an extremely electron-affinic molecule and therefore is a potent 

radiosensitizer. Reoxygenation between dose fractions due to increased blood flow, 

as the tumour shrinks due to the removal of radiosensitive oxygenated cells, should 

theoretically increase tumour radiosensitivity4Ml 437.

5. Intrinsic radiosensitivity
Studies of a wide range of cell lines derived from human tumours show varied 

intrinsic radiation sensitivities (Table 3). Small differences in the shoulder region of 

the survival curve are important, as they are magnified during fractionated daily 

doses (l.8-2 Gy) given clinically. The surviving fraction (at 2 Gy) can vary widely, 

from 0.1-0.9 in cells from different tumours. These variations translate into very 

large, significant differences during a course of fractionated treatment . For 

example, if the survival fraction after 2 Gy is 0.4. then after 30 fractions, the 

surviving fraction is theoretically (0.4)3°=lxl0"12. In contrast, if the surviving 

fraction after 2 Gy is 0.8, then ultimately the SF=(0.8)30=lxlO'3. This crude 

calculation is for demonstration purposes only, as it is based on the assumptions that 

cells do not repopulate after treatment and that each fraction is equally effective.
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Tumour type:
Grouped in decreasing order of their likelihood of

control by RT

Mean Surviving
Fraction

(2Gy)

Lymphoma 0.2 (0.08-0.37)

SCLC

Breast 0.43 (0.14-0.75)

Colorectal
Non-small cell lung carcinoma

Melanoma 0.52 (0.2-0.86)

Osteosarcoma

Table 3: Surviving fraction (2 Gy) of various cell lines displaying variations in intrinsic radiosensitivity of 
different tumour types (Original Source:458).
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1.9.3 Strategies to improve radiotherapy

Theoretically, there are four ways to improve the effectiveness of RT:

i. Improvements in dose distributions and scheduling (e.g. conformal RT. 

IMRT. or by using proton or carbon-ion beams).

ii. Improvement in the standards of dose prescription and delivery in clinic.

iii. Integration of image-guided technology to improve accuracy.

iv. Development of pharmaceuticals that improve biological effectiveness of RT 

(radiosensitizers).

Recent improvements have been mainly due to developments in technology; 

increasingly precise delivery, to minimise dose to surrounding normal tissues, and 

better imaging have considerably improved RT delivery and enabled dose escalation. 

Unfortunately, RT still fails in some patients and can cause severe life-changing 

acute and chronic side effects; therefore, further improvements are necessary. One 

strategy that has the potential to improve clinical responses to RT involves the 

manipulation of cellular physiology to increase the radiosensitivity of cancer cells or 

to protect normal cells from the effects of IR. To achieve this, small molecules or 

antibodies that target critical components of the signalling pathways involved in the 

cellular responses to IR are required.

75



Introduction

1.9.4 Radiosensitization of cancer cells

A major limitation ot'RT is that the dose required to kill large tumour masses is often 

too toxic to be tolerated by normal tissues. Radiosensitizers are chemicals that 

increase the sensitivity of tumour cells to 1R. so that lower doses of 1R can be used, 

resulting in an increased therapeutic index.

Adams et al. (1973) outlined five categories of chemical radiosensitizers based on 

their mechanism of action:

i. Oxygen mimetics;

ii. Suppressors of thiols (compounds with carbon bonded sulfhydryl group) or 

other substances with radioprotective properties;

iii. Through formation of cytotoxic by-products from the lysis of the 

radiosensitizer following 1R;

iv. Thymine analogues which are incorporated into the DNA; and

v. Inhibitors of DNA repair processes and other post-irradiation processes (e.g. 

cell signalling, growth factors)459.

Platinum-based drugs, anti-tubulin drugs, antimetabolites, topoisomerase (II) 

inhibitors and EGFR inhibitors are used in the treatment of NSCLC and have all 

been investigated in combination with IR (Table 4).
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Class of Drug Mechanism of Radiosensitization

Platinum-based agents /. Bind to purine bases causing intrastrand crosslinks and
-Cisplatin460 DNA adducts that interfere with DNA replication and
-Carboplatin461 • 462-466repair

2. Electron affinic sensitizer.
3. Depletes thiols
4. Induces G2/M arrest467'468.

Cisplatin is slightly more effective that carboplatin in treating 
advanced NSCLC469.

Anti-tubulin agent 
Taxanes Paclitaxel: G2/M arrest470
-Paclitaxel Docetaxel: Mitotic arrest and apoptosis of radioresistant S-
-Docetaxel phase cells471472

The radiosensitization of NSCLC cells is highly cell cycle-
Anti-tubulin agent dependent. Maximal death occurs in the G2 phase474'475
Vinca alkaloid 
-Vinorelbine473

/. Metabolized to form nucleoside metabolites which are
incorporated into DNA, resulting in masked chain

Anti-metabolite termination478'481. DNA synthesis and DNA repair and
-Gemcitabine40'4" therefore inhibited.

2. S-phase arrest482'483, prevents clonogenic repopulation
between fractions and reassortment of cells into more
sensitive phase484"486.

3. Cytotoxic to tumour cells487; reduction in tumour volume
improves oxygenation488.

Anti-metabolite Inhibits enzymes involved in folate metabolism e.g. purine and
-Pemetrexed489 pyrimidine synthesis; thus prevents DNA and RNA synthesis490.

Topoisomerase II Etoposide: inhibits the repair of IR-induced damage491492.
inhibitors Prolongs G2 arrest when administered post-IR during the IR-
-Etoposide induced G2 arrest493’495.
-Doxorubicin Doxorubicin: demonstrates synergy with IR496497, it is an 

antracycline which inhibits DNA repair and generates free 
radicals498499.
Limited use as a radiosensitizer due to toxicity.

EGFR inhibitors500 Overexpression or aberrant activation of EGFR confers
-Gefitinib radioresistance501. IR induces EGFR-mediated MAPK
-Erlotinib signalling; leading to pro-survival signalling, cell proliferation 

and enhanced DNA repair. EGFR inhibitors prevent these 
cytoprotective responses in EGFR high cancers501’504.

Table 4: Drugs that potentiate the effects of radiotherapy
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1.9.5 Rationale of molecularly targeted therapy and IR

Platinum-based drugs, taxanes, vinca alkaloids, topoisomerase inhibitors and anti

metabolites do not specifically target tumour cells; they are indiscriminately 

cytotoxic to all cells. Tumour cells are more susceptible to their effects because they 

rapidly proliferate and are “primed for death” as they are dependent on anti-apoptotic 

family members for their survival505. Thus, traditional chemotherapies have 

undesirable toxicity profiles; normal cells which rapidly divide, such as those in bone 

marrow, the digestive tract and hair follicles are affected. Therefore, current 

research is investigating the effect of various molecularly-targeted 

radiosensitizers506, such as inhibitors of EGFR. VEGF507, Aurora kinase508, DNA 

repair (ATM, ATR, DNA-PKcs, PARP)509 and HDACs (Section 1.10.6). 

Molecularly targeted drugs effect specific pathways dysregulated in cancer cells, 

with anticipated improved tumour control and reduced systemic side effects510'51'.

Evasion of cell death is a key hallmark of cancer that can contribute to 

radioresistance. The importance of the intrinsic cell death pathway to the cellular 

response to DNA damage is well documented and studies are ongoing which aim to 

reactivate the intrinsic cell death program by targeting anti-apoptotic proteins which 

inhibit this pathway, the lAPs (Section 1.6.5.7.4) are highly expressed in multiple 

cancers and pre-clinical studies have shown that SM512 and knock-down of lAPs515 

can sensitize cells to radiation514.
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1.10 Acetylation and HD AC inhibitors

In recent years histone deacetylase (HDAC) inhibitors (HDIs) have emerged as 

promising therapeutics for cancers and other human diseases. This section will 

discuss the role of histone/lysine modifications in cells and how the inhibition of 

deacetylation can be exploited therapeutically.

1.10.1 Nucleosome

DNA is packaged into a basic structure called a nucleosome^15, in which dsDNA 

(145-147 base-pairs) is wrapped around a histone core consisting of eight histone 

subunits516. The nucleoprotein complex is highly conserved and occurs around every 

200 base pairs throughout all eukaryotic genomes453. Nucleosome packaging is the 

primary determinant of accessibility of DNA-binding proteins to DNA. The N- 

terminal tail of the histone core protrudes from nucleosomes and contains lysine 

residues that can be acetylated or deacetylated. The lysine acetylation status affects 

the structure of chromatin, and thus the accessibility of DNA to transcription factors. 
Therefore, histone acetylation is a major mechanism of epigenetic regulation for

. • ,• 517.518gene transcription
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1.10.2 Histone acetyltransferases and histone deacetylases

Two groups of enzymes regulate acetylation, histone acetyltransferases (HATs), 

which aid the transfer of an acetyl group onto lysine residues and histone 

deacetylases (HDACs) that facilitate their removal; in the case of histones this results 

in the transcriptional activation or repression respectively through enabling or 

hindering the accessibility of the DNA to DNA-binding proteins, such as the 

transcriptional machinery.

HATs catalyse the transfer of an acetyl group from acetyl-coenzyme A to lysine 

residues^ l'). Acetylation neutralizes the positive charge of lysines in the histones, this 

inhibits the ability of the histone tail to interact with the negatively charged DNA. 

resulting in the chromatin adopting an open, relaxed conformation and permitting 

access of DNA-binding proteins to DNA'5120.

HDACs remove the acetyl group from lysine residues. For histones, this imparts 

positivity to the histone tail, increasing its binding affinity for DNA, resulting in 

more compact chromatin521. Hyperacetylation generally leads to an increase in the 

expression of particular genes, whereas, hypoacetylation has the opposite effect522. 

In addition to gene repression by steric hindrance, HDACs can regulate gene 

expression by directly interacting with and affecting the acetylation status of 

transcription factors such as NF-kB. p53 and Retinoblastoma (Rb)523 and are part of 

multiprotein transcriptional co-repressor complexes, such as mSin3, nuclear receptor 

corepressor (NCoR) and silencing mediator of retinoic acid and thyroid hormone 

receptor (SMRT)^24.
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1.10.3 Classification ofHDACs

There are four classes of HDACs: class I (nuclear HDAC 1, 2, 3 and 8), class Ila 

(HDAC 4. 5, 7 and 9), class lib (HDAC 6 and 10). class III/sirtuins and class IV 

(HDAC 11). Class III HDACs are nicotinamide adenine dinucleotide (NAD)- 

dependent. whereas all other classes require a zinc ion (Zn2+) as a co-factor.

1.10.4 Non-histone HDAC targets

HDACs are so-named because when discovered, their role in the deacetylation of 

histones was identified525; however the name is misleading as it was later discovered 

that they can also deacetylate non-histone proteins, and thus the name lysine 

deacetylases is more accurate526. At least 50 acetylation regulated non-histone 

proteins have been identified, including transcription factors, chaperones and 

signalling molecules which regulate cellular processes such as protein stability, 

protein-protein interactions and protein-DNA interactions . The first non-histone 

target identified was p53'28; other major targets include Ku70529, signal transducer 

and activator of transcription 3 (STAT3)530, heat shock protein-90 (hsp90)531, AR532, 

NF-kB533, a-tubulim34, hypoxia-inducible factor 1 alpha (HIFla)535, oestrogen 

receptor alpha (ERa)536 and (3-catenin537.
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1.10.5 HDACs and cancer

Altered HDAC expression or mutations frequently occur in cancer, resulting in 

aberrant transcription of genes such as those involved in cell cycle regulation, 

proliferation and cell death"23. There are many potential mechanisms by which 

HDACs exert their effects as they have multiple and diverse substrates and interact 

in numerous interlinked signalling pathways. Therefore, it is difficult to identify the 

specific mechanisms by which they elicit their effects in particular model systems. 

Aberration of the acetylation status of histones has been proposed as a new hallmark 

of cancer' . Aberrant HDAC activity has been shown to cause repression of TSGs 

and promote tumourigenesis. For example, when the TSG adenomatous polyposis 

coli (APC) is silenced in colorectal cancer, it results in the upregulation of Wnt and 

c-MYC pathways, leading to an upregulation of HDAC2 expression"34. The 

expression of HDAC1 is also upregulated in colorectal cancer540. Conversely, 

reduced class II HDAC expression is an independent predictor of poor prognosis in 
NSCLC541.
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1.10.6 HDAC inhibitors

Zinc-dependent HDACs have a Zn" ion within their catalytic pocket that can be 

exploited using zinc-chelating small molecule inhibitors. Such HDls attenuate 

enzymatic activity and prevent the deacetylation of lysine residues on histone and 

non-histone substrates, resulting in numerous downstream biological effects in 

malignant cells.

HDls have emerged as a promising anti-cancer therapy due to their anti-tumour 

activity; they can inhibit or restore gene expression, induce differentiation, arrest cell 

cycle in G0/G1 and activate cell death genes'4^. This results in the sensitization of 

cancer cells to death-inducing stimuli from death receptors, chemotherapy and RT.

HDls can restore transcription of TSGs or cell cycle regulators, e.g. p21, a cyclin- 

dependent kinase inhibitor542, disrupt DNA repair pathways545'544, influence the 

function of non-histone proteins required for DNA stability and create ROS-induced 
DNA DSBs545 546. Post-translational modifications of histones and chromatin

binding proteins provide a regulatory platform for the assembly and control of DNA 

template-directed processes such as gene transcription. DNA replication and repair 

of DNA damage547. Importantly, the DDR is modulated by the acetylation status of 

histone and non-histone proteins. HDAC inhibitors have been shown to sensitize 

cancer cells to DNA-damaging agents by suppressing DNA repair activity through 

epigenetic mechanisms and by targeting non-histone proteins. Hyperacetylation of 

Ku70 is one such proposed mechanism^48.

Ku70 mediates its cytoprotective function through various mechanisms. Apart from 

its central role in NHEJ. it can also bind to BAX and prevent its translocation to the 

mitochondria, and hence prevents intrinsic apoptotic activation by maintaining 

mitochondrial integrity549'550. Additionally, our group recently published evidence 

supporting a novel role of Ku70 in protecting cells from death receptor-mediated 

apoptosis via an interaction with FLIP. The interaction maintains FLIP stability, 

whereas HDI-induced hyperacetylation of Ku70 disrupts the Ku70/FLIP complex 

and results in the ubiquitination and subsequent degradation of FLIP771. Hyper

acetylation of Ku70 as a consequence of HDI treatment, has been shown to abolish
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Ku70's binding capacity for BAX529 and FLIP"1. The hyper-acetylation of the 

DNA-binding domains of Ku70 following HDI treatment impairs its ability to 

promote repair of DNA damage, and therefore cancer cells are sensitized to DNA 

damaging agents by HDIs^48.

1.10.7 HD AC inhibitors and cell death

HDls can selectively induce cell death in cancer cells, whereas normal cells are 

relatively unaffected ' . HDAC inhibition has many effects on target cells: they alter 

the expression of apoptotic genes encoding proteins in the intrinsic and extrinsic 

apoptotic pathways5525 4. HDI can also affect the proteasome and aggresome 

systems and increase ROS production directly inducing DNA damage543'544'5^5 5:'6. 

Changes to the tumour microenvironment have also been reported, such as increased 

immunogenicity of tumour cells and altered cytokine signalling ^7. HDI-induced cell 

death is most likely due to a combination of these effects and current research is 

striving to determine the critical mechanisms of various HDIs. For example, it has 

been reported that HDls enhance cell death by upregulating expression of death 

ligands and cell surface expression of death receptors (DR4, DRS558 559 and FAS560’ 

563). Studies have shown that HDls can also modulate protein expression of pro- 

apoptotic BCL-2 family members (BIM. BAK. BAX, Noxa and PUMA) and anti- 

apoptotic proteins (BCL-2, BCL-xL563'565), including the endogenous caspase 

inhibitors, IAPs559'566 and FLIP (Section 1,10,8).
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1.10.8 HDAC inhibitor-induced FLIP downregulation

Schimmer et al. (2006) published results from a cell-based high throughput screen on 

prostate cancer cells, which used a 50.000 compound library. The aim of this screen 

was to identify small molecules that restore sensitivity to death receptor ligands such 

as FAS and TRAIL. They identified droxinostat, a hydroxamic acid, which was 

found to decrease levels of FLIP protein expression^’7. Like many other hydroxamic 

acids (e.g. vorinostat and trichostatin A (TSA)), droxinostat is a HDI. Many 

additional studies have shown that HDI downregulate FLIP expression in various 

cancers at the level of gene transcription and translation551'558'563'568'575.

We recently reported that treatment with HDIs targeting HDAC 1-3 downregulate 

FLIP expression resulting in death receptor- and caspase-8-dependent apoptosis in 

NSCLC cells, but not normal lung cells. Additionally, the HDIs synergized with 

TRAIL and cisplatin in NSCLC cells, in a FLIP- and caspase-8-dependent manner. 

Targeting high FLIP expression using HDAC1-3 selective inhibitors to exploit the 

high levels of procaspase-8 expression in NSCLC has promising therapeutic 

potential, particularly when used in combination with TRAIL receptor-targeted 
agents433.

Thus, HDIs are a strategy to indirectly down-regulate FLIP protein expression levels 

in NSCLC cells and sensitize to the death receptor-pathway of cell death. Therefore, 

in Chapter 5, these agents are used to downregulate FLIP protein expression to 

assess whether this potentiates the effects of IR in NSCLC cell lines.
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1.10.9 Evidence of HD AC inhibitor-induced sensitization to IR

Aberrant HDAC activity results in the dysregulation of proliferation, DNA repair and 

cell death control mechanisms and therefore has been identified as a contributory 

factor leading to the acquisition of cellular resistance to genotoxic insults. Therefore. 

HDAC inhibition is a potential strategy to combat tumour cell resistance to anti

cancer therapies. Zhang et al. (2009) showed that TSA sensitized NSCLC to y- 

irradiation by inducing cell cycle arrest and apoptosis. TSA treatment also impaired 

DNA repair after IR through downregulation of Ku70, Ku80 and DNA-PKcs protein 

expression^76. Recently, it has been shown that the HDIs vorinostat and TSA 

sensitize NSCLC cells to IR^77. In the study, the acetylation of p53 was significantly 

increased in co-treated cells and the sensitization was prevented when p53 was 

silenced. This is in agreement with Kim. et al. (2006) who found that TSA-induced 

radiosensitization was more pronounced in wild-type p53 models7^. Another study 

demonstrated that pre-treatment with vorinostat sensitized colorectal carcinoma cells 

to IR in both in vitro and in vivo models resulting in an improved response, which 

was independent of histone acetylation status579. Thus, the published evidence 

suggests that the acetylation of non-histone proteins as well as histones is important 

for the radiosensitization effects of HDAC inhibitors (Figure 1.9: Overview of the 

HDI mechanisms which may contribute to radiosensitization).
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HDAC inhibition

Overcoming
Resistance

• Differentiation
• Cell cycle arrest
• Inhibition of DDR
• Impaired DNA repair
• ROS production
• Sensitization of cell death 

pathways
• Upregulation of death 

receptors
• Downregulation of FLIP

Degradation 
by the UPS

Figure 1.9: Effects of HDI treatment that may radiosensitize cancer cells 

HDIs prevent the deacetylation of histone and non-histone proteins that have various 

downstream effects on cellular signalling. HDIs have been shown to induce cell 

cycle arrest, impair DNA damage repair processes, down-regulate FLIP protein, up- 

regulate death receptors and produce ROS. A combination or all of these 

mechanisms may be responsible for HDI-induced radiosensitization of cancer cells. 

Therefore. HDIs are potential candidates for combination treatment with 

radiotherapy to overcome intrinsic resistance of tumours.
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1.10.10 Clinically approved HDAC inhibitors and their applications

HDIs have been used clinically as mood stabilizers and anti-epileptics for many 

years and to treat migraine and neuropathic pain580”81. Many additional translational 

applications are in pre-clinical development and these agents are in clinical trials for 

the treatment of HIV082, parasitic infection (malaria and leishmaniasis^83), 

myocardial infarction^84, inflammatory diseases (rheumatoid arthritis and lupus 

erythematosus583386) and neurodegenerative diseases (Alzheimer's disease, 

Parkinson's disease587 and Huntington's disease388).

With regards to the treatment of cancer, vorinostat, also known as suberoylanilide 

hydroxamic acid (SAHA) or Zolinza®, was the first HDI to be approved by the U.S. 

Food and Drug Administration (FDA). It was approved in October 2006 for the 

treatment of refractory cutaneous T-cell lymphoma (CTCL), for patients who had 

received two or more prior systemic therapies. The phase II clinical trial had a 

response rate of 30%. A similar response rate was observed in relapsed non- 

Flodgkin's lymphoma and mantle-cell lymphoma584 59<). Unfortunately, as a single 

agent the clinical response rates to vorinostat in solid cancers are poor541. Studies in 

relapsed or refractory breast542, colorectal. NSCLC543'594, ovarian343 or squamous cell 

carcinoma of head and neck546 demonstrated limited efficacy. However, preclinical 

studies strongly suggest that combination treatment with conventional cancer 

therapies have potential clinical utility. An encouraging phase I clinical trial using 

vorninostat combined with carboplatin and paclitaxel was well tolerated and had 

robust anti-tumour activity in patients with advanced NSCLC547. In 2009, a second 

HDI called romidepsin also known as depsipeptide, FK-228 and Istodax® was also 

approved for the treatment of CTCL, and later for peripheral T-cell lymphoma548 594. 

The HDI Beleodaq (belinostat, PXD-101) was approved for the treatment of relapsed 

or refractory peripheral T-cell lymphoma (PTCL) in July 2014600. Most recently, in 

February 2015, accelerated FDA approval was granted for the HDI Farydak® 

(panobinostat, LBH589) in combination with bortezomib and dexamethasone for the 

treatment of patients with multiple myeloma601'602.

Many more clinical trials using various HDAC inhibitors (e.g. entinostat. valproic 

acid) to treat haematological and solid malignancies are currently ongoing.
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Presently, there are over 80 clinical trials investigating various HDIs as either 

monotherapies or in combination with currently used anti-tumour agents, such as 

chemotherapy or RT. In NSCLC, vorinostat is currently being evaluated in 

combination with chemotherapy in various early phase I/II clinical trials (e.g. 

NCT01059552, NCT01027676 and NCT00702572).
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1.10.11 Clinical trials of HDAC inhibitors and radiotherapy

The first clinical study assessing a combination of a HDI with therapeutic radiation 

was the pelvic radiation and vorinostat (PRAVO) study published in 2010. This 

phase I trial assessed the use of vorinostat and pelvic palliative RT in gastrointestinal 

carcinoma and confirmed the safety and tolerability of the combination and 
recommended a vorinostat dose of 300 mg/day for phase 11 studies603.

A phase I dose escalation trial using vorinostat in combination with palliative RT for 

patients with NSCLC has recently been completed, but results are not yet published 

(NCT00821951). Novartis completed a phase 1 study of panobinostat in combination 

with EBRT. for the treatment of head and neck, prostate and oesophageal cancers to 

establish the dosage requirements for future studies. Additionally, two further phase 

I trials in NSCLC are ongoing. The first assessing vorinostat with chemotherapy and 

RT for treatment of locally advanced NSCLC. and a second is investigating the use 

of vorinostat and stereotactic radiosurgery in the treatment of brain metastases from 

NSCLC (Table 5: Overview of selected clinical trials of interest).

Preclinical evidence suggests that HDls can potentiate the cytotoxicity of radiation in 

haematological and solid malignancies. Importantly, clinical trials to date have 

shown that the combination is well tolerated, with limited acute toxicity and thus, 

further clinical investigation of HDIs as a radiosensitizers are warranted.
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Identifier Phase Status/objective Cancer Treatment

Vorinostat and Palliative Radiotherapy (PRAVO)

NCT00455351 I Complete: Pelvic Vorinostat. RT

Interventional non- 
randomized 
Safety/Efficacy 
Study

Vorinostat in Combination With Palliative RT for Patients With NSCLC

NCT00821951 I Complete: NSCLC Vorinostat, RT

Interventional 
Dose escalation 
Safety study

A Phase I Study of LBH589 (Panobinostat) in Combination With External Beam 
Radiotherapy for the Treatment of Prostate Cancer, Oesophageal Cancer and Head and 
Neck Cancer

NCT00670553 I Complete: Prostate Panobinostat
Head and RT

Interventional non- Neck
randomized safety study Oesophageal

Study of the HDAC Inhibitor Vorinostat With Chemotherapy and Radiation Therapy for 
Treatment of Locally Advanced NSCLC

NCT01059552 I Recruiting: NSCLC

Interventional non- 
randomized 
Safety study

Phase I Vorinostat Concurrent With Stereotactic Radiosurgery in Brain 
NSCLC

NCT00946673 I Ongoing: NSCLC Vorinostat
with brain RT

Interventional treatment metastasis

Vorinostat
Chemo
RT

Metastases From

Table 5: Overview of selected clinical trials of interest

There are numerous clinical studies investigating HDTs in combination with RT. The table shows ongoing trials 

in NSCLC and completed trials in NSCLC and other cancer types.
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1.11 Aims of study

The aim of this study was to investigate the role of FLIP in regulating resistance 

to IR. Specifically, the objectives were to:

i. Assess the role of FLIP in regulating response to IR in cell line models of 

NSCLC;

ii. Assess the impact of HDIs on FLIP expression and IR-induced cell death in 

NSCLC models: and

iii. Investigate a novel role for FLIP in regulating the DNA damage response.
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Materials & Methods

2.1 Genera!

All inorganic material used was of analytical grade.

2.2 Safety

All cell culture procedures involving the use of viable cells were carried out in a 

class II unidirectional laminar down-flow microbiological safety cabinet (Thermo 

Fisher Scientific, Epsom, Surrey, UK). All biohazardous solid waste was incinerated 

and liquid waste was discarded in a 1% Rely+On™ Virkon® solution (DuPont, 

Hertfordshire, UK) following a minimum 12-hour incubation. Risk assessments 

were completed for each experimental procedure.

2.3 Sterilization

Glassware and tissue culture reagents were sterilized by autoclaving for 20 minutes 

at 121 °C at 15 psi.
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2.4 Tissue Culture

2.4.1 General materials

Tissue culture plasticware (culture dishes, culture flasks and cryotubes) were 

purchased from Nunc (Life Technologies, Paisley, UK). Pipette tips, universal tubes 

and centrifuge and conical tubes were purchased from Starstedt (Leicester, UK).

2.4.2 Cell lines

The A549 (ATCC® CCL-185™) and NCI-H460 (ATCC® HTB-177™) cell lines 

were acquired from American Type Culture Collection (ATCC) at the 

commencement of this research project. A549 cells were maintained in Dulbecco’s 

modified eagle medium (DMEM), supplemented with 10% foetal calf serum (PCS) 

and 2 mM L-glutamine (Life technologies). H460 cells were maintained in DMEM, 

supplemented with 10% PCS, 1 mM sodium pyruvate and 2 mM L-glutamine (Life 

technologies). 34Lu cells were maintained in Eagle’s minimum essential medium 

(EMEM), supplemented with 10% PCS, 2 mM L-glutamine and 100 pM non- 

essential amino acids (Life technologies). HCT116 were maintained in McCoy's 5A 

modified medium supplemented with 10% PCS, 1 mM sodium pyruvate and 2 mM 

L-glutamine (Life technologies). PhoenixGP cells were originally derived from the 

293T cell line and express gag-pol (Nolan lab, Stanford University), the cells were 

maintained in DMEM, supplemented with 10% PCS (Life technologies).

2.4.3 Cell line maintenance

Cell lines were housed in a tissue culture incubator (Sanyo Europe. Plerts, UK) at 5% 

CO2 and at 37°C. The incubator was thoroughly cleaned weekly with 70% ethanol, 

after which autoclaved distilled water and copper (II) sulphate were added to the 

water tray. On a monthly basis incubator shelves, water tray, roof panel and fan 

were wiped with and soaked in DECON 90 surfactant (Decon Laboratories Ltd, 

Sussex, UK) diluted in hot water to 5%. subsequently the interior parts were 

autoclaved prior to reassembly.
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Cells were grown in T-175 culture flasks until they reached 70-80% confluency 

(approximately every 2 days), after which the culture medium was aspirated, cells 

were rinsed in 10 mL of sterile phosphate buffered saline (PBS) and 6 mL of trypsin- 

EDTA (Invitrogen) was added, after which the flasks were incubated in the tissue 

culture incubator until cells detached. Culture medium (12 mL) was added and cells 

were gently pipetted to mix and remove clumps. The required volume of media 

containing cells was then returned to the culture flask containing 25 mL of media.

2.4.4 Freezing cells

Cells in the exponential phase of growth were washed with 10 mL of sterile PBS. 

After which 4 mL of trypsin-EDTA (Invitrogen) was added to the culture flask and 

incubated at 37°C. until cells detached. Media was added to inactivate the trypsin 

and the cells were transferred to a sterile 15 mL test tube, and centrifuged at room 

temperature for 5 minutes at 1200 rpm. The supernatant was discarded and the cells 

were re-suspended in 8 mL sterile PBS. 500 pL of cell suspension was added to a 

microcentrifuge tube (Eppendorf) using a serological pipette; 100 pL was then added 

to a microcentrifuge tube containing 100 pL trypan blue (Sigma) and gently mixed. 

10 pL of cell suspension containing trypan blue was then added to an AC 1000 

Improved Neubauer haemocytometer chamber (Hawksley, Birmingham, UK) and 

cells were counted and viability determined. Provided that cell viability was at least 

90%, the remaining cell suspension in the 15 mL falcon tube was centrifuged and 

then resuspended in sufficient volume of sterile freezing medium, which consisted of 

PCS and 10% (v/v) DMSO to create a cell suspension of 1.5x10h cells per mL. Cells 

were gently mixed in the freezing medium to ensure even distribution and removal of 

clumps, and then 1.5 mL was transferred to 2 mL cryotube vial (Thermo Fisher 

Scientific, UK). Cryotube vials were placed into CoolCell alcohol-free cell freezing 

container (Biocision), which ensured a standardized, controlled rate of -1°C per 

minute of cell freezing in -80°C, for at least 24hrs. Subsequently cryotubes were 

transferred to liquid nitrogen (BOC, Surrey, UK) for long-term storage.
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2.4.5 Thawing cell lines

Cryovials were removed from storage in liquid nitrogen and were incubated in a 

37°C water bath until slightly thawed. Cell suspension (in freezing medium) was 

then transferred to 15 mL falcon tube containing 10 mL of sterile PBS and 

centrifuged at room temperature for 5 minutes at 1200 rpm. The supernatant was 

discarded and cells were re-suspended in 1 mL of culture medium and transferred to 

T80 culture flask containing 14 mL culture medium. Once cells were 70-80% 

confluent they were transferred to T175 culture flask and after two passages their 

viability was assessed, if satisfactory cells were then used for experimentation.

2.4.6 Mycoplasma screening

All cell lines were screened for mycoplasma enzymes on a regular basis and after 

thawing from liquid nitrogen storage using a MycoAlert® mycoplasma detection kit 

(Lonza, Basel, Switzerland). The MycoAlert® assay detects all common mollicute 

contaminations. The assay was carried out as per manufacturer instructions.
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2.4.7 Cell counting

Media was aspirated and 5 mL of PBS was added to wash cells, after the PBS was 

aspirated 5 mL of trypsin-EDTA (Invitrogen) was added and the culture flasks were 

incubated at 37°C until cells detached into suspension. 8 mL of medium was added 

to neutralize and the cell suspension was gently pipetted up and down to separate 

cells.

Automated cell counting: 100 pL of cells were diluted in 10 mL of Isoton 

(Beckman Coulter. Buckinghamshire, UK) and counted using Z2 particle and size 

analyser (Beckman Coulter), excluding particles less than 8 pm.

(Average of 2 readings) X 200 = Number cells / mL

Manual cell counting: The haemocytometer was cleaned using 70% ethanol, the 

shoulders were moistened and coverslip affixed using gentle pressure until Newton’s 

rings were observed; confirming correct chamber setup. 10 pL of cell suspension 

was pipetted into haemocytometer chamber by resting the pipette tip against the edge 

of the chamber and allowing it to fill by capillary action. Cells were visualized using 

10X objective lens. For each sample, 4 sets of 16 corner squares were counted; 

excluding any positioned on the top or left boundary lines.

Total cell count from 4 sets of 16 corner squares / 4 

= Number of cells / mL x 104
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2.4.8 Cytotoxic Reagents

Vorinostat (SAHA: suberoylanilide hydroxamic acid) and entinostat (MS-275) were 

obtained from Selleck Chemicals (Newmarket, UK) and were resuspended in the 

vehicle dimethyl sulfoxide (DMSO) at a stock concentration of 10 mM. Aliquots of 

100 pL were stored at -20°C to avoid unnecessary freeze-thaw cycles.

2.4.9 Reagents

Caspase inhibitor I (Z-VAD-(OMe)-fmk) was purchased from Merck Millipore's 

Calbiochem® (Darmstadt. Germany) and were reconstituted in DMSO at a 10 mM 

stock solution and were stored at -20°C within the original glass container.

2.4.10 X-irradiation

All irradiation was carried out using the X-RAD 225 machine (Precision X-Ray Inc., 

Branford CT, USA). A copper (Cu) filter was used at a current of 13.3 mA and 

voltage of 225 KV which yielded a dose rate of 0.59 Gy/min. Cells were exposed to 

doses from 0.5 Gy-20 Gy.
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2.4.11 Transfection of siRNA

Cells were transfected with short interfering RNA (siRNA) using Oligofectamine1 M 

Reagent (Life Technologies, Paisley, UK), which performed optimally on cells at 

50% confluency. Cells were seeded accordingly in anti-biotic-free medium and 

permitted to adhere to the culture dish overnight. The appropriate concentrations of 

siRNA and Oligofectamine1 M were diluted in OptiMEM (Life Technologies) and 

were gently mixed and incubated at room temperature for 30 minutes to allow 

siRNA:01igofectamine™ complexes to form. Media was aspirated and replaced 

with serum-free OptiMEM and the prepared transfection mixture was added. After 4 

hours, 2X growth medium was added. Western blotting was performed on cell 

lysates to determine the incubation time required for efficient gene knockdown with 

each siRNA and in each cell line. Sequences of siRNA and transfection mixes used 

are listed in the Appendix 4.

2.4.12 Transfection of plasmid DNA

Cells were seeded at the appropriate density in antibiotic-free medium and were 
permitted to adhere to the culture dish overnight. GeneJuice® Transfection Reagent 

(Merck, Damstadt, Germany) was used and requires an optimal cell density of 

50-80%. Plasmid DNA and GeneJuice® were added to OptiMEM (Life 

Technologies) in a ratio of 1 pg: 3 pL: 30 pL and were gently mixed. The 

transfection solution was incubated for 15 minutes and was then added drop-wise to 

the cell medium.
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2.4.13 Generation of stable cell lines by retroviral transduction

Stable cell lines were generated using the Phoenix™ Retroviral Expression System. 

The retroviral packaging cell line. PhoenixGP (expresses gag-pol retroviral genes) 

was obtained from Nolan Lab. Stanford University. Packaging cells were transfected 

with 5 pg of VSVG coat protein plasmid and 5 pg of the retroviral expression 

plasmid. pBABE-puro. The following day the media was removed and replaced with 

fresh media. The recipient cells were seeded at this stage. After a further 24 hours, 

the media containing the retrovirus was collected from the PhoenixGP cells. The 

retroviral media was passed through a cellulose acetate 0.45 pm fdter to produce a 

cleared retroviral supernatant and polybrene (Sigma) (10 mg/mL) was to the 

retroviral media in a 1000-fold dilution to give the final polybrene concentration of 

10 pg/mL. Ranges of volumes of retroviral media were then added to the medium of 

the target cells (H460), and were incubated for a maximum of 24 hours. At this 

stage, the retroviral medium was removed and fresh medium containing 1 pg/mL of 

the antibiotic puromycin (Sigma) was added. The target cells were cultured until the 

all of the untransduced control cells incubated in antibiotic had died. Cell stocks 

were prepared immediately once FLIP overexpression was confirmed by Western 
blotting.
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2.5 Western Blotting

2.5.1 Protein collection

Culture media was transferred to a 15 mL Falcon tube on ice and 2 mL of chilled 

PBS containing 1% sodium orthovanadate (NajVO,;) and 1% sodium fluoride (NaF) 

was added to the cells in the culture dish. A cell scraper was used to gently detach 

the cells from the surface and the cell suspension was then transferred to the Falcon 

tube. An additional 2 mL of PBS was added to each plate to rinse and collect any 

remaining cells. Falcon tubes containing each sample were placed in centrifuge to 

pellet cells at 2400 rpm at 4°C for 5 minutes. The supernatant was discarded and cell 

pellet was resuspended in 100-150 pL (depending on size of cell pellet) of 

radioimmunoprecipitation assay (RIPA) buffer supplemented with protease inhibitor 

cocktail (1:500), 100 mM NajVOaand 1 M NaF (1:100) and transferred to a chilled 

1.5 mL microcentrifuge tube. Samples were snap frozen at this stage and stored if 

necessary at -SOX. Cells were lysed by incubation on ice for 40 minutes and then 

the cellular debris was pelleted by centrifugation at 13,000 rpm at 4°C for 20 

minutes. The supernatant containing the protein lysate was transferred to 0.5 mL 

microcentrifuge tube. Protein lysates were snap frozen in liquid nitrogen and stored 

at -SOX.
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2.5.2 Protein quantification

Bicinchoninic acid (BCA) Protein Assay Reagent (Thermo Fisher Scientific, Epsom, 

Surrey, UK) was used according to manufacturer instructions. This assay is a two- 

component assay reagent set to measure (A562 nm) total protein concentration 

compared to a protein standard. The standard curve was generated using known 

quantities of albumin from bovine serum (Sigma-Aldrich). which resulted in a linear 

relationship between concentration and absorbance. 5 pL of each protein lysate was 

added to a well of a transparent 96-well plate in duplicate and 245 pL of prepared 

BCA protein assay mixture was added to each well and sample were incubated at 

37°C for 20 minutes. The absorbance at 570 nm was measure on a microplate reader 

(Molecular Devices). Protein concentration was then determined using GraphPad 

Prism® 5 for Mac OS X software version 5.0a (GraphPad Software Inc.).

2.5.3 Cell lysate preparation

Lysates were thawed on ice and the volume determined to contain 30-70 pg of 

protein was transferred to a fresh 0.5 mL microcentrifuge tube. Depending on the 

volume of lysate, either 2X. 4X or 10X Laemmli loading buffer containing 10% [3- 

mercaptoethanol (Sigma Aldrich) was added. Samples were then denatured in a 

heating block at 95°C for 10 minutes.
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2.5.4 Polyacrylamide gel electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was used 

to resolve proteins according to their electrophoretic mobility. Refer to Appendix 3 

for details on acrylamide gel preparation. The resolving gel was poured into the 

assembled gel running apparatus and a small volume of isopropanol was dropped on 

top of the resolved gel to create a seal and remove bubbles, and then the gel was then 

permitted to polymerase at room temperature. Once gels solidified, isopropanol was 

removed and plates were rinsed with ddHjO. The stacking gel was prepared and 

added on top of the resolving gel and appropriate sized well combs were slowly 

inserted. Following polymerization of the stacking gel. the plates were inserted into 

the Mini-PROTEAN 3 electrophoresis module (Bio-rad. Herts, UK) and the tank was 

filled with running buffer. Well combs were slowly removed and a molecular weight 

marker. PageRulerIM Plus Pre-stained Protein Marker (Thermo Fisher Scientific) or 

HiMarkIM Pre-stained Protein Standard was added to at least 1 well. Denatured 

protein lysate prepared in Laemmli loading buffer was transferred to each well and 

electrophoresis was performed at 15mA per gel at room temperature, until required 

amount of protein separation was achieved.
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2.5.5 Protein Transfer

Once the proteins were sufficiently resolved, the gels were removed from the glass 

plates and the stacking gel was discarded. The resolving gel was placed on a 

nitrocellulose membrane (Whatman. Maidstone. Kent, UK) sandwiched within 2 

layers of Whatman blotting paper, which was then placed between two sponges 

within a transfer cassette. The membrane, blotting paper and sponges were pre

soaked in transfer buffer and the assembly of the transfer cassette was performed 

submerged in transfer buffer to ensure removal of air bubbles. The transfer cassettes 

were placed into a Mini Trans-Blot® Electrophoretic Transfer cell containing an ice 

pack, within an ice filled basin and run at 100V for 70 minutes or at 30V overnight.

2.5.6 Immunoblotting

Membranes were removed from the transfer cassette and were rinsed in PBS. 

Ponceau S solution (Sigma-Aldrich) was used to stain the proteins to assess the 

transfer efficiency and the immunoblot was trimmed and labelled as necessary. 

Membranes were then washed in PBS with 0.1% Tween®-20 (Sigma-Aldrich) for 5 

minutes, repeating as required to remove the stain. Membranes were then blocked in 

5% powdered skimmed milk or 5% albumin from bovine serum (BSA) (Sigma- 

Aldrich) prepared in PBS with 0.1% Tween®-20 for 1 hour with agitation. 

Membranes were incubated in 5 mL of milk/BSA containing primary antibody 

overnight at 4°C in a 50 mL Falcon tube on a roller. Larger membranes were sealed 

in plastic with 20 mL of antibody. After incubation, membranes were washed in 

PBS with 0.3% Tween®-20 with gentle agitation at room temperature for 10 

minutes, 3 times, to remove unbound primary antibody. Membranes were then 

placed into a 50 mL Falcon tube containing 5 mL of milk/BSA containing the 

relevant species HRP-conjugated secondary antibody for 2 hours at room 

temperature on a roller, after which the membranes were washed 3 times, as above. 

Appendix 3 contains details of the antibodies used in this study.
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2.5. 7 Detection Method

Membranes were rinsed with PBS to remove washing buffer and placed on a clean 

PI40 culture dish or acetate sheet. The prepared detection reagent was added drop 

wise to ensure complete coverage of the membrane and incubated for 5 minutes at 

room temperature. The following detection reagents were used: Western lightening 

ECL (PerkinElmer, Cambridge, Cambridgeshire. UK) or SuperSignal (Thermo 

Fisher Scientific) prepared as per manufacturer instructions.

2.5.8 Autoradiography

Membranes were picked up using metal forceps and excess detection reagent was 

drained onto paper towel. The membranes were then placed in between two clear 

acetate sheets within an x-ray cassette. In the dark room, FUJ1-RX X-ray film 

(FUJIFILM. Bedford. UK) was placed on top of the acetate sheet and the cassette 

was closed and incubated for the required exposure time, after which the 

audioradiographs were developed using an Ilford Multigrade Automatic Developer.

2.5.9 Densitometry

X-ray films were scanned to create JPEG files that were imported to GeneTools 

version 4.03.05.0 (Synoptics, UK). The raw volume was then determined for each 

band (peak) as the sum of the pixel intensities. The relative density (RD) was 

calculated by dividing the raw volume of the band of interest by the raw volume of 

loading control for that sample. For ease of interpretation, values are alternatively 

presented as fold change (FC) calculated by dividing the RD of each sample by the 

RD of the untreated time-matched control.
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2.6 Quantitative real-time polymerase chain reaction

2.6.1 RNA extraction

Media was removed from culture dishes and the cells were washed with cold PBS, 

and 1 mL of fresh chilled PBS added. Cells were gently dislodged using a cell 

scraper and the suspension was transferred to a 1.5 mL sterile microcentrifuge tube, 

which was centrifuged at 250 x g for 5 minutes at 4°C. RNA was then extracted 

from the cell pellet using GeneJETIM RNA Purification Kit (Thermo Fisher 

Scientific) according to manufacturer's protocol. RNA was eluted in 50 pL of sterile 

GIBCO™ Distilled Water DNase/RNase Free (Life Technologies) and transferred to 

a sterile 1.5 mL microcentrifuge tube. RNA samples were snap frozen and stored at 

-80°C.

2.6.2 RNA quantification

RNA was quantified using a Nanodrop™ ND-1000. The upper and lower optical 
surfaces of microspectrophotometer sample retention system were cleaned by 

pipetting 2 pL of GIBCO™ Distilled Water onto the lower optical surface. The lever 

arm was closed and lifted up again. A kimwipe was used to gently wipe the upper 

and lower optical surfaces and the lever returned to the closed position on top of the 

kimwipe. This was repeated twice, and then 2 pL of GIBCO™ Distilled Water was 

used to obtain a blank reading. After cleaning with kimwipe, 1 pL of RNA was 

pipetted onto the lower optical surface and a reading was obtained: this was repeated 

3 times for each sample to ensure accurate RNA quantification. Only RNA with 

260/280 ratio of > 2 was considered pure and used for downstream applications.

2.6.3 Reverse transcription

Transcriptor first strand cDNA synthesis kit (Roche) was used to reverse transcribe 

RNA into cDNA as per manufacturer instructions. RNA, random hexamer primer 

(600pmol/pL vial 6) and PCR-grade water were added to a 0.2 mL PCR tube and 

denatured at 65°C for 10 minutes. Tubes were then placed on ice and 5X transcriptor
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reverse transcriptase reaction buffer, protector RNase inhibitor (40 U/pL), 

deoxynucleotide Mix (10 mM) and transcriptor reverse transcriptase (20 U/pL) were 

added. Tubes were then incubated for Ihr at 50°C for the cDNA synthesis reaction 

to occur. Samples were then inactivated at 85°C for 5 minutes and cDNA was stored 

at -20°C.

2.6.4 Quantitative real-time PCR conditions

Performed using a Roche LightCycler® 480 System (Roche Diagnostics). To each 

well of a Roche LightCycler® 480 96-well plate: 5ng of cDNA dissolved in 

GIBCO™ distilled water to a 5 pL volume; 3 pL GIBCO™ distilled water; 2 pL 

primer probe mix and 10 pL 2X probe master mix (FLIP or SI8) were added. 

Reagents were purchased from Roche Diagnostics (Burgess Hill, Surrey, UK).

Thermocytiing conditions:

1. Polymerase activation 95°C 2 min
2. Denaturation 95 °C 30 sec
3. Annealing 65°C 30 sec
4. Extension 72°C 120 sec
5. Final extension step 72°C 10 min

Steps 2-4 repeated for 30 cycles.

Comparative C( Method (A A Ct)

To quantify relative mRNA levels the comparative Ct method (A ACt) was 

employed. C, values of the treated samples were compared with an untreated control. 

The Ct values of both the control and the samples of interest were normalized to the 

reference gene ribosomal protein SI8.

A A Ct^ (A Ct treated) - (ACt untreated)

A Ct treated is the Ct value of treated sample normalized to the reference gene and A 

Ct untreated is the Ct value of untreated sample normalized to the reference gene.
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2. 7 Flow cytometry

Samples were analysed on a BD FACSCalibur™ platform using Cell Quest Pro 

software or BD LSR II flow cytometer using FACS DIVA software (BD 

Biosciences). Instruments were washed using cleanse, rinse solution and ddFBO, 

each sequentially performed for 5 minutes before use. Performance and tracking 

beads were used daily as per manufacturer instructions.

2. 7.1 Propidium iodide cell cycle analysis

Fixation: Cells (1x105) were seeded in 6-well plates, in 2 mL of medium per well 

and were permitted to adhere overnight. To collect samples after treatment and the 

required incubation, the medium was transferred into an ice-cold 15 mL Falcon tube 

on ice. 2 mL of PBS-0.5M EDTA was added to each well and incubated for 10 

minutes at 37°C to detach cells. The cell suspension was pipetted into the 

corresponding Falcon tube. Cells were pelleted at 2400 rpm at 4°C for 5 minutes 

and the supernatant was discarded. 5mL PBS-1% FCS was added to each tube to 

resuspend and wash the cells, after which cells were pelleted as previously. The 

supernatant was removed and the cells were resuspended in ImL of PBS-1% FCS, to 

which 4 mL of ice-cold ethanol was added whilst vortexing. Fixed cells were stored 

at 4°C.

Propidium iodide (PI) staining: Fixed cells were pelleted at 2400 rpm at 4°C for 5 

minutes and supernatant was removed. The cells were then resuspended in 5mL of 

PBS-1% FCS and centrifuged at 2400 rpm at 4°C for 5 minutes. The supernatant 

was discarded and cells were resuspended in 360 pL of PI/RNaseA solution 

(optimised composition: 150 pL PI (Sigma-Aldrich) and 37.5 pL RNaseA 100 

mg/mL (Qiagen, Crawley, UK) diluted in 15 mL PBS-1% FCS). Cells were then 

protected from light and incubated at 37°C for 60 minutes. Figure 2.1 shows an 

example of the gating applied to the dot plots to exclude cells aggregates. The 

histogram profile shows the DNA content of the cells and how it was divided to 

calculate the proportion of cells in each phase of the cell cycle.
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Figure 2.1: Measurement of the DNA content of cells to determine cell cycle 

distribution
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2. 7.2 Annex in V and PI staining

Phosphatidylserine is natively resident on the intracellular surface of the plasma 

membrane, however, in the early stages of apoptosis the membrane is disrupted and 

phosphatidylserine is exposed on surface of the cell membrane and serves as a 

recognition marker for phagocytosis of the apoptotic cell by macrophages604. This 

biochemical event is exploited in biomedical research to identify early apoptotic 

cells. Cells can be incubated with fluorescently labelled FITC-Annexin V which 

binds to the exposed phosphatidylserine and can be quantified by flow cytometry, 

indicating the proportion of cells in the early stage of apoptosis605. Annexin V and 

PI c-o staining is used to determine the proportion of cells that are undergoing early 

apoptosis, late apoptosis, or necrotic cell death.

Cells were seeded at 5xl04 in 1 mL of media in a 12-well plate. Once the 

experimental incubation was finished, the media was transferred to a 1.5 mL 

microcentrifuge tube. The wells were gently washed with 200 pL PBS and then 200 
pL of trypsin-EDTA (Invitrogen) was added and cells were incubated at 37°C they 

detached. The cell suspension was then transferred to corresponding microcentrifuge 

tube and centrifuged for 5 minutes at 2000 rpm, at room temperature. The cells were 
then resuspended in 300 pL of BD Pharmingen™ Annexin V Binding Buffer (BD 

Biosciences). 1 pL BD Pharmingen™ FITC-Annexin V (BD Biosciences) was 

added to each sample and incubated for 5 minutes at room temperature in the dark. 

Then 1 minute before samples were analysed on the flow cytometer, 1 pL of PI 

(Sigma-Aldrich) was added. The red channel was used to detect positive PI staining 

and green for FITC-Annexin V staining. Compensation was calculated using single 

stained, double stained and unstained cell populations of a heterogeneous mixture of 

control and TRAIL treated cells. The cell populations were divided into quadrants as 

indicated in Figure 2.2.

Ill



Materials & Methods

Necrotic

/

Late Apoptosis

/

Viable

/
Early Apoptosis

/

FITC Annexin-V fluorescent intensity

Figure 2.2: Cell populations determined by FITC-Annexin V' and PI staining

Cells positive for Annexin V and negative for PI stain are in early apoptosis; cells 

positive for both Annexin V and PI are in late apoptosis. When cells are only 

positive for PI. they are necrotic. Cell that are negative for both FITC-Annexin V 

and PI stains are viable.
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2.7.3 Flow cytometry indirect immunofluorescence assay

Cells were seeded at 4x1 (C in 6-well plates with 2 mL of media and treated as 

appropriate. Media was discarded and cells were rinsed gently with PBS and then 1 

mL of PBS-0.5M EDTA was added per well and incubated at 37°C until cells 

detached. The cell suspension was transferred to a 15 mL Falcon tube and pelleted 

at 2,400 rpm. The cell pellet was then resuspended in 50 pL PBS and gently dropped 

into a microcentrifuge tube containing 200 pL absolute methanol whilst gently 

vortexing, thereby the cells were fixed in 80% methanol. Samples were then 

incubated at room temperature for 30 minutes or at 4°C overnight. Fixative was 

removed by centrifugation at 3.000 x g for 5 minutes. ImL of PBS was then added 

to wash the cells, followed by centrifugation as previously, to obtain cell pellet. 

Cells were then blocked for 1 hour at room temperature using blocking buffer: PBS 

with 5% normal goat serum (Vector Laboratories Ltd, Peterborough. UK) and 0.1% 

Triton '' X-100 (Sigma-Aldrich). After blocking, the cells were centrifuged at 3000 x 

g and the blocking buffer was removed. 500 pL of primary monoclonal antibody, y- 

H2AX Serine-139 (Millipore) diluted in blocking buffer (1:5000) was added and 

cells were incubated at 4°C overnight or at room temperature for 2 hours. The 

secondary antibody control was resuspended in blocking buffer at this stage. After 

primary antibody incubation cells were pelleted and the supernatant was discarded as 

before and the cells were washed twice using PBS with 0.1% Triton '’ X-100. The 

Alexa Fluor® 488 Goat Anti-Mouse IgG (H+L) Antibody (Molecular probes) was 

prepared at a 1:1000 dilution in blocking buffer, and cells were resuspended in 300 

pL and incubated protected from light for 1 hour at room temperature. After 

incubation cells were washed twice in PBS with 0.1% Triton’ ’ X-100 as previously. 

The cells were then resuspended in 500 pL PBS-0.1% Triton’ ’ X-100 and were 

subsequently analysed on BD FACSCalibur™ using FL1 filter. Cells stained with 

IgG mouse primary antibody were used as an isotype control to determine the y- 

H2AX negative population. The percentage positive population and the geometric 

mean and median fluorescent intensities were recorded as a measure of fluorescent 

intensity. Overlays were prepared to illustrate fluorescent shift using Cyflogic 

software. Additional controls included during the optimization included primary and 

secondary single staining of cells to determine the specificity of indirect fluorescent
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method used. During all experiments time matched controls were also included as y- 

H2AX levels vary with cell cycle phase.

2.7.4 Cell surface expression

Cells (lxl05)were seeded in 2 mL of medium per well in a 6-well plate. To collect 

samples, the medium was discarded and cells were gently washed with 2 mL of PBS. 

1 mL of Trypsin-EDTA was added to each well and cells were incubated at 37°C 

until detached. The cell suspension was then transferred to a 15 mL Falcon tube 

containing 5 mL of PBS-0.1% sodium azide-0.2% BSA. Samples were centrifuged 

at 2000 rpm for 5 minutes at 4°C and the supernatants were discarded. Cells were 

resuspended in 95 pL of PBS-0.1% sodium azide-0.2% BSA and 5 pL of appropriate 

antibody, PE-conjugated DR4. DR5. TNFRL FAS or PE-conjugated isotype control 

antibody was added. Samples were then incubated in the dark for 60 minutes with 

agitation at 4°C. Following incubation. 1 mL of PBS-0.1% sodium azide-0.2% BSA 

was added to resuspend the cells and then a further 4 mL was added. Samples were 

centrifuged at 2000 rpm for 5 minutes at 4°C. The supernatant was discarded and the 

wash step was repeated twice. After washing, the samples were resuspended in 300 

pL of PBS and protected from light and analysed immediately.
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2.8. Clonogenic survival assays

2.8.1 Experimental set-up

Pilot experiments were performed on each cell line to determine the optimal seeding 

densities for each dose of 1R. Cells were manually counted using a haemocytometer 

and were seeded at various densities. At least two densities for each condition, in 

triplicate, was seeded into 6-well plates and permitted to adhere for at least 6 hours. 

Treatment with drug and/or irradiation was administered before the cells doubling 

time elapsed to ensure that any colony that formed was the progeny of one individual 

cell. Following treatment, cells were supplemented with additional fresh media 

when necessary.

2.8.2 Colony fixation and crystal violet staining

Following 7-14 days incubation, when colonies had formed on the control plates, the 

media was removed. Then 2 mL 0.4%crystal violet/95% methanol was added to 

each well and incubated at room temperature for 15 minutes. The staining solution 

was then removed and each plate was gently washed 3 times in a large beaker of tap 

water to remove excess stain.

2.8.3 Colony counting

Images of colonies were obtained by scanning with a computer scanner and then 

colonies were manually counted. Initially, colonies were assessed using a 

stereomicroscope to familiarize the operator with the size of colonies that were 

greater than 50 cells. Only colonies greater than 50 cells were counted, to ensure 

each colony was the progeny of a cell with unaffected replicative potential following 

treatment. Once familiar with the required colony size, colonies were counted by 

eye, using a felt tip marker to mark each colony.
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The plating efficiency (PE) was calculated from untreated cells and used to calculate 

the surviving fractions (SF) as follows:

PE= (no. of colonies formed / no. of cells seeded)* 100

SF= no. of colonies formed after treatment/(no. of cells seeded X PE)

2.8.4 Generation of survival curves

Survival fraction (SF) data after a radiation dose (D) are fit by a weighted, stratified, 

linear regression using Origin Pro version 8 according to the linear-quadratic 

formula:
SF=exp(- a D- # D2)

Statistical errors on fit values were calculated as the standard error. All experiments 

were performed in triplicate, at least three times with the data presented as ± standard 

error in all cases. A corresponding dose response graph was generated with SF on a 

logarithmic scale on the y-axis and dose on a linear scale on x-axis.
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2.9. Caspase-Glo® assays

Caspase-Glo® 8 and Caspase-Glo® 3/7 assays (Promega, Southampton, UK) are 

luminescent assays that measure caspase activities in purified enzyme preparations or 

cultures of adherent or suspension cells. The assay provides a proluminescent 

caspase-8 or caspase-3/7 substrate, which contains the tetrapeptide sequence LETD 

or DEVD respectively. The substrates are cleaved to release aminoluciferin. a 

substrate of luciferase used in the production of light. The luminescent signal is 

proportional to caspase activity. 5 pg of cell lysate was diluted in media to give a 

volume of 25 pL, which was pipetted into a white-walled 96-well plate in triplicate. 

25 pL of required Caspase-Glo® reagent was then added to the sample. The plate 

was then incubated in the dark at room temperature with gentle agitation. Then the 

plate was analysed in a luminescent plate reader (Biotek Synergy 4 plate reader) after 

30 and 60 minutes incubation.
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2.10 Immunojluorescent microscopy

Immunofluorescent microscopy was used to investigate protein localization and 

quantify DNA DSBs using antibodies against the markers yH2AX(Serl39) and 

53BP1.

2.10.1 Microscopy experimental set up

Glass coverslips were stored in 70% ethanol; to set up experiments, coverslips were 

transferred into the wells of 6-well plate using sterile metal forceps. After the 

coverslips air-dried. 1 mL sterile PBS was added to each well to wash away residual 

ethanol. PBS was aspirated and the washing step was repeated. Once dry, 2 mL of 

medium containing cell suspension was transferred to each well (50.000 cells/mL). 

Plates were then incubated overnight to permit adherence. Cells were treated, if 

necessary, and incubated for required time.

2.10.2 Fixation

Media was aspirated from wells and the cells were gently washed once with ice cold 

PBS. Fixing buffer was freshly prepared as 4% formaldehyde in PBS from 37% 

formaldehyde stock (Sigma, UK), 2 mL of fixing solution was added to each well 

and incubated for 10 minutes at room temperature. Following fixation, the cells 

were washed 5 times with ice-cold PBS and stored in PBS at 4°C for up to two 

weeks.
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2.10.3 Immunofluorescence staining

PBS was aspirated from wells and 2 mL of permeabilization buffer. 0.5% Triton '' X- 

100 in PBS from Triton' ,X-l00 (Sigma, UK) stock, was added to each well and 

incubated at 4°C for 10 minutes. The permeabilization buffer was then aspirated and 

cells were washed with ice-cold PBS. Cells were blocked at RT for 1-2 hours or at 

4°C overnight in 5% normal goat serum (Vector Laboratories, Peterborough. UK) in 

PBS-0.1% Triton '’ X-100. The blocking buffer was then removed, the primary 

antibody was diluted as required in the blocking buffer, and then 1 mL was added to 

each well and incubated for 1 -2 hours at room temperature or overnight at 4°C. Cells 

were then washed 5 times with washing buffer (0.1% Triton’'' X-100 in PBS) to 

remove unbound primary antibody. Coverslips were transferred using forceps to a 

PI40 culture dish with raised platforms to elevate the coverslips. In the dark. 150 pL 

of diluted secondary antibody solution was added to each coverslip and incubated for 

1-2 hours at room temperature, whilst protected from light. In low light conditions, 

cells were then washed 5 times with washing buffer. 10 pL of vectashield containing 

4,6-diamidino-2-phenyindole (DAPI) (Vectorshield, UK) was added to the cells and 

the coverslip was mounted on a microscope slide. The edges of the coverslip were 

the sealed with nail polish to ensure it did not move and slides were stored in a 

lightproof case at 4°C until analysis. Slides were visualised within 1 week of 

staining. Controls were included using primary and secondary antibodies 

individually to determine the antibody specificity.

Slides were visualized using Nikon Eclipse Ti-S inverted fluorescence microscope 

(Nikon Instruments Europe B.V., UK) with NIS-Elements advanced research 

software or Leica DMRB fluorescence microscope with Leica FW4000 software 

(Leica Microsystems (UK) Ltd. Milton Keynes, UK).
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2.11 Neutral comet assay

A comet single cell gel electrophoresis kit was purchased from Enzo Life Sciences. 

Lysis solution (2.5 M NaCl, 100 mM ED FA (pH 10). 10 mM Tris-Base. 1% sodium 

lauryl sarcosinate, 1% Triton X-100), Comet LMagarose and comet slides were 

provided.

2.11.1 Sample preparation

Buffers were chilled on ice for 20 minutes prior to use. Cells (lxl0<1) were seeded 

into P90 culture dishes and treated as required the following day. Samples were 

protected from UV light and once collected were processed immediately. The 

LMagarose was heated in a beaker of hot water in a microwave, with the cap slightly 

loosened, until the temperature reached 95°C. The LMagarose was then placed in a 

37°C water bath for at least 30 minutes prior to use. Comet slides were incubated at 

37°C to ensure even spread of LMagarose.

2.11.2 Preparation of comet slides

The culture media was discarded and 2 mL of ice-cold PBS was added to the cells in 

the culture plate. Cells were dislodged using a rubber cell scraper and the suspension 

was transferred to a 15 mL Falcon tube. 10 mL of ice-cold PBS was then added to 

wash the cells, and tubes were centrifuged for 5 minutes at 1200 rpm. The cell 

pellets were then resuspended in PBS to concentration of IxlO^ cells/mL. The cells 

were combined with the molten LM agarose at a ratio of 1:10 (v/v). 75 pL of the LM 

agarose-cell mixture was carefully pipetted onto the comet slide. Slides were placed 

flat, in the dark, at 4°C for 10 minutes until the LM agarose solidified as indicated by 

a 0.5 mm clear ring around the edge of the LM agarose. Slides were then immersed 

in pre-chilled lysis solution for 2 hours on ice. Excess lysis solution was tapped off 

onto a paper towel and slides were gently washed with ice-cold PBS and then 

immersed in 50 mL of ice-cold neutral electrophoresis buffer (NEB: Tris sodium 

acetate pH 9 buffer) to equilibrate for 5 minutes twice. Slides were then transferred 

onto the tray of horizontal electrophoresis gel apparatus at equal distance from each
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electrode. Ice-cold NEB was then added to the tank, until the comet slides were 

submerged 1 mm below the level of the buffer. The power supply was set at 1 

volt/cm (measured electrode to electrode) and electrophoresis was performed for 20 

minutes. The tank was protected from light. Once electrophoresis was complete, the 

excess buffer was tapped off and the slides were briefly immersed in ddEEO. Slides 

were then incubated at room temperature in DNA precipitation solution. 1M 

ammonium acetate for 30 minutes and then fixed in 70% ethanol for 30 minutes. 

Following fixation slides were air dried to bring all the cells into a single plane and 

slides stored in the dark, overnight at room temperature with desiccant. SYBR® 

green I nucleic acid gel stain 10.000X concentrate in DMSO (Invitrogen) was diluted 

1:10,000 in TE buffer, and 100 pE of diluted stain was pipetted onto each sample and 

incubated for 30 minutes in the dark. Slides were then rinsed in ddEEO and allowed 

to dried completely at 37°C.

2.11.3 Comet image analysis

Slides were then visualised using Nikon Eclipse Ti-S inverted fluorescence 

microscope (Nikon Instruments Europe B.V., UK) with NIS-Elements advanced 

research software. At least 100 TIFF format images were taken of each sample and 

were analysed using OpenComet (http://www.opencomet.org), an automated tool for 

comet assay image analysis. This open-source software tool is a novel and robust 

method for finding comets based on geometric shape attributes and segments the 

comet heads through image intensity profile analysis606. OpenComet is deployed as 

a plug-in for the image-processing platform. Image.! (http://www.rsbweb. 

nih.gov/ij/). Following automated comet detection, comets and outliers were verified 

or excluded by manual user assessment. Various computed comet parameters were 

exported in Microsoft EXCEL format. In this study two parameters were analysed: 

Tail DNA content as a percentage of total comet DNA content and the Olive tail 

moment, which is the product of tail DNA (%) and the distance between the 

intensity-weighted centroids of head and tail.
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2.12 Co-immunoprecipitation

Cells (5xl06) were seeded in 20 mL of culture medium in a PI40 culture dish and 

were permitted to adhere overnight. The following day. the cells were treated as 

required and incubated as necessary, depending on experimental design. To collect 

cell lysates the media was aspirated from culture dishes and cells were gently washed 

with ice-cold PBS. 1 mL of ice-cold CHAPS buffer with protease inhibitors was 

added and plates were transferred to the cold room (4°C). Plates were placed on a 

shaker to evenly spread the CHAPS buffer over the surface of the culture plates. 

Cells were then detached using a rubber cell scraper and cell suspension was 

transferred to a 2 mL microcentrifuge tube on ice. The cells were gently passed 

through a needle (21 gauge) attached to a 5 mL syringe, this was repeated 5 times to 

facilitate cellular lysis. Following 40 minutes incubation on ice. the microcentrifuge 

tubes were centrifuged at 13,200 rpm for 20 minutes at 4°C. The supernatant was 

then transferred to a fresh pre-chi lied microcentrifuge tube and the protein 

concentration was quantified by BCA assay. 1 mg of lysate was then transferred to a 

2 mL microcentrifuge tube and the volume was adjusted to 1 mL using CHAPS 

buffer. Anti-rabbit Dynabeads® (30 pL/sample) were washed in CHAPS buffer 

using a magnetic rack and were then added to each of the cell lysates. The lysates 

were pre-cleared overnight at 4°C with rotation. The following day 5 pg of required 

antibodies, an antibody against the protein of interest and an IgG isotype control 

were conjugated to 30 pL Dynabeads® with rotation for 2 hours at 4°C. The 

conjugated beads were then washed three times in 500 pL of CHAPS buffer. The 

beads were resuspended in CHAPS buffer to facilitate the transfer of to each pre

cleared lysate. The lysates were then incubated with the antibody-conjugated beads 

for 6 hours at 4°C with rotation, to enable the antibody to bind to the target protein. 

The beads were then isolated from the lysate and washed 5 times with CHAPs buffer 

and once in PBS. The samples were then gently pulse centrifuged to enable removal 

of residual PBS. The beads were then resuspended in 10X loading buffer, then 

gently vortexed to mix and finally denatured at 95°C for 5 minutes. The 

microcentrifuge tubes were then placed on a magnetic rack and all of the sample and 

10% inputs were loaded on a 10% acrylamide gel. Protein levels were then analysed 

by Western blotting.
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2.13 AlphaScreen®

AlphaScreen® is an Alpha (amplified luminescent proximity homogenous assay) 

Technology (Perkin Elmer) for studying biomolecular interactions in a microplate 

format. The molecules of interest can be captured on Alpha beads; binding of 

molecules captured on the beads leads to an energy transfer from one bead to the 

other, ultimately producing a luminescent signal. The assay uses donor beads and 

acceptor beads. Donor beads contain a photosensitizer, phthalocyanine, which upon 

excitation with a laser beam at 680 nm converts ambient oxygen to an excited and 

reactive form, singlet oxygen, which has a single excited electron and therefore a 

limited lifespan. Singlet oxygen has a half-life of four microseconds and can diffuse 

approximately 200 nm in solution. If the acceptor bead is in close proximity, when 

the two conjugated molecules interact, the transfer of the singlet oxygen energy 

occurs. The acceptor beads of the AlphaScreen® contain rubrene which emits light 

detectable between 520-620 nm. If the acceptor bead is not in close proximity, when 

there is no interaction between two proteins of interest, then singlet oxygen falls to 

ground state and no signal is produced.

In our laboratory the AlphaScreen assay was carried out using the anti-FLAG 

acceptor and GSH-donor beads. In brief, the FLAG-tagged DNA constructs (1 pg) 

were transfected into lxl0(1 of H460 cells growing in a P90 culture dish and proteins 

were expressed for 48 hours. The cells were then washed twice with 5 mF of cold 

PBS buffer and 1 mF of CHAPS buffer was added. Cells were scraped and collected 

in a microcentrifuge tube, syringed approximately 10 times and incubated for 20 

minutes on ice to permit lysis. Cell debris was removed by centrifugation at 13,200 

rpm at 4°C for 20 minutes and the supernatant was transferred to the fresh tube and 

stored in aliquots at -20°C. Recombinant GST-FADD DED was expressed in BF21 

bacteria and purified. The AlphaScreen assay was conducted in PBS buffer with 

protease inhibitors in the total reaction volume of 50 pi. The microplate was covered 

with TopSeal-A adhesive sealing film (PerkinElmer) for the duration of the 

experiment. 2 pg of the FFAG-FFIP(S) tagged protein-containing lysate was 

incubated with 0.5 pg of GST-FADD DED (45 min) in a white 384-well OptiPlate in 

40 pi of PBS buffer with agitation (90 rpm). The Acceptor beads were diluted in a
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1:50 ratio using the Alpha buffer supplied and 5 pi of the bead suspension was added 

into each well. Following 45 minutes incubation, donor beads were prepared by the 

same method and were added to the reaction mixture. The plate was incubated in the 

dark for a further 45 minutes. Both acceptor and donor beads had a final 

concentration of 10 pg/mL. The luminescence readings were determined using a 

Biotek Synergy 4 plate reader. Data were analysed using the GraphPad Prism® 5 for 

Mac OS X software version 5.0a (GraphPad Software Inc.). This assay was used to 

show that the FTAG-FLIP(S) FI 14A mutant did not interact with GST-FADD. The 

AlphaScreen results presented are credited to work from our research group.
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2.14 Recombinant DNA techniques

2.14.1 Generation of competent cells

The following protocol was carried out in sterile conditions, in a dedicated 

workspace cleaned with 70% ethanol, in close proximity to a Bunsen burner flame. 

A DH5a strain of E.coli (Life Technologies) was streaked on an antibiotic-free 

lysogeny broth (LB) agar plate. Under sterile conditions a single colony was picked 

and added to 5 mL of LB broth and incubated at 37°C with shaking overnight. ImL 

of the starter culture was then transferred to 50 mL of sterile LB broth in a conical 

flask and incubated at 37°C with shaking. Once the optical density at 600 nm 

(ODftoo) reached 0.5 the cells had reached the exponential phase of growth and the 
culture was placed on ice for 10 minutes and centrifuged at 4000 rpm at 4°C for 5 

minutes. The bacterial cell pellet was then resuspended in 10 mL of ice-cold sterile 

100 mM calcium chloride and incubated on ice for 30 minutes. A cell pellet was 

obtained by centrifugation and then the competent bacterial cells were resuspended 

in 2 mL 100 mM calcium chloride. The cells were kept on ice and used 

immediately.

2.14.2 Transformation of plasmid DNA

Plasmid DNA was added to sterile competent DH5a E.Coli cells at 1:10 (v/v) and 

mixed gently with a sterile pipette tip and incubated on ice for 15 minutes. The cells 

were then heat shocked for 45 seconds at 42°C. 800 pL of SOCS medium (Life 

Technologies) was added and incubated for 30 minutes with shaking at 37°C. Cells 

were then centrifuged at room temperature at 2400 rpm for 5 minutes and the 

supernatant was discarded. The cells were resuspended in 100 pL of SOCS medium 

and spread on LB agar plates with appropriate selection antibiotic. Plates were 

incubated at 37°C overnight to permit colony formation. A transfection positive and 

negative plasmid control was included. The following day, individual colonies were 

picked using a sterile wooden tooth pick and separately grown in 5 mL of LB broth 

with selection antibiotic in a shaking incubator at 37°C overnight.

125



Materials & Methods

2.14.3 Small-scale plasmid DNA extraction

A QIAprep Spin Miniprep kit (Qiagen) was used to perform small-scale plasmid 

DNA extraction. Briefly, the bacterial cells were incubated in alkaline conditions to 

lyse the cells and the supernatant was collected and passed through a silica 

membrane under high salt conditions. The plasmid DNA then binds to the 

membrane and was then washed and eluted.

1.5 mL of bacteria from a 5 mL culture was centrifuged at 8000 rpm to form a cell 

pellet. The supernatant was discarded and the pellet was resuspended in 250 pL of 

resuspension buffer containing RNase A. 250 pL of lysis buffer was then added to 

the microcentrifuge tube and inverted 6 times to mix. 350 pL of neutralization buffer 

was then added and the tubes were inverted 6 times. The samples were then 

centrifuged at 13,000 rpm for 10 minutes to remove cellular debris. The supernatant 

was transferred to a column containing the silica membrane. The column was 

centrifuged for 30 seconds at 13,000 rpm and the flow through was discarded. The 

membrane was then washed by the addition of 750 pL of wash buffer and 

centrifuged. The silica membrane column was transferred to a fresh 1.5 mL 

microcentrifuge tube and 50 pL of nuclease-free water was added to the central 

region of the membrane. The column was left to stand for 1 minute and then 

centrifuged for 30 seconds at 13,000 rpm. The DNA concentration was then 

determined on a Thermo Scientific NanoDroplOOO™ Spectrophotometer. The purity 

of DNA was determined by assessing the sample spectra, an A260/280 ratio of ~1.8 

was considered pure. The quality of DNA was also confirmed by DNA agarose gel 

electrophoresis
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2.14.4 Large-scale plasmid DNA extraction

A QIAfilter Plasmid Maxi kit (Qiagen) was used to perform large-scale plasmid 

DNA extraction. The bacterial cells were pelleted and underwent modified alkaline 

lysis. The plasmid DNA was then bound to an anion-exchange resin and RNA, 

proteins and other impurities were washed away using a medium-salt wash buffer. 

Plasmid DNA was then eluted in a high salt buffer and subsequently concentrated 

and de-salted by isopropanol precipitation.

A bacterial starter culture was diluted in 200 mL of selective LB medium. 1:400 

(v/v). and grown at 37°C for 12-16 hours with vigorous shaking (300 rpm). Pellets 

were produced by centrifuging at 6000 x g for 15 minutes at 4°C. The cell pellet was 

resuspended in 10 mL of resuspension buffer containing RNase A. After which. 10 

mL of lysis buffer was added and the mixture was inverted vigorously 6 times. The 

lysate was then incubated for 5 minutes at room temperature, until a homogenously 

coloured suspension was produced. 10 mL of chilled neutralization buffer was 

added and the mixture was immediately inverted 6 times. The plunger was removed 

from a QIAfilter cartridge and the solution was decanted into the barrel, the cartridge 

was placed in a 50 mL tube and incubated at room temperature for 10 minutes to 

permit the cellular debris to float to the top of the barrel. During incubation, the 

QIAHigh speed maxi tip was equilibrated by adding 10 mL of equilibration buffer. 

Once the incubation time was complete, the cap was removed from the QIAfilter 

cartridge outlet nozzle and the plunger was gently inserted into the barrel of the 

QIAfilter maxi cartridge and the cell lysate was filtered into the equilibrated 

QIAGEN-tip and permitted to enter the resin by gravity flow. The QIAGEN-tip was 

then washed in 60 mL of wash buffer and eluted in 15 mL of elution buffer into a 50 

mL falcon tube. Precipitation of DNA was achieved by adding 10.5 mL (0.7 

volumes) of room temperature isopropanol to the eluted DNA. The solution was 

then mixed and incubated for 5 minutes at room temperature. Subsequently, the 

solution was passed through a QIAPrecipitator maxi module, which trapped the 

plasmid DNA within the resin. The resin was then washed with 2 mL of 70% 

ethanol (absolute ethanol diluted in DEPC water) and air-dried. The plasmid DNA 

was then eluted in 1 mL of TE buffer and the concentration and quality was
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determined on a Thermo Scientific NanoDrop 1000™ Spectrophotometer. The 

plasmid DNA was stored at -20°C.

2.14.5 Phenol chloroform DNA precipitation

DNA was purified when necessary by phenol/chloroform purification. The DNA 

was diluted in nuclease-free water to a volume of 200 pL and mixed with an equal 

volume of TE-saturated phenol/chloroform/isoamyl alcohol (24:25:1) (Sigma 

Aldrich) in a 1.5 mL microcentrifuge tube. The microcentrifuge tube was vortexed 

for 1 minute and then centrifuged at 13,200 rpm for 2 minutes. The upper layer was 

gently transferred to a fresh microcentrifuge tube. 1:10 (v/v) of 3 M sodium acetate 

(pH 5.2) and 2.5 volumes of absolute ethanol were added to the sample and 

incubated at -80°C for 30 minutes. The sample was then centrifuged at 13,200 rpm 

for 10 minutes and the supernatant was discarded. The DNA pellet was air dried and 

resuspended in appropriate volume of injection water. The DNA was quantified and 

the purity was assessed using a NanoDrop 1000™. DNA was stored at -20°C.

2.14.6 Plasmid DNA quantification

A NanoDrop 1000™ instrument was used to quantitate DNA and assess its quality. 

The sampling arm was lifted and the upper and lower pedestals were cleaned with a 

KIMTECH lint-free wipe. 2 pL of nuclease-free water was placed on the 

measurement pedestal and then cleaned with a wipe. This was repeated twice to 

ensure no contamination. 1 pL of nuclease-free water was then added to the 

measurement pedestal and a blank reading was generated. The pedestal was cleaned 

and 1 pL of DNA sample was placed on the measurement pedestal, the sampling arm 

was then lowered and a reading obtained. Each DNA sample was tested 3 times to 

obtain an average concentration. The nuclei acid sample spectrums were assessed to 

ensure they had a characteristic profile and that no contaminants were present 

(A260/280= >1.8).
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2.14.7 Agarose gel electrophoresis

Agarose gels (1%) were prepared by combining the required mass of Invitrogen 

UltraPure™ agarose (Life Technologies) to the required volume of TAE buffer in a 

conical flask. The mixture was then heated until the agarose completely dissolved. 

The molten agarose gel was slightly cooled, SYBR® SAFE (Invitrogen) was added 

and the flask was gently swirled to mix the solution. The molten agarose was then 

poured into casting frame and the combs were inserted. Once the agarose gel 

solidified it was transferred to the horizontal gel apparatus and submerged in TAE 

buffer (diluted from SOX stock). The DNA ladder (New England Biolabs Ltd, UK) 

and DNA samples were loaded into the wells and electrophoreses was performed at 

100V, until sufficient separation was achieved. The gel was imaged using Bio-Rad 

ChemiDoc XRS Gel Imager (Bio-Rad Laboratories, Inc.).

2.14.8 Preparation of glycerol stocks

500 pL of bacterial culture was added to an equal volume of sterile glycerol deeps 

solution and mixed by inversion. Glycerol stocks were stored at -80°C.
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2.15 DNA sequencing

The QUB Genomics Core Technology Unit at Belfast City Hospital completed DNA 

sequencing. The sequence data was provided in chromatogram (ABI) and PASTA 

file formats. Geneious (Biomatters Ltd, Auckland. New Zealand), 4Peaks 

(Nucleobytes B.V. Gerberastraat, Netherlands) and ClustalW2 software packages 

were used to visualize and align DNA sequences. 10 pL of plasmid DNA was 

provided (200-300 ng/pL) with 10 pM sequencing primers (Appendix 6).
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2.16 Generation of mutant constructs

FLIP(L) and FLIP(S) WT coding regions were PCR amplified and ligated into the 

pBABE vector according to manufacturer's instructions.

2.16.1 Site-directed mutagenesis

Single point mutations were introduced to plasmid DNA by site directed 

mutagenesis. A QuikChange lightning site-directed mutagenesis kit (Agilent 

Technologies) was used. The kit contained Quikchange lightning enzyme, 10X 

buffer, dNTP mix, QuikSolution reagent, Dpn 1 restriction enzyme, pwhitescript 4.5- 

kb control plasmid, oligonucleotide control primers, XL 10-gold ultracompetent cells, 

XL 10-gold p-mercaptoethnol mix and a pUC18 control plasmid. BD Falcon 

polypropylene round-bottom tubes were purchased from BD Biosciences. 5-Bromo- 

4-chloro-3-indolyl- P-D-galactopyranoside (X-gal) and Isopropyl-1-thio- (3-D - 

galactopyranoside (IPTG) (Melford Laboratories Ltd., Ipswich Suffolk) were also 

required in addition to the kit.

2.16.2 Mutant strand synthesis

Two complementary oligonucleotides containing the desired mutation flanked by 

unmodified nucleotide sequence were synthesized using the following mutant strand 

synthesis reaction.

The following reaction mixture was prepared in a thin-walled tube:

5 pL of 10X reaction buffer, 10-100ng dsDNA template, 125ng of oligonucleotide 

primer 1 and 2. 1 pL of dNTP mix, 1.5 pL of QuikSolution reagent and ddLLO to a 

final volume of 50 pL. Lastly, 1 pL of QuikChange lightening enzyme was added.

131



Materials & Methods

Thermocycling protocol:

1. Polymerase activation 95°C 2 minutes
2. Denaturation 95°C 20 seconds
3. Annealing 60°C 10 seconds
4. Extension 68°C 30 seconds/kb
5. Final extension step 68°C 5 minutes

Steps 2-4 were repeated for 18 cycles.

2.16.3 Dpn 1 digestion of amplification products

2 pL oi' Dpn 1 enzyme was added directly to each amplification reaction and gently 

but thoroughly mixed by pipetting the solution up and down several times. The 

reaction mixtures were then briefly centrifuged and immediately incubated at 37°C 

for 5 minutes to digest the methylated parental supercoiled dsDNA.

2.16.4 Transformation of XL 10-Gold Ultracompetent cells

XL 10-gold ultracompetent cells were gently thawed on ice. For each reaction 45 pL 

of ultracompetent cells were aliquoted into a pre-chilled 14 mL BD Falcon 

polypropylene round-bottom tube and 2 pL of (3-ME was added to the cells. The 

tube was gently swirled to mix and incubated on ice for 2 minutes. 2 pL of the Dpn 

/-treated DNA from each sample reaction was added to separate aliquots of the 

ultracompetent cells. The transformation mixtures were gently swirled and 

incubated on ice for 30 minutes. NZY+ broth was then preheated in a 42°C water 

bath. The transformation mixtures were accurately heat-pulsed in a 42°C water bath 

for 30 seconds and then the tubes were incubated on ice for 2 minutes. 500 pL of 

preheated NZY+ broth was added to each tube and incubated at 37°C for 1 hour with 

shaking at 250 rpm. Each transformation reaction was then plated onto agar plate 

with the appropriate antibiotic and incubated at 37°C overnight.
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2.17 Subcellular fractionation

A subcellular protein fractionation kit for Cultured Cells was purchased from 

Thermo Scientific Pierce (Life Technologies), and was used to separate and prepare 

cytoplasmic, membrane, nuclear soluble and chromatin-bound protein extracts from 

culture cells for downstream Western blotting analysis.

Briefly, the first reagent added to the cell pellet caused selective cell membrane 

permeabilization, releasing soluble cytoplasmic contents. The second reagent 

dissolved plasma, mitochondria and ER/golgi membranes but does not solubilize 

nuclear membranes. After recovering the intact nuclei by centrifugation, a third 

reagent yielded the soluble nuclear extract. A second nuclear extraction with 

micrococcal nuclease was then performed to release chromatin-bound nuclear 

proteins.

All centrifugations were carried out at 4°C. Cells (5xl06)were seeded in a P140 

culture dish and treated as required. The cells were then harvested using Trypsin- 

EDTA, transferred to a 1.5 mL microcentrifuge tube and centrifuged at 500 x ^ for 5 

minutes. The cells were resuspended and washed in ice-cold PBS and transferred to 

a fresh tube. A cell pellet was obtained by further centrifugation at 500 x g for 3 

minutes. The supernatant was carefully removed and discarded. Depending on the 

packed cell volume the required amount of each extraction buffer (EB) was used as 

per manufacturer instructions, maintaining the volume ratio of cytoplasmic EB: 

membrane EB: nuclear EB reagents at 200 pL: 200 pL: 100 pL, respectively. 

Immediately before use, the Halt™ Protease Inhibitor Cocktail was added to 

extraction buffers (1:100 dilution). Ice-old CEB containing Halt™ protease inhibitor 

cocktail was added to the cell pellets and incubated at 4°C for 10 minutes on a rotary 

shaker. Samples were centrifuged at 500 x g for 5 minutes and the supernatant 

(cytoplasmic extract) was transferred to a pre-chilled tube on ice. Ice-cold MEB 

with Halt™ protease inhibitor cocktail was then added to the pellet and the tube was 

vortexed for 5 seconds. After which, the samples were incubated at 4°C for 10 

minutes on a rotary shaker and subsequently centrifuged at 3000 x g for 5 minutes. 

After which, the supernatant (membrane extract) was transferred to a pre-chilled tube
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on ice. In the next step, ice-cold NEB with Halt™ Protease Inhibitor Cocktail was 

added to the pellet, vortexed for 15 seconds and incubated at 4°C for 30 minutes on a 

rotary shaker. After incubation the samples were centrifuged at 5000 x g for 5 

minutes and the supernatant (soluble nuclear extract) was transferred to a pre-chi lied 

tube on ice. The chromatin-bound extraction buffer was prepared by adding 5 pL of 

100 mM CaCh and 3 pL of micrococcal nuclease (300 units) per 100 pL of room 

temperature NEB containing Halt™ protease inhibitor cocktail, which was then 

added to the pellet and vortexed for 15 seconds. After which, the sample was 

incubated at room temperature for 15 minutes. Following incubation, samples were 

vortexed for 15 seconds and centrifuged at 16.000 x g for 5 minutes. Finally, the 

supernatant (chromatin-bound extract) was transferred to a pre-chilled tube on ice. 

Sub-cellular fractionation extracts were stored at -80°C.
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2.18 DNA-PK activity assay

A SignaTECT® DNA-dependent protein kinase assay system was purchased from 

Promega (Southampton. UK). The kit provides a method to quantitate DNA-PK 

activity in cell nuclear extracts using a SAM ® biotin capture membrane with high- 

density streptavidin on the membrane matrix. The streptavidin matrix provides 

rapid, quantitative capture of biotinylated substrate molecules. A biotinylated DNA- 

PK p53-derived peptide substrate is conjugated to the membrane to enable specific 

substrate binding. Following the phosphorylation of the DNA-PK biotinylated 

peptide substrate and binding to the SAM ® membrane, excess free [y- P] ATP and 

non-biotinylated proteins were removed by washing. The amount of P-labeled 

DNA-PK Biotinylated Peptide Substrate was determined by phospho-imaging 

analysis. H460 nuclear extracts were prepared and endogenous DNA was removed 

by applying the extract to 2 mL of diethylaminoethyl (DEAE) Sepharose® Fast 

Flow, pre-equilibrated in buffer A. The extract was then washed with 10 mL of 

buffer A and the enzyme was eluted by adding 4 mL of buffer B. Termination buffer 

was thawed at 20°C and vortexed. The ATP mix was prepared as follows: per 

reaction 5 pL 0.5mM ATP and 0.05 pL [y-,2P] ATP. The reaction mixtures were 

prepared containing: 2.5 pL DNA-PK activation buffer. 5 pL DNA-PK 5X reaction 

buffer, 2.5 pL DNA-PK Biotyinylated Peptide Substrate, 0.2 pL BSA (10 mg/mL) 

and 5 pL of [y-32P] ATP mixture per reaction. The reaction mixtures were gently 

mixed and pre-incubated at 30°C for 5 minutes. The enzyme dilution buffer was 

prepared by adding 5X reaction buffer to ddH20 and then adding BSA to a final 

concentration of 0.1 mg/mL. The enzyme was then added to the reaction and the 

volume adjusted to 25 pL using ddH20, which was then incubated at 30°C for 5 

minutes. The reaction was then terminated by adding 12.5 pL of termination buffer 

to each reaction followed by thorough mixing. 10 pL of each reaction was then 

spotted onto numbered square on the SAM ® membrane. The membrane squares 

were placed into a washing container and manual shaking was performed as follows: 

30 seconds wash in 200 mL of 2 M NaCl, then 2 minutes of washing in 200 mL of 2 

M NaCl, which was repeated 3 times. Then the membrane was washed 4 times for 2 

minutes in 200 mL of 2 M NaCl in 1% FI3PO4 Finally, the membrane was washed 

twice for 30 seconds in 100 mL of dH20. Radioactive wash solution was disposed of
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according to institutional regulations. The membrane was then placed on a piece of 

aluminium foil and air-dried at room temperature for 60 minutes. The membrane 

was then analysed by phospho-imaging. The author and Stasik I contributed equally 

to the DNA-PK activity assay results presented in (Figure 7.7).

2.19 Statistical analyses

Graphs were plotted using GraphPad Prism® 5 for Mac OS X software version 5.0a 

(GraphPad Software Inc.) or Microsoft Excel for Mac 2011. Unpaired Student's t 

tests and 2-way ANOVA and Bonferroni post-tests were used and the P values were 

calculated and presented as either:

* p value <0.05 significant

** p value <0.01 very significant

*** p value <0.001 extremely significant
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and H460 cell lines response to IR



Response to IR

3.1 Introduction

The response of two NSCLC cell lines to IR was assessed in this chapter. A.F. 

Gazdar et al. derived the H460 cell line in 1982 from the pleural fluid of a male 

patient with large-cell carcinoma of the lung. These cells express p53 mRNA levels 

comparable to normal lung tissue and exhibit no gross structural DNA 

abnormalities607. The second cell line used was A549. which has squamous cell 

morphology and was derived in 1972 by D.J. Giard et al. from an explant culture of 

lung carcinoma tissue from a 58-year-old Caucasian male . Both cell lines express 

p53 at the protein level. The authenticated cell lines were purchased from ATCC in 

2011.

The Sanger Institute catalogue of somatic mutations in cancer (COSMIC) database600 

provides information on important gene mutations in cancer, key mutation found in 

H460s and A549s are listed in Table 6 and Table 7 respectively. Both cell lines 

have mutations in KRAS, a proto-oncogene involved in activation of Akt and, which 

are involved in growth, differentiation and survival pathway signalling. It is reported 
that the cell lines also have a mutation in cyclin-dependent kinase inhibitor 2A 

(CDKN2A)610, which encodes two important proteins: inhibitor of cyclin-dependent 

kinase 4 (INK4A)/pl6 and alternate open reading frame (ARF)/pl4. A mutation in 

CDK2A gene can disrupt the function of either or both of these proteins. Cell cycle 

progression through G1 phase, which is mediated by cyclin-dependent kinase 4 

(CDK4) and CDK6, is inhibited by pi6. The CDKs phosphorylate and inactivate Rb 

protein, permitting entry into S-phase. Loss of pi 6 promotes hyperphosphorylation 

of Rb protein resulting in unregulated cell cycle progression611. The pl4 protein 

promotes the stabilization of p53 by antagonizing MDM2, consequently, MDM2 
inactivation results in p53 degradation and unrestrained proliferation612. The third 

well documented mutation present in both cell lines is in TSG serine/threonine 

kinase 11 (STK11), which regulates cell polarity.

Additionally, the FI460 cell line has a mutation in the phosphatidylinositol-4, 5- 

bisphosphate 3-kinase, catalytic subunit alpha (PIK3CA) gene, which encodes the 

p85a catalytic subunit of class I phosphatidylinositol 3-kinases (P13K). P13K is
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involved in signalling of the PI3K/Akt/mTOR pathway, which mediates cell 

proliferation, survival, migration and vesicular trafficking. The A549 cell line may 

potentially have a missense mutation in ATR. although this is currently unverified 

and the functional effect has yet to be characterized.

NSCLCs are typically resistant to RT as treatment often fails: therefore, the response 

to IR of these two NSCLC cell lines in vitro was investigated in this chapter.

Aims: Characterisation of A549 and H460 in vitro response to IR

• To assess the ability of two NSCLC cell lines, A549 and H460 to repair DNA 

DSBs over time following treatment with IR by counting yH2AX foci and 

comet assay.

• To determine whether DNA-damage checkpoints are activated in the two 

cells lines following IR.

• To assess apoptosis induction in A549 and U460s following IR by flow 

cytometric analysis of Annexin V/PI and PI stained cells.

• To determine colony formation and thus, clonogenic survival of A549 and 

H460 cells following treatment with various doses of IR.

139



Response to IR

H460

Mutant Gene ^ ^^ Tyne Zygosity Gene functionGene sequence ^

KRAS c. 183A>T
Substitution-

Missense Homozygous

Proto-oncogene;
Akt and ERK 

activation. Growth, 
differentiation and 
survival pathways

CDKN2A

CDKN2a
(p14)

c. I_457del457 Deletion Homozygous
Cell cycle 

regulation and 
proliferation

c.l_552deI522 Deletion Homozygous

STK11 c. 109OT
Substitution-

Nonsense Homozygous

Tumour suppressor 
and cell polarity 

regulation

MYC - Amplification -

Multifunctional,
nuclear
phosphoprotein; 
transcription factor 
with roles in cell 
cycle progression, 
apoptosis and 
cellular
transformation.

PIK3CA C.109OT
Substitution-

Missense Heterozygous

Lipid kinase 
capable of 
phosphorylating 
phosphoinositides. 
Regulation of 
proliferation, cell 
survival, vesicular 
trafficking and 
migration.

Table 6: Selected cancer gene mutations in H460 cells identified according to Cosmic Cell Line Project
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A549

Mutant Gene
Gene sequence Type Zygosity Gene function

KRAS c.34G>A
Substitution-

Missense Homozygous

Proto-oncogene; 
Akt and ERK
activation.
Growth,
differentiation
and survival 
pathways.

CDKN2A

CDKN2a
(p!4)

c.l_471del471 Deletion Homozygous
Cell cycle 
regulation and 
proliferation.

c. I_522del522 Deletion Homozygous

STK11 c,109C>T
Substitution-

Nonsense Homozygous

Tumour 
suppressor and 
cell polarity 
regulation.

SMARCA4 c.2184_2206del
23

Deletion-
Frameshift Homozygous

SWI/SNF family 
member: co
activator that 
regulates 
transcription.

ATR
(unverified)

1) c.2634-1G>A
2) c.4323A>G

1 )Substitution 
-unknown 
2)Substitution 
-coding silent

Heterozygous

DNA damage 
sensor that
activates 
checkpoint 
signalling upon 
genotoxic stress 
such as
IRor DNA 
replication 
stalling.

Table 7: Selected cancer gene mutations in A549 cells identified according to Cosmic Cell Line Project
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3.2 Repair of IR-induced DNA DSBs in NSCLC cell lines

The C-terminal tail of H2AX is rapidly phosphorylated in response to DNA damage 

to form y-H2AX, which can be visualized as discrete nuclear foci by 

immunofluorescence. Each IRIF is considered to represent 1 DNA DSB as the 

phosphorylation of H2AX occurs at exposed broken ends of DNA at DSBs. As the 

DNA damage is repaired, the number of foci decreases, thus enabling the study of 

DNA DSB repair kinetics.

To assess the repair of IR-induced DSBs in A549 and H460 cell lines, cells were 

treated with IR and the resulting DSB repair kinetics were examined. 1 and 2 Gy of 

radiation were used as 2 Gy is a clinically relevant dose. Cells were fixed at various 

time points after treatment and stained with an antibody that detects histone y-H2AX 

(Seri 39). Immunocytochemistry and fluorescent microscopy were used to visualize 

and count the IR-induced foci (1R1F)/DNA repair foci.

In the A549 cell line, exposure to 1 Gy resulted in 12-14 IRIF 30 minutes after 

treatment, which doubled to around 30 IRIF when treated with 2 Gy (Figure 3.1.1). 
Thus, induction of IRIF is dose-dependent as expected613. In H460s, fewer IRIF 

formed at this stage; 1 Gy and 2 Gy resulted in ~11 and ~20 IRIF respectively 

(Figure 3.1.2), In the A549 cell line, 30 minutes post-IR more DNA repair foci 

formed than in H460s. However, both cell lines resolved the IRIF efficiently: after 1 

Gy, the levels of IRIF within the H460 cell line returned to baseline levels within 8 

hours. In contrast, in A549s, the IRIF were almost resolved at 8 hours and had 

returned to baseline by 24 hours. When the dose was escalated to 2 Gy, the IRIF 

were resolved by 24 hours in both cell lines, suggesting that the cell lines can repair 

DNA DSBs relatively efficiently. DNA damage induced by 5 Gy of IR was not 

completely repaired by 24 hours, or even by 30 hours post-IR (Figure 3.1.3). This 

high dose results in many DNA DSBs (~40 IRIF), which perhaps over-stretches the 

repair capacity of the cells.

The neutral comet assay (Figure 3.2) is a sensitive measurement of DNA damage, 

and it was used to qualitatively assess the repair of DNA damage after IR. The assay
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confirmed that the majority of DNA damage was efficiently repaired by 18 hours 

post-IR. 10 Gy of radiation was used which is much greater than the clinically 

relevant dose of 2 Gy because no DNA tails were detected with this assay at lower 

doses.

It was found that persistent residual y-H2AX foci were occasionally detected in both 

cell lines following treatment, particularly at higher doses. The residual foci are 

much larger in size than the initial foci that were eventually resolved by 8-24 hours. 

Residual IRIF can remain in cells for relatively long periods after IR and have been 

shown to correlate with cellular radiosensitivity614. At 2 Gy, a clinically relevant 

dose, residual foci were relatively infrequent, again suggesting that both cells are 

fairly radioresistant.
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Figure 3.1.1: Repair of IR-induced DNA double strand breaks in A 549 cells

(a) Representative images of yH2AX immunostaining and DAPI nuclear stain 

following treatment with IR (1 Gy) at various time points post-IR.

(b) Time course of mean number of yH2AX foci per cell after IR: determined by 

counting the number of yH2AX within the nucleus of at >100 randomly selected 

cells in at least 3 independent experiments (n=3).
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Figure 3.1.2: Repair of IR-induced DNA double strand breaks in H460 cells

(a) Representative images of yH2AX immunostaining and DAPI nuclear stain 

following treatment with IR (1 Gy) at various time points post-IR.

(b) Time course of mean number of yH2AX foci per cell after IR: determined by 

counting the number of yH2AX within the nucleus of at >100 randomly selected 

cells in at least 3 independent experiments (n=3).
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Figure 3.1.3: Repair kinetics of IR-induced DNA DSBs: dose escalation

H460 cells were treated with the indicated doses of IR and cells were then fixed at 

various time points after treatment and stained with yH2AX antibody to visualize 

DNA DSBs. The Mean number of yH2AX foci per cell was determined by counting 

foci within the nuclei of at >100 randomly selected cells in at least 3 independent 

experiments (n=3). An unpaired student's t test compares each sample to untreated 

control cells.
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Figure 3.2: Repair of IR-induced DNA DSBs: comet assay

H460 cells were treated with IR (10 Gy) and collected at the indicated times post

treatment. A neutral comet assay was performed using a Comet single cell gel 

electrophoresis assay kit purchased from Enzo Life Sciences. Briefly following 

incubation, single cells were suspended in agarose on a comet slide. The cells were 

then lyzed and then electrophoresis was performed in neutral electrophoresis buffer. 

Slides were then immersed in DNA precipitation solution, fixed in 70% ethanol and 

stained with SYBR® green 1 nucleic acid gel stain to enable visualization of comets 

by fluoresecent microscopy. The image shown is representative of 0=3 experiments.
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3.3 IR activates DNA damage checkpoints in H460 and A549 NSCLC cells

IR causes delays in the progression through the Gl, S and G2 phases of the cell 

cycle. The effects of clinically relevant doses of IR on cell cycle progression of 

NSCLC cell lines were assessed up to 30 hours after treatment (Figure 3.3.1 and 

3.3.2).

Gl Arrest

Within the timeframe examined, an IR-induced Gl arrest was detected only after 30 

hours post treatment (1 Gy) in both cell lines. In A549s, the percentage of cells in 

Gl was sustained at 54% for up to 2 hours post-IR. and then decreased to 42% after 

4 hours. However, by 30 hours. -63% of cells were arrested in Gl. The H460s had 

a similar trend initially, with a 10% reduction by 4 hours, from -58% to -48%. but 

by 24 hours the Gl population had increased to 70%.

S-phase

In A549 cells treated with 2 Gy. the percentage of cells in S-phase increased by 10% 

within 4 hours, but then declined in line with the Gl arrest. Similarly, in H460 cells, 

there was a 10% increase in the number of cells in G2 by 4 hours, but this decreased 

by 20% by 30 hours. This indicates that cells were prevented from entering S-phase 

at the later time points. Deckbar et al. (2010) demonstrated that Gl-S entry is only 

abolished >4 hours after IR; the Gl-S checkpoint is therefore only established after 

this point. Before the Gl-S checkpoint is established, cells can proceed into S-phase 

and G2 and potentially develop chromosomal breaks. The Deckbar et al. study also 

showed that the duration of G2 arrest is dose-dependent and not always permanent. 

Importantly, when the dose was >2Gy, the Gl-S arrest was inefficiently maintained, 

permitting progression of Gl-phase cells into S and G2. with elevated yH2AX foci 

and chromosomal breaks61'. Therefore, the data presented in this study suggests that 

in the early time points after IR. the Gl-S checkpoint had not yet been established 

effectively. Additionally, the percentage of cells in S-phase may initially accumulate 

as progression through this phase is slowed by activation of the intra-S phase DNA 

damage checkpoint.
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G2/M arrest

In both cell lines, a G2-arrest was quickly initiated and resolved within the 

investigated timeframe. In A549 cells treated with 1 or 2 Gy. the percentage of cells 

in G2/M increased by around 10% after 4 hours. Then the percentage of G2 cells 

returned to near baseline levels by 24 hours. In H460s treated with 1 Gy. the G2/M 

fraction also increased by -10% after 4 hours and similarly when treated with 2 Gy. 

However, there was a further increase of an additional -10% of cells in G2/M after 8 

hours.
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A549

Figure 3.3.1(a): A549 cell cycle analysis following IR: cell cycle profile 

A549 cells were treated with 1 Gy of IR. At the specified times post-IR cells were 

fixed and stained with propidium iodide and the DNA content was determined by 

flow cytometry. The images show representative histograms of DNA content of 

each sample.
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ifimi
□
m

G2/M
S
G1
Sub-G1

l Gy 2 Gy

Time (Hours) Time (Hours)

1 Gy
Time post- 

IR (hr.) % SubGl % G1 %S % G2/M
Control 1.63 49.48 26.03 22.85

1 0.52 54.23 26.72 21.25
2 1.74 53.89 26.33 18.04
4 1.38 42.29 26.50 29.84
8 0.50 48.00 23.89 27.61

24 0.79 47.29 28.89 23.03
30 0.28 62.49 19.46 17.76

2 Gy
Time post-IR 

(hr.) % SubGl % G1 % S % G2/M
Control 1.32 63.59 27.54 7.55

1 1.00 59.31 29.54 9.38
2 0.80 59.05 29.92 10.23
4 1.46 43.01 39.58 15.95
8 1.11 44.57 31.98 22.34
24 1.64 55.91 32.73 9.71
30 0.58 58.31 28.06 13.05

Figure 3.3.1(b): A549 cell cycle analysis following IR

A549 cells were treated with 1 Gy of IR. At the specified times post-IR cells were 

fixed and stained with propidium iodide and the DNA content was determined by 

flow cytometry (n=2).
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H460
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Figure 3.3.2(a): H460 cell cycle analysis following IR: cell cycle profile 

H460 cells were treated with 1 Gy of IR. At the specified time points cells were 

fixed and stained with PI and the DNA content was determined hy flow cytometry. 

The images show representative histograms of DNA content of each sample.
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Time (Hours)

1 Gy
Time post-IR 

(Hr.) % SubGl % G1 % S % G2/M
Control 1.62 54.28 24.11 20.00

1 1.29 57.86 21.30 16.26
2 1.27 56.54 22.49 19.70
4 1.20 47.99 25.48 25.33
8 1.44 55.35 18.65 24.56
24 1.30 70.40 13.55 14.76
30 1.16 67.09 16.79 14.96

2 Gy
Time post-IR 

(hr.) % SubGl % G1 % S % G2/M
Control 2.43 57.57 30.51 9.49

1 1.55 56.95 29.73 9.31
2 2.22 52.53 33.09 12.16
4 1.21 36.24 39.21 23.35
8 1.54 35.33 26.09 37.03
24 1.93 63.56 20.29 14.22

Figure 3.3.2(b): H460 cel! cycle analysis following IR

A549 cells were treated with l Gy of IR. At the specified times post-IR cells were 

fixed and stained with propidium iodide and the DNA content was determined by 

flow cytometry (n=2).
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3.4 NSCLC cell lines are insensitive to IR-induced cell death

Cell death assays were employed to investigate the induction of cell death in NSCLC 

cell lines following IR treatment. Firstly, cells were stained with Annexin V/PI and 

analysed by flow cytometry to quantify the early and late apoptotic and necrotic 

populations 24, 48 and 72 hours after IR. A dose of 5 Gy was used when assessing 

apoptosis by Annexin V/PI staining as neglible levels of apoptosis were detected 

following treatment with 2 Gy.

In A549 cells, there was a modest time-dependent increase in cell death; however, 

-85% of cells were still viable (Annexin V and PI negative), after 96 hours (Figure 

3,4.1). Thus, even at this supra-clinical dose, the A549 cells are very resistant to IR- 

induced apoptosis or necrosis. Initially, the H460 cells were more responsive to IR. 

with a 10% reduction in viability after 24 hours (Figure 3,4.2). As time progressed, 

however, very little early or late apoptosis was detected, and the percentage of viable 

cells increased, probably as a result of repopulation. In fact, after 96 hours, the cell 

viability is similar to that of the time matched control.

These results were confirmed by determining the sub-Gl apoptotic population 72 

hours after IR at various doses (Figure 3.5). In both cell lines, 2 Gy resulted in 

-10% cell death. In A549s. treatment with 8 Gy increased the level of apoptosis to 

-15%, while in H460s this dose of IR increased the levels of apoptosis to 25%.

Overall, the two NSCLC lines are relatively insensitive to IR-induced cell death in 

the period up to 96h post-irradiation, making them useful models to investigate the 

clinical problem of resistance to radiotherapy-induced cell death.
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A549

+ - + - + - + IR (5 Gy)

24 48 72 96

Time post-IR (hrs)

Hours 
post -IR 5 Gy Viable

Early
apoptosis

Late
apoptosis Necrosis

_ 94 1 2 324
+ 92 2.4 2 3.6
_ 93.6 0.9 2.8 2.7

48 + 88.1 3.7 3.6 4.6
_ 94.6 0.2 4.4 0.8

72
+ 89.4 2.6 3.4 4.6
_ 91.5 0.0 8.5 0.0

96
+ 84.5 0.5 13.7 1.3

Figure 3.4.1: A549 are relatively insensitive to IR-induced apoptosis

A549 were treated with mock or 5 Gy of IR at indicated time point. Live cells and 

media were collected and stained with FITC-Annexin V and PI and immediately 

analyzed by flow cytometry to determine positive apoptotic populations (n=3).
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Time post-IR (hrs)
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Late
apoptosis Necrosis

24
- 86.3 9.1 4.2 0.4
+ 75.5 14.1 9.0 1.4

48
- 91.4 0.5 5.3 2.8
+ 75.8 7.6 12 4.6

72
- 92.8 0 0.2 7.0
+ 88.6 2.7 4.7 4

96
- 87.9 0 0 12.1
+ 88.3 0.2 2 9.5

Figure 3.4.2: H460 are relatively insensitive to IR-induced apoptosis

H460 were treated with mock or 5 Gy of IR at indicated time point. Live cells and 

media were collected and stained with FITC-Annexin V and PI and immediately 

analyzed by flow cytometry to determine positive apoptotic populations (n=3).
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3.5 IWSCLC cel! lines are resistant to IR

To assess longer-term responses to IR, clonogenic survival curves were generated 

from clonogenic survival assays of H460 and A549 cell lines (Figure 3.6). Each cell 

line displayed a dose-dependent decrease in the surviving fraction. The cell lines 

displayed contrasting radiosensitivities in these analyses, with H460s being more 

radiosensitive compared to the more radioresistant A549 cells. The linear-quadratic 

(LQ) model of cell survival considers both sub-lethal and potentially lethal radiation 

damage. The A549 survival curve had a much wider shoulder region, suggesting 

that these cells can tolerate and repair higher levels of sub-lethal damage when 

compared to H460s. The surviving fractions at 2 Gy were: SF(2)=0.752 ±0.04 SEM 

for A549, and SF(2)=0.68 ±0.02 SEM for E1460. Therefore. A549s are more 

resistant to IR and this trend increased with escalating doses: the A549 

SF(5)=0.239±0.008 SEM. whereas the H460 SF(5)=0.035±0.005 SEM.

The relative radiosensitivities are in agreement with the published literature, for 

example Tumati et al. (2013) published similar SF(2) for these NSCLC cell lines, 

A549=0.73 and H460=0.54M6. The radiosensitivity of a normal human lung 

fibroblast cell line (34Lu) could not be assessed by this method, as it does form 

colonies when cultured in vitro.
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Figure 3.5: NSCLC cell Hues are relatively insensitive to IR-induced cel! death

Cells were treated with the indicated dose of IR and fixed 72 hours later. Cells were 

stained with PI and the sub-Gl population (DNA content <2N) was determined by 

flow cytometry as a measurement of apoptosis. Unpaired student's t test compares 

sub-Gl population in untreated control with % sub-Gl population resulting from 

each dose of IR (n=3).
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Figure 3.6: NSCLC cel! Hues are resistant to IR

Clonogenic survival following IR was determined. IR-treated cells were incubated 

for 14 days and colonies were stained and counted. Surviving fraction was 

calculated from 3 independent experiments and curves were fitted using linear- 

quadratic model (n=3).
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3.6 Discussion

NSCLCs respond poorly to RT as tumours exhibit intrinsic radioresistance. 

Therefore, clinical strategies to improve sensitivity to RT are necessary. In this 

chapter, two cell lines were used as a model to determine the response of NSCLC 

cells to IR in vitro. The cell lines rapidly repaired DNA DSBs within 24 hours of 

treatment. DNA DSBs are the most detrimental type of IR-induced DNA damage; 

they are toxic to cells if not repaired, and incorrect repair can result in mutations that 

further increase genomic instability. A yH2AX foci/DNA repair assay was used to 

measure DNA DSB induction and to determine if the cells were capable of repairing 

DSBs efficiently. Unrepaired DSBs can result in cell death through multiple 

mechanisms such as apoptosis, necroptosis, mitotic catastrophe and excessive 

autophagy (Section 1.5). The fidelity of repair is not assessed by this assay and 

therefore the repair could be incorrect or incomplete. Resolution of y-H2AX foci 

simply show that the DDR signalling platform that forms at DSBs has presumably 

disassembled or the yH2AX signal has been 'turned off. A plasmid-based DNA 

damage repair assay was used to attempt to assess the efficiency and fidelity of DNA 

damage repair in these models, but unfortunately the results were inconclusive.

As time progresses, the size of the remaining unresolved IRlFs increased in both cell 
lines; this is frequently reported in other studies613'617'618. The cause or purpose of 

residual IRIFs is still unclear; they could indicate unrepaired or mis-repaired DSBs, 

unresolved alterations of chromatin structure617619 or perhaps cells which do not 

have the required repair capacity and will ultimately undergo early apoptosis619. In 

addition, the increase in size could be due to fusion of initial foci or from the 

amplification of the signal at the foci to the surrounding DNA flanking the break, 

and may represent an attempt to efficiently recruit DNA damage repair proteins.

The number of residual IRIFs is an indicator of cellular radiosensitivity614'620’625. 

Previous studies have shown that the number of residual IRIFs depends on cell type, 

dose and time post-IR . Suzuki et al. (2012) reported that the residual foci increase 

in size after IR. which amplifies DNA damage signals, sustaining persistent 
activation of the ATM-p53 pathway which is essential for replicative senescence627.
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Therefore, residual foci could be an indication that the irradiated cells will ultimately 

senesce. Interestingly, Yamauchi et al. (2008) reported that the growth of the 

persistent foci, which contain DNA damage checkpoint factors, is an indispensable 

mechanism for amplifying G1 checkpoint signalling in cells with persistent DNA 

DSBs. when other DSBs have already been resolved during Gl. This supports the 

theory that a large persistent focus represents a 'repair centre' and is not simply an 

accumulation of multiple DSBs with a merged signal, as persistent foci do not 

increase in size in a dose-dependent manner^18. Falk et al. (2007) investigated the 

co-localization of yH2AX foci and the DNA repair proteins NBS1 and Mrell and 

found that co-localization increased up to 2 hours after treatment, but thereafter the 

co-localization decreased as the damage was repaired. Flowever. some cells 

contained large residual y-H2AX foci that contained NBS1 and Mrel 1 even 5 days 

post-IR1’28. Thus, components of the DDR are still present, which indicates that the 

DNA is still damaged within residual foci.

Unrepaired DNA lesions can result in replication stress, as the lesions are physical 

barriers to the process of DNA replication. H2AX is phosphorylated under 

conditions that cause replication fork collapse624'63'. The DDR and replication stress 

response are highly interconnected pathways which both affect cell cycle 

progression, DNA repair, replication and chromatin remodeling632'633. Thus, residual 

H2AX foci could indicate an unrepaired lesion that has caused replication stress and 

could lead to further genomic instability. Further studies are required to determine 

mechanistically why the foci persist and determine their function. Regardless, 

residual foci may be useful for biological dosimetry634 635 and in the assessment of 

radiosensitivity of tumours636.

Markova et al. (2007) raised concerns with the presumption that IRIFs are markers 

of DSBs; they showed that the disappearance of foci within 24hr post-IR did not 

coincide with DSB repair and that a direct comparison of the kinetics of DSB repair 

and the disappearance of IR-induced foci is not possible617. Conversely, a direct 

correlation between the number of initial y-H2AX foci and DSBs has been 

previously reported620'637. However, in cell types used in other studies, no 

correlation was observed638'639. To address this issue, a neutral comet assay was used 

to determine the presence and resolution of DNA damage after IR. This assay

161



Response to IR

confirmed that the majority DNA damage was repaired by 18 hours and this provides 

reassurance that as indicated by the y-H2AX foci assay, NSCLC cell lines rapidly 

repair DSBs within 24 hours.

IR activates cell cycle checkpoints. In both cell lines, 30 hours post-IR. a G1 arrest 

was observed. It has been reported that p53-dependent Gl-S arrest can be activated 

by a single DNA-DSB and that p53 can promote permanent checkpoint arrest to 

prevent proliferation of irreparably damaged cells rather than enhancing time for 

DNA repair640'641. Both these cell lines express wild-type p53, which is activated in 

response to IR downstream of ATM/ATR. P53 contributes to the establishment of 

G1 arrest by transcriptional activation of its target genes such as p21, which is an 

inhibitor of cyclin E-CDK2642. Activation of p21 after IR also occurs as a result of 

the accumulation of pl6. Cyclin D1-CDK4 complexes are disrupted by pl6. causing 

release of p21. which leads to the dephosphorylation and activation of Rb. preventing 

the cells from transitioning to S phase6". Both A549 and H460 cells have a mutation 

in CDKN2A gene (Table 6 and 7). which encodes pi6. and this may inhibit release 

of p21 and the maintenance of G1 arrest. Additionally, if the ATR mutation in A549 

cells is present (currently unveritied). this mutation could also alter cell cycle 

progression in response to DNA damage.

Differences in cell cycle checkpoint activation following IR are important 

considerations when deliberating combinations of IR with anti-tumour drugs, which 

are often cell cycle dependent. For example, vinorelbine (Table 4) can potentiate the 

effects of IR in the H460 cell line, with the greatest effect when administered to cells 

in G2/M post-IR. However, vinorelbine cannot potentiate the effects of IR in the 

A549 cell line because there is only a small G2/M arrest, with a larger G1 block474. 

Thus, the A549 and H460 cell lines have differing responses to IR in regards to cell 

cycle checkpoint activation, and therefore demonstrate differential responses to cell 

cycle-dependent agents used to potentiate the effects of radiation.

It has been previously shown that NSCLC cell lines are less sensitive to IR than 

SCLC cell lines and that the spectrum of in vitro radiation responses observed are 

similar to that expected in clinical practice607'643. The NSCLC cell lines were indeed 

resistant to IR-induced cell death, with limited levels of apoptosis induction. Levels
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of apoptosis have been shown to correlate with surviving fractions after IR, and thus 

measures of apoptosis can be used to accurately predict radiosensitivity155. Both 

NSCLC cell lines are intrinsically resistant to IR. especially at clinically relevant 

doses (2 Gy). Moreover, in both shorter-term (Annexin V/PI) and longer-term 

(clonogenic) assays, the A549 SSC cells are more resistant than the large cell H460 

cell line. In summary, the results in this chapter demonstrate that the H460 and 

A549 NSCLC cell lines are suitable models to assess intrinsic radioresistance.
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Role of FLIP in regulating tumour cell response to IR

4.1 Introduction

FLIP is a key regulator of cell death in cancer cells; it is frequently overexpressed in 

many cancers and confers resistance to death receptor-mediated apoptosis and 

chemotherapy-induced cell death263'348'431'433. This chapter investigates the role of 

FLIP in regulating tumour cell response to IR in NSCLC cell lines models, with the 

aim of determining whether FLIP overexpression is responsible for radioresistance in 

vitro and thus could potentially be a contributing factor responsible for clinical 

resistance to radiotherapy.

Hypothesis: FLIP overexpression prevents caspase-activation and extrinsic 

apoptosis following DNA damage by binding to FADD; increasing cellular 

radioresistance.

Aims: To determine the role of the extrinsic apoptotic pathway and FLIP in 

regulating cellular response to IR

• Determine the effect of IR on cell surface expression of death receptors.

• Determine the role of death receptors in mediating IR-induced apoptosis.

• Assess the role of caspase-8 in mediating IR-induced apoptosis.

• Assess the effect of IR on FLIP mRNA and protein expression levels.

FLIP-targeted siRNA:

• Determine the effect of FLIP downregulation on IR-induced cell death in 

short-term apoptotic assays and on cell cycle progression.

• Assess colony formation in FLIP-depleted cells treated with IR to determine 

the surviving fractions and thus radiosensitivity.

Stable FLIP overexpressing H460 models:

• Stable FLIP(L) WT, FLIP(S) WT and FLIP(S) FI 14A overexpressing H460 

cells were generated using retroviral methods.

• To determine the effect of FLIP overexpression on IR-induced apoptosis and 

colony formation.
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• To determine whether the FLIP-FADD protein-protein interaction is critical 

for the radioprotective effects of FL1P(S) WT overexpression, by assessing 

the radiosensitivity of FL1P(S) FI 14A mutant overexpressing H460 cells.
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4.2 IR upregulates cell surface expression of death receptors

The cell surface expression of the major death receptors was assessed 24 hours post- 

1R (5 Gy). TNFR1. DR4. DR5 and FAS are expressed on the cell surface of both 

cell lines. To simplify the explanation of results the average percentage of the 

positive population are stated, which correlates with the median fluorescent intensity 

(MFI) values.

TNFR1 is expressed at in both A549 and H460 cells, with 37 and 11% of positive 

cells, respectively in basal conditions. It was found that the number of TNFR1 

positive cells increased following IR, by 12% in A549s and 13% in 11460 cells 

(Figure 4,1). The basal levels of FAS surface expression (Figure 4.2) were similar 

in both cell lines, with -59% in A549 and 58% in H460. Cell surface expression of 

the FAS receptor was significantly upregulated in both cell lines, with a two-fold, 

extremely significant increase to 85% and 89% positive cells respectively following 

IR (Figure 4.5). The surface expression of DR4 differed considerably between 

A549s and H460s. Basally A549s -71% of cells express DR4, which increased to 

78% following IR, whereas H460s had-23% DR4 positive cells which increased to 

40% after IR (Figure 4.3). The DR5 expression was detected in 71% and 23% of 

A549 and H460 cells respectively. However, following IR. the percentage of DR5 

positive A549 cells increased to 78% (Figure 4.5(a)), whereas in H460s expression 

was detected in 40% of cells (Figure 4.5(b)). Therefore, the percentage of cells 

expressing each of the death receptors DR4. DR5 and TNFR1 on their cell surface 

increased following treatment with IR.

Another parameter to consider is the median fluorescence intensity (MFI), a measure 

of the fluorescent intensity, which indicates any changes in the expression levels of 

the death receptors within the receptor positive populations. The MFI of all the 

death receptors was increased following treatment with IR (Figure 4.5). In A549s, 

DR4 and DR5 were unregulated 1.4-fold and TNFR1 1.3-fold. The greatest 

upregulation detected was a 2.8-fold increase in FAS expression. Similarly in 

H460s, a 3.5-fold increase in FAS expression was observed. DR4. DR5 and TNFR1
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were also upregulated to a lesser extent, with a 1.7-, 2.1- and 1.7-fold increase 

respectively.

168



Role of FLIP in regulating tumour cell response to IR

TNFR1 Average
Median

Fluorescent
intensity

Average 
% Positive 
population

A549 Untreated 365 37

24hr post 
IR (5Gy)

480 49

H460 Untreated 265 11

24hr post 
IR (5Gy)

442 24

t \
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>
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TNFR1 expression

A549

PE-A

Basal expression 

M 24hr post IR (5 Gy) 

HI IgG isotype Ctrl

H460

PE-A

Fluorescent Intensity

Figure 4.1: TIWFR1 is expressed on both A549 and H460 cells and is up-regulated 

after IR

Cells were treated with mock or 5 Gy of IR and incubated for 24 hours. Cell surface 

expression of TNFR1 was then determined by FACs analysis. The representative 

histograms show TNFR1 cell surface expression levels basally and 24 hours after IR 

(n=3).
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FAS Average
Median

Fluorescent
Intensity

Average 
% Positive 
Population

A549 Untreated 669 59

24hr post 
IR (5Gy)

1896 85

H460 Untreated 958 58

24hr post 
IR (5Gy)

3323 89

FAS expression

A549

Basal expression 

24hr post IR (5 Gy) 

IgG isotype Ctrl

H460

A
(/>

■*->c
a>>

LU

PE-A PE-A

Fluorescent Intensity

------------------------- >

Figure 4.2: FAS is expressed on both A 549 and H460 cells and is up-regulated 

after IR

Cells were treated with mock or 5 Gy of IR and incubated for 24 hours. Cell surface 

expression of FAS was then determined by FACs analysis. The representative 

histograms show FAS cell surface expression levels basally and 24 hours after IR 

(n=3).
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DR4 Average
Median

Fluorescent
Intensity

Average 
% Positive 
Population

A549 Untreated 892 71

24hr post 
IR (5Gy)

1202 78

H460 Untreated 390 23

24hr post 
IR (5Gy)

666 40

DR4 expression
Basal expression 

24hr post IR (5 Gy) 

IgG isotype Ctrl

A549 H460

PE-A PE-A

Fluorescent Intensity
--------------------------- >

Figure 4.3: DR4 is expressed on both A549 and H460 cells and is up-regulated 

after IR

Cells were treated with mock or 5 Gy of IR and incubated for 24 hours. Cell surface 

expression of DR4 was then determined by FACs analysis. The representative 

histograms show DR4 cell surface expression levels basally and 24 hours after IR 

(n=3).
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DR5 Average
Median

Fluorescent
Intensity

Average 
% Positive 
Population

A549 Untreated 368 38

24hr post 
IR (5Gy)

509 53

H460 Untreated 525 24

24hr post 
IR (5Gy)

1083 66

DR5 expression

A549

Basal expression 

24hr post IR (5 Gy) 

IgG isotype Ctrl

H460

Fluorescent Intensity

------------- >
Figure 4.4: DR5 is expressed on both A549 and H460 cells and is up-regulated 

after IR

Cells were treated with mock or 5 Gy of IR and incubated for 24 hours. Cell surface 

expression of DR5 was then determined by FACs analysis. The representative 

histograms show DR5 cell surface expression levels basally and 24 hours after IR 

(n=3).
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Figure 4.5(a): Comparison of cell surface expression of death receptors in A549s 

following IR

The basal and post-treatment median tluoresecent intensities are shown for each 

death receptor. An unpaired Student's t-test was used to compare cell surface 

expression of death receptors in cells treated with mock or 5 Gy. The lower panel 

shows the fold change in cell surface expression (MFI) for each death receptor.
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Figure 4.5(b): Comparison of cell surface expression of death receptors in H460s 

following IR

The basal and post-treatment median fluoresecent intensities are shown for each 

death receptor. An unpaired Student's t-test was used to compare cell surface 

expression of death receptors in cells treated with mock or 5 Gy. The lower panel 

shows the fold change in cell surface expression (MFI) for each death receptor.
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4.3 Death receptor activation contributes to IR-induced cell death

The contribution of each death receptor to IR-induced cell death in H460 cells was 

investigated by down-regulating each receptor using specific siRNAs. The 

efficiency of the knock-down of death receptors were assessed by measuring cell 

surface expression by flow cytometry, and it was found that different extents of 

down-regulation were achieved: DR5 22%-4%; DR4 19-2%; and TNFR1 26-4%. 

The available FAS receptor-targeted siRNA had no effect on FAS expression in 

these cells. Following IR. after 48 hours the cell surface expression of the death 

receptors were determined. In the untreated cells, the death receptors were still 

silenced to the degree determined previously, however in the cells treated with IR the 

number of receptor positive cells increased.

The sub-Gl apoptotic population of cells was measured to determine the levels of 

IR-induced cell death in cells with down-regulated DR4. DR5 or TNFR1 receptors. 

Silencing of DR5 resulted in significantly reduced levels of IR-induced cell death 

from 25% in control siRNA-transfected cells to 18.6% (Figure 4.6). Down- 

regulation of TNFR1 or DR4 also modestly reduced IR-induced cell death. These 

results suggest that the extrinsic death receptor-mediated apoptotic pathway is 

involved in regulating IR-induced apoptosis in H460 cells.
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At time of IR 48hr post-IR
Control
siRNA
(siSC)

DR-
targeted
siRNA

No treatment
DR-targeted

siRNA

Treated
DR-targeted

siRNA

% Population
DR4 33 2 1 30

% Population
DR5 35 4 4 16

% Population 
TNFR1 + 11 4 5 24

Figure 4.6: Silencing of DR5 results in reduced levels of IR-induced cell death

(a) H460 cells were transfected with 40 nM of scramble control (SC)-, DR5-, 
DR4- or TNFRl-targeted siRNA and treated according to indicated schedule. 
Cells were stained with PI and the sub-Gl population (DNA content <2N) 
was determined by flow cytometry as a measurement of apoptosis. An 
unpaired Student’s t-test was performed.

(b) siRNA-mediated down-regulation of death receptors was confirmed by cell 
surface expression flow cytometry.

(c) Percentage of PE-positive cells at time of IR and 48hr post-IR (time of cell 
death analysis).
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4.4 IR-induced cell death is dependent on the extrinsic caspase-8-mediated 

apoptotic pathway

As depletion of cell surface expression of death receptors, in particular DR5 and 

TNFR1, resulted in decreased levels of IR-induced apoptosis, the dependency of IR- 

induced cell death on the extrinsic apoptotic pathway was further evaluated. H460 

cells were transfected with caspase 8-directed siRNA and irradiated (Figure 4.7), 

downregulation of caspase-8 was not adequate in A549 cells. The sub-Gl apoptotic 

fraction was determined at 48 and 72 hours post-IR. and the procaspase-8 expression 

was determined by Western blot. After treatment with 2 Gy, a reduction in the 

percentage of apoptotic cells in caspase 8-silenced cells was observed compared to 

scrambled control (SC); however, this was not significant. Furthermore, when the 

dose was escalated to 5 and 8 Gy, the attenuation of cell death in caspase 8-depleted 

cells was extremely significant. 48 hours after treatment with 5 and 8 Gy, 20% and 

25% of irradiated SC cells were apoptotic, but in cells with depleted levels of 

procaspase-8, this was completely attenuated and there was no increase in cell death 

compared to non-irradiated control cells. After an additional 24 hours incubation 

(72h post-IR), -30% of SC cells were in the apoptotic phase in response to 5 Gy, and 

-60% in response 8 Gy. Again, the depletion of procaspase-8 significantly 

abrogated IR-induced apoptosis, with only -18% and 25% of cells in sub-Gl after 5 

and 8 Gy respectively.

Therefore, caspase-8 activity is partially responsible for the induction of cell death in 

irradiated cells.
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siRNA

Procaspase-8

P-actin

sc casp-8

55kDa

42kDa

siC8 IR

1 I
48hr 48or72hr

Figure 4.7: IR-induced cell death is dependent on the extrinsic apoptotic pathway 

H460 cells were transfected with 20 nM scramble control (SC) or caspase-8- 

targeted siRNA and treated according to the indicated schedule. Western 

blotting confirmed caspase-8 downregulation. Cells were stained with PI and 

the sub-Gl population (DNA content <2N) was determined by flow cytometry as 

a measurement of apoptosis 48 and 72 hours post-IR. An unpaired Student's t- 

testwas performed (n=3).
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4.5 Impact of IR on FLIP mRNA levels

As previously discussed, FLIP is the key intra-cellular inhibitor of caspase 8 

activation (Chapter 1.8). Given the role of caspase-8 in regulating IR-induced 

apoptosis in F1460 cells, quantitative real-time RT-PCR was performed to assess 

changes in FLIP gene (CFLAR) expression following treatment with IR (5Gy), using 

the comparative Ct (AACt) method, with ribosomal protein SI8 (RPS18) as the 

reference control RNA. In H460 cells, there was a 2.4-fold increase in FLIP mRNA 

levels 24 hours post-IR, but levels were similar to those in untreated controls after 48 

and 72 hours. In contrast, in A549 cells FLIP mRNA expression was not 

upregulated until 72 hours post-IR. with a modest 1.6-fold increase (Figure 4.8).
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Figure 4.8: Effect of IR on FLIP gene expression

A549 and H460 cells treated with mock or 5 Gy of IR and incubated for the indicated 

time. RNA was isolated and cDNA was synthesized. The relative mRNA 

expression levels were determined by quantitative real-time RT-PCR using Roche 

LightCycler® 480 System. Data was normalized to SPl and analyzed using 

comparative Ct (AACy) method and expressed as a fraction of the untreated control. 

An unpaired Student’s t test was performed comparing each sample to relevant 

untreated control (n=3).
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4.6 Effect of IR on protein expression of FLIP

A549 and H460 cells were treated with increasing doses of IR and whole cell lysates 

were prepared. The protein expression levels of FLIP(L) and FLIP(S) were assessed 

at 24hr increments post-lR.

In A549 cells (Figure 4.9.1), it was found that FLIP protein expression increased 

following treatment with IR. modestly after 24hr but more significantly after 72hr. 

with FLIP(L) expression increased over 5-fold. FLIP(S) protein expression levels 

increased in a dose-dependent manner 24 hours after IR. Similarly, FLIP(S) 

expression was enhanced by almost 3.5-fold 72 hours post-IR with 8 Gy.

FLIP protein levels also increased in response to IR in H460 cells (Figure 4.9.2), but 

to a lesser degree. The levels of FLIP(L) increased by 1.5-fold only at higher doses 

(5 and 8 Gy). In contrast, FLIP(S) protein levels increased by 1.5-fold following 

treatment with each dose, 24 hours post-IR. FLIP(S) protein expression then slightly 

decreased again after 48 hours.
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Figure 4.9.1: Effect of IR on expression of FLIP protein expression in A549 cells

A549 cells were treated with the indicated doses of IR and incubated for 24 or 

72 hours. Protein lysates were resolved by SDS-PAGE and expression of FLIP(L) 

and FLIP(S] assessed by Western blotting. Representative blots are shown 

(n=2) and the fold changes in expression of FLIP(L) and FLIP(S) as determined 

by densitometry.
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Figure 4.9.2: Effect of IR on expression of FLIP protein expression in H460 cells

H460 cells were treated with the indicated doses of IR and incubated for 24 or 

72 hours. Protein lysates were resolved by SDS-PAGE and expression of FLIP(L) 

and FLIP(S) assessed by Western blotting. Representative blots are shown 

(n=2) and the fold changes in expression of FLIP(L) and FLIP(S) as determined 

by densitometry.
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4.7 FLIP downregulation prior to IR results in enhanced PARP cleavage

To determine the effect of FLIP expression on the cellular response to IR, H460 cells 

were transfected with FLIP-targeted siRNA and irradiated 24 hours later with the 

indicated doses (Figure 4.10 (a)). Protein lysates were collected 48 hours post-IR 

and levels of PARP cleavage, a marker of caspase-3 activity and apoptosis were 

assessed by Western blotting. In H460 cells, FLIP silencing resulted in PARP 

cleavage, suggesting that the cells spontaneously undergo apoptosis when 

endogenous caspase-8 inhibition is removed. Consistent with results presented in 

Chapter 3, IR alone resulted in very little PARP cleavage, which increased only 

slightly with increasing dose of IR. However, in FLIP-depleted cells, the amount of 

PARP cleavage induced by IR was enhanced; notably this enhancement was as 

pronounced for 2 Gy as for the higher doses, indicating that downregulation of FLIP 

sensitized the cells to IR.
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Figure 4.10(a): FLIP down-regulation enhances PARP cleavage

H460 cells were transfected with 10 nM FLIP-targeted (FT) siRNA or scramble 

control siRNA (SC) and treated with IR according to schedule indicated. Western 

blot analysis was used to detect FLIP and PARP protein expression levels; a 

representative blot is shown (n=3). The table shows fold change of normalized 

relative densities of protein bands compared to untreated control.
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Figure 4.10 (b): FLIP down-regulation enhances IR-induced activation of initiator 

and executioner caspases

Cells were transfected with 10 nM FLIP-targeted (FT) siRNA or scramble control 

(SC) siRNA and irradiated with indicated dose 24 hours later. Following 48 hours 

incubation caspase-8 and caspase-3/-7 activity assays were performed in 

triplicate on cell lysates (n=3). An unpaired Student’s t test determined 

statistical difference between SC and FT at each dose and comparing the 

difference between untreated FT and irradiated FT at each dose.
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Figure 4.10 (c): FLIP down-regulation following IR enhances activation of 

initiator and executioner caspases

Cells were irradiated and then transfected with 10 nM FLIP-targeted (FT) siRNA or 

scramble control (SC) siRNA 24 hours later. Following 24 hours incubation 

caspase-8 and caspase-3/-7 activity assays were performed in triplicate on cell 

lysates (n=3). An unpaired Student's t test determined statistical difference 

between SC and FT at each dose and comparing the difference between 

untreated FT and irradiated FT at each dose
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4.8 FLIP silencing enhances IR-induced caspase activation in H460s

Caspase activity assays were used to determine the levels of caspase activation 

following IR. As discussed in Chapter 3, IR alone did not readily activate the 

initiator caspase-8 or executioner caspases -3/-7 (Figure 4.10(b)), with only a very 

modest dose-dependent increase in caspase activity. Importantly, when FLIP was 

downregulated. exposure to IR enhanced caspase-8 and caspases -3/-7 activity 

compared to the effects of FLIP downregulation alone. Again, the combination of 

FLIP siRNA and 2 Gy were as effective at inducing caspase activation as FLIP 

siRNA combinations with higher doses of IR (Figure 4.10(b)). The IR-induced 

enhancement of caspase activation in FLIP-depleted cells also occurred when cells 

were pre-treated with IR prior to siFLIP transfection (Figure 4.10(c)). These results 

indicate that FLIP downregulation induces caspase-mediated apoptosis in H460 cells, 

and this is enhanced by co-treatment of IR irrespective of treatment order.
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4.9 FLIP silencing enhances IR-induced ceil death

The effect of FLIP silencing on IR-induced cell death was further assessed by two 

flow cytometric assays. The sub-Gl population was quantified as a measure of 

apoptotic cells and Annexin V/PI co-staining provided details on whether cells were 

in early or late stages of apoptosis or necrotic. In H460 cells, FLIP silencing 

increased the fraction of sub-Gl apoptotic cells to 30%. Low doses of IR further 

enhanced the levels of apoptotic cells in an additive fashion, 24 hours post-IR 

(Figure 4.11(a)). It was also found that FLIP silencing resulted in increased levels, 

15%, of cell death by the Annexin V/PI staining method (Figure 4.11(b)). 

Furthermore, the levels of early and late apoptosis were enhanced by -10% 

following treatment with low doses of IR (2 Gy). In FLIP-depleted cells treated with 

2 Gy, 35% cell death occurred; FLIP silencing alone was responsible for 15%, with 

another 10% attributable to the effects of IR alone. Thus, there is an additional 10% 

of cell death with the combined treatment, which exceeds predictions based on the 

effects of each treatment alone. Therefore, IR can potentiate the effects of FLIP 

silencing, to sensitize H460 cells to apoptosis. There was also evidence of increased 

levels of necrosis in FLIP silenced and irradiated H460 cells and this could account 

for the slightly different result regarding the levels of cell death determined by the 

sub-Gl method, as it does not detect necrotic cells. IR or FLIP silencing alone each 

result in modest levels of necrosis which are additive, but do not increase with 

increasing dose.

FLIP silencing also increased the levels of cell death in A549 cells by -35% (Figure 

4.12(b)). As outlined in Chapter 3. A549 cells respond to radiation later than 

H460's and therefore apoptosis was measured 72 hours post-IR. IR increased the 

levels of apoptosis in dose-dependent manner. Importantly, IR also increased FLIP 

siRNA-induced apoptosis in a dose-dependent manner. Two-way analysis of 

variance (ANOVA) statistical analysis revealed that the levels of cell death resulting 

from each combination was greater than additive, with increasing significance as the 

dose of IR escalated, which indicates that FLIP silencing and IR interact, resulting in
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enhanced levels of cell death. The Annexin V/PI flow cytometric analyses (Figure 

4.12(c)) revealed that the A549s had much lower levels of treatment-induced 

necrosis than H460 cells. It was found that after 24 hours post-IR. IR alone had 

negligible effects on the levels of cell death. However, FLIP silencing resulted in 

20% cell death, which further increased to 30% in FLIP silenced cells treated with 2 

Gy of IR. Minimal additional cell death was observed in FLIP-depleted cells when 

the dose was increased from 2 Gy to 5 Gy of IR.
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Figure 4.11: FLIP silencing enhances IR-induced cell death in H460 cells

a) H460 cells were treated according to schedule indicated. Cells were stained 

with PI, and the sub-Gl population (DNA content <2N) was determined by 

flow cytometry as a measurement of apoptosis. Statistical analysis by two- 

way ANOVA (n=3)

b) Live cells and media were collected and stained with FITC-Annexin V and PI 

and immediately analyzed by flow cytometry to determine the positive 

populations of live, early or late apoptotic and necrotic cells (n=3).
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Figure 4.12: FLIP silencing enhances IR-induced cel! death in A549 cells

a) A549 ells were transfected with 10 nM FLIP targeted siRNA. Western blot 

analysis was used to detect FLIP expression levels.

b) Cells were stained with PI and the sub-Gl apoptotic population (DNA content 

<2N) was determined by flow cytometry. Statistical analysis by two-way 

ANOVA (n=3).

c) Live cells and media were collected and stained with FITC-Annexin V and PI 

and immediately analyzed by flow cytometry (n=3).
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4.10 Alternative schedules of FLIP silencing and IR

To determine the optimal schedule of treatment that results in the greatest levels of 

cell death. H460 and A549 cells were transfected with FLIP-targeted siRNA and 

then irradiated 24 hours later (siFLIP/IR) and vice versa (IR/siFLIP), as indicated in 

treatment schematic (Figure 4.13). Cells were then analysed to determine the levels 

of cell death.

It was determined that in F1460 cells treated with the siFLIP/IR schedule, the 

resulting levels of cell death were 48%, and when the schedule was reversed 

(IR/siFLIP), 57% of cells were dead. Overall, however there was no significant 

difference in the absolute levels of cell death resulting from the different schedules 

of IR and siFLIP combination in H460 cells.

It was found that in A549 cells treated with each schedule of FLIP silencing and IR, 

similar levels of apoptosis (~75%) were induced (Figure 4.13). The levels of 

apoptosis that resulted from the combination treatments correspond to the additive 

effects of each individual treatment at this time point. Therefore, in A549 cells, both 

schedules are equally effective at inducing cell death.
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Figure 4.13: Alternative schedules of FLIP silencing and in combination with IR

H460 and A549 cells were either transfected with 10 nM FLIP targeted siRNA and 

then irradiated 24hr later (siFLIP/IR) or in the reverse order, IR then 24hr later 

transfected with FLIP-targeted siRNA (IR/siFLIP). 24 hours after the second 

treatment administered live cells and media were collected and stained with FITC- 

Annexin V and PI and immediately analyzed by flow cytometry to determine 

positive populations. Statistical difference was determined by an unpaired Student's 

t-test (n=3).
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4.11 IR reduces the surviving fraction of FLIP silenced cells

To evaluate longer-term cell survival, clonogenic survival assays were employed. 

This assays determines the fraction of cells that have retained their replicative 

capacity and could potentially propagate to form a colony and repopulate causing 

tumour recurrence. Cells that are irradiated can continue to replicate up to 5-6 times 

before they senesce. Therefore, this assay takes into account the cells that have lost 

their replicative capacity to fully evaluate the effects of IR on cell survival.

Simultaneous silencing of both FLIP(L) and FLIP(S) resulted in an extremely 

significant decrease in clonogenic survival in the absence of IR, in both H460s and 

A549s (Figures 4.14(b) and 4.15(b)). In H460 cells FLIP(L+S) downregulation 

resulted in a very significant reduction in the surviving fraction of cells at the low 

dose of 1 Gy of IR. Silencing of either FLIP(L) or FLIP(S) was similarly effective, 

but FLIP(L+S) silencing had the greatest impact on the surviving fraction of H460 

cells post-IR (Figure 4.14(c)). In the same vein, in FLlP(L+S)-depleted A549 cells, 

IR resulted in a very significant reduction in the surviving fraction following 

treatment with 2 Gy (Figure 4.15(c)). Additionally, downregulation of FLIP(L) or 

FLIP(S) also reduced the surviving fraction significantly after 1 Gy, although to a 

lesser extent than siFLIP(L+S). These results demonstrate that FLIP silencing 

significantly reduced the clonogenic survival of A549 and H460 cells treated with 

lose doses of IR. The A549’s were more resistant to siFLIP/IR treatment than the 

H460 cells; the SF(2) for SC, siFLIP(L+S), siFLIP(L) and siFLIP(S) transfected cells 

were 0.70, 0.39, 0.61,0.62 and 0.69, 0.26, 0.34. 0.41 in A549 and H460 respectively. 

Thus, loss of FLIP(L+S) was most effective at reducing surviving fraction in both 

cell lines, with 39% of A549 cells surviving after 2 Gy, and 26% of H460s.
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Figure 4.14: FLIP silencing reduces surviving fraction of irradiated H460 cells

(a) Image shows representative colony formation of cells transfected with scramble 

control (SC), FLIP(L+S), FLIP(L) or FLIP(S) siRNA and a Western blot 

showing FLIP downregulation at the time cells were treated with IR.

(b) Average colony numbers resulting from FLIP (L+S) silencing.

(c) Surviving fraction was calculated from 3 independent experiments and curves 

were fitted using linear-quadratic model. Statistical analysis: unpaired student's t 

test and two-way ANOVA Bonferroni post-tests are shown.
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Figure 4.15: FLIP silencing reduces surviving fraction of irradiated A549 cells

(a) Image shows representative colony formation of cells transfected with scramble 

control (SC), FLIP(L+S), FLIP(L) or FLIP(S) siRNA and a Western blot 

showing FLIP downregulation at the time cells were treated with IR.

(b) Average colony numbers resulting from FLIP (L+S) silencing.

(c) Surviving fraction was calculated from 3 independent experiments and curves 

were fitted using linear-quadratic model. Statistical analysis: unpaired student's t 

test and two-way ANOVA Bonferroni post-tests are shown.
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4.12 The effect of silencing individual FLIP splice forms on cell cycle 

progression and cel! death in irradiated cells

To assess the effect of downregulation of the FLIP(L) or FLIP(S) splice form or both 

simultaneously, FLIP(T), cells were transfected with siRNA that targeted each splice 

form, FLIP(L) or FLIP(S) individually or FLIP(T). Cells were treated with IR and 

the effect on cell cycle progression and apoptosis induction was determined.

Treatment with a low dose (1 Gy) of IR had negligible effects on the cell cycle 

distribution of H460 cells (Figure 4,16). There was a very modest increase in the 

G1 population and increase in the G2/M and sub-Gl populations. After treatment 

with a high dose (5 Gy) there is marked reduction in the proportion of cells in the G1 

phase from 55% in the untreated to 40%. Furthermore, there is a ~10% increase in 

the S-phase population and marginally more cells became apoptotic after treatment 

with 5 Gy. These alterations in the cell cycle distribution can be explained, in part, 

by the increase in the sub-Gl apoptotic fraction.

Downregulation of FLIP(L+S) or FL1P(L) induced a similar response in H460 cells. 

It was found that there was an increase in the proportion of apoptotic and S-phase 

cells and a reduction in the proportion of cells in the G1 and G2/M phases. 

However, when FLIP(S) was silenced, it had negligible effect on the proportion of 

apoptotic or G1 populations, however a small increase in S-phase and decrease in 

G2/M were detected.

Depletion of FLIP(L+S) or FLIP(L) in combination with irradiation (1 Gy) resulted 

in a further reduction in the G1 population and increase in S and G2/M phase cells 

when compared to FLIP silencing alone. When the dose of IR was escalated to 5 Gy 

there was a 17% increase in sub-Gl apoptotic cells in siFLIP(L+S) cells and ~9% 

increase when either FLIP(L) or FLIP(S) were silenced and treated with IR. An 

increase in G1 cells was also observed and was accompanied by a decrease in the 

proportion of cells in S and G2/M. Thus, downregulation of FLIP(L) or FLIP(S) has 

comparable effects to FLIP(L+S) silencing on cell cycle distribution following 

irradiation.
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The results from Annexin V/PI flow cytometric analysis were in agreement with 

previous results presented (Figure 4.11), which demonstrated that FLIP(L+S) 

downregulation alone potently induced apoptosis, and enhanced IR-induced cell 

death (Figure 4.17). Furthermore, downregulation of either FLIP(L) or FLIP(S) 

alone induced apoptosis (by 25% and 20% respectively) and enhanced IR-induced 

apoptosis in a dose-dependent manner, although not to the same extent that was 

determined following FLIP(L+S) downregulation. These results are in agreement 

with the sub-Gl populations (Figure 4.16). FLIP(L) downregulation alone and in 

combination with IR was found to have greater impact on cell death levels than 

FLIP(S) downregulation.

It was found that IR alone had no effect on the levels of sub-Gl apoptotic cells in 

A549 cells (Figure 4.18). The proportion of cells in G1 was also unaffected, 

however, there was a slight decrease in the S phase population, which was not 

observed in H460 cells. The most prominent impact of siFLIP(L+S) was on the sub- 

Gl population, but only when both splice forms were downregulated. FLIP(L+S) 

silencing alone in A549 cells resulted in -10% of apoptosis, but in contrast to H460s, 

silencing of FLIP(L) or FL1P(S) had no effect on levels of cell death. The slight 

reduction in G1 and S phase populations following FLIP(L+S) silencing can be 

explained by the increase in apoptotic cells. Whereas, when FLIP(L) or FLIP(S) was 

silenced alone, there were small increases in the G1 and G2 populations with a 

corresponding decrease in S-phase cells. When FLIP silencing and irradiation (1 

Gy) were combined, a similar trend in cell cycle distribution resulted: FLIP(L+S) 

depleted cells had higher levels of cell death and in FLIP(L) and FLIP(S) depleted 

cells, the G1 population increased as the proportion of S-phase cells decreased. 

Treatment with 5 Gy resulted in the same cell cycle distribution; more apoptosis in 

FL1P(L+S) silenced cells and a greater proportion of cells in G1 arrest in FLIP(L) 

and FLIP(S) silenced cells.

It was found that both FLIP splice forms must be downregulated to induce apoptosis 

in A549 cells (Figure 4.19). Silencing of FLIP(L) alone had a modest effect on cell 

viability, whereas the effects of siFLIP(S) were negligible. Furthermore, 

downregulation of FLIP(L) or FLIP(S) did not enhance IR-induced cell death in 

A549 cells. Strikingly, when both FLIP(L) and FLIP(S) were silenced, apoptosis
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was spontaneously induced resulting in >80% cell death and sensitivity to IR was 

increased.

These experiments support the previously reported results from the clonogenic 

survival assays (Figure 4.14 and 4.15) and indicate that the levels of apoptosis are 

good predictor of clonogenic survival.
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Figure 4.16: Cel! cycle analysis following FLIP downregulation and IR in H460 
cells

H460 cells were transfected with 10 nM scramble control (SC), FLIP targeted (FT), 

FLIP(L) or FLIP(S) siRNA and irradiated with the indicated dose 24 hours later. 

Cells were fixed and stained with PI and the DNA content was determined 24 hours 

post-IR by flow cytometry. The graphs illustrate cell cycle distribution when 

FLIP(L+S). FLIP(L) or FLIP(S) are silencing and irradiated. The tables show the 

cell cycle distribution following each siRNA treatment and 0. 1 or 5 Gy of IR (n=3).
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Figure 4.17: Downregulation of either FLIP(L) or FLIP(S) enhances IR-induced 

apoptosis in H460 cells

H460 cell were transfected with 10 nM FLIP targeted. FLIP(L) or FLIP(S) siRNA 

and treated according to the schedule indicated. Live cells and media were collected 

and stained with FITC-Annexin V and PI and immediately analyzed by flow 

cytometry to determine positive populations (n=2).
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Figure 4.18: Cell cycle analysis following FLIP downregulation and IR in A549

cells

A549 cells were transfected with 10 nM scramble control (SC), FLIP targeted (FT), 

FLIP(L) or FLIP(S) siRNA and irradiated with the indicated dose 24 hours later. 

Cells were fixed and stained with PI and the DNA content was determined 24 hours

post-IR by flow cytometry. The graphs illustrate cell cycle distribution when 

FLIP(L+S). FLIP(L) or FLIP(S) are silencing and irradiated. The tables show the 

cell cycle distribution following each siRNA treatment and 0. 1 or 5 Gy of IR (n=3).
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Figure 4.19: IR-induced apoptosis enhanced by FLIP silencing requires down- 

regulation of both FLIP(L) and FLIP(S) in A549 cells.

A549 cell were transfected with 10 nM FLIP targeted. FLIP(L) or FLIP(S) siRNA 

and treated according to the schedule indicated. Live cells and media were collected 

and stained with FITC-Annexin V and PI and immediately analyzed by flow 

cytometry to determine positive populations (n=2).
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4.13 Retroviral infection and generation of stable FLIP overexpressing H460 

cell line

FLIP(L) WT, FLIP(S) WT and FLIP(S) F114A MT cDNA was cloned into the 

pBABE-puro retroviral vector. The vector was sequenced to confirm accurate 

incorporation of constructs. Phoenix packaging cells were transfected with the 

relevant vector and packaging plasmid. The various recombinant retrovirus particles 

produced were then used to infect recipient H460 cells, which were then cultured in 

puromycin to select for cells infected with the retrovirus. Figure 4.20 shows a 

Western blot of FLIP protein expression levels in the stable H460 cell lines 

generated. Endogenous FLIP is expressed at low levels, and as expected, the EV 

cells express levels of FLIP similar to parental H460s. The FLIP(L) and FLIP(S) 

overexpressing cell lines express high levels of FLIP (L) and FLIP (S) respectively 

and basal levels of FLIP(S) and FLIP(L). FLIP(L) expression in the FLIP(L) 

overexpressing cells was increase 4-fold compared to EV cells, whereas FLIP(S) 

expression in the FL1P(S) overexpressing cells was increased 8-fold when compared 

to EV. Thus, the FLIP(S) overexpressing model has much greater levels of 

overexpression than the FLIP(L) overexpressing model. The FLIP(S) WT and 

FLIP(S) F114A MT cells exhibit similar levels of FLIP(S) overexpression (8-fold 

increase compared to EV).
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Figure 4.20: Retroviral infection and generation of stable FLIP overexpressing 

H460 cell lines.

FL1P(L) and FLIP(S) cDNA was cloned into pBABE-puro retroviral vector. 

Recombinant retrovirus was produced and H460 cells were transduced. Stable 

overexpressing cell lines were generated by puromycin selection. The image shows 

Western blot analysis of FLIP protein expression levels in the stable F1460 cell lines 

overexpressing empty vector (EV), FL1P(L) WT and FLIP(S) WT and FLIP(S) 

FI 14A MT. Densitometry was performed to normalize FLIP(L) and FL1P(S) bands 

to loading control for each lane (cell line). The fold change in FLIP protein 

expression relative to EV cells is shown (n=3).
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4.14 FLIP overexpression protects H460 cells from IR-induced cell death

FLIP(L) and FLIP(S) overexpressing H460 cell lines were used to assess the effects 

of FLIP overexpression on cellular response to IR. Cells were treated with 1, 2 or 5 

Gy of IR. and cell lysates were prepared 48 hours post-IR. Exogenous FLIP(L) 

protein expression levels following treatment with IR are shown in Figure 4.21. 
revealing a decrease in FLIP(L) expression following treatment with IR. Similarly, 

exogenous FLIP(S) levels also decrease with increasing dose of IR (Figure 4.22). 
The downregulation of the endogenous FLIP(L) hut not FLIP(S) protein post -IR is 

also apparent. There is also the appearance of a FLIP species of ~22kDa; this may 

be p22-FLIP (Chapter 1.8.2)

The sub-Gl apoptotic population was then determined in the various FLIP 

overexpressing cell lines after treatment with IR for 72 hours. FLIP(L) and FLIP(S) 

overexpression both protect cells from IR-induced cell death (Figure 4.22). 
Treatment with 5 Gy resulted in ~22% cell death in the empty vector cells, whereas 

in FLIP(L) overexpressing cells there was only a very modest increase, with only 

~8% cell death after 5 Gy. FLIP(S) overexpression had the greatest effect; even at 5 

Gy, <3% of cells underwent IR-induced cell death.
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Figure 4.21: Levels of FLIP protein expression following IR in FLIP 

overexpressing cells

FLIP overexpressing U460 cells were treated with indicated doses of IR. Cells were 

collected 48 hours post-IR and Western blot analysis of FLIP protein expression 

levels was performed. Representative blot shown (n=2).
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Figure 4.22: FLIP overexpression protects H460 cells from IR-induced cell death

Empty vector (EV). FLIP (L) and FLIP(S) wild-type overexpressing H460 cells were 

treated with indicated doses of IR. Cells were stained with PI 72hrs post-IR and the 

sub-Gl population (DNA content <2N) was determined by flow cytometry, as a 

measurement of apoptosis. An unpaired Student's t-test was performed to determine 

statistical significance between EV and FLIP(L) or FLIP(S) overexpressing cells 

treated with IR (n=3).
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4.15 FLIP overexpression prevents IR-induced reduction in surviving fraction

The effect of FLIP overexpression on clonogenic survival after IR treatment was 

assessed (Figure 4.23). FLIP(L) and FLIP(S) overexpressing H460 cells were found 

to maintain higher surviving fractions at all doses. The surviving fraction decreased 

with dose as expected, but the survival curves of both FLIP(L) and FLIP(S) 

overexpressing cells have a wider shoulder and higher a/(3 ratios. Therefore, FLIP 

overexpressing cells are more resistant to IR and can tolerate higher levels of sub- 

lethal DNA damage.
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Figure 4.23: FLIP overexpression confers increased radioresistance to H460 cells

Cells were seeded at various densities, treated with the indicated doses of IR and 

incubated for 7-14 days until colonies formed on control plates. A colony is defined 

as a group of >50 cells. The Image shows representative images of colonies. The 

surviving fractions were calculated from >3 independent experiments and curves 

were fitted using linear-quadratic model. An unpaired Student's t-test was 

performed.
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4.16 The FLIP(S) mutant (FII4A) cannot interact with FADD

As discussed in Chapter 1.8. FLIP is an inhibitor of procaspase-8 that competes 

with procaspase-8 for binding to the adaptor protein FADD and hence prevents 

caspase-8 activation. To determine whether the increased radioresistance conferred 

to H460 cells overexpressing FLIP(S) was due to caspase-8 inhibition, a mutant form 

of FL1P(S) was used. The a2/a5 face of FL1P(S). in particular the FI 14 residue is 

critical for FLIP'S interaction with FADD. Therefore, the phenylalanine (F) at 

position 114 was mutated to alanine (A) to prevent the FLIP/FADD interaction. The 

FLIP(S) F114A MT. FLIP(S) WT and EV were cloned into a FLAG vector and 

expressed in F1460 cells. Recombinant GST-FADD was expressed in BL21 bacteria 

and purified. An AlphaScreen protein-protein interaction assay was utilized to assess 

the interaction of FLIP(S) WT or FLIP(S) FI 14A MT with the FADD DED (Figure 

4.24). The assay confirmed that the FI 14A mutation prevents FLIP(S)'s interaction 

with FADD.
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Figure 4.24: Mutation of FLIP(S) at residue 114 from phenylalanine to alanine 

prevents its protein interaction with FADD

H460 cells were transfected with FLAG-tagged wild-type (WT) or F114A mutant 

FLIP(S) DNA contructs and lysates were collected in CHAPS buffer 48hr later. 

Recombinant GST-tagged FADD DED was expressed in BL21 bacteria and purified. 

The AlphaScreen assay measures protein/protein interactions by detecting 

luminescence produced if the donor beads bound to GST-FADD and the acceptor 

bead bound to FLAG-FLIP are in close proximity, indicating a protein interaction. 

An unpaired Student's t-test determined statistical difference between WT and 

FI 14A MT FL1P(S) lysates.
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4.17 The radioprotection conferred by FLIP(S) overexpression is dependent on 

the FLIP/FADD interaction

EV and FLIP(S) WT and FLIP(S) FI 14A MT overexpressing cells were treated with 

IR. and the sub-Gl apoptotic population was quantified after 72 or 96 hours (Figure 

4.25). FFIP(S) WT overexpression significantly protected the cells from IR-induced 

cell death, however the overexpression of FFIP(S) FI 14A MT did not. The mutant 

behaved similarly to the empty vector, which indicates that the ability of FFIP(S) to 

protect H460 cells from IR-induced cell death is dependent on its ability to interact 

with FADD and prevent caspase-8 activation.

Clonogenic survival analyses revealed the same effects (Figure 4.26). The FFIP(S) 

FI 14A MT overexpressing cell line responded to radiation similarly to the empty 

vector cells. Thus, the prevention of the FFIP-FADD interaction abrogates FFIP- 

mediated protection from IR-induced cell death.
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Figure 4.25: Overexpression of mutant FLIP(S) that cannot interact with FADD 

does not protect H460 cells from IR-induced cell death.

Empty vector (EV). FLIP(S) wild-type (FS WT) and FLIP (S) F114A mutant (FS 

FI 14A) H460 overexpressing cell lines were treated with IR and after 72 or 96 hours 

incubation stained with PL The sub-Gl population (DNA content <2N) was 

determined by flow cytometry as a measurement of apoptosis. An unpaired 

Student’s t-test was performed (n=3).
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Figure 4.26: The radioprotection conferred by FLIP(S) overexpression is 

dependent on FLIP'S ability to bind with FADD

Cells were seeded at various densities, treated with the indicated doses of IR and 

incubated for 14 days until colonies formed on control plates. A colony is defined as 

a group of >50 cells. The Image shows representative images of colonies. The 

surviving fractions were calculated from 3 independent experiments and curves were 

fitted using linear-quadratic model and unpaired Student's t-test (n=3).
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4.18 Discussion

The results in this chapter indicate that the extrinsic apoptotic pathway is important 

for IR-induced cell death, as IR stimulates upregulation of death receptors and IR- 

induced apoptosis is attenuated when death receptors or caspase-8 are 

downregulated. Furthermore. IR resulted in enhanced FLIP mRNA and protein 

expression. Modulation of FLIP protein levels using siRNA or retroviral 

overexpressing cell lines resulted in sensitization or resistance to IR respectively, 

suggesting for the first time, that FLIP is a critical regulator of IR-induced cell death. 

Moreover, using a FLIP mutant that cannot interact with FADD, it was determined 

that the radioprotection conferred by FLIP overexpression was dependent on the 

FLIP/FADD interaction and the extrinsic apoptotic pathway. Furthermore, cells 

overexpressing the FL1P(S) FADD-binding mutant displayed significantly increased 

levels of DNA damage, suggesting that caspase activation following IR results in 

increased levels of DNA damage which may be due to increased ROS production or 

the inactivation of DDR protein such as DNA-PK. and MDC1.

Initially in this chapter, the effect of IR on death receptor expression was assessed. 

IR was found to significantly upregulate the cell surface expression of all the death 

receptors investigated, most notably, the FAS receptor was upregulated 3-fold in 

both cell lines.

It has been previously shown that IR upregulates FAS cell surface expression 

through p53 activation644. Muller et al. reported that p53 activates the FAS gene, 

mediated through a strong p53-responsive element located within the first intron of 

the gene, in response to DNA damage caused by anticancer drugs120. Additionally, 

Bennett and colleagues identified a transcriptional-independent mechanism by which 

p53 permits redistribution of cytoplasmic FAS to the cell surface645. Yamada et al. 

subsequently reported that IR-induced p53 activation results in FAS-associated 

phosphatase-1 (FAP-1) downregulation, a protein which inhibits FAS cell surface 

expression1’46. Furthermore, FAS is highly upregulated in p53 WT cells in response 

to 5-Flurouracil (5-FU), a thymidylate synthase-targeted therapy647. However, it was 

found that increased FAS expression did not sufficiently activate caspase-8. In vivo.
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activated T cells and natural killer cells express FASL, and induce apoptosis in target 

cells expressing FAS. Longley et al. therefore used an agonistic FAS monoclonal 

antibody (CH-11). to mimic the effect of immune effector cells, in combination with 

5-FU and found that the combination was highly synergistic and potently induced 

FAS-mediated cell death . Tillman el al. previously reported that treatment with 5- 

FU and antagonistic anti-FASL antibodies, resulted in reduced cytotoxicity648. In 

this chapter, it was found that when individual death receptors were downregulated 

in the H460 cells, DR5 siRNA had the greatest effect in preventing IR-induced cell 

death, suggesting that DR5 may have a role in mediating IR-induced cell death in 

this model. This effect may be more pronounced in a clinical situation in cancers in 

which immune effector cells expressing TRAIL are present. The effect of FAS 

downregulation on IR-induced cell death was not determined as it was not possible 

to silence its expression to a satisfactory level. Subsequently, it was shown that the 

induction of cell death in irradiated H460 cells was highly dependent on caspase-8 

activation. Therefore, the extrinsic apoptotic pathway is clearly involved in IR- 

induced cell death in this model.

Verbrugge el al. (2007) assessed the transcriptional effects of DNA-damaging 

regimens, such as IR. on the expression of apoptosis regulators by genome wide 

mRNA profiling. J16 cells were analysed at various time points after IR (30Gy), and 
no significant changes in FLIP mRNA levels were detected (<1.7-fold change)646. In 

H460 cells, FLIP mRNA levels were significantly upregulated in response to IR after 

24 hours, but this induction was not maintained at 48 and 72 hours post-IR. In 

contrast, no increases in FLIP mRNA levels were detected after 24 or 48 hours, but a 

slight increase occurred after 72 hours. The increases in FLIP mRNA levels at these 

time points correlates with the induction of apoptosis in each of the cell lines. 

Furthermore, the levels of FLIP protein expression increased in response to IR. In 

H460 cells FLIP(L) and FLIP(S) upregulation (1.5-fold) occurred after 24 hours. In 

contrast, in A549s FLIP(S) was upregulated 2.5-fold after 24 hours and FLIP(L) was 

upregulated 3-fold 72 hours post-IR (5 Gy). FLIP(S) levels were elevated 2.5-fold 

after 72 hours. The differences in FLIP protein expression may reflect the 

differential apoptotic response to IR observed in these cell lines (Chapter 3). 
Although these alterations in FLIP protein expression are interesting, the recruitment 

of FLIP and procaspase-8 to FADD is of paramount importance functionally. Within
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these cell lines, protein expression levels of procaspase-8 are very high when 

compared to FLIP; FLIP(L) protein expression levels are a mere 2-5% of procaspase- 

8 expression’10, however, FLIP is efficiently and preferentially recruited to FADD at 

the DISC. Therefore, protein expression levels reveal very little mechanistically 

with regards to any alterations in the cell-signalling platforms that occur in response 

to IR. We previously estimated the number of FLIP, FADD and procaspase-8 

molecules recruited to the DR5 DISC (stimulated by DR5 agonistic antibody) in 

A549 and H460 cells using quantitative Western blotting. FLIP is expressed ~20 and 

~50 times lower than procaspase-8 and ~20 and ~25 times lower than FADD in 

A549 and H460 cells respectively. These ratios correlate with the relative TRAIL 

sensitivity of the cell lines: in A549s, the more TRAIL-resistant cell line, the ratio of 

FLIP to FADD and FLIP to caspase-8 was the highest, when compared to the 

TRAIL-sensitive H460 cells, which had lower FLIP:FADD and FLIP:caspase-8 

ratios. Additionally, the TRAIL-sensitive H460 cells had higher caspase-8:FADD 

ratios than the A549 cell line268. Thus, A549s, the more TRAIL resistant cell line 

has a higher FLIP/caspase-8 ratio, which correlates with increased radioresistance. 
Therefore, perhaps the variations in DISC stoichiometry could explain the relative 

differences in resistance to IR of these two cell lines. Unfortunately, it was not 

possible to assess recruitment of various proteins to the DISC after IR using this DR5 

DISC immunoprecipitation assay, as DISC formation is artificially stimulated.

An interesting study in J16 cells found that IR improves the capacity of death 

receptors to form a TRAIL-induced DISC. Cells were first treated with IR, then 15 

hours later with TRAIL. The DISC was then stimulated by FLAG-tagged ligand and 

immunoprecipitated with anti-FLAG antibody. A change in the stoichiometry of the 

DISC in irradiated cells was apparent 2 hours after TRAIL treatment; the 

FADD:TRAIL ratio in the DISC was about 4-fold higher in irradiated versus non- 

irradiated cells. The authors suggest that this indicates that irradiation improves the 

capacity of DR5 to recruit FADD on a per receptor basis. Additionally, they 

reported that the DR5 DISC of irradiated cells also contains a larger amount of 

procaspase-8 and -10 from 2hr after TRAIL stimulation and that there were increased 

levels of caspase-8 processing644. Importantly, the IR pre-treatment enhanced 

TRAIL-induced caspase-3 and PARP cleavage. Although this study did not 

determine whether IR induces DISC formation, it provides evidence that IR

219



Role of FLIP in regulating tumour cell response to IR

improves the capacity of DR5 to form the DISC and that IR may sensitize cells to 

activation of the extrinsic apoptotic pathway.

We previously published that downregulation of FLIP protein levels sensitizes 

NSCLCs to DNA-damaging chemotherapy drugs4'14". The results in this chapter 

also confirm that NSCLC cell lines are sensitized to IR following downregulation of 

FLIP protein levels. In long-term cell survival assays, which more accurately reflect 

the contribution of IR to cell survival, FLIP silencing results in reduced clonogenic 

survival. Collectively, these results suggest that targeting FLIP expression may 

enhance cellular response following RT in NSCLC. However, investigation in a 

greater panel of cell lines is required.

To further ascertain whether FLIP can modulate the cellular response to IR, FLIP 

proteins were stably overexpressed. Silencing of a protein that spontaneously results 

in cell death is problematic, as it is difficult to determine if there is any potentiation 

of IR or whether the effects are additive. FLIP overexpressing models demonstrated 

that both FLIP(L) and FLIP(S) confer radioresistance to H460 cells. The FLIP 

overexpressing cells were protected from IR-induced cell death in short and long

term cell death/survival assays. Taken with the previous data, this illustrates that 

FLIP plays an important role in tumour cell response to IR and is a critical protein 

responsible for resistance to IR.

FLIP is a potent inhibitor of caspase-8 activation by interfering with the interaction 

of procaspase-8 with the adaptor protein FADD. Overexpression of mutant FLIP(S), 

which cannot interact with FADD showed that the radioresistance attributed to cells 

is dependent on the ability of FLIP to interact with FADD and inhibit the activation 

of caspase-8. This chapter provides compelling evidence that modulation of FLIP 

protein levels alters cellular response to IR. The FLIP-FADD interaction is critical 

for the increased radioresistance conferred to FLIP overexpressing cells. 

Additionally, when caspase activation is not prevented by FLIP overexpression, in 

the FLIP(S) FADD binding mutant, increased levels of DNA damage are evident 

immediately after IR and persist at higher level after 24 hours, highlighting the 

importance of caspase activity to the induction of DNA damage following IR 

treatment. Thus, FLIP is a critical regulator of cell death in response to IR and
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contributes to radioresistance. The extrinsic apoptotic pathway contributes to IR- 

induced cell death and pre-treatment with IR modulates the pathway, priming cells 

for apoptosis. As described in detail in Section 1.8.5.1, it is likely that NSCLC may 

be particularly sensitive to FLIP-targeted therapies and therefore FLIP is a plausible 

potential target to radiosensitize NSCLC.
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Targeting FLIP to radiosensitize NSCLC cells

5.1 Introduction

Evasion of cell death is a key contributory factor to cancer therapy failure and 

tumour relapse3. FLIP is overexpressed in NSCLC and numerous other cancers and 

is a key mechanism by which tumours evade apoptosis (Chapter 1.8.5). FLIP 

inhibits death receptor-mediated and chemotherapy-induced cell death by binding to 

FADD and preventing caspase-8 activation263 348. In the previous chapter, the role of 

FLIP in mediating tumour cell response to IR was determined: FLIP is a critical 

regulator of cell death in response to IR and its overexpression contributes to the 

radioresistance of NSCLC cell lines (Chapter 4). We previously reported that 

NSCLC cell lines are particularly sensitive to FLIP-targeted therapies, as they 

overexpress procaspase-8 and are dependent on FLIP overexpression for 

survival431'433. However, normal cells to not exhibit this dependency and are not 

sensitive to FLIP downregulation. This suggests that FLIP overexpressing NSCLCs 

may be preferentially susceptible to caspase-8-mediated cell death once the 

inhibitory effects of FLIP are pharmacologically prevented. Thus, targeting FLIP 

may prevent the evasion of apoptosis that contributes to cellular survival following 

treatment. Therefore, targeting FLIP is a clinically relevant strategy that could be 

therapeutically beneficial in a number of cancers or cancer subtypes.

Novel strategies to target FLIP are urgently required. Conventional drug discovery 

programmes design small molecule inhibitors to target the enzymatic activity of the 

target protein. However, FLIP does not have an active site and has high structural 

homology with procaspase-8; therefore inhibitors cannot be designed using 

traditional strategies (Chapter 1.8.6). Within our group we are in the early stages of 

developing inhibitors, which will specifically prevent FLIP'S interaction with FADD, 

without interfering with procaspase-8/FADD binding. Preliminary data using these 

novel inhibitors in combination with IR will be discussed in Chapter 7.

HDIs are a novel class of anti-cancer agents that prevent the deacetylation of 

histones and many other non-histone proteins, such as transcription factors and 

regulators, signal transduction mediators, DNA repair enzymes, nuclear import 

regulators, chaperone proteins, structural proteins and inflammatory mediators.
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Thus, HDAC substrates are involved in numerous important cellular pathways 

including control of gene expression, regulation of cell death, proliferation, 

differentiation and migration (Chapter 1.10.6). Our group and others, have 

previously shown that HDIs can modulate FLIP protein expression575 651652. 

Specifically, HDIs that target HDACs 1, 2 and/or 3 result in FLIP protein 

downregulation in NSCLC models4”. We previously reported that the mechanism of 

HDI-induced FLIP downregulation in colorectal cancer models is dependent on a 

novel FL1P/Ku70 protein interaction. Ku70 maintains FLIP protein stability, and 

HDI treatment results in K.u70 hyperacetylation, preventing its interaction with FLIP 

and ultimately resulting in FLIP ubiquitination and degradation by the proteasome . 

Therefore, in this chapter, HDIs were used to downregulate FLIP protein expression 

to assess the effect this has on the radiosensitivity of NSCLC cell lines. HDIs target 

multiple signalling pathways within cancer cells, therefore FLIP-overexpressing 

models and caspase-8 silencing were employed to assess the contribution of FLIP 

downregulation to the anti-cancer effects of HDIs.

Hypothesis: HDAC inhibitors downregulate FLIP protein levels and can 

radiosensitize NSCLC cell lines to IR

Aims:

• Determine dose and time required for the HDAC inhibitor vorinostat to 

downregulate FLIP proteins.

• Assess the effect of vorinostaton caspase activation and cell death.

• Determine if radiosensitization is dependent on schedule of drug/IR delivery.

• Evaluate the effect of vorinostat and radiation combination treatment on 

clonogenic survival with various schedules of treatment.

• Assess the contribution of the mechanism of FLIP-downregulation on the 

effect of vorinostat/IR treatment on cell death and clonogenic survival in 

FLIP overexpressing models.

• Determine the role of FLIP-FADD interaction in cells treated with 

vorinostat/IR.

• Detennine whether vorinostat/IR mediated cell death is caspase-8 dependent.

• Assess the effect of vorinostat/IR combination treatment in a normal lung 

fibroblast cell line.
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5.2 The pan HDAC inhibitor vorinostat downregulates FLIP proteins and 

induces the activation of caspases and PARP cleavage in NSCLC cell lines

Numerous studies have previously shown that HDIs can modulate FLIP protein 

expression (Chapter 1.10.8). Following treatment with increasing doses of 

vorinostat (SAHA). FLIP protein expression was found to decrease in a dose- 

dependent manner (Figure 5.1). Downregulation was apparent 6 hours after 

treatment, and with time the FLIP protein downregulation was further enhanced. 

After 24 hours, 5 pM SAHA resulted in complete downregulation of both FLIP 

isoforms, in both A549s and H460s. After 6 hours of SAHA treatment, caspase- 

activity or PARP cleavage had not occurred. However, after 24 hours in cells treated 

with >5 pM, FLIP downregulation correlated with caspase activation and PARP 

cleavage, which indicates the induction of apoptosis. These results demonstrate that 

SAHA treatment downregulates FLIP(L) and FLIP(S) protein expression and results 

in the activation of the extrinsic apoptotic pathway in the NSCLC cell lines used in 
this study.
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Figure 5.7: The pan HDAC inhibitor vorinostat downregulates FLIP proteins and 

induces cel! death

A549 and H460 cells were treated with the indicated doses of vorinostat (SAHA) and 

incubated for 6 and 24 hours. Proteins were collected and resolved by SDS-PAGE 

(10%) and immunoblots were probed with a panel of antibodies.
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5.3 IR enhances vorinostat-induced activation of caspases and PARP cleavage

H460 cells were pre-treated with 1 pM SAHA and irradiated with increasing doses of 

IR. Figure 5.2(a) shows Western blot analysis of FLIP and PARP protein 

expression 48 hours post-IR. IR alone resulted in negligible increases in PARP 

cleavage. In cells treated with SAHA, both splice forms of FLIP were 

downregulated and further decreased with increasing doses of IR. Additionally 

vorinostat treatment alone resulted in PARP cleavage. However, when vorinostat 

was combined with IR, PARP cleavage increased. Caspase activation was also 

assessed by luminescent caspase activity assays (Figures 5.2(a) and 5.2(b)). 
vorinostat treatment alone resulted in the activation of initiator caspase-8 and the 

executioner caspase-3 and caspase-7. As previously described in Chapter 3, IR 

alone did not significantly induce the activation of caspases. However, when cells 

were co-treated with vorinostat and IR. the levels of vorinostat-induced executioner 

caspase activation were consistently enhanced. This indicates that IR may potentiate 

vorinostat-induced caspase activation.
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Figure 5.2: IR enhances vorinostat-induced caspase activation and levels of cell 

death

H460 cells were treated with l pM vorinostat for 6 hours and irradiated with the 

indicated dose of IR. Following 48 hours, (a) proteins were collected and resolved 

by SDS-PAGE (10%) and immunoblotted for FLIP and PARP. Relative densities 

are shown in table (b) and (c) caspase activity assays were performed on protein 

lysates (n=3).
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5.4 The pan HD AC inhibitor vorinostat enhances IR-induced cel! death

To further assess the effect of vorinostat on IR-induced cell death, H460 cells were 

pre-treated for 6 hours with various doses of vorinostat and then treated with IR. The 

sub-Gl apoptotic population was determined 72 hours post-lR (Figure 5.3). As 

expected. IR alone induced relatively small increases in cell death at this time-point: 

even at the highest dose of 5 Gy, less than 10% of cells were apoptotic in this 

experiment.

Low doses of vorinostat (0.25 pM and 0.5 pM) resulted in significant enhancement 

of cell death in combination with 5 Gy. but these effects were modest. However, in 

cells pre-treated with 1 pM and 2 pM vorinostat (clinically relevant doses that 

downregulate FLIP protein), the levels of IR-induced cell death were markedly 

enhanced, particularly after 2 and 5 Gy. Thus, the induction of cell death following 

the combination treatment increased with increasing doses of both vorinostat and IR.
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Figure 5.3: Vorinostat enhances IR-induced cel! death in H460 cells

H460 cells were pre-treated with the indicated dose of vorinostat and irradiated with 

specified dose of IR according to the schedule indicated. DNA content of the cells 

was determined by flow cytometry, and the sub-Gl population (DNA content <2N) 

was determined as a measurement of apoptosis. An unpaired Student's t-test 

compared the levels of cell death after SAHA and IR treatment to the matched IR- 

treated cells (n=3).
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5.5 Vorinostat treatment post-IR results in greater levels of cell death than pre- 

IR treatment in H460 cells

To assess whether the schedule of vorinostat and IR treatment can affect the levels of 

apoptosis induced, two treatment schedules were investigated. For the clinical 

translation of combination treatments it is critical to determine the most efficacious 

order of treatment delivery and whether any syngeristic effect is time-depenent. 

Cells were treated with vorinostat either 24 hours before or after IR. and then 

incubated for a further 24 hours after the final treatment. Live cells were stained 

with Annexin V/PI to quantify the levels of apoptosis and necrosis by flow 

cytometry (Figure 5.4). Vorinostat treatment alone for 24 hours (upper panel) or 48 

hours (lower panel) induced modest levels of apoptosis. Similarly, low levels 

apoptosis were observed in response to IR alone. Notably, the two different 

schedules of combined treatment yielded different outcomes at the lower dose of 

vorinostat. The IR/vorinostat schedule (upper panel) was most effective: 1 pM 

vorinostat treatment post-IR increased cell death levels by -10%, from 7 to —17% 

when co-treated with 5 Gy. However, the higher dose of vorinostat 5 pM did not 

further enhance IR-induced cell death after 24 hours. In contrast, vorinostat 

treatment post-IR did not increase the levels of apoptosis beyond that induced by 

vorinostat alone. Thus, vorinostat treatment post-IR appears to be the most superior 

schedule, when the interval between treatments is 24 hours. However, it is expected 

that the effects of IR at 24hrs would be modest, and considering in the IR/vorinsotat 

schedule the cells were exposed to radiation for 48hr this could account for the 

difference in cell death levels. Therefore, longer incubation time post-IR or a longer- 

term cell survival assay is a better tool to assess differences in efficacy of alternative 

schedules of treatment involving IR.
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Figure 5.4: Post-IR treatment with vorinostat results in increased levels of 

apoptosis compared to pre-treatment in H460 cells.

Cells were treated with IR and SAHA for the indicated times and schedules. Live 

cells and media were collected and stained with FITC-Annexin V and PI and 

immediately analyzed by flow cytometry to determine Annexin V and PI positive 

populations (n=2).
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5.6 Vorinostat treatment administered 48 hours post-IR enhances IR-induced 

cell death of H460 cells

Another schedule of vorinostat/IR treatment was investigated and the results are 

presented in Figure 5.5. When vorinostat treatment was delayed to 48hrs post-IR a 

dose-dependent increase in the proportion of apoptotic cells was observed; co

treatment with 2 Gy and 5 Gy resulted in -25% and 38% of cell death respectively. 

Therefore, vorinostat treatment administered 48hrs post-IR significantly enhanced 

levels of cell death and vorinostat can therefore still modulate the effects of IR when 

treatment is delayed.
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Figure 5.5: Vorinostat treatment 48 hours post-IR significantly enhances IR- 

induced apoptosis in H460 cells

H460 cells were then treated with 2.5 (.iM vorinostat 48hrs post-IR. Live cells and 

media were collected and stained with FITC-Annexin V and PI and immediately 

analysed by flow cytometry to determine positive apoptotic populations. An unpaired 

Student's t-test compared the levels of cell death in cells treated with SAHA or 

vehicle (n=3).
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5.7 Pre-treatment with vorinostat prior to IR results in greater levels of 

apoptosis than post-IR treatment in A 549 cells

The induction of cell death following treatment with alternative schedules of 

vorinostat/IR was also assessed in A549 cells (Figure 5.6). The upper panel shows 

the effect of vorinostat pre-treatment 24 hours prior to IR. When the A549 cells 

were treated with vorinostat 24 hours before IR, significantly increased levels of 

apoptosis was observed in response to 5 Gy and 5 pM vorinostat. which resulted in 

55% cell death. The reverse schedule was less effective in A549 cells: the maximum 

level of cell death resulting from the highest dose of treatments (5 Gy and 5 pM) was 

<40% and the effects of vorinostat and IR were not significantly different from the 

effects of IR alone. However, at lower doses of IR levels of cell death were 

significantly increased with vorinostat treatment, however, similar doses delivered in 

vorinostat pre-treatment schedule yielded -10% more cell death. Thus, in contrast to 

H460 cells, vorinostat pre-treatment was the most effective schedule of co-treatment 

that induces the greatest levels of cell death by potentiating the effects of IR.
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Figure 5.6(a): Pre-treatment with vorinostat prior to IR results in greater levels of 

apoptosis than post-IR treatment in A 549 cells

A549 cells were treated according to schedule indicated: (a) SAHA pre-IR and (b) 

SAHA post-IR. Live cells and media were collected and stained with FITC-Annexin 

V and PI and immediately analyzed by flow cytometry to determine positive 

apoptotic populations. An unpaired Student's t-test compared the levels of cell death.
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A549

IR SAHA

(b)

Figure 5.6(b): Vorinostat treatment post-IR is less effective than pre-treatment 

treatment in A549 cells

A549 cells were treated according to schedule indicated: (a) SAHA pre-IR and (b) 

SAHA post-IR. Live cells and media were collected and stained with FITC-Annexin 

V and PI and immediately analyzed by flow cytometry to determine positive 

apoptotic populations. An unpaired Student's t-test compared the levels of cell death.
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5.8 Vorinostat reduces the elonogenic survival of NSCLC cell Hues

To determine the longer-term effects of vorinostat treatment, a elonogenic survival 

assay was utilised. Cells were seeded at low density and incubated for 6 hours to 

permit adherence to the culture dish. The cells were then treated with various doses 

of vorinostat (Figure 5.7). Following treatment, the cells were incubated for 7 days 

until distinct colonies were clearly visible in the control wells. Cells were 

supplemented with additional media 4 days after treatment; the media containing the 

drug was not removed.

Vorinostat treatment resulted in a reduction in elonogenic survival at concentrations 

>1 pM in both cell lines. The colonies that formed after vorinostat treatment were 

much smaller in size than the control colonies, indicating that the drug slows the rate 

of cell proliferation.
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Figure 5.7: Vorinostat reduces the clonogenic survival of NSCLC cell Hues

Clonogenic survival of A549 and H460 cells following vorinostat treatment was 

assessed. Cells were seeded at various densities and treated with the indicated 

concentrations of vorinostat and incubated for 7 days. The image shows selected 

representative images when 1000 cells/well were seeded.
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5.9 Vorinostat reduces clonogenic survival of NSCLC cells after IR

To assess the longer-term effects of vorinostat and IR co-treatments colony 

formation was assessed. Cells were pre-treated with vorinostat 6 hours prior to IR 

and surviving fraction was determined. In H460 cells, a dose-dependent decrease in 

the surviving fraction was observed with increasing doses of vorinostat and IR 

(Figure 5.8.1). Cells treated with 500 nM vorinostat and 0.5 Gy had a -50% 

reduction in survival (SF=0.5). When the dose of IR was increased to 1 Gy in 

combination with 500 nM vorinostat, the surviving fraction decreased further 

(SF=0.2). Thus, vorinostat evidently sensitized the H460 cells to IR. The 

combination treatment was also assessed in A549 cells (Figure 5.8.2), The upper 

panel shows the effects of both treatments, there is a dose-dependent decrease in 

surviving fraction. When the data is normalized to take into account the effect of 

vorinostat (lower panel), it is apparent that vorinostat only potentiates the effects of 

IR at the higher dose of 2 Gy. Considering that 500 nM and 1 Gy co-treatment 

reduced the survival fraction 90% (SF=0.9), the A549s are incontrovertibly more 

resistant to the effects of the combination treatment than the H460s. When the dose 

was escalated to 2 Gy the co-treatment reduced the surviving fraction to -0.5; which 

is again, inferior to the effect observed in H460 cells.
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Figure 5.8.1: Vorinostat reduces the clonogenic survival of irradiated H460 celts

(a) The images show representative examples of colony formation when 1000 

cells/well were seeded.

(b) Normalized surviving fractions of H460 cells treated with 250 nM or 500 nM 

vorinostat and indicated doses of IR with two-way ANOVA statistical analysis.
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Figure 5.8.2: Vorinostat reduces the clonogenic survival of irradiated A549 cells

(a) Surviving fraction of A549 cells treated with indicated doses of vorinostat and 

IR.

(b) Normalized surviving fraction of A549 cells co-treated with vorinostat and IR. 

Two-way ANOVA statistical analysis was performed.
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5.10 Various schedules of IR and vorinostat treatment were similarly effective 

in reducing the surviving fraction of H460 and A549 cells

Considering that vorinostat treatment post-IR resulted in the highest levels of 

apoptosis in H460s, when measured by short-term cell death assays, the effect of 

different treatment schedules on the clonogenic survival was assessed. IR affects the 

replicative potential of cells in addition to inducing apoptosis and therefore 

clonogenic assays provide a more realistic snapshot of the long-term effects of 

radiation modulating drugs. H460 cells were treated with vorinostat 24 hours before, 

after or concomitantly with IR and incubated for 14 days to assess colony formation. 

The media was not removed after treatment; the cells were supplemented with fresh 

culture media when necessary.

Figure 5.9.1 shows the surviving fractions that resulted from the three different 

schedules of treatments in H460s. IR alone had very little effect on surviving 

fraction in each of the schedules: SF(0.5)=0.81, 0.79 and 0.83 after 0.5 Gy and 

SF(1)= 0.70, 0.72, and 0.69. In cells treated with vorinostat alone the reductions in 

SF were significant, 250 nM reduced the SF to ~0.6 with all treatment schedules. 

Treatment with 500 nM vorinostat further decreased the SF to -0.3. Each schedule 

resulted in a dose-dependent decrease in colony formation with increasing dose of IR 

and vorinostat. Treatment with 250 or 500 nM of vorinostat resulted in significant 

sensitization to IR. At the highest doses tested. 1 Gy and 500 nM vorinostat, the 

surviving fractions were SF= 2.2x10'“ (concomitant treatment), SF=lxl0' (pre-IR 

treatment) and SF=8.2x10'’(post-IR treatment). Thus, the reduction in clonogenic 

survival following the combination treatment was most effective when vorinostat 

was given after IR, which is in agreement with the results from the short-term death 

assays; however all treatment schedules were supra-additive, the interaction of the 

treatments was determined by two-way ANOVA to be extremely significant, 

regardless of the delivery schedule.

The A549 cells were more resistant to the effects of IR than the F1460 cells and 

therefore a higher range of IR doses were investigated in combination with vorinostat 

(Figure 5.9.2). The surviving fractions after 2 Gy or 5 Gy were -0.6 and 0.2. Thus,
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IR alone had very little effect until the dose was escalated to 5 Gy. In cells treated 

with vorinostat alone, the SFs after 250 nM and 500 nM were ~0.9 and 0.7 

respectively. Thus, A549 cells are fairly resistant to the effects of vorinostat when 

compared to H460 cells (SF=0.6 and 0.3). Vorinostat did not enhance the effects of 

IR at lower doses of irradiation, however when the dose was escalated to 8 Gy an 

enhancement of IR-induced inhibition of colony formation was detected. The 

surviving fractions that resulted from the highest doses investigated, 8 Gy and 500 

nM of vorinostat delivered concomitantly, post-IR or pre-IR, were 3xl0‘ , 2x10' and 

4.3x1 O'2 respectively. Conversely, the vorinostat pre-treatment was the least 

effective schedule, even though it was the most effective at inducing cell death in 

short-term apoptotic assays. It was found that in cells treated with vorinostat post-IR 

or pre-IR, there was an IR-dose-dependent decrease in the surviving fraction. These 

results demonstrate that vorinostat treatment both post-IR and pre-IR can potentiate 

the effects of IR. however, post-IR treatment had the greatest effect on clonogenic 

survival. In contrast, when the cells were co-treated concomitantly, the surviving 

fraction did not decrease with increasing dose of vorinostat and there was no 

significant interaction between the treatments. Therefore, in both A549 and H460 

cells, vorinostat treatment post-IR had the greatest impact on the surviving fraction. 

However, the different schedules of IR and vorinostat were similarly effective in 

reducing the clonogic survival of A549 and H460 cells.
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Figure 5.9.1: Surviving fraction of H460 cells when treated with vorinostat and IR 

in different temporal delivery schedules

The effectiveness of various temporal schedules of drug delivery and IR treatment 

was assessed by clonogenic survival assay. H460 cells were seeded at various 

densities and treated with vorinostat and IR according to the schedule indicated. The 

resulting survival fractions were analyzed by two-way ANOVA to determine if there 

is an interaction between the two treatments (n=3).
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Figure 5.9.2:Surviving fraction of A549 cells when treated with vorinostat and IR 

in different temporal delivery schedules

The effectiveness of various temporal schedules of drug delivery and IR treatment 

was assessed by clonogenic survival assay. A549 cells were seeded at various 

densities and treated with vorinostat and IR according to the schedule indicated. The 

resulting survival fractions were analyzed by two-way ANOVA to determine if there 

is an interaction between the two treatments (n=3).
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5.11 FLIP overexpression prevents vorinostat and IR-indueed cell death

To assess the role of FLIP in regulating the response to vorinostat and IR co

treatment, the effect was assessed in FLIP overexpressing cell line models. FLIP 

levels were determined by immunoblotting cell lysates collected 48 hours after 0, 5 

or 8 Gy of IR and treated with DMSO or 2 pM vorinostat (Figure 5.10.1(a)). 
Importantly, exogenous FLIP expression was unaffected by either vorinostat or IR in 

this treatment schedule. The overexpression of FLIP(L) was at a lower level than the 

level of FLIP(S) overexpression, but the expression of FLIP(S) WT and FLIP(S) 

FI 14A MT were similar.

The overexpression of FLIP(S) in H460 cells decreased the levels of vorinostat- 

induced apoptosis (Figure 5.10.1(b)). Similarly, FLIP(L) overexpression protected 

cells but to a lesser extent that FL1P(S). Importantly, FLIP(S) and FLIP(L) 

overexpression also protected H460 cells from apoptosis resulting from the 

combination treatment of vorinostat and IR, with the greatest protection observed in 

FLIP(S) overexpressing cells. The different sensitivities of the FLIP(L) and FLIP(S) 

overexpressing cells may be explained by the differences in the levels of FLIP 

overexpression in these experiments (Figure 5.10.1(a)).

To more fully gauge the effects of IR, a long-term clonogenic survival assay was 

employed. Cells were treated with 100. 250 or 500 nM vorinostat and then irradiated 

with 2 Gy 24 hours later (Figure 5.10.2). There was a dose-dependent decrease in 

colony formation with increasing dose of vorinostat, which was further enhanced by 

IR. FLIP(S) overexpression significantly protected the cells from the effects of 

vorinostat, however FLIP(L) did not. In cells that were treated with 2 Gy of IR 

alone, both FLIP(L) and FLIP(S) overexpression significantly protected the cells, 

consistent with the results presented in Chapter 4. Furthermore, when cells were 

co-treated with vorinostat and 2 Gy of IR. both FLIP(L) and FLIP(S) overexpression 

significantly protected the cells compared to the EV cells.

Collectively, these results show that FLIP overexpression protects cells from 

vorinostat-, IR- and vorinostat/IR-induced cell death.
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Figure 5.10.1: FLIP(S) overexpressing cells have increased resistance to cell death 

induced by vorinostat/IR combination treatment

(a) Western blot from cell lysates of FLIP overexpressing H460 cells. EV; empty 

vector. FL; FLIP(L) WT overexpressing. FS and FL1P(S) WT overexpressing. (FA; 

FLIP(S) F114A MT overexpressing see Figure 5.11.1). The relative densities 

calculated from raw peak volume are stated below relevant bands.

(b) H460 cells stably overexpressing FL1P(S) WT. FLIP(L) WT or EV were pre

treated 2 pM vorinostat and indicated dose of IR 24 hours later. Cells were 

incubated for 72 hours post IR and assessed by How cytometry, and the sub-Gl 

population (DNA content <2N) was determined as a measurement of apoptosis. An 

unpaired Student's t-test compared the levels of cell death.
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Figure 5.10.2: FLIP overexpression increases clonogenic survival of H460 cells 

treated with vorinostat/IR combination treatment

H460 cells were seeded at various densities and treated with indicated concentrations 

of vorinostat 24 hours prior to IR. Cells were incubated for 14 days until colonies 

formed on control plates. A colony is defined as a group of >50 cells. The figure 

shows representative image of colonies when 1000 cells/well were seeded. An 

unpaired Student's t test was performed (n=3).
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5.12 FLIP-mediated resistance to vorinostat and IR is dependent on FLIP’S 

ability to interact with FADD

In the previous chapter, evidence was provided showing that the radioprotection 

conferred by FLIP(S) overexpression is dependent on the ability of FLIP(S) to 

interact with FADD. Subsequently, Figure 5.11.1 assesses whether the FLIP(S) 

overexpression-mediated protection from the combined treatment of vorinostat and 

IR is also FADD-dependent. H460 cells were treated with 1 pM vorinostat and 

irradiated 24 hours later. The sub-Gl apoptotic population was then quantified 72 

hours post-IR in FL1P(S) WT. FLIP(S) FI 14A mutant and EV H460 cells. Notably, 

the FLIP(S) FI 14A mutant cells responded in a similar manner to treatment as the 

EV cells; whereas FLIP(S) WT overexpressing cells were protected from vorinostat- 

/IR-induced cell death. This indicates that the effects of vorinostat/IR are FADD- 

dependent and that the FLIP-FADD interaction is crucial for the FLIP-mediated 

radioprotection of vorinostat-treated FLIP overexpressing cells. Importantly, the 

FLIP-FADD interaction was also proved to be required for the increased clonogenic 

survival of FLIP overexpressing cells when treatment with vorinostat/IR (Figure 
5.11.2). Thus, when the FLIP-FADD interaction is prevented, by mutating FI 14, 

FLIP(S) overexpression cannot protect cells from the combined effects of vorinostat 

and IR.
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Figure 5.11.1: Resistance to vorinostat/IR conferred by FLIP(S) overexpression is 

dependent on FLIP'S ability to interact with FADD

FLIP stably overexpressing EV. FLIP(S) WT. FLIP(S) F114A mutant H460 cells 

were pre-treated with 1 pM vorinostat and irradiated at the indicated dose of IR 24 

hours later. Cells were incubated for 72 hours and then assessment by flow 

cytometry IR and were then assessed by flow cytometry, and the sub-Gl population 

(DNA content <2N) was determined as a measurement of apoptosis. An unpaired 

Student’s t-test compared the levels of cell death (n=3). The FLIP protein expression 

levels of the FLIP(S) overexpressing cell lines are reported in Figure 5.10.1(a).

251



Targeting FLIP to radiosensitize NSCLC cells
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Figure 5.11.2: Prevention of FLIP'S ability to bind to FADD abrogates the 

clonogenic survival advantage conferred by FLIP(S) overexpression in cells co

treated with vorinostat and IR

H460 cells were seeded in 6 well plates at various densities and treated with various 

concentrations of vorinostat and then 2 Gy IR 24 hours later. Cells were incubated 

for 14 days until colonies formed on control plates. A colony is defined as a group 

of >50 cells. The figure shows representative image of colonies when 1000 

cells/well were seeded and the resulting survival fractions (n=3).
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5.13 Vorinostat and IR-induced cell death are partially caspase-dependent in 

H460 cells

To further determine the contribution of the extrinsic apoptotic pathway to 

vorinostat/IR-induced cell death, procaspase-8 was downregulated by targeted 

siRNA in H460 cells (Figure 5.12). Caspase-8 silenced cells were then treated with 

2.5 pM vorinostat. and 24 hours later irradiated with the indicated doses. Efficient 

procaspase-8 downregulation was confirmed by immunoblotting. The sub-Gl 

apoptotic population was quantified 48 hours post-IR. Procaspase-8 silencing 

abrogated apoptosis induced by vorinostat alone, consistent with previous studies 

from our group . IR-induced apoptosis was also significantly reduced in the 

absence of procaspase-8. Most notably, the enhanced apoptosis resulting from 

combined vorinostat/IR treatment was significantly attenuated in procaspase-8 

silenced cells.

These results suggest that caspase-8 activity is required and mediates the effects of 

vorinostat-ZlR-treatment. Providing further evidence that increased caspase activity 

resulting from loss of FTIP protein expression may improve the efficacy of 

vorinostat and IR treatment both individually and combined.
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Figure 5.12: Vorinostat and IR-induced cell death are partially caspase-dependent

H460 cells were transfected using Oligofectamine1 M with 20 nM scramble control 

(SC) or caspase-8 targeted siRNA and treated as indicated. Western blotting 

confirmed caspase-8 downregulation. DNA content of the cells was determined by 

flow cytometry, and the sub-Gl population (DNA content <2N) was determined as a 

measurement of apoptosis. An unpaired Student's t-test compared the levels of cell 

death after SAHA and IR treatment to the matched IR-treated cells (n=3).
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5.14 Vorinostat and/or IR treatment does not result in apoptosis of normal 

lung fibroblasts

To determine the effect of the combination treatment on non-tumour cells, the levels 

of cell death were determined in an immortalized normal lung fibroblast cell line 

(34Lu) and compared to H460 cells treated and analysed at the same time. The cell 

lines were pre-treated with 0, 1 or 2 pM of vorinostat for 24 hours and then irradiated 

with 0, 5 or 8 Gy of IR (Figure 5.13). The sub-Gl apoptotic population was 

determined 72 hours post-IR. The H460 cell line responded to the combination as 

expected based on previous results; in contrast the 34LU cell line did not show any 

dose-dependent increase in apoptosis following any of the treatments individually or 

combined.
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Figure 5.13: Vorinostat and IR do not interact to enhance IR-induced cel! death in 

a normal lung fibroblast cell line model

34Lu or H460 cells were then treated as indicated. 72 hours post-lR the DNA content 

of the cells was determined by flow cytometry, and the sub-Gl population (DNA 

content <2N) was determined as a measurement of apoptosis (n=3).
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5.15 Discussion

The radioresistance of tumours results in treatment failure and disease recurrence and 

is a major reason for the dismal survival rates of NSCLC patients. Strategies to 

radiosensitize tumours and improve tumour control are therefore necessary to 

advance NSCLC treatment and increase survival rates. In the previous chapter, 

results were provided highlighting the importance of the pro-survival protein FLIP in 

mediating tumour cell response to 1R. High levels of FLIP expression may be a 

major reason for radioresistance in NSCLC; therefore, co-treatment with drugs that 

downregulate FLIP expression may potentially combat radioresistance.

Within this chapter the radiosensitization properties of HDIs that downregulate FLIP 

protein expression were assessed. Vorinostat was found to downregulate FLIP 

protein levels and sensitize NSCLC cells to IR. Although small differences in cell 

death and clonogenic survival were found with differing schedules of treatment, 

overall the combination treatment was similarly effective with each schedule 

investigated. Importantly, the abililty of vorinostat to radiosensitize cells to IR was 
highly dependent on FLIP and the activation extrinsic apoptotic pathway.

Many studies on the radiosensitization properties of HDIs have focused on pre

treatment prior to irradiation based on the rationale that the drugs alter gene 

expression epigenetically and exert their effects on the cells when IR is delivered. 

However, there are also several studies which show that HDI treatment up to 24 

hours after IR can also enhance radiosensitivity and that maximal radiosensitization 

occurs when the HDI is administered both prior to and following IR653'659. This 

indicates that other mechanisms apart from the modulation of gene expression are 

affecting the cells response to IR. Higher order chromatin packaging is a barrier to 

the detection and repair of DNA damage and chromatin remodelling is initiated by 

the DDR660'661. FIDIs can also affect chromatin organization and this may explain 

why post-IR treatment is effective, as HDIs can alter post-IR repair processes. HDIs 

have multiple effects on various signalling pathways in cancer cells and therefore 

changes in gene expression or chromatin remodelling could explain the 

radiosensitization conferred by pre or post-IR HDI treatment respectively. Komatsu
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el at. (2006) reported that vorinostat suppresses the growth of NSCLC cell lines and 

induces a significant G1 growth arrest, with cells accumulating in G1 and G2 

phases662. Cell cycle arrest undoubtedly contributes to the effectiveness of HDIs but 

other mechanisms are obviously important for vorinostat-induced radiosensitization, 

as similar levels of sensitization were observed after post-IR and pre-IR treatment. If 

HDI-induced radiosensitization were cell cycle dependent one would expect a more 

profound difference when reversing the HDI temporal delivery schedule.

The pan-HDI vorinostat was found to downregulate FLIP protein levels consistent 

with our previous studies and those of others. Moreover, IR was found to enhance 

vorinostat-induced activation of initiator and executioner caspases and ultimately 

levels of cell death. The combination treatment of vorinostat and IR was also found 

to decrease the clonogenic survival of both NSCLC cell lines. In H460 cells 

vorinostat treatment 24hr post-IR resulted in greater levels of cell death than 24hr 

pre-treatment. Also, it was found that vorinostat treatment could still potentiate the 

effects of IR, when vorinostat treatment was postponed to 48hr post-IR. Conversely, 
in the A549 cell line, pre-treatment with vorinostat proved superior to post-IR 

treatment in short-term cell death assays. These results reflect the relative 

sensitivities of the two cells lines to differing schedules of FLIP silencing and IR 

explored in Chapter 4, indicating that FLIP downregulation may be an important 

mechanism by which HDI induce apoptosis in response to IR and radiosensitize 

NSCLC cell lines.

In H460 and A549 cells, each schedule of co-treatment reduced clonogenic survival. 

However, vorinostat treatment post-IR has the greatest impact of the surviving 

fraction of cells. Although, a significant treatment interaction was detected with 

each of the schedules examined in H460s. and in pre-IR and post-IR treatments in 

A549 cells. H460 cells were more resistant to IR when FLIP was overexpressed, and 

their response to IR was not improved by vorinostat treatment. This implies that the 

overexpression of FLIP prevents vorinostat from modulating the cellular response to 

IR and consequently attenuates the effect of vorinostat on IR-induced cell death. 

Importantly, this suggests that FLIP downregulation is an important mechanism of 

action for the radiosensitization property of vorinostat.
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It was also found that downregulation of procaspase-8 could attenuate IR-induced 

cell death. Collectively, these results indicate that the mechanism of cell death 

resulting from vorinostat and IR co-treatment is highly FLIP and procaspase-8 

dependent. Furthermore, the FLIP/FADD interaction was shown to be critical to 

FLIP-mediated protection from vorinostat-/IR-induced cell death. Similarly, the 

increased clonogenic survival of FLIP(S) overexpressing cells in response to the co

treatment was also dependent on the FLIP/FADD interaction. Overall, these results 

add to the body of evidence provided that demonstrates that FIDI-mediated FLIP 

downregulation enhances IR-induced caspase activation and cell death.

The main concern with combination treatments is the possibility of increasing the 

associated unfavourable side effects in patients. Therefore, extensive preclinical 

basic research is required to optimize the appropriate dosing and scheduling for their 

usage. When normal lung fibroblasts were treated with IR and vorinostat there was 

no significant increase in the levels of cell death after 3 days. This suggests, at least 

in the short term, that these two treatments are not interacting in a way that would 

increase unwanted effects on normal cells. However, as many of the effects of 

radiation are late and require tumour-associated cells, in vivo studies are required to 

further determine the safety of the combination treatments on normal cells.

The HDIs used in this study have been shown to be safe as single agents and in 

combination with radiotherapy in clinical trials (Table 5). To confirm FLIP as a key 

target in NSCLC to sensitize to radiotherapy, validation is required in vivo and in 

clinical trials to ascertain whether FLIP overexpression correlates with 

radioresistance in patient tumours and to determine whether HDI-induced FLIP 

downregulation correlates with improved therapeutic outcome. The optimal 

schedules in which different treatment modalities should be given also need to be 

determined: for instance, whether the HDI should be given before or after radiation. 

In vitro data in this chapter suggests that post-IR HDI treatment is most efficacious. 

Another concern to be addressed concerns possible side effects from the co-treatment 

of HDI and radiotherapy, as this may give rise to complications that do not occur 

with either treatment alone, which cannot be foreseen in vitro using transformed 

normal cell lines as they behave differently than non-tumour cells in vivo66''.
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Overall, targeting FLIP protein expression using HDIs successfully radiosensitizes 

NSCLC cell lines in vitro and therefore this is a potential therapeutic strategy to 

improve the efficacy of radiotherapy and overcome resistance.
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Chapter 6: Exploration of FLIP 

subcellular localization and interplay 

with the DNA damage response
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6.1 Introduction

FLIP proteins have an established role as regulators of caspase-8 activation and pro

survival signalling. Recent studies have shown that FLIP proteins are located within 

the nucleus as well as in the cytoplasm. Katayama et al. reported that FLIP(L) has 

nuclear localisation signal (NLS) and nuclear export signal (NES) sequences at the 

C-terminus which enables FLIP(L) to shuttle between the nucleus and the cytoplasm, 

one identified role of FLIP(L) nucleocytoplasmic shuttling is to modulate Wnt 

signalling664'66'^. Additionally. Zhang et al. found that following apoptotic stimuli. 

FLIP(L) is exported to the cytoplasmic membrane; in contrast, mitogenic stimuli 

result in rapid translocation of FLIP(L) to the nucleus. Nuclear FLIP(L) can activate 

AP-1 transcriptional activity and survival pathways, independently of MAPK 

activation666. Importantly, we previously reported that FLIP and procaspase-8 were 

localized in the cytoplasmic and nuclear compartments, in both normal and NSCLC 
tumour samples433.

Various studies have also reported the nuclear localization of FADD, which contains 

a functional nuclear localization signal667’67'. Fdger et al. found that during apoptotic 

signalling. FADD functions within the cytoplasm; however, in resting lymphoma 

cells, FADD is predominantly resident in the nucleus671. The authors postulated that 

the subcellular compartmentalization of FADD is a novel regulatory mechanism in 

death receptor signalling. Considering that FADD modulates both apoptosis and cell 

cycle progression, it is possible that its differential subcellular location is important 

for its disparate cellular processes66^. Similarly, another adaptor protein, TRADD, 

can also reside in the nuclear compartment. It has been reported that nuclear 

TRADD can regulate cell death independently of FADD and caspase-8, via 

mechanisms involving caspase-9 activation and caspase-independent serine protease- 

induced cell death672'673. Stagni et al. (2010) found that ATM activation following 

DNA damage downregulates both FLIP(L) and FLIP(S) and sensitizes cells to 

TRAIL-induced apoptosis, thereby mediating an interplay between DDR and death 

receptor signalling674 675.
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Our group previously discovered a novel protein interaction between FLIP and 

Ku70, a NHEJ protein involved in DNA DSB repair51. A yeast-2-hybrid screen 

performed in our lab also indicated that FLIP may potentially interact with MDCl, a 

protein that co-localizes with yH2AX during the DDR. to promote recruitment of 

DNA repair proteins to sites of DNA damage or DSBs. Additionally, MDCl 

mediates the activation of DNA damage-induced cell cycle arrest checkpoints101. 

Considering FLIP(L)'s expression in the nucleus and potential interactions with 

DDR proteins, the effect of DNA damage on FLIP protein localization was 

investigated in this chapter. Additionally, the effect of FLIP protein expression on 

various aspects of the DDR was explored to identify potential novel FLIP functions 

that may contribute to radioresistance.
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6.2 FLIP is localized in the nucleus and nuclear FLIP levels increase in 

response to DNA damage

FLIP protein localization was explored by fluorescent microscopy. Control (EV) and 

FLIP(L) overexpressing cells were transfected with FLIP-targeted (FLIP L+S) or 

control (SC) siRNA and stained with NF6. an anti-FLIP antibody that binds to both 

FLIP(L) and FLIP(S). Typical images are shown in Figure 6.1; the selectivity of the 

NF6 antibody for FLIP is demonstrated by the minimal fluorescence detected when 

FLIP proteins are downregulated by siRNA. As expected, much higher levels of 

FLIP were visible in the lower panel, which shows FLIP protein localization in 

FLIP(L) overexpressing cells. FLIP(L) protein was found to be localized within the 

cytoplasm and nuclear compartments. These results were also confirmed by 

biochemical subcellular fractionation (Figure 6.2). FLIP(L) and to a lesser extent, 

FLIP(S) expression was detected in the soluble nuclear fraction in H460 and A549 

cells. In A549s, a longer exposure of the FLIP immunoblot suggested the presence 

of FLIP(L) and potentially a post-translationally modified form of FLIP(L) in the 

chromatin-bound fraction.

Of note, when cells were exposed to IR. there was increased FLIP(L) localization in 

the nuclear and peri-nuclear regions within 30 minutes of treatment (Figure 6.3.1). 

Increased levels of nuclear FLIP were still detected after 24 hours (Figure 6.3.2). A 

caveat of this study is that FLIP localisation was assessed by qualitative methods 

only, to determine statistical significance further studies are required to obtain 

quantitative fluoresecent intensity measurements. Furthermore, subcellular 

fractionation confirmed that levels of FLIP(L) and to a lesser extent FLIP(S) 

increased within the soluble nuclear fraction 1 hour post-IR (10 Gy) (Figure 6.2). 
The fold increase was determined from the relative densities that were normalized to 

the relevant control for each sub-cellular fraction. The increase in nuclear-FLIP was 

minimal and therefore the increased FLIP detected by IF in the perinuclear region 

may be due to redistribution within the nucleus rather than increased nuclear import. 

FADD was not detected in the nuclear fraction, which is not consistent with previous 

published studies in other cell lines667'671. The assessment of HSP90 and SP1 

confirmed the purity of the biochemical sub-cellular fractionation.
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EV H460 DAPI aFLIP Merge

Figure 6.1: Immunofluorescence staining with a-FLIP (NF6) in control (EV) and 

stable FLIP(L) overexpressing H460 cells

FLIP(L) overexpressing H460 cells were transfected with SC or FLIP targeted 

siRNA (20 nM). Following 12 hours incubation. 0.5x1 O^cells were reseeded onto 

coverslips. Once cells were attached, they were fixed and stained with NF6 

antibody.
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Figure 6.2: The effect of IR on suhcelhilar protein localization

Cells were treated with mock or 10 Gy of IR and protein lysates were collected 1 and 

8 hours post-IR. Cell lysates were then processed using a Pierce subcellular protein 

fractionation kit as per manufacturer instructions to isolate the cytoplasmic (CYT), 

soluble nuclear (SOL NUC) and chromatin-bound (CB) fractions. The proteins were 

then resolved by SDS-PAGE and probed with anti-FLIP and anti-FADD antibodies. 

Controls specific to each subcellular fraction were included to demonstrate fraction 

purity (HSP90: cytoplasmic, SP1: soluble nuclear and H2AX: chromatin bound) and 

to calculate relative densities to determine fold change. Non-specific bands are 

indicated by *.
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Figure 6.3.1: Immunofluorescence staining with a-FLIP (NF6) in stable FLIP(L) 

overexpressing H460 cells after treatment with IR

H460 cells stably overexpressing FLIP(L) were treated with mock or 5 Gy IR. 

incubated for 30 minutes and then fixed and stained with NF6 antibody.
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Figure 6.3.2: Immunofluorescence staining with a-FLIP (NF6 in stable FLIP(L) 

and FLIP(S) overexpressing H460 cells after treatment with IR

Control (EV), FLIP(L) and FLIP(S) overexpressing H460 cells were treated with a 

mock or 5 Gy of IR and incubated for indicated times. Cells were then fixed and 

stained with NF6 antibody.
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6.3 FLIP is not recruited to large nuclear foci in response to DNA damage

To determine whether FLIP is recruited to DNA DSB foci (repair centres) following 

DNA damage. H460 cells were irradiated with 1 Gy and fixed after 30 minutes. 

Cells were then stained with anti-FLIP or anti-53BPl antibodies individually or co

stained to enable visualization by fluorescent microscopy (Figure 6.4). 

Unfortunately, when the cells were co-stained, spectral bleed-through artefacts 

confounded interpretation and therefore only individual staining in separate samples 

could be investigated. 53BP1 formed punctate foci following IR. whereas FLIP 

protein was dispersed throughout the cell, not in distinct large foci in the nucleus. 

Therefore, this evidence suggests that FLIP proteins are not recruited to DNA repair 

foci following DNA damage. However, it should be noted that distinct foci at the 

sites of DNA DSBs are not detected following Ku70 immunostaining, although 

Ku70 is present and functional in NHEJ repair.
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53BP1 FLIP

Figure 6.4: FLIP is not recruited to 53BPI foci in response to IR

H460 cells were treated with 1 Gy of IR and incubated for 30 minutes before fixation 

and immunostaining with NF6 or 53BP1 antibody. A representative image is shown 

(n=3).
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6.4 Untreated FLIP overexpressing H460 cells have numerous y-H2AX micro- 

foci and increased pan-nuclear staining which are further enhanced in the 

early response to IR

FLIP overexpressing and EV H460 cells displayed distinct differences in y-H2AX 

staining (Figure 6.5(a)). In untreated H460 parental cells, there were numerous 

endogenous. y-H2AX micro-foci within the nuclei. Furthermore, the levels of 

background y-H2AX staining in untreated FLIP(L) and FL1P(S) overexpressing 

H460 cells was greater than that observed in EV cells. Additionally, following 

exposure to irradiation, the cells typically displayed pan-nuclear staining at much 

higher intensity when FLIP was overexpressed. The increased pan-nuclear y-H2AX 

staining was an early response to IR. It is reported that small yH2AX ‘microfoci' 

have been observed in the nuclei of other cancer cell types676 and that they differ 

from large foci in that they do not increase in size and DNA repair factors are not 

retained. The function of these structures has yet to be determined. yH2AX is a 

sensitive marker of replication stress (DNA replication fork arrest) in addition to 

DNA damage677, and therefore, to determine whether FLIP overexpressing cells had 

a higher proportion of cells in S-phase than their EV counterpart, cell cycle analysis 

of untreated FLIP overexpressing H460 cells was performed (Figure 6.5(b)). The 

cell cycle distributions were unaffected by FLIP(L) or FLIP(S) overexpression in 

untreated cycling cells and therefore the increased pan-nuclear staining observed is 

unlikely to be attributable to increased replication stress, as an increased proportion 

of cells in S-phase would be expected.
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Figure 6.5: Endogenous yH2AX foci and pan-nuclear staining in FLIP 

overexpressing H460 cells

(a) FLIP overexpressing H460 cells were treated with 1 Gy of 1R and stained with 

YH2AX antibody and visualized by immunofluorescence (n=3).

(b) DNA content was quantified by PI staining and flow cytometric analysis to 

determine cell cycle distribution in untreated FLIP overexpressing cells (n=3).
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6.5 FLIP(S) overexpressing cells have elevated levels of endogenous DNA 

damage

FLIP overexpressing H460 cells displayed increased levels of background yH2AX 

micro-foci and pan-nuclear staining. Additionally, pan-nuclear yH2AX staining in 

FLIP overexpressing cells was greatly increased after exposure to 1R (Section 6.4). 

To determine whether yH2AX staining correlated with increased levels of DNA 

damage, a neutral comet assay was performed on control (EV) and FLIP 

overexpressing H460 cells. FLIP(S) overexpressing untreated H460 cells had longer 

comet tails, indicating increased levels of DNA damage (Figure 6.6), The olive tail 

moment was significantly increased in the FLIP(S) overexpressing cells. These 

results suggest that the increased yFI2AX observed in untreated FLIP(S) 

overexpressing cells is due to the presence of higher levels of endogenous DNA 

damage.
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Figure 6.6: Stable FLIP(S) overexpression results in increased levels of 

endogenous DNA damage

Untreated H460 cells stably overexpressing EV. FLIP(L) or FL1P(S) were analysed 

by neutral comet assays using Enzo® Comet SCGE assay kit to assess levels of 

endogenous DNA damage. Cells were added to EM agarose and immobilized on 

CometSlide™. Cells were then lysed and singe cell gel electrophoresis (SCGE) was 

performed in neutral conditions. DNA was then precipitated, fixed and stain with 

SYBR® green. Comets were then visualized using fluorescent microscopy: 

representative images are shown (n=3).
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6.6 FLIP(S) overexpression increases the formation of IR-induced DNA DSB 

repair foci

The initial levels of DNA damage, repair kinetics and residual DNA damage were 

evaluated up to 30 hours following exposure to 1 Gy of 1R in vitro. The extent of 

DNA damage was assessed by staining with antibodies against y-H2AX (Seri39) 

or 53BP1. The IRIF were visualised and quantified using fluorescent microscopy. 

The number of DSBs in FLIP(S) overexpressing and EV H460 cells were compared 

over time after treatment with 1 Gy (Figure 6.7). Untreated FL1P(S) overexpressing 

and EV H460 cells had similar numbers of large foci, typically 1-2 per cell; the 

smaller background yH2AX foci were not counted and were previously discussed. 

Following 1R, after 30 or 60 minutes, the number of DNA DSBs detected in the 

FLIP(S) overexpressing cell lines was slightly higher; on average there were 3 more 

DNA DSB foci per cell, when measured by yH2AX. The foci in >100 cells were 

counted and the difference between EV and FLIP(S) overexpressing cells was found 

to be significant. In contrast, when 53BP1 foci were counted, the number of DSBs 

was not significantly different after 30 or 60 minutes post-IR. By 24 hours, most of 

the DSB foci were resolved, however, a significant difference in the number of DSBs 

in FL1P(S) overexpressing cells compared to EV cells was detected using both DSB 

markers. On average, the FLIP(S) overexpressing cells had 1 DSB and the EV cells 

had 2 DSBs. Ultimately, by 30 hours post-IR. the amount of DNA DSBs returned to 

basal levels, irrespective of FLIP(S) protein expression levels. These results show 

that, when measured by yH2AX, more DNA DSB foci may form in FLIP(S) 

overexpressing cells following irradiation. However, the numbers of 53BP1 foci 

were initially similar in EV and FL1P(S) overexpressing cells following 1R. Overall, 

FLIP(S) overexpression does not appear to affect the resolution of DNA DSB foci 

post-IR.
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Figure 6.7: Repair of IR-induced DSBs in EV and FLIP(S) overexpressing H460 

cells

FLIP(S) overexpressing cells were mock irradiated or treated with 1 Gy and 

incubated for indicated times. Cells were fixed and stained with a-yH2AX and a- 

53BP1 and relevant fluorescent secondary antibodies. IR-induced foci were counted 

in 100 cells in each experimental condition (n=3).

276



FLIP and the DNA damage response

6.7 FLIP overexpression does not alter the resolution of IR-induced DNA 

DSBs

Given the differences in yH2AX foci initiation and resolution in EV and FLIP(S) 

overexpressing cells, a neutral comet assay was performed to assess whether the 

yH2AX foci levels reflected the initiation and resolution of DNA damage (Figure
6.8.1) . When the EV and FLIP overexpressing H460 cells were treated with 1R, the 

length of tail increased as expected, but there was no significant difference between 

the EV, FLIP(L) and FLIP(S) overexpressing cells 30 minutes post-IR (Figure

6.8.2) . Furthermore, the levels of DNA damage returned to basal levels by 18 hours, 

regardless of FLIP(L) or FLIP(S) overexpression. The percentage of DNA in the tail 

and the olive tail moment were calculated and revealed that FLIP(S) overexpression 

did not alter the resolution of IR-induced DNA DSBs, as the repair kinetics had no 

significant difference when compared to EV cells. FLIP(L) overexpressing cells had 

significantly higher levels of DNA damage at 4 hours, suggesting slower repair 

kinetics. However, by 18 hours, EV and FLIP(L) overexpressing cell lines had 

similar levels of DNA damage. Therefore, FLIP overexpression does not appear to 

affect the resolution of IR-induced DNA damage.
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Figure 6.8.1: Stable retroviral FLIP(S) overexpression results in increased levels 

of IR-induced DNA damage: representative comet images

H460 cells stably overexpressing EV, FLIP(L) or FLIP(S) were treated with mock or 

20 Gy of IR for the indicated time. Neutral comet assays were performed using 

Enzo® Comet SCGE assay kit to assess levels of DNA damage. Cells were added to 

EM agarose and immobilized on CometSlide™. Cells were then lysed and singe cell 

gel electrophoresis (SCGE) was performed in neutral conditions. DNA was then 

precipitated, fixed and stain with SYBR® green. Comets were then visualized using 

fluorescent microscopy: representative images are shown (n=3).
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Figure 6.8.2: Stable retroviral FLIP(S) overexpression results in increased levels 

of IR-induced DNA damage: quantification of DNA damage

H460 cells stably overexpressing EV. FLIP(L) or FL1P(S) were treated with mock or 

20 Gy of IR and collected at the indicated time points. Neutral comet assays were 

performed using Enzo® Comet SCGE assay kit. Percentage of DNA in tail and 

olive tail moment was determined by automated analysis of >100 comets using 

OpenComet software package and manual user verification. (N= 3) Representative 

data from 1 experiment shown due to inter-assay variability.
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6.8 Overexpression of FLIP(S) FADD-binding mutant, that cannot inhibit 

caspase-8 activation, results in increased DNA damage and delayed repair of 

IR-induced DNA DSBs

Following treatment with IR, FLIP(S) WT overexpressing cells repaired DNA 

damage at a similar rate to control (EV) cells, however, the DNA damage was found 

to persist at higher levels in FLIP(S) FI 14A mutant cells (Figure 6.9.1), The olive 

tail moments of FLIP(S) WT and FLIP(S) F114A MT cells were determined 5 

minutes post-IR and revealed that the observed increase in DNA damage in FLIP(S) 

F114A MT cells was significant. Similarly, 24 hours post-IR, significantly higher 

levels of DNA damage were detected in the FLIP(S) FI 14A MT cells (Figure 6.9.2). 
Thus, DNA repair appears to be delayed in the absence of FL1P/FADD interaction 

when compared to FL1P(S) WT overexpressing cells.
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Figure 6.9.1: FLIP(S) mutant F114A, which cannot hind to FADD has delayed 

repair of IR-induced DNA damage: representative comet images

Representative images of H460 cells stably overexpressing EV. FLIP(S) WT or 

FLIP(S) F114A treated with mock or 20 Gy of IR for the indicated time points. 

Neutral comet assays were performed using Enzo® Comet SCGE assay kit (n=3).
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Figure 6.9.2: FL/P(S) mutant FI14A, which cannot hind to FADD has delayed 

repair of IR-induced DNA damage: quantification of DNA

H460 cells stably overexpressing EV. FL1P(S) WT or FLIP(S) F114A MT were 

treated with mock or 20 Gy of IR for the indicated time. Neutral comet assays were 

performed using Enzo® Comet SCGE assay kit to assess levels of DNA damage. 

Cells were added to EM agarose and immobilized on CometSlide™. Cells were then 

lysed and singe cell gel electrophoresis (SCGE) was performed in neutral conditions. 

DNA was then precipitated, fixed and stain with SYBR® green. Comet images were 

analyzed using OpenComet software and the olive tail moment was calculated (n=3).
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6.9 FLIP silencing results in phosphorylation of p53 and histone H2AX

The effect of FLIP silencing on the DDR in A549 and H460 cells was investigated 

by transfecting cells with FLIP(L+S)-targeted (FT), FLIP(L) or FLIP(S) specific 

siRNA. Cell lysates were prepared 18 hours post-transfection, and Western blotting 

was performed to assess the effect of FLIP silencing on DNA damage markers 

(Figure 6.10.1(a)). Simultaneous FLIP(L) and FLIP(S) downregulation resulted in 

increased p53 phosphorylation at serine 15 and yH2AX. However, when FLIP(L) or 

FLIP(S) were silenced independently; negligible effects on the activation of these 

markers of DDR were observed.

In Figure 6.10.1(b), cells were transfected with FLIP-targeted siRNA for 6, 9, 12 or 

18 hours to determine the earliest time-point that FLIP downregulation was achieved 

before the activation of caspases occurred. FLIP(L) and FLIP(S) were 

downregulated by 12 hours post-transfection; however, after 18 hours, PARP 

cleavage occurred following simultaneous silencing of both FLIP(L) and FLIP(S), 

but not FLIP(L) or FLIP(S) downregulation. These results indicate that there is a 

window between 12 and 18 hours when FLIP(L+S) is silenced and PARP cleavage 

had not yet occurred. However, yH2AX did not increase until 18 hours post

transfection in the H460 cell line, and only increased in A549s after 18 hours when 

FL1P(L) and FLIP(S) were simultaneously silenced. Caspase activity assays showed 

that after 12 hours, FLIP(L+S) silencing resulted in a significant increase in caspase 

activity, but this did not occur when FL1P(L) or FLIP(S) were individually silenced 

(Figure 6.10.2), These results suggest that increased yH2AX following FLIP 

silencing was due to caspase activation, which can lead to DNA damage, for 

example via cleavage of ICAD and mitochondrial ROS generation (Chapter 

1.6.5.9).
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Figure 6.10.1: siRNA-mediated silencing of both FLIP(L+S) simultaneously 

results in phosphorylation of p53 and histone H2AX

(a) A549 or H460 cells were transfected with 10 nM FLIP targeted (FT), FLIP(L) 

(FL) or FLIP(S) (FS) specific siRNA using Oligofectamine™. 18 hours post

transfection cells were collected for analysis by Western blotting (n=3).

(b) Cells were transfected with FLIP targeted siRNA. collected after indicated times 

post-transfection and analysed by Western blotting to determine minimal transfection 

time required for FLIP downregulation. prior to spontaneous caspase activation 

(n=2).
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Figure 6.10.2: Activation of caspase activity following siRNA transfection with 

FLIP targeted and FLIP splice form specific siRNA

A549 or H460 cells were transfected with 10 nM FLIP targeted (FT). FLIP(L) (FL) 

or FL1P(S) (FS) specific siRNA. After 12 or 18 hours protein lysates were collected 

and luminogenic Caspase-Glo® 8 or Caspase-Glo® 3/7 assays were performed 

(Promega). Luminescence is proportional to the amount of caspase activity present. 

Data is represented as relative light units (RLU). An unpaired Student's t test was 

performed (n=3).
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6.10 FLIP silencing results in activation of the DDR that can occur 

independently of caspase activation

To assess whether the observed increase in yH2AX in response to FLIP 

downregulation was due to caspase activation, II460 cells were transfected with 

FLIP-targeted siRNA and incubated with a pan-caspase inhibitor, Z-VAD-fmk. 

Twelve hours post-transfection, cells were irradiated and collected at indicated times 

post-IR (Figure 6.11.1).

A comparison of SC transfected cells, treated with DMSO or caspase inhibitor 

revealed that in these cells, basal caspase activity was present and resulted in modest 

levels of yH2AX. One hour post-1 R. it was found that cells treated with IR had 

higher levels of yH2AX than the irradiated cells treated with caspase inhibitor, 

suggesting that DNA damage is partly mediated by caspase activity. Eight hours 

after IR, the yH2AX signal was absent in caspase-inhibited cells, indicating that the 

DNA damage was resolved. In contrast, yH2AX had accumulated in the cells with 

caspase activity, indicating once again, that caspase activity contributes to DNA 
damage in irradiated cells, as caspase inhibition greatly attenuated the increase in 

yH2AX levels post-IR

When FLIP(L+S) were downregulated. yFI2AX levels increased and were further 

enhanced by IR. which increased as time progressed. The siFLIP-dependent increase 

in yH2AX persisted in the presence of caspase inhibition, albeit at much reduced 

levels.

The cell lysates from Figure 6.11.1 were analysed in caspase-3/-7 activity assays to 

determine the efficiency of Z-VAD-fmk (Figure 6.11.2). The pan-caspase inhibitor 

was very efficient at preventing the activation of executioner caspases; this confirms 

that in H460s, the increase in yH2AX following FLIP silencing and the accumulation 

of yH2AX post-IR is highly, but not entirely caspase-independent.

The levels of yH2AX were also detected and quantified using immunofluorescence 

staining and quantification by How cytometry. Cells were transfected with FLIP
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targeted siRNA as previously and irradiated 12 hours later. The effects on the 

resulting fluorescent intensities (yH2AX) are illustrated in the overlaid histograms of 

H460 (Figure 6.12.1) and A549 cells (Figure 6.12.2). The geometric mean 

fluorescent (MFI) intensities were also determined (Figure 6.12.3), It was found 

that in H460 cells. yH2AX levels significantly increased following FLIP silencing 

when compared to scrambled control transfected cells, and that the yH2AX increase 

was significant even in the presence of caspase inhibition. The levels of yH2AX in 

FLIP silenced cells were further enhanced by IR and increased with time from 1 to 8 

hours post-IR. The increase in yF12AX after IR in FLIP silenced and caspase 

inhibited cells revealed that the increase in yH2AX is highly caspase-dependent Ihr 

post-IR. however after 8 hours, yH2AX levels were significantly increased 

irrespective of caspase inhibition. These results agree with the findings from 

Western blotting: that yH2AX induction following FLIP silencing and IR occurs via 

caspase-dependent and caspase-independent mechanisms. In FLIP-depleted A549 

cells, the levels of yF12AX were greatly increased 8 hours post-IR: but were mostly 

attenuated by caspase inhibition, however, there was still a significant increase 

compared to scramble control transfected cells. After 24 hours, the levels of yH2AX 

in A549 cells were similar to the time-matched control.

Overall, these results show that FLIP silencing increased yH2AX levels, which were 

further enhanced over time after IR treatment. Importantly, increased yH2AX still 

occurred in the presence of caspase inhibition, albeit at lower levels.
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Figure 6.11.1: FLIP silencing results in phosphorylation of histone H2AX that is 

highly dependent on caspase activity'

H460 cells were transfected with scramble control (SC) or FLIP targeted (FT) 

siRNA. Cells were then treated with DMSO or 20 gM Z-VAD-fmk 4 hours later. 12 

hours post-transfection, cells were treated with 2 Gy of IR and collected at indicated 

time points (n=3).
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Figure 6.11.2: The caspase inhibitor Z-VAD-fmk effectively prevented activation 

of executioner caspase-3 and caspase-7

Cells were transfected with FLIP-targeted (FT) or scrable control (SC) siRNA and 

indicated in Figure 6.11.1. Protein lysates were collected and luminogenic Caspase- 

Glo® 8 or Caspase-Glo® 3/7 assays were performed (Promega). Luminescence is 

proportional to the amount of caspase activity present. Data is represented as relative 

light units (RLU). An unpaired Student's t-test compared samples with and without 

caspase inhibition (n=3).
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Figure 6.12.1: FLIP depletion results in H460s phosphorylation of histone H2AX 

that is highly caspase dependent, but persists in the presence of caspase inhibition

H460 cells were transfected with SC or FT (FLIP L+S) siRNA and treated with 

DMSO or 20 (.iM Z-VAD-fmk 4 hours later. 12 hours after transfection, cells were 

irradiated (2 Gy) and then fixed at indicated time points. Cells were then stained 

with anti-yH2AX(Serl39) and Alexa Fluor® 488 antibody and fluorescent intensity 

was analyzed on a BD FACS Calibur. The images show the traces of the fluorescent 

intensities of the samples.
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Figure 6.12.2: FLIP depletion results in A549s phosphorylation of histone H2AX 

that is highly caspase dependent, hut persists in the presence of caspase inhibition

A549 cells were transfected with SC or FT (FLIP L+S) siRNA and treated with 

DMSO or 20 jaM Z-VAD-fmk 4 hours later. 12 hours after transfection, cells were 

irradiated (2 Gy) and then fixed at indicated time points. Cells were then stained 

with anti-yH2AX(Serl39) and Alexa Fluor® 488 antibody and fluorescent intensity 

was analyzed on a BD FACS Calibur. The images show the traces of the fluorescent 

intensities of the samples.
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Figure 6.12.3: FLIP depletion results in phosphorylation of histone H2AX that is 

highly caspase dependent, hut persists in the presence of caspase inhibition

H460 or A549 cells were transfected with SC or FT (FLIP L+S)-targeted siRNA and 

treated with DMSO or 20 pM Z-VAD-fmk 4 hours later. 12 hours after transfection 

cells were treated with 2 Gy and samples were collected and fixed at indicated time 

points. Cells were then stained with yH2AX(Serl 39) and Alexa Fluor® 488 

antibody. The fluorescent intensities were determined by flow cytometry.
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6.11 FLIP silencing results in activation of DDR in mitochondria-dependent 

BAX' HCT116 cells

To further ascertain whether the increase in yH2AX following FLIP silencing is 

dependent on caspase activation or a non-apoptotic role of FLIP, a BAX' ' isogenic 

HCT116 cell line was used as a model. HCT116 are type II cells that are dependent 

on mitochondria for extrinsic apoptosis induction (Chapter 1.6.5.8). FLIP silencing 

resulted in increased yH2AX levels in the parental cells as expected, which were 

increased further by IR (Figure 6.13.1). Importantly, the increase in yH2AX levels 

after FLIP silencing also occurred in the BAX'' cell line, and PARP cleavage was 

not detected even after treatment with IR. Therefore, increased yH2AX levels and 

thus activation of the DDR following FLIP silencing appears to occur even in the 

absence of significant executioner caspase activation. Caspase activity assays 

confirmed that there was almost no caspase-3/-7 activation in the BAX' " cells in 

response to siFLIP or the combination treatment (Figure 6.13.2), Interestingly, there 

was no increase in yH2AX following IR treatment in scrambled control transfected 

BAX'' cells, and therefore IR-induced yH2AX appears to be highly caspase-3/-7 

dependent.
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transfection IR(5Gy) Analysis
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BAX

PARP

FC 1 2.04 0.4 0.53 5.24 5.93 3.96 1.54
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21 kDa
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Figure 6.13.1: Phosphorylation of histone H2AX in response to FLIP silencing 

occurs in mitochondria-dependent type IIHCT116 BAX ' cells

Parental or BAX’’HCT116 cells were transfected with 10 nM FLIP-targeted OR 

scramble control (SC) siRNA. After 15 hours cells were treated with mock or 5 Gy 

of IR and incubated for a further 3 hours. Proteins were then collected and analysed 

by Western blotting. Densitometry was then performed on this representative image 

(FC. fold change and RD. relative density) (n=2). The RD calculated for PARP 

corresponds to cleaved PARP 89 kDa fragment.
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HCT116

Caspase-3/7-like activity (DEVD cleavage)

600000
HCT116&4XV*

HCT116 BAX/-

400000-
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1R (5 Gy)

siSC siFLIP(L+S)

Figure 6.13.2: Mitochondria-dependent type II BAX ' HCTII6 cells cannot 

activate executioner caspases in following FLIP depletion

Caspase activity was quantitifed in in parental BAX' or BAX' HCT116 cells 

transfected with 10 nM scramble control (SC) or FLIP-targeted (FT) siRNA. 

Luminescence is proportional to the amount of caspase activity present. Data is 

represented as relative light units (RLU). Data shown relates to representative 

Wester blot shown in Figure 6.13.1 (n=2).
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6.12 FLIP silencing results in increased levels of DNA damage

The results in this chapter show that FLIP silencing resulted in increased levels of 

yH2AX, a marker of DNA DSB repair centres. Therefore, a neutral comet assay was 

employed to determine whether silencing of FLIP protein results in increased DNA 

damage or just an increased yH2AX signal, which may be due to increased or 

aberrant DDR signalling. FL1P(L), FLIP(S) or both splice variants were 

downregulated in H460 cells in the presence or absence of a pan-caspase inhibitor. 

15 hours post-transfection, cells were collected and prepared for single-cell gel 

electrophoresis in neutral conditions to detect DNA DSBs. Figure 6.14.1 shows 

representative comet images of H460 cells following silencing of FLIP protein in 

presence or absence of caspase inhibition. The images show that FLIP(L+S) dual 

silencing resulted in a large fraction of DNA in the tail region of the comets; 

apoptotic cells can also be seen in the absence of caspase inhibitor (Left panel). 

When either FLIP(L) or FLIP(S) was silenced the comet tails appeared longer than 

the scramble control cells, which persisted in the presence of caspase inhibition. To 

determine whether caspase inhibition prevents FLIP silencing-mediated DNA 

damage, the comet images were analysed using OpenComet software, a plug-in for 

ImageJ and the olive tail moments were calculated (Figure 6.14.2). FLIP silencing 

resulted in significantly increased levels of DNA damage as expected: the olive tail 

moment increased when either or both FLIP splice variants were downregulated. 

Importantly, the increased levels of DNA damage that resulted from downregulation 

of FLIP(L) and/or FLIP(S) occurred regardless of caspase inhibition. However, the 

damage was only significantly different from the SC cells when FLIP(L+S) or 

FLIP(L) was downregulated. These results again suggest that FLIP silencing results 

in increased levels of DNA DSBs that are not attributable to caspase activation.
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+ Z-VAD-fmk

siSC

siFLIP(L+S)

siFLIP(L)

siFLIP(S)

Figure 6.14.1: Silencing of FLIP proteins results in increased levels of DNA 

damage, even in the presence of pan-caspase inhibition: representative images

siRNA transfected H460 cells were treated with DMSO or Z-VAD-fmk 4 hours post

transfection. 12 hours following siRNA transfection cells were collected. A neutral 

comet assays was performed using Enzo® Comet SCGE assay kit to assess levels of 

resultant DNA damage. Cells were added to EM agarose and immobilized on 

CometSlide™. Cells were then lysed and singe cell gel electrophoresis (SCGE) was 

performed in neutral conditions. DNA was then precipitated, fixed and stain with 

SYBR® green. Comets were then visualized using fluorescent microscopy: 

representative images are shown.
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Figure 6.14.2: Silencing of FLIP proteins results in increased levels of DNA 

damage, even in the presence of pan-caspase inhibition: DNA damage 

quantification

Cells were transfected with siRNA as outlined in 6.14.1; scramble control (SC), 

FLIP-targeted (FT), FL1P(L) (FL) or FLIP(S) (FS). Images of comets were obtained 

by fluorescent microscopy. >100 comets were imaged per sample. Images were then 

analyzed using OpenComet software extension for Image,! and manual user 

verification. Olive tail moment is an appropriate index of induced DNA damage that 

considers both the migration of DNA and the relative amount of DNA in the tail. 

Olive Tail Moment = tail DNA% x tail moment length (a measure of the distance 

from the center of the head to the center of the tail). Unpaired Student's t test was 

performed (n=3).
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6.13 Discussion

There are three threads of investigation within this chapter. Firstly, the sub-cellular 

localization of FLIP in response to DNA damage was determined. The second 

thread investigates the effect of FLIP overexpression on levels of endogenous DNA 

damage and DDR activation. Thirdly, the effect of FLIP modulation on the DDR 

following IR was explored and the dependency upon caspase-activation. Figure 

6.15 summarizes the overall findings of this chapter.

FLIP(L) and FLIP(S) are located in the nucleus as well as the cytoplasm in both 

NSCLC cell lines. FLIP localization in the nucleus and peri-nuclear region increased 

following treatment with IR, indicating that DNA damage increases nuclear 

localization or stability of FLIP(L). This suggests that FLIP may play an additional 

role in regulating cell survival beyond regulating apoptosis by modulating the DDR 

through interacting with other proteins located in the nucleus.

FLIP overexpression resulted in increased background levels of y-H2AX micro-foci 

and pan-nuclear staining in untreated H460 cells. To determine whether the 

increased number of y-H2AX micro-foci and pan-nuclear staining were indicative of 

DNA damage, a neutral comet assay was performed: FLIP(S) overexpressing cells 

displayed elevated levels of endogenous DNA damage when compared to EV cells, 

although this was not observed in the FLIP(L) overexpressing model. The FLIP(S) 

overexpressing model has the highest total FLIP levels (8-fold increase compared to 

EV), whereas the FLIP(L) overexpressing model had lower levels of FLIP(L) 

overexpression (4-fold compared to EV) (Figure 4.20). Additionally, the increased 

levels of background damage were not dependent on FLIP'S interaction with FADD 

(Figure 6.9.2).

Published studies of the effects of radiation revealed several distinct distributions of 

y-H2AX staining678'680. A focal distribution results from arrested replication forks 

that involve Mrel 1 and PCNA678'680. Additionally, NER is reported to result in low- 

level nucleus-wide background yH2AX679681. Lastly, high-intensity pan-nuclear 

yH2AX is linked to UV- or hydroxyurea-induced replication stress in S-phase
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cells'’81. Ward et al. found that yH2AX foci and PCNA colocalize, suggesting that 

H2AX participates in the surveillance of DNA replication682. Furthermore, they 

reported that replication stress results in regions of ssDNA that initiate the ATR- 

mediated yH2AX, stabilizing ATR at arrested replication forks683. Therefore, 

yH2AX is a sensitive marker of replication stress (DNA replication fork arrest) in 

addition to DNA damage677. Thus, high levels of constitutive histone y-H2AX may 

be indicative of a defective DNA repair pathway or genomic instability and therefore 

y-H2AX serves as a useful marker of DNA integrity and repair684. Although y- 

H2AX is commonly used as a marker of replication stress, reflecting the activation of 

the ATR pathway, it is also phosphorylated by several other apical kinases that detect 

different types of DNA damage throughout the cell cycle and therefore it is not a 

specific marker of replication stress. ATR-dependent phosphorylation of Chkl (Ser-
• .... •• /IOC345) is a more specific indication of replication stress . These results suggest that 

the DDR machinery is constitutively activated in FLIP overexpressing cells, as 

documented by increased y-H2AX and consequential activation of ATM-Chk2. 

ATR-Chkl and DNA-PK pathways. Thus, FLIP overexpressing cells possess 

aberrant constitutive activation of DDR signalling and increased endogenous DNA 

damage. Elevated DDR signalling is a symptom of increased replication stress. 
Replication stress is a potent contributor to genomic instability that fuels cancer 

development and may contribute to resistance to radio- and chemotherapy. It is 

reported that increased expression of FLIP(L) inhibits the ubiquitination and 

proteasomal degradation of [3-catenin, resulting in increased cyclin D1 

expression664665. Shimura el al. (2013) reported that cyclin D1 overexpression, 

mediated by DNA-PK/Akt/GSK3P perturbs DNA replication and induces 
replication-associated DNA DSBs in acquired radioresistant cells686. Thus, increased 

replication stress in FLIP overexpressing cells may be attributable to increased cyclin 

D1 activity. However. FLIP overexpressing cells displayed the same cell cycle 

distribution as control cells, which suggests that increased replication stress may not 

be responsible for the increased DDR signalling and DNA damage associated with 

FLIP overexpression.

Therefore, other explanations for increased DDR and DNA damage in FLIP 

overexpressing cells must be considered. Quantz et al. (2009) reported that pan- 

nuclear y-H2AX staining accompanied hyperactivation of DNA-PK. which impedes
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DNA repair*’*7 (,xx. Furthermore, Meyer el al. (2013) demonstrated that induction of 

complex sub-nuclear DNA damage results in pan-nuclear activation of ATM and 

DNA-PK that phosphorylates nuclear-wide H2AX, including regions of undamaged 

chromatin689. The authors also reported that the pan-nuclear response was dependent 

on the levels of DNA damage and was attenuated in conditions of impaired DNA 

repair. Furthermore, MDC1, but not 53BP1 was found to bind to nucleus-wide 

YH2AX and MDC1 recruitment to DSBs was reduced as a result. Therefore, the 

endogenous levels of DNA-PK activity and DDR signalling proteins were 

investigated in FLIP overexpressing cells, and preliminary results are presented in 

Chapter 7,

Pan-nuclear y-H2AX staining is reported to occur in response to UV irradiation679, 

hypotonic treatment and through the transfection of small DNA fragments 

Following treatment with UV irradiation, yH2AX foci form in S-phase cells, but a 

weaker nucleus-wide yH2AX positivity observed in G1 cells that is dependent on 

NER has been reported679. Matsumoto el al. (2007) proposed a model in which 

during the dual incision step of NER. perturbed gap-filling synthesis occurs and can 

result in ssDNA gaps which are recognized by ATR, resulting in yH2AX681. NER, a 

DNA damage repair pathway responsible for the detection and removal of bulky 

DNA adducts by ssDNA excision, is frequently dysfunctional in NSCLC and is 

associated with response to cisplatin treatment in NSCLC. In particular, high 

ERCC1 expression is linked to shorter overall survival and poor response to 

treatment691. Another anti-apoptotic protein. BCL-2, has been linked to 

dysfunctional NER. It was shown that BCL-2 expression slows the repair of 

cyclobutane pyrimidine dimers (4% removal in contrast to 38% in control cells), but 

the repair of 6.4-pyrimidine photoproducts were not affected; thus, BCL-2 

overexpression attenuates NER and may promote genomic instability in surviving 

cells. However, the underlying mechanism was not elucidated692. In view of this, 

dysfunctional NER could be responsible for the increased pan-nuclear yH2AX signal 

observed in FLIP overexpressing cells, through a similar mechanism that results 

from BCL-2 overexpression, although investigation of this potential mechanism was 

beyond the scope of this project.
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The final thread of investigation in this chapter considered the effect of FLIP 

modulation on repair of IR-induced DNA damage and the DDR. The formation or 

loss of y-H2AX foci is related to the efficiency of "repair” of higher order chromatin 

organization . Two markers were used to study repair kinetics, y-H2AX and 

53BP1. Given that y-H2AX reveals a DSB-induced protein modification and 53BP1 

foci indicate the accumulation of a DSB-modified chromatin protein693'694, the results 

from each assay can vary; but generally, overlapping foci are present695. However, 

the 53BP1 assay detected more IRIF than the y-H2AX assay. Overall, the results 

indicate that the number of IRIF formed shortly after exposure to IR were 

significantly, but modestly, higher in FLIP(S) overexpressing cells. In contrast, 24 

hours post-1 R. FLIP(S) overexpressing cells had significantly fewer IRIF, suggesting 

that FLIP(S) overexpression inhibited caspase-activation and prevented caspase- 

mediated IR-induced DNA damage. In contrast, the EV cells had elevated yH2AX 

as their caspase activity was not hindered by FLIP overexpression.

It has been previously reported that y-H2AX promotes cell survival following 

treatment with IR696, and therefore, elevated y-H2AX immediately after IR predicts 

increased radioresistance of FLIP(S) overexpressing cells. Conversely, when the 

levels of DNA damage were assessed by comet assay, FLIP overexpression did not 

affect the resolution of DNA DSBs. There was no significant difference in the levels 

of IR-induced DNA damage between EV, FLIP(S) and FLIP(L) overexpressing cell 

at early or late time points. Therefore, the increased y-H2AX signal observed in 

FL1P(S) overexpressing cells does not signify that increased numbers of DNA DSBs 

are induced, but rather that increased DDR signalling occurred in response to DNA 

damage.

The activity of DDR protein such as DNA-PK and MDC1 are essential for the 

recruitment and assembly of DDR protein complexes that repair DNA and regulate 

cell-cycle checkpoints. Significantly higher levels of DNA damage were observed in 

the FLIP(S) FI 14A mutant overexpressing cells (Figure 6.9.2). The FLIP(S) FADD 

binding mutant cells cannot prevent caspase-activation following DNA damage, and 

thus caspase activity occurs as in the control (EV) cells and therefore caspase- 

mediated deactivation of DNA repair proteins (e.g. DNA-PK697 and MDCl”9X) may 

prevent the repair of DNA damage in FLIP(S) FADD-binding mutant cells.
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Additionally, caspase activation results in liberation of caspase-associated 

deoxyribonuclease (CAD),lW and ROS generation700'701. These factors, related to 

uninterrupted caspase-8 activation, in combination with the increased levels of 

endogenous DNA damage observed in FLIP(S) overexpressing cells may explain the 

elevated levels of DNA damage in FL1P(S) FADD binding mutant cells. These 

results, once again, highlight the importance of caspase activity in the cellular 

response to IR-induced DNA damage.

Downregulation of FLIP protein resulted in the activation of the DDR, which was 

highly dependent on caspase activation, but also occurred to a lesser degree 

independently of caspase activity. In was shown that FLIP downregulation in the 

presence of pan-caspase inhibition or in the isogenic BAX’" HCT116 cell line 

resulted in increased activation of the DDR in the absence of significant caspase 

activity. Furthermore, neutral comet assays demonstrated that increased DDR 

signalling resulting from FLIP downregulation signified the presence of increased 

numbers of DNA DSBs, which were further enhanced following IR treatment in 

conditions of caspase inhibition. Collectively, these results indicate that loss of FLIP 

increases the levels of spontaneous DNA damage and IR-induced DNA damage, and 

thereby, inhibitors which downregulate FLIP expression may sensitize NSCLC cells 

to IR by enhancing DNA damage.
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cancer cells

FLIP(S) overexpression:

Results:
• Cells with high FLIP have increased levels of 

endogenous DDR signalling and DNA damage
• FLIP overexpression does not effect DSB repair 

following IR.

Hypothesis:
• Increased DDR and DNA damage may indicate 

defective DNA repair or increased genomic 
instability in FLIP overexpressing cells.

FLIP downregulation:
Results:
• DDR activation
• Increased levels of DNA damage and IR-induced 

DNA damage
• Increased IR-induced apoptosis
• Through caspase-mediated and caspase- 

independent mechanisms

Conclusion: Down-regulation of FLIP sensitizes cells
to IR-induced cell death

Figure 6.15: Concept diagram summarizing the effect of FLIP modulation on 

DNA damage

The figure summarizes the key findings and conclusions drawn from this chapter 

investigating the effect of FLIP modulation on the DDR and levels of DNA damage.

304



Chapter 7: Summary 

Directions

Future



Summary & Future Directions

7.1 Summary

7.1.1 FLIP and radioresistance

FLIP, an endogenous caspase-8 inhibitor, is overexpressed in various types of 

cancer; including NSCLC. and regulates cellular fate through its interaction with 

FADD and consequential inhibition of the caspase cascade. Importantly, high FLIP 

expression is linked to drug resistance and thwarts the efficacy of standard-of-care 

chemotherapy regimens. Thus, pharmacological strategies to modulate FLIP 

expression are a potential mechanism to sensitize cancer cells that overexpress 

procaspase-8 and FLIP to caspase-mediated cell death induced by anti-cancer 

therapeutics.

NSCLC is notoriously difficult to treat, primarily because diagnosis usually occurs in 

the advanced stages of disease. Within the first results chapter of this thesis, the 

response of two NSCLC cell lines to 1R was determined. These in vitro models 

revealed that NSCLC cells can resolve DNA damage fairly efficiently and are 

intrinsically relatively resistant to IR-induced cell death. Following 1R, very modest 

caspase activation was detected, suggesting that the apoptotic pathway was not being 

effectively engaged, thereby limiting the efficacy of radiotherapy.

The contribution of the extrinsic, death-receptor mediated apoptotic pathway to cell 

death resulting from IR was investigated. Cell surface expression of death receptors 

was upregulated in response to IR. and siRNA-mediated downregulation of the death 

receptors or procaspase-8 attenuated IR-induced cell death; indicating that the 

extrinsic apoptotic pathway can trigger IR-induced cell death. Considering that FLIP 

overexpression protects cancer cells from cell death induced by DNA-damaging 

drugs, such as cisplatin, the effect of FLIP modulation on IR-induced cell death was 

then investigated. Downregulation of FLIP protein expression in combination with 

IR enhanced caspase activation and levels of cell death and decreased clonogenic 

survival. IR treatment prior to FLIP downregulation had the greatest impact on cell 

death levels in the NSCLC cell line models, suggesting that IR primes the cells for 

siFLIP-mediated cell death. Collectively, these results infer that the enhanced levels
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of cell death observed in siFLIP/IR treated cells may occur because FLIP 

downregulation activates the extrinsic pathway, which otherwise shows minimal 

activation in response to IR. Thereby, siFLIP sensitizes the cells to the apoptosis- 

inducing effects of DNA damage and improves the cellular response to IR. 

Moreover, when FLIP(L) and FLIP(S) proteins were overexpressed, NSCLC cells 

were protected from IR-induced cell death, further indicating a key role for FLIP in 

mediating radioresistance. In addition, overexpression of a mutant FLIP(S), which 

cannot interact with FADD, abrogated the radioprotective effect conferred by 

overexpression of wild-type FLIP(S). Therefore, the FL1P/FADD interaction is 

necessary for FLIP-mediated radioresistance.

For the first time, this study provides convincing evidence that FLIP is a critical 

regulator of tumour cell response to IR in NSCLC in vitro models. Furthermore, 

FLIP may be a useful predictive biomarker of intrinsically radioresistant NSCLC 

tumours, and thus, FLIP overexpressing tumours could theoretically benefit from 

FLIP-targeted therapies in combination with RT to improve tumour control.
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7.1.2 Targeting FLIP in combination with IR.

Evasion of cell death is a key mechanism by which cancer cells survive anti-cancer 

therapeutics and results in tumour repopulation and relapse. Considering FLIP 

overexpression inhibits death-receptor-mediated, chemotherapy- and radiotherapy- 

induced cell death, it is an attractive pharmacological target to improve the outcomes 

of the established anti-cancer armamentarium.

Small molecules that can directly target FLIP'S critical protein-protein interactions 

are in development in our lab; however, approaches aimed at downregulating FLIP 

expression may be just as effective. Previous work from our group showed that 

antisense phosphorothiate oligonucleotides that target FLIP, induced caspase-8 

dependent apoptosis in in vitro and in vivo models of NSCLC and other cancers4,;\ 

An alternative approach is to use HDIs, a class of drugs that can modulate FLIP 

protein expression in numerous cancer models433'551'575. In this study, the HDI 

vorinostat was used to downregulate FLIP protein expression and determine the 

effects this had on the response to IR of NSCLC cell lines. Vorinostat 

downregulated FLIP protein expression and enhanced caspase activation, induction 

of cell death and reduced clonogenic survival. Vorinostat treatment was most 

effective at potentiating the effects of IR when administered post-IR. Furthermore, 

both FLIP overexpression and caspase-8 depletion (using siRNA) prevented the 

enhancement of cell death induced by the combination, indicating that the 

FLIP/caspase-8 axis is of critical importance and that FLIP downregulation by 

vorinostat is a pivotal mechanism by which the drug radiosensitizes cancer cells. In 

further support of this, overexpression of the FLIP(S) FADD-binding mutant did not 

protect the cells from vorinostat/IR. Importantly, the vorinostat and IR combination 

did not induce cell death in normal lung fibroblast cells.

We have previously reported that NSCLC cells (but not normal lung cells) are 

'addicted' to FLIP and spontaneously activate apoptosis in the absence of its 

expression because they simultaneously overexpress FLIP and procaspase-8 and are 

therefore primed for death via this pathway.
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7.1.3 Direct role of FLIP in the DDR?

It was found that the DDR was constitutively more active in FLIP(S) overexpressing 

cells than control cells and that these cells had higher levels of endogenous DNA 

damage. Moreover, this effect was not dependent on the FLIP-FADD interaction as 

it was observed in cells overexpressing the mutant form of FLIP that does not 

interact with FADD. Therefore, FLIP overexpressing NSCLC cells exhibit 

characteristics consistent with increased levels of replication stress; however, the cell 

cycle distribution of FLIP overexpressing cells was unaffected. Replication stress is 

a potent contributor to the development of genomic instability that fuels cancer 

progression and may contribute to resistance to radio- and chemotherapy.

In light of the importance of the levels of FLIP protein expression to the cellular 

response to IR, the subcellular localization and interplay with the DDR was 

investigated. We and others, have shown that FLIP protein is located both in the 

cytoplasm and the nucleus of cancer cell lines664'666 and human NSCLC tumours413. 

The results in Chapter 6 illustrate that FLIP protein localization in the nuclear 

compartment increases following DNA damage, suggesting a potential novel 

function of nuclear FLIP. Therefore, the effect of FLIP modulation on various 

components of the DDR was explored.

It was found that FLIP silencing resulted in increased activation of markers of DNA 

damage, which occurred both in the presence and absence of caspase activity. The 

increased DDR signalling present in FLIP-depleted cells suggests that levels of DNA 

damage were increased, and this was confirmed by neutral comet assays. Thus, FLIP 

downregulation was found to increase levels of DNA damage and importantly 

enhance the levels of IR-induced DNA damage, consequently resulting in higher 

levels of apoptosis. In view of the finding that siFLIP treated cells displayed 

increased DDR signalling and DNA damage, even in the absence of caspase activity, 

it is proposed that FLIP may have an additional role, disparate from its well 

characterized ability to inhibit caspase activation. The formation of IR-induced 

DNA DSB repair foci was elevated in FLIP(S) overexpressing NSCLC cells, 

although the DDR foci dispersed sooner. Thus, FLIP overexpressing cells may have 

enhanced DNA damage detection and signalling capabilities, as more DNA repair
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centres formed following DNA damage and were resolved sooner. Figure 7.1 

summarizes the key findings and implications of this study.

• FLIP proteins are overexpressed 
in many cancers

• FLIP overexpressing H460 
model

FLIP-targeted siRNA transfection 
Treatment with HDAC inhibitor 
decreases FLIP protein stability

High FLIP levels
• Protects from apoptosis induction following IR by 

preventing caspase activation
• Cells are more radioresistant
• The ability of FLIP to protect cells from DNA-damage 

induced apoptosis is dependent on its ability to 
interact with FADD

• Cells have higher levels of endogenous DNA damage
• Tumours expressing high FLIP levels may be 

intrinsically more resistant to radiotherapy and 
response could be improved by FLIP inhibition

Depleted FLIP levels
• Increased levels of DNA damage
• Enhanced caspase-8 activation and apoptosis 

induction following IR
• Decreased clonogenic survival as cells are

radiosensitized
• Loss of FLIP radiosensitizes cells to DNA-damage 

induced apoptosis
• Pharmacological inhibition of FLIP may increase 

cellular response to radiotherapy and 
potentially improve tumour control

Figure 7.1 Concept diagram summarizing the effect of high and low levels of FLIP 

protein expression on sensitivity of cells of radiotherapy
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7.2 Future Directions

7.2.1 FLIP as a predictive biomarker of radioresistance in NSCLC

Radioresistance is an obstinate barrier to the successful treatment of many NSCLC 

patients. The findings reported in this study, provide support for the further 

investigation of FLIP as a predictive biomarker of response to RT. Pending clinical 

evaluation and validation. FLIP expression levels in tumours may have potential 

clinical value in distinguishing radiosensitive from radioresistant NSCLC tumours. 

This may aid the identification of subgroups of patients that would benefit from 

personalized therapy to improve radiosensitivity, such as FLIP-targeted small 

molecule inhibitors. One strategy would be to determine the levels of FLIP protein 

expression in treatment naive lung biopsies and correlate with the clinical responses 

to RT. Additionally, if a suitable patient cohort was available, a retrospective study 

could examine whether FLIP protein expression correlates with survival in patients 

treated with RT. Pending the identification of a significant correlation, FLIP 

expression could be a useful predictive biomarker of response to RT of NSCLC 

tumours that would facilitate clinical decisions regarding the suitability of patients 

for various treatment regimens.
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7.2.2 Modulation of FLIP protein expression using selective HD AC inhibitors

We previously identified that inhibition of HDAC 1, HDAC 2 and/or HDAC 3 are 

required for efficient downregulation of FLIP protein expression in NSCLC433. 

Additionally, previous work from our lab has shown that as a single agent entinostat 

is less toxic than the pan-HDl vorinostat in normal lung cells413, and therefore this 

more selective HDI may be better tolerated and result in reduced toxic side-effects in 

patients; importantly, these results reflect published clinical observations702. To 

further elucidate the mechanism of HDI-mediated FLIP downregulation, studies of 

selective HDIs and siRNAs that downregulate individual HDACs in vitro could 

provide important information as to which FIDAC or combination of HDACs must 

be inhibited for the downregulation of FLIP and thereby, enable more precise 

targeting of those HDAC(s).

In this study, the response of NSCLC cells to treatment with vorinostat and 1R was 

assessed. Preliminary data using the more selective HDAC-1/-2/-3 inhibitor, 

entinostat, showed that as a single agent, treatment resulted in FLIP downregulation 

and induction of apoptosis. Furthermore, when combined with IR the levels of cell 

death were significantly enhanced (Figure 7.2). Entinostat treatment 48 hours post- 

IR (5 Gy) resulted in -45% cell death in H460s. The combination treatment also 

significantly enhanced IR-induced cell death in A549s. It was found that entinostat 

pre-treatment was more effective at inducing cell death than post-IR treatment in 

these cells (Figure 7.3 and 7.4). For example, in cells that were treated with 

entinostat (2.5 pM) and 2 Gy IR. there was a significant increase in the amount of 

dead cells with either schedule, however entinostat pre-treatment (-40% dead cells) 

was twice as effective as post-IR treatment (-20% death) at inducing cell death, 

mirroring the optimal vorinostat schedule determined in A549s. When the results 

were compared to the levels of cell death induction resulting from vorinostat pre

treatment and IR (Figure 5.6), both vorinostat and entinostat were found to induce 

similar levels of cell death in combination with IR.
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Figure 7.2: The HDAC-1/-2/-3 selective inhibitor entinostat downregulates FLIP 

protein and enhances IR-induced apoptosis

H460 cells were treated according to schedule indicated. Live cells and media were 

collected and stained with FITC-Annexin V and PI and immediately analyzed by 

flow cytometry to determine positive apoptotic populations. An unpaired Student's 

t-test compared the levels of cell death.
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Figure 7.3: Pre-treatment with the HDAC-1/-2/-3 selective inhibitor 

entinostat sensitizes A549 cells to IR-induced apoptosis

A549 cells were treated according to indicated schedule. Live cells and media were 

collected and stained with FITC-Annexin V and PI and immediately analyzed by 

flow cytometry to determine positive apoptotic populations. The immunoblot shows 

FLIP protein expression. An unpaired Student's t-test compared the levels of cell 

death -/+ entinostat.
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Figure 7.4: Post-IR treatment with the HDAC-1/-2/-3 selective inhibitor 

entinostat is less effective at inducing apoptosis that pre-IR treatment in 

A549 cells

A549 cells were treated according to indicated schedule. Live cells and media were 

collected and stained with FITC-Annexin V and PI and immediately analyzed by 

flow cytometry to determine positive apoptotic populations. The immunoblot shows 

FLIP protein expression. An unpaired Student's t-test compared the levels of cell 

death.
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7.2.3 Entinostat and IR in vivo studies

These promising preliminary in vitro results have stemmed further investigation in 

vivo to confirm that entinostat radiosensitizes NSCLC cells. A pilot study was 

performed in which H460 xenografts were implanted subcutaneously into the dorsum 

of Balb/c nude mice. There were four experimental groups: untreated, entinostat and 

IR as single agents and combination of entinostat and IR. Unfortunately, after a 

latency period of 1 week the xenografts proceeded to grow at a rapid rate. 

Consequently, the mice had to be sacrificed shortly after the final treatment; 

therefore, this study did not provide any useable data on the possible entinostat- 

mediated potentiation of IR. as the time post-IR was insufficient. However, the 

study provided constructive information that was useful for designing further in vivo 

experiments that are currently ongoing.
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7.2.4 Identification of caspase-8 activating complex that forms in response to IR

As this study demonstrated that FLIP depletion can induce enhanced caspase 

activation in response to IR. it would be of interest to determine which caspase- 

activating complex forms in response to the DNA damage. During this study. 

caspase-8 co-immunoprecipitation assays were performed on lysates of irradiated 

cells and immunoblots were probed for RIPK1 to determine whether TNFR1 

complex II/ripoptosome formation occurred in response to IR. The results were 

inconclusive and further optimization of the protocol may provide answers regarding 

death complex formation post-IR. Another strategy to investigate the effect of IR on 

caspase activation would be to use NanoLuc® protein fusion vectors, which are 

probes for bioluminescent cell imaging and bioluminescent resonance energy 

transfer (BRET) for the study of proteimprotein interactions. This technology could 

be used in investigating FLIP protein interactions, for example, with caspase-8 and 

how the interactions are affected by DNA damage.

It is worth noting that additional death ligands such as TRAIL and FASL expressed 

by immune effector cells are lacking in the simple cell line cultures employed in this 

study. The presence of such ligands in the tumour microenvironment may promote 

IR-induced apoptosis, as IR frequently increases cell surface expression of their 

receptors. This may be particularly important in cells in which FLIP expression or 

protein-protein interactions are pharmacologically inhibited. Thus, the combined 

effects of IR and HDIs may have been underestimated in this study.
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7.2.5 Further elucidation of the effects of IR on FLIP protein localization and 

nuclear-FLIP protein interactions

To further investigate the nucleocytoplasmic shuttling of FLIP(L) protein in response 

to DNA damage, a fluorescently tagged FLIP fusion protein would be a useful tool. 

During this study acGFP-FLIP(L) and (S) were cloned and both transiently 

transfected and retrovirally transduced into various cell lines. However, the 

expressed GFP-FLIP(L) could not gain entry to the nucleus and formed large protein 

aggregates in the peri-nuclear region. Given that the GFP tag is a large protein 

domain, with a molecular weight of 27kDa. it is half the size of FLIP(L) and larger 

that FLIP(S), and therefore may severely impair the nucleocytoplasmic shuttling of 

the FLIP proteins, particularly if a chaperone protein (or other protein partners) is 

responsible for FLIP protein transport. Therefore, a smaller tag, which causes 

minimal perturbation to FLIP'S protein interactions, may be useful.

Newer chemical tagging strategies, such as genetically encoded site-specific 

labelling, involve the direct incorporation of a fluorescent amino acid to tag the 

protein of interest in live cells. For example, a reactive norbornene amino acid can 

be introduced into the backbone of the protein of interest (using unnatural amino acid 

mutagenesis), which selectively reacts with tetrazine-containing dye, thus permitting 

labelling reactions in live cells703.

Microlaser beam irradiation could be used to produce defined tracks of DNA damage 

and any resultant movement of FLIP proteins could be visualized using live-cell 

imaging techniques. Additionally, it would be of interest to determine the nuclear 

function of FLIP and whether its nuclear localization affects the cells response to IR. 

To address these questions, FLIP protein localization could be manipulated by 

mutation of FLIP(L)'s nuclear localization signal (NLS) or nuclear exclusion signal 

(NFS) or by treating with leptomycin B. which inhibits nuclear export of NFS 

containing proteins. The resulting phenotype after DNA damage could be explored 

and may provide indications of novel functions of nuclear FLIP.

We are planning to perform a FLIP chromatin immunoprecipitation (ChIP) 

experiment to identify nuclear FLIP protein interactions using the HaloCHIP™
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system. Briefly, HaloTag®-FLIP(L) fusion proteins shall be expressed in cells and 

treated with 1R. Subsequently, the cells are incubated with a crosslinking agent and 

lysed. HaloLink™ Resin then captures any halo-FLIP(L) proteimDNA complexes 

by forming highly specific, covalent interactions and stringent washing can then be 

performed to remove unbound proteins, resulting in reduced non-specific binding. 

Analysis of ChIP lysates by Western blotting and/or LC-MS could then identify 

nuclear FLIP protein interactions.
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7.2.6 Con firmation of FLIP protein interactions with Ku80 and MDCI

A yeast-2-hybrid screen performed previously in our lab revealed potential protein

binding partners of FLIP. We validated one such novel protein interaction between 

FLIP and a NHEJ protein, Ku70, and determined that Ku70 regulates FLIP protein 

stability551. The screen also revealed a potential protein interaction between FLIP 

and MDCI. Therefore, co-immunoprecipitation using a MDCI antibody was 

performed and a protein interaction was detected between FLIP(L) and MDCI 

(Figure 7.5). Furthermore, given that FLIP interacts with Ku70, an antibody specific 

to Ku80 was also co-immunoprecipitated and analysis of the lysate revealed an 

interaction between Ku80 and FLIP(L) and FLIP(S). These results suggest that FLIP 

may interact with both components of the Ku heterodimer. Collectively, these 

preliminary results indicate that FLIP is conceivably a component of a large DDR 

multi-protein complex.

The co-immunoprecipitation method of investigating protein interactions is not 

without its limitations, as protein interactions are analysed following cell lysis, which 

involves the use of detergents that may cause aberrant protein interactions by 
disrupting hydrophobic interfaces of protein complexes or by mixing of cellular 

compartments. Thus, affinity-based approaches are not ideal for identifying weak or 

transient protein interactions. An alternative approach would involve chemical 

crosslinking of protein complexes in live cells, which is a superior method to capture 

stable and transient protein-protein interactions in their native environment. 

Photoreactive amino acids (e.g. Photo-leucine and photo methionine) can be 

incorporated during protein expression, which enable irreversible protein 

crosslinking within the protein interaction domains (containing methionine or 

leucine) in live cells upon exposure to UV light. Cross-linked protein complexes can 

then be detected by reduced SDS-PAGE mobility followed by Western blotting704.
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+ + + IR (10 Gy)

IgG FLIP FLIP Ku80 MDC1

Figure 7.5: FLIP proteins interact with DNA damage response proteins following

IR

H460 cells were treated with 10 Gy of IR and lysates were collected after 1 hour. 

Co-immunoprecipitation was performed using FLIP (H202). Ku80 and MDC1 

specific antibodies. Lysates were resolved by SDS-PAGE and the immunoblot was 

probed with FLIP (NF6) and Ku70 antibodies.
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7.2. 7 The role ofFLIP/Ku70protein interaction in FLIP-mediated radioprotection

As Ku70 has a central role in NHEJ, the effect of the FLIP/Ku70 protein interaction 

on the radioresistance of NSCLC cells was investigated. A stable FLIP(S) R122A 

mutant overexpressing H460 cell line was generated; FL1P(S) R122A cannot interact 

with Ku70. FL1P(S) R122A mutant H460 cells were irradiated with various doses of 

1R. and the sub-Gl apoptotic population was determined 72 hours post-IR. The 

percentage of apoptotic cells resulting from IR was unaffected by the FL1P(S) 

R122A mutation, as the FLIP(S) Ku70 binding mutant could protect H460 cells from 

IR-induced cell death as effectively as the FL1P(S) WT (Figure 7.6). Similarly, 

clonogenic survival assays revealed that overexpression of the FLIP(S) R122A 

mutant did not alter the radiosensitivity of the cells when compared to FLIP(S) wild- 

type. Thus, the radioresistance conferred by FLIP overexpression appears to be 

independent of the FLIP/Ku70 interaction. However, given that FLIP can potentially 

interact with Ku80 and MDC1, it can be hypothesized that FLIP may still be 

recruited to a contingent DDR protein complex that mediates its radioprotective 

effect. To further investigate, fluorescently tagged Ku70 and FLIP could be imaged 

in live cells, to determine whether FLIP is recruited to the sites of DNA damage with 

Ku70.
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«- FLIP(S) WT 

▼“ FLIP(S) R122A MT

Dose (Gy)

Figure 7.6: FLIP-mediated radioprotection is not dependent on the FLIP/Ku7() 

interaction

The radiosensitivity of EV. FLIP(S) WT and FLIP(S) R122A MT overexpressing 

H460 cells was assessed by determining the sub-Gl apoptotic population and 

clonogenic survival assays following treatment with 1R.
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7.2.8 Effect of FLIP modulation of DDR signalling

In this study, the formation and resolution of yH2AX and 53BP1 foci in response to 

IR was determined in the context of FLIP overexpression. Technically it was not 

possible to downregulate FLIP protein and study DNA repair kinetics, as siFLIP 

transfected cells would not adhere to the surface of glass coverslips, even when acid- 

washed and treated with poly-L-lysine. Therefore, we are currently developing a 

mCherry-53BPl cell line, in which we can silence FLIP protein and study the repair 

kinetics following DNA damage in live cells. Additionally, we have acquired a halo- 

FLIP(L) construct, which we can transfect into the mCherry-53BPl cells and study 

DNA repair and protein localisation simultaneously in live cells.

7.2.9 Effect of FLIP on mediators of the DDR

As previously shown, FLIP silencing results in increased yH2AX signal and DNA 

damage, and therefore the downstream mediators of the DDR were assessed to 

determine whether the increased DDR signal translated into increased activation of 

key players of the DDR. Chk2 and Chkl activation can result in the initiation of cell 

cycle checkpoints, cell cycle arrest, and DNA repair or cell death. It was found that 

FLIP depletion resulted in increased activation of Chk2 and Chkl in IR treated cells 

after 8h, even in the absence of caspase activity (Figure 7.7). These results suggest 

that FLIP silencing results in enhanced activation of ATM/ATR/DNA-PKcs in 

response to DNA damage. It has been previously shown that ATM activity can 

regulate FLIP protein expression67^ and therefore further study of this pathway may 

reveal novel functions of nuclear FLIP.
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Figure 7.7: Silencing of FLIP proteins results in increased DDR signalling in the 

presence and absence of pan caspase inhibitor, Z-VAD-FMK.

A549 cells were transfected with FLIP targeted siRNA and 4 hours later treated with 

DMSO or 20 pM of Z-VAD-FMK. Twelve hours post-transfection cells were 

treated with 2 Gy of IR and protein lysates were collected 8 and 24 hours post-IR for 

analysis by Western blotting.
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7.2.10 Effect of FLIP expression on fidelity of DNA repair

This thesis provides evidence that FLIP downregulation enhanced DDR signalling 

and DNA damage: however, the results presented suggest that FLIP overexpression 

does not alter the resolution of DNA repair foci or DNA damage. In this light, the 

effect of FLIP overexpression on the fidelity of repair should be explored, to 

determine whether modulation of FLIP protein levels affects the DNA repair process, 

for example, by identification of misrepair which can result in mutations and 

chromosomal aberrations. DNA-end joining repair assays would enable the study of 

the efficiency and fidelity of DNA repair in conditions of modulated FLIP protein 

expression. Traditional in vitro assays that measure NF1EJ are based on the repair of 

linearized plasmid DNA; however, this does not mimic the typically complex 

structure of DNA DSBs that occur during metabolic processes or as a result of IR. 

More sophisticated methods have recently been developed, for example, Bindra et al. 

(2013) developed an assay that can detect mutagenic NHEJ repair. In this system, 

the I-Scel site is incorporated into the ORF of a repair substrate, and any repair that 

disrupts the ORF therefore results in DsRed fluorescence from a separately 

integrated reporter vector705. This technique would enable the study of the DNA 

repair efficiency and fidelity in live cells with modulated FLIP protein expression.
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7.2.11 FLIP overexpressing cells have higher levels of endogenous DNA-PK activity

It was reported in Chapter 6 that FLIP overexpression results in higher levels of 

yH2AX pan-nuclear staining and micro-foci and endogenous DNA damage. 

Therefore a DNA-PK activity assay was performed on FLIP overexpressing cells 

using radiolabelled ATP to measure levels of kinase activity. Preliminary studies 

revealed that DNA-PK activity was elevated in FLIP(L) and FLIP(S) overexpressing 

H460 cells (Figure 7.8). Collectively these results suggest that the DDR machinery 

is constitutively activated in FLIP overexpressing cells; therefore, the high levels of 

y-H2AX micro-foci present in FLIP overexpressing cells are functional and may act 

to increase the activity of downstream DDR kinases. Treatment of FLIP 

overexpressing cells with a DNA-PK inhibitor and consequently studying yFI2AX 

staining would provide further information on the nature of the micro-foci in the 

context of elevated FLIP expression.
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> 20n

EV FLIP(L) FLIP(S)

Figure 7.8: FLIP overexpressing H460 cells have enhanced levels of DNA-PK 

activity

Nuclear extracts of EV, FLIP(L) and FLIP(S) overexpressing H460 cells were 

prepared and a SignaTECT® DNA-Dependent protein kinase assay (Promega) was 

performed as per manufacturer instructions (N=l) to determine relative levels of 

enzymatic activity.
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7.2.12 Further investigation of FLIP overexpression-mediated constitutive activation 

of DDR and endogenous DNA damage

It was determined that FLIP overexpression increased DDR activation and 

endogenous DNA damage in cycling NSCLC cells. However, further studies are 

required to determine the mechanism and implications. Two possible explanations 

for these observations were suggested in Chapter 6. Firstly, FLIP overexpressing 

cells may have increased replication stress68', and secondly, potential dysfunctional 

NER. To strengthen the body of evidence indicating that FLIP overexpression 

facilitates increased replication stress in NSCLC cells; Western blotting analysis 

could be performed on lysates from cells overexpressing FLIP and probed for 

phosphorylated ATR (Ser-428), phospho-Chkl and RPA, this would further 

corroborate the presence of increased replication stress. Additionally, the incidence 

of stalled DNA replication forks could be studied at the single-molecule level using 

DNA combing techniques, which reveals the proportion of terminated forks, 

replication fork speed and asymmetry. To investigate whether dysfunctional NER is 

responsible for the y-H2AX micro-foci and pan-nuclear staining in FLIP 

overexpressing cells, components of the repair pathway could be manipulated to 

determine their effect on micro-foci formation.
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7.2.13 Assessment of genomic instability in FLIP overexpressing cells

Genomic instability manifests in a large number genetic alterations in cancer cells, 

such as small-scale mutations, loss or gain of whole chromosomes and parts of 

chromosomes and mitotic recombination. Considering that FLIP-overexpressing 

cells had constitutive DDR signalling and endogenous DNA damage, it is possible 

that these cells may have increased genomic instability. To determine whether 

increased genomic instability is present, fluorescence in situ hybridization (FISH) 

studies to detect genetic abnormalities are ongoing. Preliminary assessment of 

metaphase spreads revealed an increased frequency of chromosomal aberrations in 

mesothelioma and colorectal carcinoma FLIP overexpressing models (data not 

shown). Chromosome painting will provide more robust assessment of extent of 

genetic instability in FLIP overexpressing in vitro models.
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7.3 Conclusions

Overall, the results of this study demonstrate that FLIP is a key regulator of NSCLC 

radioresistance; thus, its use as a predictive biomarker for RT should be investigated. 

Moreover, this study illustrated that pharmacologically targeting FLIP may improve 

the efficacy of RT. Preliminary evidence was also obtained to suggest that FLIP 

may have a novel nuclear role and potentially play a direct role in the DDR.
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Appendix 1: General Buffers

Appendix 1: General Buffers

Phosphate Buffered Saline (PBS)

1 PBS tablet (OXOID) was dissolved in 100 mL of ddPBO and autoclaved.

PBS-1%EDTA

500 ml IX PBS 

5 g EDTA (Gibco BRL)

Radio-lmmunoprecipitation Assay (RIPA) Buffer

0.606 g 0.5 M Tris (Gibco BRL)

4.383 gNaCl (Merck)

0.186 g EDTA 

5 mL Triton X-100 (Sigma)

5 mL 10% sodium doecyl sulphate (Melford)

Bring to a total volume of 500 mL with ddLLO. The pH was adjusted to 7.4 and 
stored at 4°C. RIPA buffer was supplemented with protease inhibitor cocktail 

(Calbiochem set 111) in 1:500 dilution.

Sodium Fluoride (1 M NaF)
NaF (Sigma Aldrich) inhibits protein serine/threonine and acidic phosphatases 

Molecular weight=41.99 

4.2 gin 100 mLdH20 

10 mM working concentration

Sodium Orthovanadate (NajVO^
Na^VO-t (Sigma) Inhibits protein tyrosine and alkaline phosphatases 

Molecular weight=l 83.9 

0.9195g in 50 mL dH20 

1 mM working concentration
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CHAPS Buffer

10 mM HEPES (Sigma)

150 mM NaCl (Merck)

1% CHAPS (Sigma)

ddH20 was added to a volume of 500 mL. pH was adjusted to 7.3 and stored a 4°C. 

CHAPS buffer was supplemented with protease inhibitor cocktail in a 1:500 dilution. 

100 pL of phenylmethylsulfonyl fluoride (PMSF) per 10 mL CHAPS buffer was 

added prior to use.

TE buffer

10 mM Tris-HCl (pH 7.5)

1 mM EOT A

0.5 M EDTA
18.62g 0.5 M EDTA disodium salt (FW=372.2)

2.2 g NaOH pellets (BDH)

Dissolve in 100 mL dH20

Adjust pH to 8 with glacial acetic acid (VWR chemicals)

Final volume of 100 mL

Crystal violet fixation solution

0.4% crystal violet powder (BDH) added to 95% methanol

2 M NaCl

11.69 g NaCl (Sigma)

In a volume of 100 mL dH^O
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Recombinant DNA technology

SOX Tris-acetate-EDTA (TAE) Buffer
242 g Tris base (fw- 121.14) (Gilbco BRL)

Dissolve in 750 mL dHjO

Add 57.1 mL glacial acetic acid (VWR chemicals)

Add 100 mL of 0.5 M EDTA (pH 8)

Adjust final volume to 1 L (pH 8.5)

Store at room temperature.

Working solution of TAE Buffer

Dilute the SOX TAE buffer stock in dHjO. Solute concentrations are 40 mM Tris 

acetate and 1 mM EDTA

1 % Agarose Gel
I g Agarose (Gibco BRL)

100 mL of 1X TAE buffer

Boil for 2 minutes and allow to cool slightly

Add 5 pL SYBR® SAFE (Invitrogen)

100 mM Calcium Chloride

1.47gCaCl2,6H20 (BHD)

In 100 mL ofddlTO 

Autoclave and store at 4°C

10 mM dNTPs

From Life Technologies 

10 pL 100 mM dATP 

10 pL 100 mM dCTP 

10 pL 100 mM dTTP 

lOpL 100 mM dGTP 

60 pL Injection water
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1 M MgCl2 

To prepare 100 mL 

9.5211 g MgCl2 (Sigma)

100 mL of ddLLO and filter sterilize

1 M MgS04

To prepare 100 mL 

12.04 g MgSCL (Sigma)

100 mL of ddH20 and filter sterilize

NZY+ broth

10 g ofNZ amine® A (casein hydrolysate) (Sigma)

5 g of yeast extract (OXOID)

5 g of NaCl

Add dFLO to a final volume of 1 L

Adjust pH to 7.5 using NaOH and then autoclave

The following filter sterilized supplements were added prior to use

12.5 mL of 1 M MgC12

12.5 mL of 1 M MgS04

20 mL of 20% (w/v) glucose (or 10 mL of 2 M glucose)

1 M IPTG

1.19 g of IPTG 

5 mL ddH20

Dissolved and filter sterilized

Ampicillin

1.5 g Ampicillin (Sigma)

15 mL Injection H20 

Filter using 0.2 pm filter 

Store at -20°C
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LB Agar

For 400 mL:

8 g NaCl (Merck)

4 g Tryptone (OXOID)

5 g Yeast extract (OXOID)

6 g Agar powder (OXOID)

Add dH20 to a final volume of 400 mL 

Adjust pH to 7.0 with 5 M NaOH

Autoclave LB agar and allow to cool slightly (~55°C) before adding filter sterilised 

selection antibiotic if required (e.g. Ampicillin 100 mg/mL)

Pour into petri dishes (25 mL/plate) and dry in incubator at 37°C. Store upside down 

at 4°C until required.

LB Broth

4 g NaCl (BHD)

2 g Yeast extract (OXOID)

4 g Tryptone (OXOID)

Dissolved in 400 mL of dHiO.

Autoclave

Add ampicillin if required (100 mg/mL)

Glycerol Deeps solution

20 mL 100 mM CaCl2 (BHD)

4.1 mL Glycerol (Sigma)

Autoclave and store at room temperature
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Flow Cytometry

10X Binding Buffer - Annexin V staining
100 pi HEPES pH 7.4 

1.5 mM NaCl (Merck)

50 mM KC1 (Sigma)

10 mM MgCli (Sigma)

18 mM CaCl2 (BHD)

Or BD Pharmingen™ Binding Buffer Annexin V (BD Biosciences)

Annexin V
BD Pharmingen™ FITC Annexin V (BD Biosciences).

Propidium lodide/RNase A stain solution solution
150L 1 mg/mL propidium iodide solution (Sigma-Aldrich. Gillingham, UK) 

37.5L 100 mg/mL RNase A (Qiagen)

Made up to 15 mL with lx PBS+1%FCS and protected from light.

PBS-0.1% Sodium azide-0.2% BSA
0.5 g NaN} (Sigma)

1 g BSA (Sigma)

Added to 500 mL of IX PBS
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Comet Assay

Neutral Electrophoresis Buffer
Prepare 1 OX stock

60.57 g Tris (hydroxymethyl)aminomethane - mol. wt. = 121.14 (Sigma)

204.12 g Sodium Acetate mol. wt. = 136.08 (Sigma)

Dissolve in 450 mL of PEO. Adjust to pH=9.0 with glacial acetic acid. Adjust 

volume to 500 mL and sterilize using filter and store at room temperature. Dilute the 

10X stock to IX in dLLO to prepare 1 litre of working strength buffer and cool to 

4°C before use.

DNA precipitation solution

7.5 M Ammonium Acetate 10 mL stock (Sigma):

5.78 g NH4Ac (mol. wt. = 77.08)

10 mL dH20 (once NfLAc is dissolved)

To prepare 50 mL DNA precipitation solution combine:

6.7 mL 7.5 M NH4Ac (mol wt. = 77.08)

43.4 mL 95% EtOH (VT Baker)
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Immunofluorescence buffers

Fixation Buffer
4% formaldehyde in PBS. freshly prepared in the fume hood (stock: 37% 

formaldehyde. SIGMA)

Permeabilization Buffer
0.5% Triton X-100 in PBS. stored at RT (stock: Triton-100. SIGMA)

Blocking Buffer
5% normal goat serum or donkey serum (Vector) in 0.1% Triton X-100 in PBS

Washing Buffer

0.1% Triton X-100 (Sigma) in PBS
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Appendix 2: Cell Culture and transfection reagents

Penicillin/Streptomycin (5 mg/mL)

Purchased from Life Technologies and stored at 4°C

Puromycin (1 mg/mL)
25 mg puromycin (Life Technologies)

25 mL ddH20

Filter sterilize with 0.2 pm filter 

Protect from light and store at -20°C

Foetal Calf Serum (FCS)
500 mL bottles purchased from Life Technologies and stored at -20°C.

L-Glutamine 200mM

100 mL bottle purchased from Life Technologies and stored at -20°C.

Sodium Pyruvate
100 mL bottle purchased from Life Technologies and stored at -20°C.

10X Trypsin-EDTA
100 mL bottle purchased from Life Technologies and stored at -20°C 

solution: Dilute with sterile 1XPBS and store at 4°C.

Freezing Medium

1 mL Dimethyl sulphoxide (DMSO) (Sigma)

9 mL FCS

Working
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Caspase Inhibitor I (z-VAD-fmk)

Purchased from Calbiochem 

10 mM stock solution 

1 mg caspase inhibitor I 

214 pL DMSO 

Store at -20°C.

HD AC inhibitors
Vorinostat and entinostat (Selleck Chemicals, Newmarket, UK) were purchased as 

lyophilized powders. DMSO was added to produce a stock of 10 mM. Stocks were 

stored at -20°C in 50 pL aliquots.
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Appendix 3: Western Blotting and antibodies

Composition of denaturing SDS-PAGE gels

Reagent 10% Resolving gel
(20 mL)

12% Resolving

gel (20 mL)

5% Stacking

gel (8 mL)

ddH20 7.9 mL 6.6 mL 5.5 mL

30% (w/v) acryl-

biacrylamide mix

6.7 mL 8 mL 1.3 mL

1.5 M Tris-Cl pH 8.8 5 mL 5 mL

1 M Tris-Cl pH 6.8 1 mL

10% SDS 200 pL 200 pL 80 pL

10% APS 200 pL 200 pL 80 pL

TEMED 8 pL 8 pL 8 pL

30% (w/v) acryl-biacrylamide mix was purchased from Biorad and

Tetramethylethylenediamine (TEMED) was purchased from Sigma.
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1.5 M Tris-Cl (pH 8.8)

90.75 g Tris (Sigma)

Dissolved in 500 mL ddH20 

Adjust pH to 8.8 with HC1 

Store at room temperature

1 M Tris-Cl (pH 6.8)
60.5 g Tris

Dissolved in 500 mL dd^O 

Adjust pH to 6.8 with HC1 

Store at room temperature

10% SDS
10 g Sodium dodecyl sulphate (Invitrogen) 

Dissolve in 100 mL ddH20

10% APS
1 g Ammonium persulphate (Sigma)

10 mL ddH20

Store at 4°C and use within 1 week

10X SDS-PAGE Running Buffer

60.6 g Tris (Invitrogen)

288 g Glycine(Merck)

20 g SDS (Invitrogen)

Add to 2 L of ddH20

For working solution dilute 1:10 with ddH20
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10X Western Transfer Buffer

60.6 g Tris

288 g Glycine (VWR laboratories)

Add to 2 L of ddHjO.

Working solution (1 L)

80 mL of 1 OX buffer 

720 mL ddLLO 

Add 200 mL methanol

2X Laemmli Loading buffer

2.5 mL 1 M Tris (pH6.8)

10 mL 10% SDS

5 mL Glycerol

Pinch of Bromophenol blue (Sigma)

Make up to 25 mL with ddLLO

10X Laemmli Loading buffer
2 mL 0.5M Tris pH 6.9

1.6 mL Glycerol 

3.2 mL 10% SDS

400 pL 0.05% Bromophenol blue 

800 pL (3-mercaptoethanol 

4 mL ddH20

PBS-0.1% Tween 20

500 mL IX PBS 

0.5 mL Tween-20

Immunoblot Blocking solution

5% non-fat dry milk (Marvel) or BSA dissolved in PBS-0.1% Tween
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Immunoblotting antibodies

Antibody Supplier Storage Dilution

BAX Cell Signalling -20°C 1:5,000

Caspase-8 (12F5) Alexis Biochemieals 4°C 1:5.000

FADD BD Bioscience 4°C 1:5,000

FLAG Sigma 4°C 1:10000

FLAG (M2) HRP Sigma -20°C 1:10.000

FLIP (NF6) Enzo 4°C 1:2.000

FLIP (NF6) Adipogene 4°C 1:5,000

PARP (C2-10) eBioscience 4°C 1:10.000

PARP Cell Signalling -20°C

Total H2AX Calbiochem 4°C 1:2000
yH2AX (Serine-139) Millipore 4°C 1:500
P53 total Santa Cruz 4°C 1:5000
P-Actin Sigma -20°C 1:10,000

Phosphor-p53 (Serine-
15)

Cell Signalling -20°C 1:1000

Phospho-DNA-PKcs
(Ser-2056)

Cell Signalling -20°C 1:500

Phospho-Chkl(Ser-

345)
Cell Signalling -20°C 1:1000

Phospho-Chk2(Thr-69) Cell signalling -20°C 1:1000

SP1 Santa Cruz 4°C 1:2000

Hsp90 Santa Cruz 4°C 1:2000

Ku7« BD transduction 4°C 1:2000

Anti-mouse Amersham/Cell

signalling

-20°C Various

Anti-rabbit Amersham/Cell

Signalling

-20°C 1:5.000

346



Appendix 3: Western blotting & Antibodies

Immunoprecipitation antibodies

Antibody Supplier

Acetylated lysine Cell signalling
Ku70 Santa Cruz

Ku80 Santa Cruz

MDCl (a) 925-975 Bethyl A300-052A

MDC1 (b) 1375-1425 Bethyl A300-053A

p-DNA-PKcs (Ser-2057) Abeam

53BP1 Millipore MAB3802

FLIP (H202) Santa Cruz
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Appendix 3: Western blotting & Antibodies

Immunofluorescence antibodies

Antibody Supplier Storage Dilution

FLIP (NF6) Enzo 4°C 1:2,000

yH2AX (Serine-139) Millipore 4°C 1:10.000

53BP1 Novus Biological 4°C 1:100

Alexa Fluor 488-labelled

goat anti-mouse IgG
Life technology 4°C 1:1000

Alexa-Fluor 488 goat

anti-rabbit IgG

Invitrogen 4°C 1:1000

Alexa-Fluor 594 goat

anti-mouse IgG

Invitrogen 4°C 1:1000

Alexa-Fluor568 donkey
anti-rabbit IgG

Invitrogen 4°C 1:1000

Alexa-Fluor 568 goat

anti-rabbit IgG
Invitrogen 4°C 1:1000
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Appendix 3: Western blotting & Antibodies

Cell surface expression antibodies

Antibody Supplier Conjugate

DR4 eBioscience PE

DR5 eBioscience PE

FAS eBioscience PE

Isoty pe control eBioscience PE

TNFR1 R&D Systems (Minneapolis. MN) PE

Isotype IgG control
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Appendix 4: siRNA sequences

Appendix 4: siRNA sequences:

Target Gene siRNA sequence

FLIP targeted (FT) AAG CAG TCT GTT CAA GGA GCA

FLIP short (FS) AAC ATG GAA CTG CCT CTA CTT

FLIP long (FL) AAG GAA CAG CTT GGC GCT CAA

Caspase-8 GAG UCU GUG CCC AAA UCA ATT

Scramble Control (SC) AAT TCT CCG AAC GTG TCA CGT

DR5 GAC CCU UGU GCU UGC UGU C

DR4 CAA ACU UCA UGA UCA AUC

AdTdT

TNFR1 AAG TGC CAC AAA GGA ACC TAC

FAS AAG CCC UGU CCU CCA GGU GAA

FLIP, DR5, FAS and SC siRNAs were obtained from Dharmacon (Chicago, IL, 

USA) and Caspase-8 was purchased from Qiagen (Crawley, UK)
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Appendix 6: Site-directed mutagenesis

Appendix 5: Site-directed mutagenesis

FLIP F114A mutagenesis primers
F : 5' GAT GTG TCC TCA TTA ATT GCC CTC ATG A AG GAT TAG ATG 

R : 5 TAT GTA ATC CTT CAT GAG GGC A AT TAA TGA GGA CAC ATC

Identity

FLIPS

F114A

F114A

FLIP R122A mutagenesis primers
F 5’ GAT TAC ATG GGC GCA GGC A AG ATA AGC AAG 

R 5' CTT GCT TAT CTT GCC TGC GCC CAT GTA ATC
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Appendix 6: DNA sequencing primers

Appendix 6: DNA sequencing primers

DNA sequencing primers were purchased (Eurofins MWG operon)

FLIP TOPO forward

F: 5'atg tct get gaa gtc ate cat

FLIPS TOPO reverse

R : 5’ cat gga aca att tec aag aat

FLIPL TOPO reverse

R : 5' tgt gta gga gag gat aag ttt ctt

FLIP 378 reverse

R : 5’ get tat ctt gee teg gee cat

FLIPL 821 reverse

R : 5' gaa ttt ctg gac ttc ata gee c

FLIPL 776 forward

F : 5’ gca ttg gca at gaga cag age ttc

FLIPL 1245 forward

F : 5’ gtc tea cag etc acc ate cct

352



Appendix 7: Vector maps

Appendix 7: Vector Maps

pBABE-puro: Mammalian Retroviral Expression Vector (Addgene)

(5058) SspI AarI BfuAI BspMI (8)

/•

(4853) XmnI 
(4734) Seal 

(4624) Pvul

(4476) FspI

Spel (616)

Bsu36I (737)

(4133) Notl

BsrGI (1230)

NgoMIV (1348)
Nael (1350)
BamHI (1355)
BsaAI SnaBI (1374) 
EcoRI (1379)
Sail (1397)
AccI (1398)

Ncol (1634) 
Sfll (1680) 

AvrII (1727) 
HindIXI (1743) 

BsiWI (1808) 
BspEI* (1865) 

RsrXI (1868)

SacIX (1966)

BspDI Clal (2406) 
(2484) Bmtl Nhel (2480)
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Appendix 7: Vector maps

FLAG Expression Vector - pCMV-3Tag-6

(5189) Pell N*iI (5)
CMV enhancer

(4464) BscRI 
(4455) Afel 

(4395) PluTI 
(4393) Sfol 

(4392) Narl 
(4391) KasI

(4186) Kfll PpuHI 
(4167) Xcml

Nhel (597)
Bmtl (601)

Eco53kI (653) 
Sad (655)

Aid (661) 
BstXI (663) 

Notl (668)

IATG' 
3xFLAG

Stil (757)
BamHI (763)
EcoRV (789)
Hindlll (793)
BspDI Clal (800)
Sail (808)
ACCI (809)
Absl PaeR7I PspXl 
PspOMI (823)
A pal (827)

stop codonii
SexAI • (850)
Bell* (914)

BbSl (1116)
SphI (1127)

Psil (1237)

NgoMIV (1466)
Nad (1468)

Earl (1716)

HU - Xhol (814)

XmnI (1915) 
Dral (1937)

(3231) AsJSI 
(3180) BfuAI BspMI

(2935) BsmBI
(2894) P«hAI FspI (2292)

(2718) BstBI Ahdl (2515)
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Appendix 7: Vector maps

GST Expression Vector pGex-6P3

(4883 Btgl BfuAI BspMI 62)

(4775 Bsu36I EcoNI 268)

(4325) PluTI 
(4323) Sfol 

(4322) Narl* 
(4321! KasI

(4132) EcoRV 
(4093! BssHII

(3863: BstEII

(3682! Mlul

(336b! BstAPI

(3264 PflMI

BstBI 655)
Swal (685)

pGEX 5' Sequencing Pnmer (869 891)

Pad 941)
BamHI (945)
EcoRI 953)
T*pMI Xmal (958)
Smal (960)
Sail (963)
Acd (964)
PaeR7I P*pXI Till Xhol (968 
EagI Noll (974)
Pfol (1050)
pGEX 3' Sequencing Pnmer (1033

PflFI Tthll&X (1153)
BsaAI (1160)
Zral <1257)
Aalll (1259)

P*II (1936)

Bsal 2112) 
Ahdl (2178)

(2657; AlwNI

1055)
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Appendix 8: Quantitative real-time PCR

Gene Expression Analysis for the LightCycler® 480 System: real time ready probes 

from Roche Diagnostics (Burgess Hill, UK).

Gene Assay ID

CFLAR 139578

RPS18 144409
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