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Abstract

FLIP is an anti-apoptotic protein found overexpressed in a wide variety of 

cancers and is associated with drug resistance and poor prognosis. It acts by 

inhibiting the membrane-proximal steps of death receptor-mediated 

apoptosis at the death inducing signalling complex (DISC), but also has roles 

in secondary complexes. Both the long and short splice forms of FLIP contain 

two tandem death effector domains, homologous to procaspase-8. FLIP 

preferentially binds to FADD via its DEDs, inhibiting the recruitment and 

processing of procaspase-8 to its active form. Normal cells are resistant to 

loss of FLIP, but cancer cells are not. Targeting FLIP in cancer is an attractive 

therapeutic approach, though due to its lack of enzymatic activity strategies 

have remained elusive.

A tissue microarray study performed on 184 samples from non-small cell 

lung cancer patients revealed that FLIP and procaspase-8 are both 

overexpressed in nuclear and cytoplasmic compartments of tumoural tissue 

compared to surrounding stromal tissue. This was observed in both 

adenocarcinoma and squamous histologies and analyses showed that high 

FLIP correlates with high procaspase-8. Survival analyses High cytoplasmic 

FLIP was associated also with poor survival.

Pan-HDAC inhibitors were identified as modulators of early FLIP down- 

regulation in NSCLC cell lines. Treatment with HDACi induced apoptosis in
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a time- and dose-dependent manner concomitant with activation of caspases. 

However, normal cells were unaffected by treatment with HDACi, 

suggesting these agents might provide a good therapeutic window. Silencing 

procaspase-8 rescued the apoptotic phenotype observed with HDACi 

treatment, indicating that the extrinsic apoptotic pathway was critical in 

mediating apoptosis induced by HDACi. Further investigation showed that 

FLIPs overexpression and death receptors 4 and 5 silencing hampered 

HDACi-induced apoptosis.

NSCLC is known to be a highly drug resistant disease. Patients are often 

resistant to current treatment options such as cisplatin so combining these 

with HDACi may provide clinical benefit. Indeed, we found that co

treatment of vorinostat and cisplatin synergistically enhanced apoptosis and 

reduced long-term clonogenic survival. Furthermore, apoptosis arising from 

vorinostat and cisplatin co-treatment was FLIPs- and caspase-8-dependent.

TRAIL is an anti-cancer agent that activates the extrinsic apoptotic cascade 

through the death receptors. Disappointingly it has failed to show significant 

patient benefit. A major mechanism of drug resistance to TRAIL is 

overexpression of FLIP. Having already shown that HDACi down-regulate 

FLIP at early time-points, we pre-treated NSCLC cells with vorinostat prior 

to treatment with TRAIL. This combination synergistically induced apoptosis, 

reduced long-term clonogenic survival and was dependent on FLIP and 

caspase-8.
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Vorinostat is a pan-HDACi with significant side-effects a poor half-life in 

humans. HDACi with greater selectivity are being developed for clinical use. 

One example is entinostat which has been shown to selectively inhibit 

HDACs 1,2 and 3. We found that treatment with entinostat also down- 

regulated FLIP and combination treatments with cisplatin or TRAIL were in 

most cases equally or more effective than vorinostat.

Vorinostat-treatment induced the ubiquitination of both splice forms of FLIP 

and FLIP'S down-regulation was blocked with pre-treatment of the 

proteasome inhibitor MG-132. Mutants of FLIPs with ubiquitin-acceptor 

lysines mutated to arginine were generated and confirmed as ubiquitination 

sites in adherent, epithelial HCT116 colorectal cancer cells and 293T cells. 

Moreover, mutation of these lysines extended FLIP'S half-life in cells.

Silencing of caspase-8 was found to increase FLIP'S ubiquitination at the 

DISC which was mediated through Lysl92 and Lysl95. Conversely, silencing 

of FLIP increased caspase-8's ubiquitination at the DISC. Plowever, cells 

stably overexpressing ubiquitin mutants of FLIPs conferred similar levels of 

resistance to TRAIL as wild-type.

A handful of studies have identified ITCH as an E3 ligase which regulates 

FLIP'S ubiquitination. However, in our hands, silencing of ITCH did not 

appear to be important. No deubiquitinating enzymes (DUBs) have been



associated with FLIP. To resolve this, we performed two screens: one to 

identify novel DUBs which may affect FLIP'S ubiquitination and a medium- 

throughput luciferase-based screen to identify potential E3 ligases which 

alter FLIP'S stability. CSN5, a component of the COP9 signalosome was 

identified from a DUB screen for FLIPl, but had also appeared on a yeast-2- 

hyrbid screen for FLIPl from our laboratory. It was found to interact with 

FLIP in a ubiquitination-dependent manner and when silenced dramatically 

reduced FLIP'S ubiquitination. Furthermore, abrogation of CSN5 sensitised 

cells to TRAIL treatment.

The ubiquitin-editing enzyme A20 and the DUB CYLD were hits chosen to 

be validated from a ubiquitin family esiRNA screen. Again, these were found 

to interact with FLIP by immunoprecipitation in a FLIP-ubiquitination- 

dependent manner and reduced FLIP'S ubiquitination when silenced.

These studies provide a pre-clinical rationale for the use of HDACi, 

particularly when combined with TRAIL or cisplatin. Work to further 

understand the biology surrounding FLIP'S ubiquitination and stability may 

lead to a therapeutic strategy aimed at overcoming chemotherapy resistance 

by targeting FLIP'S expression.
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Chapter 1: Introduction



Introduction

1.1 Cancer

First described in approximately 3000 BC1, cancer is a broad group of 

diseases in which cells become malignant through unregulated cell growth. 

In their seminal paper, Hanahan and Weinberg describe the occurrence of 

cancer as a multi-step process, requiring six alterations in normal cells2. 

These are: the evasion of apoptosis; self-sufficiency in growth signals; 

insensitivity to anti-growth signals; tissue invasion and metastasis; limitless 

replicative potential and sustained angiogenesis. These hallmarks were 

updated in 20113, with a further two added: evasion of immune surveillance; 

and gaining the ability to reprogramme energy metabolism.

1.1.1 Non-small cell lung cancer

Lung cancer is divided into two subtypes according to histology: small cell 

and non-small cell. Small cell histology accounts for ~10% of lung cancer 

cases, and non-small cell accounts for the remaining ~90%.

Non-small cell lung cancers can be further sub-divided into adenocarcinoma 

(~40% of cases), squamous cell carcinoma (~30%) and large-cell carcinoma 

(9%). Approximately 40% of patients present with advanced, metastatic or 

locally advanced disease, making it difficult to treat effectively, resulting in 

poor survival4. With the recent advances in molecular pathology, mutation of
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Introduction

the epidermal growth factor receptor (EGFR) determines first line treatment 

in the United Kingdom. If the tumour is EGFR mutation positive, an EGFR 

inhibitor, erlotinib, is administered, although resistance and relapse is 

common5. If the tumour is EGFR mutation negative then treatment depends 

on histology. Squamous carcinomas are treated with gemcitabine (a 

nucleoside analogue) and carboplatin; non-squamous are treated with 

pemetrexed (a folate antimetabolite) and cisplatin6'8.

The EML4-ALK fusion gene has recently been identified and found to be 

present in ~4% of NSCLC carcinomas9; more frequently found in young, 

never or light smokers with adenocarcinomas10. Less than three years later, 

patients with the EML4-ALK translocation were treated with ALK inhibitors 

such as crizotinib and showed impressive response rates with a 6-month 

progression free survival of 72%n. This fast progression from identification 

of a genetically characterized subset of patients to a clinical treatment is an 

example of how effective translational oncology can be and provides a 

paradigm for seeking out targeted therapies for other molecularly-defined 

subgroups in this and other cancers.
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1.2 Cell Death

Introduc

Cell death is essential for tissue homeostasis in multicellular organisms. It is 

the mechanism by which aged, infected or damaged cells are eliminated12. 

There are four main mechanisms of cell death: apoptosis, necrosis, 

autophagy and mitotic catastrophe; there is significant cross-talk between 

these cell death pathways13-19. Recently, a new cell death pathway has been 

identified: programmed necrosis, or "necroptosis"20. However, the 

mechanism underlying the execution of this form of death remains unclear, 

although the initial signalling events have been identified.
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1.2.1 Apoptosis

Introduction

Apoptosis, or programmed cell death, is the process by which cells can 

initiate a series of biochemical events, ultimately resulting in their 

destruction. In contrast to necrosis, where cells exhibit uncontrolled release 

of cell contents16, apoptosis allows individual cells to be eliminated in a 

maimer that avoids an inflammatory reaction in the surrounding tissue. 

Apoptosis was first described by Kerr et al.21, who saw that apoptotic cells 

formed cell fragments, known as apoptotic bodies, which were quickly 

recognised, engulfed and cleared by phagocytes before causing surrounding 

tissue damage22.

Apoptosis is essential for normal development23, and the dysregulation of 

the apoptotic pathway gives rise to a wide variety of pathologies. For 

example, the inability to eliminate autoreactive lymphocytes results in 

autoimmunity; hyper-activation of apoptosis results in neurological diseases 

such as Alzheimer's and Parkinson's; HIV induces T-lymphocyte depletion24. 

Importantly, acquisition of the ability to evade apoptosis leads to 

accumulation of cells with the potential to form a tumour and is a hallmark 

of cancer2. Perturbations in apoptotic pathways are also key causes of drug 

and radio-resistance in cancer therapy25.
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1.2.1.1 Characteristics of Apoptosis

I iuctio

Apoptosis can be distinguished from other forms of cell such as necrosis by 

its morphological characteristics. Necrosis is characterized by swelling cells, 

membrane disruption and lysis of chromatin. However, apoptotic cells 

exhibit distinct morphology, namely chromosome condensation (also known 

as pyknosis), nuclear fragmentation (karyorrhexis), membrane blebbing and 

the formation of apoptotic bodies26. Phagocytes then engulf and eliminate the 

apoptotic bodies formed from fragments of the apoptotic cell.

The apoptotic cascade can be divided into three stages. In the first stage 

apoptosis is initiated by a variety of stimuli, including DNA damage, 

hypoxia, UV radiation, withdrawal of growth factors and activation of death 

receptors27. Following this, the caspases are activated and begin to exert their 

proteolytic effects, mediating apoptosis. Finally, calcium is released from 

intracellular stores, ATP is depleted and the morphological characteristics of 

apoptosis become apparent. Phosphatidylserine, a phospholipid that 

normally resides on the intracellular side of the cell membrane is exposed on 

the cell surface when the cell membrane loses its asymmetric distribution in 

the early stages of apoptosis. Phosphatidylserine is recognized by 

phagocytes, leading to engulfment of the phosphatidylserine-exposing cell28. 

This can be exploited in research to identify apoptotic cells by using tagged 

Annexin V, a natural protein and binds to phosphatidylserine29.
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1.2.2 Caspases: Initiators and Executioners of Apoptosis

Introduction

Apoptosis is initiated and executed by the cysteine-aspartic proteases, or 

caspases. Early work on apoptosis involved studying the early development 

of the nematode Caenorhabditis elegans. Work by Robert Horowitz's group 

found that the CED-3 protein in C. elegans was similar to the only known 

mammalian caspase, interleukin-l-p converting enzyme (ICE)30, which was 

later re-named caspase-1. Subsequent work in C. elegans, Drosophila 

melanogaster and mammalian cells identified more caspases.

Caspases are unusually specific proteases, in that they only exert their 

proteolytic effects at aspartate tetrapeptide motifs31. The processing and 

activation of caspases is rapid and tightly controlled and occurs post- 

translationally; as such, caspases are first synthesised as zymogens, or 

procaspases. These highly conserved zymogens consist of an N-terminal pro

domain fragment, a large (~20kDa) subunit and a small (~10kDa) subunit32.

The size of the N-terminal pro-domain differs between initiator and 

executioner caspases. Initiator caspases have long prodomains (>90 amino 

acids) and harbour either tandem death effector domains (DED) 

(procaspases-8 and -10) or a caspase recruitment domain (CARD) 

(procaspase-2 and -9). The DEDs in procaspase-8 and -10 facilitate homotypic 

interactions with death domain proteins, such as FADD3334. The CARDs in 

procaspases-2 and -9 facilitate interactions between the procaspases and
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adaptor proteins, such as the scaffold protein apoptosis protease-activating 

factor-1 (APAF-1)35.

Executioner procaspases (caspases -3, -6 and -7) have much shorter 

prodomains of about 30 amino acids. They are activated by initiator caspases 

following their activation. It is the actions of the executioner caspases which 

ultimately abort cell viability, albeit in a tightly controlled fashion3637. It has 

been proposed that the activation of executioner caspases occurs at different 

times. Mouse embryonic fibroblasts (MEFs) from caspase-3-/- mice are more 

resistant to inducers of apoptosis than MEFs from caspase-7-/- mice, 

suggesting that caspase-7 activation may occur first, followed by caspase-3 

activation; therefore, it is the activation of caspase-3 which serves as the point 

of no return for the cell36. Furthermore, caspase-7 has been shown to harbour 

an IAP binding motif (IBM) through which it interacts with XIAP; upon 

interaction with XIAP, caspase-7 is ubiquitinated and degraded. Caspase-3 

does not have this IBM domain and is not turned over as quickly as caspase-

738-40.

Substrates of caspases include cytoskeletal proteins and apoptosis regulators. 

For example, following caspase cleavage, BAD, a pro-apoptotic BCL-2 

protein is activated41, anti-apoptotic BCL-2 is inactivated42, pro-apoptotic BID 

is activated43'44 and anti-apoptotic cIAPl is inactivated45.
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1.2.3 Mitochondrial-mediated apoptosis pathway

Introduction

The ultimate result of apoptosis is the activation of a caspase cascade, and 

there are two pathways that can precede this. The first is the mitochondrial- 

mediated pathway, also known as the intrinsic pathway, or the BCL-2- 

mediated pathway due to the absolute requirement of these proteins in the 

pathway. The intrinsic pathway can be activated in response to a wide 

variety of stimuli, including DNA damage (by chemotherapy or UV 

radiation), viral infection, deprivation of growth factors, hypoxia and cell 

stress46.

Upon DNA damage, p53 is phosphorylated on SerlS and Ser37 by DNA-PK47, 

inducing a conformational change which prevents the E3 ligase MDM2 

inhibiting p53 transactivation48-49. Under normal, unstressed conditions, p53 

is found at low levels as it interacts with MDM2, which confers a ubiquitin 

moiety onto p53, resulting in its translocation from the nucleus into the 

cytosol and targeting it for proteasomal degradation50"52. However, following 

a DNA damage-inducing insult to the cell, p53 can be stabilised through its 

deubiquitination in the nucleus by USP1053. Many proteins are targets for 

p53-mediated transcription, and among these are pro-apoptotic members of 

the intrinsic apoptotic pathway54.
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1.2.3.1 The Mitochondria in Apoptosis

Introduction

The critical event in the intrinsic apoptotic pathway is mitochondrial outer 

membrane permeablisation (MOMP)55, generally regarded as the "point of 

no return", after which cells die irrespective of further caspase activation56. In 

response to pro-apoptotic signals, the pro-apoptotic BCL-2 family member 

proteins BAX and BAK oligomerise in the mitochondrial outer membrane 

and form a pore through which cytochrome c is released from the 

intermembrane space57'59. The release of cytochrome c causes conformational 

changes in APAF-1, which then associates with procaspase-9 via homotypic 

interactions between their CARDs, forming the apoptosome60. Caspase-9 acts 

as an initiator caspase that subsequently activates the executioner caspases -3 

and -7, driving the cell through apoptosis. However, there is data to suggest 

that caspase-9 can be activated independently of APAF-161.

Secondly, SMAC/DIABLO (second mitochondrial-derived activator of 

caspases/direct LAP-binding protein with low PI) and Omi/HtrA2 are 

released from the mitochondria into the cytosol where they inhibit the anti- 

apoptotic inhibitor of apoptosis proteins (IAPs)62'64. The IAP family of 

proteins consist of eight members, including cIAPl, cIAP2, X-linked IAP, 

NAIP and survivin. IAPs inhibit apoptosis by binding caspases -3, -7 and -9 

and preventing their activation. IAPs are structurally similar, all containing 

Baculovirus IAP Repeat (BIR) domains65; it is through these domains that 

SMAC binds to and inhibits the IAPs66. SMAC consists of two lAP-binding
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motifs (IBM) at its amino-terminal which bind to the BIR domain of the IAPs, 

facilitating the release of caspases from inhibitory complexes with IAPs and 

promoting apoptosis67'69. Omi/HtrA is a serine peptidase 2 (HtrA2) that can 

also be recruited to IAPs and disrupt their ability to bind to caspases70-71. 

Furthermore, SMAC has been shown to promote the ubiquitination and 

subsequent degradation of cIAPl, cIAP2 and XIAP by triggering their 

capacity to undergo autoubiquitination72-73. The pro-apoptotic mechanism of 

SMAC is currently being exploited through the use of small molecules, called 

SMAC mimetics, which antagonise IAPs in the treatment of cancer74-75.

Caspase-independent apoptosis can occur following MOMP through 

mitochondria-released apoptosis-inducing factor (AIF) or endonuclease G76'78. 

During normal cell homeostasis, AIF neutralizes reactive oxygen species79, 

preventing them from accumulating in the cytosol and maintaining 

respiratory chain complex I80. However, upon MOMP, AIF is cleaved from 

the mitochondrial membrane by the proteases calpain I81 or cathepsin82. 

Endonuclease G translocates to the nucleus where it fragments the DNA83.

11



1.23.2 The BCL-2 Family Members

Introduction

The B-cell lymphoma/leukaemia 2 (BCL-2) family of proteins are key 

regulators of apoptosis. The founding protein in the family, BCL-2, was 

serendipitously discovered by researchers searching for translocations in B- 

cell malignancies associated with the immunoglobulin heavy chain locus on 

chromosome 1484. BCL-2 overexpression was found to block apoptosis85. 

Further work identified a number of other proteins with significant 

homology to BCL-2 in domains known as BCL-2 homology (BH) domains, 

which were also apoptotic regulators. These domains are numbered 1-4, and 

family member proteins can possess all or some of these domains86.

The BCL-2 family can be divided into three distinct functional groups. The 

first of these is pro-apoptotic, the so-called "executioners" BAX and BAK. 

Upon activation of the mitochondrial apoptotic pathway, BAX, which 

normally resides in the cytosol, and BAK, which is normally tethered to the 

outer mitochondrial membrane, undergo conformational changes and form 

pores on the surface of the mitochondria87'89, through which cytochrome c, 

SMAC and other pro-apoptotic factors are released. One proposed 

mechanism of BAX regulation is that newly synthesized BAX is 

ubiquitinated and subsequently degraded, preventing it from inducing its 

pro-apoptotic effects. Following its ubiquitination, BAX associates with Ku70, 

which directly or indirectly deubiquitinates BAX. Subsequently, in response
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to a pro-apoptotic stimulus Ku70 is acetylated90, which causes it to release 

BAX, allowing BAX to translocate to the mitochondria91'92.

The second group of BCL-2 family proteins is the BCL-2 homology (BH3) 

domain-only proteins, which harbour a BH3 domain, but not other BH 

domain. The family includes BAD, BID, BIM, PUMA and NOXA, all of 

which are pro-apoptotic. BID and BIM are "direct activators" in that they can 

directly interact with and activate BAX and BAK, and it is this interaction 

that induces BAX and BAK's conformational change, which in turn induces 

them to homo-oligomerise, forming pores in the outer mitochondrial 

membrane that cause MOMP93'95. Recently, other mechanisms of BAX/BAK 

activation have been proposed96. The other BH3-only proteins, BAD, BIK, 

HRK, BMP, NOXA and PUMA do not directly interact with BAX and BAK, 

but exert their pro-apoptotic effects by competitively binding to the BH3 

domains of anti-apoptotic BCL-2 members, preventing these anti-apoptotic 

proteins from inhibiting BAX and BAK97. As a result they are thought of as 

"sensitisers", or "derepressors". However, it has been suggested that PUMA 

can also directly activate BAX and BAK on the mitochondrial membrane98'99.

The third and final group of BCL-2 family members is the anti-apoptotic 

BCL-2 proteins, which include BCL-2, BCL-Xl, BCL-w, MCL-1, BCL-B and 

Al. These act by binding to, and thus inhibiting, the BH3-only proteins 

through their amphipathic alpha-helical BH3 domain in a hydrophobic 

groove100'101. They can also inhibit the apoptotic cascade by binding to BAX
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and BAK and preventing their oligomerisation95'97'102. Subsequent studies 

have tried to elucidate the predominant mode of BCL-2-mediated inhibition; 

they found that BCL-2 could inhibit apoptosis more effectively by directly 

binding BAX and BAK than the BH3-only proteins103.

1.2.3.3 Targeting the Mitochondrial Apoptotic Pathway

The increasing understanding of the mitochondrial apoptosis pathway has 

led to a number of strategies designed to exploit this pathway for the 

treatment of cancer.

There is an accumulating data suggesting that the ratio of anti- to pro- 

apoptotic BCL-2 family members is critical for the likelihood of the cell to 

undergo apoptosis; therefore it follows that it would be therapeutically 

beneficial if this balance could be shifted towards the pro-apoptotic members. 

In light of this, much effort has been concentrated on designing small 

molecules that mimic the effects of the BH3-only proteins, the so-called BH3- 

mimetics104. These act by antagonising the pro-survival BCL-2 family 

members. Perhaps the best characterised of these is ABT-737, which has been 

shown to bind BCL-2, BCL-Xl and BCL-W, making it similar to the BH3-only 

protein BAD. Early pre-clinical studies of ABT-737 showed significant 

tumour regression and some cures in mouse models105. The effectiveness of 

ABT-737 is determined by the expression profile of the BCL-2 family
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proteins; for example, cancers which have high levels of BCL-2 are 

particularly sensitive to ABT-737106'107. Clinical trials have shown that a 

derivative of ABT-737 with improved pharmacokinetic properties and oral 

bioavailability, ABT-263, is a promising anti-cancer agent when used in 

combination with chemotherapy or radiotherapy in both solid tumours and 

leukaemias108'110, and has also shown promise in attenuating drug 

resistance111-112. In addition, pre-clinical models have demonstrated the 

ability of ABT-737 to potentiate the anti-cancer effects of proteasome 

inhibitors113-114, histone deacetylase inhibitors115'116 (although this is contested 

by other studies117), EGFR inhibitors118'119 and death-receptor ligands (for 

example, TRAIL)120'121. MCL-1 overexpression has been identified as a critical 

determinant of resistance to ABT-737, and the phosphorylation of MCL-1 has 

shown to stabilise it and facilitate its interaction with BIM122. Another BH3- 

mimetic, obatoclax (GX15-070) has been shown to inhibit the interaction 

between BAK and MCL-1, overcoming the resistance issues encountered 

with ABT-737123'124. Obatoclax has also been shown to synergise with ABT- 

737 and the proteasome inhibitor bortezomib (Velcade)125. A newer BCL-2 

selective small molecule, ABT-199, designed in a similar manner to ABT-737 

using a fragment-based approach, is in phase I clinical trial and has shown 

significant anti-tumour effects in patients with chronic lymphocytic 

leukaemia (CLL), with fewer side-effects126.

Another strategy for targeting the intrinsic apoptotic pathway are BCL-2 

stapled peptides, protein fragments synthesized from BH3 domains locked
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into an a-helical shape developed by Greg Verdine's laboratory. These 

peptides, called "stabilized alpha-helix of BCL-2 domains" (SAHBs) were 

found to be resistant to proteases, cell permeable and bound with high 

affinity to pockets in BCL-2 member proteins. When used in in vivo mouse 

models, SAHBs attenuated the growth of human leukaemia xenografts127. 

Other stapled peptides have been made, including one based on the BH3 

domain from BID which interacts with, and activates, pro-apoptotic BAX128. 

However, the effectiveness of these stapled peptides is in dispute129.

As discussed previously, SMAC mimetics are emerging targeted anti-cancer 

therapeutics. These are small molecules that, as their name suggests, mimic 

the activity of SMAC, in that they bind to and inhibit the activity of the 

cellular inhibitor of apoptosis proteins. As such, they are also known as IAP 

antagonists. cIAPl and cIAP2 contain RING domains that allows them to act 

as E3 ligases, and baculovirus inhibitor of apoptosis repeat (BIR) domains. 

SMAC mimetics bind to the BIR domain of the lAPs causing a 

conformational change, triggering autoubiquitination of the lAPs, resulting 

in their rapid degradation69'72. A study by Feltham et al. showed the critical 

role of RING dimerization for E3 ligase activity of cIAPl and cIAP2130. 

However, the BIR domains of cIAP inhibit its intrinsic E3 ligase activity, and 

cIAPl exists as an inactive monomer; upon SMAC mimetic treatment, this 

inhibition is removed and rapid degradation of cIAPl ensues. cIAP2 exists as 

a more stable dimer and possesses greater E3 ligase capacity. Consequently, 

upon treatment with SMAC mimetics cIAPl is more rapidly degraded than
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cIAP2. SMAC mimetics have been demonstrated to potentiate the effects of a 

number of other anti-cancer drugs, including TRAIL131 and chemotherapy 

through a RIPK1 and NF-kB dependent pathway132. In the context of TNFa 

signaling, SMAC mimetic-mediated degradation of cIAPl and cIAP2 

prevents RIPK1 ubiquitination and causes RIPKl-dependent cell death133-134.
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2.2.4 Death receptor-mediated apoptotic pathzvay

Introduction

The death receptor-mediated apoptotic pathway, also known as the extrinsic 

pathway, is activated upon binding of death ligands to their cognate cell 

surface receptors, initiating a signalling cascade that ultimately results in 

apoptotic cell death135. There are a number of receptors which are capable of 

activating the apoptotic signalling pathway, all of which belong to the 

tumour necrosis factor receptor (TNFR) superfamily of receptors. These are 

TRAIL receptor 1 (DR4), TRAIL receptor 2 (DR5), Fas (CD95) and TNF 

receptor (TNFR)l. The ligands that bind these receptors are structurally 

similar members of the TNF superfamily; TRAIL binds TRAIL-receptors 1 

and -2, CD95L binds CD95 and TNFa binds TNFR1136. Other receptors that 

are part of the TNF superfamily are DR3137 and DR6138, although these have 

not been as thoroughly studied as they are not potent inducers of 

apoptosis139. Recently DR6 has been shown to play a crucial role in the 

pathogenesis of Alzheimer's disease, as it appears to mediate the self- 

destruction of neurones140. Although their name may suggest that death 

receptors only play a role in cell termination, they also have roles in cell 

survival, immunity and differentiation.

Death receptors are type I transmembrane proteins with cysteine-rich 

extracellular domains. All contain a cytoplasmic 'death domain' of 

approximately 80 amino acids in size; it is via this domain that they can 

signal to other proteins resulting in initiation of the apoptotic cascade141.
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Death ligands are type II transmembrane proteins consisting of intracellular 

N-terminal domains, a C-terminal extracellular tail and a transmembrane 

region. They can also be cleaved from the membrane as soluble cytokines, 

although the soluble forms are less potent inducers of apoptosis than their 

membrane-bound counterparts142'144. Upon ligand binding to a death 

receptor, an adaptor protein is recruited. DR4, DR5 and Fas receptors recruit 

Fas-associated death domain (FADD), whereas TNFR1 recruit TNF receptor- 

associated death domain (TRADD)145'147. This creates a platform for the 

recruitment and activation of the initiator procaspases -8 and -10148. A 

schematic overview is presented in Figure l.l149.
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Figure 1.1: Overview of apoptosis signalling

Death receptors such as DR4, DR5, CD95 (Fas receptor) or tumour 
necrosis factor receptor 1 (TNFR1) are capable of apoptosis induction 
upon binding of their cognate ligands. When TRAIL binds DR4 or DR5, 
FADD is recruited forming the basis of the death-inducing signalling 
complex (DISC) which can in turn recruit monomeric molecules of 
procaspase-8. These procaspase-8 entities can homodimerise and 
subsequently become active through an autocatalytic cleavage event. 
Caspase-8 activation at the DISC can be blocked by FLIP. Active 
caspase-8 can cleave BID forming truncated BID (tBID) which 
translocates to the mitochondria promoting the oligomerisation of BAX and 
BAK forming a pore on the outer mitochondria membrane through which 
cytochrome c can exit. Cyt c complexes with apoptotic protease-activating 
factor 1 (APAF1) and procaspase-9 to form the apoptosome, where 
procaspase-9 dimerises and becomes active. Activation of these initiator 
caspases caspase-8 and caspase-9 results in activation of downstream 
executioner caspases -3 and -7 which cleave a repertoire of proteins 
resulting in the characteristics of apoptosis. XIAP can potently inhibit the 
activation of caspases -3, -7 and -9. XIAP can be inhibited by 
mitochondia-released SMAC. IAP1 and IAP2 can ubiquitinate RIPK1 at 
the TNFR1 ‘complex I’, resulting in activation of NF-kB. If RIPK1 is 
deubiquitinated by CYLD, a death inducing FADD/procaspase-8- 
containing ‘complex IT is formed.

From Holohan et al. Cancer drug resistance: an evolving paradigm. Nat 
Rev Cancer 13, 714-726 (2013).
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1.2.4.1 Fas-associated protein with death domain (FADD)

FADD consists of a death domain (DD) at its C-terminus, through which it 

binds the cytosolic part of the death receptor causing it to undergo a 

conformational change unveiling a death effector domain (DED), through 

which it can bind the DEDs of procaspases -8 and -10150'151. Together, these 

components form the death-inducing signalling complex (DISC). FADD can 

bind to death receptors directly, in the case of DR4, DR5 and Fas, or via 

TRADD, in the case of TNFR1 stimulation152.

In addition to its crucial role in death-receptor mediated apoptosis, FADD 

also has important non-apoptotic functions, many of which have been 

identified in knockout mice. A germline deficiency in FADD results in 

embryonic lethality at day 10.5153'154, although mice with deficiencies in the 

death receptors do not share this phenotype. Similarly, mice lacking FLIP or 

caspase-8 also die at around embryonic day 10.5155, suggesting that these 

three proteins form an essential part of embryonic development (see section 

1.2.5.4 for more detail). FADD can be phosphorylated at serine 194156, and it 

was observed that this occurred between G2 and M phases of the cell cycle 

and is mediated by casein kinase la (CKIa)157-159. Therefore, FADD 

phosphorylation status may act as a cell cycle checkpoint. FADD has been 

identified, primarily in its phosphorylated form, in the nucleus160; the 

biological consequences of this remain unresolved, but studies have
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correlated high nuclear phosphorylated FADD with poorer clinical 

outcome161-162.

1.2.4.2 Death Receptor Activated Caspases: Caspases -8 and -10

In addition to a death domain, FADD also contains a death effector domain 

(DED)150 in its N-terminus through which it recruits the DED-containing 

procaspases-8 and -10. Upon binding to FADD, procaspases-8 and -10 

undergo conformational changes that lead to processing of the pro-enzyme 

into the active caspase. It was initially thought that procaspase-8 became 

activated as a result of "induced proximity", in which procaspase-8 

molecules recruited to the DISC dimerise, and the inherent low activity of 

procaspase-8 in the dimers is sufficient to promote procaspase cleavage, 

leading to formation of the active caspase163. Flowever, it was then shown 

that dimerization of procaspase-8 molecules is sufficient to form the active 

enzyme independent of pro-enzyme cleavage and that the cleavage step 

serves to stabilise the dimeric complex. The DEDs are then cleaved, 

liberating the active caspase as a heteroteramer of two p!8 and two plO 

subunits from the DISC164'169 (Figure 1.2).

Subsequent studies by Oberst et aid70, and Hughes et aid71 have shed more 

light on procaspase activation at the DISC. These authors propose that when 

procaspase-8 is first recruited to the DISC and dimerises, it undergoes a
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Figure 1.2: Cleavage products of procaspase-8

Procaspase-8 is cleaved in a two-step event. The first cleavage at D384 
generates a p12 fragment and a p43 fragment. In the second cleavage 
event, a p18 fragment is cleaved which can complex in a catalytically 
active p10/p18 heterotetramer.
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conformational change, which facilitates autocatalytic cleavage at D374. This 

cleavage event liberates the plO fragment and leaves a more catalytically 

active enzyme that is able to trans-catalytically cleave the p!8 fragment from 

the pro-domain of the other caspase-8 molecule in the dimer. Caspase-10 has 

also been shown to activate the extrinsic apoptotic cascade as cells which 

only express caspase-10 can undergo apoptosis induction in a DISC- 

dependent manner172. However, Sprick et al. show that caspase-10 cannot 

functionally substitute for caspase-8 at the DISC173.
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1.2A.3 FasL and Fas receptor

In trod

Fas (also known as CD95 or Apo-1), and its cognate ligand FasL are members 

of the TNF superfamily of death receptors and ligands. The Fas receptor is a 

type I transmembrane protein and is found in abundance in various tissues, 

including heart, spleen, kidney, pancreas, brain, thymus, lymphoid tissue 

and activated, mature T lymphocytes174. Following FasL stimulation, pre

formed Fas receptor trimers undergo conformational changes in their 

intracellular N-terminus. A recently study by Scott et al., has attempted to 

unravel the complexities of the Fas-FADD interaction175. The authors showed 

that this conformational change in the intracellular portion of Fas exposes a 

binding site to which FADD can bind, while also creating a Fas-Fas bridge. 

This complex is proposed to be a mechanistic switch, preventing accidental 

Fas DISC assembly, but allowing Fas DISC assembly in conditions where 

there is sufficient receptor stimulation.

Following binding of FADD to the Fas receptor, it recruits procaspases-8 and 

-10 through homotypic DED interactions. The caspase-8 inhibitor FLIP can 

also be recruited through its DED domain, thus inhibiting caspase-8 

activation and apoptosis. FLIP will be discussed in more detail in section 

1.2.6.

Though all routes lead to caspase-3 activation and ultimately apoptosis, there 

are in fact two different pathways through which this can be achieved. In
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type I cells. Fas ligand stimulation leads to rapid DISC formation; the DISC is 

then internalised and procaspase-8 activated. In type II cells, DISC formation 

is prolonged and not as efficient so an amplification step is required; in this 

situation, activated caspase-8 cleaves BID, resulting in truncated BID (tBID) 

which translocates to the mitochondria and induces MOMP176.

Fas receptor stimulation can also result in the formation of complexes 

secondary to the membrane-bound DISC. Lavrik et al. have shown that the 

Fas-procaspase-8-FLIP DISC can dissociate from the membrane and reside in 

the cytoplasm177, dubbed complex II. The biological outcomes of complex II 

formation will be discussed in section 1.2.5.
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1.2.4A TRAIL and TRAIL receptors

TRAIL (TNFa-related apoptosis-inducing ligand, also known as Apo-2L) was 

first discovered due to its close homology to TNFa178. Though the TRAIL 

receptor is expressed in a wide variety of tissues, it appears to activate 

apoptosis selectively in cancer cells. ITowever, there are differences in the 

tissue distribution of TRAIL receptors. DR4 is mainly expressed in the 

thymus, spleen, liver and peripheral blood leukocytes; DR5 has also been 

found in these tissues and more predominantly in cancerous tissue179.

There are two main TRAIL receptors which when stimulated initiate the 

apoptotic signalling cascade: TRAIL-R1 (DR4)180181 and TRAIL-R2 (DR5)182. 

However, there are three more TRAIL receptors183. TRAIL-R3 (DcRl) and 

TRAIL-R4 (DcR2) act as 'decoy receptors'; these have similar extracellular 

domains, so that TRAIL can bind, but possess either no death domain (DcRl) 

or a truncated death domain (DcR2), rendering them incapable of recruiting 

FADD and activating apoptosis184'185. The fifth member of the death receptor 

family is receptor activator of NF-kB (RANK). Upon association of RANK 

ligand (RANKL), also known as osteoprotegerin ligand186-187, to RANK an 

intracellular complex, including members of the TRAP family, is recruited 

which activates a number of pathways, including NF-kB and MAP kinase 

pathways188-191. A decoy receptor for RANKL also exists, namely 

osteoprotegerin receptor192-193.
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TRAIL is expressed on the cell surface as a type II transmembrane protein 

and can bind TRAIL receptors either in its membrane-bound form or in a 

soluble form following its proteolytic cleavage by metalloproteases. As is the 

case for FasL, membrane-bound TRAIL is a more potent inducer of apoptosis 

than the soluble form. TRAIL acts as a homotrimer, which binds to trimeric 

TRAIL receptors194'195.

Given its function in inducing cell death and its selective induction of 

apoptosis in cancer cells, TRAIL receptors are an obvious therapeutic 

strategy for the treatment of cancer. Numerous clinical candidates have been 

developed, including humanised recombinant forms of TRAIL which bind 

both TRAIL-R1 and TRAIL-R2, and agonistic antibodies which bind to and 

activate either DR4, DR5 or both. Many of these are currently in phase I and 

II clinical trials. Dulanermin is recombinant human TRAIL, and has shown 

some promise in the clinic196. The agonistic TRAIL-R2 antibody 

conatumumab has also shown clinical promise, with 9 out of 18 patients 

achieving stable disease in one trial197. Unfortunately, TRAIL-targeted 

therapies have yet to fulfil their potential as monotherapies, but there is 

promise in both combination therapies, for example with radiotherapy; 

predictive biomarkers are clearly needed to rationally select patients who 

might derive the most benefit198'199, den Hollander et al. provide a concise 

summary of on-going clinical trials200.

26



Introduction

The post-membrane complexes formed following TRAIL receptor 

stimulation are similar to that of the Fas receptor. FADD binds to the 

intracellular portion of the TRAIL receptors, forming a platform to which 

procaspases -8 and -10, or the caspase inhibitor FLIP, can bind creating a 

TRAIL DISC. The FADD-caspase-FLIP complex can then dissociate from the 

membrane and enter the cytosol where it can then recruit a number of other 

proteins, including RIPK1, TRAF2 and NEMO/IKKy. TRAIL receptor 

ligation can result in p38 and JNK stimulation, which is dependent on the 

actions of RIPK1 and TRAF2, and activation of IKK is dependent on NEMO. 

It can also cause the secretion of interleukin-8 and other monocyte chemo

attractants, which may act as "find-me" signals to prompt phagocytes to 

engulf the apoptotic cell201.
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2.2.5 TNF signalling

duction

The last few years have seen a renaissance in interest in the TNF signalling 

pathway. There are two TNF receptors: TNF-R1 and TNF-R2, however TNF- 

R2 does not possess an intracellular death domain, and as such does not 

participate in canonical death signallings. TNF-R1 is thought to be the key 

TNF receptor, as it is expressed at low levels in all tissues.

There are two forms of TNFa ligand: membrane bound and soluble cytokines. 

The main role that TNFa signalling fulfils is in the regulation of immune cells, 

primarily because the main consequence of TNFa signalling is NF-kB and 

MARK activation, and hence cell survival202'204.

1.2.5.1 Complex I

A study by Micheau and Tschopp identified two sequential complexes that 

are formed following TNF stimulation, which results in cell apoptosis152. The 

first complex, dubbed complex I is formed at the cell membrane upon ligand 

engagement of the receptor. The adaptor protein TRADD binds via its death 

domain to the intracellular portion of the TNF receptor, in a similar manner 

that FADD binds TRAIL/Fas receptors145. TRAF2, a RING domain- 

containing E3 ligase, is recruited to TRADD and forms a platform for the 

recruitment and activation of cIAPl and cIAP2205'206. The cIAP proteins are
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then able to conjugate Lysll and Lys63 ubiquitin chains to RIPKl207"212. 

Addition of ubiquitin chains to RIPK1 recruits the inhibitory IKK complex213; 

phosphorylation of the IKK subunit IKKp by TAB/TAK1214'215 in turn 

recruits the linear ubiquitin assembly complex (LUBAC)216-217. LUBAC is a 

multi-subunit complex consisting of HOIP, HOIL-1L and SHARPIN218-219, 

and serves to add Metl-linked ubiquitin chains to NF-kB essential modulator 

(NEMO)213'220. Subsequently, Lys48 ubiquitin chains are added to IkB by the 

SCFpTRCP E3 ligase complex resulting in its proteasomal degradation221, 

liberating the NF-kB subunits p50 and RELA, allowing their translocation to 

the nucleus where they act as transcriptional regulators for pro-survival 

genes. This cascade can be inhibited by the ubiquitin-editing enzyme A20 

which can remove Lys63 chains from RIPK1 and add degradative Lys48 

chains222'224. This cascade of events that leads to NF-kB activation is the 

canonical route. There is, however, a non-canonical pathway which initiates 

a gene-specific transcription response225.

Under normal conditions cIAPl and cIAP2, in complex with TRAF2 and 

TRAF3, constantly ubiquitinate the NF-KB-inducing kinase (NIK) for 

degradation226'228. Ffowever, following binding of CD40 ligand or TNF- 

related weak inducer of apoptosis (TWEAK), cIAPl, cIAP2, TRAF2 and 

TRAF3 are ubiquitinated and degraded229; this allows for an accumulation of 

NIK. NIK phosphorylates IKKa, which in turn phosphorylates the 

plOO/RELB heterodimer which is partly degraded to active p52. This
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translocates to the nucleus either on its own as a homodimer, or as a 

heterodimer with RELB230.

2.2.5.2 Complex Ila: apoptotic cell death or survival

Approximately 2h post-stimulation, TNF-R1 can enter the cell's cytoplasm by 

endocytosis where it can form a secondary complex to complex I known as 

complex Ila152. Here it can recruit FADD, FLIPl and procaspase-8133. If there 

is no NF-kB driven transcription from complex I, for example when the NF- 

kB super-repressor IkBsr is present, the NF-kB target gene FLIP will be 

expressed at low levels231, promoting procaspase-8 homo-dimerisation at 

complex II, promoting apoptosis induction. However, if TNFa signalling 

successfully activates NF-kB, FLIP is expressed and can be recruited to 

complex I, blocking the activation of caspase-8.

1.2.5.3 Complex lib: apoptotic cell death

If cIAP proteins are absent, for example following treatment with SMAC 

mimetics or genetic ablation232’234, RIPK1 cannot be ubiquitinated at complex 

I, and the complex dissociates from the receptor; this can also occur if RIPK1 

is deubiquitinated by one of its deubiquitinating enzymes: A20235, Cezanne236 

or CYLD133. RIPK1 can then form a secondary complex by interacting with
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FADD via their death domains, rather than the TRADD-FADD interaction 

required for complex Ila formation133. This complex can rapidly recruit and 

activate caspase-8 in a manner similar to that of complex Ila, and can be 

blocked by caspase inhibitors227'233'234.

1.2.5.4 Programmed necrosis: "necroptosis"

However, cells with caspase-8 genetic defects, or exposed to caspase 

inhibitors can switch to another form of caspase-independent cell death: 

necroptosis237. This requires the activity of not only RIPK1, but also RIPK3. In 

conditions of no caspase inhibition, complex II forms and enzymatic- 

competent caspase-8 can cleave and inactivate RIPK1 and RIPK3. However, 

when caspase-8 activity is inhibited, RIPK1 and RIPK3 are phosphorylated 

by an as yet unknown kinase and trigger necroptosis238-240. If caspase-8 or 

FADD are absent, RIPK1 can associate with RIPK3 via their RHIM domains, 

and in necroptosis-promoting conditions, RIPK3 can phosphorylate RIPK1, 

triggering downstream ROS production241. However, the exact events that 

ultimately lead to cell death are poorly understood.

For many years, the field was baffled by a set of animal studies that showed 

mice lacking caspase-8242, FADD153 or FLIP243 all died around embryonic day 

10.5. The survival of the mice did not appear to be attributable to cell death 

or other processes. However, when CaspSd- mice were crossed with Ripk3d-
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or Ripkl-I- mice, they developed normally and at expected Mendelian 

frequencies244-245. Furthermore, FADDd- mice crossed with Ripkld- mice also 

develop normally (though they die around birth, similar to Ripkld- mice)246. 

The explanation for this is that in the absence of either FADD or caspase-8, 

RIPKl/3-mediated necroptosis is activated at a critical phase of development 

resulting in embryonic death (Figure 1.3).
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Figure 1.3: Overview of necroptosis

Upon ligation of TNFa to TNFR1 a TRADD/RIPK1/rTRAF2 complex, 
dubbed ‘complex I’ forms. Complex I rapidly activates NF-kB and thus 
transcriptional upregulation of FLIPl. RIPK1 is conjugated with Lys63 
ubiquitin chains, but can be deubiquitinated by CYLD promoting the 
translocation of the complex into the cytosol, called ‘complex IT.

RIPK1 in complex II can recruit FADD, caspase-8 and/or FLIP in addition 
to RIPK3. Depending on the configuration of this complex there are a 
number of possible outcomes. 1) Where there are high levels of FLIP, 
caspase-8 and FLIP form a catalytically active heterodimer which limits 
RIPK1/RIPK3 signalling, but does not result in apoptosis. 2) Where there 
are low levels of FLIP (such as in situations where there is no NF-kB 
activation), caspase-8 homodimerises and is activated in an uncontrolled 
manner, resulting in apoptosis. As FLIP is required for RIPK suppression, 
if FLIP levels are reduced, cells can be sensitive to RIPK3-dependent 
necrosis if apoptosis is prevented. 3) When there is no caspase-8 or 
FADD caspase-8 activation is prevented, by RIPK signalling proceeds, 
leading to necroptosis.
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1.2.6 Cellular FLICE-inhibitory protein (FLIP)

In trying to identify new death effector domain-containing proteins, viral 

FLIP (v-FLIP) was cloned from the equine herpesvirus-2 (EHV-2) genome. V- 

FLIP was subsequently found in other members of the T herpes virus family 

(herpesvirus saimiri, human herpesvirus-8) as well as the human 

molluscipox virus (MC159 and MC160). A striking feature they all shared 

was that they all inhibited caspase-8 activation and contributed to the 

survival of the virus-infected cells247. In the months that followed, many 

groups identified what is now known as FLIP: inhibitor of FLICE, I-FLICE248, 

MACH-related inducer of toxicity, MRIT249, Casper243, usurpin250, CLARP251, 

CASH252 and FLAME-1253.

FLIP was then further characterised by Goeddel and colleagues254. They 

discovered that it shared significant homology with caspases, notably 

caspases -8 and -10, and that it acted as an inhibitor of apoptosis. Up to 14 

different splice variants of FLIP have been identified at the mRNA level, but 

only 3 of these are expressed at the protein level in human cells: FLIP short, 

long and Raji. All three of these isoforms share the same N-terminal 202 

amino acids comprised of two tandem death effector domains (DEDs). This 

portion of FLIP is conserved with caspase-8, and it is through these domains 

that FLIP binds to FADD at the DISC and dimerises with procaspase-8. FLIP 

short and Raji isoforms possess short C-terminal tails. In the case of FLIP 

short, it is on this tail that ubiquitination occurs, resulting in its rapid
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turnover255. FLIP Raji differs from FLIP short in its splicing; intron 6 of the 

FLIPr mRNA does not contain an excision site, and so creates an open 

reading frame into intron 6 until a stop codon is reached256 resulting in a 

protein product of 24kDa, slightly smaller than FLIPs (26kDa). FLIPr is the 

only short splice form of FLIP expressed in the mouse257.

FLIPl is significantly larger, at 55kDa, as it contains a pseudo-caspase 

domain after its DEDs; these are conserved from caspase-8, from which the 

gene encoding FLIP (CFLAR) arose by gene duplication on chromosome 

2q33-34; the gene encoding caspase-10 is also located here250. The pseudo- 

caspase domain of FLIPl lacks the cysteine residue in its "active site" 

necessary for catalytic activity. The QAC(R/Q)G motif is a conserved region 

in the protease-region of caspases; however in FLIP Cys360 is mutated to a 

tyrosine, preventing FLIP from having any protease activity (Figure 1.4, A).

FLIPl has a LEVD caspase-8 cleavage site at Asp376, which upon 

dimerization with procaspase-8 allows proteolytic cleavage of full-length 

FLIPl to p43-FLIPl258'259. Additionally, all splice forms of FLIP can be cleaved 

at Aspl98, in a caspase-dependent manner where the N-terminal fragment of 

FLIP forms p22-FLIP. This p22-FLIP fragment can still be recruited to this 

DISC and inhibit caspase-8 activation as it still harbours intact tandem death 

effector domains. Moreover, p22-FLIP is a strong inducer of NF-kB through 

interactions with the NF-kB inhibitory IKK complex260-261 (Figure 1.4, B).
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Figure 1.4, A\ The different splice forms of FLIP

There exists three main splice forms of FLIP: short, long and Raji. All 
contain tandem death effector domains (DEDs), but only FLIPl has a 
pseudocaspase domain.

FLIPl can be cleaved by caspase-8 into a p43 fragment and a p22 
fragment.

Sites of cleavage, phosphorylation and ubiquitination are indicated.
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Figure 1.4, B: Schematic of cleavage products of FLIP

There exists three main splice forms of FLIP: short, long and Raji. All 
contain tandem death effector domains (DEDs), but only FLIPl has a 
pseudocaspase domain.

FLIPl can be cleaved by caspase-8 into a p43 fragment and a p22 
fragment.

Sites of cleavage, phosphorylation and ubiquitination are indicated.
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1.2.6.1 FLIP at the DISC

The best-characterised role of FLIP is its role in blocking apoptosis at the 

membrane-proximal complexes that form upon ligation of TRAIL, FasL or 

TNFa to their cognate receptors247'262'263. As previously discussed, 

procaspase-8 is recruited to FADD through homotypic DED:DED 

interactions where it homodimerises and is processed to its active form to 

initiate the apoptotic signalling cascade. Flowever, in cells where it is 

expressed, FLIP can be recruited to the DISC or complex II. The recruitment 

of FLIPl to the DISC leads to its hetrodimerisation with procaspase-8 and 

procaspase-8 is cleaved into p43/41-caspase-8264'265. However, FLIPl's lack of 

enzymatic activity prevents this intermediate form of caspase-8 being 

processed further. Strikingly, though FLIPl expression levels are only 1% of 

the expression of caspase-8, it is still efficiently recruited to the DISC266. 

Further work has shown that the FLIPL:caspase-8 heterodimer still possesses 

proteolytic activity, albeit with a much more limited repertoire of substrates 

than the active pl0/pl8 caspase-8 hetero-tetramer, most likely because the 

FLIPL:caspase-8 heterodimer remains at the DISC and can therefore only act 

on membrane-proximal substrates that include FLIPl itself and 

RIPK1245'267'268.
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1.2.6.2 Non-apoptotic roles of FLIP

In trod

Though its best-defined roles are in the regulation of apoptosis, FLIP also has 

functions in non-apoptosis related pathways. A study by Choudhary et al. 

showed that caspase-8 and its homologs, including FLIP, interacted with 

RIPK1, NIK and the IKKs269. Specifically, the caspase-8-processed p43-FLIPl 

is a potent inducer of the NF-kB pathway258'259'270. Further studies from Golk 

et al. identified the p22 N-terminal fragment of FLIP as an activator of NF-kB 

pathway via direct interaction with the IKK complex260.

FLIP has also been implicated in the mitogen-activated protein kinase 

(MAPK) pathway. A direct binding event between FLIPl and the JNK 

activator MAP kinase kinase (MKK)7 was detected following stimulation of 

cells by TNFa. This inhibits the interactions between MKK7 and MAP/ERK 

kinase kinase 1 (MTK1), apoptosis-signal-regulating kinase 1 (ASK1) and 

TGFfS-activated kinase 1 (TAK1), thus suppressing JNK activation271. 

ITowever, this effect was only apparent in conditions of prolonged JNK 

signalling and did not appear to alter acute JNK signalling following TNFa 

stimulation. Chang et al. identified ITCFI as an E3 ligase for NF-icB-induced 

FLIPl that is dependent upon JNK phosphorylation. Following TNFa 

stimulation, JNK was reported to phosphorylate ITCFI, activating its E3 

ligase activity towards FLIPl, and promoting the latter's degradation via the 

ubiquitin-proteasome machinery272.
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Ubiquitination of (3-catenin is inhibited by overexpression of FLIPl, 

dependent on FADD, thus cells which have high levels of FLIPl also possess 

greater Wnt signalling273. Furthermore, Katayama et al. reported that FLIPl 

can translocate to the nucleus where it regulates Wnt signalling by an 

undetermined mechanism274. A study from the same group found that FLIPl 

disrupts the ubiquitin-proteasome system, impairing the degradation of 

proteins with short half-lives, such as HIFla and [3-catenin. This causes an 

accumulation of these oncogenic transcription factors, increasing 

transcription of their respective gene targets275.

1.2.6.3 Targeting FLIP

FLIP is expressed in all tissues253, often found overexpressed in various types 

of cancer, and high FLIP expression is a poor prognostic indicator276'280. Our 

group, and others, have shown that silencing FLIP by RNAi is sufficient to 

induce apoptosis across multiple cancer types, sensitise cells to death 

receptor ligands and chemotherapy and impede tumour growth in uzbo281'284. 

Our group have also reported that FLIP and procaspase-8 are both 

overexpressed in NSCLC, suggesting that if FLIP levels could be modulated 

in these cells, the cells would be "primed" to undergo caspase-8-dependent 

apoptosis285. Furthermore, normal cells do not overexpress FLIP or 

procaspase-8, which could reduce toxicities in patients and may indicate the 

existence of a therapeutic window.
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However, RNAi technologies are not yet advanced enough for patient use, so 

other methods must be employed. Our group developed an antisense 

oligonucleotide against FLIP which reduced FLIP expression in vitro and in 

vivo in NSCLC cells resulting in apoptosis, but normal cells were unaffected. 

TRAIL- and chemotherapy-induced apoptosis were enhanced in the presence 

of the oligonucleotide286.

Taken together, many cancer cells appear to be "addicted" to FLIP, but these 

cells also express high levels of procaspase-8. Novel strategies for targeting 

FLIP are urgently required, though unfortunately remain elusive. Traditional 

drug discovery programmes require an enzymatic site for compounds to 

bind to and inhibit; however, FLIP lacks an active site which is present in 

procaspase-8, making it difficult to design inhibitory compounds250. One 

strategy may be to inhibit the interaction of FLIP with other DISC 

components, such as FADD, preventing FLIP binding to the DISC and 

blocking apoptosis.

HDAC inhibitors (HDACi) have been identified as modulators of FLIP 

expression in numerous cancers287-288; this is discussed further in the 

following section.
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1.3 Histone modifications and histone deacetylase inhibitors

Over the past number of years, histone deacetylase inhibitors (herein, 

HDACi) have emerged as a promising therapeutic for cancer and other 

indications289'292. This section aims to briefly discuss the role of histone 

modifications in cancer, and how they can be therapeutically exploited for 

patient benefit. Broadly, histone modifications are one of four types: arginine 

methylation, lysine methylation, lysine acetylation or 

serine/threonine/tyrosine phosphorylation, although they can also be 

ubiquitinated, sumoylated, citrullinated and ADP-ribosylated. Together, 

these modifications play a key role in epigenetic modulation of gene 

expression and form the basis of so-called "histone code"293'294.

The addition of a post-translational modification to histone tails can serve to 

alter the basic structure of DNA. For example, acetylation of a histone tail 

removes its positive charge, resulting in a decrease in interaction between the 

histone and the phosphate groups of DNA. This changes the condensed 

heterochromatin into more open, relaxed euchromatin, accessible to 

transcription factors, thereby promoting gene transcription295-296. Histone 

acetylation is regulated by two groups of enzymes: the histone 

acetyltransferases and the histone deacetylases. However, an emerging 

literature is beginning to identify a number of non-histone substrates 

targeted by HATs and HDACs297.
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1.3.1 Histone acetyltransferases

Intwductk

Acetyl moieties are added to lysine residues on histones by histone 

acetyltransferases (HATs)298. First cloned from yeast in 1996299, HATs 

transfer an acetyl group from acetyl coenzyme A (CoA) to the histone, 

leaving s-N-acetyllysine300. The HATs are classified into two groups, 

depending on their cellular localisation. Type A HATs reside in the nucleus 

where they acetylate histones and regulate gene expression mediated by 

their bromodomain. Type B HATs are located in the cytosol, where they 

acetylate lysine resides on newly synthesized histones before they become 

incorporated into the nucleosomes301.

There are five main families of HATs: GCN5/PCAF, HAT1 and MYST which 

are conserved from yeast to human, p300/CBP which are found in metazoan 

and Rttl09, which are found in fungus302. Broadly speaking, the different 

HAT families have alternative mechanisms of histone acetylation.

1.3.2 Histone deacetylases

Since the discovery of the first human HDAC in 1996303, eighteen have been 

identified304. They have a wide variety of functions and can target both 

histones and non-histone proteins. Choudhary et al. suggested that naming 

them histone deacetylases was misleading; given their non-histone proteins
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targets, they should be thought of as lysine deacetylases (KDACs). Using 

high-resolution mass spectrometry, they identified acetylation sites and 

acetylation modifications on proteins involved in a huge number of cellular 

processes, including, but not limited to, the cell cycle, nuclear transport, 

chromatin remodelling and splicing305.

2.3.3 Classification ofHDACs

There are two families of HDACs: the classical HDACs and the sirtuins. The 

classical HDACs are subdivided in to classes I, II and IV and are all zinc- 

dependent (see Table 1.1). Within their catalytic pocket is a Zn2+ ion that can 

be pharmacologically exploited using zinc-chelating small molecule 

inhibitors. However, the different classes differ in their sub-cellular 

localisation, size and function. The second family, the sirtuins, are NAD+- 

dependent enzymes and will not be discussed further306. Table 1.1 

summarises the different classifications of HDACs.

Class I HDACs (HDACs 1, 2, 3 and 8) are related to the yeast transcriptional 

regulator RPD3307. The class I HDACs form parts of multi-subunit 

complexes such as SinS308-309, CorREST310, NcoR/SMRT311 and NuRD308, 

involved in a variety of cellular processes such as proliferation. They are 

located in the nucleus; HDACs 1 and 2 lack a nuclear export sequence, 

HDAC3 has both a nuclear export and import sequence, so may shuttle to
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Class HDAC Localisation Expression Zn2+
dependent?

Class I

HDAC1
HDAC2
HDACS
HDACS

Nuclear Ubiquitous Yes

Class
lla

HDAC4
HDACS
HDAC7
HDAC9

Nuclear and 
cytoplasmic

Tissue
specific Yes

Class
lib

HDAC6
HDAC10 Cytoplasmic Tissue

specific Yes

Class III Sirt1-7 Variable Variable No

Class
IV HDAC11 Nuclear and 

cytoplasmic Ubiquitous Yes

Table 1.1: Classification of HDACs

Table summarising the different classes of HDACs, cellular localisation, 
expression and dependency on Zn2+.
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the cytoplasm289'312. HDAC1 or HDAC3 knockout mice die around 

embryonic day 9.5, and HDAC2 knockout mice die in the perinatal period of 

severe cardiac defects313'316. HD ACS is lowly expressed, and so less is known 

about its localisation, although it is thought to be predominantly nuclear 

too317. HD ACS knockout mice have craniofacial defects, as HD ACS regulates 

transcription factors involved in skull development318.

Class II HDACs are subdivided into class Ha and lib. Class Ha members 

HDACs 4, 5, 7 and 9 have large N-terminal domains containing nuclear 

import and export sequences and domains for DNA binding. They have also 

been shown to bind the 14-3-3 family of regulatory proteins319. HDAC4 

interacts with and inhibits Runx2, which is important in chondrocyte 

hypertrophy. HDAC4-/- mice exhibit premature bone ossification problems, a 

similar phenotype to mice overexpressing Runx2320. HDACs 5 and 9 are 

suppressors of cardiac hypertrophy320. The HDAC7-/- genotype is embryonic 

lethal in mice, and HDAC7 has been shown to have roles in angiogenesis321 

and cell-cell adhesion, particularly in blood vessels322. HDAC9-I- mice display 

cardiac hypertrophy, and HDAC9 is believed to regulate stress-induced 

transcriptional programmes in heart tissue323.

HDACs in class lib are HDAC6 and 10. Perhaps the most characterised 

function of HDAC6 is its ability to deacetylase a-tubulin324 and Hsp90325. It 

also binds strongly to ubiquitinated proteins in stress granules326. Kawaguchi 

et al elegantly showed that HDAC6 forms part of the aggresome, an
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organelle which accumulates and processes misfolded proteins, through its 

binding of polyubiquitinated proteins mediated by its zinc finger domain327. 

Cells with no HDAC6 accumulate misfolded proteins and are more sensitive 

to stress-induced apoptosis328. HDAC6 knockout mice are developmentally 

normal and viable, but predictably have hyperacetylated tubulin329. HD AGIO 

knockdown down-regulates VEGFR expression, possibly by altering the 

Hsp90-mediated degradation of the receptor; however, HDAC6 can 

compensate for this, suggesting that HDAC6 and HDAC10 may have 

functional redundancy330.

Lastly, class IV HDACs consists of only HDAC11; as the most recently 

discovered HDAC, very little is known about its function. RNAi-mediated 

down-regulation of HDAC11 causes cell death and metabolism defects in 

some cancer cell lines331.

2.3.4 Role of HDACs in cancer

Alterations of acetylation status of histones have been proposed as a 

hallmark of cancer332, and there is a burgeoning literature around HDAC 

expression in cancer tissues. For example, following the loss of the tumour 

suppressor gene adenomatous polyposis coli (APC) in colorectal cancer, the Wnt 

and c-Myc pathways are upregulated leading to an increase in HDAC2 

expression. Treatment of APCmin mice with the pan-HD AC inhibitor valproic
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acid reduces adenoma formation333. Furthermore, expression of HDAC1 is 

upregulated in colorectal cancer tissue as compared to normal stromal 

tissues334. A truncating mutation of HDAC2 has been identified in tumours 

with microsatellite instability, and this mutation confers resistance to HD AC 

inhibitors335.

Pan-HDAC inhibitors are currently approved by the FDA for the treatment 

of cutaneous T cell lymphoma; high HDAC1 expression was observed in 60% 

of CTCL cases studies, and 32% expressed high levels of HDAC2336. In 

NSCLC, expression of HDAC1 did not appear to be altered in tumoural 

compared to matched normal tissue337. However, Osada et al. correlated 

HDAC expression with prognosis in a cohort of NSCLC patients and found 

that reduced expression of class II HDACs was an independent predictor of 

poor prognosis338. Barlesi et al. utilized immunohistochemical staining of the 

histone modifications H3K4diMe, H3K9Ac and H2AK5Ac and found that 

they were of prognostic value in early stage NSCLC, providing a possible 

subset of patients who may benefit from HDACi in this disease339.

2.3.5 Histone deacetylase inhibitors

Histone deacetylase inhibitors (herein HDACi) are an emerging class of 

clinical therapeutics under investigation for their effectiveness against a 

broad range of human malignancies, including cancer340, inflammatory
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disease341, HIV infection342 and myocardial infarction343. They have long been 

used as mood stabilisers and anti-epileptics, e.g. valproic acid344-345.

Histone deacetylase inhibitor is a broad term, describing any agent that 

inhibits members of the classical, zinc-dependent HD AC families (class I, II 

and IV). Promising anti-cancer effects were observed in vitro with first 

generation HDACi (valproic acid, tricostatin A), particularly in acute 

myeloid leukaemia where it re-sensitised All Trans-Retinoic Acid (ATRA)- 

resistant patient samples346. As a result, these were further developed, and 

there is now a range of second generation HDACi under clinical 

investigation347.

HDACi targeted against class I and II enzymes exert their inhibitory effects 

by binding and chelating the catalytic zinc ion in the active site. The current 

range of HDACi can be broadly divided into four groups based on their 

structures: hydroxamic acids, benzamides, short-chain fatty acids and cyclic 

peptides. They also vary in terms of their specificity against different HDACs. 

For example, the hydroxamic acids, of which trichostatin A was the first 

discovered348 and vorinostat subsequently based on349, are pan-HDACi. 

However, the benzamide entinostat is selective for only class I HDACs350, 

and the short-chain fatty acids valproic acid and sodium butyrate inhibit 

classes I and Ha (Table 1.2).
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There are currently only two HDACi approved by the US Food and Drugs 

Administration; these are vorinostat (SAFIA/Zolinza) and romidepsin 

(depsipeptide/Istodax) for the treatment of cutaneous T cell lymphoma 

(CTCL).

1.3.6 HDAC inhibitors in the clinic

A large number of HDACi, are currently in clinical trials either as mono- or 

combination therapies. Vorinostat (suberoylanilide hydroxamic acid, SAHA) 

is perhaps the most intensively studied. SAHA was first identified as a 

potential therapeutic from its ability to induce differentiation in leukaemia 

cells351, and further work found that SAHA has a variety of other anti-cancer 

effects in vitro in solid and haematological tumours, including inducing 

apoptosis, growth arrest and differentiation. Moreover, these effects could 

also be recapitulated in vivo animal studies352-353. The first phase I clinical trial 

of intravenously administered SAHA in a variety of cancer types showed 

accumulation of histone acetylation in circulating mononuclear cells and 

tumour regression and clinical improvement in four patients354. SAHA was 

then developed into an oral formulation and subsequent studies showed 

promising results355. A phase II clinical trial reported by Duvic et al. provided 

more evidence that SAHA may be a promising agent in the treatment of 

cutaneous T cell lymphoma (CTCL)356. Clinical trials have shown vorinostat 

provides modest benefit in a number of cancers, such as glioblastoma
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Compound HDAC
Specificity

In vitro Potency

Hydroxamic Acids
Vorinostat Class I, II fjM
Trichostatin A Class I, II, IV /uM
LAQ-824 Class I, II, IV nM
Panobinostat Class I, II, IV nM
Belinostat Class I, II, IV pM
Tubacin Class Mb

Cyclic Tetrapeptides
Depsipeptide HDAC 1,2 nM

Benzamides
Entinostat HDAC1,2, 3 ^yM
MGCD-0103 Class I nM

Short chain fatty acids
Valproic acid Class I, lla nM
Phenyl butyrate Class I, lla nM
AN-9 n/a /vM

Table 1.2: Summary of existing HDAC inhibitors and their specificity

Table summarising the current HDAC inhibitors in clinical development, 
the structural family they belong to, their specificity and their potency in 
vitro.
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multiforme357 and metastatic breast cancer358, but minimal or no anti-cancer 

activity in non-small cell lung cancer359 or ovarian cancer360. These trials used 

vorinostat as a monotherapy, and it may be that efficacy may be improved 

when used in combination with other targeted agents or chemotherapeutics.

Panobinostat (LBH-589) and its structural predecessor LAQ-824 are also pan- 

HDACi. LAQ-824 is particularly potent against multiple myeloma in vitro361, 

overcoming drug resistance in multiple myeloma362 and also induces Bcr-Abl 

proteasomal degradation through the acetylation of Hsp90, a chaperone 

protein associated with Bcr-Abl363. Qian et al. reported that treatment of 

endothelial cells with panobinostat reduced proliferation, inhibited 

endothelial tube formation and reduced angiogenesis both in vitro and in 

vivo3M. To date, only a few phase II clinical trials with panobinostat as a 

single agent have reported; however no significant clinical activity has been 

reported with this agent when given as a single agent365.

HDACi with more selectivity than the pan-HDACi are also under clinical 

investigation. For example, entinostat (MS-275/SNDX-275), which inhibits 

HDACs 1-3, is in numerous clinical trials. These are mostly in NSCLC and 

most often combined with the demethylating agent azacitidine366-367; the 

rationale being that epigenetically silenced genes involved in tumour 

suppression can be reactivated. Furthermore, entinostat appears to have a 

much longer half-life in patients than other HDACi368.
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There is growing interest in developing HDAC inhibitors that have single 

HD AC specificity, particularly HDAC6369. HDAC6 has been shown in vitro to 

control autophagosomes, aggresomes and the subsequent misfolded protein 

stress response328. HDAC6 has a ubiquitin-binding domain which causing 

HDAC6 to bind to ubiquitinated proteins370. Additionally, it catalyses 

deacetylation of a-tubulin371, and pharmacological inhibition of HDAC6 

reduces metastasis. HDAC6 also regulates the acetylation of heat shock 

protein 90; and inhibition of HDAC6 activity leads to hyperacetylation of 

Hsp90 and ultimately cell death325. Acetylon Pharmaceuticals (Boston, MA) 

has developed a number of HDAC6-selective inhibitors, one of which, ACY- 

1215, is in clinical trials in multiple myeloma in combination with the 

proteasome inhibitor bortezomib372.
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1.3.7 Rational combinations with HD AC inhibitors

h ductioi

There is a burgeoning literature suggesting that HDACi might be most 

effective when paired with other drugs in rational combinations.

As previously alluded to, HDAC6 plays a key role in the misfolded protein 

response. In normal cell homeostasis, misfolded proteins are identified, 

ubiquitinated and shuttled to the proteasome with chaperone proteins (for 

example, Hsp90) or by the microtubule network, for degradation. 

Accumulation of misfolded proteins is toxic to the cell, so agents that 

interfere with this process may be effective anti-cancer agents373. Given the 

roles that HDAC6 plays in the misfolded protein response (deacetylating 

Hsp90 and a-tubulin, recognising and binding ubiquitinated proteins; see 

above) combining HDAC(6)i with Hsp90 inhibitors (17-allyl-amino- 

demethoxy geldanamycin; 17-A AG)374'376 or proteasome inhibitors 

(bortezomib)377-380 are attractive combinations. Of note, the predominantly 

HDACI/2 inhibitor romidepsin also synergises with proteasome inhibitors, 

so the observed effects may not be solely HDAC6-dependent381.

HDACi have often been coupled with agents that target apoptosis-related 

proteins. A number of studies have shown that treatment with HDACi can 

decrease levels of anti-apoptotic proteins such as XIAP, cIAPl, cIAP2 and 

FLIP, so combinations of HDACi and death-receptor agonists such as TRAIL 

seem logical. Indeed, this appears to be the case, and even more desirable is
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that normal cells express relatively low levels of death receptors179 and are 

generally resistant to HDACi382, and so these combinations have limited 

toxicities. In vitro studies have shown that sub-lethal doses of HDACi can 

sensitise cells to TRAIL383 and TRAIL agonistic antibodies384. Combining 

HDACi with ABT-737/ ABT-263 has also been shown to be effective116'385.
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1.4 Post-translational modifications

The human genome encodes for approximately 25,000 individual genes. By 

employing alternative promoters, splicing and editing of mRNA, the number 

of possible transcripts comprising the transcriptome rises four-fold to 

approximately 100,000. A final level of complexity is achieved by the 

addition of post-translational modification, which brings the number of 

unique protein conformations in the proteome to greater than 1,000,000.

The addition of a post-translational modification can dramatically and 

quickly alter the function, localisation, enzymatic properties and interactions 

of a protein. The range of possible post-translational modifications is 

bewildering: they can be covalent or non-covalent, involve the addition of a 

chemical group (phosphorylation, deamination, methylation), a sugar 

(glycosylation), a fatty acid (palmitoylation, myristolation), a small protein 

(ubiquitination, sumoylation, neddylation) or a chemical process 

(nitrosylation).

One of the earliest post-translational modifications was observed by Levene 

and Alsberg in 1906, when they found that their protein of interest, vitellin, 

contained a phosphoserine386. As biochemistry techniques developed, other 

researchers were able to study these modifications in greater depth. In 1954, 

Burnett and Kennedy described the "enzymatic phosphorylation of 

proteins"387. In the decades that followed the importance of these
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modifications became increasingly clear. This section will discuss one major 

form of post-translational modification: ubiquitination.

1.4.1 Ubiquitination

The addition of a ubiquitin moiety to a target protein is one of the best 

understood post-translational modifications. It was initially thought that 

following ubiquitination, the protein was recognised and shuttled to the 

proteasome, where the protein would be unfolded, the ubiquitin chain 

disassembled and the protein degraded. However, further work unveiled the 

greater levels of complexity involved in protein ubiquitination.

1.4.1.1 Ubiquitin

Ubiquitin is a small protein of 8.5kDa, found ubiquitously in all tissues. It 

was discovered in 1975 as a protein capable of inducing differentiation in T- 

and B-cells through (f-adrenergic receptors and activation of adenylate 

cyclase388. At the same time, work by Avram Hershko and Aaron 

Ciechanover was trying to elucidate the mechanism behind energy- 

dependent protein degradation. They found that it was not a standard 

proteolysis reaction, but involved two distinct components. These were 

called I (APF-l-ATP-dependent proteolysis factor 1, later renamed ubiquitin), 

and II, which together could degrade proteins in crude reticulocyte
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extracts389. In the years that followed, Hershko, Ciechanover and their 

colleague Irwin Rose identified the components of II: these were an ATP- 

stabilised protein of about 450kDa (probably containing the proteasome) and 

a further sub-fraction containing the El, E2 and E3 enzymes necessary for the 

ubiquitin conjugation cascade390.

Ubiquitin is highly conserved throughout evolution; from yeast to humans, it 

differs by only 3 amino acids. In humans, four different genes encode 

ubiquitin. Two of these are ubiquitin fused to ribosomal proteins which can 

be cleaved by DUBs to release the monomeric ubiquitin391. RPS27A is a gene 

which encodes a fusion protein of ubiquitin at the N-terminus and ribosomal 

protein S27a at the C-terminus, which is processed post-translationally to a 

free ubiquitin monomer and ribosomal protein S27a392. UBA52 encodes a 

fusion protein of ubiquitin at the N-terminus and ribosomal protein L40 at 

the C-terminus393. The other two ubiquitin genes, UBB and UBC, encode four 

or more ubiquitin polypeptides, also known as polyubiquitin394-395.

1.4.1.2 The ubiquitin pathway

Three types of enzymes comprise the ubiquitin conjugation pathway: an El 

activating enzyme, an E2 ubiquitin-conjugating enzyme and an E3 ubiquitin 

ligase. In humans there exists only one El activating enzyme, 32 E2

53



Introduction

ubiquitin-conjugating enzyme and more than 600 E3 ubiquitin ligases. Thus, 

substrate specificity occurs at the level of the E2 and E3 enzymes.

The UBA1 gene encodes the El activating enzyme in humans for the 

ubiquitin pathway. Variants of this gene exist for pathways related to 

ubiquitin conjugation, such as neddylation and sumoylation. Knockout of 

this gene in yeast is, perhaps predictably, lethal396. To begin the ubiquitin 

cascade, the El enzyme must bind ATP-Mg2+ and ubiquitin397-399. The ATP 

hydrolyses a thioester bond between the catalytic cysteine residue of the El 

to the glycine at the C-terminus of a molecule of ubiquitin by adenylation. 

This process requires significant conformational changes. The El~Ub 

hydrolysis (where denotes a high-energy bond) requires the El to be in 

an open conformation, as the relative distance from the site of ATP-Mg2+ 

binding is far from the active site needed for adenylation. Once adenylation 

is complete a pyrophosphate is released and the active site disassembled, 

causing a 130° rotation around the active site, and the El switches to a closed 

conformation400'401. This rotation into the closed state allows the cysteine 

active site to come into closer proximity with the C-terminus of the ubiquitin 

molecule and replaces the adenylation residues with residues for thioester 

bond formation. The final step of this movement occurs upon formation of 

the thioester bond between the El and ubiquitin and subsequent release of a 

molecule of AMP, where the El rotates back around into the open 

conformation where it can be re-adenylated for the process to reoccur402. The 

final state is where the El is dual loaded with two ubiquitin molecules; one
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adenylated to the adenylation domain and the other attached as a thioester to 

a cysteine residue.

The second stage of the ubiquitin pathway involves a ubiquitin conjugating 

enzyme, or E2. The El and E2 physically interact, and through a trans- 

thioesterification reaction, the thioester linked-ubiquitin on the El is 

transferred to a cysteine residue on the E2. After this, the E2~Ub complex 

dissociates from the El, freeing the El to bind more ubiquitin moieties403. It is 

more favourable for an El to be double-loaded with ubiquitin as this allows 

them to interact with E2 enzymes with much greater affinity404.

The next players in the ubiquitin enzymatic cascade are the ubiquitin ligases, 

or E3 ligases. There are ~600 encoded in the human genome, and as such 

these make up the largest group of enzymes in the cascade; it is the E3 ligases 

which confer substrate specificity. Unlike E2 enzymes, E3 ligases vary widely 

in structure, but can be broadly classified into two groups: HECT domain 

and RING finger.

The HECT (homologous to the E6-AP carboxyl terminus) domain family of 

E3 ligases is the smaller group, comprising only ~30 members. They are so 

called due to their possession of a C-terminal HECT domain of ~350 amino 

acids. Their N-terminal is not conserved and is responsible for bestowing 

substrate specificity. Within this N-terminal portion, there is a N-lobe that 

mediates the E2-E3 interaction and a C-lobe with a cysteine that accepts the

55



Introduction

ubiquitin from the E2 through a thioester bond405. Structural studies of 

various HECT domain E3 ligases suggest that there is a flexible "hinge" 

region which brings the E2 and E3 catalytic sites into close proximity, 

allowing the transfer of ubiquitin405'406. There is growing evidence that the 

last 60 amino acids of the C-lobe of the HECT domain determines which type 

of polyubiquitin linkage is conferred to the substrate407.

The second family of E3 ligases is the RING (Really Interesting New Gene) 

finger family, a much larger family than the HECT domain E3 ligases, 

comprising more than 600 members408. Unlike HECT domain E3 ligases, 

these contain a Zn2+-coordinating domain comprised of cysteine and 

histidine residues which coordinate upon binding of Zn2+409. It is these 

equally spaced residues that allow E2-dependent ubiquitination410. Unlike 

HECT domain E3 ligases, RING domain E3s only act as a scaffold to bring 

the E2 and the ubiquitination substrate into close proximity, facilitating 

ubiquitination411. Thus, RING finger E3 ligases can bind to E2s, inducing a 

conformational change in the E2 that facilitates the transfer of ubiquitin onto 

the substrate protein412.

RING finger E3s are further subdivided into those that can function in 

monomers, dimers or multi-subunit complexes. cIAPl and cIAP2 dimerise 

through their C-terminal RING domains, and this domain is also crucial for 

the ubiquitination of their substrates and for their auto-ubiquitination413-415. 

Heterodimeric RING E3 complexes may have one partner whose RING
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finger is active in promoting E3 ligase activity, where the other may lack 

ligase activity and act to stabilise the RING domain in its partner, such as in 

BRCA1 /BARD1416'417, MDM2/MDMX418 and RNF2/BM1419. Furthermore, 

non-RING elements in the RING E3 may be required for ubiquitin transfer to 

the substrate420.

Multi-subunit RING E3s belong to the cullin RING ligase (CRF) superfamily 

which have crucial roles in cell cycle progression. This includes the SCF (Skp, 

Cullin, F-box containing complex) and APC/C (anaphase-promoting 

complex/cyclosome). APC/C is a huge and highly regulated complex, 

consisting of at least thirteen subunits and acts at specific points of the cell 

cycle by interaction with different proteins (reviewed by Nakayama & 

Nakayama421). For example, CDC25 is degraded by the actions of APC/C, 

which results in the activation of the CDK inhibitors p21 and p27422. p21 and 

p27 are in turn degraded by the SCF complex423.

1.4.1.3 Deubiquitinating enzymes

Just as a protein can be ubiquitinated, the ubiquitin can also be removed. The 

process by which this occurs is called deubiquitination and is catalysed by 

deubiquitinating enzymes, or DUBs. Deubiquitination serves three main 

roles: (i) to cleave of polyubiquitin molecules to single ubiquitin 

moieties394'395, (ii) to recycle ubiquitin retrieved from substrates424 and (iii) to 

deliberately remove ubiquitin from target substrates425. Deubiquitination
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provides a finely-tuned and balanced control for the ubiquitination cascade 

and has key roles in numerous pathways such as the cell cycle426, gene 

expression427, DNA repair428, proteasomal (as well as lysosomal) protein 

degradation429 and cell death430.

To date, 100 DUBs have been identified in humans, which in turn are divided 

into 5 groups. Four families are papain-like cysteine proteases: the ubiquitin 

C-terminal hydrolase (UCH), the ubiquitin-specific protease (USP), the 

ovarian tumour domain (OTU) and the Josephin domain (MJD) 

deubiquitinating enzymes. The final family is the JABl/MPN/Mov34 

metalloenzyme (JAMM) family, which are zinc-dependent enzymes.

DUBs are proteases, and so it is important that they are highly regulated to 

avoid promiscuous and unwarranted protease activity towards substrates. 

One way they achieve this is by conformational changes which happen when 

they are bound to ubiquitin431. Another group of DUBs are found associated 

with the proteasome and remain in an inactive state432'434. DUBs are 

commonly found bound to E3 ligases, for example BRCC36/BRCA1435, 

BAPI/BRCA1436, USP20/pVHL437, USP44-APC438 and USP7/MDM2439. It is 

thought that this is to prevent the E3 ligases auto-ubiquitinating in situations 

where there are no substrates to target, or to target the DUB itself for 

degradation. Another theory suggests that DUBs may proof-read ubiquitin 

chains, for example A20 has both a ubiquitin ligase domain and a 

deubiquitination (OTU) domain and has been shown remove Lys63 chains
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(ubiquitin chains formed through linkages between the lysine at amino acid 

63 of ubiquitin) from RIPK1 while simultaneously adding Lys48 chains222-440.

1.4.1.4 Ubiquitination, degradation and the proteasome

Polyubiquitin chains, linked through lysine 48 (K48) are thought to induce 

substrate degradation via the proteasome. Humans have a 26S proteasome, 

located in the cytoplasm, where "S" is Svedberg, the sediment coefficient. It 

is approximately 2.5MDa in size and consists of 3 parts: the 20S subunit of 

the core and two 19S regulatory caps on the top and bottom of the structure. 

It is perhaps best thought of as a "recycling bin", where the inner, hollow 

part of the 20S core is where protein degradation occurs441, and the 19S caps 

act as a lid where substrates can enter.

The 20S core is made of four heptameric rings stacked on top of each other, 

which in turn are each made from structural a subunits and catalytic (3 

subunits442. The structural a subunits form the outside of the core, preventing 

inappropriate access to the proteasome's catalytic P subunits that mediate 

protein degradation443. These catalytic P subunits are one of three different 

protease types: chymotrypsin-like, trypsin-like and caspase-like444-445. 

Unfolded proteins can enter the proteasome in a ubiquitin-independent 

manner, and indeed this is thought to be the case for up to 20% of 

proteasome activity446, but for the proteasome to "open" there must be an
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activating trigger447"449. There are a number of these activators, including 

BLM10, IIS, the 19S regulatory particle and CDC48, although how they 

activate the proteasome varies. For example, IIS interacts with the core 

particle through its HbYX motif, causing activator loops near this site to be 

activated, opening the gate450. Structural studies of yeast BlmlO show that it 

too binds through a HbYX motif resulting in proteasome opening451-452.

The 19S regulatory particle is divided into two subunits: the 10S subunit, 

which functions as the lid, and a 9S subunit which forms a base through 

which the 19S particle is anchored to the 20S core453. Of the nine base 

proteins, six of them contain ATPase subunits of the AAA family, and for the 

19S particle to remain bound to the 20S core ATP binding is required. The lid 

contains six Rpt proteins, non-ATPase proteins Rpnl and Rpn2 and ubiquitin 

receptors RpnlO and Rpnl3454. The base contains Rpn8 and RpnlS, as well as 

the DUB Rpnll (POH1)455 and Rpn3, -5, -6, -7, -9 and -12.

Proteins are unfolded by the regulatory particle before they can enter the 20S 

core particle. Deubiquitination is also required prior to substrate degradation, 

as the ubiquitination of a substrate results in a melting temperature of 

~80°C456. Consequently, the regulatory particle lid has a metalloenzyme as 

part of its structure, namely Rpnll (POH1), which acts as a deubiquitinating 

enzyme to remove ubiquitin chains from substrates457. It has been shown to 

have protease activity towards the isopeptide link nearest the substrate, 

removing the entire ubiquitin chain, rather than just "editing" it in stages.
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Two more DUBs are present, which, in contrast to POH1, remove ubiquitin 

in stages, potentially delaying the entry of the substrate into the 

proteasome458'459; these are USP14 and USP37.

Ubiquitin chains linked through lysine 48 (K48) residues are the most 

common linkage that result in proteolytic degradation. Ubiquitin chain 

recognition is primarily mediated by the five ubiquitin receptors460, which 

interact with ubiquitin chains through their ubiquitin interacting motif (UIM). 

RpnlO (also known as S5a) has two UIMs situated towards its C-terminus, 

joined by a hinge region, although these UIMs bind ubiquitin with different 

affinities: UIM1 binds ubiquitin 5-fold less avidly than UIM2461'462. Recent 

work has shown that mono-ubiquitination of RpnlO by the NEDD4 ligase 

Rsp5 inhibits the UIM, preventing it binding to ubiquitin463. The other 

proteasomal ubiquitin receptor is Rpnl3454, which binds ubiquitin not 

through a UIM but through pleckstrin-like receptor for ubiquitin (Pru) 

domains464. Interestingly, Rpnl3 binds the deubiquitinating enzyme UCH37 

at its C-terminus434, thus recruiting UCH37 to the proteasome465, although 

the reason for this is still unknown.

The remaining three ubiquitin receptors are RAD23, DSK2 and DDI1, more 

often known as the ubiquitin shuttle proteins. They have an N-terminal UBL 

domain that binds the proteasome and a UBA domain that binds ubiquitin, 

hence they trap ubiquitinated substrates and bring them to the proteasome466. 

Additionally, they appear to have roles in binding directly to E3 ligases
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concurrently to substrate ubiquitination. For example, the ubiquitination of 

CDC48 is mediated by the "E4" ligase UFD2, where an E4 ligase is one which 

extends ubiquitin chains467. The shuttle proteins RAD23 and DSK2 bind 

UFD2 directly and are primed to bind to the ubiquitin chains as they are 

formed. When UFD2 becomes decoupled from CDC48, it immediately 

translocates to the proteasome468.

The final stage in a ubiquitinated protein's fate is proteolysis in the 

proteasome core. It is the p-subunits in the core that contain active enzymatic 

sites469,470. Substrate proteolysis results in small peptides, usually of variable 

lengths of approximately 3 to 23 amino acids (on average 9 amino acids)471. 

The resultant peptides are returned into the cytoplasm where they are 

further processed by proteases and aminopeptidases.

1.4.1.5 The diversity of ubiquitin signalling

The negative regulation of protein fate is not the only outcome of 

ubiquitination. The ubiquitin protein has seven lysines, and ubiquitin can 

link to another ubiquitin through any of these to form polyubiquitin chains. 

Lysine 48 (Lys48) ubiquitination has already been discussed, and the other 

chain types are Lys6, Lysll, Lys27, Lys29, Lys33 and Lys63. Additionally, 

linear ubiquitin chains can form from the N-terminal methionine (Metl) and 

have an important role in the execution of apoptosis, as discussed in 1.2.5.1.
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Ubiquitination of a substrate by Lys63-linked chains does not usually result 

in proteasomal degradation, indeed sometimes quite the opposite, as Lys63 

chains can be bound by the ESCRT-0 complex, preventing their binding to 

the proteasome472; however, all other lysine linkages are thought to result in 

proteasomal degradation473-474. Lys63-linked ubiquitin chains are targeted to 

the endosomal-lysosomal degradation pathway instead due to their known 

interactions with ESCRT-0472. Different ubiquitin polymers have different 

overall structures, and it is this that is thought to be the reason specific 

enzymes and proteins recognise them475; for example, Lys48 chains have a 

compact, globular conformation476-477. However, it is still unknown how 

DUBs and other ubiquitin-binding proteins specifically recognise different 

types of ubiquitin chains.

The E2 enzymes in the ubiquitin conjugation pathway can confer chain 

specificity478; for example UBE2K, UBE2R1, UBE2R2, UBE2G1 and UBE2G2 

all add Lys48 ubiquitin polymers, UBE2S adds Lysll chains and UBE2N 

adds Lys63 chains208-478-479. E3 ligases generally add substrate specificity, but 

the HECT family E3 ligase ITCH conjugates Lys63 chains, whereas the 

founding family member E6AP is only capable of creating Lys48 chains. The 

linear ubiquitin chain assembly complex (LUBAC) contains two RBR-family 

(RING domain, in-between RING (IBR) domain and RING2 domain) E3 

ligases, HOIP and HOIL1 which add linear, methionine 1-linked ubiquitin 

chains480. SHARPIN is the third component of the LUBAC complex218-219.
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Recently, a Metl-specific deubiquitinating enzyme has been discovered, 

OUTLIN481'482.

Other than Lys48 chains, Lys63 linkages are perhaps the best characterised. 

Their largest role appears to be in DNA damage regulation, where, for 

instance, Lys63 ubiquitin chains form at sites of DNA double strand breaks, 

stimulating the recruitment of the RAP80-BRCA1 complex483. PCNA, a 

protein that forms a clamp around sites of damaged DNA can be 

monoubiquitinated on its Lysl64. However, this monoubiquitination will 

give rise to error-prone repair. If the same lysine in ubiquitinated by Lys63 

ubiquitin chain linkages, error-free repair will commence484. Another DNA 

damage repair protein, FANCD2, can also be monoubiquitinated (in addition 

to phosphorylated) in times of DNA damage inducing its interaction with 

BRCA1 at DNA damage foci485. Lys63 chains have been identified in 

numerous other processes, including receptor endocytosis486-487, protein 

sorting488, ribosome functioning489, activation of protein kinases and 

phosphatases490, and many signalling pathways. An elegant study by van 

Wijk et al. utilised fluorescent sensors for the detection of Lys63 and linear 

ubiquitin chains491. They found that in infected Salmonella, there was an 

increase in both Lys63 and linear ubiquitin chains, indicative of the onset of 

autophagy. Lys63 chains were particularly prominent during the DNA 

double strand break response as well as Parkin-mediated mitophagy. Their 

technique also confirmed roles for linear and Lys63 ubiquitination in TNF- 

and IL-l-induced NF-kB signalling pathways491-492.
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The addition of Lysll ubiquitin chains can be mediated by the E3 ligase 

APC/C, which acts in the mitotic exit stage of the cell cycle with the 

ubiquitinated proteins being targeted for proteasomal degradation493-495. 

Other non-degradative outcomes have also be attributed to Lysll-linked 

ubiquitination, such as cytokine signalling and NF-kB activation208'216'496. 

Lysll chains are preferentially cleaved by the DUB Cezanne497.

The outcome of Lys6-linked ubiquitination is poorly understood, although 

one study has shown that the autoubiquitination of BRCA1 in complex with 

BARD1 potentially involves Lys6 chains498. Lys33 chains have been 

implicated in T cell receptor signalling499. Lys27 ubiquitin chains appear to 

have key roles in mitochondrial regulation. The mitochondria-based E3 

ligase Parkin exhibits low basal activity, but is activated upon mitochondrial 

damage. VDAC1 (voltage dependent anion channel 1), a mitochondrial outer 

membrane protein, is a target for addition of Lys27-ubiqutin by Parkin, 

which causes recruitment of p62 to VDAC1 and inducing its association with 

LC3, leading to the formation of autophagosomes500.

Advances in biochemical techniques, such as mass spectrometry, have shone 

light on the heterogeneity of ubiquitin chains: that is, they are not all 

composed of the same linkage. Kim et al. show that heterogeneous chains can 

include all possible linkages, though they are mainly comprised of Lys48, 

Lys63 and Lysll linkages501. Ubiquitin forks can also be created through
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linkages of adjacent lysines, for example Lys6 and Lysll, Lys27 and Lys 29 

or Lys29 and Lys33502. These fork chains appear to reduce the ability of the 

substrate to associate with the proteasome, hampering its degradation. 

However, mixed chains with no Lys48 present can still be degraded by the 

proteasome503.

Metl-linked (linear) ubiquitin chains and their role in apoptosis have already 

been discussed in 1.2.5.1. Rather than the usual lysine chains, ubiquitin can 

form chains from the N-terminal methionine, generating linear chains. 

Although it had been known that this linkage is possible as newly translated 

polyubiquitin molecules are Metl-linked before being co-translationally 

cleaved into single ubiquitin moieties, it was unknown that linkages of this 

type could be attached to a substrate394. The linear ubiquitin chains 

conjugated to substrates by the E3 linear chain assembly complex (LUBAC) 

was found to add Metl chains regardless of the E2 involved, which is notable 

given that E2 enzymes usually bestow chain specificity478. LUBAC contains 

three components: HOIL-1 (heme-oxidised IRP2 ubiquitin ligase-1), HOIP 

(HOIL-1 interacting protein) and SHARPIN (Shank-associated RH domain 

interactor)216'218'219-480. HOIL-1 and SHARPIN both contain UBL domains, 

whereas HOIP does not, suggesting that HOIP forms the core of the complex 

and HOIL-1 and SHARPIN are accessory proteins, although the exact 

stoichiometry is as yet unknown. It is likely that all proteins must be 

available for E3 ligase activity to occur, as HOIL-1 on its own lacks ligase 

activity480. Metl-linked ubiquitin chains are capable of being degradation
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signals504, although it appears its main functions are non-degradative in 

various signalling pathways.

2.4.2 Other post-translational modifications 

1.4.2.1 Sumoylation

There exist a number of ubiquitin-like modifiers, which are thought to alter 

protein-protein interactions. SUMO (small ubiquitin-like modifier) is one of 

these. The process of covalently attaching a SUMO molecule to a substrate is 

broadly similar to ubiquitination, involving an E1-E2-E3 enzymatic 

cascade505. However, there are some key differences. There are 3 isoforms of 

SUMO in humans: SUMOl, 2 and 3. SUM02 and 3 are -95% homologous to 

one another, but SUMOl is only -50% homologous to SUM02/3. 

Furthermore, SUM02/3 are capable of forming SUMO chains, whereas 

SUMOl is not506. The pathway in general is much smaller, with only 2 El 

activating enzymes known (SAE1 and SAE2), only a single E2 enzyme 

(Ubc9)507 and fewer E3 ligases than the ubiquitin pathway. Sumoylation can 

proceed with only an El and E2 enzymes present, particularly in the case of 

the highly sumoylated protein RanGAPl, but usually an E3 is required508. 

There are also SUMO-deconjugating enzymes, which work in a similar 

manner to deubiquitinating enzymes; there are six of these SENPs in 

humans509. Sumoylation has many functions in a variety of cellular processes, 

including DNA damage510, genome stability511 and transcriptional
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repression512. Sumoylation can result in the degradation of substrate, owing 

to the recently discovered SUMO-targeted ubiquitin ligases (STUbls)513.

1.4.2.2 Neddylation

The addition of a NEDD8 (neural-precursor-cell-expressed developmentally 

down-regulated 8) molecule to a target protein is called neddylation. It also 

functions in a cascade similar to ubiquitination514. The NEDD8 protein is 

~80% homologous to ubiquitin515'516. The only currently known substrates of 

neddylation are the cullin subunits of SCF E3 ligase complexes, and as such 

neddylation has implications for the cell cycle517. Targeting neddylation has 

been suggested as a therapeutic approach in cancer518-519.

1.4.3 Therapeutically targeting the ubiqnitin-proteasome system

In recent years, there has been a growing interest in targeting components of 

the ubiquitin-proteasome system (UPS), particularly for the treatment of 

cancer.
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1.4.3.1 The p53-Mdm2 Interaction

Introd

Tumour suppressors, such as p53 and c-Myc generally have short half-lives, 

and are turned over quickly by the UPS50'520'521. Given the selectivity of E3 

ligases towards their substrates, a logical approach would be to inhibit these 

to stabilise the tumour suppressor. Indeed, this tactic has been exploited in 

the case of wild type p53. MDM2 is the E3 ligase that ubiquitinates p53, 

repressing p53 transcriptional activity50'52. Furthermore, stabilising wild type 

p53 may lead to cell cycle arrest and apoptosis, and this has been validated in 

a number of ways, including a synthetic Mdm2-binding protein522, down- 

regulation of MDM2 by antisense oligonucleotides523'524 and small peptides 

which block the MDM2-p53 interaction525. Nutlin-3 is a small molecule first 

identified from ds-imidazoline compounds which disrupts the Mdm2-p53 

interaction with a low nanomolar IC50526. Nutlin-3 also induces apoptosis, cell 

cycle arrest in G1 and G2 phases and tumour growth suppression in human 

cancer xenograft mouse models527. In the last few years, a number of new 

and promising MDM2 antagonists have been developed528-530.
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1.4.3.2 Targeting the proteasome

Introduction

Proteasome dysfunction has been identified in a number of human 

pathologies, including autoimmune, rheumatoid and neurodegenerative 

diseases. However, aberrant proteasome function per se has not been found 

in cancer, suggesting that cancer cells may use the UPS to aid their own 

survival, for instance, to facilitate the degradation of IkB, the inhibitors of the 

pro-oncogenic NF-kB signalling pathways531. Additionally, oncogene 

activation and loss of tumour suppressor genes promotes protein stress 

causing an increase in protein synthesis. This drives a dependence on 

chaperone proteins and protein metabolising entities such as the proteasome 

and the aggresome. Bortezomib (Velcade, Millennium Pharmaceuticals) is a 

potent inhibitor of the 20S core particle of the proteasome. It is a boronic acid 

derivative which binds to the threonine hydroxyl group in the p5 subunit, 

blocking chymotrypsin-like activity532. One of the suggested mechanisms of 

anti-cancer activity of bortezomib is by preventing the degradation of the IkB, 

thus down-regulating the NF-kB pathway533. In addition, bortezomib blocks 

the proteasomal-dependent degradation of the pro-apoptotic BCL-2 family 

member NOXA, promoting its pro-apoptotic interaction with BCL-Xl and 

BCL-2534.

Preclinical trials of bortezomib were encouraging, inhibiting cell proliferation 

in the NCI-60 cell lines535. Bortezomib is also capable of sensitising resistant 

tumours to chemo- and radiotherapy536'539. However, bortezomib has been
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linked to severe side-effects540, and up to 50% of patients have intrinsic 

resistance541, while other patients acquire resistance during treatment542. 

Finally, though bortezomib is approved for use in multiple myeloma and 

mantle cell lymphoma, its effectiveness as a single agent in solid tumours is 

less satisfactory543, although in vitro evidence suggests that efficacy may be 

enhanced if combined with other anti-cancer agents544'545. Next generation 

proteasome inhibitors, carfilzomib (such as PR-171), NPI-0052 and CEP- 

18770, are in development and may overcome some of the current issues 

with bortezomib and increase selectivity380'546-548. The FDA has recently 

accelerated approval for carfilzomib for the treatment of multiple 

myeloma549.

1.4.3.3 Denbiquitinating enzymes as cancer targets

Just as E3 ligases can be targeted to ensure re-expression or stabilisation of a 

tumour suppressor, it follows that DUBs can be targeted to ensure rapid 

degradation of oncogenes. A number of DUBs have been implicated in 

tumour progression and cancer-related pathways. For example, USP1 

deubiquitinates the DNA damage repair protein FANCD2550 and USP28 

antagonises the E3 ligase complex SCF-Fbxw7, which stabilises pro- 

tumourigenic c-Myc551'552.
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The activity of some DUBs is intricately linked to NF-kB signalling; A20, 

which has both a deubiquitinating OTU domain and a zinc finger E3 ligase 

domain removes Lys63 chains from RIPK1 and NEMO, while at the same 

time adding Lys48 degradative chains222. Another DUB, CYLD, is a tumour 

suppressor that removes Lys63 chains from members of the TRAF family, 

NEMO213, TAK1553 and RIPK1, among others following TNFa receptor 

stimulation. Many of the chains hydrolysed by CYLD are Lys63-linked and 

form part of a molecular platform between RIPK1213 and other proteins such 

as TAK1553 and the IKK complex ultimately leading to loss of NF-kB 

activation213. Loss of the CYLD protein allows NF-kB activation to occur, 

inhibiting apoptosis554'556.

A recent study by Ken Anderson's group identified the inhibition of USP7 by 

small molecule inhibitors as a potential therapy for multiple myeloma, 

particularly in cell lines resistant to bortezomib and other compounds557. 

USP7 regulates a number of proteins, but importantly it negatively regulates 

MDM2. Under normal conditions, MDM2 is stabilised by USP7, allowing 

MDM2 to ubiquitinate and degrade p53. Fiowever, if USP7 is inhibited, 

MDM2 is degraded and p53 is stabilised.
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1.5 Aims & Objectives

The aims of this study were to investigate post-translational modifications of 

FLIP, focussing on ubiquitination, as a means to target FLIP stability in 

cancer cells. Specifically, the aims were:

1. To characterise HD AC inhibitors as therapeutic agents enabling the 

ubiquitination of FLIP, stimulating its rapid degradation via the 

proteasome and inducing cell death either as single agent, or in 

combination.

2. To investigate post-translational modifications of FLIP.

3. To develop and utilise screening approaches to identify novel 

deubiquitinating enzymes and E3 ligases responsible for regulating 

FLIP's expression.
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Chapter 2: Materials and Methods



2.1 General

Materials & Methods

All inorganic material used was of analytical grade.

2.2 Safety

All tissue culture involving viable cells was carried out in a class II 

unidirectional laminar downflow microbiological safety cabinet (Thermo 

Fisher Scientific, Epsom, Surrey, UK). All biohazardous waste was disposed 

of by incineration and liquid waste was discarded in 1% virkon solution. 

Experimental procedures were analysed and risk assessments carried out.

2.3 Sterilisation

All tissue culture reagents and glassware were sterilised by autoclaving at 

121°C for 20 minutes at 15 psi.
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2.4 Tissue Culture

2.4.1 General Materials

Tissue culture plasticware (flasks, culture dishes, cryotubes) were obtained 

from Nunc (Life Technologies, Paisley, UK). Pipettes were obtained from 

Sarstedt and Bibby Sterlin (Staffordshire, UK). Pipette tips, universal tubes 

and centrifuge tubes were obtained from Starstedt (Leicester, UK).

Further cell culture reagents are listed in Appendix 8.2.

2.4.2 Cell Lines and Growth Medium

Cell lines were obtained from the American Type Culture Collection (ATCC).

H460 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM), 

supplemented with 10% foetal calf serum, ImM sodium pyruvate, 2mM L- 

glutamine and 50gM/mL penicillin/streptomycin (all from Life 

Technologies).

A549 and HI57 cells were maintained in Dulbecco's Modified Eagle Medium 

(DMEM), supplemented with 10% foetal calf serum, 2mM L-glutamine and 

50gM/mL penicillin/streptomycin (all from Life Technologies).
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293T cells, a variant of HEK 293 cells containing the SV40 Large T-antigen, 

were maintained in Dulbecco's Modified Eagle Medium (DMEM), 

supplemented with 10% foetal calf serum, 2mM L-glutamine and SOgM/mL 

penicillin/streptomycin (all from Life Technologies).

34LU cells were maintained in Eagle's Minimum Essential Medium (EMEM), 

supplemented with 10% foetal calf serum, 2mM L-glutamine, lOOpM non 

essential amino acids and 50pM/mL penicillin/streptomycin (all from Life 

Technologies).

HCT-116 cells were maintained in McCoy's 5A Modified Medium, 

supplemented with 10% foetal calf serum, ImM sodium pyruvate, 2mM L- 

glutamine and 50pM/mL penicillin/streptomycin (all from Life 

Technologies).

Jurkat T-lymphocyte cell lines (parental, caspase-8def and FADDdef) were 

maintained in RPMI-1640 media (Sigma-Aldrich), supplemented with 10% 

foetal calf serum, ImM sodium pyruvate, 2mM L-glutamine and SOpM/mL 

penicillin/streptomycin (all from Life Technologies).

PhoenixGP cells, a 293T-derived cell line containing gag-pol (Nolan Lab, 

Stanford University) were maintained in Dulbecco's Modified Eagle Medium 

(DMEM), supplemented with 10% foetal calf serum.
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2.4.3 Maintenance of Cell Lines

Cells were maintained in a tissue culture incubator (Sanyo Europe, Herts, 

UK) at 5% CO2 and 37°C. Cells were grown in T175 flasks until they reached 

80% confluency, at which point the medium was removed, cells washed in 

5mL of sterile phosphate buffered saline (PBS) and 4mL of trypsin added. 

Flasks were returned to the incubator until cells had detached. 12mL of 

medium was added and cells gently pipetted to disrupt clumps of cells. An 

appropriate volume of cells was returned to a new flask and medium added 

to make a final volume of 25mL. Cells were usually passaged every 3 days.

2.4.4 Freezing Cells

Cells stocks were stored in liquid nitrogen (BOC, Surrey, UK). Cells were 

grown to 80% confluency in a T175 tissue culture flask. The medium was 

removed and cells washed in 5mL PBS. 2mL of trypsin was added and the 

cells returned to the incubator. 7mL of a FCS/10% DMSO was added to the 

detached cells and gently pipetted to break up clumps. This was aliquoted 

into ImL cryotubes. Cryotubes were placed in an isopropanol freezing 

chamber and kept at -80°C overnight and then transferred to liquid nitrogen.
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2.4.5 Thawing Cells

Cells taken from liquid nitrogen storage were placed in a 37°C water bath 

until almost completely thawed. Cells were then added to a T80 tissue 

culture flask and 20mL of medium added. The following day the medium 

was removed, cells washed and fresh medium added. When cells reached 

80% confluency they were transferred to a T175 tissue culture flask.

2.4.6 Mycoplasma Testing

Cell lines were regularly screened for presence of mycoplasma using the 

Myco Alert® mycoplasma detection kit (Lonza, Basel, Switzerland). 

MycoAlert® substrate and MycoAlert® reagent were prepared according to 

the manufacturer's instructions. Briefly, 2mL of media taken from cultured 

cells were centrifuged at ISOOrpm for 5 minutes and lOOpL of media was 

added to a white-walled 96 well plate. To each sample, lOOpL MycoAlert® 

reagent was added and incubated for 5 minutes. The samples were read on a 

luminometer for a 1 second integrated read (reading A). MycoAlert® 

substrate was added, incubated for a further 10 minutes and another 1 

second integrated read was taken (reading B). The ratio of reading B/reading 

A was calculated. Cells infected with mycoplasma typically gave ratios of >1. 

Cells with a borderline reading of marginally above 1 were placed in 

quarantine and retested after 24 hours.
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2.4.7 Cell Counting

Materials & Methods

Cells were washed in 5mL PBS and 4mL trypsin added. Cells were returned 

to the incubator and left to detach. 8mL of medium was added and cells 

transferred to a fresh universal tub. lOOpL of cells were diluted in lOmL of 

isoton (Beckman Coulter, Buckinghamshire, UK) and counted on a Z2 

particle and size analyser (Beckman Coulter).

Cell number was calculated and seeded at appropriate densities in cell 

culture plates.

2.4.8 Cytotoxic Agents

Cisplatin was obtained from Belfast City Hospital pharmacy and stored at 

room temperature. Cisplatin was diluted to the appropriate concentration 

using injection water immediately before each use.

Vorinostat (suberoylanilide hyroxamic acid), panobinostat (LBH-589) and 

entinostat (MS-275) were obtained from Selleck Chemicals (Newmarket, UK) 

and resuspended in DMSO to a stock concentration of lOmM and stored at - 

20°C.
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ACY-775 and ACY-1215 were obtained from Acetylon Pharmaceuticals 

(Boston, MA, USA).

2.4.9 Reagents

Human recombinant TRAIL was purchased from Merck Biosciences 

(Nottingham, UK), reconstituted in filter sterilised PBS/0.1% bovine serum 

albumin as a 20pg/mL stock and stored at -80°C.

Caspase inhibitor I (z-VAD-fmk) was purchased from Merck Biosciences and 

reconstituted in DMSO as a 5mM stock and stored at -20°C.

MG-132 (Z-Leu-Leu-Leu-Leu-al) was purchased from Sigma Aldrich 

(Gillingham, Dorset, UK) and reconstituted in DMSO as a lOmM stock and 

stored at -20°C.

2.4.10 siRNA Transfections

Cells were seeded at appropriate densities (IxlO5 cells per well for a 6 well 

plate, IxlO6 cells per plate for a P90) in media without 

penicillin/streptomycin and left to adhere overnight. OptiMEM (Life 

Technologies, Paisley, UK), OligoFectAMINE (Life Technologies) and siRNA
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were mixed and allowed to complex for 30 minutes. Media was removed 

from cells and OptiMEM added immediately prior to the addition of siRNA 

mix. Four hours after transfection, 2x growth medium was added. After the 

appropriate time for efficient knockdown, cells were treated as required.

siRNA sequences and reaction mixes are listed in Appendix 8.6.
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2.4.11 Plasmid DNA Transfections

Me

For transfections with Genejuice:

Cells were seeded at appropriate densities (IxlO5 cells per well for a 6 well

plate, IxlO6 cells per plate for a P90) in media without

penicillin/streptomycin and left to adhere overnight. Plasmid DNA, 

Genejuice® (Merck, Damstadt, Germany) and Opti-MEM (Life Technologies) 

were mixed in a ratio of l(j.g:3(rL:30gL and left to complex for 15 minutes. The 

mix was added drop-wise to the media and the dish swirled gently.

For transfections with XtremeGene HP:

Cells were seeded at appropriate density (IxlO5 cells per well for a 6 well

plate, IxlO6 cells per plate for a P90) in media without

penicillin/streptomycin and left to adhere overnight. Plasmid DNA and 

XtremeGene HP (Roche Diagnostics, Burgess Hill, UK) warmed to room 

temperature and Opti-MEM (Life Technologies) were mixed in a ratio of 

lgg:2pL:100pL and left to complex for 15 minutes. The mix was added drop- 

wise to the media and the dish swirled gently.

2.4.12 Generation of Stable Cell Lines

Cells were seeded onto P90 tissue culture dishes at IxlO6 cells and allowed to 

adhere overnight. The following day, cells were transfected with Ipg plasmid
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DNA. After 24 hours, cells were trypsinised and split equally across six P90 

culture dishes. After a further 24 hours, the medium was removed, culture 

medium containing the selection antibiotic at the appropriate concentration 

was added and colonies were allowed to form. When colonies were visible to 

the naked eye, they were picked and transferred to a 24 well culture dish and 

allowed to adhere overnight. The next day, cells were trypsinised and 

allowed to grow in selection antibiotic-containing medium. When the cells 

were confluent, they were transferred into T25 culture flasks and screened 

for presence of transfected plasmid DNA.

2.4.13 Generation of Stable Cell Lines by Retroviral Transfection

PhoenixGP cells (obtained from Nolan Lab, Stanford University) were co

transfected with 5gg of a plasmid encoding the coat protein VSVG and 5pg of 

the retroviral expression plasmid (pBABE-puro, see 8.10.1) and left overnight. 

The following day, the media was replaced and left for a further 24h. The 

media containing the virus was collected, filtered to remove Phoenix GP cells 

and Polybrene (Sigma) added in a 1000-fold dilution. This was added to 

IxlO6 target cells seeded the day before, and left for 24h. After this time, the 

media was replaced and puromycin added to a concentration of Ipg/mL. 

After 96h, or when a control plate of uninfected cells with puromycin 

containing media had no viable cells, cells were trypsinised and cultured in a
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T80 flask. Subsequently they were screened for stable overexpression of 

protein.
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2.5 Western Blotting

2.5.1 Protein Collection

Cells were seeded onto P90 tissue culture dishes and allowed to adhere 

overnight. The following day, cells were treated for the specified period. 

After this time, media was removed into a 15mL Falcon tube, leaving 

approximately 2mL. Attached cells were scraped into the remaining 2mL, 

transferred into the Falcon tube and placed on ice. Cells were pelleted at 

2400rpm at 4°C for 5 minutes. The supernatant was removed and the pellet 

resuspended in 100-150pL radio-immunoprecipitation (RIPA) buffer 

supplemented with protease inhibitors (see appendix 1.1) and transferred to 

a fresh 1.5mL microcentrifuge tube. Cells were left on ice to lyse for 30 

minutes and the cell debris pelleted at 13,000 rpm at 4°C for 20 minutes. The 

supernatant was transferred to a fresh 0.5mL microcentrifuge tube. Protein 

lysates were stored at -20°C.

2.5.2 Quantification of Proteins

Proteins were quantified using the BCA protein reagent assay (Thermo 

Fisher Scientific, Epsom, Surrey, UK) according to the manufacturer's 

instructions. A standard curve was generated using known quantities of 

bovine serum albumin, which resulted in a linear relationship between 

concentration and absorbance. Absorbance was measured at 570nM using a
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microplate reader (Molecular Devices), and the concentration of protein was 

determined.

2.5.3 Preparation of Protein Samples

Protein lysates were thawed on ice and 30|ig of lysate was added to half the 

volume of 2x Laemelli loading buffer containing 10% P-mercaptoethanol 

(Sigma Aldrich) in a fresh 0.5mL microcentrifuge tube. Samples were 

subsequently denatured at 95°C for 5 minutes.

2.5.4 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Proteins were separated on SDS-polyacrylamide gels. The resolving gel was 

overlaid with isopropanol and allowed to polymerase at room temperature. 

Isopropanol was then removed, rinsed with ddPbO, the stacking gel poured 

on and combs inserted. The stacking gel was allowed to polymerase at room 

temperature and the gels assembled into a Mini-PROTEAN 3 electrophoresis 

module apparatus (Bio-Rad, Herts, UK) and lx running buffer added. 

Samples were loaded and SpL of a molecular weight marker (PageRuler™ 

Plus Prestained Protein Marker, Thermo Fisher Scientific) to determine the 

relative size of each protein. Samples were run at 15mA per gel at room 

temperature until satisfactory separation was achieved.
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2.5.5 Protein Transfer

Following protein separation, the stacking gel was discarded and protein 

transferred to nitrocellulose membrane (Whatman, Maidstone, Kent, UK). 

Nitrocellulose membrane and gel were sandwiched between 4 pieces of 3mm 

Whatman paper and 2 sponges assembled into a transfer cassette (Figure 2.1). 

Proteins were transferred using the Mini Trans-Blot® Electrophoretic 

Transfer Cell at 100V for 80 minutes at room temperature, or 30V over night 

at 4°C.

2.5.6 Immunoblotting

After transfer, membranes were removed from the transfer cassette, trimmed 

and washed briefly in PBS with 0.1% Tween-20 (Sigma Aldrich). Membranes 

were stained with Ponceau S to determine efficient transfer and subsequently 

washed in PBS with 0.1% Tween-20 for 10 minutes. Membranes were then 

blocked in either 5% milk or 5% BSA in PBS with 0.1% Tween-20 for 1 hour 

on a rocker. Membranes were incubated with primary antibody at 4°C 

overnight with gentle agitation. Membranes were then washed 3 times for 10 

minutes in PBS with 0.1% Tween-20 and incubated with HRP-conjugated 

secondary antibody for 2 hours at 4°C with gentle agitation. The membrane 

was then washed again 3 times for 10 minutes in PBS with 0.1% Tween-20.
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Materials & Methods

Antibodies, dilutions, diluent and manufacturers are listed in Appendix 8.3.

2.5.7 Detection

Excess PBS was removed from the membrane by gentle tapping on tissue 

paper and laid flat on a clean surface. An appropriate amount of detection 

reagent was added for 5 minutes.

SuperSignal (Thermo Fisher Scientific) and Western Lightning ECL 

(PerkinElmer, Cambridge, Cambridgeshire, UK) were used in accordance 

with the manufacturer's instructions.

2.5.8 Autoradiography

Excess detection reagent was removed and the membrane placed between 2 

clear acetate sheets and exposed to FUJI-RX X-ray film (FUJIFILM, Bedford, 

UK). Autoradiographs were developed using the Ilford Multigrade 

Developer.
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2.5.9 Densitometry

Mi OliS

Densitometry was performed using Image] software (Wayne Rasband, 

National Institute of Health, available for download at 

<http://rsb.info.nih.gov/ij/>). Protein density was determined relative to 

loading control, usually (3-actin, unless otherwise specified.
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2.6 Quantitative Real-Time PCR

Mat Me

2.6.1 RNA Extraction

Cells were seeded at an appropriate density and treated. Following treatment, 

medium was removed and the adherent cells were washed in PBS. All the 

PBS was removed, and ImL of fresh PBS was added. Cells were scraped into 

the PBS and collected in a 1.5mL microcentrifuge tube and pelleted at 250 x g 

for 5 minutes. RNA was then extracted using the GeneJET™ RNA 

Purification Kit (Thermo Fisher Scientific) according to the manufacturer's 

instructions. Briefly, cells were lysed and pelleted. The supernatant was 

added to a RNA purification column, centrifuged and the flow through 

discarded. The purification column was washed, RNA eluted with 50pL 

DEPC water (Life Technologies) into a fresh 1.5mL microcentrifuge tube and 

stored at -80°C.

2.6.2 RNA Quantification

A Nanodrop™ ND-1000 was used to quantify RNA. The arm was lifted and 

wiped with a KIMTECH wipe. 2pL of DEPC water was used to generate a 

blank reading and the surface was cleaned. 2pL of RNA was loaded onto the 

Nanodrop™ and the concentration obtained.
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2.6.3 Reverse Transcription

Ma inis Me

2(ig of RNA was made up to lOpL with DEPC water in a 0.5mL 

microcentrifuge tube. IpL of 0.3pg/pL random primers and IpL lOmM 

deoxynucleotriphosphates (dNTPs) were added and incubated at 65°C for 5 

minutes. Next, 4pL first strand buffer, 2pL dithiothreitol (DTT), IpL RNase 

Out and IpL monkey murine leukaemic virus reverse transcriptase (MMLV- 

RT) (all from Life Technologies) were added. Samples were incubated at 

37°C for 1 hour anci subsequently deactivated at 70°C for 10 minutes. The 

resulting cDNA was stored at -20°C.
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2.6.4 Quantitative Real Time PCR Conditions

Me Me

To each well on a Roche LightCycler® 96 well plate, 5ng of cDNA (made up 

to 5pL with water), 3gL water, 2pL 2x primer probe mix and lOpL 2x probe 

master mix (FLIP or GAPDH) were added (all from Roche Diagnostics, 

Burgess Hill, Surrey, UK). Quantitative real time PCR was performed on a 

Roche LightCycler® 480 System (Roche Diagnostics).

The following PCR protocol was used for FLIP and GAPDH probes:

Pre-incubation 95°C 10 minutes

Amplification 95°C 10 seconds

(45 Cycles) 60°C 30 seconds

72°C 1 second

Cooling 40°C 30 seconds

Relative quantification of FLIP mRNA levels were normalised

housekeeping gene GAPDH, and determined by the AAQ method.

2.7 Flow Cytometry

All samples were analysed on a BD FACS Calibur flow cytometer using Cell 

Quest Pro software. Analysis was carried out in duplicate experiments.
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2.7.1 Propidium iodide cell cycle analysis

Materials & Methods

Cells were seeded in 6 well plates at IxlO5 cells in 2mL medium and left to 

adhere overnight. Following treatment, media was transferred into a 15mL 

Falcon tube, and 2mL PBS/0.5M EDTA added to each well. Plates were 

incubated for 10 minutes in a non-sterile incubator at 37°C. When the cells 

were detached, they were transferred to the 15mL Falcon tube and kept on 

ice. Cells were pelleted at 2400rpm at 4°C for 5 minutes and the supernatant 

removed. The cell pellet was washed in 5mL PBS/1% foetal calf serum (FCS) 

and pelleted again by centrifugation at 2400rpm at 4°C for 5 minutes. The 

supernatant was removed and cells resuspended in ImL PBS/1% FCS. Cells 

were fixed by addition of 4mL of ice-cold ethanol while vortexing. Cells were 

then stored at 4°C for up to one month.

Fixed cells were pelleted at 2400rpm at 4°C for 5 minutes and the 

supernatant discarded. Cells were centrifuged for a further 1 minute and the 

remaining supernatant removed. Cells were washed in 5mL PBS/1% FCS 

and re-pelleted at 2400rpm at 4°C for 5 minutes. The supernatant was 

discarded and cells resuspended in 360pL of propidium iodide (Sigma 

Aldrich)/RNase A (Qiagen, Crawley, UK). The cells were incubated at 37°C 

for 30 minutes and analysed immediately.
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2.7.2 Annexin V/Propidiwn Iodide Staining

A f rui. thods

Cells were seeded at IxlO5 cells in ImL in 12 well plates and left to adhere 

overnight. The following day, cells were treated as required. Upon 

commencement of treatment, media was removed and kept in a 1.5mL tube, 

cells washed gently in PBS, 200pL 0.25x trypsin/PBS added and returned to 

the incubator. When cells were detached, they were transferred to the 1.5mL 

tube and centrifuged for 5 minutes at 2000rpm at room temperature. The cell 

pellet was resuspended in 300pL lx binding buffer and 0.5pL Annexin V 

added and left to incubate in the dark for 5 minutes. 1 minute prior to flow 

cytometric analysis, IpL propidium iodide was added.

Cells were analysed on a BD FACS Calibur or BD LSR II flow cytometer on 

both the green and red channels, and the Annexin V+ (early apoptosis), 

propidium iodide+ (necrosis) and Annexin V+/propidium iodide+ (late 

apoptosis) cells were identified by applying quadrant gating.

2.7.3 Cell Surface Expression

Cells were seeded in 6 well plates at IxlO5 cells in 2mL medium and left to 

adhere overnight. Media was discarded and cells washed once in 2mL PBS. 

ImL of trypsin was added to each well and the plate was incubated at 37°C 

until the cells detached. The cells were transferred to a 15mL Falcon tube and
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Materials & Methods

5mL PBS/0.1 % sodium azide/0.2% BSA added. Cells were pelleted by 

centrifugation at 2400rpm at 4°C for 5 minutes and the supernatant 

discarded. The cell pellet was resuspended in 95pL PBS/0.1 % sodium 

azide/0.2% BSA and 5pL of directly PE-conjugated DR4, DR5, TNF-R1 or 

FasR antibody, or PE-tagged isotype negative control added. Cells were 

incubated in the dark at 4°C for 30 minutes. Cells were washed twice with 

5mL PBS/0.1 % sodium azide/0.2% BSA, once with PBS, resuspended in 

300(iL PBS and analysed immediately.

2.7.4 Analysis of Flow Cytometric Data

FACS data were analysed and overlays generated using Cyflogic (CyFlo Ltd, 

Turku, Finland).

96



2.8 Cell Viability Assays

2.8.1 MTT Assay

Cells were seeded at 4000 cells per well on clear 96 wells plates in 200pL 

media. Following treatment, 20pL of 5mg/mL 3-(4,5-dimethylthiazol-2-yl)- 

2,5-diphenyltetrazolium bromide (MTT) (Sigma Aldrich) was added and 

returned to the incubator at 37°C for 4 hours. The media was removed and 

the formazon crystals reabsorbed in 200pL DMSO (Sigma Aldrich). Cell 

viability was determined by reading the absorbance at 570nm using a Biotrak 

II microplate reader (Molecular Devices, Wokingham, UK).

2.8.2 Clonogenic Assays

Cells were seeded at 500 cells per well in 6 well plates and left overnight to 

adhere. Following treatment, media was replaced with fresh media (and 

once weekly thereafter) and cells allowed to grow until colonies were formed. 

The media was removed and cells were fixed by addition of 300pL ice-cold 

methanol for 10 minutes. Methanol was then removed and cells were stained 

by addition of crystal violet solution, and colony number counted.
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2.9 Caspase-Glo® Assays

The Caspase-Glo® assay contains a luminogenic substrate for caspases, a 

thermostable luciferase and a buffer to induce cell lysis. Active caspases act 

on the substrate, which liberates aminoluciferin. The luciferase is generated 

by the reaction between the substrate aminoluciferin and luciferase, resulting 

in a "glow type" luminescent signal. Luminescence is proportional to caspase 

activity.

25pL of Caspase-Glo®-3/7, -8 or -9 reagent (Promega, Southampton, UK) 

was added to 5pg of cell lysate, made up to 25|iL with media in a white- 

walled 96 well plate in triplicate. The plate was incubated in the dark at room 

temperature for 30 minutes and subsequently read in a luminescent plate 

reader (Biotek Synergy 4 plate reader).

2.10 Luciferase Assays

Cells were seeded at 50,000 cells in 24 well plates in triplicate. Cells were 

transfected with a firefly luciferase promoter construct (or empty vector 

control) and a Renilla construct as a control to determine transfection 

efficiency. After 24 hours, cells were treated as required. Media was removed, 

cells washed in SOOgL PBS and 50pL lx passive lysis buffer added. Plates 

were incubated at room temperature for 15 minutes under gentle agitation.
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20(iL of the cell lysate was transferred to a white-walled 96 well plate in 

duplicate (one for luciferase, one for Renilla) and read in a Biotech Synergy 4 

Multi-mode Luminometer with Gen5 software. 25pL of luciferin (for firefly 

luciferase) or coelenterazine (for Renilla luciferase) was injected to each well 

and readings taken after a 1 second incubation.

2.11 Generation of Competent Cells

Under sterile conditions, a single colony of DH5a strain of E. coli growing on 

a LB agar plate with no selection antibiotic was picked, added to 5mL LB 

broth with no selection antibiotic and left to incubate, shaking, overnight at 

37°C. The following day, ImL of this starter culture was inoculated into 

50mL of fresh LB broth in a sterile conical flask and allowed to replicate. The 

optical density at 600nm (ODeoo) was monitored until it was between 0.5 and 

0.6 (i.e., the exponential phase). Once the culture had reached this point, it 

was placed on ice for 10 minutes and pelleted at 4000rpm at 4°C for 5 

minutes. The pellet was resuspended in lOmL sterile, ice cold, filter sterilised 

lOOmM calcium chloride and incubated on ice for a further 30 minutes. Cells 

were centrifuged again and the pellet resuspended in 2mL lOOmM calcium 

chloride, giving a final volume of 2mL CaCb competent bacteria. These were 

used immediately, or kept on ice overnight to be used the following day.
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2.12 Transformation of Plasmid DNA

'hi ter in Is 6

Plasmid DNA was added to 10 times the volume of sterile chemically 

competent DH5a cells (Life Technologies), mixed gently with the pipette tip 

and incubated on ice for 15 minutes. The cells were then heat shocked at 

45°C for 45 seconds and 800pL SOCS medium (Life Technologies) added and 

incubated, shaking, for 30 minutes. Cells were centrifuged at room 

temperature at 2400rpm for 5 minutes and the supernatant discarded. Cells 

were gently resuspended in lOOpL SOCS medium and plated on lysogeny 

broth (LB) agar plates with appropriate selection antibiotic at 37°C overnight. 

Each transformation contained a positive and negative plasmid control. The 

following day, colonies were picked with a sterile pipette tip and grown up 

in 5mL LB with antibiotic in a shaking incubator at 37°C overnight.

2.13 Small-scale Plasmid DNA Extraction

Small-scale plasmid DNA extractions were performed using the QIAprep 

Spin Miniprep kit (Qiagen). In brief, this kit allows for alkaline lysis of 

bacteria, the supernatant of which is collected and passed through a silica 

membrane under high salt conditions. The plasmid DNA binds to the silica, 

which is then washed and the DNA eluted.
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1.5mL of bacteria from a 5mL culture was pelleted at SOOOrpm in a benchtop 

centrifuge. The supernatant was discarded and the bacterial pellet 

resuspended in 250pL resuspension buffer containing RNase A. To this, 

250pL of lysis buffer was added, the microcentrifuge tubes inverted 6 times 

and 350pL of neutralisation buffer was added and the tubes inverted a 

further 6 times. The samples were centrifuged at 13,000rpm for 10 minutes to 

precipitate the cell debris, the supernatant collected and added to a column 

containing the silica membrane. This was centrifuged for 30 seconds at 

13,000rpm and the flow through discarded. The membrane was washed by 

the addition of 750gL of wash buffer and centrifuged. The silica membrane 

column was transferred to a fresh 1.5mL microcentrifuge tube and 50pL 

nuclease free water added to the centre of the membrane. This was left to 

stand for 1 minute, and then centrifuged for 30 seconds at 13,000rpm. The 

concentration of eluted DNA was determined by spectrophotometric 

analysis.

2.14 Large-scale Plasmid DNA Extraction

The QIAfilter Plasmid Maxi Kit (Qiagen) was used for large-scale plasmid 

DNA extraction. It is based on the modified alkaline lysis procedure where 

plasmid DNA is bound to an anion-exchange resin and RNA, proteins and 

other impurities are washed away with a medium-salt wash. The plasmid
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DNA is eluted in a high salt buffer and further concentrated and desalted by 

isopropanol precipitation.

200mL of transformed bacterial culture was grown overnight at 37°C and 

centrifuged at 6000 x g for 15 minutes at 4°C. The pellet was resuspended 

until a homogenous mix in resupension buffer containing RNase A. lOmL of 

lysis buffer was then added, the mixture inverted 6 times and incubated at 

room temperature for 5 minutes. lOmL of chilled neutralisation buffer was 

added and inverted 6 times. The mixture was poured into the barrel of a 

QIAfilter cartridge and incubated at room temperature for 10 minutes while 

the cell debris floats to the top of the barrel. At the same time, a QIAHigh 

Speed Maxi Tip was equilibrated by addition of lOmL of equilibration buffer, 

which passed though the tip by gravity. After 10 minutes had elapsed, a 

plunger was inserted into the end of the cartridge and the cell lysate filtered 

into the Tip and allowed to flow through the resin by gravity. The resin was 

washed in 60mL of wash buffer and eluted in 15mL of elution buffer. 10.5mL 

isopropanol was added to the eluted DNA, incubated for 5 minutes at room 

temperature and passed through a QIAprecipitator Maxi Module where the 

plasmid DNA is trapped on the resin. The resin was further washed in 2mL 

70% ethanol:30% DEPC water and air passed through to thoroughly dry. 

Finally, plasmid DNA was eluted in ImL of elution buffer, concentration 

determined by spectrophotometric analysis and stored at -20°C.
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2.15 Phenol Chloroform DNA Precipitation

DNA was made up to 200(iL with nuclease-free water. 1 volume of TE- 

saturated phenol/chloroform/isoamyl alcohol (25:24:1) (Sigma Aldrich) was 

added to 1 volume of extracted DNA in a 1.5mL microcentrifuge tube and 

vortexed for 1 minute. The sample was centrifuged at IS^OOrpm for 2 

minutes and the upper layer removed and transferred to a fresh 1.5rnL 

microcentrifuge tube. To this, 1/10 volume of 3M sodium acetate pH 5.2 and 

3 volumes of ethanol were added and sample incubated at -80°C for 30 

minutes. The mixture was centrifuged at 13,000rpm at room temperature for 

10 minutes and the supernatant discarded. The resulting DNA pellet was air 

dried and resuspended in an appropriate volume of nuclease free water. The 

DNA was stored at -20°C.

2.16 Plasmid DNA Quantification

A Nanodrop™ ND-1000 was used to quantify DNA. The arm was lifted and 

wiped with a KIMTECH wipe. 2pL of nuclease free water was used to 

generate a blank reading and the surface was cleaned. 2(iL of DNA was 

loaded onto the Nanodrop™ and the concentration was obtained.
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2.17 DNA Sequencing

\ClUOCli

All DNA sequencing was carried out by the Genomics Core Technology Unit, 

Belfast City Hospital, Queen's University Belfast. Sequence data was 

provided in chromatogram (ABI) and PASTA file formats.

Sequences were visualised and aligned using Geneious (Biomatters Ltd., 

Auckland, New Zealand) and 4Peaks (Nucleobytes B.V. Gerberastraat, The 

Netherlands).
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2.18 Preparation of Glycerol Stocks

Materials & Methods

1 volume of bacterial suspension was added to 1 volume of glycerol and 

water, gently inverted and stored at -80°C

2.19 Site-Directed Mutagenesis

The KOD Xtreme™ Hot Start DNA Polymerase kit (Merck) was used to 

introduce point mutations in constructs. This kit uses a high fidelity KOD 

polymerase optimised for challenging DNA templates. The polymerase is 

fused to two monoclonal antibodies, preventing degradation of primers after 

the first cycle and amplification of non-specific PCR products. The kit was 

used according to the manufacturer's instructions.

Briefly, 25pL 2x buffer, lOpL of 2mM dNTPs, 3pL of 5pM forward primers, 

3pL of 5pM reverse primers, 10ng template DNA made up in lOpL nuclease 

free water and IpL KOD polymerase were mixed in PCR tubes. PCR was 

performed on samples using the following protocol:

1. Polymerase activation 94°C 2 minutes

2. Denaturing 98°C 10 seconds

3. Annealing 55°C 30 seconds

4. Extension 68°C 1 minute/kbp
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Steps 2-4 repeated for 30 cycles

wrenals Methods

Following PCR, reactions were digested with Dpnl restriction enzyme for 3 

hours, which selectively cleaves methylated DNA such that only the non- 

methylated (i.e., mutated) DNA is transformed. Reaction mixes were 

transformed into DH5a chemically competent E. coli and plated on LB agar 

plates with appropriate selection antibiotic and left to grow overnight at 

37°C. The following day, colonies were picked, grown up over night in 5mL 

LB with appropriate selection antibiotic and DNA isolated by small-scale 

DNA extraction. Samples were sent to the Genomics Core Technology Unit 

at Queen's University Belfast for sequencing. Electrophoretograms obtained 

were aligned to sequences to confirm the presence of the mutation. ImL of 

small-scale LB culture was incubated in 200mL LB with selection antibiotic 

and large-scale DNA extraction was performed.

Primers used for site-directed mutagenesis are listed in Appendix 8.5.

2.20 Co-Immunoprecipitation

2.5-5xl06 cells were seeded in P140 cell culture dishes and left to adhere 

overnight. The following day, cells were manipulated as required. After 

treatment the media was removed, cells washed in pre-warmed PBS, drained 

and ImL CHAPS buffer, supplemented with protease inhibitors, added.
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Materials & Methods

Cells were scraped into 1.5mL pre-chilled 1.5mL tubes and left to lyse for 30 

minutes. Samples were centrifuged for 10 minutes at IS^OOrpm at 4°C, 

supernatant collected and protein content assessed by BCA assay (see 2.5.2). 

During this time, 30gL washed Dynabeads® were added to each sample and 

rotated on a blood wheel at 4°C for 1 hour. Concurrently, 30pL beads per 

sample were incubated with Ipg of antibody for pulldown (usually H202 

antibody (Santa Cruz), targeted against FLIPs/l). After 1 hour, these beads 

were washed to remove any unbound antibody.

Img sample protein was added to 30(iL beads conjugated to antibody and 

rotated on a blood wheel overnight at 4°C, after which they were 

magnetically captured and washed 5 times in ice-cold CHAPS buffer, 

supplemented with protease inhibitors. On the final wash, all CHAPS buffer 

was gently removed and 30pL 2x sample buffer with p-mercaptoethanol was 

added to the beads, boiled at 95°C for 5 minutes and stored at -20°C for 

downstream analysis by Western blotting.

2.21 HA-Ubiquitin Assay

400,000 293T cells were seeded into 6-well plates and left to adhere overnight. 

The following day, cells were transfected with 2gg HA-ubiquitin and Ipg of 

plasmid encoding the protein of interest using Lipofectamine 2000 according 

to the manufacturers instructions. 24h post-transfection media was removed,
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cells washed in lx PBS and lysed in 250(j.L SDS-free RIPA buffer containing 

protease inhibitors, PMSF and sodium orthovanadate for 20 minutes on ice. 

Cell lysates were cleared by centrifugation at 13,000rpm for 5 minutes. 

Supernatant was transferred to a fresh tube containing 25pL of 10% SDS and 

boiled to 95°C for 5 minutes. 30pL of lysate was retained for input blots.

To the remaining lysate, 1200pL RIPA buffer was added together with 2|j.L of 

antibody (FLAG or FLIP, H202). Samples were incubated at 4°C overnight on 

a blood wheel. The following day, 40pL of Protein G Dynabeads were added 

directly to each sample and incubated for a further 6h at 4°C on a blood 

wheel. Beads were magnetically captured and washed 5 times in lysis buffer.

Captured proteins were eluted in 40pL sample buffer at room temperature 

for 20 minutes. Samples were boiled to 95°C for 5 minutes prior to loading 

onto an SDS-PAGE gel.

2.22 DISC IP Assay

The antibody used for the DISC IP is conatumumab (AMG655), a fully 

humanised antibody targeted against the extracellular domain of death 

receptor(DR) 5. AMG655 is agonistic and triggers apoptotic, caspase-8- 

dependent cell death in vitro558. However, it can only achieve this in the
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presence of a cross-linker559. AMG655 was obtained from Amgen, Inc. 

(Thousand Oaks, CA, USA).

AMG655 was covalently linked to Dynabeads® using the Dynabead® 

Antibody Coupling Kit (Life Technologies, Inc.) according to the 

manufacturer's instructions.

l-2x!06 cells were seeded and left to adhere over night and the following day 

were manipulated as needed. After this point, SOpL of AMG655 Dynabeads® 

were added to the cell culture dish and swirled to ensure complete coverage 

and returned to the incubator for 30 minutes, or as indicated in individual 

experiments. After this time, cells were removed from the incubator, the 

media removed, washed gently in 5mL pre-warmed PBS, drained and ImL 

of DISC IP buffer, supplemented with protease inhibitor, added. Plates were 

lysed for 15 minutes at 4°C under gentle agitation. Cells were scraped and 

collected in 1.5mL tubes. The supernatant (i.e., anything not bound to the 

beads) was collected in a fresh 1.5mL tube. Beads were washed 5 times in 

750pL DISC IP buffer by magnetic capture and on the final wash all DISC IP 

buffer was carefully removed. 30pL 2x sample buffer with (3-mercaptoethanol 

was added to the beads, boiled at 95°C for 5 minutes and stored at -20°C for 

downstream analysis by Western blotting.
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2.23 Peptide Array

Meth

Peptide arrays were generated by Prof. Rosemary O'Connor (University 

College Cork). The CSN5 peptide array consisted of 18-mer peptides of CSN5, 

overlapping by 13 amino acids.

Arrays were bathed in 100% ethanol for 5 minutes and washed in lx PBS- 

Tween for 10 minutes, after which they were blocked in 5% milk/PBS-Tween 

for Ih. Cells that had previously been transfected with either Ipg of plasmid 

FLAG-EV, FLAG-FLIPs or FLAG-FLIPl were lysed in 2mL CHAPS buffer 

supplemented with protease inhibitors and 1250pg cleared protein lysate 

(final concentration of Img/mL) was incubated with peptide arrays for 3h at 

room temperature. Arrays were blocked in 5% milk/PBS-Tween and 

incubated with FLAG-HRP (M2) (Sigma) overnight at 4°C under gentle 

agitation. The following day, arrays were washed thrice in PBS/Tween for 5 

minutes each and visualised by chemiluminescnence using Western 

Lightning ECL (Perkin Elmer).

Arrays were stripped by incubating with stripping buffer at 70°C for 30 

minutes, rinsed in PBS-Tween for 10 minutes and dried on tissue paper. 

Arrays were stored in dry conditions at room temperature.
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2.24 Tissue Microarrays

Materials l is

2.24.1 Generation and Staining

A 4|am section was cut from formalin-fixed, paraffin-embedded tissue blocks 

from the 184 patients. This section was stained with hematoxylin-eosin for 

light microscopic examination by a Pathologist (Prof. Elaine Kay, Beaumont 

Hospital, Dublin, Ireland) to confirm areas of tumour. Three to four areas of 

tumour were marked on each section. Three cores, each 2mm in diameter, 

were removed from each patient "donor" block and inserted into a "recipient" 

TMA block. A series of sections were cut from each TMA block, the first and 

last sections being stained with hematoxylin-eosin with tumour content 

confirmed by a Pathologist. TMAs were assessed for FLIP and procaspase-8 

expression as previously reported by McLornan et al278.

2.24.2 TMA Machine Scoring and Analysis

Slides were scanned using an Aperio ScanScope CS (Aperio, San Diego, CA, 

USA) at 40x resolution and stored on a local drive. The digitised TMA slides 

were imported into Definiens Tissue Studio, v2.1 (Definiens AG, Munich) for 

image analysis. Digital images were dearrayed in Tissue Studio to generate 

individual core images with registered coordinates matching the original 

TMA layout560. Twelve of the dearrayed cores were used in a training set to 

define a cytonuclear algorithm for the quantitative analysis of FLIP and
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procaspase-8 expression. An automated region recognition module was 

applied to the training set to initially identify and distinguish regions of 

tumour, stroma and background at a magnification of 20x. Nuclear detection 

was subsequently carried out independently on both tumour and stroma. 

Thresholds were identified to distinguish between positive and negative 

nuclei expression for each protein using an image object information table. 

Additionally, a nuclei filter was used to remove over-segmented nuclei. Cell 

simulation based on growing boundaries around the nuclei was used to 

model and identify the cytoplasmic compartment. This allowed automatic 

identification of cytonuclear compartments, within which protein expression 

density was then calculated. Results were reviewed by a Pathologist (Prof. 

Manuel Salto-Tellez, Centre for Cancer Research & Cell Biology, Queen's 

University Belfast, UK) to ensure accuracy of the algorithm. Nuclear and 

cytoplasmic expression of FLIP and procaspase-8 were objectively measured 

automatically across all TMA cores.

Statistical analyses were performed using GraphPad Prism 5. Comparisons 

between matched tumour and stroma were analysed using Mann-Whitney 

non-parametric f-test. Correlations were assessed using Pearson's correlation 

coefficient method. Disease-free survival between the groups was compared 

using Kaplan-Meier method and log rank (Mantel-Cox) analysis.
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2.25 Z score

To interpret data from the esiRNA screen Z scoring was employed. The Z 

score is the number of standard deviations an observation is above the mean, 

making it useful for analysing high volumes of data.

The following formula was used to calculate the Z score:

X ~ Li
Z = ------ -

a

where:

(i is the mean of the population and 

o is the standard deviation of the population.
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Chapter 3: FLIP and procaspase-8 expression in

NSCLC



3.1 Introduction

Non-small cell lung cancer (NSCLC) is the leading cause of cancer-related 

mortality in the world561. In this new era of molecular pathology-driven 

cancer medicine, stratification of patients who may benefit from a given 

treatment regimen is highly desirable, particularly given the recent success of 

crizotonib in the treatment of EML4-ALK positive lung cancer562. Despite this, 

chemotherapy remains the mainstay of treatment for NSCLC, and drug 

resistance remains a major challenge that accounts for poor survival 

outcomes. Novel therapeutic approaches that exploit tumour dependencies 

on key pathways are urgently needed to improve patient prognosis.

The caspase-8 gene is frequently silenced by methylation in small-cell lung 

cancer (SCLC), however this is not the case in NSCLC563-564. SCLC cells have 

also been reported to lose caspase-10, DR5 and Fas565. NSCLC are also 

particularly sensitive to the loss of the caspase-8 inhibitor FLIP due to high 

expression of procaspase-8285'286. Treatment of SCLC cells with TRAIL 

promotes their survival and proliferation in an ERK-dependent manner566. 

Overexpression of the death receptor DR5 has also been observed in ~70% of 

primary NSCLC cases and ~75% of metastasis567. This suggests that 

understanding and targeting this pathway in NSCLC is attractive, 

particularly given the dismal prognosis for many NSCLC patients.
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Our group have previously found that procaspase-8 is overexpressed in 85% 

of NSCLC patients of mixed histology (n=20). Furthermore, FLIP was 

overexpressed in all tumours that overexpressed procaspase-8285. To expand 

on this study, a tissue microarray (TMA) was generated from 184 randomly 

chosen NSCLC samples comprising of 3 tumour cores and 3 cores of adjacent 

normal stroma for each patient. The clinico-pathological details of the patient 

cohort are presented in table 3.1. Tissues were collected from St James' 

Hospital and Beaumont Hospital, Dublin, stained with haematoxylin-eosin 

and tumour area verified by a pathologist (Prof. Elaine Kay). Three cores of 

2mm in diameter were removed from the "donor" block and inserted into a 

"recipient" block. Immunohistochemistry was performed for procaspase-8 

and FLIP, and subsequently digitally scanned and stored.

Procaspase-8 and FLIP expression were assessed by immunohistochemistry 

and scored using a novel automated image analysis technique, in which 

expression in the nuclei and cytoplasm were individually scored from 

digitally captured images of each core. Prof. Peter Hamilton (Bioinformatics 

Core, Centre for Cancer Research & Cell Biology, Queen's University Belfast) 

set up the automated scoring technique, as outlined in Materials and 

Methods 2.24.2, which was confirmed by an experienced pathologist (Prof. 

Manuel Salto-Tellez).
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FLIP and Procaspase-8 Expression in NSCLC

3.2 Differential expression of FLIP and procaspase-8 in NSCLC

Both FLIP and procaspase-8 were detected in the cytoplasmic and nuclear 

compartments, although to different extents. Figure 3.1 shows boxplots for 

FLIP and procaspase-8 expression in the cytoplasm and nucleus in both 

tumour and matched stromal tissues. In all cases, FLIP and procaspase-8 

were overexpressed in tumoural tissue compared to stromal tissue 

(p<0.0001). Furthermore, both FLIP and procaspase-8 were significantly 

higher in the cytoplasm than the nucleus (p<0.0001).

To determine whether these findings differed depending on histology, 

samples were divided into squamous and adenocarcinoma. Squamous cell 

carcinomas had significantly higher cytoplasmic FLIP expression (p<0.05) 

than adenocarcinoma, although overall FLIP and procaspase-8 expression in 

squamous and adenocarcinoma were the same (Figure 3.2).

Further analyses were performed to identify other potential variables based 

on the clinico-pathological data available (Table 3.1). However, no 

correlations were found between FLIP and procaspase-8 expression levels 

and gender, smoking history or tumour grade (data not shown).

117



Ex
pr

es
si

on
 L

ev
el

s 
Ex

pr
es

si
on

 L
ev

el
s

Nuclear FLIP Cytoplasmic FLIP

PO.OOOI PO.OOOI

Nuclear Caspase-8 Cytoplasmic Caspase-8

PO.OOOI PO.OOOI

.2 200-

Figure 3.1: Differential expression of FLIP and caspase-8 in non
small-cell lung cancer tissue microarray cohort in tumoural tissue 
and stromal tissue

Matched tumoural and stromal tissue from 184 stage l-lll NSCLC patients, 
staged according to the International System of Staging for Lung Cancer, 
were immunohistochemically stained for FLIP and caspase-8. Boxplots 
represent data across all samples and analysed using Mann-Whitney 
non-parametric Mest.

Higher FLIP and caspase-8 in both the cytoplasm and the nucleus was 
observed in tumoural tissue compared to stromal tissue.
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Figure 3.2: Absolute expression of FLIP and caspase-8 in nuclei and 
cytoplasm in all patients, sub-divided into adenocarcinoma and 
squamous.

Expression of FLIP and caspase-8 in the nucleus or cytoplasm were 
divided according to histology (squamous or adenocarcinoma).

Data were analysed by Mann-Whitney non-parametric f test, two-tailed.



Characteristics N (%)
Total 184 (100%)
Median Age (range) 66.1 (41-86)
Gender
Male 112 (62.7%)
Female 72 (37.3%)
Smoking History
Former/Current 171 (93.5%)
Never 13(6.5%)
Histology
Adenocarcinoma 83 (43.8%)
Squamous cell carcinoma 83 (46.3%)
Large cell carcinoma 4 (2.5%)
Pleomorphic 7 (3.5%)
Mixed 7 (3.5%)
pTNM stage
/ 99 (54.2%)
II 43 (23.9%)
III 42 (21.9%)
Tumour Size
< = 2cm 20 (11.4%)
> 2-3cm 31 (16.9%)
> 3-5cm 89 (46.3%)
> 5-7cm 24 (14.4%)
> 7cm 20 (10.9%)
Type of Resection
Lobectomy 135 (72.1%)
Bilobectomy 17(10.4%)
Pneumonectomy 32 (17.4%)
Tumour Grade
G1 11 (6.5%)
G2 110 (58.7%)
G3 63 (34.8%)

Table 3.1: Clinicopathological characteristics of NSCLC and their 
tumours used in this study

Table detailing clinicopathological characteristics of patient samples used 
for construction of the tissue microarray. pTNM staging is pathological 
tumour-node-metastasis.



FLIP and Procasvase-8 Expression in NSCLCr r

3.3 Correlations of FLIP and procaspase-8 expression

Wilson et al previously showed that overexpression of procaspase-8 occurred 

concomitantly with FLIP overexpression285. In this expanded cohort, 

procaspase-8 expression significantly correlated with FLIP expression, as 

determined by Pearson's correlation, in both the nucleus (r=0.252, p=0.002. 

Figure 3.3a) and the cytoplasm (r=0.175, p=0.035. Figure 3.3b). Interestingly, 

there was no correlation between FLIP and procaspase-8 expression in the 

stromal compartment (r:=0.12, p>0.05), although there was significant 

correlation in the nucleus (r=0.317, p<0.0001. Figure 3.4).
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Figure 3.3: Scatterplots showing correlations between tumoural 
expression of FLIP and caspase-8 in the nuclei and cytoplasm.

Expression of FLIP and caspase-8 in nuclear and cytoplasmic 
compartments from the NSCLC TMA samples were correlated with one 
another to determine if high expression of one correlated with high 
expression of another.

Correlations were determined by Pearson’s correlation.
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Figure 3.4: Correlations between stromal expression of FLIP and 
caspase-8 in nuclei (top) and cytoplasm (bottom), as determined 
using Pearson’s correlation.

Expression of FLIP and caspase-8 in nuclear and cytoplasmic 
compartments from the stromal tissue on the NSCLC TMA samples were 
correlated with one another to determine if high expression of one 
correlated with high expression of another.

Scatterplots with correlations boxes are presented and correlations 
determined by Pearson’s correlation method.



FLIP ami Pi'ocaspasc-8 Expression in NSELC

3.4 High cytoplasmic FLIP is associated with poorer overall survival

Each patient in the cohort was followed for 5 years to allow correlations 

between FLIP and procaspase-8 expression and survival to be established. 

High FLIP or procaspase-8 was defined as greater than the median, with low 

FLIP or procaspase-8 is less than the median.

No significant correlation was observed within five years of follow-up for 

nuclear FLIP, nuclear procaspase-8 or cytoplasmic procaspase-8, however 

there was significant correlation (p=0.032) for high cytoplasmic FLIP 

expression associated shorter overall survival (HR=1.59, Figure 3.5). This 

trend was also apparent when patients were classified into groups based on 

histology (squamous and adenocarcinoma), although they failed to reach 

significance due to smaller sample sizes (squamous: p=0.07, HR=1.78; 

adenocarcinoma: p=0.15, HR=T.53, Figure 3.6).
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Figure 3.5: Effect of FLIP and caspase-8 expression on survival of 
NSCLC patients.

Samples from the NSCLC TMA were divided at the median to define high 
or low FLIP or caspase-8 expression. Overall survival for each patient was 
determined and plotted as a Kaplan-Meier survival curve.

Kaplan-Meier curves were analysed using the log-rank (Mantel-Cox) 
statistical test.
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Figure 3.6: Correlations of overall survival with the level of 
cytoplasmic FLIP and caspase-8 expression in tumor tissue, 
subdivided into squamous and adenocarcinoma histology.

Samples from the NSCLC TMA were divided at the median to define high 
or low FLIP or caspase-8 expression and further subdivided according to 
histology (squamous or adenocarcinoma).

Overall survival for each patient was determined and plotted as a Kaplan- 
Meier survival curve.

Kaplan-Meier curves were and analyzed using log-rank (Mantel-Cox) test.



3.5 Discussion

^rocaspase-S Expression in NSCLC

In this chapter, a novel automated scoring technique was used to assess 

nuclear and cytoplasmic expression of FLIP and procaspase-8 in tumour and 

adjacent stroma tissue in 184 stage I-III patients with NSCLC of mixed 

histology. Unlike SCLC, where caspase-8 is frequently epigenetically 

silenced564, NSCLC have significantly higher levels of procaspase-8 compared 

to neighbouring stromal tissue. FLIP is also overexpressed in these samples 

and positively correlates with procaspase-8 expression. Analysis of survival 

showed that high cytoplasmic FLIP was an indicator of poorer overall 

survival, but this was not the case for nuclear FLIP, nuclear procaspase-8 or 

cytoplasmic procaspase-8. This is in agreement with the multitude of studies 

stating that FLIP'S primary function is as a cytoplasmic caspase-8 inhibitor568. 

To assess whether assessing cytoplasmic FLIP expression using this protocol 

and automated scoring technique has clinical utility as a biomarker for poor 

prognosis in NSCLC, further analyses are required in an expanded cohort.

Several other studies have identified FLIP as a prognostic biomarker across a 

range of cancer types. McLornan et al. showed higher expression of FLIP in 

tumour tissue from stage II and III colorectal patients compared to matched 

normal tissue. Furthermore, from these samples, higher FLIP expression 

correlated with decreased regression free survival (RFS), although no effect 

on overall survival was observed. Flowever, procaspase-8 overexpression 

was only apparent in 56% of individuals in this colorectal cancer cohort, and
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there was no link found between procaspase-8 expression and any survival 

end points278.

Furthermore, in a cohort of 60 adult patients with acute myeloid leukaemia 

(AML), those with high FLIPi-encoding mRNA, that is, above the median, 

had significantly poorer 3-year overall survival; although high FLIPl mRNA 

expression did not correlate with complete remission (CR) rates. These 

affects appear to be solely dependent on FLIPl expression as there was no 

significant correlation between FLIPs mRNA expression and survival in this 

study279.

In a further study, FLIP protein expression in high-grade prostatic 

intraepithelial neoplasia was found to be higher in tumoural tissue compared 

to matched normal tissue, with the highest levels found in castrate-resistant 

prostate cancer (CRPC). High FLIP protein was also found to correlate with 

resistance to anti-androgen therapy, bicalutamide and the HDAC inhibitor 

vorinostat in prostate cancer cell line studies287. In another study in prostate 

cancer, FLIP was reported as part of a "biomarker signature" along with its 

transcriptional regulators Spl and Sp3569. Combining this FLIP/Spl/Sp3 

signature with Gleason score accurately predicted recurrence of prostate 

cancer. Moreover, high-grade Gleason tumours showed more intense 

immunohistochemical staining for FLIP compared to low-grade tumours570.
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FLIP ami Procaspase-8 Expression in NSCLC

Thus, the results described in this chapter in NSCLC are consistent with 

those reported in other cancers, in which high FLIP mRNA and protein 

expression have been found to be correlated with adverse prognosis. 

Moreover, the techniques used in this chapter could be developed into a 

clinically useful automated method for scoring FLIP expression in NSCLC 

and other solid tumour types.
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Chapter 4: HD AC inhibitors as modulators of the 

extrinsic apoptotic pathway in NSCLC



4.1 Introduction

md activate the extrinsic pathway

Non-small cell lung cancer is the leading cause of cancer-related mortality in 

the Western world. Outlook for NSCLC patients is poor; five-year overall 

survival varies between 50% for patients diagnosed as stage IA to 2% of 

patients of stage IV571. However, 41% of patients are stage IV at first 

diagnosis, as patients typically remain asymptomatic for a significant time. 

Of these stage IV patients, treatment options are limited to chemotherapy, 

which remains the mainstay of treatment for most patients, or targeted 

therapies dependent on the presence of specific oncogenic mutations.

Adenocarcinomas have high rates of KRAS mutation, EGFR mutation and 

others, including the EML4-ALK translocation (Figure 4.1). Squamous cell 

carcinomas on the other hand have high rates of FGFR1, PTEN and PIK3CA 

mutation, as well as DDR2 mutations and PDGFRA amplifications571 (Figure 

4.2).

In this era of personalised medicine it is becoming increasingly apparent that 

" one-size-fits-all" treatment strategies are no longer adequate and that 

greater information should be gathered on an individual basis. The routine 

screening of lung cancer patients for presence of a mutation in epidermal 

growth factor receptor (EGFR) is the first example of this. Numerous trials 

have revealed that patients with activating mutations in EGFR will respond 

to EGFR tyrosine kinase inhibitors such as erlotinib and gefitinib572-573.
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Mutation Spectrum in 
Adenocarcinoma

• KRAS mutation (25%) 
ALK translocation (5%)• CTNNB1 mutation (2%)• BRAF mutation (2%) 
HER2 mutation (1%)• Other (45%)

• EGFR mutation (15%)• PIK3CA mutation (4%)• ROS1 translocation (2%)• NRAS mutation (1%)• RET translocation (1%)

Figure 4.1: Mutation spectrum of adenocarcinoma

Pie chart depicting the range of mutations in adenocarcinoma subtypes of 
non-small cell lung cancer worldwide.



Mutation Spectrum in Squamous 
Cell Carcinoma

# FGFR1 amplification (15%) 
PIK3CA mutation (10%)

• DDR2 mutation (5%)

• PTEN mutation (10%)
• PDGFRA amplification (5%)
• Other (60%)

Figure 4.2: Mutation spectrum of squamous cell carcinoma

Pie chart depicting the range of mutations in squamous cell subtypes of 
non-small cell lung cancer worldwide.



The EML4-ALK translocation is found in ~2-7% of NSCLC patients9. This 

discovery was rapidly translated into an effective treatment, namely 

crizotinib, which targets the enzymatic product of this oncogenic mutation562. 

In a pretreated, chemotherapy-resistant cohort, EML4-ALK patients display a 

response rate of 55% to crizotinib and a 6 month progression-free survival of 

72 %562.

MET is a proto-oncogene and a member of the receptor tyrosine kinase 

family. It is found overexpressed in up to 40% of NSCLC, and its 

amplification has been linked to resistance to EGER inhibitors574. When 

bound by its cognate ligand hepatocyte growth factor (HGF) it can activate a 

number of pro-tumourigenic pathways, including RAS, PI3K, STAT3, P~ 

catenin as well as pathways promoting metastasis and angiogenesis.

Evasion of apoptosis is a hallmark of cancer2 and a key cause of therapy 

failure. Overexpression of FLIP is one mechanism by which tumours evade 

apoptosis by blocking the activity of pro-apoptotic proteins such as caspase-8 

during death receptor-mediated apoptosis. FLIP inhibits homo-dimersiation, 

self-processing and activation of procaspase-8 at the death inducing 

signalling complexes (DISCs) that form after ligation of death signalling 

molecules to the membrane. FLIP also blocks apoptosis induced by the DISC- 

related cytoplasmic caspase-8-activating platforms TNF-R1 complex II152 and 

the ripoptosome134'575.
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HDACi modulate and activate the extrinsic pathway

The previous chapter identified FLIP and procaspase-8 as being over

expressed in a cohort of NSCLC patient tumours and showed that high 

cytoplasmic FLIP expression correlated with poor prognosis. This suggests 

that a significant proportion of NSCLCs may be vulnerable to procaspase-8- 

mediated apoptosis if the inhibitory effects of FLIP overexpression could be 

therapeutically overcome. In this chapter, FID AC inhibitors are identified as 

drugs which can down-regulate FLIP in NSCLC cell lines and which thereby 

exploit the overexpression of procaspase-8 to induce apoptosis.
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HDACi modulate and activate the extrinsic pathway

4.2 NSCLC cells require FLIP to maintain viability

To assess the role of FLIP on cell viability, two NSCLC cell line models were 

used: H460 large cell carcinoma and A549 squamous cell carcinoma. Western 

blot analyses indicated that RNA interference (RNAi)-mediated down- 

regulation of both major splice forms of FLIP, short and long, for 24h was 

sufficient to down-regulate FLIP and induce PARP cleavage, an indicator of 

apoptosis in both these models (Figure 4.3).

This strongly suggests that these cell lines are dependent on FLIP to maintain 

viability, lending weight to the hypothesis that therapeutically targeting FLIP 

is an attractive option to induce cell death in NSCLC.
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H460 A549
SC FT SC FT

Figure 4.3: Silencing of FLIP by siRNA is sufficient to induce 
apoptosis in non-small cell cancer cell lines

H460 or A549 cells were seeded and transfected the following day with 
20nM of either scrambled control (SC) or FLIP-targeted (FT) siRNA for 
24h.

Proteins lysates were collected and analysed by Western blotting for FLIP, 
PARP and (3-actin.



HDACi modulate and activate the extrinsic pathway

4.3 Expression of key proteins in the death receptor-mediated pathway 

of apoptosis in NSCLC cell lines and the normal cell line 34LU

FADD, procaspase-8 and FLIP are all critical mediators of the death-receptor 

pathway of apoptosis; therefore, levels of expression of these proteins are key 

determinants of sensitivity to certain modes of apoptosis.

Western blot analyses and densitometry were performed on untreated cells 

from four different cell lines: FI460, A549, F4157 (squamous NSCLC 

histology) and the non-transformed normal lung fibroblast cell line 34LU 

(Figure 4.4). All cell lines expressed both splice forms of FLIP, procaspase-8 

and the adaptor molecule FADD, indicating that all cell lines possessed all 

the components necessary for executing apoptosis originating from the death 

receptors. However, the normal lung fibroblast 34LU cell line expressed 

much less procaspase-8 and FLIPs compared to the cancer cell lines, although 

similar levels of FLIPl were observed. 34LU showed similar expression of 

FADD, indicating that 34LU are capable of forming DISC complexes.
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Figure 4.4: Basal expression of key apoptotic proteins in a panel of 
NSCLC cell lines and normal lung fibroblast cell line 34LU

(A) Protein lysates were collected from NSCLC cell lines A549, H460 and 
HI57 and normal lung fibroblast cell line 34LU and analysed by Western 
blotting for FLIP, caspase-8, FADD and (3-actin.

(B) Densitometry was performed to compare the expression of DISC 
components relative to (3-actin.



HDACi modulate and activate the extviusic pativway

4.4 IC50 values for the vorinostat and panobinostat in NSCLC cells

HD AC inhibitors such as vorinostat and panobinostat have been reported to 

induce apoptosis and FLIP down-regulation in a variety of cancer cell

models576577.

H460 and A549 cells were treated for 72h with increasing doses of either 

vorinostat or panobinostat, after which time, cell viability was determined by 

MTT assay and IC50 doses calculated (Figure 4.5). The IC50 of vorinostat was 

similar in the 2 cell lines and in the low micromolar range (H460: 1.4pM, 

A549: 2.5pM). Panobinostat appears to be more potent than vorinostat, with 

IC50 values in the nanomolar range (H460: 15nM, A549: 23nM). These IC50 

values are clinically achievable578 580 and similar to other in vitro models581'582.
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Figure 4.5: IC50 values for vorinostat and panobinostat of the NSCLC 
cell lines H460 and A549

H460 and A549 cells were seeded at 4000 cell/well in a 96 well plate. 
Cells were treated with (A) vorinostat or (B) panobinostat for 72 hours.

MTT was added (1:10 dilution) and returned to the incubator for 2h, after 
which media was removed and formazon crystals reabsorbed in 200/vL 
DMSO. Absorbance was measured at 570nM and data expressed as a 
fraction of control. IC50 values were calculated using GraphPad Prism.



4.5 Treatment with HD AC inhibitors induces apoptosis in a dose- and 

time-dependent manner

As MTT assays are only suitable for assessing growth inhibition resulting 

from drug treatment, cell death was directly determined by analysis of the 

DNA content of treated cells using propidium iodide (Figure 4.6). H460, 

A549 and H157 cells were treated with increasing doses of either vorinostat 

or panobinostat for 24, 48 or 72 hours before being collected and subjected to 

cell cycle analysis. Cells that had undergone apoptotic cell death were 

defined as those that were hypodiploid and in the sub-Gi peak of the DNA 

content histogram. Cell death was concentration- and time-dependent and 

was more apparent at later time-points. In addition, A549 cells were more 

sensitive to both vorinostat and panobinostat compared to H460 and H157 

cells.

Treatment with mid-range doses of HDACi (5|iM vorinostat and 50nM 

panobinostat) for 24h caused a shift in the cell cycle profile, with more cells 

in the G2/M phase (Figure 4.7). This was not observable when lower 

concentrations were used. Clear increases in the sub-Gi population were seen 

in a dose-dependent manner at the 72h time-point with both vorinostat and 

panobinostat in all cell lines (Figure 4.8).
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Figure 4.6: Pan-HDACi induce apoptosis in a time- and dose- 
dependent manner

H460, A549 and HI57 cells were seeded at 1x105 cells/well and left to 
adhere overnight. Cells were treated with indicated doses of vorinostat (A) 
or panobinostat (B) for 24, 48 or 72 hours, after which they were collected 
and the sub-G1 population analysed by propidium iodide staining and 
FACS analysis.

* denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001 
pcO.OOOl as determined by student’s ftest.

**** denotes
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Figure 4.7: Pan-HDACi treatment for 24h causes G2 arrest

Overlay histograms of representative samples from Figure 4.6 of H460, 
A549 and H157 cells treated with either 5^M vorinostat or 50nM 
panobinostat for 24h (coloured lines) compared to untreated control (black 
fill).
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Figure 4.8: Cell cycle profiles of NSCLC cell lines treated with 
increasing doses of vorinostat or panobinostat for 72h

DNA histograms showing cells from Figure 4.6 treated with indicated 
doses of vorinostat or panobinostat for 72h, stained with propidium iodide 
and DNA content analysed by flow cytometry.

Coloured lines indicate treated samples and untreated samples are black
filled histograms.



HDACi modulate and activate the extrinsic pathway

4.6 Treatment with HDACi induces FLIP down-regulation, PARP 

cleavage and activation of caspases

Our group and others have previously identified HDAC inhibitors as 

modulators of FLIP expression288-576'583, however, their role in NSCLC is 

undefined. Western blot analyses of H460 and A549 cells treated with 

increasing doses of vorinostat or panobinostat for 6h or 24h showed down- 

regulation of both FLIPs and FLIPl protein (Figure 4.9). This was apparent at 

IC50 doses (IpM vorinostat, lOnM panobinostat) and as early as 6h post

treatment. Furthermore, PARP cleavage and processed caspase-8 (p41/43) 

were observed 24h after treatment with 5pM vorinostat and 50nM 

panobinostat, an indicator that the cells are undergoing apoptotic cell death.

To determine caspase activity, luminescent caspase assays were performed 

on the cell lysates. Exposure to vorinostat or panobinostat resulted in 

significant dose-dependent increases in DEVDase (caspase-3/7-like) and 

lETDase (caspase-8-like) activity (Figure 4.10).

Collectively, these data suggest that the extrinsic pathway is being directly 

regulated in response to pan-HDACi culminating in an apoptotic phenotype.
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Figure 4.9: Treatment with the pan-HDAC inhibitors vorinostat and 
panobinostat cause FLIP down-regulation.

H460 and A549 cells were seeded and treated the following day with 
indicated doses of vorinostat or panobinostat for 6h or 24h, after which 
protein lysates were collected, resolved by gel electrophoresis and 
immunoblotted for FLIP, caspase-8, PARP and 3-actin.
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Figure 4.10: Vorinostat and panobinostat induce activation of initiator 
caspase-8 and executioner caspases-3/7.

Cells were seeded at 6000 cells/well in white-walled 96 well plates and left 
to adhere overnight, after which they were treated with the indicated doses 
of vorinostat or panobinostat for 24h.

Caspase-GLO substrate (Promega) was added to each well and the 
plates incubated in the dark for 30 minutes. Luciferase activity was 
assayed on a luminometer. Data is represented as relative luminescence 
units (RLU).

* denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, **** denotes 
p<0.0001 as determined by student’s f test.



HDACi modulate and activate the extrinsic pathway

4.7 Effect of vorinostat on expression of other proteins involved in 

apoptosis

HDACi are known to alter many proteins, involved in a wide variety of 

cellular processes, including cell proliferation, differentiation and cell death. 

It was hypothesised that down-regulation of FLIP by HDACi was the 

predominant mechanism of apoptosis induction in these cells; however to 

confirm this, expression of other proteins implicated in apoptosis were 

studied.

Cell lysates of H460 and A549 cells treated with increasing doses of 

vorinostat were immunoblotted for XIAP, BAX, MCL-1, caspase-8, BAK, 

BCL-2 and BID expression (Figure 4.11, A and B). The only major anti- 

apoptotic protein down-regulated was XIAP, which was significantly altered 

in both cell lines after 24h. Of note, levels of BID decreased in response to 

vorinostat in H460 cells, but not A549 cells; this can be indicative of caspase- 

8-mediated cleavage and activation of pro-apoptotic BID.

Also of interest was an observed increase in MCL-1 and BCL-2 protein in 

vorinostat-treated A549 cells after 24h.
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Figure 4.11: The effect of vorinostat on the expression of apoptosis 
related proteins in H460 cells

H460 cells were seeded and subsequently treated with either l^/M. 5/jM or 
10/l/M vorinostat for 6h or 24h.

Cell lysates were collected in RIPA buffer, resolved by gel electrophoresis 
and immunoblotted for PARP, XIAP, BAX, MCL-1, BAK, BCL-2, BID and p- 
actin.
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Figure 4.11: The effect of vorinostat on the expression of apoptosis 
related proteins in A549 cells

A549 cells were seeded and subsequently treated with either 1/vM, 5^vM or 
10/uM vorinostat for 6h or 24h.

Cell lysates were collected in RIPA buffer, resolved by gel electrophoresis 
and immunoblotted for PARP, XIAP, BAX, MCL-1, BAK, BCL-2, BID and |3- 
actin.



4.8 Kinetics of vorinostat-induced FLIP down-regulation

To determine the rate of FLIP down-regulation in response to HDACi, H460 

and A549 cells were exposed to either 5pM vorinostat or 50nM panobinostat 

Cells were collected at time-points ranging from Oh to 24h.

Densitometric analysis of FLIP protein expression revealed that FLIPl and 

FLIPs are down-regulated at the same rate in response to these HDAC 

inhibitors in these cell lines, with around half the protein detected initially 

lost by ~4-6h (Figure 4.12, A and B). Nearly all FLIP protein was degraded by 

~12h in response to both agents in both cell lines and expression of FLIP 

protein remained suppressed after these times for the remaining time course. 

Activation of executioner caspase-3 was apparent after 24h treatment with 

each HDAC inhibitor.
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Figure 4.12: Effect of vorinostat and panobinostat treatment over a 
time course in H460 cells

(A) H460 cells were seeded and treated the following day with either 5^M 
vorinostat or 50nM panobinostat for 3h, 6h, 12h or 24h. Protein 
lysates were collected in RIPA buffer and FLIP expression, caspase-3 
cleavage and (3-actin expression analysed by Western blotting.

(B) Densitometry of FLIP expression levels relative to (3-actin using the 
Imaged software package. FLIP expression expressed as fraction of 
control (time point Oh).
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Figure 4.13: Effect of vorinostat and panobinostat treatment over a 
time course in A549 cells

(A) A549 cells treated with either 5pM vorinostat or 50nM panobinostat for 
indicated times, protein lysates were collected and analysed by 
Western blotting.

(B) Densitometry of FLIP expression levels relative to p-actin using the 
Imaged software package. FLIP expression expressed as fraction of 
control (time point Oh).
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4.9 FLIP suppression in response to HDACi is sustained over long 

periods

FLIP protein remained potently suppressed for up to 72h when H460 and 

A549 cells were subjected to 5(iM vorinostat (Figure 4.14, A). This was 

accompanied by sustained PARP cleavage and decreased procaspase-8 

expression (an indication of processing and activation).

To assess whether alterations in FLIP mRNA were responsible for decreased 

FLIP protein expression, mRNA was isolated from H460 and A549 cells 

treated with 5pM vorinostat. It was found that vorinostat down-regulated 

FLIP mRNA levels by ~50% post-treatment in both cell lines 6h post

treatment (Figure 4.14, B). In H460 cells, FLIP mRNA expression recovered to 

control levels by 24h; whereas in A549 cells, FLIP mRNA expression 

remained down-regulated at -50% of initial levels. Nevertheless, in both cell 

lines, the down-regulation of FLIP mRNA was insufficient to account for the 

down-regulation of FLIP protein expression, particularly at later time-points. 

Together, this suggests that vorinostat predominantly suppresses FLIP 

expression at a post-transcriptional level in these models.
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Figure 4.14: Prolonged down-regulation of FLIP protein after 
treatment with HDACi, but not FL/P mRNA

(A) Analysis of proteins lysates by Western blotting for H460 and A549 
cells treated with 5/vM vorinostat for 24h, 48h and 72h.

(B) Real-time quantitative PCR for FLIP mRNA, normalised to GAPDH, 
from cDNA synthesised from RNA isolated from H460 and A549 cells 
treated with S^/M vorinostat for indicated time points.
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4.10 Normal lung fibroblast cells are resistant to HDACi and do not 

undergo the same FLIP down-regulation kinetics as NSCLC cells

Results in chapter 3 revealed differential expression of FLIP and procaspase- 

8 in tumoural tissue compared to surrounding, normal stromal tissue (Figure 

3.1-3.2). Additionally, work from our group has previously shown that 

procaspase-8 is overexpressed in NSCLC cell lines, but not normal cell line 

models285. To determine whether cell death and FLIP down-regulation 

induced by HDACi only occurred in cancer cells, the 34LU cell line (a normal, 

non-transformed lung fibroblast cell line) was utilised.

Western blot analyses of 34LU cell lysates showed that they expressed 

significantly less procaspase-8 and FLIPs than NSCLC cell lines (Figure 4.4). 

If HDACi exert their apoptotic effects through a mechanism involving FLIP 

and caspase-8, then it follows that 34LU would be less sensitive to HDACi. 

To determine if this was the case, 34LU cells were treated with increasing 

doses of vorinostat or panobinostat for 24h (Figure 4.15, A). FLIP expression 

was down-regulated, but only following treatment with the highest 

concentrations of both HDAC inhibitors after 24h treatment. PARP cleavage 

and caspase-8 activation were notably absent, suggesting that these cells are 

not apoptotic.

To confirm this, apoptosis induced by HDACi treatment was assessed by 

analysing cells in the sub-Gl stage of the cell cycle (Figure 4.15, B). However,
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even with the highest dose of vorinostat at the longest timepoint, only ~15% 

of cells exhibited the apoptotic phenotype.
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Figure 14.15: HDACi do not induce cell death in normal fibroblast 
cell line, 34LU

(A) Western blot analysis of protein lysates collected from 34LU cells 
following 24h treatment with indicated doses of vorinostat or 
panobinostat.

(B) Sub-GI flow cytometric analysis of propidium iodide stained 34LU 
cells following treatment with vorinostat for indicated times and doses.
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4.11 The extrinsic apoptotic pathway is critical for vorinostat-induced 

apoptosis

4.11.1 Vorinostat-induced apoptosis is dependent on caspase-8

The best-characterised function of FLIP is as a caspase-8 inhibitor, where it 

binds to the DISC post-death receptor stimulation directly blocking the pro- 

apoptotic effects of caspase-8. Wilson et al. previously established silencing 

procaspase-8 in NSCLC cell lines was sufficient to rescue the spontaneous 

apoptotic phenotype induced by FLIP silencing285.

To determine whether vorinostat-induced apoptosis is dependent on 

caspase-8, siRNA targeted against caspase-8 was transfected into H460 and 

A549 cells for 48h, after which the cells were treated with vorinostat (Figure 

14.16, A); knockdown was confirmed by immunoblotting for caspase-8 

(Figure 14.16, B). Flow cytometry analysis revealed that depleting cells of 

procaspase-8 decreased vorinostat-induced apoptosis. For example, 

apoptosis triggered by 5pM vorinostat for 48h in FI460 cells was ~21%, 

however when procaspase-8 was silenced, apoptosis was reduced to ~7%.
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Figure 14.16: HDACi-induced apoptosis is caspase-8 dependent

(A) H460 and A549 cells were transfected with 20nM caspase-8-targeted 
siRNA for 48h, following which they were treated with 1pM or 2.5/jM 
vorinostat for 24h or 48h. Cells were collected, stained with propidium 
iodide and the sub-G1 population analysed by flow cytometry.

(B) Immunoblotting of untreated samples for caspase-8 to confirm knock
down.

denotes p<0.05, ** denotes p<0.01 as determined by student’s ftest.
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4.11.2 Overexpression of FLIPs protects cells against vorinostat-induced 

apoptosis

H460 cells overexpressing FLIPs and an empty vector (EV) control cell line 

were generated using a retroviral-based transfection system (section 2.4.13). 

These cells were cultured in puromycin to select for cells that overexpressed 

FLIPs. By visual examination of transfected plates, the retroviral transfection 

efficiency appeared to be approximately 80%, thus these cells represent good 

models and results obtained are probably not due to clonal effects.

H460-EV and H460-FLIPs cells were treated with 2.5pM vorinostat for 48h 

and subsequently collected for cell cycle analysis. Overexpression of FLIPs 

significantly reduced the proportion of cells in the sub-Gl phase of the cell 

cycle compared to the empty vector control, indicating the FLIPs is a critical 

mediator of vorinostat-induced apoptosis (Figure 4.17, A). Figure 4.17, B 

shows level of overexpression of FLIP in these cells.

138



(A)
□ (VM vorinostat
□ 2.5uM vorinostat

H460-EV H460-FLIP^
24h 48h 24h 48h
- - + - + - + 2.5|jM vorinostat

Figure 4.17: Overexpression of FLIPs can rescue HDACi-induced 
apoptosis in NSCLC cells

(A) Sub-G1 analysis of propidium iodide-stained H460 cells stably over
expression FLIPs, FLIPl or empty vector (EV) treated with vorinostat 
as indicated for 48h.

(B) Western blot analysis of protein lysate collected from H460 cells over
expressing FLIPs or empty vector and treated with vorinostat as 
indicated.

denotes p<0.05 as determined by student’s f test.
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4.11.3 Death receptors 4 and 5 are required for vorinostat-induced apoptosis

The extrinsic pathway of apoptosis is initiated by death receptor ligands, 

such as TRAIL or FasL. Having already shown that vorinostat-induced 

apoptosis in NSCLC models is dependent upon caspase-8 and FLIP, it was 

postulated that the death receptors themselves could be involved. To assess 

this, death receptor (DR)4, DR5, Fas receptor or a combination of DR4 and 

DR5 were down-regulated using siRNA for 48h in H460 and A549 cell lines, 

after which time the cells were treated with 5pM vorinostat for a further 48h, 

a dose and time-point already shown to be sufficient to induce apoptosis in 

these cell line models.

Depletion of DR4 or DR5 significantly reduced cell death in response to 

vorinostat after 48h in both H460 and A549 cells by ~2-fold (Figure 4.18, A). 

Importantly, vorinostat-induced cell death was only dependent on DR4 and 

DR5, as silencing of the Fas receptor had no effect. Efficient knockdown of 

death receptors was shown by cell surface expression using antibodies 

specific for DR4, DR5 and Fas (Figure 4.18, B).

Collectively, these data show that vorinostat-induced apoptosis is highly 

dependent on members of the death receptor-mediated apoptotic cascade.
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Figure 4.18, A: HDACi-induced apoptosis is partly dependent on 
death receptor (DR)4 and DR5.

H460 and A549 cells were seeded and transfected the following day with 
50nM siRNA targeted to either DR4, DR5 or Fas for 48h, following which 
they were treated with 5[jM vorinostat for 48h. Cells were collected, 
stained with propidium iodide and the sub-GI population analysed by flow 
cytometry.

* denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001 as determined 
by student’s ftest.
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Figure 4.18, B: HDACi-induced apoptosis is partly dependent on 
death receptor (DR)4 and DR5.

Cell surface expression of DR4, DR5 and Fas receptors to assess 
knockdown following 48h silencing with 50nM siRNA.

Antibodies specific for these receptors conjugated to PE were used. PE 
isotype control was also used to determine baseline PE fluorescence. 
Results presented as percentage of cells positive for death receptor 
expression.



4.12 Vorinostat potentiates the effect of cisplatin in NSCLC cells

4.12.1 Platinum-based chemotherapy in the treatment of NSCLC: current 

practice

In the UK, platinum-based chemotherapy is a cornerstone of first-line 

treatment for those NSCLC patients for whom surgical resection is not 

feasible. Once administered, a chloride ligand in the platinum agent is 

displaced by water (aquation). This facilitates the easy binding of platinum to 

bases in DNA, particularly guanine. Cross-linking to other platinum- 

replaced guanine then occurs which interferes with mitosis, initiating DNA 

damage response pathways and ultimately terminating cell viability by 

apoptosis.

Platinum-based chemotherapy regimens have high failure rates, with only 

~20% of patients responding584-585. Two platinums are currently used for 

treating NSCLC: carboplatin and cisplatin. Cisplatin has more severe side- 

effects compared to carboplatin, which is better tolerated; however a meta

analysis of nine randomised clinical trials comparing cisplatin to carboplatin 

revealed cisplatin-based chemotherapy regimens as more effective, even 

when side-effect severity was taken into account586.
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4.12.2 Co-treatment with vorinostat and cisplatin synergistically induce 

cell death

As evasion of apoptosis is a major mechanism of drug resistance, it was 

postulated that by down-regulating FLIP expression, HD AC inhibitors such 

as vorinostat would enhance the effectiveness of cisplatin in NSCLC. To 

investigate this, H460 and A549 cells were treated simultaneously with a low 

dose of vorinostat (IgM) and either lOpM or 20pM of cisplatin for 48h.

Immunoblotting showed that in both cell lines, IpM vorinostat was sufficient 

to down-regulate FLIP, although the combined treatment appeared to down- 

regulate FLIP further (Figure 4.19). Cisplatin alone did not down-regulate 

FLIP, and indeed in A549 cells seemed to slightly increase FLIPl expression. 

H460 cells exhibited some PARP cleavage, an indicator of apoptosis, 

following treatment with vorinostat alone or cisplatin alone, however the 

combination resulted in enhanced PARP cleavage. Combination therapy in 

A549 cells was more striking: vorinostat alone induced some PARP cleavage, 

although cisplatin alone did not, while the co-treatment resulted in almost 

complete cleavage of PARP. This was also reflected in levels of caspase-3 

cleavage to its active p!7 and p!9 forms in both cell lines.

Also of note, vorinostat single agent treatment induced phosphorylation of 

H2AX at Serl93 (yH2AX) in A549 cells, whereas cisplatin, a DNA damaging 

agent, did not. In combination treated samples however levels of yH2AX
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appeared increased compared to either agent alone, suggesting that the 

combination treatment enhances DNA damage. Whether this enhanced DNA 

damage is a result of enhanced apoptosis induction in the combination 

treatments or occurs pre-apoptosis induction was not further investigated.
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Figure 4.19: Combination treatment of vorinostat and cisplatin 
causes increased PARP cleavage, caspase-3 activation in NSCLC 
cell lines.

H460 and A549 cells were seeded and treated the following day with IjvM 
vorinostat alone, lO^/M or 20/jM cisplatin alone or co-treated with 1/vM 
vorinostat and either 1(tyvM or 20/vM cisplatin for a total of 48h.

Cells were harvested, lysed in RIPA buffer and resolved by gel 
electrophoresis. Immunoblotting for FLIP. PARP, caspase-3, yH2AX, total 
H2AX and 3-actin.
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4.12.3 Effect of vorinostat and cisplatin treatment on apoptosis

To quantitatively assess levels of cell death in vorinostat and cisplatin co

treated cells, flow cytometry of propidium iodide stained cells was carried 

out. H460 and A549 cells were again treated simultaneously with IpM 

vorinostat and either lOpM or 20|iM cisplatin, or as single agents (Figure 

4.20). In H460 cells, the sub-Gl population was ~6% with vorinostat alone 

and ~5% with lOgM cisplatin alone. When co-treated with both agents, cell 

death supra-additively increased to ~30%. A similar pattern was apparent 

when a higher dose, 20pM of cisplatin, was administered to cells.

The response of A549 cells was comparable; vorinostat alone or lOpM 

cisplatin alone had negligible effects on cell death, however the combination 

was supra-additive and significant when tested by two-way analysis of 

variance. 20pM cisplatin had a slight effect on cell death, although again the 

combination of IpM vorinostat and 20gM cisplatin was significantly greater 

than additive.
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Figure 4.20: Cell cycle analysis of vorinostat and cisplatin shows 
that vorinostat and cisplatin combinations result in greater than 
additive sub-G1 populations.

H460 and A549 cells were seeded and treated the following day with 
vorinostat and cisplatin in combinations or as single agents as indicated 
for 48h and analysed by flow cytometry.

* denotes p<0.05 as determined by two-way ANOVA.
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4.12.4 Vorinostat and cisplatin co-treatments reduce long-term clonogenic 

survival

The data in figures 4.19 and 4.20 show apoptosis arising from the 

combination of vorinostat and cisplatin over 48h. However, to examine the 

effects of these combinations on long-term survival, other assays were 

required. To this end, a clonogenic survival assay was used, in which 500 

cells were seeded in 6-well plates such that colonies arising from a single cell 

can form over time. Cells were treated with vorinostat and cisplatin for the 

same time as before (48h), but after this point the media was changed so all 

drugs were removed. The cells were then returned to the incubator and fed 

with fresh media every 3-4 days until colonies became visible (usually after 

two weeks); the media was then removed, and the cells fixed in ice-cold 

methanol and stained with crystal violet.

Figure 4.21 shows an example of this kind of experiment. Due to the smaller 

number of starting cells, lower concentrations of both vorinostat and 

cisplatin were used. Treatment with 0.5pM vorinostat alone reduced 

clonogenic survival by approximately a third; IgM vorinostat treatment 

appeared to reduce the size of colonies, suggesting growth inhibition of cells 

that did survive and reduced the total number of colonies by half of control 

in both cell lines.
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Treatment with 2.5(iM and 5(iM cisplatin also affected both cell lines by 

reducing colony formation, although still approximately 50% survived with 

the lower dose. A cisplatin dose of lOpM was sufficient to kill most cells after 

48h treatment.

Co-treating both cell lines with low doses of either drug, for example O.SgM 

vorinostat with 2.5pM cisplatin, had the same effect as treating cells with 

lOpM cisplatin as a single agent, suggesting that by rationally combining 

these drugs, the doses of both can be reduced, limiting toxicities. Both of 

these concentrations are clinically achievable. Slightly higher, but still 

clinically relevant concentrations of vorinostat (IpM) paired with cisplatin 

effectively killed all cells, with no colonies formed after two weeks.
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Figure 4.21: Combinations of vorinostat and cisplatin result in 
synergistic reduction in long-term clonogenic survival.

H460 and A549 cells were seeded at 500 cells/well in 6-well plates. They 
were treated the following day with vorinostat and cisplatin as indicated 
for 48h. After 48h the media was changed and colonies left to grow for 2 
weeks after which they were fixed in ice-cold methanol and colonies 
stained with crystal violet solution.

Colonies were counted and expressed as a fraction of control. For clarity, 
those wells where no colonies remained are denoted with a 0.
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4.12.5 Vorinostat and cisplatin combinations act synergistically to kill 

NSCLC cells

An accepted way to determine if the interaction between two agents results 

in synergistic cell kill, rather than additive cell kill, is by using the 

combination index (Cl) isobologram method. This was used to quantitatively 

determine whether the reduction in cell viability observed in samples co

treated with vorinostat and cisplatin was synergistic.

Cells were seeded and exposed to a range of concentrations of vorinostat 

alone or cisplatin alone or combinations of vorinostat and cisplatin at all 

concentrations for 48h, after which cell viability was determined by MTT 

assay. Calculation of combination index values for a variety of concentration 

combinations is presented in Figure 4.22. Values in the range 0.9-1.1 are 

nearly additive, 0.85-0.9 is slight drug synergism, 0.7-0.85 is moderate 

synergism, 0.3-0.7 is synergism, 0.1-0.3 is strong synergism and values 

smaller than 0.1 are indicative of very strong synergism.

As shown in Figure 4.20, nearly all combinations tried were, to some degree, 

synergistic, with the notable exceptions of combinations using IpM 

vorinostat in H460 cells. In H460 cells, combinations of 5pM vorinostat across 

the spectrum of cisplatin combinations were the most synergistic, where in 

the A549 cells a dose of IpM, 3gM or 5(iM appeared to be equally synergistic 

across the doses of cisplatin used.
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Figure 4.22: Some combinations of vorinostat and cisplatin are 
synergistic in NSCLC.

H460 and A549 cells were seeded in a 96 well plate, 4000 cells per well, 
and treated with vorinostat and cisplatin for 48h. After indicated time of 
treatment, MTT was added, cells returned to 37°C for 4h, after which the 
media was removed and the crystals reabsorbed. Absorbance was 
determined at 570nm on a plate reader.

Cl values were calculated using the CalcuSyn software, where Cl values 
<0.1 = very strong synergism, 0.1-0.3 = strong synergism, 0.3-0.7 = 
synergism, 0.7-0.85 = moderate synergism, 0.85-0.9 = slight synergism, 
0.9-1.1 = nearly additive, >1.1 = antagonism.
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4.12.6 Overexpression of FLIPs abrogates vorinostat and cisplatin-indnced 

cell death

Using the retroviral-transfected FLIPs overexpressing H460 cell line 

(described in 4.11.2), the effect of high levels of FLIP on vorinostat and 

cisplatin combination therapy was determined.

FI460-FLIPs and empty vector (EV) control cells were co-treated with IpM 

vorinostat and 20pM cisplatin, or either agent alone, for 48h (Figure 4.23). 

Immunoblotting for FLIP revealed that in empty vector cells, both vorinostat, 

cisplatin and the combination are able to down-regulate endogenous FLIPs; 

however, expression of the exogenous FLIPs remained high in all treatment 

groups.

FLIPs overexpression did not affect PARP cleavage induced by cisplatin 

alone, but did abrogate PARP cleavage following vorinostat single agent 

treatment, and importantly reduced PARP cleavage observed following co

treatment with the two drugs. Furthermore, levels of the p!8 active fragment 

of caspase-8 was decreased in FLIPs overexpressing cells treated with the 

combination compared to empty vector controls.
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Figure 4.23: Overexpression of FLIPs confers partial resistance to 
vorinostat alone and combination treatment of vorinostat and 
cisplatin

H460 cells stably overexpressing FLIPs and empty vector control cells 
were seeded and treated the following day with 1pM vorinostat, 20/jM 
cisplatin or co-treated with both agents for 48h.

Cell lysates were collected and immunoblotted for FLIP, PARP, caspase-8 
and p-actin.
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4.12.7 Vorinostat and cisplatin synergy is caspase-8-dependent

Having demonstrated that overexpression of FLIP can rescue apoptosis from 

co-treatment of vorinostat and cisplatin, the role of caspase-8 was in 

regulating this phenotype was examined.

Caspase-8 was depleted in H460 and A549 cells by RNA interference for 48h, 

after which the cells were co-treated with IpM vorinostat alone, 20|iM 

cisplatin alone, or a combination of IpM vorinostat and 20pM cisplatin 

(Figure 4.24). Caspase-8 silencing significantly reduced the cell death from 

treatment with IpM vorinostat alone in H460 cells and also blocked the 

additional apoptosis induced when vorinostat was co-administered with 

cisplatin. Interestingly, RNAi-mediated caspase-8 depletion did not reduce 

cell death from treatment with cisplatin alone.

Similar results were detected in A549 cells, where the apoptosis induced by 

co-treatment with vorinostat and cisplatin was significantly dependent on 

caspase-8, although single agent treatment of cisplatin was not altered.
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Figure 4.24: Vorinostat enhanced cell kill is partially dependent on 
caspase-8

H460 and A549 cells were seeded and transfected the following day with 
20nM siRNA targeted against procaspase-8 for 48h. After this time they 
were treated with 1/vM vorinostat, 20^/M cisplatin or a combination for 48h.

Cells were collected, fixed in ice-cold ethanol and stained with propidium 
iodide. Cells were analysed by flow cytometry and apoptotic cells defined 
as those whose DNA content was <2N.

* denotes p<0.05, ** denotes p<0.01 as determined by student’s f test.
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4.13 Vorinostat synergises with TRAIL in NSCLC cells

4.13.1 TRAIL as an anti-cancer agent

TNF-related apoptosis-inducing ligand (TRAIL) has been investigated as an 

anti-cancer agent since the mid-2000s; however to date, pre-clinical and 

clinical trials with TRAIL as a single agent have failed to show significant 

patient benefits compared to stand-of-care chemotherapy. There is promising 

data which suggest a subset of patients exist for whom TRAIL treatment may 

be effective; therefore, finding appropriate biomarkers to identify these 

patients is a current clinical aim.

TRAIL is known to be a selective killer of cancer cells both in vitro and in vivo, 

leaving normal cell unaffected587, although many metastasised cancer cells 

are resistant to TRAIL and acquired resistance over a treatment course 

remains problematic. There are many mechanisms through which TRAIL 

resistance can arise, the most obvious being alterations in the extrinsic 

apoptotic pathway. No correlations have been observed between sensitivity 

to TRAIL and expression of its receptors, functional or decoy588'589, although 

down-regulation of TRAIL receptors by hypermethylation590 or genetic 

mutations appears to contribute to TRAIL resistance591'592. Expression levels 

of DR4 or DR5 cannot be used to determine TRAIL sensitivity, as often cells 

will preferentially utilise one over the other. For example, in certain types of
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lymphoma, although both DR4 and DR5 are present, TRAIL-induced 

apoptosis proceeds through DR4593.

Correct distribution of TRAIL receptors on the cell surface is critical for 

receptor engagement. TRAIL receptors can cluster in lipid rafts 

(sphingolipid- and cholesterol-rich membrane microdomains) increasing 

binding of extra- and intra-cellular molecules594-596. Lipid rafts can be 

induced therapeutically by treatment with the flavonoid quercetin597 and 

COX-2 inhibitors598, thus treatment with these agents also increases 

sensitivity to TRAIL.

Loss of pro-apoptotic BAX599 or BAK600 can increase resistance to TRAIL, as 

can overexpression of anti-apoptotic BCL-2601, BCL-Xl602 or MCL-1603. The 

BH3 mimetic ABT-737 can sensitise cells to TRAIL, although in a BAX- 

dependent manner121.

Impeding activity of the inhibitor of apoptosis proteins (XIAP, cIAPl, cIAP2) 

can re-sensitise TRAIL-resistant cells. For instance, a small molecule inhibitor 

targeted against XIAP synergised with TRAIL in vitro and in vivo604. In 

hepatocellular carcinoma, the IAP antagonist SM-164 increased the cell death 

effects of TRAIL605.

Down-regulation of the caspase-8 inhibitor FLIP is a logical approach to 

reduce TRAIL-resistance, as FLIP overexpression correlates with sensitivity
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to TRAIL606. A number of therapeutic interventions have been identifiers of 

FLIP modulation, including withaferin A607, quercetin608 and antisense 

phosphorothioate oligonucleotides286. More recently, FIDAC inhibitors have 

shown to down-regulate FLIP in a number of cancer models279'287-288'583'609.
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4.23.2 Rational combinations of vorinostat and TRAIL synergise to induce 

PARP cleavage and caspase-3 activation

FLIP is a potent inhibitor of TRAIL receptor-initiated apoptosis. Having 

shown that HDAC inhibitors down-regulate FLIP in a time- and dose- 

dependent manner and that FLIP down-regulation occurred after ~3-6h, it 

was postulated that pre-treatment with vorinostat would sensitise cells to the 

apoptotic effects mediated by human recombinant TRAIL.

H460 and A549 cells were pre-treated with 5pM vorinostat for 6h before 

exposure to either 2.5ng/ mL or 5ng/mL TRAIL for a further 24h (Figure 

4.25). As in previous experiments, both splice forms of FLIP were down- 

regulated in both cell lines with vorinostat alone, and also with TRAIL alone. 

Interestingly, the combination of vorinostat and TRAIL was sufficient to 

almost completely deplete FLIP levels in both cell lines. The cleaved form of 

FLIPl, p43-FLIPi_ was apparent in cells treated with TRAIL alone.

PARP cleavage, indicative of apoptosis was evident in cells treated with 

vorinostat alone in both cell lines. PARP cleavage was also observed in 

TRAIL-treated H460 cells, however none could be detected in the TRAIL- 

resistant A549 cell line. Co-treatment of H460 cells with vorinostat and 

TRAIL increased PARP cleavage significantly, with nearly all PARP cleaved 

in H460 cells treated with vorinostat and 5ng/ mL TRAIL. In the A549 cell 

line, PARP was cleaved in vorinostat treated cells, however, significantly
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increased PARP cleavage was detected in vorinostat and TRAIL co-treated 

cells, suggesting synergistic effects between the two agents. Appearance of 

active forms of caspase-3 followed a similar pattern in both cell lines, with 

significantly increased levels of caspase-3 cleavage in co-treated cells in both 

cell lines. Interestingly, the vorinostat and TRAIL combination increased 

levels of yH2AX, a marker of DNA damage, but also apoptosis.
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Figure 4.25: Pretreatment with vorinostat, followed by treatment with 
TRAIL causes increased PARP cleavage, caspase-3 activation in 
NSCLC cell lines

H460 and A549 cells were seeded and treated the following day with 5^M 
vorinostat for 6h, after which they were treated with 2.5ng/mL or 5ng/mL 
for 16 hours. Cells were also treated with 5/vM vorinostat for 22 hours or 
TRAIL alone for 16h.

Following treatment cells were harvested, lysed in RIPA buffer and 
resolved by gel electrophoresis. Immunoblotting for FLIP, PARP, 
caspase-3, yH2AX, total H2AX and (3-actin was performed.



4.13.3 Cell death induced by vorinostat and TRAIL is significantly increased 

compared to either agent alone

To directly quantify apoptosis induced by vorinostat and TRAIL 

combinations, H460 and A549 cells were treated with each agent separately 

and in combination and then collected, fixed and stained with propidium 

iodide, after which their DNA content was determined by flow cytometry.

Treatment with 5pM vorinostat alone for 24h resulted in only a very slight 

shift of cells into the sub-Gl population, ~8% for H460 cells and ~7% for 

A549 cells (Figure 4.26). Similarly, TRAIL treatment alone had little effect on 

apoptosis in Ff460 cells, and no effect in A549 cells. However, treating cells 

with SgM vorinostat for 6h (to down-regulate FLIP expression) and 

subsequently adding TRAIL for a further 24h, supra-additiviely increased 

apoptosis induction in both models. In H460 cells, pretreatment with 

vorinostat and subsequent exposure to 2.5ng/mL and 5ng/mL TRAIL 

increased cells in the sub-Gl population to ~40 and -60% respectively; a very 

significant difference when analysed by two-way ANOVA. The absolute 

effects in the TRAIL-resistant A549 cell line were not as striking, although 

vorinostat and TRAIL combinations still gave rise to significant increases in 

induction of cell death as determined by two-way ANOVA.
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Together, these data suggest that by pre-treating with vorinostat for a time 

period sufficient to down-regulate FLIP (but few other proteins), resistance 

to TRAIL can be overcome.
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Figure 4.26: Cell cycle analysis of vorinostat and TRAIL shows that 
these combinations result in greater than additive sub-G1 
populations.

H460 and A549 cells were seeded and treated the following day with 
vorinostat for 6h, followed by TRAIL for 24h or as single agents for 
equivalent times. Cells were collected, fixed in ice-cold ethanol and 
stained with propidium iodide. Cells were analysed by flow cytometry and 
cells with DNA content <2N were defined as apoptotic.

** denotes p<0.01, *** denotes p<0.001 as determined by two-way 
ANOVA.
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4.13.4 Vorinostat and TRAIL treatment reduces long-term viability

To examine the long-term effects of TRAIL and vorinostat co-treatment, 

clonogenic assays were employed. As before, 500 cells of either H460 or A549 

cell lines were seeded, left to adhere and treated with low doses of vorinostat 

(O.SpM or IpM) for 6h, after which TRAIL was added (2.5, 5 or 10ng/ mL) for 

a further 24h. The media was replaced and colonies from single cells were 

allowed to grow for up to two weeks, or until visible colonies had formed 

(Figure 4.27).

Treatment of H460 cells with 0.5pM vorinostat alone reduced colony number 

by -40%, and no colonies were visible with treatment of IpM vorinostat in 

this experiment. Treatment with 2.5ng/mL TRAIL reduced colony number to 

-35% of control. However, pre-treatment with 0.5pM vorinostat and 

subsequent treatment with 2.5ng/mL TRAIL resulted in complete cell kill, 

with no colonies growing.

A549 cells were more resistant to O.SpM vorinostat alone, as there was only a 

decrease of -20% in colony number. Treatment with IpM vorinostat however 

reduced colony growth to -80% of control. TRAIL treatment alone had little 

impact on the TRAIL-resistant A549 cells, with approximately 90% of 

colonies compared to control observed following treatment with all 

concentrations of TRAIL alone. However, combined treatment with TRAIL 

and vorinostat resulted in supra-additive decreases in colony numbers, with
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the maximal achieved with IjiM vorinostat and 10ng/mL TRAIL, where only 

-30% of colonies grew back compared to untreated control. These data from 

the A549 cell line are of particular note, as they represent a patient 

population whose NSCLCs are resistant to TRAIL treatment as it suggests a 

potential drug combination partner to overcome TRAIL resistance.
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Figure 4.27: Combinations of vorinostat and TRAIL result in 
reduction in long-term clonogenic survival in H460 cells, and to a 
lesser extent in A549 cells

H460 and A549 cells were seeded at 500 cells/well and treated the 
following day with either vorinostat for 6h, followed by TRAIL for 24h or 
either as a single agent for the equivalent time. After the 22 hours the 
media was changed and colonies left to grow for 2 weeks.

Colonies were counted and expressed as a fraction of control. For clarity, 
those wells where no colonies remained are denoted with a 0.
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4.13.5 Vorinostat and TRAIL combinations are synergistic in both H460 and 

A549 cell line models

To accurately determine synergy, H460 and A549 cells were treated with the 

same schedule of vorinostat and TRAIL in varying dose combinations. An 

MTT cell viability assay was performed and the method of Chou and Talay 

used to determine synergism610. Doses of IpM, 3pM, SgM and lOpM of 

vorinostat and 5ng/mL, lOng/mL and 20ng/mL of TRAIL were assessed 

(Figure 4.28).

Nearly all combinations of agents were to some degree synergistic in both 

cell lines. In the H460 cell line, low doses of vorinostat appeared to be most 

synergistic particularly with the lower doses of TRAIL (5ng/mL and 

lOng/mL), both with combination index values falling below 0.3, indicating 

strong synergism. In the A549 cell line low doses of vorinostat and TRAIL 

were also the most synergistic, with IpM vorinostat followed by 5ng/mL 

TRAIL showing the most synergism, with Cl values of just above 0.3. 

However, vorinostat and TRAIL treatment was much more synergistic in 

H460 cells compared to A549 cells.
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Figure 4.28: Combinations of vorinostat and either TRAIL are 
synergistic in NSCLC.

H460 and A549 cells were seeded in a 96 well plate, 4000 cells per well, 
and treated with vorinostat for 6h, followed by TRAIL for a further 16h. 
After indicated time of treatment, MTT was added, cells returned to 37°C 
for 4h, after which the media was removed and the crystals reabsorbed. 
Absorbance was determined at 570nm on a plate reader.

Cl values were calculated using the CalcuSyn software, where Cl values 
<0.1 = very strong synergism, 0.1-0.3 = strong synergism, 0.3-0.7 = 
synergism, 0.7-0.85 = moderate synergism, 0.85-0.9 = slight synergism, 
0.9-1.1 = nearly additive, >1.1 = antagonism.
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4.13.6 FLIPs overexpression rescues the cell death phenotype induced by 

vorinostat and TRAIL

As FLIP is a potent inhibitor of TRAIL-mediated apoptosis, it was speculated 

that overexpression of FLIP should block apoptosis induced by vorinostat 

and TRAIL combinations. Using the H460 cells that overexpress FLIPs, cells 

were treated with either 5pM vorinostat alone, 5ng/mL TRAIL alone or 

5ng/mL TRAIL after a 6h pre-treatment with 5pM vorinostat (Figure 4.29). 

Treatment with vorinostat alone did not down-regulate overexpressed FLIPs, 

although it did down-regulate endogenous FLIPs in the empty vector control 

cell line. Vorinostat alone induced some PARP cleavage in empty vector cells, 

and this was reduced in FLIPs overexpressing cells. TRAIL treatment and the 

vorinostat/TRAIL combination induced more PARP cleavage, and this was 

very significantly abroagted in the FLIPs overexpressing cell line.

In addition, appearance of the p!8 active subunit of caspase-8 was reduced in 

the FLIPs overexpressing cell line compared to empty vector control. 

Furthermore, in the vorinostat and TRAIL combination samples, no p43- 

FLIPl was observed, suggesting that vorinostat was down-regulated 

efficiently before TRAIL treatment. Figure 4.30 shows a similar experiment, 

but with samples collected for flow cytometric analysis for DNA content. 

After 24h, the combination of vorinostat and TRAIL treatment induced 

significantly elevated levels of apoptosis in the EV cell line, but this was 

significantly reduced in the FLIPs (p<0.001) overexpressing model.
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Figure 4.29: Pretreatment with vorinostat, followed by treatment with 
TRAIL causes increased PARP cleavage and caspase-3 activation in 
NSCLC cell lines.

H460 cells overexpressing FLIPs or empty vector control were seeded and 
treated the following day with 5/vM vorinostat for 6 hours followed by 5ng/ 
mL TRAIL for 16 hours, or either agent alone for the equivalent time. Cells 
were harvested, lysed in RIPA buffer and resolved by SDS-PAGE. 
Immunoblotting for FLIP, PARP, caspase-8 and (3-actin was subsequently 
performed.
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Figure 4.30: Vorinostat and TRAIL combinations are FLIP-dependent

H460 cells overexpressing FLIPs or empty vector control were seeded and 
treated the following day with 5pM vorinostat for 6h followed by 5ng/mL 
TRAIL for a further 16h, or single agents for the equivalent time.

Cells were collected, fixed in-cold ethanol and stained with propidium 
iodide. Cells which when analysed by FACS had a DNA content <2N were 
defined as apoptotic.

*** denotes p<0.001, **** denotes p<0.0001 as determined by student’s t 
test.



HDACi modulate ami activate the extrinsic pathway

4.13.7 Vorinostat and TRAIL combinations are caspase-8-dependent

TRAIL-induced apoptosis is highly dependent upon caspase-8, as caspase-8 

is the initiator caspase activated following DISC stimulation. By silencing 

procaspase-8 in H460 and A549 cells and then treating them with vorinostat 

alone, TRAIL alone or vorinostat followed by TRAIL, caspase-8 dependency 

of the combined treatment could be determined.

As in Figure 4.16, cells in the sub-Gl apoptotic population decreased with 

RNAi-mediated procaspase-8 depletion following treatment with vorinostat 

alone (Figure 4.31). Procaspase-8 silencing also reduced levels of cell death in 

TRAIL-treated samples. Furthermore, in both the H460 and A549 cell lines, 

caspase-8 silencing reduced cell death arising from the vorinostat and TRAIL 

combination therapy from ~50% to -10% in H460 cells (p<0.001) and from 

-17% to -6% in A549 cells (p<0.01).

These data collectively show that pre-treatment with vorinostat for a 

sufficient time for FLIP protein to be down-regulated followed by treatment 

with TRAIL synergistically increases cell death. Mechanistically, this cell 

death is highly dependent on caspase-8 and FLIP down-regulation.
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Figure 4.31: Vorinostat and TRAIL combinations are dependent on caspase-8

H460 and A549 cells were seeded and transfected the following day with siRNA 
targeted against procaspase-8 for 48h. They were then treated with 5/vM vorinostat 
for 6h followed by 5ng/mL TRAIL for a further 16h, or single agents for the 
equivalent time.

Cells were collected, fixed in-cold ethanol and stained with propidium iodide. Cells 
which when analysed by FACS had a DNA content <2N were defined as apoptotic.

* denotes p<0.05, ** denotes p<0.01, *** denotes pcO.OOl as determined by 
student’s ftest.
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4.14 Expression of HDACs in NSCLC and normal lung fibroblast cell 

lines

The HD AC inhibitors used to this point inhibit a broad range of HDACs and 

are known as pan-HDACi inhibitors611. In the clinic, they cause severe side- 

effects in some patients, which can be attributed to their pan-inhibitory 

effects. HDAC inhibitors with greater specificity have been developed, such 

as entinostat (MS-275), which inhibits HDACs 1, 2and 3612, and ACY-775, 

which is highly selective for HDAC6, but has no activity against HDACs 1- 

3279 Thjs section of Chapter 4 aims to narrow down the HDAC or HDACs 

that must be inhibited for FLIP to be down-regulated in NSCLC.

Cell lysates from A549, H460 and H157 NSCLC cell lines and lysate from the 

normal lung fibroblast cell line 34LU were subjected to SDS-PAGE and 

immunoblotted for HDACs 1, 2, 3 and 6 as these are the key HDACs thought 

to be responsible for the main anti-cancer activities of the pan-HDAC 

inhibitors. Densitometric analysis of protein expression was performed 

(Figure 4.32). HDACs 1, 2 and 3 were found to be more highly expressed in 

the NSCLC cell lines compared to the normal lung fibroblast cell line. 

However, HDAC6, detected as two bands, was expressed more highly in the 

fibroblasts.
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Figure 4.32: Basal expression of histone deacetylases in a panel of 
NSCLC cell lines and normal lung fibroblast cell line

(A) Untreated protein lysates were collected from NSCLC cell lines A549, 
H460 and H157 and normal lung fibroblast cell line 34LU and analysed by 
Western blotting for HDACs 1, 2, 3 and 6 and 3-actin.

(B) Densitometry was performed to compare expression of these HDACs 
relative to (3-actin.
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4.15 Inhibition of HDACs 1, 2 and 3 is required for FLIP down- 

regulation in NSCLC models

To determine which HDACs must be inhibited for FLIP down-regulation in 

NSCLC cells, H460 and A549 cells were treated with 5(iM vorinostat (pan- 

HDACi), 50nM panobinostat (pan-HDACi), 5pM entinostat (HDACs 1-3), 

5|iM ACY-775 (HDAC6) or a co-treatment of 5pM entinostat and 5pM ACY- 

775, all for 24h.

As expected, FLIP was down-regulated with vorinostat and panobinostat, 

but also with entinostat treatment, although not as potently as in response to 

vorinostat and panobinostat (Figure 4.33). However, FLIP levels remained 

unchanged upon exposure to ACY-775, the HDAC6-specific inhibitor, 

suggesting that inhibition of HDAC6 is not important for FLIP down- 

regulation in NSCLC cells.

To assess on-target effects of the HDAC inhibitors used, samples were 

immunoblotted for acetylated-a-tubulin (a biomarker of HDAC6 inhibition) 

and acetylated histone H4 (a biomarker of HDAC 1-3 inhibition). As 

expected, ACY-775, the HDAC6-specific inhibitor had little effect on 

acetylation of histone H4, but significantly increased acetylation of a-tubulin. 

In contrast, entinostat only increased acetylation of histone-H4.
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Figure 4.33: Class I HDACs must be inhibited for FLIP down- 
regulation.

H460 and A459 cells were seeded and treated the following day with 
either 5/vM vorinostat, 50nM panobinostat, 10pM entinostat, 5/jM ACY-775 
or 10pM entinostat and 5^M ACY-775 co-treatment for 6h or 24h. Cell 
lysates were subjected to SDS-PAGE and subsequent Western blotting 
for FLIP, acetylated a-tubulin, acetylated Histone 4 or (3-actin.
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4.16 FLIP mRNA is not altered by treatment with entinostat

To determine if entinostat affected FLIP mRNA levels, cells were treated 

with 5(iM entinostat for 24h. RNA was isolated and cDNA synthesised as 

described in section 2.6.

FLIP mRNA remained unchanged with treatment in H460 cells but 

decreased by ~3-fold in A549 cells (Figure 4.34). This is similar to the effect of 

vorinostat in NSCLC cell lines where FLIP mRNA was more potently down- 

regulated in A549 cells than H460 cells (see section 4.9). However, FLIP 

protein remained suppressed over long time periods to a greater degree than 

can be accounted for by differences in mRNA.
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Figure 4.34: FLIP mRNA expression is not altered by entinostat 
treatment in H460 cells, but reduced ~3-fold in A549 cells

H460 and A549 cells were seeded and treated the following day with 5^M 
entinostat for 24h. RNA was isolated from harvested cells, cDNA 
synthesised and relative levels assessed by quantitative real-time PCR 
with fluorescent probes specific for FLIP and GAPDH.

Data were normalised to GAPDH, analysed using the AACt method and 
expressed as a fraction of control.

*** denotes p<0.001 as determined by student’s f test.



4.17 Entinostat synergises with cisplatin

e and activate the extrinsic pathway

A narrower range of HDACs is inhibited by entinostat than the pan-HDACi 

vorinostat, potentially resulting in fewer side-effects in a patient setting. 

Indeed, entinostat appears to be a well-tolerated agent613.

NSCLC cells H460 and A549, as well as the normal lung fibroblast cell line 

34LU were co-treated with IpM entinostat and lOpM cisplatin for 48h. Cell 

lysates were collected and immunoblotted for various proteins. Entinostat 

alone, but not cisplatin alone down-regulated expression of both FLIP splice 

forms after 48h in all 3 cell lines (Figure 4.35).

In H460 cells, PARP and caspase-3 were cleaved in response to cisplatin 

alone and to a lesser degree with entinostat alone. Compared to cisplatin 

alone, co-treatment with cisplatin and entinostat increased cleavage of 

caspase-3, although increased cleavage of PARP was not apparent. In the 

A549 cell line, neither cisplatin nor entinostat had any effect on PARP or 

caspase-3 cleavage; however, there was a marked increase in PARP cleavage 

with the combination treatment. In the 34LU cell line, co-treatment with 

entinostat and cisplatin induced minimal levels of PARP cleavage, although 

some cleaved caspase-3 was detected.
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Figure 4.35: Co-treatment with entinostat and cisplatin 
synergistically increase cell death

H460, A549 and 34LU cells were seeded and treated the following day 
with 1^M entinostat alone, 10^M cisplatin alone or co-treated with both 
agents for 48h.

Cell lysates were collected in RIPA buffer and immunoblotted for FLIP, 
PARP, caspase-3 and (3-actin.
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4.18 Entinostat potentiates the effects of TRAIL

H460, A549 and 34LU cells were pre-treated with 5pM entinostat for 6h 

followed by 5ng/mL TRAIL for a further 24, or treated with either agent 

alone for the 30h (Figure 4.36). Western blotting for FLIP showed that 

entinostat was successful in down-regulating both FLIPs and FLIPl in H460, 

A549 and 34LU cells. Cleavage of FLIPl to its p43 form was apparent in H460 

and A549 cells, but not in the 34LU cells.

PARP was not cleaved upon treatment with entinostat as a single agent in 

any of the cell lines (this is a shorter timepoint than in the previous figure). 

PARP and caspase-3 cleavage were apparent in response to treatment with 

TRAIL in H460 cells. In the TRAIL-resistant A549 cells, it was interesting to 

note that caspase-3 was cleaved in response to TRAIL, but there was no 

evidence of PARP cleavage. TRAIL failed to induce PARP or caspase-3 

cleavage in the 34LU normal fibroblasts.

Pre-treatment with entinostat significantly enhanced TRAIL-induced PARP 

and caspase-3 cleavage in H460 cells and significantly enhanced PARP 

cleavage in A549 cells. However, no PARP or caspase-3 cleavage were 

observed in 34LU cells co-treated with TRAIL and entinostat.
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Figure 4.36: Pre-treatment with entinostat and subsequent treatment 
with TRAIL synergistically increase cell death

H460, A549 and 34LU cells were seeded and treated the following day 
with 5jUM entinostat for 6h followed by 5ng/mL TRAIL for 16h or as single 
agents for the equivalent time.

Cell lysates were collected in RIPA buffer and immunoblotted for FLIP, 
PARP, caspase-3 and (3-actin.
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4.19 Effect of cisplatin and TRAIL in combination with entinostat 

compared to vorinostat

To examine if increases in cleavage of PARP and caspase-3 processing 

correlated with greater levels of apoptosis, cells were treated with the same 

treatment schedules as before (either (i) IpM vorinostat/entinostat co-treated 

with lOpM cisplatin for 48h or (ii) 5(iM vorinostat/entinostat for 6h, followed 

by 24h treatment with lOng/mL TRAIL). Cells were collected, fixed and 

stained with propidium iodide, and DNA content analysed by flow 

cytometry (Figure 4.37).

Co-treatment with entinostat enhanced cisplatin-induced apoptosis in A549 

cells, albeit to a less extent than vorinostat, but not in H460 cells where co

treatment of entinostat with cisplatin had no additive effect compared to 

cisplatin alone. In the A549 cells, entinostat alone or cisplatin alone induced 

almost no cell death; however, the combination shifted ~20% of cells into the 

sub-Gl apoptotic population. Vorinostat alone was more toxic than 

entinostat in 34LU normal lung cells, however treatment with either HDACi 

enhanced cisplatin-induced apoptosis.

Interestingly, entinostat potentiated the effect of TRAIL more than vorinostat 

in H460 cells (vorinostat and TRAIL ~60%, entinostat and TRAIL -80%). In 

A549 cells, vorinostat had a greater effect on TRAIL-induced apoptosis than 

entinostat, however, entinostat still resulted in cell kill that was greater than
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additive. Remarkably, the normal lung fibroblasts 34LU were completely 

resistant to the entinostat and TRAIL combination, with less than 1% of cells 

affected. Vorinostat alone caused only 3% of cells to undergo apoptosis, 

compared to <1% for entinostat alone and <1% for TRAIL alone. Vorinostat 

and TRAIL induced apoptosis was only additive; ~4% of cells were apoptotic. 

These results suggest that HDACi and TRAIL may be well-tolerated in 

patients, particularly if the more selective entinostat is used.
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H460

Figure 4.37: Combinations of entinostat and cisplatin or TRAIL yield 
greater than additive effects on cell death in representative NSCLC 
cell lines, and normal lung fibroblasts are unaffected by HDACi and 
TRAIL combinations.

H460, A549 and 34LU were seeded, left to adhere overnight and exposed 
to the following combinations of drugs. Combinations were scheduled as 
either (i) 6h treatment with HDACi followed by 24h TRAIL treatment or (ii) 
co-treatment with HDACi and cisplatin.

After indicated times, cells were collected, fixed and stained with 
propidium iodide before FACS analyses for DNA content. Cells whose 
DMA content was <2N were defined as apoptotic.

* denotes p<0.05, ** denotes p<0.01, *** denotes P<0.001 as determined 
by two-way ANOVA.
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Figure 4.38: HDACi and cisplatin combinations are FLIP-dependent

H460 cells over-expressing FLIPs, FLIPl or empty vector control were seeded, left 
to adhere and exposed to the following drug combinations. After 48h cells were 
collected, fixed and stained with propidium iodide before FACS analyses for DNA 
content.

* denotes p<0.05, ** denotes p<0.01, 
student’s ftest.

denotes P<0.001 as determined by★ ★ *



6(H □ H460-EV
■ H460-FLIP 
rn H460-FLIP

Figure 4.39: Overexpression of FLIPs or FLIPl partially rescues HDACi and 
TRAIL-induced cell kill

H460 cells over-expressing FLIPs, FLIPl or empty vector control were seeded, left 
to adhere and exposed to the following drug combinations (HDACi for 6h, followed 
by 24h treatment with TRAIL).

After treatment cells were collected, fixed and stained with propidium iodide before 
FACS analyses for DNA content.

* denotes p<0.05, ** denotes p<0.01, *** denotes P<0.001 as determined by 
student’s f test.
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4.20 Entinostat and cisplatin or TRAIL combinations are caspase-8 

dependent

To determine the role of caspase-8 in entinostat combination-induced 

apoptosis, RNAi was employed. 48h after RNAi-mediated knockdown of 

procaspase-8, A549 cells were treated with IpM entinostat alone, lOpM 

cisplatin alone or co-treated with both agents for 48h (Figure 4.40, A). The 

cell death induced by entinostat and cisplatin co-treatments was significantly 

reduced by procaspase-8 silencing (p<0.01). Procaspase-8 depletion also 

abrogated apoptosis induced by the entinostat and TRAIL combination 

((Figure 4.40, B: scrambled control: 22%, siCaspase-8: 5%, p<0.01). 

Procaspase-8 silencing also significantly attenuated apoptosis arising from 

30h treatment with entinostat (p<0.01) as well as TRAIL as a single agent 

(p<0.05).
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Figure 4.40: Entinostat and TRAIL or cisplatin combinations are 
partially caspase-8 dependent

A549 cells were seeded and transfected the following day with 20nM 
siRNA targeted against procaspase-8 for 48h. Cells were then either (i) co
treated with 1/7M entinostat and 10/jM cisplatin for 48h or (ii) pre-treated 
with S/jM entinostat for 6h followed by lOng/mL TRAIL for a further 16h. 
Drugs were also administered for the equivalent times as single agents.

Cells were collected, fixed in ice-cold ethanol and stained with propidium 
iodide. Stained cells were analysed by flow cytometry and cells whose 
DNA content was <2N were defined as apoptotic.

* denotes p<0.05, ** denotes p<0.01 as determined by student’s ftest.
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4.21 Treatment with vorinostat induces changes in death receptor 

expression

To determine the effects of vorinostat on death receptor expression, H460 

and A549 cells treated with 5(iM vorinostat for 24h (Figure 4.41). FACS 

analysis revealed that vorinostat treatment had no effect on cell surface 

expression of DR4, although neither cell line expresses particularly high 

levels of DR4. However, DR5 is significantly more highly expressed in both 

cell lines. Treatment with vorinostat significantly reduced the expression of 

DR5 from -60% to 25% in H460 cells (p<0.05), but increased expression in 

A549 cells from -15% to -55% (p<0.01). Also of interest, expression of decoy 

receptor 2 (DcR2) increased in both cell lines, although only significantly in 

A549 cells. Expression of the Fas receptor decreased upon vorinostat 

treatment in both cell lines, although this was only significant in H460 cells. 

TNF-R1 expression was also reduced after vorinostat treatment in both cell 

lines (p<0.001).

Representative histograms of flow cytometry are presented in Figure 4.42.
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Figure 4.41: Cell surface expression analysis of death receptor 
(DR)4, DR5, Decoy receptor(DcR)2, Fas and TNF-R1.

H460 and A549 cells were seeded at 1x105 cells per well and left to 
adhere overnight. The following day, cells were treated with SpM 
vorinostat for 6h, after which they were collected and incubated with PE- 
conjugated antibodies which detect DR4, DR5, DcR2, Fas or TNF-R1.

Cells were analysed by flow cytometry against a baseline of PE-isotype 
control. Data presented as percentage of positive cells for receptor.

* denotes p<0.05, ** denotes p<0.01, *** denotes P<0.001 as determined 
by student’s f test.
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Figure 4.42: Cell surface expression analysis of death receptor 
(DR)4, DR5, Decoy receptor(DcR)2, Fas and TNF-R1.

H460 and A549 cells were seeded at 1x105 cells per well and left to 
adhere overnight. The following day, cells were treated with 5/vM 
vorinostat for 6h, after which they were collected and incubated with PE- 
conjugated antibodies which detect DR4, DR5, DcR2, Fas or TNF-R1.

Cells were analysed by flow cytometry against a baseline of PE-isotype 
control. Data presented as percentage of positive cells for receptor.



4.22 Discussion

ACi ti e extrinsic pathway

Non-small cell lung cancer remains a notoriously difficult cancer to treat, 

mainly due to late diagnosis and chemotherapy resistance. Mutations or 

alterations in proteins regulating apoptosis can arise during carcinogenesis 

or during treatment, and this can be a major cause of drug resistance614.

FLIP is an anti-apoptotic protein, often found overexpressed in multiple 

types of cancer and has been associated with drug resistance and poor 

prognosis278'279. There are currently no direct inhibitors of FLIP568.

Our group has previously shown that RNAi- and antisense-mediated FLIP 

down-regulation induces apoptosis is NSCLC cell lines both in vitro and in 

vivo285'286. Furthermore, the sensitivity of NSCLC cells to FLIP down- 

regulation is dependent on their high expression of procaspase-8285. Studies 

in a range of malignancies show that FLIP can be down-regulated in 

response to HD AC inhibitors279'288'384'577'583'615-616.

Although FLIP down-regulation following treatment with pan-HDAC 

inhibitors is well documented, it is unknown which HDACs are responsible 

for mediating this effect in different cancer types. Results presented in this 

chapter suggest that inhibition of HD ACI, 2 and/or 3, but not HDAC6, is 

necessary for efficient FLIP down-regulation in NSCLC. This is interesting 

given the predominantly (though not exclusively) nuclear expression of these
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HDACs617, particularly since FLIP down-regulation by these agents, occurs at 

the protein level and not the mRNA level.

HDAC inhibitors are a novel class of anti-cancer agent with a broad range of 

chemical structures that exert their effects by epigenetically altering gene 

expression618. Emerging data suggests that HDAC inhibitors effects on the 

epigenome are not the only, or possibly even the primary, anti-cancer 

mechanism for these agents. This in turn has implications for how these 

drugs can be rationally combined with other agents to maximise their 

therapeutic potential and overcome drug resistance619'620.

The only HDAC inhibitors currently approved by the Food and Drug 

Administration are vorinostat and Istodax/romedepsin for use in cutaneous 

T-cell lymphoma (CTCL) 354-356,621^ although other HDACi are in various 

clinical trials for other indications359'360'622. Entinostat (MS-275/SNDX-275), a 

benzamide, is an HDACI/2/3-selective inhibitor investigated in a number of 

clinical trials, including several in NSCLC most often combined with the 

demethylating agent 5-azacitidine368'623. Entinostat is generally well-tolerated 

and has significantly longer plasma half-life in humans than the hydroxamic 

acid HDAC inhibitors such as vorinostat and panobinostat624.

In this chapter, clinically relevant concentrations of HDAC inhibitor were 

used; dose- and time-dependent increased in apoptosis were observed. Other 

studies have found that treatment with higher doses of HDACi, particularly
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ones that inhibit HDAC6, can induce autophagy, as visualised by the 

appearance of LC3 processing, increased overall LC3 levels and appearance 

of autophagosomes. This involves the interaction of HDAC6 and HR23B, a 

chaperone protein responsible for shuttling ubiquitinated proteins to the 

proteasome625.

The results presented in this chapter show that co-treatment with vorinostat 

or entinostat and the standard-of-care chemotherapeutic agent cisplatin 

yields synergistic effects on cell death584-585. Furthermore, FLIP over

expression and caspase-8 silencing attenuated this synergistic increase. A 

recently reported phase II clinical trial comparing cisplatin alone and 

cisplatin plus vorinostat in 94 NSCLC patients has shown significantly 

improved response rates and a trend towards improved survival in the 

vorinostat arm626. This suggests that there is a cohort of NSCLC patients who 

would benefit from addition of an FIDAC inhibitor to platinum-based 

chemotherapy.

TRAIL and TRAIL receptor agonistic antibodies are currently being assessed 

as anti-cancer agents. Trials to date have been disappointing, despite the fact 

that TRAIL is well tolerated. Explanations for the lack of success of TRAIL in 

clinical trials is that these trials were carried out in unselected patient 

populations due to a lack of predictive biomarkers and that rational 

combinations of TRAIL with other agents were not explored. Results from 

this chapter show that when NSCLC cells are pre-treated with HDACi, they
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are significantly senstitised to TRAIL. Furthermore, this sensitisation is both 

FLIP- and caspase-8-dependent. This is in agreement with other studies, for 

example Frew et al., who reported that vorinostat in combination with MDS- 

1 (an anti-TRAIL-R agonistic antibody) synergistically induces cell death in a 

panel of cancer cell lines as well as causing regression in a mouse breast 

cancer model384. It is possible that resistance to TRAIL in NSCLC is due to 

high levels of FLIP and this may be overcome by co-treatment with HD AC 

inhibitors. Furthermore, tumours expressing high cytoplasmic FLIP and/or 

caspase-8 may be the most responsive to such combination therapies (see 

chapter 3). Increases in cell death upon treatment with HD AC inhibitors and 

TRAIL are more potent in H460 cells compared to A549 cells. One potential 

explanation for this is an increase in the protein levels of MCL-1 and BCL-2 

following 24h of vorinostat treatment (Figure 4.11). MCL-1 and BCL-2 are 

both anti-apoptotic BCL-2 family members that bind to the BH3 domains of 

pro-apoptotic family members inhibiting their function.

HDAC inhibitors in combination with cisplatin increased levels of cell death 

in the normal lung fibroblasts, suggesting that this combination may be toxic 

to normal tissues. However, TRAIL and HDAC inhibitors did not increase 

apoptosis, suggesting that there may be a wider therapeutic window for this 

combination. Moreover, the more selective HDAC inhibitor entinostat was 

just as effective as vorinostat at enhancing TRAIL-induced apoptosis in the 

NSCLC models, but this combination had no effect at all on the normal lung 

cells. Furthermore, entinostat as a single agent was less toxic to normal cells
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than vorinostat alone, suggesting this more selective HD AC inhibitor would 

be better tolerated, in agreement with clinical observations613.
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Chapter 5: Post-translational modifications of FLIP



5.1 Introduction

nslc ml modifications of FLIP

Normal cell homeostasis requires tightly controlled apoptosis. One of the 

main ways apoptosis is regulated and executed is through the ubiquitination 

of components of the cell death cascade, either by determining their rate of 

degradation or creating molecular platforms for other proteins to be 

recruited.

In TRAIL-sensitive cells, FLIP is continuously ligated with Lys48 chains, 

targeting it for proteasomal degradation. In contrast, FLIP in TRAIL-resistant 

cells is less efficiently degraded, resulting in greater FLIP expression, 

increasing the likelihood that it will be recruited to the DISC to inhibit 

activation of caspase-8. Elucidating the molecular mechanisms underpinning 

FLIP stability may lead to therapeutic interventions aimed at overcoming 

resistance to TRAIL and other death receptor-targeted agents as well as 

chemotherapy. In support of this, treatment of cells with natural or synthetic 

ligands of peroxisome proliferator-activated receptor-y (PPARy) such as 15d- 

PGJa (a natural cyclopentenone prostaglandin) or the triterpenoids 

ciglitazone or troglitazone, sensitises cells to TRAIL-induced apoptosis by 

promoting the ubiquitination of FLIP, inducing its proteasomal 

degradation627'628. However, the mechanism by which PPARy ligands trigger 

FLIP degradation has not been elucidated.
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Ubiquitination and degradation of FLIPs has been observed in cells infected 

with the adenovirus which express adenovirus early region 1A (E1A). E1A 

blocks induction of TNFa-induced FLIPs mRNA while concomitantly 

stimulating the degradative ubiquitination of FLIPs. As a result, adenoviral 

infection and E1A expression sensitises cells to TNFa-induced apoptosis629.

A number of papers from John Eriksson's group have attempted to map sites 

of ubiquitin conjugation of FLIPs255. The two main splice forms of FLIP, short 

and long, are identical until Met203; after this amino acid, FLIPs contains a 

further 18 amino acids which are not present in FLIPl. Ubiquitination of 

FLIPs was significantly attenuated when mutants lacking the unique C- 

terminal tail were studied, suggesting that this tail somehow regulated FLIPs 

ubiquitination. Furthermore, the same C-terminal deletion mutant retains its 

ability to block TRAIL-induced apoptosis and was still recruited to the DISC. 

The only lysine in the C-terminal tail is Lys214, although the authors found 

no differences in ubiquitination status of FLIPs when this residue was 

mutated to arginine. Instead, they found that Lysl92 and Lysl95 were the 

main ubiquitin receptors. Molecular modelling of the a-helical region of 

FLIPs (amino acids 176-221) suggested that it is this region that is required 

for ubiquitination and fast turnover. A subsequent paper from the same 

group found that the phosphorylation of Serl93, between Lysl92 and Lysl95, 

abrogated FLIPs ubiquitination and extended the half-life of FLIPs. 

Furthermore, this phosphorylation was reported to be mediated by PKCa
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and PKCp. These effects were more pronounced for FLIPs compared to FLIPl 

(Figure 5.1).

In glioblastoma multiforme (GBM) cell lines, FLIPs ubiquitination is thought 

to be governed by a pathway that includes PTEN, Akt and AIP4/ITCF1630. 

The authors first observed that FLIPs had a longer half-life in PTEN mutant 

GBM cells, but upon exposure to an Akt inhibitor, FLIPs half-life was 

restored to levels similar to PTEN wild-type cells. The mTOR inhibitor 

rapamycin did not have this effect, suggesting that the links between PTEN 

status and FLIPs protein stability was independent of mTOR631. A 

subsequent paper by the same group identified USP8 as another component 

of the pathway632. They found that overexpressing USP8 increased FLIPs 

ubiquitination, thus reducing its half-life and reducing resistance to TRAIL. 

USP8 seems to act as a DUB for the E3 ligase AIP4/ITCH, increasing the 

interaction between AIP4/ITCH and FLIPs.

Several papers have shown a link between hyperthermia and increased 

degradation of FLIP. Song et al. treated cells with the anti-DR4 antibody 

mapatumumab after a hyperthermic insult and saw increases in cell death633. 

Further study showed that FLIPl protein levels decreased with no changes in 

FLIP mRNA. Mutation of Lysl95 of FLIPl blocked the decrease in FLIPl 

protein expression and partially reduced the synergistic effects of 

hyperthermia and mapatumumab. Similar responses to hyperthermia were 

observed for FLIPl in T lymphocytes634.
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The production of reactive oxygen species (ROS) can influence FLIP stability. 

In rat cardiac myocytes, treatment with doxorubicin increased the 

production of ROS, concomitant with a decrease in FLIP protein. This 

reduction in FLIP protein was reversed upon treatment with N- 

acetylcysteine (NAC), a ROS scavenger, highlighting the importance of 

ROS635. The link between ROS production and FLIP protein down-regulation 

has been reported by a number of groups636.

A recent paper from John Reed's group has studied the ROS-mediated 

down-regulation of FLIP further637. They found that menadione or paraquat 

decreased FLIP protein expression in a ROS-dependent manner. Using a 

mass spectrometry approach, they assessed post-translational modifications 

in cells in which ROS was induced. Thrl66 and Lysl67 were identified as 

sites of phosphorylation and ubiquitination, and mutation of these sites 

stabilised FLIP down-regulation following ROS production (Figure 5.1, B).

This chapter investigates FLIP ubiquitination in response to vorinostat and 

assesses the impact of FLIP on ubiquitination events at the DISC.
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Figure 5.1: (A) Schematic comparison of FLIPs and FLIPl and (B) 
published sites of ubiquitination of FLIPs and FLIPl

(A) Both FLIPs and FLIPl possess tandem death effector domains 
(DEDs). FLIPs also harbours a unique C-terminal tail from amino 
acids 203-221. Following its tandem DEDs, FLIPl has two more 
domains: p20 and p12 as indicated.

(B) Lys167 is the only reported ubiquitin accepting site on FLIPl, and 
though this lysine is present in FLIPs, it has not been shown to be a 
site of ubiquitination in FLIPs. Likewise, FLIPs has two reported 
lysines which can accept ubiquitin moieties. Lys192 and Lys195. 
These are not thought to be sites of ubiquitination in FLIPl.



Post-translational modifications of FLIP

5.2 Vorinostat-induced FLIP down-regulation is not due to 

promiscuous caspase activity

To determine whether the down-regulation of FLIP observed following 

treatment with vorinostat (Chapter 4) was due to caspase processing, H460 

and A549 cells were pre-treated with the pan-caspase inhibitor z-VAD-fmk 

for Ih before treatment with 5pM vorinostat (a dose previously shown to 

down-regulate FLIP protein) for 6h (Figure 5.2). In both cell lines, pre

treatment with the pan-caspase inhibitor z-VAD-fmk failed to abrogate 

vorinostat-induced down-regulation of both splice forms of FLIP.
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Figure 5.2: Vorinostat-induced FLIP down-regulation is not due to 
caspase activity.

H460 and A549 cells were seeded and left to adhere overnight. Cells were 
pretreated with IO/vM of the pan-caspase inhibitor z-VAD-fmk 
(Calbiochem) for 1 h and then with 5/vM vorinostat for a further 6h.

Proteins were resolved by SDS-PAGE and immunoblotted for FLIP and (3- 
actin.



Post-translational modifications of FLIP

5.3 Inhibition of the proteasome blocks vorinostat-induced FLIP down- 

regulation

In chapter 4, vorinostat-induced FLIP down-regulation was observed and 

this appeared to be at a post-translational level as real time PCR analysis 

showed no changes in FLIP mRNA. To determine whether the reduction of 

FLIP protein was due to degradation by the 26S proteasome, the proteasome 

inhibitor MG-132 was used. MG-132 (Z-Leu-Leu-Leu-al) is a peptide 

aldehyde and a potent proteasome inhibitor. Prior to treatment with SpM 

vorinostat, H460 and A549 cells were pre-treated with either IpM or lOpM 

MG-132 for Ih, a sufficient length of time for proteasome inhibition to occur. 

Cells were then treated with 5[iM vorinostat for 6h. Western blot analysis of 

FLIP protein expression showed that without proteasome inhibition, FLIP 

was down-regulated in response to vorinostat (Figure 5.3). However, 

following IpM or lOpM MG-132 pre-treatment, this down-regulation was 

blocked, suggesting that FLIP is degraded via the ubiquitin-proteasome 

system following vorinostat treatment.

Interestingly, FLIP levels are not restored to basal levels upon MG-132 

treatment, suggesting that in these cells another pathway such as autophagy 

or lysosomal cell death may be important.
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Figure 5.3: Proteasome inhibition with MG-132 blocks HDACi- 
induced FLIP down-regulation

H460 and A549 cells were seeded and left to adhere overnight. Cells were 
pre-treated with either 1pM or 10/vM MG-132 for 1h, followed by 5juM 
vorinostat for a further 6h.

Proteins were resolved by SDS-PAGE and immunoblotted for FLIP and (3- 
actin.



Post-translational modifications of FLIP

5.4 Both splice forms of FLIP are ubiquitinated following vorinostat 

treatment

To assess FLIP ubiquitination, HCT116 cells were co-transfected with a 

plasmid encoding 6xHis-tagged ubiquitin and either FLAG-FLIPs or FLAG- 

FLIPl. Ubiquitinated proteins were then captured using a Ni-NTA agarose 

column as described in Chapter 2. Cells co-transfected with His-ubiquitin 

and FLAG-FLIPs/l displayed high levels of ubiquitin post-translational 

modification as evidenced by the smearing and laddering patterns that 

represent ubiquitin-modified FLIP (Figure 5.4). Of note, FLIPs appears to be 

highly ubiquitinated compared to FLIPl; this may be due to the higher 

turnover and shorter half-life of FLIPs.

As proteasome inhibition blocks vorinostat-induced decreases in FLIP 

protein expression, this implies that FLIP is down-regulated by the ubiquitin- 

proteasome system. In addition, vorinostat treatment failed to down-regulate 

FLIP mRNA expression in NSCLC models. To assess vorinostat-induced 

FLIP ubiquitination, HCT116 cells were co-transfected with plasmids 

encoding either FLAG-tagged FLIP short or long and 6xHis-tagged ubiquitin 

for 24h. Subsequently, these transfected cells were treated with 5pM 

vorinostat for 3h. Compared to untreated samples, exposure to vorinostat 

dramatically increased laddering of both splice forms, confirming vorinostat- 

induced polyubiquitination (Figure 5.5).
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Figure 5.4: Both splice forms of FLIP are ubiquitinated

1x106 HCT116 cells were seeded and left to adhere overnight. The 
following day they were co-transfected with 1^/g of plasmid encoding 
6xHis-tagged ubiquitin and either FLAG-FLIPs or FLAG-FLIPl and left for 
24h.

The following day cells were collected in 1mL pre-warmed PBS, an aliquot 
taken for inputs and lysed in 6mL 6M guanidine hydrochloride for 20 mins. 
Samples were cleared by centrifugation, added to Ni2+-NTA agarose beads 
in a chromatography column and turned on a blood wheel overnight at 
4°C.

The following day cell lysate was allowed to flow through the 
chromatography column by gravity flow and washed four times in 8M urea 
buffers. 40/vL of 2x sample buffer was added to the agarose beads and 
boiled for 5 mins at 95°C.
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Figure 5.5: Vorinostat induces the ubiquitination of both splice forms of FLIP

HCT116 cells were co-transfected with FLAG-FLIPs wild-type or FLAG-FLIPl wild- 
tvpe with 6xHis-Ubiquitin for 24h. Cells were harvested, lysed in 6M guanidine 
hydrochloride and rotated with Ni2+-NTA agarose overnight at 4°C.

The following day, agarose was washed 4 times in urea buffer as described in 
Chapter 2 and eluted with a sample buffer containing imidazole at 95°C for 5 
minutes.

E uted proteins were resolved and immunoblotted for FLAG.



Post-translational modifications of FLIP

5.5 The presence of FADD or caspase-8 does not alter FLIP'S half-life

FLIP forms part of a number of signalling complexes, including the 

membrane-bound DISC and cytoplasmic Ripoptosome. FADD and 

procaspase-8 are also present in these complexes with FLIP, so it is possible 

that the presence of FADD or procaspase-8 can affect FLIP'S stability. Jurkat 

cells deficient in FADD and procaspase-8 were utilised. Procaspase-8- 

deficient cells were the product of a genetic screen for essential components 

of the Fas-mediated apoptosis pathway638. In a similar effort, FADD-deficient 

cells were isolated from an indiscriminate chemical mutagenesis screen to 

identify clones of Jurkat cells resistant to Fas-mediated apoptosis639.

Parental, caspase-8def and FADDdef Jurkat cells were seeded into T25 flasks 

and treated with IOjiM cycloheximide to inhibit new protein synthesis. 

Aliquots of cells were taken at various time points ranging from Oh to 9h. 

Cell lysates were obtained and immunoblotted for FLIP. Jurkat cells harbour 

very little FLIPs, so only FLIPl was detected. Densitometric analysis of FLIPL 

protein expression relative to loading control p-actin was performed to 

determine the rate of degradation of FLIPl (Figure 5.6). The half-life of FLIPl 

in parental Jurkat cells was ~85 minutes, ~110 minutes for caspase-8def cells 

and ~90 minutes for FADDdef cells, signifying that the absence of FADD or 

procaspase-8 in these cells does not significantly affect FLIP stability.
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Figure 5.6: The presence of caspase-8 or FADD does not affect FLIP 
half-life

Parental, caspase-8def or FADDdef Jurkat cells were treated with 10/vM 
cyclohexamide (an inhibitor of new protein synthesis) for the indicated 
times, and proteins collected. Proteins were resolved by SDS-PAGE and 
detected by Western blotting. Densitometry was performed to determine 
FLIP to p-actin (loading) ratios at each time-point, which were then plotted 
to determine half-life of FLIP.



Post-translational modifications of FLIP

5.6 Generation of ubiquitination FLIP mutants

The FLIPs coding sequence was previously been cloned into a 3xFLAG 

mammalian expression vector (see 8.10.2) and, using this as a template, 

Lysl92 and Lysl95 were mutated to arginine residues rendering them 

incapable of ubiquitin conjugation. Arginine and lysine are biochemically 

similar as they are both basic and have a positive charge. Additionally, 

Serl93 was mutated to an aspartic acid residue. Aspartic acid residues mimic 

phosphorylation.

Primers of ~40 base pairs in length were designed (see 8.5), and a PCR-based 

approach was used to generate the mutants. Restriction digestion with Dpnl, 

a restriction enzyme that cleaves methylated regions of plasmid DNA, 

ensured that only newly synthesised DNA was transformed into DH5a E. coli 

cells. The resultant plasmid DNA was digested with Apal and Xhol that cut at 

the 5' and 3' extremities of the FLIPs coding region and compared to 

similarly digested template DNA. Plasmids that cut out a fragment of the 

same size as the template were sequenced for presence of the mutations.

Figure 5.7 shows a schematic of this site-directed mutagenesis and the gel of 

Apal!Xhol digested DNA. Sanger sequencing confirmed the presence of the 

mutations in the plasmid (Figure 5.8).
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Subsequently, plasmid DNA from FLIPs wild type, K192R/K195R and S193D 

were transfected into HCT116 cells and left overnight. The following day 

proteins were harvested, resolved by SDS-PAGE and immunoblotted for 

FLAG (Figure 5.9). Short exposures demonstrated that the exogenous 

proteins were equally expressed. Encouragingly, longer exposures revealed 

laddering arising from the FLIPs band, indicative of ubiquitination; however, 

despite equal expression of the mutants compared to wild type, this 

laddering was not observed in either the K192R/K195R mutant or the S193D 

mutant.
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Figure 5.7: Schematic of FLAG-FLIPs mutagenesis

pCMV-3Tag-6-FLIPs was mutated to harbour either the K192,195R double 
mutation, or the S193D mutation. PCR-based mutagenesis was carried 
out with KOD Xtreme Hot Start Polymerase Kit (Novagen). Plasmid DNA 
was sequenced by the Genomics Core Technology Unit (QUB) and results 
aligned against reference sequence with Geneious software to confirm 
presence of mutation.
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Figure 5.8: Sequencing of FLAG-FLIPs K192,195R and S193D site- 
directed mutagenesis

pCMV-3Tag-6-FLIPs was mutated to harbour either the K192,195R double 
mutation, or the S193D mutation. PCR-based mutagenesis was carried 
out with KOD Xtreme Hot Start Polymerase Kit (Novagen). Plasmid DMA 
was sequenced by the Genomics Core Technology Unit (QUB) and results 
aligned against reference sequence with Geneious software to confirm 
presence of mutation.
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Figure 5.9: Expression of FLAG-FLIPs K192,195 and FLAG-FLIPs 
S193D

HCT116 cells were transfected with l^g of either FLAG-FLIPs K192,195R 
or FLAG-FLIPs S193D. Proteins were resolved by SDS-PAGE and 
Western blotting performed for the proteins indicated.

The longer exposure clearly shows ubiquitination of wild-type FLIPs, a 
result of its overexpression, where K192,195R and S193D mutants do not.



Post-translational modifications of FLIP

5.7 Ubiquitin mutant of FLIPs has significantly altered half-life

Abolition of ubiquitination sites of a protein should disrupt its ubiquitination 

and affect its degradation by the ubiquitin-proteasome system. Half-lives of 

proteins can be assessed by inhibiting de novo protein synthesis with 

cycloheximide and detecting the relative amount of protein remaining at 

various time points by immunoblotting. From this, densitometry can be 

performed against a loading control with a long half-life to calculate relative 

protein expression. The time point at which only half of the protein remains 

compared to the zero-hour control is the half life of the protein of interest.

A cycloheximide experiment was performed on HCT116 cells transfected 

with 500ng of plasmid encoding either FLAG-FLIPs wild-type or FLAG- 

FLIPs with the K192R/K195R double mutation (Figure 5.10). Densitometry 

and calculation of the half-lives of these two proteins showed that 

elimination of these two lysine residues increased the half-life to -270 

minutes, suggesting that the protein is not degraded as efficiently as the 

wild-type, which had a half-life of -100 minutes in this experiment, 

consistent with published values255. However, though the half-life of these 

proteins is initially lengthened, at later time points there appears to be little 

difference.
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Figure 5.10: Mutation of K192,195R lengthens half-life of FLIPs

1x106 HCT116 cells were transfected with 500ng of either wild-type FLAG- 
FLIPs or K192,195R FLAG-FLIPs. The following day these cells were split 
in 5 to fresh cell culture plates and left to adhere over night, after which 
they were treated with cyclohexamide (CHX) for the indicated time points.

Cell lysates were collected and analysed by Western blotting for FLAG 
and (3-actin. Densitometry of FLAG-tagged protein was performed, relative 
to (3-actin and expression as fraction of time-point Oh.



Post-translational modifications of FLIP

5.8 FLIPs K192R/K195R is inefficiently ubiquitinated

To gather direct evidence that the K192R/K195R mutant of FLIPs is not 

ubiquitinated in HCT116 cells an in vivo ubiquitination assay was used as 

before (see section 5.4). 293T cells were co-transfected with plasmids 

encoding HA-tagged ubiquitin or FLAG-FLIPs wild-type, K192R/K195R or 

S193D and left for 24h, after which they were harvested and ubiquitination 

assessed as described in Chapter 2. Polyubiquitination of FLAG-FLIPs wild- 

type was clearly observed, however less smearing was detected in the 

samples transfected with FLAG-FLIPs K192R/K195R and S193D, signifying 

that K192 and K195 are sites of ubiquitin conjugation on FLIPs (Figure 5.11).
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Figure 5.11: Mutation of K192,195R abolishes FLIPs ubiquitination

293T cells were seeded in 6-well plates and left to adhere. The following 
day they were co-transfected with plasmid DNA encoding either FLIPS 
wild-type, K192,195R or S193D and HA-Ubiquitin with Lipofectamine 2000 
for 24h. Cells were harvested and lysed in RIPA buffer using the hot lysis 
method described in Chapter 2.

To cell lysates, 2^L of anti-FLAG antibody was added to rotated on a 
blood wheel overnight. The following day 40/vL of Protein G Dynabeads 
was added and rotated at 4°C for a further 6h. Beads were washed 5 
times in lysis buffer and bound protein eluted with sample buffer and 
boiled at 95°C for 5 minutes.

Eluted samples were resolved and immunoblotted for HA and FLAG.



5.9 Validation of DISC IP assay

National modificati

Our lab has developed an assay to analyse the construction of the death- 

inducing signalling complex (DISC). Magnetic Dynabeads are covalently 

conjugated to the DR5 agonistic antibody AMG655 and added to live cells. 

During this time the agonistic antibody binds to DR5 and DISC components 

(FADD, FLIP, procaspase-8) are recruited. Plates are washed with PBS to 

remove unbound beads, and cells are lysed in DISC IP buffer for 20 minutes. 

The beads and bound DISC components are magnetically captured and 

washed five times in lysis buffer. DISCs are eluted from the beads with 

sample buffer containing p-mercaptoethanol, boiled for 5 minutes at 95°C 

and resolved by SDS-PAGE.

Figure 5.12 shows a schematic and Western blot validation of this assay. The 

Jurkat cells described previously (see section 5.5) were assessed. Western blot 

analysis of the parental Jurkat cells show recruitment of FLIPl, FLIPs, 

procaspase-8, FADD and DR5. Furthermore, FLIPl is cleaved to its p43 form 

and procaspase-8 is cleaved to its p41/43 form. Cells deficient in FADD 

(FADDdef) do not recruit FLIP or procaspase-8. FADD and FLIP are recruited 

to the DISC in caspase-8def cells, and FLIPl is partially cleaved to its p43-form.
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Figure 5.12: Schematic and validation of DISC IP

Dynabeads covalently conjugated to AMG655 are added to live cells and 
returned to the incubator for 30 minutes, after which they are washed in 
PBS and lysed in DISC IP buffer for 15 minutes and washed 5 times in the 
same buffer. Complexes are eluted from the beads by addition of 2x 
sample buffer with p-mercaptoethanol and stored at -20°C for downstream 
analysis by Western blot. Cell lysate which was not bound to AMG655- 
coated magnetic beads was also collected (“supernatant”), and represents 
non-DISC bound proteins.

Western blot shows validation of DISC IP in Jurkat cells, either parental, 
FADDdef or caspase-8def.



Post-translational modifications of FLIP

5.10 Loss of procaspase-8 increases FLIP'S ubiquitination at the DISC

The presence or absence of FADD or caspase-8 does not affect FLIP'S stability 

and degradation per se (see section 5.5), however as ubiquitination can result 

in outcomes other than proteasomal degradation modifications of FLIP at the 

DISC were investigated.

HCT116 cells were transfected with 20nM siRNA targeted against 

procaspase-8 for 48h, and 24h post-siRNA transfection, cells were transfected 

with 500ng plasmid DNA encoding FLAG-FLIPs. The DISC IP was 

performed, and the DISC components FLIP (with an anti-FLAG antibody), 

procaspase-8, FADD and DR5 detected by Western blotting (Figure 5.13). 

Procaspase-8 was efficiently down-regulated by the siRNA, and equal FLAG- 

FLIPs transfection was confirmed in the supernatant (all non-DISC protein). 

Notably in cells transfected with siRNA targeted against procaspase-8, a 

significant increase in laddering arising from FLIPs was detected. This 

laddering is indicative of ubiquitination, suggesting that decreased 

procaspase-8 recruitment to the DR5 DISC increases the ubiquitination of 

FLIPs.

189



IP: DR5
SC siC8

Figure 5.13: RNAi-mediated silencing of caspase-8 increases FLIPS 
ubiquitination at the DR5 DISC

1x106 HCT116 cells were transfected with 20nM siRNA targeted against 
procaspase-8 or scrambled control (SC) for a total of 48h. The following 
day, 500ng wild type FLAG-FLIPs plasmid was transfected. After a further 
24h, 30^L of AMG655-conjugated Dynabeads were added to cells and 
returned to the incubator for 30 minutes, after which they were washed in 
PBS, lysed for 15 minutes in DISC IP buffer supplemented with protease 
inhibitors, washed 5 times in the same buffer before being eluted in 2x 
sample buffer with p-mercaptoethanol.

Eluted proteins were analysed by Western blotting for the indicated 
proteins.



5.11 FLIP down-regulation increases procaspase-8 ubiquitination at the 

DISC

As down-regulating procaspase-8 increases FLIPs ubiquitination at the DISC 

(Figure 5.13), it was assessed whether down-regulating FLIP increased 

caspase-8 ubiquitination. FLIPs, FLIPl and total FLIP (FLIPt) were silenced in 

FICT116 cells overnight. The following day, the DISC IP assay was 

performed. SDS-PAGE resolved proteins were immunoblotted for FLIP to 

determine efficiency of FLIP knockdown (Figure 5.14). FLIPs and FLIPl were 

depleted appropriately. Interestingly, in samples where FLIPl or both FLIP 

splice forms had been silenced, an increase in covalently modified 

procaspase-8 was observed, most likely caused by ubiquitination. 

Examination of levels of FADD and DR5 indicted that the DISC IP was 

successful and that levels of DISC were comparable between samples.
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Figure 5.14: RNAi-mediated silencing of FLIPl or FLIPt increases 
caspase-8 ubiquitination at the DR5 DISC

1x106 HCT116 cells were transfected with 20nM siRNA targeted against 
FLIPl, FLIPs, total FLIP (FLIPt) or scrambled control (SC) for 24h, after 
which 30pL of AMG655-conjugated Dynabeads were added to the 
medium and returned to the incubator for 30 minutes. Cells were washed 
in PBS, lysed in 1mL DISC IP buffer, washed 5 times and eluted in 2x 
sample buffer with (3-mercaptoethanol.

Eluted proteins were analysed by Western blotting for the indicated 
proteins.



Post-translational modifications of FLIP

5.12 FLIPs's ubiquitination at the DISC occurs on lysines 192 and 195

To assess whether the laddering of FLIP observed in DISC assays is due to 

ubiquitination, a DISC IP assay was performed in HCT116 cells transfected 

with FLAG-FLIPs wild-type, K192R/K195R or S193D. Western blotting with 

an anti-FLAG antibody revealed equal expression of wild-type, 

K192R/K195R and S193D FLIPs in the supernatant samples. Longer 

exposures of isolated DISCs revealed laddering above the wild-type protein, 

which was decreased in the K192R/K195R and S193D samples (Figure 5.15). 

This reduction in laddering from these two mutants support the idea that 

FLIPs is ubiquitinated at the DISC at lysines 192 and 195, and that this 

ubiquitination can be regulated by the phosphorylation of serine 193.
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Figure 5.15: FLIPs is ubiquitinated at K192,195R at the DR5 DISC

2x106 HCT116 cells were transfected with 500ng of plasmid encoding 
either wild-type FLIPs, K192,195R FLIPs or S193D FLIPs.

The following day 30/jL AMG655-conjugated Dynabeads were added and 
a DISC IP performed.

Eluted proteins were analysed by immunoblotting for FLAG (for WT FLIPs, 
K192,195R FLIPs and S193D FLIPs), caspase-8, FADD and DR5.



Post-translational modifications of FLIP

5.13 FLIP ubiquitination at the DISC induced by procaspase-8 depletion 

occurs on lysines 192 and 195

Increased FLIPs ubiquitination at the DISC was observed following 

procaspase-8 depletion (see 5.10). To determine whether lysines 192 and 195 

and serine 193 are involved in this ubiquitination, a DISC IP assay was 

performed in HCT116 cells in which procaspase-8 was silenced and 

exogenous FLAG-tagged FLIP plasmids encoding FLIPs wild-type, 

K192R/K195R, S193D or wild-type FLIPl had been transfected (Figure 5.16).

As before, silencing of caspase-8 increased the higher molecular weight 

banding above wild-type FLIPs and also above wild-type FLIPl. In 

procaspase-8 silenced cells transfected with FLAG-FLIPs K192R/K195R or 

S193D this laddering was not apparent, implicating these residues in FLIPs 

ubiquitination at the DISC following procaspase-8 down-regulation.

Of note, despite comparable transfection in the supernatant fraction, the 

S193D mutant did not appear to be as efficiently recruited to the DISC in 

scrambled control-transfected cells, suggesting a possible role for 

phosphorylation at this site in regulating FLIP'S recruitment to the DISC. 

However, more S193D FLIPs was observed in procaspase-8-depleted cells.

Immunoblotting confirmed knockdown of procaspase-8 in both the 

supernatant and at the DISC. FADD recruitment to the DISC was equal and
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DR5 was comparable between samples indicating equal DISC stimulation 

and isolation between samples.

193



sc
Supernatan!

siCaspase-8

FLAG-FUPs ^ FLAG-FLIPs |

E
lOO)
r. Q
cvj S2

Q.
-Iu-

OC 9:
S u!

w 9 . ^§9S ® < t ® ® ^
5 5j u- ^ 5 w u-

0R5

SC
IP: DR5

siCaspase-8

FLAG-FLIPs % FLAG-FLIPs
a: a. ccm _j
05 LL (J>Q ri. O
c\j n O cm co

(- 05 05 < t- 05 2

s 5 w u. 5 5 Jo
a
<

Precursor DR5 
Mature DR5

'same exposure

Figure 5.16: FLIPs is ubiquitinated at K192,195R at the DR5 DISC 
when caspase-8 is depleted

1x106 HCT116 cells were transfected with siRNA targeted against 
caspase-8 or scrambled control (SC) for a total of 48h as indicated. 24h 
after siRNA transfection, cells were transfected with 500ng FLAG-tagged 
constructs for wild-type FLIPs, K192,195R FLIPs, S193D FLIPs or wild- 
type FLIPl.

After a total of 48h, 30pL AMG655-conjugated Dynabeads were added to 
cells and returned to the incubator for 30 minutes. Cells were washed in 
pre-warmed PBS, lysed in 1mL DISC IP buffer with protease inhibitor, 
beads washed five times in lysis buffer and eluted in sample buffer.

Isolated DISCs and all unbound protein (supernatant) were run on a SDS- 
PAGE gel and immunoblotted for FLAG, caspase-8. FADD and DR5.
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5.14 Ubiquitination of FLIP is not required for its anti-apoptotic effects

Given FLIP'S main role as an inhibitor of caspase-8 activation at the DISC 

and thus apoptosis, the effect of FLIP ubiquitination on apoptosis induction 

was examined.

Transient transfection of cells can result in few cells transfected with high 

numbers of plasmid DNA, making this an unsuitable method to assess the 

effects of overexpression of a protein on a population of cells. To overcome 

this, stable cell lines were generated from cells retrovirally infected with a 

construct encoding either FLIPs, FLIPl or empty vector and selected with an 

antibiotic to ensure all surviving cells expressed the exogenous protein.

FLIPs and FLIPl coding regions were cloned into the pBABE-puro vector (see 

8.10.1) using the Apal and Sail restriction enzymes. Site-directed 

mutagenesis was performed with primers to mutate lysines 192 and 195 to 

arginine and serine 193 to aspartic acid. These plasmids were co-transfected 

with a plasmid for VSVG into PhoenixGP cells, a variant of 293T cells pre

transfected with plasmids encoding gag and pol. FLIPs wild-type and 

mutants were packaged into viral particles, which were released into the 

medium. This virus-containing medium was filtered to remove any host cells 

and added to HCT116 cells (target cells) in media containing Polybrene 

(Sigma). Cells were left overnight in the incubator and media was changed 

the next day. The following day retrovirus-transfected cells were selected in
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Ifig/mL puromycin for 4 days, or until all cells on an uninfected control 

plate had died. Stable cell lines were screened for overexpression of FLIP.

These stable cell lines were treated with 2.5ng/mL TRAIL overnight, a dose 

and time point known to induce apoptosis in the parental cell line. After 16h, 

cells were harvested and lysed in RIPA buffer, cleared by centrifugation and 

resolved by SDS-PAGE. PARP cleavage, an indicator of apoptosis, was 

apparent in the empty vector control cells upon exposure to TRAIL (Figure 

5.17). However, as expected this was significantly reduced in wild-type FLIPs 

overexpressing cells. Cells overexpressing FLIPs with the K192R/K195R 

double mutation or S193D single mutation showed a similar degree of 

inhibition of PARP cleavage as the wild-type cells, and this was mirrored by 

immunoblotting for caspase-3: procaspase-3 was cleaved into its 17kDa and 

12kDa subunits in empty vector cells treated with TRAIL, but this was 

significantly abrogated in wild-type, K192R/K195R and S193D FLIPs 

overexpressing cells. Similarly, caspase-8 was cleaved into its p41/p43 

processed forms in empty vector cells treated with TRAIL, but not FLIPs 

wild-type, K192R/K195R or S193D overexpressing cells.

Together, this indicates that the ubiquitination or phosphorylation of FLIP at 

these residues is not required for FLIP'S anti-apoptotic effects at the TRAIL 

DISCs as both mutants behave in a similar manner to wild-type protein. 

Furthermore, it confirms findings from the DISC IP assays (section 5.12) in
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which these mutants were recruited to the DISC and block the processing 

and activation of procaspase-8.
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Figure 5.17: Mutation of FLIP ubiquitination and phosphorylation 
sites confers resistance to HCT116 cells to TRAIL

HCT116 cells retrovirally transfected to overexpress FLIPs wild-type or 
harbouring the mutations for K192,195R or S193D and empty vector 
control were seeded and left to adhere overnight. The following day cells 
were treated with 2.5ng/mL TRAIL for 16h before harvested, lysed in RIPA 
buffer and resolved by SDS-PAGE. Western blotting was performed with 
immunoblotting for PARP, caspase-8, caspase-3 and (3-actin.



5.15 Discussion

'FLIP

This chapter has shown that vorinostat-induced FLIP down-regulation is not 

due to indiscriminate protease activity of caspases. Furthermore, having 

already demonstrated that FIDACi-induced FLIP down-regulation was not a 

result of alterations in mRNA, it was demonstrated that FLIP degradation in 

response to vorinostat occurred via the proteasome. This implied that FLIP 

should be polyubiquitinated in response to vorinostat, and indeed this 

hypothesis proved correct. Few studies have directly shown FLIP 

ubiquitination in response to HDACi; work from our group has previously 

shown that vorinostat treatment induces an accumulation of acetylation on 

Ku70, which releases FLIP from a complex that stabilises FLIP, resulting in 

FLIP ubiquitination and proteasomal degradation583.

FLIP forms part of a number of complexes, often in association with the 

adaptor molecule FADD and procaspase-8. However, in Jurkat cell lines that 

are deficient in FADD or procaspase-8, stability of FLIP remained the same. 

This hints that FLIP is not turned over at a different rate if it is unable to form 

these complexes. However, that is not to say that FLIP is not ubiquitinated in 

these complexes; isolation of the DR5 DISC showed that FLIP is modified in 

these complexes, as evidenced by the appearance of higher molecular weight 

entities which are specifically detected by antibodies against FLIP (or tags of 

overexpressed FLIP).
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The increase in (pro)caspase-S ubiquitination at the DISC in cells that have 

reduced FLIP is particularly interesting as a number of recent papers have 

tried to elucidate the role of caspase-8 ubiquitination in apoptosis. Jin et al. 

reported that caspase-8 is polyubiquitinated upon TRAIL treatment and that 

ubiquitinated caspase-8 was primarily found in membrane lipid rafts640. In 

their study, detection of ubiquitinated caspase-8 peaked after 10 minutes 

stimulation with TRAIL, after which DED fragments accumulated. Crucially, 

the authors found that TRAIL-induced caspase-8 ubiquitination was not 

detectable in TRAIL-resistant cells. Using RNA interference to down-regulate 

Bid in their cell line models, they observed no differences in caspase-8 

ubiquitination and therefore concluded that the modification occurs 

upstream of the mitochondria and Bid. Here we show that down-regulation 

of FLIP increases (pro)caspase-S ubiquitination at the DISC, and so we 

propose that the DISC-mediated caspase-8 ubiquitination observed by Jin et 

al. could be dependent on FLIP.

Subsequent work from Avi Ashkenazi's lab further elucidated the role of 

caspase-8 ubiquitination in DISC-dependent apoptosis641. Treatment with 

proteasome inhibitors such as bortezomib or MG132 increased apoptosis by 

blocking the proteasomal degradation of active caspase-8 without altering 

levels of any other DISC protein or death receptor surface expression. 

Furthermore, bortezomib treatment stabilised Lys48-ubiquitin chains and not 

Lys63, decreasing the rate of caspase-8 degradation and increasing levels of 

extrinsic apoptosis. Lys48 ubiquitin chains were specifically conjugated to
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the p43 and p!8 fragments of caspase-8 following engagement of the death 

receptors, and these Lys48 ubiquitin chains were conjugated by the E3 ligase 

TRAF2, which associates with the DISC in a caspase-8-dependent manner, 

whereas Lys63 chains were conjugated by the cullin E3 ligase Cul3.

Previously reported sites of ubiquitination255 and phosphorylation642 in 

leukaemia cell lines were confirmed in HCT116 epithelial cell line models. 

Furthermore, the higher molecular weight smearing of FLIP identified at the 

DISC, which was enhanced in cells depleted of procaspase-8, was 

dramatically reduced when ubiquitin-accepting lysines were mutated to 

arginines, or serine 193 mutated to aspartic acid to mimic constitutive 

phosphorylation. Interestingly, mutants of FLIPs which lacked the lysine 

residues critical for its ubiquitination did not interfere with ability to block 

apoptosis.

An outstanding question to be addressed from this chapter is which type of 

ubiquitin chain linkages are conjugated to FLIP. As discussed in section 

1.4.1.5, the type of ubiquitin chain can bestow very different cellular 

outcomes for the substrate. Presumably given the effects on protein turnover, 

at least some of these ubiquitin chains are linked through Lys48. However, it 

is also possible that other chain linkages are present on FLIP and this should 

be investigated further.
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Chapter 6: Identification of novel regulators of FLIP'S 

ubiquitination and degradation



6.1 Introduction

hie 'FLIP'S ubiquiti nation

Ubiquitination of a substrate occurs through an enzymatic cascade involving 

activating (El), conjugating (E2) and ligating (E3) enzymes. In humans, only 

one El enzyme is known although 32 E2 enzymes and more than 600 E3 

have been identified. As a result, substrate specificity occurs at the level of E2 

and E3 enzymes.

To date, only a handful of studies have identified potential E3 ligases for 

FLIP. Perhaps the most well-known of these is a study from Michael Karin's 

group, who found that ITCH is a regulator of FLIP'S stability. Jun kinase 

(JNK), a member of the MAP kinase family, has been shown to regulate 

TNFa in an opposite manner to NF-kB. Receptor stimulation by TNFa 

activates NF-kB transcription, up regulating pro-survival genes. Conversely, 

activation of JNK potentiates TNFa-induced cell kill, although the exact 

mechanism remained elusive. Chang et al. found that JNK activity stimulates 

proteasomal degradation of FLIPl (but interestingly not FLIPs) during TNFa- 

induced cell death and that the E3 ligase responsible is ITCH, a member of 

the HECT domain family of E3 ligases272.

Two papers by Parmer et al. describe a PTEN-link to ITCH-dependent FLIPs 

down-regulation, where in conditions of PTEN loss and inactivation of ITCH, 

FLIP was not ubiquitinated and accumulated in cells, ultimately leading to 

resistance to TRAIL630'632. The authors also reported that the deubiquitinating
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enzyme USP8 is up-regulated in PTEN wild-type cells and that USP8 can 

directly interact with ITCH, which renders it able to conjugate ubiquitin 

chains to FLIPs. In ovarian cancer cells treated with cisplatin, FLIP was 

reported to interact with ITCH in a manner facilitated by p53 that was also 

Akt-dependent643.

Although a number of studies support the finding that ITCH is an E3 ligase 

for FLIP, other groups disagree. For example, Yerbes & Lopez-Rivas found 

vorinostat-mediated FLIP down-regulation was not dependent on the E3 

ligase activities of ITCH644. In cells depleted of ITCH and treated with 

vorinostat, FLIP down-regulation was still observed, strongly suggesting that 

ITCH has no role to play in HDACi-induced FLIP down-regulation.

Involvement of Akt in FLIP degradation is supported by work from Richard 

Pope's laboratory645. Through immunoprecipiation studies, they showed that 

FLIPl physically interacts with Akt-1 and that upon TNFa stimulation FLIPl 

is phosphorylated on Ser273 by Akt-1 in macrophage cells. Furthermore, the 

authors also found that neither pre-treatment with JNK inhibitors nor 

depletion of ITCH using siRNA had any effect on TNFa-induced FLIP 

degradation. Finally, Tenev et al. reported that cIAPl and XIAP can target 

FLIP for ubiquitination, and that this is dependent upon the activation of 

caspases134.
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Identification of regulators of FLIP'S ubiijuitination

The aims of this chapter are two-fold:

• Use an siRNA screen against all known deubiquitinating enzymes to 

identify potential, novel DUBs targeting FLIP;

• Optimise and utilise a medium-throughout esiRNA-based screen to 

discover potential new E3 ligases which may influence FLIP'S 

degradation.
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Identification of regulators of FLIP'S ubiquitination

6.2 A yeast-2-hybrid screen identifies a number of potential regulators 

of FLIP'S ubiquitination

A yeast-2-hybrid screen performed in our laboratory using FLIPl as the bait 

protein identified a number of ubiquitin-related targets (Table 6.1). TRAF2, 

an E3 ligase shown by numerous groups to conjugate Lysll and Lys63 

ubiquitin chains to RIPK1 as well as inducing the ubiquitination and 

degradation of TRAF3. TRAF2 interacts with TRADD and also forms 

complexes with cIAPl and cIAP2 to mediate NF-kB signalling. Additionally, 

TRAF2 interacts with FLIP where upon it can activate the NF-kB 

transcription259, and as mentioned in chapter 5, TRAF2 was recently shown 

to conjugate Lys43 chains to caspase-8 at the DISC641.

Other E3 ligases from the FLIPl yeast-2-hybrid screen are SIAH1646 and the 

SUMO E3 ligase PIASl647-648. The JAMM-family member457 and COP9 

signalosome member649-650 CSN5, a deubiquitinating enzyme, was also 

identified, and CAND1, which can deneddylate CUL1, was also a hit. The E2 

conjugating enzyme UBCFI8 and the proteasome subunit PSMA7, as well as 

ancient ubiquitous protein 1 (AUP1) which is thought to be involved in 

ubiquitin conjugation due to the presence of a ubiquitin conjugating domain 

were further ubiquitin-related proteins that interacted with FLIPl in this 

yeast-2-hybrid screen.

204



Protein Full name/Function

SIAH1 Seven in absentia homolog 1, Ubiquitin E3 ligase

CAND1 Cullin-associated and neddylation-dissociated 1 
(CAND1), inhibitory factor of SCF ubiquitin E3 
ligase

UBCH8 Ubiquitin conjugating enzyme

JAB1/CSN5 c-Jun activation domain-binding protein 1 (JAB1), 
inhibitory factor of SCF E3 ligase

PSMA7 Proteasome subunit, alpha-type

UBC9 SUMO conjugating enzyme

PIAS1 SUMO E3 ligase

AUP1 Ancient ubiquitous protein 1

TRAF2 TNF receptor-associated factor 2, E3 ligase

Table 6.1: Table of proteins related to the ubiquitin pathway captured 
with a FLIPl bait in a yeast-2-hybrid screen

A yeast-2-hybrid screen was previously performed in our laboratory using 
FLIPl as the bait protein and a cDNA library used as prey. This table 
presents identified proteins which interacted with FLIPl and are relevant to 
ubiquitin or ubiquitin-like conjugation pathways.



Identification of regulators of FLIP'S ubiquitimtion

6.3 Effect of silencing proteins potentially involved in FLIP turnover

Having identified a number of potential proteins which may be involved in 

FLIP turnover, we sought to determine the effects of down-regulating these 

proteins on the half-life of FLIP.

HCT116 cells were transfected with siRNA targeted against SIAH1, PIAS1, 

ITCH, cLAPl in combination with cIAP2 and HR23B (a chaperone protein 

implicated in regulating response to vorinostat651-652) for 48h. Subsequently, a 

cycloheximide chase assay was performed. Down-regulation of none of these 

potential FLIP E3 ubiquitin (SIAH1, ITCH, cIAPl/2) or SUMO (PIAS1) 

ligases nor HR23B enhanced the stability of FLIP, suggesting that none of 

these proteins regulate FLIP turnover, at least under constitutive conditions 

(Figure 6.1, A).

Vorinostat has been shown to down-regulate FLIP in multiple cell line 

models (see Chapter 4); to assess if HR23B, SIAH1, PIAS1, cIAPl or cIAP2 

are involved in vorinostat-induced FLIP down-regulation, A549 cells were 

transfected with siRNA against these targets. 48h post-transfection they were 

treated with 5gM vorinostat for 6h or 24h. Immunoblotting for FLIP revealed 

that in all transfections FLIP down-regulation still occurred, suggesting that 

none of these proteins regulated FLIP turnover in response to vorinostat 

Figure 6.1, B).
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Figure 6.1, A: No role for PIAS1, SIAH1, clAPI, clAP2, HR23B in FLIP 
degradation

(i) 1x106 HCT116 cells were seeded and allowed to adhere overnight. The 
following day cells were transfected with 20nM siRNA targeted against 
SIAH1, PIAS1, ITCH, clAPI in combination with clAP2, HR23B or 
scrambled control. 24h post-transfection cells were re-seeded into 6 P60 
tissue culture dishes and allowed to adhere overnight. 1)Ug/mL 
cycloheximide was added to culture medium and cells were collected in 
RIPA buffer after the indicated times.

Cell lysates were resolved by SDS-PAGE gel electrophoresis and 
immunblotted for FLIPl and p-actin.

(ii) Verification of each knockdown is shown for the Oh time-point.



A549

SC HR23B ITCH SIAH1

0 6 24 0 6 24 0 6 24 0 6 24 hr vorinostat

FLIPl

FLIPS 

(3-actin

SC PIAS1 clAPI CIAP2 CIAP1+2 

0 0 6 24 0 6 24 0 6 24 0 6 24 hr vorinostat

FLIPl

FLIP s 

3-actin

CMD.<

CIAP2

p-actin

m
CO
CM
cc

o ?
C/3 c/5

HR23B

p-actin

Figure 6.1, B: The effect of PIAS1, ITCH, clAPI, clAP2, HR23B and 
SIAH1 on vorinostat-induced FLIP down-regulation.

(i) 1x106 A549 cells were seeded and left to adhere overnight. The 
following day, cells were transfected with 20nM siRNA targeted against 
PIAS1, ITCH, clAPI, clAP2, HR23B, SIAH1 or scrambled control. After 
48h, cells were treated with 5^M vorinostat for 6h or 24h. Cell were 
harvested, lysed in RIPA buffer and resolved by SDS-PAGE. 
Immunoblotting for FLIP and p-actin was performed to assess the effect of 
these proteins on vorinostat-induced FLIP down-regulation.

(ii) Immunoblots showing efficient knockdown of protein.



Identification of regulators of FLIP'S ubicjuitination

6.4 Screen to identify deubiquitinating enzymes which regulate FLIP 

6.4.1 Development of the DUB screen

Figure 6.2 shows the screening cascade used for the deubiquitinating enzyme 

screen for FLIPl. An siRNA library was obtained from Dharmacon, which 

comprised a pool of four individual siRNAs targeted against all known 

deubiquitinating enzymes. HCT116 cells were seeded in 6-well plates at a 

density of 100,000 cells per well and left to adhere overnight. The following 

day each well was transfected with a different pool of siRNA, with each well 

representing knockdown of a different DUB. On each 6-well plate, 5 

individual DUBs were silenced and one well was transfected with a 

scrambled control siRNA. After 48h, cells were lysed in RIPA buffer 

supplemented with protease inhibitors using the standard method outlined 

in section 2.5.1.

Cell lysates were resolved by SDS-PAGE, with each gel comprising a 

scrambled control sample for comparison and five different DUB 

knockdown samples. Membranes were probed for FLIP using the NF6 

antibody and (3-actin to serve as a loading control.
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siRNA which reduces FLIP expression to <0.75 of control
considered a hit

Retransfect HCT116 with independent siRNA to confirm hits

Compare to non-targeted control

Assess FLIP expression by Western blot

Transfect HCT116 cells with 20nM ON-TARGETp/us 
SMARTpool siRNA targeting all known deubiquitinating

enzymes

Validate:
1) HA-Ub pulldown assay 2) Interaction studies

Figure 6.2: Screening cascade for siRNA screen to identify the 
deubiquitinating enzymes involved in regulating FLIP degradation 
and turnover



Identification of regulators of FLIP'S ubiquitination

6.4.2 Results of deubiquitinating enzyme siRNA screen

Figure 6.3 shows the individual immunoblots probed for FLIPl and (3-actin. 

Densitometry was performed to determine relative FLIPl expression 

compared to [3-actin, with the signal from the scrambled control lane set as 1 

on a gel-by-gel basis to allow for technical variations in Western blotting.

Graphical representation of the densitometry results is presented in Figure 

6.4. In figure 6.4A, the relative levels of FLIPl expression compared to 

scrambled control (set to 1) are depicted; values greater than 1 represent 

samples in which FLIPl expression is increased and values less than 1 

represent samples in which FLIPl expression is decreased relative to control. 

This histogram shows that a range of effects was observed, with knockdown 

of some DUBs decreasing FLIPl expression by up to 90% and some 

increasing FLIP expression by up to almost 4-fold. While those that increased 

FLIPl expression are interesting, for the purposes of this thesis, only those 

which decreased FLIP expression were explored further.

Any siRNA against a DUB that reduced FLIP expression by 25% or more 

were considered potential DUBs for FLIP. This is represented in Figure 6.4B, 

which shows all DUBs which when silenced reduced FLIP expression. The 

graph is annotated with the names of the DUBs, and these are presented in 

Table 6.2.
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Figure 6.3: Results of deubiquitinating enzyme-targeted siRNA 
screen on FLIPl expression (I)

20nM siRNA targeted against all known deubiquitinating enzymes were 
forward transfected into 1x105 HCT116 cells with OligofectAMINE for 48h, 
after which cell lysates were collected and analysed by Western blotting 
for FLIP and p-actin.
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Figure 6.3: Results of deubiquitinating enzyme-targeted siRNA 
screen on FLIPl expression (II)

20nM siRNA targeted against all known deubiquitinating enzymes were 
forward transfected into 1x105 HCT116 cells with OligofectAMINE for 48h, 
after which cell lysates were collected and analysed by Western blotting 
for FLIP and p-actin.
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Figure 6.4, A: Results of densitometry of DUB screen

Following Western blotting, densitometry for FLIP was performed relative 
to 3-actin. For each gel, the targets were set relative to the level of FLIP in 
scrambled control (SC)-transected sample, to allow for technical variations 
in Western blotting.

Values of <1 indicate the FLIP expression is reduced; values of >1 indicate 
that FLIP expression is elevated.
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DUB RNAi Screen 
FLIP Protein Expression <1

Figure 6.4, B\ Results of densitometry of DUB screen

Following Western blotting, densitometry for FLIP was performed relative 
to p-actin. For each gel, the targets were set relative to the level of FLIP in 
scrambled control (SC)-transected sample, to allow for technical variations 
in Western blotting.

This graph shows only those targets which reduced FLIP expression, i.e. 
potential DUBs regulating FLIP expression



ubiquitinatic

Name Relevant Known Functions
PRPF8 Pre-mRNA-processing-spIciing factor 8

Forms part of the spliceosome
Implicated in retinitis pigmentoas

USP38 Nothing known

USP39 Part of spliceosome complex653
Involved in mitotic spindle checkpoint integrity and 
aurora B mRNA levels654

USP51 Nothing known

USP43 Nothing known

USP8 Decreases FLIPS stability632

C130RF22 Nothing known

COPS5/CSN5 Integral part of the COP9 signalosome650
Targets p53 for degradation655,656
Cleaves NEDD8 from CUL1657
Part of the DNA damage response658

USP6 Potential oncogene659
Activates NF-kB in a USP-dependent manner660

USP20 Targets TRAF6661

USP33 Regulates centrosome biogenesis662
Stabilises HIFIa437

DUBS Promotes oncogenesis by sparing CDC25A from 
degradation663

Table 6.2: List of deubiquitinating enzymes from the DUB siRNA 
screen and published functions
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Identification of regulators of FLIP'S ubiquitination

6.5 Silencing of CSN5 reduces half-life of FLIPl

A number of potential candidates were taken forward to the validation 

stages from the DUB screen. These were the five DUBs which when silenced 

reduced FLIP expression most potently: PRPF8, USP39, USP39, USP51 and 

USP43. Additionally, CSN5 (also known as COPS5 or Jabl), a JAMM-domain 

containing DUB, was taken forward as it appeared on the yeast-2-hybrid 

screen for FLIPl and reduced FLIP expression when silenced to below the 

threshold set for a target.

We hypothesised that if a true FLIP DUB is silenced, the rate of FLIP 

degradation should increase due to a lack of de-ubiquitination. In light of 

this, cells were seeded and transfected with 20nM siRNA against PRPF8, 

USP38, USP39, USP43, USP51, CSN5 and TRAF2, an E3 ligase which was 

also identified in the yeast-2-hybrid and which has been reported to interact 

with FLIP259. The following day, cells were trypsinised and reseeded 

between five P60 tissue culture plates to ensure equal transfection efficiency 

and left to adhere over night. Cells were then exposed to Ipg/mL 

cycloheximide for Oh, 15 minutes, 30 minutes, 1 hour or 3 hours, after which 

times, cell lysates were collected, resolved by gel electrophoresis and 

Western blotted with antibodies for FLIP and P-actin (Figure 6.5, A). 

Densitometry was performed to gather information on the relative levels of 

FLIP compared to p-actin and these results were plotted (Figure 6.5, C).
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Identification of regulators of FLIP'S ubiquitination

Confirmation of siRNA target knockdown is displayed in Figure 6.17, B, 

though knockdown of USP51 showed an anomalous result.

There were no major changes in the half-lives of FLIPs or FLIPl following 

silencing of PRPF8, USP38, USP39, USP43 and USP51. Notably, silencing of 

these DUBs appeared to induce cell death as significant numbers of cells 

transfected with these siRNAs displayed morphological features associated 

with apoptosis, including loss of adherence (not shown); these effects could 

potentially explain why FLIP levels were reduced in the initial DUB screen, 

thus these DUBs were regarded as potential false positives.

Silencing of CSN5 was not toxic to cells. Figure 6.5D compares FLIPs and 

FLIPl half-lives in scrambled control-transfected cells compared to cells 

transfected with RNAi targeted against CSN5. No appreciable changes in 

half-life were observed for FLIPs between SC and siCSNS samples; however 

following RNAi-mediated CSN5 silencing, the half-life of FLIPl was reduced 

from 100 minutes to 42 minutes.
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Figure 6.5, A: CHX assay for DUB hits

1x106 HCT116 cells were transfected with 20nM siRNA targeted against 
PRPF8, USP38, USP39, USP43, TRAF2, CSN5 or scrambled control 
(SC) for a total of 48h. 24h after transfection, cells were split equally 
between 5 plates and left to adhere for 24h.

Cells were treated with 10^yg/mL cyclohexamide to inhibit new protein 
synthesis and protein lysates collected in RIPA buffer at the indicated 
times.

Protein lysates were subjected to SDS-PAGE gel electrophoresis and 
immunoblotted for FLIP and (3-actin.
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Figure 6.5, B: Knockdown of PRPF8, USP38, USP39, USP43, USP51, 
CSN5 and TRAF2

1x106 HCT116 cells were transfected with 20nM siRNA targeted against 
PRPF8, USP38, USP39, USP43, USP51, CSN5 or TRAF2. After 48h RNA 
was isolated and quantitative real time PCR performed using specific 
probes (for PRPF8, USP39, USP39, USP43, USP51 and CSN5), or 
protein lysates collected, resolved by gel electrophoresis and 
immunoblotted for TRAF2.
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Figure 6.5, C: Depletion of CSN5 in HCT116 cells reduces the half-life 
of FLIPl

Densitometry of FLIPs and FLIPl analysed relative to p-actin using the 
Imaged software package from immunoblots in part A.

Half-lives were calculated as the time at which only half of the protein 
remained from Oh using GraphPad Prism.
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Figure 6.5, D\ Depletion of CSN5 in HCT116 cells reduces the half-life 
of FLIPl

Densitometry of FLIPs and FLIPl analysed relative to p-actin using the 
Imaged software package.

Half-lives were calculated as the time at which only half of the protein 
remained from Oh using GraphPad Prism.



6.6 FLIP interacts with CSN5

if regulators of FLIP'S ubiquitination

To assess whether FLIP interacts with CSN5, an immunoprecipitation assay 

for FLIP was performed. ITCT116 cells were treated with lOpM of the 

proteasome inhibitor MG132 for Ih followed by either 5pM vorinostat or 

20ng/mL TRAIL. Cell lysates were immunoprecipitated using the anti-FLIP 

FI202 antibody as described in section 2.20.

Immunoprecipitated samples were resolved by gel electrophoresis and 

immunoblotted for CSN5 (Figure 6.6). Strikingly, interactions between FLIP 

and CSN5 were observed under conditions previously shown to ubiquitinate 

FLIP (namely treatment with vorinostat or TRAIL) but not in unstimulated 

samples or samples treated with MG132 alone.
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Figure 6.6: Interaction of CSN5 with FLIP increases upon treatment 
with MG132 and vorinostat or TRAIL

2x106 HCT116 cells stably overexpressing FLIPl were seeded and left to 
adhere for 48h, after which they were treated as indicated for 3h.

Cells were lysed in CHAPS buffer supplemented with protease inhibitors, 
centrifuged, precleared with 30pL Dynabeads for 1h at 4°C and Ipg 
cleared lysate incubated with 30pL Dynabeads conjugated to 1pg H202 
antibody or IgG control at 4°C for 16h.

Beads were washed five times in 1mL lysis buffer, eluted in sample 
loading buffer with (3-mercaptoethanol and analysed by Western blotting 
for the indicated proteins.



Identification of regulators of FLIP'S ubiquitination

6.7 Validation of an in vivo ubiquitination assay

The His-ubiquitin assay outline in section 5.4 has a number of drawbacks; it 

is difficult to do a large number of samples and proteins are difficult to 

quantify. For these reasons a different in vivo ubiquitin assay was sought.

Ubiquitin conjugated to a haemagglutinin (HA) at its N-terminus is a widely 

used exogenous ubiquitin protein in the literature. This ubiquitin assay 

employs magnetic Dynabeads that can be conjugated to antibodies for 

immunoprecipitation. HCT116 cells that stably overexpress untagged FLIPs 

or FLIPr were transfected with 4pg of HA-Ubiquitin construct for 24h. After 

this, cells were treated with the proteasome inhibitor MG132 before they 

were harvested and lysed in RIPA buffer (to dissociate all weak protein- 

protein interactions).

Cell lysates were cleared and immunoprecipitated using the anti-FLIP H202 

antibody as described in section 2.20. Immunoprecipitated proteins were 

resolved by SDS-PAGE and the immunoblots are presented in Figure 6.8. 

The membrane showing the inputs probed with an anti-HA antibody clearly 

demonstrates that only those samples transfected with HA-Ub exhibit the 

characteristic "smearing" that is indicative of ubiquitination. The upper 

membrane showing the results of the immunoprecipitation demonstrates 

that in samples transfected with HA-Ub and treated with MG132, laddering
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's of FLIP'S ubiquitination

indicative of ubiquitin chains is evident. This indicates that this assay is 

suitable for specifically detecting ubiquitin-modified FLIP.
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Figure 6.8: Ubiquitin assay to determine FLIP ubiquitination

HCT116 cells stably over-expressing FLIPs or FLIPl were transfected with 
4pg HA-Ub as indicated, and treated with 10/vM as indicated the following 
day for 3h. Cells were lysed in RIPA buffer, pre-cleared with Dynabeads 
for 1h and immunoprecipiated with Ipg FLIP (H202) antibody for 6h., after 
which they were washed six times in RIPA buffer, eluted in 2x sample 
buffer and Western blotted with anti-HA antibody.



Identification of regulators of FLIP'S ubiquiti nation

6.8 RNAi-mediated silencing of CSN5 decreases FLIP ubiquitination

The HA-ubiquitin assay was used to assess the impact of down-regulating 

CSN5 on FLIP's ubiquitination. HCT116 cells overexpressing FLIPl were 

transfected with 20nM siRNA targeted against CSN5 or a control siRNA. The 

following day, 4gg of a plasmid encoding HA-Ubiquitin was transfected for 

24h. After a further 24h, cells were pre-treated with MG132, harvested and 

lysed in RIPA buffer and subjected to FLIP immunoprecipitation as 

described in section 2.20.

Surprisingly, knockdown of CSN5 completely abolished ubiquitination of 

FLIP (Figure 6.9). FLIP immunoblotting of the pulldown shows equal 

precipitation of FLIPl, and the inputs show equal transfection of FIA-Ub and 

sufficient knockdown of CSN5.

This result indicates that CSN5 can directly influence FLIP ubiquitination, 

however, it had been anticipated that depleting cells of CSN5 would enhance 

rather than decrease FLIP ubiquitination. Potential explanations for this 

observation are discussed later.
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Figure 6.9: Depletion of CSN5 in HCT116 cells changes the 
ubiquitination of FLIP in response to MG132

1x106 HCT116 cells stably overexpressing FLIPl were transfected with 
20nM siRNA targeted against CSN5, CYLD, A20 or scrambled control 
(SC) for a total of 48 hours. 24 hours post-siRNA transfection, cells were 
transfected with 4/Lyg HA-Ub and returned to the incubator for 24h, after 
which they were treated with 10^M MG-132 for 3h.

Cells were lysed in RIPA supplemented with protease inhibitors, 
centrifuged, precleared with 3(tyvL Dynabeads for 1h at 4°C and 1^/g 
cleared lysate incubated with 30pL Dynabeads conjugated to 1^vg H202 
antibody at 4°C for 16h. Beads were washed six times in 1mL lysis buffer, 
eluted in sample loading buffer with (3-mercaptoethanol and analysed by 
Western blotting for the indicated proteins.



6.9 Loss of CSN5 sensitises HCT116 cells to TRAIL treatment

As CSN5 directly interacts with FLIP and influences its stability and 

ubiquitination status, the effects of CSN5 on TRAIL-induced apoptosis was 

investigated. HCT116 cells were transfected with 20nM siRNA against CSN5 

or a control siRNA for 48h, and subsequently treated with escalating doses of 

human recombinant TRAIL (1, 2.5 or 5ng/mL). Cells were harvested, lysed 

in RIPA buffer and subjected to gel electrophoresis.

Western blotting revealed an increase in TRAIL-induced PARP cleavage, 

indicative of apoptosis, in CSN5-depleted cells compared to cells transfected 

with the control siRNA (Figure 6.10). This provides further evidence that 

CSN5 is a bona fide regulator of FLIP and by extension, the extrinsic apoptotic 

pathway.
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Figure 6.10: Depletion of CSN5 increases PARR cleavage and 
caspase-3 activation upon treatment with TRAIL

HCT116 cells transfected with siRNA targeted against CSN5 or scrambled 
control (SC) for 48h, after which they were treated with 1, 2.5 or 5ng/mL 
human recombinant TRAIL for 16h. Cells were harvested, lysed in RIPA 
buffer supplemented with protease inhibitors and resolved by gel 
electrophoresis.

Membranes were immunoblotted for PARR, CSN5 to confirm knockdown 
and (B-actin.
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6.10 Development of a medium-throughput screen to identify novel 

regulators of FLIP'S ubiquitination and degradation

There are only -100 deubiquitinating enzymes identified in humans 

compared to >600 E3 ligases. Consequently, to identify potential E2 

conjugating enzymes or E3 ligases involved in regulating FLIP's stability, a 

more high-throughput screen than the one used to identify CSN5 had to be 

designed.

To this end, a luciferase-based system was designed. A plasmid encoding a 

luciferase-FLIPs fusion protein was designed, constructed and transfected 

into HCT116 cells. From this, colonies were selected, screened and grown up 

as stable cell lines that express a luciferase-FLIPs fusion protein, herein 

known as Luc2-FLIPS.

The stable cell line was reverse transfected with esiRNAs targeted against 

ubiquitin family members, and 48h post-transfection, cells were lysed in 

passive lysis buffer and luciferase activity determined. The data was 

analysed against appropriate controls and Z scores applied to determine 

increases or decreases in FLIP expression compared to the average.

If ubiquitin family members involved in FLIP's stability are silenced then one 

would expect the signal from FLIP-Luciferase to increase, as components of
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FLIP degradation are lacking. Flits were determined as those which 

increased FLIP expression by Z score of >2.

The workflow for the screen is outline in Figure 6.11.
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Measure protein expression as luciferase activity and apply Z
scores

esiRNA screen of members of the ubiquitin pathway
1° Screen

Generate fusion protein constructs and stable cell lines

3 independent siRNA against “hits” and do HA-Ub pulldown
assay

2° Screen

Figure 6.11: Screening cascade for luciferase-based esiRNA screen 
against members of the ubiquitin family to identify novel regulators 
of FLIP expression
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6.10.1 Generation of Luc2-FLIPs plasmid

A plasmid containing coding regions for Luc2 (a genetically modified firefly 

luciferase gene) at the N-terminus and FLIPs at the C-terminus in a 

pcDNAS.l backbone had previously been generated in our lab. However the 

Luc2 coding region had a STOP codon (TAA) at the end of its open reading 

frame (ORF), so translation of the Luc2-FLIPs fusion transcript terminates at 

this point and does not continue into the FLIPs coding region. Additionally, 

the linker region between Luc2 and FLIPs in this construct is 62 base pairs in 

length and so the Luc2 and FLIPs ORFs are not in frame.

To generate a plasmid which would encode a Luc2-FLIPs fusion protein, a 

single base was inserted into the STOP codon of the Luc2 coding region 

(GTGTAA to GTGATAA) (Figure 6.12). This abolished the STOP codon by 

mutating it to an isoleucine codon and made the linker region 63 base pairs, 

ensuring that the FLIPs coding region would be translated in frame.
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Figure 6.12: Generation of Luc2-FLIPs construct

Site-directed mutagenesis was performed on a construct containing the 
genetically modified luciferase gene Luc2 ending with a STOP codon, 
followed by a 62bp linker region and a FLIPs coding region.

To generate a construct which would encode a Luc2-FLIPs fusion protein, 
the a single base was inserted before the STOP codon in Luc2 to (i) 
abolish the STOP codon by moving it out of frame and (ii) add a base to 
the linker region so the FLIPs coding region is in frame.



6.10.2 Expression of Lnc2-FLIPs protein

regulators of FLIP'S ubiquitination

To determine if the plasmid generated encoded a protein in cells, HCT116 

cells were transfected with increased amounts of plasmid from 25ng to 

lOOOng. Cells were returned to the incubator for 24h before being lysed and 

cell lysates resolved by SDS-PAGE.

The membrane was immunoblotted with an antibody from a mouse 

inoculated with a peptide taken from the N-terminus of FLIP, thus detecting 

all splice forms of FLIP (clone NF6). We postulated that if the Luc2-FLIPs 

fusion protein is expressed correctly this antibody should detect it. As the 

Luc2 protein is ~61kDa and FLIPs is 25kDa, the fusion protein should be 

~86kDa.

Immunoblotting with NF6 revealed a dose-dependent increase in band 

reactivity from a protein of ~86kDa corresponding to the predicted size of 

the Luc2-FLIPs fusion protein (Figure 6.13).
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Figure 6.13: Expression of Luc2-FLIPs protein

1x106 HCT116 cells were seeded and transfected with the indicated 
amounts of a plasmid encoding the Luc2-FLIPs fusion protein with 
GeneJuice transfection reagent.

Cell lysates were collected in RIPA buffer, resolved by SDS-PAGE gel 
electrophoresis and immunoblotted for FLIP (clone NF6) and (3-actin.
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6.10.3 Luc2-FLIPs has a similar half-life to wild-type FLIPs

Exogenous or tagged proteins can sometimes have different half-lives to 

their endogenous counterparts. As the aim of this study was to determine 

changes in the rates of FLIP turnover following silencing of E3 ligases, we 

needed to ensure that the Luc2-FLIPs fusion protein has a similar half-life to 

endogenous FLIPs.

To resolve if this was the case Ipg of plasmid encoding for Luc2-FLIPs was 

transfected into IxlO6 HCT116 cells for 24h. Cells were treated with 

cycloheximide for 90 minutes, 3 hours, 6 hours or 10 hours, after which they 

were lysed in RIPA buffer and resolved on a SDS-PAGE gel. Membranes 

were immunoblotted for FLIP and (3-actin and densitometry was performed 

to determine the relative levels of Luc2-FLIPs protein expression (Figure 6.14). 

This analysis revealed that Luc2-FLIPs has a half-life of ~3 hours which 

similar to the half-life of endogenous FLIPs, which is ~90 minutes in HCT116 

cells.
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Figure 6.14: The calculated half-life of Luc2-FLIPs is similar to 
endogenous FLIP

1x106 HCT116 cells were seeded and transfected with 1^yg of plasmid 
encoding the Luc2-FLIPs fusion protein.

Cell lysates were collected in RIPA buffer, resolved by SDS-PAGE gel 
electrophoresis and immunoblotted for FLIP (clone NF6) and p-actin.

Densitometry was performed to assess the relative expression of Luc2- 
FLIPs compared to the p-actin loading control with the Imaged software 
package: this is expressed in the line graph.
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6.10.4 Generation of Luc2-FLIPs stable cell lines

Efficiency of transient transfections can vary depending on a number of 

factors. To avoid confounding technical factors in the screen, a cell line that 

stably overexpresses the Luc2-FLIPs fusion protein was generated.

HCT116 cells were transfected with Ipg of Luc2-FLIPs plasmid or the 

original plasmid (termed Luc2-STOP) and returned to the incubator for a 

further 24h. Cells were trypsinised and split equally across 6 fresh plates and 

left to adhere overnight. Cells were then selected with 800pg/ mL G418 for 

two weeks until visible colonies appeared and no cells remained on an 

untransfected control plates.

Individual colonies were picked and seeded into 24 well plates and allowed 

to adhere. They were trypsinised and reseeded to allow even growth across 

the cell culture dish. When confluent, cells were seeded into T25 culture 

flasks, and 4000 cells were also seeded in triplicate onto 96 well. The 

following day these cells were washed in PBS, lysed in passive lysis buffer 

and luciferase activity assayed on a luminometer.

Figure 6.15 shows the result of this screening. A number of colonies that had 

been picked did not express any luciferase activity. However, some colonies 

did exhibit luciferase expression (FLIP/2, FLIP/7, FLIP/9, FLIP/19 and a
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mix of colonies FLIP/Mix). None of the Luc2-STOP colonies expressed any 

luciferase activity.
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Figure 6.15: Screening of Luc2-FLIPs stable cell lines

1x106 HCT116 cells were seeded and transfected with 1/vg plasmid 
encoding the Luc2-FLIPs fusion protein or the original plasmid which only 
encodes the Luc2 protein (Luc-STOP). 24h post-transfection cells were 
selected in 80(tyvg/mL G418 and returned to the incubator until visible 
colonies formed.

Colonies were picked, transferred to 24 well plates and allowed to adhere. 
The following day cells were trypsinised and allowed to grow to 
confluency, after which they were transferred into T25 flasks or seeded in 
triplicate into 96 well plates at a density of 400 cells/well.

Luciferase assays were performed to determine the presence or absence 
of the Luc2-FLIPs or Luc-STOP proteins.
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6.10.5 Determination of half-lives of Luc2-FLIPs in stable cell lines

Having already established that transiently expressed Luc2-FLIPs has a 

similar half-life to wild-type endogenous FLIPs, a similar experiment was 

performed in the stable cell lines that harboured luciferase expression.

Figure 6.16 shows the result of this experiment, in which IxlO5 cells from the 

stable cell lines which were positive for luciferase activity (FLIP/2, FLIP/7 

and FLIP/19) were seeded in 6-well plates and left to adhere. They were 

exposed to Ipg/mL cycloheximide to inhibit protein synthesis and collected 

at the indicated time points in passive lysis buffer. Resultant cell lysates were 

transferred to 96-well plates and luciferase activity assay on a luminometer.

Luciferase activity was never fully suppressed in any of the stable cell lines 

over the timecourse examined, however the activity was suppressed by 

~40% after ~90 minutes exposure to cycloheximide for the FLIP/7 cell line, 3 

hours for the FLIP/2 cell line and 4 hours for the FLIP/19 cell line.

From this data, the FLIP/7 cell line was selected to bring forward to further 

validation as the rate of decrease of luciferase activity from the Luc2-FLIPs 

fusion protein in this cell line was most similar to the half-life of endogenous 

FLIPs (~90 minutes).
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Figure 6.16: Half-life of Luc2-FLIPs in stable overexpressing cell lines

500,000 cells of each stable cell line were seeded in 6-well plates and left 
to adhere overnight. The following day, cells were treated with 10g/mL 
cycloheximide for 45 mins, 90 mins, 3 hours, 6 hours or 9 hours. Cells 
were lysed for 20 mins in passive lysis buffer and transferred to white- 
walled 96-well plates.

Luciferase activity was assessed as described in Chapter 2 and 
expressed as a fraction of control (time 0 mins).



6.10.6 Luc2-FLIPs protein appears to fold correctly

Luc2-FLIPS is a fusion protein comprising a 61kDa luciferase protein and 

25kDa FLIPs with a small linker region between the two. One problem with 

this type of exogenous fusion protein is that it may exist in a misfolded state 

following translation which can cause it to become ubiquitinated and/or 

aggregated.

H202 is a clone of FLIP antibody raised against an epitope of amino acids 1- 

202 and recognises FLIP in its properly folded state; it will not recognise 

denatured FLIP, for example on a Western blot. Immunoprecipitation of the 

Luc2-FLIPs fusion protein from the FLIP/7 stable overexpressing cell line 

was performed with this antibody (Figure 6.17). Resolving eluted 

immunopreciptated proteins by SDS-PAGE and immunoblotting for FLIP 

revealed a band of the correct size in both the inputs and 

immunoprecipitated samples. Together with the half-life data, this strongly 

implies that Luc2-FLIPs is correctly folded and resembles FLIPs, making it a 

suitable model in which to perform the ubiquitin family esiRNA screen.
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Figure 6.17: Recognition of Luc2-FLIPs protein by FLIP 
immunoprecipitation

To confirm that the Luc2-FLIPs fusion protein resembles FLIPs in cells, 
2x106 Luc/7, a HCT116 cell line stably overexpressing Luc2-FLIPs, were 
seeded and left to adhere for 48h.

Cells were lysed in CHAPS buffer, supplemented with protease inhibitors, 
centrifuged, precleared in 30^yL Dynabeads for 1h at 4°C and 1//g protein 
lysate incubated with 30^/L Dynabeads conjugated to l/vg H202 antibody, 
which recognises non-denatured FLIP, for 16h at 4°C. Beads were 
washed 5 times in lysis buffer, eluted in sample buffer with (3- 
mercaptoethanol and subjected to gel electrophoresis. Membrane was 
immunoblotted for FLIP.

Bands of 26kDa (FLIPs), 55kDa (FLIPl) and 94kDa (Luc2-FLIPs) were 
detected, indicating that Luc2-FLIPs is folded appropriately in cells.
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6.10.7 Rationale for selection of endoribonuclease-prepared siRNA vs. 

traditional siRNA

siRNA screening approaches have traditionally required pools of ~4 

individual double stranded RNAs (dsRNA) to ensure knockdown, as it is not 

feasible to optimise individual siRNA. Recently a new method of creating 

pools of siRNA has been developed664. By generating long dsRNAs which 

are digested by recombinant E. coli RNase III or DICER665, pools of short 

siRNAs can be easily and cost-effectively generated. These short siRNA 

sequences are usually <30 base pairs in length.

For these reasons, esiRNA was selected as the as the silencing method of 

choice for this high-throughput gene silencing screen.
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6.10.8 Optimisation of esiRNA reverse transfection

To facilitate transfection of a large number of different pools of esiRNA, 

esiRNA were prepared in 96-well plates into which transfection reagent, 

serum-free media and cells were added, a process called reverse transfection. 

To ensure adequate target knockdown the esiRNA concentration and 

transfection conditions were optimised.

A pre-prepared mixture of RNAiMAX transfection reagent and OptiMEM 

(6uL:20uL) was added to wells of a 96-well plate into which had previously 

been added 20ng esiRNA. The esiRNA/transfection reagent mixture was 

allowed to complex before the addition of 6000 Luc/7 cells, the previously 

characterised HCT116 Luc2-FLIPs overexpressing cell line.

Different reaction conditions were examined, including untransfected cells, a 

mock transfection of only transfection reagent and OptiMEM, a non-targeted 

control esiRNA targeted against eGFP, an esiRNA against polo-like kinase 1 

(PLK1, which when knocked down suppresses cell growth and induces 

apoptosis), and esiRNAs targeting FLIP and Luc2.

The mock transfection and eGFP transfection were quite toxic, reducing 

luciferase levels by approximately one-third, indicating that this transfection 

protocol has a moderate effect on cell growth (Figure 6.18). Transfection of 

esiRNA targeted against PLK1 decreased cell viability and thus luciferase
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activity by -70%. Encouragingly, esiRNA targeted against FLIP and the Luc2 

gene also decreased expression of luciferase protein by -70%, suggesting that 

a maximum knockdown achievable with this protocol is -70%, which was 

deemed suitable for use in the ubiquitin family screen.
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Figure 6.18: Optimisation of esiRNA

FLIP/7 cells, a HCT116 stably overexpressing Luc2-FLIPs, were seeded 
at 6000 cells/well and reverse transfected with RNAIMAX plus 20ng 
esiRNA targeting eGFP (as a non-targeting control), PLK1 (which when 
silenced is toxic to cells), FLIP and Luc2. Additionally, some samples were 
untransfected and some only subjected to a mix of OptiMEM and 
RNAIMAX to determine toxicity of transfection reagent alone.

Cells were returned to the incubator for 48h, after which they were 
washed once in pre-warmed PBS and lysed in passive lysis buffer for 30 
minutes.

Expression of Luc2-FLIPs protein was determined by luciferase assay as 
detailed in the Materials & Methods.
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6.10.9 Results of the ubiquitin family esiRNA screen

Having established a Luc2-FLIPs stable overexpressing cell line and 

optimising the reverse transfection protocol, the ubiquitin screen family 

esiRNA screen was performed as described in section 6.10. Raw luciferase 

expression data were normalised according to the Z score method (section 0) 

and expressed as a histogram (Figure 6.19).

Luciferase expression ranged from Z scores of almost -2, indicating that the 

silencing of some ubiquitin family proteins reduced FLIP expression by 

almost 2 standard deviations from the mean to almost +4, meaning that 

silencing of some ubiquitin family proteins increased FLIP expression by up 

to 4 standard deviations from the mean.

For the purposes of this screen, any knockdown that resulted in an increase 

of FLIP expression of 2 standard deviations from the mean (Z score >2) was 

regarded as a hit. These are expressed in Figure 6.20. Table 6.3 summarises 

the functions of these hits.

From this screen, two hits were selected for follow up: A20 and CYLD. 

Neither have been shown to interact with or regulate FLIP before, but both 

are key negative regulators of NF-kB, particularly in inflammation contexts. 

The other hits are discussed in Chapter 7.
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Figure 6.19: Results of the esiRNA ubiquitin family screen

6000 FLIP/7 cells, an HCT116 cell line stably overexpressing Luc2-FLIPS 
were reverse transfected in white walled 96-well plates with esiRNA 
targeting members of the ubiquitin family. After 48h, media was removed 
and cells washed with room temperature PBS. Cells were lysed in passive 
lysis buffer for 20 mins before luciferase activity assayed as described in 
Chapter 2.

Raw luciferase values were analysed by the Z score method which 
assigns each target a relative score corresponding to the number of 
standard deviations the raw luciferase value was from the mean. This 
graph shows these values, where any values <0 indicates those targets 
which reduced Luc-FLIPs expression and values >0 are targets which 
increased Luc2-FLIPs expression.
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Figure 6.20: Targets from the ubiquitin family screen which 
increased Luc2-FLIPs expression by >2

This graph shows those hits from Figure 6.19 which when analysed had a 
Z score of >2, i.e. those hits which increased Luc2-FLIPs expression by 
greater than 2 standard deviations from the mean.
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Name Type Known Functions

PSMD14 Proteasome subunit Regulates ErbB2666

TNFAIP3 E3/DUB Tumour suppressor gene667
Inhibits NF-kB222
Targets TRAF2 for degradation668

UBE2R2 E2 Phosphorylation thought to induce 
binding to p-TrCP subunit of SCF 
E3 ligases; enhances p-catenin 
degradation669

CDC34 E2 Co-operates with SCF E3 ligases to 
conjugate ubiquitin670

CYLD DUB Deubiquitinates RIPK1 671
Negative regulator of NF-kB 
signalling556
Deubiquitinates TRAF6 dependent 
on p62672

UBA5 El Activates UFM1673
Essential for erythroid 
differentation674

CHFR E3 Recruited to DNA double strand 
breaks by PAR675

UBA2 SUMO E1 E1 activating enzyme in SUMO 
conjugation pathway

STUB1 E3 Chaperone protein/E3 ligase; 
enhances HSP70 during stress and 
mediates its degradation after676

ZRANB1 DUB Positively regulates Wnt 
transcription677
Cleaves atypical ubiquitin chains678

UBE2B E2 Involved in DNA repair679

JOSD1 DUB Regulates membrane dynamics, 
endocytosis and motility680

BIRC6 E2/E3 Inhibitor of apoptosis681
Antagonises SMAC and 
procaspase-9682
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USP31 DUB Interacts with TRAF2683

PSMD7 Proteasome subunit Regulatory subunit of 26S 
proteasome684

UBE2CBP E3 Interacts with cyclin B in vitro685

UBE2C E2 Conjugates Lys11 ubiquitin chains 
onto ARC493

UBE2D1 E2 Collaborates with E3 ligases clAPt 
and clAP2 to mediate ubiquitination 
of RIPK1212

PIAS1 SUMO E3 Sumoylates and represses p53 686
Promotes response to DNA double 
strand breaks 687

Table 6.3: List of hits from the ubiquitin family esiRNA screen and 
related functions
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6.11 FLIP interacts with A20 and CYLD

To assess whether FLIP interacts with A20 and CYLD, an 

immunoprecipitation assay for FLIP was performed. FICT116 cells were 

treated with lOpM of the proteasome inhibitor MG132 for Ih followed by 

either SpM vorinostat or 20ng/mL TRAIL. Cell lysates were 

immunoprecipitated using the anti-FLIP H202 antibody as described in 

section 2.20.

Immunoprecipitated samples were resolved by gel electrophoresis and 

immunoblotted for A20 and CYLD (Figure 6.12). Notably, interactions 

between FLIP and both A20 and CYLD were observed under conditions 

previously shown to ubiquitinate FLIP (namely treatment with vorinostat or 

TRAIL).
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Figure 6.21: Interaction of A20 and CYLD with FLIP increases upon 
treatment with MG132 and vorinostat or TRAIL

2x106 HCT116 cells stably overexpressing FLIPl were seeded and left to 
adhere for 48h, after which they were treated as indicated for 3h.

Cells were lysed in CHAPS buffer supplemented with protease inhibitors, 
centrifuged, precleared with SO/jL Dynabeads for 1h at 4°C and 1/vg 
cleared lysate incubated with 30^/L Dynabeads conjugated to 1^yg H202 
antibody or IgG control at 4°C for 16h.

Beads were washed five times in 1mL lysis buffer, eluted in sample 
loading buffer with (3-mercaptoethanol and analysed by Western blotting 
for the indicated proteins.
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6.12 RNAi-mediated silencing A20 or CYLD affect FLIP ubiquitination

The HA-ubiquitin assay was used to assess the impact of CYLD and A20 on 

FLIP's ubiquitination. HCT116 cells overexpressing FLIPl were transfected 

with 20nM siRNA targeted against CYLD or A20 or with a control siRNA. 

The following day, 4pg of a plasmid encoding HA-Ubiquitin was transfected 

for 24h. After a further 24h, cells were pre-treated with MG132, harvested 

and lysed in RIPA buffer and subjected to FLIP immunoprecipitation as 

described in section 2.20.

Notably, knockdown of either CYLD or A20 completely abolished 

ubiquitination of FLIP (Figure 6.22). FLIP immunoblotting of the pulldown 

shows equal precipitation of FLIPl, and the inputs show equal transfection of 

HA-Ub and knockdown of the targets.

These results suggest that both CYLD and A20 are both required upstream of 

FLIP'S ubiquitination status.
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Figure 6.22: Depletion of A20 or CYLD in HCT116 cells abolishes the 
ubiquitination of FLIP in response to MG132 and vorinostat

1x106 HCT116 cells stably overexpressing FLIPl were transfected with 
20nM siRNA targeted against CSN5, CYLD, A20 or scrambled control 
(SC) for a total of 48 hours. 24 hours post-siRNA transfection, cells were 
transfected with 4^g HA-Ub and returned to the incubator for 24h, after 
which they were treated with 1(tyvM MG-132 for 3h.

Cells were lysed in RIPA supplemented with protease inhibitors, 
centrifuged, precleared with 30pL Dynabeads for 1h at 4°C and 1^g 
cleared lysate incubated with 3CtyvL Dynabeads conjugated to 1/vg H202 
antibody at 4°C for 16h. Beads were washed six times in 1mL lysis buffer, 
eluted in sample loading buffer with (3-mercaptoethanol and analysed by 
Western blotting for the indicated proteins.



6.13 Discussion

Identification of regulator [FLIP'S ubiquitination

This chapter has described two screens which aimed to identify novel 

regulators of FLIP'S ubiquitination and degradation. The first screen, to 

identify deubiquitinating enzymes modulating FLIP'S ubiquitination, 

involved silencing all known DUBs and assessing FLIP expression. We 

hypothesised that when silenced, a DUB for FLIP would increase its rate of 

degradation and hence expression. A similar method has been employed by 

Sylvia Urbe's lab, who used cells transfected with siRNAs against all known 

DUBs to identify regulators of the ErbB2 receptor and identified the 

proteasomal DUB POFU as a novel regulator of ErbB2 turnover666.

One drawback of using this method of screening is that upon further 

investigation, siRNAs which down-regulated FLIP may only have done so 

because of indirect effects, for example induction of apoptosis, and therefore 

be false positives. This was particularly apparent for PRPF8, the gene which 

when silenced yielded the greatest FLIP down-regulation. Fiowever, PRPF8 

plays a key role in pre-mRNA splicing, as it is important in the assembly of 

the spliceosome. Mutations in PRPF8 have been shown to induce caspase-3 

cleavage and apoptosis688. PubMed searches for USP38, USP43 or USP51 

reveal that very little is known about the function of these DUBs. Similarly, 

searches for USP39 reveal a general lack of knowledge about these DUBs. 

Flowever, there are a few papers which suggest that USP39 is critical for 

mitotic spindle checkpoint integrity and for controlling levels of aurora B at
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the mRNA level654. Because of their lack of effect on FLIP protein half-life, 

these hits from the DUB screen were regarded as potential false positives and 

therefore de-prioritised. In Chapter 7, the potential for further investigation 

of these DUBs will be discussed.

A second screen using a Luc2-FLIP fusion protein was also conducted using 

esiRNAs targeting E3 ligases. Both the luciferase-based esiRNA screen and 

the DUB screen were performed in untreated cells, thus only providing 

information about basal FLIP turnover. It would be interesting to repeat the 

screens in the contexts of TRAIL-, TNFa- or HDACi-stimulation, particularly 

as some published E3 ligases of FLIP, such as ITCH, were identified in 

specific contexts272.

6.13.1 CSN5

Perhaps the most interesting hit from the DUB screen was COPS5, also 

known as JAB1 or CSN5; herein it will be termed CSN5. CSN5 forms a 

critical part of the COP9 signalosome, a highly conserved complex found in 

eukaryotes composed of eight subunits (termed CSN1-8, ordered by 

molecular mass). Much of the early work on the COP9 signalosome was 

performed in Arabadopsis689'690 but it was found to be an integral part of 

signal transduction in animals and is highly conserved through species650. 

There is high degree of similarity between the COP9 signalosome and the lid 

of the 26S proteasome; indeed, a 1:1 relationship exists between the COP9
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signalosome proteins and the proteins that comprise the 26S proteasome lid, 

suggesting that the two complexes share an evolutionary history691. The 

COP9 signalosome is not found in species of lower orders, notably S.

cervisiae692.

The COP9 signalosome co-purifies with the Cull subunit of SCF ubiquitin 

ligases, and cells deficient in COP9 signalosome were found to accumulate 

Nedd8-modified proteins, implying a role for the COP9 signalosome in post- 

translational modifications693. Nedd8 is a ubiquitin-like modifier and is 

conjugated to a lysine residue on Cull. However, conjugation with Nedd8 

does not induce degradation of the target protein by the proteasome, rather it 

enables SCF (of which Cull is a subunit) to ubiquitinate its substrates694"696. 

The COP9 signalosome has deneddylase activity and cleaves Nedd8 from 

substrates, thus limiting the ability of the SCF ligase to add ubiquitin 

moieties. CSN5 in particular is thought to be the key subunit of the COP9 

signalosome complex responsible for its deneddylation activity457. This is 

because CSN5 has a JAMM Qabl/MPN/Mov34) domain and a zinc 

metalloprotease motif657; mutants of CSN5 that lack the JAMM domain do 

not possess any deneddylase activity. Whether CSN5 can exert these effects 

on its own, or if it must be in complex with other COP9 signalosome 

subunits is still debated697.

The question remains then: what is the role of CSN5 and by extension, the 

COP9 signalosome, in FLIP deubiquitination? The obvious answer is that via
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its JAMM motif it can cleave ubiquitin moieties from FLIP, sparing it from 

degradation. A more complex mechanism could be that when CSN5 is 

depleted from cells, it can no longer deneddylate Cull, and thus the 

ubiquitin ligase activity of the SCF ligases is increased. If FLIP were 

ubiquitinated by an SCF ligase, then this would explain why a decrease in 

FLIP protein was observed in the screen and a decrease in FLIP protein 

stability was observed in cycloheximide experiments.

SCF ubiquitin ligases are multi-subunit complexes which act in concert to 

target proteins with ubiquitin. They consist of three main components: an F- 

box protein, which binds the substrate first; Skpl, shaped like a horseshoe, 

which recognises and binds the F-box protein; and Cull, which forms the 

main structure of the complex. Also present in the complex is Rbxl which 

directly interacts with cullins, including Cull. It contains a RING finger 

domain and is responsible for the E3 ligase ability of the complex.

CAND1 (also known as TIP120) was identified as a protein that is potentially 

able to interact with FLIPl from a yeast-2-hybrid screen performed in-house. 

CAND1 has previously been shown to bind unneddylated Cull thereby 

inhibiting the binding of Skpl and the F-box protein698; thus, CAND1 

regulates the formation of the SCF ligase complex699'700. So, it is interesting 

that both CAND1 (a negative regulator of SCF ligase complexes) and CSN5 

(a deneddylase with activity towards SCF complexes) both appear on the 

yeast-2-hybrid screen for FLIPl.
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It had been anticipated that silencing CSN5 would increase FLIP'S 

ubiquitination given its effects on FLIP stability. However, it was found that 

silencing CSN5 actually decreased FLIP'S ubiquitination rather than 

increasing it, although this was in the context of vorinostat/MG132 

treatment (and the initial screen was performed in untreated cells). This 

result indicates a more complex relationship between FLIP and CSN5. The 

COP9 signalosome is a critical regulator of UPS-dependent protein 

degradation, so down-regulating expression of the critical CSN5 subunit is 

likely to have wide-ranging effects that are context specific and which could 

be different in the contexts of cycloheximide treatment compared to 

vorinostat/MG132 treatment. To add further complexity, CSN5 has been 

reported to have functions that are not dependent on its association with the 

COP9 signalosome, such as nuclear-cytoplasmic transport of proteins701-703. 

Nonetheless, CSN5 appears to be a credible regulator of FLIP turnover, 

although clearly more work must be done to elucidate its exact role in 

different model systems and cellular contexts. In this regard, it is interesting 

that CSN5 and FLIP interact following TRAIL treatment (Figure 6.22, A). 

CSN5 is overexpressed in many cancers704-706, suggesting it plays a role in 

tumourigenesis; its interaction with and regulation of FLIP may be one 

mechanism by which it contributes to tumourigenesis707.
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Identificatic /regulators of FLIP'S ubiquitination

Constitutive NF-kB activation has been identified in most types of cancer. 

The activation of a wide variety of receptors including toll-like receptors, B- 

cell receptors, TNFR1 and CD40 receptors results in activation of NF-kB, 

which in turn upregulates the transcription of pro-inflammatory and pro

survival genes.

A20 (also known in the literature as TNFAIP3) was a hit from the Luc2-FLIP 

screen which increased FLIP expression by ~3-fold. Indeed, it was the second 

highest hit from the entire Luc2-FLIP-based screen. A20 has already been 

widely implicated in the TNFa signalling pathway as an ubiquitin editing 

enzyme which suppresses the canonical TNFa pathway; through its ovarian 

tumour (OTU) domain708 it can deubiquitinate Lys63 chains from RIPK1 

while concomitantly conjugating degradative Lys48 chains through its C- 

terminal zinc-finger (ZnF) domain222-440. A20, in complex with TAX1BP1, 

inhibits the binding of the E2 conjugating enzymes UBC13 to TRAF6, UBC5C 

to TRAF6 or cIAPl/cIAP2 to TRAF2, triggering the proteasomal 

downregulation of these E2 enzymes709. A20 can also bind and inhibit IKK in 

a manner which does not require its DUB or E3 ligase activity, but involves it 

binding Lys63 ubiquitin chains on NEMO which blocks TAK1-induced 

phosphorylation of IKK710. In addition, by binding Metl linear ubiquitin 

linkages, A20 can inhibit LUBAC-mediated NF-kB activation through its ZnF 

domain711-712. A20 has also been identified as an inhibitor of viral FLIP
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(vFLIP)-induced NF-kB activation in cells infected with Kaposi's sarcoma- 

associated herpesvirus (KSFFV)713.

ITCH (a published E3 ligase for FLIPl272) directly interacts with TAX1BP1 

and can therefore form a complex with A20714. ITCH did not alter expression 

of luciferase-FLIPs in our screen, suggesting that it does not act as an E3 

ligase for FLIP, at least not in the model system used. Furthermore, other 

data presented in this chapter (Figure 6.1) and other work done in our group 

have found no evidence for ITCH acting as an E3 ligase for FLIP. The 

observation that A20 can act in concert with ITCH (and TAX1BP1) could 

explain findings from other groups, as it may A20 rather than ITCH that is 

the direct effector of FLIP'S ubiquitination.

Mutations in the gene encoding for A20 TNFAIP3 are found with relatively 

high occurrence in B-cell lymphomas (-18%), suggesting that A20 itself acts 

as a tumour suppressor715. Indeed, the reintroduction of A20 into cells that 

have lost both alleles of TNFAIP3 induced apoptosis and cell cycle arrest715-716. 

If A20 induces FLIP'S proteasomal degradation, as suggested by the 

ubiquitin esiRNA screen, then it follows that reintroduction of A20 into A20- 

deficient cells would increase the rate of degradation of FLIP and induce 

apoptosis. It would be interesting to compare basal levels of FLIP in A20- 

deficient cells compared to cells with normal expression of A20 to further 

examine this hypothesis. One study that could support this hypothesis found 

that A20-deficient cells were more resistant to Fas-induced apoptosis as
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compared to cells that express A20 at physiological levels; the authors 

suggest this may be attributable to NF-KB-induced expression of anti- 

apoptotic BCL-X717. However, studies in fibroblasts and thymocytes have 

demonstrated that A20-deficient cells of these cellular sub-types are more 

sensitive to TNFa-induced apoptosis718, so this effect may be context 

dependent. In this chapter, it was shown that A20 immunoprecipitated with 

FLIP in cells treated with either vorinostat or TRAIL, so it would be 

interesting to see if an interaction could be observed following TNF receptor 

stimulation. Moreover, A20 silencing decreased FLIP ubiquitination in 

response to vorinostat/MG132 treatment.

The E3 Ubiquitin Ligase TRAF2 binds the p43 fragment of FLIPl inducing 

NF-kB activation259. It is possible that A20 blocks the interaction between an 

E2 conjugating enzyme and TRAF2, preventing FLIP'S ubiquitination. 

However, although TRAF2-FLIP interactions are well-documented and 

TRAF2 was identified in an in-house yeast-2-hybrid screen for FLIPl 

interacting proteins, it was not identified in the Luc2-FLIP screen. However, 

as previously suggested, it may be that the E3 ligase responsible for FLIP'S 

turnover is context dependent and that specific stimuli trigger its association 

with different ubiquitin-modifying complexes.

A20 has previously been identified as a DISC-binding protein that are 

involved in regulating caspase-8's polyubiquitination640'641. As A20 was 

identified as a potential E3 ligase for FLIP from our screening, we sought to
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determine whether FLIP modulation affected the recruitment of A20 to the 

DISC. A DISC IP was performed on FLIPl silenced cells, and isolated DISCs 

immunoblotted for A20. Interestingly, the association of A20 with the DR5 

DISC increased following FLIP depletion, suggesting that FLIP may regulate 

A20 recruitment to the DISC (Figure 6.23). As FLIPl silencing increases 

caspase-8 ubiquitination at the DISC (Figure 5.14), it could be that this is 

because of enhanced A20 recruitment.

6.13.3 CYLD

CYLD (also known as cylindromatosis) is a tumour suppressor gene. It was 

first identified as a causal mutation associated with familial cylindromatosis, 

although no function could be ascribed to it. Trompouki et al. were the first 

to identify it as a deubiquitinating enzyme and as a negative regulator of NF- 

kB556. Studies in mice have shown that ablation of the CYLD gene increases 

susceptibility to chemically induced skin tumours719. RIPK1 is a CYLD 

substrate671, therefore depletion or loss of CYLD results in an accumulation 

of ubiquitinated RIPK1 and thus continual activation of IKK and NF-kB. 

TRAF2 is another CYLD substrate, as silencing CYLD results in hyper- 

ubiquitinated TRAF2720. Interestingly, CYLD appears to specifically cleave 

Lys63 and Metl linear chains from its substrates721. TRAF6 is targeted by 

CYLD for deubiquitination, and this is dependent on complexing with p62672. 

RIPK1 ubiquitinated with Lys63 chains blocks the formation of the caspase-

241



IP: DR5

SC siFLIP

p43 FLIP 

A20

FADD

DR5

Figure 6.23: FLIP modulation increases the presence of A20 at the 
DISC

1x106 HCT116 cells were seeded and transfected with siRNA targeted 
against total FLIP for 24h, after which SO/jL AMG655-conjugated 
Dynabeads were added to the cell culture medium. Cells were returned to 
the incubator for 30 minutes, washed once in PBS and lysed in DISC IP 
buffer for 15 minutes. Beads were magnetically captured, washed 5 times 
in DISC IP buffer and DISCs eluted in sample buffer containing (3- 
mercaptoethanol.

Isolated DISCs were resolved by gel electrophoresis and immunoblotted 
for FLIP, A20, FADD and DR5.



8:FADD complex (complex II). CYLD acts to deubiquitinate RIPK1 which 

allows the formation of complex II.

CYLD primarily hydrolyses Lys63-linked ubiquitin chains. Silencing CYLD 

increased Luc2-FLIP expression and resulted in decreased FLIP 

ubiquitination in vorinostat/MG132 co-treated cells. It is possible that CYLD 

cleaves Lys63 chains from FLIP, allowing another E3 ligase (such as A20) to 

add Lys48 degradative chains, stimulating its degradation via the 

proteasome. If this were the case, silencing CYLD would preserve these 

Lys63 chains preventing conjugation of degradative Lys48 ubiquitin chains, 

resulting in accumulation of FLIP (and Luc2-FLIP) in the cells.

Given that A20 and CYLD silencing have the same effect on FLIP 

ubiquitination, it is tempting to hypothesise that they do so as part of the 

same complex. Indeed, A20 and CYLD are both critical negative regulators of 

the NF-kB pathway through their similar substrate repertoire (NEMO, RIPK1, 

TRAF2 and TRAF6); it may be that their observed actions towards FLIP also 

overlap.
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7.1 Summary

Summary & Future Directions

FLIP is an anti-apoptotic protein262 found overexpressed in multiple types of 

cancer including non-small cell lung cancer285, colorectal cancer283, prostate 

cancer287, mesothelioma288 and breast cancer282. Its overexpression has been 

linked to resistance to chemotherapeutics281'282'285'287 so strategies to modulate 

its expression are a potential way to overcome drug resistance.

The first part of this thesis assessed expression of FLIP and procaspase-8 by 

immunohistochemistry from a sample of NSCLC patients. By digitizing the 

tissue microarray slides, we were able to develop a novel scoring algorithm 

to grade FLIP and procaspase-8 expression in the cytoplasm and the nucleus. 

We found that FLIP and procaspase-8 were significantly overexpressed in 

both the cytoplasm and the nucleus, building on previous work from our 

group285. FLIP and procaspase-8 overexpression was not histology-specific, 

as overexpression was observed in both squamous and adenocarcinomas. 

Using the scoring software to distinguish between the cytoplasm and the 

nucleus, increasing FLIP expression correlated with increasing procaspase-8 

expression, suggesting that NSCLC tumours with high FLIP also have high 

procaspase-8, something which could be exploited therapeutically. Analysis 

of survival of the patient cohort revealed that high levels of cytoplasmic FLIP 

correlated with significantly reduced overall survival, whereas expression of 

nuclear FLIP or procaspase-8 showed no significant alterations. Again, when 

divided according to squamous and adenocarcinoma histologies, high
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expression of cytoplasmic FLIP exhibited a trend towards correlating with 

poorer overall survival in both histological subgroups, although this failed to 

reach significance due to smaller sample sizes. This work suggests that 

inhibiting FLIP's expression in procaspase-8 overexpressing NSCLC may be 

a potential therapeutic strategy.

Direct inhibitors of FLIP remain elusive; traditional drug development 

strategies require that the target protein has enzymatic activity, which FLIP 

does not. However, a number of studies have shown success utilising other 

approaches. Logan et al. developed antisense phosphorothiate 

oligonucleotides which induced caspase-8-dependent apoptosis in NSCLC, 

colorectal and prostate cancer cells in vitro and in vivo286. Histone deacetylase 

inhibitors (HDACi) have been shown to be modulators of FLIP'S expression 

in a number of cancer models, including mesothelioma, colorectal and 

prostate.

The second results chapter of this thesis began by showing that silencing 

FLIP with siRNA in NSCLC cell line models was sufficient to induce 

apoptosis. Treatment with pan-HD AC inhibitors such as vorinostat or 

panobinostat were demonstrated to down-regulate FLIP in NSCLC cell line 

models after only 6h, and this was coupled with induction of apoptosis in 

these models but not in normal lung fibroblast cells. Activation of caspases -8 

and -3/7 were observed, suggesting that this apoptosis might be regulated 

through the extrinsic pathway. Indeed, this was the case, as silencing of
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procaspase-8 prior to HDACi treatment rescued the cell death. Furthermore, 

FLIP overexpression and ablation of death receptor expression increased 

resistance to HDAC inhibitor-induced apoptosis. FLIP down-regulation in 

response to HDAC inhibitors appeared to be predominantly due to post- 

transcriptional effects mediated by the UPS, although transcriptional effects 

were also observed in A549 cells in particular.

NSCLC is a notoriously difficult disease to treat, mainly due to drug 

resistance. By rationally combining HDACi with other agents, in this study 

TRAIL and cisplatin, we were able to synergistically enhance cell kill 

compared to either agent alone. This was demonstrated by increases in PARP 

cleavage, activation of caspases and by shifting cells into to the sub-Gl 

population when analysed by flow cytometry. Clonogenic survival assays 

showed that these combinations were effective over longer periods of time. 

Moreover, synergies between vorinostat and TRAIL or cisplatin were highly 

caspase-8 and FLIP-dependent.

Clinical development of vorinostat and other pan-HDACi have shown a 

wide variety of side-effects, driving the development of more selective 

HDACi. Entinostat (MS-275/SNDX-275) is an inhibitor of class I HDACs (1,2 

and 3) currently in phase II clinical trials. In addition to eliciting fewer side- 

effects, entinostat has a much longer half-life in humans than vorinostat. 

Entinostat also down-regulated FLIP, suggesting that FLIP down-regulation 

requires inhibition of HDACs 1, 2 and/or 3. Furthermore, entinostat
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synergised with both TRAIL and cisplatin in a FLIP- and caspase-8- 

dependent manner. Notably, entinostat in combination with TRAIL had no 

effect on normal lung fibroblasts

This study led on to work investigating post-translational modifications of 

FLIP, specifically ubiquitination following treatment with HDAC inhibitors 

and at the DISC. Previous work from our group has shown that vorinostat 

induces the ubiquitination of both splice forms of FLIP. Here we confirm that 

finding and show that inhibition of the proteasome blocks the decrease in 

FLIP expression observed following HDACi treatment. Site-directed 

mutagenesis was employed to create expression construct for FLIPs in which 

previously published ubiquitin acceptor or ubiquitination regulator sites 

were mutated: Lysl92 and Lysl95 both mutated to arginines; and Serl93 

mutated to glutamic acid to mimic phosphorylation. These mutant FLIPs 

constructs exhibited much less ubiquitination compared to wild-type FLIPs. 

Furthermore, it was found that FLIPs is ubiquitinated at the DISC and that 

this ubiquitination occurs on lysines 192 and 195. Moreover, following 

(pro)caspase-S silencing, it was fund that FLIP is more highly ubiquitinated 

at the DISC, and this was found to occur on these same lysine residues. The 

converse was also found to be true: FLIP silencing induced greater 

(pro)caspase-S ubiquitination at the DR5 DISC. To conclude this chapter, we 

sought to understand whether the ubiquitination events on FLIP were 

required for it to mediate its anti-apoptotic effects; notably, FLIP 

K192R/K195R and S193D mutants were just as efficient at blocking TRAIL-

247



Summary & Future Directions

induced apoptosis as wild-type, indicating that ubiquitination per se is not 

required for FLIP'S anti-apoptotic activity, at least in the setting of TRAIL- 

induced apoptosis.

A handful of studies have identified E3 ligases thought to be critical for the 

conjugation of ubiquitin to FLIP. The most prominent of these is a study by 

Michael Karin's laboratory in which they propose that JNK activation 

following TNFa treatment promotes ITCLI-mediated FLIPl ubiquitination 

and degradation. We, and others, have found no role for ITCFI in FLIP 

ubiquitination and so we initiated studies to find novel regulators of FLIP 

ubiquitination.

Two siRNA-based screens were used to meet this aim. The first was an 

siRNA screen in which the effect of silencing each of the known human 

deubiquitinating enzymes (DUBs) on FLIP expression was assessed by 

Western blotting. DUBs which when silenced reduced FLIP expression were 

identified as candidate FLIP DUBs. This screen identified CSN5, a DUB that 

was also identified on a yeast-2-hybrid screen for FLIPc-interacting proteins 

performed in our lab. This was carried forward for further investigation.

A second screen employed esiRNA and luciferase technologies. By 

generating a stable cell line overexpressing a luciferase-FLIPs fusion protein, 

we were able to assess FLIP expression upon silencing of 100s of members of 

different ubiquitin signalling pathways in a medium-throughput manner.
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Hits from this screen were defined as those which after statistical analysis 

increased FLIP expression by a Z score of greater than 2. A number of 

interesting hits were identified, and two of these, A20 and CYLD, were 

brought forward together with CSN5 into validation stages due to their 

known roles in apoptotic and inflammation pathways.

Depleting cells of CSN5 significantly reduced the half-life of FLIPl, but not 

FLIPs. Moreover, cells treated with stimuli to induce FLIP ubiquitination 

promoted the interaction of FLIP with A20, CYLD or CSN5. Notably, down- 

regulation of CSN5, A20 or CYLD all dramatically reduced FLIP'S 

ubiquitination. In addition, silencing CSN5 appeared to sensitise cells to 

TRAIL-induced apoptosis. Also of note, silencing FLIPl enhanced the 

recruitment of A20 to the DR5 DISC, suggesting that FLIPl negatively 

regulates their DISC recruitment.
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7.2.1 Identification of FLIP as a biomarker in NSCLC

In a cohort of 184 NSCLC patients, we identified high cytoplasmic FLIP as a 

poor prognostic biomarker. Moreover, FLIP was scored in these studies 

using a novel automated technique that may be a useful way of 

standardising IHC scoring for cytoplasmic FLIP. However, in order to prove 

that measuring cytoplasmic FLIP using this combination of staining protocol 

and digital pathology is a useful clinical biomarker, we now need to assess 

an independent cohort of patients. Preferably, this would be carried out in 

larger stage-matched patient cohorts who have received the same treatment 

regimens. In addition, we would have to prove that cytoplasmic FLIP is an 

independent prognostic factor using multivariate analyses, as it would have 

to provide additional information to already established prognostic factors 

such as stage.

We have previously shown that FLIP expression affects response to cisplatin 

treatment285. Thus, if a suitable patient cohort could be identified, a 

retrospective study could be conducted to examine how FLIP expression 

correlates with survival in patients treated with cisplatin.
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7.2.2 Identifying the HDAC(s) responsible for FLIP'S stability

In this study, we have shown that inhibition of HDACs 1, 2 and/or 3 are 

required for efficient FLIP down-regulation in NSCLC. Using the 34LU lung 

fibroblasts as a model of "normal" cells, it was found that the more selective 

HDAC1-3 inhibitor entinostat was less toxic to these cells than the pan- 

HDAC inhibitor vorinostat. Further defining which HDACs are important 

for regulating FLIP expression may further widen the therapeutic window 

for these agents by reducing toxic side-effects.

Through a combination of using more selective HDAC inhibitors, for 

example ACY-957 (Acetylon Pharmaceuticals, Boston, MA), which 

selectively inhibits HDAC1 and 2 or ACY-1033 (Acetylon), which selectively 

inhibits HDAC3, and RNAi targeted against individual HDACs, it would be 

relatively straightforward to assess which HDACs are responsible for 

regulating FLIP expression in NSCLC.

7.2.3 Combining HDACi with other agents

In this study we combined vorinostat and entinostat with the current 

standard-of-care chemotherapy cisplatin and TRAIL, a death receptor ligand. 

Extending these studies to examine the effects of HDACi in combination 

with other standard-of-care treatments (such as gemcitabine or pemetrexed)
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or targeted therapies (such as EGFR inhibitors or crizotinib) in genetically- 

defined sub-groups of patients would be of interest. Furthermore, different 

TRAIL agonists (antibodies versus recombinant protein formulations) may 

have different anti-tumour effects. In these studies, we would focus on the 

most selective HD AC inhibitors which retain the ability to down-regulate 

FLIP expression, as these would likely be the least toxic agents to combine 

with the other therapeutics. Coupling nanoparticles containing 

chemotherapeutics with agonistic TRAIL antibodies enhances induction of 

cell death559; thus, encapsulating selective HDAC inhibitors within TRAIL 

agonistic antibody-coated nanoparticles would be a highly innovative 

approach to treat NSCLC.

7.2.4 FLIP ubiquitination at the DISC

When cells are depleted of procaspase-8, FLIP is more highly ubiquitinated 

at the DISC. Ubiquitin chains can be linked through one of the seven lysine 

residues (or in the case of linear ubiquitin chains, the first methionine), 

resulting in a wide variety of conformationally different forms of ubiquitin 

chains conferring very different outcomes for the protein. Furthermore, 

chains made of mixed linkages are also possible, adding further to the 

complexity. Therefore, knowing which type of chain is conjugated to a 

protein is very important. This can be examined by transiently transfecting 

tagged ubiquitin plasmids into cells, either wild-type or with one, some or all
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of the lysines mutated to arginines and performing a ubiquitination assay. If 

differences in ubiquitination patterns are observed, for example if there is 

smearing in the wild-type but less in Lys48 mutants, then it follows that at 

least some of the chains are linked through Lys48. This is a little more 

technically challenging in the case of Metl linkages due to the position of the 

tag.

Our DISC IP assay focuses on the DR5 DISC, as our agonistic antibody 

AMG655 is specific for DR5. However, DISCs are also formed in a similar 

manner by DR4 and Fas receptors, and TNFR1 complex II also involves 

similar interactions between FLIP, FADD and procaspase-8. Whether FLIP 

ubiquitination occurs at the DR4 or Fas DISC or TNFR1 complex II and 

whether this is enhanced by procaspase-8 depletion remains to be 

investigated.

Preliminary work has shown that the interactions of A20 and CYLD with the 

DR5 DISC are increased in FLIP-depleted cells. This could be the cause of the 

increased levels of ubiquitinated caspase-8 observed at the DISC in FLIP- 

silenced cells; A20 has been shown in previous studies to be recruited to the 

DISC in a caspase-8-dependent manner640, but to our knowledge this has not 

been shown for CYLD.
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7.2.5 Investigating other DUBs from the DUB screen

A number of DUBs identified from the DUB screen which down-regulated 

the basal expression of FLIP, were not brought forward into validation 

screening as CSN5, a hit from both the DUB screen and the yeast-2-hyrbid, 

was prioritised. Although silencing these DUBs did not have a significant 

effect on FLIP protein half-life (unlike CSN5), there is still merit in carrying 

out further analyses on these potential FLIP-regulating enzymes. By 

silencing these DUBs and performing direct ubiquitination assays in cells 

which have been transfected with exogenous FLIP, their effect on FLIP 

ubiquitination can be directly assessed. Alternatively, a number of cell-free 

assays have been developed. For instance, in vitro cell lysate methods could 

be employed in which recombinant FLIP is incubated with cell lysates 

depleted of one of the DUB hits and in vitro ubiquitination detected. It is also 

possible that these DUBs affect FLIP in specific cellular contexts, such as after 

TRAIL treatment or in response to HDAC inhibitors; this remains to be 

investigated in follow-up studies.

7.2.6 Investigation of other hits from the ubiquitin family screens

From the luciferase-based screen using the Luc2-FLIPs fusion construct, only 

A20 and CYLD were brought forward in chapter 6, and some interesting hits 

remain to be investigated.
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BIRC6 (also known as BRUCE or Apollon) is an anti-apoptotic, BIR domain- 

containing inhibitor of apoptosis which has both E2 conjugating and E3 

ligase activity681 and which antagonises SMAC and caspase-9722'723. It has not 

been widely studied, perhaps due to technical difficulties owing to its large 

size (528kDa). Degradation of BIRC6 mediated by the E3 ligase Nrdpl has 

been shown to induce apoptosis. Interestingly, Nrdpl is deubiquitinated by 

USP8682, the same DUB that has been implicated in the PTEN-ITCEf-FLIP 

destabilising pathway. Furthermore, other members of the IAP family have 

been linked by Pascal Meier's lab to FLIP ubiquitination, at least in cell-free 

systems134. Thus, BIRC6 may be an interesting target to investigate further.

ZRANB1 (more commonly referred to by its other name TRABID) is a DUB 

which appears to have a preference for cleaving Lys63, Lys29 and Lysll (in 

other terms, atypical) chains678'724. TRABID has been shown to bind to TRAF6 

and contains a OTU deubiquitinating domain, similar to A20708. TRABID also 

regulates Wnt-induced transcription677, a process that FLIP has also been 

associated with273'274.

STUB1 (also known as CHIP) is an E3 ligase. During stress situations, CHIP 

increases protein levels of the chaperone protein Hsp70 and ubiquitinates 

Hsp70 in the recovery phase after the acute stress insult, thus maintaining 

appropriate homeostasis676. Of note, CHIP has been shown to bind UBE2D1, 

an E2 conjugating enzyme which was also identified in the Luc2-FLIPs 

ubiquitin family screen725.
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7.2.7 Ubiquitination of FLIP: more than just degradation?

Depending on the type of linkages, ubiquitination can target the substrate 

towards different outcomes, for example by creating molecular platforms for 

other proteins to be recruited or altering sub-cellular localisation. 

Investigation of how the ubiquitination of FLIP mediated by targets 

elucidated from work in this thesis affects FLIP in ways other than 

degradation is an important future direction for this project. For example, 

FLIP'S ubiquitination at the DISC may be critical for recruiting other proteins 

or by creating a "shutoff timer" similar to that described for caspase-8 in 

which Lys63 ubiquitin chains are formed first, followed by degradative 

Lys48 chains in a mechanism that controls the strength and duration of the 

apoptotic signal generated at the DISC641. FLIP'S ubiquitination may also 

regulate its involvement in other complexes, such as complex II152 or the 

ripoptosome134'575.

7.2.8 Mapping the CSN5-FLIP interaction

A peptide array of CSN5 was generated which covered the entire sequence 

of CSN5 using 18-mer peptides each shifted by 5 amino acids. These were 

spot synthesised onto nitrocellulose membrane in the laboratory of Prof. 

Rosemary O'Connor (University College Cork). Equal amounts of protein 

from lysed cells transfected with either FLAG-EV, FLAG-FLIPs or FLAG-
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FLIPl were incubated with the membranes and immunoblotted for FLAG. 

Figure 7.1 shows that there are some specific "spots" of interaction which 

suggest that these areas are important for the interaction of CSN5 to FLIP. 

This work will be followed up by an alanine substitution assay where each 

amino acid in specific regions of potential interaction are substituted by an 

alanine and loss of binding assessed.
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Figure 7.1: A peptide array of CSN5 provides hint as to possible sites 
of CSN5-FLIP binding

HCT116 cells were transfected with 1^/g plasmid DNA encoding either 
FLAG-FLIPs, FLAG-FLIPl or FLAG-empty vector with XTremeGENE HP 
for 24h. Cells were harvested and lysed in CHAPS buffer supplemented 
with protease inhibitors for 20 minutes, cleared by centrifugation and 
equal protein amounts were made to equal volumes. These lysates were 
incubated with protein array membranes for 3 hours and blocked with 5% 
milk/PBS-Tween. Membranes were incubated overnight at 4°C with an 
HRP-conjugated anti-FLAG antibody. Membranes were washed thrice in 
0.1% PBS-Tween for 5 minutes each. ECL substrate was added to 
membranes and visualised by autoradiography (A).

Inputs showing expression of exogenous protein is shown by Western 
blotting in (B).



Summary & Future Directions

7.2.9 Translating modulators of FLIP'S stability into the clinic

To date, targeting the proteasome in the treatment of cancer has consisted of 

complete proteasome inhibition; however, long-term treatment with 

proteasome inhibitors often leads to toxicity and drug resistance suggesting a 

greater level of specificity is required726. Although no DUB modulators are 

used in the clinic, proof-of-concept studies have been performed which show 

this to be a potentially viable option. Cylindromatosis, the condition arising 

from mutations in the CYLD gene, has been successfully treated with 

salicyclic acid in a small number of patients, providing the first in-human 

evidence that targeting DUBs is a viable option727.

Traditional drug discovery approaches require the protein to have an 

enzymatic site, however FLIP lacks this making the design of drugs to 

directly inhibit FLIP difficult. This thesis provides evidence that FLIP is an 

attractive therapeutic target in cancer: its down-regulation by siRNA or 

HDACi induces apoptosis; FLIP and procaspase-8 are both over-expressed in 

NSCLC (and numerous other cancer types), and FLIP modulation has fewer 

effects on non-transformed cells. Through understanding more about the 

biology of FLIP in terms of what it interacts with and which proteins 

modulate its expression, we can start to discover new targets to indirectly 

target this important anti-apoptotic protein. Given the relative substrate 

specificity of E3 ligases and DUBs, designing or activators of E3 ligases or
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inhibitors of DUBs which modulate FLIP'S degradation could be a novel 

therapeutic approach.
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8.1 Appendix 1: General Buffers

Appendix 1: General Buffers

Phosphate Buffered Saline (PBS)

One PBS tablet (Oxoid) dissolved in lOOmL ddHiO and autoclaved.

Radio-immunopreciptation assay (RIPA) buffer

0.606g 0.5M Iris

4.383g Sodium chloride

0.186g EDI A

5mL Triton X-100

5mL 10% sodium doecyl sulphate

Made up to 500mL with ddEEO, pH adjusted to pH 7.4 and stored at 4°C. 

Supplemented with protease inhibitor cocktail, EDTA free, to a final dilution 

1:1000.

CHAPS buffer

lOmM HEPES

150mM Sodium chloride

1% CHAPS
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Made up to 500mL with ddl^O, pH adjusted to pH 7.4 and stored at 4°C. 

Supplemented with protease inhibitor cocktail, EDTA free, to a final dilution 

1:1000.

DISC IP buffer

0.2% NP-40

20mM Tris-HCl, pH 7.4

150mM Sodium chloride

10% Glycerol

Bovine serum albumin

lOmg Bovine serum albumin (Sigma)

lOmL ddH20

Stored at 4°C.

lOmM dNTPs (Life Technologies)

lOpL lOOmM dATP

lOgL lOOmM dCTP
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lOOmM dTTPlO^L
lOjaL lOOmM dGTP

Made up to lOOpL with injection water.

dix 1: General Buffers

0.5M EDTA

18.6g EDTA (ethylenediamine tetraacetic acid) (Where)

2.2g NaOH pellets (BDH)

Made up to lOOmL with ddHzO and adjusted to pH 8 with glacial acetic acid.

5M Sodium Chloride

29.22g Sodium chloride (Merck) 

Dissolved in lOOmL of ddHiO.

lx PBSA% EDTA

500mL lx PBS

5g EDTA
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PBS/0.1% Sodium Azide/0.2% BSA

Appendix 1: General Buffers

0.5g Sodium azide (Sigma)

Ig BSA (Sigma)

Made up to 500mL with lx PBS.

Propidium lodide/RNAse A Solution

150pL lmg/mL propidium iodide solution (Sigma)

37.5pL100mg/mL RNAse A (Qiagen)

Made up to 15mL with lx PBS/1% foetal calf serum

lOx Binding Buffer for Annexin V staining

lOOmM HEPES pH7.4

1.5mM Sodium chloride

50mM Potassium chloride

lOmM Magnesium chloride

18mM Calcium chloride
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MTT (5mg/mL)

Appendix 1: General Buffers

Ig MTT (Sigma)

Made up to 200mL with sterile IxPBS

Crystal Violet Solution

0.5g Crystal violet

lOOmL ddTbO

0.1M Sodium Citrate

2.94g Sodium citrate (BDH)

50mL ddH20

Store at room temperature in the dark. Dilute 1:1 with ethanol before use.

lOOmM Calcium Chloride

1.47g CaCb.bHiO (BHD)

Made up to lOOmL with ddH20, autoclaved and stored at 4°C
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1% Agarose Gel

Appendix 1: General Buffers

Ig Agarose

lOOmL lx TAE buffer

Boiled for 2 minutes and allowed to cool.

5gL SYBR Safe

lOx TAE Running Buffer for DNA Agarose Gels

242g Tris-Acetate

lOOmL 0.5M EDTA

Made up to 1L with ddEbO, adjusted to pH 8 with glacial acetic acid and 

autoclaved.

Ampicillin

Ig Ampicillin sodium salt (Sigma)

lOmL Injection water

Filtered through 0.2pM filter and stored at -20°C. Added to LB broth as 

1:1000 dilution.
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LB Broth

/l iix 1: General l

lOg

5S

5g
ImL

Tryptone (Oxoid)

Yeast extract (Oxoid) 

Sodium chloride (Merck) 

1M sodium hydroxide

Made up to 1L with ddhbO and autoclaved immediately.

LB Agar

lOg Tryptone (Oxoid)

5g Yeast extract (Oxoid)

5g Sodium chloride (Merck)

15g Agar powder (Oxoid)

ImL 1M sodium hydroxide

Made up to 1L with ddhhO and autoclaved immediately. After cooling, 

selection antibiotic added. Agar plates were poured and stored at 4°C.
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Glycerol Deeps Solution

20mL lOOmM calcium chloride

4.1mL Glycerol

Autoclave and store at room temperature.

3M Sodium Acetate

123g Anahydrous sodium acetate (Sigma)

Made up to 500mL with ddhbO and adjusted to pH 5.2 with glacial acetic 

acid. Stored and room temperature.

Peptide Array Stripping Buffer

0.31g Dithiothreitol (Roche)

2g Sodium dodecyl sulphate

0.75g Tris-Cl (pH6.8)

Made up to lOOmL with ddH20.
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8.2 Appendix 2: Cell Culture & Transfection Reagents

Penicillin/streptomycin (Smg^mL)

Purchased as sterile solution (Life Technologies). Stored at 4°C.

Puromycin (Img/mL)

25mg Puromycin (Life Technologies)

25mL ddLbO

Filter sterilised through a 0.2|uM filter and stored at -20°C in the dark.

Geneticin G418 (40mgfmL)

2g Geneticin G418 (Life Technologies)

50mL Sterile IxPBS

Filter sterilised through a 0.2pM filter and stored at -20°C.

Dialysed Foetal Calf Serum (dFCS)

Purchased as sterile 500mL bottles (Life Technologies), stored at -20°C.
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L-Glutamine 200mM

Appendix 2: Cell Culture & Transfer Re> mtt

Purchased as a lOOmL bottle (Life Technologies) and stored at -20°C.

Sodium Pyruvate

Purchased as a l OOmL bottle (Life Technologies) and stored at 4°C.

lOx Trypsin-EDTA

Purchased as a lOOmL bottle (Life Technologies), diluted 1:10 with sterile 

IxPBS and stored at 4°C.

Freezing Medium

9mL Foetal calf serum

ImL DMSO (Dimethylsuphoxide) (Sigma)
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Genejuice (Novagen)

Appendix 2: Cell Cult Ti tian Reagents

Purchased as ImL aliquots, stored at 4°C

Cisplatin

Obtained from Belfast City Hospital Pharmacy as a 5mg/mL stock solution. 

lOpL of stock added to SOpL injection water gives a working solution of lO 

2M. Stored at 40C, light sensitive.

z-VAD-fmk (Caspase Inhibitor I) (Calbiochem)

Arrives as Img of powder. Addition of 214(iL of DMSO gives a lOmM 

solution. Stored at -20°C.

Recombinant Human TRAIL (Merck)

Arrives as 10pg lyophilized powder. Reconstituted in 500pL PBS/ 0.1% BSA 

to give working stock of 20,000ng/ mL. Aliquoted and stored at -80°C.
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HDAC inhibitors

Appendix 2: Cell Culture & Tram Rente

Vorinostat, panobinostat, entinostat and ACY-775 arrive as lyophilized 

powder. DMSO is added to give a working stock of lOmM. Stored at -20°C/ 

except ACY-775 which is stored at room temperature.

272



Appendix 3: Western Blotting & Antibodies

8.3 Appendix 3: Western Blotting & Antibodies

SDS-PAGE Gel

Reagent 10% Resolving 
(20mL) Stacking (lOmL)

ddH20 7.9mL 6.8mL

30% (w/v) acryl- 
bisacrylamide mix 6.7mL 1.7mL

1.5M Tris-Cl pH8.8 5m L -
1M Tris-Cl pH6.8 - 1.25mL
10% SDS 200(iL lOOgL
10% APS 200pL lOOpL
TEMED 8pL lOpL

1.5M Tris-Cl (pH 8.8)

90.75g Tris

Dissolved in 500mL ddHiO, adjusted to pH 8.8 with hydrochloric acid, 

stored at room temperature.
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1M Tris-Cl (pH 6.8)

Appendix 3: Western Antibch

60.5g Tris

Dissolved in 500mL ddHiO, adjusted to pH 8.8 with hydrochloric acid, 

stored at room temperature.

10% SDS

lOg Sodium dodecyl sulphate

Dissolved in lOOmL ddHiO.

10% APS

O.lg Ammonium persulphate (Sigma)

ImL ddH20
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lOx Western Running Buffer

Appendix 3: Western Blotting & Antibodies

60.6g Tris

288g Glycine

20g SDS

Made up to 2L with ddf-bO, and further diluted 1:10 with ddHiO for 

working solution.
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8.3.1 List of Antibodies, Supplier and Storage Conditions

Antibody Supplier Storage
A20 Abeam -20°C
Acetylated Histone H4 Millipore -20°C
Acetylated a-tubulin Cell Signaling -20°C
BAK Cell Signaling -20°C
BAX Cell Signaling -20°C
BCL-2 Cell Signaling -20°C
BID Cell Signaling -20°C
Caspase-3 Cell Signaling -20°C
Caspase-8 (12F5) Alexis Biochemicals 4°C
cIAPl Enzo Life Sciences -20°C
cIAP2 Cell Signaling -20°C
CSN5 Santa Cruz 4°C
CYLD Cell Signaling -20°C
DR5 Cell Signaling -20°C
FADD BD Bioscience -20°C
FLAG (M2) Sigma -20°C
FLAG (M2) HRP Sigma -20°C
FLIP (NF6) Alexis Biochemicals 4°C
HA Covance 4°C
HDAC1 Cell Signaling -20°C
HDAC2 Cell Signaling -20°C
HDAC3 Sigma -20°C
HDAC6 Sigma -20°C
His 4°C
HR23B Bethyl Laboratories 4°C
ITCH BD Biosciences -20°C
MCL-1 Cell Signaling -20°C
PARP (C2-10) eBioscience 4°C
PIAS1 XP Cell Signaling -20°C
SIAH1 Santa Cruz 4°C
Total H2AX Cell Signaling -20°C
TRAF2 Cell Signaling -20°C
XIAP Cell Signaling -20°C
(3-actin Sigma -20°C
TH2AX Millipore 4°C
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8.3.2 List of Antibody Dilutions and Incubation Conditions

Antibody Dilution Diluent
A20 1:1000 5% Marvel/PBST
Acetylated Histone H4 1:10000 5% BSA/PBST
Acetylated a-tubulin 1:10000 5% Marvel/PBST
BAK 1:5000 5% Marvel/PBST
BAX 1:5000 5% Marvel/PBST
BCL-2 1:5000 5% Marvel/PBST
BID 1:5000 5% Marvel/PBST
Caspase-3 1:10000 5% Marvel/PBST
Caspase-8 (12F5) 1:10000 5% Marvel/PBST
cIAPl 1:1000 5% Marvel/PBST
cIAP2 1:500 5% Marvel/PBST
CSN5 1:5000 5% Marvel/PBST
CYLD 1:1000 5% Marvel/PBST
DR5 1:5000 5% Marvel/PBST
FADD 1:5000 5% Marvel/PBST
FLAG (M2) 1:10000 5% Marvel/PBST
FLAG (M2) HRP 1:10000 5% Marvel/PBST
FLIP (NF6) 1:2000 5% Marvel/PBST
HA 1:5000 5% Marvel/PBST
HDAC1 1:2000 5% Marvel/PBST
HDAC2 1:2000 5% Marvel/PBST
HDAC3 1:2000 5% Marvel/PBST
HDAC6 1:2000 5% Marvel/PBST
His 1:5000 5% Marvel/PBST
HR23B 1:5000 5% Marvel/PBST
ITCH 1:2000 5% Marvel/PBST
MCL-1 1:5000 5% Marvel/PBST
PARP (C2-10) 1:20000 5% Marvel/PBST
PIAS1 XP 1:5000 5% Marvel/PBST
SIAH1 1:1000 5% Marvel/PBST
Total H2AX 1:2000 5% Marvel/PBST
TRAF2 1:2000 5% Marvel/PBST
XIAP 1:2000 5% Marvel/PBST
P-actin 1:20000 5% Marvel/PBST
TH2AX 1:2000 5% Marvel/PBST
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8.3.3 Antibody Detection Reagent and Protein Size

Antibody Detection Reagent Protein Size (kDa)
A20 ECL Lightning 82
Acetylated Histone H4 SuperSignal 10
Acetylated a-tubulin SuperSignal 52
BAK ECL Lightning 25
BAX ECL Lightning 20
BCL-2 ECL Lightning 26
BID ECL Lightning 22
Caspase-3 ECL Lightning 17,19, 35
Caspase-8 (12F5) ECL Lightning 55, 43,18
cIAPl ECL Lightning 62
cIAP2 ECL Lightning 70
CSN5 ECL Lightning 37
CYLD ECL Lightning 108
DR5 ECL Lightning 40, 48
FADD ECL Lightning 28
FLAG (M2) SuperSignal
FLAG (M2) HRP SuperSignal
FLIP (NF6) ECL Lightning 25, 55
HA ECL Lightning
HDAC1 ECL Lightning 62
HDAC2 ECL Lightning 60
HDAC3 ECL Lightning 49
HDAC6 ECL Lightning 160
His ECL Lightning
HR23B ECL Lightning 58
ITCH ECL Lightning 105
MCL-1 ECL Lightning 40
PARP (C2-10) SuperSignal 116, 89
PIAS1 XP ECL Lightning 76
SIAH1 ECL Lightning 32
Total H2AX ECL Lightning 15
TRAF2 ECL Lightning 53
XIAP ECL Lightning 53
P-actin ECL Lightning 45
TH2AX ECL Lightning 15
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8.3.4 Cell Surface Antibodies

Antibody Manufacturer Conjugate
DR4 eBioscience PE
DR5 eBioscience PE
DcR2 eBioscience PE
TNF-R1 R&D Systems PE
Fas eBioscience PE
Isotype control eBioscience PE
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8.3.5 Immunoprecipitation Antibodies

Antibody Manufacturer Storage Concentration
FLIP (H202) Santa Cruz 4°C 200(ig/mL
FLAG Sigma -20°C 800gg/mL
IgG Santa Cruz 4°C 200gg/mL
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8.4 Appendix 4: Real-Time Quantitative PCR

All RT-PCR probes are mono colour hydrolysis probes from Roche 

Diagnostics (Burgess Hill, UK)

Gene Name Assay ID
COPS5 109389
CFLAR 100858
USP38 109030
USP39 109172
USP43 108873
USP51 109235
PRPF8 127698
GAPDH 141139

281



8.5 Appendix 5: Site Directed Mutagenesis

Luc2-FLIPs mutagenesis primers

Fwd: 5' P-AGG GCG GCA AGA TCG CCG TGA TAA TGG TAG CGA GCT 

CGG ATC CA

Rev: 5' P-TGG ATC CGA GCT CGG TAG CAT TAT GAG GGC GAT CTT 

GCC GCG CT

FLIP K192,195R

Fwd: 5' P-CAA GCA GCA ATC CAA AGG AGT CTC AGG GAT GCT TGA 

A AT AAC

Rev: 5' P-GTT ATT TGA AGG ATC GCT GAG ACT GCT TTG GAT TGG 

TGG TTG

FLIP S193D

Fwd: 5' P-GCA GCA ATC CAA AAG GAU CTC AAG GAT GCT TGA AAT 

AAC

Rev: 5' P-GTT ATT TGA AGG ATC CTT GAG ATC CTT TTG GAT TGG 

TGG
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8.6 Appendix 6: siRNA Transfections

FLIPs 5' AAG GAA GAG CTT GGC GCT CAA

FLIPl 5' AAC AG GAA CTG GCT CTA CTT

FLIPt 5' AAG GAG TCT GTT CAA GGA GCA

Caspase-8 5' GAG UCU GUG CCC AAA UCA ATT

DR4 5' CAA ACU UCA UGA UCA AUC A

DR5 5' GAG CCU UGU GCU UGC UGU C

Fas 5' AAG CCC UGU CCU CCA GGU GAA

Ku70 5' GGA UCA UGC UGU UCA CAA ATT

cIAPl 5' AGG AGA CAG UCC UAU UCA ATT

cIAP2 5' CAA GAU ACA CAG UUU CUA ATT

HR23B 5' ACC TGT GGC TCA GGC TCC AAC

ITCH 5' AAC CAC AAC ACA CGA AUU ACA

PIAS1 5' CCG GAT CAT TCT AGA GCT TTA

SIAH1 5' ACA GCT GAT AGG AAC ACG CAA

PRPF8 5' AGG AGA AGC UGC AGG AGA A

USP38 5' CAG AAG AAC CAG UAG UUU A

USP39 5' UUG GAG AGC UGA UGA GAA A
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USP51

USP43

A20#l

A20#2

A20#3

CYLD#1

CYLD#2

BIRC6#1

BIRC6#2

BIRC6#3

CHFR#1

CHFR#2

CHFR#3

COPS5#l

COPS5#2

COPS5#3

TRAF2#1

TRAF2#2

5' CAA ACA GGG UCU AGA GAA A 

5' GAA GAU GGU UGC AGA GGA A

5’ AGA GAG ACG CAA CTT TAA A 

5’ GTG TAA TTC ACT TTA TTT A 

5' GCT ATG ACA GCC ATC ATT T

5' CAU AAU AAA CCA AAG GCU A 

5' GAA CTC ACA TGG TCT AGA A

5’ GUU UCA AAG CAG GAU GAU G 

5' CGG AAG AUG UUG AGU GAA A 

5' ACA GCA ACU UAA CCU ACU A

5’ AAG AAG AUG UGC AAA GUA U 

5’ GCA AGG CAU GAC ACA AGA A 

5’ AGA CAA GAG UCG CAG UGA A

5' TAG GAC ATA CCC AAA GGG CTA 

5’ CCU UCU GAG UAC CAG ACU A 

5' CAA UAU UAU GCC UUA GAA G

5' GGA GCA TTG GCC TCA AGG A 

5' GCA GGT ACG GCT ACA AGA T
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TRAF2#3

TRAF2#4

5' CGG UTG AGG GTG AGA AAC A 

5' GAA GAA GGC ATT TCT ATT T
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Appendix 7: esiRNA Sequences

CFLAR (Sigma: EHU093481)

TCCATCAGGTTGAAGAAGCACTTGATACAGATGAGAAGGAGATGCTGCTCTTTTTGT

GCCGGGATGTTGCTATAGATGTGGTTCCACCTAATGTCAGGGACCTTCTGGATATTTT

ACGGGAAAGAGGTAAGCTGTCTGTCGGGGACTTGGCTGAACTGCTCTACAGAGTGA

GGCGATTTGACCTGCTCAAACGTATCTTGAAGATGGACAGAAAAGCTGTGGAGACC

CACCTGCTCAGGAACCCTCACCTTGTTTCGGACTATAGAGTGCTGATGGCAGAGATT

GGTGAGGATTTGGATAAATCTGATGTGTCCTCATTAATTTTCCTCATGAAGGATTACA

TGGGCCGAGGCAAGATAAGCAAGGAGAAGAGTTTCTTGGACCTTGTGGTTGAGTTG

GAGAAACTAAATCTGGTTGCCCCAGA

PLK1 (Sigma: EHU051011)

CTGCACCGAAACCGAGTTATTCATCGAGACCTCAAGCTGGGCAACCTTTTCCTGAAT 

G A AG ATCTGG AGGTG AA A AT AGGGG ATTTTGG ACTGGCAACC AA AGTCG A AT ATG A 

CGGGGAGAGGAAGAAGACCCTGTGTGGGACTCCTAATTACATAGCTCCCGAGGTGC 

TGAGCAAGAAAGGGCACAGTTTCGAGGTGGATGTGTGGTCCATTGGGTGTATCATGT 

AT ACCTTGTT AGTGGGC A A ACC ACCTTTT

KU70 (Sigma: EHU113911)

AACATGTCAGGGTGGGAGTCATATTACAAAACCGAGGGCGATGAAGAAGCAGAGG

AAGAACAAGAAGAGAACCTTGAAGCAAGTGGAGACTATAAATATTCAGGAAGAGA

TAGTTTGATTTTTTTGGTTGATGCCTCCAAGGCTATGTTTGAATCTCAGAGTGAAGAT

GAGTTGACACCTTTTGACATGAGCATCCAGTGTATCCAAAGTGTGTACATCAGTAAG

ATCATAAGCAGTGATCGAGATCTCTTGGCTGTGGTGTTCTATGGTACCGAGAAAGAC

AAAAATTCAGTGAATTTTAAAAATATTTACGTCTTACAGGAGCTGGATAATCCAGGT
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GCAAAACGAATTCTAGAGCTTGACCAGTTTAAGGGGCAGCAGGGACAAAAACGTTT

CCAAGACATGATGGGC

LUC2 (Sigma: Custom esiRNA based on the following sequence)

ATGGAAGATGCCAAAAACATTAAGAAGGGCCCAGCGCCATTCTACCCACTCGAAGA

CGGGACCGCCGGCGAGCAGCTGCACAAAGCCATGAAGCGCTACGCCCTGGTGCCCG

GCACCATCGCCTTTACCGACGCACATATCGAGGTGGACATTACCTACGCCGAGTACT

TCGAGATGAGCGTTCGGCTGGCAGAAGCTATGAAGCGCTATGGGCTGAATACAAAC

CATCGGATCGTGGTGTGCAGCGAGAATAGCTTGCAGTTCTTCATGCCCGTGTTGGGT

GCCCTGTTCATCGGTGTGGCTGTGGCCCCAGCTAACGACATCTACAACGAGCGCGAG

CTGCTGAACAGCATGGGCATCAGCCAGCCCACCGTCGTATTCGTGAGCAAGAAAGG

GCTGCAAAAGATCCTCAACGTGCAAAAGAAGCTACCGATCATACAAAAGATCATCA

TCATGGATAGCAAGACCGACTACCAGGGCTTCCAAAGCATGTACACCTTCGTGACTT

CCCATTTGCCACCCGGCTTCAACGAGTACGACTTCGTGCCCGAGAGCTTCGACCGGG

ACAAAACCATCGCCCTGATCATGAACAGTAGTGGCAGTACCGGATTGCCCAAGGGC

GTAGCCCTACCGCACCGCACCGCTTGTGTCCGATTCAGTCATGCCCGCGACCCCATC

TTCGGCAACCAGATCATCCCCGACACCGCTATCCTCAGCGTGGTGCCATTTCACCAC

GGCTTCGGCATGTTCACCACGCTGGGCTACTTGATCTGCGGCTTTCGGGTCGTGCTCA

TGTACCGCTTCGAGGAGGAGCTATTCTTGCGCAGCTTGCAAGACTATAAGATTCAAT

CTGCCCTGCTGGTGCCCACACTATTTAGCTTCTTCGCTAAGAGCACTCTCATCGACAA

GTACGACCTAAGCAACTTGCACGAGATCGCCAGCGGCGGGGCGCCGCTCAGCAAGG

AGGTAGGTGAGGCCGTGGCCAAACGCTTCCACCTACCAGGCATCCGCCAGGGCTAC

GGCCTGACAGAAACAACCAGCGCCATTCTGATCACCCCCGAAGGGGACGACAAGC

CTGGCGCAGTAGGCAAGGTGGTGCCCTTCTTCGAGGCTAAGGTGGTGGACTTGGACA

CCGGTAAGACACTGGGTGTGAACCAGCGCGGCGAGCTGTGCGTCCGTGGCCCCATG

ATCATGAGCGGCTACGTTAACAACCCCGAGGCTACAAACGCTCTCATCGACAAGGA

CGGCTGGCTGCACAGCGGCGACATCGCCTACTGGGACGAGGACGAGCACTTCTTCA

TCGTGGACCGGCTGAAGAGCCTGATCAAATACAAGGGCTACCAGGTAGCCCCAGCC

GAACTGGAGAGCATCCTGCTGCAACACCCCAACATCTTCGACGCCGGGGTCGCCGG
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CCTGCCCGACGACGATGCCGGCGAGCTGCCCGCCGCAGTCGTCGTGCTGGAACACG

GTAAAACCATGACCGAGAAGGAGATCGTGGACTATGTGGCCAGCCAGGTTACAACC

GCCAAGAAGCTGCGCGGTGGTGTTGTGTTCGTGGACGAGGTGCCTAAAGGACTGAC

CGGCAAGTTGGACGCCCGCAAGATCCGCGAGATTCTCATTAAGGCCAAGAAGGGCG

GCAAGATCGCCGTGTAA
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8.8 Appendix 8: Genes Included on Deubiquitinating Enzyme siRNA 

Screen

Plate Well Gene Symbol GENEID Gene Accession Sequence
Plate 1 A02 BAP1 8314 NM_004656 GAUGAUACGUCCGUGAUUG
Plate 1 A 02 BAP1 8314 NM_004656 CAACCGUGCUGUCCGUGAU
Plate 1 A02 BAP1 8314 NM 004656 CCAUCAACGUCUUGGCUGA
Plate 1 A 02 BAP1 8314 NM 004656 GAGCAAAGGAUAUGCGAUU
Plate 1 AOS COPS5 10987 NM_006837 UAGAAACGCAUGACCGAAA
Plate 1 AOS COPS5 10987 NM_006837 GGACUAAGGAUCACCAUUA
Plate 1 AOS COPS5 10987 NM_006837 GCAAUCGGGUGGUAUCAUA
Plate 1 AOS COPS5 10987 NM_006837 CUUGAGCUGUUGUGGAAUA
Plate 1 A 04 CXORF53 79184 NM 001018055 CAUAAUGGCUCAGUGUUUA
Plate 1 A 04 CXORF53 79184 NM 001018055 CGUCAGAAUUGUUCACAUU
Plate 1 A 04 CXORF53 79184 NM 001018055 GAAGGACCGAGUAGAAAUU
Plate 1 A 04 CXORF53 79184 NM 001018055 GCAUAUACUGGAACUGAAA
Plate 1 AOS CYLD 1540 NM_015247 GGACAUGGAUAACCCUAUU
Plate 1 AOS CYLD 1540 NM_015247 AGAGAUAUCUACAGACUUU
Plate 1 AOS CYLD 1540 NM_015247 GGAGAGUACUUGAAGAUGU
Plate 1 AOS CYLD 1540 NM_015247 GAAGGUUGGAGAAACAAUA
Plate 1 A 06 DUB1A 402164 XM 377830 GCAAUAUCCUGAGUGCCUU
Plate 1 A06 DUB1A 402164 XM_377830 UGUCACAGGCAACAAGAUU
Plate 1 A 06 DUB1A 402164 XMJ377830 GAGGACGACUCACUCUACU
Plate 1 A 06 DUB1A 402164 XM_377830 GAAAUUCCUUCAAGAGCAA
Plate 1 A07 DUBS 377630 NM_201402 ACAAGCAGGUAGAUCAUCA
Plate 1 A07 DUBS 377630 NM_201402 UCACAACGGACAUUACUUC
Plate 1 A07 DUBS 377630 NM_201402 CUAAACCUCUCUUCGACGA
Plate 1 A07 DUBS 377630 NM_201402 GAAAUUCCUUCAAGAGCAA
Plate 1 AOS FBX07 25793 NM 001033024 GAAUGACGACAGUAUGUUA
Plate 1 AOS FBX07 25793 NM 001033024 CUGAGUCAAUUCAAGAUAA
Plate 1 AOS FBX07 25793 NM 001033024 CAUUAGAGACCUUGUAUCA
Plate 1 AOS FBX07 25793 NM 001033024 UAGCCAACAUAUACAAAGA
Plate 1 A09 FBXOS 26269 NM_012180 UGGCAAGGGUUGUGCAAAU
Plate 1 A09 FBXOS 26269 NM_012180 UAACACCAAUCAUCGUAAA
Plate 1 A09 FBXOS 26269 NM_012180 GGGCAUCUUUAUGACAAUA
Plate 1 A 09 FBXOS 26269 NM_012180 GAACCCACCUUUAGGAUUU
Plate 1 A10 FLJ14981 84954 NM_032868 GGAGUGAGGUCGUGGGUUA
Plate 1 A10 FLJ14981 84954 NMJB2868 CAACGUGGCUGUUUCUAGC
Plate 1 A10 FLJ14981 84954 NM 032868 UCAACAAGUUCCAGCCGUU
Plate 1 A10 FLJ14981 84954 NM 032868 AGUCCAAGAUCUCGCCUUU
Plate 1 All JOSD1 9929 NM_014876 AAACAGCGCAGGGAGCUUU
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Plate 1 All JOSD1 9929 NM_014876 UCACUAACGUCAUGGGCUU
Plate 1 All JOSD1 9929 NMJ314876 GGACCGAUGUGUAACAGUU
Plate 1 All JOSD1 9929 NM_014876 GAGACAAGGCCAAAUCUGA
Plate 1 B02 MJD 4287 NM_030660 ACAGGAAGGUUAUUCUAUA
Plate 1 B02 MJD 4287 NM_030660 GGACAGAGUUCACAUCCAU
Plate 1 B02 MJD 4287 NM_030660 GCACUAAGUCGCCAAGAAA
Plate 1 B02 MJD 4287 NM 030660 GCAGGGCU AUUCAGCU AAG
Plate 1 BOB MYSM1 114803 XM_055481 UAGCAGUGAUCUCUUGUUA
Plate 1 BOB MYSM1 114803 XM_055481 GUGGAGAUGUUAAUUGUAU
Plate 1 BOB MYSM1 114803 XM_055481 UGACAAAGUACGAAUCAGA
Plate 1 BOB MYSM1 114803 XM_055481 GUUAGUCCCUAUAAUCGAA
Plate 1 B04 OTUB1 55611 NM_017670 UUAACUGUCUGGCCUAUGA
Plate 1 B04 OTUB1 55611 NM_017670 GACGGCAACUGUUUCUAUC
Plate 1 B04 OTUB1 55611 NM_017670 GACGGACUGUCAAGGAGUU
Plate 1 B04 OTUB1 55611 NM_017670 ACGAUAUCCUCUACAAAUA
Plate 1 BOS OTUB2 78990 NM_023112 CCGUUUACCUGCUCUAUAA
Plate 1 BOS OTUB2 78990 NM_023112 GCCGAUAAACAUUGAUUAA
Plate 1 BOS OTUB2 78990 NM 023112 GAGCAGACUUCUUCCGGCA
Plate 1 BOS OTUB2 78990 NM_023112 GGACUAUGGUAACUUGGUA
Plate 1 B06 OTUD1 220213 XMJL66659 ACACUAUGAUGCUGUAUUU
Plate 1 B06 OTUD1 220213 XM_166659 ACGAGAAGCUGGCCCUAUA
Plate 1 B06 OTUD1 220213 XM_166659 GAAACGCGACGAAGAACUU
Plate 1 B06 OTUD1 220213 XMJL66659 GUACCGAUUCCACAUCAUU
Plate 1 B07 OTUD4 54726 NM_017493 UGAUGGAACUAGACACGUU
Plate 1 B07 OTUD4 54726 NM_017493 UAUCGGGAACCAAAUGUUU
Plate 1 B07 OTUD4 54726 NM 017493 GAACAGAGAGAAAUUUGAA
Plate 1 B07 OTUD4 54726 NM_017493 AAUAUCAGAUUCAGAGGAU
Plate 1 BOS OTUD5 55593 NM_017602 CAACAGUGAGGACGAGUAU
Plate 1 BOS OTUD5 55593 NM_017602 CAACACAUUCCAUGGGAU A
Plate 1 BOS OTUD5 55593 NM_017602 GAAAGCAUUGCAUGGACUA
Plate 1 BOS OTUD5 55593 NM_017602 GGAUGGCGCCUGUCUCUUC
Plate 1 B09 OTUD6B 51633 NM_016023 GGAGCGAGAAGAACGGAUA
Plate 1 B09 OTUD6B 51633 NM_016023 GCUAGACAGUUAGAAAUUA
Plate 1 B09 OTUD6B 51633 NM_016023 CAUUAUAGUUGGUGAAGAA
Plate 1 B09 OTUD6B 51633 NM_016023 UGACUACUAAGGAGAAUAA
Plate 1 BIO OTUD7 161725 NM_130901 GGGAAAGACGACAACGAUA
Plate 1 BIO OTUD7 161725 NM_130901 GAUACAAUGUUAAGAGACU
Plate 1 BIO OTUD7 161725 NM_130901 GAUUCGGUGUGCAGCAAUU
Plate 1 BIO OTUD7 161725 NM_130901 UAAGAAGGCCCAUCGUUGU
Plate 1 Bll ZA20D1 56957 NM_020205 CCGAUUGGCCAGUGUAAUU
Plate 1 Bll ZA20D1 56957 NM 020205 CCGAGUGGCUGAUUCCUAU
Plate 1 Bll ZA20D1 56957 NM 020205 GCAUCUAGGUACCAAUGGA
Plate 1 Bll ZA20D1 56957 NM_020205 U AACGGAGGGAGCAAGUAU
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Plate 1 C02 PARP11 57097 NM_020367 GGAGCUAUGUGAAUUUAUA
Plate 1 C02 PARP11 57097 NM_020367 GGAAGUGGCACAUGUUUCA
Plate 1 C02 PARP11 57097 NM_020367 GAAGCAAUCUGCAUUCAUA
Plate 1 C02 PARP11 57097 NM_020367 UCACAAAGCAGAAGAAUUA
Plate 1 C03 PRPF8 10594 NM_006445 UGACGGGCAUGUAUCGAUA
Plate 1 C03 PRPF8 10594 NM_006445 GCAGAUGGAUUGCAGUAUA
Plate 1 C03 PRPF8 10594 NM_006445 GAUAAGGGCUGGCGUGUCA
Plate 1 C03 PRPF8 10594 NM 006445 GAACAGACGCCUGACUUUA
Plate 1 C04 PSMD14 10213 NM_005805 GAACAAGUCUAUAUCUCUU
Plate 1 C04 PSMD14 10213 NM_005805 GGCAUUAAUUCAUGGACUA
Plate 1 C04 PSMD14 10213 NM_005805 AGAGUUGGAUGGAAGGUUU
Plate 1 C04 PSMD14 10213 NM_005805 GAUGGUUGUUGGUUGGUAU
Plate 1 COS SBBI54 126119 NM_138334 GAUGAGAUCUGCAAGAGGU
Plate 1 COS SBBI54 126119 NM_138334 CGGCAACUAUGAUGUCAAU
Plate 1 COS SBB154 126119 NM_138334 UGGACGGUGUCUACUACAA
Plate 1 COS SBBI54 126119 NM 138334 GGGCUGAUCCUGAACCUGC
Plate 1 C06 SENP2 59343 NM_021627 GGACAAACCUAUCACAUUU
Plate 1 C06 SENP2 59343 NM 021627 GGUAAUAAAUCUCCUAAUG
Plate 1 C06 SENP2 59343 NM_021627 CCAGAGAGUUCUUUAAUGU
Plate 1 C06 SENP2 59343 NM_021627 GAACGGACGAUCUCCUUGA
Plate 1 C07 STAMBP 10617 NM_201647 GAUGAGCGUUUGAGUCCAA
Plate 1 C07 STAMBP 10617 NMJ201647 UAAACUAACUGACCAUGGA
Plate 1 C07 STAMBP 10617 NM 201647 UAUAUCACGCUCUUUAUUG
Plate 1 C07 STAMBP 10617 NM_201647 UCACACAACUGUAAGGCCA
Plate 1 COS STAMBPL1 57559 NM_020799 CGUAGAAUACCAAGAAUAU
Plate 1 COS STAMBPL1 57559 NM_020799 GAUCUGAGGUGAUAUGUUC
Plate 1 COS STAMBPL1 57559 NM_020799 GCUAGAAUCGGAGCAGUUU
Plate 1 COS STAMBPL1 57559 NM_020799 GAAGGACUGCGAUGUGUAG
Plate 1 C09 TNFAIP3 7128 NM_006290 CUGCAGUACUUGCUUCAAA
Plate 1 C09 TNFAIP3 7128 NM_006290 CAACUCAUCUCAUCAAUGC
Plate 1 C09 TNFAIP3 7128 NM_006290 UCUGGUAGAUGAUUACUUU
Plate 1 C09 TNFAIP3 7128 NM_006290 CAACGAAUGCUUUCAGUUC
Plate 1 CIO UBL3 5412 NM_007106 CCAAAUAUUCUACGACUUA
Plate 1 CIO UBL3 5412 NM_007106 CGGCGGAUAUGAUAAAUUU
Plate 1 CIO UBL3 5412 NM_007106 GAGUAAUUGUUGUGUAAUC
Plate 1 CIO UBL3 5412 NM_007106 CGAUUCUGCUUCUGACAUU
Plate 1 Cll UBL4 8266 NM_014235 GGAAACGACUCUCGGAUUA
Plate 1 Cll UBL4 8266 NM_014235 GAACAGCUACAGAGGGAUU
Plate 1 Cll UBL4 8266 NM_014235 AGAAGGUGCUACUAGAAGA
Plate 1 Cll UBL4 8266 NM_014235 GCUGAUCUCCAAAGUCUUG
Plate 1 D02 UBL5 59286 NM 024292 GGGAAGAAGGUCCGCGUUA
Plate 1 D02 UBL5 59286 NM_024292 GGGAUGAACCUGGAGCUUU
Plate 1 D02 UBL5 59286 NM_024292 AAGAAGUGGUACACGAUUU
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Plate 1 D02 UBL5 59286 NM_024292 GACCUUAAGAAGCUGAUUG
Plate 1 D03 UBR1 197131 NM_174916 GGAAAUCAGCGCGGAGUUA
Plate 1 D03 UBR1 197131 NM_174916 GUACAAUCGUGUGGACAUA
Plate 1 DOS UBR1 197131 NM_174916 GCGAAGAAAUGGACUGUCU
Plate 1 DOS UBR1 197131 NM_174916 GAUCAGCAAACCCACAAUA
Plate 1 D04 UBTD1 80019 NM_024954 CAAGCGAGCAGGACGCAAU
Plate 1 D04 UBTD1 80019 NM_024954 AGAAAGAGCGGCUUAAGUG
Plate 1 D04 UBTD1 80019 NM_024954 GGAGCAAACGGGAUGAGUU
Plate 1 D04 UBTD1 80019 NM_024954 GCGACUACCCCAUGACUGA
Plate 1 DOS DC-UBP 92181 NM_152277 GAGCAAUGAUCAUGAACUG
Plate 1 DOS DC-UBP 92181 NM_152277 GCAGCAAGAGGGAUGAAUU
Plate 1 DOS DC-UBP 92181 NM_152277 GGACUAUGUUGUACAGGUU
Plate 1 DOS DC-UBP 92181 NM_152277 CAUUGAUGGUGCAAACAUA
Plate 1 D06 UCHL1 7345 NM_004181 GCCAAUGUCGGGUAGAUGA
Plate 1 D06 UCHL1 7345 NM_004181 CCGAGAUGCUGAACAAAGU
Plate 1 D06 UCHL1 7345 NM 004181 GCUGAAGGGACAAGAAGUU
Plate 1 D06 UCHL1 7345 NM_004181 CAAGGUGAAUUUCCAUUUU
Plate 1 D07 UCHL3 7347 NM 006002 CAGCAUAGCUUGUCAAUAA
Plate 1 D07 UCHL3 7347 NM_006002 GCAAUUCGUUGAUGUAUAU
Plate 1 D07 UCHL3 7347 NM_006002 GAACAAUUGGACUGAUUCA
Plate 1 D07 UCHL3 7347 NM_006002 GGGCAUCUCUAUGAAUUAG
Plate 1 DOS UCHL5 51377 NM_015984 UAAGAGAAGGACCGAUUGA
Plate 1 DOS UCHL5 51377 NM_015984 GCAGUUAAUACCACUAGUA
Plate 1 DOS UCHL5 51377 NM_015984 UCACCGAGCUCAUUAAAGG
Plate 1 DOS UCHL5 51377 NM 015984 GAUAGCAGAGUUACAAAGA
Plate 1 D09 UMPK 7371 NM_012474 UACGAGACCUGUUCCAGAU
Plate 1 D09 UMPK 7371 NM_012474 CCGCAGACGUGGUGCUCUU
Plate 1 D09 UMPK 7371 NM_012474 GAUCAUCCCUAGAGGUGCA
Plate 1 D09 UMPK 7371 NM_012474 CAGGAUAGCUUCUACCGUG
Plate 1 DIO UEVLD 55293 NM_018314 GCAAAUCGAGUGAUCGGAA
Plate 1 DIO UEVLD 55293 NM 018314 AUGGGUUAUUGGCGAGCAA
Plate 1 DIO UEVLD 55293 NM_018314 AGGUGGAGAACUCGGUAUU
Plate 1 DIO UEVLD 55293 NM_018314 GUACAAGUUCAGGGACCUA
Plate 1 Dll UFD1L 7353 NM_001035247 GAGCGUCAACCUUCAAGUG
Plate 1 Dll UFD1L 7353 NM_001035247 GGUAAGAUAACUUUCAUCA
Plate 1 Dll UFD1L 7353 NM_001035247 UGACAUGAACGUGGACUUU
Plate 1 Dll UFD1L 7353 NM_001035247 CCCAAAGCCGUAUUAGAAA
Plate 1 E02 USP1 7398 NM_001017416 GCACAAAGCCAACUAACGA
Plate 1 E02 USP1 7398 NM_001017416 CAAAGCAGAUUAUGAGCUA
Plate 1 E02 USP1 7398 NM_001017416 CAUAGUGGCAUUACAAUUA
Plate 1 E02 USP1 7398 NM 001017416 GUUUGGAGUUUGAUUGUUA
Plate 1 E03 USPIO 9100 NM 005153 UGAGUUUGGUGUCGAUGAA
Plate 1 E03 USPIO 9100 NM_005153 GAUAAAAUCGUGAGGGAUA
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Plate 1 E03 USPIO 9100 NM_005153 GGAAAAUGAUGGUGUCUCA
Plate 1 E03 USPIO 9100 NM_005153 AAGCUUCUCUCACCAAGUA
Plate 1 E04 USP11 8237 NM_004651 GCGCACAGCUGCAUGUCAU
Plate 1 E04 USP11 8237 NM_004651 GAGAAGCACUGGUAUAAGC
Plate 1 E04 USP11 8237 NM_004651 GGACCGUGAUGAUAUCUUC
Plate 1 E04 USP11 8237 NM_004651 GAAGAAGCGUUACUAUGAC
Plate 1 EOS USP12 219333 NM_182488 UGGAUCAACUUCAUCGAUA
Plate 1 EOS USP12 219333 NM_182488 UAGCAGAUCUCUUCCAUAG
Plate 1 EOS USP12 219333 NM 182488 AGAAGUUCAUCACAAGAUU
Plate 1 EOS USP12 219333 NM 182488 GAAGCACACAAACGGAUGA
Plate 1 E06 USP13 8975 NM_003940 AGGAUGAACUGAUCGCUUA
Plate 1 E06 USP13 8975 NM_003940 UAGCGACGAUUAUGAAUAU
Plate 1 E06 USP13 8975 NM_003940 UACCAAAUAUUGAGGAGUU
Plate 1 E06 USP13 8975 NM_003940 UCAACUGGAUCAUUGUUCA
Plate 1 E07 USP14 9097 NM 001037334 GACAAAGUCAGCAUCGUAA
Plate 1 E07 USP14 9097 NM_001037334 GCAUAUCGCUUACGUUCUA
Plate 1 E07 USP14 9097 NM 001037334 GAGGAACGCUAAAGGAUGA
Plate 1 E07 USP14 9097 NM_001037334 CAAGAUGAAUGGAUUAAGU
Plate 1 EOS USP15 9958 NM_006313 GAUGAUACCAGGCAUAUAA
Plate 1 EOS USP15 9958 NM_006313 GGUAUUGUCCGAAUUGUAA
Plate 1 EOS USP15 9958 NM_006313 CCAAACCUAUGCAGUACAA
Plate 1 EOS USP15 9958 NM_006313 GAGUAUUUCCUCAAUGAUA
Plate 1 E09 USP16 10600 NMJD01001992 CGAAUAAACUGCUUUGUGA
Plate 1 E09 USP16 10600 NM 001001992 GUAAGAAUGUUGCAGAAGA
Plate 1 E09 USP16 10600 NM_001001992 GGACCAAAGGCAAAUAUAA
Plate 1 E09 USP16 10600 NM 001001992 GGCAUUAACAGAACCAUUA
Plate 1 ElO USP17 391627 NM_001105662 CCUUGGAGUGGCUGACAUA
Plate 1 ElO USP17 391627 NM_001105662 UGUCACAGGCAACAAGAUU
Plate 1 ElO USP17 391627 NM_001105662 GGGCUCUGCUUGUGUGCCA
Plate 1 ElO USP17 391627 NM_001105662 GCAGGUAGAUCAUCACUCU
Plate 1 Ell USP18 11274 NM_017414 CUGCAUAUCUUCUGGUUUA
Plate 1 Ell USP18 11274 NM_017414 GGAAGAAGACAGCAACAUG
Plate 1 Ell USP18 11274 NM_017414 GGACUACCCUCAUGGCCUG
Plate 1 Ell USP18 11274 NM_017414 GCAAAUCUGUCAGUCCAUC
Plate 1 F02 USP19 10869 NM_006677 GAGGACACCACUAGUAAGA
Plate 1 F02 USP19 10869 NM_006677 UGGCGGAGGUAAUUAAGAA
Plate 1 F02 USP19 10869 NM_006677 UCAAGAAUGACUCGUAUGA
Plate 1 F02 USP19 10869 NM_006677 CAGAGUUGUUGCUCGAUUG
Plate 1 F03 USP2 9099 NVL171997 ACACCAACCAUGCUGUUUA
Plate 1 F03 USP2 9099 NML171997 GCGCUUUGUUGGCUAUAAU
Plate 1 F03 USP2 9099 NM_171997 GUGUACAGAUUGUGGUUAC
Plate 1 F03 USP2 9099 NM_171997 GACCUAAGUCCAACCCUGA
Plate 1 F04 USP20 10868 NM_001008563 GGACAAUGAUGCUCACCUA
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Plate 1 F04 USP20 10868 NM_001008563 GCGAGUGGCUCAACAAGUU
Plate 1 F04 USP20 10868 NM_001008563 GAACGCCGAGGGCUACGUA
Plate 1 F04 USP20 10868 NM_001008563 GCCAGAACGUGAUCAAUGG
Plate 1 F05 USP21 27005 NM_012475 CCACCCACUUUGAGACGUA
Plate 1 F05 USP21 27005 NM_012475 GAUCCAAGCUACCAUUUGC
Plate 1 F05 USP21 27005 NM_012475 CGAGAGCCACCUGUUAAUA
Plate 1 F05 USP21 27005 NM_012475 CUUCGGGACUUCUGUCUGA
Plate 1 F06 USP22 23326 XM 042698 GCAAACAGCUCCCGAUUAG
Plate 1 F06 USP22 23326 XM_042698 CUGCAAAGGUGAUGACAAU
Plate 1 F06 USP22 23326 XM_042698 CGGACAGUCUCAACAAUGA
Plate 1 F06 USP22 23326 XM_042698 CAAAGAAGCAUAUUCACGA
Plate 1 F07 USP24 23358 XM_371254 GUAGUAAAUUGUCGUUAGA
Plate 1 F07 USP24 23358 XM_371254 GAACAAAUCCUUACAGUGA
Plate 1 F07 USP24 23358 XML371254 CAGAUCAGCUUAAUCAUUU
Plate 1 F07 USP24 23358 XM 371254 GGACGAGAAUUGAUAAAGA
Plate 1 F08 USP25 29761 NM 013396 ACAAGUUCCUUAUCGAUUA
Plate 1 F08 USP25 29761 NM_013396 UGAAAGGUGUCACAACAUA
Plate 1 F08 USP25 29761 NM 013396 UAAGGAUGCUUUCAAAUCA
Plate 1 F08 USP25 29761 NM_013396 GAAGACAACCAACGAUUUG
Plate 1 F09 USP26 83844 NM_031907 GCACAAGACUUCCGUUGGA
Plate 1 F09 USP26 83844 NM_031907 AAACAGAUCUGGUUCACUU
Plate 1 F09 USP26 83844 NM_031907 GCACUGGGUUCCAAUAAGA
Plate 1 F09 USP26 83844 NM 031907 UAUCAUGGCCUGCAACAAA
Plate 1 F10 USP27X 389856 XM 372213 CUGCAAAGGUGAUGAUGUC
Plate 1 F10 USP27X 389856 XM_372213 CAACACAACUUAGCAGUAG
Plate 1 FIO USP27X 389856 XM 372213 GGUAUAUACUGCUUUAUGU
Plate 1 FIO USP27X 389856 XM_372213 UCAUGUGCCCUAUAAGUUA
Plate 1 Fll USP28 57646 NM_020886 GAAGGUGGCUCAAGCGAAA
Plate 1 Fll USP28 57646 NM_020886 GAGGAUAACUGGCGGUUUG
Plate 1 Fll USP28 57646 NM_020886 ACUAAACGCUCAAAGAGAA
Plate 1 Fll USP28 57646 NM_020886 UCCCGGACAUGCUGAAAUA
Plate 1 G02 USP29 57663 NM_020903 GCUAAACAGUUGAAUAUGU
Plate 1 G02 USP29 57663 NM_020903 GGAGAUGAUUUCUGAGAUC
Plate 1 G02 USP29 57663 NM_020903 CCAAUACAUUCGUAGAGUU
Plate 1 G02 USP29 57663 NM_020903 GAUGAUGAUUGGAGUGUGU
Plate 1 G03 USP3 9960 NM_006537 CCAAAGCUGGAUCGGAUAA
Plate 1 G03 USP3 9960 NM_006537 GCACAAGUACCUUUAACCA
Plate 1 G03 USP3 9960 NM_006537 GCACACAGUAUGUAUGGAU
Plate 1 G03 USP3 9960 NM 006537 CCUCAUAUGUGGGACAGAA
Plate 1 G04 USP30 84749 NM 032663 CCAGAGUCCUGUUCGAUUU
Plate 1 G04 USP30 84749 NM_032663 GGACAUAAACCUAGUCAAC
Plate 1 G04 USP30 84749 NM_032663 CGUCAGAUAUAAAGUCAUG
Plate 1 G04 USP30 84749 NM_032663 GUCAUUACCUCGUCAUUGG
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Plate 1 G05 USP31 57478 NM_020718 ACAAUAAUCAGAUCGCUUA
Plate 1 G05 USP31 57478 NM_020718 GAACUCCAGUGUCGUAGAU
Plate 1 G05 USP31 57478 NM_020718 UGGCUUGGAUUAUCAUAGA
Plate 1 G05 USP31 57478 NM_020718 UGAGACUCCCGAAAUAUUU
Plate 1 G06 USP32 84669 NM_032582 GGAGAUAUCCUGUGGGUUA
Plate 1 G06 USP32 84669 NM_032582 GAGAAACGCUAUUGGUUAU
Plate 1 G06 USP32 84669 NM 032582 GGACACAGCAGUCUAACAU
Plate 1 G06 USP32 84669 NM 032582 GGAACUAUGUUAUACGGGA
Plate 1 G07 USP33 23032 NM_201626 GUAGUAACCUUGCAAGAUU
Plate 1 G07 USP33 23032 NM_201626 GGGCAUGUCUGGAGAAUAG
Plate 1 G07 USP33 23032 NM_201626 CAGCUCAAAUUGUGACAUA
Plate 1 G07 USP33 23032 NM_201626 CGAAAUCAUUGUCCACAUU
Plate 1 G08 USP34 9736 NM_014709 GCAGGGAAGUUCUGACGAA
Plate 1 G08 USP34 9736 NM_014709 CAACAGAUCAGUAGUAAUU
Plate 1 G08 USP34 9736 NM 014709 GCAGCUAUCCAGUAUAUUA
Plate 1 G08 USP34 9736 NM_014709 CCAUGUGACUGGAGAUUUA
Plate 1 G09 USP35 57558 XML290527 GCUCGGAGUAUCUGAAGUA
Plate 1 G09 USP35 57558 XM_290527 GGGCAAGAUUGGUCUCAUC
Plate 1 G09 USP35 57558 XML290527 GGAAGAAUAUUGACAAGUG
Plate 1 G09 USP35 57558 XM_290527 AGAGCGAGCUGGCGGGUUU
Plate 1 G10 USP36 57602 NM_025090 GAUGUAGGCUAUCCGGAAU
Plate 1 G10 USP36 57602 NM_025090 CAGAACAUCCAACGUCUUA
Plate 1 CIO USP36 57602 NM 025090 AAAGAUCGCCCGACACUUC
Plate 1 GIO USP36 57602 NM_025090 CGACGGAACUUCUGGUCUG
Plate 1 Gil USP37 57695 NM_020935 CAAAAGAGCUACCGAGUUA
Plate 1 Gil USP37 57695 NM_020935 CCAAGGAUAUUUCAGCUAA
Plate 1 Gil USP37 57695 NM_020935 GCAUACACUUGCCCUGUUA
Plate 1 Gil USP37 57695 NM_020935 GAAUAAAGUCAGCCUAGUA
Plate 1 H02 USP38 84640 NM_032557 GAUCAGAAGUAUCAUGUGA
Plate 1 H02 USP38 84640 NM_032557 UCACAUACGUUGUUUGAAC
Plate 1 H02 USP38 84640 NM_032557 ACUAAUGGUUUAAGUGGUA
Plate 1 H02 USP38 84640 NM_032557 GUAACUUGCUGCAGAACAU
Plate 1 H03 USP39 10713 NM_006590 GAUCAUCGAUUCCUCAUUG
Plate 1 H03 USP39 10713 NM_006590 CAUAUGAUGGUACCACUUA
Plate 1 H03 USP39 10713 NM_006590 GAGGAUAUCACGUAUGUGU
Plate 1 H03 USP39 10713 NM_006590 GCUUCCAGCUUACCAAGUU
Plate 1 H04 USP4 7375 NM_199443 CCAAAUGGAUGAAGGUUUA
Plate 1 H04 USP4 7375 NM_199443 AAACUCAACUCUCGAUCUA
Plate 1 H04 USP4 7375 NM_199443 GGGAUAAGCUCGACACAGU
Plate 1 H04 USP4 7375 NM_199443 AAUCACAGGUUGAGGAAUG
Plate 1 H05 USP40 55230 NM_018218 GAGAAAUGGGUCACUAGUA
Plate 1 H05 USP40 55230 NM_018218 GCACCAAGUUCGUCUCAGU
Plate 1 H05 USP40 55230 NM_018218 GAAAGUGCCUACAUGUUGU
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Plate 1 H05 USP40 55230 NM_018218 GAAAUGAGGCAACAUGAUG
Plate 1 H06 USP41 373856 XM_036729 UCAGGAAGAUCACGGAGUU
Plate 1 H06 USP41 373856 XMJB6729 CUGCAAUAAGGUCUGGCUA
Plate 1 H06 USP41 373856 XM_036729 UCAAAUGACUGCUUUAACU
Plate 1 H06 USP41 373856 XM_036729 GGGCUGGUGCUUUGGUGAU
Plate 1 H07 USP42 84132 NM_032172 GAAUGGGAUUGGUACGAUU
Plate 1 H07 USP42 84132 NM_032172 CGACAGAACUGCACUUGUA
Plate 1 H07 USP42 84132 NM_032172 GUUAAUAGGUCCUCAGUGA
Plate 1 H07 USP42 84132 NM_032172 GCAGAAGGCUUUUGUAUGA
Plate 1 H08 USP43 124739 XM_371015 GGGCUUAUAUCCUGUUCUA
Plate 1 H08 USP43 124739 XM 371015 GGCAGAAGCAUUAGCAUGA
Plate 1 H08 USP43 124739 XM_371015 GCUCUGGACUCGCGAAUAC
Plate 1 H08 USP43 124739 XM 371015 GCACAGCUGUACCUUGGAU
Plate 1 H09 USP44 84101 NM_032147 GAAUUGGAGUAUCAAGUUA
Plate 1 H09 USP44 84101 NM_032147 GAAGGAUACUAAUGGGUAA
Plate 1 H09 USP44 84101 NM 032147 CAAGAAAGAGUUUACGUUU
Plate 1 H09 USP44 84101 NM 032147 AAUAGUAACUCCUGGUGUA
Plate 1 H10 USP45 85015 XM 371838 GAACAUAGUGGCUCGAUGA
Plate 1 H10 USP45 85015 XM_371838 GCACAGACUUAUACUCUUA
Plate 1 HIO USP45 85015 XM_371838 GAAGGCACCUCGAUUUAAA
Plate 1 H10 USP45 85015 XM_371838 GAACAGAGCCCCAUUGUAU
Plate 1 Hll USP46 64854 NM_022832 GAACGAACCUGCGGAAAAU
Plate 1 Hll USP46 64854 NM_022832 GAAACUCGAUGCUUGAACU
Plate 1 Hll USP46 64854 NM 022832 AAACAUCGCCUCCAUCUGU
Plate 1 Hll USP46 64854 NM_022832 CCGCAUGUAUGACUUGGUU

Plate 2 A02 USP47 55031 NM_017944 GCAACGAUUUCUCCAAUGA
Plate 2 A02 USP47 55031 NM_017944 CAACAUGUCAGCAGGAUAA
Plate 2 A02 USP47 55031 NM_017944 GCUGUCGCCUUGUUAAAUA
Plate 2 A02 USP47 55031 NM_017944 CGCAAUACAUGCAAGAUAA
Plate 2 A 03 USP48 84196 NM_001032730 CUACAUCGCCCACGUGAAA
Plate 2 AOS USP48 84196 NM_001032730 GCACUCUACUUAUGUCCAA
Plate 2 A 03 USP48 84196 NM_001032730 GGAGCUGUACCAAAGGUUA
Plate 2 A 03 USP48 84196 NM_001032730 CCGAAUUGCUUGGUUGGUA
Plate 2 A 04 USP49 25862 NM_018561 GGCCGUAAUCAUCGAGAGA
Plate 2 A 04 USP49 25862 NM_018561 GGGAGGUGCGUGCGCUUUA
Plate 2 A04 USP49 25862 NM_018561 GCAAACAUGUAGGGCGGUU
Plate 2 A 04 USP49 25862 NM_018561 UGGUCAUGCAUCACGGGAA
Plate 2 AOS USP5 8078 NM_003481 GAGCUGACGUGUACUCAUA
Plate 2 AOS USP5 8078 NM 003481 CGAGGAGAAGUUUGAAUUA
Plate 2 AOS USP5 8078 NM_003481 GAAGUACACCCAGCGAGUU
Plate 2 AOS USP5 8078 NM_003481 GCAAAGCUGUCUACUACAC
Plate 2 A06 USP50 373509 NM_203494 UAUGAUACCCUUCCAGUUA
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Plate 2 A 06 USP50 373509 NM 203494 CAACACAUGCUGCGUGAAU
Plate 2 A 06 USP50 373509 NM_203494 CUACCCAGCAUUUACGAAA
Plate 2 A06 USP50 373509 NM_203494 GGACCUCACUCCUUAUAUU
Plate 2 A07 USP51 158880 NM_201286 GAGCAGGGAUGACCACAUA
Plate 2 A07 USP51 158880 NM_201286 GGCGAAAGAUUAAUACCUU
Plate 2 A07 USP51 158880 NM 201286 CAAUCAACCUGUGAGACAA
Plate 2 A07 USP51 158880 NM 201286 UAAGUUACUGCAUCUGAUA
Plate 2 AOS USP52 9924 NM_014871 GACCUUGUUUGCUGGAUUA
Plate 2 AOS USP52 9924 NM_014871 UCAAGGGUCUUUAUGAGAA
Plate 2 AOS USP52 9924 NM_014871 GCAAGGAGGGCGUUACUCA
Plate 2 AOS USP52 9924 NM_014871 AAGAACAACCUCAAGUAUA
Plate 2 A 09 USP53 54532 NM_019050 CCUAAGAACUGUUGGGUUA
Plate 2 A 09 USP53 54532 NM_019050 CGACGAAGCUUGCGGGUUU
Plate 2 A 09 USP53 54532 NM_019050 CAACAGAUGACUAUAGGAA
Plate 2 A09 USP53 54532 NM_019050 GAACAGUGUGUGUGUCGUA
Plate 2 A10 USP54 159195 NM 152586 GUACAGGUUUCAAGGAUAG
Plate 2 A10 USP54 159195 NM_152586 GCAGGAGACCUCAGAAUUG
Plate 2 A10 USP54 159195 NM 152586 GUACAGUGCAGAGAAUUUA
Plate 2 A10 USP54 159195 NMJL52586 GAGGUCAGCUUGGAAUUCA
Plate 2 All USP6 9098 NM_004505 GAGAAUGGGAGACAUAUAA
Plate 2 All USP6 9098 NM_004505 GCGGAGAGGUUCACAACAA
Plate 2 All USP6 9098 NM_004505 CGGAACCAAUUCUUCGAUA
Plate 2 All USP6 9098 NM 004505 CAGCUAAGAUCUCAAGUCA
Plate 2 B02 USP7 7874 NM 003470 AAGCGUCCCUUUAGCAUUA
Plate 2 B02 USP7 7874 NM_003470 GCAUAGUGAUAAACCUGUA
Plate 2 B02 USP7 7874 NM 003470 UAAGGACCCUGCAAAUUAU
Plate 2 B02 USP7 7874 NM_003470 GUAAAGAAGUAGACUAUCG
Plate 2 B03 USP8 9101 NML005154 GGCAAGCCAUUUAAGAUUA
Plate 2 B03 USP8 9101 NM_005154 CCACUAGCAUCCACAAGUA
Plate 2 B03 USP8 9101 NM_005154 CUUCGUAACUUAGGAAAUA
Plate 2 B03 USP8 9101 NM_005154 CAGAUUAGAUCGUGAUGAG
Plate 2 B04 USP9X 8239 NM_021906 AGAAAUCGCUGGUAUAAAU
Plate 2 B04 USP9X 8239 NM_021906 ACACGAUGCUUU AGAAUUU
Plate 2 B04 USP9X 8239 NM_021906 GUACGACGAUGUAUUCUCA
Plate 2 B04 USP9X 8239 NM_021906 GAAAUAACUUCCUACCGAA
Plate 2 BOS USP9Y 8287 NM_004654 GUACGGCGAUGUAUUGUUA
Plate 2 BOS USP9Y 8287 NM_004654 GCAGUUGUCCUGUUGCUUA
Plate 2 BOS USP9Y 8287 NM_004654 GAACUUCGGCCAUAUUUAG
Plate 2 BOS USP9Y 8287 NM_004654 UAUGGGACCUUACACAGUA
Plate 2 B06 C130RF22 10208 NM 005800 CAAGAAAGCUCGUAAGAGU
Plate 2 B06 C130RF22 10208 NM_005800 GGACACAGCUGUAACUCAU
Plate 2 B06 C130RF22 10208 NM_005800 GUAACUCACCCUAAAGAUA
Plate 2 B06 C130RF22 10208 NM_005800 UCAAUUGAGUGGUGUUAAA
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Plate 2 B07 VCPIP1 80124 NM 025054 GAGAAGCUCUGGUGAUUAU
Plate 2 B07 VCPIP1 80124 NM 025054 GGGACAGACUUUAGUAAUA
Plate 2 B07 VCPIP1 80124 NM_025054 GGAGAUGGGUCUAUUGUGU
Plate 2 B07 VCPIP1 80124 NM_025054 CGACAGAAUUACAAUAGAA
Plate 2 BOS YOD1 55432 NM_018566 GCAAUAGAGAUAUCGAUUU
Plate 2 BOS YOD1 55432 NM_018566 CAUCCAAUCUGGUGACAUG
Plate 2 BOS YOD1 55432 NM_018566 GAUCCAGACUUCUAUAGUG
Plate 2 BOS YOD1 55432 NM_018566 GACAGGCCAUACCAACUUU
Plate 2 B09 ZA20D1 56957 NM 020205 CCGAUUGGCCAGUGUAAUU
Plate 2 B09 ZA20D1 56957 NM 020205 CCGAGUGGCUGAUUCCUAU
Plate 2 B09 ZA20D1 56957 NM_020205 GCAUCUAGGUACCAAUGGA
Plate 2 B09 ZA20D1 56957 NM 020205 UAACGGAGGGAGCAAGUAU
Plate 2 BIO ZRANB1 54764 NM 017580 AGACCUAGUGGAACAAUUA
Plate 2 BIO ZRANB1 54764 NM_017580 CAACAAGCAGCAAAGUGUA
Plate 2 BIO ZRANB1 54764 NM 017580 GAAGUACGCUUGCUGAAUC
Plate 2 BIO ZRANB1 54764 NM_017580 GACCAAGGGUGAAAUCUUC
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8.9 Appendix 9: Genes Included on Ubiquitin Family esiRNA Screen

Plate 1 

A 

B 

C 

D 

E 

F 

G 

H

Plate 2 

A 

B 

C 

D 

E 

F 

G 

H

Plate 3 

A 

B 

C 

D 

E 

F 

G 

H

Plate 4 

A 

B 

C 

D 

E 

F 

G 

H

Plate 5 

A 

B 

C 

D 

E 

F 

G 

H

3 4 5 6 7 8 9 10 11 12

USPL1 USP51 USP44 USP37 USP3 USP19 USP14 OTUD7B COPS5

USP9Y USP17L2 USP42 USP36 USP29 USP18 USP13 OTUB1 COPS6

USP9X USP5 USP40 USP35 USP28 USP16 USP12 OTUB2 EIF3F

USP8 USP49 USP4 USP34 USP21 USP15 USP11 OTUD1 MPND

USP7 USP48 USP39 USP33 USP20 BA PI USP10 OTUD3 MYSM1

USP6 USP47 USP38 USP32 USP2 UCHL1 USP1 OTUD4 PRPF8

USP54 USP46 USP26 USP31 USP24 UCHL5 PAN2 OTUD5 PSMD7

USP53 USP45 USP25 USP30 USP22 YOD1 CYLD OTUD6A OTUD6B

3 4 5 6 7 8 9 10 11 12

VCPIP1 PSMD14 UBA5 UBE2D1 UBE2G1 CDC34 UBE2C ARIH1 CBL

ZRANB1 STAMBP UBA6 UBE2D2 UBE2G2 UBE2R2 UBE2J1 ARIH2 CHFR

TNFA1P3 STAMBPL1 UBA7 UBE2D3 UBE2Q1 UBE2B UBE2L3 BARD1 STUB1

ATXN3L ATG7 NAE1 UBE2D4 UBE2Q2 UBE2U UBE2K BRAP CCNB1IP1

ATXN3 SAE1 AKTIP UBE2E1 SUM04 UBE2W UBE2N BRCA1 CNOT4

JOSD1 UBA2 BIRC6 UBE2E2 UBE2V2 UBE2Z UBE20 RNF20 DDB1

JOSD2 UBA1 TSG101 UBE2E3 UBE2M UBE2NL UBE2S RNF40 DTX3L

BRCC3 UBA3 UBE2J2 UBE2L6 UBE2A UEVLD UBE2T CBLB DZIP3

3 4 5 6 7 8 9 10 11 12

RNF182 E4F1 HECTD2 HERC5 KCMF1 MARCHS MGRN1 MYCBP2 NHLRC1

RNF187 FANCL HECTD3 HERC6 LNX1 MARCH6 MIB1 MYLIP PJA1

RNF19A FBXL14 HECW1 HLTF LRSAM1 MARCH7 UFC1 NEDD4L PJA2

RNF19B G2E3 HECW2 HUWE1 LTN1 MARCHS MKRN1 NEDD4 PARK2

RNF216 RNF130 HERC1 ITCH MARCH1 MARCH9 MKRN2 NEURL1B PDZRN3

RNF217 HACE1 FIERC2 KIAA0317 MARCH2 MARCH10 MKRN3 RNF144B RNF144A

RNF220 CBLL1 FTERC3 C12orf51 MARCH3 MARCH11 ANKIB1 RAD18 RLIM

AMFR HECTD1 HERC4 KBTBD10 MARCH4 MDM2 MUL1 NDFIP2 RNF5

3 4 5 6 7 8 9 10 11 12

RAG1 RNF103 RNF138 RNF6 SKP2 RNF13 TRIP12 TRIMS UBE2CBP

RBBP6 RNF111 RNF139 RNF8 SMURF1 RNF14 TRAF6 TRIM32 UBAC1

RBX1 RNF115 RNF149 TRIM21 SMURF2 RNF25 TRAF7 TRIM33 MID2

RFFL RNF123 RNF152 SH3RF1 SYVN1 RNF34 TRIM63 TRIM36 TTC3

RFWD2 RNF125 RNF167 SH3RF2 TRIM24 RNF41 TRIM68 TRIM37 TRIM8

RFWD3 RNF128 RNF168 SHPRH TOPORS RNF43 TRIM17 TRIM41 TRIM9

URM1 RNF133 RNF180 SIAH1 TRAF1 RNF4 TRIM22 TRIM31 TRIML1

RNF2 RNF135 RNF181 SIAH2 TRAF2 TRAF3 TRIM23 TRIM56 TRIML2

3 4 5 6 7 8 9 10 11 12

UBR2 ZFP91 B1RC3 PIAS1 ATG12

UBR3 VVWP1 ANAPC2 PIAS2 ISG15

UBR4 WWP2 ANAPC11 PIAS3 NEDD8

UBR5 XIAP ANAPC4 PIAS4 FAU

UBE3A UBR7 ANAPC5 SUMOl UBL5

UBE3B UBXN1 RCHY1 SUM03

UBE3C UHRF1 ZNRF1 CDC23

UBR1 UFTRF2 ZNRF2 MALT1
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8.10 Appendix 10: Vector Maps

8.10.1 pBABE-puro: Mammalian Retroviral Expression Vector

(5058) SspI Aarl BfuAI BspMI 8)

(4853) XmnI 

(4734) Seal 

(4624) Pvul

(4476) FspI

Spel (616)

Bsu36I (737)

(4133) NoU

BsrGI (1230)

NgoMIV (1348)
Nael (1350)
BamHI (1355)
BsaAI SnaBI 1374) 
EcoRI (1379)
Sail (1397)
AccI (1398)

Ncol (1634) 
Sfll (1680) 

AvrII (1727) 
Hindlll (1743) 

BsiWI (1808) 
BspEI* (1865) 

RsrII (1868)

Sad I (1966)

BspOI Clal (2406) 
(2484) Bmtl Nhel (2480)
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8.10.2 pCMV-3Tag-l: 3xFLAG-tag Expression Vector

pCMV-3Tag-1 Vector Map pUC ori | PCMV

TK pA( pCMV-3Tag-l
4.2 kb

neo/kan

3x FLAG 
MCS

BGH pA

ori
^4/0^Pbla

^PSV40

pCMV-3Tag-1 Multiple Cloning Site Region
(sequence shown 620-893)

T3 promoter
FLAG tag

M D Y K D
'AA^GnAACAAAAGCTGGAGCTCCACCGCGGTGGCGGCCGCCACC ATG GAT TAG AAG GAT...

FLAG tag FLAG tag
DDDKDYKD DDDKDYKDDDDK

...GAC GAC GAT AAG GAC TAT AAG GAC GAT GAT GAC AAG GAC TAG AAA GAT GAT GAG GAT AAA * .

Srf I BomH I Pst I EcoR I EcoR V Hind III Acc I/Sol I

...GCC CGG GCG GGA TCC CCC GGG CTG GAG GAA TTC GAT ATG AAG CTT ATG GAT ACC GTC GAC...

Xho I Apo I T7 promoter

...CTG GAG GGG GGG CCC GGT ACC TTAATTAATTAAGGTACCAGGTAAGTGTACCCAATTCGCCCTATAGTGAGTCGTATTAC

MULTIPLE STOP CODONS

In pCMV-3Tag-1 A, no bases Inserted; in pCMV-3Tag-1 B, A inserted; in pCMV-3Tag- 1C, AA inserted

Feature Nucleotide Position

CMV promoter 1-602

T3 promoter and T3 primer binding site [5" AATTAACCCTCACTAAAGGG 3'] 620-639

3x FLAG tag 682-753

multiple cloning site 754-828

T7 promoter and T7 primer binding site [3' CGGGATATCACTCAGCATAATG 5'] 872-893

BGH polyA signal 908-1134

fl origin of ss-DNA replication 1273-1579

bio promoter 1604-1728

SV40 promoter 1748-2086

neomycin/kanamycin resistance ORF 2121-2912

HSV-thymidine kinase (TK) polyA signal 2916-3371

pUC origin 3500-4167

FIGURE 1 Circular map of the pCMV-3Tag-l A-l C vectors, featuring eukaryotic expression, N-terminal FLAG epitope 
tagging, and neomycin and kanamycin resistance. The positions listed in the table above correspond to pCMV-3Tag-l A. See 
Table 1 for the complete list of feature positions for the pCMV-3Tag-l A-l C vectors.
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8.11 Appendix 11: DNA Sequencing Primers

FLIPs F 5' ATG TCT GCT GAA GTC ATC CAT

FLIPs R 5' CAT GGA ACA ATT TCC AAG AAT

FLIPl F 5' ATG TCT GCT GAA GTC ATC CAT

FLIPl R 5' TGT GTA GGA GAG GAT AAG TTT CTT

FLIPl 378 R 5' GCT TAT CTT GCC TCG GCC CAT

FLIPl 821 R 5' GAA TTT CTG GAC TTC ATA GCC C

FLIPl 776 F 5' GCA TTG GCA AT GAGA CAG AGC TTC

FLIPl 1245 F 5' GTC TCA CAG CTC ACC ATC CCT

pBABE F 5' CTT TAT CCA GCC CTC AC

pBABE R 5' ACC CTA ACT GAC ACA CAT TCC

302



Chapter 9: Bibliography



1.

Bibliography

Hajdu, S. I. A note from history: landmarks in history of cancer, part 1. Cancer 117, 
1097-1102 (2011).

2. Hanahan, D. & Weinberg, R. A. The hallmarks of cancer. Cell 100, 57-70 (2000).
3. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144, 

646-674 (2011).
4. Maione, P., Gridelli, C., Troiani, T. & Ciardiello, F. Combining targeted therapies 

and drugs with multiple targets in the treatment of NSCLC. Oncologist 11, 274-284 
(2006).

5. Kobayashi, S. et al. EGFR mutation and resistance of non-small-cell lung cancer to 
gefitinib. N Engl ] Med 352, 786-792 (2005).

6. Vrouchou, P., Kandaswamy, P., George, E. & Barnett, D. Pemetrexed approved for 
the first-line treatment of non-small-cell lung cancer: summary of the NICE 
appraisal. Lancet Oncol 10,1031-1032 (2009).

7. Chang, A. Chemotherapy, chemoresistance and the changing treatment landscape 
for NSCLC. Lung Cancer 71, 3-10 (2011).

8. National Collaborating Centre for Cancer (UK). The Diagnosis and Treatment of Lung 
Cancer (Update). (National Collaborating Centre for Cancer (UK), 2011).

9. Soda, M. et al. Identification of the transforming EML4-ALK fusion gene in non
small-cell lung cancer. Nature 448, 561-566 (2007).

10. Sasaki, T., Rodig, S. J., Chirieac, L. R. & Janne, P. A. The biology and treatment of 
EML4-ALK non-small cell lung cancer. Eur ] Cancer 46,1773-1780 (2010).

11. Kwak, E. L. et al. Anaplastic lymphoma kinase inhibition in non-small-cell lung 
cancer. N Engl ]Med 363,1693-1703 (2010).

12. Elmore, S. Apoptosis: a review of programmed cell death. Toxicol Pathol 35,495-516 
(2007).

13. Perez-Tomas, R. Molecular mechanisms of cancer cell death. Curr. Pharm. Des. 16, 
1-2 (2010).

14. Denton, D., Nicolson, S. & Kumar, S. Cell death by autophagy: facts and apparent 
artefacts. Cell Death Differ 19, 87-95 (2012).

15. Hotchkiss, R. S., Strasser, A., McDunn, J. E. & Swanson, P. E. Cell death. N Engl J 
Med 361,1570-1583 (2009).

16. Proskuryakov, S. Y., Konoplyannikov, A. G. & Gabai, V. L. Necrosis: a specific form 
of programmed cell death? Exp Cell Res 283,1-16 (2003).

17. Galluzzi, L. et al. Molecular definitions of cell death subroutines: recommendations 
of the Nomenclature Committee on Cell Death 2012. Cell Death Differ 19,107-120 
(2012).

18. Castedo, M. et al. Cell death by mitotic catastrophe: a molecular definition.
Oncogene 23, 2825-2837 (2004).

19. Rubinstein, A. D. & Kimchi, A. Life in the balance - a mechanistic view of the 
crosstalk between autophagy and apoptosis. / Cell Sci 125, 5259-5268 (2012).

20. Vandenabeele, P., Galluzzi, L., Vanden Berghe, T. & Kroemer, G. Molecular 
mechanisms of necroptosis: an ordered cellular explosion. Nat Rev Mol Cell Biol 11, 
700-714 (2010).

21. Kerr, J. F., Wyllie, A. H. & Currie, A. R. Apoptosis: a basic biological phenomenon 
with wide-ranging implications in tissue kinetics. Br ] Cancer 26,239-257 (1972).

22. Savill, J. Recognition and phagocytosis of cells undergoing apoptosis. Br. Med. Bull. 
53,491-508 (1997).

23. Meier, P., Finch, A. & Evan, G. Apoptosis in development. Nature 407, 796-801
(2000).

24. Reed, J. C. Apoptosis-based therapies. Nat Rev Drug Discov 1,111-121 (2002).
25. Pommier, Y., Sordet, O., Antony, S., Hayward, R. L. & Kohn, K. W. Apoptosis 

defects and chemotherapy resistance: molecular interaction maps and networks. 
Oncogene 23, 2934-2949 (2004).

26. Majno, G. & Joris, I. Apoptosis, oncosis, and necrosis. An overview of cell death.
Am J Pathol 146, 3-15 (1995).

304



Bibliography

27. Rowan, S. & Fisher, D. E. Mechanisms of apoptotic cell death. Leukemia 11, 457-465 
(1997).

28. Fadok, V. A., Bratton, D. L., Frasch, S. C, Warner, M. L. & Henson, P. M. The role of 
phosphatidylserine in recognition of apoptotic cells by phagocytes. Cell Death Differ 
5, 551-562 (1998).

29. Vermes, I., Haanen, C., Steffens-Nakken, H. & Reutelingsperger, C. A novel assay 
for apoptosis. Flow cytometric detection of phosphatidylserine expression on early 
apoptotic cells using fluorescein labelled Annexin V. / Immunol Methods 184, 39-51 
(1995).

30. Yuan, J., Shaham, S., Ledoux, S., Ellis, H. M. & Horowitz, H. R. The C. elegans cell 
death gene ced-3 encodes a protein similar to mammalian interleukin-1 p- 
converting enzyme. Cell 75, 641-652 (1993).

31. Shi, Y. Mechanisms of caspase activation and inhibition during apoptosis. Mol Cell 
9,459-470 (2002).

32. Nicholson, D. W. Caspase structure, proteolytic substrates, and function during 
apoptotic cell death. Cell Death Differ 6,1028-1042 (1999).

33. Boldin, M. P. et al. A novel protein that interacts with the death domain of 
Fas/APOl contains a sequence motif related to the death domain. / Biol Chem 270, 
7795-7798 (1995).

34. Boldin, M. P., Goncharov, T. M., Goltsev, Y. V. & Wallach, D. Involvement of 
MACH, a novel MORTl/FADD-interacting protease, in Fas/APO-1- and TNF 
receptor-induced cell death. Cell 85, 803-815 (1996).

35. Hofmann, K., Bucher, P. & Tschopp, J. The CARD domain: a new apoptotic 
signalling motif. Trends Biochem Sci 22,155-156 (1997).

36. Lakhani, S. A. et al. Caspases 3 and 7: key mediators of mitochondrial events of 
apoptosis. Science 311,847-851 (2006).

37. Fischer, U., Janicke, R. U. & Schulze-Osthoff, K. Many cuts to ruin: a comprehensive 
update of caspase substrates. Cell Death Differ 10, 76-100 (2003).

38. Choi, Y. E. et al. The E3 ubiquitin ligase cIAPl binds and ubiquitinates caspase-3 
and -7 via unique mechanisms at distinct steps in their processing. / Biol Chem 284, 
12772-12782 (2009).

39. Zhuang, M., Guan, S., Wang, H., Burlingame, A. L. & Wells, J. A. Substrates of IAP 
Ubiquitin Ligases Identified with a Designed Orthogonal E3 Ligase, the 
NEDDylator. Mol Cell (2012). doi:10.1016/j.molcel.2012.10.022

40. Thomsen, N. D., Koerber, J. T. & Wells, J. A. Structural snapshots reveal distinct 
mechanisms of procaspase-3 and -7 activation. Proceedings of the National Academy of 
Sciences 110, 8477-8482 (2013).

41. Condorelli, F. et al. Caspase cleavage enhances the apoptosis-inducing effects of 
BAD. Mol Cell Biol 21, 3025-3036 (2001).

42. Cheng, E. H. et al. Conversion of Bcl-2 to a Bax-like death effector by caspases. 
Science 278,1966-1968 (1997).

43. Li, H., Zhu, H., Xu, C. J. & Yuan, J. Cleavage of BID by caspase 8 mediates the 
mitochondrial damage in the Fas pathway of apoptosis. Cell 94, 491-501 (1998).

44. Luo, X., Budihardjo, L, Zou, H., Slaughter, C. & Wang, X. Bid, a Bcl2 interacting 
protein, mediates cytochrome c release from mitochondria in response to activation 
of cell surface death receptors. Cell 94,481-490 (1998).

45. Clem, R. J. et al. c-IAPl is cleaved by caspases to produce a proapoptotic C-terminal 
fragment. / Biol Chem 276, 7602-7608 (2001).

46. Elmore, S. Apoptosis: a review of programmed cell death. Toxicol Pathol 35,495-516 
(2007).

47. Lees-Miller, S. P., Sakaguchi, K., Ullrich, S. J., Appella, E. & Anderson, C. W.
Human DNA-activated protein kinase phosphorylates serines 15 and 37 in the 
amino-terminal transactivation domain of human p53. Mol Cell Biol 12, 5041-5049 
(1992).

48. Shieh, S. Y., Ikeda, M., Taya, Y. & Prives, C. DNA damage-induced 
phosphorylation of p53 alleviates inhibition by MDM2. Cell 91, 325-334 (1997).

49. Siliciano, J. D. et al. DNA damage induces phosphorylation of the amino terminus 
of p53. Genes Dev 11, 3471-3481 (1997).

305



50. Haupt, Y., Maya, R., Kazaz, A. & Oren, M. Mdm2 promotes the rapid degradation 
of p53. Nature 387, 296-299 (1997).

51. Honda, R., Tanaka, H. & Yasuda, H. Oncoprotein MDM2 is a ubiquitin ligase E3 for 
tumor suppressor p53. FEES Letters 420, 25-27 (1997).

52. Kubbutat, M. H., Jones, S. N. & Vousden, K. H. Regulation of p53 stability by 
Mdm2. Nature 387, 299-303 (1997).

53. Yuan, Luo, K., Zhang, L., Cheville, J. C. & Lou, Z. USP10 regulates p53 
localization and stability by deubiquitinating p53. Cell 140, 384-396 (2010).

54. Haupt, S., Berger, M., Goldberg, Z. & Haupt, Y. Apoptosis - the p53 network. J Cell 
Sci 116,4077-4085 (2003).

55. Green, D. R. & Kroemer, G. The pathophysiology of mitochondrial cell death.
Science 305, 626-629 (2004).

56. Haraguchi, M. et al. Apoptotic protease activating factor 1 (Apaf-l)-independent 
cell death suppression by Bcl-2. /. Exp. Med. 191,1709-1720 (2000).

57. Liu, X., Kim, C. N., Yang, J., Jemmerson, R. & Wang, X. Induction of apoptotic 
program in cell-free extracts: requirement for dATP and cytochrome c. Cell 86,147- 
157 (1996).

58. Mikhailov, V. et al. Association of Bax and Bak homo-oligomers in mitochondria.
Bax requirement for Bak reorganization and cytochrome c release. / Biol Chem 278, 
5367-5376 (2003).

59. Ma, S. et al. Assembly of the Bak apoptotic pore: A critical role for the Bak a6 helix 
in the multimerization of homodimers during apoptosis. / Biol Chem (2013). 
doi:10.1074/jbc.M113.490094

60. Zou, H., Li, Y., Liu, X. & Wang, X. An APAF-l.cytochrome c multimeric complex is 
a functional apoptosome that activates procaspase-9. / Biol Chem 274,11549-11556 
(1999).

61. Bitzer, M. et al. Caspase-8 and Apaf-l-independent caspase-9 activation in Sendai 
virus-infected cells. J Biol Chem 277, 29817-29824 (2002).

62. Verhagen, A. M. et al. Identification of DIABLO, a mammalian protein that 
promotes apoptosis by binding to and antagonizing IAP proteins. Cell 102, 43-53 
(2000).

63. Vucic, D. et al. SMAC negatively regulates the anti-apoptotic activity of melanoma 
inhibitor of apoptosis (ML-IAP). J Biol Chem 277,12275-12279 (2002).

64. Verhagen, A. M. et al. HtrA2 promotes cell death through its serine protease 
activity and its ability to antagonize inhibitor of apoptosis proteins. / Biol Chem 277, 
445-454 (2002).

65. Hinds, M. G., Norton, R. S., Vaux, D. L. & Day, C. L. Solution structure of a 
baculoviral inhibitor of apoptosis (IAP) repeat. Nat. Struct. Biol. 6, 648-651 (1999).

66. Samuel, T. et al. Distinct BIR domains of cIAPl mediate binding to and 
ubiquitination of tumor necrosis factor receptor-associated factor 2 and second 
mitochondrial activator of caspases. J Biol Chem 281,1080-1090 (2006).

67. Liu, Z. et al. Structural basis for binding of Smac/DIABLO to the XIAP BIR3 
domain. Nature 408,1004-1008 (2000).

68. Srinivasula, S. M. et al. A conserved XIAP-interaction motif in caspase-9 and 
Smac/DIABLO regulates caspase activity and apoptosis. Nature 410,112-116 (2001).

69. Wu, G. et al. Structural basis of IAP recognition by Smac/DIABLO. Nature 408, 
1008-1012 (2000).

70. van Loo, G. et al. The serine protease Omi/HtrA2 is released from mitochondria 
during apoptosis. Omi interacts with caspase-inhibitor XIAP and induces enhanced 
caspase activity. Cell Death Differ 9, 20-26 (2002).

71. Srinivasula, S. M. et al. Inhibitor of apoptosis proteins are substrates for the 
mitochondrial serine protease Omi/HtrA2. / Biol Chem 278, 31469-31472 (2003).

72. Dueber, E. C. et al. Antagonists induce a conformational change in cIAPl that 
promotes autoubiquitination. Science 334, 376-380 (2011).

73. MacFarlane, M., Merrison, W., Bratton, S. B. & Cohen, G. M. Proteasome-mediated 
degradation of Smac during apoptosis: XIAP promotes Smac ubiquitination in vitro. 
J Biol Chem 277, 36611-36616 (2002).

74. Sun, H. et al. Design of small-molecule peptidic and nonpeptidic Smac mimetics.

306



Bibliography

Acc. Chem. Res. 41,1264-1277 (2008).
75. Li, L. et al. A small molecule Smac mimic potentiates TRAIL- and TNFalpha- 

mediated cell death. Science 305,1471-1474 (2004).
76. Arnoult, D. et al. Mitochondrial release of AIF and EndoG requires caspase 

activation downstream of Bax/Bak-mediated permeabilization. EMBO J 22, 4385- 
4399 (2003).

77. Irvine, R. A. et al. Generation and characterization of endonuclease G null mice. Mol 
Cell Biol 25, 294-302 (2005).

78. MuNoz-Pinedo, C. et al. Different mitochondrial intermembrane space proteins are 
released during apoptosis in a manner that is coordinately initiated but can vary in 
duration. Proc Natl Acad Sci USA 103,11573-11578 (2006).

79. Apostolova, N. et al. Loss of apoptosis-inducing factor leads to an increase in 
reactive oxygen species, and an impairment of respiration that can be reversed by 
antioxidants. Cell Death Differ 13,354-357 (2006).

80. Vahsen, N. et al. AIF deficiency compromises oxidative phosphorylation. EMBO J 
23,4679-4689 (2004).

81. Polster, B. M., Basanez, G., Etxebarria, A., Hardwick, J. M. & Nicholls, D. G. Calpain 
I induces cleavage and release of apoptosis-inducing factor from isolated 
mitochondria. / Biol Chem 280, 6447-6454 (2005).

82. Yuste, V. J. et al. Cysteine protease inhibition prevents mitochondrial apoptosis- 
inducing factor (AIF) release. Cell Death Differ 12,1445-1448 (2005).

83. Li, L. Y., Luo, X. & Wang, X. Endonuclease G is an apoptotic DNase when released 
from mitochondria. Nature 412, 95-99 (2001).

84. Pegoraro, L. et al. A 14;18 and an 8;14 chromosome translocation in a cell line 
derived from an acute B-cell leukemia. Proc Natl Acad Sci USA 81, 7166-7170 (1984).

85. Hockenbery, D., Nunez, G., Milliman, C., Schreiber, R. D. & Korsmeyer, S. J. Bcl-2 is 
an inner mitochondrial membrane protein that blocks programmed cell death. 
Nature 348, 334-336 (1990).

86. Hanada, M., Aime-Sempe, C., Sato, T. & Reed, J. C. Structure-function analysis of 
Bcl-2 protein. Identification of conserved domains important for homodimerization 
with Bcl-2 and heterodimerization with Bax. / Biol Chem 270,11962-11969 (1995).

87. Antonsson, B., Montessuit, S., Lauper, S., Eskes, R. & Martinou, J. C. Bax 
oligomerization is required for channel-forming activity in liposomes and to trigger 
cytochrome c release from mitochondria. Biochem ] 345 Pt 2, 271-278 (2000).

88. Korsmeyer, S. J. et al. Pro-apoptotic cascade activates BID, which oligomerizes BAK 
or BAX into pores that result in the release of cytochrome c. Cell Death Differ 7, 
1166-1173 (2000).

89. Wolter, K. G. et al. Movement of Bax from the cytosol to mitochondria during 
apoptosis. The Journal of Cell Biology 139,1281-1292 (1997).

90. Subramanian, C., Jarzembowski, J. A., Opipari, A. W., Castle, V. P. & Kwok, R. P. 
HDAC6 Deacetylates Ku70 and Regulates Ku70-Bax Binding in Neuroblastoma. 
Neoplasia 13, 726-734 (2011).

91. Amsel, A. D., Rathaus, M., Kronman, N. & Cohen, H. Y. Regulation of the 
proapoptotic factor Bax by Ku70-dependent deubiquitylation. Proc Natl Acad Sci 
USA 105, 5117-5122 (2008).

92. Rathaus, M., Lerrer, B. & Cohen, H. Y. DeubiKuitylation: a novel DUB enzymatic 
activity for the DNA repair protein, Ku70. Cell Cycle 8,1843-1852 (2009).

93. Cartron, P.-F. et al. The first alpha helix of Bax plays a necessary role in its ligand- 
induced activation by the BH3-only proteins Bid and PUMA. Mol Cell 16, 807-818 
(2004).

94. Wei, M. C. et al. tBID, a membrane-targeted death ligand, oligomerizes BAK to 
release cytochrome c. Genes Dev 14, 2060-2071 (2000).

95. Kuwana, T. et al. BH3 domains of BH3-only proteins differentially regulate Bax- 
mediated mitochondrial membrane permeabilization both directly and indirectly. 
Mol Cell 17, 525-535 (2005). ■

96. Willis, S. N. et al. Apoptosis initiated when BH3 ligands engage multiple Bcl-2 
homologs, not Bax or Bak. Science 315, 856-859 (2007).

97. Letai, A. et al. Distinct BH3 domains either sensitize or activate mitochondrial

307



Bibliography

apoptosis, serving as prototype cancer therapeutics. Cancer Cell 2,183-192 (2002).
98. Ren, D. et al. BID, BIM, and PUMA are essential for activation of the BAX- and 

BAK-dependent cell death program. Science 330,1390-1393 (2010).
99. Youle, R. J. Cell biology. Cellular demolition and the rules of engagement. Science 

315, 776-777 (2007).
100. Zha, J. et al. BH3 domain of BAD is required for heterodimerization with BCL-XL 

and pro-apoptotic activity. / Biol Chem 272, 24101-24104 (1997).
101. Wang, K., Gross, A., Waksman, G. & Korsmeyer, S. J. Mutagenesis of the BH3 

domain of BAX identifies residues critical for dimerization and killing. Mol Cell Biol 
18, 6083-6089 (1998).

102. Kuwana, T. et al. Bid, Bax, and lipids cooperate to form supramolecular openings in 
the outer mitochondrial membrane. Cell 111, 331-342 (2002).

103. Llambi, F. et al. A Unified Model of Mammalian BCL-2 Protein Family Interactions 
at the Mitochondria. Mol Cell 44, 517-531 (2011).

104. Lessene, G., Czabotar, P. E. & Colman, P. M. BCL-2 family antagonists for cancer 
therapy. Nat Rev Drug Discov 7, 989-1000 (2008).

105. Oltersdorf, T. et al. An inhibitor of Bcl-2 family proteins induces regression of solid 
tumours. Nature 435, 677-681 (2005).

106. Konopleva, M. et al. Mechanisms of apoptosis sensitivity and resistance to the BH3 
mimetic ABT-737 in acute myeloid leukemia. Cancer Cell 10, 375-388 (2006).

107. Mason, K. D. et al. In vivo efficacy of the Bcl-2 antagonist ABT-737 against 
aggressive Myc-driven lymphomas. Proceedings of the National Academy of Sciences 
105,17961-17966 (2008).

108. Kang, M. H. et al. Activity of vincristine, L-ASP, and dexamethasone against acute 
lymphoblastic leukemia is enhanced by the BH3-mimetic ABT-737 in vitro and in 
vivo. Blood 110, 2057-2066 (2007).

109. Hann, C. L. et al. Therapeutic efficacy of ABT-737, a selective inhibitor of BCL-2, in 
small cell lung cancer. Cancer Res 68, 2321-2328 (2008).

110. Tagscherer, K. E. et al. Apoptosis-based treatment of glioblastomas with ABT-737, a 
novel small molecule inhibitor of Bcl-2 family proteins. Oncogene 27, 6646-6656 
(2008).

111. Kutuk, O. & Letai, A. Alteration of the mitochondrial apoptotic pathway is key to 
acquired paclitaxel resistance and can be reversed by ABT-737. Cancer Res 68, 7985- 
7994 (2008).

112. Kuroda, J. et al. Bim and Bad mediate imatinib-induced killing of Bcr/ Abl+ 
leukemic cells, and resistance due to their loss is overcome by a BH3 mimetic. Proc 
Natl Acad Sci USA 103,14907-14912 (2006).

113. Reuland, S. N. et al. ABT-737 synergizes with Bortezomib to kill melanoma cells.
Biol Open 1, 92-100 (2012).

114. Paoluzzi, L. et al. The BH3-only mimetic ABT-737 synergizes the antineoplastic 
activity of proteasome inhibitors in lymphoid malignancies. Blood 112, 2906-2916 
(2008).

115. Chen, S., Dai, Y., Pei, X.-Y. & Grant, S. Bim upregulation by histone deacetylase 
inhibitors mediates interactions with the Bcl-2 antagonist ABT-737: evidence for 
distinct roles for Bcl-2, BcI-xL, and Mcl-1. Mol Cell Biol 29, 6149-6169 (2009).

116. Whitecross, K. F. et al. Defining the target specificity of ABT-737 and synergistic 
antitumor activities in combination with histone deacetylase inhibitors. Blood 113, 
1982-1991 (2009).

117. Ralli, R. et al. Histone deacetylase inhibitors are unable to synergize with ABT-737 
in killing primary chronic lymphocytic leukaemia cells in vitro. Leukemia 26,1433- 
1435 (2012).

118. Cragg, M. S., Kuroda, J., Puthalakath, H., Huang, D. C. S. & Strasser, A. Gefitinib- 
induced killing of NSCLC cell lines expressing mutant EGFR requires BIM and can 
be enhanced by BH3 mimetics. PLoS Med 4,1681-89- discussion 1690 (2007).

119. Gong, Y. et al. Induction of BIM is essential for apoptosis triggered by EGFR kinase 
inhibitors in mutant EGFR-dependent lung adenocarcinomas. PLoS Med 4, e294 
(2007).

120. Huang, S. & Sinicrope, F. A. BH3 mimetic ABT-737 potentiates TRAIL-mediated

308



Bibik rav

apoptotic signaling by unsequestering Bim and Bak in human pancreatic cancer 
cells. Cancer Res 68, 2944-2951 (2008).

121. Song, J. H., Kandasamy, K. & Kraft, A. S. ABT-737 induces expression of the death 
receptor 5 and sensitizes human cancer cells to TRAlL-induced apoptosis. / Biol 
Chem 283, 25003-25013 (2008).

122. Mazumder, S., Choudhary, G. S., Al-Harbi, S. & Almasan, A. Mcl-1 
Phosphorylation defines ABT-737 resistance that can be overcome by increased 
NOXA expression in leukemic B cells. Cancer Res 72, 3069-3079 (2012).

123. Nguyen, M. et al. Small molecule obatoclax (GX15-070) antagonizes MCL-1 and 
overcomes MCL-l-mediated resistance to apoptosis. Proceedings of the National 
Academy of Sciences 104,19512-19517 (2007).

124. Trudel, S. et al. Preclinical studies of the pan-Bel inhibitor obatoclax (GX015-070) in 
multiple myeloma. Blood 109, 5430-5438 (2007).

125. Perez-Galan, P., Roue, G., Villamor, N., Campo, E. & Colomer, D. The BH3-mimetic 
GX15-070 synergizes with bortezomib in mantle cell lymphoma by enhancing 
Noxa-mediated activation of Bak. Blood 109,4441-4449 (2007).

126. Souers, A. J. et al. ABT-199, a potent and selective BCL-2 inhibitor, achieves 
antitumor activity while sparing platelets. Nat Med 19, 202-208 (2013).

127. Walensky, L. D. et al. Activation of apoptosis in vivo by a hydrocarbon-stapled BH3 
helix. Science 305,1466-1470 (2004).

128. Walensky, L. D. et al. A stapled BID BH3 helix directly binds and activates BAX.
Mol Cell 24,199-210 (2006).

129. Okamoto, T. et al. Stabilizing the Pro-Apoptotic BimBH3 Helix (BimSAHB) Does 
Not Necessarily Enhance Affinity or Biological Activity. ACS Chem. Biol. 8, 297-302 
(2013).

130. Feltham, R. et al. Smac mimetics activate the E3 ligase activity of cIAPl protein by 
promoting RING domain dimerization. / Biol Chem 286,17015-17028 (2011).

131. Petrucci, E. et al. A Small Molecule SMAC Mimic LBW242 Potentiates TRAIL- and 
Anticancer Drug-Mediated Cell Death of Ovarian Cancer Cells. PLoS ONE 7, e35073 
(2012).

132. Wagner, L. et al. Smac mimetic sensitizes glioblastoma cells to Temozolomide- 
induced apoptosis in a RIP1- and NF-KB-dependent manner. Oncogene (2012). 
doi:10.1038/one.2012.108

133. Wang, L., Du, F. & Wang, X. TNF-alpha induces two distinct caspase-8 activation 
pathways. Cell 133, 693-703 (2008).

134. Tenev, T. et al. The Ripoptosome, a Signaling Platform that Assembles in Response 
to Genotoxic Stress and Loss of lAPs. Mol Cell (2011).
doi:10.1016/j.molcel.2011.06.006

135. Ashkenazi, A. & Dixit, V. M. Death receptors: signaling and modulation. Science 281, 
1305-1308 (1998).

136. Gruss, H. J. & Dower, S. K. Tumor necrosis factor ligand superfamily: involvement 
in the pathology of malignant lymphomas. Blood 85,3378-3404 (1995).

137. Chinnaiyan, A. M. et al. Signal Transduction by DR3, a Death Domain-Containing 
Receptor Related to TNFR-1 and CD95. Science 274, 990-992 (1996).

138. Zeng, L. et al. Death receptor 6 induces apoptosis not through type I or type II 
pathways, but via a unique mitochondria-dependent pathway by interacting with 
Bax protein. / Biol Chem 287, 29125-29133 (2012).

139. Guicciardi, M. E. & Gores, G. J. Life and death by death receptors. PASEB J 23, 
1625-1637 (2009).

140. Nikolaev, A., McLaughlin, T., O'Leary, D. D. M. & Tessier-Lavigne, M. APP binds 
DR6 to trigger axon pruning and neuron death via distinct caspases. Nature 457, 
981-989 (2009).

141. Naismith, J. H., Devine, T. Q., Kohno, T. & Sprang, S. R. Structures of the 
extracellular domain of the type I tumor necrosis factor receptor. Structure 4,1251- 
1262 (1996).

142. Schneider, P. et al. Conversion of membrane-bound Fas(CD95) ligand to its soluble 
form is associated with downregulation of its proapoptotic activity and loss of liver 
toxicity. J. Exp. Med. 187,1205-1213 (1998).

309



143.

Bibliography

Shudo, K. et al. The membrane-bound but not the soluble form of human Fas ligand 
is responsible for its inflammatory activity. Eur. ]. Immunol. 31, 2504-2511 (2001).

144. Grell, M., Wajant, H., Zimmermann, G. & Scheurich, P. The type 1 receptor 
(CD120a) is the high-affinity receptor for soluble tumor necrosis factor. Proc Natl 
Acad Sci USA 95, 570-575 (1998).

145. Hsu, H., Xiong, J. & Goeddel, D. V. The TNF receptor 1-associated protein TRADD 
signals cell death and NF-kappa B activation. Cell 81,495-504 (1995).

146. Wang, L. et al. The Fas-FADD death domain complex structure reveals the basis of 
DISC assembly and disease mutations. Nat. Struct. Mol. Biol. 17,1324-1329 (2010).

147. Harper, N., Hughes, M., MacFarlane, M. & Cohen, G. M. Fas-associated death 
domain protein and caspase-8 are not recruited to the tumor necrosis factor 
receptor 1 signaling complex during tumor necrosis factor-induced apoptosis. / Biol 
Chem 278, 25534-25541 (2003).

148. Sprick, M. R. et al. FADD/MORT1 and caspase-8 are recruited to TRAIL receptors 1 
and 2 and are essential for apoptosis mediated by TRAIL receptor 2. Immunity 12, 
599-609 (2000).

149. Holohan, C., van Schaeybroeck, S., Longley, D. B. & Johnston, P. G. Cancer drug 
resistance: an evolving paradigm. Nat Rev Cancer 13, 714-726 (2013).

150. Eberstadt, M. et al. NMR structure and mutagenesis of the FADD (Mortl) death- 
effector domain. Nature 392, 941-945 (1998).

151. Chinnaiyan, A. M„ O'Rourke, K„ Tewari, M. & Dixit, V. M. FADD, a novel death 
domain-containing protein, interacts with the death domain of Fas and initiates 
apoptosis. Cell 81, 505-512 (1995).

152. Micheau, O. & Tschopp, J. Induction of TNF receptor I-mediated apoptosis via two 
sequential signaling complexes. Cell 114,181-190 (2003).

153. Yeh, W. C. et al. FADD: essential for embryo development and signaling from some, 
but not all, inducers of apoptosis. Science 279,1954-1958 (1998).

154. Zhang, J., Cado, D., Chen, A., Kabra, N. H. & Winoto, A. Fas-mediated apoptosis 
and activation-induced T-cell proliferation are defective in mice lacking 
FADD/Mortl. Nature 392, 296-300 (1998).

155. Dillon, C. P. et al. Survival function of the FADD-CASPASE-8-cFLIP(L) complex.
Cell Rep 1,401-407 (2012).

156. Scaffidi, C. et al. Phosphorylation of FADD/ MORT1 at serine 194 and association 
with a 70-kDa cell cycle-regulated protein kinase. J Immunol 164,1236-1242 (2000).

157. Alappat, E. C. et al. Phosphorylation of FADD at serine 194 by CKIalpha regulates 
its nonapoptotic activities. Mol Cell 19, 321-332 (2005).

158. Alappat, E. C., Volkland, J. & Peter, M. E. Cell cycle effects by C-FADD depend on 
its C-terminal phosphorylation site. / Biol Chem 278, 41585-41588 (2003).

159. Hua, Z.-C., Sohn, S. J., Kang, C., Cado, D. & Winoto, A. A function of Fas-associated 
death domain protein in cell cycle progression localized to a single amino acid at its 
C-terminal region. Immunity 18, 513-521 (2003).

160. Gomez-Angelats, M. & Cidlowski, J. A. Molecular evidence for the nuclear 
localization of FADD. Cell Death Differ \0, 791-797 (2003).

161. Chen, G. et al. Phosphorylated FADD induces NF-kappaB, perturbs cell cycle, and 
is associated with poor outcome in lung adenocarcinomas. Proc Natl Acad Sci USA 
102,12507-12512 (2005).

162. Bhojani, M. S., Chen, G., Ross, B. D., Beer, D. G. & Rehemtulla, A. Nuclear localized 
phosphorylated FADD induces cell proliferation and is associated with aggressive 
lung cancer. Cell Cycled, 1478-1481 (2005).

163. Muzio, M., Stockwell, B. R., Stennicke, H. R., Salvesen, G. S. & Dixit, V. M. An 
induced proximity model for caspase-8 activation. ] Biol Chem 273, 2926-2930 (1998).

164. Lavrik, I. et al. The active caspase-8 heterotetramer is formed at the CD95 DISC. Cell 
Death Differ 10,144-145 (2003).

165. Boatright, K. M. et al. A unified model for apical caspase activation. Mol Cell 11, 
529-541 (2003).

166. Donepudi, M., Mac Sweeney, A., Briand, C. & Griitter, M. G. Insights into the 
regulatory mechanism for caspase-8 activation. Mol Cell 11, 543-549 (2003).

167. Keller, N., Griitter, M. G. & Zerbe, O. Studies of the molecular mechanism of

310



Bibliograph

caspase-8 activation by solution NMR. Cell Death Differ 17, 710-718 (2010).
168. Pop, C., Fitzgerald, P., Green, D. R. & Salvesen, G. S. Role of proteolysis in caspase- 

8 activation and stabilization. Biochemistry 46,4398-4407 (2007).
169. Chang, D. W., Xing, Z., Capacio, V. L., Peter, M. E. & Yang, X. Interdimer 

processing mechanism of procaspase-8 activation. EMBO J 22,4132-4142 (2003).
170. Oberst, A. et al. Inducible dimerization and inducible cleavage reveal a requirement 

for both processes in caspase-8 activation. / Biol Chem 285,16632-16642 (2010).
171. Hughes, M. A. et al. Reconstitution of the death-inducing signaling complex reveals 

a substrate switch that determines CD95-mediated death or survival. Mol Cell 35, 
265-279 (2009).

172. Kischkel, F. C. et al. Death receptor recruitment of endogenous caspase-10 and 
apoptosis initiation in the absence of caspase-8. / Biol Chem 276,46639-46646 (2001).

173. Sprick, M. R. et al. Caspase-10 is recruited to and activated at the native TRAIL and 
CD95 death-inducing signalling complexes in a FADD-dependent manner but can 
not functionally substitute caspase-8. EMBO ] 21, 4520-4530 (2002).

174. Cascino, I., Fiucci, G., Papoff, G. & Ruberti, G. Three functional soluble forms of the 
human apoptosis-inducing Fas molecule are produced by alternative splicing. / 
Immunol 154, 2706-2713 (1995).

175. Scott, F. L. et al. The Fas-FADD death domain complex structure unravels signalling 
by receptor clustering. Nature 457,1019-1022 (2009).

176. Ozoren, N. & El-Deiry, W. S. Defining characteristics of Types I and II apoptotic 
cells in response to TRAIL. Neoplasia 4, 551-557 (2002).

177. Lavrik, I. N. et al. CD95 stimulation results in the formation of a novel death 
effector domain protein-containing complex. / Biol Chem 283, 26401-26408 (2008).

178. Pitti, R. M. et al. Induction of apoptosis by Apo-2 ligand, a new member of the 
tumor necrosis factor cytokine family. / Biol Chem 271,12687-12690 (1996).

179. Spierings, D. C. et al. Tissue distribution of the death ligand TRAIL and its receptors. 
/. Histochem. Cytochem. 52, 821-831 (2004).

180. Wiley, S. R. et al. Identification and characterization of a new member of the TNF 
family that induces apoptosis. Immunity 3, 673-682 (1995).

181. Pan, G. et al. The receptor for the cytotoxic ligand TRAIL. Science 276,111-113 
(1997).

182. Walczak, H. et al. TRAIL-R2: a novel apoptosis-mediating receptor for TRAIL. 
EMBO ] 16, 5386-5397 (1997).

183. MacFarlane, M. et al. Identification and molecular cloning of two novel receptors 
for the cytotoxic ligand TRAIL. / Biol Chem 272, 25417-25420 (1997).

184. Schneider, P. et al. Characterization of two receptors for TRAIL. FEBS Letters 416, 
329-334 (1997).

185. Sheridan, J. P. et al. Control of TRAIL-induced apoptosis by a family of signaling 
and decoy receptors. Science 277, 818-821 (1997).

186. Lacey, D. L. et al. Osteoprotegerin ligand is a cytokine that regulates osteoclast 
differentiation and activation. Cell 93,165-176 (1998).

187. Simonet, W. S. et al. Osteoprotegerin: a novel secreted protein involved in the 
regulation of bone density. Cell 89, 309-319 (1997).

188. Galibert, L., Tometsko, M. E., Anderson, D. M., Cosman, D. & Dougall, W. C. The 
involvement of multiple tumor necrosis factor receptor (TNFR)-associated factors 
in the signaling mechanisms of receptor activator of NF-kappaB, a member of the 
TNFR superfamily. / Biol Chem 273, 34120-34127 (1998).

189. Wong, B. R. et al. The TRAP family of signal transducers mediates NF-kappaB 
activation by the TRANCE receptor. J Biol Chem 273, 28355-28359 (1998).

190. Darnay, B. G., Ni, J., Moore, P. A. & Aggarwal, B. B. Activation of NF-kappaB by 
RANK requires tumor necrosis factor receptor-associated factor (TRAP) 6 and NF- 
kappaB-inducing kinase. Identification of a novel TRAF6 interaction motif. / Biol 
Chem 274, 7724-7731 (1999).

191. Gohda, J. et al. RANK-mediated amplification of TRAF6 signaling leads to NFATcl 
induction during osteoclastogenesis. EMBO /24, 790-799 (2005).

192. Kong, Y. Y. et al. OPGL is a key regulator of osteoclastogenesis, lymphocyte 
development and lymph-node organogenesis. Nature 397, 315-323 (1999).

311



Bibliography

193. Yasuda, H. et al. Osteoclast differentiation factor is a ligand for 
osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical to 
TRANCE/RANKL. Proc Natl Acad Sci USA 95, 3597-3602 (1998).

194. Hymowitz, S. G. et al. Triggering cell death: the crystal structure of Apo2L/TRAIL 
in a complex with death receptor 5. Mol Cell 4, 563-571 (1999).

195. Mongkolsapaya, J. et al. Structure of the TRAIL-DR5 complex reveals mechanisms 
conferring specificity in apoptotic initiation. Nat. Struct. Biol. 6,1048-1053 (1999).

196. Herbst, R. S. et al. Phase I dose-escalation study of recombinant human 
Apo2L/TRAIL, a dual proapoptotic receptor agonist, in patients with advanced 
cancer. Journal of Clinical Oncology 28, 2839-2846 (2010).

197. Doi, T. et al. Phase 1 study of conatumumab, a pro-apoptotic death receptor 5 
agonist antibody, in Japanese patients with advanced solid tumors. Cancer 
Chemother Pharmacol 68, 733-741 (2011).

198. Zoog, S. J. et al. Measurement of conatumumab-induced apoptotic activity in 
tumors by fine needle aspirate sampling. Cytometry A 77, 849-860 (2010).

199. Pan, Y. et al. Evaluation of pharmacodynamic biomarkers in a Phase la trial of 
dulanermin (rhApo2L/TRAIL) in patients with advanced tumours. Br J Cancer 105, 
1830-1838 (2011).

200. Hollander, den, M. W. et al. Translating TRAIL-receptor targeting agents to the 
clinic. Cancer Lett (2012). doi:10.1016/j.canlet.2012.04.007

201. Varfolomeev, E. et al. Molecular determinants of kinase pathway activation by 
Apo2 ligand/tumor necrosis factor-related apoptosis-inducing ligand. / Biol Chem 
280,40599-40608 (2005).

202. Devin, A. et al. The alpha and beta subunits of IkappaB kinase (IKK) mediate 
TRAF2-dependent IKK recruitment to tumor necrosis factor (TNF) receptor 1 in 
response to TNF. Mol Cell Biol 21,3986-3994 (2001).

203. Baud, V. & Karin, M. Signal transduction by tumor necrosis factor and its relatives. 
Trends Cell Biol 11,372-377 (2001).

204. Liu, Z.-G. Molecular mechanism of TNF signaling and beyond. Cell research 15, 24- 
27 (2005).

205. Tada, K. et al. Critical roles of TRAF2 and TRAF5 in tumor necrosis factor-induced 
NF-kappa B activation and protection from cell death. / Biol Chem 276, 36530-36534 
(2001).

206. Hsu, H„ Shu, H. B„ Pan, M. G. & Goeddel, D. V. TRADD-TRAF2 and TRADD- 
FADD interactions define two distinct TNF receptor 1 signal transduction 
pathways. Cell 84, 299-308 (1996).

207. Rothe, M„ Pan, M. G., Henzel, W. J., Ayres, T. M. & Goeddel, D. V. The TNFR2- 
TRAF signaling complex contains two novel proteins related to baculoviral 
inhibitor of apoptosis proteins. Cell 83,1243-1252 (1995).

208. Dynek, J. N. et al. c-IAPl and UbcH5 promote Kll-linked polyubiquitination of 
RIP1 in TNF signalling. EMBO J 29, 4198-4209 (2010).

209. Mahoney, D. J. et al. Both cIAPl and cIAP2 regulate TNFalpha-mediated NF- 
kappaB activation. Proceedings of the National Academy of Sciences 105,11778-11783 
(2008).

210. Bertrand, M. J. M. et al. cIAPl and cIAP2 facilitate cancer cell survival by 
functioning as E3 ligases that promote RIP1 ubiquitination. Mol Cell 30, 689-700 
(2008).

211. Vince, J. E. et al. TRAF2 must bind to cellular inhibitors of apoptosis for tumor 
necrosis factor (tnf) to efficiently activate nf-{kappa}b and to prevent tnf-induced 
apoptosis. / Biol Chem 284, 35906-35915 (2009).

212. Varfolomeev, E. et al. c-IAPl and C-IAP2 are critical mediators of tumor necrosis 
factor alpha (TNFalpha)-induced NF-kappaB activation. / Biol Chem 283, 24295- 
24299 (2008).

213. Ea, C.-K., Deng, L., Xia, Z.-P., Pineda, G. & Chen, Z. J. Activation of IKK by 
TNFalpha requires site-specific ubiquitination of RIP1 and polyubiquitin binding 
by NEMO. Mol Cell 22, 245-257 (2006).

214. Kanayama, A. et al. TAB2 and TAB3 activate the NF-kappaB pathway through 
binding to polyubiquitin chains. Mol Cell 15, 535-548 (2004).

312



215.

Bibliography

Wang, C. et al. TAK1 is a ubiquitin-dependent kinase of MKK and IKK. Nature 412, 
346-351 (2001).

216. Gerlach, B. et al. Linear ubiquitination prevents inflammation and regulates 
immune signalling. Nature 471, 591-596 (2011).

217. Haas, T. L. et al. Recruitment of the linear ubiquitin chain assembly complex 
stabilizes the TNF-R1 signaling complex and is required for TNF-mediated gene 
induction. Mol Cell 36, 831-844 (2009).

218. Tokunaga, F. et al. SHARPIN is a component of the NF-xB-activating linear 
ubiquitin chain assembly complex. Nature 471, 633-636 (2011).

219. Ikeda, F. et al. SHARPIN forms a linear ubiquitin ligase complex regulating NF-kB 
activity and apoptosis. Nature 471, 637-641 (2011).

220. Tokunaga, F. et al. Involvement of linear polyubiquitylation of NEMO in NF- 
kappaB activation. Nat Cell Biol 11,123-132 (2009).

221. Spencer, E., Jiang, J. & Chen, Z. J. Signal-induced ubiquitination of IkappaBalpha by 
the F-box protein Slimb/beta-TrCP. Genes Dev 13, 284-294 (1999).

222. Wertz, I. E. et al. De-ubiquitination and ubiquitin ligase domains of A20 
downregulate NF-kappaB signalling. Nature 430, 694-699 (2004).

223. Jaattela, M., Mouritzen, H., Elling, F. & Bastholm, L. A20 zinc finger protein inhibits 
TNF and IL-1 signaling, f Immunol 156,1166-1173 (1996).

224. Song, H. Y., Rothe, M. & Goeddel, D. V. The tumor necrosis factor-inducible zinc 
finger protein A20 interacts with TRAF1/TRAF2 and inhibits NF-kappaB activation. 
Proc Natl Acad Sci USA 93, 6721-6725 (1996).

225. Senftleben, U. et al. Activation by IKKalpha of a second, evolutionary conserved, 
NF-kappa B signaling pathway. Science 293,1495-1499 (2001).

226. Vallabhapurapu, S. et al. Nonredundant and complementary functions of TRAF2 
and TRAF3 in a ubiquitination cascade that activates NIK-dependent alternative 
NF-kappaB signaling. Nat Immunol 9,1364-1370 (2008).

227. Vince, J. E. et al. IAP antagonists target cIAPl to induce TNFalpha-dependent 
apoptosis. Cell 131, 682-693 (2007).

228. Zarnegar, B. J. et al. Noncanonical NF-kappaB activation requires coordinated 
assembly of a regulatory complex of the adaptors cIAPl, cIAP2, TRAF2 and TRAF3 
and the kinase NIK. Nat Immunol 9,1371-1378 (2008).

229. Vince, J. E. et al. TWEAK-FN14 signaling induces lysosomal degradation of a 
cIAPl-TRAF2 complex to sensitize tumor cells to TNFalpha. The Journal of Cell 
Biology 182,171-184 (2008).

230. Dejardin, E. The alternative NF-kappaB pathway from biochemistry to biology: 
pitfalls and promises for future drug development. Biochem Pharmacol 72,1161-1179 
(2006).

231. Micheau, O., Lens, S., Gaide, O., Alevizopoulos, K. & Tschopp, J. NF-kappaB 
signals induce the expression of c-FLIP. Mol Cell Biol 21, 5299-5305 (2001).

232. Darding, M. et al. Molecular determinants of Smac mimetic induced degradation of 
cIAPl and cIAP2. Cell Death Differ 18,1376-1386 (2011).

233. Petersen, S. L. et al. Autocrine TNFalpha signaling renders human cancer cells 
susceptible to Smac-mimetic-induced apoptosis. Cancer Cell 12,445-456 (2007).

234. Varfolomeev, E. et al. IAP antagonists induce autoubiquitination of c-IAPs, NF- 
kappaB activation, and TNFalpha-dependent apoptosis. Cell 131, 669-681 (2007).

235. Lu, T. T. et al. Dimerization and ubiquitin mediated recruitment of A20, a complex 
deubiquitinating enzyme. Immunity 38, 896-905 (2013).

236. Enesa, K. et al. NF-kappaB suppression by the deubiquitinating enzyme Cezanne: a 
novel negative feedback loop in pro-inflammatory signaling. J Biol Chem 283, 7036- 
7045 (2008).

237. Holler, N. et al. Fas triggers an alternative, caspase-8-independent cell death 
pathway using the kinase RIP as effector molecule. Nat Immunol 1,489-495 (2000).

238. He, S. et al. Receptor interacting protein kinase-3 determines cellular necrotic 
response to TNF-alpha. Cell 137,1100-1111 (2009).

239. Feng, S. et al. Cleavage of RIP3 inactivates its caspase-independent apoptosis 
pathway by removal of kinase domain. Cell Signal 19, 2056-2067 (2007).

240. Vercammen, D. et al. Inhibition of caspases increases the sensitivity of L929 cells to

313



necrosis mediated by tumor necrosis factor. /. Exp. Med. 187,1477-1485 (1998).
241. Cho, Y. S. et al. Phosphorylation-driven assembly of the RIP1-RIP3 complex 

regulates programmed necrosis and virus-induced inflammation. Cell 137,1112- 
1123 (2009).

242. Varfolomeev, E. E. et al. Targeted disruption of the mouse Caspase 8 gene ablates 
cell death induction by the TNF receptors, Fas/Apol, and DR3 and is lethal 
prenatally. Immunity 9, 267-276 (1998).

243. Yeh, W. C. et al. Requirement for Casper (c-FLIP) in regulation of death receptor- 
induced apoptosis and embryonic development. Immunity 12, 633-642 (2000).

244. Kaiser, W. J. et al. RIP3 mediates the embryonic lethality of caspase-8-deficient mice. 
Nature 471, 368-372. (2011).

245. Oberst, A. et al. Catalytic activity of the caspase-8-FLIP(L) complex inhibits RIPK3- 
dependent necrosis. Nature 471, 363-367 (2011).

246. Zhang, H. et al. Functional complementation between FADD and RIP1 in embryos 
and lymphocytes. Nature 471, 373-376 (2011).

247. Thome, M. et al. Viral FLICE-inhibitory proteins (FLIPs) prevent apoptosis induced 
by death receptors. Nature 386,517-521 (1997).

248. Hu, S., Vincenz, C, Ni, J., Gentz, R. & Dixit, V. M. I-FLICE, a novel inhibitor of 
tumor necrosis factor receptor-1- and CD-95-induced apoptosis. / Biol Chem 272, 
17255-17257 (1997).

249. Han, D. K. et al. MRIT, a novel death-effector domain-containing protein, interacts 
with caspases and BclXL and initiates cell death. Proc Natl Acad Sci USA 94,11333- 
11338 (1997).

250. Rasper, D. M. et al. Cell death attenuation by 'Usurpin', a mammalian DED-caspase 
homologue that precludes caspase-8 recruitment and activation by the CD-95 (Fas, 
APO-1) receptor complex. Cell Death Differ 5, 271-288 (1998).

251. Inohara, N., Koseki, T., Hu, Y., Chen, S. & Nunez, G. CLARP, a death effector 
domain-containing protein interacts with caspase-8 and regulates apoptosis. Proc 
Natl Acad Sci USA 94,10717-10722 (1997).

252. Goltsev, Y. V. et al. CASH, a novel caspase homologue with death effector domains. 
/ Biol Chem 272,19641-19644 (1997).

253. Srinivasula, S. M. et al. FLAME-1, a novel FADD-like anti-apoptotic molecule that 
regulates Fas/TNFRl-induced apoptosis. / Biol Chem 272,18542-18545 (1997).

254. Shu, H. B., Halpin, D. R. & Goeddel, D. V. Casper is a FADD- and caspase-related 
inducer of apoptosis. Immunity 6, 751-763 (1997).

255. Poukkula, M. et al. Rapid turnover of c-FLIPshort is determined by its unique C- 
terminal tail. / Biol Chem 280, 27345-27355 (2005).

256. Golks, A., Brenner, D., Fritsch, C, Krammer, P. H. & Lavrik, I. N. c-FLIPR, a new 
regulator of death receptor-induced apoptosis. / Biol Chem 280,14507-14513 (2005).

257. Ueffing, N. et al. Mutational analyses of c-FLIPR, the only murine short FLIP 
isoform, reveal requirements for DISC recruitment. Cell Death Differ 15, 773-782 
(2008).

258. Kataoka, T. et al. The caspase-8 inhibitor FLIP promotes activation of NF-kappaB 
and Erk signaling pathways. Curr Biol 10, 640-648 (2000).

259. Kataoka, T. & Tschopp, J. N-terminal fragment of c-FLIP(L) processed by caspase 8 
specifically interacts with TRAF2 and induces activation of the NF-kappaB 
signaling pathway. Mol Cell Biol 24, 2627-2636 (2004).

260. Golks, A., Brenner, D., Krammer, P. H. & Lavrik, I. N. The C-FLIP-NH2 terminus 
(p22-FLIP) induces NF-kappaB activation. J. Exp. Med. 203,1295-1305 (2006).

261. Lim, K.-H. et al. HBx-Induced NF-kB Signaling in Liver Cells Is Potentially 
Mediated by the Ternary Complex of HBx with p22-FLIP and NEMO. PLoS ONE 8, 
e57331 (2013).

262. Irmler, M. et al. Inhibition of death receptor signals by cellular FLIP. Nature 388, 
190-195 (1997).

263. Scaffidi, C., Schmitz, L, Krammer, P. H. & Peter, M. E. The role of c-FLIP in 
modulation of CD95-induced apoptosis. / Biol Chem 274,1541-1548 (1999).

264. Krueger, A., Schmitz, L, Baumann, S., Krammer, P. H. & Kirchhoff, S. Cellular 
FLICE-inhibitory protein splice variants inhibit different steps of caspase-8

314



Bibliography

activation at the CD95 death-inducing signaling complex. / Biol Chem 276, 20633- 
20640 (2001).

265. Chang, D. W. et al. c-FLIP(L) is a dual function regulator for caspase-8 activation 
and CD95-mediated apoptosis. EMBO J21, 3704-3714 (2002).

266. Scaffidi, C. et al. Differential modulation of apoptosis sensitivity in CD95 type I and 
type II cells. / Biol Chem 274, 22532-22538 (1999).

267. Pop, C. et al. FLIP(L) induces caspase 8 activity in the absence of interdomain 
caspase 8 cleavage and alters substrate specificity. Biochem J 433,447-457 (2011).

268. Micheau, O. et al. The long form of FLIP is an activator of caspase-8 at the Fas 
death-inducing signaling complex. / Biol Chem T71, 45162-45171 (2002).

269. Chaudhary, P. M. et al. Activation of the NF-kappaB pathway by caspase 8 and its 
homologs. Oncogene 19, 4451-4460 (2000).

270. Dohrman, A. A. et al. Cellular FLIP (long form) regulates CD8+ T cell activation 
through caspase-8-dependent NF-kappa B activation. / Immunol 174, 5270-5278 
(2005).

271. Nakajima, A. et al. An antiapoptotic protein, c-FLIPL, directly binds to MKK7 and 
inhibits the JNK pathway. EMBO J 25, 5549-5559 (2006).

272. Chang, L. et al. The E3 ubiquitin ligase itch couples JNK activation to TNFalpha- 
induced cell death by inducing c-FLIP(L) turnover. Cell 124, 601-613 (2006).

273. Naito, M. et al. Cellular FLIP inhibits beta-catenin ubiquitylation and enhances Wnt 
signaling. Mol Cell Biol 24, 8418-8427 (2004).

274. Katayama, R. et al. Modulation of Wnt signaling by the nuclear localization of 
cellular FLIP-L. / Cell Sci 123, 23-28 (2010).

275. Ishioka, T. et al. Impairment of the ubiquitin-proteasome system by cellular FLIP. 
Genes Cells 12, 735-744 (2007).

276. Valnet-Rabier, M.-B. et al. c-Flip protein expression in Burkitt's lymphomas is 
associated with a poor clinical outcome. Br ] Haematol 128, 767-773 (2005).

277. Bagnoli, M. et al. c-FLIPL expression defines two ovarian cancer patient subsets and 
is a prognostic factor of adverse outcome. Endocr. Relat. Cancer 16, 443-453 (2009).

278. McLornan, D. P. et al. Prognostic significance of TRAIL signaling molecules in stage 
II and III colorectal cancer. Clin Cancer Res 16, 3442-3451 (2010).

279. McLornan, D. et al. Prognostic and therapeutic relevance of c-FLIP in acute myeloid 
leukaemia. Br } Haematol (2012). doi:10.1111/bjh.l2108

280. Ullenhag, G. J. et al. Overexpression of FLIPL is an independent marker of poor 
prognosis in colorectal cancer patients. Clin Cancer Res 13, 5070-5075 (2007).

281. Longley, D. B. et al. c-FLIP inhibits chemotherapy-induced colorectal cancer cell 
death. Oncogene 25, 838-848 (2006).

282. Rogers, K. M. A. et al. Cellular FLICE-inhibitory protein regulates chemotherapy- 
induced apoptosis in breast cancer cells. Mol Cancer Ther 6,1544-1551 (2007).

283. Wilson, T. R. et al. c-FLIP: a key regulator of colorectal cancer cell death. Cancer Res 
67, 5754-5762 (2007).

284. Wilson, T. R. et al. Combined inhibition of FLIP and XIAP induces Bax-independent 
apoptosis in type II colorectal cancer cells. Oncogene 28, 63-72 (2009).

285. Wilson, T. R. et al. Procaspase 8 overexpression in non-small-cell lung cancer 
promotes apoptosis induced by FLIP silencing. Cell Death Differ 16,1352-1361 
(2009).

286. Logan, A. E. et al. In vitro and in vivo characterisation of a novel c-FLIP-targeted 
antisense phosphorothioate oligonucleotide. Apoptosis 15,1435-1443 (2010).

287. McCourt, C. et al. Elevation of c-FLIP in castrate-resistant prostate cancer 
antagonizes therapeutic response to androgen receptor-targeted therapy. Clin 
Cancer Res 18, 3822-3833 (2012).

288. Hurwitz, J. L. et al. Vorinostat/SAHA-induced apoptosis in malignant 
mesothelioma is FLIP/caspase 8-dependent and HR23B-independent. Eur ] Cancer 
(2011). doi:10.1016/j.ejca.2011.11.009

289. Johnstone, R. W. Histone-deacetylase inhibitors: novel drugs for the treatment of 
cancer. Nat Rev Drug Discov 1, 287-299 (2002).

290. McLaughlin, F. & La Thangue, N. B. Histone deacetylase inhibitors open new doors 
in cancer therapy. Biochem Pharmacol 68,1139-1144 (2004).

315



Bibliography

291. Carey, N. & La Thangue, N. B. Histone deacetylase inhibitors: gathering pace. Curr 
Opin Pharmacol 6, 369-375 (2006).

292. Marks, P. A. & Xu, W.-S. Histone deacetylase inhibitors: Potential in cancer therapy. 
/ Cell Biochem 107,600-608 (2009).

293. Jenuwein, T. & Allis, C. D. Translating the histone code. Science 293,1074-1080
(2001).

294. Bird, A. Perceptions of epigenetics. Nature 447, 396-398 (2007).
295. Allfrey, V. G., Faulkner, R. & Mirsky, A. E. Acetylation and methylation of histones 

and their possible role in the regulation of RNA synthesis. Proc Natl Acad Sci USA 
51, 786-794 (1964).

296. Clayton, A. L., Hazzalin, C. A. & Mahadevan, L. C. Enhanced histone acetylation 
and transcription: a dynamic perspective. Mol Cell 23, 289-296 (2006).

297. Glozak, M. A., Sengupta, N., Zhang, X. & Seto, E. Acetylation and deacetylation of 
non-histone proteins. Gene 363,15-23 (2005).

298. Parthun, M. R., Widom, J. & Gottschling, D. E. The major cytoplasmic histone 
acetyltransferase in yeast: links to chromatin replication and histone metabolism.
Cell 87,85-94 (1996)'

299. Brownell, J. E. et al. Tetrahymena histone acetyltransferase A: a homolog to yeast 
Gcn5p linking histone acetylation to gene activation. Cell 84, 843-851 (1996).

300. Trievel, R. C. et al. Crystal structure and mechanism of histone acetylation of the 
yeast GCN5 transcriptional coactivator. Proc Natl Acad Sci USA 96, 8931-8936 (1999).

301. Marmorstein, R. & Trievel, R. C. Histone modifying enzymes: structures, 
mechanisms, and specificities. Biochim Biophys Acta 1789, 58-68 (2009).

302. Yuan, H. & Marmorstein, R. Histone acetyltransferases: Rising ancient counterparts 
to protein kinases. Biopolymers 99, 98-111 (2013).

303. Taunton, J., Hassig, C. A. & Schreiber, S. L. A mammalian histone deacetylase 
related to the yeast transcriptional regulator Rpd3p. Science 272, 408-411 (1996).

304. Gregoretti, I. V., Lee, Y.-M. & Goodson, H. V. Molecular evolution of the histone 
deacetylase family: functional implications of phylogenetic analysis. / Mol Biol 338, 
17-31 (2004).

305. Choudhary, C. et al. Lysine acetylation targets protein complexes and co-regulates 
major cellular functions. Science 325, 834-840 (2009).

306. Nakagawa, T. & Guarente, L. Sirtuins at a glance. J Cell Sci 124, 833-838 (2011).
307. Bjerling, P. P. et al. Functional divergence between histone deacetylases in fission 

yeast by distinct cellular localization and in vivo specificity. Mol Cell Biol 22, 2170- 
2181 (2002).

308. Ahringer, J. J. NuRD and SINS histone deacetylase complexes in development. 
Trends Genet 16, 351-356 (2000).

309. Kuzmichev, A., Zhang, Y., Erdjument-Bromage, H., Tempst, P. & Reinberg, D. Role 
of the Sin3-histone deacetylase complex in growth regulation by the candidate 
tumor suppressor p33(INGl). Mol Cell Biol 22, 835-848 (2002).

310. You, A. A., Tong, J. K. J., Grozinger, C. M. C. & Schreiber, S. L. S. CoREST is an 
integral component of the CoREST- human histone deacetylase complex. Proc Natl 
Acad Sci USA 98,1454-1458 (2001).

311. Underhill, C. C., Qutob, M. S. M., Yee, S. P. S. & Torchia, J. J. A novel nuclear 
receptor corepressor complex, N-CoR, contains components of the mammalian 
SWI/SNF complex and the corepressor KAP-1. / Biol Chem 275, 40463-40470 (2000).

312. Yang, W.-M., Tsai, S.-C., Wen, Y.-D., Fejer, G. & Seto, E. Functional domains of 
histone deacetylase-3. / Biol Chem 277, 9447-9454 (2002).

313. Montgomery, R. L. R. et al. Histone deacetylases 1 and 2 redundantly regulate 
cardiac morphogenesis, growth, and contractility. Genes Dev 21,1790-1802 (2007).

314. Trivedi, C. M. C., Lu, M. M. M., Wang, Q. Q. & Epstein, J. A. J. Transgenic 
overexpression of Hdac3 in the heart produces increased postnatal cardiac myocyte 
proliferation but does not induce hypertrophy. / Biol Chem 283, 26484-26489 (2008).

315. Trivedi, C. M. C. et al. Hdac2 regulates the cardiac hypertrophic response by 
modulating Gsk3 beta activity. Nat Med 13, 324-331 (2007).

316. Bhaskara, S. et al. Deletion of histone deacetylase 3 reveals critical roles in S phase 
progression and DNA damage control. Mol Cell 30, 61-72 (2008).

316



Bibliography

317. Van den Wyngaert, I. et al. Cloning and characterization of human histone 
deacetylase 8. FEES Letters 478, 77-83 (2000).

318. Haberland, M., Mokalled, M. H., Montgomery, R. L. & Olson, E. N. Epigenetic 
control of skull morphogenesis by histone deacetylase 8. Genes Dev 23,1625-1630 
(2009).

319. Parra, M. & Verdin, E. Regulatory signal transduction pathways for class Ha 
histone deacetylases. Curr Opin Pharmacol 10, 7-7 (2010).

320. Vega, R. B. R. et al. Histone deacetylases 5 and 9 govern responsiveness of the heart 
to a subset of stress signals and play redundant roles in heart development. Cell 119, 
8467-8476 (2004).

321. Mottet, D. et al. Histone deacetylase 7 silencing alters endothelial cell migration, a 
key step in angiogenesis. Circ Res 101,1237-1246 (2007).

322. Chang, S. et al. Histone deacetylase 7 maintains vascular integrity by repressing 
matrix metalloproteinase 10. Cell 126, 321-334 (2006).

323. Zhang, C. L. et al. Class II histone deacetylases act as signal-responsive repressors of 
cardiac hypertrophy. Cell 110, 479-488 (2002).

324. Zhang, Y. et al. HDAC-6 interacts with and deacetylates tubulin and microtubules 
in vivo. EMBO J 22,1168-1179 (2003).

325. Kovacs, J. J. et al. HDAC6 regulates Hsp90 acetylation and chaperone-dependent 
activation of glucocorticoid receptor. Mol Cell 18, 601-607 (2005).

326. Kwon, S., Zhang, Y. & Matthias, P. The deacetylase HDAC6 is a novel critical 
component of stress granules involved in the stress response. Genes Dev 21,3381- 
3394 (2007).

327. Hook, S. S., Orian, A., Cowley, S. M. & Eisenman, R. N. Histone deacetylase 6 binds 
polyubiquitin through its zinc finger (PAZ domain) and copurifies with 
deubiquitinating enzymes. Proc Natl Acad Sci USA 99,13425-13430 (2002).

328. Kawaguchi, Y. et al. The deacetylase HDAC6 regulates aggresome formation and 
cell viability in response to misfolded protein stress. Cell 115, 727-738 (2003).

329. Zhang, Y. et al. Mice lacking histone deacetylase 6 have hyperacetylated tubulin but 
are viable and develop normally. Mol Cell Biol 28,1688-1701 (2008).

330. Park, J.-H. et al. Class II histone deacetylases play pivotal roles in heat shock protein 
90-mediated proteasomal degradation of vascular endothelial growth factor 
receptors. Biochem Biophys Res Commun 368,318-322 (2008).

331. Deubzer, H. E. et al. HDAC11 is a novel drug target in carcinomas. Int} Cancer 132, 
2200-2208 (2013).

332. Fraga, M. F. et al. Loss of acetylation at Lysl6 and trimethylation at Lys20 of histone 
H4 is a common hallmark of human cancer. Nature Genetics 37,391-400 (2005).

333. Zhu, P. et al. Induction of HDAC2 expression upon loss of APC in colorectal 
tumorigenesis. Cancer Cell 5, 455-463 (2004).

334. Ishihama, K. et al. Expression of HDAC1 and CBP/p300 in human colorectal 
carcinomas. J. Clin. Pathol. 60,1205-1210 (2007).

335. Ropero, S. et al. A truncating mutation of HDAC2 in human cancers confers 
resistance to histone deacetylase inhibition. Nature Genetics 38, 566-569 (2006).

336. Marquard, L. et al. Prognostic significance of the therapeutic targets histone 
deacetylase 1, 2, 6 and acetylated histone H4 in cutaneous T-cell lymphoma. 
Histopathology 53, 267-277 (2008).

337. Sasaki, H. et al. Histone deacetylase 1 mRNA expression in lung cancer. Lung Cancer 
46,171-178 (2004).

338. Osada, H. et al. Reduced expression of class II histone deacetylase genes is 
associated with poor prognosis in lung cancer patients. Int ] Cancer 112, 26-32 
(2004).

339. Barlesi, F. et al. Global histone modifications predict prognosis of resected non 
small-cell lung cancer. Journal of Clinical Oncology 25,4358-4364 (2007).

340. Lane, A. A. & Chabner, B. A. Histone deacetylase inhibitors in cancer therapy. / Clin 
Oncol 27, 5459-5468 (2009).

341. Adcock, I. M. HDAC inhibitors as anti-inflammatory agents. Br J Pharmacol 150, 
829-831 (2007).

342. Shirakawa, K., Chavez, L., Hakre, S., Calvanese, V. & Verdin, E. Reactivation of

317



Bib lie W>iy

latent HIV by histone deacetylase inhibitors. Trends Microbiol. 21, 277-285 (2013).
343. Zhang, L. et al. Inhibition of histone deacetylases preserves myocardial 

performance and prevents cardiac remodeling through stimulation of endogenous 
angiomyogenesis. / Pharmacol Exp Ther 341, 285-293 (2012).

344. Phiel, C. J. et al. Histone deacetylase is a direct target of valproic acid, a potent 
anticonvulsant, mood stabilizer, and teratogen. / Biol Chem 276, 36734-36741 (2001).

345. Glister, C., Satchell, L., Michael, A. E., Bicknell, A. B. & Knight, P. G. The anti
epileptic drug valproic acid (VPA) inhibits steroidogenesis in bovine theca and 
granulosa cells in vitro. PLoS ONE 7, e49553 (2012).

346. Ferrara, F. F. et al. Histone deacetylase-targeted treatment restores retinoic acid 
signaling and differentiation in acute myeloid leukemia. Cancer Res 61, 2-7 (2001).

347. Beckers, T. et al. Distinct pharmacological properties of second generation HDAC 
inhibitors with the benzamide or hydroxamate head group. Int} Cancer 121,1138- 
1148 (2007).

348. Yoshida, M., Kijima, M., Akita, M. & Beppu, T. Potent and specific inhibition of 
mammalian histone deacetylase both in vivo and in vitro by trichostatin A. / Biol 
Chem 265,17174-17179 (1990).

349. Richon, V. M. et al. A class of hybrid polar inducers of transformed cell 
differentiation inhibits histone deacetylases. Proc Natl Acad Sci USA 95, 3003-3007 
(1998).

350. Hu, E. et al. Identification of novel isoform-selective inhibitors within class I histone 
deacetylases. / Pharmacol Exp Ther 307, 720-728 (2003).

351. Richon, V. M. et al. Second generation hybrid polar compounds are potent inducers 
of transformed cell differentiation. Proc Natl Acad Sci USA 93, 5705-5708 (1996).

352. He, L. Z. et al. Histone deacetylase inhibitors induce remission in transgenic models 
of therapy-resistant acute promyelocytic leukemia. / Clin Invest 108,1321-1330 
(2001).

353. Butler, L. M. et al. Suberoylanilide hydroxamic acid, an inhibitor of histone 
deacetylase, suppresses the growth of prostate cancer cells in vitro and in vivo. 
Cancer Res 60, 5165-5170 (2000).

354. Kelly, W. K. et al. Phase I clinical trial of histone deacetylase inhibitor: 
suberoylanilide hydroxamic acid administered intravenously. Clin Cancer Res 9, 
3578-3588 (2003).

355. Kelly, W. K. et al. Phase I study of an oral histone deacetylase inhibitor, 
suberoylanilide hydroxamic acid, in patients with advanced cancer. / Clin Oncol 23, 
3923-3931 (2005).

356. Duvic, M. et al. Phase 2 trial of oral vorinostat (suberoylanilide hydroxamic acid, 
SAHA) for refractory cutaneous T-cell lymphoma (CTCL). Blood 109, 31-39 (2007).

357. Galanis, E. et al. Phase II trial of vorinostat in recurrent glioblastoma multiforme: a 
north central cancer treatment group study. Journal of Clinical Oncology 27, 2052- 
2058 (2009).

358. Luu, T. H. et al. A phase II trial of vorinostat (suberoylanilide hydroxamic acid) in 
metastatic breast cancer: a California Cancer Consortium study. Clin Cancer Res 14, 
7138-7142 (2008).

359. Traynor, A. M. et al. Vorinostat (NSC# 701852) in patients with relapsed non-small 
cell lung cancer: a Wisconsin Oncology Network phase II study. / Thorac Oncol 4, 
522-526 (2009).

360. Modesitt, S. C., Sill, M., Hoffman, J. S„ Bender, D. P.Gynecologic Oncology Group. 
A phase II study of vorinostat in the treatment of persistent or recurrent epithelial 
ovarian or primary peritoneal carcinoma: a Gynecologic Oncology Group study. 
Gynecol. Oncol. 109,182-186 (2008).

361. Catley, L. et al. NVP-LAQ824 is a potent novel histone deacetylase inhibitor with 
significant activity against multiple myeloma. Blood 102, 2615-2622 (2003).

362. Maiso, P. et al. The histone deacetylase inhibitor LBH589 is a potent antimyeloma 
agent that overcomes drug resistance. Cancer Res 66, 5781-5789 (2006).

363. Nimmanapalli, R. et al. Histone deacetylase inhibitor LAQ824 both lowers 
expression and promotes proteasomal degradation of Bcr-Abl and induces 
apoptosis of imatinib mesylate-sensitive or -refractory chronic myelogenous

318



r iiii: Dlull V

leukemia-blast crisis cells. Cancer Res 63, 5126-5135 (2003).
364. Qian, D. Z. et al. Targeting tumor angiogenesis with histone deacetylase inhibitors: 

the hydroxamic acid derivative LBH589. Clin Cancer Res 12, 634-642 (2006).
365. Rathkopf, D. E. et al. A phase 2 study of intravenous panobinostat in patients with 

castration-resistant prostate cancer. Cancer Chemother Pharmacol (2013). 
doi:10.1007/ s00280-013-2224-8

366. Juergens, R. A. et al. Combination epigenetic therapy has efficacy in patients with 
refractory advanced non-small cell lung cancer. Cancer Discov 1, 598-607 (2011).

367. Juergens, R. A. et al. Phase I trial of 5-azacitidine (SAC) and SNDX-275 in advanced 
lung cancer (NSCLC). / Clin Oncol 26,19036 (2008).

368. Hess-Stumpp, H., Bracker, T. U., Henderson, D. & Politz, O. MS-275, a potent orally 
available inhibitor of histone deacetylases—the development of an anticancer agent. 
Int ] Biochem Cell Biol 39,1388-1405 (2007).

369. Jose, B. et al. Toward an HDAC6 inhibitor: synthesis and conformational analysis of 
cyclic hexapeptide hydroxamic acid designed from alpha-tubulin sequence. Bioorg 
Med Chem 12,1351-1356 (2004).

370. Boyault, C. et al. HDAC6-p97/VCP controlled polyubiquitin chain turnover. EMBO 
J 25, 3357-3366 (2006).

371. Gao, Y.-S. et al. Histone deacetylase 6 regulates growth factor-induced actin 
remodeling and endocytosis. Mol Cell Biol 27,8637-8647 (2007).

372. Santo, L. et al. Preclinical activity, pharmacodynamic and pharmacokinetic 
properties of a selective HDAC6 inhibitor, ACY-1215, in combination with 
bortezomib in multiple myeloma. Blood (2012). doi:10.1182/blood-2011-10-387365

373. Herczenik, E. & Gebbink, M. F. B. G. Molecular and cellular aspects of protein 
misfolding and disease. EASES / 22, 2115-2133 (2008).

374. Rao, R. et al. HDAC6 inhibition enhances 17-AAG—mediated abrogation of hsp90 
chaperone function in human leukemia cells. Blood 112,1886-1893 (2008).

375. Rahmani, M. et al. Cotreatment with suberanoylanilide hydroxamic acid and 17- 
allylamino 17-demethoxygeldanamycin synergistically induces apoptosis in Bcr- 
Abl+ Cells sensitive and resistant to STI571 (imatinib mesylate) in association with 
down-regulation of Bcr-Abl, abrogation of signal transducer and activator of 
transcription 5 activity, and Bax conformational change. Mol Pharmacol 67,1166- 
1176 (2005).

376. Guo, F. et al. Mechanistic role of heat shock protein 70 in Bcr-Abl-mediated 
resistance to apoptosis in human acute leukemia cells. Blood 105,1246-1255 (2005).

377. Yu, C. et al. The proteasome inhibitor bortezomib interacts synergistically with 
histone deacetylase inhibitors to induce apoptosis in Bcr/Abl+ cells sensitive and 
resistant to STI571. Blood 102, 3765-3774 (2003).

378. Pei, X.-Y., Dai, Y. & Grant, S. Synergistic induction of oxidative injury and 
apoptosis in human multiple myeloma cells by the proteasome inhibitor 
bortezomib and histone deacetylase inhibitors. Clin Cancer Res 10, 3839-3852 (2004).

379. Nawrocki, S. T. et al. Aggresome disruption: a novel strategy to enhance 
bortezomib-induced apoptosis in pancreatic cancer cells. Cancer Res 66, 3773-3781 
(2006).

380. Miller, C. P. et al. NPI-0052, a novel proteasome inhibitor, induces caspase-8 and 
ROS-dependent apoptosis alone and in combination with HD AC inhibitors in 
leukemia cells. Blood 110, 267-277 (2007).

381. Dai, Y. et al. Interactions between bortezomib and romidepsin and belinostat in 
chronic lymphocytic leukemia cells. Clin Cancer Res 14, 549-558 (2008).

382. Fantin, V. R. & Richon, V. M. Mechanisms of resistance to histone deacetylase 
inhibitors and their therapeutic implications. Clin Cancer Res 13, 7237-7242 (2007).

383. Earel, J. K., Vanoosten, R. L. & Griffith, T. S. Histone deacetylase inhibitors 
modulate the sensitivity of tumor necrosis factor-related apoptosis-inducing 
ligand-resistant bladder tumor cells. Cancer Res 66, 499-507 (2006).

384. Frew, A. J. et al. Combination therapy of established cancer using a histone 
deacetylase inhibitor and a TRAIL receptor agonist. Proc Natl Acad Sci USA 105, 
11317-11322 (2008).

385. Xargay-Torrent, S. et al. Vorinostat-Induced Apoptosis in Mantle Cell Lymphoma Is

319



Bibik hy

Mediated by Acetylation of Proapoptotic BH3-Only Gene Promoters. Clin Cancer 
Res 17, 3956-3968 (2011).

386. Levene, P. A. & Alsberg, C. L. The cleavage products of vitellin. / Biol Chem 2,127- 
133 (1906).

387. Burnett, G. & Kennedy, E. P. The enzymatic phosphorylation of proteins. / Biol 
Chem 211, 969-980 (1954).

388. Goldstein, G. et al. Isolation of a polypeptide that has lymphocyte-differentiating 
properties and is probably represented universally in living cells. Proc Natl Acad Sci 
USA 72,11-15 (1975).

389. Ciehanover, A., Hod, Y. & Hershko, A. A heat-stable polypeptide component of an 
ATP-dependent proteolytic system from reticulocytes. Biochem Biophys Res Commun 
81,1100-1105 (1978).

390. Hershko, A., Ciechanover, A. & Rose, I. A. Resolution of the ATP-dependent 
proteolytic system from reticulocytes: a component that interacts with ATP. Proc 
Natl Acad Sci USA 76, 3107-3110 (1979).

391. Finley, D., Bartel, B. & Varshavsky, A. The tails of ubiquitin precursors are 
ribosomal proteins whose fusion to ubiquitin facilitates ribosome biogenesis. Nature 
338, 394-401 (1989).

392. Redman, K. L. & Rechsteiner, M. Identification of the long ubiquitin extension as 
ribosomal protein S27a. Nature 338, 438-440 (1989).

393. Baker, R. T. & Board, P. G. The human ubiquitin-52 amino acid fusion protein gene 
shares several structural features with mammalian ribosomal protein genes. Nucleic 
Acids Res 19,1035-1040 (1991).

394. Lund, P. K. et al. Nucleotide sequence analysis of a cDNA encoding human 
ubiquitin reveals that ubiquitin is synthesized as a precursor. / Biol Chem 260, 7609- 
7613 (1985).

395. Wiborg, O. et al. The human ubiquitin multigene family: some genes contain 
multiple directly repeated ubiquitin coding sequences. EMBO J 4, 755-759 (1985).

396. McGrath, J. P., Jentsch, S. & Varshavsky, A. UBA 1: an essential yeast gene 
encoding ubiquitin-activating enzyme. EMBO /10, 227-236 (1991).

397. Haas, A. L. & Rose, I. A. The mechanism of ubiquitin activating enzyme. A kinetic 
and equilibrium analysis. / Biol Chem 257,10329-10337 (1982).

398. Haas, A. L., Warms, J. V., Hershko, A. & Rose, I. A. Ubiquitin-activating enzyme. 
Mechanism and role in protein-ubiquitin conjugation. / Biol Chem 257, 2543-2548 
(1982).

399. Tokgoz, Z., Bohnsack, R. N. & Haas, A. L. Pleiotropic effects of ATP.Mg2+ binding 
in the catalytic cycle of ubiquitin-activating enzyme. / Biol Chem 281,14729-14737 
(2006).

400. Olsen, S. K., Capili, A. D., Lu, X., Tan, D. S. & Lima, C. D. Active site remodelling 
accompanies thioester bond formation in the SUMO El. Nature 463, 906-912 (2010).

401. Olsen, S. K. & Lima, C. D. Structure of a ubiquitin el-e2 complex: insights to el-e2 
thioester transfer. Mol Cell 49, 884-896 (2013).

402. Huang, D. T. et al. Basis for a ubiquitin-like protein thioester switch toggling E1-E2 
affinity. Nature 445, 394-398 (2007).

403. Eletr, Z. M., Huang, D. T., Duda, D. M., Schulman, B. A. & Kuhlman, B. E2 
conjugating enzymes must disengage from their El enzymes before E3-dependent 
ubiquitin and ubiquitin-like transfer. Nat. Struct. Mol. Biol. 12, 933-934 (2005).

404. Hershko, A., Heller, H., Elias, S. & Ciechanover, A. Components of ubiquitin- 
protein ligase system. Resolution, affinity purification, and role in protein 
breakdown. / Biol Chem 258, 8206-8214 (1983).

405. Huang, L. et al. Structure of an E6AP-UbcH7 complex: insights into ubiquitination 
by the E2-E3 enzyme cascade. Science 286,1321-1326 (1999).

406. Kamadurai, H. B. et al. Insights into ubiquitin transfer cascades from a structure of a 
UbcHSB approximately ubiquitin-HECT(NEDD4L) complex. Mol Cell 36,1095-1102 
(2009).

407. Kim, H. C. & Huibregtse, J. M. Polyubiquitination by HECT E3s and the 
determinants of chain type specificity. Mol Cell Biol 29, 3307-3318 (2009).

408. Li, W. et al. Genome-wide and functional annotation of human E3 ubiquitin ligases

320



Bibliography

identifies MULAN, a mitochondrial E3 that regulates the organelle's dynamics and 
signaling. PLoS ONE 3, e!487 (2008).

409. Borden, K. L. & Freemont, P. S. The RING finger domain: a recent example of a 
sequence-structure family. Curr. Opin. Struct. Biol. 6,395-401 (1996).

410. Lorick, K. L. et al. RING fingers mediate ubiquitin-conjugating enzyme (E2)- 
dependent ubiquitination. Proc Natl Acad Sci USA 96,11364-11369 (1999).

411. Borden, K. L. RING domains: master builders of molecular scaffolds? / Mol Biol 295, 
1103-1112 (2000).

412. Ozkan, E., Yu, H. & Deisenhofer, J. Mechanistic insight into the allosteric activation 
of a ubiquitin-conjugating enzyme by RING-type ubiquitin ligases. Proc Natl Acad 
Sci USA 102,18890-18895 (2005).

413. Silke, J. et al. Determination of cell survival by RING-mediated regulation of 
inhibitor of apoptosis (IAP) protein abundance. Proc Natl Acad Sci USA 102,16182- 
16187 (2005).

414. Hu, S. & Yang, X. Cellular inhibitor of apoptosis 1 and 2 are ubiquitin ligases for the 
apoptosis inducer Smac/DIABLO. / Biol Chem 278,10055-10060 (2003).

415. Cheung, H. H., Plenchette, S., Kern, C. J., Mahoney, D. J. & Korneluk, R. G. The 
RING domain of cIAPl mediates the degradation of RING-bearing inhibitor of 
apoptosis proteins by distinct pathways. Mol. Biol. Cell 19, 2729-2740 (2008).

416. Wu, L. C. et al. Identification of a RING protein that can interact in vivo with the 
BRCA1 gene product. Nature Genetics 14,430-440 (1996).

417. Simons, A. M. et al. BRCA1 DNA-binding activity is stimulated by BARD1. Cancer 
Res 66, 2012-2018 (2006).

418. Sharp, D. A., Kratowicz, S. A., Sank, M. J. & George, D. L. Stabilization of the 
MDM2 oncoprotein by interaction with the structurally related MDMX protein. / 
Biol Chem 274, 38189-38196 (1999).

419. Satijn, D. P. & Otte, A. P. RING1 interacts with multiple Poly comb-group proteins 
and displays tumorigenic activity. Mol Cell Biol 19, 57-68 (1999).

420. Dou, H., Buetow, L., Sibbet, G. J., Cameron, K. & Huang, D. T. Essentiality of a non- 
RING element in priming donor ubiquitin for catalysis by a monomeric E3. Nat. 
Struct. Mol. Biol. (2013). doi:10.1038/nsmb.2621

421. Nakayama, K. I. & Nakayama, K. Ubiquitin ligases: cell-cycle control and cancer. 
Nat Rev Cancer 6, 369-381 (2006).

422. Donzelli, M. et al. Dual mode of degradation of Cdc25 A phosphatase. EMBO / 21, 
4875-4884 (2002).

423. Frescas, D. & Pagano, M. Deregulated proteolysis by the F-box proteins SKP2 and 
beta-TrCP: tipping the scales of cancer. Nat Rev Cancer 8, 438-449 (2008).

424. Pickart, C. M. & Rose, I. A. Ubiquitin carboxyl-terminal hydrolase acts on ubiquitin 
carboxyl-terminal amides. / Biol Chem 260, 7903-7910 (1985).

425. Wilkinson, K. D. et al. Metabolism of the polyubiquitin degradation signal: 
structure, mechanism, and role of isopeptidase T. Biochemistry 34,14535-14546 
(1995).

426. Song, L. & Rape, M. Reverse the curse—the role of deubiquitination in cell cycle 
control. Curr Opin Cell Biol 20,156-163 (2008).

427. Frappier, L. & Verrijzer, C. P. Gene expression control by protein deubiquitinases. 
Curr. Opin. Genet. Dev. 21, 207-213 (2011).

428. Kennedy, R. D. & D'Andrea, A. D. The Fanconi Anemia/BRCA pathway: new faces 
in the crowd. Genes Dev 19, 2925-2940 (2005).

429. Koulich, E., Li, X. & DeMartino, G. N. Relative structural and functional roles of 
multiple deubiquitylating proteins associated with mammalian 26S proteasome. 
Mol. Biol. Cell 19,1072-1082 (2008).

430. Vucic, D., Dixit, V. M. & Wertz, I. E. Ubiquitylation in apoptosis: a post- 
translational modification at the edge of life and death. Nat Rev Mol Cell Biol 12, 
439-452 (2011).

431. Johnston, S. C., Larsen, C. N., Cook, W. J., Wilkinson, K. D. & Hill, C. P. Crystal 
structure of a deubiquitinating enzyme (human UCH-L3) at 1.8 A resolution.
EMBO ] 16, 3787-3796 (1997).

432. Crosas, B. et al. Ubiquitin chains are remodeled at the proteasome by opposing

321



Bibliovravhu

ubiquitin ligase and deubiquitinating activities. Cell 127,1401-1413 (2006).
433. Hanna, J. et al. Deubiquitinating enzyme Ubp6 functions noncatalytically to delay 

proteasomal degradation. Cell 127, 99-111 (2006).
434. Yao, T. et al. Proteasome recruitment and activation of the Uch37 deubiquitinating 

enzyme by Adrml. Nat Cell Biol 8, 994-1002 (2006).
435. Chen, X., Arciero, C. A., Wang, C, Broccoli, D. & Godwin, A. K. BRCC36 is 

essential for ionizing radiation-induced BRCA1 phosphorylation and nuclear foci 
formation. Cancer Res 66, 5039-5046 (2006).

436. Jensen, D. E. et al. BAP1: a novel ubiquitin hydrolase which binds to the BRCA1 
RING finger and enhances BRCAl-mediated cell growth suppression. Oncogene 16, 
1097-1112 (1998).

437. Li, Z., Wang, D., Messing, E. M. & Wu, G. VHL protein-interacting deubiquitinating 
enzyme 2 deubiquitinates and stabilizes HIF-lalpha. EMBO Rep 6, 373-378 (2005).

438. Stegmeier, F. et al. Anaphase initiation is regulated by antagonistic ubiquitination 
and deubiquitination activities. Nature £46, 876-881 (2007).

439. Sheng, Y. et al. Molecular recognition of p53 and MDM2 by USP7/HAUSP. Nat. 
Struct. Mol. Biol. 13, 285-291 (2006).

440. Heyninck, K. & Beyaert, R. A20 inhibits NF-kappaB activation by dual ubiquitin- 
editing functions. Trends Biochem Sci 30,1-4 (2005).

441. Eytan, E., Ganoth, D., Armon, T. & Hershko, A. ATP-dependent incorporation of 
20S protease into the 26S complex that degrades proteins conjugated to ubiquitin. 
Proc Natl Acad Sci USA 86, 7751-7755 (1989).

442. Groll, M. et al. Structure of 20S proteasome from yeast at 2.4 A resolution. Nature 
386, 463-471 (1997).

443. Smith, D. M. et al. Docking of the proteasomal ATPases' carboxyl termini in the 20S 
proteasome's alpha ring opens the gate for substrate entry. Mol Cell 27, 731-744 
(2007).

444. Wilk, S. & Orlowski, M. Evidence that Pituitary Cation-Sensitive Neutral 
Endopeptidase Is a Multicatalytic Protease Complex. / Neurochem 40, 842-849 (1983).

445. Heinemeyer, W., Fischer, M., Krimmer, T., Stachon, U. & Wolf, D. H. The active 
sites of the eukaryotic 20 S proteasome and their involvement in subunit precursor 
processing. J Biol Chem 272, 25200-25209 (1997).

446. Baugh, J. M., Viktorova, E. G. & Filipenko, E. V. Proteasomes can degrade a 
significant proportion of cellular proteins independent of ubiquitination. J Mol Biol 
386, 814-827 (2009).

447. Groll, M. et al. A gated channel into the proteasome core particle. Nat. Struct. Biol. 7, 
1062-1067 (2000).

448. Kohler, A. et al. The substrate translocation channel of the proteasome. Biochimie 83, 
325-332 (2001).

449. Religa, T. L., Sprangers, R. & Kay, L. E. Dynamic regulation of archaeal proteasome 
gate opening as studied by TROSY NMR. Science 328, 98-102 (2010).

450. Whitby, F. G. et al. Structural basis for the activation of 20S proteasomes by IIS 
regulators. Nature408,115-120 (2000).

451. Sadre-Bazzaz, K., Whitby, F. G., Robinson, H., Formosa, T. & Hill, C. P. Structure of 
a BlmlO complex reveals common mechanisms for proteasome binding and gate 
opening. Mol Cell 37, 728-735 (2010).

452. Dange, T. et al. BlmlO protein promotes proteasomal substrate turnover by an 
active gating mechanism. / Biol Chem 286, 42830-42839 (2011).

453. Glickman, M. H. et al. A subcomplex of the proteasome regulatory particle required 
for ubiquitin-conjugate degradation and related to the COP9-signalosome and eIF3. 
Cell 94, 615-623 (1998).

454. Husnjak, K. et al. Proteasome subunit Rpnl3 is a novel ubiquitin receptor. Nature 
453, 481-488 (2008).

455. Yao, T. & Cohen, R. E. A cryptic protease couples deubiquitination and degradation 
by the proteasome. Nature 419, 403-407 (2002).

456. Lenkinski, R. E., Chen, D. M., Glickson, J. D. & Goldstein, G. Nuclear magnetic 
resonance studies of the denaturation of ubiquitin. Biochimica et Biophysica Acta 
(BBA) - Protein Structure 494,126-130 (1977).

322



Bibliograplv

457. Verma, R. et al. Role of Rpnll metalloprotease in deubiquitination and degradation 
by the 26S proteasome. Science 298, 611-615 (2002).

458. Verma, R. et al. Proteasomal proteomics: identification of nucleotide-sensitive 
proteasome-interacting proteins by mass spectrometric analysis of affinity-purified 
proteasomes. Mol. Biol. Cell 11, 3425-3439 (2000).

459. Lam, Y. A., Xu, W., DeMartino, G. N. & Cohen, R. E. Editing of ubiquitin conjugates 
by an isopeptidase in the 26S proteasome. Nature 385, 737-740 (1997).

460. Verma, R., Oania, R., Graumann, J. & Deshaies, R. J. Multiubiquitin chain receptors 
define a layer of substrate selectivity in the ubiquitin-proteasome system. Cell 118, 
99-110 (2004).

461. Young, P., Deveraux, Q., Beal, R. E., Pickart, C. M. & Rechsteiner, M. 
Characterization of two polyubiquitin binding sites in the 26 S protease subunit 5a.
/ Biol Chem 273, 5461-5467 (1998).

462. Wang, Q., Young, P. & Walters, K. J. Structure of S5a bound to monoubiquitin 
provides a model for polyubiquitin recognition. /Mol Biol 348, 727-739 (2005).

463. Isasa, M. et al. Monoubiquitination of RPN10 regulates substrate recruitment to the 
proteasome. Mol Cell 38, 733-745 (2010).

464. Schreiner, P. et al. Ubiquitin docking at the proteasome through a novel pleckstrin- 
homology domain interaction. Nature 453, 548-552 (2008).

465. Hamazaki, ]. et al. A novel proteasome interacting protein recruits the 
deubiquitinating enzyme UCH37 to 26S proteasomes. EMBO ] 25, 4524-4536 (2006).

466. Wang, Q., Goh, A. M., Howley, P. M. & Walters, K. J. Ubiquitin recognition by the 
DNA repair protein hHR23a. Biochemistry 42,13529-13535 (2003).

467. Kim, I., Mi, K. & Rao, H. Multiple interactions of rad23 suggest a mechanism for 
ubiquitylated substrate delivery important in proteolysis. Mol. Biol. Cell 15, 3357- 
3365 (2004).

468. Richly, H. et al. A series of ubiquitin binding factors connects CDC48/p97 to 
substrate multiubiquitylation and proteasomal targeting. Cell 120, 73-84 (2005).

469. Dick, T. P. et al. Contribution of proteasomal beta-subunits to the cleavage of 
peptide substrates analyzed with yeast mutants. / Biol Chem 273, 25637-25646 (1998).

470. Kisselev, A. F., Songyang, Z. & Goldberg, A. L. Why does threonine, and not serine, 
function as the active site nucleophile in proteasomes? / Biol Chem 275,14831-14837 
(2000).

471. Nussbaum, A. K. et al. Cleavage motifs of the yeast 20S proteasome beta subunits 
deduced from digests of enolase 1. Proc Natl Acad Sci USA 95,12504-12509 (1998).

472. Nathan, J. A., Tae Kim, H., Ting, L., Gygi, S. P. & Goldberg, A. L. Why do cellular 
proteins linked to K63-polyubiquitin chains not associate with proteasomes? EMBO 
J32, 552-565 (2013).

473. Xu, P. et al. Quantitative proteomics reveals the function of unconventional 
ubiquitin chains in proteasomal degradation. Cell 137,133-145 (2009).

474. Bedford, L., Layfield, R., Mayer, R. J., Peng, J. & Xu, P. Diverse polyubiquitin chains 
accumulate following 26S proteasomal dysfunction in mammalian neurones. 
Neurosci. Lett. 491, 44-47 (2011).

475. Sloper-Mould, K. E., Jemc, J. C, Pickart, C. M. & Hicke, L. Distinct functional 
surface regions on ubiquitin. / Biol Chem 276, 30483-30489 (2001).

476. Cook, W. J., Jeffrey, L. C, Kasperek, E. & Pickart, C. M. Structure of tetraubiquitin 
shows how multiubiquitin chains can be formed. / Mol Biol 236, 601-609 (1994).

477. Varadan, R., Walker, O., Pickart, C. & Fushman, D. Structural properties of 
polyubiquitin chains in solution. / Mol Biol 324, 637-647 (2002).

478. Ye, Y. & Rape, M. Building ubiquitin chains: E2 enzymes at work. Nat Rev Mol Cell 
Biol 10, 755-764 (2009).

479. Jin, L., Williamson, A., Banerjee, S., Philipp, I. & Rape, M. Mechanism of ubiquitin- 
chain formation by the human anaphase-promoting complex. Cell 133, 653-665 
(2008).

480. Kirisako, T. et al. A ubiquitin ligase complex assembles linear polyubiquitin chains. 
EMBO / 25,4877-4887 (2006).

481. Keusekotten, K. et al. OTULIN Antagonizes LUBAC Signaling by Specifically 
Hydrolyzing Metl-Linked Polyubiquitin. Cell 153,1312-1326 (2013).

323



Bibliovravln/

482. Fiil, B. K. et al. OTULIN Restricts Metl-Linked Ubiquitination to Control Innate 
Immune Signaling. Mol Cell 50, 818-830 (2013).

483. Sobhian, B. et al. RAP80 targets BRCA1 to specific ubiquitin structures at DNA 
damage sites. Science 316,1198-1202 (2007).

484. Hoege, C., Pfander, B., Moldovan, G.-L., Pyrowolakis, G. & Jentsch, S. RAD6- 
dependent DNA repair is linked to modification of PCNA by ubiquitin and SUMO. 
Nature 419,135-141 (2002).

485. Vandenberg, C. J. et al. BRCAl-independent ubiquitination of FANCD2. Mol Cell 12, 
247-254 (2003).

486. Marx, C., Field, J. M., Gibson, B. W. & Benz, C. C. ErbB2 trafficking and degradation 
associated with K48 and K63 polyubiquitination. Cancer Res 70, 3709-3717 (2010).

487. Polo, S. Signaling-mediated control of ubiquitin ligases in endocytosis. BMC Biol. 10, 
25 (2012).

488. Lauwers, E., Jacob, C. & Andre, B. K63-linked ubiquitin chains as a specific signal 
for protein sorting into the multivesicular body pathway. The Journal of Cell Biology 
185, 493-502 (2009).

489. Spence, J. et al. Cell cycle-regulated modification of the ribosome by a variant 
multiubiquitin chain. Cell 102, 67-76 (2000).

490. Yang, W.-L., Zhang, X. & Lin, H.-K. Emerging role of Lys-63 ubiquitination in 
protein kinase and phosphatase activation and cancer development. Oncogene 29, 
4493-4503 (2010).

491. van Wijk, S. J. L. et al. Fluorescence-Based Sensors to Monitor Localization and 
Functions of Linear and K63-Linked Ubiquitin Chains in Cells. Mol Cell (2012). 
doi:10.1016/j.molcel.2012.06.017

492. van Wijk, S. J. L., Fiskin, E. & Dikic, I. Selective monitoring of ubiquitin signals with 
genetically encoded ubiquitin chain-specific sensors. Nat Protoc 8,1449-1458 (2013).

493. Williamson, A. et al. Identification of a physiological E2 module for the human 
anaphase-promoting complex. Proc Natl Acad Sci USA 106,18213-18218 (2009).

494. Matsumoto, M. L. et al. Kll-linked polyubiquitination in cell cycle control revealed 
by a Kll linkage-specific antibody. Mol Cell 39, 477-484 (2010).

495. Wickliffe, K. E., Williamson, A., Meyer, H.-J., Kelly, A. & Rape, M. Kll-linked 
ubiquitin chains as novel regulators of cell division. Trends Cell Biol 21, 656-663 
(2011).

496. Iwai, K. Diverse ubiquitin signaling in NF-kB activation. Trends Cell Biol 22, 355-364
(2012).

497. Bremm, A., Freund, S. M. V. & Komander, D. Lysll-linked ubiquitin chains adopt 
compact conformations and are preferentially hydrolyzed by the deubiquitinase 
Cezanne. Nat. Struct. Mol. Biol. 17, 939-947 (2010).

498. Wu-Baer, F., Lagrazon, K., Yuan, W. & Baer, R. The BRCA1/BARD1 heterodimer 
assembles polyubiquitin chains through an unconventional linkage involving 
lysine residue K6 of ubiquitin. / Biol Chem 278, 34743-34746 (2003).

499. Huang, H. et al. K33-linked polyubiquitination of T cell receptor-zeta regulates 
proteolysis-independent T cell signaling. Immunity 33, 60-70 (2010).

500. Geisler, S. et al. PINK1/Parkin-mediated mitophagy is dependent on VDAC1 and 
p62/SQSTMl. Nat Cell Biol 12,119-131 (2010).

501. Kim, H. T. et al. Certain pairs of ubiquitin-conjugating enzymes (E2s) and ubiquitin- 
protein ligases (E3s) synthesize nondegradable forked ubiquitin chains containing 
all possible isopeptide linkages. / Biol Chem 282,17375-17386 (2007).

502. Ben-Saadon, R., Zaaroor, D., Ziv, T. & Ciechanover, A. The polycomb protein 
RinglB generates self atypical mixed ubiquitin chains required for its in vitro 
histone H2A ligase activity. Mol Cell 24, 701-711 (2006).

503. Kirkpatrick, D. S. et al. Quantitative analysis of in vitro ubiquitinated cyclin B1 
reveals complex chain topology. Nat Cell Biol 8, 700-710 (2006).

504. Zhao, S. & Ulrich, H. D. Distinct consequences of posttranslational modification by 
linear versus K63-linked polyubiquitin chains. Proc Natl Acad Sci USA 107, 7704- 
7709 (2010).

505. Hay, R. T. SUMO: a history of modification. Mol Cell 18,1-12 (2005).
506. Tatham, M. H. et al. Polymeric chains of SUMO-2 and SUMO-3 are conjugated to

324



Bibliography

protein substrates by SAE1/SAE2 and Ubc9. / Biol Chem 276, 35368-35374 (2001).
507. Tatham, M. H., Chen, Y. & Hay, R. T. Role of two residues proximal to the active 

site of Ubc9 in substrate recognition by the Ubc9.SUMO-l thiolester complex. 
Biochemistry 42, 3168-3179 (2003).

508. Lin, D. et al. Identification of a substrate recognition site on Ubc9. / Biol Chem 277, 
21740-21748 (2002).

509. Mukhopadhyay, D. & Dasso, M. Modification in reverse: the SUMO proteases. 
Trends Biochem Sci 32, 286-295 (2007).

510. Jackson, S. P. & Durocher, D. Regulation of ON A Damage Responses by Ubiquitin 
and SUMO. Mol Cell 49, 795-807 (2013).

511. Garza, R. & Pillus, L. STUbLs in chromatin and genome stability. Biopolymers 99, 
146-154 (2013).

512. Verger, A., Perdomo, J. & Crossley, M. Modification with SUMO. A role in 
transcriptional regulation. EMBO Rep 4,137-142 (2003).

513. Prudden, J. et al. SUMO-targeted ubiquitin ligases in genome stability. EMBO f 26, 
4089-4101 (2007).

514. Gong, L. & Yeh, E. T. Identification of the activating and conjugating enzymes of 
the NEDD8 conjugation pathway. / Biol Chem 274,12036-12042 (1999).

515. Kumar, S., Yoshida, Y. & Noda, M. Cloning of a cDNA which encodes a novel 
ubiquitin-like protein. Biochem Biophys Res Commun 195, 393-399 (1993).

516. Kamitani, T., Kito, K., Nguyen, H. P. & Yeh, E. T. Characterization of NEDD8, a 
developmentally down-regulated ubiquitin-like protein. / Biol Chem 272, 28557- 
28562 (1997).

517. Tateishi, K., Omata, M., Tanaka, K. & Chiba, T. The NEDD8 system is essential for 
cell cycle progression and morphogenetic pathway in mice. The Journal of Cell 
Biology 155, 571-579 (2001).

518. Tanaka, T., Nakatani, T. & Kamitani, T. Inhibition of NEDD8-conjugation pathway 
by novel molecules: Potential approaches to anticancer therapy. Molecular Oncology 
6, 267-275 (2012).

519. Soucy, T. A., Dick, L. R., Smith, P. G., Milhollen, M. A. & Brownell, J. E. The NEDD8 
Conjugation Pathway and Its Relevance in Cancer Biology and Therapy. Genes 
Cancer 1, 708-716 (2010).

520. Ikegaki, N., Bukovsky, J. & Kennett, R. H. Identification and characterization of the 
NMYC gene product in human neuroblastoma cells by monoclonal antibodies with 
defined specificities. Proc Natl Acad Sci USA 83, 5929-5933 (1986).

521. Hann, S. R. & Eisenman, R. N. Proteins encoded by the human c-myc oncogene: 
differential expression in neoplastic cells. Mol Cell Biol 4, 2486-2497 (1984).

522. Bottger, A. et al. Design of a synthetic Mdm2-binding mini protein that activates the 
p53 response in vivo. Curr Biol 7, 860-869 (1997).

523. Tortora, G. et al. A novel MDM2 anti-sense oligonucleotide has anti-tumor activity 
and potentiates cytotoxic drugs acting by different mechanisms in human colon 
cancer. Int J Cancer 88, 804-809 (2000).

524. Zhang, Z., Li, M., Wang, H., Agrawal, S. & Zhang, R. Antisense therapy targeting 
MDM2 oncogene in prostate cancer: Effects on proliferation, apoptosis, multiple 
gene expression, and chemotherapy. Proc Natl Acad Sci USA 100,11636-11641 
(2003).

525. Chene, P. et al. A small synthetic peptide, which inhibits the p53-hdm2 interaction, 
stimulates the p53 pathway in tumour cell lines. / Mol Biol 299, 245-253 (2000).

526. Vassilev, L. T. et al. In vivo activation of the p53 pathway by small-molecule 
antagonists of MDM2. Science 303, 844-848 (2004).

527. Tovar, C. et al. Small-molecule MDM2 antagonists reveal aberrant p53 signaling in 
cancer: implications for therapy. Proc Natl Acad Sci USA 103,1888-1893 (2006).

528. Issaeva, N. et al. Small molecule RITA binds to p53, blocks p53-HDM-2 interaction 
and activates p53 function in tumors. Nat Med 10,1321-1328 (2004).

529. Grasberger, B. L. et al. Discovery and cocrystal structure of benzodiazepinedione 
HDM2 antagonists that activate p53 in cells. /. Med. Chem. 48, 909-912 (2005).

530. Ding, K. et al. Structure-based design of spiro-oxindoles as potent, specific small- 
molecule inhibitors of the MDM2-p53 interaction. /. Med. Chem. 49, 3432-3435

325



Bibliography

(2006).
531. Karin, M. Nuclear factor-kappaB in cancer development and progression. Nature 

441,431-436 (2006).
532. Crawford, L. J. A. et al. Comparative selectivity and specificity of the proteasome 

inhibitors BzLLLCOCHO, PS-341, and MG-132. Cancer Res 66, 6379-6386 (2006).
533. Hideshima, T. et al. Bortezomib induces canonical nuclear factor-kappaB activation 

in multiple myeloma cells. Blood 114,1046-1052 (2009).
534. Qin, J.-Z. et al. Proteasome inhibitors trigger NOXA-mediated apoptosis in 

melanoma and myeloma cells. Cancer Res 65, 6282-6293 (2005).
535. Adams, ]. et al. Proteasome inhibitors: a novel class of potent and effective 

antitumor agents. Cancer Res 59, 2615-2622 (1999).
536. LeBlanc, R. et al. Proteasome inhibitor PS-341 inhibits human myeloma cell growth 

in vivo and prolongs survival in a murine model. Cancer Res 62,4996-5000 (2002).
537. Hideshima, T. et al. The proteasome inhibitor PS-341 inhibits growth, induces 

apoptosis, and overcomes drug resistance in human multiple myeloma cells. Cancer 
Res 61, 3071-3076 (2001).

538. Russo, S. M. et al. Enhancement of radiosensitivity by proteasome inhibition: 
implications for a role of NF-kappaB. Int. /. Radial. Oncol. Biol. Rhys. 50,183-193 
(2001).

539. Goktas, S. et al. Proteasome inhibitor bortezomib increases radiation sensitivity in 
androgen independent human prostate cancer cells. Urology 75, 793-798 (2010).

540. Curran, M. P. & McKeage, K. Bortezomib: a review of its use in patients with 
multiple myeloma. Drugs 69, 859-888 (2009).

541. Richardson, P. G. et al. A phase 2 study of bortezomib in relapsed, refractory 
myeloma. N Engl J Med 348, 2609-2617 (2003).

542. Lit, S. et al. Point mutation of the proteasome beta5 subunit gene is an important 
mechanism of bortezomib resistance in bortezomib-selected variants of Jurkat T cell 
lymphoblastic lymphoma/leukemia line. / Pharmacol Exp Ther 326, 423-431 (2008).

543. Yang, C. H. et al. Bortezomib (VELCADE) in metastatic breast cancer: 
pharmacodynamics, biological effects, and prediction of clinical benefits. Ann Oncol 
17, 813-817 (2006).

544. Yang, H., Zonder, J. A. & Dou, Q. P. Clinical development of novel proteasome 
inhibitors for cancer treatment. Expert Opin Investig Drugs 18,957-971 (2009).

545. Carew, J. S. et al. Reolysin is a novel reovirus-based agent that induces endoplasmic 
reticular stress-mediated apoptosis in pancreatic cancer. Cell Death Dis 4, e728 
(2013).

546. Dorsey, B. D. et al. Discovery of a potent, selective, and orally active proteasome 
inhibitor for the treatment of cancer. /. Med. Chem. 51,1068-1072 (2008).

547. Piva, R. et al. CEP-18770: A novel, orally active proteasome inhibitor with a tumor- 
selective pharmacologic profile competitive with bortezomib. Blood 111, 2765-2775 
(2008).

548. Siegel, D. S. et al. A phase 2 study of single-agent carfilzomib (PX-171-003-A1) in 
patients with relapsed and refractory multiple myeloma. Blood 120,2817-2825 
(2012).

549. Herndon, T. et al. U.S. Food and Drug Administration Approval: Carfilzomib for 
the Treatment of Multiple Myeloma. Clin Cancer Res (2013). doi:10.1158/1078- 
0432.CCR-13-0755

550. Nijman, S. M. B. et al. The deubiquitinating enzyme USP1 regulates the Fanconi 
anemia pathway. Mol Cell 17, 331-339 (2005).

551. Popov, N. et al. The ubiquitin-specific protease USP28 is required for MYC stability. 
Nat Cell Biol 9, 765-774 (2007).

552. Popov, N., Herold, S., Llamazares, M., Schtilein, C. & Filers, M. Fbw7 and Usp28 
regulate myc protein stability in response to DNA damage. Cell Cycle 6, 2327-2331 
(2007).

553. Reiley, W. W. et al. Deubiquitinating enzyme CYLD negatively regulates the 
ubiquitin-dependent kinase Takl and prevents abnormal T cell responses. J. Exp. 
Med. 204,1475-1485 (2007).

554. Brummelkamp, T. R., Nijman, S. M. B., Dirac, A. M. G. & Bernards, R. Loss of the

326



Bibliovraphu

cylindromatosis tumour suppressor inhibits apoptosis by activating NF-kappaB. 
Nature 424, 797-801 (2003).

555. Kovalenko, A. et al. The tumour suppressor CYLD negatively regulates NF-kappaB 
signalling by deubiquitination. Nature 424, 801-805 (2003).

556. Trompouki, E. et al. CYLD is a deubiquitinating enzyme that negatively regulates 
NF-kappaB activation by TNFR family members. Nature 424, 793-796 (2003).

557. Chauhan, D. et al. A small molecule inhibitor of ubiquitin-specific protease-7 
induces apoptosis in multiple myeloma cells and overcomes bortezomib resistance. 
Cancer Cell 22, 345-358 (2012).

558. Kaplan-Lefko, P. J. et al. Conatumumab, a fully human agonist antibody to death 
receptor 5, induces apoptosis via caspase activation in multiple tumor types. Cancer 
Biol Ther 9, 618-631 (2010).

559. Fay, F. et al. Conatumumab (AMG 655) coated nanoparticles for targeted pro- 
apoptotic drug delivery. Biomaterials 32, 8645-8653 (2011).

560. Wang, Y. et al. A TMA de-arraying method for high throughput biomarker 
discovery in tissue research. PLoS ONE 6, e26007 (2011).

561. Siegel, R., Naishadham, D. & Jemal, A. Cancer statistics, 2013. CA Cancer J Clin 63, 
11-30 (2013).

562. Gerber, D. E. & Minna, J. D. ALK Inhibition for Non-Small Cell Lung Cancer: From 
Discovery to Therapy in Record Time. Cancer Cell 18,548-551 (2010).

563. Shivapurkar, N. et al. Differential inactivation of caspase-8 in lung cancers. Cancer 
Biol Ther 1, 65-69 (2002).

564. Hopkins-Donaldson, S. et al. Silencing of death receptor and caspase-8 expression 
in small cell lung carcinoma cell lines and tumors by DNA methylation. Cell Death 
Differ 10, 356-364 (2003).

565. Shivapurkar, N. et al. Loss of expression of death-inducing signaling complex 
(DISC) components in lung cancer cell lines and the influence of MYC amplification. 
Oncogene 21, 8510-8514 (2002).

566. Belyanskaya, L. L. et al. TRAIL-induced survival and proliferation of SCLC cells is 
mediated by ERK and dependent on TRAIL-R2/DR5 expression in the absence of 
caspase-8. Lung Cancer 60,355-365 (2008).

567. Cooper, W. A. et al. Role and prognostic significance of tumor necrosis factor- 
related apoptosis-inducing ligand death receptor DR5 in nonsmall-cell lung cancer 
and precursor lesions. Cancer 113,135-142 (2008).

568. Shirley, S. & Micheau, O. Targeting c-FLIP in cancer. Cancer Lett 332,141-150 (2013).
569. Ganapathy, M. et al. Involvement of FLIP in 2-methoxyestradiol-induced tumor 

regression in transgenic adenocarcinoma of mouse prostate model. Clin Cancer Res 
15,1601-1611 (2009).

570. Bedolla, R. G. et al. Predictive value of Spl/Sp3/FLIP signature for prostate cancer 
recurrence. PLoS ONE 7, e44917 (2012).

571. Heist, R. S. & Engelman, J. A. Snapshot: Non-Small Cell Lung Cancer. Cancer Cell 
21,448-448.e2 (2012).

572. Mok, T. S. et al. Gefitinib or carboplatin-paclitaxel in pulmonary adenocarcinoma. N 
Engl J Med 361, 947-957 (2009).

573. Paez, J. G. et al. EGFR mutations in lung cancer: correlation with clinical response to 
gefitinib therapy. Science 304,1497-1500 (2004).

574. Engelman, J. A. et al. MET amplification leads to gefitinib resistance in lung cancer 
by activating ERBB3 signaling. Science 316,1039-1043 (2007).

575. Feoktistova, M. et al. cIAPs Block Ripoptosome Formation, a RIP1/Caspase-8 
Containing Intracellular Cell Death Complex Differentially Regulated by cFLIP 
Isoforms. Mol Cell (2011). doi:10.1016/j.molcel.2011.06.011

576. Bangert, A. et al. Histone deacetylase inhibitors sensitize glioblastoma cells to 
TRAIL-induced apoptosis by c-myc-mediated downregulation of cFLIP. Oncogene 
31,4677-4688 (2012).

577. Schuchmann, M. et al. Histone deacetylase inhibition by valproic acid down- 
regulates c-FLIP/CASH and sensitizes hepatoma cells towards CD95-and TRAIL 
receptor-mediated apoptosis and chemotherapy. Oncol Rep 15, 227-230 (2006).

578. Fakih, M. G. et al. A phase I, pharmacokinetic, and pharmacodynamic study of two

327



Bibliography

schedules of vorinostat in combination with 5-fluorouracil and leucovorin in 
patients with refractory solid tumors. Clin Cancer Res 16, 3786-3794 (2010).

579. Giles, F. et al. A phase I study of intravenous LBH589, a novel cinnamic hydroxamic 
acid analogue histone deacetylase inhibitor, in patients with refractory hematologic 
malignancies. Clin Cancer Res 12, 4628-4635 (2006).

580. Chan, D. et al. Belinostat and panobinostat (HDACI): in vitro and in vivo studies in 
thyroid cancer. /. Cancer Res. Clin. Oncol. 139,1507-1514 (2013).

581. Crisanti, M. C. et al. The HD AC inhibitor panobinostat (LBH589) inhibits 
mesothelioma and lung cancer cells in vitro and in vivo with particular efficacy for 
small cell lung cancer. Mol Cancer Ther 8, 2221-2231 (2009).

582. Ellis, L. et al. The histone deacetylase inhibitors LAQ824 and LBH589 do not require 
death receptor signaling or a functional apoptosome to mediate tumor cell death or 
therapeutic efficacy. Blood 114,380-393 (2009).

583. Kerr, E. et al. Identification of an acetylation-dependant Ku70/FLIP complex that 
regulates FLIP expression and HD AC inhibitor-induced apoptosis. Cell Death Differ 
19,1317-1327 (2012).

584. Belani, C. P., Langer, C.TAX 326 Study Group. First-line chemotherapy for NSCLC: 
an overview of relevant trials. Lung Cancer 38 Suppl 4,13-19 (2002).

585. Schiller, J. H. et al. Comparison of four chemotherapy regimens for advanced non
small-cell lung cancer. N Engl J Med 346, 92-98 (2002).

586. Ardizzoni, A. et al. Cisplatin- versus carboplatin-based chemotherapy in first-line 
treatment of advanced non-small-cell lung cancer: an individual patient data meta
analysis. JNCI Journal of the National Cancer Institute 99, 847-857 (2007).

587. Ashkenazi, A. et al. Safety and antitumor activity of recombinant soluble Apo2 
ligand. / Clin Invest 104,155-162 (1999).

588. Kim, K., Fisher, M. J., Xu, S. Q. & el-Deiry, W. S. Molecular determinants of 
response to TRAIL in killing of normal and cancer cells. Clin Cancer Res 6, 335-346 
(2000).

589. Nimmanapalli, R. et al. Pretreatment with paclitaxel enhances apo-2 ligand/tumor 
necrosis factor-related apoptosis-inducing ligand-induced apoptosis of prostate 
cancer cells by inducing death receptors 4 and 5 protein levels. Cancer Res 61, 759- 
763 (2001).

590. Horak, P. et al. Contribution of epigenetic silencing of tumor necrosis factor-related 
apoptosis inducing ligand receptor 1 (DR4) to TRAIL resistance and ovarian cancer. 
Mol Cancer Res 3, 335-343 (2005).

591. Pennarun, B. et al. Playing the DISC: turning on TRAIL death receptor-mediated 
apoptosis in cancer. Biochim Biophys Acta 1805,123-140 (2010).

592. Bin, L. et al. Tumor-derived mutations in the TRAIL receptor DR5 inhibit TRAIL 
signaling through the DR4 receptor by competing for ligand binding. / Biol Chem 
282, 28189-28194 (2007).

593. MacFarlane, M. et al. Chronic lymphocytic leukemic cells exhibit apoptotic 
signaling via TRAIL-R1. Cell Death Differ 12, 773-782 (2005).

594. Hueber, A.-O., Bernard, A.-M., Herincs, Z., Couzinet, A. & He, H.-T. An essential 
role for membrane rafts in the initiation of Fas/CD95-triggered cell death in mouse 
thymocytes. EMBO Rep 3,190-196 (2002).

595. Delmas, D. et al. Redistribution of CD95, DR4 and DR5 in rafts accounts for the 
synergistic toxicity of resveratrol and death receptor ligands in colon carcinoma 
cells. Oncogene 23, 8979-8986 (2004).

596. Muppidi, J. R. & Siegel, R. M. Ligand-independent redistribution of Fas (CD95) into 
lipid rafts mediates clonotypic T cell death. Nat Immunol 5,182-189 (2004).

597. Psahoulia, F. H., Drosopoulos, K. G., Doubravska, L., Andera, L. & Pintzas, A. 
Quercetin enhances TRAIL-mediated apoptosis in colon cancer cells by inducing 
the accumulation of death receptors in lipid rafts. Mol Cancer Ther 6, 2591-2599 
(2007).

598. Martin, S. et al. Cyclooxygenase-2 inhibition sensitizes human colon carcinoma cells 
to TRAIL-induced apoptosis through clustering of DR5 and concentrating death- 
inducing signaling complex components into ceramide-enriched caveolae. Cancer 
Res 65,11447-11458 (2005).

328



iliograplw

599. LeBlanc, H. et al. Tumor-cell resistance to death receptor—induced apoptosis 
through mutational inactivation of the proapoptotic Bcl-2 homolog Bax. Nat Med 8, 
274-281 (2002).

600. Kandasamy, K. et al. Involvement of proapoptotic molecules Bax and Bak in tumor 
necrosis factor-related apoptosis-inducing ligand (TRAIL)-induced mitochondrial 
disruption and apoptosis: differential regulation of cytochrome c and 
Smac/DIABLO release. Cancer Res 63,1712-1721 (2003).

601. Fulda, S., Meyer, E. & Debatin, K.-M. Inhibition of TRAIL-induced apoptosis by 
Bcl-2 overexpression. Oncogene 21,2283-2294 (2002).

602. Gillissen, B. et al. Endogenous Bak inhibitors Mcl-1 and Bcl-xL: differential impact 
on TRAIL resistance in Bax-deficient carcinoma. The Journal of Cell Biology 188, 851- 
862 (2010).

603. Henson, E. S. et al. Increased expression of Mcl-1 is responsible for the blockage of 
TRAIL-induced apoptosis mediated by EGF/ErbBl signaling pathway. / Cell 
Biochem 89,1177-1192 (2003).

604. Karikari, C. A. et al. Targeting the apoptotic machinery in pancreatic cancers using 
small-molecule antagonists of the X-linked inhibitor of apoptosis protein. Mol 
Cancer Ther 6, 957-966 (2007).

605. Zhang, S. et al. Smac mimetic SM-164 potentiates AP02L/TRAIL- and doxorubicin- 
mediated anticancer activity in human hepatocellular carcinoma cells. PLoS ONE 7, 
e51461 (2012).

606. Yang, J. K. FLIP as an anti-cancer therapeutic target. Yonsei Med J 49,19-27 (2008).
607. Lee, T.-J. et al. Withaferin A sensitizes TRAIL-induced apoptosis through reactive 

oxygen species-mediated up-regulation of death receptor 5 and down-regulation of 
c-FLIP. Free Radic Biol Med 46,1639-1649 (2009).

608. Kim, J. Y. et al. Quercetin sensitizes human hepatoma cells to TRAIL-induced 
apoptosis via Spl-mediated DR5 up-regulation and proteasome-mediated c-FLIPS 
down-regulation. / Cell Biochem 105,1386-1398 (2008).

609. Crawford, N. et al. SAHA overcomes FLIP-mediated inhibition of SMAC mimetic- 
induced apoptosis in mesothelioma. Cell Death Dis 4, e733 (2013).

610. Chou, T.-C. Theoretical basis, experimental design, and computerized simulation of 
synergism and antagonism in drug combination studies. Pharmacol Rev 58, 621-681 
(2006).

611. Bradner, J. E. et al. Chemical phylogenetics of histone deacetylases. 6, 238-243
(2010).

612. Dokmanovic, M., Clarke, C. & Marks, P. A. Histone deacetylase inhibitors: 
overview and perspectives. Mol Cancer Res 5, 981-989 (2007).

613. Knipstein, J. & Gore, L. Entinostat for treatment of solid tumors and hematologic 
malignancies. Expert Opin Investig Drugs 20,1455-1467 (2011).

614. Longley, D. B. & Johnston, P. G. Molecular mechanisms of drug resistance. / Pathol 
205, 275-292 (2005).

615. Pathil, A. et al. HDAC inhibitor treatment of hepatoma cells induces both TRAIL 
independent apoptosis and restoration of sensitivity to TRAIL. Hepatology 43, 425- 
434 (2006).

616. Rao-Bindal, K., Koshkina, N. V., Stewart, J. & Kleinerman, E. S. The Histone 
Deacetylase Inhibitor, MS-275 (Entinostat), Downregulates c-FLIP, Sensitizes 
Osteosarcoma Cells to FasL, and Induces the Regression of Osteosarcoma Lung 
Metastases. Curr Cancer Drug Targets 13,411-422(12) (2013).

617. Dickinson, M., Johnstone, R. W. & Prince, H. M. Histone deacetylase inhibitors: 
potential targets responsible for their anti-cancer effect. Invest New Drugs 28 Suppl 
1, S3-20 (2010).

618. Minucci, S. & Pelicci, P. G. Histone deacetylase inhibitors and the promise of 
epigenetic (and more) treatments for cancer. Nat Rev Cancer 6,38-51 (2006).

619. Xu, W.-S., Parmigiani, R. B. & Marks, P. A. Histone deacetylase inhibitors: 
molecular mechanisms of action. Oncogene 26, 5541-5552 (2007).

620. Frew, A. J., Johnstone, R. W. & Bolden, J. E. Enhancing the apoptotic and 
therapeutic effects of HDAC inhibitors. Cancer Lett 280,125-133 (2009).

329



Biuoiio

621. Horwitz, S. M. The emerging role of histone deacetylase inhibitors in treating T-cell 
lymphomas. Curr Hernatol Malig Rep 6, 67-72 (2011).

622. Wilson, P. M. et al. A phase I/II trial of vorinostat in combination with 5- 
fluorouracil in patients with metastatic colorectal cancer who previously failed 5- 
FU-based chemotherapy. Cancer Chemother Pharmacol (2010). doi:10.1007/s00280- 
009-1236-x

623. Belinsky, S. A. et al. Combination therapy with vidaza and entinostat suppresses 
tumor growth and reprograms the epigenome in an orthotopic lung cancer model. 
Cancer Res 71,454-462 (2011).

624. Ramalingam, S. S. et al. Phase I and pharmacokinetic study of vorinostat, a histone 
deacetylase inhibitor, in combination with carboplatin and paclitaxel for advanced 
solid malignancies. Clin Cancer Res 13, 3605-3610 (2007).

625. New, M. et al. A regulatory circuit that involves HR23B and HDAC6 governs the 
biological response to HD AC inhibitors. Cell Death Differ 20,1306-1316 (2013).

626. Ramalingam, S. S. et al. Carboplatin and Paclitaxel in combination with either 
vorinostat or placebo for first-line therapy of advanced non-small-cell lung cancer. / 
Clin Oncol 28,56-62 (2010).

627. Kim, Y., Suh, N., Sporn, M. & Reed, J. C. An inducible pathway for degradation of 
FLIP protein sensitizes tumor cells to TRAIL-induced apoptosis. / Biol Chem 277, 
22320-22329 (2002).

628. Zou, W., Liu, X., Yue, P., Khuri, F. R. & Sun, S.-Y. PPARgamma ligands enhance 
TRAIL-induced apoptosis through DR5 upregulation and c-FLIP downregulation 
in human lung cancer cells. Cancer Biol Ther 6, 99-106 (2007).

629. Perez, D. & White, E. E1A sensitizes cells to tumor necrosis factor alpha by 
downregulating c-FLIP S. / Virol 77, 2651-2662 (2003).

630. Fanner, A. et al. A novel PTEN-dependent link to ubiquitination controls FLIPS 
stability and TRAIL sensitivity in glioblastoma multiforme. Cancer Res 69, 7911- 
7916 (2009).

631. Fanner, A. et al. mTOR-independent translational control of the extrinsic cell death 
pathway by RalA. Mol Cell Biol 26, 7345-7357 (2006).

632. Fanner, A. et al. Ubiquitin-specific protease 8 links the PTEN-Akt-AIP4 pathway to 
the control of FLIPS stability and TRAIL sensitivity in glioblastoma multiforme. 
Cancer Res 70, 5046-5053 (2010).

633. Song, X. et al. Hyperthermia enhances mapatumumab-induced apoptotic death 
through ubiquitin-mediated degradation of cellular FLIP(long) in human colon 
cancer cells. Cell Death Dis 4, e577 (2013).

634. Meinander, A. et al. Fever-like hyperthermia controls T Lymphocyte persistence by 
inducing degradation of cellular FLIPshort. / Immunol 178, 3944-3953 (2007).

635. Nitobe, J. et al. Reactive oxygen species regulate FLICE inhibitory protein (FLIP) 
and susceptibility to Fas-mediated apoptosis in cardiac myocytes. Cardiovasc. Res.
57,119-128 (2003).

636. Jang, J. H. et al. Compound C sensitizes Caki renal cancer cells to TRAIL-induced 
apoptosis through reactive oxygen species-mediated down-regulation of c-FLIPL 
and Mcl-1. Exp Cell Res 316, 2194-2203 (2010).

637. Wilkie-Grantham, R., Matsuzawa, S.-I. & Reed, J. C. Novel phosphorylation and 
ubiquitination sites regulate ROS-dependent degradation of anti-apoptotic c-FLIP 
protein. J Biol Chem (2013). doi:10.1074/jbc.M112.431320

638. Juo, P., Kuo, C. J., Yuan, J. & Blenis, J. Essential requirement for caspase-8/FLICE in 
the initiation of the Fas-induced apoptotic cascade. Curr Biol 8,1001-1008 (1998).

639. Juo, P. et al. FADD is required for multiple signaling events downstream of the 
receptor Fas. Cell Growth Differ. 10, 797-804 (1999).

640. Jin, Z. et al. Cullin3-based polyubiquitination and p62-dependent aggregation of 
caspase-8 mediate extrinsic apoptosis signaling. Cell 137, 721-735 (2009).

641. Gonzalvez, F. et al. TRAF2 Sets a Threshold for Extrinsic Apoptosis by Tagging 
Caspase-8 with a Ubiquitin Shutoff Timer. Mol Cell (2012).
doi:10.1016/j.molcel.2012.09.031

642. Kaunisto, A. et al. PKC-mediated phosphorylation regulates c-FLIP ubiquitylation 
and stability. Cell Death Differ 16,1215-1226 (2009).

330



Bibliography

643. Abedini, M. R., Muller, E. J., Bergeron, R., Gray, D. A. & Tsang, B. K. Akt promotes 
chemoresistance in human ovarian cancer cells by modulating cisplatin-induced, 
p53-dependent ubiquitination of FLICE-like inhibitory protein. Oncogene 29,11-25 
(2010).

644. Yerbes, R. & Lopez-Rivas, A. Itch/ AIP4-independent proteasomal degradation of 
cFLIP induced by the histone deacetylase inhibitor SAHA sensitizes breast tumour 
cells to TRAIL. Invest New Drugs 30, 541-547 (2012).

645. Shi, B., Tran, T., Sobkoviak, R. & Pope, R. M. Activation-induced degradation of 
FLIP(L) is mediated via the phosphatidylinositol 3-kinase/ Akt signaling pathway 
in macrophages. / Biol Chew 284,14513-14523 (2009).

646. Wen, Y.-Y. et al. SIAH1 induced apoptosis by activation of the JNK pathway and 
inhibited invasion by inactivation of the ERK pathway in breast cancer cells. Cancer 
Sci 101, 73-79 (2010/

647. Megidish, T., Xu, J. H. & Xu, C. W. Activation of p53 by protein inhibitor of 
activated Statl (PIAS1). / Biol Chew Til, 8255-8259 (2002).

648. Liu, B. et al. Negative regulation of NF-kappaB signaling by P1AS1. Mol Cell Biol 25, 
1113-1123 (2005).

649. Kotiguda, G. G. et al. The organization of a CSN5-containing subcomplex of the 
COP9 signalosome. / Biol Chew 287,42031-42041 (2012).

650. Wei, N., Serino, G. & Deng, X.-W. The COP9 signalosome: more than a protease. 
Trends Biochem Sci 33, 592-600 (2008).

651. Fotheringham, S. et al. Genome-wide loss-of-function screen reveals an important 
role for the proteasome in HD AC inhibitor-induced apoptosis. Cancer Cell 15, 57-66 
(2009).

652. Khan, O. et al. HR23B is a biomarker for tumor sensitivity to HD AC inhibitor-based 
therapy. Proc Natl Acad Sci USA 107, 6532-6537 (2010).

653. Song, E. J. et al. The Prpl9 complex and the Usp4Sart3 deubiquitinating enzyme 
control reversible ubiquitination at the spliceosome. Genes Dev 24,1434-1447 (2010).

654. van Leuken, R. J., Luna-Vargas, M. P., Sixma, T. K., Wolthuis, R. M. F. & Medema,
R. H. Usp39 is essential for mitotic spindle checkpoint integrity and controls 
mRNA-levels of aurora B. Cell Cycle 7, 2710-2719 (2008).

655. Bech-Otschir, D. et al. COP9 signalosome-specific phosphorylation targets p53 to 
degradation by the ubiquitin system. EMBO J 20,1630-1639 (2001).

656. Zhang, X.-C., Chen, J., Su, C.-H., Yang, H.-Y. & Lee, M.-H. Roles for CSN5 in 
control of p53/MDM2 activities. / Cell Biochem 103,1219-1230 (2008).

657. Cope, G. A. et al. Role of predicted metalloprotease motif of Jabl/Csn5 in cleavage 
of Nedd8 from Cull. Science 298, 608-611 (2002).

658. Hannss, R. & Dubiel, W. COP9 signalosome function in the DDR. FEBS Letters 585, 
2845-2852 (2011).

659. Pringle, L. M. et al. Atypical mechanism of NF-kB activation by TRE17/ubiquitin- 
specific protease 6 (USP6) oncogene and its requirement in tumorigenesis. Oncogene 
31, 3525-3535 (2012).

660. Ye, Y. et al. TRE17/USP6 oncogene translocated in aneurysmal bone cyst induces 
matrix metalloproteinase production via activation of NF-kappaB. Oncogene 29, 
3619-3629 (2010).

661. Yasunaga, J., Lin, F. C., Lu, X. & Jeang, K.-T. Ubiquitin-specific peptidase 20 targets 
TRAF6 and human T cell leukemia virus type 1 tax to negatively regulate NF- 
kappaB signaling. / Virol 85, 6212-6219 (2011).

662. Li, J. et al. USP33 regulates centrosome biogenesis via deubiquitination of the 
centriolar protein CP110. Nature 495, 255-259 (2013).

663. Pereg, Y. et al. Ubiquitin hydrolase Dub3 promotes oncogenic transformation by 
stabilizing Cdc25A. Nat Cell Biol 12, 400-406 (2010).

664. Kittler, R., Heninger, A.-K., Franke, K., Habermann, B. & Buchholz, F. Production of 
endoribonuclease-prepared short interfering RNAs for gene silencing in 
mammalian cells. Nat. Methods 2, 779-784 (2005).

665. Myers, J. W., Jones, J. T., Meyer, T. & Ferrell, J. E. Recombinant Dicer efficiently 
converts large dsRNAs into siRNAs suitable for gene silencing. Nat Biotechnol 21, 
324-328 (2003).

331



ravn

666. Liu, H., Buus, R., Clague, M. J. & Urbe, S. Regulation of ErbB2 receptor status by 
the proteasomal DUB POH1. PLoS ONE 4, e5544 (2009).

667. Honma, K. et al. TNFAIP3/ A20 functions as a novel tumor suppressor gene in 
several subtypes of non-Hodgkin lymphomas. Blood 114, 2467-2475 (2009).

668. Li, L., Soetandyo, N., Wang, Q. & Ye, Y. The zinc finger protein A20 targets TRAF2 
to the lysosomes for degradation. Biochim Biophys Acta 1793, 346-353 (2009).

669. Semplici, F., Meggio, F., Pinna, L. A. & Oliviero, S. CK2-dependent 
phosphorylation of the E2 ubiquitin conjugating enzyme UBC3B induces its 
interaction with beta-TrCP and enhances beta-catenin degradation. Oncogene 21, 
3978-3987 (2002).

670. Sela, N., Atir-Lande, A. & Kornitzer, D. Neddylation and CAND1 independently 
stimulate SCF ubiquitin ligase activity in Candida albicans. Eukaryotic Cell 11,42-52 
(2012).

671. Wright, A. et al. Regulation of early wave of germ cell apoptosis and 
spermatogenesis by deubiquitinating enzyme CYLD. Dev Cell 13, 705-716 (2007).

672. Wooten, M. W. et al. Essential role of sequestosome l/p62 in regulating 
accumulation of Lys63-ubiquitinated proteins. / Biol Chem 283, 6783-6789 (2008).

673. Komatsu, M. et al. A novel protein-conjugating system for Ufml, a ubiquitin-fold 
modifier. EMBO J 23,1977-1986 (2004).

674. Tatsumi, K. et al. The Ufml-activating enzyme Uba5 is indispensable for erythroid 
differentiation in mice. Nat Commun 2,181 (2011).

675. Liu, C., Wu, J., Paudyal, S. C, You, Z. & Yu, X. CHFR is important for the first wave 
of ubiquitination at DNA damage sites. Nucleic Acids Res 41,1698-1710 (2013).

676. Qian, S.-B., McDonough, H., Boellmann, F„ Cyr, D. M. & Patterson, C. CHIP- 
mediated stress recovery by sequential ubiquitination of substrates and Hsp70. 
Nature 440, 551-555 (2006).

677. Tran, H., Hamada, F., Schwarz-Romond, T. & Bienz, M. Trabid, a new positive 
regulator of Wnt-induced transcription with preference for binding and cleaving 
K63-linked ubiquitin chains. Genes Dev 22, 528-542 (2008).

678. Licchesi, J. D. F. et al. An ankyrin-repeat ubiquitin-binding domain determines 
TRABID's specificity for atypical ubiquitin chains. Nat. Struct. Mol. Biol. 19, 62-71 
(2012).

679. Roest, H. P. et al. The ubiquitin-conjugating DNA repair enzyme HR6A is a 
maternal factor essential for early embryonic development in mice. Mol Cell Biol 24, 
5485-5495 (2004).

680. Seki, T. et al. JosDl, a membrane-targeted deubiquitinating enzyme, is activated by 
ubiquitination and regulates membrane dynamics, cell motility, and endocytosis. / 
Biol Chem 288,17145-17155 (2013).

681. Bartke, T., Pohl, C, Pyrowolakis, G. & Jentsch, S. Dual role of BRUCE as an 
antiapoptotic IAP and a chimeric E2/E3 ubiquitin ligase. Mol Cell 14, 801-811 (2004).

682. Wu, X., Yen, L., Irwin, L., Sweeney, C. & Carraway, K. L. Stabilization of the E3 
ubiquitin ligase Nrdpl by the deubiquitinating enzyme USP8. Mol Cell Biol 24, 
7748-7757 (2004).

683. Tzimas, C. et al. Human ubiquitin specific protease 31 is a deubiquitinating enzyme 
implicated in activation of nuclear factor-kappaB. Cell Signal 18, 83-92 (2006).

684. Tsurumi, C., DeMartino, G. N., Slaughter, C. A., Shimbara, N. & Tanaka, K. cDNA 
cloning of p40, a regulatory subunit of the human 26S proteasome, and a homolog 
of the Mov-34 gene product. Biochem Biophys Res Commun 210, 600-608 (1995).

685. Kobirumaki, F., Miyauchi, Y., Fukami, K. & Tanaka, H. A novel UbcHl0-binding 
protein facilitates the ubiquitinylation of cyclin B in vitro. /. Biochem. 137,133-139 
(2005).

686. Kahyo, T., Nishida, T. & Yasuda, H. Involvement of PIAS1 in the sumoylation of 
tumor suppressor p53. Mol Cell 8, 713-718 (2001).

687. Galanty, Y. et al. Mammalian SUMO E3-ligases PIAS1 and PIAS4 promote 
responses to DNA double-strand breaks. Nature 462, 935-939 (2009).

688. Keightley, M.-C. et al. In vivo mutation of pre-mRNA processing factor 8 (Prpf8) 
affects transcript splicing, cell survival and myeloid differentiation. FEBS Fetters 587, 
2150-2157 (2013).

332



yii WaVtnJ

689. Chamovitz, D. A. et al. The COP9 complex, a novel multisubunit nuclear regulator 
involved in light control of a plant developmental switch. Cell 86,115-121 (1996).

690. WEI, N., Chamovitz, D. A. & Deng, X. W. Arabidopsis COP9 is a component of a 
novel signaling complex mediating light control of development. Cell 78,117-124 
(1994).

691. WEI, N. et al. The COP9 complex is conserved between plants and mammals and is 
related to the 26S proteasome regulatory complex. Curr Biol 8, 919-922 (1998).

692. WEI, N. & Deng, X. W. Making sense of the COP9 signalosome. A regulatory 
protein complex conserved from Arabidopsis to human. Trends Genet 15, 98-103 
(1999).

693. Lyapina, S. et al. Promotion of NEDD-CUL1 conjugate cleavage by COP9 
signalosome. Science 292,1382-1385 (2001).

694. Read, M. A. et al. Nedd8 modification of cul-1 activates SCF(beta(TrCP))-dependent 
ubiquitination of IkappaBalpha. Mol Cell Biol 20, 2326-2333 (2000).

695. Podust, V. N. et al. A Nedd8 conjugation pathway is essential for proteolytic 
targeting of p27Kipl by ubiquitination. Proc Natl Acad Sci USA 97, 4579-4584 (2000).

696. Wu, K., Chen, A. & Pan, Z. Q. Conjugation of Nedd8 to CUL1 enhances the ability 
of the ROC1-CUL1 complex to promote ubiquitin polymerization. / Biol Chem 275, 
32317-32324 (2000).

697. Cope, G. A. & Deshaies, R. J. COP9 signalosome: a multifunctional regulator of SCF 
and other cullin-based ubiquitin ligases. Cell 114, 663-671 (2003).

698. Emberley, E. D., Mosadeghi, R. & Deshaies, R. J. Deconjugation of Nedd8 from 
Cull is directly regulated by Skpl-F-box and substrate, and the COP9 signalosome 
inhibits deneddylated SCF by a noncatalytic mechanism. J Biol Chem 287, 29679- 
29689 (2012).

699. Zheng, J. et al. CAND1 binds to unneddylated CUL1 and regulates the formation of 
SCF ubiquitin E3 ligase complex. Mol Cell 10,1519-1526 (2002).

700. Feng, S. et al. Arabidopsis CAND1, an unmodified CULl-interacting protein, is 
involved in multiple developmental pathways controlled by
ubiquitin/proteasome-mediated protein Degradation. Plant Cell 16,1870-1882 
(2004).

701. Bemis, L. et al. Distinct aerobic and hypoxic mechanisms of HIF-alpha regulation by 
CSN5. Genes Dev 18, 739-744 (2004).

702. Stuttmann, J., Parker, J. E. & Noel, L. D. Novel aspects of COP9 signalosome 
functions revealed through analysis of hypomorphic csn mutants. Plant Signal 
Behav 4, 896-898 (2009).

703. Chamovitz, D. A. & Segal, D. JAB1/CSN5 and the COP9 signalosome. A complex 
situation. EMBO Rep 2, 96-101 (2001).

704. Pan, Y. & Claret, F. X. Targeting Jabl/CSN5 in nasopharyngeal carcinoma. Cancer 
Left 326,155-160 (2012).

705. Sorbye, S. W. et al. Prognostic impact of Jabl, p!6, p21, p62, Ki67 and Skp2 in soft 
tissue sarcomas. PLoS ONE 7, e47068 (2012).

706. Lee, M.-H., Zhao, R., Phan, L. & Yeung, S.-C. J. Roles of COP9 signalosome in 
cancer. Cell Cycle 10, 3057-3066 (2011).

707. Adler, A. S. et al. CSN5 isopeptidase activity links COP9 signalosome activation to 
breast cancer progression. Cancer Res 68, 506-515 (2008).

708. Komander, D. & Barford, D. Structure of the A20 OTU domain and mechanistic 
insights into deubiquitination. Biochem J 409, 77-85 (2008).

709. Shembade, N., Ma, A. & Harhaj, E. W. Inhibition of NF-kappaB signaling by A20 
through disruption of ubiquitin enzyme complexes. Science 327,1135-1139 (2010).

710. Skaug, B. et al. Direct, noncatalytic mechanism of IKK inhibition by A20. Mol Cell 44, 
559-571 (2011).

711. Verhelst, K. et al. A20 inhibits LUBAC-mediated NF-kB activation by binding linear 
polyubiquitin chains via its zinc finger 7. EMBO J 31, 3845-3855 (2012).

712. Tokunaga, F. et al. Specific recognition of linear polyubiquitin by A20 zinc finger 7 
is involved in NF-kB regulation. EMBO ] 31, 3856-3870 (2012).

713. Sakakibara, S. et al. A20/TNFAIP3 inhibits NF-kB activation induced by the 
Kaposi's sarcoma-associated herpesvirus vFLIP oncoprotein. Oncogene 32,1223-

333



Bibliography

1232 (2013).
714. Shembade, N. et al. The E3 ligase Itch negatively regulates inflammatory signaling 

pathways by controlling the function of the ubiquitin-editing enzyme A20. Nat 
Immunol 9, 254-262 (2008).

715. Kato, M. et al. Frequent inactivation of A20 in B-cell lymphomas. Nature 459, 712- 
716 (2009).

716. Compagno, M. et al. Mutations of multiple genes cause deregulation of NF-kappaB 
in diffuse large B-cell lymphoma. Nature 459, 717-721 (2009).

717. Tavares, R. M. et al. The ubiquitin modifying enzyme A20 restricts B cell survival 
and prevents autoimmunity. Immunity 33,181-191 (2010).

718. Lee, E. G. et al. Failure to regulate TNF-induced NF-kappaB and cell death 
responses in A20-deficient mice. Science 289, 2350-2354 (2000).

719. Saggar, S. et al. CYLD mutations in familial skin appendage tumours. /. Med. Genet. 
45, 298-302 (2008).

720. Reiley, W., Zhang, M., Wu, X., Granger, E. & Sun, S.-C. Regulation of the 
deubiquitinating enzyme CYLD by IkappaB kinase gamma-dependent 
phosphorylation. Mol Cell Biol 25, 3886-3895 (2005).

721. Komander, D. et al. Molecular discrimination of structurally equivalent Lys 63- 
linked and linear polyubiquitin chains. EMBO Rep 10, 466-473 (2009).

722. Qiu, X.-B. & Goldberg, A. L. The membrane-associated inhibitor of apoptosis 
protein, BRUCE/Apollon, antagonizes both the precursor and mature forms of 
Smac and caspase-9. / Biol Chem 280,174-182 (2005).

723. Low, C. G. et al. BIRC6 protein, an inhibitor of apoptosis: role in survival of human 
prostate cancer cells. PLoS ONE 8, e55837 (2013).

724. Virdee, S., Ye, Y., Nguyen, D. P., Komander, D. & Chin, J. W. Engineered 
diubiquitin synthesis reveals Lys29-isopeptide specificity of an OTU deubiquitinase. 
Nat. Chem. Biol. 6, 750-757 (2010).

725. Jiang, J. et al. CHIP is a U-box-dependent E3 ubiquitin ligase: identification of Hsc70 
as a target for ubiquitylation. / Biol Chem 276, 42938-42944 (2001).

726. Nicholson, B., Marblestone, J. G., Butt, T. R. & Mattern, M. R. Deubiquitinating 
enzymes as novel anticancer targets. Future Oncol 3,191-199 (2007).

727. Oosterkamp, H. M. et al. An evaluation of the efficacy of topical application of 
salicylic acid for the treatment of familial cylindromatosis. Br. J. Dermatol. 155,182- 
185 (2006).

334


