
 
Provided by the author(s) and University of Galway in accordance with publisher policies. Please cite the

published version when available.

Downloaded 2023-05-19T14:32:33Z

 

Some rights reserved. For more information, please see the item record link above.
 

Title Identifying novel strategies to re-engage the apoptotic pathway
for the treatment of cancer

Author(s) Halpin-McCormick, Anna

Publication
Date 2014-09-30

Item record http://hdl.handle.net/10379/4954

https://aran.library.nuigalway.ie
http://creativecommons.org/licenses/by-nc-nd/3.0/ie/


 

             
 

Identifying Novel Strategies to 

Re-Engage the Apoptotic Pathway for 

the Treatment of Cancer 

 
A thesis submitted to the National University of Ireland in fulfilment of the 

requirement for the degree of 

 

Doctor of Philosophy 
by 

Anna Halpin-McCormick BSc. (Hons) 
 

Apoptosis Research Centre, Discipline of Biochemistry, School of Natural 

Sciences, National University of Ireland, Galway, Ireland 

 

 

 
Thesis Supervisor: Dr. Eva Szegezdi 

September 2014 

 

 

 



 
 

  
 

2 

Table of Contents 
Declaration of Work ...................................................................................... 4 
Acknowledgements ....................................................................................... 5 
Abbreviations: ............................................................................................... 7 
Chapter One: General Introduction ............................................................. 10 
1.1 Cancer ................................................................................................... 11 
1.2 Cell Death .............................................................................................. 12 
1.2.1 Apoptotic Cell Death .......................................................................... 13 
1.2.1.1 Caspases .......................................................................................... 14 
1.2.2 Autophagic Cell Death ....................................................................... 18 
1.2.3 Necrotic Cell Death ............................................................................ 18 
1.2.4 Necrotic-like Programmed Cell Death ............................................... 19 
1.2.5 Pyroptosis ........................................................................................... 21 
1.2.6 Paraptosis ........................................................................................... 21 
1.2.7 Anoikis ............................................................................................... 22 
1.2.8 Mitotic catastrophe ............................................................................. 22 
1.3 TRAIL ................................................................................................... 23 
1.3.1 Physiological Role of TRAIL ............................................................ 26 
1.3.2 TRAIL Receptor Signalling Complexes ............................................ 28 
1.3.3 TRAIL-Induced Apoptotic Signalling ............................................... 29 
1.3.4 TRAIL resistance ............................................................................... 32 
1.3.4.1 Regulation of Death Receptors ....................................................... 33 
1.3.4.3 DISC Regulators ............................................................................. 35 
1.3.4.4 Mitochondrial Regulators ................................................................ 37 
1.3.4.5 Inhibitors of Apoptosis Proteins ...................................................... 40 
1.3.5 TRAIL Induced Pro-survival Signalling ............................................ 41 
1.3.5.1 NF-κB .............................................................................................. 41 
1.3.5.2 MAP Kinases .................................................................................. 48 
1.3.4.5 Phosphoinositide 3-kinase and Protein Kinase B ............................ 51 
1.3.4.6 Protein Kinase C ............................................................................. 52 
Aims of the research .................................................................................... 53 
Summary of Contents .................................................................................. 55 
Chapter Two: Resistance to TRAIL in non-transformed cells is due to 
multiple redundant pathways ...................................................................... 57 
2.1 Abstract ................................................................................................. 58 
2.2 Introduction ........................................................................................... 59 
2.3 Materials and Methods .......................................................................... 61 
2.4 Results ................................................................................................... 65 
2.5 Discussion ............................................................................................. 78 
2.6 Future Perspectives ............................................................................... 81 
Chapter Three: Uncoupling of death receptor-induced nuclear factor kappa 
B activation from apoptosis. ....................................................................... 82 
3.1 Abstract ................................................................................................. 83 



 
 

  
 

3 

3.2 Introduction ........................................................................................... 84 
3.3 Materials and Methods .......................................................................... 87 
3.4 Results ................................................................................................... 97 
3.5 Discussion ........................................................................................... 142 
3.6 Future Perspectives ............................................................................. 147 
Chapter Four: ABT-737 overcomes stromal mediated pro-survival signals 
and potently synergizes with PHA-767491 in Acute Myeloid Leukaemia.
 ................................................................................................................... 149 
4.1 Abstract ............................................................................................... 150 
4.2 Introduction ......................................................................................... 152 
4.3 Materials and Methods ........................................................................ 154 
4.4 Results ................................................................................................. 157 
4.5 Discussion ........................................................................................... 174 
4.6 Future Perspectives ............................................................................. 178 
Chapter Five: General Discussion ............................................................. 179 
Bibliography: ............................................................................................. 183 
Appendix ................................................................................................... 223 
 

 

 

 

 

	  

	  

	  

	  

	  



 
 

  
 

4 

Declaration	  of	  Work	  

The work presented in chapter two has been published, and I am co-first 

author on this paper.  

 

van Dijk M, Halpin-McCormick A, Sessler T, Samali A, Szegezdi E. 

(2013). Resistance to TRAIL in non-transformed cells is due to multiple 

redundant pathways. Cell Death Dis. Jul 4;4:e702 

 

Figures one and two in chapter two are taken directly from this paper in 

order to present the hypothesis that led to further experiments. This work 

was performed by Marianne van Dijk. I directly generated Figure 6A, B, C, 

D, E and Supplemental Figure 5A, B, C, D, E from the above paper.  

 

In	  Preparation	  
Halpin-McCormick A, Baev D, Morell R, Santocanale C, Samali A, 

O’Dwyer  M, Szegezdi E. (2015) The BH3 mimetic ABT-737 overcomes 

stromal mediated pro-survival signals and potently synergizes with PHA-

767491, a dual Cdc7/Cdk9 inhibitor in Acute Myeloid Leukemia. 

 

	  

	  

	  

	  

	  

	  

	  

	  



 
 

  
 

5 

Acknowledgements	  	  

To my supervisor Dr Eva Szegezdi I wish to extend my thanks for her 

enumerable hours and dedication to the work we have achieved here. To 

Professor Afshin Samali and the other PI’s, Postdocs and lab members of 

the ARC wing for their advice and guidance during my time in NUIG.  To 

all members of the TRAIL and ARC groups both past and present for their 

assistance. My thanks to Dr Almer van der Sloot and Professor Luis Serrano, 

for their collaboration on the TRAF2 interaction inhibitor. My thanks also to 

Professor Corrado Santocanale for the use of the PHA-767491 inhibitor and 

Genentech for the Smac mimetic BV6. 

 

To my friends in the lab Paul, Sveta, Tamas, Mairead and Alex for the 

numerous tea breaks and chats. Thank you for always making me laugh and 

keeping my spirits high. I’m so grateful to have shared the experience with 

you all. To my new family at the CCB Edel, Rachel, Mike, Kevin, Aisling, 

Ashton, Huong an Guan-Nan, you were all so incredibly welcoming to me 

and supportive of my pastry addictions. My sincere thanks to Professor 

Corrado Santocanale for the opportunity you gave me, and for your 

unwavering patience as I finished this thesis quite often on your time! 

 

To my ever loving and supportive parents Mary and Richard, there are not 

words enough. This would not have been possible were it not for your 

encouragement and support. Thank you for listening, for understanding and 

for believing in me. Thank you for liberating me to life, and continuing to 

do so.  

 

To the numerous others that have supported me throughout this journey, the 

list is endless. I wish to extend my special thanks to Ms Carmel Hickey, the 

Keane and Molloy families.  

 

My thanks to Ben & Jerry for always being there when I needed some 

consolation. To all the students who I mentored over the years; Steve, Paul, 

Rory, Anna and William for teaching me patience. 



 
 

  
 

6 

 

I would like to celebrate at this point. I would like to celebrate science – the 

ruler that we use to measure how and why. Science has taught, and 

continues to teach me that there is always an explanation, and it’s just about 

getting there!  

 

To all of those who listened, loved and hugged me through to the end. I have 

so many memories and will never forget this place where we were.  

 

Finally I wish to dedicate my efforts here to the loving memory of one Miss 

Margaret Farrell, for teaching me as hard as it is to accept that death is 

necessary for life, and to never waste a minute of it. Thank you for inspiring 

me. 



Abbreviations 
 

  
 

7 

Abbreviations:	  

Apo-2L Apo-2 Ligand  

Bcl-2 B-cell lymphoma 2 

Bcl-XL B-cell lymphoma extra large 

BH Bcl-2 homology 

Bid Bcl-2 interacting domain 

BIR Baculovirus IAP repeat 

CARD Caspase activation and recruitment domain 

Caspase Cysteine aspartate specific proteases  

Cdk1 Cyclin dependent kinase 1 

cFLIP Cellular FLICE inhibitory protein 

cIAP-1/2 Cellular inhibitor of apoptosis proteins -1 /-2 

CRD Cysteine rich domain 

CrmA Cytokine response modifier  A 

CHX Cycloheximide 

DcR1 Decoy receptor 1 

DcR2 Decoy receptor 2 

DD Death domain 

DED Death effector domain 

DIABLO  Direct IAP binding protein with low pI 

DISC Death-inducing signalling complex 

DR4 Death receptor 4 

DR5 Death receptor 5 

ECM Extracellular matrix  

EGFR Epidermal growth factor receptor 

ER Endoplasmic Reticulum  

ERK Extracellular signal-regulated kinase 1 

FADD Fas-associated protein with death domain 

FITC Fluorescein isothiocyanate 

GFP Green Fluorescent Protein 

GPI Glycosylphosphatidylinositol 

hFb Human dermal fibroblasts 



Abbreviations 
 

  
 

8 

HU Hydroxyurea 

HUASMC Human umbilical artery smooth muscle cell 

IAP Inhibitor of apoptosis 

ICE Interleukin 1 beta converting enzyme 

ICAD Inhibitor of Caspase-Activated Deoxyribonuclease 

IKK IkappaB kinase 

JNK c-Jun N-terminal kinase 

LPS Lipopolysaccharide 

LT Lymphotoxin  

MAPK Mitogen-activated protein kinase 

MEF Mouse embryonic fibroblasts 

Mcl-1 Myeloid cell leukaemia 1 

MLKL Mixed Lineage Kinase domain-like protein  

NEMO NF-κB Essential Modulator protein  

NF-κB Nuclear factor kappaB 

NIK NF-κB inducing kinase 

NK Natural Killer 

OPG Osteoprotegerin 

PAK2 p21 Activated Kinase 2  

PARP-1 Poly-ADP ribose-1 

PI3K Phosphoinositol-3-kinase 

PS Phosphatidylserine 

RING Really interesting new gene 

RIP1 Receptor Interacting Protein 1  

ROS Reactive Oxygen Species  

siRNA Small interfering ribonucleic acid 

Smac/Diablo Second mitochondria-derived activator of caspases 

TLR Toll like receptor 

TLA1 TNF-like protein 1A  

TNF Tumour necrosis factor 

TNFR1 Tumour necrosis factor receptor 1 

TNFRSF TNF receptor super family 

TRADD TNFR1 Associated Death Domain protein 



Abbreviations 
 

  
 

9 

TRAIL TNF-related apoptosis-inducing ligand 

TRAIL-CL Crosslinked TRAIL 

TWEAK TNF-like weak inducer of apoptosis 

XIAP X-linked inhibitor of apoptosis protein 



General Introduction 
 

  
 

10 

 

	  

	  

Chapter	  One:	  General	  Introduction	  

	  

	  

	   	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



General Introduction 
 

  
 

11 

1.1	  Cancer	  
The cells of the human body continuously strive to maintain a balance of 

survival and death from interior and exterior stimuli, and it is the 

disturbance of this homeostasis which is most manifested in cancer cells. 

Cancer may therefore be defined as aberrant uncontrolled cell growth. It 

represents a class of diseases of over 100 different types (Parkin et al., 

2001). Described in a seminal paper, the hallmarks of cancer include 

sustaining proliferative signalling, evading growth suppressors, resisting cell 

death, enabling replicative immortality, activating invasion and metastasis 

and inducing angiogenesis (Hanahan and Weinberg, 2000). These features 

allow damaged cells to grow, and evade recognition and destruction by the 

immune system, promoting metastasis to other tissue types of the body. 

Cancer has also been described to be a multifactorial and multistep process, 

and is now the leading cause of death across the world, having more recently 

over taken heart disease. It remains a public health issue with an unmet 

medical demand (Parkin, 2001).  

 

Approaches taken in the treatment of cancer have conventionally taken 

advantage of the proliferate drive of tumour cells over normal cells 

(Hanahan and Weinberg, 2000, 2011) . Tumour cells have been described as 

addicted to cell survival and proliferation pathways, with inhibition of this 

signalling sufficient to induce cell death, or to sensitise tumour cells to other 

cytotoxic agents. These approaches, however, lack selectivity, and are 

simultaneously toxic to both tumour cells and normal cells, resulting in the 

death of other rapidly dividing cells of the bone marrow, hair follicles and 

cells lining the intestinal lumen (Casi and Neri, 2015; Sun et al., 2015). 

Selective apoptosis induction is therefore a promising approach when it 

comes to avoiding unwanted cell death and the off-target side effects 

synonymous with chemotherapy and gamma radiation. More recently, 

therapeutic intervention has shifted towards a targeted mechanism based 

approach, where the abnormality and aberrancy responsible for the survival 

and proliferation of tumour cells is inhibited (Letai, 2008).  
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To this end the TNF-related apoptosis inducing ligand (TRAIL) has 

garnered attention due to its ability to selectively induce cell death in a wide 

range of cancer cells whilst leaving the normal cells of the body unharmed 

(Ashkenazi et al., 1999; Pitti et al., 1996; Wiley et al., 1995).  

1.2	  Cell	  Death	  	  

The process of cell death was observed as far back as the 19th century, with 

experimental examinations revealing cell death to be a controlled and 

programmed process in the 1960’s. There are now a variety of mechanisms 

of cell death characterised by specific of morphological changes, specific 

enzymological involvement and biochemical events, which result in cell 

death (Ashkenazi and Salvesen, 2014).  

Programmed cell death (PCD) which results in cessation of a cell is 

mediated by an intercellular program, and is a strictly regulated process with 

a key role in development, morphogenesis and tissue remodelling. First 

described by Richard Lockshin in 1965, as an orchestrated series of events 

leading to destruction of a cell, PCD has since been widely established as a 

critical process modulating the immune response and mediating the 

controlled removal of superfluous, old or damaged cells (Lockshin and 

Williams, 1965; Majno and Joris, 1995; Trump et al., 1997). It can in 

addition be activated by various pro-death signals such as DNA damage, 

oxidative stress and nutrient deprivation.  

 

When cells are challenged by death stimuli they are typically reported to 

undergo one of three different death modalities, namely apoptosis, necrosis 

or autophagic cell death (Bras et al., 2005). While many componens of the 

signal transduction pathways of these three cell death forms are shared, the 

actual role of these components often differs in the different cell death 

pathways (Zeiss, 2003). For example receptor interacting protein kinase 1 

participates in the regulation of both apoptotic and necroptotic cell death, it 

fulfils a different role in the two pathways. RIPK1 is a scaffolding protein in 

the extrinsic apoptotic pathway and this role is independent of its kinase 
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activity, in the necroptotic pathway RIPK acts as a kinase (Galluzzi and 

Kroemer, 2008). Defects in the cell death process play an important role in 

tumour formation and pathogenesis, conferring a survival advantage to 

neoplastic cells and ultimately allowing them to survive beyond their 

intended lifespans (Evan and Littlewood, 1998). A greater understanding of 

the molecular mechanisms and key proteins allowing for this evasion will 

better inform both treatment choice and strategy (Dawson and Kouzarides, 

2012).  

1.2.1	  Apoptotic	  Cell	  Death	  

Apoptosis was first described by Kerr et al in 1972 to describe a 

morphologically distinct form of cell death (Kerr et al., 1972). It is a tightly 

orchestrated and ordered cellular process and is defined by distinct 

morphological changes such as membrane blebbing, chromatin condensation 

and nuclear fragmentation, externalisation of phosphatidylserine (PS), cell 

shrinkage, and the formation of membrane bound vesicles known as 

apoptotic bodies (Fadok et al., 1992). It was later found to be dependent on 

the activation of a family of proteolytic enzymes knows as Cysteine 

Aspartate Specific Proteases (Caspases). The apoptotic process has been 

stated to be a form of “cell suicide” and is dictated by the cellular response 

to various pro-death stimuli (Majno and Joris, 1995).  

 

Apoptosis can be induced by two classical signalling pathways the extrinsic 

and the intrinsic pathways, with both converging and relying upon caspase 

activation (Fischer et al., 2003; Fulda and Debatin, 2004). Extrinsic 

apoptosis refers to instances of apoptotic cell death that are induced by 

extracellular signals sensed and transmitted by specific transmembrane 

receptors, called death receptors. Once engaged by pro-death ligands the 

receptor-ligand pair initiates downstream caspase activation and apoptosis 

(Whiteside, 2002). In contrast intrinsic apoptosis is triggered by intracellular 

stress signals, and utilizes the mitochondria (Fulda and Debatin, 2006). The 

balance between pro- and anti-apoptotic proteins regulates the release of the 

mitochondrial respiratory chain protein cytochrome c, which is once in the 
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cytosol initiates the assembly of the apoptosome, a cytosolic protein 

complex that is homologous to the death inducing signalling complex 

formed after death receptor activation. The formation of the apoptosome 

leads to caspase-9 autoactivation and downstream caspase activation (Cai et 

al., 1998). 

1.2.1.1	  Caspases	  

As mentioned, the apoptotic pathway is co-ordinated by the activation of a 

group of cysteine-dependent aspartic acid-specific proteases, otherwise 

known as caspases. This family of endoproteases were originally identified 

due to their homology with the Caenorhabditis elegans protease gene ced-3, 

where experiments conducted by Horvitz and colleagues in 1990 observed 

that the loss of the ced-3 gene resulted in the failure to execute apoptosis, 

and resulted in developmental defects in the nematode (Ellis and Horvitz, 

1986; Yuan and Horvitz, 1990). It was later discovered that the ced-3 gene 

encodes a protein closely resembling the mammalian interleukin-1 beta-

converting enzyme (ICE), now known as caspase-1 (Yuan et al., 1993).  

 

There are currently 14 mammalian caspases known. The caspases 

commonly involved in apoptosis are caspase-2, -3, -6, -7, -8, -9 and -10, 

whereas Caspase-1, -4, -5, -11 and -12 are activated during immune 

responses. Caspase-14 is reported to have roles in keratinocyte 

differentiation and is a non-apoptotic caspase (Eckhart et al., 2000).  

 

Caspases are expressed as single chain zymogens in an inactive pro-enzyme 

form, with a molecular mass of 30 to 50 kDa, are composed of a pro-domain, 

a large subunit (α, ~20kDa) and a small subunit (β, ~10kDa) (Stennicke and 

Salvesen, 2000). Their N-terminal pro-domain is of variable in length 

between the caspases, and contains either a Caspase Activation Recruitment 

Domain (CARD) or a Death Effector Domain (DED) which are used for 

their recruitment to the apoptosome or the death-inducing signalling 

complex respectively. Active caspases are derived from the association and 

processing of two pro-caspase monomers. The fully mature caspase is 
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dimeric and contains two copies of the large and small subunits, arranged in 

a LSSL configuration (L demoted the large subunit, and S denotes the small 

subunit). The conversion of caspases to their mature active forms typically 

requires two cleavages; the first requires proteolysis of a linker region 

separating the pro-domain from the p20 subunit, and the second separates 

the large p20 and p10 subunits. Dimerization of caspases is required for the 

formation of the active site, as both monomers contribute residues for a fully 

functional active site (Pop and Salvesen, 2009). 

 

The caspases involved in apoptosis can be segregated into two categories, 

those referred to as initiators (Caspase-2, -8, -9 and -10) and executioners 

(Caspase-3, -6 and -7). The initiator caspases are inert monomers and are 

thought to be activated by homo-dimerization when brought into close 

proximity in protein complexes (Muzio et al., 1998; Pop et al., 2006). 

Activating complexes include the Death Inducing Signalling Complex 

(DISC) responsible for activating caspase-8 and -10 in extrinsic apoptosis, 

the apoptosome responsible for activating caspase-9 during intrinsic 

apoptosis, and the PIDDosome, which activates caspase-2 (Tinel and 

Tschopp, 2004). The initiator caspases once activated can in turn activate 

the executioner caspases. The executioner caspases are also dimers with 

maturation achieved by cleavage of the inter-domain linkers. Once caspases 

are activated there is an irreversible commitment towards cell death (Green 

and Kroemer, 1998).  
 

Caspases cleave their substrates at aspartic acid residues (Hengartner, 2000; 

Thornberry et al., 1997). Cleavage of caspase substrates aids in the 

dismantling of cells through for example cytoskeleton reorganisation or 

disruption of the nuclear structure. Cleavage of caspase substrates also leads 

to DNA fragmentation, shut down of DNA replication and repair, exposure 

of phosphatidyl serine on the cell surface and the final disintegration of the 

cell into apoptotic bodies. Cleavage of caspase substrates also leads to 

further propagation of the pro-death signal in a positive feed-forward circuit, 

and inhibition of pro-survival signals (Martinon et al., 2000).  
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There are approximately four hundred caspase substrates currently identified, 

and are often referred to as the apoptotic degradome (Luthi and Martin, 

2007). Active caspase-3 and -7 are involved in the dismantling of cellular 

structure through the cleavage of cellular constituents and proteins for 

example Poly (ADP-ribose) Polymerase 1 (PARP-1) (Tewari et al., 1995) 

and Inhibitor of Caspase-Activated Deoxyribonuclease (ICAD). PARP-1 is 

a DNA repair enzyme and is a well reported substrate of caspase-3, with its 

cleavage resulting in a loss in repair of single strand DNA breaks (Dantzer 

et al., 1999). In non-apoptotic cells Caspase Activated DNase (CAD) is 

present in an inactive complex with ICAD. Once caspases are activated the 

cleavage of ICAD follows, releasing the DNase CAD from an inactive 

complex and resulting in fragmentation of DNA (Enari et al., 1998; 

Lazebnik et al., 1994). In addition caspases can further amplify the caspase-

cascade through the cleavage of anti-apoptotic Bcl-2. Bcl-2 cleavage by 

caspases has been shown to result in the conversion of the protein from an 

anti-apoptotic molecule to a pro-apoptotic (Cheng et al., 1997).  

 

The formation of apoptotic bodies has been linked to the cleavage of the p21 

Activated Kinase 2 (PAK2) and the Rho-Associated Coiled Coil-containing 

protein kinase 1 (ROCK1) by activated caspases (Fischer et al., 2003). As 

mentioned already, active caspases also cleave several proteins important for 

maintaining cytoskeletal structure such as gelsolin and focal adhesion kinase 

(FAK) (van de Water et al., 1999). Gelsolin is an actin-binding protein, and 

an important regulator of actin filament assembly and disassembly (Pollard 

et al., 2000). Its cleavage results in the formation of a constitutively active 

form and consequently the severing of actin filaments, branding it one of the 

physiological effectors of the morphological changes observed during 

apoptosis (Kothakota et al., 1997).  

 

Caspase regulation can occur through direct inhibition, degradation or the 

production of decoy inhibitors of the active site or substrate binding groove 

(Riedl and Shi, 2004; Shiozaki and Shi, 2004). The initial identification of 

caspase inhibitors came from experiments with viruses, which were found to 

attenuate the host cell death response following infection (Zhou et al., 1997). 
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The cytokine response modifier gene crmA encoded by the cowpox virus 

was found to express a serine protease inhibitor (Serpin) which specifically 

inhibited IL-1β converting enzyme (ICE) (Ray et al., 1992), and in turn 

inhibited apoptosis induced by TNF (Dimmeler et al., 1997) and FasL (Enari 

et al., 1995).   

 

The inhibitor of apoptosis (IAP) family of proteins are characterised by a 

domain of approximately 70 amino acids referred to as the baculoviral IAP 

repeat or BIR domain (Birnbaum et al., 1994; Crook et al., 1993). This 

domain is present in one to three copies depending on the IAP and is 

important for the regulation of protein-protein interactions. In addition, most 

IAP family members contain a Really Interesting New Gene (RING) domain 

which has E3 ligase activity and is important for the addition of ubiquitin to 

target proteins, and a caspase activation and recruitment domain (CARD). 

Among the most studied IAP proteins are X chromosome-linked IAP 

(XIAP), cellular IAP1 (cIAP1) and cellular IAP2 (cIAP2). Through their 

RING domain these IAPs can promote ubiquitination of effector caspases 

(Choi et al., 2009) in addition to the endogenous IAP antagonist Second 

Mitochondrial Activator of Caspases (SMAC) (Hu and Yang, 2003), thus 

increasing their proteasomal turnover and promoting the inhibition of 

apoptosis.  

 

Although cIAPs in experimental conditions are able to inhibit caspases, in 

vivo it is only XIAP that is able to directly inhibit caspases (Deveraux et al., 

1997). XIAP is capable of occupying the substrate binding groove of 

activated caspases by its BIR2 domain (Chai et al., 2001). The BIR3 domain 

of XIAP can also bind the p12 small subunit of processed caspase-9 

blocking its dimerization and thus its activation (Shiozaki et al., 2003; 

Srinivasula et al., 2001).  

 

Other competitors for caspase activation as mentioned above include decoys 

such as the cellular FADD-Like ICE inhibitory proteins (cFLIP). Described 

as a protease-dead caspase-8 homologue, cFLIP proteins contain a death 

effector domain similar to that which caspase-8 possesses, and can compete 
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for binding to the receptor adaptor protein FADD, thus limiting caspase-8 

activation (Irmler et al., 1997).  

1.2.2	  Autophagic	  Cell	  Death	  

Autophagy is a conserved degradation program, where individual molecules 

or portions of the cytosol along with organelles are sequestered via 

formation of the phagophore, which elongates and seals into a double 

membrane vesicle referred to as the autophagosome (Burman and Ktistakis, 

2010). The autophagosome is then delivered to and fuses with a degradative 

organelle called the lysosome where it fuses and the breakdown and 

recycling of macromolecules occurs via lysosomal proteases such as 

cathepsins and other hydrolytic enzymes (Klionsky and Emr, 2000). 

Referred to as “self-eating”, autophagy is induced in response to stress 

conditions such as nutrient deprivation, oxidative stress, endoplasmic 

reticulum stress and hypoxia (Kroemer et al., 2010; Ryter and Choi, 2013; 

Ryter et al., 2013).  It has been shown to have roles in development and 

differentiation (Levine and Klionsky, 2004) and has important roles in 

innate and adaptive immunity where it aids in the elimination of invasive 

pathogens including viruses and bacteria (Levine and Deretic, 2007). 

Breakdown in the autophagy process has been also suggested to contribute 

to the development of cancer (Schwarze and Seglen, 1985), with reports 

indicating that disruption of the autophagy gene Beclin-1 leads to increased 

tumorigenesis in mice (Qu et al., 2003; Yue et al., 2003).  Additionally 

many cancer cells have heightened autophagy, which serves to maintain 

energy homeostasis even in response to stress conditions (Guo et al., 2011), 

suggesting that targeting autophagy may be a valuable approach in 

aggressive cancers.  

1.2.3	  Necrotic	  Cell	  Death	  

Necrotic cell death also known as necrosis is morphologically characterised 

by swelling of cellular organelles, an overall gain in cell volume, followed 

by plasma membrane rupture and release of intracellular contents into the 

extracellular space. Necrosis is regarded as an accidental form of cell death 
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in response to extreme stress or toxicity, and is said to occur in situations 

where cells had not enough time to initiate apoptosis or autophagy 

(Hotchkiss et al., 2009) .  

1.2.4	  Necrotic-‐like	  Programmed	  Cell	  Death	  

Necrosis is an unregulated form of cell death. Evidence for the existence of 

a regulated, necrotic-like cell death has been uncovered (Cho et al., 2009; 

Declercq et al., 2009; Kitanaka and Kuchino, 1999). This mode of cell death 

is known as necrotic-like cell death or necroptosis. First recognised as a 

caspase-independent form of cell death, necroptosis displays similar 

hallmarks to necrotic cell death but differs in that it is induced by death 

receptor signalling. Necroptosis can be activated by members of the TNF 

superfamily, namely TNFR1, TNFR2 (Chan et al., 2003), TRAILR1, 

TRAILR2, Fas (Holler et al., 2000), Toll Like Receptors (TLRs), 

Lipopolysaccharides (LPS) and genotoxic stress (Fulda, 2013). It is 

characterised by cell swelling in addition to mitochondrial dysfunction, 

plasma membrane permeabilisation and rupture of cells undergoing 

necroptosis display high levels of mitochondrial Reactive Oxygen Species 

(ROS) production, and can be discriminated from other forms of cell death 

in that DNA fragmentation does not occur, caspase activation is not a 

requirement and it is lysosome independent.  

 

The molecular machinery governing this form of cell death has been mostly 

demonstrated in murine L929 fibrosarcoma cells. These cells when treated 

with a pan-caspase inhibitor died rapidly in a necrotic-like fashion after 

incubation with TNF (Vercammen et al., 1998). Further experiments 

introducing the cowpox virus leading to the expression of the caspase 

inhibitor CrmA also confirmed that inhibition of caspase-8 can give rise to 

this form of cell death (Ray et al., 1992). 

 

It is well described that TNF binds and activates TNFR1, which in turn 

leads to the recruitment of TNFR1-Associated Death Domain protein 

(TRADD), Receptor-Interacting Protein Kinase 1 (RIPK1), Fas-Associated 
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Death Domain (FADD) and caspase-8 (Micheau and Tschopp, 2003). Under 

conditions that are insufficient to trigger apoptosis RIPK1, FADD and 

caspase-8 can detach from the receptor and form a complex with RIPK3. 

This complex is referred to as the necrosome. The adaptor NF-κB Essential 

Modulator protein (NEMO) has also been shown to be crucial for TNF 

induced necroptosis (Irrinki et al., 2011), and genome-wide RNA 

interference screens have identified Phosphoglycerate Mutase Family 

Member 5 (PGAM5) and Mixed Lineage Kinase domain-like protein 

(MLKL) being important for the execution of necroptosis. The kinase 

activity of RIPK1 is essential for the assembly of the necrosome, and is 

responsible for the phosphorylation of RIPK3 (Cho et al., 2009), as 

experiments with the RIPK1 inhibitor necrostatin showed a failure in 

assembly of the necrosome complex (He et al., 2009). RIPK1 has therefore 

roles in apoptosis and necroptosis, whereas RIPK3 participates solely in 

necroptosis. Caspase-8 acts as a negative regulator of the necrosome, due to 

its ability to inactivate RIPK1 and RIPK3 by proteolytic cleavage, and thus 

with RIPK1 and RIPK3 inactivated a pro-apoptotic cascade is activated in 

place of a pro-necrotic cascade (Feng et al., 2007). The two splice variants 

of the cellular FLICE-like Inhibitory Protein (c-FLIP), long and short, are 

also reported to modulate necroptosis positively or negatively (Gong et al., 

2014). 

 

Recent studies has examined the potential crosstalk between the different 

cell death modalities, particularly between apoptosis and necroptosis (Su et 

al., 2013). It is an integrated decision between the magnitude of stress and 

energy levels of the cell. It has been proposed that alternative cell death 

pathways, distinct from apoptosis, for example, necroptosis could be 

exploited as alternative anticancer approaches, as a means of sensitising 

cells to death where there are no defects in the execution of the program 

(White and DiPaola, 2009). 
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1.2.5	  Pyroptosis	  

The word pyroptosis is derived from the Greek word pyro for fire and ptosis 

for falling. These two words combined define an inflammation-inducing 

(fire) form of cell death (ptosis), whereby an immune attack-induced death 

of immune cells is connected with the release of pro-inflammatory 

molecules (cytokines) from the dying cell (Cookson and Brennan, 2001). 

Pyroptosis is morphologically and mechanistically distinct from apoptosis, 

with its defining feature being caspase-1 dependence (Miao et al., 2010; 

Miao et al., 2011). In this form of cell death, caspase-1 is cleaved and 

activated in response to multiple inflammatory mediators, leading to 

caspase-1-dependent pore formation. This facilitates the release of 

intercellular ions, water influx and is accompanied by cell swelling and 

osmotic lysis (Fink and Cookson, 2006). Caspase-1 activation is also 

involved in processing and activation of the cytokines -Interleukin-1β (IL-

1β) and IL-18 (Fantuzzi and Dinarello, 1999), followed by their secretion 

through membrane pores, in addition to micro-vesicle shedding and 

lysosome exocytosis. Thus, in contrast to apoptosis, pyroptosis features 

rapid plasma membrane rupture and pro-inflammatory cytokine release. 

Active Caspase-1 has also been reported to be responsible for cleavage of 

DNA by a currently unidentified endonuclease. However, this DNA damage 

differs to that observed in apoptosis in that ICAD degradation does not 

occur (Bergsbaken et al., 2009). 

1.2.6	  Paraptosis	  

The word is derived from the Greek para, meaning related-to and ptosis for 

falling. Paraptosis is another form of cell death where the dying cell does not 

display the typical apoptotic morphology and caspase activation. Instead, it 

is characterised by cytoplasmic vacuolization along with mitochondrial and 

endoplasmic reticulum (ER) swelling (Sperandio et al., 2000). It is thought 

to be induced by insulin-like growth factor receptor I (IGFR1) and mediated 

by mitogen-activated protein kinases (Sperandio et al., 2004). The 

appearance of vacuolization and the disruption of intracellular ion 

homeostasis results in osmotic cell lysis, with the release of heat shock 
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proteins (HSPs) (Melcher et al., 1998) and high mobility group B-1 

(HMGB1) (Yang et al., 2012) along with various proteases promoting 

inflammation.  

1.2.7	  Anoikis	  

The survival of normal cells of the body depends on signalling with the 

surrounding Extracellular Matrix (ECM). This signalling is mediated by 

integrins and growth factor receptors such as the Epidermal Growth Factor 

Receptor (EGFR) (Reginato et al., 2003).  Anoikis may be defined as an 

adherent cell lethal cascade that is facilitated by detachment from the ECM, 

and occurs when cells try to adhere to an inappropriate type of ECM 

(Meredith et al., 1993). It is characterised by lack of β1-integrin engagement, 

down regulation of EGFR expression, inhibition of Extracellular-Regulated 

Kinase 1 (ERK1) signalling and over-expression of the BCL-2 family 

member BIM (Giannoni et al., 2008; Reginato et al., 2003). This death 

program is also executed by the same molecular machinery as intrinsic 

apoptosis. It is important in regulating cell migration, with resistance to 

anoikis reported to sustain invasiveness and metastatic potential (Taddei et 

al., 2012). 

1.2.8	  Mitotic	  catastrophe	  

Mitotic catastrophe is triggered by defective cell cycle checkpoints resulting 

in failure to proceed correctly through mitosis, which culminates in cell 

death. The morphological features include the formation of large cells with 

multiple micronuclei and decondensed chromatin (Castedo et al., 2004).  

Cells die close to metaphase and are accompanied by mitochondrial 

membrane permeabilization and caspase activation. The Cyclin-Dependent 

Kinase 1 (Cdk1) along with its allosteric activator Cyclin B1 are reported to 

be essential for mitosis and mitotic catastrophe due to their role in driving 

progression from G2 to M phase, with aberrant mitotic entry resulting in this 

form of cell death (Castedo et al., 2004).  
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1.3	  TRAIL	  

TNF-Related Apoptosis-Inducing Ligand (TRAIL) also known as Apo-2 

Ligand (Apo-2L), is a type II transmembrane protein of 33-35kDa (Wajant 

et al., 2002), and was identified by its homology in sequence to the TNF 

superfamily members Fas ligand/Apo1L and TNF (Pitti et al., 1996; Wiley 

et al., 1995).  The extracellular domain of TRAIL can be cleaved from the 

cell surface, forming a soluble monomeric ligand (Wiley et al., 1995). This 

monomer consists of two antiparallel β-sheets forming a β-sandwich, and is 

capable of interacting with two other monomers in a head to tail fashion 

forming a homotrimer (Cha et al., 1999a). Within the trimerisation interface 

there is a zinc binding site coordinated by an unpaired cysteine residue at 

position 230 of each monomer and a chloride ion. Zinc binding has been 

shown to be essential for the stability of the trimer along with the ligands 

biological activity (Bodmer et al., 2000b; Cha et al., 1999b; Hymowitz et al., 

2000). Additionally substituting the cysteine 230 with an alanine or serine 

was found to strongly affect the capacity of TRAIL to induce apoptosis 

(Trabzuni et al., 2000). 

 

The TNF ligand superfamily (TNFSF) consists of over 20 members capable 

of signalling through over 30 receptors leading to signal transduction 

cascades for diverse biological responses such as apoptosis, proliferation, 

cell survival and differentiation, as well as immune surveillance and 

protection from infection (Bodmer et al., 2002; Gruss and Dower, 1995; 

Schaer et al., 2014). The death ligand subfamily of the TNF superfamily of 

which TRAIL is a member consists of TNF (Carswell et al., 1975), TNF-

like weak inducer of apoptosis (TWEAK) (Wiley et al., 2001), TNF-like 

protein 1A (TL1A) (Migone et al., 2002), FasL (Schulze-Osthoff et al., 

1998), Lymphotoxin (LT) α and LTβ (Browning et al., 1993; Gray et al., 

1984). 

 

These ligands are capable of binding the death receptor members of the TNF 

receptor superfamily (TNFRSF, Table 1) of which there are currently eight 

known members, namely death receptor 3 (DR3), DR4, DR5, DR6, 
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ectodysplasin-A receptor (EDAR), FAS, TNFR1 and p75 neurotrophin 

receptor (p75NTR) (Chaudhary et al., 1997; Pan et al., 1997a; Schneider et 

al., 1997a; Walczak et al., 1997; Wu et al., 1997). Common features 

maintained across these family members include the presence of cysteine 

rich domains (CRD) in the extracellular portion of the receptor responsible 

for ligand interaction, and the presence of an intracellular death domain 

(DD).  
 

Table 1. Members of the death receptor family and their cognate ligands.  Table 

adapted from (Sessler et al., 2013) 

 
 

There are varying numbers of CRDs across the DR family members with 

evidence that these domains may be involved in ligand-independent receptor 

interactions giving rise to the formation of a pre-ligand assembly domain 

(PLAD). In the case of DR4 and DR5 there are 3 CRDs, with the first 

incomplete CRD suggested to be involved in pre-ligand assembly and the 

remaining two for binding of the TRAIL ligand (Clancy et al., 2005; 

Hymowitz et al., 1999). The intracellular death domain present in TNFRSF 

members is approximately 80 amino acids in length and is capable of 

binding intracellular adaptor proteins via homotypic death domain - death 

domain interactions. Currently there are 30 death domain containing 

proteins identified, however only a small number of these have been shown 

to be consistently recruited to the DR family members. They include FADD, 

TRADD,  RIPK1, and EDARADD (Sessler et al., 2013).  
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Since its discovery, TRAIL has been subject of much inquiry due to its 

ability to selectively induce cell death in tumour cells, with no cytotoxic 

effect on non-transformed cells (Ashkenazi, 2002; Kelley and Ashkenazi, 

2004). It is naturally expressed on the surface of immune cells, particularly 

monocytes, dendritic cells, natural killer cells and T-cells, all of which are 

activated by interferons or Interleukin-2 (IL2, Figure 1) (Almasan and 

Ashkenazi, 2003; Bouralexis et al., 2005; Takeda et al., 2001a).  

                         
Figure 1: The TRAIL homotrimer (Hymowitz et al., 1999). Image shows trimeric 
TRAIL ligand in yellow, green and beige. The bound zinc is shown in blue and the bound 
chloride is shown in green. 

 
TRAIL is able to bind to five receptors, namely DR4 and DR5 (also referred 

to as TRAIL-R1 and -R2), DcR1 and DcR2 (also referred to as TRAIL-R3 

and R4) (Degli-Esposti et al., 1997a; Degli-Esposti et al., 1997b) and lastly 

the soluble receptor osteoprotegerin (OPG) for which TRAIL has weak 

affinity (Emery et al., 1998; Smyth et al., 2001). DR4 and DR5 are intact 

functional death receptors, containing extracellular cysteine-rich domains 

and an intracellular death domain, giving them the ability to trigger the 

assembly of the death-inducing signalling complex (DISC) following ligand 

binding (Chaudhary et al., 1997; Pan et al., 1997a; Pan et al., 1997b; 

Walczak et al., 1997).  
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In contrast, the decoy receptor DcR1 lacks a death domain and is anchored 

to the outer side of the plasma membrane via a C-terminal 

glycophosphatydlinositol (GPI) tail. The decoy receptor DcR2 is a 

transmembrane protein but possesses a truncated and non-functional death 

domain making it unable to transmit apoptotic signalling, akin to DcR1 

(Ashkenazi and Dixit, 1998, 1999). There are some reports however of 

DcR2’s ability to transmit pro-survival signalling through activation of the 

transcription factor NF-κB (Anees et al., 2014; Degli-Esposti et al., 1997a). 

Through their possession of CRDs it has been proposed that the decoy 

receptors can compete with DR4 and DR5 for TRAIL binding and prevent 

the engagement of the apoptotic pathway by sequestering TRAIL from them 

(Clancy et al., 2005). However, surveys of cancer and primary tumours have 

revealed that there is no clear correlation between the levels of the death 

domain containing and decoy receptor expression and TRAIL resistance. An 

additional mechanism by which DcRs can regulate TRAIL-induced 

apoptosis is via direct interaction and inhibition of DR4 and DR5. The 

inhibitory effect of the DR5-DcR2 interaction is well documented (Clancy et 

al., 2005). This association was mediated by the N-terminal Preligand 

Assembly Domain (PLAD) formed by the first CRD of each receptor.  

1.3.1	  Physiological	  Role	  of	  TRAIL	  

While TRAIL mRNA is found constitutively expressed in a wide range of 

tissues, the expression of functional TRAIL protein appears to be restricted 

to immune cells (Kayagaki et al., 1999b; Wiley et al., 1995). As mentioned 

previously, TRAIL is expressed on the surface of immune cells such as 

activated natural killer (NK), CD4+ T cells, dendritic cells and monocytes, 

with its expression being dependent on stimulation with IL-2, IL-15 and 

interferons (IFNs) (Kayagaki et al., 1999a; Kayagaki et al., 1999b; Sato et 

al., 2001; Smyth et al., 2001; Takeda et al., 2001a; Zamai et al., 1998). Non-

activated or naive T-cells express the TRAIL receptors but are resistant to 

TRAIL-induced apoptosis. Rather interestingly monocytes both express and 

are susceptible to TRAIL-mediated cytotoxicity, however following their 

activation via IFNs there is an increase in surface TRAIL expression and a 
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concomitant downregulation of DR5, thus limiting TRAIL-induced death 

(Griffith et al., 1999b; Kaplan et al., 2000). 

 

The physiological importance of TRAIL in the immune system is supported 

by experiments performed on TRAIL deficient mice, where no large 

abnormalities were detectable during embryonic development, with mice 

found to be both viable and fertile (Sedger et al., 2002). TRAIL and TRAIL 

receptor deficient mice do not develop autoimmune diseases spontaneously, 

however, these mice were found to exhibit higher sensitivity to 

experimentally induced autoimmune diseases such as autoimmune 

encephalomyelitis (EAE) and collagen-induced arthritis (Lamhamedi-

Cherradi et al., 2003; Sedger et al., 2002). There are also reports that TRAIL 

deficiency or overexpression can affect type I diabetes mellitus in a non-

obese diabetic (NOD) mouse model, with the overexpression of TRAIL 

improving pancreatic islet allograft survival and function (Dirice et al., 

2009). 

 

The main body of work published in relation to TRAIL focuses around its 

role in immune surveillance against tumour development and metastasis, 

after the observation that TRAIL was capable of causing a reduction in 

tumour growth in tumour xenograft in a Severe Combined Immune 

Deficient (SCID) mice model (Ashkenazi et al., 1999; Walczak et al., 1999). 

Studies of TRAIL deficient mice generated by either gene knockout or 

administration of neutralizing antibodies indicate that TRAIL contributes to 

host immunity against tumour initiation and metastasis (Cretney et al., 2002) 

as it could limit the development of experimental tumours. This claim has 

been supported by work on TRAIL-/- mice, where mice did not 

spontaneously develop tumours, but when transplanted with a B-cell 

lymphoma, mice were found to exhibit greater incidence of metastasis 

particularly to the liver, and overall were more sensitive to tumour burden. 

In addition, a separate study involving neutralisation of endogenous TRAIL 

following administration of a neutralizing monoclonal antibody in wild-type 

mice resulted in increased methylcholanthrene (MCA) induced tumour 

development (Takeda et al., 2002).  
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It has been reported that TRAIL expression is regulated by the secretion of 

IFN-γ from NK cells in an autocrine manner. Experiments have shown that 

TRAIL is involved in mediating cytotoxic activity of activated NK cells 

against tumour cells both in-vitro and in-vivo (Takeda et al., 2001b) and in 

this way has anti-metastatic activity (Takeda et al., 2002). This effect is 

largely dependent on the stimulation of MHC class I molecules along with 

CD27 and CD38 receptors found on the surface of the NK cells. Activation 

of NK cells is achieved though binding of their cognate ligands namely 

CD70 or CD80/86, all of which are expressed in a variety of tumours (Kelly 

et al., 2002). The now activated NK cell produces IFN-γ, which in turn 

causes an up-regulation of TRAIL and which sensitises transformed cells to 

TRAIL-induced cell death.  

 

Because the primary function of TRAIL is tumour immune surveillance, 

deregulation of TRAIL signalling can allow for cancerous cells to evade 

destruction and develop into an established tumour (Reed, 1999; Smyth et 

al., 2006).  

1.3.2	  TRAIL	  Receptor	  Signalling	  Complexes	  	  

It is currently believed that upon ligand binding the TRAIL receptors are 

brought into proximity leading to their trimerisation (Cha et al., 2000; 

Hymowitz et al., 1999; Kimberley and Screaton, 2004; Mongkolsapaya et al., 

1999). In the case of DR4 and DR5, ligand binding leads to clustering of the 

death domains and subsequent recruitment of adaptor proteins to the 

intracellular region of the receptors. TRAIL can trigger extrinsic apoptosis 

through caspase-8. TRAIL can also induce the activation of non-apoptotic 

pathways such as the inflammatory response through the activation of 

nuclear factor kappa B (NF-κB), or stress signalling through the activation 

of p38 mitogen activated protein kinase (p38/MAPK) (Azijli et al., 2013; 

Gonzalvez and Ashkenazi, 2010) and extracellular signal regulated kinase 

(ERK) (Secchiero et al., 2003). All of these pathways are elaborated upon in 

the following sections.  
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1.3.3	  TRAIL-‐Induced	  Apoptotic	  Signalling	  

Cells can be classed as belonging to one of two types depending on whether 

mitochondrial apoptotic events are needed for apoptosis to occur following 

activation of the TRAIL death receptors (Ozoren and El-Deiry, 2002). In the 

case of Type I cells, the caspase cascade initiated by the DISC is sufficient 

to kill cells, independent of mitochondrial pro-apoptotic signalling. Type II 

cells in contrast require the activation of the mitochondrial death pathway, 

and is usually observed where low or insufficient DISC formation and 

caspase-8 activation occurs (Scaffidi et al., 1998). The extrinsic and intrinsic 

pathways are illustrated in Figure 2 below. 

 

In general, the extrinsic apoptotic pathway is activated through ligand 

binding to the death receptors, resulting in activation of caspase-8 and/or-10 

and consequent initiation of the caspase cascades (Kischkel et al., 2000; 

Sprick et al., 2002). Following TRAIL ligand binding the TRAIL receptors 

undergo a conformational change and become active (Zhang et al., 2004). 

Receptor activation leads to clustering of the receptors intracellular death 

domains (DDs) and subsequent recruitment of the adaptor protein Fas-

Associated DD protein (FADD). FADD then recruits pro-caspase-8 and/or 

pro-caspase-10 through homotypic DED-DED interactions, and 

subsequently activates pro-caspase-8 and/or pro-caspase-10 (Bodmer et al., 

2000a; Kischkel et al., 2000; Sprick et al., 2000).  This complex is referred 

to as the Death Inducing Signalling Complex (DISC).  The importance of 

caspase-10 activation for TRAIL-induced apoptosis via the DISC is still 

controversial. The transfection of caspase-10 into caspase-8 deficient cells 

for example was found to be unable to restore TRAIL-induced apoptosis in 

one set of experiments (Sprick et al., 2002), and in others found to be able to 

restore sensitivity (Kischkel et al., 2001; Wang et al., 2001). Once cleaved 

and activated, caspase-8 and -10 can move to the cytoplasm where they can 

proteolytically cleave and activate the effector pro-caspases-3, -6 and -7. 

The activated executioners go on to cleave an array of cellular substrates as 

previously described, which results in the classic features of apoptosis such 
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as membrane blebbing, DNA fragmentation, nuclear shrinkage and 

ultimately cell death (Saraste and Pulkki, 2000). 

          
Figure 2. TRAIL-induced extrinsic and intrinsic apoptosis. The binding of TRAIL 
ligand to DR4/DR5 is followed by FADD and pro-caspase-8 to the intracellular death 
domain of the trimerised receptors. This complex is referred to as the Death Inducing 
Signalling Complex (DISC). Pro-caspase-8 is cleaved and activated and can subsequently 
cleave and activate the executioner caspases-3, -6 and -7 resulting in membrane blebbing, 
DNA fragmentation and ultimately cell death. In certain cases where the levels of caspase-8 
activation are low the engagement of the mitochondrial pathway can occur through caspase-
8 mediated cleavage of Bid to its truncated form tBid, which translocates to the 
mitochondria and leads to the formation of Bax and Bak pores. This results in a chance in 
the mitochondrial membrane polarisation and is accompanied with the release of 
Cytochrome c and SMAC/DIABLO. Cytochrome c associates with Apaf-1 and pro-
caspase-9 forming a complex known as the apoptosome, which leads to the activation of 
caspase-9 and subsequent activation of Caspases-3, -6 and -7, inducing apoptosis. Figure is 
self-generated.  
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The intrinsic apoptotic pathway is usually activated by intrinsic signals such 

as DNA damage, growth factor deprivation and oxidative stress. It is closely 

linked to mitochondrial outer membrane permeabilisation (MOMP) 

(Decaudin et al., 1998). This permeabilisation of the outer mitochondrial 

membrane is regulated by members of the Bcl-2 family (Green and Kroemer, 

2004; Youle and Strasser, 2008). This family can be broken down into three 

subgroups based on the presence and number of Bcl-2 homology (BH) 

domains; the anti-apoptotic BCL-2 family members Bcl-2, Bcl-XL, Bcl-w, 

myeloid leukaemia cell differentiation protein-1 (Mcl-1), Bcl2-A1 and Bcl-

B which contain all four BH domains, the pro-apoptotic Bcl-2 family 

members Bax, Bak and Bok which contain BH1-3 domains and lastly the 

BH3 only containing proteins Bik, Hrk, Bim, Bad, Bid, Puma, Noxa and 

Bmf (Kvansakul and Hinds, 2015). 

 

The anti-apoptotic Bcl-2 family members are usually found to be integrated 

into the outer mitochondrial membrane (OMM) or other intracellular 

membranes such as at the endoplasmic reticulum and nuclear membranes 

(Gross et al., 1999). They are responsible for the direct inhibition of the pro-

apoptotic Bcl-2 family members and in this manner are critical for the 

maintenance of OMM stability and preventing MOMP. The pro-apoptotic 

members Bax and Bak upon activation can homo-oligomerise, leading to the 

formation of a transmembrane pore, facilitating MOMP. They have also 

been suggested to interact with pre-existing channels such as the 

Permeability Transition Pore (PTP) (Zamzami et al., 2000) or ion channel 

associations (Shimizu et al., 1999). 

 

The disruption of the mitochondrial membrane leads to the release of a 

number of proteins namely cytochrome c, second mitochondria-derived 

activator of caspases/ direct IAP binding protein with low pI 

(Smac/DIABLO), Omi/HtrA2 and Endonuclease G (Saelens et al., 2004). 

The release of cytochrome c triggers the formation of the apoptosome 

complex, which consists of cytochrome c, apoptosis protease activating 

factor 1 (Apaf-1) along with the co-factor dATP and pro-caspase-9 (Cain et 

al., 2000). Cytochrome c binds the C-terminal region of Apaf-1 which 
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contains a CARD domain facilitating binding and activation of the initiator 

pro-caspase-9 (Kim et al., 2005; Zou et al., 1997). Caspase-3 is then 

recruited to the apoptosome where it is activated and can go on to cleave its 

cellular substrates. The release of Smac/DIABLO and Omi/HtrA2 also 

facilitates caspase activation through the neutralization of the IAP protein 

family. They are capable of this action through the presence of an IAP 

binding motif (IBM) at their N-terminus, and have been shown to bind 

XIAP, cIAP-1/-2, Survivin and Bruce in a BIR-dependent manner (Vaux 

and Silke, 2003). Lastly, Endonuclease G is a DNase which upon release 

from the mitochondria translocates to the nucleus where it is responsible for 

cleaving of DNA (Li et al., 2001). 

 

The intrinsic pathway can be activated by caspase-8 cleavage of Bid 

forming truncated Bid (tBid), facilitating the loss in MOMP. This is brought 

about by tBid’s ability to facilitate oligomerization and activation of Bak 

and Bax (Korsmeyer et al., 2000; Madesh et al., 2002). This is the 

mechanism of amplification in type II cells.  

1.3.4	  TRAIL	  resistance	  

Currently it is believed that 50-60% of tumour cell lines are resistant to 

TRAIL (Mahalingam et al., 2009b). While initially thought of mediating 

anti-tumour effects though the induction of caspase-dependent apoptosis in 

TRAIL sensitive cells, it has become clear that TRAIL can also illicit pro-

tumourigenic effects such as increased proliferation, survival and invasion. 

It would appear there is no one general mode of resistance that all tumour 

cells share (Holohan et al., 2013).  

 

The resistance of tumour cells to TRAIL-induced apoptosis can be thought 

to occur at different levels namely: at the level of the receptor, at the levels 

of the DISC, at the level of mitochondrial-regulation or activation of 

downstream caspases (LeBlanc and Ashkenazi, 2003). The ratio of adaptor 

molecules or the ratio of pro- and anti-apoptotic molecules has also been 
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hypothesised to have a consequence on TRAIL signalling (Muhlethaler-

Mottet et al., 2006; Oltvai et al., 1993). 

1.3.4.1	  Regulation	  of	  Death	  Receptors	  	  

The aberrant expression of the TRAIL death receptors, along with mutations 

in the death domain or ligand binding domains have been shown to be 

critical for the ability of receptors to induce cell death (Fisher et al., 2001; 

Park et al., 2001). Ancillary to this, disruptions in the trafficking or surface 

expression of the TRAIL DRs has been recognised as a possible mechanism 

of TRAIL resistance as demonstrated in breast carcinoma cells (Jin et al., 

2004; Zhang and Zhang, 2008). Receptor internalisation following 

activation has also been purported to have effects on apoptosis in breast 

cancer models, where blockade of clathrin-mediated endocytosis increased 

TRAIL-mediated apoptosis (Austin et al., 2006; Zhang et al., 2009). 

 

Receptor posttranslational modifications are thought to correlate with 

TRAIL sensitivity, with the loss in expression of the O-glycosyltransferase 

GALNT14 found to reduce TRAIL sensitivity (Wagner et al., 2007). It is 

thought that O-glycosylation of DR5 promotes the clustering of the 

receptors following ligand binding, and this leads to a more efficient 

recruitment of caspase-8 (Wagner et al., 2007). 

 

Lipid rafts are cholesterol and glycolsphingolipid rich regions of the plasma 

membrane. The posttranslational modification of the death receptors by S-

palmitoylation is known to facilitate the incorporation of DRs into these 

regions and enable the activation of apoptosis (Rossin et al., 2009; Song et 

al., 2007). In 2007 Song and colleagues found that TRAIL receptor 

complexes which assembled outside of lipid rafts were associated with non-

canonical signalling mediated by RIP and cFLIP, whereas those within were 

found to enable the activation of apoptosis (Song et al., 2007). The 

localisation to lipid rafts has also been correlated with TRAIL sensitivity in 

Non-Small Cell Lung Cancer (NSCLC) (Ouyang et al., 2011). It is still an 
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open question if lipid raft localisation of TRAIL receptors is a consequence 

or cause of DISC formation.  

 

There have been a number of preparations of recombinant human soluble 

TRAIL (rhTRAIL) developed with the specific purpose for selectivity 

towards DR4 or DR5, with high affinity or binding expected to enhance 

anti-tumour activity (Abdulghani and El-Deiry, 2010). Currently it remains 

unclear if this targeting of either DR4 or DR5 over each other is more 

beneficial. In pancreatic, chronic lymphocytic leukaemia (CLL) cell lines 

DR4 has been found to be the main mediator of TRAIL-induced cell death 

(Lemke et al., 2010; MacFarlane et al., 2005), whereas in colon, breast and 

glioblastoma there is evidence suggesting that apoptosis following TRAIL 

goes through DR5 (Bellail et al., 2010; Kelley et al., 2005).  

1.3.4.2	  Decoy	  Receptors	  
 
The decoy receptors are expressed in a wide range of normal cell types of 

the body, including the spleen, kidneys, liver, peripheral blood lymphocytes 

and the pancreas (Sheridan et al., 1997). Originally the decoy receptors were 

thought to act as anti-apoptotic scavengers of TRAIL through competitive 

binding of the ligand. It was also believed that high decoy receptor 

expression was the means by which normal cells were capable of protecting 

themselves from the cytotoxicity of TRAIL (Degli-Esposti et al., 1997a; 

LeBlanc and Ashkenazi, 2003). However, it has since emerged that this is 

not the case, with inhibition of the decoy receptors insufficient in sensitizing 

non-transformed cells to TRAIL-induced cell death (Kim et al., 2000).  

 

The overexpression of DcR2 has been shown to protect cancer cells from 

binding TRAIL and preventing apoptosis (Marsters et al., 1997; van Noesel 

et al., 2002). However, research has failed to find any clear correlation 

between decoy receptor expression (mRNA levels) and TRAIL resistance on 

the whole. Thus the function of the decoy receptors in TRAIL signalling 

remains a matter of debate (Griffith et al., 1999a; Truneh et al., 2000).  
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DcR1 and DcR2 are capable of hetero-trimerising with DR4 and DR5 

(Merino et al., 2006), causing an impairment of DISC formation due to their 

lack of, or presence of a truncated death domain. This association has been 

reported to be independent of ligand binding, with PLAD-PLAD 

interactions mediated by the CRDs of each of the receptors purported to be 

facilitators (Clancy et al., 2005). In this way the decoy receptors can be 

thought of as inhibiting death-inducing effects by the death receptors.  

 

The expression of DcR2 has been found to trigger activation of pro-survival 

pathways such as Akt and NF-κB independent of TRAIL ligand binding 

(Lalaoui et al., 2011). It has been hypothesised that the DcR2-driven Akt 

and/or NF-κB activity may render cells resistant to apoptosis induced by 

TRAIL (Degli-Esposti et al., 1997a; Lalaoui et al., 2011). 

1.3.4.3	  DISC	  Regulators	  

As mentioned, the apoptotic signalling following TRAIL binding to its 

receptors involves the subsequent recruitment of FADD and caspase-8, 

forming a complex referred to as the death inducing signalling complex 

(DISC) (Kischkel et al., 2000). A number of adapter proteins have been 

identified to either facilitate or inhibit the formation of the DISC. The IG20 

splice variant MAPK-Activating Death Domain protein (MADD) is cited to 

inhibit or compete with the recruitment of FADD and caspase-8 to the DISC, 

with ectopic overexpression found to enhance pro-survival signalling 

through the activation of NF-κB (Li et al., 2010; Mulherkar et al., 2007; 

Turner et al., 2013) 

 

cFLIP is probably the most important and extensively studied inhibitor of 

death receptor signalling, with its high expression well correlated with 

TRAIL resistance, whereas its repression has been found to restore TRAIL 

sensitivity (Bleumink et al., 2011). cFLIP has three well documented splice 

variants; cFLIPL, cFLIPs and cFLIPr all of which contain death effector 

domain (DED) repeats similar to caspase-8 and caspase-10. In addition to 

the DED repeats, cFLIPL possess a C-terminal domain caspase catalytic 
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domain similar to pro-caspase-8/-10. However, its active site is mutated, 

thus rendering it functionally inactive for caspase processing. The various 

cFLIP isoforms can be recruited to the TRAIL DISC complex, inhibiting 

caspase-8 and -10 binding and impairing apoptotic signalling (Falschlehner 

et al., 2007). 

 

It has been hypothesised that the concentrations of FADD, TRADD, 

caspase-8 and -10, TRAF2, NEMO, RIP and c-FLIP present in a cell play a 

role in determining what complex is preferentially formed at the receptor 

(Falschlehner et al., 2007). The amounts of active caspase-8 and -10 have 

been suggested to determine the apoptosis signalling pathways initiated 

downstream of the DISC, with large amounts of active caspase-8 able to 

directly process the effector caspases-3/6/7 (Scaffidi et al., 1999). The 

presence and amount of activated caspase-8 generated at the DISC also is a 

determinant for whether a cell dies in a mitochondrial independent fashion 

(Type I) or dependent manner (Type II) (Scaffidi et al., 1998). 

 

Modulation of caspases has also been observed via the caspase-8/-10 

associated RING proteins 1 and -2 (CARP-1, -2) which are capable of poly-

ubiquitinating the fully active DED of caspase-8 and -10 via their RING 

domain, thus targeting the active caspases for proteasomal degradation. This 

has been reported to be a determinant in TRAIL sensitivity with CARPs 

thought to localise to the plasma membrane exerting their function 

(McDonald and El-Deiry, 2004; Sasaki et al., 2002). 

 

RIPK1 has more recently emerged to have a dual ability to transduce both 

pro-survival and pro-death signals, with posttranslational modifications 

reported to decide the cellular outcome. More specifically, ubiquitin status, 

with non-degradative K63 ubiquitination chains added to RIPK1 by cIAPs 

reported to result in the recruitment of pro-survival kinases leading to the 

activation of the NF-κB pathway (Bertrand et al., 2009; Bertrand et al., 

2008). However, in the absence of cIAPs this does not occur, leading to the 

recruitment of FADD and caspase-8 and 10, resulting in apoptosis (Bertrand 

and Vandenabeele, 2011; Feoktistova et al., 2011; Tenev et al., 2011). 
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RIPK3 can also interact with the complex to promote caspase-dependent 

apoptosis or necroptosis. The short and long cFLIP isoforms have been 

shown to prevent ripoptosome formation with cFLIPs observed to promote 

complex stabilization (Feoktistova et al., 2011). Importantly this complex 

has been documented to form independently of TNF, CD95L/FASL, TRAIL, 

death-receptors, and mitochondrial pathways (Bertrand and Vandenabeele, 

2011). 

1.3.4.4	  Mitochondrial	  Regulators	  

As previously stated, the regulation of the mitochondrial pathway during 

apoptosis is kept in check by the Bcl-2 family of proteins (Cory and Adams, 

2002; Shimizu et al., 1999). All members of the family contain up to four 

characteristic regions termed the Bcl-2 homology domains (BH1-4) along 

with a hydrophobic transmembrane domain (TM) at their C-terminus. Their 

three dimensional structure consists of six to seven α-helixes which are 

amphipathic and surround two hydrophobic α-helices, with this hydrophobic 

region allowing for insertion into cell membranes of the mitochondria, 

nucleus and the ER (Chipuk et al., 2010).  

 

They can be divided into two groups, anti- and pro-apoptotic (See Figure 3 

below) (Cory and Adams, 2002; Siddiqui et al., 2015). The anti-apoptotic 

members consisting of Bcl-2, Bcl-xL, Bcl-w, Mcl-1 and Bcl-A1 contain four 

BH domains and are generally found at the outer membrane of the 

mitochondria where they functionally inhibit the pro-apoptotic Bcl-2 

proteins (Fletcher and Huang, 2008). Overexpression of these members is 

known to prevent death induced by apoptotic stimuli and also prevent the 

release of cytochrome c from the mitochondria. 
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Figure 3. The Bcl-2 Family of proteins. The Bcl-2 family is classified by the presence of 
Bcl-2 homology (BH) domains, and can be divided up into anti-apoptotic and pro-apoptotic 
members. The Pro-apoptotic members can be further divided into multi-domain effectors, 
which possess BH1-3 domains and a transmembrane (TM) domain. The BH3 only members 
for the most part do not contain this TM domain, and as their name implies are in 
possession of only the BH3 domain. Figure Modified from (Cory and Adams, 2002). 
 

Mcl-1 binds and sequesters Bax and Bak from forming pores in the 

mitochondrial membrane. In addition, Mcl-1 binds the pro-apoptotic BH3 

only proteins which can induce the oligomerization of Bax and Bak 

(Thomas et al., 2010). Overexpression of Mcl-1 has been observed in a 

variety of both solid tumours and hematopoietic malignancies (Aichberger 

et al., 2005; Cho-Vega et al., 2004). Downregulation of the protein either by 

antagonism with the specific inhibitor obatoclax (Nguyen et al., 2007) or via 

siRNA was found to overcome resistance to conventional cancer therapies 

(Hussain et al., 2007). Overexpression of Bcl-2 and Bcl-XL has been 

demonstrated in TRAIL-resistant glioblastoma, breast and pancreatic 

cancers, and protects against TRAIL-mediated apoptosis (Fulda et al., 

2002a; Hinz et al., 2000). 

 

The molecular mechanism facilitating the oligomerization of Bax and Bak 

still remains unclear (Antignani and Youle, 2006; Westphal et al., 2014). 

The localisation of the two proteins differs with Bak localised mostly in the 

OMM of the mitochondria, while Bax is largely a cytosolic protein. It is 



General Introduction 
 

  
 

39 

currently thought that following apoptotic stimuli the BH3 only proteins 

mediate a conformational change in Bax allowing it to relocalize to the 

OMM and associate with Bak. Resistance to TRAIL can arise at the level of 

the mitochondria, with either Bax or Bak deficient cells still capable of 

inducing apoptosis following TRAIL, but not in double knockout MEF cells 

(Kandasamy et al., 2003).  

 

Lastly, the BH3 only proteins, Bim, Puma, Noxa, Bik, Bmf, Bad, Hrk and 

Bid; have been reported to inhibit and neutralize the anti-apoptotic Bcl-2 

family members (Mcl-1, Bcl-2 and Bcl-XL) by direct binding. In addition, 

Bim, Puma and Bid have been found to also interact with Bax to facilitate 

cell death (Giam et al., 2008), and as cell death induced by the BH3 only 

proteins can occur only in the presence of Bax and Bak it implies that they 

act upstream at the level of the mitochondria (Merino et al., 2009). 

 

There are currently two models for this, known as the direct and indirect 

models. In the direct activation model the BH3 only Bcl-2 family members 

bind and activate Bax and Bak and bring them to the mitochondrial 

membrane, or where the BH3 proteins bind the pro-survival members, and it 

is only through their release from this interaction they can go on to activate 

Bax and Bak (Kuwana et al., 2005). In the indirect model Bax and Bak are 

kept inactive by pro-survival Bcl-2 family members and it is only after 

binding of BH3-only Bcl-2 family members this effect is neutralised. This 

displacement model does not require any interaction of BH3 only proteins 

with Bax and Bak directly, therefore giving it the term indirect activation 

(Giam et al., 2008).  

  

As mentioned previously, the extrinsic and intrinsic pathways are linked by 

the BH3-only family member Bid, which upon cleavage by caspase-8 to its 

truncated tBid form acts together with Bax and Bak to induce the intrinsic 

apoptotic pathway (Korsmeyer et al., 2000). Therefore the BH3-only family 

of proteins can be thought of as promoting apoptosis by both inhibiting the 

anti-apoptotic Bcl-2 members, and promoting the activation of the 

mitochondrial pro-apoptotic Bcl-2 members (Kelekar and Thompson, 1998).  
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1.3.4.5	  Inhibitors	  of	  Apoptosis	  Proteins	  	  

As previously mentioned the IAP family is characterised by the presence of 

a BIR domain, a zinc-binding fold of approximately seventy amino acid 

residues (Miller, 1999; Verhagen et al., 2001). Additionally the presence of 

a RING finger domain aids in the ubiquitination (E3) ligase activity of the 

family members, and a Ubiquitin-associated (UBA) domain allow IAPs to 

interact with already ubiquitylated proteins. There are eight IAPs in humans, 

namely XIAP, cIAP1, cIAP2, NAIP, Bruce, Survivin, ILP2 and ML-IAP. 

The natural antagonist of IAPs is the protein SMAC/DIABLO which is 

released from the mitochondria during apoptosis (Ghavami et al., 2009; 

Verhagen and Vaux, 2002).  

 

IAPs are best known for their ability to regulate caspases, NF-κB activation 

and prevent apoptosis. They have been found to have altered expression in 

many cancer types, and are generally correlated with poor prognosis and 

chemoresistance (Hunter et al., 2007).  

 

The best-characterised IAP is XIAP, which inhibits caspase-3 and -7 

through the binding of the active site of caspases via residues in the linker 

region between BIR1 and BIR2 domains (Huang et al., 2001; Sun et al., 

1999). In the case of caspase-9 the BIR3 domain is utilized and binds the 

homo-dimerization surface of the caspase, preventing caspase dimerization. 

The downregulation of XIAP by RNA interference has been shown to 

sensitize cells to TRAIL-induced apoptosis, in ovarian and pancreatic 

carcinoma (Fulda and Debatin, 2006; Li et al., 2000; Vogler et al., 2007). 

Much success has been achieved with the development of inhibitors of IAPs 

referred to as SMAC mimetics. These small molecules are capable of 

rapidly inducing auto-ubiquitination of XIAP, cIAP1 and cIAP2. SMAC 

mimetics sensitised cells to both TRAIL and TNF-induced cell death (Li et 

al., 2004). Furthermore this effect was also seen in vivo in a glioma 

xenograft mouse model (Fulda et al., 2002b). SMAC mimetics have also 

shown promise in phase I clinical trials.  
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The IAPs also have roles outside of the regulation of caspases (Dubrez-

Daloz et al., 2008; Thornberry and Lazebnik, 1998). They have been found 

to be key regulators of the ubiquitin-dependent activation of NF-κB by death 

receptors (Gyrd-Hansen and Meier, 2010). Their contribution to this 

activation will be discussed at length in later sections on the pro-survival 

signalling by TRAIL.  

1.3.5	  TRAIL	  Induced	  Pro-‐survival	  Signalling	  

The TRAIL death receptors in addition to transducing the death signal are 

capable of transducing a pro-inflammatory often pro-survival signal. 

Research suggests that TRAIL-resistant cancers evade surveillance through 

the activation of survival pathways mediated by transcription factors such as 

NF-κB, which directly up-regulate pro-survival proteins such as the IAP 

proteins, cFLIP, Mcl-1 and others blocking death signalling (Cortes 

Sempere et al., 2008; Naugler and Karin, 2008; Ricci et al., 2007; Schneider 

et al., 1997b). 

1.3.5.1	  NF-‐κB	  

Nuclear Factor kappa-B (NF-κB) was first identified as a transcription factor 

which binds to the enhancer of immunoglobulin κ light chain gene in B cells 

(Sen and Baltimore, 1986a, b). Since its discovery NF-κB has been reported 

to be a major regulator of inflammatory responses with roles in both 

adaptive and innate immunity (Bonizzi and Karin, 2004; Li and Verma, 

2002). It is also well known as a critical transcription factor driving cell 

survival, differentiation and proliferation in numerous stress and 

inflammatory pathways, however, in specific cases it can also induce pro-

apoptotic gene expression (Burstein and Duckett, 2003). Constitutive 

activation of NF-κB has been shown to contribute to the maintenance of a 

range of cancers mainly though inducing the expression of anti-apoptotic 

genes, and has also been correlated with a variety of diseases such as 

diabetes, multiple sclerosis, atherosclerosis and Crohn’s disease (Courtois 

and Gilmore, 2006; Karin, 2006).  
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The term “NF-κB” does not denote a single protein, but rather represents a 

family of transcription factors comprised of homo- and hetero-dimers of five 

proteins, namely RelA (p65), RelB, cRel, NF-κB1 (encoded as p105 and 

processed to p50) and NF-κB2 (encoded as p100 and processed to p52) 

(illustrated in Figure 4 below). All of these proteins contain a Rel-homology 

domain (RHD) at their N-terminus, and this domain is responsible for 

inhibitor binding, dimerization, nuclear localisation and subsequent DNA 

binding (Baldwin, 1996; Ghosh et al., 1998). Additionally cRel, RelA and 

RelB also possess a transcription activation domain (TAD) required to 

regulate gene expression. The p50 and p52 subunits lack this domain and are 

only functionally active when associated to a TAD-containing family 

member (Fusco et al., 2008; Perkins, 2007).  

 

Activation of NF-κB occurs via one of two major pathways, the canonical 

and non-canonical pathways characterised by IκB degradation or p100 or 

p105 processing respectively (Sun and Ley, 2008).   

 

In their inactive state the NF-κB dimers are associated with IκB proteins, 

which bind to and mask the nuclear localisation sequence (NLS). The IκB 

family are members of the ankyrin repeat domain (ARD) superfamily and 

can be divided into the canonical IκB proteins IκBα, IκBβ and IκBε and the 

non-canonical IκBγ and Bcl3 (Dobrzanski et al., 1995; Liou et al., 1992). 

Cellular stimulation typically results in the phosphorylation and 

ubiquitination of the IκB proteins targeting them for proteasomal 

degradation and consequently releasing and activating the various dimers, 

facilitating their nuclear translocation and target gene transcription (Karin 

and Ben-Neriah, 2000).  
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Figure 4. The Family of mammalian NF-κB/Rel and IκB proteins. (A) There are five 
mammalian NF-κB genes giving rise to five transcription factor protein subunits, namely 
RelA, RelB, cRel, p100 and p105. All of these subunits share a Rel-Homology Domain 
(RHD) responsible for DNA binding. The RelA, cRel and RelB subunits contain C-terminal 
Transactivation domains (TADs). The protein subunits p50 and p52 are derived from 
proteolytic processing of the p105 and p100 precursor protein respectively. Prior to 
processing the p105 and p100 subunits contain a series of Ankyrin Repeat Domains (ARD) 
which facilitate inhibitor IκB binding at their C-terminus, along with glycine-rich regions 
(GRRs) which are important for processing. The ARDs are also the hallmark of the IκB 
inhibitor proteins (B) IκBα, IκBβ, IκBγ, IκBε and Bcl3. ARD repeats bind the NLS of the 
Rel family, with their phosphorylation at two serine residues (SS) responsible for triggering 
their polyubiquitylation and proteasome mediated degradation. Figure Credit: (Chen and 
Greene, 2004) 
 

The five NF-κB monomers form 15 potential dimers. While in theory every 

subunit of the family can interact with every other member, there are 

differential affinities, which make some interactions and associations more 

likely to occur (Verma et al., 1995). The subset of NF-κB dimers present in 

a given cell is dependent on cell type, the stage in cell cycle and the 

presence of external environmental cues. As an example, cRel dimers are 

most highly expressed in mature lymphoid B and T cells, but in contrast 

RelA dimers are ubiquitously expressed (Chen et al., 2003). Of the 15 

possible dimers twelve are known to be able to bind DNA. The RelA:RelB, 

cRel:RelB and RelB:RelB dimers do not functionally bind DNA but instead 

are reported to recognise the consensus κB site shown below in Figure 5.   
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Figure 5 The NF-κB homo and heterodimers. The five NF-κB proteins can form 15 
possible transcription factors via homo or heterodimerisation. In principle each subunit can 
interact with each member of the family, but different affinitites make some interaction 
more favourable than others. The diagram above illustrates each of the possible 
combinations. It is noted that the RelA:RelB, cRel:RelB and RelB:RelB dimers do not 
functionally bind DNA, but however recognise the consensus κB binding sequence shown 
below, where R indicates A or G, Y indicates C or T and N indicates any base. Figure 
Credit (Hoffmann et al., 2006). 
 

Much of our understanding of the NF-κB signalling pathway has been 

garnered upon the examination of TNF signalling (Hayden and Ghosh, 

2014). The most studied activation pathway in relation to NF-κB signalling 

is the canonical pathway, which impinges on RelA and cRel homo or 

heterodimer activation with p50 the processed form of p105 (Perkins, 2012). 

 

Similar to TNF, TRAIL can also activate canonical NF-κB through the DR4 

and DR5 receptors (Chaudhary et al., 1997; Schneider et al., 1997b). 

Reports also indicate that weak activation may occur through DcR2 (Degli-

Esposti et al., 1997a). The recruitment of either FADD or TRADD to the 

activated death receptors has been described to represent a bifurcation point 

in the outcome of downstream signalling, with TRADD limiting FADD 

binding and sensitivity to TRAIL (Cao et al., 2011). However there are 

some reports where the binding of TRADD may be mediated by FADD, 

with immunoprecipitations (IPs) showing TRADD recruitment to the DISC 

occurs only in the presence of FADD (Schneider et al., 1997b). 

 

Subsequent to TRAIL binding DR4/5 recruit FADD through death domain- 

death domain interactions to which TRADD can bind. A dominant negative 

TRADD has been reported to block NF-κB activation induced by the 
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TRAIL DRs, highlighting its crucial role in the signalling pathway 

(Chaudhary et al., 1997). Recruitment of the TNF-Receptor Associated 

Factor 2 (TRAF2) follows and is dependent on association with TRADD. 

The TRAF2 protein contains a RING domain and three Zinc-finger domains 

at its N-terminus. At its C-terminus there is a coiled coil domain in addition 

to the highly conserved TRAF binding domain (TBD). The N-terminus of 

TRADD associates with the C-terminal of TRAF2. It has been reported that 

TRAF2 can interact with the ubiquitin conjugating enzyme Ubc13, and 

through this association facilitates TRAF2’s E3 ligase activity. 

 

Currently there is some debate in the literature as to the exact events 

following TRADD-TRAF2 association to the TRAIL receptors, with 

inferences being drawn from the literature available for TNFR1 signalling. 

The consensus centres on subsequent association of RIPK1, which 

associates with TRADD via its DD and with TRAF2 via its intermediate 

domain (Lin et al., 2000). TRAF2 mediates the association of cIAP1 and -2 

to the DISC, with TRAF2/cIAP1/2 forming an E3 complex leading to K63 

polyubiquitination of RIPK1, and thus conferring stability to the overall 

complex. The polyubiquitination chains on RIPK1 act as a scaffold for the 

recruitment of the kinases TAK1 and TAB2/3.  This complex can now bind 

through the ubiquitin binding domain of NEMO, leading to the formation of 

the trimeric IκB kinase (IKK) complex consisting of IKKα (also known as 

IKK1), IKKβ (also known as IKK2) and IKKγ/NEMO (Zandi et al., 1997).  

 

IKKα and β preferentially hetero-dimerise though their leucine zipper 

domains, although the kinases have also been reported to homo-dimerise but 

with a lower catalytic efficiency. They bind NEMO though a C-terminal 

NEMO binding domain (NBD) (May et al., 2002). The ubiquitination, 

phosphorylation and SUMOylation status of NEMO by upstream adapters is 

critical to its activation of IKKα/β (Sebban et al., 2006), with the 

phosphorylation of Serine 68 sufficient to attenuate the dimerization of 

NEMO as well as IKKα/β interaction (Palkowitsch et al., 2008). NEMO 

therefore not only participates in the activation of the IKK complex, but 

additionally links the upstream activators to the IKKs and confers structural 
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stability to the complex (Ea et al., 2006; Palkowitsch et al., 2008; Rothwarf 

et al., 1998).  

 

The IKK complex is active once IKKα has been phosphorylated at serine 

176/180 and/or IKKβ has been phosphorylated at its catalytic subunit at 

serine 177/181 (Delhase et al., 1999; Mercurio et al., 1997). Once active 

IKKα/β phosphorylate the canonical IκB proteins -α, -β and -ε at two 

specific N-terminal series (S32 and S36) and triggers their K48 poly-

ubiquitination and proteasomal mediated degradation. Phosphorylated IκB 

proteins release the NF-κB dimers for nuclear translocation. Four 

transcriptional activators RelA:RelA, RelA:p50, cRel:cRel or cRel:p50 are 

potentially activated in canonical NF-κB signalling (Shih et al., 2011). 

        

 
Figure 6. Canonical and Non-Canonical NF-κB Signalling. In the canonical NF-κB 
pathway (left), upon ligand binding to DR4/5 the recruitment of TRADD TRAF2 and c-
IAP1/2 lead to poly-ubiquitylation RIPK1 and are themselves ubiquitylated to generate a 
binding platform for the recruitment of TAK1, TAB2/3 and the IKK complex consisting of 
IKKα, IKKβ and NEMO. Activation of IKKβ leads to the degradation of the IκB proteins 
and the translocation of p50-RelA to the nucleus. In the non-canonical (right) NF-κB 
pathway c-IAP proteins, together with the adaptor TRAF2 and TRAF3, promote the 
constitutive ubiquitylation of NIK driving its proteasomal degradation.  The recruitment of 
c-IAP proteins to receptors such as TWEAK, FN14 or CD40 leads to the degradation of c-
IAP proteins, liberating NIK and allowing for phosphorylation of IKKα. This leads to 
processing of p100 and release of the p52- RelB subunits. Figure is self-generated. 
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The ratio of the cRel and RelA subunits seems to determine whether NF-κB 

signals for survival or apoptosis, with differential roles for the various Rel 

subunits (Chen et al., 2003). For example, the RelA subunit can enhance 

TRAIL-induced expression of DR4/5 and repress expression of cIAP1/2 and 

thus promote the apoptotic signal, whereas the cRel subunit can inhibit the 

expression of DR4/5 and caspase-8, and increase the expression of cIAP1 

and 2, promoting an anti-apoptotic signal (Chen et al., 2003). Due to these 

findings, it has been proposed that stimulation of NF-κB activity by TRAIL 

may have opposing effects dependent upon whether RelA or cRel is the 

dominant transcriptional component (Chen et al., 2003; Yang et al., 2011). 

Additional downstream post-translational modifications of the active NF-κB 

subunits, such as phosphorylation of RelA at serines 276, 529 and 536 by 

Protein Kinase A (PKA) and Mitogen and Stress Activated protein Kinase-1 

(MSK1) has been shown to further regulate the expression of target genes. 

This phosphorylation enhances the binding of other co-activator proteins 

and increases nuclear localisation and stability. Activation of the canonical 

pathway can occur within minutes (Ramakrishnan et al., 2004). 

 

Non-canonical NF-κB signalling occurs in response to ligands of the TNF 

receptor family such as BAFF, LTβR and CD40, and is dependent on 

inducible phosphorylation and proteasome-mediated processing of p100 to 

its p52 form (Sun, 2011; Yamamoto and Gaynor, 2004). This leads to 

nuclear translocation of the p52–RelB dimer. The processing of p100 is 

controlled by the NF-κB inducing kinase (NIK), along with IKKα. In 

normal resting condition the levels of NIK are kept low through its constant 

targeting by the TRAF2-TRAF3-cIAP1/2 E3 complex, where it is K48 

polyubiquitynated by TRAF3 to be targeted for proteasomal degradation 

(Razani et al., 2011; Sun, 2011).  

 

Non-canonical activation of NF-κB involves signal-induced TRAF3 

proteolysis and consequently NIK accumulation. For example when the 

CD40 receptor binds its cognate ligand CD40L this induces the recruitment 

of the TRAF2-TRAF3-cIAP-1/2-NIK complex to the receptor, where 

TRAF3 undergoes cIAP-dependent K48-linked ubiquitination, thus 



General Introduction 
 

  
 

48 

releasing NIK (Vallabhapurapu et al., 2008). The newly freed NIK then 

cooperates with IKKα to phosphorylate p100 initiating it’s processing to p52. 

Following this, p52 complexes with RelB and the dimer translocates to the 

nucleus. In contrast to the canonical pathway, which is activated within 

minutes of receptor activation, activation of the non-canonical pathway 

requires hours (Perkins, 2007). A graphical representation of canonical and 

non-canonical NF-κB can be seen in Figure 6.  

 

It is well documented that constitute activation of NF-κB is present in 

approximately 15-20% of patients with Multiple Myeloma (MM) (Bharti et 

al., 2004), with these patients observed to have high frequency of mutations 

in the cIAP1/2 and TRAF2/3 genes. Very importantly, the adaptor TRAF2 

along with cIAP1/2 act as positive regulators of canonical NF-κB signalling 

and negative regulators of non-canonical NF-κB signalling pathways 

(Zarnegar et al., 2008).  

1.3.5.2	  MAP	  Kinases	  

The Mitogen Activated Protein (MAP) kinases represent a superfamily of 

proteins that are important for transmitting signalling cascades including 

p38 MAP kinases, c-jun N-terminal protein kinases (JNK1/2/3) and 

extracellular signal regulated kinases (ERK1/2) (Chang and Karin, 2001). 

These serine-threonine kinases are responsible for phosphorylation of 

protein substrates at conserved serine-proline or threonine-proline motifs. 

This family of kinases are stress activated and are important in the 

regulation of cell proliferation, differentiation, development and apoptosis. 

They are part of a signal transduction cascade, which includes activation of 

MAP kinase, MAP kinase kinase (MAP2K) and MAP kinase kinase kinase 

(MAP3K). MAP kinase signalling can be thought of occurring through a 

three-tiered phosphorylation cascade (Good et al., 2011). 

  

P38 MAPK has four isoforms namely α, β, γ and δ; and can be activated 

through extracellular stimuli though the MAP3K-MKK pathway, by both 

inflammatory cytokines and environmental stress. Examples of 
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inflammatory cytokines that have been reported to activate p38 MAPK 

include TNF, TRAIL and IL-1. In addition heat shock, osmotic shock and 

UV radiation have also been shown to be environmental stressors 

responsible for activation (Takekawa et al., 2000; Uhlik et al., 2003).  

 

Reports have shown that TRAIL can activate p38 MAPK through the 

formation of a secondary complex of FADD, RIP1, TRAF2 and caspase-8 

(Varfolomeev et al., 2005). p38 MAPK has been said to either suppress or 

enhance the apoptotic effect of TRAIL in  a cell type specific manner. As an 

example, the inhibition of p38 via chemical inhibitors has increased the level 

of TRAIL-induced cell death in both breast and colon carcinoma models 

(Weldon et al., 2004), indicating that this kinase contributes to cell survival. 

TRAIL-induced phosphorylation of p38 has been observed to coincide with 

transcriptional upregulation of Mcl-1, and could rescue prostate cancer cells 

from apoptosis (Son et al., 2010). However there are also reports that p38 

activation in HeLa cells is required for TRAIL-induced caspase activation 

and apoptosis (Lee et al., 2002).  

  

The c-jun amino-terminal kinases (JNKs) were originally identified as 

protein kinases, which are activated by cellular stress signalling, and 

reported to have a key role in apoptosis. Activation of the JNK pathway 

leads to the phosphorylation of the c-jun component of the activator protein-

1 (AP-1) transcription factor complex, with this phosphorylation enhancing 

AP-1 transcriptional activity (Pulverer et al., 1991; Smeal et al., 1991), 

controlling a number of cell processes such as differentiation, proliferation 

and apoptosis.  

 

In the context of TRAIL-induced JNK activation FADD has been shown to 

be dispensable (Herr et al., 1999), with TRAF2 and RIP1 reported to be 

required for activation in fibrosarcoma cells (Hu et al., 1999; Lin et al., 

2000). In addition activation of c-Jun/AP-1 has been observed to facilitate 

mitochondrial apoptosis through the direct phosphorylation of Bim 

stabilizing the protein (Corazza et al., 2006). Stabilization of Bim and 

phosphorylation of Beclin-1 have been found to contribute to lysosomal 
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death pathways induced following TRAIL administration (Park et al., 2009; 

Werneburg et al., 2007).  

 

Despite these reports however, there is evidence that JNK inhibition can 

affect TRAIL-induced apoptosis and that activation can have opposite 

effects dependent on the cellular context. Experiments have shown a dual 

role for JNK activation, with prolonged activation by TNF inducing 

apoptosis and transient activation promoting cell survival (Ventura et al., 

2006). This has been attributed to the presence of short JNK1 isoforms 

(namely JNK1α1 and –β1) and long isoforms (JNK1α2 and –β2), with the 

short forms transmitting an anti-apoptotic signal and the long transmitting a 

pro-apoptotic signal upon activation following TRAIL (Mahalingam et al., 

2009a). 

 

The ERK pathway is reported to respond to mitogenic signals such as 

epidermal growth factor (EGF), nerve growth factor (NGF), platelet-derived 

growth factor (PDGF) and fibroblast growth factor (FGF), and is regulated 

by Ras-dependent signalling (Cobb, 1999; Pearson et al., 2001). TRAIL-

induced ERK1/2 phosphorylation has been observed (Milani et al., 2003). 

However, the mechanism behind this activation is currently undefined. 

ERK1/2 activation in response to TRAILR stimulation is believed to have 

an anti-apoptotic effect, with inhibition of ERK1/2 found to sensitise 

TRAIL-resistant melanoma and colon carcinoma cells to TRAIL-induced 

apoptosis (Lee et al., 2006; Vaculova et al., 2006; Zhang et al., 2003).  

 

However akin to the literature published on JNK signalling, there is 

controversy surrounding the role of ERK1/2 activation in TRAIL resistance, 

with reports that ERK activation also elicits pro-apoptotic effects sensitising 

for example lung carcinoma cells to TRAIL induced cell death following co-

treatment with the candidate chemotherapeutic agent PG490. It was 

observed that ERK2 activation was required and that the sensitisation effect 

could be blocked through the inhibition of ERK2 (Frese et al., 2003). ERK 

has also been reported to regulate Bad, BimEL and caspase-9, all of which 

are critical mediators of apoptotic signalling. In addition, the inhibition of 
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ERK signalling was found to decrease the expression of the anti-apoptotic 

Bcl-2 family members Bcl-2, Bcl-XL and Mcl-1 (Boucher et al., 2000), 

which may explain the increased sensitivity to TRAIL.  

1.3.4.5	   Phosphoinositide	   3-‐kinase	   and	   Protein	  
Kinase	  B	  

The activation of the phosphoinositide 3-kinase (PI3K) and protein kinase B 

(PKB, also known as AKT) pathways are important for mediating survival 

signals, cytoskeleton remodelling, gene expression and vesicular transport, 

with signalling occurring through activated receptor tyrosine kinases, 

cytokine receptors and G-protein coupled receptors (GPCRs) (Murga et al., 

1998).  

 

Enhanced activity of PI3K and AKT has been reported in many 

malignancies, and are found to be critical to cell growth, cell cycle and cell 

survival. It is thought that AKT mediates is effects though targeting of p27 

and p21, both of which are cyclin-dependent kinase inhibitors, and it is well 

documented that arrests in cell cycle can sensitise cells to TRAIL-induced 

apoptosis (Jin et al., 2002; Roy et al., 2010). TRAIL mediated PI3K and 

AKT activation has been demonstrated in several tumour cell types, with 

inhibition of this pathways overall found to sensitise cells to apoptosis. Co-

treatment of TRAIL with the pharmacological inhibitor LY294002 against 

PI3K has sensitised cells to TRAIL-induced apoptosis (Larribere et al., 

2004).  

 

PI3K and/or AKT have been found to directly phosphorylate the NF-κB 

subunit RelA (p65), with a reduction in this phosphorylation leading to 

attenuated nuclear translocation of p65, and thus a concomitant decrease in 

the expression of pro-survival genes, allowing for sensitisation to cell death. 

AKT is also reported to be a direct kinase for Bad, inactivating its pro-

apoptotic function and therefore suppressing mitochondrial apoptosis 

(Blume-Jensen et al., 1998; Datta et al., 1997).  
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1.3.4.6	  Protein	  Kinase	  C	  

Protein Kinase C (PKC) and its isoforms (α, β, γ, ε, δ, and η) can be 

activated by TRAIL, and has been shown to mediate both pro- and anti-

apoptotic effects. It appears that the activation of PKC ε/δ/η leads to an 

enhancement in TRAIL-induced apoptotic signalling (Okhrimenko et al., 

2005), whereas the activation of PKC α/β/γ results in inhibition of apoptosis 

(Farrow et al., 2002; Gutcher et al., 2003).  

 

In TRAIL resistant pancreatic adenocarcinoma cells inhibition of PKC 

activity with the inhibitor Gö6983 was found to sensitise cells to apoptosis 

(Trauzold et al., 2001).  It has been reported that PKC may regulate the 

expression of apoptotic genes. Activation of the PKC α, β, γ isoforms was 

found to sensitise pancreatic cancer cells to apoptosis following treatment 

with the activator PMA or bryostatin-1 through an increased in Bad, DR4 

and DR5 gene expression (Farrow et al., 2002).  

 

Cells already known to be TRAIL-sensitive became TRAIL resistant after 

the addition of the PKC activator phorbol 12-myristate 13-acetate (PMA). In 

contrast to the above, it was observed that activation of PKC prevented the 

translocation of Bax to the mitochondria and in this way could suppress 

apoptosis (Gillespie et al., 2005). Additionally the activation of PKC has 

been found to inhibit the recruitment of FADD and caspase-8 to the TRAIL 

DISC and thus decrease apoptotic signalling (Harper et al., 2003; Meng et 

al., 2002). 
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Aims	  of	  the	  research	  

TRAIL can illicit apoptosis in tumour cells, but leaves normal non-

transformed cells unscathed. Thus an understanding of how this resistance is 

maintained is critical in the context of patient treatment, to avoid making 

normal healthy cells susceptible to death. It also follows that an 

understanding of TRAIL resistance in the context of healthy setting may 

yield insights into how cancer cells evade cell death by a similar mechanism. 

Approximately 50-60% of tumour cell types are resistant to TRAIL-induced 

apoptosis (Wagner et al., 2007). As of yet the mechanism of TRAIL 

resistance in non-transformed cells remains mostly undefined.  

 

The aim of our research was to obtain insight into the molecular 

mechanisms governing TRAIL resistance. The aim of the work in chapter 

one was to examine the mechanism behind TRAIL resistance in non-

transformed cells. The hypothesis under investigation was that non-

transformed cells might rely on or have a particular signalling pathway 

mediating their resistance to TRAIL-induced cell death, or have a block in 

the death-signalling pathway, which may be different from that of cancerous 

cells. To this end we examined the roles that cFLIP, anti-apoptotic Bcl-2 

proteins, as well as XIAP had upon TRAIL-induced apoptosis. 

 

The central aim of chapter two was to gain further insight into the 

deregulation of the TRAIL signalling axis and assess the feasibility of 

blocking TRAIL-induced NF-κB activation to enhance the tumouricidal 

effect of TRAIL. Previous results have shown that simultaneous inhibition 

of NF-κB and activation of DR4/DR5 resulted in synergistic tumouricidal 

effects in vitro in a number of tumour cell lines. These results lead to the 

formation of a hypothesis; that through blocking NF-κB activation by the 

TRAIL receptors we can observe a sensitisation to recombinant TRAIL. 

 

The role of the TRADD-TRAF2 interaction for TRAIL-mediated NF-κB 

activation was examined; along with the effects of inhibition of this 
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interaction on TRAIL-induced apoptosis. Through these experiments we 

aimed to address what is/are the possible molecular mechanisms underlying 

TRAIL resistance in tumour cell lines, with the aim of restoring cancer cell 

sensitivity to TRAIL-induced apoptosis. 

 

The tumour microenvironment has emerged as an important component in 

determining therapeutic response in AML. More specifically, the harbouring 

of Leukemic stem cells (LSCs) in the bone marrow microenvironment has 

been correlated with patient relapse. Thus an understanding of how this 

niche can affect drug response and LSC survival is of therapeutic benefit. In 

chapter three the role of the tumour microenvironment in AML treatment 

response was examined. Using the bone marrow derived cell line HS5; we 

examined the effects stromal co-culture has on drug responsiveness in both 

established AML tumour cell lines, and primary patient AML.  The effect 

co-culture of AML cell lines with stromal cells on the expression of Bcl-2, 

Bcl-XL and Mcl-1 at the mRNA and protein level was assessed.  In addition, 

the effects of co-culture upon single treatment with the BH3 mimetic ABT-

737, and combination treatments with ABT-737 and cytarabine, or 

daunorubicin and cytarabine were investigated. We have sought to identify 

possible factors which may determine outcome of AML therapy conferred 

by the tumour microenvironment, and if inhibition of these factors is a 

viable strategy for re-sensitizing tumour cells to conventional treatment.  
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Summary	  of	  Contents	  

In chapter two we demonstrate that in non-transformed cells multiple 

signalling pathways control TRAIL resistance and they act in a redundant 

manner. This is contrary, however, to the resistance mechanisms found in 

tumour cell types, which tend to rely on a single mechanism of resistance. 

Furthermore, inhibition or knockdown of the single overexpressed protein in 

a panel of tumour cells was sufficient to trigger TRAIL sensitivity. 

Therefore, the redundancy in resistance pathways in non-transformed cells 

may offer a safe therapeutic window for TRAIL-based combination 

therapies where selective sensitisation of the tumour to TRAIL can be 

achieved by targeting the single non-redundant resistance pathway.  

 

In chapter three we aimed to examine the role of TRAIL receptor-induced 

NF-κB activation driving TRAIL resistance. These efforts centred on the 

association of the adaptor proteins TRADD and TRAF2. In order to restore 

TRAIL sensitivity and overcome TRAIL resistance, the design of a 

molecular blocker which prevents the recruitment of the adaptor TRAF2 to 

TRADD was tested for its ability to uncouple DR4/DR5 mediated NF-κB 

activation and restore apoptotic signalling. Alongside this, the role of 

TRAF2 in TRAIL-induced NF-κB activation was examined through the 

generation of specific TRAF2 mutants deficient for either TRADD or 

cIAP1/cIAP2 binding in tumour cells. 

 

In chapter four we examine the role of the tumour microenvironment in 

AML treatment response. Using the bone marrow derived human cell line 

HS5; we examined the effects of stromal co-culture on drug responsiveness 

in both established AML tumour cell lines, and primary patient AML.  We 

confirm that co-culture of AML cell lines with stromal HS5 cells induced 

expression of anti-apoptotic Bcl-2 family members, and resulted in marked 

resistance to single treatment with ABT-737 and cytarabine in AML cell 

lines and primary AML. Using a combination strategy we found that ABT-

737 potently synergizes with the Cdc7/Cdk9 inhibitor PHA-767491 via 

transcriptional inhibition of Mcl-1 in Oci-AML3 cells.  This combination 
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also proved effective in primary AML, with both the whole cell population 

sensitised to cell death, and more importantly the leukemic stem cell (LSC) 

population.  
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Chapter	   Two:	   Resistance	   to	   TRAIL	   in	   non-‐
transformed	   cells	   is	   due	   to	   multiple	   redundant	  
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2.1	  Abstract	  

TRAIL is a cytokine and a selective inducer of apoptosis in a range of 

tumour cells, whilst leaving normal untransformed cells unscathed 

(Ashkenazi and Dixit, 1998). A large number of chemotherapeutics as well 

as biological agents are being tested for their potential to sensitise resistant 

tumour cells to TRAIL as a means to broaden the range of tumours treatable 

with the death inducing ligand (Hellwig and Rehm, 2012). However, due to 

the incomplete understanding of the mechanism(s) underlying TRAIL-

resistance in non-malignant cells it is unpredictable whether the effect of 

these sensitizers will be restricted to tumour cells or also sensitise non-

transformed cells, causing unwanted side effects and toxicity (Dimberg et al., 

2013; Kelley et al., 2001).  

 

In this chapter we carried out a systematic analysis of the mechanisms 

driving TRAIL resistance in non-transformed cells. We found that cFLIP, 

anti-apoptotic Bcl-2 proteins, as well as XIAP were independently able to 

provide resistance to TRAIL. Deficiency of only one of these proteins in 

non-transformed cells was not sufficient to elicit TRAIL sensitivity, 

demonstrating that in non-transformed cells multiple pathways control 

TRAIL resistance and they act in a redundant manner. This is contrary, 

however, to the resistance mechanisms found in tumour cell types, which 

tend to rely on a single mechanism of TRAIL resistance. Supporting this 

notion we found that 76% of TRAIL-resistant cell lines (13 out of 17) 

expressed only one of the above-identified anti-apoptotic proteins at an 

increased level (≥1.2 fold higher than the mean expression across all cell 

lines). Furthermore, inhibition or knockdown of the single overexpressed 

protein in these tumour cells was sufficient to trigger TRAIL sensitivity. 

Therefore, the redundancy in resistance pathways in non-transformed cells 

may offer a safe therapeutic window for TRAIL-based combination 

therapies where selective sensitisation of the tumour to TRAIL can be 

achieved by targeting the single non-redundant resistance pathway.  
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2.2	  Introduction	  

To date, the mechanism of TRAIL resistance in normal, non-transformed 

cells is poorly studied (Refaat et al., 2014; Wang and El-Deiry, 2003; Zhang 

et al., 2000). Early reports have found that non-transformed cells expressed 

higher amounts of DcR1 and DcR2 than cancerous tissues, which may be 

the means through which they are protected from TRAIL (Pan et al., 1997a; 

Sheridan et al., 1997), however, there is a lack of sufficient mechanistic in 

vitro and in vivo evidence in support of this hypothesis. 

The most studied non-transformed cell type for TRAIL resistance are 

keratinocytes. Keratinocytes, unlike most other non-transformed cells (such 

as fibroblasts, smooth muscle cells, and endothelial cells), display some 

degree of TRAIL sensitivity (van Dijk et al., 2013). This sensitivity 

increases by transforming the keratinocytes, which has been linked to 

reduced cFLIP or XIAP expression in response to the transformation 

(Leverkus et al., 2000; Leverkus et al., 2003; Zhang et al., 2000). However, 

our knowledge about the innate resistance mechanisms in non-transformed 

cells is currently incomplete (Zhang and Fang, 2005).  

Drugs that reduce the expression of anti-apoptotic proteins, either by 

inducing cellular stress or inhibiting the oncogene that drives their 

expression can restore sensitivity of tumour cells to TRAIL (Fesik, 2005; 

Reed, 2006). Although healthy, non-transformed cells are protected against 

TRAIL-induced apoptosis, there are examples where cellular stress injury 

caused for example by proteasome inhibition triggers TRAIL sensitivity in 

non-malignant cells (Cantarella et al., 2010; Koschny et al., 2007). The 

effect of the plethora of drugs reported to sensitize tumour cells to TRAIL 

by inducing DNA damage, oxidative stress, endoplasmic reticulum stress, 

etc., on normal, non-transformed cells is therefore unpredictable (Hall and 

Cleveland, 2007). 

In the current study, we carried out a systematic analysis of the mechanisms 

that regulate TRAIL resistance in non-transformed cells. We show that non-
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transformed cells are protected from TRAIL-induced apoptosis by multiple, 

redundant pathways. We found that in both human primary fibroblasts and 

smooth muscle cells the expression of cFLIP, anti-apoptotic Bcl-2 proteins 

and XIAP are independently able to provide resistance to TRAIL. Removal 

of only one of these proteins was insufficient to induce TRAIL sensitivity. 

We demonstrated that by knocking down the receptor-proximal cFLIP 

together with either the anti-apoptotic Bcl-2 proteins or XIAP, TRAIL 

resistance was relieved. We show that on the contrary TRAIL-resistant 

tumour cells tend to rely on the expression of only one of these anti-

apoptotic proteins to maintain TRAIL resistance, which may offer a safe 

therapeutic window for combination therapies. 
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2.3	  Materials	  and	  Methods	  

2.3.1	  Cell	  culture	  and	  treatments	  
Human dermal fibroblasts from two different healthy donors (donor 006 and 

donor 007) were a kind gift of Dr. Linda Howard (Regenerative Medicine 

Institute [REMEDI], National Centre for Biomedical Engineering Science 

[NCBES], National University of Ireland [NUI] Galway) and were cultured 

in low-glucose concentration (1000 mg/L) Dulbecco's modified Eagle's 

medium (Sigma) supplemented with 10% foetal bovine serum, 50 U/ml 

penicillin and 50 µg/ml streptomycin. Human Umbilical Artery Smooth 

Muscle Cells (Lonza) were cultured in Smooth Muscle Cell Growth 

Medium 2 (PromoCell) supplemented with 50 U/ml penicillin and 50 µg/ml 

streptomycin. HCA-7, PANC-1 and RKO cells and were cultured in high-

glucose concentration (4,500 mg/L) Dulbecco's modified Eagle's medium 

(Sigma) supplemented with 10% foetal bovine serum (Sigma Aldrich), 50 

U/ml penicillin and 50 µg/ml streptomycin. OCI-AML2 cells were cultured 

in Minimum Essential Medium Eagle’s medium (Sigma) supplemented with 

10% foetal bovine serum, 50 U/ml penicillin and 50 µg/ml streptomycin, 

and HL-60 cells were cultured RPMI-1640 medium (Sigma) supplemented 

with 10% foetal bovine serum, 50 U/ml penicillin and 50 µg/ml 

streptomycin. Cells were maintained at 37°C in a humidified, 5% CO2 

atmosphere. 

 

hFb cells were treated with recombinant human TRAIL (rhTRAIL, non-

tagged, fragment of amino acids 114-281, kind gift from Wim J Quax, 

University of Groningen, The Netherlands), crosslinked FLAG-TRAIL95 

(TRAIL-CL; aa 95-281, gift from Wim J Quax of University of Groningen, 

crosslinked with enhancer (anti-FLAG antibody) from Enzo Life Sciences, 

Cat# ALX-804-034-C050). As both non-crosslinked and crosslinked or 

trimerisation-enforcing formulation (e.g. leucine-zipper tagged TRAIL) of 

TRAIL may be relevant in clinical use, both non-tagged and crosslinked 

TRAIL has been tested in most experiments.  
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To selectively activate DR5, crosslinked agonistic DR5 antibody (LBY135, 

Novartis, Basel, Switzerland) was used. To crosslink LBY135, LBY135 was 

incubated with 3-fold molar excess of anti-human Fab-fragment antibody 

(Jackson ImmunoResearch Laboratories, Inc. West Grove, PA, USA, Cat. 

no. 109-006-098) for 30 min at room temperature. To test the role of 

regulatory mechanisms, cells were treated with cycloheximide (CHX, 

Sigma), ABT-737 (Selleck Chemicals, Houston, TX, USA), Etoposide 

(Sigma), Doxorubicin (Sigma), Staurosporine (Sigma) or BV6 (Genentech, 

San Francisco, CA, USA) at the concentration and times specified in the 

figure legends. 

 

2.3.2	  Annexin	  V	  staining	  
Cell death was monitored by labelling phosphatidyl serine externalised on 

the surface of apoptotic cells with Annexin-V-FITC (Immunotools Ltd, 

Germany). Following treatment, cells were collected by gentle trypsinisation 

and incubated for 10 min at 37oC to allow membrane recovery after which 

cells were pelleted by centrifugation and incubated with Annexin-V-FITC in 

calcium buffer (10 mM HEPES/NaOH, pH 7.5, 140 mM NaCl and 2.5 mM 

CaCl2) for 15 min on ice in the dark. Cells were washed in calcium buffer 

prior to acquisition on a FACSCanto I or II flow cytometer (Becton 

Dickinson). Analysis was performed using FACSDiva software (Becton 

Dickinson).  

 

2.3.3	   Measurement	   of	   mitochondrial	   transmembrane	  

potential	  (ΔΨm)	  

Changes in ΔΨm were detected using the fluorescent dye 

tetramethylrhodamine ethyl ester perchlorate (TMRE; Molecular Probes). 

Following treatment, cells were collected by gentle trypsinisation and 

TMRE was added to the cells at a final concentration of 100 nM. Cells were 

incubated for 30 min at room temperature in the dark followed by immediate 

analysis by flow cytometry (FACSCanto II flow cytometer, Becton 

Dickinson). As a positive control for mitochondrial depolarisation, cells 
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were treated with 10 µM carbonyl cyanide 3-chlorophenylhydrazone 

(CCCP; Sigma) for 2 h. 

 

2.3.4	  Western	  blot	  analysis	  
Cells were harvested by centrifugation and lysed in buffer containing 1% 

Igepal-630, 20 mM HEPES pH 7.5, 350 mM NaCl, 1 mM MgCl2, 0.5 mM 

EDTA, 0.1 mM EGTA, 0.5 mM dithiothreitol (DTT), 1 µM 

phenylmethylsulphonyl fluoride (PMSF), 1.0 µg/ml Pepstatin, 10 µM 

Leupeptin, 2.5 µg/ml aprotinin, 2.5 µg/ml leupeptin and 250 µM N-acetyl-

leucyl-leucyl-norleucinal (ALLN) after being washed twice in ice-cold PBS. 

Cellular proteins (30 µg) were subjected to electrophoresis on 10 or 12% 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto 

nitrocellulose membrane (Protran). After blocking in 5% non-fat milk and 

0.05% Tween-20 in PBS, blots were incubated with rabbit polyclonal 

antibodies against Mcl-1 (1:1000; Cat# 4572, Cell Signaling Technologies), 

Bax (1:1000; Cat# 2772, Cell Signalling) or actin (1:500; A2103, Sigma) 

and mouse monoclonal antibodies against XIAP (1Assay Design), cFLIP 

(1:200; Cat# ALX-804-428, Alexis Pharmaceutical), Bcl-XL (H-5) (1:200; 

SC-8392, Santa Cruz) and Bcl-2 (100) (1:200; Cat# SC-509, Santa Cruz). 

For detection, appropriate horseradish peroxidase-conjugated goat 

secondary antibodies were used at a 1:5000 dilution, also in 5% milk PBST 

(0.05%) for 2 hours at room temperature. Protein bands were visualized with 

Western bright ECL-HRP Substrate (MyBio, Cat#K-12045-D50) on X-ray 

film (Agfa). 

 

2.3.5	  Transfections	  and	  siRNAs	  

Fibroblast cells were transfected with LipofectamineTM 2000 transfection 

reagent as per manufacturer’s protocol (Invitrogen)  

 

2.3.6	  Transduction	  and	  viral	  vectors	  

An adenoviral vector expressing cFLIP shRNA (Ad5shFLIP; kind gift of Dr. 

Ralf Zwacka, NCBES, NUI Galway), an adenoviral vector expressing EGFP 

(Ad5EGFP; kind gift of Dr. Ralf Zwacka, NCBES, NUI Galway) or an 
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empty adenoviral vector (Ad5Null; a gift from Dr. Thomas Ritter, REMEDI, 

NCBES, NUI Galway). hFb cells were transduced by spin centrifugation; 

the virus was added to the cells and the plate was spun at 2000xg for 90 

minutes at 37°C after which fresh medium was added. To transduce HCA7 

cells, the cells were seeded at 1.5x105 cells per ml the day before 

transduction. The virus was added in complete growth medium for 3 h after 

which the transduction medium was replaced with fresh growth medium and 

the experiments were carried out the following day. The optimal multiplicity 

of infection (MOI) was determined at 250 MOI for hFb and 200 for HCA7 

cells, at which ≥80% of the cells were transduced after 24-48 h with 

Ad5GFP. Cells were fixed in 1% PFA before further analyses. 

 

2.3.7	  Statistical	  analysis	  
Differences in Annexin V staining between the treatment groups were 

analysed using a paired Student’s t-test, with a significance level of P<0.05. 

Error bars are shown as standard error of mean (S.E.M). All statistical 

analysis was performed using Minitab 16 (Minitab Ltd). 
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2.4	  Results	  

Previous experiments conducted in our lab have demonstrated that inhibition 

of protein translation with cycloheximide (CHX) was sufficient to overcome 

TRAIL resistance in non-transformed cells (van Dijk et al., 2013).  

 

In order to confirm that CHX sensitised cells to TRAIL-induced apoptosis 

rather than inducing TRAIL-independent necrotic cell death, we examined 

activation of the apoptosis effector, pro-caspase-3. Human fibroblasts were 

treated with 200 ng/ml of crosslinked TRAIL (TRAIL-CL) for 3-24 hours 

alone (upper panel) (Figure 1A) or following treatment with 10 µg/ml of 

cycloheximide for 24 h (lower panel). It was observed that TRAIL treatment 

induced only partial processing of pro-caspase-3 to its still inactive, p20 

fragment, and as a result no PARP cleavage was observed (Figure 1A 

above). Following pre-treatment with CHX full processing of caspase-3 to 

its active, p17 fragment could be observed which was associated with 

cleavage of its substrate protein, PARP. As a positive control the TRAIL-

sensitive cell line Colo205 was treated with 50 ng/ml of TRAIL for 4 hours 

and loaded alongside on the gel.  

 

Previous results from the group (van Dijk, 2011) have also identified 

potential targets of CHX resulting in TRAIL-sensitisation. It was found that 

10 µg/ml CHX for 24 h led to the downregulation of the anti-apoptotic 

proteins cFLIP, Bcl-XL and Mcl-1 in hFb. To determine the mechanistic role 

of the above proteins in maintaining TRAIL-resistance in non-transformed 

cells, they were either knocked down or inhibited with pharmacological 

inhibitors and the effect on TRAIL-sensitivity assessed.  

 

The effect of cFLIP in TRAIL-resistance was examined using small 

interfering RNA (siRNA) targeting the death effector domain region, which 

is common to all three splice variants of cFLIP. hFb cells were transfected 

with 50 nM siRNA against cFLIP. 24 hours after transfection with the 

siRNA cells were treated with TRAIL for an additional 24 hours. Cells were 
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harvested and lysates examined for pro-caspase-3 processing and PARP 

cleavage.  Knockdown of cFLIP failed to sensitise hFb cells to TRAIL-

induced apoptosis, and alone had no effect on pro-caspase-3 processing or 

PARP cleavage (Figure 1B) 

 

XIAP is a well-known inhibitor of caspase-3, and through binding to its 

partially processed, p20 fragment it prevents the removal of the 3kDa pro-

domain and thus activation of caspase-3 (Bratton et al., 2002; Deveraux et 

al., 1999). We next sought to test the involvement of XIAP in TRAIL 

resistance and examine a potential two-point control, which may be 

responsible for TRAIL-resistance in human fibroblasts. hFb cells were 

transfected with 50 nM of siRNA against cFLIP and XIAP alone, or cFLIP 

and XIAP together. Lysates were examined for protein expression (Figure 

1C). It was observed that knockdown of cFLIP and XIAP together sensitised 

hFb to TRAIL-induced apoptosis (Figure 1D). cFLIP and XIAP double 

knockdown also lead to full processing of pro-caspase-3 to its p17 form 

following TRAIL treatment (Figure 1E). To test whether the combined 

knockdown of cFLIP and XIAP specifically sensitised cells to TRAIL-

induced apoptosis, or they acted as cell stressors lowering the general 

apoptotic threshold, hFb were treated with compounds that predominantly 

target the intrinsic apoptotic pathway, namely doxorubicin and etoposide. 

hFb were treated with 100 µM etoposide or 10 µM doxorubicin for 24 hours 

following knockdown of cFLIP and/or XIAP. Knockdown of cFLIP and 

XIAP did not sensitise hFb to these compounds, indicating that cFLIP and 

XIAP represent a bona fide resistance mechanism against TRAIL rather than 

acting as generic pro-survival factors.  
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Figure 1. Both cFLIP and XIAP provide TRAIL resistance in fibroblasts. (A) hFb were 
treated with 200  ng/ml TRAIL-CL (3, 6, 12, 24  h) in the absence or presence of a pre-
treatment with 10  µg/ml of CHX for 15  h (upper and lower panels, respectively) and 30  µg 
whole-cell lysate were analysed for pro-caspase-3 and PARP cleavage with western 
blotting. As a positive control, 30  µg of TRAIL-treated (50  ng/ml, 4  h) Colo205 cell lysate 
was used. (B) hFb Cells were transfected with an siRNA (50  nM) against cFLIP (cFLIP1) 
or GFP as transfection control. 24 h after transfection, cells were treated with 200  ng/ml 
TRAIL or TRAIL-CL for 24  h and whole-cell lysates were analysed for pro-caspase-3 
processing and PARP cleavage with western blotting. As a positive control, 30  µg of 
TRAIL-treated (50  ng/ml, 4  h) Colo205 cell lysate was used. (C–E) Cells were transfected 
with siRNAs (50  nM) against cFLIP (cFLIP1) and/or XIAP or GFP as transfection control. 
(C) Lysates from transfected cells were analysed for cFLIP and XIAP expression. (D) 
Knockdown of cFLIP together with XIAP sensitises hFb to TRAIL. 24 h after siRNA 
transfection, cells were treated with 200  ng/ml TRAIL-CL for 24  h and induction of 
apoptosis was measured with Annexin V analysis. The significance level between control 
and TRAIL treatment P<0.05 is indicated by a star. (E) cFLIP and XIAP knockdown 
together leads to processing of pro-caspase-3 to its p17 form in response to TRAIL. 
Twenty-four hours after siRNA transfection, cells were treated with 200  ng/ml TRAIL or 
TRAIL-CL for 24  h and cell lysates were analysed by western blotting for pro-caspase-3 
and PARP cleavage. As a positive control, 30  µg of TRAIL-treated (50  ng/ml, 4  h) Colo205 
cell lysate was used. (F) hFb Cells were transfected with the indicated siRNAs (50  nM). 24 
h after transfection, cells were treated with 100  µM etoposide or 10  µM doxorubicin for 
24  h and induction of apoptosis was measured with Annexin V assay. All graphs show 
mean value S.E.M of three independent repeats 
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The hypothesis of a two-point control mechanism underlying TRAIL 

resistance in non-transformed cells was further supported by examining the 

contribution of the anti-apoptotic Bcl-2 family.  

 

The family members Bcl-2 and Bcl-XL can be inhibited with the small 

molecule inhibitor, ABT-737 and we used this approach to examine the role 

of these two proteins in TRAIL-resistance. The third main family member, 

Mcl-1 has no specific inhibitors available yet, thus study of the contribution 

of Mcl-1 was achieved by siRNA-mediated knockdown. The efficiency of 

Mcl-1 knockdown was tested on hFb transfected with 50 nM of siRNA 

(Figure 2A).  

 

Inhibition of Bcl-2 and Bcl-XL via ABT-737 sensitised a small proportion of 

cells to TRAIL-induced apoptosis (Figure 2B), while knockdown of Mcl-1 

had no effect. Knockdown of cFLIP followed by ABT-737 treatment 

sensitised hFb cells to TRAIL (Figure 2C). Combined inhibition of all three 

anti-apoptotic Bcl-2 proteins (achieved by knocking down Mcl-1 followed y 

ABT-737 treatment in cells with cFLIP knocked down lead to further 

sensitization (Figure 2C).    

 

Similar results were gained when we tested the effect of combined inhibition 

of cFLIP function and the caspase-inhibitor, XIAP acting downstream of the 

mitochondria where cFLIP knockdown in combination with the Smac 

mimetic BV6 resulted in significant sensitisation to TRAIL-induced 

apoptosis (Figure 2D). Together, these results support our hypothesis that 

there are multiple redundant pathways responsible to maintain TRAIL 

resistance in non-transformed cells, and it is only when these are targeted in 

parallel can resistance be overcome and sensitivity induced.  
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Figure 2. The Bcl-2 family of proteins inhibit TRAIL-induced activation of the 
mitochondrial pathway. (A) hFb transfected with siRNAs (50  nM) against Mcl-1 and/or 
cFLIP (cFLIP1) or GFP (control siRNA). (B) Control- or Mcl-1 siRNA-transfected hFb 
were pre-treated with 10  µM ABT737 for 15  h followed by a treatment with 125  ng/ml 
TRAIL-CL for 24  h and induction of apoptosis was measured with Annexin V analysis. (C) 
hFb were transfected with siRNAs (50  nM) against Mcl-1 and/or cFLIP (cFLIP1) or GFP 
(control siRNA). Twenty-four hours after transfection, cells were pre-treated for 15  h with 
10  µM ABT737 followed by 125  ng/ml TRAIL-CL for 24  h and induction of apoptosis was 
measured with Annexin V analysis. (D) cFLIP was knocked down in hFb before treatment 
with 2 or 5  µM BV6 for 3  h followed by 125  ng/ml TRAIL-CL for 24  h. Induction of 
apoptosis was measured with Annexin V assay. All graphs show mean values ± S.E.M of 
three independent repeats. *: P<0.05, **: P<0.01 
 

During their development, cancer cells accumulate losses in various 

pathways, whilst others can become hyper-activated. Thus, we hypothesised 

that cancer cells become dependent on a smaller ensemble of signalling 

pathways, and the intensity of these pathways is enhanced. This loss of 
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redundancy or robustness has been reported for example in certain protein 

kinase pathways. There are an increasing number of studies reporting that 

knocking down a single regulatory protein can re-establish TRAIL-

sensitivity, indicating that cancerous cells may lose redundancy in the 

regulation of the extrinsic apoptotic pathway (Cummins et al., 2004). 

 

To test this hypothesis the mRNA expression levels of cFLIP, XIAP, Mcl-1, 

Bcl-2 or Bcl-XL have been extracted from the DNA microarray gene 

expression profiles of 78 TRAIL-resistant cancer cell lines. The raw 

microarray data used here was produced by the Ashkanazi lab, and is 

publically available from Gene Expression Omnibus (GEO), accession 

number GSE8832 (Wagner et al., 2007). The threshold for ‘overexpression’ 

was set at the level of ≥1.2-fold of the mean expression across all cell lines 

and it included approximately the top 20% highest expressing cell lines for 

each gene of interest. Using boolean expressions we determined what 

percentage of the cell lines overexpress only a single anti-apoptotic gene, as 

an indication for the existence of a single resistance mechanism. Boolean 

algebra is a method to make complex logical decisions by assigning binary 

values (True or False) to variables and setting logical gates (true, false, if) 

(Albert and Thakar, 2014). In our system, we have used the value of 1.2-fold 

above the normalised average expression as the threshold for overexpression 

(i.e. value below 1.2 was deemed False/value 0; while expression above 1.2 

were deemed True/ value 1). If a cell line was present in only one 

“overexpression” list, i.e. it overexpressed only one of the anti-apoptotic 

proteins, the hypothesis of “non-redundant resistance pathways in cancer 

cells” was considered to be supported or True. We found that 40 out of the 

78 cell lines (51%) fulfilled this criterion.  

 

We also determined the expression of these genes of interest at the protein 

level in 17 TRAIL-resistant cancer cell lines with the same analysis carried 

out. Expression of the core components and regulators of the TRAIL-

apoptotic machinery has been quantified in 42 different cancer cell lines in 

the laboratory previously (O'Reilly, 2014). We have used this data pool for 

testing the non-redundant TRAIL-regulation theory at the protein level. We 
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found that the hypothesis was true for 13 out of the 17 TRAIL-resistant cell 

lines (76%) corroborating the rationale for the hypothesis. 

 
      Credit: Tamas Sessler, NUIG. 

 

We then tested whether these tumour cells in fact rely on only one resistance 

mechanism, provided by the overexpressed protein. Representative cell lines 

that expressed high levels of cFLIP (HCA7 colon carcinoma cells), or XIAP 

(Panc-1 pancreatic cancer cells) or anti-apoptotic Bcl-2 proteins (HL-60, 

Oci-AML2 and RKO cells), were selected and the overexpressed protein 

was inhibited or knocked down.  

 

Knockdown of cFLIP was performed in HCA7 cells via adenoviral delivery 

of Ad5shcFLIP. HCA7 cells were in addition transduced with Ad5eGFP as 

a transduction control. Cells were treated with 200 ng/ml TRAIL for 24 

hours, and analysed for cell death via TMRE staining. We observed that the 

EGFP control responded similarly to the untransfected control (Figure 3A), 

whereas in contrast cFLIP knockdown greatly sensitised the HCA7 cells to 

TRAIL-induced cell death (Figure 3B). Inhibition of XIAP was achieved in 

Panc-1 cells through pre-treatment with the Smac mimetic BV6 for 1 hour, 

followed by TRAIL for 24 hours. BV6 alone had no effect, whereas in 

combination with TRAIL sensitisation to TRAIL was observed (Figure 3B). 
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Figure 3. Tumour cells rely on only one mechanism of resistance. (A) Knockdown of 
cFLIP sensitises HCA7 cells to TRAIL-induced apoptosis. HCA7 cells were transduced 
with Ad5shcFLIP (MOI 200) or Ad5eGFP (MOI 200) as a transduction control. 24 h after 
transduction, cells were treated with 200 ng/ml TRAIL for 24 h and induction of cell death 
was quantified. Data shown are mean ± S.E.M. (B) Inhibition of XIAP sensitises Panc-1 
cells to TRAIL-induced apoptosis. Cells were treated with the indicated doses of the Smac 
mimetic BV6 for 1 h followed by 200 ng/ml of TRAIL for 24 h after which induction of cell 
death was quantified. Data shown are mean ± S.E.M of three independent repeats.  
 

RKO, Oci-AML2 and HL60 cells were found to express high levels of Bcl-2, 

Bcl-XL and/or Mcl-1, but not XIAP or cFLIP. To test whether inhibition 

anti-apoptotic Bcl-2 function is sufficient to sensitise these cells to TRAIL 

these cells were treated with the indicated doses of the BH3 mimetic 

compound ABT-737 for 1 h followed by 200 ng/ml of TRAIL for 24 hours, 

after which cell death was quantified by TMRE staining. It was observed 

that inhibition of anti-apoptotic Bcl-2 proteins was sufficient to sensitise 

RKO (Figure 4A), Oci-AML2 (Figure 4B) and HL60 (Figure 4C) cells to 

TRAIL-induced apoptosis. It is also noted that RKO cells express high level 

of Mcl-1, which is probably these cells showed only partial sensitisation to 

TRAIL. 
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Figure 4. Tumour cells rely on only one mechanism of resistance. Inhibition of Bcl-2 
and Bcl-XL sensitises RKO (A), Oci-AML2 (B) and HL60 (C) to TRAIL-induced apoptosis. 
Cells were treated with the indicated doses of the BH3 mimetic ABT-737 for 1 h followed 
by 200 ng/ml of TRAIL for 24 h after which induction of cell death was quantified. 
Induction of apoptosis was quantified by determining the percentage of cells with lost 
mitochondrial membrane potential using tetramethylrhodamine ethyl ester perchlorate in all 
experiments. The graphs show mean values ± S.E.M of three independent repeats 
 

In each case, removal of the overexpressed protein was sufficient to induce a 

profound sensitisation to TRAIL providing evidence that all these TRAIL-

resistant cancer cells are resistant due to the expression of only one anti-

apoptotic protein and that they have lost the redundancy in resistance 

mechanisms seen in non-transformed cells.  

 

As a control, and to further support that the expression of one anti-apoptotic 

protein was sufficient and responsible for TRAIL resistance, inhibition of 

anti-apoptotic Bcl-2 proteins via ABT-737 or IAP inhibition with BV6 was 

performed on HCA-7, Oci-AML2 and Panc-1 cells. HCA-7 cells were pre-

treated for 1 hour with BV6 followed by TRAIL treatment for 24 hours. No 

additional effect on TRAIL sensitivity was observed in HCA-7 cells (Figure 

5A). Equally, no sensitisation of Oci-AML2 (Figure 5C) cells in response to 

BV6 could be detected. Similar results were gained with Panc-1 cells. These 

cells express high levels of XIAP and could be profoundly sensitised to 
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TRAIL by inhibition or knockdown of XIAP. On the other hand, inhibition 

of anti-apoptotic Bcl-2 proteins with ABT-737 induced a minimal, 

approximately 5% increase in TRAIL sensitivity (Figure 5D), while 

knockdown of cFLIP had no sensitising effect (Figure 5E).  
 

 
Figure 5. Effect of anti-apoptotic protein inhibition on TRAIL sensitivity in tumour 
cells. (A)  Inhibition of XIAP could not sensitise HCA-7 cells to TRAIL-induced apoptosis. 
Cells were treated with the indicated doses of BV6 for 1 h followed by 200 ng/ml of TRAIL 
for 24 h. (B) Inhibition of Bcl-2 and Bcl-XL did not sensitise HCA-7 cells to TRAIL-
induced apoptosis. Cells were pre-treated with ABT-737 for 1 h followed by 200 ng/ml of 
TRAIL for 24 h. (C) Inhibition of IAP proteins via the Smac mimetic BV6 together with 
TRAIL induced only marginal sensitisation to TRAIL in Oci-AML2 cells. Cells were pre-
treated with BV6 for 1 h, followed by 200 ng/ml of TRAIL for 24 h (D) Inhibition of Bcl-2 
and Bcl-XL does not sensitise Panc-1 cells to TRAIL-induced apoptosis. Cells were treated 
as described under point (B). (E) Knockdown of cFLIP could not restore TRAIL-sensitivity 
in Panc-1 cells. Panc-1 cells were transduced with Ad5shcFLIP (MOI 200) or Ad5eGFP 
(MOI 200) as a transduction control. 24 h after transduction the cells were treated with 200 
ng/ml TRAIL for 24 h. In all experiments induction of cell death was quantified using 
TMRE staining. Data shown is mean percentage of cells with low ∆ψM ± S.E.M of three 
independent repeats 
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Additionally, we addressed whether the expression of the key regulators of 

the TRAIL-apoptotic pathway differ between non-transformed and 

cancerous cells. For this study, again, we have used the already available 

protein expression profile of the 42 cancer cell lines (O'Reilly, 2014). We 

completed this set with protein expression profile of 6 primary, non-

transformed cell types. 

 

We have found that the median expression level of individual proteins 

within the cancer cell line panel was not significantly different between 

sensitive and resistant cell lines, but there was a difference in the expression 

ratios of anti-apoptotic to pro-apoptotic proteins, highlighting that the 

balance between the pro- and anti-apoptotic proteins can be an important 

determinant of TRAIL resistance (Table 2.2). Examples of two such protein 

expression ratios are shown in the table below (values for partially sensitive 

cell lines are not shown). 

 
Table 2.2. Protein Expression Ratios for Bcl-2/Bax and pro-caspase-8/cFLIP in 

TRAIL sensitive versus resistant cell lines (Data from Paul O’Reilly, host lab).  

 Upper quartile – lower quartile values (middle 50% of 

distribution) 

Protein expression ratio Sensitive cells (13 cell lines) Resistant cells (25 cell lines) 

[Bcl-2]/[Bax] 1.1 – 8.7 0.8 – 41 

[pro-caspase-8]/[cFLIP] 0.2 – 3.9 0.2 – 1.7 

 

Examining the protein expression profile within non-transformed cell types 

showed that they expressed all the key pro-apoptotic proteins, including pro-

caspase-8, pro-caspase-9, pro-caspase-3, Bax and Bak (Figure 6). They also 

expressed the anti-apoptotic proteins cFLIP, Bcl-2, Bcl-XL, Mcl-1, XIAP, 

DcR1, DcR2 (Figure 6) and expression of these proteins varied on a broad 

scale. These results suggest that it is not the absence of pro-apoptotic 

proteins that causes their TRAIL-resistance, and similar to the tumour cell 

lines, the ratio of anti-apoptotic to pro-apoptotic proteins that maintains the 

apoptotic threshold.  
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Figure 6. Quantification of expression levels of pro- and anti-apoptotic proteins in 
non-transformed cells. Whole cell lysates from NHEK, HCK8, hFb007, HSMC, PBMSC 
and HUVEC cells were examined for levels of (A) Mcl-1, (B) Bcl-XL, (C) XIAP, (D) Bax,  
(E) cFLIP, (F) caspase-8, (G) Bcl-2 and (H) Bak. The HCT116 cell line was used as an 
internal reference cell line, as previous studies have determined that this cell line expresses 
all proteins of interest. The figure shows a representative of three independent repeats. 
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Protein expression has been quantified with densitometry. To this end, 

optical density values were generated for the HCT116 samples at multiple 

exposure times (right hand side of each panel in Figure 6) to construct 

standard curves. The expression of each protein was then normalised to the 

expression level of the same protein in the HCT116 cell line though 

interpolation of the standard curve.  

 

When we compared the expression of pro- and anti-apoptotic proteins in the 

six normal cell types to that of in the tumour cell lines we found that the 

expression levels of the examined proteins showed an approximate 10-20 

fold variation across the cell types, but they were all within the range 

detected for tumour cell lines. The same was true for the expression ratios, 

exemplified here by the Bcl-2/Bax, and pro-caspase-8/cFLIP ratios (box 

plots, Figure 7). 

 

 
Figure 7. Box plot representation of distribution of protein expression ratios, 
exemplified here by the Bcl-2/Bax and pro-caspase-8/cFLIP ratios in TRAIL-sensitive 
tumour cells, TRAIL-resistant tumour cells and non-transformed cells.  
 

In summary, non-transformed cells express the pro-apoptotic proteins and 

their expression levels fall within the range of that in tumour cells. While the 

expression levels themselves don’t show clear separation into TRAIL-

sensitive versus resistant cells, mechanistic studies examining the effect of 

increased expression of pro-apoptotic proteins may be interesting and may 

identify additional points of control of the TRAIL apoptotic pathway in non-

transformed cells.  
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2.5	  Discussion	  	  

As previously mentioned it is of great importance to determine non-toxic 

TRAIL-based drug combinations for the effective use of TRAIL in a clinical 

setting (Bellail et al., 2009; Bonavida et al., 1999; Kruyt, 2008). A greater 

understanding of the mechanisms that protect non-transformed cells is 

required to achieve this. This would also avoid the use of sensitizers, which 

may induce cell death in non-transformed cells, as well as tumour cells. 

Efforts to uncover the mechanism(s) driving TRAIL resistance will 

additionally increase the range of tumours targetable with TRAIL based 

therapy. 

 

In this study we have shown that the components of the TRAIL-apoptotic 

machinery are present in non-transformed cells, and that their activation is 

blocked by anti-apoptotic proteins. The treatment of human fibroblasts with 

TRAIL was able to induce low level processing of pro-caspase-8, resulting 

in processing of pro-caspase-3 to its p20 fragment. However, no further 

cleavage to the active p17 fragment of caspase-3 was observed or 

subsequent cleavage of its substrate PARP. This indicated that an inhibition 

of apoptosis induction was controlled at more than one level in the apoptotic 

pathway. Knockdown of cFLIP alone resulted in no change in TRAIL 

sensitivity and the processing of caspase-3 to the p17 fragment was still not 

observed. 

 

The full processing of caspase-3 was only achieved through a dual 

knockdown of cFLIP and XIAP and resulted in TRAIL-induced apoptosis in 

these human fibroblasts. Combined knockdown of cFLIP, Mcl-1 and 

inhibition of the anti-apoptotic Bcl-2 protein family members through 

treatment with ABT-737 also resulted in TRAIL-induced apoptosis, as did 

combined XIAP inhibition through BV6 and siRNA knockdown of cFLIP. 

These results highlight that the regulators of TRAIL resistance in non-

transformed cells act in a redundant manner, that is to say, that removal of 

one inhibitor is not sufficient to sensitise non-transformed cells to TRAIL.  
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In contrast to non-transformed cells, in line with some emerging literature 

here we show that many tumour cells appear to have lost this redundancy in 

resistance mechanisms (Thomson et al., 2008). The mRNA expression 

levels of cFLIP, XIAP, Mcl-1, Bcl-2 or Bcl-XL were extracted from 

published expression profiles of 78 TRAIL-resistant cancer cell lines 

(Wagner et al., 2007). Using Boolean algebra, we found that 51% and 76% 

of the tested tumour cell lines overexpressed only one of the above anti-

apoptotic genes at mRNA and at protein levels respectively, corroborating 

the rationale for the hypothesis that malignant transformation leads to the 

loss of redundancy in the regulation of TRAIL sensitivity.  

 

The reliance on the expression of a single anti-apoptotic protein; cFLIP 

(HCA7 cells), XIAP (Panc-1 cells), Bcl-2 and Bcl-XL (RKO, Oci-AML2, 

HL60 cells) was tested in a range of tumour cell types by inhibiting or 

knocking down the overexpressed anti-apoptotic protein. We observed that 

inhibition or removal of the single, overexpressed regulator was sufficient to 

restore TRAIL-sensitivity confirming and proving the hypothesis that 

redundancy in TRAIL-regulation tend to be lost during malignant 

transformation. 

 

Other studies further corroborate our finding. For example, knockdown of 

cFLIP alone (Geserick et al., 2008; Mitsiades et al., 2002) or XIAP (Fakler 

et al., 2009; Ndozangue-Touriguine et al., 2008; Vogler et al., 2008) has 

been found to be sufficient to restore TRAIL sensitivity in TRAIL-resistant 

tumour cells, and similarly inhibition of Bcl-2 (Hetschko et al., 2008; 

Sinicrope et al., 2004), Bcl-XL (Hinz et al., 2000; Ray et al., 2005) or Mcl-1 

(Clohessy et al., 2006) have also been sufficient to sensitise cancer cell types 

to TRAIL overexpressing these individual proteins.   

 

TRAIL sensitisation has been achieved with the chemotherapeutic 5-

fluorouracil (5-FU) in a hepatocellular carcinoma model (Ganten et al., 

2004; Koehler et al., 2009). The mechanism behind this TRAIL sensitisation 

was proposed to be through 5-FU-mediated downregulation of cFLIP, 

leading to increased caspase-8 recruitment and activation at the TRAIL 
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DISC (Ganten et al., 2004), and was observed to have no effect on non-

transformed primary human hepatocytes, which remained TRAIL resistant.  

These results corroborate our finding that tumour cells maintain TRAIL 

resistance by overexpressing an anti-apoptotic protein (van Dijk et al., 

2013). These cells often rely on this single anti-apoptotic protein to retain 

TRAIL sensitivity as opposed to normal cells where a number of anti-

apoptotic proteins are expressed at sufficiently high level to provide multiple 

lines of defence against TRAIL-induced cell death. Thus it follows that a 

combination of TRAIL and an agent that targets one of the anti-apoptotic 

proteins is likely to be non-toxic to non-transformed cells. 
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2.6	  Future	  Perspectives	  
 

Further understanding of how TRAIL-resistance is maintained in non-

transformed cells will better inform a rationalized choice for combination 

therapies focused at the death receptors. It is important to consider the 

sensitising effect anti-cancer therapies may have on non-transformed cells. 

Further testing is required for combination therapies, which show potential 

as anti-cancer therapies in in-vitro studies in an in-vivo setting.
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Chapter	   Three:	   Uncoupling	   of	   death	  
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3.1	  Abstract	  

The Tumour Necrosis Factor (TNF) superfamily member TRAIL is 

considered a promising anti-cancer agent as it selectively induces 

apoptotic death in cancerous cells, but not in normal cells (Ashkenazi et 

al., 1999). Endogenous TRAIL is found to be expressed by activated 

natural killer (NK) cells, macrophages, T-cells and dendritic cells, and is 

thought to play a critical role in tumour immune surveillance, with 

evidence collected from TRAIL-/- mice exhibiting increased susceptibility 

to experimental tumourigenesis following treatment with the chemical 

carcinogen 3-methyl-cholanthrene and to tumour metastasis (Cretney et 

al., 2002).  

 

Published data suggests that TRAIL resistant cancers may evade 

surveillance through the activation of survival pathways mediated by 

survival factors such as the transcription factors NF-κB and AP-1, with 

these pathways directly up-regulating pro survival proteins such as IAPs, 

cFLIP or Mcl-1 and this preventing death signalling (Micheau et al., 

2001; Ricci et al., 2007; Wang et al., 2008). TRAIL itself can also 

activate NF-κB but its contribution to TRAIL resistance is poorly 

understood (Braeuer et al., 2006). In this chapter we aimed to examine the 

role of TRAIL-induced NF-κB activation in TRAIL resistance. These 

efforts centred on the association of the adaptor proteins TRADD and 

TRAF2, which have shown to be critical mediators for activation of NF-

κB by TNFR1. In an effort to restore TRAIL sensitivity and overcome 

TRAIL resistance, the design of a molecular blocker which prevents the 

recruitment of the adaptor TRAF2 to TRADD was tested for its ability to 

uncouple DR4/DR5 mediated NF-κB activation and restore apoptotic 

signalling. Alongside this the role of TRAF2 in TRAIL-induced NF-κB 

activation was examined though the generation of specific TRAF2 

mutants deficient for either TRADD or cIAP1/cIAP2 binding in tumour 

cells. 
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3.2	  Introduction	  

Research suggests that TRAIL-resistant cancers evade surveillance and cell 

death through the activation of survival pathways such as MAPKs (Tran et 

al., 2001), PI3K and Akt signalling (Chen et al., 2001), and through 

activation of the transcription factor NF-κB (Trauzold et al., 2001), which 

directly up-regulates pro-survival proteins. Ultimately the activation of these 

pathways counteracts the apoptotic effect of TRAIL (Wang et al., 2008).  

 

3.2.1	  The	  Role	  of	  NF-‐κB	  in	  TRAIL	  Resistance	  
It is widely reported that inhibition of NF-κB signalling can sensitise TRAIL 

resistance cancers to cell death and in combination with other 

chemotherapeutics (Huerta-Yepez et al., 2004; Ravi et al., 2001; Zhang and 

Fang, 2005). It has been described that the TRADD-TRAF2 and TRADD-

FADD interactions define two distinct death receptor signal transduction 

pathways (Hsu et al., 1996), with the former responsible for pro-survival 

signalling and the later pro-death signalling. Experiments combining TRAIL 

treatment with Smac mimetics, which target IAP proteins for degradation, 

and prevent their recruitment to the TRAIL receptors, have shown death of 

malignant glioma cells in-vitro and in-vivo and tumour regression (Fulda 

and Vucic, 2012). This indicated that inhibition of IAP association to DR4/5 

can enhance pro-apoptotic signalling from DR4/5 (Fulda et al., 2002b; Yang 

et al., 2003). However, these inhibitors are not specific to cIAP1/2 and in 

addition may also target the IAP member XIAP. In this chapter we sought to 

assess the effects NF-κB inhibition had on TRAIL sensitivity, along with the 

ability of TRAIL to induce NF-κB. 

 

3.2.2	  Role	  of	  TRAF2	  in	  NF-‐κB	  Signalling	  
It is widely reported that TRAF2 differentially regulates the canonical and 

non-canonical pathways of NF-κB activation (Grech et al., 2004). In the 

canonical pathway it acts as a positive regulator, and follows TRADD 

binding to DR4/5, where it acts as a scaffold protein for the formation of a 

signalosome complex composed of RIP1, cIAP1/2, NEMO, IKKα and IKKβ. 
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This IKK complex phosphorylates IκBα, releasing the p50-RelA NF-κB 

subunits and allowing their nuclear translocation.  

 

In the case of the non-canonical pathway, however, TRAF2 acts in an 

opposing manner, where in complex with TRAF3, cIAP-1 and cIAP-2 it 

drives the degradation of NF-κB inducing kinase (NIK) resulting in 

constitutive NIK degradation by the proteasome, and preventing NF-κB 

activation (Sun, 2011).  

	  

3.2.3	  The	  Importance	  of	  the	  TRADD	  TRAF2	  Interaction	  in	  NF-‐

κB	  Activation	  

Domain function experiments by Hsu and colleagues in 1996 aimed to 

identify the exact regions of interaction between TRADD, FADD and 

TRAF2 in relation to the TNF receptor 1 (Hsu et al., 1996). They showed 

through mutational analysis of TRADD lacking its entire DD still retained 

TRAF2 binding activity, demonstrating that the region of TRADD which 

associates with TRAF2 is N-terminally located, specifically between amino 

acids 1-169 of TRADD. Hsu and colleagues also showed that TRAF2 

lacking its C-terminal amino acids 359-501 failed to interact with TRADD 

(Hsu et al., 1996). It was therefore concluded that the N-terminal domain of 

TRADD interacts with the C-terminal domain of TRAF2. This association 

was further confirmed and characterised in 2000 by Tsao and colleagues. 

They examined the role of the TRADD-TRAF2 interaction in TNFR1 

signalling where they found that C-terminal TRAF2 deletions inhibited 

TNF-induced NF-κB activation (Tsao et al., 2000).   

 

Later publications more specifically defined these regions of interaction, 

with Park and colleagues by determining the crystal structure of the 

TRADD-TRAF2 complex (Park et al., 2000). They revealed that the 

TRADD interaction surface of TRAF2 is composed of two regions, region I 

involving hydrophobic interactions and region II which contains hydrophilic 

residues. Mutational analysis revealed that the TRAF2 amino acids T401 

and L471 within region I were critical for association with TRADD (Park et 
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al., 2000). The TRAF2-cIAP1/2 interaction has also been defined, with 

dimeric cIAPs utilising their BIR1/2 domain for binding trimeric TRAF2 at 

amino acids 283-293 (He et al., 2004; Samuel et al., 2006; Vince et al., 

2009; Zheng et al., 2010).  

 

In light of the publications detailing both the interaction surfaces between 

TRADD and TRAF2, and the effects disruption of this interaction had on 

TNF-mediated NF-κB activation we sought to examine its similar 

importance in relation to TRAIL-induced NF-κB activation. For examining 

the role of TRAF2 in TRAIL-mediated NF-κB a TRADD-TRAF2 

interaction inhibitor was designed and tested for its ability to successfully 

disrupt these physical protein-protein interactions, and for its effects on 

transcriptional activation. In addition, we performed site directed 

mutagenesis of the residues important for TRAF2 association with TRADD. 

In this manner we could circumvent the non-specific consequences of the 

full knockdown of the protein, and examine specifically TRAF2’s role in 

DR4/5-induced NF-κB activation and TRAIL-resistance. 
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3.3	  Materials	  and	  Methods	  

3.3.1	  Reagents	  and	  Drugs	  
The following reagents were used for cell treatments: PS1145 (Sigma 

Aldrich Catalogue #P6624). PS1145 was dissolved in DMSO, and stock 

solution was stored at -20°C. BMS-345541 (Calbiochem Cat# 401480) was 

dissolved in DMSO, and stock solution (10 mM) was stored at -20°C. SN50 

(Calbiochem Cat# 481480) was dissolved in HANKS’ balanced salt solution, 

and stock solution (1 mM) was stored at -20°C. BV6 (Genentech, San 

Francisco, CA, USA) dissolved in Sigma water and stock solution of 20 mM 

stored in -80. LPS (Sigma, Cat #L2630), PAM3-CSK4 (Invitrogen, 

Catalogue # tlrl-pms), rh-TNF (ImmunoTools, Cat #11343015), 

staurosporine (Sigma, Cat# S5921), SP600125 (Cat# S5567) dissolved in 

DMSO at stock solution of 45 mM stored in -20°C. rhTRAIL (non-tagged, 

fragment amino acids 114-281, Triskel Therapeutics, Groningen, The 

Netherlands), cross-linked or non-cross-linked FLAG-TRAIL95 (aa 95-281, 

gift from Robbert Cool of University of Groningen, cross-linked with 

enhancer (Cat# ALX-804-034-C050) from Enzo Life Sciences). 

Crosslinking of FLAG-tagged TRAIL95 was performed using 12.5 µg/ml of 

the crosslinking antibody, enhancer for ligands and 2.5 µg/ml FLAG-tagged 

TRAIL95 for 30 min prior to cell treatment. All crosslinking reactions were 

performed in serum-free medium. 

	  

3.3.2	  Cell	  Lines	  and	  Cells	  Culture	  	  
HCT116 and HCT116: TRAF2 shRNA cell lines were cultured in McCoy’s 

5A media Cat#M4829 (Sigma Aldrich) supplemented with 10% Foetal 

Bovine Serum (FBS, Sigma Aldrich), 2 mM Glutamine, 100 U/ml penicillin 

and 100 µg/ml streptomycin. HL60, HL-60: TRAF2 shRNA, Colo205, 

Colo205: TRAF2 shRNA, Colo357, DLD1 and OCI-AML2 cells were 

cultured in RPMI 1640 (Sigma Aldrich) supplemented with 10% FBS, 2 

mM glutamine, 1 mM pyruvate, 50 U/ml penicillin and 50 µg/ml 

streptomycin. Panc-1, and Mouse Embryonic Fibroblasts were cultured in 

DMEM D6249 (Sigma Aldrich) supplemented with 10% Foetal Bovine 
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Serum (FBS), 2 mM Glutamine, 100 U/ml penicillin and 100 µg/ml 

streptomycin. Cells were maintained at 37°C in a humidified 5% CO2 

atmosphere. 

 

3.3.3	  Transfection,	  Transductions	  and	  Nucleofection:	  
To knock down TRAF2, stable shRNA cell lines were generated with a 

TRAF2 shRNA expressing lentiviral vector obtained (Zheng at al, 2008) 

from Professor Yi Sun, Michigan State University. It contained the 

following shRNA sequence 5′-

GGAGCATTGGCCTCAAGGATTCAAGAGATCCTTGAGGCCAATGC

TCCTTTTTTGT-3.  

 

To measure NF-κB transcriptional activity a lentiviral luciferase NF-κB 

reporter plasmid, pGreenFire NF-κB-Puro plasmid (SBI System Biosciences 

Cat#TR012PA-P), was used. Lentiviral transduction was performed on 

HCT116, HL60, Colo205, Colo357, DLD1, Panc-1 and OCI-AML2 cell 

lines. The pGreenFire vector consists of a transcriptional response element 

for NF-κB, capable of initiating transcription of both the firefly luciferase 

enzyme and a GFP with a short half-life referred to as copGFP. 

 

Nucleofection was performed on Mouse Embryonic Fibroblasts with 2 x 106 

cells pelleted and resuspended in MEF2 Nucleofector® solution (Amaxa, 

Catalogue #VPD-1006PC, Lonza, Basel, Switzerland) and PBS containing 

or 2 µg DNA. Cells were transfected by nucleofection using program T-20 

as per the manufacturer’s protocol (Amaxa). 24 h post-transfection, fresh 

medium was added to the cells and cells were treated as specified in figure 

legends.  

 

3.3.4	  Fluorescent	  Microscopy	  

Cells were treated with 10 µM of Peptide-1, previously synthesised by 

BioMatik (Ontario, Canada) and harvested at 1, 3, 6 and 24 h following 

treatment. Cells were spun at max speed for 10 seconds and washed in 500 

µl HANKS’ solution and spun again, with the supernatant removed 200 µl 
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of 1xTE was added to cells and left to incubate for 10 minutes at 37°C to 

remove any surface bound peptide. Following this, cells were spun at 

maximal speed again for 10 seconds, resuspended in 200 µl HANKS’ 

solution and spun onto slides using a Shandon Cytospin3 cyto-centrifuge at 

200 rpm for 2 minutes and subsequently stained in 2 µl of Hoechst at a 

concentration of 3 mg/ml in 80% glycerol and analysed directly, with 

localisation of Peptide-1 aided by the presence of a C-terminal FITC tag. 

 

3.3.5	  Single	  Cell	  Fluorescent	  Microscopy	  	  

HCT116: NF-κB reporter cells were seeded at 2x105 cells/ml into 8 well 

microscope chamber slide from Ibidi (Cat# 80826, Ibidi). Cells were grown 

overnight in standard conditions. 24 hours later TRAIL (200 ng/ml) and 

TNF (180 ng/ml) treatments were performed and cells examined using the 

Andor revolution spinning disk confocal microscope (Yokogawa CSU-X1 

Spinning Disk Unit) with a 5% CO2 humidified incubation chamber at 37°C. 

Images were taken with a high resolution EMCCD camera (Andor iXon 

EM+), using the Andor software package. Dual channel images were 

collected in Differential Interference Contrast to detect the cells followed by 

an excitation with the 488nm laser for GFP detection. Stains tested included 

2 µg/ml 7AAD (Cat# A9400, Sigma), 1 µg/ml Propidium Iodide (Cat# 

P4170, Sigma), FLICA (ImmunoChemistry Technologies, Cat# 916), 0.1 

µg/ml DAPI (Cat# D9542, Sigma), 3 mg/ml Hoechst 33342 (Thermo 

Scientific Cat# 28491-52-3), 10 µM CM-Dil (Life Technologies, Cat# C-

7001) 12 µM PKH26 (Cat# PKH26GL, Sigma), 10 µM CellVue Lavender 

(eBioscience, Cat# 88-0873-16). HCT116 cells were treated with the 

indicated concentrations of stains, and imaged every ten minutes over an 18 

hour time period using the Andor revolution spinning disk confocal 

microscope in the appropriate channels for excitation of the stain and 

emission/collection of produced light.  
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3.3.6	  Computational	  Design	  of	  the	  TRADD-‐TRAF2	  Interaction	  

Mutant	  

In collaboration with Prof Luis Serrano and Dr Almer van Der Sloot, from 

the Systems Biology Research Unit, Centre of Genomic Regulation (CRG), 

Barcelona, Spain, we sought to design a TRADD-TRAF2 interaction 

inhibitor peptide using the FoldX program (version 3.0) (http://foldx.crg.es; 

Property of the CRG, Barcelona, Spain). Briefly, This program uses a full 

atomic description of the structure of a protein to calculate the importance of 

the various interactions contributing to the stability of proteins and protein 

complexes. It calculates the free energy of unfolding (ΔG) of a target protein 

or protein complex combining the physical description of the interactions 

with empirical data obtained from experiments. Force field components 

consist of polar and hydrophobic solvation energies, van der Waals 

interactions and clashes, H-bond energies, and the electrostatics in the 

complex. The summation of all these forces gives the total free energy of 

unfolding the protein, or the difference between the unfolded and folded 

state. The effect of mutation can be therefore observed as a change in free 

energy versus the wild type structure. The crystal structure of the TRADD-

TRAF2 interaction was examined. FoldX is able to perform amino acid 

mutations and simultaneously accommodate the new residues and their 

effect on the surrounding amino acids. It first mutates the selected position 

to alanine and annotates the side chain energies of the neighbour residues. 

Next this alanine is mutated to the most favourable amino acid which 

exhibits the highest energy difference. It was found that amino acids 60-75 

of hTRADD encoded a beta-hairpin structure that is the core of the TRAF2 

interaction interface of TRADD. The following details the sequences of the 

two peptides 

Peptide-1: 

N-term-YARVRRRGPRR-GSG-QMLKIHRSDPQQILQKR-C-term 

TraP1: 

N-term-YARVRRRGPRR-GSG-QTLQIWRMKP-(OH)-

DTIRQRRGPTSDRDRD-C-term 
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YARVRRRGPRR = The cell penetrating peptide sequence derived from 

Hph-1 human transcription factor (Choi et al., 2006). Peptide-1 was 

synthesised by BioMatik (Ontario, Canada). TraP1 was synthesised by 

Twentyfirst Century Biochemicals Inc (Marlboro, MA). 

 
3.3.7	  BIAcore	  

The affinity of TraP1 for wild-type his-TRADD was measured by surface 

plasma resonance using a BIAcore 2000 system (GE Healthcare 

Lifesciences). His-TRADD was coupled to a sensor chip CM5 by amine 

coupling. A constant flow of TraP1 protein was applied over the protein-

coupled chip at three different concentrations 1 µM, 10 µM and 100 µM 

over hisTRADD for 5 min to analyse the association. Binding constants 

were obtained from the BIAevaluation software. Source of software, GE 

Healthcare Lifesciences. 

 
3.3.8	  Western	  Blot	  Analysis	  
Cells were harvested by centrifugation and lysed in buffer containing 1% 

Triton X100, 20 mM HEPES pH 7.5, 350 mM NaCl, 1 mM MgCl2, 0.5 mM 

EDTA, 0.1 mM EGTA, 0.5 mM dithiothreitol (DTT), 1 µM 

phenylmethylsulphonyl fluoride (PMSF), 1.0 µg/ml Pepstatin, 10 µM 

Leupeptin, 2.5 µg/ml aprotinin, 2.5 µg/ml leupeptin and 250 µM N-acetyl-

leucyl-leucyl-norleucinal (ALLN) after being washed twice in ice-cold PBS. 

Cellular proteins (30 µg) were subjected to electrophoresis on 10% or 12% 

SDS polyacrylamide gel (SDS-PAGE) and transferred onto nitrocellulose 

membrane (Protran). After blocking in 5% milk and 0.05% Tween-20 in 

PBS, blots were incubated with rabbit polyclonal antibodies against TRAF2 

(1:1000; SC-876, Santa Cruz Biotechnology), IκBα (1:1000; #4812s, Cell 

Signalling), p100 (1:1000; Ab109440, Abcam) FADD (1:2000; #sc-5559, 

Santa Cruz), DR4 (1:2000; pro-science #1139) or actin (1:500; A2103, 

Sigma), mouse monoclonal antibodies against phospho-IκBα (1:1000; 

#9246, Cell Signalling), anti-strep (1:200; #), caspase-8 (1:1000; #9746, 

Cell Signalling) RIPK1 (1:1000; #610459, BD Biosciences) and p52 

(1:1000; Ab71108, Abcam) and goat monoclonal antibodies against 
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TRADD (1:3000; #sc-1163 Santa Cruz Biotechnology) in 3% BSA and 

0.05% Tween-20. For detection, appropriate horseradish peroxidase-

conjugated goat secondary antibodies were used at a 1:5,000 dilution, also in 

5% milk PBST (0.05%) for 2 hours at room temperature. Protein bands were 

visualized with Western bright ECL-HRP Substrate (MyBio, Cat#K-12045-

D50) on X-ray film (Agfa).  

 

3.3.9	   Measurement	   of	   Mitochondrial	   Transmembrane	  

Potential	  (ΔΨm)	  
Changes in ΔΨm were detected using the fluorescent dye 

tetramethylrhodamine-ethyl-ester-perchlorate (TMRE; BioSciences 

Catalogue #T669). Following treatment, cells were collected by gentle 

trypsinisation and TMRE was added to the cells at a final concentration of 

100 nM. Cells were incubated for 30 min at room temperature in the dark 

followed by immediate analysis by flow cytometry (FACSCanto II flow 

cytometer, Becton Dickinson). As a positive control for mitochondrial 

depolarisation, cells were treated with 10 µM carbonyl cyanide 3-

chlorophenylhydrazone (CCCP; Sigma) for 2 h. 

 

3.3.10	  Annexin	  V	  Staining	  
Cell death was monitored by labelling phosphatidyl serine externalised on 

the surface of apoptotic cells with Annexin-V-FITC (home-made). 

Following treatment, cells were collected by trypsinisation and incubated for 

10 min at 37 oC to allow membrane recovery. Cells were pelleted by 

centrifugation at 5000 rpm and incubated with Annexin-V-FITC in calcium 

buffer (10 mM HEPES/NaOH, pH 7.5, 140 mM NaCl and 2.5 mM CaCl2) 

for 15 min on ice in the dark. Cells were washed in calcium buffer prior to 

acquisition (FACSCanto II flow cytometer, Becton Dickinson) (Vermes et 

al., 1995). 

 

3.3.11	  Luciferase	  Assays	  

For the luciferase assay, cells were transduced with a NF-κB firefly 

luciferase reporter plasmid (Vector Biolabs, Philadelphia, PA, USA) and a 
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renilla luciferase plasmid (Vector Biolabs, Philadelphia, PA, USA) at a ratio 

of 3:1. Cells were transfected with Turbofect (Fisher Scientific, Cat# 

RO531) reagent with a ratio of 2 µg of DNA: 1µl of transfection reagent. 24 

hours post-transfection, growth medium was replaced, and cells were treated 

48 hours after transfection as specified in figure legends. 

 

Cells were harvested by scraping and luciferase and renilla activity were 

measured using a luciferase assay system (Promega, Madison, WI, USA) 

according to the manufacturer’s protocol on a Wallac Victor 1420 

Multilabel plate reader (Perkin Elmer Life Sciences). The Dual-GloTM 

Luciferase Reagent was added to cells resuspended in growth medium to 

induce cell lysis, in addition to acting as a substrate for the firefly luciferase 

enzyme. After ten minutes of incubation, the luminescent signal was read on 

the Wallac Victor 1420 Multilabel counter. Dual-GloTM Stop & Glo® 

Reagent was then added to quench the luminescence signal from the firefly 

reaction and provided the substrate for the Renilla luciferase. After ten 

minutes incubation, the luminescent signal was read again on the same plate 

reader. 

 

For the lentivirally transfected cells with the pGreenFire NF-κB-Puro 

plasmid the One-Glo Luciferase Assay System (MSC Medical Supply, Cat# 

E6120) was employed. Promega literature# TM292. 50 µl of Luciferase 

Reagent was added to cells resuspended in 50 µl growth medium to induce 

cell lysis, in addition to acting as a substrate for the firefly luciferase 

enzyme. After ten minutes of incubation, the luminescent signal was read on 

the Wallac Victor 1420 Multilabel plate reader. 

 

3.3.12	  TRAF2	  Mutagenesis	  via	  the	  Megaprimer	  Method	  
The megaprimer PCR method was used for the generation of the single 

point mutant of TRAF2(Sarkar and Sommer, 1990). This method required a 

series of two PCRs. The first PCR reaction contains a forward mutagenic 

primer (mutant primer) and an outer primer containing the restriction 

enzyme site (TRAF2-FLAG-Rev Mlu1 primer). This reaction generates the 
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megaprimer which contains the desired mutation. The second PCR reaction 

uses the product of the first PCR reaction, the megaprimer, and the forward 

primer containing the restriction enzyme site (TRAF2 Fwd-Kpn1 primer). 

This reaction generates the full-length cDNA sequence containing the 

desired mutation. The following primers were ordered from IDT. Mutagenic 

primers used with the mutation indicated in red are in the table below. 

Tagged primers used with the FLAG-tag sequence highlighted in grey also 

listed. 
Mutagenic TRAF2 primers 

Primer Sequence 

L471R 5’- GCAAGCGGCTGCCCCCGTTTCTGCCCCGTCTCC-3’  

T401M 5’- CTGAACGGCGACGGCAGTGGGCGAGGAACACAC-
3’ 

Restriction site primers 

Primer Sequence 

TRAF2-Fwd-
Kpn1 

5’AGCTGGTACCCACCATGGCTGCAGCTAGCGTGACCC
CC-3’ 

TRAF2-FLAG 

Rev-MluI      

5’-
CATTGTGGACCTGACAGGGCTCAAGATTACAAGGATG
ACGACGATAAGTAAACGCGTGCA-3’ 

 

The first PCR reaction contained 1 µl of pCMV-SPORT6 Plasmid (Harvard 

Plasmid DNA Resource #7186 Clone ID HsCD00338763), 1 µM mutagenic 

primer, 1 µM reverse primer, 5 µM dNTPs, 1U of Phusion™-HF 

polymerase (Cat# F1-F530S, NEB) and 1X Phusion buffer.  

 

PCR was performed using the following conditions: 95ºC for 1 minute, 95ºC 

for 30 s, Tm – between 52 – 72oC  for 2 min depending on the primer,  72ºC 

for  3.5 mins, repeat steps 2-4 for 30 cycles,  72ºC for 15 minutes and hold 

at  4ºC/infinity (*Tm primer specific). This reaction generated the 

megaprimer. 5ul of the PCR product was separated on a 1% agarose gel in 

1X Tris-acetate-EDTA (TAE) buffer at a pH8 at 80V. Successful PCRs 

yielded a megaprimer at the correct predicted size. Following this the 

remaining PCR product was purified using the QIAquick PCR Purification 

kit (Qiagen), with the concentration of the megaprimer determined using a 

NanoDrop spectrophotometer (ND-100) at 260nm. The second stage PCR 
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reaction to generate full length mutant TRAF2 consisted of 1 µM of 

megaprimer, 1 µM forward primer, 5 µM dNTPs, 1U of Phusion™-HF 

polymerase (Cat# F1-F530S, NEB) and 1X Phusion buffer. PCR products 

were then separated on a 1% agarose gel in 1X Tris-acetate-EDTA (TAE) 

buffer at a pH of 8 at 80 V. Full-length mutant TRAF2 was then purified 

using the QIAquick PCR Purification Kit (Qiagen) as per standard protocol. 

Following this the product was subjected to restriction digestion for ligation 

into the pre-digested pCMV-SPORT6 plasmid. Inserts were ligated using T4 

DNA ligase (Cat# F1-M02025, NEB) a 3:1 ratio of insert DNA to plasmid 

DNA into restriction digested pCMV-SPORT6. 

 

3.3.13	  DISC	  Co-‐immunoprecipitation	  
The DISC co-immunoprecipitation was performed using the Dynabeads M-

270 epoxy coated magnetic beads kit (Cat # 14321D, Life Technologies). 

HCT116 overexpressing wild-type TRAF2 and HCT116 overexpressing 

T401M/L471R mutant TRAF2 cells were seeded into T75 flasks at a density 

of 2.5x105 cells per ml. Cells were left to grow for 2 days. Following this 

cells were treated for 1 hour with Flag-tagged TRAIL or TRAIL. Cells were 

harvested from flasks and spun at 1200 rpm for 5 min at room temperature. 

Cell pellets were weighed, re-suspended and lysed in 1:9 ratio of the 

following extraction buffer. Final concentrations:  0.5% Triton-X100, 10% 

glycerol, 30 mM Tris/HCl pH 7.5, 150 mM NaCl and 1 mM PMSF. 1.5 mg 

of epoxy coated Dynabeads were incubated with 7 µg of anti-Flag antibody 

(Stratagene M2 Cat#200470) for 24 hours at 37°C with rotation. The 

following day Dynabeads were washed three times with washing buffer 

within kit as per manufacturer’s protocol. The pre-conjugated Dynabeads 

were incubated with rotation for 1 hour with whole cell lysate at 4°C. The 

incubated Dynabead–antibody-protein complexes were washed again three 

times with kit washing buffers, and an immunoprecipitate was eluted from 

the Dynabeads, using the elution buffer within the kit. The IP elute was 

loaded onto an SDS gel followed by western blot analysis for the presence 

of FADD, caspase-8, TRADD, TRAF2, RIPK1 and DR4.  
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3.3.14	  Statistical	  Analysis 

Using the Chou and Talalay median effect equation the combination index 

(CI) was calculated and plotted against the fraction affected (Fa) (Chou, 

2010). Any points falling below the line (CI=1) indicated potent synergy. 

The analysis was performed using the CompuSyn software package 

(ComboSyn Incorporated). 
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3.4	  Results	  

3.4.1	   Inhibition	   of	   NF-‐κB	   signalling	   can	   sensitise	   cells	   to	  
TRAIL-‐induced	  apoptosis	  

We first aimed to examine if the inhibition of NF-κB signalling can sensitise 

cells to TRAIL-induced apoptosis. To this end the partially TRAIL-sensitive 

cell line HCT116 and the TRAIL-resistant cell line HL60 were treated with 

TRAIL in combination with pharmacological inhibitors. NF-κB is a two-

step process, first the regulatory inhibitory subunits of NF-κB; IκBα, must 

become phosphorylated by IKKα and IKKβ. In the second step of the 

pathway the phosphorylated IκBα detaches, and allows the NF-κB subunits 

to translocate to the nucleus, while phosphorylated IκBα itself is targeted to 

the proteasome where it is degraded (Beg and Baldwin, 1993; Henkel et al., 

1993). 

  

Most pharmacological inhibitors target the kinase activity of IKKα/β in the 

NF-κB activation pathway. We choose the following inhibitors; BMS-

345541, which has been identified as a selective inhibitor of the catalytic 

subunits of IKKα and β (Burke et al., 2003), and PS1145 a selective IKKβ 

inhibitor (Burke et al., 2003). The SN50 peptide, a cell permeable peptide 

blocks the nuclear localisation sequence (NLS) of active NF-κB subunits 

preventing their translocation to the nucleus; and the SMAC mimetic BV6 

which binds the BIR domains of IAP proteins, initiating their rapid auto-

ubiquitination and proteasomal degradation. 

 

The efficacy of BMS-345541 and PS1145 can be measured by monitoring 

IκBα phosphorylation. If BMS-345541 or PS1145 inhibits IKKα and β then 

they should diminish TRAIL-induced IκBα phosphorylation. The efficacy of 

SN50 on the other hand can be measured by monitoring NF-κB 

transcriptional activity or nuclear translocation, as this inhibitor acts 

downstream of IκBα phosphorylation. Thus to measure SN50 mediated NF-

κB inhibition we used a luciferase reporter assay. BV6 in contrast block the 

recruitment of IKK α and β to the receptors complex, by preventing the 
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association of cIAP1/2. For simplicity we will refer to all these inhibitors as 

NF-κB inhibitors. 

 

HL60 and HCT116 cells were pre-treated for 3 hours with the various NF-

κB inhibitors, followed by 0-100 ng/ml of recombinant human TRAIL 

(rhTRAIL) for 24 hours. We observed that BMS-345541 sensitised HL60 

cells to TRAIL added only at the lower dose of 10 ng/ml (Figure 2A). 

However a clear sensitisation to TRAIL-induced cell death was observed in 

the BV6 co-treated HCT116 cells (Figure 1D). In the case of the HL60 cells, 

treatment with BV6 alone induced up to 45% cell death, however, when 

combined TRAIL resulted in a sensitisation to TRAIL-induced apoptosis 

(Figure 2D). These findings suggest that through the removal of IAPs is 

sufficient to sensitise to TRAIL-induced apoptosis. On the contrary no 

sensitisation could be observed in the BMS-345541, SN50 or PS1145 

combination treatments with TRAIL in either cell line (Figure 1A, B, C; 

Figure 2A, B, C), questioning the efficacy of these compounds. 
 

 
Figure 1. Inhibition of NF-κB signalling and the modulation of HCT116 cells to 
TRAIL-induced apoptosis. HCT116 cells were pre-treated for 3 h with (A) 5 µM BMS-
345541 (B) 10 µM of SN50 peptide (C) 10 µM and 40 µM of PS1145 (D) 5 µM of BV6. 
This was followed by treatment of HCT116 cells with 0-100 ng/ml of TRAIL for 24 h. 
Cells were then assessed for compromised mitochondrial membrane potential (ΔΨm) by 
flow cytometry. Data shown is mean ± S.E.M. of three independent experiments. 
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Figure 2. Inhibition of NF-κB signalling and the modulation of HL60 cells to TRAIL-
induced apoptosis.  HL60 cells were pre-treated for 3 h with (A) 5 µM BMS-345541 (B) 
10 µM of SN50 peptide (C) 10 and 40 µM of PS1145 (D) 5 µM BV6. The HL60 cells were 
then treated with increasing TRAIL concentrations (0-100 ng/ml) for 24 h. Cells were then 
assessed for compromised mitochondrial membrane potential (ΔΨm) by flow cytometry. 
Data shown is mean ± S.E.M. of three independent experiments. 
 

Using the Chou and Talalay median effect equation we assessed if the 

combination treatment of BV6 and TRAIL was synergistic (Chou, 2010). 

This equation is based on the median-effect equation encompassing the 

Michaelis-Menten, Hill, Henderson-Hasselbalch, and Scatchard equations. It 

is an equation for assessing single and multiple treatments, producing a 

combination index (CI) value. The CI was calculated and plotted against 

fraction-affected cells (Fa). Values which fall below one is indicative of 

synergy of combined TRAIL and BV6 treatment (Table 1). A value of 1 

indicates an additive effect, and a value of above one indicates an 

antagonism of two drugs. Table 1 shows the combined treatment was highly 

synergistic in HCT116 cells (Panel A) at all concentrations of TRAIL. This 

effect was also observed in HL60 cells (Panel B), although more 

pronounced at the lower concentrations of TRAIL.  
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Table 1. Combination Index (CI) values for combined BV6 and TRAIL treatment on 
HCT116 (Panel A) and HL60 (Panel B) cells.  

 
 

In order to determine the differential efficacy of the NF-κB inhibitors we 

first we tested their efficacy in preventing NF-κB activation. The 

phosphorylation of serines 32 and 36 of IκBα is a critical event in inducing 

ubiquitination (Scherer et al., 1995; Traenckner et al., 1995) and proteolysis 

of the inhibitory NF-κB subunit IκBα (Baeuerle and Baltimore, 1988; Rice 

et al., 1992).  Proteasomal degradation of IκBα releases the NF-κB subunits 

RelA and p50 (the processed from of p105) (Henkel et al., 1993), allowing 

their translocation to the nucleus, and promoting gene transcription in 

canonical NF-κB signalling (Donald et al., 1995). Thus the levels of total 

and phosphorylated forms of IκBα were used as a suggestive means of 

assessing the effects of BMS-345541 and PS1145 on TRAIL-inducible NF-

κB activation.  

 

As BMS-345541 and PS1145 inhibit IKKα/β, we assessed their efficacy on 

blocking IKK mediated IκBα phosphorylation in response to TRAIL. 

HCT116 cells were treated with TRAIL alone (200 ng/ml) and in 

combination with BMS-345541 (10 µM, Figure 3A) and PS1145 (10 µM, 

Figure 3B) and samples were collected for protein determination and cell 

lysates were generated for phosphorylated IκBα after 1, 2 and 3 hours with 

TRAIL treatment.  

 

IκBα phosphorylation in response to TRAIL treatment became detectable 

after 1 hour and plateaued after 2 hours. This associated with diminishing 

total IκBα protein levels due to phospho-IκBα proteosomal degradation 

(Figure 3A). BMS-345541 slightly increased the basal IκBα expression and 

also delayed TRAIL-induced IκBα phosphorylation by approximately one to 
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two hours, although it failed to completely block it (Figure 3A). Similar to 

BMS-345541, PS1145 also had a limited effect on TRAIL-induced IκBα 

phosphorylation shown by the retained total IκBα levels of the protein, an 

only an approximately one hour delay in phosphorylation of IκBα (Figure 

3B). These results may explain the low sensitising effect of BMS-345541 

and PS1145 as compared to BV6.  

          
Figure 3. The IKK1/2 inhibitors BMS-345541 and PS1145 are capable of attenuating 
IκBα phosphorylation in HCT116 cells. (A) HCT116 cells were treated with 200 ng/ml 
TRAIL alone and in combination with 10 µM of BMS-345541. (B) HCT116 cells were 
treated 200 ng/ml TRAIL alone and in combination with 10 µM of PS1145. Samples were 
harvested at 1, 2 and 3 h following treatment. Lysates were analysed for the Total and 
phosphorylated levels of IκBα by western blot. The figure shows representative images of 2 
independent experiments. 

 

Next we tested whether the partial inhibitory effect of BMS-345541 and 

PS1145 was sufficient to block TRAIL-induced NF-κB transcriptional 

activity. HCT116 cells were transduced with an NF-κB luciferase reporter 

lentiviral construct, where luciferase expression was driven by an NF-κB-

responsive promoter (pGreenfire) as described in materials and methods. 

HCT116:NF-κB reporter cells were treated with TRAIL in combination with 
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the NF-κB inhibitors and samples were harvested at 2, 4, 6 and 24 hour time 

points. The levels of firefly luciferase activity as measure of NF-κB 

transcriptional activity were assessed by luciferase assay as described in 

materials and methods.  

 

These experiments show that TRAIL-induced a maximum 1.5 fold in NF-κB 

activity, but both BMS-345541 (Figure 4A) and PS1145 (Figure 4B) failed 

to reduce this activation. Of note, we noticed that BMS-345541 alone led to 

increased NF-κB activation after 24 hour of treatment (Figure 4A). SN50 

blocks NF-κB activation by blocking its nuclear translocation. We used the 

NF-κB reporter expressing cells to determine the efficacy of SN50 and its 

ability to block NF-κB activity.  Our experiments show that SN50 failed to 

inhibit TRAIL-induced NF-κB activation and interestingly similar to BMS-

345541 longterm SN50 exposure led to increased basal NF-κB activation 

(Figure 4C). Currently we have no specific explanation what could be the 

cause of this, however alternatively, this delayed late NF-κB activation may 

be due to the activation of the non-canoncial NF-κB pathway. 
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Figure 4. TRAIL treatment and NF-κB activity (A) HCT116 cells transduced with 
the pGreenFire NF-κB reporter were treated with TRAIL 200 ng/ml both alone and in 
combination with 5 µM BMS-345541. (B) Reporter cells were treated with TRAIL 200 
ng/ml both alone and in combination with 10 µM PS1145. (C) Reporter cells were 
treated with TRAIL 200 ng/ml both alone and in combination with 10 µM SN50. 
Samples were harvested at 2, 6 and 24 h time points and examined for luciferase activity 
by the ONE-GloTM Luciferase Assay System. Data shown is mean ± S.E.M. of three 
independent experiments. 
 

Because TRAIL only induced small increase in NF-κB activity we decided 

to further test the inhibitors using TNF, another death ligand that through 

activation of TNFR1 induces a stronger NF-κB response (Gloire et al., 

2006). HCT116:NF-κB reporter cells were treated with TNF in combination 

with the NF-κB inhibitors and samples were harvested at 2, 4, 6 and 24 hour 

time points. The levels of firefly luciferase activity as measure of NF-κB 

transcriptional activity were assessed by luciferase assay as above. TNF 

induced an up to 3-fold increase in NF-κB activity but similarly to the 

previous experiment none of the inhibitors (BMS-345541, PS1145, SN50 

Figure 5A, B, C) had the ability to significantly block TNF-induced NF-κB 

activity.  
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Figure 5. TNF treatment and NF-κB activity (A) HCT116 cells transduced with the 
pGreenFire NF-κB reporter were treated with TNF 180 ng/ml both alone and in 
combination with 5 µM BMS-345541. (B) Reporter cells were treated with TNF 180 ng/ml 
both alone and in combination with 10 µM PS1145. (C) Reporter cells were treated with 
TNF 180 ng/ml both alone and in combination with 10 µM SN50. Samples were harvested 
at 2, 6 and 24 h time points and examined for luciferase activity by the ONE-GloTM 
Luciferase Assay System. Data shown is mean ± S.E.M. of two independent experiments. 
  

These results together suggest that the currently available NF-κB/IKK 

inhibitors have a limited potential of inhibiting TRAIL and/or TNF-induced 

NF-κB activation in HCT116 cells, and the results we see may be due to 

multidrug resistance pumps leading to elimination of the inhibitor, or due to 

high turnover of IKKs. Overall, the partial sensitising effect of BMS and the 

stronger sensitising effect of BV6 warrant further evaluation.  
 

3.4.2	   The	   role	   of	   TRAIL-‐induced	   NF-‐κB	   phosphorylation	   in	  

TRAIL	  resistance	  
In order to further examine the role of TRAIL-induced NF-κB activation in 

TRAIL resistance, we decided to test additional cell lines to identify ones 

which were capable of transmitting a pro-death as well as pro-survival 

signal following TRAIL treatment. To find such cell lines, TRAIL-induced 

IκBα phosphorylation was assessed in a panel of cell lines, namely: partially 

resistant HCT116 and HL60 cells (Figure 6A, B), TRAIL-resistant OCI-

AML2 cells (Figure 6C) and TRAIL-sensitive Colo357 and Colo205 cell 
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lines (Figure 6D, E). Cells were treated with 200 ng/ml of TRAIL and the 

cells were harvested 30, 60 and 120 minutes following treatment, and cell 

lysates examined for total and phosphorylated IκBα expression.  

 

Elevated levels of phosphorylated-IκBα (P-IκBα) were concomitant with 

reducing levels of total IκBα and were apparent in all cell types, however to 

a different extent. Interestingly, IκBα phosphorylation and degradation was 

increased with increased TRAIL sensitivity, ie TRAIL-resistant and partially 

resistant cell lines (HCT116, HL60, OCI-AML2; Figure 6A, B, C) showed 

lower phosphorylation and IκBα degradation than the TRAIL-sensitive cell 

lines (Colo357 and Colo205; Figure 6D, E).  

 

 
Figure 6. TRAIL-induced IκBα phosphorylation (A) HCT116 (B) HL60 (C) OCI-
AML2 (D) COLO357 (E) COLO205 cells were treated with 250 ng/ml of TRAIL and 
harvested at 0, 30, 60 and 120 min time points. Lysates were analysed for the total and 
phosphorylated levels of IκBα by western blot. The figure shows representative images 
of 2 independent experiments.  
 
Transient transfection platforms suffer from a number of drawbacks, 

including variation in transfection efficiency, plasmid leakage and loss of 

target gene expression over time. In order to have a more reliable and 
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robust system for measuring NF-κB activity, stable transfectants of cells 

with the lentiviral NF-κB reporter construct have been established. The 

following table summarises the cell lines and treatments tested. 

 
Table 2. Cell lines transduced with the pGreenfire:NF-κB reporter construct and 
treatment performed. 

Cell Line TRAIL TNF 

HCT116 Y Y 

OCI-AML2 Y Y 

DLD1 Y Y 

Colo205 Y Y 

Colo357 Y Y 

 

The reporter cell lines were examined for inducible NF-κB activity 

following TRAIL (250 ng/ml), and TNF (540 ng/ml) treatment. Cells 

were treated and harvested at 2, 6 and 24 hour after treatment and firefly 

luciferase activity was determined as a measure of NF-κB transcriptional 

activity (Figure 7). 

 

Of note, due to the low luciferase signal we detected in initial experiments 

with HCT116:NF-κB cells, cells were freshly transduced and stable 

transfectants selected in the hope of improving the sensitivity of the assay. 

To test the functionality of the transduced NF-κB reporter TNF treatment 

was used (Figure 7). HCT116 and OCI-AML2 cells showed high luciferase 

activity following TNF treatment, with increases of 4-12 fold (Figure 7A, B). 

A more moderate, no greater than 2-fold increase in activity was observed 

for TNF-treated Colo357, DLD1 and Colo205 cells (Figure 7C, D, E). This 

low level of increase may be due to low-level expression of the TNF 

receptor in these cell types. Nonetheless these results confirmed that all cells 

have been successfully transduced.  
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Figure 7. TNF-induced NF-κB activity. (A) HCT116 (B) OCI-AML2 (C) Colo357 (D) 
DLD1 (E) Colo205 cells were transduced with the pGreenFire NF-κB reporter and 
treated with TNF (180 ng/ml) and harvested after 2, 6 and 24 h. Samples were examined 
for luciferase activity using the ONE-GloTM Luciferase Assay System. Data shown is 
mean of the fold increase in luciferase activity ± S.E.M. from two independent 
experiments.  
 

Next we tested TRAIL-induced NF-κB activation in these cell lines. 

Strong TRAIL-induced NF-κB activity was detectable in the newly and 

stably transduced HCT116 with the pGreenFire NF-κB luciferase reporter 

construct (Figure 8A), appearing to peak after the 6 hours of treatment. 

The OCI-AML2 cells while the showed increased IκBα phosphorylation 

and reduction in total IκBα expression after TRAIL treatment (Figure 6C), 

this did not translate into detectable NF-κB transcriptional activity 

(Figure 8B). In fact a gradual low level of reduction in NF-κB activation 

was detectable.  
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Interestingly, the TRAIL sensitive cell lines; Colo357, DLD1 and Colo205, 

although they show IκBα degradation on western blots (Figure 6), displayed 

a significant reduction in NF-κB transcriptional activity, probably due to 

extensive cell death (Figure 8C, D, E). Parallel experiments performed by 

Paul O’Reilly in the lab have since confirmed the TRAIL sensitivity of these 

cells (O'Reilly, 2014).  This is also supported in the literature (Wagner et al., 

2007). While we could have inhibited induction of apoptosis by including 

the general caspase inhibitor Z-VAD-FMK we decided against this approach 

due to the crosstalk between caspases and NF-κB activation at the death 

receptors, as inclusion of Z-VAD-FMK would have disturbed this crosstalk.  

 

In conclusion we found that selection of stable transfectants substantially 

increased the sensitivity of the reporter cell lines, and enabled us to detect 

multi-fold induction of NF-κB in response to TRAIL treatment in partially 

sensitive HCT116 cells, as opposed to the 1.5 fold induction of the transient 

non-selected HCT116 cells previously. The experiments also highlighted the 

differential NF-κB activation in TRAIL sensitive versus TRAIL resistant 

cell types. Detailed understanding of this differential NF-κB activation may 

hold important information on the role of NF-κB activation in TRAIL 

resistance, however its study requires more sophisticated experimental 

models.  
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Figure 8. TRAIL-induced NF-κB activity. (A) HCT116 (B) OCI-AML2 (C) Colo357 
(D) DLD1 (E) Colo205 cells transduced with the pGreenFire NF-κB reporter were 
treated with TRAIL (200 ng/ml) and harvested after 2, 6 and 24 h. Samples were 
examined for luciferase activity with the ONE-GloTM Luciferase Assay System. Data 
shown is mean fold increase in luciferase activity ± S.E.M. of two independent 
experiments.  
 

Single cell level studies of NF-κB activation have been performed following 

TNF stimulation, with results showing that cells can exhibit nuclear-

cytoplasmic oscillations of active NF-κB dimers. Monitoring the kinetics of 

NF-κB activation at the single cell level would provide a means to examine 

how TRAIL-induced NF-κB activation contributes to the cell death. The 

luciferase reporter assays and IκBα phosphorylation and degradation 

provided us with information on NF-κB activation on the whole cell 

population level and an average measurement and final reading for a 

heterogeneous population response. This method for examining activity can 

mask individual cell response, and more importantly does not discriminate 

how the degree of activation can ultimately contribute to cell fate. Although 
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somewhat defined for TNF treated cells, to date no such analysis exists for 

TRAIL-induced NF-κB activation.  

 

Due to the potential advantages of single cell level assays, we carried out 

optimisation experiments to determine its feasibility. Live cell microscopy 

was performed utilizing the HCT116:NF-κB reporter cells, in order to 

examine single cell response to TRAIL-induced NF-κB activation. Through 

these experiments we first aimed to examine the degree of NF-κB activation 

through monitoring GFP levels over time. An increase in GFP-positive cells 

was observed in both TNF and TRAIL treated cells (Figure 9A).  

 

The HCT116:NF-κB reporter cells were treated with TNF and TRAIL and 

harvested after 9 and 18 hours, and the levels of GFP-positive cells were 

assessed by FACS. Measurements of the GFP-positive cells in the TRAIL 

treated samples proved to be challenging due to the poor separation of the 

GFP-positive and GFP-negative populations from that of the negative 

population (Figure 9B). The gate regions in this experiment were defined 

based on the untransduced cell population.  
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Figure 9. Real-time fluorescent imaging of live cells following stimulation with TNF 
and TRAIL. (A) HCT116:NF-κB reporter cells were placed in a temperature controlled  
and humidified chamber at 37°C and 5% CO2 connected to the Andor revolution spinning 
disk confocal microscope. Cells were treated with 180 ng/ml TNF or 200 ng/ml TRAIL and 
images at a recording interval of 10 min on repeat for 18 h. Dual channel images were 
collected in DIC (Differential Interference Contrast) and following excitation with the 488 
nm laser for GFP detection. The images shown here are representatives at each of the time 
points indicated for three independent repeats (B) HCT116 cells were treated with 180 
ng/ml TNF or 200 ng/ml TRAIL and harvested at 9 and 18 h. Cells were assessed for levels 
of GFP positive cells via FACS measurement. Dot plots show the percentages of GFP 
positivity measured. Gate regions were defined based on the untreated cell population at the 
zero hour time point and were set that a minimum of 90% of cells were represented as GFP-
negative. The dot plots shown here are representatives of three independent repeats. 
 
In addition, we aimed to determine if there was a correlation between the 

degree of NF-κB activation and TRAIL-resistance. This could be achieved 

through monitoring GFP expression at the single cell level.  To achieve this, 

the effect TRAIL treatment on cell fate needs to be correlated by applying a 

fluorescent apoptotic marker.  To fully optimise the single cell analysis we 

also had to incorporate a cell tracker that would enable us to detect the 

boundaries of each individual cell even in the absence of NF-κB activation. 

To this end a number of cell labelling dyes were tested for their ability to 

either indicate cell death or track cells in the population over time. Table 3 
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illustrates the compounds tested for optimisation of this experiment, and the 

conclusions drawn for each. However, unfortunately none of the dyes we 

tested proved suitable for the experiment planned. 

 
Table 3. Plasma membrane and apoptotic markers tested for their specificity and 

toxicity for single cell microscopy experiments. 

Dye	   Use	   Excitation-‐
Emission	  

Toxicity	   Low/Non-‐
Specific	  Signal	  

Conclusions	  

7AAD	   Apoptosis	   cell	  
death	  
detection	  

Ex:	  
488/560nm	  	  
Em:	  650nm	  

	  yes	   	  	  	  	  	  	  	  	  	  	  	   Toxic	   to	   the	  
cells	  over	  time	  

PI	   Apoptosis	   cell	  
death	  
detection	  

Ex:	  
560/70nm	  	  
Em:	  590nm	  

yes	   	  	  	  	  	  	  	   Toxic	   to	   the	  
cells	  over	  time	  

FLICA	   Apoptosis	   cell	  
death	  
detection	  

Ex:	  535nm	  	  
Em:	  617nm	  

-‐	   Strong	   signal	  
observed	   in	  
dead	  cells	  	  

Addition	   at	  
end	   of	  
experiment	  
not	  suitable	  

DAPI	   Nuclear	   stain	  
for	   cell	  
tracking	  

Ex:	  358nm	  	  
Em:	  461nm	  

yes	   	  	   Not	   suitable	  
as	  toxic	  to	  the	  
cells	  over	  time	  

Hoechst	   Nuclear	   stain	  
for	   cell	  
tracking	  

Ex:	  350nm	  	  
Em:	  461nm	  

yes	   	  	   Not	   suitable	  
as	  toxic	  to	  the	  
cells	  over	  time	  

CMDiI	   PM	   Stain	   for	  
cell	  tracking	  

Ex:	  553nm	  	  
Em:	  570nm	  

no	   vesicular	  
appearance	  
that	   remained	  
the	   same	   over	  	  
time	  

	  Not	   suitable	  
due	   to	  
vesicular	  
appearance	  

PKH26	   PM	   Stain	   for	  
cell	  tracking	  

Ex:	  551	  nm	  	  
Em:	  567nm	  

no	   vesicular	  
appearance	  
that	   remained	  
the	   same	   over	  	  	  	  
time	  

Not	   suitable,	  
signal	  
appeared	   in	  
GFP	  channel	  

CellVue	  
Lavender	  

PM	   Stain	   for	  
cell	  tracking	  

Ex:	  420nm	  	  
Em:	  461nm	  

no	   	  	   No	   signal	  
observed	  
despite	  
repeats	  

Mitotracker	  
Orange	  	  
M-‐7510/11	  

Mitochondrial	  
Stain	   marker	  
for	   cell	  
tracking	  

Ex:	  554nm	  	  
Em:	  576nm	  

no	   Diffuse	  
background	  
signal	  observed	  
despite	   testing	  
different	  
concentration	  
ranges	  

vesicular	  
appearance	  
that	   remained	  
over	  time	  
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The use of a dye for monitoring the onset of apoptosis over time proved 

challenging, with most of the apoptotic markers causing non-specific 

toxicity over the course of the experiment. Unfortunately we experienced 

similar problems with the cell tracking dyes, again the dyes, which were 

suited in their excitation and emission parameters being toxic over the 18 

hour time course of the experiment. This aspect of the project therefore 

remains incomplete due to time constraints.  

 

3.4.3	  The	  role	  of	  TRAF2	  in	  TRAIL	  resistance	  	  
To further probe the role of NF-κB activation in TRAIL resistance we also 

examined the role of TRAF2 in TRAIL-induced NF-κB activation and 

furthermore TRAIL-resistance. These studies were carried out to 

complement those with the NF-κB inhibitors, as well as to test whether the 

binding of TRAF2 to TRADD is a potential point for pharmacological 

inhibition of TRAIL-induced NF-κB activity. This was examined through a 

number of different approaches namely through direct knockdown of the 

TRAF2 protein, through the design and synthesis of a direct inhibitor to 

disrupt the TRAF2-TRADD interaction, and finally through mutagenesis of 

specific amino acids within the TRAF2 protein responsible for the TRADD-

TRAF2 interaction. 

 

3.4.3.1	  TRAF2	  Knockdown	  	  
To evaluate the role of TRAF2 in TRAIL resistance, TRAF2 was 

knocked down in HL60, HCT116 and Colo205 cells using a TRAF2 

shRNA expressing lentivirus (Zheng et al, 2008). It was observed that 

following TRAF2 knockdown the transduced cell lines exhibited 

widespread death, however with continued sub culturing, a population of 

cells recovered. Western blots were performed on all cell lines transduced 

with the TRAF2 shRNA lentiviral vector confirming successful 

knockdown (Figure 10D).  These cell lines were tested against their wild-

type counterparts for TRAIL sensitivity.  
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HCT116 TRAF2 knockdown cells showed a small increase in TRAIL 

sensitivity, especially at low doses, while according to our expectations, 

Colo205 TRAF2 knockdown cells showed unchanged, high sensitivity 

(Figure 10A, B). The HL60:TRAF2 shRNA cells were also more 

sensitive to TRAIL-induced apoptosis (Figure 10C). Interestingly, when 

we included BMS-345541 pre-treatment in the experiment, we observed 

that HL60 not only wild-type, but also TRAF2 knockdown cells were 

more sensitive to TRAIL-induced apoptosis, questioning the effect of 

TRAF2 knockdown in blocking TRAIL-induced NF-κB activation 

(Figure 10C).  

 

  
Figure 10. Examining the role of TRAF2 in TRAIL resistance. (A) HCT116:WT  and 
TRAF2:KD (B) Colo205:WT and TRAF2:KD (C) HL60:WT and TRAF2:KD cells were 
treated with TRAIL 0-100 ng/ml for 24 h. Wild-type cells were compared to their TRAF2 
knockdown equivalents. Cells were assessed for compromised mitochondrial membrane 
potential (ΔΨm) by flow cytometry.  Data shown is mean ± S.E.M. of three independent 
experiments. (D) Western blots analysis preformed on HL60, HCT116 and Colo205 cell 
lines transduced with the TRAF2 shRNA lentiviral vector. 
 

Due to the results obtained in Figure 10C above, we repeated both TRAIL 

and BMS-345541 co-treatments on wild-type HL60 versus TRAF2 

knockdown cells at a broader dose range of TRAIL. We observed that the 

TRAF2 knockdown cells showed less sensitivity to TRAIL-induced 
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apoptosis as compared to wild-type counterparts (Figure 11A). This could 

likely be attributed to enhanced non-canonical NF-κB activation in TRAF2 

knockdown cells, due to TRAF2s role in NIK degradation.  

 

 
Figure 11. Examining the role of TRAF2 in TRAIL resistance in HL60 cells. (A) 
HL60:WT and TRAF2:KD cells were treated with TRAIL 0-100 ng/ml for 24 h. Wild-type 
cells were compared to their TRAF2 knockdown equivalents. Cells were assessed for 
compromised mitochondrial membrane potential (ΔΨm) by flow cytometry.  Data shown is 
mean ± S.E.M. of three independent experiments. (B) HL60:WT and TRAF2:KD cells were 
pre-treated for 30 minutes with 5 µM of BMS-345541, followed by TRAIL 0-100 ng/ml for 
24 h. Cells were assessed for compromised mitochondrial membrane potential (ΔΨm) by 
flow cytometry.  Data shown is mean ± S.E.M. of three independent experiments. 
 

From these experiments it was concluded that widespread knockdown of the 

TRAF2 protein was unsuitable approach for examining the role of TRAIL-

induced NF-κB activation in TRAIL resistance. This is probably due to the 

widespread and varied roles reported for TRAF2 protein in diverse 

signalling pathways, in addition to the high variability observed in response 

between the TRAF2 knockdown versus wild type cells. 

 

3.4.3.2	  Design	  of	  the	  TRADD-‐TRAF2	  interaction	  inhibitor	  
In collaboration with Prof Luis Serrano and Dr Almer van der Sloot, from 

the Systems Biology Research Unit, Centre of Genomic Regulation (CRG), 

Barcelona, Spain, we sought to design a TRADD-TRAF2 interaction 

inhibitor peptide using the FoldX program. Using FoldX to examine the 

structure of the TRADD-TRAF2 interaction it was found that amino acids 

60-75 of hTRADD encoded a beta-hairpin structure that is the core of the 

TRAF2 interaction interface of TRADD. In Figure 12A this process is 

demonstrated where the different mutations for the amino acid Ile to all 

other amino acids are being examined, with the aim of calculating the 
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mutation that is most favourable at this position for disruption of the 

association. All possible side chain conformations and the rotamers of the 

neighbouring amino acids in response to the mutation were also examined 

(Figure 12B), with the final result of the calculation seen in Figure 12C. 

This formed the basis for the first generation design of a TRADD-TRAF2 

interaction inhibitor, named Peptide-1 (Figure 12D). This figure was 

exported from the FoldX program by Dr Almer van der Sloot.  

 

 

        
Figure 12. Generation of mutation by the FoldX program (A) Representation of the 
wild type interaction (B) FoldX different mutations for the amino acid Ile to All other 
amino acids. Here demonstrated with ILE to Asp mutation (the mutation that is most 
favourable at this position, indicated in blue in the matrix below figure B, Trp (W) would 
be for example much worse. Favourable mutations are in blue, green indicates slightly 
improved, least favourable in red, and yellow slightly worse. Also shown, the different Asp 
rotamers (all possible side chain conformations) and the rotamers of the neighbouring 
amino acids in response to the mutation.  (C) The result of the calculation: the lowest 
energy structure with the most favourable Asp rotamer. This process (as in B) is repeated 
for all other amino acids at the Ile position in order to obtain a matrix that gives the most 
favourable amino acid mutation at any given position. (D) Peptide-1final structure is seen in 
turquoise, whilst TRAF2 is represented in magenta. Figure credit: Dr Almer van der Sloot. 
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The ability of Peptide-1 to penetrate the cell membrane was tested initially, 

in the presence and absence of a N-terminal cell penetrating sequence (CPP). 

This was facilitated through the presence of a C-terminal FITC tag. HCT116 

and HL60 cells were incubated with a dose range of Peptide-1 (1-20 µM) for 

1 hour and the levels of FITC-positive cells were determined by flow 

cytometry. A short trypsinisation step was performed in order to remove any 

surface bound peptide prior to measurements. The addition of the CPP 

sequence was found to be crucial for Peptide-1’s cellular uptake in both 

HCT116 (Figure 13A) and HL60 cells (Figure 13B). 

 

Figure 13. The addition of a cell penetrating sequence (CPP) is required for 
transduction of Peptide-1 in HCT116 and HL60 cells. (A) HCT116 and (B) HL60 cells 
were treated with a dose range of C-terminally FITC tagged Peptide-1 in the presence and 
absence of a N-terminal CPP sequence. Cells were treated with a range of 1-20 µM of 
Peptide-1 for 1 h and the percent of FITC-positive cells was assessed via flow cytometry.  
 

It was important to examine the cellular uptake and localisation of Peptide-1 

prior to testing its efficacy, as cytosolic distribution is required for binding 

to TRAF2 prior to its recruitment to the TRAIL receptor at the plasma 

membrane. HL60 cells were treated with a dose range of Peptide-1 and 

cellular retention was monitored over a time course. HL60 cells appeared 

positive for FITC at the 3 hour time point and this was maintained over a 24 

hour period with little to no fluctuation at all concentrations (Figure 14A). 

The concentration of 10 µM was chosen for further experiments, and a 

shorter time course of 0-3 hours also showed similar cellular uptake in both 

HCT116 and HL60 cells (Figure 14B).  Next, peptide localisation was 

visualised in cells over a 24-hour period in HL60 cells, with cells treated 

with 10 µM of Peptide-1, harvested and fixed to microscope slides. After 1 

hour the peptide showed a granular staining indicating peptide uptake likely 
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to be by endocytosis, after which it became diffusely distributed in the 

cytosol by 3 hours (Figure 14C). 
 

 
Figure 14. Cellular uptake, retention and sub-cellular localisation of Peptide-1. (A) 
HL60 cells were treated with 5, 10 and 20 µM of Peptide-1, with cells harvested at 1, 3, 6, 
15 and 24 h time points and analysed via flow cytometry for percentage of FITC-positive 
cells. (B) HL60 and HCT116 cells were treated with 10 µM of Peptide-1 and analysed at 
the 30 min, 1, 2 and 3 h time points for Peptide-1 uptake via flow cytometry. (C) HL60 
cells were treated with 10 µM of Peptide-1 for 1, 3, 6 and 24 h. Cells were collected and 
spun for 10 s and re-suspended in 1X TE for 10 min to remove any surface bound peptide. 
Following this cells were spun onto microscope slides using cytospin at 200 rpm for 2min, 
and stained in Hoechst (3 mg/ml in 80% glycerol) Cellular localisation of Peptide-1 was 
observable through its FITC tag by fluorescent microscopy.  
 

Peptide-1’s ability to sensitise cells to TRAIL-induced apoptosis was next 

tested in HCT116 and HL60 cells. Cells were treated with 10 µM of 

Peptide-1 for 3 hours as cytosolic distribution had previously been observed 

at this time point. This was followed by a dose range of TRAIL 0-100 ng/ml 

for 24 h, after which induction of cell death was quantified by measuring 

loss of mitochondrial potential. Peptide-1 however failed to sensitise HL60 

or HCT116 cells to TRAIL-induced apoptosis (Figure 15A and B). 
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Figure 15. Peptide-1 does not sensitise cells to TRAIL-induced apoptosis. Panels (A) 
HCT116 and (B) HL60 cells were pre-treated with 10 µM of Peptide-1 for 3 h, followed 
by TRAIL treatment of 0-100 ng/ml for 24 h. Cells were assessed for compromised 
mitochondrial membrane potential (Δψm) by flow cytometry.  Data shown is mean ± 
S.E.M. of three independent experiments. 
 

However, this result could be explained in light of the peptide being 

unable to fulfil its designed function of inhibiting the TRADD and 

TRAF2 association and disrupting NF-κB activation.  We therefore tested 

Peptide-1 ability to inhibit TNF (Figure 16A) and TRAIL (Figure 16B) 

induced NF-κB activation. HCT116:NF-κB reporter cells were treated 

over a time course of 6 to 24 hours in the presence and absence of 

Peptide-1 in combination with TNF and TRAIL. No reduction in TRAIL-

induced NF-κB activation was observed in co-treatment with Peptide-1. 

However, TNF-treated HCT116 cells at the 24 hour time point in 

combination with Peptide-1 showed a 3 fold reduction, suggesting 

functionality. 
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Figure 16. Peptide-1 does not inhibit TRAIL-induced NF-κB, but at the 24 hour 
time point inhibits TNF-induced NF-κB. HCT116:NF-κB reporter cells were pre-
treated for 3 h with 10 µM of Peptide-1 alone and in combination with (A) TNF 
treatment 180 ng/ml  or (B) TRAIL 200 ng/ml treatment. Cells were harvested at the 6, 9, 
12, and 24 h time points and examined for luciferase activity by the ONE-GloTM 
Luciferase Assay System. This experiment was performed once.  
 

These results prompted a re-analysis of the TRAF2-TRADD interaction 

interface, revealing that in addition the amino acids 145-147 of TRADD 

(Arg146 in particular) form an important hotspot of interaction energy. This 

was incorporated into the second-generation design. A beta-lactam bridge 

was also added to provide constraint and stability to the peptide as without 

this the secondary structure could be too flexible and could in turn 

negatively affect binding of the peptide to TRADD. This second generation 

peptide will be referred to as TraP1 (Figure 17A). The peptide was tested for 

its ability to bind the TRAF2 binding surface of TRADD via BIAcore 

(Figure 17D), and was successful in doing so. 
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Figure 17. Comparison of the first and second generation TRADD-TRAF2 interaction 
inhibitor peptide (A) Peptide-1 final structure is seen in turquoise, whilst TRAF2 is 
represented in magenta. (B) The second generation peptide TraP1 with an additional loop 
bridging amino acids 145-147 of TRADD seen in blue and red. The calculated FoldX 
interaction energy of the final peptide design with TRAF2 was -15 (kcal/mol) compared to -
11 (kcal/mol) for TRADD binding to TRAF2, indicating an improved binding of the 
peptide relative to the native TRAF2-TRADD interaction. (C) Disruption of the TRADD-
TRAF2 interaction by TraP1. (D) BIAcore results indicating TraP1 binding towards His-
TRADD.  The figure shows several BIAcore runs overlaid. At the 10 µM concentration 
binding of TraP1 to His-TRADD is observed.  Figure credit: Dr Almer van der Sloot.  
 

The second-generation peptide TraP1 was tested for cellular retention as 

compared to the first generation Peptide-1 over an 18-hour time course. 

TraP1 performed comparatively to Peptide-1 at a similar concentration of 10 

µM (Figure 18A). Next TraP1’s ability to inhibit TNF-induced NF-κB 

activation was examined. Cells were treated with 10 µM of TraP1 alone and 
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in combination with TNF and the cells were harvested at 6, 18 and 24 hour 

after treatment. TraP1 was unable to reduce inducible NF-κB activation at 

all instances (Figure 18B). We next examined the peptides ability to 

sensitise to TRAIL-induced apoptosis. HL60 and HCT116 cells pre-treated 

for 3 hours with TraP1 followed by TRAIL treatment for 24 hours were 

compared to TRAIL treated alone cells. No increase in cell death was 

observed as compared to cells treated with TRAIL alone in either cell lines 

(Figure 18C, D). 

 

Figure 18. The second-generation peptide TraP1 was unable to inhibit TNF –induced 
NF-κB activation. (A) HCT116 cells were treated with 10 µM of Peptide-1 and TraP1. 
Cells were harvested and analysed via flow cytometry for FITC positivity at the 1, 3, 6 and 
12 h time points. (B) HCT116:NF-κB reporter cells were treated with TNF 180 ng/ml both 
alone and in combination with 10 µM TraP1. Cells were collected at the 6, 18 and 24 h time 
points and examined for luciferase activity by the ONE-GloTM Luciferase Assay System. 
(C) HL60 and (D) HCT116 cells were pre-treated for 3 h TraP1 in combination with 
TRAIL 0-100 ng/ml treatment. Cells were assessed for compromised mitochondrial 
membrane potential (ΔΨm) by flow cytometry. 
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3.4.3.3	  Mutagenesis	  of	  the	  TRAF2	  Protein	  
Following from the previous results the question remained as to the role of 

TRAF2 in TRAIL-induced NF-κB activation. To address this question site 

directed mutagenesis was performed on TRAF2. Mouse Embryonic 

Fibroblasts (MEF) cells deficient for TRAF2 were used as a model system 

for evaluating the TRAF2 mutants. 

 

Initially, TRAF2 knockout MEF cells were tested for TNF and TRAIL 

sensitivity and compared to their TRAF2 expressing counterparts. It was 

observed that TRAF2 knockout MEFs were highly sensitive to TNF-induced 

cell death (Figure 19A). In contrast, TRAF2 knockout MEFs treated with 

either soluble TRAIL (Figure 19B) or cross-linked TRAIL (CL-TRAIL) 

(Figure 19C) showed marginal induction of cell death, similar to the TRAF2 

positive cells.  

 
Figure 19. TRAF2 negative Mouse Embryonic Fibroblasts (MEFs) are sensitive to 
TNF induced cell death, however are not sensitive to cross-linked (CL-TRAIL) or non-
cross-linked TRAIL. (A) TRAF2 positive and knockout MEF cells were treated with 60, 
180 and 540 ng/ml of TNF. Samples were harvested at the 24 h time point and assessed for 
Annexin V positivity by flow cytometry. (B) TRAF2 positive and knockout MEF cells were 
treated with 0-250 ng/ml of TRAIL and harvested at the 24 h time point. Percent cell death 
assessed by Annexin V positivity by flow cytometry. (C) TRAF2 positive and knockout 
MEF cells were treated with 0-250 ng/ml cross-linked Flag-tagged TRAIL and harvested at 
the 24 h time point. Percent cell death by assessed by Annexin V positivity by flow 
cytometry. Data shown is mean ± S.E.M. of two independent experiments 
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Next we sought to establish the effects the presence or absence of TRAF2 

had on TNF and TRAIL-induced NF-κB. TRAF2+/+ and TRAF2-/- MEF cells 

were treated with TNF or TRAIL over a short time course from 30 minutes 

to 3 hours and examined total and phosphorylated IκBα expression. TNF 

treatment in TRAF2 positive and negative cells (Figure 20A, B) led to a 

reduction in the levels of total and increase in phosphorylated IκBα. 

However it should be noted, that in untreated TRAF2-/- cells high basal level 

of IκBα phosphorylation is observed (Figure 20B). This result is expected in 

context of non-canonical NF-κB signalling, where removal of TRAF2 

results in accumulation of NIK and subsequent NF-κB activation. No 

change in the total levels of IκBα in TRAF2 positive MEFs was observed 

following TRAIL treatment (Figure 20A). In order to confirm this 

observation the two MEF cell lines were treated with inducers of NF-κB 

activity namely TNF, BV6, LPS and PAM, and the levels of processing of 

p100 to its p52 form was examined by western blotting (Figure 20C). Mouse 

Macrophages (MMs) treated with LPS were used in this case as a positive 

control. We observed that TRAF2 deficient cells show high endogenous 

processing of p100 to its p52 fragment, indicative of elevated non-canonical 

NF-κB signalling, with a slight increase in this processing observed in LPS 

and PAM treated cells. In contrast, no change in p100 processing was 

observed in TRAF2 positive cells following any treatment.  
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Figure 20.  TNF-induced NF-κB in TRAF2+/+ MEFs, but not in TRAF2-/- MEFs.  (A) 
TRAF2 positive and (B) TRAF2 negative Mouse Embryonic Fibroblasts were treated 180 
ng/ml TNF and 200 ng/ml TRAIL. Samples were harvested at the 0.5, 1, 2 and 3 h time 
points. Lysates were analysed for the total and phosphorylated levels of IκBα by western 
blot. The figure shows representative images of 2 independent experiments. (C) Cells were 
treated with TNF 60 ng/ml, BV6 1 µM, LPS 1 µg/ml, PAM 1 µg/ml, and harvested at the 
24 h time point. The levels of processing of the p100 to the p52 fragment were assessed by 
western blot, and are indicative of non-canonical NF-κB activity. As a positive control 
Mouse Macrophage (MM) cells were treated with 1 µg/ml of LPS. The figure shows 
representative images of 2 independent experiments. 
 

Thus TRAF2-/- MEF cells proved to be a good model for testing the 

functionality of the TRAF2 mutant deficient for TRADD binding we 

generated. We expected by reincorporating TRAF2 into this background a 

rescue in non-canonical NF-κB activation would occur. The ability of this 

mutant to effect NF-κB activity could however only be tested following 

TNF treatment, in addition to rescuing the sensitivity to TNF induced 

apoptosis previously observed.  

 

The TRAF2 protein was mutated at the L471 residue by the megaprimer 

method as described in the materials section. This mutation was confirmed 

by sequencing with the result seen in Figure 21 below.  

 

 

 



Chapter 3: Results 

  
 

126 

 
Figure 21. Sequencing results for the pCMV:Sport6 vector. The Query line represents 
wild type TRAF2 sequence of 501 amino acids in length. Here it is compared to the Subject 
line which is the L471R mutant TRAF2. The box highlights this correct amino acid change. 
 

Following successful confirmation of the L471 mutation, the plasmid was 

delivered to TRAF2-/- MEFs by nucleofection. This method was optimised 

using the pMaxGFP plasmid with 40% of cells showing GFP expression at 

48 and 72 hour time points via flow cytometry (Figure 22A). MEF cells 

were nucleofected with the L471R mutant or with wild type TRAF2, and 

tested for TNF sensitivity (Figure 22B) and TRAIL sensitivity (Figure 22C).  

 

It was expected that by re-introducing wild type TRAF2 into the negative 

background we could rescue TNF-sensitivity (Figure 22A) and restore the 

formation of the NIK degrading complex of TRAF2-TRAF3-cIAP1/2 

reducing the levels of non-canonical NF-κB. Introduction of the L471R 

TRAF2 should also restore the formation of the complex with TRAF3 and 

cIAP1/2, however these cells would be expressing the TRADD binding 
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deficient TRAF2 and therefore TNF sensitivity would not be rescued. In this 

way validation of the L471R could be achieved in the TRAF2 knockout 

MEFs.  

 

We observed successful expression of WT and L471R mutated TRAF2 

following western blot analysis of nucleofected TRAF2-/- MEFS (Figure 

22C) at 24 hours, with this expression however gradually lost by 72 hour 

time point. The expression of ectopic TRAF2 in TRAF2-/- MEFS in both 

cases however greatly reduced non-canonical NF-κB activity. This effect is 

visible when comparing the levels of p100 processing to p52 in the control 

cells in the TRAF2-/- background versus the greatly reduced levels of 

processing to p52 in the nucleofected cells (Figure 22C).  

 

It should be noted however that the TRAF2-/- MEFS (white bars within 

Figure 22B) do not show the expected high TNF sensitivity has been 

reported in the literature and that we were able to detect in initial experiment, 

(Figure 19A), indicating the activation of an alternative protective pathway. 

Furthermore due to the maximum 40% nucleofection efficiency the partial 

effects of the TRADD binding deficient TRAF2 mutant could be masked by 

the over 60% untransduced background.  
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Figure 22. Introduction of wild type and L471R mutated TRAF2 in TRAF2-/- MEF 
cells. (A) TRAF2 -/- MEFs were nucleofected with 2 µg of pmaxGFP. Cells were collected 
at 24, 48 and 72 h time points, and the levels of GFP positivity were assessed by flow 
cytometry, indicative of nucleofection efficiency. (B) TRAF2-/- MEF cells were 
nucleofected with 2 µg of the pCMV:SPORT6 vector containing wild-type (WT) TRAF2 
and a mutated L471R mutant version of the TRAF2 protein. 24 hours following 
nucleofection cells were treated with 60 and 180 ng/ml of TNF for 24 h and examined for 
sensitivity to cell death by Annexin V staining. (C) TRAF2-/- MEF cells nucleofected with 
the pCMV:SPORT6 vector containing wild-type TRAF2 and mutated L471R TRAF2 were 
harvested at 24, 48 and 72 h following transfection. Lysates were examined for the levels of 
TRAF2, p100 and p52 via western blot. Data is representative images of 3 independent 
experiments. 
 

pLKO1. Vector rationale 

Despite repeated attempts to further optimize the nucleofection efficiency, 

values of greater than 40% of were not obtained. This affected our ability to 

measure the effects mutant TRAF2 protein may have on TRAIL-induced 

NF-κB activation, as with 60% of the cell population remaining un-

transfected this would most likely mask subtle changes which may be 

occurring. In addition MEF cells have low sensitivity to TRAIL-induced 

apoptosis, thus making them an inadequate model to assess the effects 

mutant TRAF2 has on TRAIL-induced NF-κB activity and apoptosis. 
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The HCT116 cell line was chosen for further experiments, as previous 

experiments illustrated TRAIL-induced IκBα activation, and partial 

sensitivity to TRAIL-induced apoptosis. These factors made HCT116 cells a 

good model for measuring the effects TRAF2 mutants may have on both 

TRAIL-induced NF-κB and TRAIL-induced apoptosis.  

 

A vector was designed which was capable of knocking down endogenous 

TRAF2 through expression of a previously validated shRNA sequence, 

whist simultaneously expressing the mutant version of the TRAF2 protein. 

Mutation of the shRNA recognition sequence was performed within the 

TRAF2 sequence to ensure its expression in place of the endogenous protein. 

Figure 23A illustrates the pLKO1. vector design. Additionally, the mutant 

TRAF2 protein contains a C-terminal Strep tag allowing for confirmation of 

expression.  

 

Successful incorporation of the TRAF2 mutants in the pLKO1. vector was 

examined through restriction digest with the restriction enzymes HincII and 

BamHI which flanked the TRAF2 sequence. This liberated a fragment of 

~2250 base pairs from the vector backbone of ~7000, and was found to be 

present in all vectors (Figure 23B).  HEK293T cells were transfected with 

the plasmids in order to confirm protein expression. Samples were harvested 

and examined for the levels of TRAF2 and specifically Strep-tagged TRAF2. 

Recombinant Strep-tagged protein was included as a positive control in this 

Western blot (Figure 23C). These results indicated that the pLKO.1 vectors 

were capable of overexpressing mutant TRAF2.  
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Figure 23. Design and validation of the PLKO1. vector containing TRAF2 mutants. 
(A) Plasmid map for the PLKO1.  The sites where TRAF2 shRNA sequence was inserted 
namely AgeI and EcoRI are indicated. The restriction sites flanking the TRAF2 sequence 
are also indicated, HincII and BamHI (B) 0.5 µg of plasmids were subjected to restriction 
digest either singly with BamHI our double cut with BamHI and HincII. Digests were 
separated on a DNA gel and bands visualised using an illuminator. (C) HEK293T cells 
were seeded at 2x105 cells/ml 24 h prior to transfection. Cells were transfected with the 
various pLKO.1 plasmids at a 1:1 ratio of Turbofect (1 µl) to DNA(1 µg). After 6 h the 
media was replenished allowing cells to recover. 24 h after this time point cells were 
harvested and lysates examined for the levels of TRAF2 and Strep-tagged TRAF2.  
 
HCT116 cells were lentivirally transduced with the pLKO1. vectors 

containing wild-type TRAF2 or the following mutants: T401M/L471R 

deficient for TRADD binding, E292R/E294R the cIAP1/2 binding deficient 

mutant and V288E also deficient for cIAP1/2 binding. Stable transfectants 

were selected with puromyocin for one week.  Following this, mutant cell 

lines were examined for sensitivity to staurosporine to ensure that the clones 

that had been selected for future work had not acquired a general resistance 

to apoptosis. Cells were treated with 100-500 nM staurosporine for 24 hours 
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and assessed for levels of cell death via TMRE staining. All cell lines 

displayed similar levels of cell death as compared to the parental and empty 

vector cell lines (Figure 24A). 

 

We next sought to examine the effects these mutants had on TRAIL- and 

TNF-induced apoptosis. HCT116 cells were treated with a dose range of 

TRAIL (10-250 ng/ml) or TNF (60-360 ng/ml) for 24 hours and cell death 

was assessed with TMRE staining. Both wild-type TRAF2 overexpressing 

cells and TRAF2-mutant expressing cell lines were found to be resistant to 

both TRAIL (Figure 24B) and TNF-induced apoptosis (Figure 24C) as 

compared to the parental cell line.  
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Figure 24. Wild-type and mutant TRAF2 over-expression protects against TRAIL-
induced and TNF-induced apoptosis. (A) HCT116 cells were lentivirally transduced with 
the various pLKO.1 plasmids. Cells were selected through puromycin treatment (7.5 µg/ml) 
for one week. Following this the stably transduced cells were treated with 100 nM to 500 
nM staurosporine. Cells were harvested 24 h after treatment, and examined for sensitivity to 
cell death by TMRE staining. Data is representative images of 2 independent experiments ± 
SEM. HCT116 parental, empty vector HCT116 cells overexpressing an empty pLKO1. 
vector (empty vector), HCT116 cells with endogenous TRAF2 knockdown and 
overexpressing shRNA insensitive wild type TRAF2 (WT OE), HCT116 cells endogenous 
TRAF2 knockdown overexpressing TRADD binding deficient (T401M/L471R) or cIAP 
binding deficient (E292R/E294R of V288E TRAF2) were tested for their effect on TRAIL 
and TNF-induced apoptosis. Cells were treated with a dose range of TRAIL 10-250 ng/ml 
(B) and TNF 60-320 ng/ml (C) for 24 h. Cell death was quantified by TMRE staining and 
flow cytometry. The graph shows the average of 3 independent experiments ± SEM. 
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It was hypothesised that the unexpected protective effect following mutant 

TRAF2 overexpression may be due to an increase in receptor-mediated NF-

κB activity. If the TRAF2 mutants were still capable of binding the receptor 

this may explain the protective effect we observed against TRAIL- and 

TNF-induced apoptosis. 

 

The wild-type overexpressing and TRAF2-mutant expressing cell lines were 

pre-treated with the NF-κB inhibitor BMS-345541 for 3 hours followed by a 

TRAIL dose range of 10-250 ng/ml for 24 hours. Cells were harvested and 

examined for cell death via TMRE staining. Through this combination 

insight could be gained as to whether receptor-mediated NF-κB activation 

was the source of resistance, as we would expect to see a restoration of 

TRAIL-induced apoptosis similar to that observed in the parental cells.  

However, inhibition of NF-κB by BMS-345541 was unable to restore 

TRAIL sensitivity in wild-type TRAF2 overexpressing cells (Figure 25A), 

T401M/L471R (Figure 25B), E292R/E294R (Figure 25C) or V288E (Figure 

25D) TRAF2-mutant expressing cell lines.  
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Figure 25. TRAIL resistance in wild-type TRAF2 overexpressing and mutant TRAF2 
expressing cell lines is not rescued by NF-κB inhibition. HCT116 cells transduced with 
wild-type TRAF2 (A) and the T401M/L471R (B), E292R/E294R (C) and V288E (D) 
mutant TRAF2, were pre-treated for 3 hours with 5 µM BMS-345541 followed by a dose 
range of TRAIL 10-250 ng/ml for 24 hours and examined for sensitivity to cell death by 
TMRE staining. Graphs are the average of 2 independent experiments ± SEM. 
 

In parallel the TRAF2 expressing cell lines were examined for effects on 

IκBα phosphorylation. Cells were treated with 200 ng/ml of TRAIL and 

samples were harvested at 5, 15, 30, 60 and 120 minutes. The presence of 

mutant TRAF2 was confirmed by probing the membranes with Anti-strep 

antibody. In all cases, TRAF2 mutant expression was observed. The effect 

of the TRAF2 mutants on TRAIL-induced IκBα phosphorylation was 

assessed by as compared to parental and empty vector cells. In addition, 

p105 to p50 processing was examined.  

 

Overexpression of wild-type TRAF2 resulted in no change in the levels of 

total and phosphorylated IκBα over the time course of the experiment, in 

comparison to the parental and empty vector expressing cells (Figure 26A). 

In the case of the T401M/L471R and E292R/E294R (Figure 26B) mutants, 

phosphorylated IκBα appeared to increase as early as 5 minutes, earlier than 

that observed in parental and empty vector cells.  The V288E TRAF2 
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mutant behaved similarly to parental and empty vector cells when probed 

for total and phosphorylated IκBα (Figure 26C). 

 

Any off target effects were examined by probing for the processing of p100 

to its p52 form. No change in the levels of p100 to p52 processing was 

observed in the presence of the wild-type TRAF2 overexpressing (Figure 

26A), T401M/L471R (Figure 26B), E292R/E294R (Figure 26B) and V288E 

(Figure 26C) TRAF2 mutants. This data suggests that the mutant TRAF2 

proteins did not reduce the capability of the TRAIL receptors to induce 

canonical NF-κB activity.  
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Figure 26. The effects of TRAF2 mutation at residues T401M/L471R, E292R/E294R 
and V288E on TRAIL-induced IκBα phosphorylation, p100 and p105 processing. 
HCT116 parental cells were compared to transduced cells with an empty vector control for 
pLKO.1 and the various TRAF2 mutants. Cells were treated with 200 ng/ml TRAIL and 
harvested at 5, 15, 30, 60 and 120 minute time points. Cell lysates examined for total-IκBα, 
phosphorylated IκBα, p105, p50, p100, p52 and TRAF2. The presence of mutant TRAF2 
was confirmed by probing for Anti-Strep. Data is representative images of 3 independent 
experiments. 
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Mutant TRAF2 cell lines were also examined for effects on TNF-induced 

IκBα activity. Cells were treated with 180 ng/ml of TNF and samples 

similarly harvested at 5, 15, 30, 60 and 120 minutes. The presence of mutant 

TRAF2 was again confirmed by probing the membranes with Anti-strep 

antibody. In all cases TRAF2 mutant expression was observed.  

 

Overexpression of wild-type TRAF2 (Figure 27A), T401M/L471R, 

E292R/E294 (Figure 27B) and V288E (Figure 27C) TRAF2 mutants saw no 

change in the levels of total and phosphorylated IκBα over the time course 

of the experiment, and behaved similarly to parental and empty vector cells 

treated with TNF. An increase in the levels of p50 processing was observed 

in the wild-type overexpressing TRAF2 cells over the time course as 

compared to parental and empty vector treated cells (Figure 27A), and this 

was similarly observed in the V288E treated TRAF2 mutant (Figure 27C). 

No change in p50 processing however was observed in T401M/L471R, 

E292R/E294 (Figure 27B) mutant cells.  

 

In addition no change in the levels of p100 to p52 processing was observed 

in the presence of the wild-type overexpressing TRAF2 (Figure 27A), 

T401M/L471R (Figure 27B), E292R/E294R (Figure 27B) and V288E 

(Figure 27C) TRAF2 mutants.  
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Figure 27. The effects of TRAF2 mutation at residues T401M/L471R, E292R/E294R 
and V288E on TNF-induced IκBα phosphorylation, p100 and p105 processing. 
HCT116 parental cells were compared to lentivirally transduced cells with an empty vector 
control for pLKO.1 and the various TRAF2 mutants. Cells were treated with 180 ng/ml 
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TNF and harvested at 5, 15, 30, 60 and 120 minute time points. Cell lysates examined for 
total-IκBα, phosphorylated IκBα, p105, p50, p100, p52 and TRAF2. The presence of 
mutant TRAF2 was confirmed by probing for Anti-Strep. Data is representative images of 3 
independent experiments. 
 
The question remained as to whether the various TRAF2 mutants were 

deficient in binding their targets, and if they were still capable of being 

recruited to the TRAIL DISC. In order to address this, co-

immunoprecipitation of the TRAIL DISC was performed. HCT116 cells 

overexpressing wild-type TRAF2 (WT OE) or T401M/L471R mutant 

TRAF2 were treated with 250 ng/ml Flag-tagged recombinant soluble 

human TRAIL (Flag-T) or 250 ng/ml untagged TRAIL as a control for 1 

hour. Cells were harvested, and co-immunoprecipitation (Co-IP) was carried 

out using epoxy coated Dynabeads pre-conjugated with M2 Anti-FLAG 

antibody. 

 

Pulldown of caspase-8, FADD and DR4 could be observed in both cell lines. 

It is noted that the efficiency of pull down was greater in the cells 

overexpressing wild-type TRAF2 than that achieved in the T401M/L471R 

TRAF2 mutant expressing cell line, as evident through the reduced amount 

of DR4 pulled down (Figure 28A). Therefore, no clear statements about the 

outcome of the experiment can be made. TRADD and TRAF2 were only 

found to be present in the TRAIL receptor complex in wild-type TRAF2-

overexpressing cells, and were not detectable in the T401M/L471R mutant 

expressing cell line. The absence of the mutated TRAF2 at the activated 

TRAIL receptor was expected, as this mutant should be deficient in TRADD 

binding, but due to the reduction in pulldown efficiency these results are 

inconclusive. These preliminarily results may suggest that the 

T401M/L471R mutant TRAF2 is indeed deficient in TRADD binding but 

this hypothesis still needs to be proven in additional experiments.  

 

It was hypothesised that the protective effects we detected by the 

overexpression of either wild type or mutant TRAF2 constructs may be due 

to reduced or shortened activation of JNK, an event which contributes to 

TRAIL-induced apoptosis. TRAF2 is known to complex with ASK1 and 
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JNK, for which the phosphorylation of TRAF2 at serine 32 and 55 is critical 

for JNK mediated apoptosis (Habelhah et al., 2004; Herr et al., 1999; 

Nishitoh et al., 1998). If the binding deficient TRAF2 mutants are indeed 

unable to associate with TRADD at the TRAIL receptor, it would not 

become phosphorylated, and thus the prolonged activation of JNK 

contributing to apoptosis induction would be inhibited, resulting in TRAIL 

resistance.  

 

In order to test this hypothesis activation of JNK was inhibited through the 

pre-treatment with the kinase inhibitor SP600125. HCT116 parental cells 

were pre-treated with 20 and 40 µM of the inhibitor for 1 hour prior to 

TRAIL treatment with 10-250 ng/ml for 24 hours. Cells were harvested and 

induction of cell death was measured with TMRE staining. It was expected 

that inhibition of JNK induced TRAIL resistance, however instead we 

detected sensitivity to SP600125 alone (Figure 28B) and increased TRAIL 

sensitivity. 

 

 The cell death observed in the combination with TRAIL treatment is 

additive. This would suggest that the protective effects we see due to wild 

type TRAF2 and mutant TRAF2 overexpression maybe independent of JNK 

signalling. However, further experimentation would be required to 

definitively prove this. This was an initial experiment to explore the possible 

alternative mechanism behind the TRAIL resistance we had previously 

observed with our TRAF2 mutants, however further experiments with more 

specific inhibitors would need to be employed.  
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Figure 28. Co-immunoprecipitation of the TRAIL DISC. (A) HCT116 WT OE TRAF2 
cells and T401M/L471R cells were stimulated with 250 ng/ml Flag-tagged TRAIL and 250 
ng/ml untagged TRAIL. After 1 h cells were harvested and lysed in Triton X100 containing 
buffer. The DISC was co-immunoprecipitated using Anti-Flag M2 antibody pre-conjugated 
to epoxy-coated-Dynabeads from life technologies. Samples analysed by western blotting 
using antibodies against caspase-8, FADD, TRADD, TRAF2, RIPK1 and DR4. MWM 
refers to the molecular weight marker. (B) HCT116 parental cells were pre-treated for 1 
hour with the JNK inhibitor SP600125 at 20 µM and 40 µM. This was followed by a dose 
range of TRAIL 10-250 ng/ml for 24 h. Cell death was quantified by TMRE staining and 
flow cytometry. This experiment was only performed once due to time constraints.  
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3.5	  Discussion	  	  

Although clinical trials using rhTRAIL have shown some promise, the 

prevailing issue of resistance still continues. In order to maximise the 

efficacy of TRAIL it is therefore of critical importance to identify potential 

TRAIL resistance mediators and regulators of receptor signalling. 

Experimental work conducted in this chapter aimed to examine the effects 

NF-κB inhibition has on TRAIL-induced apoptosis. In parallel to the 

TRAIL-induced NF-κB activity the contribution this has to TRAIL 

resistance, and more specifically the role of TRAF2 in TRAIL-mediated 

NF-κB activation has been studied. 

 

3.5.1 NF-κB inhibition shows: 

Previous publications have shown that inhibition of NF-κB can sensitise 

TRAIL-resistant cells to cell death. Pre-treatment with the proteasome 

inhibitors Bortezomib and MG132 have sensitised glioma cells (Jane et al., 

2011) and hepatocellular carcinoma cells (Ganten et al., 2005) to TRAIL-

induced cell death. However, proteasome inhibition can have widespread 

off-target effects. More specific NF-κB inhibition has been achieved 

through the delivery of an IκBα super-repressor, a mutant version of the 

inhibitory IκBα family member unable to receive the phosphorylation 

necessary for its degradation. NF-κB inhibition using the IκBα super-

repressor sensitized neuroblastoma (Ammann et al., 2009) and hepatoma 

(Kim et al., 2002) cells to TRAIL-induced apoptosis. In the same paper pre-

treatment with the IKK-inhibitor BMS-345541 also significantly enhanced 

TRAIL-mediated cell death, which is in line with our results involving the 

same combination treatment.  

   

We observed that partial inhibition of NF-κB signalling could be achieved 

through pre-treatment with the IKK1/2 inhibitors BMS-345541 and PS1145, 

as suggested by reduced phosphorylation of IκBα in the presence of these 

inhibitors. Additionally this inhibition sensitized TRAIL resistant cells to 

TRAIL-induced apoptosis. These results suggest that inhibition of NF-κB 

signalling at the level of the IKKs could be sufficient to sensitise cells to 
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TRAIL-induced cell death, however concern arises as to exactly which IKK 

is being targeted by BMS-345541 and PS1145. IKK2/IKKβ has been cited 

as critical for canonical NF-κB activation mediating phosphorylation of 

IκBα, whereas IKK1/IKKα is associated with non-canonical NF-κB 

activation mediating the phosphorylation of NEMO (Basak and Hoffmann, 

2008; Ea et al., 2006; Prajapati and Gaynor, 2002). Thus, a combination 

treatment with IKK specific inhibitors would shed light on the role of 

receptor induced NF-κB activation in TRAIL resistance, without disruption 

of non-canonical signalling. IKK1 and 2 dominant negative mutants 

facilitate this distinction and have been tested for their effects on TRAIL-

mediated NF-κB.  Adenoviral delivery of dnIKK1 and dnIKK2 separately 

was found to inhibit TRAIL-induced NF-κB and sensitise previously 

resistant cells to TRAIL-induced cell death (Kim et al., 2002). Thus 

specifically inhibiting TRAIL receptor mediated NF-κB activity warrants 

further investigation. 

 

We observed that the removal of cIAPs through the SMAC mimetic BV6 

greatly sensitized resistant cell lines to TRAIL-induced cell death. However 

it remains to be addressed if this result is due to inhibition of NF-κB, or due 

to preventing the other cellular functions of IAPs. Recent reports have 

suggested the presence of a secondary complex formed upon loss of cIAPs 

(Feoktistova et al., 2011; Tenev et al., 2011). It has been demonstrated that 

loss of cIAPs promotes the formation of an intracellular complex that 

activates either apoptosis or necrosis (Feoktistova et al., 2011). Termed the 

ripoptosome, this complex is composed of RIPK1, FADD, caspase-8 and 

caspase-10, along with the short cFLIP isoform. cFLIPL has been shown to 

prevent ripoptosome formation, with cFLIPs promoting the complex 

formation. Importantly this complex forms independently of TNF, 

CD95L/FASL, TRAIL, death-receptors, and mitochondrial pathways. 

RIPK1 is the core component of the complex, and decides based on RIPK3 

interaction whether the complex promotes caspase dependent apoptosis or 

necrosis. The sensitivity of HL60 cells to the BV6 compound alone could 



Chapter 3: Discussion 

  
 

144 

perhaps be explained in light of the ripoptosome, a theory that could be 

tested through necrostatin-1 (a RIPK1 inhibitor) treatment.   

 

3.5.2 TRAIL-induced NF-κB 

It has been shown the TRAIL can activate NF-κB through both DR4 and 

DR5 (Ravi et al., 2001; Schneider et al., 1997b) however the significance of 

this activation on TRAIL-induced apoptosis remains controversial. Reports 

exist for a contributory role of TRAIL-induced NF-κB activation in TRAIL 

resistance, eliciting anti-apoptotic effects (Franco et al., 2001; Harper et al., 

2001; Jeremias et al., 1998) and additionally TRAIL-induced NF-κB 

dependent tumour cell migration and invasion. However, evidence also 

exists arguing the opposite or no effect of TRAIL mediated NF-κB on 

apoptosis (Degli-Esposti et al., 1997a; Pawlowski et al., 2000). 

 

It has been demonstrated that constitutively active NF-κB leads to resistance 

of cancer cells to TRAIL, with this activity correlated with an increases in 

the expression of IAP members such as XIAP (Braeuer et al., 2006). In this 

study inhibition of NF-κB activation was achieved through the adenoviral 

delivery of an IKK1 super-repressor. Braeuer et al restored TRAIL 

sensitivity in Panc-1 cells by restoring the constitutive degradation of NIK 

and simultaneous knockdown of XIAP (Braeuer et al., 2006).  

 

TRAIL-induced IκBα activation was observed in a panel of TRAIL resistant 

and sensitive cell lines, with activity observed regardless of TRAIL 

sensitivity (Figure 4). In TRAIL sensitive cell lines this activity naturally 

was not sufficient to overcome apoptotic signalling. Further examination of 

NF-κB activation over a shorter time course suggests that TRAIL-induced 

NF-κB activation may occur with slower kinetics to TNFR1.  

Phosphorylation of IκBα was observed as fast as 5 minutes after TNF 

treatment in HCT116 cells compared to the 1 hour time-point following 

TRAIL treatment.  
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3.5.3 TRAF2 in TRAIL resistance and NF-κB signalling: 

Much research has been centred on the role of TRAF2 in NF-κB, JNK and 

MAPK activation by TNF receptor 1 (Carpentier et al., 1998; Liu et al., 

1996), however comparatively little focus has been given to TRAF2’s 

function with respect to the TRAIL death receptors. It is widely reported 

that TRAF2 depletion leads to enhanced TNF cytotoxicity, and this 

correlates with inhibition of NF-κB. Data presented by Zheng et al. in their 

2008 paper indicate that TRAF2 is a radiosensitizing candidate in variety of 

cell types including lung, glioblastoma, head and neck cancer cell lines, with 

TRAF2 knockdown shown to sensitise resistant cell lines to radiotherapy 

(Zheng et al., 2008). 

 

We observed that TRAF2 knockdown HL60 cells were more sensitive to 

TRAIL induced apoptosis at higher concentrations. However, it was noted 

that knockdown of TRAF2 also disrupts TRAF2’s association with a 

number of intracellular complexes other than the DISC. Probably most 

importantly, the complex of TRAF2 with TRAF3, cIAP1 and 2 is required 

for the constitutive degradation of NIK, whereby the absence of TRAF2 

leads to the accumulation of NIK, consequent activation of IKK1 and 

processing of p100 to the active p52 form. Thus TRAF2 knockdown as an 

approach for examining its role in canonical NF-κB signalling has 

uncontrollable side effects, and does not allow for specific delineation of the 

role of death receptor-mediated NF-κB activation in TRAIL resistance.  In 

order to circumvent this issue we designed specific mutants for delineating 

the contribution of death receptor-mediated NF-κB signalling versus non-

canonical NF-κB signalling.  

 

It was observed that overexpression of both wild-type TRAF2 and mutant 

TRAF2, deficient in TRADD or cIAP binding protected against TRAIL-

induced apoptosis. Co-immunoprecipitation experiments have shown that 

FADD and caspase-8 were at the DISC despite the protective effect against 

TRAIL-mediated apoptosis.  Pull-down of TRAF2 or TRADD was achieved 

only in wild-type TRAF2 overexpressing cells. The absence or low levels of 

TRAF2 pull down could be explained by receptor internalisation preceding 
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the time-point at which the samples were harvested.  Alternatively TRAF2 

may act as a scaffold for efficient DISC formation at the TRAIL receptor, 

and with its interaction with TRADD disrupted, the activated receptor 

cannot efficiently recruit FADD and Caspase-8 and execute the apoptotic 

program, and may explain our results.  

 

It is clear that there is still a great deal of controversy as to the preceding 

events to both TRAIL-mediated NF-κB activation and apoptosis, and the 

order of TRADD and FADD association to the TRAIL death receptors 

(Dickens et al., 2012). It could be hypothesised from our data that FADD 

recruitment occurs prior to TRADD recruitment at the TRAIL receptors, 

with TRADD, TRAF2 and other adaptors appearing later. Alternatively the 

low levels of detectable TRAF2 at the receptor could be due to rapid 

receptor internalisation. Further experimentation is required to draw any 

conclusions.  

 

Inactivation of the TRAIL pathway or escape from TRAIL-mediated 

immune surveillance plays an important role in tumour ontogeny and 

progression (Johnstone et al., 2008), and therefore highlights a need for 

further work centred on NF-κB signalling through DR4 and DR5. Our 

results suggest that inhibition of NF-κB activation may be a valuable 

approach for the modulation of the decision between NF-κB activation and 

apoptosis at the TRAIL receptor.  It is clear that we must distinguish 

canonical and non-canonical NF-κB activity if we are to understand their 

roles in TRAIL resistance. This highlights the potential the TRAF2 mutants 

presented within this work. 
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3.6	  Future	  Perspectives	  

Validation for the knockdown efficiency of endogenous TRAF2 in our 

model system is required in order to draw clear conclusions as to the effects 

the TRADD and IAP binding deficient mutants are having on NF-κB 

activation. This would be achieved by harvesting mRNA from cell lines 

expressing interaction-mutant TRAF2 and performing a PCR reaction. The 

levels of endogenous TRAF2 could be distinguished from that of mutant 

TRAF2 through the use of a primer recognising the shRNA mutated region 

present within each mutant. It is known that TRAF2 forms a homotrimer 

and interacts with one molecule of cIAP2 via its BIR1 domain. Following 

this TRAF2 undergoes a conformational change preventing it from binding 

additional cIAP1 molecules, with two chains of the TRAF2 trimer directly 

contacting cIAP2 (Mace et al., 2010; Zheng et al., 2010). It may be 

considered that the TRAF2 trimer forming at the TRAIL receptor in our 

experiments consists of a mix of endogenous TRAF2 and our mutant 

TRAF2, and therefore limits the potential effect mutant TRAF2 would/could 

have on TRAIL-induced NF-κB signalling. 

 

Co-immunoprecipitation experiments on the parental HCT116 cell line 

following Flag-TRAIL treatment would reveal the native levels of TRAF2 

association following receptor activation. With this result in mind, we could 

compare the mutants for their inability to associate at the TRAIL receptors. 

Additionally, controversy still remains in the field as to the order and 

kinetics of the adaptors that bind to the TRAIL receptors. By broadening the 

time points at which samples are harvested for co-IP following Flag-TRAIL 

treatment, this question could be addressed. Additionally Co-IP pulling 

down the Strep-tagged TRAF2 protein would indicate its presence or 

absence and confirm an interaction deficient mutant.  

 

Transfecting the TRAF2 mutant cell lines with a firefly luciferase reporter 

would show more subtle changes that may not be readily detectable with 

western blotting 
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Live cell imaging allows for a quantitative analysis of cell signalling 

pathways, with fluorescent protein expression and localisation allowing for a 

more detailed view of the heterogeneity of response in a whole cell 

population. Using a model system such as that which we propose here, the 

degree of NF-κB activation can be quantified, and its effect on cell fate 

correlated through co-localisation with an apoptotic marker. This approach 

would greatly assist our understanding of the complex behaviour of the NF-

κB signalling network, and by correlating western blotting and live cell 

microscopy a better understanding of the roles of canonical and non-

canonical NF-κB activation in TRAIL resistance could be achieved.  

 

High throughput analysis through Image stream cytometry, where an image 

of every cell is taken as it passes by each laser, is a technique, which has 

been employed for tracking nuclear translocation and activation of ERK 

signalling (Plotnikov et al., 2011). Using this method or a similar system the 

nuclear translocation of a fluorescently tagged p65 could additionally be 

monitored and quantified. Indeed similar studies have already been 

performed with quantification of nuclear p65 following TNF treated in 

leukemic cell lines (Di et al., 2012; Lee et al., 2014; Maguire et al., 2011), 

however no such dynamic a study has been performed with regard to 

TRAIL-induced NF-κB. Through automated analysis at the single cell level 

of NF-κB nuclear translocation or reporter gene expression such as the GFP 

expression system we propose here, a clear answer as to the transcription 

factors role in deciding cell fate following TRAIL treatment could be 

reached.  
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4.1	  Abstract	  

The aim of this study was to examine the role of the tumour 

microenvironment in AML treatment response. The bone marrow 

microenvironment consists of a network of growth factors, cytokines and 

stromal cells, creating a permissive environment for disease progression. 

Through a better understanding of the stoma-cell dynamic can we can gain 

insight into the underlying mechanisms responsible for therapy resistance, 

and design treatment strategies to overcome this. 

 

Using the human bone marrow derived cell line HS5; we examined the 

effects stromal co-culture had on drug responsiveness in both established 

AML tumour cell lines, and primary patient AML.  We confirm that co-

culture of AML cell lines with stromal HS5 cells induced expression of Bcl-

2, Bcl-XL and Mcl-1 at the mRNA and protein level.  Stromal co-culture 

resulted in marked resistance to single treatment with ABT-737 and 

cytarabine in AML cell lines and primary AML, as compared to cells 

cultured alone. Combination treatments with ABT-737 and cytarabine, or 

daunorubicin and cytarabine were unable to overcome this stromal-mediated 

pro-survival signalling. These results implicated Mcl-1 as a prime mediator 

of resistance. 

 

We further examined ABT-737 resistance in Oci-AML3 cells, due to their 

pronounced resistance to the single treatment. In addition this cell line 

displays high levels of Mcl-1, both intrinsically and following co-culture 

with stromal cells. Using a combination strategy we found that ABT-737 

potently synergizes with the Cdc7/Cdk9 inhibitor PHA-767491 via 

transcriptional inhibition of Mcl-1 in Oci-AML3 cells.  This combination 

also proved effective in primary AML, with both the whole cell population 

sensitised to cell death, and more importantly the Leukemic Stem Cell 

(LSC) population.  
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These results together highlight the significant affects the tumour 

microenvironment, conferred by stroma co-culture, can have on treatment 

outcome. In addition, we provide a rationale for combined targeting of the 

anti-apoptotic Bcl-2 family members, with emphasis on Mcl-1 in the 

treatment of AML. Overall this approach markedly improved drug induced 

cell death and allowed for the removal of the LSC population, a profound 

response in the context of patient disease relapse and remission.  
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4.2	  Introduction	  

Acute myelogenous leukaemia (AML) is the most common acute leukaemia, 

with age and cytogenetics recognized as prognostic factors in patient 

outcome. Response rates remain poor and inverse to patient age, with only 

25% of elderly patients surviving 3 or more years when treated with the 

most commonly available chemotherapeutics; cytarabine and anthracycline 

(Shimada et al., 2006).  

 

It has been demonstrated that a small subset of the leukemic cells from 

AML patients are able to propagate the disease in xenograft mouse models. 

Termed leukemic stem cells (LSCs), these cells express the haematopoietic 

stem cell marker CD34 and are negative for CD38, a typical marker of 

committed lineages. When injected alone into NOD/SCID mice, LSCs 

display self-renewal properties, resulting in differentiated leukemic blasts 

and disease manifestation (Bonnet and Dick, 1997; Lapidot et al., 1994).  

Approaches aimed at eliminating the founding clone and also sub-clones 

derived from it are paramount, and are required for remission in the long 

term.  

 

The bone marrow microenvironment is important for the survival, 

proliferation and differentiation of normal hematopoietic cells. More 

recently, environment-mediated drug resistance has become increasingly 

recognised as the cause of disease relapse. Reports have stated that the 

interaction of cancer cells with surrounding normal endothelial stromal cells, 

in addition to their release of various cytokines, play a crucial role in 

directing the progression of the disease (Ryningen et al., 2005; Tabe et al., 

2007), facilitating the formation of blood vessels nourishing the developing 

tumour. Co-culture with bone marrow stromal cells (BMSC) has previously 

been shown to induce resistance to both cytarabine and the BH3 mimetic 

ABT-737 in primary AML cells principally due to upregulation of Bcl2 and 

Bcl-XL (Konopleva et al., 2002; Veiga et al., 2006). Thus, a model 

incorporating the role of the tumour microenvironment and examining the 
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mechanisms governing its protective effects from the insult of 

chemotherapies is highly desirable.  

 

BH3 profiling of cancer cells has been proposed to better predict the in-vivo 

responsiveness of patients to BH3 mimetics when combined with 

conventional therapies (Certo et al., 2006; Deng et al., 2007; Vo et al., 2012). 

Thus selectively targeting the Bcl-2 protein family is a promising tool with 

potential to reveal new treatment combinations, and complement already 

existing therapies.  

 

The aim of this study was to investigate the effects of the stromal bone 

marrow microenvironment on conventional AML treatment, and identify 

BH3 mimetic-based drug combinations, which would be able to overcome 

stromal-derived resistance. We mimicked the tumour microenvironment by 

co-culturing AML cells with the BMSC derived cell line HS5. Established 

AML cell lines and primary patient AML samples were used, and in 

addition treatment effects on the LSC population were monitored.  

 

High expression of Bcl-2 and Mcl-1 were associated with stromal co-culture. 

Despite this, the BH3-mimetic ABT-737 was not effective in killing AML 

cells. However, by combining ABT-737 with the dual CDC7/Cdk9 inhibitor 

PHA-767491, a novel compound that has been found to block Mcl-1 

expression, produced a synergistic effect and potently killed AML cells. 

Most importantly, this combination treatment was a very potent inducer of 

cell death in the LSC population in primary patient samples.  
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4.3	  Materials	  and	  Methods	  

4.3.1	  Reagents	  and	  Drugs	  

A stock solution of 10 mM of ABT-737 (Selleck Chemicals) in dimethyl 

sulfoxide (DMSO) was stored at –20°C. AraC (Cat# C1788, Sigma) and 

PHA-76749, a kind gift from Prof Corrado Santocanale, NUI Galway. 

 

4.3.2	  Cell	  Lines	  and	  Cells	  Culture	  

OCI-AML2, OCI-AML3, HL-60, Kazumi, KG-1, ML-1 and MOLM-13 cell 

lines were cultured in suspension in RPMI 1640 medium (Sigma) containing 

10% heat-inactivated foetal bovine serum (FBS) (Sigma Aldrich) 1% (v/v) 

penicillin (100 U/ml), streptomycin (100 U/ml) and 2 mg/ml L-glutamine 

(all purchased from Sigma Aldrich). HS5 cells were maintained in DMEM 

High glucose media (Sigma Aldrich) supplemented with 10% heat-

inactivated foetal bovine serum (FBS), 1% (v/v) penicillin (100 U/ml), 

streptomycin (100 U/ml). Cells were maintained at 37 °C in a humidified 

5% CO2 atmosphere. Patient AML samples were grown in alpha MEM 

(Sigma) containing 10% heat-inactivated foetal bovine serum (FBS), 1% 

(v/v) penicillin (100 U/ml) and streptomycin (100 U/ml). 

4.3.3	  Annexin	  V	  Staining	  

Cell death was monitored by labelling phosphatidyl serine externalised on 

the surface of apoptotic cells with AnnexinV-FITC. Following treatment, 

cells were collected by gentle trypsinization and incubated for 10 min at 

37oC to allow membrane recovery. Cells were pelleted by centrifugation at 

5000 rpm and incubated with AnnexinV-FITC in AnnexinV Staining Buffer 

(10 mM HEPES/NaOH, pH 7.5, 140 mM NaCl and 2.5 mM CaCl2) for 15 

min on ice in the dark on. Sample analysis was performed using FACSCanto 

II flow cytometer (BD Bioscience) with FACSDiva 6.1 acquisition/data 

analysis software (BD Bioscience).  
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4.3.4	  AML	  cell	  viability	  and	  Leukemic	  Stem	  Cell	  Phenotyping	  	  
Mononuclear cells (MNCs) were incubated with anti-CD34 and anti-CD38 

antibodies (BD Bioscience, San Diego, USA) in PBS/1% BSA (Sigma) 

following the manufacturer’s staining protocol. After washing off unbound 

antibodies cells were stained with 1 µM of To-Pro3 (Cat# T3605, Molecular 

Probes) to label the dead cell population for 15 minutes at room temperature. 

Stained samples when were analysed on BD Canto II flow cytometer (BD 

Bioscience, San Diego, USA) by collecting 105 events. HS-5 cells were 

excluded by gating out events with a high GFP+/FSС (forward scattered 

light) ratio. Statistical analysis and data visualization were performed using 

GraphPad Prism software (GraphPad Software inc., La Jolla, USA). 

 

4.3.5	  Western	  blot	  analysis	  
Cells were harvested by centrifugation and lysed in buffer containing 1% 

Igepal-630, 20 mM HEPES pH 7.5, 350 mM NaCl, 1 mM MgCl2, 0.5 mM 

EDTA, 0.1 mM EGTA, 0.5 mM dithiothreitol (DTT), 1 µM 

phenylmethylsulphonyl fluoride (PMSF), 1.0 µg/ml Pepstatin, 10 µM 

Leupeptin, 2.5 µg/ml aprotinin, 2.5 µg/ml leupeptin and 250 µM N-acetyl-

leucyl-leucyl-norleucinal (ALLN) after being washed twice in ice-cold PBS. 

Cellular proteins (30 µg) were subjected to electrophoresis on 10 or 12% 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto 

nitrocellulose membrane (Protran). After blocking in 5% non-fat milk and 

0.05% Tween-20 in PBS, blots were incubated with rabbit polyclonal 

antibodies against Mcl-1 (1:1000; Cat# 4572, Cell Signalling Technologies), 

Bax (1:1000; Cat# 2772, Cell Signalling) or actin (1:500; A2103, Sigma) 

and mouse monoclonal antibodies against XIAP (Assay Design), cFLIP 

(1:200; Cat# ALX-804-428, Alexis Pharmaceutical), Bcl-XL (H-5) (1:200; 

SC-8392, Santa Cruz), caspase-8 1C12 (1:1000; #9746; Cell Signalling 

Technologies) and Bcl-2 (100) (1:200; Cat# SC-509, Santa Cruz). For 

detection, appropriate horseradish peroxidase-conjugated goat secondary 

antibodies were used at a 1:5000 dilution, also in 5% milk PBST (0.05%) 

for 2 hours at room temperature. Protein bands were visualized with 
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Western bright ECL-HRP Substrate (MyBio, Cat#K-12045-D50) on X-ray 

film (Agfa). 

 

4.3.6	  Quantitative	  RT-‐PCR	  
Quantitative RT-PCR was performed using Taqman chemistry. This is also 

known as a 5’ nuclease assay. In addition to the use of a forward and reverse 

primer designed to amplify the target of interest, a minor groove binder 

(MGB) probe, which hybridizes to the target between the two primers was 

used. The probe has a fluorescent reporter dye attached to its 5’ end and the 

MGB and Non Fluorescent Quencher (NFQ) dye tagged at its 3’ end.  As 

DNA polymerase amplifies the target DNA it cleaves the probe separating 

the fluorescent dye from the NFQ allowing release of a fluorescent signal 

detected by the QRT-PCR machine, and in this way allows for real time 

detection of product amplification. cDNA was synthesised and diluted to a 

concentration of 40 ng per 10 µl reaction. This was combined with Brilliant 

III Ultra-Fast QPCR Master Mix (Agilent) and 20X Taqman gene 

expression assays (Applied Biosystems and IDT). Samples were dispensed 

to a fast optical MicroAmp 96-well plate (Applied Biosystems) in triplicate. 

The PCR was run for 40 cycles on an Applied Biosystems fast 7500 

machine. The cycling reaction was as follows: Hold at 95°C for 3 minutes, 

40 cycles at 95°C for 12 s, and 60°C for 30 s. The relative expression levels 

(relative to GAPDH) were calculated using the △△Ct method when 

comparing a treated sample to an untreated sample. 

	  

4.3.7	  Statistical	  Analysis 

Using the Chou and Talalay median effect equation the combination index 

(CI) was calculated and plotted against the fraction affected (Fa) (Chou, 

2010). Any points falling below the line (CI=1) indicated potent synergy. 

The analysis was performed using the CompuSyn software package 

(ComboSyn Incorporated). 
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4.4	  Results	  

4.4.1	   Stromal	   co-‐culture	   induces	   the	   expression	   of	   anti-‐

apoptotic	  BCL-‐2	  family	  members	  in	  AML	  
The expression levels of the anti-apoptotic Bcl-2 family members Bcl-2, 

Bcl-XL and Mcl-1 were examined in a panel of AML cell lines and ten bone 

marrow aspirates. Primary hematopoietic stem cells were isolated from bone 

marrow aspirates and whole cell extracts examined for levels of Bcl-XL, 

Bcl-2 and Mcl-1 expression versus Oci-AML2, Oci-AML3, HL60 and 

Molm-13 cell lines via immunoblotting (Figure 1A). We observed that 

primary HSCs express varying levels of Bcl-2 and Bcl-XL and high levels of 

Mcl-1.  

 

The bone marrow niche is suggested to nurture the LSC population, and 

protects them from chemotherapeutics. LSCs are believed to be responsible 

for disease relapse from treatment, thus identification of treatments able to 

target LSCs within their niche is a current aim in leukaemia research. Co-

culture with bone marrow stromal cells (BMSCs) has been shown to induce 

up-regulation and expression of Bcl-2 and Bcl-XL in AML cell lines 

previously (Konopleva et al., 2002; Veiga et al., 2006). The first aim of the 

project was to confirm this result. A panel of AML cell lines have been 

cultures in the presence and absence of a BMSC cell line, HS5, for 24 hours 

after which the AML cells were harvested and expression of Bcl-2 family 

members determined at the level of mRNA and protein.  

 

KG-1 and Oci-AML3 cells showed significant increase in mRNA 

expression for all three proteins (Bcl-2, Bcl-XL and Mcl-1) as compared to 

cells cultured in the absence of a stromal layer (Figure 1B). Western blots 

were performed on the same samples, and confirmed this result for Oci-

AML3 cells (Figure 1C), which displayed increased levels of Bcl-XL and 

Mcl-1 as compared to cells cultured alone. 

 
 



Chapter 4: Results 

  
 

158 

 
Figure 1. Anti-apoptotic Bcl-2 protein family expression is increased in AML cell lines 
and primary patient samples (A) Ten Primary HSC patient samples were harvested and 
whole cell extracts examined for levels of Bcl-XL, Bcl-2 and Mcl-1 expression versus Oci-
AML2, Oci-AML3, HL60 and Molm-13 cell lines via immunoblotting. (B) Bcl-2, Bcl- XL 
and Mcl-1 mRNA levels were assessed by qRT-PCR in KG-1, Oci-AML2, Oci-AML3, 
ML-1 and Molm-13 cell lines cultured alone and in combination with HS5 cells. Samples 
normalised to GAPDH levels  (C) Whole cell extracts were prepared from KG-1, ML-1, 
Molm-13, Oci-AML2 and Oci-AML3 cells cultured for 24 h in the presence or absence of 
HS5 cells, and immunoblotted. Proteins were detected with Bcl- XL, Bcl-2 and Mcl-1 
antibodies. 
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4.4.2	   Co-‐culture	   with	   the	   human	   bone	   marrow-‐derived	   cell	  

line	  HS5	  results	  in	  resistance	  to	  cytarabine-‐induced	  apoptosis	  

in	  both	  established	  tumour	  cell	  lines	  and	  primary	  AML.	  
Co-culture with BMSCs has been reported to induce resistance to cytarabine 

(AraC) in AML cell lines (Konopleva et al., 2002; Veiga et al., 2006) and 

primary AML cells, with this resistance principally attributed to 

upregulation of Bcl-2 and Bcl-XL. We selected the bone marrow derived 

stroma cell line HS5 as a means of recapitulating the stromal 

microenvironment. In order to validate the model we tested the effect co-

culture with BMSCs had on cytarabine-induced apoptosis in a panel of 

AML cell lines, namely Oci-AML2, ML-1, Molm-13 and KG-1.  

 

Cells were cultured on a monolayer of HS5. After 24 hours the leukemic 

cells were carefully removed, leaving the monolayer of HS5 cells intact, and 

seeded in a 24 well plate without any medium change or dilution. Cells were 

then treated with the indicated doses of cytarabine for 24 hours, and 

induction of cell death was quantified by Annexin V staining. Co-culture 

with HS5 cells gave a pronounced protection against cytarabine to Oci-

AML2, ML-1 and Molm-13 and a significant, but less pronounced effect in 

KG1 cells, which is likely due to the already high resistance of these cells to 

cytarabine in the absence of stromal co-culture (Figure 2A). 

 

To date, the most common therapy available for the treatment of AML is a 

combination of cytarabine and daunorubicin (Wiernik et al., 1992). We 

tested this combination of cytarabine with daunorubicin in six primary 

patient samples cultured in the presence and absence of HS5 cells, to further 

validate the co-culture system (Figure 2B). One patient sample (Figure 2B, 

Panel 5) showed resistance to the drugs even in the absence of the stromal 

layer. In 3 out of the remaining five patient samples a pronounced protective 

effect was observe following stromal co-culture (Figure 2B, Panel 1-3), and 

one patient sample showed a partial protection at the low drug concentration 

range (Figure 2B, Panel 4). One patient sample showed high sensitivity to 

the cytarabine and daunorubicin drug combination and stromal co-culture 
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did not reduce this sensitivity (Figure 2B, Panel 6). These results confirmed 

that the bone marrow stromal cell layer can confer a pro-survival effect and 

is able to recapitulate in-vivo stromal mediated mechanisms contributing to 

chemo-resistance.  
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Figure 2. Anti-apoptotic BCL-2 expression is associated with HS5 mediated drug 
resistance. (A) Oci-AML2, ML-1, Molm-13 and KG-1 cells treated with a dose range of 
AraC under regular conditions (RPMI1640 with 10% FBS) alone or co-cultured with the 
human bone marrow stromal derived cell line HS5. Percentage of apoptotic (Annexin V+) 
cells was determined by flow cytometry. Data shown is mean ± S.E.M. of three 
independent experiments (B) Primary patient samples were cultured alone or in 
combination with HS5 cells, following which cells were co-treated with a dose range of 
AraC (dose range 0.5, 1.5 and 4.5 µM) and Daunorubicin (dose range 0.15, 0.45 and 1.35 
µM). The molar ratio of AraC and DnR were kept constant, matching the clinically applied 
ratio, i.e. 0.5 mM AraC was always combined with 0.15 µM DnR and the three-fold 
increased AraC concentration of 1.5 µM was matched with similarly, 3-fold higher DnR 
concentration (0.45 µM). Percentage of apoptotic cells was determined by flow cytometry 
through ToPro-3 staining.  
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In order to gain further insight against which drug the microenvironment can 

protect more, single treatments with AraC (Figure 3) and daunorubicin 

(Figure 4) were performed on primary patient AML samples cultured in the 

presence and absence of HS5 cells. Interestingly, nearly all patients were 

resistant to AraC, even in the absences of HS5 cells. In contrast with the 

exception of one patient, all samples showed sensitivity to DnR. Of note the 

DnR-resistant patient was also resistant to AraC (Figure 4). 
 

 
Figure 3. Response of primary patient AML blasts to single treatment with AraC. (A) 
Primary patient cells were cultured alone or co-cultured with the human bone marrow 
stromal derived cell line HS5 and treated with 0.5, 1.5 and 4.5 µM of AraC for 24 h, 
Percentage of apoptotic cells was determined by flow cytometry via ToPro-3 staining   
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Figure 4. Response of primary patient AML blasts to single treatment with 
Daunorubicin Primary patient cells were cultured alone or co-cultured with the human 
bone marrow stromal derived cell line HS5 and treated with 0.15, 0.45 and 1.35 µM of 
Daunorubicin for 24 h, Percentage of apoptotic cells was determined by flow cytometry via 
ToPro-3 staining. 
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4.4.3	  The	  anti-‐apoptotic	  effects	  of	  stromal	  co-‐culture	  are	  not	  

mediated	  by	  high	  or	  increased	  levels	  of	  BCL-‐2.	  

It has been previously shown that resistance to cytarabine may be mediated 

by increased Bcl-2 expression under stromal co-culture. Since ABT-737 

could sensitize AML cells to cytarabine, we sought to determine the efficacy 

of ABT-737 to overcome the stromal-mediated protective effect against 

cytarabine (Figure 2A). In addition, the use of ABT-737 having originally 

been designed as a selective inhibitor of Bcl-2 and Bcl-XL allowed us to 

examine the effects mediated by high or increased levels of these two 

proteins.  

 

Oci-AML2, Oci-AML3, ML-1, Molm-13 and HL-60 cells were cultured in 

the presence of HS5 cells, following which cells were treated for 24 hours 

with ABT-737 (30 and 300 nM), in addition to a dose range of cytarabine. 

The second panel for each section denotes the same treatment performed in 

the presence of stromal cells (Figure 5).  

We observed protection against cytarabine-induced apoptosis for 3 cell lines 

in the presence of HS5 cells, but not for Oci-AML3 (Figure 5B) and HL60 

(Figure 5E). HS5 co-culture conferred resistance to ABT-737 single 

treatment in ML-1 (Figure 5C) and Molm-13 cells (Figure 5D) suggesting 

that another mediator of resistance in addition to Bcl-2 and/or Bcl-XL must 

exist in these cells. These results reveal that the anti-apoptotic effects of 

stromal co-culture are not mediated by high or increased levels of Bcl-2. 

Oci-AML3 cells remained resistant to the combination treatment, and there 

was no compelling effect after inclusion of HS5 stromal layer (Figure 5B).  
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Figure 5. Association of anti-apoptotic Bcl-2 protein with HS5 mediated drug 
resistance. (A) Oci-AML2 (B) Oci-AML3, (C) ML-1, (D) Molm-13 and (E) HL60 cells 
were cultured alone or in combination with the human bone marrow stromal derived cell 
line HS5 (2nd panel on the right). Cells were treated with the indicated concentrations of 
ABT-737 alone and in combination with increasing amounts of AraC of 2.5, 4.5 and 10 µM 
for 24 h. Percentage of dead cells was determined by flow cytometry using ToPro-3 
staining. Data shown is mean ± S.E.M. of two independent experiments. 
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4.4.4	   Anti-‐apoptotic	   BCL-‐2	   family	   protein	   expression	   is	  

necessary	  for	  AML	  cell	  survival.	  

We next tested an increased dose range of ABT-737 up to 3 µM on cell 

death in single culture of Oci-AML2, Oci-AML3, ML-1, Molm-13 and HL-

60 cells. We found that all cell lines were sensitive to ABT-737, with the 

exception of Oci-AML3. This may be due to the Oci-AML3 having the 

highest level of Mcl-1 expression (Figure 6A). 

 

Two primary patient samples were cultured in the presence and absence of 

stromal cells, and also tested for sensitivity to an ABT-737 dose range of 

0.01 - 3 µM. We observed that stromal co-culture reduced spontaneous cell 

death in primary untreated controls, and in addition conferred a protective 

effect to ABT-737-induced cell death. This effect was most pronounced at 

the lower concentrations of the BH3 mimetic (Figure 6B,C). These results 

indicate that expression of anti-apoptotic Bcl-2 family members targeted by 

ABT-737 are necessary for AML survival, with this feature preserved in 

primary patient samples. It should be noted that the stromal co-culture was 

able to protect against low levels of ABT-737, however this effect was lost 

with increasing concentrations.  
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Figure 6. Anti-apoptotic Bcl-2 family expression not only protects but it is necessary 
for AML cell survival (A) ML-1, HL60, Molm-13, Oci-AML2 and Oci-AML3 cells were 
treated with a dose range (3 nM - 3 µM) of ABT-737 for 24 h in suspension culture. 
Percentage of cell death was determined by sub-G1 fraction by flow cytometry. Data shown 
is mean ± S.E.M. of two independent experiments. (B) Primary patient sample Gal-AML10 
and (C) Gal-AML1 were culture alone or in combination with the human bone marrow 
stromal derived cell line HS5. Following which cells were treated with a dose range of 
ABT-737 for 24 h.  Percentage of live cells was determined by flow cytometry via Annexin 
V staining. This figure shows a representative of two repeats (of note primary patient 
samples are a limited resource with limited cell numbers, prohibiting us from performing 
multiple repeats). 
 

4.4.5	   ABT-‐737	   potently	   synergizes	   with	   the	   Cdc7/Cdk9	  

inhibitor	  PHA-‐767491	  via	   transcriptional	   inhibition	  of	  Mcl-‐1	  

in	  OCI-‐AML3	  cells	  

Our experiments indicated that the anti-apoptotic effects of stromal co-

culture against chemotherapeutics were not mediated by increased 

expression of Bcl-2 or Bcl-XL. We therefore sought other possible mediators 

responsible for this resistance. Given that Mcl-1 expression was consistently 

induced following co-culture with HS5 cells in four out of the six cell lines 

studied, we hypothesized that resistance to ABT-737 could be overcome by 

depleting the levels of Mcl-1.  
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Reports have shown that elevated levels of Mcl-1 are associated with 

leukaemia relapse, due to its important role in the survival of haematopoietic 

stem cells, and that CDK inhibitors are sufficient for reducing the levels of 

Mcl-1 expression, due to its increased and regulated expression during cell 

cycle at the stage of mitosis (Chu et al., 2012). Therefore we decided to test 

the dual CDC7/CDK9 inhibitor PHA-767491. 

 

The most resistant cell line, Oci-AML3, was chosen for these experiments 

and co-cultured with HS5 cells for 24 hours, after which cells were removed 

and seeded in a 24 well plate and treated with the indicated dose of PHA-

767491 for 4 hours, followed by a dosage of ABT-737 for 20 hours. 

Induction of cell death was quantified by TMRE staining.  

 

Treatment with 2 µM of PHA-767491 alone resulted in modest induction of 

apoptosis but potently sensitized Oci-AML3 cells to ABT-737 (Figure 7A). 

The sensitizing effect of PHA-767491 was seen between concentrations 1 

µM and 2 µM. These concentrations of PHA-767491 resulted in substantial 

sensitisation to even to low concentrations of ABT-737. The sensitisation by 

2 µM of PHA-767491 was association with a significant and rapid 

downregulation of Mcl-1, which occurred within 3 hours (Figure 7B). These 

results indicate that downregulation of Mcl-1 may be the cause of synergy.  

Using the Chou and Talalay median effect equation (Chou, 2010). This 

equation is based on the median-effect equation encompassing the 

Michaelis-Menten, Hill, Henderson-Hasselbalch, and Scatchard equations. It 

is an equation for assessing a single and multiple entities, producing a 

combination index (CI) value. The CI was calculated and plotted against 

fraction-affected cells (Fa). All points fall below the CI=1 line which is 

indicative of synergy of combined ABT-737 and PHA-767491 treatment 

(Figure 7C). A value of 1 indicates an additive effect, and a value of below 

one indicated an antagonism of two drugs. 
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Figure 7. OCI-AML3 cells are resistant to single treatment with ABT-737, but are 
sensitised to cell death in combination with PHA-767491 through a transcriptional 
down regulation of Mcl-1. (A) OCI-AML3 cells were treated with increasing 
concentrations of PHA-767491 for 4 h, followed by a dosage of ABT-737 for 20 h alone or 
in combination. Percentage of apoptotic (Annexin V+) cells was determined by flow 
cytometry. Data shown is mean ± S.E.M. of three independent experiments (B) Treatment 
with 2 µM of PHA-767491 on OCI-AML3 cells over a time course of 1 to 8 hours. Cell 
lysates were examined for levels of Mcl-1 by western blotting (C) Using the Chou and 
Talalay median effect equation the combination index (CI) was calculated for the 
experiment in panel (A) and plotted against the fraction affected (Fa) cells. Any points 
falling below the line (the point at which CI=1) indicate potent synergy of the drug 
combination of ABT-737 and PHA-767491. The Fa-CI plot illustrates the effects of ABT-
737 and PHA-767491 in combination, and demonstrates synergism at Fa > 0.5.  
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4.4.6.	   Combined	   ABT-‐737	   and	   PHA-‐767491	   treatment	   also	  

targets	  the	  Leukemic	  stem	  cell	  population	  in	  primary	  patient	  

AML. 

Mcl-1 is an important survival protein in haematopoietic stem cells 

(Opferman et al., 2005), with elevated levels previously documented during 

leukemic relapse. Cancer stem cells (CSCs) are defined as cells within a 

tumour, which can self-renew and are capable of generating subsequent 

lineages of cancer cells (Clarke et al., 2006). Since normal HSCs and LSCs 

share numerous features, including high Mcl-1 expression, a potential 

concern with the use of BH3 mimetics (e.g. ABT-737/ABT-263, the orally 

available version of ABT-737), that fail to kill the high Mcl-1 expressing 

LSCs may select for AML stem cells leading to the emergence of a more 

aggressive and resistant form of the disease.  

 

The aim of this experiment was to test the effect of combined ABT-737 and 

PHA-767491 treatment on both the total AML blast population, and 

separately the LSC subpopulation in primary patient AML samples in 

stromal co-culture. The LSC population response was monitored through 

combined CD34 and CD38 staining (LSCs identified as CD34+ and CD38- 

cells). In the experiment, four primary patient samples were co-cultured 

with HS5 cells for 24 hours, seeded into 24 well plates undiluted, and 

treated with a combination of ABT-737 (30 and 300 nM), and PHA-767491 

(1-4 µM) for 24 hours. The response of LSCs to treatment was quantified by 

monitoring the proportion of LSCs within the drug resistant cell population. 

Increased proportion of LSCs within the surviving population indicates 

higher resistant of LSCs to the drugs then the AML blast population, 

unchanged proportion of LSCs in the surviving population shows equal 

sensitivity of AML cells and AML blasts to the treatment, while reducing 

proportion of LSCs reflect higher sensitive LSCs than AML blasts to the 

treatment.  
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In two of the four cases, PHA-76741 in combination with ABT-737 showed 

a pronounced increase in cell death versus PHA-767491 treatment alone. 

This effect was most apparent at the higher dose of 300 nM ABT-737 in 

Patients 2 and 3 (Figure 8C and E). Primary patient LSCs were resistant to 

single treatment PHA-767491, however, in combination with ABT-737 

induction of cell death in this cell population was observed in three out of 

four patient samples (Figure 8B, D, H). The varying scales on the Y-axis for 

the percentage of live LSC AML blasts in these panels are explainable due 

to inter-patient variability in LSC cell count as assessed by CD34 positivity 

and CD38 negativity.  
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Figure 8. Primary Patient LSCs are resistant to single treatment with PHA-767491, 
but are sensitised to cell death in combination with ABT-737.   (A) Primary patient cells 
were treated with increasing concentrations of PHA-767491 alone and in combination with 
30 nM and 300 nM of ABT-737 for 24 h. Percentage of apoptotic cells was determined by 
flow cytometry via ToPro-3 staining. Each panel shown is representative of one Patient 
from a cohort of four. The results in panel (B) denote the effect single treatment with PHA-
767491 and combined treatment with ABT-737 at 30 nM and 300 nM had on the LSC 
population for Patient 1. This was assessed by gating the population that were CD34+ and 
CD38-. The numbers of LSCs are patient variable with some exhibiting high numbers of 
upwards of 40% LSCs (e.g. Panel F) and others as low as 5% (e.g. Panel H). (C) Primary 
Patient sample 2 was treated as above. The effect on the whole population as well as the 
LSC population (D) was assessed via ToPro-3 staining and flow cytometry. (E) Primary 
Patient sample 3 was treated as above. The effect on the whole population as well as the 
LSC population (F) was assessed via ToPro-3 staining and flow cytometry. (G) Primary 
Patient sample 4 was treated as above. The effect on the whole population as well as the 
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LSC population (H) was assessed via ToPro-3 staining and flow cytometry. Data shown is 
mean ± S.E.M. of two independent experiments, involving measurement of duplicate 
samples and quantified response of 50,000- 100,000 cells in each. Of note primary patient 
samples are a limited resource with limited cell numbers, prohibiting us from performing 
multiple repeats. 
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4.5	  Discussion	  	  

More recently the interaction of cancer cells with their surrounding stromal 

microenvironment and the effects this interaction can have on cancer 

progression, treatment response and disease relapse has become widely 

recognized (Dalton et al., 2004; Mitsiades et al., 2004). The bone marrow 

microenvironment is composed of hematopoietic and mesenchymal 

progenitor cells, endothelial progenitor cells, bone marrow stromal cells and 

the extracellular matrix (ECM), in addition to a high local concentration of 

growth factors and cytokines (Klamer and Voermans, 2014). All of these 

components together facilitates cell growth, angiogenesis, and in addition 

promotes initiation of an invasive and metastatic cancer cell (Meads et al., 

2008). We propose that by co-culturing AML cells with BM stromal cells a 

better understanding of the interplay between tumour and stoma and its 

decisive role in facilitating drug resistance can be reached.  

 

The anti-apoptotic Bcl-2 family members have been proposed as targetable 

and causative agents in myeloid malignancies (Campos et al., 1993; Fennell 

et al., 2001; Kaufmann et al., 1998; Vaux et al., 1988), with emphasis 

particularly on Bcl-2, Bcl-XL and Mcl-1 for their roles in 5-Azacytidine 

(Bogenberger et al., 2014) and ABT-737 resistance (Konopleva et al., 2006). 

Our findings confirm the integral role of the stroma microenvironment in 

AML therapy response. We confirm previous reports of upregulation of 

anti-apoptotic Bcl-2 family members at the mRNA and protein level upon 

stroma co-culture in AML cell lines. The expression levels of anti-apoptotic 

Bcl-2 family members were also assessed in primary patient AML.  

 

Co-culture of AML cell lines in the presence of the BMSC cell line HS5 

followed by Cytarabine treatment versus single cultured cells showed a 

marked increase in resistance to the drug. These results implicated HS5 cells 

as mediators of resistance, with the mechanism behind this resistance likely 

due to up-regulation of Bcl-2 anti-apoptotic family members. This finding is 

in accordance with previous publications showing that Bcl-2 in primary co-



Chapter 4: Discussion 
 

175 
  

culture is associated with in-vivo chemoresistance (Buggins and Pepper, 

2010). We also observed a similar protective effect conferred via the co-

culture system in primary patient AML cells following the combination 

treatment of cytarabine and daunorubicin, versus cells treated in isolation. 

 

To test the role of the Bcl-2 family members the BH3 mimetic ABT-737 was 

employed to inhibit Bcl-2 and Bcl-XL. However, this combination treatment 

was insufficient at reversing the resistance observed prior. This led to the 

conclusion that the anti-apoptotic effects of stromal co-culture were not 

mediated by high or increased levels of these two Bcl-2 family members 

alone and thus led to further examination of the role of Mcl-1. It should be 

mentioned however that cells cultured alone and treated with ABT-737 

showed sensitivity to the BH3 mimetic, indicating that anti-apoptotic Bcl-2 

not only protects, but is necessary for AML cell survival, and is in 

accordance with past publications (Campos et al., 1994). These results also 

highlight the central role of stromal-mediated protection, as without this 

cells are sensitive to the agent. 

 

This effect was also observed in primary AML patient samples independent 

of HS5s treated with ABT-737. Interestingly, spontaneous cell death was 

reduced in untreated primary cells seeded on HS5s. This highlights the 

effects co-culture can have upon cell survival, harbouring and protecting 

cells from death, an effect previously reported in co-culture systems 

(Garrido et al., 2001).  

 

We next turned our attention towards the role of Mcl-1 in stromal-mediated 

protection, with levels of this protein already known to correlate with AML 

development and survival (Glaser et al., 2012). The cell line Oci-AML3 was 

chosen for this study, as it previously displayed high Mcl-1 levels both 

inherently and following co-culture. The Cdc7/Cdk9 inhibitor PHA-767491 

was selected due to its anti-tumour activity in pre-clinical models of cancer, 

and for its ability to down regulate Mcl-1 (Montagnoli et al., 2008; Natoni et 

al., 2011). Oci-AML3 cells treated with the combination of ABT-737 and 

PHA-767491 displayed profound sensitization as opposed to single 
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treatments, and the data presented here strongly suggests that this effect was 

through transcriptional inhibition of Mcl-1 via western blotting. 

 

It has previously been reported that targeting of Mcl-1 is a promising 

strategy to overcome drug resistance in AML (Kasper et al., 2012), with the 

development of selective Mcl-1 inhibitors and their application for the 

treatment of AML showing promise in the clinic (Doi et al., 2014). Our 

results confirm that Mcl-1 functionally contributes to the resistance 

phenotype following stroma co-culture, with its suppression necessary to 

overcome this effect. 

 

In primary patient AML cells the combination of ABT-737 and PHA-

767491 also overcame stromal-mediated protection, and induced cell death 

in both the whole cell population and also the leukemic stem cell population. 

These results are of particular interest due to high levels of LSCs correlating 

with poor prognosis and the need to eradicate these cells to achieve relapse 

prevention (Gerber et al., 2012).  

 

In this work we show that bone marrow stromal cells can upregulate anti-

apoptotic Bcl-2 protein expression that provides a survival advantage to 

AML cells. Anti-apoptotic Bcl-2 proteins have at least dual effect in the 

control of cell survival. Firstly, Bcl-2 proteins can protect against 

intracellular or extracellularly originating stress, such as DNA damage, 

oxidative stress, hypoxia etc (Hetz, 2012; Shore et al., 2011). Secondly, they 

can act as inhibitors of cell death in scenarios where cell types depend on 

constant presence of trophic factors for survival, which is typically true for 

leukocytes (maturing lymphocytes, myeoblasts, activated T and B cells etc.). 

This is especially important for understanding the drug resistance of 

leukemic stem cells in AML where the LSC cell population have inherited 

high anti-apoptotic Bcl-2 protein expression from the normal hematopoietic 

stem cells they derive from. With clear evidence that the LSC population is 

responsible for AML relapse and relapse AML becoming highly drug 

resistant and unresponsive to most currently available therapies, novel 

strategies for the eradication of AML LSCs is now of immediate importance.  
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Our results provide a mechanistic rational for a co-operative approach 

targeting these Bcl-2 family members. ABT-737 and PHA-767491 

combination treatment had potent synergy and compelling antileukemic 

activity in both AML cell lines and primary patient AML cells. This 

combination strategy could prove a useful adjunct to currently available 

chemotherapeutic drugs, with its effect most significantly observed on the 

LSC population. These results warrant further investigation into 

combination therapies which can simultaneously target the leukemic blast 

and stem cell population, a strategy which could improve overall patient 

outcome and ultimately disease relapse. 
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4.6	  Future	  Perspectives	  

Tumour relapse remains one of the major obstacles for improving overall 

cancer survival in patients. This is thought to at least in part to be mediated 

by the existence of cancer stem cells. More recently there has been a 

challenge to how we think about cancer and its development. Tumours can 

originate from the transformation of normal cells; however it is also now 

proposed that cancers may develop from damage conferred upon the stem 

cell population native to the tissue type affected. In this way the signalling 

pathways that would normally regulate the self-renewal of stem cells can 

confer an indefinite potential for self-renewal to the cancer cell driving 

tumourigenesis. We now understand that a tumour is organised in a similar 

hierarchical fashion, as normal tissues are, with a small population of cancer 

stem cells central for self-renewal and dissemination of the tumour. Our 

work reveals a means by which the Leukemic stem cell population can be 

targeted through a novel combination of PHA-767491 and ABT-737. It is 

noted that this combination has not been tested on non-transformed cells to 

ensure a tumour specific effect and would be proposed as a line of study to 

follow. Our experiments show that the single treatments of Daunorubicin or 

AraC had no effect on the LSC population in Primary patient samples. The 

phenotypically diverse cells and internal heterogeneity within a tumour must 

be considered for the prevention of disease relapse.  

 

We observe here the importance of the stromal interaction and tumour 

microenvironment in conferring a protective effect against AraC and ABT-

737 in AML, with this effect most likely mediated through the upregulation 

of anti-apoptotic Bcl-2 family members. Through the combination of ABT-

737 and PHA-767491 the Oci-AML3 cell line with highest Mcl-1 

expression could be sensitised to cell death. Further work expanding the 

profiling of other upregulated proteins following co-culture would also 

prove informative, as it is likely that different AML cell lines will have 

different responses and protein expression profiles, and would inform 

treatment combinations and strategies to overcome resistance. 
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Chapter	  Five:	  General	  Discussion	  

Understanding TRAIL resistance in the context of non-transformed and 

transformed cells is critical for ensuring an effective approach for sensitising 

tumour cells selectively and for avoiding possible toxicity to non-

transformed cells. With upward of 50% of tumours exhibiting resistance to 

TRAIL (Bagci-Onder et al., 2013) it follows that a greater understanding of 

how cells maintain TRAIL resistance is also required in order to broaden the 

number of tumour types treatable with TRAIL.  

 

rhTRAIL in addition to leucine or isoleucine zipper variants of TRAIL have 

been shown to be well tolerated in animal models, in contrast to the poor 

tolerance and high toxicities that have been reported for TNF and FasL 

(Ashkenazi et al., 1999; Walczak et al., 1999).  To date rhTRAIL, the 

monoclonal agonistic antibody mapatumumab (targeting DR4) and the 

monoclonal agonistic antibodies lexatumumab, conatumumab and 

tigatuzumab (targeting DR5) have entered phase I and II clinical trials 

(Hellwig and Rehm, 2012). Clinical tails have targeted a wide range of solid 

and non-solid malignant neoplasms with TRAIL based treatments 

administered as monotherapies and in combination with other 

chemotherapeutic drugs. Several patients have shown attenuate disease 

progression with treated with the DR5 targeting antibodies (Abdulghani and 

El-Deiry, 2010; Plummer et al., 2007).  

 

However the caveat of pro-survival signalling through the TRAIL death 

receptors has surfaced, with primary cells from acute leukaemia cases 

showing increased proliferation rates following TRAIL treatment (Ehrhardt 

et al., 2003). Thus is follows that for successful treatment, pro-survival 

signalling pathways that can be activated by the TRAIL receptors must be 

inhibited, and therefore may limit the use of TRAIL as a monotherapy. The 

further development of site-specific inhibitors such as the TRADD-TRAF2 

interaction inhibitor proposed here may provide a means of achieving this. 

Additionally this inhibitor is specific to receptor mediated pro-survival 
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signalling and leaves the numerous intracellular signalling complexes 

associated with TRAF2 unaffected.  

 

More recently a bivalent Smac mimetic, which both disrupts protein-protein 

interactions, and simultaneously induces associated protein degradation, has 

been developed. The Smac mimetic Birinapant (TL32711) is capable of 

preferentially degrading TRAF2 bound cIAP1 and cIAP2 (Benetatos et al., 

2014). In this paper the effect on TNF-induced canonical NF-κB was 

examined, with HL60 cells pre-treated with Birinapant exhibiting reduced 

nuclear translocation of p65 and profound TNF sensitivity. Additionally 

Birinapant as a single agent treatment reduced tumour volume in patient 

derived xenograft models of ovarian and colorectal cancer. Birinapant is 

currently in Phase II clinical trials. However later studies have shown its 

activating effect on non-canonical NF-κB as seen through increased NIK 

and p100 processing to p52 in AML (Carter et al., 2014). This further 

supports the development of site-specific inhibitors at the level of the 

receptor which leave the formation of intracellular TRAF2 associated 

complexes unaffected.  

 

Our work indicates that TRAIL-resistant cancer cells can be sensitised to 

TRAIL-induced apoptosis though a mechanism which is non-harmful for 

non-transformed cells due to the presence of multiple redundant pathways, a 

feature lost in tumour cells. Additionally we observe that NF-κB inhibition 

sensitised cells to TRAIL-induced cell death. It remains to be delineated if 

this effect is mediated by inhibiting TRAIL receptor induced NF-κB 

activation.  We saw that TRAF2 overexpression profoundly protected 

against TRAIL-induced apoptosis. Studies have shown that inhibition of 

TRAF2 and Ubc13 interaction at TNFR1 can supress TNF-induced JNK 

activation (Liu et al., 2012).  It is possible that a similar effect may be 

observed at the TRAIL receptor, where our TRADD and cIAP1/2 binding 

deficient mutants are not recruited and therefore TRAIL-induced JNK 

activation would be prevented. This may account for the protective effect 

following TRAIL treatment we observe, however further experiments are 

required to address this question.  



Chapter 5: General Discussion 
 

181 
  

TRAF2 has two very distinct roles as regards NF-κB signalling. In the case 

of canonical it seems to act as a scaffold for cIAP1/2 recruitment to the 

death receptors and is a positive inducer of canonical NF-κB activation. 

Whereas in contrast, TRAF2 in complex with TRAF3 and cIAP1 and -2 

drives constitute NIK ubiquitination and degradation, and shuts down NF-

κB activation. This dichotomous role led me to the question of why have 

TRAF2 positioned at these two distinct levels? What could be the advantage 

of this for the cell? 

 

We know that high levels of TRAF2 will shut down non-canonical NF-κB 

but instead potentiate receptor induced NF-κB activation. We also know that 

low levels of TRAF2 will drive non-canonical NF-κB activation, in a similar 

manner that cIAP1/2 depletion does, and in turn reduce receptor induced 

NF-κB activation. Could it be that TRAF2 is therefore positioned at these 

two distinct points to act as a regulator or switch between the two NF-κB 

pathways?  

  

It has been shown that the NF-κB dimers p50-RelA and p52-RelB target 

distinctly different subsets of genes (Bonizzi and Karin, 2004; Chen et al., 

2003). Indeed it has been reported that RelB:p52 dimers recognise the 

promoters of chemokine genes  preferentially (Bonizzi et al., 2004), and 

RelA:p50 and cRel dimers are involved in the upregulation of Bim, Noxa 

and Bcl-xL in a neuronal cell model (Sarnico et al., 2009). Research has also 

shown that the post-translational modification TRAF2 receives will greatly 

affect the signalling pathways it can participate in. I feel therefore that 

TRAF2 may be thought of as a point of cross talk and represents a unique 

protein for the interception and switching between the expression of 

p50:RelA versus p52:RelB target genes for the cell. The numerous and 

diverse cellular pathways that TRAF2 is involved in presents a challenge for 

its targeting as a treatment strategy, and merits further investigation into its 

role in regulating death receptor signalling.  

 

We now know that the growth, reoccurrence and metastasis of cancer cells 

can be in part attributed to the stem cell population or population of 
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malignant cells with stem cell like properties within a tumour (Mannelli and 

Gallo, 2012). There is high variability in the radiosensitivity response of 

cancer stem cells of various cell types (Baumann et al., 2008), highlighting 

the need for a better understanding of the mechanisms protecting these cells 

and for the development of alternative approaches targeting the 

subpopulation.  More recently there has been an emphasis on the role of the 

tumour microenvironment and its effects on therapeutic outcome. Here we 

observe a stromal mediated protective effect in AML cell lines though the 

upregulation of anti-apoptotic Bcl-2 family members. This protective effect 

was overcome by simultaneously targeting the Bcl-2 family members 

through a combined treatment of ABT-737 and PHA-767491. In addition 

this combination was also found to sensitise the leukemic stem cell 

population in primary patient samples.  

 

Over the course of my time here in NUIG, I have had a great opportunity to 

work on many diverse projects. From my work I feel great promise lies in 

therapies where tumour cells as well as the tumour initiating stem cells are 

simultaneously targeted. If left unchecked this cell population will give rise 

to more differentiated daughter cells, and disease relapse. Currently this 

represents a rapidly expanding field for the screening of drugs, which are 

selective to tumour initiating stem cells and non-toxic to normal stem cells. 

Salinomycin and abamectin (Riccioni et al., 2010) represent two such 

candidates identified as cancer stem cell inhibitors. In-vivo salinomycin has 

been shown to inhibit mammary tumour growth and reduced the number of 

cancer stem cells by 100 fold relative to paclitaxel (Gupta et al., 2009). It is 

clear that even over the course of my study the last four years, how we view 

and understand cancer has changed, and continues to change dramatically.  

It has also leads me to the realisation that there are always more questions to 

be asked, and that usually your data answers one question while raising 

another, and so it goes.  
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Resistance to TRAIL in non-transformed cells is due to
multiple redundant pathways

M van Dijk1,2, A Halpin-McCormick1,2, T Sessler1, A Samali1 and E Szegezdi*,1

Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) is a cytokine and a selective inducer of apoptosis in a range of
tumour cells, but not in normal, untransformed cells. A large number of chemotherapeutics as well as biological agents are being
tested for their potential to sensitise resistant tumour cells to TRAIL as a means to broaden the range of tumours treatable with
TRAIL. However, because of the incomplete understanding of the mechanism(s) underlying TRAIL resistance in non-malignant
cells, it is unpredictable whether the effect of these sensitisers will be restricted to tumour cells or they would also sensitise non-
transformed cells causing unwanted toxicity. In this study, we carried out a systematic analysis of the mechanisms driving TRAIL
resistance in non-transformed cells. We found that cellular FLICE-like inhibitory protein, anti-apoptotic B-cell lymphoma 2
proteins, and X-linked inhibitor of apoptosis protein were independently able to provide resistance to TRAIL. Deficiency of only
one of these proteins was not sufficient to elicit TRAIL sensitivity, demonstrating that in non-transformed cells multiple pathways
control TRAIL resistance and they act in a redundant manner. This is contrary to the resistance mechanisms found in tumour
cell types, many of them tend to rely on a single mechanism of resistance. Supporting this notion we found that 76% of
TRAIL-resistant cell lines (13 out of 17) expressed only one of the above-identified anti-apoptotic proteins at a high level
(Z1.2-fold higher than the mean expression across all cell lines). Furthermore, inhibition or knockdown of the single
overexpressed protein in these tumour cells was sufficient to trigger TRAIL sensitivity. Therefore, the redundancy in resistance
pathways in non-transformed cells may offer a safe therapeutic window for TRAIL-based combination therapies where selective
sensitisation of the tumour to TRAIL can be achieved by targeting the single non-redundant resistance pathway.
Cell Death and Disease (2013) 4, e702; doi:10.1038/cddis.2013.214; published online 4 July 2013
Subject Category: Cancer

Tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a death ligand member of the TNF ligand
superfamily.1 Similar to other death ligands, TRAIL activates
the extrinsic apoptotic pathway upon binding to its cell surface
receptors, death receptor (DR) 4 and DR5. Upon ligation
of the receptor, pro-caspase-8 and -10 are recruited to the
receptors where they become activated.2,3 Once active,
caspase-8/-10 translocates to the cytosol to activate execu-
tioner caspases or to cleave the BH3-only protein Bid and thus
trigger Bcl-2-associated X protein (Bax)/Bcl-2 homologous
antagonist/killer (Bak)-mediated cytochrome c release and
consequent execution of apoptosis.4,5

TRAIL is attracting attention as a potential anti-cancer
agent because of its property of inducing apoptosis selectively
in tumour cells, but not in healthy, non-transformed cells.6

Corroborating this attribute of TRAIL, pre-clinical studies and
phase I clinical studies have demonstrated no systemic
toxicity of TRAIL to organs and tissues, even at very high

administered doses.6,7 In vitro studies, however, revealed that
approximately 60–70% of tumour cell lines are resistant to
TRAIL, and thus the therapeutic potential of TRAIL may be
limited to a small subset of TRAIL-sensitive tumours.8,9

Our understanding of resistance mechanisms in tumour
cells has greatly increased over the past 15 years. First,
activation of DR4 and DR5 can be regulated by the decoy
receptors, DcR1 and DcR2, which are able to sequester
TRAIL from the DRs as well as to form inactive, heteromeric
complexes with them.10–12 Activation of caspase-8 (or -10) is
another target for regulation by at least three different
proteins: the caspase-8 homologue cellular FLICE-like
inhibitory protein (cFLIP), phosphorylated MAPK-activating
death domain protein or the complex of glycogen synthase
kinase-3, DDX3 and cellular inhibitor of apoptosis protein-1.
All these proteins act by binding to DR4/DR5 and prevent
Fas-associated protein with death domain and/or caspase-8
recruitment.13–16 In addition to the inhibitors that act at the
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level of the receptor, anti-apoptotic B-cell lymphoma 2 (Bcl-2)
proteins can block Bax/Bak activation induced by caspase-8-
processed tBid and thus block the activation of the mitochon-
drial amplification loop.17,18 Finally, in a number of tumour
cells TRAIL-mediated apoptosis has been shown to be
blocked by the caspase inhibitor, X-linked inhibitor of
apoptosis protein (XIAP) that can directly bind to caspase-9
and -3 and block their activation or activity.19

Drugs that reduce the expression of such anti-apoptotic
proteins, either by inducing cellular stress or inhibiting the
oncogene that drives their expression can restore sensitivity
of tumour cells to TRAIL.20 Although healthy, non-trans-
formed cells are protected against TRAIL-induced apoptosis,
there are examples where cellular stress or tissue injury,
caused by, for example, spinal cord injury or proteasome
inhibition triggers TRAIL sensitivity in non-malignant
cells.21–23 The effect of the plethora of drugs reported to
sensitise tumour cells to TRAIL by inducing DNA damage,
oxidative stress, endoplasmic reticulum stress, etc., on
normal, non-transformed cells is unpredictable.

To date, the mechanism of TRAIL resistance in normal,
non-transformed cells is poorly studied. Early reports have
found that non-transformed cells expressed higher amounts
of DcR1 and DcR2 than cancerous tissues, which may be the
means through which they are protected from TRAIL,24,25

however, there is a lack of sufficient mechanistic in vivo
evidence in support of this notion.

The best studied non-transformed cell type for TRAIL
resistance are keratinocytes. Keratinocytes, unlike most other
non-transformed cells (such as fibroblasts, smooth muscle
cells, endothelial cells), display some degree of TRAIL
sensitivity. This sensitivity increases by transforming the
keratinocytes, which has been linked to reduced cFLIP or
XIAP expression in response to the transformation.23,26,27

However, our knowledge about the inherent resistance
mechanisms in non-transformed cells is currently incomplete.

In the current study, we carried out a systematic analysis of
the mechanisms that regulate TRAIL resistance in non-
transformed cells. We show that non-transformed cells are
protected from TRAIL-induced apoptosis by multiple, redun-
dant pathways. We found that in both human primary
fibroblasts and smooth muscle cells cFLIP, anti-apoptotic
Bcl-2 proteins and XIAP are independently able to provide
resistance to TRAIL. Removal of only one of these proteins is
insufficient to induce TRAIL sensitivity. Eliminating the
receptor-proximal cFLIP together with either the anti-apopto-
tic Bcl-2 proteins or XIAP was necessary to relieve TRAIL
resistance. We show that resistant tumour cells on the
contrary tend to rely on the expression of only one of these
anti-apoptotic proteins to maintain TRAIL resistance, which
may offer a safe therapeutic window for combination
therapies.

Results

DcRs are not essential for resistance to TRAIL. To study
the mechanism of TRAIL resistance in non-transformed cells,
two common human somatic cell types have been chosen:
dermal fibroblasts (hFb) and umbilical artery smooth muscle
cells (hUASMCs). Despite the clear advantages of in vivo

systems to address our question, they could not be used due
to the significant differences in the TRAIL receptor family as
well as the regulation of TRAIL sensitivity between human
and rodent cells.28–29 For all key experiments, hFb from two
separate donors have been used. The two fibroblast strains
gave very similar results in all experiments, thus, results from
only one donor (donor 007) are shown here.

To characterise hFb and hUASMC as model systems,
surface expression of TRAIL receptors and TRAIL resistance
were evaluated. Similarly, to other non-transformed cells,27

the TRAIL receptor predominantly expressed on the surface
of both hFb and hUASMC was DR5 (Figure 1a). hFb also
expressed DR4 and DcR1, whereas hUASMC expressed
DcR1 and DcR2 (Figures 1a and b). The expression of pro-
apoptotic proteins was also determined in hFb, and they were
found to express all key apoptosis-mediating and executing
proteins, such as pro-caspase-8, pro-caspase-9, pro-cas-
pase-3, Bax, Bak, Smac/Diablo (data not shown). To test the
sensitivity of hFb and hUASMC to TRAIL, the cells were
treated with a dosage of crosslinked TRAIL for 24 h, and cell
death (as measured by Annexin V assay) was determined
(Figures 1c and d). Neither cell types demonstrated any
sensitivity to TRAIL. Because both hFb and hUASMC express
DcRs, we decided to bypass their potential ability to compete
for TRAIL by selectively activating DR5 using an agonistic
antibody (LBY135, Novartis, Figure 1e). Treatment of hFb
with LBY135 failed to induce apoptosis, indicating that DcRs
are either not involved in TRAIL-resistance, or additional,
intracellular regulators exist.

Cycloheximide (CHX) overcomes the resistance of
normal cells to TRAIL-induced apoptosis. To determine
whether expression of anti-apoptotic proteins or low
expression of pro-apoptotic proteins is responsible for
TRAIL resistance, protein synthesis was blocked with CHX
(10mg/ml, for 15 h) before treatment with TRAIL (Figure 2).
Pre-treatment with CHX sensitised hFb to TRAIL (Figure 2a),
indicating that TRAIL-mediated apoptosis is more likely to be
inhibited by anti-apoptotic proteins, rather than being
prevented due to the absence of pro-apoptotic proteins.

In order to find the target of CHX, its effect on the expression
of TRAIL receptors and anti-apoptotic proteins was studied in
hFb. Although CHX treatment did not alter the cell surface
expression of DR4 and DR5 (Figure 2b), nor the expression of
XIAP (Figure 2c), it did reduce the expression of cFLIP, B-cell
lymphoma-extra large (Bcl-XL) and myeloid cell leukemia
sequence 1 (Mcl-1; Figure 2c).

We also noticed that exposure of hFb to TRAIL failed to
induce significant processing of pro-caspase-8, it was only
apparent when the cells were pre-treated with 10 mg/ml CHX
for 15 h (Figure 2d). A low level of caspase-8 processing was
only detectable after enhancing detection sensitivity of the
western blot by doubling the protein loaded on the gel and
using a high-sensitivity chemiluminescent substrate
(Immobilon Western HRP substrate, Millipore), indicating that
TRAIL signalling is likely to be blocked at the level of the
death-inducing signalling complex (DISC; Figure 2e).

cFLIP is a pseudocaspase, structurally related to
caspase-8 with three splice variants (long, short and Raji:
cFLIPL, S, R, respectively).30 cFLIP inhibits or limits
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DR-mediated activation of caspase-8 by competing with it for
binding to the DISC.31 We found that the dominant isoform of
cFLIP in hFb is cFLIPL and that expression of cFLIP was
reduced after CHX treatment (Figure 2c). To investigate
whether cFLIP is responsible for TRAIL-resistance, it was
knocked down in hFb using small interfering RNA (siRNA)
targeting the death effector domain region common in all three
variants (Figure 2f, inset). Knockdown of cFLIP, however,
failed to sensitise hFb to TRAIL-induced apoptosis (Figure 2f),
despite the fact that it increased TRAIL-induced pro-caspase-
8 processing (Figure 2g). This indicates that cFLIP is likely to
have a role in regulating TRAIL sensitivity, but there are
additional, downstream inhibitors.

cFLIP and XIAP are together responsible for TRAIL
resistance in normal cells. In order to identify what
additional factors regulate TRAIL-induced apoptosis in hFb,
pro-caspase-3 processing was examined. TRAIL induced
processing of pro-caspase-3 to its p20 fragment, but
not to the fully processed p17 fragment, detectable in the
TRAIL-sensitive Colo205, colon carcinoma cells or in hFb
pre-treated with 10 mg/ml CHX for 15 h (Figure 3a lower
panel). This p20 caspase-3 fragment was inactive as no
detectable level of cleaved poly-ADP ribose polymerase
(PARP, a caspase-3 substrate) was present in hFb lysates,
only when CHX pre-treatment was applied (Figure 3a upper
and lower panels). Similar results were obtained when cFLIP

Figure 1 Fibroblasts and smooth muscle cells are not sensitive to TRAIL-induced apoptosis. (a and b) Cell surface expression of TRAIL receptors. Histogram
representation of flow cytometric analysis of DR4, DR5, DcR1 and DcR2 expression on the cell surface of (a) hFb and (b) hUASMC. (c and d) Non-transformed cells are
resistant to TRAIL-induced apoptosis. (c) hFb and (d) hUASMC were treated with the indicated doses of crosslinked TRAIL (TRAIL-CL) for 24 h and induction of apoptosis was
measured with Annexin V analysis. As a positive control, cells were treated with 500 nM staurosporine (STS) for 24 h. (e) Treatment with the agonistic DR5 antibody, LBY135
does not induce apoptosis in fibroblast cells. Cells were treated with indicated doses of crosslinked LBY135, or with 500 ng/ml TRAIL-CL for 24 h and induction of apoptosis
was measured with Annexin V analysis. Data shown are mean±S.E.M. (f) Jurkat cells were used as a positive control for TRAIL- and LBY135-induced apoptosis

Redundancy in TRAIL resistance in normal cells
M van Dijk et al

3

Cell Death and Disease



Bibliography 
 

227 
  

 
 
 

 
 
 
 
 
  
 
 
 
 
 
 

was knocked down. cFLIP knockdown enhanced
TRAIL-induced pro-caspase-3 processing, however, it was
again only to the p20 fragment, with no associated PARP
cleavage (Figure 3b).

XIAP, a known inhibitor of caspase-3, binds to the p20
caspase-3 fragment to block its activity, including the
autocatalytic removal of the 3 kDa pro-domain from the p20
subunit.32 To assess the involvement of XIAP in TRAIL
resistance, XIAP was knocked down using siRNA (Figure 3c),
however, it failed to sensitise hFb to TRAIL-induced apoptosis
(Figure 3d).

To examine a potential two-point control of TRAIL-induced
apoptosis, cFLIP and XIAP (cFLIPþXIAP) were knocked
down together. cFLIPþXIAP knockdown sensitised
hFb to TRAIL-induced apoptosis (Figure 3d), which was

associated with full processing of pro-caspase-3 to its
p17 active fragment and intracellular cleavage of PARP
(Figure 3e). Knockdown of cFLIPþXIAP sensitised
hFb only to TRAIL, but not to compounds which
predominantly target the intrinsic apoptosis pathway
(doxorubicin and etoposide; Figure 3f), highlighting
that these proteins represent bona fide resistance mechan-
isms against TRAIL rather than being generic pro-survival
factors.

Study of hUASMCs identified the same mechanism
of resistance. Similar to hFb, hUASMC cells became sensitive
to TRAIL after treatment with CHX, and this effect could be
replicated by simultaneous knockdown of cFLIPþXIAP, but
not by knockdown of either protein alone (Supplementary
Figure 1).

Figure 2 Effect of cycloheximide (CHX) and cFLIP knockdown on TRAIL sensitivity of human fibroblasts. (a) Inhibition of protein synthesis with CHX sensitises hFb to
TRAIL-induced apoptosis. Cells were pre-treated for 15 h with 10 mg/ml CHX followed by 24 h treatment with 200 ng/ml TRAIL-CL and induction of apoptosis was quantified
with Annexin V analysis. *Po0.01. (b) CHX treatment does not affect cell surface expression of the TRAIL receptors. Histogram representation of flow cytometric analysis of
DR4 and DR5 expression on the surface of control- and CHX-treated (10 mg/ml, 15 h) fibroblasts. (c) CHX downregulates cFLIP, Bcl-XL and Mcl-1 expression. The effect of
CHX on the expression of anti-apoptotic regulators of the TRAIL apoptotic pathway. Western blot images from whole-cell lysates of hFb treated with 10 mg/ml CHX for 15 h
analysed for the expression of cFLIP, XIAP, Bcl-2, Bcl-XL and Mcl-1. (d and e) TRAIL fails to induce considerable pro-caspase-8 processing. (d) hFb were treated with TRAIL-
CL for 24 h with or without 15 h pre-treatement with 10 mg/ml CHX and processing of pro-caspase-8 was detected in cell lysates with western blotting. (e) hFb were treated with
200 ng/ml TRAIL-CL for 24 h and 80 mg of cell lysates were analysed by western blotting for pro-caspase-8 cleavage using high-sensitivity chemiluminescent substrate. As a
positive control for cleaved pro-caspase-8 fragments, 30 mg of TRAIL-treated (50 ng/ml, 4 h) Colo205 cell lysate was used. (f) Downregulation of cFLIP fails to sensitise hFb to
TRAIL-induced apoptosis. hFb were transfected with two different siRNAs against cFLIP or GFP as transfection control (50 nM each). Twenty-four hours after transfection,
cells were treated with 200 ng/ml TRAIL-CL for 24 h and induction of apoptosis was measured with Annexin V analysis. Inset: lysates from transfected cells were analysed for
cFLIP expression with western blotting. (g) cFLIP knockdown increases pro-caspase-8 processing. hFb were transfected with siRNA against cFLIP (cFLIP1, 50 nM) and
treated with 200 ng/ml TRAIL-CL for 24 h. Forty microgram of cell lysates were analysed for pro-caspase-8 processing with western blotting using high-sensitivity
chemiluminescent substrate. All graphs show mean values±S.E.M.
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The Bcl-2 family of proteins inhibit activation of the
mitochondrial pathway. XIAP inhibits pro-caspase-9
and -3 activation and/or activity. However, the activity of
XIAP is controlled by Smac/DIABLO and Omi/HtrA2,
released from mitochondria upon outer mitochondrial
membrane permeabilisation in apoptotic cells.33–35 As CHX
treatment failed to reduce XIAP expression (Figure 2c), we
questioned whether XIAP is the actual protein that inhibits
TRAIL-induced apoptosis, or instead, it is the anti-apoptotic
Bcl-2 proteins that block caspase-8-mediated activation of
Bax/Bak and consequent Smac/DIABLO- and/or Omi/HtrA2-
release. Supporting this theory, we found that activation of
Bax coincided with, rather than occurred after caspase-3
activation in CHXþTRAIL treated hFb, similar to that

where the intrinsic apoptotic pathway has directly been
activated with staurosporine (STS) (Supplementary
Figure 2A, 2B). Moreover, overexpression of Bcl-XL was
able to protect fibroblasts from CHXþTRAIL-induced apop-
tosis (Supplementary Figure 2C).

To dissect the contribution of anti-apoptotic Bcl-2 proteins in
maintaining TRAIL resistance, we blocked the function of anti-
apoptotic Bcl-2 proteins by knocking down Mcl-1 (Figure 4a)
and/or inhibiting Bcl-2 and Bcl-XL with a high dose of ABT737
(10 mM), a BH3-mimetic compound.36 Expression of cFLIP
was also knocked down in these experiments to remove the
receptor-proximal inhibition of the TRAIL-apoptosis pathway.
Inhibition of anti-apoptotic Bcl-2 function with ABT737, but not
knockdown of Mcl-1, sensitised a small proportion of hFb to

Figure 3 Both cFLIP and XIAP provide TRAIL resistance in fibroblasts. (a) TRAIL induces pro-caspase-3 processing to the p20 fragment. hFb were treated with 200 ng/ml
TRAIL-CL (3, 6, 12, 24 h) in the absence or presence of a pre-treatment with 10 mg/ml of CHX for 15 h (upper and lower panels, respectively) and 30 mg whole-cell lysate were
analysed for pro-caspase-3 and PARP cleavage with western blotting. As a positive control, 30 mg of TRAIL-treated (50 ng/ml, 4 h) Colo205 cell lysate was used.
(b) Knockdown of cFLIP increases TRAIL-mediated caspase-3 processing to the p20 form. Cells were transfected with an siRNA (50 nM) against cFLIP (cFLIP1) or GFP as
transfection control. Twenty-four hours after transfection, cells were treated with 200 ng/ml TRAIL or TRAIL-CL for 24 h and whole-cell lysates were analysed for pro-caspase-3
processing and PARP cleavage with western blotting. As a positive control, 30 mg of TRAIL-treated (50 ng/ml, 4 h) Colo205 cell lysate was used. (c–e) Cells were transfected
with siRNAs (50 nM) against cFLIP (cFLIP1) and/or XIAP or GFP as transfection control. (c) Lysates from transfected cells were analysed for cFLIP and XIAP expression.
(d) Knockdown of cFLIP together with XIAP sensitises hFb to TRAIL. Twenty-four hours after transfection, cells were treated with 200 ng/ml TRAIL-CL for 24 h and induction of
apoptosis was measured with Annexin V analysis. *Po0.05. (e) cFLIPþ XIAP knockdown leads to processing of pro-caspase-3 to its p17 form in response to TRAIL. Twenty-
four hours after transfection, cells were treated with 200 ng/ml TRAIL or TRAIL-CL for 24 h and cell lysates were analysed by western blotting for pro-caspase-3 and PARP
cleavage. As a positive control, 30 mg of TRAIL-treated (50 ng/ml, 4 h) Colo205 cell lysate was used. (f) Knockdown of cFLIPþXIAP specifically sensitises to TRAIL-induced
apoptosis and not to other apoptotic stimuli. Cells were transfected with the indicated siRNAs (50 nM). Twenty-four hours after transfection, cells were treated with 100mM
etoposide or 10mM doxorubicin for 24 h and induction of apoptosis was measured with Annexin V assay. All graphs show mean values±S.E.M.
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TRAIL (Figure 4b). Of note, the effect of combined knock-
down/inhibition of Mcl-1þBcl-2þBcl-XL on TRAIL sensitivity
could not be studied as it compromised hFb basal viability.
More importantly, knockdown of cFLIP before inhibition
of anti-apoptotic Bcl-2 proteins sensitised hFb to TRAIL.
Knockdown of Mcl-1 had no effect on TRAIL sensitisation
(Figure 4c), which may be due to the redundancy among
anti-apoptotic Bcl-2 proteins, where upon loss of Mcl-1, Bcl-2
and Bcl-XL can fulfil its function.

These findings suggest that in hFb activation of
the mitochondrial pathway is required to overcome
XIAP-mediated caspase inhibition by either the release of
Smac/DIABLO or cytochrome c. The Smac-mimetic, embelin
binds to the BIR3 domain of XIAP and blocks binding of
caspase-9, but not caspase-3, to XIAP.37 We found that
embelin together with knockdown of cFLIP could not sensitise
hFb to TRAIL (Supplementary Figure 3), indicating that
relieving XIAP-mediated caspase-9 inhibition is not sufficient
to trigger TRAIL sensitivity. A second Smac-mimetic, BV6
binds to the BIR2 and BIR3 domains of XIAP and disrupts
both caspase-9 and -3 binding to XIAP.38 Treatment of hFb
with BV6 where cFLIP has been knocked down resulted in a
profound sensitisation to TRAIL (Figure 4d), showing
that induction of TRAIL sensitivity in non-transformed hFb
would require Smac/DIABLO-release from the mitochondria
as a mechanism to overcome XIAP-mediated inhibition of
caspase-3, and not only of caspase-9.

Non-redundant mechanism of TRAIL resistance in
transformed cells. During their development, cancer cells
accumulate losses in various pathways, whereas others can
become hyper-activated. Thus, cancer cells become depen-
dent on a smaller ensemble of signalling pathways, and
the intensity of these pathways is enhanced. This loss of
redundancy or robustness has been reported, for example, in
certain protein kinase pathways.39 There are an increasing
number of studies reporting that knocking down a single
regulatory protein can re-establish TRAIL sensitivity,
indicating that cancerous cells may lose redundancy in the
regulation of the extrinsic apoptotic pathway.

To test this hypothesis the mRNA expression levels of
cFLIP, XIAP, Mcl-1, Bcl-2 or Bcl-XL have been extracted from
the expression profiles of 78 TRAIL-resistant cancer cell lines
(Supplementary Figure 4).40 The cell lines that ‘overex-
pressed’ any of the above anti-apoptotic genes were selected
as described in Materials and Methods. Using Boolean
expressions, we determined what percentage of the cell lines
overexpresses only one of the above anti-apoptotic genes. If a
cell line was present in only one ‘overexpression’ list, the
hypothesis of non-redundant resistance pathways was
considered to be supported. We found that 40 out of the 78
cell lines (51%) fulfilled this criterion (Supplementary Table 1).
We have also determined the expression of the above genes
at the protein level in 17 TRAIL-resistant cancer cell lines
(Supplementary Table 2) and the same analysis was carried
out. We found that the hypothesis was true for 13 cell lines
(76%), indicating that these cell types may only possess a
single mechanism of resistance (Table 1).

We then tested whether these tumour cells in fact rely on
only one resistance mechanism, provided by the

Figure 4 The Bcl-2 family of proteins inhibit TRAIL-induced activation of the
mitochondrial pathway. (a) Efficacy of Mcl-1 and cFLIP knockdown analysed with
western blotting from lysates of hFb transfected with siRNAs (50 nM) against Mcl-1
and/or cFLIP (cFLIP1) or GFP (control siRNA). (b) Effect of ABT737 and Mcl-1
knockdown on TRAIL-sensitivity of hFb. Control- or Mcl-1 siRNA-transfected hFb
were pre-treated with 10mM ABT737 for 15 h followed by a treatment with 125 ng/ml
TRAIL-CL for 24 h and induction of apoptosis was measured with Annexin V
analysis. (c) Inhibition of Bcl-2 and Bcl-XL after knockdown of cFLIP leads to TRAIL
sensitisation. hFb were transfected with siRNAs (50 nM) against Mcl-1 and/or cFLIP
(cFLIP1) or GFP (control siRNA). Twenty-four hours after transfection, cells were
pre-treated for 15 h with 10mM ABT737 followed by 125 ng/ml TRAIL-CL for 24 h
and induction of apoptosis was measured with Annexin V analysis. (d) The Smac
mimetic BV6 sensitises fibroblasts to TRAIL-induced apoptosis. cFLIP was knocked
down in hFb before treatment with 2 or 5mM BV6 for 3 h followed by 125 ng/ml
TRAIL-CL for 24 h. Induction of apoptosis was measured with Annexin V assay.
All graphs show mean valuesþS.E.M.; *Po0.05, **Po0.01

Redundancy in TRAIL resistance in normal cells
M van Dijk et al

6

Cell Death and Disease



Bibliography 
 

230 
  

 
 
 

 
 
 
 
 
 
 
 
  
 
 
 

‘overexpressed’ protein. Representative cell lines that
expressed high levels of cFLIP (HCA7 colon carcinoma cells),
or XIAP (Panc-1 pancreatic cancer cells) or anti-apoptotic Bcl-
2 proteins (HL-60, Oci-AML2 acute myeloid leukemia cells,
RKO colon carcinoma cells), were selected and the ‘over-
expressed’ protein was inhibited or knocked down. In each
case, removal of the ‘overexpressed’ protein was sufficient to
induce a profound sensitisation to TRAIL (Figure 5), providing
evidence that all these TRAIL-resistant cancer cells are
resistant due to the expression of only one anti-apoptotic
protein and that they have lost the redundancy in resistance
mechanisms seen in non-transformed cells. This is further
supported as inhibition of anti-apoptotic Bcl-2 proteins via
ABT737 or IAP inhibition with BV6 had no additional effect on
TRAIL sensitivity of HCA-7 cells. Equally, no sensitisation of

OCI-AML2 cells in response to BV6 could be detected
(Supplementary Figure 5).

Similar results were gained with Panc-1 cells. These cells
express high levels of XIAP and could be profoundly
sensitised to TRAIL by inhibition or knockdown of XIAP.
On the other hand, inhibition of anti-apoptotic Bcl-2 proteins
with ABT737 induced a minimal, approximately 5% increase
in TRAIL sensitivity, whereas knockdown of cFLIP had no
sensitising effect (Supplementary Figure 5).

Discussion

Because of the tumour-selective cytotoxicity of TRAIL,20,41

there is effort to identify drugs that can sensitise resistant
cancer cells to TRAIL and thus increase the range of tumours
targetable with a TRAIL-based therapy. Sensitisation of
resistant tumour cells, in vitro and in mouse xenograft models
appears to be achievable denoted by a large number of
studies reporting that agents that (1) induce various forms of
cellular stress (DNA damage, oxidative stress, protein folding/
ER stress, etc.), (2) influence epigenetic alterations
(e.g., histone deacetylase inhibitors) or (3) inhibit oncogenes
or oncogene-driven survival pathways could all sensitise
different TRAIL-resistant tumour cells.20,42,43 Although these
results are very promising, it is currently unpredictable
whether the effect of these identified sensitisers is selective
to tumour cells or if they would also sensitise non-transformed
cells to TRAIL and thus cause toxicity.

In order to determine non-toxic TRAIL-based drug
combinations for clinical use, a better understanding of the
mechanisms protecting non-transformed cells from TRAIL is

Table 1 Grouping of TRAIL-resistant cell lines based on Boolean expression
analysis of protein expression

High cFLIP High
XIAP

High Bcl-2
family

Failed
hypothesis

HCA-7 BT20 RKO A549
BT474 PANC-1 Capan HELA

HT-29 KG1
SAOS-2 MCF-7
Punctu MDA-MB-231
OCI-AML-3
HL-60
Kasumi

Cells marked in grey do not overexpress any of the anti-apoptotic proteins
studied

Figure 5 Tumour cells rely on only one mechanism of resistance. (a) Knockdown of cFLIP sensitises HCA7 cells to TRAIL-induced apoptosis. HCA7 cells were transduced
with Ad5shcFLIP (MOI 200) or Ad5eGFP (MOI 200) as a transduction control. Twenty-four hours after transduction, cells were treated with 200 ng/ml TRAIL for 24 h and
induction of cell death was quantified. Data shown are mean±S.E.M. (b) Inhibition of XIAP sensitises Panc-1 cells to TRAIL-induced apoptosis. Cells were treated with the
indicated doses of the Smac mimetic BV6 for 1 h followed by 200 ng/ml of TRAIL for 24 h after which induction of cell death was quantified. Data shown are mean±S.E.M.
(c–e) Inhibition of Bcl-2 and Bcl-XL sensitises RKO (c), Oci-AML2 (d) and HL60 (e) to TRAIL-induced apoptosis. Cells were treated with the indicated doses of the BH3 mimetic
ABT737 for 1 h followed by 200 ng/ml of TRAIL for 24 h after which induction of cell death was quantified. Induction of apoptosis was quantified by determining the percentage
of cells with lost mitochondrial membrane potential using tetramethylrhodamine ethyl ester perchlorate in all experiments. The graphs show mean values±S.E.M.
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necessary. This study addressed this question using two
non-transformed cell types abundant in the body, fibroblasts
and smooth muscle cells. These cell types were chosen
despite the drawbacks and limitations of the in vitro culture
system over an in vivo rodent model, because the TRAIL
receptor family is significantly different between rodents and
humans.28,29 The studies presented here identified the same
mechanism of TRAIL resistance in the two cell types. It was
found that the components of the TRAIL-apoptotic machinery
are present in both cell types; but its activation is blocked by
anti-apoptotic proteins. Treatment of hFb with TRAIL could
induce a low level of pro-caspase-8 processing resulting in
processing of pro-caspase-3 to its p20 fragment but no
associated cleavage of cellular caspase-3 substrate proteins,
such as PARP, could be found, indicating that there is more
than one point where the apoptotic pathway is inhibited.
We show that the first point of control in hFb and hUASMC is at
the level of pro-caspase-8 activation, mediated by cFLIP.
In line with our findings, oncogenic Ras transformation has
been found to trigger TRAIL-sensitisation in immortalised
fibroblasts. The mechanism involved enhanced recruitment of
pro-caspase-8 to the TRAIL receptor DISC corroborating that
a checkpoint for TRAIL-induced apoptosis in non-transformed
cells exist at the level of the DRs.44 The second point of control
is the regulation of caspase-3 activity. Full processing of
caspase-3 and consequent cell death required either blocking
of XIAP or anti-apoptotic Bcl-2 protein function. Blocking XIAP
function could be achieved by gene knockdown, but also by
using a Smac mimetic that is able to block the binding of XIAP
to caspase-3 and -9. This indicates that XIAP-mediated
inhibition of effector caspase activation is a key feature in
maintaining TRAIL resistance and release of Smac/DIABLO
and/or Omi/HtrA2 from the mitochondria is likely to be
more important than release of cytochrome c for execution
of apoptosis.

It also has to be noted that although this study found that
inhibition/knockdown of anti-apoptotic proteins is sufficient to
induce TRAIL sensitivity, it is also possible that increased
expression of pro-apoptotic proteins would generate the same
effect. Supporting this theory, Nieminen and colleagues
have reported that oncogenic transformation of fibroblasts
led to induction of the pro-apoptotic Bcl-2 protein, Bak, which
enabled TRAIL-mediated activation of the mitochondrial
death pathway and switched the cells’ phenotype from
resistant to sensitive.45

The studies presented here highlight that the regulators of
TRAIL resistance in non-transformed cells act in a redundant
manner, that is, removal of one inhibitor is not sufficient to
sensitise non-transformed cells to TRAIL. Only simultaneous
loss of cFLIP and XIAP expression or loss of cFLIP and
anti-apoptotic Bcl-2 protein-function could induce TRAIL-
sensitivity. Further proving this redundancy, CHX-induced
sensitisation (which was associated with reduced expression
of cFLIP, Bcl-2 and Bcl-XL) could be fully reverted by
overexpressing only one anti-apoptotic factor (Bcl-XL).

In line with our findings, it has been shown that increased
TRAIL sensitivity in transformed keratinocytes was
associated with reduced cFLIP and XIAP expression
and overexpression of these proteins could restore TRAIL
resistance.23,26 Other studies also suggest redundant

mechanisms of resistance in non-transformed cells. Astrocytes
lack DR expression; however, upon restoring DR expression
cells are still resistant to TRAIL-induced apoptosis, unless
cFLIP is knocked down.46 Furthermore, sensitisation to TRAIL
in HUVECs has been shown to correlate with a reduction of
both cFLIPS and Bcl-2 expression.47 Unfortunately, no knock-
down studies were performed to test whether these proteins
are sufficient for TRAIL resistance.

In contrast to non-transformed cells, many tumour
cells appear to have lost this redundancy in resistance
mechanisms. We demonstrated that various tumour cell
types rely on the expression of a single anti-apoptotic protein
and inhibition or removal of this pivotal block was sufficient to
restore TRAIL sensitivity. This is in line with other reports that
in several types of cancer, knockdown or inhibition of cFLIP
alone48,49 or XIAP50–52 was sufficient to restore sensitivity to
TRAIL in resistant tumour cells. Likewise, knockdown
or inhibition of the Bcl-2 block, whether Bcl-2 itself,53,54

Bcl-XL
17,55 or Mcl-156 was sufficient to sensitise several

cancer cell types to TRAIL-induced apoptosis.
The observation that transformed cells have lost the

redundancy in resistance pathways offers a potential ther-
apeutic window. A combination of TRAIL and an agent that
targets one of the anti-apoptotic proteins is likely to be non-
toxic to non-transformed cells. However, we still require
biomarkers or gene expression signatures that can identify
which is the dominating resistance pathway in a patient in
order to find an effective and safe combination therapy.

Materials and Methods
Cell culture and treatments. hFbs from two different healthy donors
(donor 006 and donor 007) were a kind gift of Dr. Linda Howard (Regenerative
Medicine Institute (REMEDI), National Centre for Biomedical Engineering Science
(NCBES), National University of Ireland (NUI) Galway) and were cultured in low-
glucose concentration (1000 mg/l) Dulbecco’s modified Eagle’s medium (Sigma, St
Louis, MO, USA) supplemented with 10% fetal bovine serum, 50 U/ml penicillin and
50mg/ml streptomycin. Human umbilical artery smooth muscle cells (Lonza, Basel,
Switzerland) were cultured in Smooth Muscle Cell Growth Medium 2 (PromoCell,
Heidelberg, Germany) supplemented with 50 U/ml penicillin and 50mg/ml
streptomycin. HCA-7, PANC-1 and RKO cells were cultured in high-glucose
concentration (4500 mg/l) Dulbecco’s modified Eagle’s medium (Sigma) supple-
mented with 10% fetal bovine serum, 50 U/ml penicillin and 50mg/ml streptomycin.
OCI-AML2 cells were cultured in Minimum Essential Medium Eagle (Sigma)
supplemented with 10% foetal bovine serum, 50 U/ml penicillin and 50mg/ml
streptomycin, and HL-60 cells were cultured RPMI-1640 medium (Sigma)
supplemented with 10% foetal bovine serum, 50 U/ml penicillin and 50mg/ml
streptomycin. Cells were maintained at 37 1C in a humidified, 5% CO2 atmosphere.

hFb and hUASMCs were treated with recombinant human TRAIL (rhTRAIL, non-
tagged, fragment of amino acids 114–281, kind gift from Wim J Quax, University of
Groningen, the Netherlands), crosslinked FLAG-TRAIL95 (TRAIL-CL; aa 95–281,
gift from Wim J Quax of University of Groningen, crosslinked with enhancer
(anti-FLAG antibody) from Enzo Life Sciences, (Farmingdale, NY, USA), cat. no.
ALX-804-034-C050). As both non-crosslinked and crosslinked or trimerisation-
enforcing formulation (e.g., leucine-zipper tagged TRAIL) of TRAIL may be relevant
in clinical use, both non-tagged and crosslinked TRAIL has been tested in most
experiments.

To selectively activate DR5, crosslinked agonistic DR5 antibody (LBY135,
Novartis, Basel, Switzerland) was used. To crosslink LBY135, LBY135 was
incubated with threefold molar excess of anti-human Fab-fragment antibody
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA, cat. no.
109-006-098) for 30 min at room temperature. To test the role of regulatory
mechanisms, cells were treated with CHX (Sigma), ABT737 (Selleck Chemicals,
Houston, TX, USA), Etoposide (Sigma), Doxorubicin (Sigma), STS (Sigma),
Embelin (Sigma) or BV6 (Genentech, San Francisco, CA, USA) at the concentration
and times specified in the figure legends.
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Annexin V staining. Cell death was monitored by labelling phosphatidyl serine
externalised on the surface of apoptotic cells with Annexin-V-FITC (Immunotools Ltd,
Friesoythe, Germany). Following treatment, cells were collected by gentle
trypsinisation and incubated for 10 min at 37 1C to allow membrane recovery, after
which cells were pelleted by centrifugation and incubated with Annexin-V-FITC in
calcium buffer (10 mM HEPES/NaOH, pH 7.5, 140 mM NaCl and 2.5 mM CaCl2) for
15 min on ice in the dark. Cells were washed in calcium buffer before acquisition on
a FACSCanto I or II flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Analysis was performed using FACSDiva software (Becton Dickinson).

Measurement of mitochondrial transmembrane potential (DWm).
Changes in DCm were detected using the fluorescent dye tetramethylrhodamine
ethyl ester perchlorate (Molecular Probes, Life Technologies, Carlsbad, CA, USA).
Following treatment, cells were collected by gentle trypsinisation and tetramethylr-
hodamine ethyl ester perchlorate was added to the cells at a final concentration of
100 nM. Cells were incubated for 30 min at room temperature in the dark followed by
immediate analysis by flow cytometry (FACSCanto II flow cytometer, Becton
Dickinson). As a positive control for mitochondrial depolarisation, cells were treated
with 10mM carbonyl cyanide 3-chlorophenylhydrazone (Sigma) for 2 h.

TRAIL receptor immunocytochemistry. Following treatment, cells
were collected by gentle trypsinisation and incubated for 10 min at 37 1C to
allow membrane recovery. Cells were pelleted by centrifugation and incubated
with mouse monoclonal antibodies against TRAIL-R1 (ALX-804-297-C100) or
TRAIL-R2 (ALX-804-298-C100; Enzo Life Sciences) or goat polyclonal antibodies
against TRAIL R3/TNFRSF10C (AF630) or TRAIL R4/TNFRSF10D antibodies
(AF633; R&D Systems, Minneapolis, MN, USA) for 1 h on ice followed by either goat
anti-mouse IgG-FITC (F2012; Sigma) for DR4 and DR5 or rabbit anti-goat-FITC
(305-096-045; Jackson ImmunoResearch) for DcR1 or DcR2 for 30 min on ice. As
negative controls, isotype control antibodies were used (goat IgG whole molecule
(005-000-003; Jackson ImmunoResearch) and mouse IgG1 clone 11 711 (MAB002;
R&D Systems)). After staining, cells were fixed in 1% formaldehyde in PBS and
receptor expression was measured within 24 h on a FACSCanto I flow cytometer
(Becton Dickinson). Analysis was performed using FlowJo software.

Intracellular flow cytometric analysis for active Bax. Following
treatment, cells were collected by gentle trypsinisation and incubated for 10 min at
37 1C to allow membrane recovery. Cells were fixed with 4% formaldehyde in PBS
for 10 min at room temperature followed by incubation with 2 mg/ml mouse
monoclonal antibody against active Bax (Clone 6A7; 556 467; BD Pharmingen,
San Diego, CA, USA) diluted in permeabilisation buffer (0.5% BSA and 0.1%
saponin in PBS) for 1 h on ice followed by goat anti-mouse IgG-FITC (F2012;
Sigma) for 1 h on ice. After staining, cells were resuspended in 4% formaldehyde
in PBS and active Bax expression was measured on a FACSCanto II flow
cytometer (Becton Dickinson).

Protein lysate preparation and western blot analysis. Cells were
harvested by centrifugation and lysed in buffer containing 1% Igepal-630, 20 mM
HEPES pH 7.5, 350 mM NaCl, 1 mM MgCl2, 0.5 mM EDTA, 0.1 mM EGTA,
0.5 mM dithiothreitol, 1mM phenylmethylsulphonyl fluoride, 1.0mg/ml pepstatin,
10mM leupeptin, 2.5mg/ml aprotinin, 2.5mg/ml leupeptin and 250mM N-acetyl-
leucyl-leucyl-norleucinal after being washed two times in ice-cold PBS.
Cellular proteins (30 mg) were subjected to electrophoresis on 10 or 12% SDS
polyacrylamide gel and transferred onto Protran(R) nitrocellulose membrane
(Sigma). After blocking in 5% non-fat milk and 0.05% Tween-20 in PBS, blots were
incubated with rabbit polyclonal antibodies against caspase-3 (1:1000; #9662; Cell
Signaling Technologies, Danvers, MA, USA), PARP (1:1000; #9542; Cell Signaling
Technologies), Mcl-1 (1:1000; #4572; Cell Signaling Technologies) or actin (1:500;
A2103; Sigma) and mouse monoclonal antibodies against caspase-8 1C12
(1:1000; Cell Signaling Technology), XIAP (1:5000; Assay Design, Enzo Life
Sciences), cFLIP (1:200; Enzo Life Sciences), Bcl-XL (H-5) (1:200; Santa Cruz,
CA, USA) and Bcl-2 (100) (1:200; Santa Cruz). For detection, appropriate
horseradish peroxidase-conjugated goat secondary antibodies were used. Protein
bands were visualised with SuperSignal West Pico Chemiluminescent Substrate
(Pierce, Thermo Fisher Scientific, Rockford, IL, USA) or Immobilon western HRP
substrate (Millipore, Billerica, MA, USA) on X-ray film (Agfa, Mortsel, Belgium).

Transfections and siRNAs. Fibroblast cells (5–6! 105) were pelleted and
resuspended in 100ml NHDF Nucleofector solution (Amaxa, Lonza) and PBS

containing 50 nM siRNA against GFP, cFLIP, XIAP or Mcl-1. Cells were transfected
by nucleofection using programme P-022 as per manufacturer’s protocol (Amaxa).
Twenty-four hour post-transfection, fresh medium was added to the cells and cells
were treated as specified in figure legends. Smooth muscle cells were transfected
with Lipofectamine 2000 transfection reagent as per manufacturer’s protocol
(Invitrogen, Life Technologies) with 50 nM siRNA against GFP, cFLIP or XIAP.
Twenty-four hour post-transfection, cells were treated as specified in figure
legends. The following c-FLIP, XIAP or Mcl-1 sequences were targeted: cFLIPS/L1

(cFLIP1) 50-GGAGCAGGGACAAGUUACA-30, cFLIPS/L2 (cFLIP2) 50-GCAAGGA
GAAGAGUUUCUU,57 XIAP 50-GAAGCUAGAUUAAAGUCCU-30 (Sigma), Mcl-1
50-GAAUUGAUUACCCGCCGAA-30 (Sigma). The GFP target sequence was
50-GGCUACGUCCAGGAGCGCACC-30.

Transduction and viral vectors. Cells were transduced with a
recombinant replication-incompetent E1-E3-deleted adenoviral vector (Ad5
serotype) encoding Bcl-XL (Ad5Bcl-XL; kind gift of Dr. Thomas Ritter, REMEDI,
NCBES, NUI Galway), an adenoviral vector expressing cFLIP shRNA (Ad5shFLIP;
kind gift of Dr. Ralf Zwacka, NCBES, NUI Galway),58 an adenoviral vector
expressing EGFP (Ad5EGFP; kind gift of Dr. Ralf Zwacka, NCBES, NUI Galway)
or an empty adenoviral vector (Ad5Null; kind gift of Dr. Thomas Ritter, REMEDI,
NCBES, NUI Galway). hFb cells were transduced by spin centrifugation; the virus
was added to the cells and the plate was spun at 2000! g for 90 min at 37 1C
after which fresh medium was added. To transduce HCA7 cells, the cells were
seeded at 1.5! 105 cells per ml the day before transduction. The virus was added
in complete growth medium for 3 h after which the transduction medium
was replaced with fresh growth medium and the experiments were carried
out the following day. The optimal multiplicity of infection (MOI) was determined
at 250 for hFb and 200 for HCA7 cells, at which Z80% of the cells were
transduced after 24–48 h with Ad5GFP. Cells were fixed in 1% PFA before further
analyses.

Study of anti-apoptotic gene expression profiles and Boolean
testing. Raw microarray data of 78 tumour cell lines were obtained from the
publicly available GEO microarray data (GSE8332).40 Background correction and
normalisation of the dataset have been performed using the Affy package of
Bioconductor (RMA algorithm) in the statistical environment, R (version 2.10.1).59

The microarray probeset best representing the genes of interest has been
selected using the JetSet method designed for scoring and ranking probe sets for
specificity, splice isoform coverage and robustness against the degeneration of the
transcript developed by Li et al.60 The selected representative mRNA probesets
for each gene of interest was extracted from the normalised microarray data.
Based on the range of expression of each gene across the 78 cell lines
(Supplementary Figure 4), an arbitrary threshold for ‘overexpression’ was set at
the level of Z1.2-fold of the mean expression across all cell lines and it included
approximately the top 20% (highest expressing) cell lines for each gene of interest.
The hypothesis was considered correct if a cell line ‘overexpressed’ only one of
the genes, that is, a cell line was only present in one overexpression list.
The hypothesis was proven true if one of the following boolean expressions was
true: (i) a given cell line is present in the cFLIP-overexpressing cell line list but it is
not present in the overexpression lists for any other genes studied; (ii) if the cell
line is present in the XIAP-overexpression list but it is not present in the
overexpression lists for any other genes studied; (iii) if the cell line is present in
either one or more overexpression lists for Bcl-2, Bcl-XL, Mcl1; but it is not included
in either the XIAP- or cFLIP-overexpression lists.

Statistical analysis. Differences in Annexin V staining between the
treatment groups were analysed using a paired Student’s t-test, with a significance
of Po0.05. Error bars are shown as standard error of mean (S.E.M). All statistical
analysis was performed using Minitab 16.
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