IAP Antagonists Synergise with IFNγ to Activate Novel
RIPK1 and Caspase Mediated Death Pathways in
Cancer Cell Lines

Submitted by

Nufail Rijaal Khan
Bachelor of Medical Science (Honours)

A thesis submitted in total fulfilment
of the requirement for the degree of
Doctor of Philosophy

School of Molecular Sciences
Faculty of Science, Technology and Engineering

La Trobe University
Bundoora, Victoria 3086
Australia
September 2011

La Trobe University - Nufail Khan

Table of Contents
Table of Contents

List of Abbreviations.......................................................................................................................................v
Summary ........................................................................................................................................................... vii
Statement of Authorship ...........................................................................................................................viii
Acknowledgement ......................................................................................................................................... ix

Chapter 1  Introduction ........................................................................................................1
1.1 Cancer Therapy ...........................................................................................................................3
1.1.1 Cytotoxic screens and early cancer pharmacotherapy........................................................ 3
1.1.2 Three factors limit anti‐cancer treatments............................................................................... 4
1.1.2.1 Limited scope of cancer susceptibility .................................................................................................4
1.1.2.2 Side effects of chemotherapy limit treatment...................................................................................5

1.1.3 The era of molecularly targeted anti‐cancer drugs ............................................................... 6
1.1.4 Rational drug design and cancer biology................................................................................... 7
1.2 Programmed cell death ............................................................................................................8
1.2.1 Apoptosis ................................................................................................................................................. 8
1.2.1.1 Requirement for apoptosis in biological processes........................................................................9
1.2.1.2 Molecular Determinants of Apoptosis............................................................................................... 10
1.2.1.2.1 Caspases................................................................................................................................................ 11
1.2.1.2.2 Structure of apoptotic caspases regulate their activation .............................................. 13
1.2.1.3 Caspase Cascades (the two apoptotic pathways)......................................................................... 15

1.2.2 Controlling the Activation of the Apoptotic Pathway.........................................................17
1.2.2.1 Apoptotic Inhibitors – FLIP and Bcl‐2 ............................................................................................... 17
1.2.2.2 The Inhibitors of Apoptosis Proteins.................................................................................................18
1.2.2.3 BIR2 of XIAP and inhibition of effector caspases.......................................................................... 20
1.2.2.4 BIR3 of XIAP and inhibition of initiator caspase 9....................................................................... 21
1.2.2.5 RING Domain ................................................................................................................................................ 22
1.2.2.5.1 IAP mediated ubiquitylation dictates cell survival............................................................. 23
1.2.2.6 The UBA and CARD domains of IAPs .................................................................................................23

1.2.3 Inhibiting the Inhibitor....................................................................................................................24
1.2.3.1 Smac Interaction with XIAP ................................................................................................................... 25

1.2.4 IAP as targets for cancer therapeutic intervention .............................................................27
1.2.5 Chemically targeting IAP for therapeutic benefit.................................................................28
1.3 Smacmimetics as a tool for inducing cancer specific cell death............................. 29
1.3.1 New insights into anti‐cancer activity of Smac‐mimetics.................................................29
1.3.2 Role of cIAPs, NF‐κB and TNF in smac‐mimetic induced death ....................................30
1.3.2.1 cIAP ubiquitylation activity in Smac mimetic sensitivity.......................................................... 32

1.3.3 IAP antagonist and TWEAK share remarkable functionality..........................................33
1.4 Combinatorial treatment modalities and activating regulated necrosis ............. 34
1.4.1 Interferons ............................................................................................................................................34
1.4.1.1 Overview of IFNγ mechanisms and function .................................................................................. 35

1.4.2 Combination treatments open doors to RIPK1 dependent cell death pathways ...38
1.4.2.1 RIPK1 in cell death..................................................................................................................................... 38

1.4.3 RIPK1 and RIPK3 required for regulated necrotic death .................................................40
1.5 Aim of this study ...................................................................................................................... 41

Chapter 2 – Materials & Methods ..................................................................................... 42
2.1 Materials..................................................................................................................................... 43
2.1.1 Cell Culture............................................................................................................................................43
2.1.2 Reagents.................................................................................................................................................43
2.1.3 Antibodies .............................................................................................................................................44
2.1.4 DNA constructs and vectors ..........................................................................................................45
2.2 Methods ...................................................................................................................................... 46
2.2.1 Induction of SCAID (Synergistic compound A/IFNγ induced cell death) ..................46
2.2.2 Transfection, Lentiviruses and Lentiviral Production .......................................................47
2.2.2.1 DNA constructs and vectors................................................................................................................... 47

2.2.3 Cloning ....................................................................................................................................................48
2.2.4 RT‐PCR based analysis of IFNγ responsive genes ................................................................50

ii

La Trobe University - Nufail Khan

Table of Contents

2.2.4.1 RNA Isolation................................................................................................................................................ 50

2.2.4.2 Reverse transcription (First‐strand cDNA synthesis)....................................................50
2.2.4.3 Gene‐Specific Amplification Using cDNA .............................................................................51
2.2.5 Real‐time quantitative RT‐PCR (qRT‐PCR).............................................................................52
2.2.5.1 RNA isolation and reverse transcription.......................................................................................... 52
2.2.5.2 qRT‐PCR.......................................................................................................................................................... 53

2.2.6 Western Blotting and Co‐immunoprecipitation ...................................................................53
2.2.7 Inhibition of SCAID Assays.............................................................................................................54
2.2.8 Optimising Nec‐1/QVD Inhibition of cell death ....................................................................55
2.2.9 Annexin V Staining.............................................................................................................................56
2.2.10 Sub‐G1 Analysis (DNA Content)................................................................................................56
2.2.11 Cytochrome c release assay ........................................................................................................56
2.2.12 Flow cytometry ‐ Receptor Staining........................................................................................57
2.2.13 Cytoplasmic fractions for Western analysis ........................................................................57
2.2.14 Nuclear Fractionation....................................................................................................................57

Chapter 3  Results ................................................................................................................ 58
3.1 Introduction .............................................................................................................................. 59
3.2 Characterisation of Synergistic Compound A/IFNγ Death (SCAID)........................ 60
3.2.1 Synergistic compound A/IFNγ induced cell death...............................................................60
3.2.2 Requirement of cIAP antagonism and IFNγ signalling for SCAID..................................63
3.2.3 Kinetics of SCAID................................................................................................................................66
3.3 Mechanism of SCAID ............................................................................................................... 71
3.3.1 SCAID occurs independently of proteasomal function ......................................................71
3.3.2 IFNγ regulation of Fas, TRAIL or TNF does not potentiate comp A killing ...............72
3.3.3 Cathepsin B is dispensable for SCAID .......................................................................................76
3.4 Result summary ....................................................................................................................... 77

Chapter 4  Results ................................................................................................................ 80
4.1 Introduction .............................................................................................................................. 81
4.2 Compound A/IFNγ activates an apoptotic program but inhibition of apoptosis
does not prevent SCAID ................................................................................................................ 81
4.2.1 Inhibitors of apoptosis do not provide protection from SCAID in 2 of 3 cell lines 81
4.2.2. Pan‐caspase inhibition delineates two pathways of SCAID............................................85
4.2.3 Apoptotic markers are evident in SCAID .................................................................................86
4.2.3.1 Compound A/IFNγ treated cells display apoptotic hallmarks ................................................ 88
4.2.3.2 The role of non‐conventional cell death pathways in SCAID .................................................. 92

4.3 Autophagy involvement in SCAID ...................................................................................... 93
4.3.1 Inhibiting lysosomal acidification...............................................................................................94
4.3.2 Inhibiting PI3kinase..........................................................................................................................95
4.3.3 ATG5 ........................................................................................................................................................96
4.4. Results Summary .................................................................................................................... 97

Chapter 5  Results ................................................................................................................ 99
5.1 Introduction ............................................................................................................................100
5.2 RIPK1 impinges upon Compound A and IFNγ killing ................................................100
5.2.1 RIPK appears to influence the death under SCAID........................................................... 101
5.2.2 Mechanisms of RIPK1 dependent necrotic death ............................................................. 106
5.3 Compound A/IFNγ induced death is distinct from the recently characterised
necroptosis pathways .................................................................................................................109
5.3.1 Kinase activity of RIPK1 may be important in caspase‐independent death ......... 109
5.3.2 TWEAK/IFNγ effects are similar to Compound A/IFNγ................................................. 113
5.3.3 Compound A/IFNγ induced death is distinct from smac‐mimetic/caspase
inhibitor induced necroptosis .............................................................................................................. 113
Figure 5.5. RIPK3 levels do not affect Compound A/IFNγ induced death .................115
5.3.4 RIPK3 mediates necroptosis but unclear if it regulates SCAID ................................... 116
5.3.4.1 Difficulties in analysing RIPK3 for its involvement in SCAID............................................... 117

5.3.5 Ripoptosome formation not evident in SCAID ................................................................... 121

iii

La Trobe University - Nufail Khan

Table of Contents

5.4 Time course dependent analysis of SCAID uncovers potential components or
pathways involved in this death..............................................................................................123
5.4.1 Non‐canonical NFκB may be important for SCAID........................................................... 123
5.4.2 IFNγ inducible proteins display links to key protagonists in SCAID......................... 126
5.5 Results Summary ...................................................................................................................131

Chapter 6  Discussion .......................................................................................................135
6.1 The requirements of SCAID ................................................................................................136
6.1.1 IFNγ primes cells to facilitate Compound A death ............................................................ 137
6.1.2 IFNγ impinges upon death receptor signalling but is dispensable in SCAID......... 139
6.1.3 IFNγ can regulate the intrinsic pathway, but it is not required in SCAID ............... 141
6.2 Determining the significance of the caspaseindependent death.........................142
6.2.1 Caspase‐2 is not required for the non‐apoptotic death observed ............................. 142
6.2.2 Elucidating the role of RIPK1 and necrosis in SCAID ...................................................... 144
6.2.3 Further disparities to accepted biological mechanisms set SCAID apart ............... 147
6.3 Necroptosis does not account for SCAID........................................................................150
6.4 Signalling activities of IAP Antagonists and TWEAK are further correlated.....151
6.5 Summary and Future Directions ......................................................................................152
Supplementary Figures............................................................................................................................ 157
References ..................................................................................................................................................... 160

iv

La Trobe University - Nufail Khan

List of Abbreviations

List of Abbreviations
3MA
4HT
AEBSF (PefaBloc)
AML
Apaf-1
ATG5
BAb
Bcl-2
BSA
BIR
Ca2+
CAD
CARD
Caspase
CED
cFLIP
cIAP1
cIAP2
CHX
Clq
CO2
CrmA
C-terminus
DIABLO
DISC
DD
DED
DMEM
DMSO
DNA
dNTP
E. coli
FACS
FADD
FCS
FDM
FITC
GA
GAS
GEV16
GFP
GTH
HMGB-1
HRP
HT PBS
IAP
IBM
IFNγ
IL-3
IP
JAK

3-methyl-adenine
4-Hydroxy-Tamoxifen
4-(2-Aminoethyl) benzenesulfonyl fluoridehydrochloride
Acute Myelogenous Leukaemia
Apoptotic peptidase activating factor 1
Autophagy-related gene 5
Blocking Antibody
B cell lymphoma-2
Bovine Serum Albumin
Baculovirus IAP Repeat
Calcium ion
Caspase-activated DNase
Caspase recruitment domain
Cysteine dependent aspartate-specific proteases
Cell death abnormal
Cellular form of FLICE inhibitory protein
Cellular inhibitor of apoptosis protein 1
Cellular inhibitor of apoptosis protein 2
Cycloheximide
Chloroquine
Carbon dioxide
Cytokine response modifier A
Carboxy terminus
Direct IAP-binding protein with low pI
Death-inducing signalling complex
Death domain
Death effector domain
Dulbecco’s Modified Eagles Medium
Dimethyl sulfoxide
Deoxyribonucleic acid
deoxyribonucleotide 5’triphosphate
Escherichia coli
Fluorescence-activated cell sorter
Fas-associated death domain
Fetal calf serum
Factor-dependent Myeloid
Fluorescein isothiocyanate
Geldanamycin
IFNγ activation site
Gal4 ERT2 VP16
Green fluorescent protein
Glutathione
High Mobility Group Box Protein 1
Horse-radish peroxidase
Human tonicity phosphate-buffered saline
Inhibitor of apoptosis protein
IAP binding motif
Interferon gamma
Interleukin-3
Immunoprecipitation
Janus Kinase
v

La Trobe University - Nufail Khan
KO
LB
LC3
MDR
MEF
MgCl2
N-terminus
NAC
NAIP
NCF
Nec-1
Nec-1A
NF-κB
NH4Cl
NIK
PI
PS
PAGE
PARP
PBS
PCR
QVD (Q-VD-OPH)
RING
RIPK1
RIPK3
RHIM
r.p.m.
RT-PCR
SCAID
SDS
Serpin
Smac
SOCS1
STAT1
TBS
TNF
TNFR1
TNFSF
TRADD
TRAIL
TRAF
Tris
TWEAK
VP16
VSV-G
WEHI
WT
XIAP

List of Abbreviations

Knock-out
Luria Broth
Light chain 3
Multidrug Resistance
Mouse Embryonic Fibroblast
Magnesium chloride
Amino terminus
N-acetyl-L-cysteine
Neural apoptosis inhibitory protein
Nitrocellulose filter
Necrostatin-1
Necrostatin-1A
Nuclear factor kappa B
Ammonium Chloride
NF-κB Inducing Kinase
Propidium Iodide
Phosphatidylserine
Polyacrylamide Gel Electrophoresis
Poly (ADP-ribose) polymerase
Phosphate-buffered saline
Polymerase Chain Reaction
Quinolyl-Val-Asp-OPh
Really Interesting New Gene
Receptor Interacting Kinase 1
Receptor Interacting Kinase 3
RIP-homotypic interaction motif
Revolutions per minute
Reverse transcriptase polymerase chain reaction
Synergistic Compound A/IFNγ Death
Sodium dodecyl sulphate
Serine proteinase inhibitor
Second mitochondria-derived activator of caspases
Suppresor of Cytokine Signalling 1
Signal Transducer and Activator of Transcription 1
Tris-buffered saline
Tumour Necrosis Factor
TNF receptor 1
TNF receptor superfamily
TNF receptor-associated death domain
TNF-Related Apoptosis Inducing Ligand
TNF Receptor Associated Factor
Tris(hydroxymethyl)aminomethane
TNF-like weak inducer of apoptosis
Etoposide
Vesicular stomatitis virus G
Walter and Eliza Hall Institute of Medical Research
Wildtype
X chromosome-linked IAP

vi

La Trobe University - Nufail Khan

Summary
Summary

Inhibitor of apoptosis (IAPs) proteins have emerged as attractive targets for anti-cancer
therapeutics because they were found to bind and sequester apoptotic caspases. Smacmimetics, a class of IAP antagonists that mimic the activity of an endogenous IAP
antagonists, have been shown to kill tumour cells as single agents or sensitise them to
existing anti-cancer treatments. We have previously demonstrated that smac-mimetic
activity is analogous to the actions of the TNF Superfamily cytokine, TWEAK. Because
some cancer lines can be sensitised to TWEAK cytotoxicity by co-treatment with IFNγ,
we hypothesised that IFNγ might also synergise with smac-mimetics to kill tumor cells.
Consistent with our hypothesis, tumour cells that are sensitive to TWEAK/IFNγ were
killed when treated with IFNγ and smac-mimetics while primary untransformed lines
were unaffected. Both JAK/STAT and NF-κB signaling were required for cell death
because the killing could be blocked by SOCS1 or IκB overexpression respectively. IAPs
have been shown to regulate TNFR1 signaling, and IFNγ can increase Fas and TRAIL
expression, however the smac-mimetic/IFNγ killing was not prevented by inhibiting these
death receptors. Like TWEAK/IFNγ, smac-mimetic/IFNγ killing displayed classic
apoptotic features, but caspase inhibition revealed two modes of cell death in a cell line
dependent manner. In one cell line caspase inhibition completely blocked cell death while
in another two it exacerbated cell death. But, inhibition or downregulation of RIPK1
combined with caspase inhibition was able to reduce, but not prevent smac-mimetic/IFNγ
death. RIPK3 has been shown to act in concert with RIPK1 in a novel necroptotic
mechanism of death, but RIPK3 did not limit smac-mimetic/IFNγ killing. This death is
distinguishable from previous descriptions of necroptosis, since it is induced without
caspase inhibition by naturally occurring combinations of cytokine signals. The results
suggest that smac-mimetic can activate both apoptotic and non-apoptotic death pathways
which may extend their clinical use.
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Chapter 1 - Introduction

Introduction
Cancer is an ancient disease and there is written evidence suggestive of cancer as
early as 3000 BC (Hajdu, 2004). The Edwin Smith Papyrus is the oldest known surgical
text (1600 BC) and part of it details palliative measures used to remove superficial
abnormalities, whose descriptions indicate tumour growth (Hajdu, 2004). The ancient
Egyptians also appeared to utilise substances from plants and animals for cancer
treatment, although the inscriptions document poor efficacy of their treatment regime
(Hajdu, 2004).
The term cancer covers more than 100 diseases, all of which are characterised by
uncontrolled proliferation of transformed cells (Hanahan and Weinberg, 2011). The
current most widely accepted hypothesis to explain how cancers develop supposes that
normal somatic cells acquire mutations that transform them so that they proliferate in an
uncontrolled manner. The hypothesis also suggests that mutations are selected for that
allow cancers to grow more quickly. This ability to mutate also presents a significant
problem when trying to treat them.
This is one of the reasons that cancer still remains a major global health problem.
Furthermore the prevalence of cancer is on the rise, with recent statistics for the U.S.
attributing one in four deaths to cancer, representing the leading cause of mortality in
people younger than 85 years (Jemal et al., 2010) and of the total death in the U.S. from
all causes, 23% is attributable to cancer (Jemal et al., 2010). Recent trends in cancer
mortality rates show that current cancer therapies are efficacious for some diseases,
however too many cancers respond poorly to current treatments (Gilman and Philips,
1946; Jemal et al., 2010). There are several factors that contribute to the rising incidence
of cancer including Western lifestyle, poor weight control that is coupled to significant
consumption of high-calorie convenience dietary choices, and lack of physical activity
(Kushi et al., 2006). Further, Western social factors of high alcoholic consumption, and
2
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smoking habits contribute to cancer incidence, and underline the fact that effective
treatments for cancer are still sorely needed.
1.1 Cancer Therapy
Serious attempts to find medicines to treat cancers occurred at the turn of the last
century, following the concept of a 'magic bullet' first proposed by Paul Ehrlich. During
World War II, pharmacologists Alfred Gilman and Louis Goodman, while employed by
the US government, sought to elucidate the therapeutic effects of mustard gas initially
developed and used in biological warfare during the WWI by the German Army (Gilman
and Philips, 1946; Goodman et al., 1946; Hirsch, 2006). Research on the systemic effects
of mustard gas revealed toxicity towards white blood cells (Gilman, 1963) and it was
reasoned by Goodman and colleagues that the agent could be used for removal of "white
blood cell" lymphatic cancer disease. And indeed it was subsequently reported that
nitrogen mustard was effective, although transiently so, against cancers of white blood
cells including Hodgkins Lymphoma, and lymphosarcomas (Goodman et al., 1946).
1.1.1 Cytotoxic screens and early cancer pharmacotherapy
The research by Goodman and colleagues represents the foundation of modern
cancer therapy and led to attempts to identify agents based on their cytotoxic activity on
cancer cells (Eastman and Perez, 2004). However it is only relatively recently that the
molecular action of cytotoxic agents has become known (Lewis, 2004). For example,
nitrogen mustard intercalates with the tumour cell's DNA and induces cross-linking of
DNA strands preventing cancer cell replication and death (Chabner and Roberts, 2005).
In fact most of the early cytotoxic agents identified affect mitosis (cell division and
replication) and hence target rapidly dividing cells. Therefore this action not only targets
cancer cells, but unfortunately also normal, rapidly dividing cells, such as are found in the
epithelia of the gut and in hair follicles. It is for this reason that chemotherapy therefore
often results in hair loss and diarrhoea (Chabner and Roberts, 2005; Hirsch, 2006).
3
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In a serendipitous approach, following the identification that a diet rich in folic
acid worsened leukaemia, Sidney Farber evaluated the potential of anti-folates as anticancer agents and this led to the development of methotrexate, a drug that caused
remission of Acute Myelogenous Leukaemia (AML) in children. This was the first drug
to successfully treat a solid tumour, and continues to be used today (Farber et al., 1974;
Li et al., 1958).
1.1.2 Three factors limit anti-cancer treatments
1.1.2.1 Limited scope of cancer susceptibility
There has been a significant increase in our understanding of cancer biology since
the 1940's (Chabner and Roberts, 2005). Unfortunately this great increase in knowledge
has not led to a dramatic increase in new, more effective, cancer drugs (Lewis, 2004).
There have been some notable exceptions to the rule, including Gleevec, a rational
chemotherapy that has revolutionised treatment of Chronic Myelogenous Leukemia
(CML).
Three factors contribute to the lack of efficacy of existing and new anti-cancer
drugs. Firstly because cancer is not a homogeneous disease, but a collection of different
diseases with different molecular underpinnings, the same treatment will not work against
all cancers. This means that we have to understand each specific disease to design
effective treatments and because cancers are different diseases, some tumours exhibit
resistance to agents that others are sensitive to. However another significant problem is
that tumour cells may not be genetically identical even within the same tumour and also
have the ability to mutate. Thus some tumour treatments that kill off the majority of
tumour cells select for mutant cancer cells that are resistant. This is one of the major
impediments to the development of effective treatments. This problem was evident even
with the first successful anti-cancer agent, methotrexate, where inactivating mutations of
folate transporters, and amplification and mutation of genes encoding receptors that anti4
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folates target, were selected for leading to drug resistance (Curt et al., 1984). A
compounding effect of acquiring drug resistance is that this often leads to more
aggressive secondary (metastatic) tumours, and 90% of cancer deaths are due to
metastatic malignancies (Chaffer and Weinberg, 2011).
Acquired resistance to single agents has led to the increased use of combined
chemotherapy, where multiple drugs are used simultaneously. Methotrexate was one of
the first anti-cancer drugs to be combined with another, leucovorin, to increase efficacy
against osteosarcoma (Jaffe et al., 1974). Unfortunately even combination treatments do
not always prevent cancers from acquiring resistance, another limiting factor in successful
anti-cancer treatment (Eastman & Perez, 2006). Multidrug resistance (MDR) (Ambudkar
et al., 2003) is an ability of the cancer cells to prevent the intra-cellular accumulation of
anti-cancer drugs (Gottesman et al., 2002). MDR development relies on the active
process of pumping drugs, whether hydrophilic or hydrophobic, back into the
extracellular environment (Ambudkar et al., 2003). The first of these energy-dependent
transporters required for MDR that was identified was p-glyocprotein, and 1 in 3 in
cancer patients have been shown to express the protein pre-treatment, but 50% of patients
after chemotherapy (Chen et al., 1986; Leith et al., 1999). Furthermore, in AML,
inhibition of p-glycoprotein confers improved survival rate (List et al., 2001). Pglycoprotein transporters represent one mechanism through which MDR is acquired
(Gottesman et al., 2002).
1.1.2.2 Side effects of chemotherapy limit treatment
A third aspect of conventional chemotherapy also hinders successful
chemotherapy. Even though a frontline anti-cancer drug may only target a limited scope
of cancer types, and may be hampered by development of resistance, a further major
limitation in its use is that many current cancer drugs show only limited specificity to
cancer lines and are also toxic to normal cells and tissues. These toxic effects usually
5
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manifest in patients as the common symptoms of therapy, such as vomiting, loss of hair,
loss of weight and lethargy (Coates et al., 1983; Griffin et al., 1996). The problem, stated
succinctly, is that the treatment does almost as much harm to a patient as to their cancer.
The three problems outlined above have contributed to the limited success of anticancer treatment. Unfortunately, anti-cancer drug discovery has not changed affairs
significantly and drug development has gained notoriety for its limited success despite
great investment and concerted effort. Indeed from 1970 to 1990, despite millions of
dollars of investment, fewer than 10% of drugs that underwent clinical trials, were finally
approved by the Federal Drug Agency (FDA) for cancer therapy (Von Hoff, 1998).
1.1.3 The era of molecularly targeted anti-cancer drugs
An anti-cancer drug that could exclusively target cancer cells, would have to
target a characteristic unique to transformed cells. An improved understanding of how
normal cells become transformed and grow unimpeded, has allowed for rational drug
discovery (Hanahan and Weinberg, 2000). By the 1990s molecular pathways governing
cell death, and cell survival were better understood and this aided in the identification and
proposition of potential proteins as targets for directed anti-cancer therapy (Eastman and
Perez, 2004). Proteins involved in the processes of transcription, translation, as well as
the cell cycle and cell proliferation were suggested as targets. Avastin is such an example,
and by specifically targeting the generation of new blood vessels needed for a cancer to
grow, it has shown encouraging specificity with limited toxicity. Avastin achieved FDA
approval for treatment of colon cancer in 2004 (Hurwitz et al., 2004). In a similar
manner, Herceptin was approved for breast cancer treatment in 1998 by the FDA,
targeting the HER2/neu(erbB2) receptor that is often overexpressed in breast cancer
(Slamon et al., 2001). Unfortunately these FDA approved drugs are not universally
effective. Herceptin cannot be used to treat the 50% of breast cancer patients that are
Her2 negative, and Avastin must be continuously used in order to be effective (Eastman
6
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and Perez, 2004). Although the current epoch of cancer drug research entails
identification of targeted molecules, they are nonetheless still relatively indiscriminant.
That is, they are far from being a perfect drug.
A particularly successful example of targeting a cancer specific trait involves
targeting the gene product of the Philadelphia chromosome translocation, found in the
cells of CML (Eastman and Perez, 2004). This translocation generates a cancer specific
protein that is the result of the fusion of the Bcr and Abl kinase. Thus it was possible to
design a small molecule drug, Imanitib, commonly referred to by its marketing name,
Gleevec, that specifically targets the Bcr/Abl fusion kinase. Imanitib is as close to an
‘ideal’ anti-cancer drug as we can envisage, nevertheless it targets and inhibits other
kinases, and acquired resistance to Imanitib treatment can develop as the fusion kinase
becomes mutated under the selective pressure of treatment. (Bain et al., 2003; Davies et
al., 2000).
1.1.4 Rational drug design and cancer biology
Data gathered by Chabner and Roberts show that the rapid expansion in cancer
biology research since the early 1990s has indeed been coupled to a concomitant increase
in pharmacotherapy. Between 1971-1995, approximately 18 drugs were approved by the
FDA for cancer treatment, but in the following 10 years, the FDA approved
approximately 58 new drugs (Chabner and Roberts, 2005). Furthermore, statistics show
that cancer incidence for all diseases has stabilised, supporting the advancements made in
cancer biology and concomitant drug designs (Jemal et al., 2010). Encouragingly, death
rates from all types of cancers reached a peak rate in 1990 for both genders after which,
the mortality rate began a downward trend, with a 10.5% decrease in the death rate for
males, and an 18.4% decrease for females (Jemal et al., 2008). Jemal and colleagues
estimate that this represents half a million deaths that were averted from the period of
1991-2004 positively correlating to improved cancer pharmacotherapy, and greater
7
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knowledge on cancer biology (Jemal et al., 2008).
With better knowledge of cancer development and progression, further
improvement in survival from cancer statistics is likely to occur. Therefore it is
worthwhile to design more drugs that target unique characteristics of cancer cells which
heralds the onset of the era of molecularly-targeted therapeutics (Eastman & Perez, 2006).
1.2 Programmed cell death
The acquisition of oncogenic mutations, which govern transformation of normal
cells, results in the disruption of the interplay between the opposed processes of cell
growth and programmed cell death (PCD) (Lowe et al., 2004). During transformation, the
two processes become uncoupled, with cellular expansion predominating, but the
mechanism of cell death may indeed be intact (Kim et al., 2006). The cell death pathway
most comprehensively studied, and understood, is apoptosis. This pathway, has been
shown to be important for chemosensitivity, and thus cancer cells can die by apoptosis
(Debatin, 2004). Furthermore the process of transformation into a tumour cell is believed
to trigger apoptosis and death of many pre-cancerous cells and there is mounting evidence
that evasion of this cell death programme is therefore essential in the generation of a
lethal and aggressive tumour (Hanahan & Weinberg, 2000).
Thus cancer cells harbour the components to execute their own destruction yet
fail to utilise them (Sawyers, 2004). Drugs that could re-educate cancer cells, or reestablish their ability to undergo cell death, may therefore be a new approach in treating
cancer.
1.2.1 Apoptosis
The process of apoptosis was reported more than a 100 years ago, but it is only
within the last few decades that the molecular mechanism has been elucidated (Vaux,
2002). The field of cell death analysis had its origins with the mid-nineteenth century
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work by Carl Vogt where he noted a requirement of cell death in neuronal development
of toad embryos (Vaux, 2002). Further microscopic studies during the late nineteenth and
early twentieth century revealed distinct morphology of dying cells (Lockshin, 1997).
This early body of work described what are now the hallmarks of apoptosis, with
descriptions of chromatin condensation, cell shrinkage and cell fragmentation (Clarke and
Clarke, 1996; Lockshin, 1997).
Despite the early discoveries the field of cell death failed to propagate, with
several scientists actually re-identifying the process of programmed cell death. In 1951
Glucksmann produced a landmark report highlighting a mode of cell death on the basis of
morphological characteristics, bringing programmed cell death back into the limelight
(Glucksmann, 1951). In 1965 Lockshin and Williams defined the term ‘programmed cell
death’ to explain the death of cells during the metamorphosis of moths. Moreover, Tata
delineated that cell death during tadpole development was governed by physiological
mechanisms, as the translation inhibitor cycloheximide, prevented the death (Tata, 1966).
The final thrust towards classification of an active mechanism of cell death was when
Kerr and colleagues observed a common phenotype of programmed cell death under
different death stimulus in a range of cell types and organisms (Kerr et al., 1972). They
reported that the distinct morphology was identical to that observed by Glucksmann. This
then led to Kerr, Wyllie and Currie to coin the term apoptosis (Kerr et al., 1972).
1.2.1.1 Requirement for apoptosis in biological processes
Apoptosis represents a vital biological process, and is a regulated and
programmed physiological death of cells quite different to the pathological death seen in
necrotic cell death (Los and Gibson, 2005). Apoptosis is required for the correct
development of metazoan animals and plays a role in embryogenesis of C. elegans. and
metamorphosis of moths (Lockshin and Williams, 1965). Higher order organisms such as
birds also require apoptosis during embryogenesis of chicks (Hamburger and Levi9
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Montalcini, 1949) and apoptosis allows the sculpting of embryos by removing tails of
tadpoles during adult maturation (Tata, 1966). In mammals, apoptosis produces separated
fingers and toes, and beyond a developmental role has been implicated in loss of
endometrial lining during menstruation (Otsuki et al., 1994). Further indispensable roles
of apoptosis extend to regulation of the immune system in multicellular organisms, where
it is required for the removal of self-reacting T cells before they exit from the thymus
(Murphy et al., 1990). In the absence of this process, autoimmune diseases develop,
further underlining the broad and essential requirement of apoptosis.
Tissue homeostasis is also under control of apoptosis and exists due to a balance
between cell proliferation, and apoptosis (Hanahan and Weinberg, 2000). Alterations in
the balance, has important consequences for tissue and organism function. A tip in the
scales towards greater apoptotic than mitotic activity may be the reason behind human
neurodegenerative disorders such as Alzheimer’s (Yuan and Yankner, 2000). Conversely,
a reduction in programmed cell death is implicated in the occurrence of auto-immune
diseases such as arthritis (Thompson, 1995) and cancer (Hanahan and Weinberg, 2000). It
is now an accepted part of tumour biology that a failure in apoptotic pathways, is a
keystone of many, if not all neoplasia, as dysfunctional transformed cells do not respond
to cell death signals, and instead continue to proliferate (Hanahan and Weinberg, 2000).
1.2.1.2 Molecular Determinants of Apoptosis
When Kerr and colleagues defined apoptosis, they also proposed that cell death
was under the influence of a conserved genetic programme (Kerr et al., 1972). The
genetic process implemented to carry out cell suicide, was discovered through the
research on Caenorhabditis elegans. Maturation of C. elegans is complete once 131 out
of 1090 somatic cells undergo cell death during development (Sulston, 1976). It was
subsequently identified that cell death in worms was attributable to an active process with
the sole purpose of eliciting cell death in the required 131 cells (Horvitz et al., 1982).
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Yuan and Horvitz made the initial discovery of genes encoding apoptosisinducing proteins, namely CED (cell death abnormal)-4 (Yuan and Horvitz, 1992), and
shortly after came the identification of CED-3 (Yuan et al., 1993). These 2 proteins are
found to be indispensable for carrying out apoptosis in worms. Loss-of-function
mutations in either CED-3 or CED-4 abrogates death of almost all cells that normally
undergo death during embryogenesis (Yuan and Horvitz, 1990). Hengartner and
colleagues discovered a novel gene CED-9, which appeared to regulate CED-3 and -4
activities. Mutational screens in C. elegans revealed that a gain-of-function mutation in
CED-9 prevented cell death, whilst a loss-of-function mutation removed the inhibition
upon CED-3 and -4 facilitating death of cells (Hengartner et al., 1992). Therefore CED-9
antagonises CED-3 and -4 and it regulates the activation of apoptosis in C. elegans.
The first component of the mammalian apoptotic programme discovered was Bcl2, and its overexpression prevented cell death that would normally occur following
withdrawal of growth factors (Vaux et al., 1988). A subsequent study with human Bcl-2
found that it was capable of blocking cell death in worms (Vaux et al., 1992). This
substantiated the hypothesis that the genetic mechanism of apoptosis was conserved
between species, and therefore enabled comparison of the pathways to be made between
invertebrates (C. elegans), and vertebrates (humans). Further support came when the
CED-3 was cloned and sequenced (Yuan et al., 1993) and found to show homology to the
previously identified and cloned mammalian gene encoding the cysteine protease,
interleukin 1β converting enzyme (ICE) (Cerretti et al., 1992; Thornberry et al., 1992).
This was the first member of the family of proteases collectively known as the cysteine
dependent aspartate-specific proteases, or caspases (Alnemri et al., 1996).
1.2.1.2.1 Caspases
It is the activity of the family of caspases which gives rise to many of the
morphological features associated with apoptosis. However, the first caspase identified
11

La Trobe University - Nufail Khan

Chapter 1 - Introduction

ICE (caspase-1) probably does not have a specific role in apoptosis, but rather appears to
have a role in the inflammatory response. Thus caspase-1 deficient mice develop
normally but are resistant to endotoxic shock (Li et al., 1995).
There are now considered to be 2 classes of caspases; those involved in the
inflammation response (and/or cytokine processing), and those mediating apoptosis.
Human caspases-1, -4 and -5, and mouse caspases-11 and -12, are classified as the
inflammatory caspases. Martinon and colleagues identified a molecular platform for
caspase-1 activation, which they termed the Inflammasome (Martinon et al., 2002). As
will be discussed, the inflammatory caspases have a recruitment domain (CARD) that
promotes recruitment into the inflammasome. It has been suggested that caspase-12 is an
ER stress-sensing protease, implicated in ER-mediated apoptosis (Nakagawa et al., 2000;
Scorrano et al., 2003; Zong et al., 2003). Although mouse and rat caspase-12 has been
identified, the existence of a human homologue remains unclear (Szegezdi et al., 2003).
Murine caspase-11 and -12, may be homologs of the human caspases-4 and -5
respectively, based on functional similarities (Degterev et al., 2003).
Two other caspases that do not fall under either of the two categories of caspases
(Inflammatory, or apoptosis-mediating) have been documented in the literature. Caspase13, was proposed as a novel human caspase, but turned out to be a bovine orthologue of
caspase-4 (Humke et al., 1998; Koenig et al., 2001). Caspase-14 was found specifically
expressed in differentiating keratinocytes of the skin, and was proposed to have an
indirect apoptotic role in these cells (Ahmad et al., 1998).
Of the 14 caspases identified, 8 have been implicated in apoptosis (Earnshaw et
al., 1999; Shi, 2002; Thornberry and Lazebnik, 1998). Their importance in organisms is
highlighted as they are evolutionary conserved, from humans to hydra (Cikala et al.,
1999; Hengartner et al., 1992)
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1.2.1.2.2 Structure of apoptotic caspases regulate their activation
If apoptotic caspases are activated spuriously, the consequences may be dire. For
this reason, caspases activity is tightly regulated in specific cascades. All identified
caspases contain a cysteine in the active site, and cleave substrates after an aspartate (D)
residue (Hengartner, 2000). Three preceding residues, occupying positions S3 –S1
respectively of the caspase active site, contribute to the specificity (Nicholson and
Thornberry, 1997). Caspases are synthesised as inactive single polypeptide zymogens,
which consist of either a long or short prodomain, and a protease domain consisting of
large (p20) and small (p10) catalytic subunits (Wang and Lenardo, 2000) (Figure 1.1).
The length of the prodomain sub classifies the apoptotic caspases into two groups;
initiator and executioner. The prodomain of executioner caspases, has approximately 2030 amino acids compared to 90 or more for the initiator caspases (Shi, 2002) (Figure 1.1).

Figure 1.1 Schematic structures of the apoptotic caspases (Adapted from Reidl & Shi et al., 2004). The initiator
caspases are depicted in green text, and the effector caspases are in red. Arrows indicate cleavage sites within caspases.
Processing of caspases between p10 and p20 subunits promotes irreversible activation of caspases, but this is not
required for activity of initiator caspases. Removal of the prodomain is not required for caspase activation, but in
effector caspases this affects their ability to be regulated by molecules such as IAPs. The longer prodomains in initiator
caspases harbour caspase-recruitment domain (CARD), or the death-effector domain (DED) homotypic interaction
motifs.
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The initiator caspases-2, -8, -9 and -10, contain protein interaction motifs in their
long prodomains, enabling localisation to, and activation at, molecular platforms.
Caspases-8 and -10 contain the DED (death effector domain) motif, and caspases-2 and -9
contain the CARD (caspase activation and recruitment domain) motif (Figure 1.1). These
two motifs do not share significant sequence homology, but their three-dimensional
structures as revealed by crystallography have very similar Greek key conformations
(Donepudi and Grutter, 2002; Hengartner et al., 1992).
Initiator caspases are expressed as zymogens and exhibit only limited proteolytic
activity in this state (Muzio et al., 1998). However once clustered by recruitment to
oligomeric adaptors through the DED or CARD motifs, they become activated and autocleave (Hengartner, 2000). Complete and irreversible activation is often achieved by auto
processing of the N-terminal prodomain, but may also be effected by cleavage at an
internal aspartic acid cleavage site between the p20 and p10 subunits of the zymogen
(Stennicke et al., 1999) (Figure 1.1). Although not completely elucidated, it is known that
for caspases to be active they generally are required to be found in a heterotetramer of
two p20/p10 subunits (Earnshaw et al., 1999).
Activation of initiator caspases is required to activate the executioner caspases, by
processing the zymogen to a dimeric p20/p10 heterodimer to form the active tetramer.
The activated short domain caspases (3, 6 and 7) conduct a systematic process of
intracellular protein degradation. Cleavage of substrates with the amino acid recognition
sequence, DXXD, results in the characteristic morphological changes in cells undergoing
apoptosis. For example, caspase-mediated cleavage of the protein lamin, results in
disintegration of the nuclear lamina, which leads to nuclear shrinking (Buendia et al.,
1999; Rao et al., 1996). Laddering of DNA was also identified as an early marker of
apoptosis and it is now known to be mediated by the endonuclease, DFF (DNA
fragmentation factor) or CAD (caspase-activated DNase), which is activated by caspase 3
mediated cleavage of its inhibitory domain (Enari et al., 1998; Hewish and Burgoyne,
14
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1973; Liu et al., 1997; Sakahira et al., 1998; Williams et al., 1974). Constitutive
activation of PAK2, of the p21-activated kinases, leads to the characteristic blebbing of
apoptotic cells (Rudel and Bokoch, 1997).
1.2.1.3 Caspase Cascades (the two apoptotic pathways)
Activation of the effector caspases can occur via at least two caspase cascades or
pathways. The extrinsic or ‘death receptor’ activated apoptotic pathway is initiated by
ligand binding to the extracellular portion of a receptor at the cell surface. Death receptors
contain an intracellular death domain (DD), which following ligand binding to the
extracellular portion of the receptor, promotes interaction with an adaptor molecule
(Davies et al., 2000; Los and Gibson, 2005). A well characterised example is the Fas
receptor (Figure 1.2); when bound by its cognate Fas ligand, it transduces this apoptotic
signal into the cell via homophilic interactions of the DD of Fas, with the DD of the
adaptor molecule FADD (Fas-associated death domain) (Chinnaiyan et al., 1995; Los and
Gibson, 2005; Thompson, 1995).
The initiator caspases with long prodomains can be subdivided according to
prodomain structure. The initiator caspases of the extrinsic pathway, caspase-8 (and -10
in humans) contain a DED (Death Effector Domain) in the prodomain (Figure 1.1), which
allows recruitment to the DED in FADD, activating the caspase (Wang and Lenardo,
2000). Caspase-10 recruitment to the DISC complex has been demonstrated, and despite
appearing to share a number of attributes to caspase 8 in vitro, in vivo studies show it
cannot replace caspase-8 to elicit apoptosis (Jin and El-Deiry, 2005; Sprick et al., 2002).
Conflicting studies by Wang and colleagues, suggests an apoptotic role for caspase-10 at
least in lymphocytes and dendritic cells (Wang et al., 1999), and that caspase-10 could
functionally substitute for caspase-8 (Wang et al., 2001).
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Figure 1.2 Apoptosis activation upon stimulation with a TNF Super Family (TNFSF) death ligand. The death
receptor pathway is activated upon conjugation of a TNFSF ligand (such as FasL) to its cognate receptor. Recruitment
of FADD forms the death-inducing signalling complex (DISC), that activates caspase-8, which cleaves and activates
caspases-3 and -7 that cleave cellular substrates to give rise to the phenotype of an apoptotic cell. The mitochondrial
pathway is activated in response to internal insults or extracellular cues, and results in the assembly of a caspase-9
activating platform, the apoptosome, which also leads to activation of caspase-3/7. The two pathways can crosscommunicate via caspase-8 mediated cleavage of Bid.

The intracellular signals involved in activating the intrinsic, or ‘Bcl-2 inhibited’
pathway (as it is more accurately defined) are not completely understood, but converge at
a common mediator, the mitochondria. The signals induce mitochondrial outer membrane
disruption, which results in the release of cytochrome c release by a mechanism that has
not been completely elucidated (Wei et al., 2001). Release of cytochrome c into the
cytoplasm promotes assembly of a complex termed, the apoptosome (Hengartner, 2000).
Cytochrome c promotes oligomerisation of seven copies of the adaptor molecule, Apaf-1,
into a configuration resembling spokes of a wheel. The hub of this wheel-like
conformation contains seven CARD (caspase recruitment domain) domains (Jiang and
Wang, 2000; Li et al., 1997; Rodriguez and Lazebnik, 1999).
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The initiator caspase of the intrinsic pathway, caspase-9, has a long prodomain
consisting of a CARD, rather than the DED of the extrinsic pathway caspases. This forms
homophilic interactions with the CARD domain in the apoptosome, activating caspase-9,
which can then process and activate caspases-3 and -7 (Figure 1.2) (Hengartner, 2000; Li
et al., 1997; Wang and Lenardo, 2000; Wei et al., 2001).
Both the death receptor-activated, and Bcl-2 blockable apoptotic pathways involve
death signals inducing oligomerisation of adaptor molecules that promote the
oligomerisation and activation of upstream initiator caspases. The pathways then
converge at the activation of downstream effector caspases-3 and -7.
1.2.2 Controlling the Activation of the Apoptotic Pathway
Downstream caspases are regarded as the executioners of apoptosis (Hengartner,
2000). It is therefore not surprising that caspases need to be tightly regulated to prevent
inappropriate activation, which could have potentially dire consequences for an organism.
The first levels of caspase regulation, including synthesis as inert zymogens and specific
activation pathways have been discussed but there are other levels of regulation that are
discussed below. (Earnshaw et al., 1999; Hengartner et al., 1992).
1.2.2.1 Apoptotic Inhibitors – FLIP and Bcl-2
Specific inhibition of activated caspases itself represents a second degree of
regulation for apoptosis. This is a key concept in immune response, whereby viral
genomes have adapted to encode for virulence factors that prevent an apoptotic response
by infected cells and allow viral replication to proceed (Shen and Shenk, 1995; Thome et
al., 1997). Some of these viral inhibitors directly inhibit caspase, for example, viral
FLICE (FADD-like IL1β–converting enzyme) (vFLIP) is a caspase-8 inhibitor first
identified in γHerpesvirus (Thome et al., 1997). Cellular homologues of vFLIP, were
subsequently identified and found to render cells resistant to death-receptor-mediated
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apoptosis stimulated by FasL, TRAIL, or TNF (Cottet et al., 2002; Irmler et al., 1997;
Kataoka et al., 1998; Micheau et al., 2001; Schneider et al., 1997). cFLIP inhibits
caspase-8 activation by limiting caspase-8 with FADD (via DED interactions) (Thome et
al., 1997). Structurally resembling caspase-8, cFLIP lacks the proteolytic activity, and its
association with caspase-8 prevents apoptotic signaling from various death receptors
(Tschopp et al., 1998).
Caspase-8 mediated cleavage of the protein Bid, produces truncated Bid (tBid)
that binds to Bax inducing its insertion into mitochondrial membrane, facilitating the
activation of the intrinsic pathway to apoptosis (Li et al., 1998; Lovell et al., 2008; Luo et
al., 1998). Therefore, caspase-8 is required for the extrinsic apoptotic pathway, and is also
able to indirectly activate the intrinsic pathway. FLIP effectively disarms death-receptor
apoptotic signaling, but cannot directly effect the mitochondrial-death machinery.
The intrinsic pathway is regulated by Bcl-2, the first mammalian component of
the apoptotic machinery identified, when it was shown to be capable of inhibiting cell
death of C.elegans (Strasser et al., 1995; Vaux et al., 1988; Vaux et al., 1992). Although
the mechanism for cytochrome c release is unclear, the requirement of the proapoptotic
factors Bax and Bak is essential for eliciting the apoptotic response (Wei et al., 2001).
Bcl-2 exerts is inhibitory effect by binding to and hence sequestering proapoptotic factors
such as Bax and Bak (Antonsson et al., 1997; Schlesinger et al., 1997). Therefore, Bcl-2
potently regulates the activation of caspases elicited via the intrinsic pathway of
apoptosis.
1.2.2.2 The Inhibitors of Apoptosis Proteins
Bcl-2 and cFLIP are specific inhibitors of the intrinsic and extrinsic pathways
respectively, but neither Bcl-2 nor FLIP can potently inhibit both apoptotic pathways. The
inhibitor of apoptosis proteins (IAPs) on the other hand regulate both apoptotic pathways,
although the mechanism of regulation of each pathway is surprisingly distinct.
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The IAPs were first found in viruses (baculoviruses), and inhibited virally induced
apoptosis of host insect cells, thereby permitting viral replication (Crook et al., 1993).
Subsequently, IAPs were identified in Drosophila and shown to be required for life of the
organism (Conte et al., 2006; Conze et al., 2005; Harlin et al., 2001; Hay et al., 1995).
Following the discovery of the first non-viral IAP gene, NAIP (neuronal apoptotic
inhibitory protein), seven other mammalian IAPs were discovered (Roy et al., 1995). The
human IAPs now include XIAP, cIAP1, cIAP2, ILP2, BRUCE/Apollon, survivin and
livin/ML-IAP (Ambrosini et al., 1997; Chen et al., 1999; Duckett et al., 1996; Hauser et
al., 1998; Kasof and Gomes, 2001; Lagace et al., 2001; Liston et al., 1996; Richter et al.,
2001; Rothe et al., 1995; Uren et al., 1996; Vucic et al., 2000).
Each member of the family has at least one and up to three conserved domains
known as the baculovirus IAP repeat (BIR) (Mace et al., 2010; Vucic and Fairbrother,
2007). Not all IAPs act to block death, but of those that do, the BIR domains contribute to
the anti-apoptotic activity via their ability to bind and inhibit caspase activity (Mace et al.,
2010). The BIR is a 70-80 amino acid domain that contains conserved cysteine and
histidine residues (Cx2Cx6Wx3Dx5Hx6C) which tetrahedrally co-ordinate a Zinc atom
(Hinds et al., 1999; Liu et al., 2000; Sun et al., 1999a; Sun et al., 2000; Wu et al., 2000).
XIAP, cIAP1 and 2, and survivin, have been found to be expressed at high levels
in many tumours including, AML, lung and colon cancer (Salvesen and Duckett, 2002;
Tamm et al., 2000; Tamm et al., 2004; Yang et al., 2003a). Further, the overexpression of
IAPs renders neoplastic cells insensitive to a variety of proapoptotic stimuli (Vucic and
Fairbrother, 2007), and Zender and colleagues have shown that amplification of the
cIAP1/cIAP2 locus and consequent over-expression are required for myc oncogene
driven hepatocellular carcinoma formation (Zender et al., 2006). Yet, surprisingly only
XIAP has been shown to directly inhibit caspases, while cIAP1 and 2 were found to bind
but not inhibit caspase activity (Eckelman and Salvesen, 2006; Zender et al., 2006).
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XIAP was, until recently, the best characterised IAP and has three BIR domains.
The role of the N-terminal BIR1 domain, has not been fully characterised but there is
some data to support the idea that it interacts with TAB1 (Lu et al., 2007), whilst the
BIR1 of cIAPs is important in mediating interaction with TRAF2 (Samuel et al., 2006;
Varfolomeev et al., 2006; Vince et al., 2008). The second BIR domain of XIAP is known
to interact with and inhibit the effector caspases (Srinivasula et al., 2001). The third BIR
domain of XIAP has been found to interact with and inhibit the activation of upstream
initiator caspase-9 as will be further explored (Scott et al., 2005).
1.2.2.3 BIR2 of XIAP and inhibition of effector caspases
Caspase-9 mediated cleavage of effector caspases-3 and -7 reveals a new epitope,
dubbed the IAP binding motif (IBM) that binds a groove in the BIR2 of XIAP. In the case
of caspase-7, this neo-epitope is a strong determinant of IAP binding while in caspase-3,
other sites also contribute to BIR binding (Scott et al., 2005). It is likely that this groovecaspase interaction brings the caspase into the vicinity of the caspase inhibitory IAP
sequence identified in the BIR 1-2 linker region (Figure 1.3). This linker region occludes
the active site of the caspase in a C- to N-terminus orientation (Chai et al., 2001; Riedl et
al., 2001). This is in an opposite orientation to a caspase substrate as shown in Figure 1.3,
which probably contributes to the stability of the IAP as the linker cannot be cleaved by
the caspase. Both the linker region and BIR 2 are therefore vital for inhibition of the
effector caspases.
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Figure 1.3 Differential caspase binding modes between IAP and caspase substrates. The linker region is shown to
bind in the opposite orientation to caspase substrates. The aspartate residue binds at S4, and the rest of the peptide
occludes the active site, thereby sterically preventing the binding of substrates.

1.2.2.4 BIR3 of XIAP and inhibition of initiator caspase 9
The elegant mechanism of XIAP BIR2 caspase inhibition led many to believe that
the BIR3 would inhibit caspase-9 in a similar manner. Indeed recruitment of processed
caspase-9 to BIR3 is almost identical; the BIR3 of XIAP has a conserved groove that is
required for caspase binding (Shiozaki et al., 2003) and cleavage of caspase-9 reveals an
IBM that is required for its association with BIR3. However, the mechanism of caspase
inhibition is quite different. Rather than a linker occluding the caspase catalytic site, the
C-terminal helix of BIR3 binds to the caspase-9 hydrophobic dimer interface, maintaining
a caspase-9 in an inactive monomeric state.
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1.2.2.5 RING Domain
Ubiquitin is a 76 amino acid protein that can be attached to lysine residues of a
protein, via a GG motif at the C-terminal of ubiquitin. Since ubiquitin itself has several
lysine residues it can in turn be ubiquitylated at one of these residues (K6, K11, K27,
K29, K33, K48 and K63) and in this case polyubiquitin chains with different lysine
linkages can be formed. These different chains have different spatial geometries and
promote different fates. For example a chain of 4 ubiquitins assembled with a K48
linkage is recognised by the proteasome as a degradation substrate (Mace et al., 2010;
Vaux and Silke, 2005). The enzymes that catalyse the formation of ubiquitin chains are
called E3s and either contain a RING or HECT domain. All the IAPs that regulate
apoptosis also contain a C-terminus RING (Really Interesting New Gene) domain and
this has been confirmed to be required for dimerisation and the E3 ligase activity of IAPs
(Feltham et al., 2011; Mace et al., 2010) (Figure 1.4).

Autoubiquitylation Sites
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Caspase 3/7
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Caspase 9 binding
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Figure 1.4 Schematic representation of the XIAP protein, identifying the domains and important residues.
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1.2.2.5.1 IAP mediated ubiquitylation dictates cell survival
The best characterised ubiquitin modifications are the K48 and K63 linkages that
are associated with substrate degradation, and protein stability/localisation respectively.
Early in vitro studies showed that cIAP2 is capable of monoubiquitylating caspases-3
and-7, with one study describing polyubiquitylation and degradation of caspase-3 by
XIAP (Huang et al., 2000; Suzuki et al., 2001). In this manner IAPs might prevent or
limit caspase activity in addition to direct inhibition.
Similarly, cIAP1 and 2 prevent activation of non-canonical NF-κB signalling by
ubiquitylating and promoting degradation of the NF-κB Inducing Kinase (NIK)
(Varfolomeev et al., 2007; Vince et al., 2007). IAPs can also autoubiquitylate and may
therefore limit their own levels and activity. The C-terminal RING domain of cIAP1 was
shown to regulate XIAP levels via heterodimerisation with its RING domain, facilitating
polyubiquitylation and subsequent degradation (Silke et al., 2005). Furthermore, cIAP1
and XIAP, were shown to homodimerise and autoubiquitylate, allowing negative selfregulation, but RING deletions abrogated this ability and correspondingly were better
able to prevent apoptosis (Yang et al., 2000).
Therefore the E3 ligase activity of IAPs can regulate cell survival in both a
positive and negative fashion, depending on the balance of IAP-mediated ubquitylation
(degradation of substrates) and autoubiquitylation (degradation of IAPs themselves).
1.2.2.6 The UBA and CARD domains of IAPs
The most recent domain to have been identified and characterised on IAPs is the
UBA domain, which is located C-terminally to the final BIR domain of IAPs
(Blankenship et al., 2009; Gyrd-Hansen et al., 2008). Similar to other ubiquitinassociated (UBA) domains, the UBA of IAPs binds to ubiquitin and specifically enable
IAPs to bind both monoubiquitin and Lys-63 polyubiquitin chains (Blankenship et al.,
2009; Gyrd-Hansen et al., 2008). The UBA in IAP does not appear to directly influence
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E3 ligase activity (Blankenship et al., 2009) and is not required for recruitment to the
TNF complex. cIAP1 with a mutation in the UBA domain was however unable to block
TNFα-induced apoptosis, and XIAP and cIAP2-MALT1 UBA mutants were unable to
polyubiquitylate NEMO to activate NF-κB (Blankenship et al., 2009; Gyrd-Hansen et al.,
2008). Therefore there is strong evidence for the requirement of the UBA domain for
prosurvival NF-κB signalling and ubiquitin activities (Blankenship et al., 2009; GyrdHansen et al., 2008).
Among the IAPs, only cIAPs have a CARD domain. The CARD domain is
frequently found in other components of the cell death pathway, including caspases, and
is known to mediate CARD-CARD homo-oligomerisation interactions (Damiano and
Reed, 2004). However, the function of the CARD in cIAP1 and 2 is unknown.
1.2.3 Inhibiting the Inhibitor
Probably all metazoans cells possess the ability to activate their own demise and
this is required for development and to limit viral infection. The IAPs can inhibit
apoptosis, and therefore for scheduled apoptosis to proceed, the activity of IAPs needs to
be antagonised i.e. inhibit the IAPs themselves.
The mammalian IAPs (XIAP, cIAP1 and 2) are indeed subject to negative
regulation

by

the

25kDa

Smac

(second

mitochondria-derived

activator

of

caspases)/DIABLO (direct IAP binding protein with low pI) (Du et al., 2000; Verhagen et
al., 2000). Smac/DIABLO is synthesised with an N-terminal mitochondrial targeting
sequence, and upon import into the mitochondria is proteolytically processed to reveal an
IBM. However, while sequestered in the intermembrane space of the mitochondria it is
‘silent.’ But upon release from mitochondria, for example, due to damage of the outer
mitochondrial membrane, Smac is released into the cytoplasm and now the IBM is free to
interact with IAPs and antagonise their activity (Arnt et al., 2002; Du et al., 2000;
Verhagen et al., 2000).
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1.2.3.1 Smac Interaction with XIAP
The crystal structure of Smac revealed that it forms a homodimer; essential for its
antagonistic ability (Chai et al., 2000; Wu et al., 2000) (Figure 1.5). The proteolytic
cleavage of Smac, reveals an N-terminal motif (AVPI), which is a conserved motif found
in Hid, Grim and Reaper, which are Drosophila IAP antagonists (Silke et al., 2000). This
motif is an IBM similar to the ones found in processed caspases (Figure 1.5, 1.6). The
importance of the IBM for binding BIR grooves was shown by mutational analysis of the
IBM of Smac which rendered the molecule incapable of antagonising IAPs (Chai et al.,
2000). The fact the Smac IBM is so similar to caspase IBM, immediately suggests a
mechanism for how Smac antagonises IAP activity (Figures 1.5, 1.6).

Smac dimer

IAP-binding motif (IBM)

BIR domains 2 and 3

Figure 1.5 A ball and stick representation of the Smac dimer (red and blue) interacting with the two BIR
domains (light and dark green), via the IBM (the outward projections from Smac). View from above
complex.
IAP binding motif (IBM)

Smac

IBM interacting groove on BIR domain
Figure 1.6 Space filling model showing the interaction of the IBM of the Smac molecule with the IBM
interactive groove in the BIR domain. Side view of the complex.
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A 7 amino acid N-terminal Smac peptide, displayed similar binding affinity to the
BIR3 of XIAP, as did the caspase 9 linker peptide (Srinivasula et al., 2001). Moreover,
mutation of E314 in the BIR3 groove abrogates binding of both caspase-9 and Smac
peptide (Srinivasula et al., 2001). Therefore, Smac outcompetes caspase-9, and is
hypothesised to do so, due to an apparent second interface made by Smac with BIR3,
which is suggested to aid in preference, and aid caspase-9 displacement (Srinivasula et
al., 2001).
Similarly, Smac also outcompetes caspase-7, but does so due to a stronger
interaction with BIR2 than does caspase-7. The remaining BIR domain linker region and
caspase 7 interaction may be insufficient to adhere XIAP effectively and is consequently
“peeled off” XIAP, and through steric hindrance Smac also removes or prevents caspase
3 binding (Huang et al., 2001). Thus, BIR2 can be viewed as a pivot point for the
transition of XIAP from a regulatory element for caspase inhibition to an IAP antagonist
binding partner. Smac, as a dimer, thus requires binding of both BIR domains 2 and 3 for
effective antagonism of XIAP. The IBM of each Smac monomer binds the IBM groove of
BIR2 or BIR3 of the one XIAP (Figure 1.7) (Liu et al., 2000; Scott et al., 2005; Wu et al.,
2000). Thereby disassociating caspase 9, and sterically inhibiting binding to caspases-3
and -7.
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RING

Caspase-9
BIR 3

BIR 3
Smac/DIABLO

BIR 2

Caspase-7
Caspase-3

BIR 1

BIR 2

BIR 1

Figure 1.7 The diagram on the left provides a schematic representation of caspase interactions with XIAP,
and on the right Smac interaction.

1.2.4 IAP as targets for cancer therapeutic intervention
Deregulation of the apoptotic program plays an essential role in the transformation
of normal cells to cancerous cells. Since IAPs can prevent apoptosis, one way that cancer
cells can become resistant to cell death is by upregulation of the levels of IAPs.
Amplification of the IAP genes and increased expression of IAPs has been
described in many human cancers (Ambrosini et al., 1997; LaCasse et al., 1998; LaCasse
et al., 2008; Li et al., 2001; Tamm et al., 2000; Tamm et al., 2004; Vucic et al., 2000).
One particularly important study showed using a mouse genetic model that IAP
amplification was a frequent and required event in myc over-expressing hepatocytes in
order for them to progress to hepatocellular carcinoma (Zender et al., 2006).
Although there is evidence that non-apoptotic IAPs such as Survivin, are
upregulated in many human tumours, they are less attractive as therapeutic candidates
than the anti-apoptotic IAPs. Survivin has been shown to be upregulated in cancer cells,
however this is likely due to its role in chromosomal segregation during mitosis and is
therefore unlikely to be a cancer specific phenomenon but occur in all rapidly dividing
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cells (Altieri, 2001; Ambrosini et al., 1997; Tanaka et al., 2000). Targeting Survivin is
therefore unlikely to be better than current chemotherapies that target rapidly dividing
cells.
ML-IAP is an anti-apoptotic IAP and is more interesting than Survivin, because it
is specifically expressed only in melanomas and not expressed in normal tissues (Gong et
al., 2005; Vucic et al., 2000).
XIAP, unlike ML-IAP, is ubiquitously expressed. Some studies have shown that
increased expression of XIAP correlates with increased cancer proliferation and poor
prognosis in such disease states as AML and renal cell carcinoma (Ramp et al., 2004;
Tamm et al., 2000; Yan et al., 2004). XIAP protein level was found to increase with
neoplastic transitions in ovarian and also prostate carcinomas (LaCasse et al., 1998;
Varambally et al., 2005). XIAP knock-down studies have also shown a positive apoptotic
response to chemotherapeutics both in vivo and in vitro (Bilim et al., 2003; Hu et al.,
2003; McManus et al., 2004; Sasaki et al., 2000).
As discussed above, cIAPs may be amplified at the gene level and promote
tumour formation. The cIAP2 gene is also known to translocate and form a fusion gene
with MALT1 in Mucosa Associated Lymphoid Tumours which is suggested to be
important in the resistance to proapoptotic stimuli, and activation of prosurvival pathways
(Imoto et al., 2001; Vucic and Fairbrother, 2007).
1.2.5 Chemically targeting IAP for therapeutic benefit
Given the association of high IAP activity in human tumours, it is proposed that
this negates the high expression and activity of caspases (Yang et al., 2003a). Therefore,
various approaches have been implemented for anti-IAP therapeutics including RNA
interference (RNAi) (Wei et al., 2008). Recently however the most successful strategy
has been to design small molecules to mimic the activity of the endogenous IAP
antagonist, Smac.
28

La Trobe University - Nufail Khan

Chapter 1 - Introduction

1.3 Smac-mimetics as a tool for inducing cancer specific cell death
Smac-mimetics were initially designed to antagonise XIAP itself, and relieve
caspase inhibition to allow stalled apoptosis to proceed in cancer cells. It was therefore
assumed that smac-mimetics would be used in conjuction with existing or new therapies
that induced caspase activation. The theory was translated into principle since IAP
antagonism by the Smac peptides and small molecule mimetics, re-established the
apoptotic programme, thereby propagating the death signal in a variety of cell lines
induced by cytotoxic agents such as etoposide and TRAIL (Bockbrader et al., 2005; Li et
al., 2004; Mizukawa et al., 2006; Vucic et al., 2002; Zobel et al., 2006).
Quite spectacularly though, a series of studies had reported that smac peptide and
mimetics were beneficial in the treatment of glioma, breast cancer and multiple myeloma
in vivo (Chang et al., 2004; Chauhan et al., 2007; Fulda et al., 2002; Oost et al., 2004;
Sun et al., 2004; Yang et al., 2003b). Overall the success of this early period of research
justified the IAPs as attractive therapeutic targets, as their removal facilitates activation of
both extrinsic and intrinsic pathways to apoptosis induced by various stimuli in a subset
of cancer cell lines in vitro and in vivo.
1.3.1 New insights into anti-cancer activity of Smac-mimetics
Despite the success of smac-mimetic sensisting cells to cytotoxic agents, it was a
surprise when studies began to report, using different smac-mimetics, the antagonists
were capable of causing cell death as sole agents in a subset of cell lines (Bockbrader et
al., 2005; Chauhan et al., 2007; Oost et al., 2004; Sun et al., 2004; Zobel et al., 2006).
The molecular mechanism of smac-mimetic induced death was questioned, to understand
why only subsets of cancer lines appeared to be sensitised to death, despite most cancers
harbouring the apoptotic components for its own destruction (Chang et al., 2004;
Chauhan et al., 2007; Fulda et al., 2002; Oost et al., 2004; Sun et al., 2004; Yang et al.,
2003a; Yang et al., 2003b). The theory of XIAP-mediated sequestration of caspases
29

La Trobe University - Nufail Khan

Chapter 1 - Introduction

preventing apoptosis could not explain discrepancies in the literature, most notably many
of the IAP-antagonist sensitive cell lines lacked basal caspase activity (Chang et al.,
2004; Chauhan et al., 2007; Fulda et al., 2002; Oost et al., 2004; Sun et al., 2004; Yang et
al., 2003a; Yang et al., 2003b). The solution to this conundrum was the discovery that
inhibition and subsequent degradation of cIAP1 and cIAP2, and not XIAP, governed
smac-mimetic induced killing (Bertrand et al., 2008; Gaither et al., 2007; Petersen et al.,
2007; Varfolomeev et al., 2007; Vince et al., 2007).
1.3.2 Role of cIAPs, NF-κB and TNF in smac-mimetic induced death
Mammalian cIAPs were identified indirectly associated with TNFR2 via binding
to TRAF2 although the relevance was not known (Rothe et al., 1995). TNF is a
pleiotropic cytokine that can signal through either TNF-R1 or TNF-R2. TNF-R1 is
expressed on most cells, and when stimuated with TNF, can signal for cell survival or cell
death, but in normal cells the prosurvival signal predominates (Van Antwerp et al., 1996).
Stimulation of TNFR1 by TNF, promotes formation of a membrane bound intracellular
signalling complex containing TRADD (Hsu et al., 1995), RIPK1 (Ermolaeva et al.,
2008; Hsu et al., 1996a; Pobezinskaya et al., 2008), TRAF2 (Hsu et al., 1996b), cIAP1/2
(Rothe et al., 1995), and HOIL-1/HOIP (Haas et al., 2009). Although several of these
components can be found in membrane associated TNF-R1 complexes, they are not
necessarily present in all cell types (Chen et al., 2008; Ermolaeva et al., 2008;
Pobezinskaya et al., 2008; Wong et al., 2010). Several components of this complex
become ubiquitylated, by cIAPs and HOIL-1/HOIP (Bertrand et al., 2008; Feltham et al.,
2010; Haas et al., 2009; Vince et al., 2009), and this ubiquitylation provides a platform
for the recruitment of IKK and TAK1 containing complexes, ultimately resulting in the
degradation of IκBα and activation of NF-κB (Devin et al., 2000; Kelliher et al., 1998;
Shu et al., 1996; Wu et al., 2006). Subsequently it was discovered that a secondary
cytoplasmic complex assembles that contains TRADD, FADD, RIPK1 and caspase-8.
30

La Trobe University - Nufail Khan

Chapter 1 - Introduction

This complex activates caspase-8 but in most situations the apoptotic activity of caspase-8
is blocked by the pro-survival NF-κB response emanating from the primary complex
(Micheau and Tschopp, 2003; Van Antwerp et al., 1996).
Single-agent sensitivity to smac-mimetic relies on modulating this TNFαmediated signalling to usurp the prosurvival arm of NF-κB. Smac-mimetics induce
autoubiquitylation and proteasomal degradation of cIAP1 and cIAP2 (Bertrand et al.,
2008; Gaither et al., 2007; Petersen et al., 2007; Varfolomeev et al., 2007; Vince et al.,
2007). Loss of cIAPs results in activation of ligand-independent non-canonical NF-κB
signalling. In cells sensitive to smac-mimetic as single agents, NF-κB drives production
of TNF, which upon ligation to its cognate receptor TNFR1, and in the absence of cIAPs,
leads to the formation of the secondary pro-death complex, activating caspase-8 and
killing sensitive cell lines (Figure 1.8) (Bertrand et al., 2008; Gaither et al., 2007;
Petersen et al., 2007; Varfolomeev et al., 2007; Vince et al., 2007).
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Figure 1.8 Model of Compoud A-Mediated Apoptosis. Compound A binds to and thereby promotes degradation of
cIAP1. Loss of cIAP1 leads to increase in NIK levels and activation of non-canonical NF-κB signalling. The released
NF-κB transcription factors become nuclearly localised, and bind to the NF-κB binding sites in the promoter of the
TNFα gene, inducing its expression. TNFα binds to TNFR1 causing recruitment of TRADD (TNFα receptor associated
death domain), RIPK1, and TRAF2 (TNFα receptor associated factor 2), forming complex I. This undergoes
modification and dissociation from TNFR1, and the liberated death domains of TRADD can recruit FADD (Fas
associated Death Domain), which in turn binds caspase 8/10, forming complex II. This complex II then initiates the
apoptotic pathway.

1.3.2.1 cIAP ubiquitylation activity in Smac mimetic sensitivity
Autoubiquitylation of cIAPs induced by the Smac mimetics causes their
proteasomal degradation. The RING is required for auto-ubiquitylation and RING
mutants that cannot bind the E3 or which dimerise cannot autoubiquitylate in response to
smac-mimetics (Feltham et al., 2011; Feltham et al., 2010). Bivalent smac mimetics
induce faster degradation of cIAP1 than monovalent mimetics (Darding et al., 2011; Li et
al., 2004; Varfolomeev et al., 2007). Although it is still not clear exactly how IAP
dimerisation occurs, it has recently been proposed that the BIR3 occuldes the RING
dimerisation interface and that smac-mimetic binding now liberates the RING dimer
interface promoting RING dimerisation (Feltham et al., 2011).
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1.3.3 IAP antagonist and TWEAK share remarkable functionality
The demonstration that smac-mimetic killed sensitive cell lines by simultaneously
driving TNF production and sensitising cells to the autocrine TNF, were reminiscent of
earlier studies looking at the mechanism of action of TWEAK, another member of the
TNF Superfamily.
TNF-like weak inducer of apoptosis (TWEAK), signals through its receptor Fn14
(FGF-inducible 14kD) to promote 1) cell proliferation, cell migration and angiogenesis 2)
expression of proinflammatory cytokines, and 3) cytotoxicity and apoptosis (Brown et al.,
2003; Chicheportiche et al., 1997; Saitoh et al., 2003; Wiley et al., 2001; Wiley and
Winkles, 2003). Ligation of the TWEAK receptor has been shown to activate both
canonical and non-canonical NF-κB signalling, as well as the MAP kinase pathway
(Brown et al., 2003; Saitoh et al., 2003).
As its name suggests, TWEAK is a weak inducer of apoptosis and causes
apoptosis in only a small subset of cell lines (Chicheportiche et al., 1997; Nakayama et
al., 2002). There are several different pathways activated in different cell lines to elicit
death, of which one mode involved production of autocrine TNF which was shown to
occupy its cognate receptor, TNFR1, leading to caspase-8 mediated apoptosis (Nakayama
et al., 2002; Schneider et al., 1999). Due to its weak cytotoxic activity, TWEAK was
generally used in combination treatment for example with IFNγ. TWEAK/IFNγ was
shown to induce caspase-dependent apoptosis in the HT29 adenocarcinoma cell line, but
inhibition of caspases led to a cathepsin B-dependent necrotic death (Nakayama et al.,
2002).
The fact that both smac-mimetic and TWEAK induced autocrine production of
TNF to kill the same subset of cancer cell lines strongly suggested that they shared the
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same mechanism. This equivalence was confirmed when it was demonstrated that both
reagents drove activation of non-canonical NF-κB via NIK stabilisation, production of
TNF and that both reagents sensitised cells to TNF killing (Bertrand et al., 2008; Gaither
et al., 2007; Petersen et al., 2007; Varfolomeev et al., 2007; Vince et al., 2008; Vince et
al., 2007). Furthermore, TWEAK/Fn14 signalling induced degradation of cIAP1 and
TRAF2 strongly suggesting that sensitisation to TNF killing was caused by loss of IAPs
in both TWEAK and smac-mimetic killing further supporting the IAPs as a potential
therapeutic target (Vince et al., 2008).
1.4 Combinatorial treatment modalities and activating regulated necrosis
The omnipresent shadow in anti-cancer research is the desire for the golden bullet
that will discriminately eradicate cancerous cells without harming the patient. The IAP
antagonists represent a promising avenue in cancer therapy since work thus far shows that
these agents specifically target IAPs as they were designed to do. IAP antagonism can
augment a response from a pro-survival to pro-apoptotic signal in sensitive cell lines
(Petersen et al., 2007; Varfolomeev et al., 2007; Vince et al., 2007). These characteristics
purport IAP-antagonism as the tangible concept of Ehrlichs’ magic bullet.
Early reports have indeed shown the smac mimetic and peptides can synergise
with such agents including TNFα, TRAIL, or etoposide (Bockbrader et al., 2005; Li et
al., 2004; Mizukawa et al., 2006; Zobel et al., 2006). The problem is, that although in
vitro, this extends the range of potential targets, the clinical use of these co-agents is
compounded by toxic side effects.
1.4.1 Interferons
Interferons (IFNs) are a family of cytokines that were originally identified as
critical mediators of antiviral response (Isaacs and Lindenmann, 1957; Schroder et al.,
2004). Initially termed MAF (macrophage-activating factor) for their role in infection
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against Listeria monocytogenes, they were been renamed for the original observation, that
of interfering with viral propagation (Handa et al., 1987; Schroder et al., 2004). But
despite the centricity of its function its name suggests, the IFNs are pleiotropic agents,
with roles in modulating the immune response by attracting leukocytes, by activation and
maturation of target immune cells, and by regulating B cell production of
immunoglobulin (Perussia et al., 1983; Schroder et al., 2004). Other roles of IFN are
shown to influence cell differentiation, as well as exhibiting anti-neoplasia events such as
anti-angiogenesis (Chawla-Sarkar et al., 2003).
The interferons are classified into 2 categories, Type I and Type II IFNs, based on
the homology, structural similarity and receptor specificity. IFNα, IFNβ, IFNω, and IFNτ
represent Type I IFNs and all bind to the same heterodimeric receptor complex,
comprised of IFN alpha receptor (IFNAR) 1 and 2 chains (Schroder et al., 2004). They
can be secreted by most cell types especially following viral infection (Chawla-Sarkar et
al., 2003). Type II IFNs have a solitary member, IFNγ which is structurally distinct from
Type I IFN, binds to a different heterodimeric receptor consisting of 2 IFNG1 chains and
2 IFNGR2 chains (Schroder et al., 2004).
1.4.1.1 Overview of IFNγ mechanisms and function
Unlike the Type I IFNs, IFNγ is secreted by cells of the immune system. Initially
it was thought that only T helper cells lymphocytes, cytotoxic lymphocytes and NK cells
produced IFNγ, but recent results show even cells such as antigen-presenting cells (e.g.
dendritic cells) also secret IFNγ (Schroder et al., 2004). It is therefore suggested that IFNγ
secretion by APC and NK cells may mediate innate immunity or early response to
infections, whilst release from T lymphocytes directs major adaptive immune responses
(Schroder et al., 2004).
The pleiotropic functions of IFNγ are mediated by regulating gene expression via
35

La Trobe University - Nufail Khan

Chapter 1 - Introduction

the SOCS1-inhibitable JAK/STAT pathway (Darnell et al., 1994; Taniguchi et al., 1997).
Following secretion from cells, IFNγ binds to its preformed cognate receptor, IFNGR, on
target cells, inducing a conformational change (Figure 1.9) (Krause et al., 2002; Schroder
et al., 2004). This induces autophosphorylation of the Jak2 kinase on the cytosolic
domain of IFNGR2 chain, activating it and promoting transphosphorylation of the Jak1
kinase bound to the IFNGR1 chain. Activated Jak1 kinase phosphorylates tyrosine
residues on IFNGR1 chain forming a dock for the Sh2 domain of STAT1 (signal
transducer and activator of transcription) monomers. Jak2 induced phosphorylation
causes STAT1 homodimerisation and dissociation from the receptor, exposes a nuclear
localisation signal, and through which can induce transcription by binding to the GAS
(IFNγ activation site) DNA element in promoters of IFNγ regulated genes.

Figure 1.9 JAK/STAT pathway, the classical IFNγ signaling pathway. IFNγ binds to a pair of heterologous
receptors IFNGR (IFNγ receptor) 1 (yellow) and 2 (green), inducing a conformational change. This causes activation of
Jak kinases at the receptor, and phosphorylates IFNGR 1, which now serves as a docking site for STAT (signal
transducer and activator of transcription)-1. JAK kinase phosphorylation of STAT1 causes its dissociation and
homodimerisation, exposing a nuclear localisation signal. It binds to the gamma activation site (GAS) in the promoter
of IFNγ regulated genes (IGRG), inducing its expression (this includes SOCS 1 (suppressor of cytokine signaling)).
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The initial STAT1-induced transcription produces other transcription factors
which include IRF-1 (IFN regulatory factor 1) and therefore waves of transcription
mediate the differing responses of IFNγ stimulation. The most observable action of IFNγ
is inhibition of proliferation that occurs through upregulation of proteins such as p21 and
p27 that arrest cell cycling (Mandal et al., 1998). One of the most important functions of
IFNγ-mediated macrophage activation is inducing its microbicidal activity, which kills
bacteria, fungi, virus infected, and importantly tumour cells by reactive species precursors
and products (MacMicking et al., 1997). A third major function of IFNγ is the modulation
of apoptosis. IFNγ is known to upregulate pro-apoptotic proteins such as Fas ligand
(Maciejewski et al., 1995), and Caspase-8 (Fulda and Debatin, 2002), and has been
reported to induce apoptosis in certain cell lines (Munn et al., 1995).
In vitro studies demonstrate that IFNγ can induce apoptosis via upregulating
proapoptotic and downregulating antiapoptotic molecules, and that it can synergise with
death stimuli in a variety of cancer lines (Ahn et al., 2002; Chawla-Sarkar et al., 2003;
Fulda and Debatin, 2002; Munn et al., 1995; Ruiz-Ruiz et al., 2000; Varela et al., 2001).
This great potential was partially realised in clinical practice where it was found that IFNγ
was effective in controlling malignant pleural effusions (MPE) in patients, displaying
local antitumour activity at site of instillation in lung cancer patients (Antoniou et al.,
2003; Yanagawa et al., 1997). MPE are a major symptom of cancer patients, and pose a
continual problem especially in lung cancer. Similarly, malignant mesothelioma which is
resistant to both chemo- and radiotherapy, showed sensitivity in several patients, with
good tolerance to IFNγ (Boutin et al., 1994). Nonetheless, there are many cancers that are
resistant to IFNγ treatment (Bitran et al., 1995).
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1.4.2 Combination treatments open doors to RIPK1 dependent cell death pathways
1.4.2.1 RIPK1 in cell death
RIPK1 (receptor interacting protein kinase 1) is the founding member of an
extended serine/threonine kinase family identified via a yeast two-hybrid screen
interacting with Fas (Festjens et al., 2007; Meylan and Tschopp, 2005; Stanger et al.,
1995). It has diametrically opposed functions in both cell death and survival, and the
structure of RIPK1 appears to explain this phenomenon. Association with Fas is mediated
via the homotypic DD-DD interaction, and subsequently the C-terminal DD of RIPK1
was found to directly bind to TNFR1, TRAIL-R1 and TRAIL-R2, as well as adaptor
proteins including TRADD and FADD (Hsu et al., 1996a; Meylan and Tschopp, 2005;
Stanger et al., 1995; Sun et al., 1999b; Yu et al., 1999). An intermediate domain of
RIPK1 mediates the interaction with TRAF proteins, but also via its RHIM (RIP
homotypic motif), can bind to RIPK3 another member of the serine/threonine kinases.
The kinase domain enables RIPK1 to autophosphorylate (Hsu et al., 1996a).
Early studies suggested that RIPK1 was essential for TNF-induced NFκB
signalling, which is thought to occur via recruitment of TRADD and subsequently binds
RIPK1 and TRAF2 which in turn recruits cIAPs. This complex I results in
polyubiquitylation of RIPK1, by TRAF2, forming a platform for recruitment of the IKK
complex, inducing phosphorylation and subsequent K48 ubiquitylation of IκBα leading
to its proteasomal degradation. This allows NF-κB dimers to translocate to the nucleus
and mediate activation of prosurvival genes (e.g. cFLIP, and cIAPs) (Kreuz et al., 2004;
Micheau et al., 2001; Wang et al., 1998). More recent studies however demonstrate that
RIPK1 is not required for TNF induced NF-κB signalling. Firstly, all hallmarks of NF-κB
activation and shutdown were identified in RIPK1 knock-out MEFs. Secondly, although
the loss of NF-κB in cIAP1/2 KO or TRAF 2/5 KO MEFs sensitises the cells to TNF
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induced death (Hsu et al., 1996a; Tada et al., 2001; Wang et al., 2008), the loss of RIPK1
did not sensitise cells to TNFα alone (Wong et al., 2010). This is in fact supports earlier
anomalies in the literature, where RIPK1 was not required for IKK complex recruitment
(Ea et al., 2006). Further, NEMO has been shown to bind linear polyubiquitin chains,
which is mediated through HOIL-1 and HOIP, activating NF-κB independent of RIPK1
(Haas et al., 2009; Tokunaga et al., 2009). It is now believed therefore that cIAPs K63polyubiquitylate RIPK1 and this can contribute to activation of NF-κB driven prosurvival
signalling (Bertrand et al., 2008; Ea et al., 2006; Li et al., 2006; Wong et al., 2010). Upon
activation of TNFR1 or Fas, genetic or smac-mimetic mediated removal of cIAPs results
in inhibiting RIPK1 ubiquitylation (Bertrand et al., 2008; Gaither et al., 2007; Wang et
al., 2008) and also limits TNF induced NF-κB.
TNFα mediated cell death only occurs when the primary NF-κB signal is
abolished generally by overexpressing a non-degradable form of IκBα or by inhibiting
translation using cycloheximide (Hsu et al., 1996a; Kelliher et al., 1998; Van Antwerp et
al., 1996). Therefore following receptor endocytosis, TRAF2, TRADD and RIPK1 form
complex II by recruiting FADD/procaspase-8. This platform promotes oligomerisation
and autoactivation of caspase-8 (Figures 1.2 and 1.8) (Micheau and Tschopp, 2003). NFκB is required to drive production of the caspase-8 inhibitor cFLIP and this is probably
the principal way that NF-κB prevents TNF induced death (Micheau et al., 2001).
Deubiquitylated RIPK1, induced by smac-mimetics, switches RIPK1 from a prosurvival
molecule in complex I, to function as an adaptor protein in a caspase-8-containing
proapoptotic complex II (Bertrand et al., 2008; Geserick et al., 2009; Wang et al., 2008).
Increased levels of RIPK1 either result in increased activation of caspase-8 and therefore
increased apoptosis, or in auto-activation of RIPK1 and death that cannot be blocked by
caspase inhibitors, but can be blocked by the RIPK inhibitor Necrostatin-1. Therefore the
ubiqutylation status of RIPK1 defines its role, but so does the kinase activity. A kinase39
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dead mutant RIPK1 failed to activate apoptosis following TNFα stimulation, whilst
interaction of caspase-8 and FADD was limited by this kinase-dead mutant (Wang et al.,
2008). Also, the kinase activity was earlier found to be dispensable for NFκB activation
which further supports its role in death rather than NFκB signalling (Hsu et al., 1996a).
1.4.3 RIPK1 and RIPK3 required for regulated necrotic death
Early reports in which caspase inhibitors failed to block apoptotic cell death
revealed an alternative form of cell death. Pan-caspase inhibitor, zVAD, activated this
necrotic cell death in response to death ligands in the L929 fibrosarcoma, or Jurkat cell
lines (Kawahara et al., 1998; Khwaja and Tatton, 1999; Lin et al., 2004; Vercammen et
al., 1998). Furthermore, caspase-8 deficient Jurkats behaved like zVAD-treated Jurkat
cell lines and responded to death ligands in the same manner, whilst apoptotic competent
Jurkat cells undergo apoptosis upon the same stimuli, suggesting the necrotic programme
that was observed was a secondary mechanism to elicit cell death (Holler et al., 2000)
Despite the caspase-8 deficient result, at the time these findings were mostly
dismissed as a caspase inhibitor artefact. Necrosis was initially assumed to be a
pathological consequence, but this was challenged when the kinase activity of RIPK1 was
found to be an essential for this form necrosis, suggesting that it was indeed a molecularly
programmed type of cell death (Holler et al., 2000).
This idea was further advanced when, Degterev and colleagues discovered a novel
cell death pathway independent of caspases and mediated by RIPK1, coined necroptosis
(Degterev et al., 2005). They developed a RIPK1 inhibitor, Necrostatin-1 (Nec-1) which
inhibited this caspase-independent cell death. Nec-1 has now been shown to prevent
caspase-independent cell death in various biological systems (Bell et al., 2008; Ch'en et
al., 2008; Degterev et al., 2008; Xu et al., 2007). Although the molecular effectors of
necroptosis are not known, a recent slew of papers indicate that RIPK3 may act as a
switch between RIPK1 induced apoptosis and necroptosis (Cho et al., 2009; He et al.,
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2009; Zhang et al., 2009). It is therefore obvious that alternative pathways such as RIPK1
mediated necrosis represent the potential to circumvent the shortcomings in eliciting
apoptotic activation in tumour settings.
1.5 Aim of this study
The accumulative information suggests that cancer cells possess a continuing
desire to obtain an apoptotic phenotype, which is suppressed by IAPs. All IAP
antagonists found thus far, bind to the conserved groove on the BIR domains of the IAPs.
This development has led to the design of IAP antagonist mimetics. Sensitivity to IAP
antagonists requires the production of TNF, or application of exogenous TNF. But as a
means to develop IAP antagonism for therapeutic benefit, combinatorial treatment
appears essential and as such use TNFSF ligands represent a conundrum due to their
observed systemic effects, pleiotropic activities and non-tissue specific toxicity.
The concept of Ehrlichs’ magic bullet remains valid albeit two shots may need to
be fired at different angles. We recently showed that the TWEAK ligand and our smac
mimetic, Compound A, display significant similarities in mode of killing and tumour line
susceptibility (Vince et al., 2008; Vince et al., 2007). We therefore hypothesised that
cells that were sensitive to IFNγ and TWEAK would be sensitive to smac-mimetic and
IFNγ. Because IFNγ is used in the clinic we envisaged that this treatment could sensitise
cancer cells that were resistant to smac-mimetic treatment alone and extend and the utility
of smac-mimetics.
I therefore, in collaboration with a U.S. Pharmaceutical company, Tetralogic,
sought to explore the function and effect of compound A, and the activity of IFNγ in
sensitising tumour cells to death. My results show that smac-mimetic and IFNγ do
synergise to kill cancer cells and that the mechanism of cell death is unique having
features of apoptosis and necrosis. The information generated by the study, may
contribute significantly to the introduction of the IAP antagonists into clinical trials.
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2.1 Materials
2.1.1 Cell Culture
D645, HT29, KATO III, 293T, HeLa, MCF7, T98G, OVCAR4 and MRC5 were
purchased from ATCC™ (Manassas, Virginia, USA). Factor-Dependent Myeloid
(FDM) cell lines were obtained from Dr. Jabbour (Walter & Eliza Hall Institute,
Melbourne, Australia). All cell lines were cultured at 37°C in 10% CO2 in DMEM
supplemented with 8% FCS, 1% Penicillin/Streptomycin, and 0.5% (2mM) Lglutamine. FDM cell lines were generated as previously described (Ekert et al.,
2004) and for these lines media was supplemented with 0.25 ng/mL IL-3.
2.1.2 Reagents
The structure of the smac-mimetic, Compound A, has been described
previously (Vince et al., 2007). Mouse (Cat No. 485-MI) and human (Cat No. 285IF) recombinant IFNγ were purchased from R&D systems (Minneapolis,
Minnesota, USA); QVD was purchased from SM Biochemicals (Anaheim,
Calfornia, USA) (Cat No. OPH001). Necrostatin-1 was purchased from Biomol
(Plymouth Meeting, Pennsylvania, USA) (Cat No. BML-AP309-0100). 3methyladenine (Cat No. M9281), 4-Hydroxy-Tamoxifen (Cat No. H7904),
ammonium chloride (Cat No. A0171), bafilomycin A1 (Cat No. B1793),
Dexamethasone (Cat No. D1756), digitonin (Cat No. D5628), etoposide (Cat No.
E1383), glutathione (Cat No. G4251), chloroquine (Cat No. C6628), cycloheximide
(Cat No. C7698), propidium iodide (Cat No. P4170), N-acetyl-L-cysteine (Cat No.
A9165), MG132 (Cat No. C221), Geldanamycin (Cat No. A8476, TLCK (Cat No.
T7254), TPCK (Cat NO. T4376) and Wortmannin (Cat No. W1628) were
purchased from Sigma-Aldrich (Taufkirchen, Germany). CA-074ME (Cat O.
205531) and SB203580 (Cat No. 559389) were purchased from Calbiochem (San
Diego, California, USA). AEBSF (or PefaBloc; Cat No. 11585916001) and were
AnnexinV-FITC (Cat No. 11828681001) purchased from Roche (Basel,
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Switzerland). FasL was purchased from Preprotech (Rocky Hill, New Jersey, USA)
(Cat No. 310-03). Necrostatin-1A was obtained through collaboration with the
pharmaceutical company, TetraLogic Pharmaceuticals (Malvern, Pennsylvania,
USA). SP600125 was a kind gift from H. Puthalakath (La Trobe University,
Bundoora, Australia). Fc-TWEAK and Fc-TNF were generated in house as
described previously (Bossen et al., 2006). TRAIL ligand was a gift from Prof.
Henning Walczak (Imperial College, England).
Protease inhibitor cocktail (Roche Cat No. 11836145001) was used at a final
concentration: AEBSF, 1.3mM; aprotinin, 1.1µM; bestatin, 66µM; E-64, 2µM;
leupeptin, 27µM; and pepstatin A, 13µM.
2.1.3 Antibodies
Antibodies used for Western blotting were anti-HMGB-1 (Cat No.
ab18256), and anti-RIPK3 (Cat No. ab16090 and ab56164) from Abcam
(Cambridge, UK). Anti-FADD (Cat No. AAM-212) was from Assay Designs (Ann
Arbor, Michigan, USA). Anti-p27 (Cat No. 610242) and anti-RIPK1 (Cat No.
610458) were from BD Transduction Laboratories (Franklin Lakes, New Jersey,
USA). Anti-ATG5 (Cat No. 2630), anti-Bax (Cat No. 2772), anti-caspase-3 (Cat
No. 9661), anti-caspase-7 (Cat No. 9492), anti-caspase-8 (Cat No. 9746), anti-IκBα
(Cat No. 9242), anti-NF-κB2/p100 (Cat N. 4882), anti-NIK (Cat No. 4994), antiPARP (Cat No. 9542) and anti-p53 (Cat No. v) were from Cell Signalling
Technology (Danvers, Massachusetts, USA). Anti-mouse IgG HRP-linked (Cat No.
NA931), anti-rabbit IgG HRP-linked (Knight et al., NA934) and anti-rat IgG HRPlinked (Cat No. NA 935) were from ECL Amersham Pharmacia (Uppsala, Sweden).
Anti-cIAP1 (Cat No. (Knight et al., ALX-803-335), anti-cIAP2 (Cat No. ALX-803341) and anti-RIPK3 (Cat No. ALX-804-155-c100) purchased from Enzo Life
Sciences (Plymouth Meeting, Pennsylvania, USA). Anti-XIAP (Cat No. M044-3)
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was from Medical & Biological Laboratories (Nagoya, Japan). Anti-caspase-9 (Cat
No. 04-443) was from Millipore (Billerica, Massachusetts, USA). Anti-GFP (Cat
No. A-6455) was from Molecular Probes (Eugene, Oregon, USA). Anti-LC3 (Cat
No. NB100-2220) was from Novus Biological (Littleton, Colorado, USA). Anticytochrome c (Cat No. 556433), anti-ICAD (Cat No. 66921N), anti-MDM2 (Cat
No. 556353) and anti-TRAF2 (Cat No. 558890) were from Pharmingen (San Diego,
California, USA). Anti-cFLIP (Cat No. XA-1008) and anti-RIPK3 (Cat No. PSC2283-c100) were purchased from ProSci (Poway, California, USA). Anti-TNF-R1
(Cat No. AF-425-PB) was purchased from R&D Systems (Minneapolis, Minnesota,
USA). Anti-Lamin A/C (Cat No. sc-20681), anti-p21 (Cat No. sc-397), anti-RelB
(Cat No. sc-226), anti-RIPK3 (Cat No. sc-56228) and anti-TRAF3 (Cat No. sc1828) were purchased from Santa Cruz (Santa Cruz, California, USA). Anti-FLAGM2 (Cat No. F3165) and anti-β-actin (Cat No. A1978) were from Sigma-Aldrich
(Taufkirchen, Germany). Anti-mouse IgG-FITC (Cat No. 1030-02) was from
Southern Biotechnology (Birmingham, Alabama, USA). Anti-Bak (Cat No. 04-433)
was from Upstate Biotechnology (Lake Placid, New York, USA).
The anti-cMyc antibody was a kind gift from H. Puthalakath (La Trobe
University, Bundoora, Australia). Anti-Bcl-2 and anti-caspase-2 antibodies were
kind gifts from L. O’Reilly (Walter and Eliza Hall Institute, Australia).
Antibodies used for neutralisation/blocking assays, anti-TNF (Cat No.
MAB610), anti-FasL (Cat No. MAB126), and anti-TRAIL (Cat No. MAB375) were
from R&D Systems (Minneapolis, Minnesota, USA), whilst the anti-Fas (Cat No.
05-338) was from Millipore (Billerica, Massachusetts, USA).
2.1.4 DNA constructs and vectors
The NF-κB lentiviral reporter vector pTRH1 mCMV NF-κB dscGFP was
purchased from System Biosciences (Cat No. TR503PA-1). An IFNγ lentiviral
reporter vector was made by replacing the NF-κB DNA binding element of pTRH1
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with a GAS element. pGIPz shRNA Turbo GFP hs RIPK1 (Cat No. RHS443098902904 and RHS4430-98912273) and RIPK3 (Cat No. RHS4430-99291966)
silencing lentiviral constructs were purchased from Open Biosystems (Huntsville,
Alabama, USA). The control shRNA used in this dissertation for the pGIPz shRNA
vectors was a non-functional pGIPz XIAP shRNA construct also from Open
Biosystems. The pLKO.1 p100 (Cat No. TRCN000006513, TRCN000006514,
TRCN000006515 and TRCN000006516) and RelB (Cat No. TRCN0000014713
and TRCN0000014716) shRNA constructs were purchased from Sigma-Aldrich
(Taufkirchen, Germany). pLKO.1 ATG5 shRNA construct was a kind gift from
Hans-Uwe Simon (University of Bern, Bern, Switzerland). The inducible lentiviral
system has been described (Vince et al., 2007) but briefly, the inducible
transcriptional activator Gal4 ERT2 VP16 (GEV16) was cloned into the lentiviral
vector pFU PGK Hygro, whilst hs (homo sapiens) cIAP2, IκBSR super repressor
(Van Antwerp et al., 1996), SOCS1, N-Flag crmA (Vince et al., 2007). Mm (mus
musculus) RIPK3, hs RIPK3 and hs Bcl-2 EE-tag constructs, were cloned into a pF
5x UAS SV40 Puro vector. The original pEGFP-C1 hs RIPK3 was a kind gift from
Mian Wu (University of Science and Technology of China, Hefei, China). The
original pFU and lentiviral packaging constructs were a kind gift from D. Baltimore
(California Institute of Technology, Pasadena, CA) and the ERT2 construct were a
kind gift from T. Mantamadiotis (Monash University, Melbourne, Australia).
Complete sequence of all constructs can be obtained upon request.

2.2 Methods
2.2.1 Induction of SCAID (Synergistic compound A/IFNγ induced cell death)
Cells were plated in 12-well tissue culture plates at a density of ~30%
(unless otherwise stated). They were left to settle overnight. Cells were treated with
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30 ng/mL of IFNγ +/- 500 nM of Compound A for 48 hours, or as indicated. The
supernatant was saved to collect dead cells, whilst adherent cells were detached by
trypsinisation. Cells were stained with Propidium Iodide (PI) (100 ng/mL); PI was
diluted in FACS buffer (PBS + 3% Fetal Calf Serum), and cells were incubated in
300 µL of the buffer for 5 minutes on ice. Cell death was subsequently measured by
flow cytometry. In each sample, 10,000 events were measured and the cell death
(percentage of PI-positive cells) was quantified.
A range of IFNγ concentrations (0.3, 1, 3, 10, 30 ng/mL) and Compound A
concentrations (1, 5, 50, 200, 500 nM) were tested as was differential timing of
addition. In all cases, cell death was analysed via PI staining of dead cells, and
quantified by flow cytometry.

2.2.2 Transfection, Lentiviruses and Lentiviral Production
2.2.2.1 DNA constructs and vectors
After sequencing, all constructs were purified using Invitrogen PureLink
Quick midiprep kits (Cat No. K2100-04). Transient transfections were performed
with EffecteneTM (QIAGEN, Cat No. 301427) according to the manufacturer's
protocol typically using 1µg plasmid DNA/10cm plate of cells. The plasmid of
interest was packaged in lentiviruses by transfecting 293T cells with the packaging
constructs, pCMV δR8.2 and pVSV-G at a ratio of 1:0.4:0.6. 48 hours post
transfection, supernatants containing virus particles were harvested and sterile
filtered and supplemented with 4 µg/ml of Hexabromide.
Target cells were infected by adding this supernatant to cells for 24 hours
using the spin-infection technique described previously (Burns et al., 1993).
Infected cells were selected with 5 µg/ml of Puromycin pF 5xUAS lentiviral vectors
(UAS IκBαSR, SOCS1, crmA, Bcl2, human and mouse RIPK3), pGIPZ lentiviral
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shRNA vectors (turbo GFP-RIPK1, -RIPK3) or pLKO.1 shRNA vectors (ATG5,
p100, RelB). Cells were also have selected with 100-500 µg/ml of Hygromycin (for
GEV16). Lentiviral constructs were induced with 10-100 nM of 4-hydroxy
tamoxifen (4HT) typically 16-24 hours with subsequent Compound A/IFNγ
treatment as appropriate.
2.2.3 Cloning
Typically 2-5 µg of plasmid DNA was digested for one hour with approximately 1
unit of restriction enzyme (New England Biolabs), to release a particular insert. The
vector plasmid was also prepared in the same way for cloning. Following digestion, the
digested products were run on a 1% low melt DNA agarose gel, and the insert and
linearised vector were gel purified using the Wizard SV gel/PCR clean-up system
(Promega; Cat No. A9281).
To ligate the insert into vector, the following ratios was usually employed:
Vector:Insert 1:1
1:5
1:0 (control)
Water
6
2
7
Ligase Buffer
1
1
1
Ligase
1
1
1
Vector
1
1
1
Insert
1
5
The reaction was carried out at 16°C between 1.5-16 hours. The E. coli strain, XL1, made chemically competent, was used for transformation of the ligation mixture. 50
µL of XL-1 was added to 10 µL of the ligation mixture. The mixture was placed on ice
for 5 minutes and then heat-shocked at 37˚C for 2 minutes, with a further 5 minutes on
ice. The mixture was then streaked onto an antibiotic selection agar, and incubated
overnight at 37˚C.
Depending on the number of colonies on the control plate, 4-24 bacterial colonies
would be selected from the ligation plates and cultured in 2 mL of Luria Broth (LB)
supplemented with the specific antibiotic, overnight at 37°C with constant shaking (~180
r.p.m). Cultures were centrifuged at 3000 r.p.m for 10 minutes, and resuspended in 500
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µL of STET buffer (8% Sucrose, 5% Triton X-100, 50 mM EDTA, 50 mM Tris pH 8.0),
add 5 µL Lysozyme (50 mg/mL stock) and incubated at room temperature for 5 minutes.
Samples were boiled for 1 minute, then centrifuged at 13,000 r.p.m for 10 minutes.
Coagulated substance/pellet was removed with a toothpick, then 20 µL CTAB (5% w/v)
was added and centrifuged at 13,000 r.p.m for 5 minutes. Samples were resuspended by
vortex in 400 µL of 1.2M NaCl, then 1 mL of 100% ethanol was added. Following
another vortex, they were centrifuged at 13,000 r.p.m for 5 minutes. Samples were
resuspended in 70% ethanol and centrifuged again. As much ethanol as possible was
removed, then air-dried for 5 minutes. The prepared DNA was then resuspended in 50 µL
of TE buffer and 1 µL RNAse A (5 mg/ml stock).
Restriction digests were conducted on prepared DNA to ensure insert was ligated
and in the correct orientation by running on 1% DNA agarose gel. Correctly cloned
miniprep DNA’s were then amplified by another round of tranformation and a midiprep
was performed following the manufacturers protocol (Invitrogen). All midipreps were
sequenced and typically an 18 µL sequencing PCR was setup: a forward reaction, reverse
reaction, using forward and reverse primers (at 20 pmol) respectively. A 5 x sequencing
buffer was added and also a dye termination mixture was used containing dNTPs (20nm),
MgCl2 (50mM), Taq DNA Polymerase (5µg/mL), and the mixture made up to 18 µL with
MilliQ water. The reaction took place in a DNA thermal cycler (GeneWorks) with the
following cycles: initial denaturation at 92˚C for 3 minutes, with a subsequent 25 cycles
consisting of denaturation at 92˚C for 1 minute, annealing at 60˚C for 30 seconds, and an
extension at 72˚C for 1 minute. A final extension occurred at 72˚C for 5 minutes. Samples
were sent to AGRF (Parkville, Melbourne, Australia) for sequencing.
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2.2.4 RT-PCR based analysis of IFNγ responsive genes
2.2.4.1 RNA Isolation
D645, HT29 and KATO III cells were seeded onto 10 cm tissue culture plates, and
at ~80% confluency treated with -/+ 30ng/mL of IFNγ for 24 hours. Following
treatments, cells were harvested by trypsinisation. In order to obtain high quality total
RNA, 1mL of TRIzol® Reagent (InvitrogenTM) was used to homogenise the pellet of
cells (by careful pipetting). Homogenised samples were left at room temperature for 5
minutes to allow complete dissociation of the nucleoprotein complex.
200 µL of chloroform was added (per 1mL of TRIzol), then tubes were vigorously
shaken for ~15 seconds. Following a 2 minute incubation at room temperature, samples
were centrifuged at 12,000 x g for 15 minutes at 4°C. The upper aqueous phase
containing RNA was carefully pipetted out, and placed in a fresh tube. To this, 500 µL of
100% isopropanol was added (per 1mL of TRIzol), and samples were incubated at room
temperature for 10 mins. Samples were centrifuged at 12,000 x g for 10 minutes at 4°C
forming a translucent but small gel-like pellet.
The pellet was washed with 1 mL of 75% ethanol (per 1 mL of TRIzol), with brief
vortexing, and the samples were centrifuged at 7,500 x g for 5 minutes at 4°C. The
ethanol was carefully aspirated, then the pellet was air dried for 5-10 minutes. The RNA
pellet was resuspended in ~ 30 µL of RNase-free water by gentle pipetting. Samples were
incubated at 55-60°C for 10 minutes to completely evaporate ethanol.
2.2.4.2 Reverse transcription (First-strand cDNA synthesis)
For each RNA sample, a first-strand synthesis reaction was prepared using the
InvitrogenTM SuperscriptTM II First-Strand Synthesis System (Cat No. 18080-051) for RTPCR by adding 1 µg Total RNA, 1 µL Random hexamer (primer) (50 ng/mL), 1 µL
10mM dNTP mix, and made up to a reaction volume of 10 µL with RNase-free water.
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Primers were annealed by incubating samples in a thermocycler at 65°C for 5 minutes,
then on ice for 1 minute.
During incubation, a cDNA synthesis master mix was prepared:
Component
10x RT buffer
25 mM MgCl2
0.1 M DTT
RNase OUTTM
SuperscriptTM III RT (200 U/µL)

Volume (1 reaction)
2 µL
4 µL
2 µL
1 µL
1 µL

To each tube, 10 µL of this mix was added and then incubated as follows:
for Random hexamer primed: 10 minutes at 25°C, then 50 minutes at 50°C. The reaction
was then terminated at 85°C for 5 minutes, and then chilled on ice. To prevent RNA
contamination,1 µL of RNase H was added to each tube and incubated for 20 minutes at
37°C.
2.2.4.3 Gene-Specific Amplification Using cDNA
To amplify and detect IFNγ responsive genes, 1 µL cDNA generated as detailed
above, and 1 µL of gene-specific primer mixture as supplied in the Interferon Response
Detection Kit (System Biosciences; Cat No. S1300A-1) were used and cDNA was
amplified using 10 µL GoTaq® Green MasterMix (Promega) in a 20 µL reaction volume
with nuclease-free water. PCR tubes were places in a thermocycler and the PCR was
performed with the following parameters:
Step 1: Initial Denaturation - 96°C for 3 minutes
Step 2: Denaturation - 96°C for 45 seconds
Step 3: Annealing - 60°C for 1 minute
Step 4: Extension – 72°C for 1:30 minutes
Step 5: Repeat steps 2-4 for 27 cycles
Step 6: Hold at 4°C
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8 µL of PCR products were run on a 2% agarose gel in 1 x TAE Buffer with a 100bp
DNA ladder.
2.2.5 Real-time quantitative RT-PCR (qRT-PCR)
2.2.5.1 RNA isolation and reverse transcription
Samples from cell lines overexpressing RIPK3 or with knock-down of RIPK3
were prepared. For overexpressing RIPK3 samples, D645 cells were stably infected with
an inducible human RIPK3 lentiviral construct. 2 x 10cm tissue culture plates were setup
with this cell line, for -/+ 4HT treatment (10 nM) over 24 hours for RNA isolation. To
knock-down RIPK3, HT29 cells were infected with either a control shRNA or double
infection of 2 human RIPK3 shRNA constructs, and both cell lines were seeded onto 10
cm tissue culture plates. At ~80% confluency cells were harvested by trypsinisation, and
subsequently RNA was isolated using the RNA isolation kit (RNeasy®, QIAGEN, Hilden,
Germany) following the manufacturers protocol.
Spectrophotometeric analysis of purified RNA was conducted to determine the
ratio readings at 260 nm and 280 nm, and thereby indicate the purity of the RNA
obtained. Each sample recorded readings between 1.9-2.0 showing relatively high purity
of the RNA.
Reverse transcription was carried out as described in 2.2.4.2 however 50 µM oligo
(dT)20 was used instead of random hexamers to yield cDNA products. This also changes
the parameters involved in cDNA generation:
For oligo (dT)20 primed: incubate tubes for 50 minutes at 50°C. The reaction was
terminated at 85°C for 5 minutes, and then chilled on ice. To help improve ratio of
DNA:RNA 1 µL of RNase H was added to each tube and incubated for 20 minutes at
37°C.

52

La Trobe University - Nufail Khan

Chapter 2 – Materials & Methods

2.2.5.2 qRT-PCR
Real-time quantitative RT-PCR analysis was done for human RIPK3 and GAPDH
mRNA using the LightCycler® 480 Real-Time PCR System instrument and software
(Roche). The qRT-PCR was performed with 10 µL of FastStart SYBR Green Master Mix
(Rochem, Cat No. 04 673 514 001), using ~500 ng of undiluted cDNA, 300 nM of primer
sets, in a final reaction volume of 20 µL. Quantitative analysis of cDNA amplification
was assessed by incorporation of SYBR Green into double-stranded DNA. The qPCR
thermal cycling conditions used for analysis were as follows:
Step 1: Initial Denaturation - 95°C for 10 minutes
Step 2: Denaturation - 95°C for 30 seconds
Step 3: Annealing - 60°C for 1 minute
Step 4: Extension – 72°C for 1 minutes
Step 5: Repeat steps 2-4 for 40 cycles
Step 6: Denaturation - 95°C for 1 minute
Step 7: 55°C for 30 seconds
Step 8: 95°C for 30 seconds
The cDNA from treated samples, target samples, and the reference gene GAPDH
were analysed in triplicates. The test sample data was quantitated by normalising against
GAPDH, and this normalised expression data was graphed.
2.2.6 Western Blotting and Co-immunoprecipitation
Treated cells were harvested from tissue culture plates and washed with ice-cold
PBS, then lysed in DISC lysis buffer (1% Triton X-100, 10% glycerol, 150 mM NaCl, 20
mM Tris, pH 7.5, 2 mM EDTA) with 1/50 dilution of complete protease inhibitor cocktail
(Roche) on ice for 20 min. Cell lysates were spun at 13000 x g for 10 min at 4°C.
Samples were resuspended in an SDS and β-mercaptoethanol reducing sample buffer and
boiled for 1 minute then separated on 4-12% polyacrylamide gels and transferred to
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nitrocellulose membranes for antibody detection. Detection proceeded with ECL Western
blotting detection reagents (Amersham Biosciences), and visualised via exposure to bluelight sensitive autoradiography film, Hyperfilm ECL (Amersham Biosciences, Cat No.
28906837), or Medical X-ray film (Fujifilm, Cat No. 4741008389).

For caspase-8 co-immunoprecipitation ~ 30 x 106 cells (HT29), or ~ 20 x
106 cells (D645) were used for each condition. Cells were treated with 5 µM of
QVD for 1 hour, followed by 6, 16, or 24 hours treatment of IFNγ +/- Compound A.
Cells were harvested, washed with ice-cold PBS then lysed as described above. 5
µg/mL of caspase-8 antibody (Santa Cruz, Cat. No sc-6136) was added to 1 mg of
protein lysates and then left to rotate at 4°C for 16-24 hours. Caspase-8 containing
complexes were precipitated from the lysates by co-incubation with 50 µl of
protein-G beads for 16-24 hours. Ligand affinity precipitates were washed 3 x with
lysis buffer before the protein complexes were eluted from beads by addition of
SDS-PAGE reducing sample buffer and boiling at 95°C. Lysates and IP samples
were separated on 4-12% polyacrylamide gels and transferred (Yan et al.) to
nitrocellulose membranes for antibody detection. In all cases, membrane blocking
and antibody dilution were performed with 5% skim milk in PBS with 0.1% Tween
20. Washing steps were with PBS + 0.1% Tween 20. Proteins were visualised by
ECL (GE Healthcare) after incubation of membranes with secondary antibody
conjugated to HRP.
2.2.7 Inhibition of SCAID Assays
Cells were plated in 12-well tissue culture plates at a density of ~30%. They
were left to settle overnight. Where applicable, to induce expression of proteins
from pF 5x UAS vectors, cells were then treated with 10nM 4HT (or as otherwise
indicated) for ~16 hours prior to any further treatments. Pretreatments such as 3MA
54

La Trobe University - Nufail Khan

Chapter 2 – Materials & Methods

(2 mM), AEBSF (300 µM), Bafilomycin A1 (1 nM), Dexamethasone (500 nM),
MG-132 (100 nM), CA-074ME (10 µM), chloroquine (10, 100 µM), glutathione (1,
2, 5 mM), N-acetyl-L-cysteine (1, 2, 5 mM), QVD (5µM)/Necrostatin (50µM),
NH4Cl (1, 30 mM), Geldanamycin (500nM), TLCK (30, 100 µM), TPCK (10 µM)
or Wortmannin (300 nM) are described in the text, were added 1 hour before
Compound A/IFNγ or TWEAK/IFNγ. Blocking antibodies against TNFSF ligands
and Fas receptor were used, as described in the figure legends, at concentrations of
10-30 µg/mL, or 2 µg/mL respectively, also as a 1 hr pre-incubation. Cell death was
subsequently measured by Propidium Iodide (PI) (100 ng/mL) staining and flow
cytometry. In each sample, 10,000 events were measured and the cell death
(percentage of PI-positive cells) was quantified.
2.2.8 Optimising Nec-1/QVD Inhibition of cell death
Cells were plated in 12-well tissue culture plates at a density of ~30%. They were
left to settle overnight. In one assay setup, HT29 and KATO III cells were pretreated with
QVD/Nec-1 for 1 hour as described above then treated with Compound A/IFNγ for 48
hours, whilst in another well, cells were initially treated with Compound A/IFNγ for 16
hours, then treated Nec-1/QVD, and left a further 32 hours.
In another assay, protection against cell death was analysed by varying
QVD/Nec-1 concentrations. Using either 50 or 200 µM of Nec-1, the cells were
pretreated with Nec-1 and QVD (5, 10, 20, 50 µM) for 1 hour. Cells were treated
with Compound A/IFNγ.
In both assays, after 48 hours of Compound A/IFNγ stimulation, cell death
was subsequently measured by Propidium Iodide (PI) (100 ng/mL) staining, and
flow cytometry. In each sample, 10,000 events were measured and the cell death
(percentage of PI-positive cells) was quantified.
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2.2.9 Annexin V Staining
Cells were plated and treated as described above with Compound A/IFNγ
for 48 hours then harvested and washed twice with AnnexinV flow cytometer
buffer (Calcium containing buffer: 10 mM Tris pH 7.5, 140 mM NaCl, 5 mM
CaCl2). Cells were then resuspended in 100 µL of buffer with 1/50 AnnexinV-FITC
(Molecular Probes) and left at room temperature for 15 minutes. 200µL of buffer
with 100 ng/mL PI was added and staining was measured using flow cytometry.
2.2.10 Sub-G1 Analysis (DNA Content)
Cells were seeded in 12-well plates at a confluency of ~30-50% and left to settle
overnight. Cell lines were pre-treated with 10µM of QVD +/- 50µM of Nec-1 for 1 hour.
Cells were then treated with IFNγ +/- Compound A for 48hrs. Cells were harvested and
washed with PBS, then fixed in 70% ethanol (adding drop-wise over a vortex) at 4°C for
a minimum of 24 hours. Following 3x wash with PBS, cells were treated with RNase for
10 minutes at 37°C, followed by addition of 1 µg/mL PI and analysed on flow cytometry.
Number of hypoploid cells were determined by plotting cells on a linear scale (FL2-A).
2.2.11 Cytochrome c release assay
2 x 105 cells were seeded in 6-well plate. Following a 24 hour treatment
(HT29, KATO III) or 48 hours (D645) treatment, cells were harvested and the
plasma membrane lysed with 100 µL of Digitonin (40 µg/mL in PBS with 100 mM
KCl) for 10 minutes on ice (until at least 95% were permeabilised; determined by
Trypan blue exclusion). Cells were fixed in paraformaldehyde (4% in PBS) for 20
minutes at room temperature, then washed three times with PBS. Cells were
resuspended in 100 µL blocking buffer (3% BSA, 0.05% Saponin in PBS) and left
to rotate for 1 hour at 4°C. Primary monoclonal antibody was added at 1/200 (anticytochrome c) and left rotating overnight at 4°C. Following three washes, cells
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were incubated with 1/40 FITC-labelled secondary antibody in blocking buffer for
at least 2 hours at 4°C. Cells were then analysed by flow cytometry.
2.2.12 Flow cytometry - Receptor Staining
2 x 105 cells were seeded in 12-well plate and left to settle overnight. D645, HT29
and KATO III cells were pretreated with 5 µM QVD and/or 50 µM Nec-1 for 1 hours,
followed by a 24 hour treatment with Compound A/IFNγ. Cells were trypsinised then
harvested in 1.5 mL microfuge tubes and washed in 100 µL of ice-cold 0.5% BSA (in
PBS). Pelleted cells were then resuspended in 100 µL of 1.5 µg/mL of Fas antibody in
0.5% BSA (in PBS), and left to rotate at 4°C for at least 45 minutes. Antibody treated
cells were washed 3x in 0.5% BSA (in PBS), then stained with 250 ng/mL of RPEconjugated anti-mouse. Cells were again left to rotate at 4°C for at least 45 minutes, then
cells were analysed on the FL-2 channel of the FACSCaliburTM (Becton Dickinson).
2.2.13 Cytoplasmic fractions for Western analysis
D645, HT29 and KATO III cells were seeded in 10 cm tissue culture plates at a
density of ~30% and left to settle overnight. Cells were pretreated with 5 µM of QVD
and/or 50 µM Nec-1 for 1 hour. Following this, cells were then stimulated with
Compound A/IFNγ 16 or 24 hours. Following treatment, the supernatants and cell lysates
were harvested and run on an SDS-PAGE gel as described above. Cell lysates were
standardised using a BCATM Protein Assay kit (Thermo Scientific), and a consistent
volume of supernatants was loaded on gels.
2.2.14 Nuclear Fractionation
HT29 cells were seeded at ~30% confluency in 10cm tissue plates and left to
settle overnight. Cells were then treated with Compound A, IFNγ or the combination for
6,16 or 24 hours. Following treatments, cells were harvested and extracts were obtained
using the NE-PER® Nuclear and Cytoplasmic Extraction kit (Thermo Scientific) as per
manufacturers instructions. Fractions were then analysed by Western blot.
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3.1 Introduction
IAP antagonists were rationally designed, to mimic the activity of the endogenous
smac molecule. Inhibiting the IAPs was hypothesised to restart the stalled apoptotic
process in transformed cells, sensitising cells to existing cytotoxic therapies, as was
subsequently confirmed (Bockbrader et al., 2005; Li et al., 2004; Mizukawa et al., 2006;
Zobel et al., 2006). Surprisingly, however IAP antagonism was shown to be able to
induce death as a sole agent, albeit in a subset of cancer lines (Fulda et al., 2002; Li et al.,
2004; Schimmer et al., 2004).
It was believed that IAP antagonism would release sequestered caspases from
XIAP and thereby promote caspase activity. However, it was unexpectedly realised that,
IAP antagonists induced degradation of cIAPs, activates the NFκB pathway, leading to
autocrine TNFα production and cancer cell sensitisation to TNFR1 dependent cell death
(Bertrand et al., 2008; Gaither et al., 2007; Petersen et al., 2007; Varfolomeev et al.,
2007; Vince et al., 2007). This model of cell death mimics the previously discovered
pathway for death induced by TNF-like weak inducer of apoptosis (TWEAK) (Schneider
et al., 1999). Further, TWEAK and Smac mimetic induced signalling, shared several
similarities (Vince et al., 2008; Vince et al., 2007).
Interestingly, it had been reported that TWEAK resistant cell lines were sensitised
to death by co-application of IFNγ (Nakayama et al., 2002). Therefore in an effort to
extend the range of cancer cells susceptible to IAP antagonist activity, the aim of the
work in this chapter was to investigate the potential of IFNγ to also synergise with IAP
antagonists to induce cell death in cancer cells. The IAP antagonist used in this
dissertation was obtained as part of a collaboration with U.S. pharmaceutical company,
Tetralogic, and shall be referred to as Compound A.
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3.2 Characterisation of Synergistic Compound A/IFNγ Death (SCAID)
3.2.1 Synergistic compound A/IFNγ induced cell death
Approximately 15% of cancer lines tested show sensitivity to Compound A alone
(Table 3.1). Because IFNγ synergises with TWEAK to kill cells (Nakayama et al., 2002;
Nakayama et al., 2000) and since we and others have shown that TWEAK and IAP
antagonists have similar effects on cells (Chicheportiche et al., 1997; Nakayama et al.,
2002; Vince et al., 2008; Vince et al., 2007), we hypothesised that treatment with
Compound A and IFNγ would synergise to kill TWEAK/IFNγ sensitive cells. Indeed, coapplication of Compound A and IFNγ resulted in the induction of cell death over a 48
hour period, in cell lines that were known to be sensitive to TWEAK/IFNγ treatment
(HT29, KATO III cells) (Nakayama et al., 2002; Nakayama et al., 2000) (Figure 3.1A).
Treatment of cells with either TWEAK, Compound A or IFNγ alone shows that
individual treatment did not affect cell viability to the extent as combination treatment, in
which at least 2.5 fold more cell death is achieved. This synergistic killing shall be
abbreviated to SCAID (synergistic compound A/IFNγ death). Several other cancer cells
lines, such as D645, T98G and OVCAR4 were also sensitive to SCAID while other cell
lines such as HeLa and MCF7 were not (Supplementary Figure, 1).
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Figure 3.1. Compound A and IFNγ act synergistically to kill cancer cells
(A) Co-treatment with Compound A/IFNγ kills cancer cell lines (D645, HT29, KATOIII), but not a non-cancerous cell
line, MRC5. Cells were treated with 30 ng/ml of human IFNγ and/or 500nM of Compound A, and/or 100ng/ml of
TWEAK, as indicated, for 48 hours. Unless stated otherwise, the same concentrations of these compounds are used
throughout. Cells were stained with Propidium Iodide and stained (dead) cells were quantitated using a flow cytometer.
Average results are depicted as columns and error bars are standard errors of the mean (SEM), where n=13 (D645),
n=12 (HT29), n=9 (KATO III), and n=3 (MRC 5).
(B) Smac mimetic induced degradation of cIAPs is unaffected by IFNγ. Cells were treated with 30 ng/ml of IFNγ,
and/or 500nM of Compound A for 12 or 24 hours, then lysed in DISC-lysis buffer. Equal amounts of lysates were
separated on an SDS/PAGE gel, then Western blotted and probed with the indicated antibodies. MW- cIAP1 and
cIAP2: ~62 kDa; XIAP: ~57 kDa.
(C) D645 and HT29 cell lines were infected with an inducible IκB super repressor (IκBαSR) lentiviral construct. After
pre-treatment with 100 nM of 4HT for 24 hours to induce IκBαSR, cells were treated with Compound A and IFNγ for a
further 48 hours. Cell death was analysed as in A. Averages are depicted and error bars are SEM, where n=3 (D645) or
6 (HT29). Top panel, Western blots showing induction of IκBSR. MW- IκBSR: ~37 kDa; βactin: ~42 kDa.
(D) D645 and HT29 cells were infected with an inducible SOCS1 lentiviral construct. Cells were treated as described
in C. Error bars are SEM, where n=6 (D645) or 9 (HT29). MW- FLAG-SOCS1: ~38 kDa.
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(E) IκBαSR and SOCS1 constructs inhibit NF-κB and JAK/STAT signalling pathways respectively. HT29 cell line
stably infected with lentiviral reporter vectors for NF-κB or JAK/STAT, and inducible lentiviral constructs described in
C and D, were pretreated with 100 nM 4HT for 24 hours, then for a further 48 hours with Compound A or IFNγ. GFP
fluorescence was analysed by flow cytometry. Dashed lines in histograms represent basal fluorescence with no
treatment. Results are representative of multiple repeats.
(F) Detectable IFNγ response in the three human cancer cell lines. D645, HT29 and KATO III cells were grown to 80%
confluency then treated with 30 ng/mL IFNγ for 24 hours. Total RNA was then prepared from treated and untreated
cells and the expression levels of OAS1, OAS2, MX1, ISGF3γ, and IFITM1 were determined by RT-PCR (27 cycles).
The PCR products were then run on a 2% agarose gel and visualised by ethidium bromide staining and a gel
documentation system.

SCAID therefore increased the scope of cancer cell lines susceptible to death from
~15% (Compound A alone) to ~90% of cell lines that were tested (Table 3.1).
Interestingly this combinatorial treatment did not affect viability of a non-transformed
lung tissue cell line, MRC5 (Figure 3.1A) or primary mouse hepatocytes (data not
shown).
The synergistic killing was prominent in three cell lines; glioma derived D645 cell
line, the colon carcinoma cell line HT29, and the gastric carcinoma cell line KATO III
(Figure 3.1A). To determine the mechanism of SCAID these three cell lines were
analysed further.
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Table 3.1 Summary of results of treated cell lines with either Compound A alone, or Compound and IFNγ
co-treatment.

Cell Line

Compound A sensitivity

ATCC.MDA.MB.231

✗

Compound A and IFNγ
sensitivity
✔

BT549

✗

✔

D645

✗

✔

HeLa

✗

✗

HT29

✗

✔

KATO III

✗

✔

MDA.MB.231

✗

✔

MCF7

✗

✗

OVCAR4

✔

✔

SKOV-3

✔

✔

T98G

✗

✔

3.2.2 Requirement of cIAP antagonism and IFNγ signalling for SCAID
Application of Compound A results in the complete degradation of cIAP1 over
24 hours in all 3 cell lines under investigation (Figure 3.1B, lane 4). This corroborates
with earlier studies, although 5 minutes incubation is more than adequate to ablate cIAP1
levels (Bertrand et al., 2008; Petersen et al., 2007; Varfolomeev et al., 2007; Vince et
al., 2007). One possible way that IFNγ synergised with IAP antagonist killing could be
by enhancing IAP antagonist induced degradation of cIAPs. However IFNγ did not
enhance IAP antagonist induced degradation of cIAPs (Figure 3.1B). In fact IFNγ
increased expression of cIAP2 in HT29s (Figure 3.1B, lane 2) and the prolonged
treatment with compound A necessary to kill cells also resulted in slightly increased
levels of cIAP2 in KATO III and D645 cells (Figure 3.1B, lane 4).
It has previously been shown that blocking NF-κB activation inhibits IAP
63

La Trobe University - Nufail Khan

Chapter 3 – Results

antagonist induced apoptosis in some cell types (Bertrand et al., 2008; Petersen et al.,
2007; Varfolomeev et al., 2007; Vince et al., 2007). Because compound A treatment
resulted in degradation of cIAPs (Figure 3.1B) we therefore examined whether the NF-κB
pathway is also activated upon Compound A/IFNγ treatment and if it is required for
SCAID. To test this we used an inducible IκBSR (super repressor), (Van Antwerp et al.,
1996) lentiviral vector which expresses a non-degradable form of IκB that inhibited
compound A-induced death in other cell types (Vince et al., 2007). Expression of IκBSR
prevented compound A-induced activation of a lentiviral NF-κB reporter in the HT29 and
KATO III cells (Figure 3.1E, top panel). Consistent with a role for NF-κB in SCAID, the
IκBSR also prevented cell death induced by Compound A/IFNγ (Figure 3.1C).
Classic IFNγ signal transduction involves recruitment and formation of STAT1
homodimers, which serve as transcription factors, binding to GAS (IFNγ activation site)
DNA elements, thereby regulating IFNγ-responsive genes (Darnell et al., 1994; Schroder
et al., 2004). A GAS reporter vector was constructed, which induces expression of GFP
following STAT1 binding to the GAS DNA elements in the GAS reporter construct. The
GAS reporter construct was integrated into HT29 cells by lentiviral transduction, and the
resulting cell line was treated with 30 ng/mL of IFNγ. This treatment induced a two log
shift in GFP fluorescence, measured by flow cytometry, demonstrating that IFNγ was
activating STAT1 transcription factor activity (Figure 3.1E).
Although IFNγ mediates its pleiotropic biological effects through regulating
expression of many genes, one of the more prominent targets is the induction of SOCS1
(suppressor of cytokine signalling) (Schroder et al., 2004). SOCS1 serves as a feedback
inhibitor of IFNγ signalling thereby regulating IFNγ activity. It inhibits IFNγ signalling
by binding to Jak1/2 and interfering with their tyrosine kinase activity thereby limiting
access of the STATs (Endo et al., 1997; Sakamoto et al., 1998). SOCS1 also promotes
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ubiquitylation and proteasomal degradation of both the receptor and the kinases (Endo et
al., 1997; Sakamoto et al., 1998; Schroder et al., 2004).
Importantly, it has been shown that overexpression of SOCS1 in vitro or in vivo
results in the loss of IFNγ signalling (Fujimoto et al., 2000; Sakamoto et al., 1998). To
test the requirement of classic IFNγ signalling in SCAID, an inducible SOCS1 lentiviral
vector was generated. HT29 cells, with the GAS reporter were subsequently infected with
inducible SOCS1 construct. Upon induction of SOCS1, cells were unable to activate
transcription of GFP from the GAS reporter, when treated with 30ng/mL of IFNγ (Figure
3.1E, lower panel). Because IFNγ signalling was inhibited by SOCS1 expression, it was
interesting to see whether SOCS1 expression could also block SCAID. In both D645 and
HT29 cells overexpression of SOCS1 blocked the synergistic death induced by
Compound A/IFNγ to the level of death observed with Compound A treatment alone.
Therefore, this demonstrates that classic IFNγ signalling is required for synergistic killing
(Figure 3.1D).
An ancillary mode of confirming specific IFNγ activation occurred using a PCRbased approach. D645, HT29, and KATO III cells were grown to 70% confluency, then
treated with 30ng/mL of IFNγ. RNA was then prepared from treated (+) and untreated (-)
cells after 24 hours. The expression levels of 2’,5’-oligoadenylate synthetase 1 (OAS1)
and 2 (OAS2), human MX1 protein (MX1), Interferon inducible transmembrane protein 1
(IFITM1) and interferon stimulated gene factor 3γ (ISGF3γ) were determined by endpoint RT-PCR. As seen in Figure 3.1F, the expression levels of OAS1, OAS2, MX1 and
IFITM1 were increased strongly by addition of IFNγ in the three cell lines examined, in
most cases from an undetectable pretreatment level. The principal exception to this was
ISGF3γ which was already expressed at easily detectable levels even in untreated cells.
These results suggest that transcription and synthesis of molecular effectors of
SCAID is required. Cycloheximide, a protein synthesis inhibitor, despite itself being
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toxic, was indeed capable of inhibiting SCAID in all three cell lines under investigation,
and to a lesser extent TWEAK/IFNγ induced cell death in HT29, and KATO III cells
(Supplementary Figure 2). Taken together this data suggests that STAT1 and NF-κB
transcriptional activity are required to generate proteins that are important for SCAID.
3.2.3 Kinetics of SCAID
Previous studies have shown that TWEAK can induce cell death in HT29 and
KATO III cells in combination with IFNγ at concentrations of ~10-30 ng/mL
(Chicheportiche et al., 1997; Nakayama et al., 2002). As TWEAK activity resembles
Compound A, and since HT29 and KATO III cells were also used, these studies served as
a basis for selecting a reasonable concentration to sensitise Compound A resistant cells
for which this study used 30 ng/mL. Several studies report a basal plasma concentration
of IFNγ between 15-30 pg/mL, which is elevated in diseases states such as malarial
infections (70-180 pg/mL), HIV infection (200-400 pg/mL), and pneumonia (250-850
pg/mL) (Caldas et al., 2005; de Metz et al., 1999; Hailu et al., 2004; Kragsbjerg et al.,
1995; Rossol et al., 1989; Wenisch et al., 1995). Intratumoural IFNγ gene therapy,
whereby induced expression of IFNγ aims to maximise IFNγ delivery to the actual
tumour site compared to systemic dissemination, results in serum concentrations of ~30
pg/mL (Khorana et al., 2003). Subcutaneous injections in cancer patients achieved mean
recombinant IFNγ serum levels up to 17 ng/mL, with presentation of influenza-type
symptoms as the major side effect (Thompson et al., 1987). To investigate the
physiological relevance of using IFNγ in SCAID, cell death was analysed using serial 3
fold dilutions of IFNγ with a constant concentration of Compound A. Figure 3.2A shows
that in all 3 cell lines, there was a dose-dependent response to cell death. Notably, a 100fold reduction of IFNγ from the preferred dose of 30 ng/mL to 300 pg/mL, is still capable
of inducing cell death, which represents concentrations approaching reported plasma
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concentrations in disease states. This concentration is therefore within the range reported
for physiological levels of IFNγ.

Figure 3.2. Compound A/IFNγ induced death is both dose and time-dependent, whereby IFNγ primes cells to
death
(A) Low concentrations of IFNγ are still capable of synergising with Compound A to induce cell death. D645, HT29
and KATO III cells were incubated with 500 nM of Compound A, and the indicated concentrations of IFNγ (0.3, 1, 3,
10, 30 ng/mL) for 48 hours. Cells were stained with Propidium Iodide and stained (dead) cells were quantitated using a
flow cytometer. Average results are depicted as columns and error bars are standard errors of the mean (SEM), where
n=5 (D645, KATO III) or n=3 (HT29).
(B) Low concentrations of Compound A synergise with IFNγ co-treatment to induce cell death. D645, HT29 and
KATO III cells were incubated with 30 ng/mL of IFNγ, and with varying concentrations of Compound A (1, 5, 50, 200,
500 nM) for 48 hours. Cells were stained with Propidium Iodide and stained (dead) cells were quantified using a flow
cytometer. Average results are depicted as columns and error bars are standard errors of the mean (SEM), where n=3
(D645, HT29) or n=4 (KATO III).
(C) Priming cells with IFNγ potentiates cells death. D645, HT29 and KATO III cells were pre-treated with 30 ng/mL
IFNγ or 500 nM Compound A for 24 hours. Following priming, cells were treated with IFNγ or Compound A as
appropriate and left for a further 48 hours. Cells were stained with Propidium Iodide and stained (dead) cells were
quantitated using a flow cytometer. Average results are depicted as columns and error bars are standard errors of the
mean (SEM), where n=7 (D645) or n=9 (HT29, KATO III).
(D) SCAID displays time dependency. HT29 and KATO III cells were pre-treated with 30 ng/mL IFNγ or 500 nM
Compound A for 24, 48, 72, or 96 hours. Cells were stained with Propidium Iodide and stained (dead) cells were
quantitated using a flow cytometer. Average results are depicted as columns and error bars are standard errors of the
mean (SEM), where n=5 (HT29) or n=3 (KATO III).
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(E) Compound A and IFNγ display synergistic effects on cells, whereby decreasing concentrations of either still
achieves a similar level of cell death. In this setup, 100% of IFNγ represents 30 ng/mL and 500 nM of Compound A.
HT29 cells were treated with 0%, 10%, 50% or 100% of IFNγ, and for each of these conditions were simultaneously
treated with 0%, 10%, 50% or 100% of Compound A. After 48 hours cells were stained with Propidium Iodide and
stained (dead) cells were quantified using a flow cytometer. Average results are depicted as columns and error bars are
standard errors of the mean (SEM), where n=3 (HT29).
(F) Cell density does not affect SCAID. Cells were seeded at ‘low’, ‘medium’ or ‘high’ densities; for D645 cells this
represented 10 000 cells, 50 000 cells, and 150 000 cells per well of a 12-well plate; for HT29 cells, 10 000 cells, 150
000 cells, and 300 000 cells per well of a 12-well plate. Cells were then treated with Compound A and IFNγ for 48
hours, following which cells were stained with Propidium Iodide and stained (dead) cells were quantified using a flow
cytometer. Average results are depicted as columns and error bars are standard errors of the mean (SEM), where n=4
(D645, HT29).

Similarly, a constant concentration of IFNγ was used, 30 ng/mL, whilst reducing
the concentration of Compound A. Previous studies have used 500nM of smac mimetic
which already represents a relatively small amount, but kinetic studies show potent smac
mimetics bind to IAPs with low Ki (50nM) (Zobel et al., 2006). Further, 5 nM of
Compound A was more than adequate to induce death in at least one particular cell line in
previous investigations (Vince et al., 2007). 1 nM of Compound A, the lowest
concentration chosen for this analysis, suffices to synergise with IFNγ to kill D645, HT29
and KATO III cells comparable to the maximum dose (500 nM) (Figure 3.2B). It is
noteworthy however, that across all cell lines, at the lowest concentration of Compound
A, death is almost maximal, compared to the death achieved at lowest concentration of
IFNγ (Figure 3.2A,B). Consequently, there is only a small increase in death with higher
concentrations of Compound A (Figure 3.2A), compared to the larger increases in death
with increasing IFNγ concentration (Figure 3.2B). These results suggest that IFNγ played

68

La Trobe University - Nufail Khan

Chapter 3 – Results

the role of priming cells making the cells exquisitely sensitive to the death induced by
Compound A.
IFNγ orchestrates a broad transcriptional response and prime cells to deliver an
immune response (Schroder et al., 2004). For example, IFNγ primes macrophages
allowing them to mediate a rapid and more pronounced response to bacterial infection
(Jurkovich et al., 1991; Kamijo et al., 1993; Lorsbach et al., 1993). IFNγ as a sole agent
can facilitate cell death and upregulates components of the death receptor mediated
pathway, such as upregulation of caspase-8 and down-regulates anti-apoptotic molecules
such as Bcl-2 and cFLIP (Chawla-Sarkar et al., 2003; Fulda and Debatin, 2002; RuizRuiz et al., 2000; Schroder et al., 2004; Sedger et al., 1999; Shin et al., 2001a; Shin et al.,
2001b; Shustov et al., 1998; Siegmund et al., 2005; Varela et al., 2001). I therefore tested
the hypothesis that priming cells with IFNγ may potentiate SCAID by preincubating all
three cell lines with IFNγ prior to Compound A addition. In all three lines a 24 hour
pretreatment enhanced the death observed following a further 48 hour incubation with
Compound A, compared to unprimed cells (Figure 3.2 C). In contrast, Compound Aprimed cells did not exhibit a potentiation of SCAID compared to unprimed cells (Figure
3.2C). This also confirms the paramount importance of IFNγ regulated transcription
response for SCAID to occur.
A number of studies report a requirement of at least a day of IFNγ pre-treatment to
elicit an apoptotic signal, and a subsequent period of at least 24 hours to observe the onset
of cell death once a death stimuli is applied demonstrating IFNγ mediates a slow death
(Chawla-Sarkar et al., 2003; Schroder et al., 2004; Siegmund et al., 2005). To determine
the optimal incubation period for which to analyse SCAID, cells were treated with the
combination of Compound A/IFNγ for either 24, 48, 72 or 96 hours, following which cell
death was analysed via PI staining and flow cytometric analysis. A time dependency is
observed for SCAID, with increased SCAID observed over time; after 48 hours, there
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was less than 30% cell viability for both HT29 and KATO III cells which only marginally
increased up to 96 hours (Figure 3.2D). Since a relatively small amount of cell death was
seen at 24 hours, a 48 hour incubation period was used for most of the experiments
described in the thesis.
The results depicted in Figure 3.2E show that these mutually exclusive
compounds display a remarkably similar degree of effect. That is, despite decreasing
concentrations, a similar level of cell kill is achieved when added together. To determine
if IFNγ and Compound A kill in true synergistic manner, experiments were performed
and analysed as described by Chou and Talalay (Chou and Talalay, 1984). Their analysis
is widely used to define whether an observed cell kill with two different drugs exclusive
drugs, is additive, synergistic or antagonistic (Chou and Talalay, 1984). The complete
data requirements and statistical analysis go far beyond the scope of this dissertation, and
in the interest of simplicity, it is suffices to show that a similar level of cell killing was
achieved across a range of concentrations of the IFNγ and Compound A. HT29 cells were
treated with the standard doses of IFNγ (30 ng/mL) or Compound A (500 nM),
representing 100% dosage. They were also treated with 50% and 10% of these
concentrations, and as such, the data presented in Figure 3.2E appears to correlate well
with the definition of synergism as described by Chou and Talalay, since the level of cell
death achieved with lowering doses of Compound A is similar whilst holding the
concentration of IFNγ constant (e.g. 100%, 50% or 10% dosage) or vice versa.
Furthermore, 3ng/mL of IFNγ and 50nM of compound, 10% of the standard dosage,
encouragingly display capability of inducing cell death to a level comparable to that at the
higher selected doses (30ng/mL IFNγ, 500 nM Compound A) (Figure 3.2E). These results
demonstrate that IFNγ and Compound A act synergistically to induce tumour cell death.
The effect of cell density on Compound A/IFNγ induced death was examined. In
vitro and in vivo sensitivity of the HT29 cells to various cytotoxic agents including
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etoposide, doxorubicin and cisplatin, decreases with concomitant increase in cell density
(Dimanche-Boitrel et al., 2000; Dimanche-Boitrel et al., 1998; Dimanche-Boitrel et al.,
1992). However, sensitivity of cell lines to Compound A as a single agent decreases at
lower cell density in various human carcinoma lines, probably because Compound A
induced production of paracrine TNF helps kill cells and low cell density results in lower
and therefore less cytotoxic concentrations of TNF (Tetralogic Pharmaceutical, Personal
Communication). In contrast, HT29 sensitivity to Compound A/IFNγ is potentiated at
lower cell densities (Figure 3.2F) and is not diminished to the degree that has been
described for other cytotoxic agents at high cell densities (Dimanche-Boitrel et al., 2000;
Dimanche-Boitrel et al., 1998; Dimanche-Boitrel et al., 1992). In D645 cells however, the
opposite trend is observed, and lowering cell density increases the resistance to
Compound A/IFNγ induced cell death, with the highest death achieved at the highest cell
density (Figure 3.2F). Therefore, cell death assays were performed at cell densities
(150,000 cell seeded for HT29; 50,000 cells seeded for D645; 200,000 seeded for KATO
III) that induced an optimal amount of cell death for each cell line.
3.3 Mechanism of SCAID
3.3.1 SCAID occurs independently of proteasomal function
The proteasome has an essential role in eliminating proteins targeted for
degradation and degrades proteins such as cell cycle modulators in an orchestrated cell
cycle dependent manner, transcription factors, and regulators of signalling pathways such
as IκBα (Ciechanover and Schwartz, 1998; Hershko, 1997; Ikebe et al., 1998). The
proteasome also plays a role in apoptotic processes (Drexler, 1998; Grimm et al., 1996;
Orlowski, 1999). IAP antagonism induces proteasomal-mediated degradation of the IAPs
(Petersen et al., 2007; Varfolomeev et al., 2007; Vince et al., 2007). IFNγ was shown to
influence apoptosis of eye lens epithelial cells and this was prevented with proteasomal
inhibition (Awasthi and Wagner, 2004). IFNγ is also known to upregulate proteins such
71

La Trobe University - Nufail Khan

Chapter 3 – Results

as LMP2, LMP7 and LMP10, which replace subunits in the proteasome to form the
immunoproteasome, thereby altering substrate specificity (Yang et al., 2006). The
proteasome therefore appears to be required in mediating IAP antagonist function, as well
as IFNγ activity. To determine if the proteasomal pathway was required for SCAID, the
effect of proteasome inhibition was analysed. D645, HT29 and KATO III cells were preincubated for one hour with the commonly used chemical inhibitor MG-132 (Figure 3.3)
or PS-341/Bortezomib (data not shown). Neither provided protection against SCAID
(Figure 3.3). Therefore while Compound A and IFNγ as sole agents mediate their
apoptotic functions through the proteasome, combinatorial treatment does not require
proteasome activity to induce cell death.

Figure 3.3. SCAID mediates death independent of the proteasome.
Following a 1 hour incubation with 100 nM of MG132, D645, HT29 and KATO III cells were treated with Compound
A/IFNγ for a further 48 hours. Cell death was analysed by PI staining and flow cytometry. Average results are depicted
as columns and error bars are standard errors of the mean (SEM), where n=3 (D645), or n=4 (HT29, KATO III).

3.3.2 IFNγ regulation of Fas, TRAIL or TNF does not potentiate comp A killing
IFNγ has been reported to induce Fas and TRAIL (Ahn et al., 2002; Maciejewski
et al., 1995; Shin et al., 2001a; Shin et al., 2001b; Xu et al., 1998) and both ligands can
synergise with smac-mimetics to kill cancer cell lines (Geserick et al., 2009; Li et al.,
2004). IFNγ has also been found to potentiate the production of inflammatory cytokines
such as TNF (De Simoni et al., 1997; Dery and Bissonnette, 1999) and smac-mimetics
can promote autocrine TNF production in a subset of cell lines (Gaither et al., 2007;
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Petersen et al., 2007; Varfolomeev et al., 2007; Vince et al., 2007; Zobel et al., 2006).
Therefore, I hypothesised that the SCAID observed, involved IFNγ mediated production,
or potentiation of Compound A induced production, of the death ligands TRAIL, TNF or
FasL.
To test this hypothesis, D645, HT29 and KATO III cells were pre-incubated with
TNF, FasL or TRAIL neutralising antibodies. Although these antibodies were able to
block high doses of the respective ligand or ligand/Compound A induced death
(Supplementary Figure 3A), they were unable to block SCAID (Figure 3.4A). Even at 30
µg/mL, a concentration 3 fold higher than routinely used, the neutralising antibodies had
no effect on Compound A/IFNγ killing (Supplementary Figure 3B). It remained a
possibility that the combination treatment of Compound A/IFNγ induced more than one
death ligand, and blocking a single death cytokine would therefore be insufficient to
prevent death. To resolve this issue, a cocktail of TNF, FasL and TRAIL blocking
antibodies, as well as a Fas receptor antagonistic antibody were combined and tested on
the HT29 cell line. However this also failed to protect cells from SCAID, despite
blocking a lethal cocktail of TRAIL, TNF, FasL and Compound A induced cell death
(Figure 3.4B). The Fas antagonistic antibody was also used in a flow cytometry based
assay, which showed that IFNγ was able to induce expression of the Fas receptor
(Supplementary Figure 4) consistent with earlier reports (Ahn et al., 2002; Maciejewski et
al., 1995; Shin et al., 2001b; Xu et al., 1998).
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Figure 3.4. TNFSF cytokines appear dispensable in Compound A/IFNγ killing.
(A) Synergistic killing of cell lines is not blocked by neutralising death ligand antibodies. Following a 30 minute pretreatment with 10 µg/ml of blocking antibodies (BAb) against FasL, TNF, or TRAIL, cells were treated with
Compound A/IFNγ for a further 48 hours. Cell death was analysed by PI staining and flow cytometry. Error bars
represent standard errors of the mean (SEM), where n=6 (D645), and n=4 (HT29 and KATO III).
(B) Pan-inhibition of death ligands and Fas does not block SCAID. Cells were pretreated for 30 minutes with 10 µg/mL
of blocking antibodies against FasL, TNF, TRAIL and 2 µg/mL of Fas receptor antagonistic antibody at the same time
in the same well. Cells were treated with Compound A/IFNγ for a further 48 hours. Cell death was analysed by PI
staining and flow cytometry. Error bars represent standard errors of the mean (SEM), where n=4 (HT29).

Since neutralising death ligands using antibodies did not block SCAID, it was
pertinent to confirm these results in cells genetically deficient of TNFSF death
components. Generally, murine embryonic fibroblasts (MEFs) generated from embryos
deficient in particular genes are used to define the requirement of particular genes in
various aspects of cell function, pertinently cell death (Lowe et al., 1994). This is due to
their ease in isolation and propagation ex vivo, and the ability to subvert the embryonic
lethality involved in many murine knockout lines (Johnson et al., 1993). Unfortunately,
MEFs could not be killed by Compound A/IFNγ treatment. However, factor-dependent
myeloid (FDM) cell lines that can be generated from embryonic day 15 livers were
sensitive to SCAID and TNFR1 knock-out FDM cells were found to be as sensitive to
SCAID, as wild-type cells (Figure 3.5). Therefore, taking into the consideration the
results with the blocking antibodies, TNF nor its cognate receptor, TNFR1 is required to
elicit cell death in this system.
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Figure 3.5. Compound A/IFNγ death does not require TNF-R1 nor Fn14 to transduce a death signal. FactorDependent Myeloid cell lines genetically ablated of TNF-R1 or Fn14, were treated with 30 ng/mL mouse IFNγ and/or
500 nM Compound A for 48 hours. Cells were treated with Compound A/IFNγ for a further 48 hours. Cell death was
analysed by PI staining and flow cytometry. Error bars represent standard errors of the mean (SEM), where n=3 (WT,
TNFR1-/-), n=6 (Fn14-/-). Top panel, Western blots confirming genetic ablation of TNFR1. MW- TNFR1: ~55 kDa;
βactin: ~42 kDa.

The lack of a role for death ligands in SCAID is surprising however they are
consistent with reports using HT29 cells where it was shown that IFNγ/TWEAK induced
death does not require induction of TNF, Fas nor TRAIL (Chicheportiche et al., 1997;
Nakayama et al., 2002; Wilson and Browning, 2002). In these studies it was suggested
that TWEAK/Fn14 signalling was directly inducing cell death via a non-canonical death
process, potentially involving death domain-lacking receptors (Nakayama et al., 2002;
Wilson and Browning, 2002). Thus it remained a possibility that Compound A induced
TWEAK and that this accounted for the high degree of overlap between the actions of
TWEAK and Compound A, and also, the TWEAK receptor, Fn14, does not contain a
death domain (Wiley et al., 2001). It was therefore hypothesised that SCAID involved
Fn14-induced cell death. However, Fn14 -/- FDMs were as sensitive to Compound
A/IFNγ as was wild-type FDMs, showing that at least in this cell type, TWEAK/Fn14
does not play a role in SCAID (Figure 3.5).
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3.3.3 Cathepsin B is dispensable for SCAID
Nakayama et al., (2002) described that TWEAK was capable of inducing multiple
pathways to death dependant on cell type (Nakayama et al., 2002). In particular they
showed TWEAK/IFNγ induced death in HT29 cells could only be blocked by lysosomal
proteinase inhibitors (Nakayama et al., 2002), and especially with a cathepsin B inhibitor,
CA074ME.
The effect of the inhibitor CA074ME on the death induced by compound A and
IFNγ was therefore investigated (Buttle et al., 1992; Nakayama et al., 2002). HT29 and
KATO III cells pre-incubated with 10µm of CA074ME for 1 hour followed by
Compound A/IFNγ treatment were however not protected from cell death, although
CA074ME may have slightly reduced TWEAK/IFNγ induced killing (Figure 3.6). The
Western blot analysis in Figure 3.6 demonstrates that 10µM of CA074ME was able to
prevent the degradation of cIAP1 or TRAF2 induced by TWEAK as shown previously
(Vince et al., 2008).
These results therefore were the first indication that the mechanism of
TWEAK/IFNγ killing and Compound A/IFNγ killing were not identical (Figure 3.6).
However, there are caveats to this conclusion. It is possible that the two share a similar
mechanism but that Compound A/IFNγ is simply a more potent death signal than
TWEAK/IFNγ. For example, Compound A is far better and quicker than TWEAK at
promoting cIAP degradation. Nakayama et al., (2002) used 50µM of CA074ME in their
studies to block TWEAK/IFNγ induced death but in my hands this was cytotoxic (data
not shown). Therefore it remains possible that 10µM CA074ME incompletely inhibited
Cathepsin B and therefore was unable to block death. Interestingly, D645 cells which
were not studied by Nakayama and colleagues, were slightly protected against Compound
A/IFNγ killing by CA074ME (Figure 3.6).
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Figure 3.6. Neither proteasomal or lysosomal protein degradative signalling pathways are required in SCAID.
D645, HT29 and KATO III cells were pre-treated with 10 µM CA074ME -/+ 100 nM MG132 for 1 hour. Cells were
then treated with Compound A/IFNγ for a further 48 hours. Cell death was analysed by PI staining and flow cytometry.
Error bars represent standard errors of the mean (SEM), where n=3 (D645, HT29), n=6 (KATO III). Western Blot Top
panel, HT29 cells were pre-treated with 10 µM CA074ME or 2 µM MG132 for 1 hour. Cells were then treated with
Compound A/IFNγ for a further 16 hours, then lysed in DISC-lysis buffer. Equal amounts of lysates were separated on
an SDS/PAGE gel, then Western blotted and probed with the indicated antibodies. MW- cIAP1: ~62 kDa, TRAF2: ~57
kDa.

As a final note, since smac-mimetic treatment results in proteasome mediated loss
of IAPs, and TWEAK/IFNγ signalling requires a lysosomal pathway it was feasible that
both pathways were required for SCAID. However, neither proteasomal nor lysosomal
inhibition provided protection against SCAID, and nor did the combination of CA074ME and MG132 still did not protect against SCAID in HT29 nor KATO III cells
(Figure 3.6). However as described earlier death in D645 was attenuated by CA074ME
alone, providing the first glimpse into a potential bifurcation in signalling activities
elicited by Compound A/IFNγ between the 3 cell lines under investigation.

3.4 Result summary
Previous data has shown that approximately 15% of cancer cell lines tested were
sensitive to smac-mimetic (Compound A) treatment alone. Based on our published data
that TWEAK and smac-mimetic treatment shared several features and that IFNγ treatment
sensitised cancer cell lines to TWEAK induced death, we hypothesised that IFNγ would
also sensitise cancer cell lines to Compound A treatment. Consistent with this hypothesis,
77

La Trobe University - Nufail Khan

Chapter 3 – Results

the combinatorial treatment using IFNγ and Compound A led to approximately 90% of a
small subset of cancer lines but not an untransformed cell line, were found to be sensitive
to the induced cell death which was coined SCAID (synergistic compound A/IFNγ death).
The assays also clarified the use of the term ‘synergistic’ cell death by
implementing the basic concept of the well regarded mathematical isobol equation
established by Chou & Talalay (1984) (Chou and Talalay, 1984).
To investigate SCAID, the pathways known to be activated by IFNγ (JAK/STAT)
and Compound A (NF-κB) were tested for a requirement in SCAID, and showed that
classic JAK/STAT signalling blocked by SOCS1 overexpression and NF-κB, blocked by
a super-repressor IκBα, were required for SCAID.
Furthermore, SCAID required translation and was most pronounced at 48 hours
consistent with the need for a transcriptional and translational response from cells.
Although 500 nM of Compound A and 30 ng/mL of IFNγ was routinely used to observe
SCAID, does as low as 1 nM of Compound A were capable of synergising with IFNγ and
physiological levels of IFNγ synergised with Compound A to induce cell death.
Because IFNγ induced gene expression was required for SCAID, it was
hypothesised that pre-treatment of cells with IFNγ would also prime cells for smacmimetic induced death. This was the case, reinforcing the idea, that IFNγ drives
expression of a gene(s) that is able to kill cells in the presence of Compound A.
Although IFNγ is known in several cell types to induce death ligands including
Fas and TRAIL, they were surprisingly not the cause of SCAID because blocking
antibodies against FasL, TRAIL and TNF failed to protect cells from SCAID. FactorDependent Myeloid (FDM) cells are also sensitive to SCAID and FDMs derived from
TNFR1 knock-out mice were still sensitive to SCAID again suggesting that SCAID does
not require death ligands/death receptor signalling. Even the Fn14, TWEAK receptor,
knock-out cell lines were as sensitive as wildtype cell lines to SCAID.
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TWEAK/IFNγ activity was reported to be cathepsin B-dependent (Nakayama et
al., 2002; Vince et al., 2008). However functional concentrations of the Cathepsin B
inhibitor, CA074ME, that were able to prevent TWEAK induced degradation of TRAF2,
were unable to protect against either Compound A/IFNγ or TWEAK/IFNγ killing..
Therefore utilisation of IFNγ dramatically alters sensitivity of cells such that
almost all cancer cells tested are sensitised to cell death upon application of smacmimetic. But the death induced here demonstrates uniqueness given the dispensability of
the known cell death determinants involved in IFNγ, compound A or TWEAK/IFNγ
induced cell death.
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4.1 Introduction
IFNγ treatment facilitated activation of a death pathway in TWEAK or Compound
A resistant cell lines, whilst retaining specificity for cancer cell lines (Bertrand et al.,
2008; Gaither et al., 2007; Petersen et al., 2007; Varfolomeev et al., 2007; Vince et al.,
2007). However, Compound A/IFNγ does not kill cells in ways that have been reported
for the single agents.
Rationally targeted assays in the previous chapter failed to provide insight into the
downstream determinants of SCAID. Nonetheless, a plethora of studies have elucidated
that apoptosis is activated upon treatment of cells with IFNγ or compound A (Ahn et al.,
2002; Arnt et al., 2002; Awasthi and Wagner, 2004; Bertrand et al., 2008; Bockbrader et
al., 2005; Chawla-Sarkar et al., 2003; De Simoni et al., 1997; Dery and Bissonnette,
1999; Du et al., 2000; Fulda and Debatin, 2002; Gaither et al., 2007; Jurkovich et al.,
1991; Mizukawa et al., 2006; Nakayama et al., 2002; Petersen et al., 2007; Ruiz-Ruiz et
al., 2000; Schimmer et al., 2004; Schroder et al., 2004; Scott et al., 2005; Sedger et al.,
1999; Shin et al., 2001a; Shin et al., 2001b; Shustov et al., 1998; Siegmund et al., 2005;
Varela et al., 2001; Varfolomeev et al., 2007; Verhagen et al., 2000; Vince et al., 2007;
Xu et al., 1998; Zobel et al., 2006). Therefore, I set out to survey the requirements of
known cell death pathways for SCAID. Apoptosis will be at the forefront given its role in
Compound A or IFNγ induced death as single agents, and it is the most well characterised
programmed cell death pathway.
4.2 Compound A/IFNγ activates an apoptotic program but inhibition of apoptosis does
not prevent SCAID
4.2.1 Inhibitors of apoptosis do not provide protection from SCAID in 2 of 3 cell lines
IFNγ is a pleiotropic cytokine that can induce the expression of a wide range of
genes and, in particular, has been to shown to upregulate components of the deathreceptor mediated apoptotic pathway including caspase-8, TRAIL, and FasL (Ahn et al.,
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2002; Fulda and Debatin, 2002; Maciejewski et al., 1995; Schroder et al., 2004; Shin et
al., 2001a; Shin et al., 2001b; Xu et al., 1998).
As blockage of TNFSF death ligands did not affect SCAID (Chapter 3),
downstream inhibitors of apoptosis were tested. Caspases are essential for eliciting
apoptosis via either of the 2 arms; extrinsic or intrinsic pathways.
IFNγ upregulates caspase-8 in neuroblastoma cell lines (Fulda and Debatin, 2002).
Therefore to test whether caspase-8 was involved in SCAID, we expressed the well
characterised viral inhibitor of caspase-8, cowpox cytokine response modifier A (crmA)
(Garcia-Calvo et al., 1998). CrmA is a cross-class serine protease inhibitor capable of
inhibiting both serine and cysteine proteases i.e. caspases (Komiyama et al., 1994). CrmA
has been shown to inhibit the inflammatory caspase, caspase-1, but also the apoptotic
caspases, caspases-6 -8 and -10 and has a Ki in the sub-nanomolar range against caspase1 and caspase-8 (Dbaibo et al., 1997; Dobo et al., 2006; Ekert et al., 1999; Garcia-Calvo
et al., 1998; Nathaniel et al., 2004; Zhou et al., 1997). Therefore it is a potent inhibitor of
death-receptor signalling, but will not protect against activation of the intrinsic apoptotic
pathway (Bcl-2-blockable pathway) (Dbaibo et al., 1997; Ekert et al., 1999).
Cell lines were therefore generated, that were able to express crmA in an inducible
fashion (inset, Figure 4.1A). To test that crmA was functional to block death receptor
induced death, the inducible D645, HT29 and KATO III cell lines were treated with
TRAIL and cell death was quantified using flow cytometry. As expected crmA potently
blocked TRAIL induced death in D645 and HT29 cells, confirming that crmA was
expressed to functional levels (Figure 4.1A). Uninduced KATO III cells were resistant to
TRAIL (not shown) and FasL induced death and therefore, it was not possible to confirm
functional expression of crmA in this cell line although it was expressed to similar levels
as in HT29 cells (inset, Figure 4.1A). Interestingly, while crmA protected against SCAID
in D645 cells, it was unable to block SCAID in either HT29 and KATO III cells and,
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paradoxically, cell death was, if anything increased in HT29 and KATO III cells (Figure
4.1A). Additionally, crmA also enhanced death induced by Compound A alone in HT29
and KATO III cells. These results for the first time demonstrate that SCAID was able to
kill cells using different molecular pathways; caspase-8 activity is required for SCAID in
D645 cells but not in HT29 or KATO III cells.

Figure 4.1. Molecular determinants of apoptosis are dispensable for SCAID in 2 of the 3 cell lines.
(A) CrmA overexpression blocks killing by Compound A/IFNγ in D645 but not HT29 or KATO III cells. D645, HT29
and KATO III cell lines were infected with an inducible crmA lentiviral construct. After pre-treatment with 10nM of
4HT for 24 hours to induce crmA, cells were treated with IFNγ and/or Compound A or 1µg/ml (D645), 3µg/ml (HT29)
of TRAIL or 5 µg/mL FasL (KATO III). Cell death was analysed by PI staining and flow cytometry. Error bars
represent standard errors of the mean (SEM), where n=8 for D645, and n=7 (HT29, KATO III). Top panel, Western
blots depicting induction of crmA. Predicted MW- FLAG-crmA: ~38 kDa; βactin: ~42kDa.
(B) Bcl-2 overexpression does not block killing by Compound A/IFNγ. D645, HT29 and KATO III cell lines were
infected with an inducible Bcl-2 lentiviral construct. After pre-treatment with 100 nM of 4HT for 24 hours to induce
Bcl-2, cells were treated with IFNγ and/or Compound A for a further 48 hours or 100 µM etoposide/16 µg/ml cisplatin.
Cell death was analysed as in A. Error bars are SEM, where n=4 (D645, HT29, KATO III). Top panel, Western blots
depicting induction of Bcl-2. Predicted Mw- Bcl-2EE: ~28kDa; βactin: ~42kDa.

83

La Trobe University - Nufail Khan

Chapter 4 – Results

(C) Compound A/IFNγ death does not require mitochondrial pathways mediators Bax/Bak. Factor-Dependent Myeloid
cell lines genetically ablated of Bax/Bak were treated with Compound A/IFNγ for 48 hours. Cell death was analysed as
in A. Error bars are SEM, where n=3. Top panel, Western blots confirming genetic ablation of Bax and Bak. Predicted
Mw- Bak: ~30kDa; Bax: ~20 kDa; βactin: ~42kDa.
(D) Caspase inhibition blocks cell death in D645, but not HT29 or KATO III. Cell lines were pre-treated with 10 µM of
QVD for 1 hour, then treated with IFNγ and/or Compound A for a following 48 hours. Cell death was analysed as in A.
Error bars are SEM where n=4 (D645), n=3 (HT29, KATO III).

Bcl-2 is an essential anti-apoptotic factor preventing cytochrome c release and
death induced by γ-irradiation, cytokine withdrawal, and cytotoxic drugs (Adams and
Cory, 1998; Ekert et al., 1999; Strasser et al., 1995). IFNγ has been shown to influence
expression of apoptotic factors of the intrinsic pathway, including Bak, cytochrome c
release, and downregulation of Mcl-1 and Bcl-2 (Ahn et al., 2002; Ruiz-Ruiz et al., 2000;
Varela et al., 2001). Therefore, cell lines were infected with an inducible Bcl-2 construct
to analyse the requirement of the mitochondrial pathway in SCAID. Western blot analysis
clearly demonstrated overexpression of Bcl-2 (inset, Figure 4.1B) and this was at
sufficient levels to protect cells against etoposide (VP16) and/or cisplatin induced cell
death (Figure 4.1B) both of which activate the intrinsic apoptotic pathway. However,
D645 or HT29 cells inducibly overexpressing Bcl-2 treated with the combination of IFNγ
and compound A for 48 hours succumbed to SCAID in the same manner as the uninduced
and parental cell lines (Figure 4.1B).
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The involvement of the mitochondrial intrinsic pathway was further examined
using Bax and Bak DKO FDM cells were utilised. Bax/Bak deficient cell lines have been
shown to be highly resistant to intrinsic apoptosis stimuli (Kandasamy et al., 2003; Wei et
al., 2001; Zong et al., 2001) and Bax/Bak deficient FDMs are completely resistant to IL-3
withdrawal (Ekert et al., 2006). However Bax/Bak deficient FDMs were as sensitive to
SCAID as wild-type FDM cells (Figure 4.1C). Collectively these results demonstrate that
the intrinsic apoptotic pathway is unlikely to play a role in SCAID.
4.2.2. Pan-caspase inhibition delineates two pathways of SCAID
Synthetic caspase inhibitors are used to discriminate between caspase-dependent
and –independent cell death. The fluorophenoxymethylketone-based inhibitor Q-VDOPH (QVD) is more potent, exhibits a greater spectrum of inhibition, and is less toxic
than the other commonly used pseudo-substrate inhibitors such as zVAD-fmk (Caserta et
al., 2003; Chauvier et al., 2007). Unlike crmA or Bcl-2, QVD inhibits all caspases
involved in the apoptotic response, with studies showing it prevents extrinsic (caspase-8
and -10), and intrinsic (caspase-9 and -3) caspase activity (Caserta et al., 2003; Chauvier
et al., 2007; Yang et al., 2004).
10 µM of QVD was used throughout dissertation unless otherwise stated, which is
a dose that has been clearly shown to inhibit caspase activity, and more effective than
zVAD at the same concentration (Caserta et al., 2003). Consistent with the crmA results
described above, pre-treatment of D645 cells with QVD abrogated the cell death induced
by SCAID (Figure 4.1D). But in both HT29 and KATO III cells, QVD could not protect
against death, and in fact enhanced cell death in the HT29 cells (Figure 4.1D). As QVD
blocks both intrinsic and extrinsic apoptosis, it demonstrates that SCAID can occur in
both a caspase dependent and independent manner depending on the cell type.
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4.2.3 Apoptotic markers are evident in SCAID
Since SCAID could only be blocked in one of three cell lines under investigation
by the caspase inhibitor QVD, it was pertinent to identify if canonical markers of
apoptotic signalling, including caspase activity were evident in the two cells lines where
SCAID could not be blocked by QVD. There are several methods to examine apoptosis
markers, and initially, cells were analysed by Western blot for caspase activation.
In D645 cells, treatment with Compound A/IFNγ for 24 hours resulted in
proteolysis of procaspase-3 and procaspase-8 (p57) into their active p18, and p19/p17
cleavage products respectively, consistent with an apoptotic death (Figure 4.2). D645
cells were pre-treated with 5µM of QVD, a dose which does prevent SCAID in death
assays (Figure 4.1D), reduced processing of caspase-3 (Figure 4.2). Strikingly, caspase-8
activation was actually enhanced in the presence of this general caspase inhibitor, all the
more surprising considering caspase-8 mediates caspase-3 and -7 activation which is
inhibited by QVD treatment (Boldin et al., 1996; Degterev et al., 2003; FernandesAlnemri et al., 1996; Muzio et al., 1996).
Proteolytic activation of caspase-3 and -8 in HT29 and KATO III cells treated
with Compound A/IFNγ was also observed (Figure 4.2). Caspase-7 also resides in the
cytosol as an inactive p35 zymogen, which is cleaved at an aspartate residue, to release a
catalytically active p17 subunit (Chandler et al., 1997; Duan et al., 1996; MacFarlane et
al., 1997), and this p17 fragment was also observed upon SCAID in HT29 and KATO III
cells. Pre-treatment of HT29 cells with 5µM of QVD resulted in an active caspase-8
cleavage fragment, which correlates with the enhanced cell death observed in the cells.
However, similar to D645 cells, the levels of caspase-8 activation did not parallel the
levels of active caspase-3 processing which is prevented with QVD pre-treatment (Figure
4.2, lanes 7 & 9). In contrast, the initiator caspase of the intrinsic pathway, caspase-9, did
not appear to be cleaved upon stimulation of SCAID in any cell lines examined.
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Figure 4.2. Caspases are processed during SCAID in all cells, but inhibition of caspase does not prevent cell
death in HT29 and KATO III cells. D645, HT29 and KATO III cells were pre-treated with 5 µM QVD for 1 hour,
then treated with IFNγ and/or Compound A for 12 or 24 hours, then lysed in DISC-lysis buffer. Equal amounts of
lysates were separated on an SDS/PAGE gel, then Western blotted and probed with the indicated antibodies. Predicted
Mw- Caspase-3: ~17 and 19 kDa (cleavage products); caspase-7: ~35 kDa (full length), ~20kDa (cleaved); Caspase-8:
~57 (full length), ~18 kDa (cleavage); Caspase-9: ~46 kDa (full length).
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4.2.3.1 Compound A/IFNγ treated cells display apoptotic hallmarks
Western blots analysis revealed caspase-3 and -8 processing upon SCAID (Figure
4.2) even in cells where caspase inhibition did not prevent cell death. To confirm this
counter intuitive finding, other markers of apoptosis were examined. A classic marker of
apoptosis is the externalisation of phosphatidylserine that can readily be detected by
Annexin V staining and flow cytometry. Although cell surface exposure of
phosphatidylserine (PS), is a classic biochemical marker of apoptosis it can also occur
during necrosis (Fadok et al., 1998). However PS exposure occurs early in the apoptotic
process when the membrane is intact. Therefore AnnexinV staining in conjuction with a
dye exclusion test (propidium iodide) can distinguish between an apoptotic or necrotic
cell (Vermes et al., 1995). Cell death induced by Compound A/IFNγ in D645 cells could
be blocked by either QVD or crmA, therefore it was not particularly surprising that these
cells displayed a population of apoptotic AnnexinV+ve/PIlow cells (upper right quadrant in
dot plots, Figure 4.3A) consistent with a role for caspase activity in SCAID. Surprisingly
however, HT29 cells also displayed a similar population even though Compound A/IFNγ
induced death is not blocked by caspase inhibition (Figure 4.3A).
PARP is a DNA repair enzyme found in the nucleus, and caspase cleaved
PARP is one of the defining characteristics of apoptotic death (Simbulan-Rosenthal
et al., 1998; Tewari et al., 1995). Figure 4.3B shows that in D645, HT29 and
KATO III cells, Compound A and IFNγ co-treatment results in PARP cleavage
after 24 hours, and as expected is blocked by the caspase inhibitor QVD (Figure
4.3B, lanes 6 & 7).
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Figure 4.3. Apoptotic markers are evident under Compound A/IFNγ treatment.
(A) Compound A/IFNγ induced cell death causes Phosphatidylserine (PS) exposure. D645 and HT29 cells were treated
with IFNγ and/or Compound A for 24 hours. Cells were stained with Annexin V-FITC and propidium iodide and
representative flow cytometry dot plots are shown.
(B) Compound A/ IFNγ treatment results in PARP cleavage, another marker of apoptosis. Cell lines were pretreated
with 5µM of QVD for 1 hour. Cells were treated with IFNγ and/or Compound A for either 12 or 24 hours, then lysed in
DISC-lysis buffer. Equal amounts of lysates were separated on SDS/PAGE gels, then Western blotted and probed for
PARP. Predicted Mw: PARP ~116 (full length) and 89 (cleaved) kDa.
(C) Sub 2n DNA content analysis has also been used as a marker of apoptosis. Cell lines were pre-treated with 10 µM
of QVD +/- 50 µM of Nec-1for 1hr. Cells were then treated with IFNγ and/or Compound A for 48 hours. Cells were
harvested and washed with PBS, then fixed in 70% ethanol at 4°C for a minimum of 24 hours. Following washes with
PBS, cells were treated with RNase for 10 minutes at 37°C, followed by addition of PI and analysed on the flow
cytometry. Number of hypoploid cells were determined by plotting cells on a linear scale (FL2-A). Results are
representative of 3 repeats.

89

La Trobe University - Nufail Khan

Chapter 4 – Results

(D) ICAD is cleaved and CAD (the apoptotic nuclease) is therefore activated by caspases in SCAID.
HT29 cells were pretreated with 5 µM QVD for 1 hour, followed by treatment with IFNγ and/or Compound A for 16
hours, then lysed in DISC-lysis buffer. Equal amounts of lysates were separated on SDS/PAGE gels, then Western
blotted and probed for ICAD. Predicted Mw: ICAD = ~11 kDa.
(E) Cytochrome c release occurs in Compound A/IFNγ induced cell death. Following pre-treatment with 5µM of QVD
for 1 hour, D645, HT29 and KATO III cells were then treated with IFNγ and/or Compound A for 24 hours. Cells were
stained for cytochrome c content and then analysed by flow cytometry. Results are representative of 3 repeats.
(F) Caspase-2 is not involved in SCAID. Factor-Dependent Myeloid cell lines genetically ablated of caspase-2 were
treated with Compound A/IFNγ for 48 hours. Cell death was analysed as in (A). Error bars are SEM, where n=3.

Cleavage of PARP occurs at a similar time as activation of the Caspase
Activated DNAse (CAD) that causes the typical DNA cleavage pattern; the first
identified marker of apoptosis (Kerr et al., 1972; Wang and Lenardo, 2000;
Williams et al., 1974; Wyllie, 1980). CAD is released from its inhibitor, ICAD, by
caspase-3 mediated cleavage. Cell permeabilisation/fixation does not preserve
highly fragmented DNA which leaks out of apoptotic cells. As such apoptotic cells
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can be characterized by their fractional DNA content using flow cytometry. Since
DNA content of the non-apoptotic cells also determines the cell cycle phase,
apoptotic cells are usually defined as a ‘sub-G1’ or ‘hypoploid’ population
(Darzynkiewicz et al., 1997; Gong et al., 1994). IFNγ or Compound A treatment
alone did not increase the sub-G1 population in either D645, HT29 or KATO III
cells (Figure 4.3C). However, an increase in the percentage of mitotic cells was
evident in KATO III cells upon IFNγ treatment. In contrast to single agent
treatment, Compound A/IFNγ co-treatment of D645, HT29 and KATO III cells
resulted in a sub-G1 population that was limited by caspase inhibition with QVD,
regardless of whether QVD potentiated or inhibited SCAID.
The observed DNA digestion above, occurs due to the activity of CAD
(Hewish and Burgoyne, 1973; Williams et al., 1974). Liu and colleagues showed
that CAD (caspase-activated DNase) is released from its inhibitor, ICAD, by
caspase-3 mediated cleavage (Liu et al., 1997). Consistent to the results in Figure
4.3C, in HT29 cells, the Compound A/IFNγ treatment resulted in cleavage of the 45
kDa ICAD to the active 11 kDa CAD and was inhibited by QVD (Figure 4.3D).
Activation of the mitochondrial-mediated apoptotic pathway involves
translocation of the proapoptotic molecules Bax and Bak to the mitochondrial outer
membrane resulting in the permeabilisation of the membrane, and the release of
proapoptotic factors including cytochrome c. (Gao et al., 2005; Li et al., 1998; Luo
et al., 1998; Wei et al., 2001). The mitochondrial cytochrome c content was
analysed during SCAID, using a protocol adapted by Waterhouse and Trapani
(Waterhouse and Trapani, 2003).

To selectively permeabilise the plasma

membrane, Digitonin, a weak non-ionic detergent that at low concentrations
displaces cholesterol and creates pores in membranes was used (Gottlieb and
Granville, 2002; Waterhouse and Trapani, 2003). Since the plasma membrane has a
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greater cholesterol content than mitochondrial membranes, Digitonin preferentially
creates pores in the plasma membrane and leaves mitochondrial membranes intact
(Gottlieb and Granville, 2002; Waterhouse and Trapani, 2003). Therefore, any
cytochrome c released into the cytosol will diffuse out of cells through the pores
formed by Digitonin. IFNγ or Compound A treatment caused a slight decrease in
cellular cytochrome c staining (Figure 4.3E). However a significant loss was
observed with the combination Compound A/IFNγ treatment. QVD treatment
prevented the loss of cytochrome c in HT29 cells despite not protecting against
SCAID.
Therefore although many of the classic markers of apoptosis are readily
detectable in all three cell lines examined, preventing apoptotic activity only
prevents SCAID in D645 cells, while the HT29 and KATO III cells undergo
caspase independent cell death, that is actually enhanced upon caspase inhibition.
4.2.3.2 The role of non-conventional cell death pathways in SCAID
The role of caspase-2 remains largely enigmatic, but it appears able to cause cell
death independently of the canonical apoptotic pathways (Gao et al., 2005; Lassus et al.,
2002; Tinel and Tschopp, 2004). Neither Bcl-2, crmA nor QVD, inhibit caspase-2
(Adams and Cory, 1998; Caserta et al., 2003; Chauvier et al., 2007; Garcia-Calvo et al.,
1998; Komiyama et al., 1994; Zhou et al., 1997) and caspase-2 activation following
etoposide induced apoptosis has been shown to occur independently of caspase-9, -3 and 7 (Lassus et al., 2002). Caspase-2 also appears to induce apoptosis in a death-receptor
independent mechanism (Gao et al., 2005; Lassus et al., 2002). Because SCAID could not
be blocked by QVD, Bcl-2 or crmA in HT29 and KATO III cells, this suggested that
caspase-2 could be involved in SCAID. To examine caspase-2 involvement in SCAID,
caspase-2-/- FDMs were tested for their sensitivity to Compound A/IFNγ but were as
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sensitive as wild-type FDMs (Figure 4.3F). This result suggests Caspase-2 is unlikely to
contribute to SCAID.
4.3 Autophagy involvement in SCAID
While it was clear that SCAID was the result of a classic apoptosis pathway in
D465 cells, focus turned to discovering the mechanism of death in HT29 and KATO III
cells, because it displayed all the markers of an apoptotic death but could not be inhibited
by caspase inhibitors, or inhibitors of the intrinsic pathway.
Autophagy (from Greek, and literally ‘to eat oneself’) is one of the mechanisms a
cell can use to survive under low nutrient conditions. Autophagy activation results in
degrading long-lived proteins, as well as organelle turnover, thereby releasing substrates
and nutrients to be recycled and used as energy sources (Levine and Klionsky, 2004;
Levine and Yuan, 2005). Autophagic morphology and components of the autophagic
machinery are evident during cell death (Schweichel and Merker, 1973). However, in
situations where cell death is prevented, autophagy persisted, and if autophagic
characteristic were inhibited, it did not affect cell death (Kosta et al., 2004; Lee and
Baehrecke, 2001). Genetic ablation studies have also demonstrated that autophagy is
primarily a cell survival mechanism and can be used to prevent cell death (Shimizu et al.,
2004; Yu et al., 2004). However, it is unclear at this early stage if it is excessive
autophagic activation that results in a cell’s demise. Further, it appears that autophagy
may not influence cell death unless apoptosis is blocked (Shimizu et al., 2004), and recent
findings in mammalian cells described autophagic and apoptotic machinery were required
to elicit an autophagic death (Elgendy et al., 2011).
IFNγ-treated HeLa cells have been described to undergo ATG5-dependent,
zVAD-inhibitable apoptosis (Pyo et al., 2005). More recently, a negative feedback loop
by FADD and caspase-8 has been described, which supposedly limits autophagic
signalling (Bell et al., 2008). Finally, consistent with Compound A/IFNγ induced cell
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death, autophagic death appears to occur over an extended period and is slower than
apoptosis (Love et al., 2008; Lum et al., 2005).
4.3.1 Inhibiting lysosomal acidification
An important step in autophagy is the formation of the autophagosome, which
results from the engulfment of an organelle/protein by a membrane structure. Subsequent
fusion of the autophagosome with a lysosome results in the proteolytic degradation of the
constituents of the autophagosome by lysolytic enzymes (Gozuacik and Kimchi, 2004).
The generation of an acidic pH inside the autophagosome is critical for autophagosome
degradative and recycling processes. Lysosomotropic agents are known autophagy
inhibitors and work by neutralising the pH of endosomal/lysosomal organelles. To
examine a role for autophagy in SCAID, D645, HT29 and KATO III cells were pretreated with low and high concentrations of either Chloroquine (Clq) or ammonium
chloride (NH4Cl). Neither dose of NH4Cl was toxic to cells and also did not reduce
SCAID in any cell line examined (Figure 4.4A). While Clq was toxic at a high dose, both
Clq doses did not block SCAID either (Figure 4.4A).
Bafilomycin A1 is a potent and specific inhibitor of the V-type ATPase required
for lysosomal acidification and prevents the fusion between the lysosomes and
autophagosomes (Yamamoto et al., 1998). But Bafilomycin also failed to prevent SCAID
in all three cell lines examined (Figure 4.4B).
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Figure 4.4. Inhibiting Autophagy does not prevent SCAID.
(A) Neutralising the pH of the autophagosome does not prevent death. D645, HT29 and KATO III cells were pretreated
with NH4Cl (1, 30 mM) or Clq (10, 100 µM) for 1 hour. Cells were then treated with IFNγ and/or Compound A for 48
hours. Cell death was analysed by PI staining and flow cytometry. Average results are depicted as columns and error
bars are standard errors of the mean (SEM), where n=5 (D645), or n=3 (HT29), n=4 (KATO III).
(B) Chemical inhibitors of autophagy fail to protect against cell death. D645, HT29 and KATO III cells were pretreated with 1 nM Bafilomycin A1, 300 nM of Wortmannin, or 2 mM of 3-MA for 1 hour. Cells were then treated with
IFNγ and/or Compound A for 48 hours. Cell death was analysed by PI staining and flow cytometry. Average results are
depicted as columns and error bars are standard errors of the mean (SEM), where n=4 (D645), n=8 (HT29), and n=7
(KATO III).
(C) Knock-down of the ATG5, a protein required for autophagy, does not block killing. D645 and HT29 cells were
infected with ATG5 shRNA silencing lentiviral construct. Following pre-treatment with 5 µM of QVD for 1 hour,
parental and knock-down cell types were treated with IFNγ, and/or Compound A for 48 hours. Cell death was analysed
by PI staining and flow cytometry. Average results are depicted as columns and error bars are standard errors of the
mean (SEM), where n=4 (D645), n=3 (HT29). Top panel, Western blotting depicts ATG5 shRNA reduces ATG5
expression compared to an uninfected parental cell line. Also shown is probing for the biochemical marker of
autophagosome formation, LC3-II. Predicted Mw: ATG5= ~33 kDa, LC3= ~16 kDa.

4.3.2 Inhibiting PI3kinase
As lysosomotropic agents affect various cellular processes (de Duve et al., 1974)
more specific autophagy inhibitors were tested for their ability to inhibit SCAID.
Phosphatidylinositol 3-phosphate kinase (PI3K) that phosphorylates the 3’-hydroxy
inositol ring of phosphoinositides has been shown to be important for the formation of the
autophagosome in HT29 cells (Petiot et al., 2000). 3-methyadenine (3-MA) and
Wortmannin both prevent autophagosome formation via inhibiting PI3K in HT29 and rat
hepatocytes (Petiot et al., 2000; Seglen and Gordon, 1982). Neither Wortmannin nor 3-
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MA were toxic to cells, and neither were to prevent SCAID in D645, HT29 nor KATO III
cells (Figure 4.4B).
4.3.3 ATG5
Autophagy-related (ATG) genes encode proteins essential in the formation and
maturation of the autophagosome (Gozuacik and Kimchi, 2004). ATG5 is required for the
formation of the autophagosome and ATG5 knock-out embryonic stem cells fail to form
autophagosomes (Mizushima et al., 2001). Similarly, autophagic signalling was
prevented in cells where ATG5 expression was reduced via RNAi (Shimizu et al., 2004).
Lipid conjugation of the diffuse cytosolic protein LC3-I, in response to autophagic
activation, into LC3-II, is a well characterised and utilised biochemical marker of
autophagy (Kabeya et al., 2000). LC3-II is localised at the autophagosome membrane,
and so an abundance of LC3-II is correlated to autophagosome formation. For example,
loss of punctate GFP-LC3II localisation was used to show that ectopic expression of
mutant ATG5, or knock-down of ATG5 expression blocks autophagy (Mizushima et al.,
2001; Pyo et al., 2005; Shimizu et al., 2004).
RNA interference constructs targeting ATG5 reduced ATG5 levels by
approximately 90% in both D645 and HT29 cells, and the conversion of LC3-I to LC3-II
(indicative of autophagosome formation) was not present in cells where ATG5 is depleted
(Figure 4.4C, inset). However, Compound A/IFNγ induced cell death was not attenuated
to any extent in either cell line where ATG5 was diminished (Figure 4.4C).
ATG5 has been suggested to be the link in a crosstalk pathway between
autophagy and apoptosis (Pyo et al., 2005). Notably, ATG5 was shown to interact with
FADD and this interaction was necessary for an IFNγ-induced an ATG5-dependent cell
death to occur (Pyo et al., 2005). In cells where apoptosis is inhibited autophagy may
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become the back-up death pathway, which can be inhibited by ATG5 knock-down
(Shimizu et al., 2004). However, QVD application in cells deficient for ATG5 expression
did not alter SCAID (Figure 4.4C) simultaneously excluding the possibility and the
alternative that autophagic death occurs in SCAID if caspases are inhibited.
Collectively, the data strongly suggests that autophagy plays no role in neither
caspase-dependent nor caspase-independent modes of SCAID.

4.4. Results Summary
This chapter sought to further define the cell death components and mechanisms
required for SCAID. IFNγ and Compound A are known inducers of apoptosis, initial
efforts were focused on examining the intrinsic and extrinsic apoptotic pathways.
It was surprisingly difficult to demonstrate the involvement of either apoptotic
pathway in SCAID. The TNFSF “Death” ligands, Fas, TRAIL and TNF, and the extrinsic
apoptosis pathway did not appear to play a role in SCAID. CrmA a potent inhibitor of the
initiator caspases-8 and -10 inhibited SCAID in D645 cells, but failed to block SCAID in
HT29 and KATO III cells. This suggests that caspase-8 was activated by a non-extrinsic
pathway in D645 cells. In a slightly non-intuitive manner, the fact that, crmA expression
led to enhanced SCAID in HT29 cells is likewise suggestive of activation of caspase-8
because it is known that caspase-8 activity can inhibit other cell death pathways and this
angle will be pursued later in the thesis. Consistent with the crmA overexpression results,
the pan-caspase inhibitor QVD was able to inhibit SCAID in D645 cells, whereas, cell
death was potentiated in HT29 cells.
The mitochondrial apoptotic pathway also does not appear to play a role in
SCAID because cells overexpressing Bcl-2, or Bax/Bak deficient cell lines were killed by
Compound A/IFNγ in a similar manner to wild-type cells. Caspase-2 activity is not
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affected by Bcl-2 or crmA overexpression, nor QVD application and therefore its role in
SCAID was a strong possibility, but caspase-2-/- FDMs were as sensitive as wild-type
FDMs.
Because caspase inhibitors were unable to protect two out of three cell lines from
Compound A/IFNγ induced death I next asked whether death was, in any way, apoptotic.
Surprisingly, given the QVD result, caspase activity was identified upon stimulation of
cells with Compound A/IFNγ treatment in all three cell lines. D645 cells, caspase activity
is prevented by QVD application and concurrently is found to protect against SCAID.
Classical markers of apoptotic death were also identified, including; externalisation of
phosphatidylserine, caspase-dependent PARP cleavage, cytochrome c release and
hypoploidy as determined by flow cytometry based on sub-2n DNA analysis.
Furthermore, all apoptotic markers were prevented by QVD.
Taking the data as a whole suggests that in all cell lines caspase-8 is activated and
only in one cell line, is this required for SCAID. There are clearly two modes of SCAID,
one which is caspase-dependent, whilst the other appears caspase-independent. The
results shown in this chapter indeed suggest that a mechanism of cell death which is
activated and then ensues when caspases are inhibited, but through vigorous means of
testing this was not autophagy.
In both forms of SCAID though, death receptor involvement is not essential and
may not occur at all, whilst the mitochondrial pathway is completely dispensable. It is no
doubt clear that the caspases somehow regulate a switch point in the second form of
SCAID, whereby their inhibition simply allows or activates an alternative death pathway,
which remains unresolved at this juncture.
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5.1 Introduction
In the previous chapter I advanced the hypothesis that SCAID occurred via a
similar mechanism up to the point of caspase-8 activation in all three cell lines. Following
caspase-8 activation, the pathway to SCAID has the potential to bifurcate. In D645 cells
this alternative pathway is not available and thus if caspase-8 is inhibited, D645 cells do
not die. In HT29 and KATO III cells caspase-8 activity appears to prevent an alternative
caspase independent cell death and when caspase-8 activity is inhibited in these cells, the
alternative pathway is switched on. A similar mechanism has been proposed for the
Necroptotic pathway that is normally only activated when caspases are inhibited.
Pertinently, as will become apparent a slew of studies have previously shown that
cell death was increased when apoptotic caspases were inhibited or in conditions where
apoptosis was stalled, and in these situations the death was dependent upon activity of
RIPK1 (Holler et al., 2000; Vercammen et al., 1998). Furthermore, recent studies have
shown that RIPK1 and RIPK3 are required for the Necroptotic cell death program and
caspase-8 inhibits this pathway by cleaving RIPK1. Therefore, having ruled out
autophagy as being an alternative pathway, the work in this chapter serves to examine the
potential for RIPK1 or RIPK3 to play a role in SCAID.
5.2 RIPK1 impinges upon Compound A and IFNγ killing
Caspase-independent death has been reported in a multitude of studies previously,
many in which the morphological features resembled both apoptotic and necrotic features
(Dunstl et al., 2007; Egger et al., 2003; Holler et al., 2000; Kawahara et al., 1998;
Khwaja and Tatton, 1999; Lin et al., 2004; Okada et al., 2004; Vercammen et al., 1998).
An increase in cell death in response to TNF under apoptotic suppression has previously
been described and further that caspase-independent death was dependent upon RIPK1
(Holler et al., 2000; Vercammen et al., 1998).
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RIPK1 is a death domain containing protein that is involved in mediating
apoptosis through its death domain (Micheau and Tschopp, 2003), but also has a role in
caspase-independent death. Thus, given that D645 cells activate apoptosis in response to
Compound A/IFNγ treatment, and HT29 and KATO III cells undergo a caspaseindependent death, it was plausible that RIPK1 had a role in SCAID.
5.2.1 RIPK appears to influence the death under SCAID
To examine the potential of RIPK1 in the bifurcating pathways underpinning
SCAID, pharmacological interference was used, where Geldanamycin has been shown to
destabilise RIPK1 (Lewis et al., 2000). As previously reported in other cell lines,
treatment with 500 nM Geldanamycin caused loss of RIPK1 in D645, HT29 and KATO
III cells (Figure 5.1A, inset). At this concentration Geldanamycin is already toxic, but
remarkably, pre-treatment of cells with Geldanamycin nevertheless attenuated Compound
A/IFNγ killing in both HT29 and KATO III cells (Figure 5.1A).
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Figure 5.1. Compound A/IFNγ and TWEAK/IFNγ killing is RIPK1 dependent
(A) Geldanamycin induced loss of RIPK1 reduces Compound A/IFNγ killing. After pre-treatment with 500nM of
Geldanamycin for 1 hour, cell lines were treated with IFNγ, Compound A or 100 ng/mL of TWEAK for 48 hours. Cell
death was analysed by PI staining and flow cytometry. Average results are depicted as columns and error bars are
standard errors of the mean (SEM), where n=3 (D645, HT29), n=4 (KATOIII). Top panel, Western blots showing loss
of RIPK1 upon treatment with Geldanamycin. Cells were treated as described for cell death analysis but only for a
period of 24 hours, before being lysed in DISC-lysis buffer. Equal amounts of lysates were separated on SDS/PAGE
gels, then Western blotted and probed for RIPK1. Predicted Mw: RIPK1 = 72 KDa.
(B) RIPK1 knock-down provides protection against Compound A/IFNγ induced cell death. D645 cells were infected
with two RIPK1 shRNA silencing constructs or a control shRNA (non-functional against XIAP). Following pretreatment with 5µM of QVD for 1 hour, cells were treated with IFNγ and/or Compound A for 48 hours. Cell death was
analysed by PI staining and flow cytometry. Error bars are SEM, where n=3. Top panel, Western blotting depicting
RIPK1 shRNA knock-down of RIPK1 expression compared to control shRNA and the parental cell line. Predicted Mw:
XIAP = ~57 kDa.
(C) Compound A/QVD death is distinct from Compound A/IFNγ killing. HT29 cells were infected with two RIPK1
shRNA silencing constructs or a control shRNA construct (non-functional against XIAP). Following pre-treatment with
5µM of QVD for 1 hour, cells were treated with IFNγ, Compound A or 100 ng/mL TWEAK for 48 hours. Cell death
was analysed by PI staining and flow cytometry. Error bars are SEM, where n=3. The cell lines used in (B) were also
used for this assay.
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(D) M45-mediated RIPK1 inhibition provides minimal protection against death. D645, HT29 and KATO III cell lines
were infected with an inducible M45 lentiviral constructs; full length, WT RHIM, mutant RHIM. After pre-treatment
with 10nM of 4HT for 24 hours to induce M45 constructs, cells were treated with IFNγ and/or Compound A. Cell death
was analysed by PI staining and flow cytometry. Error bars represent standard errors of the mean (SEM), where n=6
(D645), and n=4 (HT29, KATO III). Top panel, Western blots depicting induction of M45 constructs.
(E) RIPK1 kinase inhibition is insufficient to block death. D645, HT29 and KATO III cells were pretreated with 50 µM
Nec-1 for 1 hour, then treated with IFNγ and/or Compound A for a further 48 hours. Cell death was analysed by PI
staining and flow cytometry. Average results are depicted as columns and error bars are standard errors of the mean
(SEM), where n=8 (D645), n=20 (HT29), and n=16 (KATO III).

Geldanamycin (GA) inhibits the protein chaperone, Hsp90 (heat shock protein),
and thereby induces Hsp90 client protein degradation which includes but is not limited to
RIPK1; others include IKK1 and IKK2, and IKK2 activity is required for induction of
Compound A induced genes (Lewis et al., 2000; Vince et al., 2007). So geldanamycin
might act in another manner rather than by preventing RIPK1 activity.
Therefore to provide a more directed assay, RNA interference was used to knockdown RIPK1 using stably integrated shRNA constructs. Knock-down of RIPK1 in D645
cells resulted in complete protection against Compound A/IFNγ induced death despite the
fact that knock-down of RIPK1 was incomplete (Figure 5.1B, and inset). A similar level
of RIPK1 knock-down was achieved in HT29 and KATO III cells but in these cells
incomplete RIPK1 knock-down was not sufficient to protect the cells to any great extent
(Supplementary Figure 5, and inset). With this type of experiment, it is always possible
that the extent of knock-down is insufficient to have any functional consequence, which
seemed likely in the case of the HT29 cells. Intriguingly, a recent report showed that
HT29 cells die in response to smac-mimetic and a pan-caspase inhibitor, and this death
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was abolished upon RIPK1 knock-down (He et al., 2009). This suggested a way to test
whether the RIPK1 knock-down in the HT29 cells was functional. Rather surprisingly,
HT29 cells were sensitive to Compound A/QVD, and this was prevented in RIPK1
knock-down cells, but in the same cells in an assay analysed on the same day, Compound
A/IFNγ induced death was not prevented (Figure 5.1C). These results strongly supported
a role for RIPK1 in Compound A/IFNγ induced death for D645 cells, but speak against a
role of RIPK1 in HT29 cells.
Similar to the attenuation of Compound A/IFNγ induced cell death, GA
pretreatment of D645, HT29 and KATO III cells resulted in attenuation of TWEAK/IFNγ
induced cell death (Figure 5.1A). Furthermore, specific knock-down of RIPK1 with
RNAi which completely protected D645 cells against Compound A/IFNγ killing, was
also sufficient to abrogate TWEAK/IFNγ killing (Figure 5.1B). Further underlining the
similarity in mechanism between Compound A/IFNγ and TWEAK/IFNγ induced death,
RIPK1 knock-down did not proetect HT29 and KATO III cells against either Compound
A/IFNγ nor TWEAK/IFNγ induced death (Figure 5.1C). Therefore, the data continues to
suggest that the mechanism of Compound A/IFNγ and TWEAK/IFNγ killing are
analogous.
Since neither pharmacological inhibition nor genetic ablation of RIPK1 provided
complete protection against Compound A/IFNγ, a viral inhibitor of RIPK1 was also used
in order to test a third means of inhibiting RIPK1. M45 is a murine cytomegalovirus
encoded protein and contains a RHIM (RIP-homotypic interaction motif), through which
it can homodimerise with the RHIM in other proteins and thereby modulate its activities
(Mack et al., 2008; Upton et al., 2008). RIPK1 contains a RHIM and M45 not only binds
to, but inhibits both apoptotic and caspase-independent cell death (Mack et al., 2008;
Upton et al., 2008). On the other hand mutant RHIM or delta RHIM M45 constructs fail
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to provide protection in confirming that the RHIM of M45 is required for RIPK1
inhibition (Mack et al., 2008; Upton et al., 2008).
D645, HT29 and KATO III cells were stably infected with inducible wild-type
full length, wild-type RHIM truncation, or mutant RHIM truncation M45 constructs. In
D645 cells, expression of the mutant RHIM M45 failed to provide protection, but, unlike
the knock-down of RIPK1, overexpression of the wild-type RHIM M45 only limited the
level of death induced by Compound A/IFNγ, and did not prevent it (Figure 5.1D).
Interestingly, in HT29 and KATO III cells, inducing expression of full length M45, or the
wild-type M45 truncation were able to also provide a small level of protection against
Compound A/IFNγ killing, analogous to that achieved with RIPK1 knock-down (Figure
5.1D). Compound A/IFNγ induced cell death, was unaffected by overexpression of the
mutant RHIM M45 construct.
Finally, to test whether RIPK1 was playing a structural or enzymatic role in this
death we inhibited RIPK1 with the specific kinase inhibitor Necrostatin-1 (Nec-1)
(Degterev et al., 2005). In contrast to the protection provided by Geldanamycin, RIPK1
shRNA and M45 constructs, Nec-1 was unable to block Compound A/IFNγ induced
death in any of our three cell lines (Figure 5.1E). In fact, the death was potentiated
suggesting the kinase activity may limit SCAID.
Overall, these results show a clear requirement for the RIPK1 protein but not its
kinase activity in Compound A/IFNγ induced death for D645 cells. Furthermore they
support a limited role for RIPK1 protein in HT29 and KATO III cells. Unfortunately,
while they support a limited role for RIPK1 in these cells, these experiments are open to
the criticism that the effects observed are off-target (e.g GA or RIPK1 knock-down) and
relatively small. These experiments also cannot exclude a role for RIPK1 because of the
limitation of each of the assays.
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5.2.2 Mechanisms of RIPK1 dependent necrotic death
On the evidence presented above, the involvement of RIPK1 in SCAID is
plausible. Several studies have described the existence of a divergent, necrosis-type death
pathway that is prominent when apoptosis is suppressed (e.g. application of QVD), and
that this pathway is regulated by RIPK1 (Holler et al., 2000; Kawahara et al., 1998;
Khwaja and Tatton, 1999; Lin et al., 2004; Vercammen et al., 1998). Although the
mechanism of RIPK1 mediated necrosis is unknown it has been reported that caspase
inhibition (via crmA overexpression or zVAD treatment) enhanced sensitisation to death
is dependent upon a RIPK1 dependent accumulation of reactive oxygen species (ROS)
(Goossens et al., 1995; Vercammen et al., 1998). Antioxidants sequester and reduce
levels of free radicals and can protect cells from TNF-induced necrotic-like cell death
(Goossens et al., 1995; Hirsch, 2006; Holler et al., 2000; Lin et al., 2004; Vercammen et
al., 1998). Therefore, pre-treating with the antioxidants glutathione (GTH) and N-acetylL-cysteine (NAC) at millimolar concentrations in D645 (2 mM), HT29 (5 mM) and
KATO III (1 mM) cells, did not provide any protection against Compound A/IFNγ
induced death (Figure 5.2A).

Figure 5.2. Serine proteases but not reactive oxygen species impinge on SCAID.
(A) Antioxidants fail to prevent Compound A/IFNγ induced death. Following a 1 hour pretreatment with glutathione
(GTH) or N-acetyl-L-cysteine (NAC) at 2 mM (D645), 5 mM (HT29), or 1 mM (KATO III), cells were treated with
IFNγ and/or Compound A for 48hrs. Cell death was analysed by PI staining and flow cytometry. Average results are
depicted as columns and error bars are standard errors of the mean (SEM), where n=4 (D645, HT29, KATO III).
(B) Serine protease inhibtion confers significant protection against SCAID. HT29 and KATO III cells were pretreated
with 10 µM TPCK, 30 µM (HT29) or 100 µM (KATO III) TLCK, or 300 µM AEBSF for 1 hour. Cells were then
treated with IFNγ and/or Compound A for 48hrs. Cell death was analysed by PI staining and flow cytometry. Average
results are depicted as columns and error bars are standard errors of the mean (SEM), where n=5 (HT29), and n=3
(KATO III).
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Proteases other than caspases have also been implicated as downstream
components in RIPK1 mediated necrosis (Holler et al., 2000; Vercammen et al., 1998).
Serine proteases were shown to be important in caspase-independent necrosis, and
interestingly, earlier studies also seem to suggest that serine protease inhibitors could
inhibit apoptotic events in particular cell types and systems (Egger et al., 2003; Holler et
al., 2000; Hughes et al., 1998; Vercammen et al., 1998; Weaver et al., 1993). To test
whether these proteases are involved, TLCK (N,p-tosyl-L-lysine chloromethyl ketone),
TPCK (N,α-tosyl-L-phenylalanine chloromethyl ketone) and AEBSF (4-(2-aminoethyl)benzenesulfonyl fluoride, Pefabloc) which are three well described inhibitors were used
to investigate the role of serine proteases in SCAID. Following a dose-response and
selecting sub-toxic doses, all inhibitors were remarkably able to provide some level of
protection in each cell line. The level of protection correlated with the decreasing
specificity of the inhibitors (Figure 5.2B). TPCK which provided the weakest protection,
is a chymotrypsin-like serine protease inhibitor, whilst TLCK is a trypsin-like inhibitor,
and AEBSF is more general than both and provided complete protection. The results
suggest that a trypsin-like serine protease could potentially also be involved. Further still,
QVD potentiated death was prevented by these inhibitors to a similar level than without
caspase arrest in both HT29 and KATO III cells (Figure 5.2B). Thus, QVD blockable
death and QVD insensitive death induced by Compound A/IFNγ both may appear to
require the activity of non-apoptotic proteases. Unfortunately, the lack of specificity of
these inhibitors precludes a direct identification of the particular proteases involved.
Increasing evidence suggest that protein signaling transduction pathways are
involved in cell death, for example the JNK and p38 mitogen-activated kinase (MAPK)
(Chang et al., 2004; Cuadrado et al., 2004; Eby et al., 2000; Sah et al., 2003). We applied
inhibitors of these two kinase pathways to rule out the possibility they were activated
downstream of RIPK1. However, SB203580 and SP600125, MAPK and JNK inhibitors
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respectively had no effect in protecting cells against Compound A/IFNγ induced cell
death in either of the 3 cell lines (Supplementary Figure 6).
Since only high concentrations of serine protease inhibitors provided protection
against SCAID, and generally the canonical downstream components of RIPK1
dependent necrosis tested here did not appear to facilitate death here, the basic question to
answer was whether necrosis was even actually activated. In Chapter 4, SCAID was
shown to be an apoptotic death using the diagnostic appearance of apoptotic markers,
including PS exposure and cleavage of canonical caspase substrates. It has been reported
that necrotic cell death is associated with the release of HMGB-1 (high mobility group
box protein 1), while this does not occur during apoptosis because it remains tightly
bound to chromatin (Scaffidi et al., 2002). To test whether there was a necrotic element to
SCAID, D645, HT29 and KATO III cells were treated with Compound A/IFNγ for
various time points, after which the cells and supernatants were harvested. Western blots
of HMGB-1 reveals high levels of HMGB-1 in all cell lysates, and not in the supernatant
of all untreated cells, as expected. Treatment of D645 cells with Compound A/IFNγ did
not change this pattern and HMGB-1 remained intracellular and was not detected in
supernatant fractions of D645 cells at any time point (Figure 5.3, lanes 7-12). In contrast,
in both HT29 and KATO III cell lines, HMGB-1 is released from cells into the
supernatant (Figure 5.3). Interestingly, application of QVD which blocks caspases but
enhances cell death in HT29 cells, shows a concomitant increase in HMBG-1 in the
supernatant from HT29 cells suggesting a switch to an overall necrotic phenotype of cell
death (Figure 5.3, lane 14). Remarkably, inhibition of RIPK1 kinase activity blocked the
release of HMGB-1 (Figure 5.3, lanes 15-16, 18) but did not protect against Compound
A/IFNγ induced cytotoxicity (Figure 5.1E).
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Figure 5.3. An appearance of a new necrotic marker is seen HT29 and KATO III cells. Following pretreatment of
D645, HT29 and KATO III cells with 5 µM QVD and/or 50 µM Nec-1 for 1 hour, cells were treated with IFNγ and/or
Compound A for a further 16 or 24 hours. Supernatants were harvested, and treated cells were lysed in DISC-lysis
buffer. Equal amounts of lysates, consistent volume of supernatants were separated on SDS/PAGE gels, then Western
blotted and probed for HMGB-1.

5.3 Compound A/IFNγ induced death is distinct from the recently characterised
necroptosis pathways
5.3.1 Kinase activity of RIPK1 may be important in caspase-independent death
Recently, Degterev and colleagues described a novel regulated necrotic cell death
pathway independent of caspases and mediated by RIPK1, which they coined necroptosis
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(Degterev et al., 2005). They developed a RIPK1 inhibitor, Necrostatin-1 (Nec-1) which
inhibited necroptic cell death (Degterev et al., 2008; Degterev et al., 2005). Recent
studies by various groups have described a physiological relevance for RIPK1 dependent
necroptosis, where they use Nec-1 to inhibit the kinase activity of RIPK1which prevented
caspase-independent death (Degterev et al., 2008; Smith et al., 2007; Xu et al., 2007). In
terms of SCAID however, the results in the previous section paradoxically showed that
Nec-1 is incapable as a sole agent of attenuating cell death induced by Compound A/IFNγ
(Figure 5.1E), and in fact enhanced the cell death.
Importantly however, recent reports have found that caspase-8 plays a crucial role
in regulating RIPK1 dependent necroptotic cell death. They showed that a deficiency of
caspase-8 renders T cells highly susceptible to cell death, which is prevented by Nec-1
(Bell et al., 2008; Ch'en et al., 2008). Since caspase inhibition potentiated Compound
A/IFNγ killing in HT29 and KATO III cells, it was therefore hypothesised that caspase-8
was negatively regulating a RIPK1 mediated necrosis-type cell death. Therefore,
inhibiting caspase-8 may activate a RIPK1 dependent, but Nec-1-inhibitable death.
Surprisingly, inhibition of caspase-8 via QVD (or crmA overexpression), and cotreatment of Nec-1 resulted in clear protection for HT29 and KATO III cells against
Compound A/IFNγ induced death, compared to QVD/crmA or Nec-1 alone (Figure
5.4A). Although the protection observed was modest, the result did suggest the
involvement of RIPK1 in cell death, or another kinase that is inhibited by RIPK1. Nec-1
is believed to be exquisitely specific to RIPK1, as tested by our collaborators, TetraLogic,
on a large panel of kinases (TetraLogic Pharmaceuticals, Personal Communication).
Further work was still needed to clarify the influence of RIPK1 in SCAID. Since
Compound A/IFNγ induced death required transcription, it was reasoned that irreversible
induction of death occurred some time after the initial incubation and could be blocked by
Nec-1 and QVD after addition of Compound A/IFNγ. Cells were treated cells with Nec-1
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and QVD, 6, 10, 16 and 24 hours after Compound A/IFNγ treatment. Strikingly,
treatment of QVD/Nec-1 at 16 hours post Compound A/IFNγ stimulation was particularly
effective at blocking SCAID in both HT29 and KATO III cells (Figure 5.4A).

Figure 5.4. Caspase and RIPK1 inhibition reduces Compound A/IFNγ or TWEAK/IFNγ induced cell death
(A) 16 hours post-stimulation with Compound A/IFNγ is critical in SCAID. D645, HT29 and KATO III cells were
pretreated with 5 µM QVD and/or 50 µM Nec-1 for 1 hour, then treated with Compound A/IFNγ for a further 48 hours.
Alternatively, following 16 hours Compound A/IFNγ treatment, cells were then treated with QVD/Nec-1 and cells were
left the duration of the Compound A/IFNγ incubation. In all cases, at 48 hours post Compound A/IFNγ stimulation, cell
death was analysed by PI staining and flow cytometry. Average results are depicted as columns and error bars are
standard errors of the mean (SEM), where n=4 (D645), n=13 (HT29), and n=3 (KATO III).
(B) Fold increases in QVD/Nec-1 concentrations still do not provide complete protection against SCAID. HT29 cells
were pretreated with either 50 µM or 200 µM of Nec-1, with 5, 10, 20 or 50 µM QVD for 1 hour. HT29 cells were then
treated with Compound A/IFNγ for 48 hours. Cell death was analysed by PI staining and flow cytometry. Average
results are depicted as columns and error bars are standard errors of the mean (SEM), where n=4.
(C) A more potent RIPK1 inhibitor fails to increase level of protection. HT29 cells were pretreated with 5 µM QVD,
and 10, 50, 200 or 500 µM of either Necrostatin-1 or Necrostatin-1A for 1 hour. HT29 cells were then treated with
Compound A/IFNγ for 48 hours. Cell death was analysed by PI staining and flow cytometry. Average results are
depicted as columns and error bars are standard errors of the mean (SEM), where n=5.
(D) TWEAK/IFNγ killing can similarly be attenuated by QVD/Nec-1 treatment. D645, HT29 and KATO III cells were
pretreated with 5 µM QVD and/or 50 µM Nec-1 for 1 hour then treated with IFNγ and/or 100 ng/mL TWEAK for a
further 48 hours. Alternatively, in HT29 cells, following 16 hours TWEAK/IFNγ treatment, cells were then treated with
QVD/Nec-1 and cells were left the duration of the TWEAK/IFNγ incubation. In all cases, at 48 hours post
TWEAK/IFNγ stimulation, cell death was analysed by PI staining and flow cytometry. Average results are depicted as
columns and error bars are standard errors of the mean (SEM), where n=3 (D645), n=12 (HT29), and n=4 (KATO III).
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Different doses of QVD are routinely used in the literature but the dose used in
this study (5 µM) is on the lower side of the spectrum. Therefore a QVD dose-response
was prepared using two different concentrations of Nec-1. In this setup, a 1 hour preincubation was chosen rather than the optimal 16 hours post Compound A/IFNγ since 5
µM QVD and 50 µM Nec-1 provided minimal protection to HT29 cells, and this would
allow better analysis on the level of protection conferred.
At a constant Nec-1 concentration of 50 µM, there was a QVD dose-dependent
increase in HT29 cell viability, but even a 10-fold higher concentration of QVD (50 µM)
than standard (5 µM), could not provide complete protection (Figure 5.4B). A further
point of interest is despite increasing the Nec-1 concentration to 200 µM, a similar QVD
dose-dependent protection is achieved as that for 50 µM Nec-1. Therefore even at the
highest possible concentrations of Nec-1 and QVD, it could not prevent SCAID, but
merely reduce it (Figure 5.4B).
Since a 4-fold increase in Nec-1 concentration did not prevent SCAID in HT29
cells, the significance of inhibiting the kinase activity of RIPK1 was further scrutinised. It
is known that impurities in pharmaceuticals can have a negative impact on their efficacy,
and moreover it is recognised for optically active isomers, inactive enantiomers represent
a common form of organic impurities (Roy, 2002). A single enantiomer of a chiral
compound is considered more potent and would offer a better pharmacological profile
and as such, Necrostatin-1A (Nec-1A) is a chemically more pure inhibitor of RIPK1 as
Nec-1 contains an inactive enantiomer (TetraLogic Pharmaceuticals, Personal
Communication). Therefore to directly compare the effect of Nec-1 versus Nec-1A a
Necrostatin dose-response was prepared. Using a constant concentration of QVD (5 µM),
a range of Necrostatin concentrations were used. Despite Nec-1A being a more potent and
pure RIPK1 inhibitor, it did not protect HT29 cells any better than Nec-1 against SCAID
(Figure 5.4 C). Further, even at the highest concentration (500 nM), not even Nec-1A
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could provide complete protection against SCAID.
Although the role of RIPK1 appears essential in D645 cells as knock-down
protects completely, the requirement in HT29 cells appears less important.
5.3.2 TWEAK/IFNγ effects are similar to Compound A/IFNγ
Although it has been reported that TWEAK/IFNγ induces cell death that is
increased by zVAD (Nakayama et al., 2002), how TWEAK/IFNγ kills cells remains
unclear. Data in Figure 5.1 reveals the requirement of RIPK1 in both TWEAK and
Compound A mediated cell death, and Figure 5.4A highlighted the need to block caspases
and RIPK1 to provide some protection against death induced by Compound A/IFNγ.
Therefore it be would hypothesised that TWEAK/IFNγ killing, just like Compound
A/IFNγ killing, also mediates a cell death governed by RIPK1. Because Compound
A/IFNγ induced death mirrors TWEAK/IFNγ induced death, I tested whether
TWEAK/IFNγ death could also be blocked by QVD or a combination of Nec-1 and
QVD. Analogous to the results from SCAID killing, TWEAK/IFNγ killing was
completely inhibited by QVD alone in D645 cells, and reduced by a 1 hour pre-treatment
with QVD/Nec-1 in HT29 and KATO III cells (Figure 5.4D). Further underlining the
similarity between these two modes of death, addition of QVD/Nec-1, 16 hours post
Compound A/IFNγ or TWEAK/IFNγ treatment, was particularly effective against
blocking cell death in HT29 cells (Figure 5.4D).
5.3.3 Compound A/IFNγ induced death is distinct from smac-mimetic/caspase inhibitor
induced necroptosis
Recently a number of papers have described a TNF receptor mediated necrotic
death that is enhanced by IAP antagonists (Cho et al., 2009; He et al., 2009; Zhang et al.,
2009). There are several points of similarity as well as differences between our
observations and those previously reported. One of the most striking differences is the
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absence of an obvious death effector platform in cells treated with either Compound
A/IFNγ or TWEAK/IFNγ. For example, He et al., showed that some cell lines treated
with a smac-mimetic and zVAD died in a necroptotic manner (He et al., 2009) and this
necrotic death was dependent upon autocrine production of TNF because it could be
blocked by a TNF blocking antibody. In this case therefore the death activating platform
is assembled in a TNF-R1 dependent manner. In our hands, Compound A/IFNγ induced
death could not be blocked by a TNF blocking antibody in HT29 cells, yet He et al., had
used HT29 cells in their assays. Therefore this allowed a direct test for whether
Compound A/IFNγ induced death was different to smac-mimetic/zVAD or smacmimetic/QVD induced death. As reported by He and colleagues, cell death was induced
in HT29 cells simply by antagonising IAPs and inhibiting caspases (CmpA/QVD, Figure
5.5A). Furthermore, as He et al., reported, this death could be blocked by a TNF blocking
antibody, but the same antibody at the same concentration in the same experiment could
not block Compound A/IFNγ induced death as previously shown (Figure 5.5A, Figure 3.4
and Supplementary Figure 3). Thus the same cell line is able to undergo a TNF dependent
necrotic death and a TNF independent death with necrotic features.
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Figure 5.5. RIPK3 levels do not affect Compound A/IFNγ induced death
(A) TNF antagonism blocks Compound A/QVD induced death of HT29 but not Compound A/IFNγ killing. Following a
30 minute pre-treatment with 10µg/ml of neutralising TNF antibody, cells were treated 5µM of QVD or Compound A
and/or IFNγ for a further 48 hours. Cell death was analysed by PI staining and flow cytometry. Error bars are SEM,
where n=3.
(B) RIPK3 expression correlates cells that activate caspase-independent death. D645, HT29, KATO III, HeLa and
MCF7 cells were lysed in DISC-lysis buffer. Equal amounts of lysates were separated on an SDS/PAGE gel, then
Western blotted and probed with the indicated antibodies. Predicted Mw: RIPK3 = ~57 kDa.
(C) Death induced by Compound A/TNF is not QVD blockable in RIPK3 expressing cells. D645, HT29, KATO III,
HeLa and MCF7 cells were pretreated with 5 µM QVD and/or 50 µM Nec-1 for 1 hour, following which they were
treated with 100 ng/mL TNF and/or 500 nM of Compound A for 48 hours. Cell death was analysed by PI staining and
flow cytometry. Average results are depicted as columns and error bars are standard errors of the mean (SEM), where
n=6 (D645), n=6 (HT29), and n=3 (KATO III), n=10 (HeLa), and n=10 (MCF7).

115

La Trobe University - Nufail Khan

Chapter 5 – Results

(D) Downregulation of RIPK3 in HT29 cells does not prevent Compound A/IFNγ induced death. HT29 cells were
infected with a control shRNA lentiviral construct, a RIPK3 shRNA lentiviral construct, or two RIPK3 shRNA
lentiviral constructs. After pre-treatment with 5µM of QVD +/- 50 µM Necrostatin-1 for 1 hour, cells were treated with
Compound A/IFNγ for a following 48 hours. Cell death was analysed via propidium iodide staining and flow
cytometry. Error bars are SEM, where n=4. Top panel, Western blots showing knock-down of RIPK3.
(E) Overexpression of RIPK3 in D645 cells does not convert Compound A/IFNγ induced death to a necroptotic death.
D645 cells were infected with an inducible mouse or human RIPK3 lentiviral construct. After treatment with 0.5nM
4HT for 24 hours to induce RIPK3, cells were pre-treated for 1 hour with 5µM of QVD, then treated with Compound
A/IFNγ for a further 48 hours. Cells induced with 10nM of 4HT were simultaneously treated +/- 5 µM of QVD for 48
hours. Cell death was analysed via propidium iodide staining and flow cytometry. Errors bars are SEM, where n=4. Top
panel, Western blots showing overexpression of RIPK3.

5.3.4 RIPK3 mediates necroptosis but unclear if it regulates SCAID
Analysis of necroptosis occurring upon caspase inhibition have revealed RIPK3 as
an essential requirement for death, and it has been proposed RIPK3 serves as a molecular
switch between apoptosis and necrosis (Cho et al., 2009; He et al., 2009; Zhang et al.,
2009). He et al., showed that absence of RIPK3 renders a cell unable to activate the
Necroptotic arm when apoptosis is suppressed (He et al., 2009). Despite the differences in
the potential mechanism of killing between QVD/smac-mimetic and Compound A/IFNγ,
I tested whether RIPK3 could also have played a part in Compound A/IFNγ induced
death. HT29 and KATO III cells had detectable levels of RIPK3 in Western blots and
therefore, according to the conclusions of these recent reports, should be able to die by
necroptosis (Figure 5.5B, lanes 2-3). On the other hand, D645 cells had lower RIPK3
expression (Figure 5.5B, lane 1) and would therefore be predicted to be more prone to an
apoptotic death that could be blocked by QVD. Consistent with the conclusions and
results of the previous reports when D645, HeLa and MCF7 cells (low to undetectable
RIPK3) were treated with TNF and compound A this death could be blocked by QVD
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alone, while HT29 and KATO III cells treated with TNF and Compound A could not be
protected by QVD (Figure 5.5C). These results therefore supported the idea that RIPK3
played a role in Compound A/IFNγ induced death but were not conclusive. To test the
role of RIPK3 in SCAID, either one or two independent stable RIPK3 shRNA expressing
HT29 cell lines were generated. However, cells lines with stable knock-down of RIPK3
generated using either approach (Figure 5.5D, and inset), were no different to the control
shRNA line and could not be protected from Compound A/IFNγ even when combined
with QVD treatment.
The converse approach was attempted, D645 cells inducibly overexpressing
stably-infected human or mouse RIPK3 were treated to see whether Compound A/IFNγ
induced death could be converted to a QVD insensitive death by over expression of
RIPK3. Induction of high levels of either mouse or human RIPK3 resulted in substantial
cell death that was blocked by QVD (Figure 5.5E). In order to measure a contribution of
RIPK3 to Compound A/IFNγ induced death we therefore used a lower level of induction,
however stable cell lines with either form of inducible RIPK3 were sensitive to
Compound A/IFNγ induced death whether RIPK3 was induced or not and QVD was able
to protect them whether RIPK3 was induced or not (Figure 5.5E).

5.3.4.1 Difficulties in analysing RIPK3 for its involvement in SCAID
The evidence for RIPK3 in regulating a switch between apoptotic to necrotic cell
death is clear (Cho et al., 2009; He et al., 2009; Zhang et al., 2009). However cells with
RIPK3 knock-down or RIPK3 overexpression died in a similar manner to the parental cell
lines. RIPK3 knock-down was confirmed using Western blot analysis (Figure 5.5A,
inset), but before classifying the SCAID as a ‘novel’ RIPK3-independent type of
Necroptotic cell death, further work was done to independently confirm the RIPK3
knock-down was adequate.
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The western results probing for human RIPK3 conform to the expectations based
on results of previous studies, in that cells that die under caspase inhibition express
RIPK3 (Figures 5.5A), and furthermore the HT29 cells expressing the RIPK3 shRNA
constructs did show an apparent reduction RIPK3 levels (Figure 5.5D, inset). Two of the
3 landmark necroptosis papers used a human RIPK3 antibody generated in their
laboratory (Cho et al., 2009; He et al., 2009) and the antibody used here was purchased,
upon recommendation from an expert in the RIPK3 field, from Axxora (ProSci; PSC2283-c100). Surprisingly, the specification sheet for this antibody states that the antibody
recognises mouse and rat RIPK3, and the epitope used to generate the antibody is present
in mouse and rat RIPK3 but not in human RIPK3. So the Western blot bands that were
reduced in RIPK3 shRNA knock-down cells were not in fact human RIPK3 and
represented a protein of a similar size to human RIPK3 that was, by unfortunate chance,
knocked-down by the RIPK3 shRNA construct.
The D645 cells overexpressing human or mouse RIPK3 provided controls for this
RIPK3 antibody. Titration of 4HT (0.5, 1, 10, 50 nM) to induce mouse RIPK3 resulted in
a concentration dependent expression profile. Human D645 cells hardly express
endogenous RIPK3 but even induction with a low dose of 0.5 nM of 4HT, results in
readily detectable induced expression of mouse RIPK3 (Figure 5.6A, lane 2). At 10 and
50 nM 4HT, the higher levels of RIPK3 results in cell death (Figure 5.6A, lanes 5 and 6).
Despite overexpressed mouse RIPK3 being readily detected, the overexpressed human
RIPK3 was not detectable in D645 cells, supporting the suspicion that this antibody does
not detect human RIPK3 (Figure 5.6A). A caveat is that there will be a size differential
between the mouse and human RIPK3 that is being overexpressed in this assay, since the
human is an N-terminal EGFP fusion construct (~94kDa). Unfortunately, 4 independent
and commercial human RIPK3 antibodies also failed to detect the overexpressed human
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RIPK3 (Figure 5.6B, lanes 4-6). The sequence of the human RIPK3 construct confirmed
that there were no errors.

Figure 5.6. Human RIPK3 detection is difficult but RIPK3 is not involved in SCAID
(A) Mouse but not human RIPK3 overexpression is detectable by the RIPK3 antibody. D645 cells infected with an
inducible mouse or human RIPK3 lentiviral construct, were treated with 0.5, 1, 10 and 50 nM 4HT for 24 hours to
induce RIPK3 following which cells were lysed in DISC-lysis buffer. Equal amounts of lysates were separated on an
SDS/PAGE gel, then Western blotted and probed for RIPK3.
(B) Multiple human RIPK3 antibodies fail to detect RIPK3. HT29 cells were infected with a control shRNA lentiviral
construct, a RIPK3 shRNA lentiviral construct, or two RIPK3 shRNA lentiviral constructs. 293T cells were transiently
transfected with the inducible mouse RIPK3 or human RIPK3-EGFP constructs, or the original human RIPK3 construct
on the pEGFP-C1 backbone. Cells were lysed in DISC-lysis buffer. Equal amounts of lysates were separated on an
SDS/PAGE gel, then Western blotted and probed with the indicated RIPK3 antibodies. The RIPK3 antibody #1 is from
Abcam (ab16090), #2 is from Axxora (Alexis; ALX-804-155-c100), #3 is also from Abcam (ab56164), and the #4 is
from Santa Cruz (sc-56228). The mouse specific RIPK3 is from (ProScience: PSC-2283-c100). The blot was also
probed for GFP to detect the human RIPK3-EGFP fusion.
(C) Real-time qPCR confirms RIPK3 shRNA functionality. RNA was isolated from HT29 cells infected with a control
shRNA lentiviral construct, or two RIPK3 shRNA lentiviral constructs, as well as D645 cells infected with an inducible
human RIPK3 lentiviral construct, treated with +/- 10 nM 4HT and 5 nM QVD for 24 hours. Following cDNA
generation, qRT-PCR was conducted using a RIPK3 primer set. The cDNA from treated samples and target samples,
were analysed in triplicates, as was the housekeeping gene GAPDH. The resultant data of the test samples were
quantitated by normalising against GAPDH, and this normalised expression data was graphed.
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The same 4 human RIPK3 antibodies were also tested for an ability to detect
RIPK3 in HT29 cells. As shown in Figure 5.6B the first antibody from Abcam (ab16090)
failed to detect endogenous RIPK3 in HT29 cells in which it is known to be abundant (He
et al., 2009). The second antibody from Axxora (Alexis; ALX-804-155-c100) was just as
poor. The third anti human RIPK3 also from Abcam (ab56164) displayed many nonspecific bands especially around the expected size of RIPK3 (~57kDa) and as such
RIPK3 was not discernible, furthermore 293T cells have been reported to not express
RIPK3 (He et al., 2009) but the only bands seen in HT29 lanes and not in 293T lanes are
in fact above ~57kDa (Figure 5.6B, lane 4-6). It was a particularly damning indictment of
this antibody that it could not detect overexpressed human RIPK3 in 293T cells
(~94kDa). Finally, the fourth antibody tested from Santa Cruz (sc-56228) gave no signal
in any cell line tested (Figure 5.6B). In order to control for expression of human RIPK3, a
GFP-RIPK3 fusion construct was used. In all cases when blots were probed for GFP, they
revealed an intense band (lane 6), at the expected size (~94kDa) for overexpressed EGFPhsRIPK3. However, in vitro expression of this EGFP-RIPK3 construct does not produce
green GFP fluorescence in these same cells that were used for Western analysis. To tackle
this issue, Western blot analysis was conducted with 293T cells transfected with the
original RIPK3 construct on the pEGFP-C1 backbone, from which the inducible construct
was cloned. GFP fluorescence was observed, and GFP probing revealed a band at ~94kDa
as expected indicating expression of the original pEGFP-hsRIPK3 construct (Figure
5.6B). Thus, the original construct expresses as expected, the inducible construct retains
fidelity as revealed by sequencing, yet RIPK3 antibody detection remains unsuccessful.
Unfortunately therefore tests on the specificity of the anti human RIPK3
antibodies revealed problems that prevents a sound conclusion that the RIPK3 shRNA
constructs were functional. To address this fundemental issue, quantitative real-time
RTPCR was used. After normalising against the HT29 cells with the control shRNA, the
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results display that RNA interference did induce a down regulation in RIPK3 gene
expression (Figure 5.6C). D645 cells expressing human RIPK3 were used as a control for
qRT-PCR, and showed that in these cells there is upregulation of RIPK3. The knockdown data and the overexpression data provide a control for one another and thereby
allowing the results to be interpreted more confidently. So this therefore suggested that
despite the difficulties outlined with the antibody-based expression analysis, human
RIPK3 was being overexpressed in D645 cells (Figure 5.6C).
The qRT-PCR results provide ample evidence that RIPK3 expression is reduced
in HT29 cells, in which Compound A/IFNγ induced death is not prevented. Conversely,
qRT-PCR provided the first suggestion that D645 cell were indeed expressing RIPK3,
and therefore its expression did not force D645 cells to switch to a QVD-insensitive
death. Thus, the role of RIPK3 in SCAID now became less plausible.

5.3.5 Ripoptosome formation not evident in SCAID
Caspase-8 activity is required for D645 cell death upon Compound A/IFNγ
stimulation, and in HT29 the fact that inhibition of caspase-8 activity increases cell death
suggests that it also plays a role in Compound A/IFNγ induced death in the cells. It was
therefore hypothesised, that the same death receptor-independent death inducing caspase8 containing complex was activated in D645 or HT29 cells irrespective of whether they
died by a QVD or QVD/Nec-1 blockable pathway. To test this hypothesis, endogenous
caspase-8 was immunoprecipitated from D645 and HT29 cells following treatment with
Compound A/IFNγ and the immunoprecipitate was analysed by Western blot. Consistent
with a role for RIPK1 in SCAID, RIPK1 was recruited to caspase-8 within 16 (D645) to
24 (HT29) hours (Figure 5.7A and B, lane 5). In HT29 cells there was also clear
activation of caspase-8 at 16 hours, again consistent with initiation of an apoptotic death
(lane 5). Although RIPK3 was probed for, the results presented earlier show that this
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antibody cannot detect human RIPK3 and therefore this particular blot is uninformative.
FADD appeared to bind to caspase-8 in D645 cells even in the absence of treatment while
in HT29 cells FADD was not well immunoprecipitated either with or without treatment
(Figure 5.7A and B). These results demonstrate that a caspase-8/RIPK1 complex is
formed early during Compound A/IFNγ induced death.

Figure 5.7. Compound A/IFNγ does not lead to formation of a Ripoptosome
(A) Stimulation of D645 cells with Compound A/IFNγ results in formation of an intracellular RIPK1-caspase-8
complex. Caspase-8 was immunoprecipitated from D645 cells stimulated with IFNγ and/or Compound A for 6 hours,
16 hours or 24 hours. Where indicated cells were pre-treated with 5µM of QVD for 1 hour. Immunoprecipitates and
lysates were separated on SDS/PAGE gels then analysed by Western blotting with the indicated antibodies.
(B) Stimulation of HT29 cells Compound A/IFNγ does not lead to an apparent intracellular RIPK1-caspase-8 complex.
Caspase-8 was immunoprecipitated from HT29 cells stimulated with IFNγ and/or Compound A for 16 hours or 24
hours. Where indicated cells were pre-treated with 5µM of QVD for 1 hour. Immunoprecipitates and lysates were
separated on SDS/PAGE gels then analysed by Western blotting with the indicated antibodies.
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5.4 Time course dependent analysis of SCAID uncovers potential components or
pathways involved in this death
In D645 cells, the results showed that Compound A/IFNγ induces an apoptotic
death that requires caspase-8 and RIPK1 and that these cells appear to assemble this death
inducing complex in a death receptor independent manner. In HT29 and KATO III cells,
Compound A/IFNγ induces a death that has markers of both apoptotic and necroptotic
cell death, that is death receptor independent, that cannot be blocked by caspase inhibitors
and is not completely blocked by high doses of caspase and RIPK1 inhibitors.
Furthermore, in HT29 cells knock-down of RIPK1 was barely protective. In both types of
Compound A/IFNγ induced death there was still very little known about what how the
death-inducing complex with caspase-8 and RIPK1 was activated.
Since Compound A/IFNγ induced cell death occurred slowly, and a transcriptional
response was essential, it was likely that a factor was induced that promoted assembly of
the death inducing complex. To analyse this, Western blot protein expression profiling of
selected candidate proteins was initiated, with a view to genome-wide expression
profiling using microarray analysis and mass spectrometry.

5.4.1 Non-canonical NFκB may be important for SCAID
NF-κB is generally considered to activate prosurvival gene expression and is
known to upregulate proto-oncogenes, and a range of anti-apoptotic proteins, including
Bcl-2 family members and IAPs. However, inhibition of NF-κB conferred protection
against Compound A/IFNγ induced cell death. Interestingly, despite NF-κB being
considered a prosurvival pathway, p100 a molecule of the non-canoncial NF-κB
(Senftleben et al., 2001), has been shown to contain a death domain and mediated
caspase-8 dependent cell death (Wang et al., 2002).
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The central signalling component of the non-canonical pathway is the NF-κBinducing kinase (NIK) which phosphorylates p100 promoting its ubiquitylation an partial
proteolytic processing to p52 (Sun, 2011). In most cells, NIK is rapidly turned over by the
proteasome in a cIAP/TRAF2/TRAF3 dependent manner and is normally undetectable
(Hacker et al., 2011). However if cIAPs, TRAF2 or TRAF3 are depleted, NIK levels
rapidly rise and it becomes activated (Sun, 2011). Therefore stabilisation of NIK levels is
a hallmark of NF-κB signalling. Lysates of HT29 cells treated with Compound A/IFNγ
appear to show stabilisation of NIK with Compound A treatment, and also with
Compound A/IFNγ treatment (Figure 5.8A, lanes 3-7) at approximately the 116 kDa
molecular marker.
Consistent with an increase in NIK levels in Compound A treated cells, nuclear
fractionation of HT29 cells revealed that Compound A (regardless of whether IFNγ was
also used) induced p100 processing and translocation of p52 into the nucleus. This was
seen as early as 6 hours after stimulation with Compound A/IFNγ (Figure 5.8A, lanes 10).
More potent signs of processing and translocation is seen at 16 and 24 hours poststimulation. The fractionation was successful because the nuclear components lamin A/C
is detected only in the nuclear fractionation (Figure 5.8A, lanes 7-12). These results are
therefore entirely consistent with previous results showing that smac-mimetic are potent
activators of the non-canonical NF-κB pathway (Figure 5.8A, lane 3) (Varfolomeev et al.,
2007; Vince et al., 2007).
As described above, NIK is recruited to a regulatory complex involving cIAPs,
TRAF2 and TRAF3, the latter of which binds to NIK with subsequent degradation and
suppression of the non-canonical pathway (Zarnegar et al., 2008). Therefore, degradation
of TRAF3 will also be indicative of NIK stabilisation and activation of NF-κB, and as
such, 24-hour stimulation with Compound A/IFNγ does result in the degradation of
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TRAF3 (Figure 5.8B). Therefore, the processing of p100 upon Compound A/IFNγ
stimulation is due to NIK dependent activity.

Figure 5.8. The non-canonical NF-κB pathway although activated is not required in SCAID.
(A) Evidence of nuclear translocation of NF-κB subunits under SCAID. HT29 cells were treated with IFNγ and/or
Compound A for 6, 16 or 24 hours, following which cytoplasmic and nuclear extracts were obtained. Fractions were
then separated on SDS/PAGE gels then analysed by Western blotting with the indicated antibodies.
(B) TRAF3 degradation suggests NIK stability. HT29 cells were stimulated with IFNγ and/or Compound A for 24
hours. Lysates were separated on SDS/PAGE gels then analysed by Western blotting with the indicated antibodies.
(C) Knock-down of p100 nor RelB protects against SCAID. HT29 cells infected with a control shRNA lentiviral
construct, two p100 shRNA lentiviral constructs, or two RelB shRNA lentiviral constructs. Cells were then treated with
Compound A/IFNγ for 48 hours, following which cell death was analysed via propidium iodide staining and flow
cytometry. Error bars are SEM, where n=4. Top panel, Western blots showing knock-down of p100.

To therefore investigate the importance of p100 in SCAID, and its possible role as
a proapoptotic molecule, RNA interference was employed using stably integrated
lentiviral shRNA constructs. The knock-down was impressive and neither p100 nor its
processed form p52 were detectable by Western blot (Figure 5.8C, and inset). Despite the
successful knock-down of p100 expression, it did not translate into an attenuation of cell
death against Compound A/IFNγ, providing strong evidence for the dispensability of
p100 in this system.
p52 forms a heterodimer with RelB, and mediates activation of the non-canonical
NF-κB pathway (Senftleben et al., 2001; Sun, 2011). Consistent with this, nuclear
fractionation revealed that RelB translocated into the nucleus, with identical kinetics to
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p52 and was most potent 6 hours post-stimulation with Compound A/IFNγ (Figure 5.8A,
lane 10). RNA interference was again employed to knock-down expression of RelB in
HT29 cells in an attempt to blunt the non-canonical NF-κB signal downstream of p100, to
test whether RelB was required for SCAID. Knock-down of RelB did not greatly alter
sensitivity to Compound A/IFNγ in HT29 cells (Figure 5.8C). This result corroborated the
result of the p100 knock-down, and provided strong evidence that despite activation of
the non-canonical NF-κB pathway it is not required for Compound A/IFNγ induced cell
death, and nor does Death Domain of the p100 molecule appear to play a role in the death
pathway.

5.4.2 IFNγ inducible proteins display links to key protagonists in SCAID
The role JAK/STAT pathway is indispensable for SCAID, while blocking NF-κB
activity reduced but did not prevent SCAID in HT29 cells. This suggested that IFNγ was
critical for transcription of the essential death factor.
A number of papers have shown a correlation between cIAP2 upregulation and
prevention of IFNγ mediated death. Specifically, IFNγ and FasL induced cell death was
attenuated by application of a corticosteroid, Dexamethasone (Kino et al., 2010; Wen et
al., 1997). Since Dexamethasone mediated cIAP2 upregulation, and since the death
required IFNγ, the logical step was to investigate if Dexamethasone was able to
upregulate cIAP2, and if this was sufficient to block death. Interestingly, Dexamethasone
was indeed able to upregulate cIAP2 in HT29 cells, but as shown previously, so could
IFNγ as a sole agent (Figure 5.9A; Figure 3.1B, lane 2). In cytotoxic assays, pre-treatment
of D645 cells with Dexamethasone potently inhibited the death induced by Compound
A/IFNγ (Figure 5.9B), but co-administration of Nec-1 negatively affected the protection.
This further corroborates with data where Nec-1 potentiated SCAID (Figure 5.1E). HT29
cells were protected less well with Dexamethasone, but which was enhanced by RIPK1
126

La Trobe University - Nufail Khan

Chapter 5 – Results

inhibition (Figure 5.9B), and remarkably complete protection was seen with
Dex/QVD/Nec-1 co-administration. The level of KATO III cell death was not as
spectacular as previously shown, but required both QVD and Dexamethasone pretreatment to observe protection, whereas this same pre-treatment conferred less protection
in HT29 cells than Dexamethasone alone. This provided the first bifurcation in responses
between these two cell lines which may be due to cIAP2, since KATO III cells do not
upregulate cIAP2 in response to neither IFNγ nor Dexamethasone (Figure 3.1B, and data
not shown). Finally, it was noteworthy that RIPK1 inhibition by Nec-1 plus addition of
Dexamethasone potentiated the protection against Compound A/IFNγ induced death in
HT29, suggesting the Dexamethasone activity impinged upon a RIPK1 mediated death in
this cell line specifically, as Nec-1 had negative effect on D645 and KATO III cells in
combination with Dexamethasone (Figure 5.9B).

Figure 5.9. IFNγ mediated upregualtion of cIAP2 nor cell cycle inhibitors account for protection conferred by
Dexamethasone nor sensitivity to SCAID respectively.
(A) Dexamethasone upregulates cIAP2 similar to IFNγ treatment. HT29 cells were treated with 500 nM
Dexamethasone, or 30 ng/mL of IFNγ for 24 hours then lysed in DISC-lysis buffer. Equal amounts of lysates were
separated on an SDS/PAGE gel, then Western blotted and probed with the indicated antibodies.
(B) Dexamethasone provides protection against SCAID. HT29 cells were pretreated with 500 nM Dexamethasone, 5
µM QVD and/or 50 µM Nec-1 for 1 hour, then treated with Compound A/IFNγ for 48 hours. Cell death was analysed
via propidium iodide staining and flow cytometry. Errors bars are SEM, where n=3 (D645, KATO III), n=4 (HT29).
(C) Compound A/IFNγ treatment time-course depicts late onset of cIAP2 upregulation. HT29 cells were with
Compound A/IFNγ for 1, 10, 16 or 24 hours following which cells were lysed in DISC-lysis buffer. Equal amounts of
lysates were separated on an SDS/PAGE gel, then Western blotted and probed with the indicated antibodies.
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(D) cIAP2 overexpression does not protect cells against SCAID. HT29 cells were stably infected with an inducible
cIAP2 lentiviral construct. After pre-treatment with 10 nM of 4HT for 24 hours to induce cIAP2, cells were pretreated
with 5 µM QVD and 50 µM Nec-1 for 1 hour, then treated with Compound A/IFNγ for a further 48 hours. Cell death
was analysed via propidium iodide staining and flow cytometry. Averages are depicted and error bars are SEM, where
n=3. Top panel, Western blots showing induction of cIAP2.
(E) Compound A/IFNγ treatment leads to upregulation of CDK inhibitors. HT29 and KATO III cells were treated with
IFNγ and/or Compound A for 16 or 24 hours. Following treatment cells were lysed in DISC-lysis buffer. Equal amounts
of lysates were separated on an SDS/PAGE gel, then Western blotted and probed with the indicated antibodies.
(F) RIPK1 expression does not impinge upon p21/p27 to regulate prosurvival signals. HT29 cells were with Compound
A/IFNγ for 16 or 24 hours. D645 cells were with 500 nM Geldanamycin or Compound A/IFNγ for 16 hours. Following
treatment these cells as well as HT29 cells infected with RIPK1 shRNA lentiviral construct were lysed in DISC-lysis
buffer. Equal amounts of lysates were separated on an SDS/PAGE gel, then Western blotted and probed with the
indicated antibodies.

Previously it was shown that HT29 cells could be optimally protected from death
16 hours after stimulating with Compound A/IFNγ (Figure 5.4A). It was subsequently
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found that at this time point there is a potent upregulation of cIAP2 (Figure 5.9C, lane 4).
Given the results with Dexamethasone, it was hypothesised that overexpressing cIAP2
prior to addition of Compound A/IFNγ would provide optimal protection analogous to the
situation at 16 hours post-stimulation. However, inducing cIAP2 at the point of
stimulation with Compound A/IFNγ in HT29 cells did not protect cells from cell death
(Figure 5.9D, and inset). Therefore, despite the apparent role of cIAP2 in mediating
protection against FasL/IFNγ (Kino et al., 2010; Wen et al., 1997), this was not
substantiated for Compound A/IFNγ, but instead suggested that other effects of
Dexamethasone may have been mediating the protection against SCAID.
IFNγ has been shown to inhibit tumour cell growth, and in some cases activate
cell death, in clinical settings as well as in vivo studies (Burke et al., 1997; PujadeLauraine et al., 1996). Subsequently, it was reported molecular events preceding
induction of IFNγ-mediated cell death, included upregulation of cyclin-dependent kinase
(cdk) inhibitors, p21 and p27 (Burke et al., 1997; Burke et al., 1999; Dimanche-Boitrel et
al., 2000; Dimanche-Boitrel et al., 1998; Park et al., 2009; Park et al., 2008). These
inhibitors were therefore postulated to mediate mechanisms involved in regulating cell
cycle arrest and response to cytotoxic agents. To look at the potential of these CKIs (cdk
inhibitors) in regulating response to Compound A/IFNγ treatment, HT29 cells were
treated with IFNγ, Compound A or the combination for 16 hours and/or 24 hours.
Western blot analysis for p21 displays that IFNγ as reported does induce p21 alone, but
the signal is much more potent with Compound A/IFNγ, increasing with each time point
in HT29 (Figure 5.9E, lanes 2-4). Similarly, p27 is also reported to be associated with
IFNγ-induced growth arrest of mammary carcinoma lines (Harvat et al., 1997), and
consistent with the literature 16-hour treatment with IFNγ alone induced upregulation of
p27 (Figure 5.9E, lane 2). However Compound A/IFNγ treatment did not further increase
p27 levels (Figure 5.9E, lanes 3 and 4). A similar result is seen in KATO III cells, where
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24 hours treatment with IFNγ, but not Compound A/IFNγ, resulted in upregulation of p27
(Figure 5.9, lane 6).
Induction of p21 is dependent upon p53, and RIPK1 has been found to negatively
regulate p53 and therefore p21 levels, by upregulating MDM2 levels, leading to NF-κB
activation and prosurvival signalling in cancer cells (Park et al., 2009). Furthermore, p27
levels have been shown to be regulated by RIPK1 whereby expression of RIPK1
downregulates p27 thereby favouring cell cycle progression (Dimanche-Boitrel et al.,
2000; Dimanche-Boitrel et al., 1998; Park et al., 2008). Knock-down of RIPK1 with
shRNA in HT29 cells was good but not complete (Figure 5.9F, inset), but unlike previous
reports, in these cells reduction of RIPK1 did not lead to an increase in the levels of p21
or p53, and MDM2 expression was not reduced. Also, contrary to the findings of
Dimanche-Boitrel et al., p27 expression was lost in RIPK1 knock-down cells (Figure
5.9F, lane 2). Compound A/IFNγ treatment did not affect RIPK1 levels, but potently
induced p21 as described (Figure 5.9E & F) but there was no concomitant increase in
p53 levels, nor downregulation of MDM2 (Figure 5.9, lanes 3 & 4). RIPK1 knock-down
in D645 cells by Geldanamycin treatment gave results similar to the literature whereby
RIPK1 knock-down led to concomitant increase in p27 levels, but p21 expression was
unperturbed as was MDM2, whilst p53 was undetectable (Figure 5.9F, lane 2). However
treatment of D645 cells with Compound A/IFNγ did not affect RIPK1 levels, nor did it
affect p21, or p27 levels. Therefore, despite recent work showing that RIPK1 can
negatively regulate p53 and p21 leading to NF-κB mediated resistance to death stimuli
(Park et al., 2009), the results suggest that in response to Compound A/IFNγ, there is no
loss of RIPK1, an upregulation of p21, and activation of NFκB in a setting which confers
sensitivity to the death stimuli, rather than promoting proliferation of cancer cells.
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5.5 Results Summary
The work thus far had revealed that there were two forms of Compound A/IFNγ
induced cell death that ensued in cells, one which was caspase-dependent whilst the other
could not be blocked by caspase inhibition.
Since caspase-inhibition increased SCAID in HT29 cells, and similar findings
were made for RIPK1 kinase mediated necroptotic death, this mode of cell death was
analysed for its potential involvement in SCAID. To antagonise RIPK1 and investigate its
effect on SCAID, several approaches were utilised. Firstly, the Hsp90 inhibitor
Geldanamycin destabilises RIPK1 and was able to inhibit SCAID, however
Geldanamycin affects the stability of many other kinases that are Hsp90 clients and
therefore these experiments did not conclusively implicate RIPK1 in SCAID. Secondly,
specific knock-down of RIPK1 using shRNA completely protected D645 cells from
Compound A/IFNγ induced cell death, but provided only minimal protection in HT29 and
KATO III cells. Thirdly, overexpression of a MCMV viral protein, M45, was used that
has been shown to bind to and inhibit RHIM-containing proteins, in particular, RIPK1.
Just like the shRNA results, this means of inhibiting RIPK1 provided only minimal
protection to HT29 cells against Compound A/IFNγ induced death. These methods of
antagonising RIPK1 function targets both its structural and enzymatic roles. To look at
the kinase role of RIPK1, the specific kinase inhibitor Necrostatin-1 (Nec-1) was used
but this had no effect at all on Compound A/IFNγ induced cell death in either D645,
HT29 or KATO III cells. When combined with the caspase inhibitor QVD, Nec-1 did
provide limited protection from Compound A/IFNγ in HT29 and KATO III cells. Thus
RIPK1 is required to play a structural role in Compound A/IFNγ induced death in D645
cells, presumably by promoting oligomerisation of caspase-8 by its Death Domain.
Whereas, the kinase activity of RIPK1 appears to contribute to Compound A/IFNγ
induced death in HT29 and KATO III cells, but only if caspases are inhibited. The fact
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that Necrostatin was not very effective in blocking SCAID and therefore these
experiments could not conclusively prove that RIPK1 kinase was required for death in
HT29 cells, led to the examination of whether any of the suspected downstream effectors
of RIPK1 mediated necroptosis were involved in SCAID.
Accumulation of ROS is a major determinant of RIPK1 dependent necroptosis,
but application of antioxidants failed to protect any of the three cell lines from Compound
A/IFNγ induced cell death. Serine cysteine proteases are also implicated in types of
RIPK1 mediated necrosis, and three broad spectrum serine protease inhibitors were
capable of attenuating cell death in D645, HT29 and KATO III cells. Further, QVDpotentiated death in HT29 cells was also blocked by these inhibitors, suggesting caspasedependent and independent death under SCAID, both appear to require the activity of
non-apoptotic proteases. Unfortunately, these inhibitors are very unspecific and do not
allow the identification of the protease required for SCAID.
Although JNK and p38 mitogen-activated kinase (MAPK) have also been
implicated in cell death, small molecule inhibitors of these respective pathways did not
mediate any protection from Compound A/IFNγ induced death.
Since the suspected canonical mediators of RIPK1 necroptotic death did not
appear to be involved in SCAID, it was important to identify whether necroptosis was
occurring in these cell lines. Release of HMGB-1 from the chromatin into the extracellular supernatant distinguishes necrotic from apoptotic cells, and consistent with the
caspase inhibitor experiments, HMGB-1 was seen in supernatant fractions of HT29 and
KATO III cells, but not D645 cells. Also consistent with the caspase inhibitor
experiments in HT29 cells, QVD enhanced the release of HMGB-1. While Nec-1 was not
effective at blocking Compound A/IFNγ induced cell death, it was able to prevent
HMGB-1 release showing that the does of Nec-1 was sufficient to block phenotypic
markers of necroptosis even if it was not sufficient to block cell death.
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Finally, TWEAK/IFNγ induced death could be blocked in an almost identical
manner to death induced by Compound A/IFNγ with QVD/Nec-1. Notably, cell death in
D645 could be blocked by QVD alone while the TWEAK/IFNγ death in HT29 and
KATO III could only be blocked by Nec-1 and QVD. These findings further emphasise
the similarity in the mechanism of action between Compound A/IFNγ and TWEAK/IFNγ
induced death.
RIPK3 has been reported to be an essential requirement for this necroptosis, and
has been proposed to serve as a molecular switch between apoptosis and necrosis. This
suggested that RIPK3 may also be required in SCAID particularly when caspase activity
was blocked with QVD. However, knock-down of RIPK3 did not protect HT29 cells
against death nor did it protect against QVD-enhanced death. Conversely, overexpression
of RIPK3 in D645 cells, could not induce a caspase-independent death. Unfortunately, the
lack of a bona fide anti human RIPK3 antibody prevented me from quantifying the degree
of protein knock-down or overexpression in the respective cell lines. qPCR analysis,
whilst indirect, provided evidence that RIPK3 at the mRNA level was reduced with the
RNAi in HT29 cells.
The results therefore clearly establish a role of RIPK1 and caspase-8 in
Compound A/IFNγ induced cell death in D645 cells, but were only suggestive of a role of
caspase-8 and RIPK1 in HT29 cells. To reconcile this, it was hypothesised that the same
receptor-independent death inducing caspase-8 containing complex was activated in
D645 or HT29 cells irrespective of whether they died by a QVD or QVD/Nec-1 blockable
pathway. A caspase-8 immuoprecipitation revealed that a caspase-8 RIPK1 complex is
formed early during Compound A/IFNγ induced death.
Because IFNγ activated transcription was required for SCAID, a microarray based
approach was suggested to look for genes that were upregulated following IFNγ and
Compound A/IFNγ treatment. In preparation for this assay, candidate protein targets were
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identified based on smac-mimetic and IFNγ literature, and subsequently, assays showed
that smac-mimetic induced activation of non-canonical NF-κB. However, knocking down
p100 or RelB, the NF-κB subunits activated by smac-mimetics failed to prevent SCAID.
Similarly, IFNγ induced death was inhibited in a few studies by overexpression of cIAP2,
but this was not the case in SCAID. Finally, upregulation of cyclin-dependent kinase
(cdk) inhibitors, p21 and p27 has been described in IFNγ induced death, and upregulation
of p21 but not p27 was seen in HT29 cells upon Compound A/IFNγ treatment, but unlike
previous reports, concomitant reduction of RIPK1, MDM2 leading to prosurvival
signaling was not seen.
Overall, the results show the requirement of caspases (most likely, caspase-8), and
RIPK1 in mediating the death in D645, HT29 and KATO III cells. A structural role for
RIPK1 seems more relevant in D645 cells, whilst the enzymatic activity was essential in
HT29 and KATO III cells.
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6.1 The requirements of SCAID
Cancer is the second leading cause of mortality in the industrialised world, despite
success in treatment of specific cancers (Jemal et al., 2011). Conventional treatment of
cancer is hampered by off-target toxicity, and is also limited to a narrow range of
susceptible cancer diseases that can be treated. A hallmark of cancer is the ability to
evade cell death. To therefore re-establish a cancer cells ability to undergo cell death
would facilitate the explicit treatment of cancer cells.
Smac-mimetics were developed in order to re-establish a cancer cells ability to
undergo cell death by antagonising the Inhibitor of Apoptosis proteins (IAPs). Smacmimetics work by promoting rapid auto-ubiquitylation and proteasomal degradation of
cIAPs and antagonise XIAP function. They have therefore incidentally proven a boon to
researchers interested in the function of IAPs by providing compounds that are well
tolerated and easy to deliver to cells and animals that abolish IAP function. Using these
molecules and cIAP knock-out cells it has been shown that cIAPs are required for prosurvival signals emanating from TNF-R1, and that in the absence of cIAPs, TNFR1
signalling is converted from a pro-survival to pro-death signal in sensitive cell lines
(Petersen et al., 2007; Varfolomeev et al., 2007; Vince et al., 2007). Smac-mimetics can
also sensitise cells to other death stimuli such as exogenous TNF, TRAIL, or etoposide
(Bockbrader et al., 2005; Li et al., 2004; Mizukawa et al., 2006; Zobel et al., 2006).
Recent work by our lab showed that Compound A, the smac-mimetic used in this
dissertation, displayed significant similarities in its mode of killing and tumour line
susceptibility, to the TNFSF member, TWEAK (Vince et al., 2008; Vince et al., 2007).
Although TWEAK signalling is not able to deplete cIAP levels to the same extent or as
rapidly as smac-mimetics, it also depletes the cIAP recruiting molecule TRAF2 and
thereby effectively prevents cIAP recruitment into signalling complexes and therefore
causes almost identical effects to smac-mimetics in cells (Vince et al., 2008).
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Nakayama and colleagues demonstrated that TWEAK resistant lines could be
sensitised to death by application of IFNγ (Nakayama et al., 2002), it was hypothesised,
that Compound A might synergise with IFNγ to kill a broad range of cancer cells.
Consistent with this hypothesis, 90% of cancerous and transformed cell lines that were
tested were sensitised to Compound A upon co-treatment with IFNγ.

6.1.1 IFNγ primes cells to facilitate Compound A death
Among several other effects it is widely accepted that smac-mimetics activate NFκB by promoting the degradation of cIAPs (Annunziata et al., 2007; Keats et al., 2007;
Varfolomeev et al., 2007; Vince et al., 2007). Compound A/IFNγ induced killing
required Compound A induced activation of NF-κB because it could be blocked by overexpression of an IκBα super-repressor in D645 cells, and reduced but did not block death
in HT29 cells. TNF production which is driven by NF-κB activation is essential in
Compound A sensitivity, and yet blocking TNF had no effect on Compound A/IFNγ
induced killing in all three cell lines that were studied. Similarly, blocking either Fas or
TRAIL could not prevent SCAID; Fas and TRAIL have been reported to be upregulated
by IFNγ in some cell types (Fulda and Debatin, 2002; Ruiz-Ruiz et al., 2000; Sedger et
al., 1999; Shin et al., 2001a; Shin et al., 2001b; Shustov et al., 1998; Xu et al., 1998), and
therefore it seemed likely that Compound A/IFNγ induced death would be dependent
upon these ligands. However, blocking either Fas or TRAIL did not prevent Synergistic
Compound A/IFNγ Death (SCAID). To exclude the possibility that several death ligands
were induced at the same time, a cocktail of all blocking antibodies was used but these
did not affect SCAID.

Compound A/IFNγ killing required signalling downstream of the IFNγ receptor
because it could be blocked by expression of SOCS1. Consistent with a requirement for a
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transcriptional response, Compound A/IFNγ induced death also required translation.
Cycloheximide was able to block Compound A/IFNγ induced death despite the inherent
toxicity associated with the prolonged inhibition of translation required to block this
death.
IFNγ and TNF can synergise to drive gene transcription via STAT1 and NF-κB,
and the cognate DNA binding elements within gene promoters (Ohmori et al., 1997). IAP
antagonists are potent inducers of NF-κB, and it would be reasonable to assume a similar
functional synergism of transcription factors to be involved in compound A and IFNγ
signalling. This interplay between the two pathways was shown and inhibition of either
Compound A mediated NF-κB activity, or JAK/STAT signalling of IFNγ, blocked or at
least limited Compound A/IFNγ induced death.
However, despite the synergism of transcription factors, the data suggest that the
activity of IFNγ is critical in priming cells for death. For example, in Compound A and
IFNγ titration experiments, titrating Compound A considerably affects the level of cell
kill achieved and much more so than reducing IFNγ concentration. In other studies IFNγ
sensitisation to cytotoxic agents, requires at least one day pre-treatment, which is
indicative of a transcriptional requirement to mediate IFNγ driven cell death (ChawlaSarkar et al., 2003). In line with this idea, Compound A/IFNγ treatment only promotes
significant death beyond a 24-hour treatment time. More significantly, pre-treatment with
IFNγ for 24 hours potentiates cell death seen after 48 hours, but Compound A pretreatment did not. Therefore, despite the importance of the respective transcription factors
which govern SCAID, clearly the transcriptional regulation by IFNγ is a key mediator for
sensitisation.
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6.1.2 IFNγ impinges upon death receptor signalling but is dispensable in SCAID
Tumour cells evade apoptosis via disrupting formation of the DISC complex for
example by downregulating caspase-8 or upregulation of c-FLIP (French and Tschopp,
1999; Hu et al., 1997; Shu et al., 1997; Srinivasula et al., 1997; Teitz et al., 2000; Xu et
al., 1998). Because IFNγ can regulate expression of some components of the deathreceptor mediated apoptotic pathway including caspase-8, Fas and TRAIL in different
cell types (Fulda and Debatin, 2002; Ruiz-Ruiz et al., 2000; Sedger et al., 1999; Shin et
al., 2001a; Shin et al., 2001b; Shustov et al., 1998), it was expected that IFNγ synergised
with Compound A by promoting formation of a Death Inducing Signalling Complex
(DISC). However, even using very stringent conditions, it was not possible to inhibit
SCAID by blocking TNFSF death ligand and cognate receptor signalling, that normally
promotes the formation of DISC. Furthermore, inhibiting caspase-8, the effector of deathreceptor mediated apoptosis, only protected D645 cells from SCAID, whilst it
exacerbated HT29 and KATO III killing. Taking into account these results, it was
therefore considered that Compound A synergised with IFNγ by promoting activation of
caspase-8 but without requirement of death ligand signalling.
Caspase-8 activation via an intracellular molecular platform, has long been
heralded as evidence of upstream TNFSF receptor signalling (Harper et al., 2003;
Micheau and Tschopp, 2003). To therefore reconcile the disparity of SCAID, it could be
that Compound A/IFNγ treatment induces a ligand-independent TNFR1 or Fas receptor
aggregation and downstream caspase-8 activation, similar to what has been described in
previous studies (Beltinger et al., 1999; Sheikh et al., 1998). On the other hand, Fas
blocking antibodies were ineffective at blocking SCAID and TNFR1-/- FDM cells were as
sensitive as wild-type FDMs to Compound A/IFNγ induced death. FDM cells allowed
analysis of various knock-out cells, however, one limitation is that until the mechanism of
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Compound A/IFNγ induced death is completely understood, it is not possible to be sure
that FDMs die in the same manner as HT29 and KATOIII cells.
Intriguingly, it has been shown that non-death domain receptors are capable of
eliciting a cell death signal. However, in these reported cases, non-death domain receptors
transduce signals leading to production of TNF, FasL or TRAIL that facilitates a
secondary wave of receptor signalling leading to apoptosis, which is therefore a
characteristically slow death (Grell et al., 1999; Schneider et al., 1999). Although SCAID
also occurs relatively slowly, the results provide no support for the notion that death
ligands are important for Compound A/IFNγ induced death.
This conclusion is supported by earlier findings, where it was revealed that HT29
cells undergo TWEAK/IFNγ death that is independent of TNF, TRAIL of Fas receptors
(Chicheportiche et al., 1997; Nakayama et al., 2002; Wilson and Browning, 2002). In this
situation, the death process requires unsurprisingly, the TWEAK receptor Fn14, which
lacks a death domain. Given the similarities in Compound A and TWEAK activities, it
was considered that Fn14 may cause SCAID, and this would explain the lack of
protection by antagonising the death receptors and also provide insight into a noncanonical method of caspase-8 activation. Fn14-/- FDM cells, with the caveats previously
noted were however as sensitive to Compound A/IFNγ as wild-type cells.
Wilson and Browning also demonstrated that death ligands such as TNF did not
account for the death induced by activation of another TNFSF receptor, the lymphotoxinβ receptor, in HT29 cells (Wilson and Browning, 2002).
A number of other studies also describe a death receptor independent activation of
caspase-8 (Choi et al., 1998; Inman and Allday, 2000; Micheau et al., 1999; Tang et al.,
1999). Thus the concept of caspase-8 activation independent of TNFSF death receptors is
reasonable, yet how this activation occurs in Compound A/IFNγ treated cells is not clear.
It may involve novel death domain containing receptors, but a death domain-less receptor
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may equally be an attractive explanation for transducing a novel death signal upon
Compound A/IFNγ treatment.

6.1.3 IFNγ can regulate the intrinsic pathway, but it is not required in SCAID
IFNγ also affects signalling in the intrinsic apoptotic pathway. Early studies
reported that IFNγ induced cell death correlated with cytochrome c release, Bak
upregulation and downregulation of intrinsic pathway inhibitory proteins (e.g. Mcl-1,
Bcl-2) (Ahn et al., 2002; Ruiz-Ruiz et al., 2000; Varela et al., 2001). Cytochrome c
release from the mitochondria occurs during apoptosis and is facilitated by Bax and Bak
proteins, and inhibited by prosurvival Bcl-2 family proteins (Adams and Cory, 1998).
Overexpression of Bcl-2 was however unable to block Compound A/IFNγ induced death
suggesting that the intrinsic death pathway was not required for this death. Further,
Bax/Bak double knock-out FDMs were also sensitive to Compound A/IFNγ induced
death. The results showed that the mitochondrial pathway seems to be as dispensable for
Compound A/IFNγ induced death as the extrinsic death receptor-mediated apoptotic
pathway.
These results are however encouraging from a therapeutic point of view. Current
anti-cancer strategies exert their effect by inducing apoptosis either through the
mitochondrial or extrinsic apoptotic pathway (Fulda and Debatin, 2006). However, in
cancer, the apoptotic pathway is frequently disrupted. For example, Bcl-2 overexpression
as a result of genetic translocation to the heavy chain locus of immunoglobulin is
associated with 85% of human follicular lymphoma (Tsujimoto et al., 1984). Conversely,
inactivating mutations of the Bax gene has been found in colon cancer and
haematopoietic malignancies (Kitada et al., 2002; Rampino et al., 1997). Further, the
most commonly mutated gene in cancer, the p53 gene, has significant effects on the
intrinsic pathways since pro-apoptotic molecules, PUMA, Noxa and Bid are
transcriptionally controlled by p53 (Oda et al., 2000; Sax et al., 2002; Yu et al., 2001).
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Compound A/IFNγ would seem to be an alternative strategy that completely circumvents
the requirement of the mitochondrial pathway that is otherwise a major impediment in
current anti-cancer strategies.

6.2 Determining the significance of the caspase-independent death
Inhibition of caspase-8 prevents both Compound A, and IFNγ mediated killing as
sole agents (Fulda and Debatin, 2002; Vince et al., 2007). However when the two agents
are combined caspase inhibition demonstrated that different pathways of cell death are
induced in different cells. On the one hand a death-receptor independent, caspase-8
dependent cell death was induced in D645 cells, while in HT29 and KATO III cells, a
death-receptor and caspase-independent mechanism for cell death occurred. Furthermore,
the HT29 cell line displayed enhanced cell death when caspases were inhibited. Early
reports show Bcl-2 family members Bax and Bak could mediate apoptosis in the presence
of caspase-inhibition (McCarthy et al., 1997; Xiang et al., 1996), but this is unlikely to
explain the death here, because Bcl-2 overexpression did not prevent cell death and
Bax/Bak DKO cells were still underwent SCAID.

6.2.1 Caspase-2 is not required for the non-apoptotic death observed
The fact that caspase inhibitors did not block cell death in 2 out of 3 cell lines
suggested that apoptosis was not involved, and yet all three cell lines under investigation
exhibit all the classical apoptotic hallmarks including PARP cleavage and AnnexinV
staining. Interestingly, caspase-2 activity cannot be inhibited by the caspase inhibitors
QVD or crmA (Gao et al., 2005; Tinel and Tschopp, 2004) therefore the observation that
apoptosis was not inhibited by caspase inhibitors, could potentially be explained by
caspase-2 involvement in SCAID. Although it was the second caspase discovered,
relatively little is known about caspase-2, except that it is implicated in apoptosis (Lassus
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et al., 2002). However, caspase 2 FDM cells still underwent Compound A/IFNγ induced
cell death.
Apoptosis is the ordered dismantling of a cell by the cysteine proteases, caspases.
The serine proteases have however been implicated in cell death and may also potentially
activate caspases. For example, apoptotic events in the nucleus were prevented with
serine proteases inhibitors (Johnson, 2000) and serine proteases have now also been
shown to be activated in apoptosis, and as such they are also referred to as serpases
(Grabarek et al., 2002a; Grabarek et al., 2002b). Others have also described a serine
protease inhibitor-sensitive alternative pathway of death, under conditions of caspase
arrest (Dunstl et al., 2007). In this study, Compound A/IFNγ induced death was inhibited
to a certain extent by serine protease inhibitors. However, the inhibitors used in our study
display a broad range of activity, and high concentrations were required to confer
protection against SCAID. TLCK and TPCK are more specific inhibitors targeting
trypsin-like and chymotrypsin-like serine proteases respectively and provided modest
protection against SCAID, whilst AEBSF is more general than both inhibitors and
conferred complete protection. This highlights the fact that there are multiple proteases
involved in SCAID, but that there appears to be a specific subset which is essential to
promote death. Among the plethora of targets, Omi/HtrA2 is a particular serine protease
shown to be sensitive to TLCK which when applied in a different context prevented cell
death (Egger et al., 2003). Despite the lack of a specific inhibitor of Omi/HtrA2, it is
nonetheless unlikely that Omi/HtrA2 has any involvement in SCAID since it is a
mitochondrially-localised protein, requiring release from the mitochondria. Yet, the data
with Bax/Bak DKO cells and Bcl-2 overexpressing cells show that the mitochondrial
pathway is not required for SCAID. The high concentrations of the inhibitors needed to
inhibit SCAID suggest that a non-specific target such as cathepsins may be targeted. At
least cathepsin B would not appear to be involved since CA-074ME, a cathepsin B
inhibitor, was unable to provide protection.
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6.2.2 Elucidating the role of RIPK1 and necrosis in SCAID
Necrosis, previously assumed to occur as an unregulated pathological
consequence, was reported to be activated in certain cell types treated with TNF or FasL,
following caspase inhibtion (Kawahara et al., 1998; Khwaja and Tatton, 1999;
Vercammen et al., 1998). Subsequently, this necrotic cell death was demonstrated to be
RIPK1 mediated (Holler et al., 2000). Recently, three papers have reported how TNF is
able to activate a necrotic cell death (Cho et al., 2009; He et al., 2009; Zhang et al., 2009)
and another has analysed how FasL is able to activate a necrotic pathway (Geserick et al.,
2009). To distinguish this programmed necrotic death from a passive necrotic death, the
term necroptosis is used. In one of these recent papers, smac-mimetic treatment combined
with TNF and caspase inhibition revealed a RIPK1-dependent necroptotic pathway (He et
al., 2009). Furthermore, previous work has shown that TNF/compound A induced death
was prevented in RIPK1-/- MEFs (Wong et al., 2010). In D645 cells RIPK1 was required
for SCAID because even incomplete knock-down of RIPK1 prevented Compound
A/IFNγ induced death. However in HT29 and KATO III cells knock-down of RIPK1
made little difference to Compound A/IFNγ induced death. However Geldanamycin
treatment that has previously been shown to reduce RIPK1 and thereby prevent TNF
induced NF-κB (Lewis et al., 2000) was able to block Compound A/IFNγ induced death
despite the inherent toxicity associated with this treatment.
Since either caspase inhibition, or reduction of RIPK1 levels was sufficient to
block D645 induced killing, this suggested that one mode of SCAID involves RIPK1
mediated intracellular activation of caspase 8 presumably in a RIPK1 death domain
dependent manner. RIPK1 depletion therefore prevents activation of caspase 8, and is
working in a structural manner. Wang et al., (2008) deduced from their study two
mechanisms of TNF induced cell death of which one is RIPK1 dependent (Wang et al.,
2008). They propose TNF signalling recruits RIPK1 that is K63 polyubiquitylated, and
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transduces a pro-survival signal via NF-κB. Then smac mimetic-mediated antagonism of
cIAPs facilitates release of RIPK1, its subsequent deubiquitylation and formation of a
RIPK1/FADD/caspase-8 complex resulting in apoptosis (Wang et al., 2008). Thus
although Death Receptors are as far as we can tell not involved in SCAID, in D645 cells
there are similarities with this death pathway and they are centred around an intracellular
caspase activating platforms, for example the PIDDosome activating caspase-2 (Tinel and
Tschopp, 2004).
An allosteric inhibitor of RIPK1 activity, Necrostatin-1, was developed and found
to be an inhibitor of necroptosis (Degterev et al., 2008; Degterev et al., 2005).
Necroptosis has been shown to inhibit cell death caused by oxidative toxicity, and has
been reported to protect aganist ischemic brain injury, and also function as a
cardioprotective agent (Degterev et al., 2005; Smith et al., 2007; Xu et al., 2007). Unlike
in these models, Necrostatin-1 (Nec-1) is incapable of attenuating SCAID. Intriguingly,
Nec-1 was used in recent papers to inhibit death of T cells lacking either caspase-8 or
FADD (Bell et al., 2008; Ch'en et al., 2008). It is proposed that in this system, activation
of T cells is coupled with activation of RIPK1 dependent necroptosis, and this is held in
check by caspase-8. The rationale for this pathway is that the T cell is primed for RIPK1
mediated death if infected with a virus which carries a caspase-inhibitory virulence factor
(Ch'en et al., 2008). In the case of HT29 and KATO III, the fact that caspase inhibition
exacerbates cell death is indicative of necroptosis.
The discoveries by Bell and colleagues build on those of Chen and colleagues to
explain the paradox of FADD or caspase-8 null T cells being sensitised for cell death.
Bell et al., (2008) also recognise that caspase-8 may be hindering activity of necroptosis.
They follow up and produce evidence of a negative feedback loop by FADD and caspase8, which limits autophagic signalling, and prevents activation of RIPK1 mediated
necroptosis (Bell et al., 2008). Autophagy has received a lot of attention as an alternative
form of cell death and RIPK1 has been reported to have a role in autophagy mediated cell
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death. In one study, under conditions of caspase inhibition, RIPK1 mediates activation of
PARP, ROS generation, subsequent formation of autophagic bodies and consequential
cell death of macrophages (Xu et al., 2006). In another recent study, RIPK1 was shown to
participate with PARP, whereby RIPK1 augments LC3-II enhancing its accumulation, a
step that is crucial for autophagosome formation. Concurrent caspase-3 activation and
PARP cleavage were also seen, leading to a caspase-dependent autophagic death (Zhang
et al., 2011). An autophagic death would explain many characteristics of SCAID,
including the requirement of RIPK1, and the ability to undergo caspase-independent
death. Other indicators that autophagy might be involved in SCAID are that IFNγ-treated
human cancer lines have been shown to undergo autophagic death (Pyo et al., 2005), and
also death induced by Compound A/IFNγ is relatively slow, similar to autophagic death
which occurs over a longer period of time than apoptosis (Love et al., 2008; Lum et al.,
2005). However, knock-down of ATG5, an essential protein required for autophagic cell
death had no effect on SCAID making it unlikely that SCAID is an autophagic cell death.
A common theme of the possible alternative pathways in SCAID being discussed
above, have RIPK1 at their focal point. Data pointing to an involvement of RIPK1 in
SCAID are suggestive but unfortunately not conclusive, especially in HT29 and KATO
III cells. Knock-down of RIPK1 in D645 cells was incomplete but the protection against
cell death was total. The converse was seen with HT29 cells; limited protection observed
despite undetectable levels of RIPK1 by Western. Furthermore, HT29 cells with RIPK1
knock-down were completely protected from a necroptotic cell death induced by smacmimetic and QVD that is known to be RIPK1 dependent (He et al., 2009). If RIPK1 is
involved in mediating either a caspase-independent necrosis or an autophagic death, then
RIPK1 knock-down with QVD or ATG5 knock-down should provide protection to HT29
or KATO III cells. The fact that this is not seen further undermines the claim that RIPK1
is essential for SCAID. Another point is that the death domain of RIPK1 regulates
apoptotic death, and that the kinase activity of RIPK1 has been reported to govern the
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switch from apoptosis to necrotic death. RIPK1 kinase activity is not required in the
caspase-dependent death of D645 where it plays more of a structural role. However, the
caspase-independent death in HT29 and KATO III cells, which the literature suggests
requires the kinase activity of RIPK1, is not prevented by Nec-1. In SCAID, the coapplication Nec-1 and QVD still cannot confer complete protection, and the role of
RIPK1 in SCAID does not appear to be as essential as it is in other caspase-independent
settings.

6.2.3 Further disparities to accepted biological mechanisms set SCAID apart
The mechanisms that cause SCAID therefore do not appear to fit with any
previously described death pathway and are therefore unique. Recently Wu and
colleagues characterised a death that occurs with treatment of a pan-caspase inhibitor that
had similar features as SCAID. In their study, the caspase-independent death was
dependent upon RIPK1, but did not involve autophagy, and furthermore de novo
synthesis of death factors was required because cycloheximide also blocked death (Wu et
al., 2011). However, in their case they were able to show that TNF was the death factor
which is produced and mediates the cell death (Wu et al., 2011). They also showed that
death involved protein kinase C (PKC)δ-induced activation of the AP1 transcription
factor, via MAPK and JNK signal transduction pathways. SCAID was however not
blocked by MAPK and JNK inhibitors. PKCδ was shown to be a vital upstream signalling
molecule for the zVAD-induced death. Interestingly, Dexamethasone was shown to block
SCAID in this dissertation, but apart from its involvement in upregulating cIAP2, it is
reported to be able to inhibit PKC activity (Aras-Lopez et al., 2009). As such PKCδ may
also play an important upstream role in eliciting cell death signals upon Compound
A/IFNγ treatment.
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Furthermore, another recent publication described a novel mechanism for cell
growth inhibition and apoptosis in human cancer cells, that involved PKC mediated
activation of p53/p21 (Wu et al., 2010). D645 cells however did not upregulate p21,
despite the fact that it is an IFNγ-inducible protein, upon Compound A/IFNγ treatment,
and nor did they express p53. Conversely, in HT29 cells, which undergo a caspaseindependent death, upon Compound A/IFNγ treatment, both p21 and p53 levels appear to
be upregulated. Whether this difference presents an explanation for the differential
pathways activated in D645 and HT29 cells remains to be investigated.
Paradoxically however, Park and colleagues demonstrated that RIPK1 negatively
regulates p53/21, and concurrently upregulates MDM2, via activation of the NF-κB
pathway in response to DNA damage-induced cell death (Park et al., 2009). This was
shown to confer resistance to cell death and further this in vitro data was corroborated
with glioma patient samples in which the most aggressive and least responsive to
cytotoxic agents expressed high levels of RIPK1 and MDM2 (Park et al., 2009).
Therefore, RIPK1 driven NF-κB was suggested to confer resistance to death signals and
to promulgate tumour growth, via upregulation of MDM2 and dampening of the p53
pathway, and yet in SCAID the p53 pathway appears to be activated, concomitantly with
NF-κB in a context where cells are sensitised to death.

Dexamethasone, a glucocorticosteroid, has many effects intracellularly, including
blocking PKCδ. In this study, it was employed because it has a reported ability to block
IFNγ mediated cell death by upregulating cIAP2 (Kino et al., 2010; Wen et al., 1997).
The previous discussion also depicts its inhibitory effect on the activity of PKCδ.
Glucocorticoids, including Dexamethasone, can also inhibit cell division. Glucocorticoiddependent growth inhibition requires expression of the Cdk-inhibitor p27kip1 (Wang and
Garabedian, 2003). Intriguingly, in human cancer lines, including HT29 cells, differential
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sensitivity to cytotoxic agents was reported both in vitro as well as in vivo in relation to
cell density (Dimanche-Boitrel et al., 1998; Dimanche-Boitrel et al., 1992; Vital-Reyes et
al., 2006). It was subsequently identified that p27kip1 significantly contributes to the
confluence dependent sensitivity to cytotoxic agents in HT29 cells (Dimanche-Boitrel et
al., 1998). Therefore p27kip1 halts the cell cycle progression and also influences sensitivity
to cytotoxic agents. Confluent HT29 cells were resistant to cisplatin, and were found to
express higher levels of p27kip1, when compared to cells that were non-confluent and
sensitive to cisplatin (Dimanche-Boitrel et al., 1998). Overexpression of p27kip1 in nonconfluent conditions, caused the cells to become resistant to cytotoxic agents (DimancheBoitrel et al., 2000; Dimanche-Boitrel et al., 1998). Therefore, the higher the density of
cells, the more resistant they become to death inducing stimuli. Another point to arise is
that although not tested in this study, the ability of Dexamethasone to protect cells from
SCAID, may arise from its ability to upregulate p27, inducing cell cycle arrest and
resistance to Compound A/IFNγ stimulation.

However, SCAID was independent of cell density, because cell death achieved
was comparable at the highest and lowest cell densities used. This result also provides an
additional argument for the lack of TNFSF autocrine signalling dependency. The fact that
a lower cell density results in exquisite sensitivity to Compound A/IFNγ argues against
Death Ligand/Death Receptor involvement because fewer cells produce less total death
ligand and therefore paracrine signalling is reduced. Furthermore, at low cell densities,
with no cell-to-cell contact, autocrine signalling cannot affect neighbouring cells.

RIPK1 has been shown to negatively regulate p27kip1 levels (Park et al., 2008).
This would suggest that knock-down of RIPK1 in human cancer lines, would remove the
inhibitory effect on p27kip1 expression, and confer resistance to cells. Indeed, knock-down
of RIPK1 protects D645 cells from SCAID with an indication of higher levels of p27kip1.
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However, knock-down of RIPK1 in HT29 cells provided little protection against SCAID,
and paradoxically also reduced expression of p27kip1. The fact that there is no density
dependency on the cells used in this study in response to Compound A/IFNγ suggests that
p27kip1 and its regulation by RIPK1 may not be important, but further work with p27kip1
knock-downs, and also establishing a differential cell density assay in cells with RIPK1
knock-down may help to clarify its importance.

6.3 Necroptosis does not account for SCAID
Caspases execute the apoptotic program but they are not required for necroptosis.
To date an analogous set of proteases or downstream effectors required for necroptosis
have not been characterised. Whilst the effectors of necroptosis may be nebulous, the
mechanism for activating this alternative pathway is better understood. It has been
reported that there is an obligate requirement for the RIP kinase family members, RIPK1
and RIPK3, and in many cases it is believed that RIPK1 is required to activate RIPK3
(Cho et al., 2009; He et al., 2009; Zhang et al., 2009).
The literature led us to hypothesise that RIPK1/RIPK3 mediated necroptosis
would also be required for SCAID. The fact that caspase inhibition exacerbated SCAID,
and the ability of Nec-1 to provide a degree of attenuation to SCAID when combined
with QVD, all implicated necroptosis as the mechanism for SCAID. However, reduced
RIPK3, as judged by qPCR, did not affect Compound A/IFNγ induced death.
The platform that results in activation of caspase-8 in D645 cells and HT29 cells
in unclear. In D645 cells, RIPK1 appears to be important, but it does not appear to be
upregulated by IFNγ and is therefore unlikely to seed formation of this platform.
Interestingly, p100 contains a death domain and was induced by Compound A/IFNγ
treatment and was a potential seed candidate. However, knock-down of p100 did not
inhibit Compound A/IFNγ induced death.
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Caspase-8 immunoprecipitation demonstrated that RIPK1 was associated with
caspase-8 following stimulation with Compound A/IFNγ. Thus an apparent caspase8/RIPK1 complex is involved in SCAID. Since caspase-8 does not have a Death Domain,
it cannot interact directly with the DD of RIPK1 and it is normally recruited to other DD
containing proteins by an adaptor molecule and the principal one is FADD. FADD cannot
be dismissed but the preliminary findings of this dissertation suggest that the
RIPK1/caspase-8 complex did not contain FADD.
Thus, Compound A/IFNγ treatment results in the activation of two divergent
pathways; an apoptotic pathway that can be blocked by inhibiting caspases and a second
pathway that resembles programmed necrosis and activates a pathway where RIPK1
potentially plays a role. These two pathways emanate from the same intracellular
signalling platform that can contain caspase-8 and RIPK1. Unlike previously described
death with necrotic features this death does not require RIPK3 and can be induced by a
naturally occurring combination of cytokines without caspase inhibition, emphasising that
this is a physiological type of cell death.

6.4 Signalling activities of IAP Antagonists and TWEAK are further correlated
This study was initiated based on the discoveries that IAP antagonists and
TWEAK share significant similarities in activity. Tumour cell death triggered by
TWEAK or IAP antagonists involve cIAP1 degradation and subsequent NF-κB mediated
TNF production, TNF-R1 activation and caspase-8 dependent cell death (Vince et al.,
2008). Moreover, we have previously found sensitivity to Compound A correlates with
TWEAK sensitivity for any given cell line (Vince et al., 2008; Vince et al., 2007). In this
study, the similarities were extended significantly. Both Compound A and TWEAK
synergise with IFNγ, both conditions cause a slow cell death that requires de novo
synthesis of proteins. Death in either case appears to be death receptor independent. In
both cases apoptotic hallmarks that can be prevented by QVD are prevented, but in HT29
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cells, despite preventing apoptotic hallmarks, QVD enhances SCAID, and TWEAK/IFNγ
killing. TWEAK/IFNγ killing has been reported to be blockable by the cathepsin B
inhibitor CA074ME (Nakayama et al., 2002). However, CA074ME was unable to block
Compound A/IFNγ induced death. Yet this may simply be due to the distinct mechanism
of signalling involved in cIAP1 degradation. TWEAK triggers a lysosomal cathepsindependent mechanism, whilst compound A targets cIAP1 for proteasomal degradation
(Vince et al., 2008). Further, Nakayama and colleagues describe that TWEAK has
divergent pathways to eliciting cell death, and here IAP antagonist is shown to also elicit
divergent pathways to death. Finally, both SCAID and TWEAK/IFNγ are now known to
require RIPK1 in their mechanism of activity.
The equivalence in TWEAK and IAP antagonist activity demonstrates that cIAPs
serve critical roles in suppressing cell death pathways (Hanahan and Weinberg, 2000).
Expanding the discussion to include the cell death induced by TNF/Compound A, it can
be seen that despite mechanistic differences, all three types of cell death used in this study
share the common feature in the inhibition and removal of cIAP1. This reinforces the
initial proposition that IAP targeting through use of a Smac mimetic presents a promising
avenue in specifically treating cancer cells (Gaither et al., 2007; Hsu et al., 1996a;
Petersen et al., 2007; Vince et al., 2008). This study then carries forward this notion and
establishes the idea that cancer cells can be coaxed into activating an alternative regulated
necrotic programme enhancing the prospect of treatment, whilst maintaining selectivity to
cancer diseases.

6.5 Summary and Future Directions
In summary we propose here that Compound A and IFNγ activates two novel,
connected, but differing pathways of cell death. One (used by D645 cells) possibly
involves formation of an intracellular complex facilitating interaction and activation of
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RIPK1 and caspase-8, independent of the TNFSF receptors. In this case, loss or inhibition
of either molecule prevents the death-inducing effect of this complex. The second (used
by HT29 and KATO III cells) is likewise death receptor independent. In this case, its
proposed RIPK1 is present within the complex but not essential for cell death.
Furthermore, caspase-8 activity appears to limit the death-inducing activity emanating
from this complex and we therefore propose that caspase-8 is part of this second complex.
The physiological relevance of SCAID lies in the fact that apoptosis does not
appear to be the sole mechanism to death. As apoptotic evasion is a means of
tumorgenicity, eliciting necrotic cell death with this combination would theoretically
overcome the shortcomings of apoptotic deficiencies of tumour cells (Hanahan and
Weinberg, 2000). Further, the treatment appears to elicit a response only in tumour
physiology, whilst primary cells are unaffected. Finally the induction of necrosis over
apoptosis is also beneficial as evidence suggests necrotic cells mount a stronger
immunogenic response than apoptotic cells (Reiter et al., 1999; Sauter et al., 2000).
Antigen-presenting cells (APC) ingest necrotic cells (Hirt et al., 2000), and several papers
suggested that necrosis but not apoptosis induces dendritic cell maturation and enhances
specific antigen presentation to CD8 T cells, capable of targeting the cancer itself for an
immune response (Gough et al., 2001; Melcher et al., 1999; Melcher et al., 1998; Reiter
et al., 1999; Todryk et al., 1999).
Perhaps the most relevant facet of SCAID from a physiological perspective is that
it increases the scope of susceptible cancer cell lines, but does so whilst still retaining the
selectivity to neoplastic/transformed cell lines. Instead of targeting and re-establishing the
canonical apoptotic pathway which all cells posses, the combination of Compound
A/IFNγ activates a unique cell death mechanism that is activated by ablating cIAPs, that
are often overexpressed in cancer lines. The death will be able to occur in cells void of
apoptotic machinery especially the caspases, as well as Bax and Bak molecules, and such
a phenotype is indicative of cancer cells.
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Despite the advances made in understanding how Compound A/IFNγ and
TWEAK/IFNγ induce cell death, there is still a great deal of work left to elucidate the key
protagonists and molecular platforms required to facilitate SCAID. I have excluded most
of the molecules that might be expected to be required for SCAID. Stringent death ligand
inhibitory experiments, with validated antibodies in these cells exclude an involvement
for TNF, FasL, and TRAIL. RIPK1 knock-down and inhibition support a role for this
protein, but do not convincingly demonstrate that it is essential and RIPK3 knock-down
did not appear to affect SCAID. There are nonetheless other concepts which have not
been tested in this study that could also help to interpret what underpins SCAID, such as
the potential requirement of cRel in SCAID signalling. IFNγ was reported to potently
upregulate cRel 16 hours post-IFNγ treatment. This timepoint was shown to provide
optimal protection against SCAID when treated with caspase and RIPK1 inhibitors.
Although not presented in this dissertation, preliminary microarray data on HT29
cells treated with Compound A/IFNγ, revealed that of all caspases, only caspase-1 was
significantly upregulated by Compound A/IFNγ treatment. Notably, caspase-1 governs a
programmed cell death that is referred to as pyroptosis that does not require apoptotic
caspases, and pertinently, concomitant cIAP1 degradation has been described in
activation of pyroptosis (Bergsbaken et al., 2009). Furthermore, it has also recently been
reported that cIAP1/2 are efficient activators of caspase-1, and important components of
the inflammasome, a macromolecular complex that initiates an immune response by
activating caspase-1 (Labbe et al., 2011; Martinon et al., 2002). Here we used QVD to
inhibit caspases but recent data suggest that zVAD, but not QVD, can inhibit caspase-1
(Dr. James Vince, personal communication). However, caspase-1 is unlikely to be critical
in SCAID because crmA inhibits caspase-1 and was used in this study, and was found to
exacerbate SCAID in HT29 and KATO III cells (Dobo et al., 2006; Garcia-Calvo et al.,
1998). Interestingly, another inflammatory, caspase-11, was shown to be activated by a
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non-canonical inflammasome (Kayagaki et al., 2011) suggesting the inflammasome may
be worth investigating for its role in SCAID.
The lack of protection conferred by Nec-1, may itself elude to the involvement of
other RIP kinases despite a kinase screen determining that Nec-1 specifically inhibits
RIPK1 (Tetralogic Pharmaceuticals, Personal Communication). RIPK7/LRRK2 is
reported to be upregulated by IFNγ stimulation, and that it is involved in the immune
response as well as in mediating necrotic-type cell death (Gardet et al., 2010). Notably,
RIPK2 was reported to activate a neuronal cell death, by acting upstream of caspase-1
(Zhang et al., 2003), and given the interest in caspase-1 described above, this also
represents an avenue worth pursuing. Moreover, recent studies showed that cIAPs and
XIAP regulate innate immune responses via NOD1 and 2 receptors via ubiquitylating
RIPK2 in inflammatory responses (Bauler et al., 2008; Bertrand et al., 2009; Krieg et al.,
2009).
It is also just as feasible for Nec-1 to target other kinases which may be able to
fulfil a RIP kinase role. Since we purport the requirement of caspase-8 and RIPK1 in
SCAID, it implies the requirement of a death domain-containing adaptor protein such as
FADD. Interestingly, MyD88 is another death domain containing protein recruited to
Toll-like receptors, whereby it is reported to bind FADD via their DD, to initiate cell
death (Bannerman et al., 2002). Furthermore, the Interleukin-1 receptor-interacting kinase
(IRAK) also contains a death domain, and can interact with MyD88 culminating in
activation of various signalling pathways including NF-κB (Burns et al., 1998). Since
RIPK1 inhibition is not sufficient to completely protect against death, then perhaps
IRAK could suffice for a RIP kinase role. It is nonetheless plausible, that MyD88/FADD
and IRAK may provide a suitable platform for activation of SCAID.
The biological response of cells to Compound A/IFNγ treatment has been shown
to be unique in many contexts such that current knowledge of cellular pathways and cell
death mechanisms fail to reveal a clear molecular mechanism. Despite this enigma, it is
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however clear that SCAID occurs in a cancer cell and not normal untransformed cells. As
such, Ehrlichs magic bullet concept continues to be promulgated by the work in this
dissertation and provides impetus for continuing to analyse the components required to
activate SCAID. Thus, although the overall mechanism of synergistic killing in our study
is unclear, the potential of the combination in cancer therapy is exciting.
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Figure S1. Broad sensitivity to Compound A/IFNγ treatment across a number of cell lines.
Human cancer cell lines, T98G, OVCAR4, MDA-MB.231, SKOV-3, HeLa, and MCF-7, were treated with 30
ng/ml of human IFNγ and/or 500nM of Compound A as indicated for 48 hours. Cells were stained with
Propidium Iodide, and stained (dead) cells were quantitated using a flow cytometer. Average results are
depicted as columns, and error bars are standard errors of the mean (SEM), where n=5(T98G), n=4(OVCAR4),
n=4(MDA-MB.231), n=3(SKOV-3), n=8(HeLa), n=12(MCF-7).

Figure S2. De novo protein synthesis is essential in mediating synergistic cell death of Compound A/IFNγ
and also TWEAK/IFNγ.
Similarity of cell death mechanisms between TWEAK and Compound A is also seen with requirement for gene
regulation. Following 1 hour pre-treament with10 µg/mL of cycloheximide (CHX), D645, HT29 and KATO III
cells were treated with 30 ng/ml of human IFNγ and/or 500nM of Compound A, or +/- 100ng/ml of TWEAK as
indicated for 48 hours. Cells were stained with Propidium Iodide and stained (dead) cells were quantitated using
a flow cytometer. Average results are depicted as columns and error bars are standard errors of the mean
(SEM), where n=5 (D645), n=9 (HT29), n=6 (KATO III).
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Figure S3. High concentrations of BAb to neutralise death ligands, did not protect against Compound
A/IFNγ induced death.
(A) Following a 30 minute pre-treatment with 30µg/ml of antibodies against Fas, TNF, or TRAIL, cells were treated
with IFNγ and Compound A for a further 48 hours. Cell death was analysed after 48hrs by flow cytometry and PI
staining. Error bars represent standard errors of the mean (SEM), where n=3.
(B) Neutralisation of death ligands was proven by blocking cell death by exogenous death ligand treatment. Following a
30 minute pre-treatment with 30µg/ml of antibodies against Fas, TNFα, or TRAIL, cells were treated with 5 µg/mL of
FasL, 100 ng/mL of TNFα (+/- 500 nM Compound A), or 1 µg/mL of TRAIL (+/- 500nM of Compound A) as
indicated for a further 48 hours. Cell death was analysed after 48hrs by flow cytometry and PI staining. Error bars
represent standard errors of the mean (SEM), where n=3.

Figure S4. IFNγ treatment upregulates expression of Fas. Following pre-treatment with 5µM of QVD or 50 µM
Nec-1 for 1 hour, D645, HT29 and KATO III cells were then treated with IFNγ and/or Compound A for 24 hours. Cells
were stained for cell surface Fas receptor expression and then analysed by flow cytometry. Dashed lines in histograms
represent basal fluorescence (receptor expression) with no treatment. Results are representative of multiple repeats.
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Figure S5. Incomplete RIPK1 knock-down cannot block SCAID. HT29 and KATO III cells D645 cells were
infected with two RIPK1 shRNA silencing constructs or a control shRNA construct (non-functional against XIAP).
Following pre-treatment with 10 µM of QVD for 1 hour, cells were treated with IFNγ and/or Compound A, or 100
ng/mL TWEAK for 48 hours. Cell death was analysed by PI staining and flow cytometry. Error bars are SEM, where
n=4. Top panel, Western blotting depicting RIPK1 shRNA knock-down of RIPK1 expression compared to control
shRNA and the parental cell line.

Figure S6. JNK and MAPK signaling pathways do not influence SCAID. Following pretreatment with 3µM
JNK inhibitor (SP600125) or 25 µM MAPK inhibitor (SB203580) for 1 hour, D645, HT29 and KATO III cells
were treated with IFNγ and/or Compound for 48 hours. Cells were stained with Propidium Iodide and stained
(dead) cells were quantitated using a flow cytometer. Average results are depicted as columns and error bars are
standard errors of the mean (SEM), where n=3 (D645), n=4 (HT29, KATO III).
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