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Summary
Glioblastoma (GBM) is the most aggressive form of primary brain tumour with
no effective approved treatment being available. Here, we therefore studied the
responsiveness of GBM cell lines to combination treatments with death ligand
TRAIL and IAP antagonist TL32711 (Birinapant). Responses were highly
heterogeneous, with synergistic death responses as well as treatment
resistance being observed. Compared to resistant cell lines, all
TRAIL+TL32711-responsive cell lines expressed significantly higher amounts of
procaspase-8 (PC8), and Bid. The expression of other TRAIL pathway
components or IAP proteins did not differ notably between responders and nonresponders. The direct interplay of PC8 and Bid forms a pro-apoptotic axis that
efficiently induced apoptosis, the only cell death modality observed, in
responder cell lines. We therefore hypothesised that improving the efficiency of
caspase-8 activation or sensitising mitochondria to Bid could convert nonresponder GBM cell lines to responders, despite their low basal PC8/Bid
expression. Indeed, both siRNA-based cFLIP depletion and in particular Bcl-2
antagonism by ABT-199, allowed us to eliminate otherwise TRAIL+TL32711resistant cell lines by apoptosis. Our study therefore shows that a high PC8 and
Bid signature predicts synergistic TRAIL+TL32711-induced apoptosis in GBM
and outlines potent interventions, both upstream and downstream of the PC8
and Bid interplay, to sensitize resistant GBM cells characterised by expression
of these two proteins.
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Chapter I: Introduction

1.1

Glioblastoma (GBM)

Gliomas comprise an expansive class of neuroectoderm tumours thought to
have arisen from the neuroglial cells, accounting for approximately 80 % of
malignant brain and central nervous tumours (Kleihues et al., 1993). Gliomas
are derived from glial cells and encompass a mix population of tumours of
astrocytic, oligodendrial, or ependymal origin. Based on their histological
appearance, the World Health Organization categorises different types of
gliomas using a classification index grading them according to disease
prognosis ranging from I to IV (Louis et al., 2007).
GBM is the highest grade glioma tumour (Grade IV) and is the most malignant
form of astrocytic glioma with extremely poor treatment response and prognosis
(Moore et al., 1996, Karcher et al., 2006, Louis et al., 2007).
The number of recorded GBM cases in Europe and North America is 2-3 per
100,000 adults every year (Verdecchia et al., 2002). GBM may develop at any
age. The median age upon diagnosis is approximately 64 years. The incidence
is generally higher in patients of 55 years old (80 %) than in patients younger
than 20 years old (1 %) (Ostrom et al., 2014).
Men tend to have a higher incidence rate compared to women in a ratio of
1.26:1 (Urbanska et al., 2014). Caucasians have been found to have a higher
rate of glioma incidence than people of African and Asian descent, thus, the
susceptibility to this disease is generally more prevalent in the Western world
(Ohgaki and Kleihues, 2005). The aetiology of GBM is still opaque and remains
to be fully elucidated. Thus far, data from epidemiological studies have failed to
identify risk factors that link to glioma development. Several studies have
associated glioma development with environmental factors such as head injury,
dietary risk factors and exposure to ionization radiation (Ohgaki, 2009, Bondy et
al., 2008).
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Lesion formation typically occurs in the subcortical white matter of the cerebral
hemisphere and due to high proliferative index of GBM often extends to the
border of both the frontal lobe and the temporal lobe resulting manifestation of
several symptoms. The most common symptoms patients present with are
persistent headaches, nausea, seizures, vomiting and drowsiness (Ohgaki and
Kleihues, 2005). Patients can develop further symptoms based on the location
of the tumour, these include, weakness on one side of the body, blurred or
double vision, and impaired memory and/or speech (Urbanska et al., 2014,
Levine et al., 1987).
GBMs are sub-classed as either primary or secondary. Primary gliomas are
tumours that arise from the glial cells or supportive tissues of the brain and
account for approximately 90 % of GBM, while the secondary gliomas are
derived from lower grade astrocytoma that account for 10 % (Urbanska et al.,
2014). Primary GBM arises from multiple acquisitions of genetic alterations and
are detected as fully established tumours at diagnosis due to their pathological
angiogenesis and high proliferative nature. These primary tumours are the most
aggressive form of GBM (Louis et al., 2007, Ohgaki and Kleihues, 2005).
Secondary tumours tend to have a low proliferative index but are still very
aggressive. Secondary tumours are accompanied by malignant transformation
from low (grade I-II) to anaplastic astrocytoma (Grade III astrocytoma). Primary
and secondary GBM are phenotypically similar. Nevertheless, these sub-types
exhibit different genetic abnormalities indicating that their malignant
transformation is mediated by distinct pathways. Primary GBM is associated
with overexpression of the epidermal growth factor receptor (EGFR) due to
mutations in the ErbB1 gene encoding this receptor, loss of heterozygosity
(LOH) of chromosome 10q, deletion of the p16 gene and mutation of the
phosphatase and tensin homology (PTEN) gene. Mutations found in the LOH of
chromosome 10q and p53 mutation are primarily linked to the development of
secondary GBM. In general, accumulation of several mutations in both primary
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and secondary GBM results in the activation of mitogenic signalling pathways
that promotes uncontrolled tumour growth (Furnari et al., 2007, Ohgaki and
Kleihues, 2009).
More recently, the cancer Genome Atlas classified GBM into four different
molecular subtypes based largely on their genomic profiling, namely, classical,
proneuronal , neuronal and mesenchymal (Verhaak et al., 2010). Genetic
alterations in these GBM subtypes allows for long-term replication of mutated
genes allowing sustained self-renewal and proliferation. EGFR is overexpressed
in classical GBM tumours, whereas this abnormality is not displayed in the
remaining subtypes. The classical group generally respond very well to
intensive therapy and have higher survival rates. The proneuronal tumours are
characterised by mutations in the Isocitrate dehydrogenase 1 (IDH1) and
platelet-derived growth factor alpha (PDGFRA) genes. This group respond
poorly to treatment. The mesenchymal group harbour significant mutations in
the neurofibromin 1 (NF1) tumour suppressor gene. Additionally, frequent
mutations in the Phosphate and tensin homolog (PTEN) and tumour suppressor
p53 (p53) genes are also associated with this group. Treatment response in this
subgroup is increased upon receipt of intensive treatment. The Neural subgroup
harbour similar mutations as the other groups. However, mutations in noncancerous neurons also contribute to treatment resistance. This group tend to
display improvement in survival rates upon aggressive treatments but not as
high as the Classical and Mesenchymal groups (Hall, 2006, Verhaak et al.,
2010)
1.1.1 GBM treatment
Surgical resection is the initial approach for the treatment for GBM.
Unfortunately attempts at total resection typically fail due to high infiltrative
capacity of GBM cells into surrounding tissues.
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Preoperative positron emission tomography (PET) scanning and magnetic
resonance imaging (MRI) does allow for improved tumour volume definition and
minimization of operative injury to adjacent areas. Resection of tumour bulks
can sometimes affect movement, sensation or speech; this problem is partially
circumvented using diffusion tensor imaging which enables visualization of
“subcortical” tracts thus enabling more efficient tumour removal. Surgical
debulking of tumour thus reduces tumour volume, but is not curative due to
residual GBM cells that invariably contribute to tumour regrowth with time.
The second line of treatment following surgery is radiotherapy with concurrent
and adjuvant chemotherapy to improve patient prognosis. Whole brain
conventional radiotherapy is administrated post-surgery regardless of the extent
of resection. Radiotherapy consists of fractionated focal irradiation at a dose of
2 gray (Gy) given once daily, five days a week over a period of six weeks for a
total dose of 60 Gy.
More recently, studies on randomized phase III trials for patients with GBM
carried out by Stupp and colleagues found that treatment with the new
chemotherapeutic, temozolomide (TMZ: TemodarTM [TemodalTM]) in conjunction
with radiation resulted in enhancement of the median survival time to 14.6
months compared to 12 months for patients who received radiotherapy alone.
This combination treatment regimen of radiotherapy with TMZ later became
known as the Stupp protocol (Stupp et al., 2005). The mechanism of TMZ
activation is illustrated in figure 1.1.
Concomitant chemotherapy consists of temozolomide at a daily dose of 75
mg/m2 which is for 7 days per week during radiotherapy. Upon completion of
radio-chemotherapy, patients have a 4 week break from TMZ. Subsequently,
patients receive up to 6 cycles of adjuvant temozolomide, given for 5 days
schedule every 28 days, with a starting dose of 150 - 200 mg/m2 for the first
cycle. The dose is subsequently increased to 200 mg/m 2 beginning at second
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cycle; as long as there are no hematologic toxic effects (Stupp et al., 2009). As
a result, the Stupp protocol is the most widely implemented treatment regimen,
supported by the European Organization for Research (EORTC) and Treatment
of Cancer and the National Cancer institute of Canada (NCIC) in 2005 (Stupp et
al., 2005).

Figure 1.1: Molecular structure and activation of Temozolomide (TMZ)
The above schematic illustrates the metabolism of TMZ to its cytotoxic active
compound AIC. TMZ is converted to MTIC at physiological pH and subsequently
undergoes degradation to form methyldiazonium ion (AIC). AIC is responsible for
methylation of the guanine residues in the DNA molecule allowing the formation of O6and N7-methylguanine. O6-methylguanine is the causative agent that mediates
cytotoxicity. Upon O6 methylation, DNA mismatch repair enzymes attempting to excise
these methyl groups results in generating of single and double stranded breaks within
the DNA thus initiation the activation of apoptosis. Figure taken from (Agarwala and
Kirkwood, 2000).
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1.1.2 Treatment resistance in GBM
While the Stupp protocol is the current ‘gold standard’ and the most efficient
GBM treatment to date, the prognosis for these patients remains very poor.
One of the most critical cellular markers of GBM, obtained post-diagnosis upon
pathological analysis, is methylation status of O6-methylguanine-DNA
methyltransferase (MGMT) which is under epigenetic control of its expression
through its corresponding promoter (Hegi et al., 2005). The canonical DNA
mismatch repair systems (MMR) are driven by MGMT, a 22 kDa DNA repair
protein that corrects biosynthetic errors of mismatch of the nucleotide bases
during DNA synthesis. Upon exposure to alkylating agents such as TMZ, MGMT
removes methyl and alkyl groups from the O6 position of guanine (Lee et al.,
1994, Hegi et al., 2005). Failure to remove these alkyl groups, due to altered
MGMT transcript and protein expression in glioma cells, the O6-MG remains and
pairs with thymine base nucleotide to form an O6-MG nucleotide molecule. MMR
recognises this error and proceeds to correct it by excising newly synthesised
DNA complementary strands while leaving the O6-MG intact. This process is
repeated when another DNA strand is synthesised, resulting in a futile repair
cycle of thymine insertion and excision, and as a result, cytotoxic lesions
accumulate that ultimately leads to cell cycle arrest and activation of apoptosis
(Messaoudi et al., 2015). MGMT methylation status of GBM tumours is
assessed to determine whether patients will benefit from adjuvant TMZ
treatment. Elevated expression of unmethylated MGMT correlates with TMZ
resistant phenotype whereas, cases of newly diagnosed GBM patients
presenting a methylation of the MGMT promoter have previously been shown to
respond to TMZ treatment (Stupp et al., 2009).
In addition to MGMT status, mutation of Isocitrate dehydrogenase (IDH) 1/2 has
been associated with a more aggressive GBM phenotype. IDH 1/2 protein is
responsible for the conversion of citrate to 2-ketogluatarate and Nicotinamide
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adenine dinucleotide (NADH), both of which are necessary for cellular function
including but not limited to oxidative phosphorylation and lipid metabolism. Preoperative screening of GBM cases showing extreme mutations in IDH1/2 are
used to discriminate whether a patient requires rigorous or less intensive
therapy in the future (Chan et al., 2015)
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1.1.3 Apoptosis
Apoptosis is an evolutionary conserved programmed cell death that results in
the clearance of damaged or unhealthy cells. The primary study of programmed
cell death first was carried out by Karl Vogt in 1842 in which he examined the
metamorphosis of amphibians after he noticed the disappearance of the
notochord of developing amphibians (Vogt, 1842). Furthermore, apoptosis plays
a key role in mammalian development such as in the formation of the fingers
and toes where elimination of tissues between the digits is vital for correct
development. It was not until the 1970s that the term “apoptosis” was coined,
when Kerr and colleagues implicitly described the process of this cell death
programme (Kerr et al., 1972). Loss of cell viability through apoptosis results in
characteristic morphological changes including cytoplasmic shrinkage,
chromosomal DNA fragmentation as a result of nucleosome cleavage, and
disassembly of the nuclear envelope followed by chromatin condensation (Kerr
et al., 1972). Additionally, the cell shrinks and blebs due to programmed
destruction of the cytoskeleton and subsequently breaking up into membrane
enclosed fragments known as apoptotic bodies (Kerr et al., 1972). Apoptotic
bodies become chemically altered allowing macrophages to rapidly engulf them,
preventing spillage of their contents into the extracellular environment which
would otherwise elicit an inflammatory response (Arends et al., 1991). Defects
in apoptosis regulation is implicated in multiple disease states including but not
limited to autoimmune, cancer and neurological disorders (Favaloro et al.,
2012).
1.2

Caspases

Apoptosis execution is characterised by a series of chronological events that is
dependent on intracellular proteolytic cascades, mediated by a family of
cysteine-dependent-aspartate specific proteases known as caspases; the “C”
denotes a cysteine rich residue in the active site and the “aspase” refers to the
absolute specificity for aspartic acid residue in the position P1 (Alnemri et al.,
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1996, Cohen, 1997). The first identified caspase was the human protein
interleukin-1ȕ-converting enzyme (ICE) which was later renamed as caspase-1.
Caspase-1 was originally associated with inflammatory response, (as it was
required for the maturation of the pro-inflammatory cytokine, IL1ȕ) rather than
with cell death (Cerretti et al., 1992). Subsequent to its discovery, studies in
nematodes, by Ellis and colleagues identified the genes ced-3 and ced-4 to be
vital for apoptosis in Ceanorhaditis elegans (C. elegance) (Ellis and Horvitz,
1986). With attention focused on the study of ICE-like proteases, CED-9, a
protein bearing a sequence similar to that of the mammalian anti-apoptotic
protein, B cell lymphoma 2 (Bcl-2) was identified and was shown to antagonise
the pro-apoptotic effects of CED-3 and CED-4, thus preventing cell death
(Cohen, 1997). The burst in studies by different research groups to isolate and
characterise ICE-related proteases resulted in some nomenclature confusion
within this field which was eventually resolved using the unified nomenclature of
caspases.
In mammals, 14 members of the caspase family have been identified thus far.
Caspases are synthesised in the cell as inactive precursors or zymogens with a
regulatory N-terminal domains. The caspase family are classified as either
initiators or executioners. Initiator caspases are designated as pro-caspases
that hold an amino-terminal domain of variable lengths followed by a carboxylterminal catalytic domain containing a large (17-20 kDa) and a small (10-12
kDa) subunit. In addition, initiator pro-caspases possess a long pro-domain,
which contains a caspase recruiting domain (CARD) that enables its assembly
with adaptor proteins into activation complexes upon apoptotic stimulus
(Boatright and Salvesen, 2003b, Boatright and Salvesen, 2003a).
Caspases are characterised and divided into three groups according to the
length of their pro-domains: Group-I includes the pro-inflammatory caspases
(caspase-1, -4, -5, -11, -12, -13) whose functional activities involve
activation/maturation of cytokines. Group-II comprises the apoptotic initiator
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caspases (caspase-2, -8, -9, -10), which have a long pro-domain, containing
protein-protein interaction motifs such as DED (for caspase-8 and -10) or the
CARD (for caspase-2 and -9). The executioner caspases (caspase-3, -6, -7)
make up group-III of the caspase family. Group-III caspases are distinguished
by the presence of a short pro-domain and an absence of a protein-protein
interaction motifs. Group II and III caspases orchestrate the apoptosis signalling
pathways (Fuentes-Prior and Salvesen, 2004) (fig. 1.2). The precise function of
caspase-14 has not been extensively studied as such its precise role is unclear.
Thus far the function of this caspase has been implicated in terminal
keratinocyte differentiation (Denecker et al., 2008).
The majority of caspases namely, caspases-1, -2, -6, -7 and -9 are generally
localised in the cytosol, and can also be found in the nucleus, endoplasmic
reticulum and in the Golgi apparatus. Casapase-8 and -10 predominately reside
in the cytosol whereas caspase-2 only exists in the nucleus (Shikama et al.,
2001).
The primary function of caspases is to cleave a subset of cellular proteins in
order to fully execute apoptosis. Caspases have numerous target substrates of
which over 400 have been identified. On the basis of their function, these target
proteins have been divided into various categories; regulators and mediators of
apoptosis (effector caspases, Bid, Bcl-2 and Bcl-XL, FLIPL and IAPs and others),
structural proteins (-fodrin, gelsolin, nuclear lamins and DNA fragmentation
factor 45 kDa subunit), DNA repair proteins (DNA-dependent protein kinase
(DNA-PK), Rad51 and poly(ADP-ribose) polymerase (PARP)), cell cycle-related
proteins (RB, Weel, p21 and p27), and protein kinases (PKCs, MAPK, AKT,
RIP, ROCK, PAK2 (p21-activated kinase 2) and MEKK1). Cleavage of these
proteins is responsible for the classical morphological features of apoptosis
such as cell shrinkage, cell membrane blebbing, chromatin condensation and
nuclear fragmentation (Denault and Salvesen, 2002, Fischer et al., 2003,
Nicholson, 1999).
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Figure 1.2: Structure of the caspase family members and their proposed
functions
(a) Caspases presented here are classified according to the structure and functions. (b)
and (c) Caspases are composed of an N-terminal prodomain, a 20 kDa (p20) large
subunit and a 10 kDa (p10) small subunit. On the basis of their function, caspase are
divided into three groups: Group I are those involved in inflammation (Caspase-1/-4/-5/12); group II are those that are involved in the apoptosis transduction (Caspase-2/-3/-6/-7/-8 and -9); and lastly, group III are involved in keratinocytes differentiation. The
death effector domain (DED) and the caspase recruiting domain (CARD) are proteinprotein interaction motifs allowing the initiation and execution of their respective
functions upon interaction with other caspases. Figure taken from (Venero et al., 2013).

1.2.1 Mechanism of caspase activation
During the initiation phase of apoptosis, apical or initiator caspases undergo
dimerisation to assume an active conformation, a process known as ‘induced
proximity’, later redefined as the proximity induced dimerisation model (Shi,
2004). The resultant clustering of these pro-caspases monomers leads to
autoproteolytic activation. Based on this model, the activation mechanism relies
on the recruitment of initiator caspase zymogens to multiprotein activating
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complexes and upon binding leads to caspase homo-dimerisation and
subsequent activation. The processing of pro-caspases is not an indicator of an
active caspase but rather infers marginal activation. For example, processed
caspase-8 and caspase-9, the apical caspases for the extrinsic and intrinsic
apoptotic pathways, respectively, are catalytically inactive comparable to their
pro-forms. To be functionally active, the activation process must be enhanced,
and this is achieved by recruitment to a complex that serves as an activation
platform (the death inducing signalling complex (DISC) for caspase-8 and the
apoptosome for caspase-9 to increase their catalytic activities several fold
(Fuentes-Prior and Salvesen, 2004).
During the activation phase, pro-caspases are cleaved internally at specific
aspartate acid residues. This cleavage event occurs at one or two specific
aspartic acids and is catalysed by other activated caspases. Cleavage of the
linker region between the two active catalytic subunits exposes the active site
created by flexible surface loops (L1-L4), generating small and large subunits
whereby they realign to form heterodimers (fig. 1.3) (Stennicke et al., 2002).
Loops 1 and 2 hold a catalytic residue within the large subunit where the small
subunit encompasses Loops 3 and 4. Loops 1 and 3 are highly conserved while
L2 and L4 vary significantly in mammalian caspases. In their active form,
caspases formed a heterotetramer (the functional unit of caspases) with two
active sites generated from the combination of the two cleaved catalytic
domains (Earnshaw et al., 1999, Fuentes-Prior and Salvesen, 2004) (fig. 1.3).
These domains consist of a quaternary structure designated a caspase fold that
comprises of six parallel β-sheets sandwiched in layers of α-helices. The two Cterminal β-sheets of the heterotetramers are arranged in an anti-parallel manner
resulting in a continuous 12-stranded β-sheet (Fuentes-Prior and Salvesen,
2004). Hydrolysis of peptide bonds with substrates is a prerequisite for activated
caspases to exert their function. Caspases require specific substrate binding
cleft consisting of four binding pockets (S1-S4) contained within the loops in
order to carry out their functions (Fuentes-Prior and Salvesen, 2004). These
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binding pockets allows the substrate to line up with the caspase catalytic
domain and thus define substrate specificity (Timmer and Salvesen, 2007).
Substrate specificity is different for each caspase, for example, preferred site for
cleavage is at the C-terminal side of a four amino-acid sequence motif, X-X-XAspartate, where X can by any amino acid. Some of these sequences are
VDVAD for caspase-2, DEVD for caspase-3 and -7, IETD for caspase-8 and
LEHD for caspase-9 (Fuentes-Prior and Salvesen, 2004, McStay et al., 2008).
All caspases require an aspartic acid (Asp, D) in the P1 position of their
substrate target sequence after which a cleavage event can occur. In addition,
caspases inherently avoid charged residues located at the P 1 position and
prefer cleavage sites in substrate sequence motifs that are before small amino
acids, such as glycine, serine or alanine. (Stennicke et al., 2002). Substrate
cleavage motifs for caspases have been identified, and despite the differences
in amino acid sequences and cleavage specificities, Mcstay and colleagues
showed that while the substrate cleavage motif can be specific for one caspase,
this site appears to be a general motif that can be recognised by other
caspases. In the study, caspase-3 targeted a majority of substrates that were
shown to be highly specific for other caspases. Therefore, cleavage specificities
based on substrate amino acid sequence for each caspase is not exclusive but
rather it significantly overlaps, thus allowing multiple caspases with different
binding preferences to recognise and catalytically process different substrates
(McStay et al., 2008).
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Figure 1.3: Schematic representation of Procaspase activation
Active caspases are formed by cleavage of its pro-form at the specific Asp-X bonds
which leads to the release of the pro-domain resulting in the formation of the
heterotetramer p202-p102. The active site residues are represented by C, H and R are
involved in the formation of the active centre. Figure taken from (Chowdhury et al.,
2008).

1.3

TRAIL

Tumour Necrosis factor-related apoptosis-inducing ligand (TRAIL) also known
as Apo2 ligand (Apo-2L) is a type II transmembrane protein which is exclusively
expressed on the surface of activated immune cells, such as dendritic cells
(Fanger et al., 1999), Natural Killer (NK) cells, macrophages and T-cells
(Kayagaki et al., 1999). TRAIL belongs to the prototypic tumour necrosis super
family (TNFSF) of cytokines; a group of proteins that play a physiological role in
the regulation of the immune system and inflammatory response. Subsequent to
its discovery in 1995 by two independent groups (Wiley et al., 1995), TRAIL has
been gaining momentum as a promising anti-cancer agent due to its distinct
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ability to selectively induce cell death in cancerous cells, without affecting
normal tissue cells (Walczak et al., 1999, Degli-Esposti et al., 1997b).
As a type II transmembrane protein, TRAIL is composed of 281 amino acid
chains with a short (17 amino acid) COOH-terminus extracellular binding
domain and an intracellular amino-terminal domain. The extracellular portion of
surface-bound TRAIL can be proteolytically cleaved by cysteine proteases to
generate an active soluble form of TRAIL (Wiley et al., 1995, Martinez-Lorenzo
et al., 1999). TRAIL subunits comprise of two antiparallel β-pleated sheets that
interact with adjacent subunits to form a bell-shaped homotrimer. Each TRAIL
monomer holds a cysteine residue at position 230 (Cys-230) which forms a
unique zinc-binding site at the core of the trimer. This binding site is crucial for
efficient apoptosis induction in targeted cells, as TRAIL homotrimers bind and
trimerize with a zinc atom thus allowing the stabilization of the TRAIL trimers
and maintaining optimal biological activity (Bodmer et al., 2000, Mongkolsapaya
et al., 1999, Hymowitz et al., 1999). TNFα was the first member of the tumour
necrosis super family (TNFSF) of ligands to be discovered to exhibit anti-tumour
effects. Cloning and characterisation of CD95 (also known as Apo-1L/Fas) and
tumour necrosis factor α (TNFα) allowed the identification of TRAIL based on
their extracellular sequence homology domain. Consequently, TRAIL was given
an alternative name (APO-2L) because of its sequence homology to CD95
(APO-1L) (28 % identical) and TNFα (23 % identical).
1.3.1 Physiological role of TRAIL
TRAIL plays a physiological role in host immunosurveillance functioning to
supress tumour growth and metastasis. TRAIL is expressed on human immune
effector cells, such as natural killer (NK) cells, peripheral blood T and B
lymphocytes, interferon-activated monocytes, lipopolysaccharide (LPS) -induced
monocytes and macrophages, neutrophils and dendritic cells. Significant results
published in 2002 showed that TRAIL does not play a role in embryonic
development as the TRAIL-/- mice used in these studies were viable with no
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developmental defects (Cretney et al., 2002, Sedger et al., 2002). TRAIL- and
TRAIL-R-deficient mice were shown to be more prone to disease development
with increased susceptibility to autoimmune arthritis and diabetes (LamhamediCherradi et al., 2003). TRAIL has been described to exhibit a high level of
specificity to induce apoptosis in a wide array of cancers while sparing normal
cells both in vitro (Wiley et al., 1995, Pitti et al., 1996) and in vivo (Walczak et
al., 1999) therefore ascribing TRAIL to function in tumour surveillance. In a bid
to deduce the role TRAIL played as a tumour suppressor, wildtype mice were
exposed to the TRAIL antagonistic antibody methylcholanthrene (MCA) and it
was found that TRAIL neutralisation led to tumour development (Cretney et al.,
2002). In a similar experiment, challenging these mice with TRAIL neutralising
antibody resulted in increased liver metastases following inoculation of mice
with murine cancer cells (Takeda et al., 2002, Takeda et al., 2001).
Contradictory results were published in several studies where considerable
metastases were observed following TRAIL treatment in TRAIL resistant cells.
Modulation of the effects of TRAIL was ascribed to have stemmed from
mutations of the death receptors, increased expression of decoy receptors,
defects of the DISC assembly proteins, elevated levels of inhibitor of apoptosis
proteins and Bcl-2 anti-apoptotic proteins (LeBlanc and Ashkenazi, 2003, Shi et
al., 2003, Walczak et al., 2000).
1.3.2 TRAIL Receptors
TRAIL-induced apoptosis is mediated through death receptors upon sensing
external signals from the cell. These receptors are a subgroup belonging to the
TNF receptor super family (TNFRSF). Thus far, 8 known human death receptors
have been characterised. These include: tumour necrosis factor receptor
1(TNFR1; also known as DR1), CD95 (also known as DR2, APO-1 and Fas),
DR3 (also known as APO-3 and TRAMP), TNF-related apoptosis-inducing
ligand receptor 1 (TRAIL-R1; also known death receptor 4 (DR4) and APO-2),
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TRAIL-R2 (also known as DR5, KILLER and TRICK), DR6, ectodysplasin
(EDAR), and the p75 nerve growth factor (NGF) (French and Tschopp, 2003).
Death receptors are type I transmembrane proteins that hold an extracellular Nterminal and an intracellular cytosolic C-terminal domain, where the N-terminal
can be proteolytically cleaved to exist as a soluble cytokine (Gonzalvez and
Ashkenazi, 2010). The extracellular domain contains a highly conserved Nterminal cysteine-rich domain motif of approximately 80 amino acid residues. In
the cytoplasmic tail, the death receptors contain a sequence known as the
“death domain” (DD). This domain is a protein-protein interaction motif with a
conserved structural fold composed of six alpha-helices. Upon DR receptor
activation, the DD undergoes self-association and mediates protein-protein
interactions resulting in assembly of signalling complexes crucial for apoptosis
induction (Park et al., 2007). Three cytoplasmic adapter proteins, Fas
associated death domain (FADD), TNFR1-associated death domain (TRADD),
and receptor-interacting threonine/serine protein 1 (RIP1) all have a DD that
play critical roles in the assembly of signalling complexes that drive apoptosis
via activation of caspases (Boldin et al., 1995).
Furthermore, type I transmembrane proteins are sub-grouped in accordance to
the presence of a highly conserved cysteine rich residues located in the
extracellular binding domains. These receptors hold 2 to 6 cysteine-rich
domains (CRDs), each of which is uniquely characterised by a region containing
cysteine rich residues commingled within a chain of approximately 40 amino
acids. Formation of intra-cysteine disulphide bonds between distinct subunits of
CRDs provides stability for functional timeric or multimeric TNF receptors
(Nagata, 1997).
The discovery of TRAIL receptors was as a result of studies that demonstrated
that TRAIL-induced apoptosis was independent of Fas or TNFR1. Death
receptor 4 (DR4, TRAIL-R1, TNFRSF10A) was the first of the TRAIL receptors
to be discovered (Pan et al., 1997) followed by the discovery of death receptor 5
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(DR4, TRAIL-R2, TNFRSF10B, KILLER) (Sheridan et al., 1997). In humans,
four membrane bound TRAIL receptors have been identified. These are two
death receptors namely; DR4 and DR5 that act as membrane sensors which
initiate cellular destruction upon detecting extracellular death signals. The
remaining receptors, namely decoy receptor 1 (also known as DcR1, TRAILR3
and TNFSF10C) and decoy receptor 2 (also known as DcR2, TRAILR4,
TNFSF10D) and Osteoprotegerin (TNFSF11B) restrict TRAIL ligand binding by
competing with DR4 and DR5 thereby abrogating death signal transduction
(Pan et al., 1997, Sheridan et al., 1997, Walczak et al., 1999, Degli-Esposti et
al., 1997b, Gonzalvez and Ashkenazi, 2010). Figure 1.4 illustrates death
receptors along with their respective ligands.

Figure 1.4: Death receptors and their cognate ligands
TNFRs share a common feature, conserved cysteine-rich extracellular binding
domains. The presence of approximately 80 amino acid residues forms the death
domain motif located in their C-terminal cytoplasmic tail. This death domain motif allows
for signal transmission upon activation of the receptors upon binding or their respective
ligands as indicated. The Decoy receptors (DcR1 and DcR2) do not propagate death
signal and compete with DR4 and DR4 for Apo2/TRAIL binding thereby circumventing
apoptotic or other signals. DcR3 on the other hand competes with Fas and DR3 for
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FasL and TRAIL binding, respectively. Figure taken from (Gonzalvez and Ashkenazi,
2010).

As members of the TNFRSF, DR4 and DR5 have been identified to be the
signalling receptor that bind to APO2L/TRAIL to induce apoptosis (French and
Tschopp, 2003). There is scarce knowledge about the preferential expression of
one receptor over the other in some cell types or why TRAIL may have a
preference for either receptor for signal transduction. In contrast to DR4 and
DR5, other receptors of the TNFSF require endocytosis in order to transmit and
propagate death signals that are detected externally to induce apoptosis (Lee et
al., 2006). Upon TRAIL binding to DR4/5, receptors undergo intracellular
clustering or aggregation in lipid rafts-containing membranes, which are micro
domains of the plasma membrane. These microdomains are rich in cholesterol
and glycosphingolipids which facilitates receptor clustering or aggregation upon
TRAIL interaction (Eramo et al., 2004, Simons and Toomre, 2000).
1.4

Extrinsic pathway of apoptosis

1.4.1 CD95/Fas and TRAIL receptor signalling
Binding of death ligands such as, FasL/Apo-1L or TRAIL to their cognate
receptors CD95/Fas and DR4/ DR5, respectively, is the initial step in DRmediated apoptosis (Pan et al., 1997, Walczak et al., 1997). Ligand, receptor
ligation induces oligomerization and trimerization of the death receptors, which
can cluster together to form larger structures (Scott et al., 2009). Trimerization
of the death receptors leads to conformational changes in their intracellular
domains allowing the recruitment of the adaptor protein FAS-associated death
domain (FADD) via homotypic interactions between the C-terminal cytosolic
death domains (DD) (Falschlehner et al., 2007). FADD holds an N-terminal
death effector domain (DED) that facilitates homotypic interactions with the
tandem DED domains located in the pro-domain of pro-caspase-8, pro-caspase10 and cFLIPL/S allowing their recruitment to assemble into the DISC (Muzio et
al., 1996, Boldin et al., 1996). Recent data from stoichiometric studies have
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revealed DR and FADD interaction occurs in a ratio of 3:1(Dickens et al., 2012).
Upon binding to the DDs of the oligomerized DR4 and DR5, FADD exposes its
death effector domain (DED) at its N-terminus to recruit the initiator procaspase-8 and -10 (Carrington et al., 2006, Hughes et al., 2016, Fu et al.,
2016). Binding of pro-caspase-8 and -10 completes the formation of a complex
known as the death-inducing signalling complex (DISC) leading to caspase-8/10 activation and subsequent apoptosis execution (Wang et al., 2010). In
addition to DR4 and DR5, TRAIL can interact with three additional receptors,
namely TRAIL-receptor-3 and -4 (also known as Decoy receptor 1 (DcR1) and
Decoy receptor (DcR2) and Osteoprotegerin (Degli-Esposti et al., 1997b, DegliEsposti et al., 1997a, Emery et al., 1998). TRAIL interacts with DcR1/ 2 with
high affinity due to these receptors possessing similar homology of the
extracellular domain of both DR4/ 5. However, they are incapable of transmitting
death signals to induce apoptosis upon TRAIL ligation and thus act as ‘decoys’
(Sheridan et al., 1997, Pan et al., 1998). Their defect in transmission of
apoptosis signals is due to a non-functional and truncated death domain (DcR2)
or lacks the intracellular domain (DcR1) (Degli-Esposti et al., 1997b, Kischkel et
al., 2000). Osteoprotegerin is secreted and can be detected in circulation but
has a weak interaction with TRAIL (Emery et al., 1998).
When recruited to the DISC, dimerised pro-caspases-8/ or -10 undergo close
proximity-driven auto-activation of each other by proteolysis, which is achieved
via filament formation of the pro-caspase-8 molecules. Auto-proteolysis of procaspase-8 occurs at the aspartate residue located between the linker and the
small subunit (position D384 in humans and D385 in mouse) (Tummers and
Green, 2017). Autocleavage results in the generation of a large (p43/41) and
small (C-terminal p30) subunits (Chang et al., 2003). These subunits do not
directly activate procaspase-8, but rather stabilize the formation of a catalytically
active caspase-8 hetero-dimer (Boatright et al., 2004). Further proteolytic
cleavage of an aspartate linking the tandem DEDs and the large subunit
generates an activated caspase-8 hetero-tetramer, which is then released from
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the DISC into the cytosol. These hetero-tetramers consist of two large (p18) and
small (p10) subunits which drive apoptosis initiation (Chang et al., 2003,
Tummers and Green, 2017). Cytosolic active caspase-8 then proceeds to
cleave and activate downstream effector caspase-3, as well as other substrates
to induce apoptosis (Sprick et al., 2002, Kischkel et al., 2001). Schematic
illustration of the extrinsic apoptotic signalling is exemplified in figure 1.5

Figure 1.5: The extrinsic apoptotic pathway
Stimulation of the Death receptor via binding of TRAIL results in DR timerization which
promotes the recruitment of FADD, in turn recruits procaspase-8/-10 along with
cFLIPL/S via DED interactions thus generating the death-inducing signalling complex
(DISC). This complex induces dimerisation of procaspase-8 enabling its auto-activation.
The promotion of caspase processing and activation is dependent on the relative
abundance of the cFLIP at the DISC. cFLIPL either promotes or inhibits caspase-8/-10
activation by inhibiting maturation of caspase-8, while cFLIPS functions as an inhibitor
by preventing caspase-8 filament formation. Upon activation, caspase-8 is released
from the DISC and proceeds to activate pro-caspase-3/-7, resulting in cleavage of
specific substrates and subsequently the execution of apoptotic cell death. Figure
adapted from (de Vries et al., 2006)
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1.4.2 Modulation of the TRAIL-induced extrinsic apoptotic pathway
TRAIL resistance was postulated to have stemmed from competition between
functional death receptors (DR) -4 and -5, and decoy receptors (DcR) -1 and -2
for TRAIL binding (Sayers and Murphy, 2006, Lavrik et al., 2005). Though,
having the same structural homologs as the TNF receptors, DcRs lack the death
domain and therefore are incapable of forming signalling complexes thus
function as inhibitors of the extrinsic signalling transduction (Lavrik et al., 2005,
Ashkenazi et al., 1999). In vivo and in vitro studies have been unable to find a
direct link between expression levels of functional DRs and DcRs, and TRAIL
sensitivity (Kim et al., 2000, Petak et al., 2000, Nimmanapalli et al., 2001). A
study by Griffith and colleagues showed that a subset of melanoma cell lines
were sensitive to the cytotoxic effects of TRAIL expressed DcR1 and DcR2
mRNA, however, the remaining TRAIL resistant cell lines were observed to be
incapable of expressing DcR1 or DcR2 mRNA or both thus concluding that
there was no correlation between TRAIL sensitivity and expression of mRNA
encoding for DcR1 and DcR2 (Griffith et al., 1998). Based on the same principle
to correlate expression of decoy receptors with TRAIL resistance, a study using
18 neuroblastoma cell lines showed that 5 out of the 18 cell lines showed
sensitivity towards TRAIL treatment despite heterogeneous expression of DcR1
and DcR2 (Eggert et al., 2001). These data, amongst others suggest that
protection offered by decoy receptors in some cancers is not the only
mechanism that confers complete resistance to TRAIL. TRAIL resistance may
arise from several factors such as epigenetic changes, down regulation of DR4
and/or DR5, or numerous possible up-or downregulations of proteins downstream of DR4/5 (Kim et al., 2000). The DR4 and DR5 genes have been linked
to the chromosomal segments, 8p21-22, which are regions known as loss of
heterozygosity (LOH). This region is commonly found in a wide range of cancers
and is often mutated (Fisher et al., 2001).
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TRAIL-mediated apoptosis induction proceeds through the DISC which
facilitates the activation of pro-caspase-8 and -10. Pro-caspase-8/-10 is
therefore tightly regulated and held in check by the caspase-8 homolog known
as cellular FLICE-like inhibitory protein (cFLIP) (Tsuchiya et al., 2015).
cFLIP was initially identified by Thome and colleagues while studying the
physiological role of viruses in apoptosis signalling (Thome et al., 1997). In their
study, they observed apoptosis interference upon stimulating the DR pathway
identifying viral FLICE-inhibitory proteins (cFLIP) as the proteins that perturbed
the execution of the extrinsic apoptotic pathway (Tsuchiya et al., 2015). cFLIP
contains a sequence homology, (the N-terminus), similar to that of caspase-8
and -10 and holds two DEDs. However, they lack a functional cysteine rich
residue, which is necessary for catalytic protease activities (Tsuchiya et al.,
2015, Kataoka et al., 1998). Upon recruitment to the DISC, cFLIP abrogates the
transduction of apoptotic signals proceeding through the DISC by preventing the
full maturation of caspase-8 and its release from the DISC leading to defective
apoptosis. The function and mechanism of cFLIP in apoptosis inhibition is yet to
be fully elucidated.
Different isoforms of c-FLIP have been describe; these are, c-FLIP short
(cFLIPS), c-FLIP long (cFLIPL) and c-FLIP Raji (cFLIPR). Evidence from cellular
overexpression studies in the initial characterisation of cFLIP isoforms revealed
a dual role in both pro-apoptotic and anti-apoptotic events; and this is mainly
attributed to the their expression levels (Irmler et al., 1997, Shu et al., 1997,
Srinivasula et al., 1997, Han et al., 1997). The exact mechanism in each event
is under debate. However, studies show that cFLIPL exhibits a role as either a
promoter of apoptosis or pro-survival signalling transduction (Boatright et al.,
2004, Peter, 2004, Yu et al., 2009). In contrast, c-FLIPS and c-FLIPR have only
been implicated in anti-apoptotic events by inhibiting caspase-8 activation via
heterodimerisation (Golks et al., 2006). Increased levels of cFLIPL results in
saturation of the FADD molecules thereby, preventing hetero-dimerisation of
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procaspase-8/-10 or their recruitment to the DISC (Boatright et al., 2004, Peter,
2004, Yu et al., 2009). Low levels of cFLIPL can associate with pro-caspase-8
through homotypic interactions of the DED-DED domains to form caspase-8cFLIPL heterodimers. In this scenario activated caspase-8 remains bound to the
DISC with limited substrate cleavage capabilities (Kallenberger et al., 2014).
Recent evidence has been reported suggesting that cFLIP S and cFLIPR are
recruited to the DISC, where they bind to procaspase-8 at the prodomain of the
N-terminal. They inhibit further processing of procaspase-8 which remains DISC
bound thereby terminating apoptosis execution (Schleich et al., 2016). Studies
on the stoichiometry of TRAIL-induced DISC complex identified that the levels of
caspase-8-cFLIPL exceeded those of FADD, demonstrating that the DISC
contained more procaspase-8 than FADD and cFLIP (Schleich et al., 2012,
Dickens et al., 2012). Thus the levels between cFLIP and caspase-8 ultimately
decide the cell’s fate. In addition to cFLIP attenuating TRAIL apoptotic effects,
another factor that modulate apoptosis induced by TRAIL is the inhibitor of
apoptosis proteins (Naoum et al., 2017).
It has been a long-standing knowledge that TRAIL stimulation results in
apoptosis induction via the DISC. However, it has been shown that following
TRAIL stimulation apoptosis is not the endpoint but plays a vital role in cell
survival and proliferation (Ehrhardt et al., 2003) as well as inducing inflammatory
response (Henry and Martin, 2017) via the NF- B signaling pathway. TRAIL
receptor signaling upstream of NF- B signaling can be modulated by cellular
inhibitor of apoptosis proteins (cIAPs) via their RING domain that functions as
an E3 ubiquitin ligase. The E3 ligase activities are implicated in the ubiquitinproteasome pathway that ultimately results in the degradation of target proteins
thus promoting the NF- B pro-survival signalling pathway (Yang et al., 2000).
TRAIL-mediated NF- B activation requires the presence of receptor-interacting
serine/threonine protein 1 (RIP1) at its native TRAIL DISC (Harper et al., 2001).
The fate of cells towards survival or death bifurcate at RIP1 upon activation of
the NF- B signalling pathway (Fuchs and Steller, 2015). As such transduction of
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the pro-survival NF- B signalling is regulated by polyubiquitination of RIP1
mediated by cIAPs via their E3 ligase activity. Modification of RIP1 marks it for
proteasomal degradation thereby circumventing the cell death signalling and/or
eliciting of inflammatory response (Vaux and Silke, 2005, Yang et al., 2000).
Another regulator of TRAIL signalling is linear ubiquitin chain assembly complex
(LUBAC). LUBAC has been described to regulate TRAIL-induced apoptosis,
NF- B signalling and necroptosis via its E3 ligase activity (Lafont et al., 2017a).
Study by Lafont and colleagues showed that the regulatory function of LUBAC
upstream of TRAIL signalling is also via ubiquitination of RIP1 as well as
influencing the assembly of the native TRAIL DISC components and/or deathpromoting function of the DISC (Lafont et al., 2017b).
1.5

Mitochondrial-dependent (Intrinsic) Apoptosis Pathway

The mitochondrial-dependent pathway may be triggered through intrinsic
cellular stress, such as genotoxic stress caused by radiation, chemicals or viral
infection (Roos and Kaina, 2013, Roos and Kaina, 2006). Other triggers include
stress in consequence of dysfunction of the mitochondria or endoplasmic
reticulum (ER) stress caused by oxygen radicals or calcium Ca2+ overload
(Takuma et al., 2005), and accumulation of unfolded proteins resulting from
impaired protein degradation and proteasomal stress (Voorhees et al., 2003).
Central to the intrinsic pathway is the permeabilization of the mitochondrial outer
membrane (mitochondria outer membrane permeabilization: (MOMP). This
event results in mitochondrial permeability transition pore and loss of
mitochondrial membrane potential (Elmore, 2007). Pore formation eventually
leads to the release of pro-apoptotic proteins including cytochrome c, second
mitochondria activator of caspases (Smac) also referred to as direct inhibitor of
apoptosis (IAP) binding protein with low pI (DIABLO), omi stress-regulated
endoprotease/high temperature requirement protein A2 (Omi/HtrA2) from the
mitochondria intermembrane space. The translocation of these proteins to the
cytosol is a crucial event that drives activation of the initiator pro-caspase-9
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triggering the caspase cascade and subsequent apoptosis execution (Tait and
Green, 2010, Green and Kroemer, 2004). Control and regulation of the
mitochondrial pathway occurs through the B-cell lymphoma-2 (Bcl-2) family of
proteins.
1.5.1 The Bcl-2 family of proteins
The B cell lymphoma 2 (Bcl-2) family of proteins are the primary regulators of
MOMP. They are predominantly localised on the outer mitochondria membrane
where the commitment of cells to die by release of cytochrome c and Smac is
decided (Krajewski et al., 1993). A total of 25 mammalian genes have been
identified in the Bcl-2 family of proteins and are divided into two subgroups,
namely the anti-apoptotic and the pro-apoptotic group. There are four different
Bcl-2 homology (BH) domains that are evolutionary conserved within the Bcl-2
family of proteins, the BH1-BH4 domains. All members of the Bcl-2 family
proteins contain at least one of these BH domains (Kouri et al., 2012). Some
also contain a C-terminal hydrophobic sequence that enables them to
translocate to the mitochondria outer membrane. The most popular members of
the anti-apoptotic group are Bcl-2 itself, Bcl-extra-long (Bcl-XL), Bcl-w and
myeloid cell leukemia-1 (Mcl-1) (Giam et al., 2008). These proteins contain all
four BH domains and a transmembrane (Giam et al., 2008). In contrast, the proapoptotic proteins Bcl-2 associated X (Bax), BH3-homologous agonist killer
(BAK) and the Bcl-2 related killer (Bok) lack the BH3 domain (Spierings et al.,
2005). Another group of pro-apoptotic Bcl-2 only share the BH3 domain (BH3only proteins) with a structural fold comprising of an amphipathic α-helix with a
stretch of highly conserved amino acid sequence that facilitates binding to the
hydrophobic groove located on the surface of anti-apoptotic proteins. The BH3only proteins are the BH3-interacting domain death agonist (Bid), Bcl-2
associated death promoter (Bad), Bcl-2 modifying factor (Bmf), Harakiri (Hrk),
Noxa (latin for damage), and p53-upregulated modulator of apoptosis (Puma)
(Giam et al., 2008). The decision of a cell’s fate is dependent on the balance
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between the anti- and pro-apoptotic proteins. Should the balance tip in favour of
cell death the effector pro-apoptotic protein Bax translocate to the outer
mitochondria where it and Bak dimerises and form oligomers induce
mitochondrial outer membrane permeabilization and subsequent release of
cytochrome c (Opferman and Kothari, 2017, Giam et al., 2008).
1.6

MOMP and execution phase

Apoptosis execution of the mitochondria pathway proceeds following formation
of pores in the outer mitochondrial membrane as a consequence of activation of
Bak and Bax by BH3-only proteins such as truncated Bid, Bim and PUMA upon
stress (Giam et al., 2008, Kim et al., 2006, Letai et al., 2002). For example,
PUMA is upregulated by tumour protein p53 (p53) subsequent to genotoxic
stress (Zilfou and Lowe, 2009, Chipuk and Green, 2006). After interacting with
these select BH3-only proteins, Bax and Bak are activated by undergoing
conformational changes. Under normal conditions Bax resides primarily in the
cytosol (Wolter et al., 1997). After interaction with select BH3-only proteins, the
transmembrane domain of BAX (COOH-terminal) is exposed allowing Bax to
translocate to the mitochondrial outer membrane (Reyna and Gavathiotis, 2016,
Westphal et al., 2011). Unlike Bax, Bak resides at the mitochondrial before
interacting with select BH3 proteins (Kale et al., 2017). Subsequent to
activation, Bak and Bax dimerise to form homo-oligomers eventually causing
MOMP (Kale et al., 2017). Following MOMP and translocation of cytochrome c
into the cytosol, cytochrome c interacts to a monomeric apoptotic proteaseactivating factor 1 (Apaf-1) an adapter molecule residing in the cytosol. In a
(deoxy) adenosine triphosphate ((deoxy)ATP)-dependent manner Apaf-1
undergoes a conformational change and ultimately oligomerizes to form a 700KDa heptameric complex known as the apoptosome (Salvesen and Renatus,
2002). This complex recruits and binds to pro-caspase-9 via the CARD domain
above central hub of the apoptosome through homophilic interaction (Cain et al.,
2000). Binding to the apoptosome clustering of pro-caspase-9 when bound to
the apoptosome leads to its activation (Wu et al., 2016). Activated caspase-9
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facilitates execution of apoptosis; however, the strength of the death signal at
this point is dependent on the concentration of pro-caspase-9. In support of
apoptosis propagation, Smac/Diablo, Omi/HtrAz interact and suppresses IAPs
activities (Ekert and Vaux, 2005). Activated caspase-9 proceeds to activate
caspase-3 and -7 and in turn cleavage of specific protein substrates and
eventually resulting in cell death (Cain et al., 2000).

Figure 1.6: The Intrinsic Apoptotic Pathway
Execution of the intrinsic pathway is triggered by cellular stress such as DNA damage;
results in the translocation of Bax to the mitochondria outer membrane where it and
Bak homo-oligomerises. This leads to pore formation inducing MOMP that allows the
release of pro-apoptotic proteins residing in the intermembrane space of the
mitochondria such as cytochrome c and Smac. Following the release of these proteins,
cytochrome c interacts with Apaf-1, and in the presence of dATP promotes
oligomerization of Apaf-1 and recruits pro-caspas-9 resulting in the formation of the
apoptosome complex where it undergoes auto-activation. Active caspase-9 activates
caspase-3/-7 and subsequent cleavage of the specific substrates results in execution of
apoptosis. Execution of the intrinsic pathway can be abrogated by inhibitor of apoptosis
proteins such as XIAP. XIAP potently neutralises activated caspase-9/-3 and -7,
thereby circumventing apoptosis. However the inhibitory effects of XIAP are
antagonised by Smac which results in apoptosis execution without any impediments.
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The Bcl-2 anti-apoptotic proteins such as Bcl-2, Bcl-xL and Mcl-1 control apoptosis
execution by inhibiting the MOMP as a consequence of Bax/Bak interaction. Figure
adapted from (de Vries et al., 2006).

1.7

Crosstalk between the extrinsic and intrinsic apoptotic pathway

Apoptosis induction via the mitochondria and the death receptor pathways were
believed to be two independent pathways. However, cell death via the death
receptor axis may intersect with the mitochondrial pathway resulting in an
amplification of the death signal and subsequent apoptosis execution. The
cross-talk between these two pathways is mediated by the BH3-only protein Bid
(Maser et al., 2000). Cells triggered to undergo apoptosis via the extrinsic
pathway can be classified into types; Type I and Type II cells. Type I cells are
characterised by elevated levels of DISC formation and increased amounts of
activated caspase-8 and subsequent activation of downstream effector
caspases such as caspase-3 and -7 leading to cell death (Scaffidi et al., 1998).
In type II cells, the concentrations of DISC formation are relatively low and by
extension, low levels of cytosolic active caspase-8. As such, transduction and
propagation of the apoptotic signalling necessitates an amplification loop. This is
achieved by engaging the intrinsic apoptosis pathway; the crosstalk between
these two pathways is mediated by cleavage and activation of Bid by caspase8. Bid is cleaved at the Asp 60, to generate a carboxyl terminus p15 truncated
Bid (tBid) (Wang and El-Deiry, 2003, Desagher et al., 1999, Wei et al., 2000).
tBid is capable of activating Bak and Bax which ultimately induces MOMP and
mitochondrial-dependent apoptosis (Slee et al., 2000).
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1.8

TRAIL as targeted therapy

Several and ongoing attempts have been made to develop targeted cell death
inducers which kill cancer cells independent of transcriptional mechanisms.
However, to tailor specific treatment for patients with targeted therapeutics,
associated companion diagnostic tools are required to identify patients that are
likely to respond effectively to treatment while experiencing few side effects.
A study by Walczak and colleagues (1999) reported the first evidence of the
tumour suppressing effects of TRAIL in mammary adenocarcinoma xenografts.
In their study, they developed highly active forms of recombinant and murine
TRAIL and upon administration showed reduced tumour incidence and tumour
progression in mice bearing subcutaneously implanted tumours (Walczak et al.,
1999, Ashkenazi et al., 1999). Following this discovery, a study on apoptosis
induction in normal human hepatocytes showed a high level of toxicity in
hepatocytes (Jo et al., 2000), resulting in the discontinuation of TRAIL as a
candidate for clinical applications for the treatment of cancers. It was later
shown that the results from the study from which TRAIL caused high toxicity
was a discrepancy attributed to model systems and in the manner in which
TRAIL was prepared. The preparation consisted of using recombinant proteins
tagged with polyhistidine which had suboptimal levels of zinc. This resulted in a
change in the tertiary structure of the protein thus causing it to over aggregate
leading to the observed toxicity (Lawrence et al., 2001).
Activation of the extrinsic pathway by TRAIL has been a novel and promising
option for treatment in a variety of human tumours as it induces apoptosis
independent of transcriptional response (Hellwig and Rehm, 2012, Walczak et
al., 1999). Supporting the role of TRAIL as an attractive chemotherapeutic
agent, studies in immunodeficient mice bearing tumour xenografts such as
glioma, multiple myeloma, breast and colon carcinomas were shown to be
highly susceptible to TRAIL (Wiley et al., 1995, Almasan and Ashkenazi, 2003).
However, a substantial number of cancer cells are largely resistant to TRAIL,
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thus posing an obstacle as a therapeutic strategy. This has been attributed to a
number of factors such as stability and its short half-life (30 minutes) (Kelley et
al., 2005). Novel insights in understanding the mechanisms of resistance within
cancer cell populations, particularly in apoptosis blockade gives hope that
TRAIL can be harnessed to restore sensitization in resistant tumours. A variety
of different forms of TRAIL have been developed which fall into two categories:
the TRAIL agonistic antibodies directed against TRAIL-R1 and TRAIL-R2, and
different forms of human recombinant soluble TRAIL. Some TRAIL preparations
involve the fusion of N-terminal sequences with tags such as poly-histine (Pitti et
al., 1996) FLAG epitope (Schneider, 2000) and isoleucine zipper (IZ)
trimerization motifs (Ganten et al., 2006). TRAIL fused to the Fc portion of
human immunoglobulin G (IgG) (Wang et al., 2014) or TRAIL fused with human
serum albumin (Muller et al., 2010). The modifications of these TRAIL
compounds have stabilised and increased the serum half-life (15 h) as well as
increased in apoptosis induction in vivo (Muller et al., 2010). In phase I clinical
trials, TRAIL agonists were well tolerated as well as displaying effective
responses in patients (Nesterov et al., 2004, Ashkenazi et al., 1999). Thus far,
none of these modified TRAIL molecules have produced significant clinical
benefits. To date the only recombinant form of TRAIL developed for clinical
application is dulanermin (also known as AMG-951). This particular form of
TRAIL has its amino acid sequence 114-281 modified at the extracellular
domain and is able to interact with either DR4 or DR5 unlike agonistic
antibodies which targets a specific receptor (Ashkenazi et al., 1999). While this
form of TRAIL has shown great efficacy in pre-clinical models (Kelley et al.,
2001, Lawrence et al., 2001), however, results from clinical trials have been
very disappointing as it has been shown to exert limited anticancer activity
(Soria et al., 2011, Herbst et al., 2010).
Current clinical evaluation of TRAIL-receptor-based therapy is based on
combination approach with a wide variety of chemotherapeutic agents in a
range of cancers. For example combination strategies such as Mapatumumab
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and Sorafenib in advanced hepatocellular carcinoma (NCT01258608);
conatumumab and FOLFOX6, ganitumab and/or bevacizumab in advance solid
tumours (NCT01327612; Tigatuzumab in combination with abraxane in triple
negative breast cancer (NCT01307891); and finally DS-8273a in combination
with Nivolumab in advance colorectal cancer (clinical trials.gov).
However, to date, data from clinical trials that have utilised TRAIL agonists have
been disappointing due to miniscule therapeutic response (Lemke et al., 2014).
Despite this, a combinatorial approach with existing chemotherapy, as well as
with novel chemotherapeutic agents by direct inhibition of anti-apoptotic proteins
involved in the TRAIL signalling pathway are currently under development,
whilst some treatment combinations are now under clinical evaluation (reviewed
in (Naoum et al., 2017)).
1.9

Inhibitors of apoptosis proteins (IAPs) attenuate the apoptotic effects
of TRAIL

TRAIL receptor signalling can be modulated by a number of regulators
independent of cFLIP (Mahalingam et al., 2009). The linear ubiquitin chain
assembly complex and cellular inhibitor of apoptosis proteins (cIAPs) are
considered to be essential regulators of TRAIL signaling. This regulatory control
is achieved via ubiquitination of the apical caspase of the TRAIL pathway at the
DISC by cullin-3 and TRAF2. Cullin-3 mediates K63 ubiquitination of caspase-8
which leads to its activation. In contrast TNF receptor associated factor 3
(TRAF-3) mediates K48 ubiquitination, thus marking capase-8 for degradation
(Lafont et al., 2017b). Furthermore, the loss of TRAF-2 bound cIAP1/2 by either
genetic or pharmacological depletion by Smac mimetic compounds primes cells
to TRAIL-induced cell death (Fulda et al., 2002, Geserick et al., 2009). Recent
report by Lafont (2017) and colleagues have identified linear ubiquitin chain
assembly complex (LUBAC), to be a critical regulator of the native TRAIL
complex-I and the secondary cytosolic complex-II to promote cell survival
(Lafont et al., 2017b).

50

Chapter I: Introduction

Regulatory proteins known as inhibitor of apoptosis proteins (IAPs) play an
important role in apoptosis repression by inhibiting the apoptosis cascades
mediated by caspases. IAPs directly bind and neutralise both initiator and
effector caspases (Silke et al., 2002). Conversely, the presence of the
endogenous pro-apoptotic protein Smac counteract the inhibitory effects of IAPs
thus promoting apoptosis.
IAPs were first described in Spodoptera frugiperda insect viruses (baculovirues),
which encode IAPs to prevent apoptosis induction of the host cell during
infection (Crook et al., 1993). Since their discovery more than two decades ago
by Miller and colleagues (Crook et al., 1993), homologs of the IAP genes have
been identified in nematodes, yeasts, flies and higher vertebrates (Srinivasula
and Ashwell, 2008). IAP family members are characterised by the presence of
more than one variable Baculoviral IAP repeat (BIR) motifs, which comprises of
a sequence of approximately 70 amino acids. The presence of BIR domains
enable them to bind and inhibit activated caspases as well as inducing caspase
polyubiquitination marking them for proteasomal degradation. This effect leads
to an inhibitory threshold which caspases must overcome to trigger apoptosis
(Sun et al., 2000, Gao et al., 2007).
Besides modulating the apoptosis by caspase inhibition, cIAPs carry out a major
role through the ubiquitin ligases to regulate innate immune response, cell
division, and cell proliferation (Gyrd-Hansen and Meier, 2010). A conserved
motif essential for IAP anti-apoptotic activity is the C-terminal of the really
interesting new gene (RING); this motif presents a zinc finger that holds an E3
ubiquitin ligase. The ubiquitin signaling events regulate these multiple cellular
processes via the NF- B signaling pathway (Gyrd-Hansen and Meier, 2010,
Berthelet and Dubrez, 2013). As such, the multimodal function of cIAPs allows
the regulation of cell death and survival both upstream and downstream of
death receptors.

51

Chapter I: Introduction

1.9.1 Structure of the IAP family
The human IAP family consists of eight proteins: NAIP, cellular IAP1 (cIAP1),
cIAP2, X-chromosome-linked IAP (XIAP), survivin, Apollon/Bruce, melanoma
inhibitor of apoptosis (ML-IAP) and IAP-like protein 2 (ILP-2). XIAP, cIAP1 and
cIAP2 are the best characterised of the IAP family and have been described to
be directly involved in apoptosis and NF- B signalling pathways (Rothe et al.,
1995). There are many studies which suggest alternative roles for the other
IAPs such as cell division, morphogenesis, heavy metal homeostasis, NF- B
activation, and MAP kinase signalling indicating that IAPs are not restricted to a
particular functional category (Gyrd-Hansen et al., 2008). Neuronal apoptosis
inhibitory protein (NAIP) was the first human IAP gene to be discovered; a gene
linked to spinal muscular atrophy (SMA) (Roy et al., 1995). The next human
IAPs to be discovered and characterised were the cellular IAPs 1 and 2: cIAP1
(also known as BIRC2) and cIAP2 (also known as BIRC3). These proteins were
shown to be involved in the regulation of TNFR signalling via their interaction
with TRAF1 and TRAF2 (Rothe et al., 1994, Rothe et al., 1995). The common
feature of the BIR domain subsequently led to the identification of the remaining
IAP family members through homology matching database searching (Salvesen
and Duckett, 2002).
From the eight IAP family members, survivin, ML-IAP and ILP-2 are the only
proteins that hold one BIR domain. The exact functions of survivin and ML-IAP
is yet unknown, but they have been shown to be involved in numerous
processes, including but not limited to apoptosis suppression (Finlay et al.,
2017). ILP-2 displays a sequence homology to that of XIAP however it is
encoded by a different gene and it is exclusively expressed in the testes
(Richter et al., 2001).
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Figure 1.7: The Human IAP families
The human IAP contains the common Baculovirus IAP repeat (BIR) domains, which
can range from one to three. Several of these family members possess the really
interesting gene (RING) and UBA domains. cIAP1/2 contains CARD and ubiquitin
associated (UBC) domain. Survivin contains a coiled-coiled (CC domain; NAIP has the
NOD and Leucine-rich repeat; Apollon possess a ubiquitin conjugating (UBC) domain.
Figure taken (Finlay et al., 2017).

1.9.2 Cellular inhibitors of apoptosis
As mentioned above, the IAP family members, cIAP1, cIAP2, XIAP are the best
characterised as the most potent in apoptosis inhibition, and are the primary
focus of this study. These proteins present three tandem BIR (BIR1-3)
domains, along with a carboxyl terminal really interesting new gene (RING)
domain constituting E3 ubiquitin ligase activity necessary for protein-protein
interaction and targeting of various proteins for degradation (fig. 1.8) (Hunter et
al., 2007, Deveraux and Reed, 1999). The RING domain features a zinccoordinating structure encompassing four short α helices coupled with a region
of protracted antiparallel structure (Bertrand et al., 2008). A common feature
shared by cIAP1, cIAP2, and XIAP is the presence of ubiquitin-associated
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(UBA) domain that allows binding to ubiquitin moieties of substrate proteins
(Blankenship et al., 2009, Gyrd-Hansen et al., 2008). Additionally, cIAP1 and
cIAP2 possess a caspase recruiting domain (CARD) located before the RING
domain, and like XIAP but to a lesser degree, this CARD domain binds to
caspases. However, the primary function of the CARD domain is to autoregulate the E3 ligase activity of the RING domain via intramolecular inhibition
thus preventing ubiquitination of target proteins. Additionally, this self-inhibitory
function allows cIAP1 and cIAP2 to either undergo auto-ubiquitylation or transubiquitylation of their binding partners ensuring their degradation (Lopez et al.,
2011). Structure of IAP proteins differs greatly and this difference decides their
function (Vaux and Silke, 2005). While the RING domain might be common in
the aforementioned proteins, Apollon for example lacks this domain and instead
contains a ubiquitin conjugating domain (UBC). Survivin has a coiled-coil (CC)
domain allowing it to interact with chromosomal passenger proteins during cell
division (Jeyaprakash et al., 2007). Finally NAIP contains a nucleotide-binding
and oligomerization domain (NOD) and a Leucine-rich (LRR) domain. The
primary function of this IAP is to regulate the innate immunity by modulating
neuronal apoptotic pathway (Liston et al., 1996, Wilmanski et al., 2008, Finlay et
al., 2017).
Previous studies elucidating the physiological role of IAPs in genetically
knockout mice reported that mice deficient in either XIAP, cIAP1 or cIAP2 do not
display phenotypic abnormalities and/or defective apoptosis when exposed to a
diverse range of stimuli (Conze et al., 2005, Harlin et al., 2001). These findings
therefore highlighted that these IAPs are not necessary in mice development
and apoptosis induction. While the absence of these IAPs is dispensable for
development and the apoptotic program, however, overexpression of cIAP1,
cIAP2 and XIAP confer resistance to apoptotic agents thus ensuring tumour cell
survival (Hunter et al., 2007). Similarly, studies in in vivo models using mice
with liver cancer by Zender and colleagues showed that genetic overexpression
of cIAP1 was capable of promoting both tumour growth and preventing

54

Chapter I: Introduction

apoptosis (Zender et al., 2006). Inhibitor of apoptosis proteins play vital role in
cell survival by circumventing apoptosis by modulating signal transduction
(Dynek and Vucic, 2013).
1.9.3 Regulatory mechanisms of IAPs in apoptosis
cIAP1, cIAP2 and XIAP modulate the intrinsic and extrinsic apoptotic signalling
pathways induced by either TRAIL or TNFα (Rathore et al., 2017). The initiation
and execution of apoptosis in both extrinsic and intrinsic pathways is caspasedependent which is regulated by members of the IAP family, namely cIAP-1,
cIAP-2 and XIAP. cIAP1 and cIAP2 are associated with Tumour Necrosis factor
receptor (TNFR) signalling proteins which are involved in TNFα induced
canonical NF- B signalling pathway. In this pathway they behave as positive
regulators (Zarnegar et al., 2008). To modulate this pathway, these cellular IAPs
target and polyubiquitinate RIP1 marking it for proteasomal degradation. The
absence of RIP1 abolishes the TNFR death signal and hence results in cell
survival. Likewise, by polyubiquitination NF- B inducing kinase (NIK) and
subsequent proteasomal degradation results in abrogation of the death signal
that drives the non-canonical (alternative) NF- B signalling pathway (Zarnegar
et al., 2008).
In contrast, XIAP is involved in the inhibition of apoptosis by directly binding to
and neutralizing the catalytic activities of activated caspase-9, -3 and -7. Studies
on the structures of XIAP have shown that caspase-3 and -7 are inhibited by
prevention of substrate entry into the caspase active sites upon binding to XIAP
linker region located between BIR1 and BIR2 domains (Sun et al., 1999,
Varfolomeev et al., 2012, Blankenship et al., 2009, Varfolomeev et al., 2008). In
addition, exposure of a processed amino-terminus of a processed caspase-3 is
bound by a surface peptide-binding groove of the BIR3 domain of XIAP (Riedl et
al., 2001). Caspase-9 inhibition by XIAP is accomplished through two separate
interactions within the BIR3 domain; firstly XIAP interacts with the aminoterminus of capase-9 via the peptide-binding groove of its BIR3 domain, in
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parallel, within a different region of BIR3 domain, XIAP interacts with a small
subunit of caspase-9 homo-dimerisation interface, thus abrogating its
dimerisation and activation (Sun et al., 2000, Shiozaki et al., 2003, Dynek and
Vucic, 2013). Furthermore, it has been shown that XIAP is capable of regulating
caspase-9 activities however this is dependent on the concentration levels of
APAF-1 and the apoptosome activity (Ho et al., 2007).
While XIAP directly inhibit caspases to suppress apoptosis, cIAP1 and cIAP2 do
so by indirect approach as they target and neutralise the pro-apoptotic protein
Smac via BIR3 binding (Dynek and Vucic, 2013). It is worth noting that cIAP2
has been shown to be the only cIAP capable of binding and inhibiting caspase-2
via the BIR2 domain (Cheung et al., 2006). Another mechanism of action in
which IAPs employ to control caspases is via proteasomal degradation. For
instance the RING domain of cIAP1 has been shown to degrade IAPs bearing
the RING domain, ie.,cIAP2, XIAP and itself (Creagh et al., 2004, Cheung et al.,
2008), while cIAP2 facilitates auto-ubiquitination and mono-ubiquitination of the
effector caspase-3 and -7 (Huang et al., 2000). However in general terms, the
anti-apoptotic effects of cIAP1 and cIAP2 is heavily dependent on their E3
ubiquitin ligase activities allowing for execution of the NF- B survival signalling
pathways (Varfolomeev et al., 2008, Varfolomeev et al., 2007, Bertrand et al.,
2008).
1.10 NF-țB signalling
1.10.1 Canonical NF-țB signalling
Activation of the canonical (classical) pathway is initiated upon ligation of
cytokines such as tumour necrosis factor-alpha (TNFα), interleukin-1 (IL-1) to
the TNF-receptor1 (TNFR1). Similarly to CD95/Fas and TRAIL receptor
signalling, different types of complexes analogous to the DISC are assembled
upon TNFR activation (Park et al., 2007).
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Activation of the NF- B signalling is triggered via the TNFR signalling
transduction with consists of two signalling receptors, TNFR1 and TNFR2. The
cognate ligand TNFα can bind to either receptor. While both receptors are rich
in cysteine, their intracellular domains vary greatly. However, there are striking
differences in the signalling transduction which follows the activation of these
death receptors. The marked difference in signalling is attributed to their
structures; TNFR1 holds a cytoplasmic death domain comprising of 80 amino
acid sequence (Lavrik et al., 2005, Tartaglia et al., 1993). This “death domain”
facilitates the recruitment of TRAF-2 the adapter molecule TNFR-associated
death domain protein (TRADD) an essential component for the formation of the
TNFR1 signalling complex (Hsu et al., 1995). In contrast, this cytoplasmic death
domain sequence is absent in TNFR2, so instead of recruiting TRADD TNFRassociated factor 1 (TRAF1) and TRAF2 are recruited (Tartaglia et al., 1993,
Hsu et al., 1995). Signalling through TNFR1 (via TRADD) or TNFR2 (via TRAF1
and TRAF2) can activate the NF- B signalling pathway. Signalling via TNFR1TRADD can induce either cell survival or cell death, while TNFR2-TRAF1/2 only
promotes cell survival (Brenner et al., 2015). The choice between cell survival
and cell death is dependent on downstream signalling events as well as cellular
context. The ubiquitin status of RIP1 in complex-I is the molecular switch that
decides the fate of the cell, where ubiquitination of RIP1 induces the NF- B
survival signalling pathway. In contrast, when RIP1 is not ubiquitinated, TNFmediated NF- B survival signalling is switched off thus altering the signalling to
a pro-apoptotic signalling. When RIP1 is ubiquitinated by cIAP1, the NF- B
signalling pathway becomes active.
Ligation of TNFα to TNFR1 results in receptor trimerization and translocation of
the receptor to the lipid rafts of the plasma membrane where its intracellular
domain undergoes a conformational change; and this allows the recruitment of
the adapter protein TRADD via homotypic interactions of the death domains.
Once TRADD has been recruited, it in turn recruits RIP1, TRAF2 and TRAF5 as
well as cellular inhibitor of apoptosis proteins cIAP1 and cIAP2 via cIAP1, 2-
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interacting motif (CIM) (Micheau and Tschopp, 2003, Hsu et al., 1995, Vince et
al., 2009), and finally LUBAC associates with these components to form the
membrane-associated complex-I (Brenner et al., 2015). In this complex, cIAP1
and cIAP2 induce ubiquitination of RIP1 through catalytic reactions where
ubiquitin molecules are covalently attached to the lysine residues (degradative
K48); alternatively, ubiquitination (non-degradative K63) of RIP1 to form
polyubiquitinated conjugates. The process of ubiquitination is mediated by the
E1 activating enzyme, E2 conjugating and E-3 ligase enzymes within the RING
domain of cIAP1 and cIAP2 (Sun, 2017, Brenner et al., 2015, Varfolomeev et
al., 2007). RIP1 ubiquitination results in the binding and activation of
transformed growth factor-β (TGFβ)-activated kinase 1(TAK1: also known as
MAP3K7), TAK1-binding protein 2/3 (TAB2/3) and the IKK complex. This
complex is composed of IKKα/β and NEMO) (Silke, 2011, Sun, 2017). Activation
of the IKKβ results in the phosphorylation of the NF- B inhibitor (Iκβα) and
subsequent proteasomal degradation (Silke, 2011, Sun, 2017). Liberated NF- B
molecule p105 undergoes phosphorylation thus releases the p50: RELA
heterodimers allowing their translocation into the nucleus. Subsequent to their
nucleus translocation, they form dimeric complexes with B enhancer genes to
drive transcriptional activation of anti-apoptotic genes such as cIAP1, cIAP2,
cFLIPL and Bcl-XL and Bcl-2 thus ensuring cell survival (Brenner et al., 2015,
Sun, 2017), figure 1.8.
1.10.2 Non-canonical (alternative) NF-țB signalling
NIK is a key regulator essential for the execution of the NF- B canonical
(alternative) pathway. It belongs to the family of mitogen-activating protein 3
(MAP3) kinases and is continually expressed. However, it is detected in very
low amounts under resting conditions due to it being constitutively ubiquitinated
by cIAP1 and cIAP2 and subsequent undergoing degradation (Qing et al.,
2005). Upon subverting the pro-survival signal from the complex-I in the
absence cIAP1 and cIAP2, constitutive degradation of NIK is repressed allowing
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accumulation of NIK levels. Elevated levels of NIK results in phosphorylation of
the IKKα. This phosphorylation event in turn initiates the phosphorylation of its
substrate NF- B2 p100 (an NF- B precursor protein) into a functional p52
subunit. Activated p52 associates with RelB forming a heterodimer that induces
target gene transcription following nuclear translocation. Activation of specific
genes such as TNFα act as a positive feedback loop that amplifies the death
signal thus promoting cell death via complex-II (Smale, 2012, Sun, 2017), figure
1.8.
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Figure 1.8: The canonical and non-canonical signaling pathways
In the canonical pathway, binding to TNFRI receptor results in the recruitment of RIP1,
TNFR1-associated death domain (TRADD), cellular inhibitor of apoptosis proteins 1
(cIAP1) and cIAP2, and TNFR-associated factor 2 (TRAF2) and the linear ubiquitin
chain assembly complex (LUBAC: comprises of haem-oxidized IRP2 ubiquitin ligase 1
(HOIL1), HOIL-interacting protein (HOIP) and SHANK-associated RH domaininteracting protein (SHARPIN)) to form the TNFR1 complex-I. Activation of the IKK
complex following the formation of complex-I induces phosphorylation and degradation
of IKB inhibitor. Liberation of the NF- B results in nuclear translocation of the NF- B
dimers RelA and p50.
In the non-canonical pathway is triggered upon ligation of TNF-related weak inducer of
apoptosis (TWEAK) to the FN14 receptor or the CD40L to the CD40 receptor results in
cIAP1 and cIAP2 degradation thus releasing NF- B inducing kinase (NIK). Liberated
NIK mediates IKKα and p100 phosphorylation. p100 undergoes partial degradation to
yield p52 subunit which associates with the transcription factor RelB where they
subsequently translocate to the nuclease to activate the non-canonical pathway. Figure
taken from (Fulda and Vucic, 2012).
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1.11 Complex-IIa (ripopotosome) and complex-IIb (necrosome) signalling
The non-canonical pathway may also induce multimodal cell death via two
different platforms; apoptosis via complex-IIa (the apoptotic route) or
necroptosis via complex-IIb (the necroptotic route) where RIP1 is
deubiquintinated. Upon RIP1 deubiquitination of the lys63 ubiquitin chains by
the deubiquitinating enzyme cylindromatosis TNF-mediated NF- B signalling is
suppressed, driving TNF-driven apoptotic signalling (Wang et al., 2008). Cell
death proceeds when deubiquitinated RIP1 dissociates from complex-I and
fulfils the role of an adapter molecule that associates with TRADD, FADD, cFLIP
and pro-caspase-8 within the cytosol to form a 2MDa cell death-inducing
platform known as complex-IIa (also known as ripoptosome complex) (Petersen
et al., 2007, Tenev et al., 2011). Upon formation of complex-IIa pro-caspase-8
undergoes homodimerisation resulting in its autocatalytic cleavage and
activation. Active caspase-8 is released from the complex to execute the
classical apoptosis programme via cleavage of intracellular substrates including
effector caspases (figure 1.9) (Micheau and Tschopp, 2003).
TNF signaling best describes mechanistically the induction and execution of
necroptosis. Necroptosis can be induced via stimulation of the death receptor
TNFR1, TNFR2, FAS (CD40) and a variety of Toll-like receptors. This pathway
is executed when capase-8 is functionally inactivated or loss; resulting in RIP1
interacting with RIP3 via receptor-interaction protein homotypic interaction motif
(RHIM). This RIP1-RIP3 association leads to autophosphorylation and
transphosphorylation of these proteins forming a complex-IIb designated as
necrosome (Vandenabeele et al., 2010, Cho et al., 2009). The phosphorylation
event allows the recruitment of mixed-lineage kinase domain-like protein
(MLKL). In the necrosome, MLKL undergoes phosphorylation mediated by
RIP3; resulting in the oligomerisation of the MLKL and allowing it to translocate
to the plasma membrane (Sun et al., 2012). At the plasma membrane, MLKL
binds to the phosphotidyllinositol phosphates to form membrane pores which
discompose the integrity of the membrane. Compromised membrane integrity
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loses control of the it permeability function resulting in an influx of Ca2+ and Na+
that ruptures the membrane as a result of increased osmotic pressure (Chen et
al., 2014, Cai et al., 2014).
While necroptosis can be induced by stimuli that activates apoptosis, it can also
be induced by members of the pathogen recognition receptors (PRR) expressed
by innate immune cells upon detection of pathogen-associated molecular
patterns ((PAMPs) reviewed in (Vandenabeele et al., 2010)). Recently, the
function of caspase-8 has been implicated to regulate necroptosis upon death
receptor activation. Suppression of necroptosis is achieved by caspase-8mediated RIP1 cleavage. As a result, RIP1 and RIP3 interaction is abrogated
thus preventing MLKL phosphorylation (Yuan et al., 2016). A recent study has
implicated RIP3 to regulate caspase-8 activation at complex-IIa. In the study,
the authors showed that kinase activity of RIP3 is vital for development; where
upon loss of kinase activity of RIP3 resulted in premature death of mice from
caspase-8-dependent apoptosis (Newton et al., 2014). Similarly, caspase-8
mediated apoptosis induction was observed upon pharmacological inhibition of
RIP3 kinase (Mandal et al., 2014). While RIP3 had been solely implicated in
necroptosis, these recent findings suggests that RIP3 may be involved in
apoptosis regulation, however the precise mechanism underlying this regulatory
function is yet to be elucidated (Vasilikos et al., 2017).
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Figure 1.9: TNFR1 signaling pathways
Ligation of TNF to TNFR1 results in the trimerization of the receptors which induces
recruitment of RIP1, TNFR1-associated death domain (TRADD), alongside with
ubiquitin ligases namely, cellular inhibitor of apoptosis proteins 1 (cIAP1) and cIAP2,
and TNFR-associated factor 2 (TRAF2) and the linear ubiquitin chain assembly
complex (LUBAC: comprises of haem-oxidized IRP2 ubiquitin ligase 1 (HOIL1), HOILinteracting protein (HOIP) and SHANK-associated RH domain-interacting protein
(SHARPIN)). Upon recruitment, these components assemble to form a membraneassociated complex-I. In this complex, RIP1 undergoes Lys63-linked ubiquitination
mediated by cIAP1 and cIAP2 which facilitates the recruitment and activation of the
TGFβ-activated kinase (TAK1) and IKB kinase (IKK) complexes which mediates the
degradation of inhibitor of κB (I B) thus promoting NF- B activation. Complex-I may
disassemble as a result of loss of cIAP1 and cIAP2 which in turn prevent ubiquitination
of RIP1 or via RIP1 deubiquitination by A20 and cyclindromatosis (CYLD).
Deubiquitination of RIP1 may lead to the formation of one of two cytosolic complexes,
complex-IIa or complex- IIb.
Complex-IIa comprises of RIP1, the adapter FAS-associated death domain (FADD)
and caspase-8. Caspase-8 is activated in this complex which subsequently leads to
apoptosis execution. When caspase-8 activities are neutralized, RIP1 associates with
its substrate RIP3 to form complex-IIb which ultimately induces necroptosis. Figure
taken from (Ofengeim and Yuan, 2013).

63

Chapter I: Introduction

1.12 Modulation of IAPs by second mitochondria activator of caspases
IAP protein functions can be potently dampened by Smac an endogenous
inhibitor of IAPs released from the intermembrane space of the mitochondria
upon mitochondrial outer membrane permeabilization. Smac protein features a
55-residue mitochondria-targeting sequence located in its N-terminus; this
sequence is post-translationally modified by proteolytic cleavage upon its
release from the mitochondria intermembrane space. Smac contains a four long
highly conserved IAP-binding motifs (IBM; A-V-P-I), which is exposed at the
amino-terminus of a mature and processed Smac. This motif competes with
caspase-3 and -7 to bind the peptide-binding grooves in the BIR domains of IAP
proteins, specifically XIAP (Vucic, 2008). A study demonstrated that stimulation
of Smac protein with a Smac homolog containing two AVPI sequences
separated by a PEG linker was able to re-establish caspase-9/-3 activities that
were neutralised by XIAP (Gao et al., 2007). In the case of cIAP1 and cIAP2,
Smac targets these IAPs via binding of its AVPI to their BIR3 domain; this
interaction leads to conformational changes in the cIAPs constructs followed by
dimerisation of their RING domains. Upon dimerisation, the E3 ligase of cIAP1
and cIAP2 become active which promotes auto-ubiquitination that ultimately
results in proteasomal degradation (Dueber et al., 2011). In the absence the of
death signal, mature Smac forms homodimers that remain in the mitochondrial
intermembrane space. The release of Smac into the cytosol promotes apoptosis
execution by neutralising the inhibitory effects of XIAP by competitive binding
thus occluding the binding sites of effector caspases-9, -3, and -7 (Gao et al.,
2007). The strength of the death signal determines the amount of Smac
released into the cytosol. As such, weak death signal allows cIAP1, cIAP2 and
ML-IAP to effectively bind Smac sequestering it away from XIAP thereby
blocking apoptosis as activated downstream caspases are neutralised. (Vucic et
al., 2005). In addition to Smac, another IAP antagonist protein, HtrA2/Omi (High
temperature requirement protein A2/omi) is also released following MOMP.
Several studies have reported different mechanisms of HtrA2/Omi to promote
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apoptosis. One mechanism of HtrA2/Omi signalling that has been described is
that it exert its function through serine protease activity and direct proteolytic
cleavage of IAP target proteins (Yang et al., 2000), while other studies have
reported HtrA2/Omi disrupts the interaction between caspases and IAP proteins,
a similar function to Smac (Hunter et al., 2007). In addition to the inhibitory
effects of IAPs, (specifically cIAP1 and cIAP2) they are also able to induce
proteasomal degradation of caspases and Smac via their action as an E3
ubiquitin ligase (Vaux and Silke, 2005, Schile et al., 2008, Choi et al., 2009).
Although IAPs are known for their ability to suppress caspase activities, they are
also known to promote survival signalling functions independent of caspases.
The two best characterised IAPs implicated in the pro-survival signalling are
cIAP1 and cIAP2. They modulate ubiquitin-dependent signalling events that
regulate the two NF- B pathways, the canonical and non-canonical pathways.
1.13 IAP inhibitors; Smac Mimetic compounds
Acquired therapeutic resistance due to tumour cell adaptation to persistent
therapeutic stress with unfavourable prognosis has been a challenge in all
cancer types. In most reported studies, evidence has emerged that an increase
in IAP protein expression confers resistance in many cancers making IAPs a
promising target for cancer therapy (Crook et al., 1993, Vucic et al., 2000). In
this regard, much exploration is dedicated to finding strategies to target IAP
proteins. The exploration of these strategies is focused on inhibition of the
suppressive effects of IAPs on caspase activities (LaCasse et al., 2008). One
such approach is the design of agents that mimic the amino-terminus of the
endogenous mature Smac protein, which are currently in development for the
treatment of solid tumour and hematologic cancers.
Structural studies of the interaction of the four N-terminal residues (AVPI) of
Smac with the BIR3 domain XIAP greatly facilitated the design of IAP
antagonistic compounds and peptides (Wu et al., 2000, Liu et al., 2000).
Furthermore, biochemical data showed that Smac peptides interacted with
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cIAP1 and cIAP2 in a similar manner to Smac mimetic compounds (Liu et al.,
2000).
Smac mimetic compounds were first designed as a monomeric compounds that
functioned by binding to BIR3 domains of XIAP, cIAP1 and cIAP2, and to the
single BIR domain of ML-IAP (Zobel et al., 2006). In subsequent years, dimeric
compounds were identified and binding assays revealed higher affinity for fulllength and BIR2-BIR3 containing IAP constructs compared to monovalent IAP
antagonists. Bivalent Smac mimetics were demonstrated to trigger autoubiquitination and proteasomal degradation of cIAP-1 and cIAP2 thereby
sensitising tumour cells to undergo apoptosis in an TNFα dependent manner
(Bertrand et al., 2008, Vince et al., 2007, Varfolomeev et al., 2007, Petersen et
al., 2007).
Smac mimetic compounds have been shown to induce proteasomal degradation
of cIAP1 and cIAP2 but not XIAP (Yang and Du, 2004). IAP antagonists
influence other pathways other than the NF- B signalling pathway (Vince et al.,
2007). Amplification, chromosomal translocation, and mutations of the IAP
genes have been observed in a wide array of human cancers (Dynek and Vucic,
2013, Fulda, 2015b). As previously mentioned, the inhibitory functions of cIAP1,
cIAP2 and XIAP on caspases can be neutralised by the endogenous proapoptotic protein Smac upon its release from the mitochondria into the cytosol
(Ekert and Vaux, 2005). The exposed IAP binding motif: AVPI of matured Smac
allows it to interact with cIAP1 and cIAP2 while it competes with caspase to bind
to the peptide binding groove within the BIR3 domain of XIAP thus promoting
apoptosis (Fulda and Vucic, 2012). However, cIAP1, cIAP2, XIAP, ML-IAP and
Apollon can target either caspases and/or Smac for proteasomal-mediated
degradation via E3 ligase activities resulting in apoptosis blockade (Vaux and
Silke, 2005, Schile et al., 2008). As such the balance between anti- and proapoptotic signalling is fine-tuned to prevent unwanted cell death.
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Monovalent Smac mimetic compounds hold a single AVPI motif, while bivalent
compounds hold two AVPI motifs connected by a chemical linker (Vucic, 2008).
Bivalent IAP antagonists have been shown to be more potent at depleting cIAP1
levels compared with their monovalent counterparts. Using a multiple
monovalent and bivalent compounds, Mitsucchi and colleagues demonstrated
that the binding affinities of these two compounds to the isolated BIR3 domain
of cIAP1 showed different degradation levels where bivalent compounds
displayed approximately 10 fold more potency in GFP-cIAP1 degradation than
the monovalent compounds (Mitsuuchi et al., 2017). Furthermore, they showed
several differences between monovalent and bivalent compounds and their
effects on cIAP1 and cIAP2: Incomplete loss of cIAP1 due to its association with
TRAF2 can be linked to therapeutic resistance in some cancers. Sufficient loss
of cIAP1 led to the formation of RIP1:caspase-8 complex and can be associated
with cytotoxicity or apoptosis induction. Bivalent antagonists induce the
formation of an active cIAP1 E-3 ligase complex resulting in a complete loss of
TRAF2-bound cIAP1. While monovalent antagonists can interact with TRAF2bound cIAP1, it fails to promote cIAP1 degradation. TRAF2-cIAP1 complex is
essential for nuclear translocation of p65/NF- B and activation of the canonical
NF- B signalling pathway upon TNFα stimulation. Upon treatment with bivalent
antagonist, p65/NF- B translocation to the nucleus and its activities are
inhibited. Incomplete loss of TRAF2-bound cIAP1 is sufficient to sustain TNFmediated canonical signalling pathway. Monovalent and bivalent IAP antagonist
can be differentiated by their ability to induce the degradation of TRAF2-bound
cIAP1 and inhibit the p65/NF- B signalling pathway and this was cell typedependent (Mitsuuchi et al., 2017). It has been demonstrated in vitro studies
that Smac mimetics in combination with anti-tumour agents potently enhance
apoptosis and cell death induction in a variety of cancer cells, including T98G
GBM cells (Wagner et al., 2013) and lung adenocarcinomas (Yang et al., 2003).
A recent study showed that exposure of GBM cells to Smac mimetics induces
NF- B transcription activation of DR5 expression and subsequent apoptosis
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induction via complex-IIa (Eckhardt et al., 2013). As an activation platform for
caspase-8 , complex-IIa formation has been reported to be vital for Smac
mimetic-mediated apoptosis induction; such that failure to form complex results
in defective apoptosis in chronic lymphocytic leukaemia despite cIAP depletion
and autocrine production of TNFα (Maas et al., 2013). A potent Smac mimetic
TL32711 (Birinapant) has now completed phase 2 clinical trials for the treatment
of a wide array of cancers (Allensworth et al., 2013, Janzen et al., 2015, Condon
et al., 2014, Krepler et al., 2013). Figure 1.10 summarises a list of leading
SMAC mimetics compound currently in preclinical and clinical trials.
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Figure 1.10: Structure of IAP antagonists and their developmental status.
Currently in Phase I clinical trials are the bivalent pan-selective IAP antagonists are AT406 (Ascenta Therapeutics/University of Michigan) and TL32711 (Tetralogics
Pharmaceuticals) both of which are capable of targeting all IAP proteins. (B) and (C)
Currently at the preclinical stage: BV6 (Genentech), Compound 3 (Joyant
Pharmaceuticals) and Compound A (Tetralogics Pharmaceuticals); MV1 (Genentech),
SM-164 (University of Michigan), LBW242 (Norvatis), CS3 (Genetech), AEG40730
(Aegera Therapeutics), ML101 (Sanford-Burnham Medical Institute). Image taken from
(Vucic, 2008)
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1.13.1 Mechanisms of action of Smac mimetics
Smac mimetic compounds stimulate auto-ubiquitination and degradation by
promoting the dimerisation of the BIR2-BIR3 domains of cIAP1 and cIAP2, while
XIAP is neutralised upon dimerisation of the BIR3 domain preventing interaction
with caspases and Smac protein. Proteasomal degradation of cIAP1 and cIAP2
is achieved by induction of conformational changes which stimulates the
activation of their E3 ligase activity (Varfolomeev et al., 2007, Vince et al.,
2007). Increased E3 ligase activity of the cIAP proteins results in ubiquitination
of numerous proteins residing in this protein complex. A Study by Darding and
colleagues showed that cIAP1 is degraded by Smac mimetics; however, cIAP2
degradation is critically dependent on the presence of cIAP1, thus harbouring an
inverse correlation relationship, such that in the absence of cIAP1 results in the
de novo expression of cIAP2 as a compensatory mechanism to ensure cell
survival (Darding et al., 2011). Crucially, this study revealed that cIAP2
degradation depends on its ability to dimerise its RING finger to bind to E2
ligases. Smac mimetic-mediated degradation of cIAP1 and cIAP2 results in the
activation of the non-canonical NF- B signalling and subsequent suppression of
cIAP2 gene expression. IAP antagonists induce the non-canonical NF- B
pathways which lead to increase in expression of the NF- B responsive gene,
TNFα. In the absence of cIAPs, apoptosis is induced by binding of TNFα to
TNFR1 resulting in the induction of TNFR-mediated signalling and caspase-8
activation at the complex-IIa (Varfolomeev et al., 2007, Vince et al., 2007, Sun
et al., 2007) (figure 1.9). The discovery of IAP proteins and their inhibitory effect
on caspase-dependent apoptosis has directed focus in research to elucidate the
myriad aspects of IAP functions in apoptotic signalling pathways, as well as its
implication in cancer death or survival (Wu et al., 2007). Furthermore, a number
of studies carried out on the function of IAP proteins have paved a way to
address the challenges of existing therapies by designing agents capable of
suppressing anti-apoptotic events similar to that of endogenous mature Smac.
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Studies are continuously emerging that GBM cell lines can be sensitized by
Smac mimetics to increase TRAIL-induced apoptosis (Fulda et al., 2002,
Tchoghandjian et al., 2013, Cristofanon et al., 2015, Tchoghandjian et al.,
2016). However still, there is extensive variability in TRAIL sensitivity towards
GBM cell lines. This variability may reflect the heterogeneity of the tumours from
which the cells are derived. Increasing TRAIL sensitivity by combining it with
other chemotherapeutics drugs or cell permeable peptides that mimic the
endogenous pro-apoptotic protein Smac has become a novel approach for
sensitising cancer cells to apoptosis.
The Smac mimetic used in this study is TL32711 and is manufactured by
Tetralogic Pharmaceuticals. This compound is a bivalent (dimeric) IAP
antagonist compound which is composed of two monovalent units that are
connected through a chemical linker (figure 1.10A- right). As a Smac mimetic,
TL32711 inhibits IAP proteins (cIAP1, cIAP2 and XIAP) to re-establish the
functions of downstream capase-9, caspase-3 and -7 that are otherwise
perturbed by the presence of these IAP proteins. A recent study demonstrated
that TL32711 binds with strong affinity to cIAP1, cIAP2 and XIAP resulting in
degradation of cIAP1 and cIAP2 while neutralising XIAP, thus promoting
formation of the cytosolic complex-IIb comprising of RIP/FADD/capspase-8
(Benetatos et al., 2014); caspase-8 is subsequently activated upon sensitization
of tumour cells to TRAIL-induced cell death by TL32711. In this study, the
authors highlighted the efficacy and tolerability of TL32711 in preclinical models
where they observe that TL32711 potentiated the activity of several
chemotherapeutic drugs (Benetatos et al., 2014).
Apoptosis resistance in GBM is largely associated with high expression of IAP
proteins as they bind and inhibit caspase activities involved in apoptosis
execution. A novel approach that has been a major focus of GBM studies
involves targeting IAPs. As a result the design and development Smac mimetics
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has become a promising anti-cancer drug, however, studies employing Smac
mimetics compounds warrants extensive testing, especially in the GBM.
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1.14 Aims of this study
GBM is the most aggressive form of all brain cancers, with poor therapeutic
outcome (Louis et al., 2007). Despite great efforts over the last decades of
research, the survival rates in GBM remains relatively low with a median
survival of 12-14 months, due to tumour recurrence after intensive chemo- and
radiotherapy (Stupp et al., 2009, Stupp et al., 2005, Hetschko et al., 2008). In
most GBM cases therapeutic resistance is strongly associated with defective
apoptosis, due to elevated levels of IAPs (Tchoghandjian et al., 2016, LaCasse
et al., 2008, LaCasse et al., 1998) and Bcl-2 proteins, (Fels et al., 2000, Tirapelli
et al., 2010). Effective apoptosis induction is very much desired when it comes
to cancer treatment; therefore re-activating apoptosis signalling pathways by
targeting inherent resistance mechanisms is a major way to achieve greater
therapeutic success.
Small molecule antagonists are currently being developed to target IAP proteins
namely XIAP (a direct target for caspase-3-7 and -9), cIAP1 and cIAP2, thus
interfering with their function as caspase repressors.
The aim of the present study is to evaluate the response of a rational
combination of the Smac mimetic, TL32711 and TRAIL in a panel of GBM cell
lines. We hypothesize that by using TL32711 to target IAPs, we can prime these
cell lines towards TRAIL-induced apoptosis using TL32711 as a sensitiser to
target IAP proteins.
To briefly summarise, the objectives of this study were:
x To characterise the response of TRAIL and TL32711 as single agents
and in combination in a panel of GBM cell lines;
x To determine whether IAPs are critical regulators of TRAIL resistance in
GBM cells;
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x To investigate the mechanisms underlying TRAIL sensitisation by
TL32711;
x To identify potential proteins that allow the discrimination between GBM
cells that are sensitive to or resistant to the TRAIL and TL32711
combination;
x To investigate if the BH3 mimetic ABT-199 could be utilized as a cosensitiser to overcome GBM resistance to TL32711+TRAIL or indeed
TL32711+ IZI1551 ( a second generation version of TRAIL) in
combination with TL32711 to prime resistance GBM cell lines to
apoptosis;
x In a chemotherapy rather than TRAIL-based treatment scenario: to
investigate if TL32711 co-treatment can contribute to pre-MOMP
caspase-8 activation and activity by real-time single cell imaging.
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2.1

MaterialsTable 2.1: Reagents and their manufacturers
Drug

Manufacturer

Catalogue
Number

40 % Acrylamide

Sigma Aldrich

A7168

Ammonium persulfate (APS)

Sigma Aldrich

A3678

Crystal Violet

Sigma Aldrich

C3886

Dimethysulfoxide (DMSO)

Sigma Aldrich

D8418

Flow cytometry BDFACS sheath
fluid with surfactant

BD Biosciences

336524

Hoechst 33342

Invitrogen

H3570

Immobilon Westernblot
chemiluminescent HRP substrate

Millipore

MDR-100-030Q

Isopropanol

Sigma-Aldrich

I9516

Nitrocellulose transfer membrane
0.22 µm

Abcam

Ab133411

Non-fat milk powder

Marvel

3023036

Page Ruler Plus Prestained
Protein Ladder

Invitrogen

26620

PI (propidium iodide) solution

Sigma Aldrich

P4864

Ponceau S –Solution

Sigma Aldrich

P3504

Protease inhibitor cocktail

Sigma Aldrich

P8340

Sodium dodecyl sulphate (SDS)

Sigma Aldrich

L3771

Tetramethyl rhodamine methyl
ester (TMRM)

Invitrogen

T668

Tetramethylethylenediamine
(TEMED)

Sigma Aldrich

T9281

TRIS-HCL

Sigma Aldrich

T3253

β-mercaptoethanol

Sigma Aldrich

M6250
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Table 2.2: Drugs, inhibitors and the manufacturers
Drug

Manufacturer

Catalogue
Number

Necrostatin-1

Calbiochem/Merk
Biosciences

480065

TL32711 (Birinapant)

Active Biochem,

A - 1901

Human Recombinant TNFRelated apoptosis inducing
ligand (TRAIL)

PeproTech EC Ltd

310 - 04

Carbobenzoxy-valyl-alanylaspartyl-[O-methyl]fluoromethylketone (zVADfmk)

Bachem

N - 1560

ABT-199

Active Biochem,

A-1231
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Table 2.3: Cell culture Reagents and the Manufacturers
Reagents

Manufacturer

Catalogue
Number

DMEM medium

Lonza Ltd

BE12 - 604F

Fetal bovine serum (FBS)

Sigma Aldrich

F7524

Hank’s Balanced Salt
Solution (HBSS)

Sigma-Aldrich

H9269

Lipofectamine2000

Invitrogen, Biosciences

11668 - 019

Opti-MEM

Gibco, Biosciences

31985 - 047

Penicillin (100 U/mL) /

Sigma Aldrich

P0781

Streptomycin (100 µg/mL)

Sigma Aldrich

P0781

Trypsin-EDTA solution

Sigma Aldrich,

T4049

Table 2.4: List of Kits used
Kit/Consumable

Manufacturer

Catalogue Number

ELISA Kit (Human TNFα)

Invitrogen, Biosciences,
Ireland

ADI-901-099

Pierce TM Bicinchoninic acid
(BCA) Protein Assay Kit

Thermo Fisher Scientific

23225
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Table 2.5: Plastic wares and the manufacturers
Product

Manufacturer

Combitips, 5 ml for multi pipettes

Eppendorf, Thermo Fisher Scientific

Cryotubes vials, 1.8 ml

Nunc, Biosciences

Filter system, 0.22 µm PES membrane

Corning, Thermo Fisher Scientific

Filtered pipette tips, 0.1 – 10 µl, 2-200 µl,
100- 1000 µl

AGB Scientific., Thermo Fisher
Scientific

Flow cytometer plastic tubes, 3.5 ml,
polystyrene

Greiner Bio-one

Pipette tips, 0.1 – 10 µl, 2-200 µl, 1001000 µl

Thermo Fisher Scientific

Plastic pipettes, sterile, 5 ml, 10 ml, 25 ml

Greiner Bio-One

Tissue culture flasks, polyethylene,
vented cap, 25 cm2, 75 cm2, 175 cm2

Sarsedt Ltd

Well Plate, transparent, flat bottom; 6- ,
24-, 96-wells

Sarstedt Ltd

79

Chapter II: Materials and Methods

2.2

Equipment

Table 2.6: list of equipment used
Instrument

Manufacturer

Model

-80 oC freezer

Thermo Fisher Scientific

Revco

Autoclave

Priorclave Ltd

Priorclave V150

BioRad electrophoresis
system

Alpha Technologies

Mini-PROTEAN 3 Cell

BioRad power supply

Alpha Technologies

PowerPack HC
PowerPack basic

Centrifuge

Unitech

Sorvall RC-5B Plus

Chemiluminescence
imager

Brennan and Company

FujiFilm LAS-3000, LAS
4000

Confocal microscope

LSM 5Live

Zeiss

Epifluorescence
microscope

Nikon Eclipse TE300

MicronOptical

Flow cytometer

BD Biosciences

LSR II special order
system with HTS

Freezer for sample
storage

Manson Technology

Powerpoint

Fume hood

Chemical System

Chemflow CSC

Ice machine

Mason Technology

Porkka KF185

Light microscope

MicronOptical

Nikon Eclipse TS100

Liquid nitrogen tank

Carl Stuart Ltd

MVE Cryosystem 4000

Magnetic Rack for
DYNabeads

Millipore

3004854

Mini-centrifuge

Lennox

Jencons-PLS

Neubauer counting
chamber

Lennox

Hawksley & Son Ltd.

pH meter

Mettler Toledo

InLab Expert Pro
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Instrument

Manufacturer

Model

Pipette set (0.5 -10µl, 220µl, 20-200µl, 1001000µl)

Unitech

Eppendorf Research
adjustable

Plate reader

Tecan, Weymouth

GENios

Precision scale

Lennox

Ohaus Explorer Pro

Scale

Lennox

Ohaus Ranger

See-saw rocker

Lennox

Stuart SSL4

Semi-dry transfer cell

Alpha Technologies

Trans-Blot SD

Table centrifuge with
cooling function

Heraeus

Biofuge fresco

Thermo mixer

Unitech

Eppendorf comfort

Tissue culture hood

Thermo Fisher Scientific

MSC-Advantage

Tissue culture incubator

Heraeus

Hera cell 150

Vacuum pump

Lennox

Vacuubrand ME4NT

Vortex mixer

Lennox

Stuart SA8

Water bath

GFL, Burgwedel

1003

Water deionisation
system

Mason Technology

Barnastead Reverse
Osmosis
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2.3
2.3.1

Methods
Cell culture

2.3.2 Cell lines
All human glioma cell lines were established and kindly provided by Dr. Donat
Kogel, Experimental Neurosurgery, and Centre for Neurology and
Neurosurgery, Goethe University Clinics Frankfurt, Germany.
Glioma cell lines MZ18 were derived from primary grade IV GBM. MZ304 were
derived from secondary or recurrent grade IV GBM (Hetschko et al., 2008).
Human glioma cell lines U251, U343, U373 and A172 are commercially
available cell lines (American Type Cell Culture (ATCC), Rockville, MD) derived
from primary grade III/IV gliomas (Asai et al., 1994, Badie et al., 1994).
Table 2.7: Established glioma cell lines used in this study
Cell Line

Tumour
entity*

WHO
grade

P53 status

MGMT
status

Reference

MZ18

GBM

IV

Unknown

methylated

(Hetschko et
al., 2008)

MZ304

2o GBM

IV

Unknown

unmethylated

(Hetschko et
al., 2008)

U251

Glioma

III/ IV

Mutant

methylated

(Asai et al.,
1994)

U343

Glioma

III/ IV

Mutant

methylated

(Asai et al.,
1994)

U373

Glioma

III/ IV

Mutant

methylated

(Badie et al.,
1994)

A172

Glioma

III/ IV

Wild-type

methylated

(Badie et al.,
1994)

GBM = glioblastoma (grade IV astrocytoma)
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2o GBM = secondary GBM patient derived from lower grade astrocytoma
Glioma = commercially available astrocytoma/ GBM cell line
*Classification according to WHO recommendations
2.3.3 Culturing of GBM cell lines
GBM cell lines were cultured in a T75 flask in DMEM supplemented with 1 %
penicillin/streptomycin and 10 % fetal bovine serum (FBS) (F7524, sigmaAldrich, Ireland) and were allowed to grow in a 37 oC incubator supplement with
5 % CO2.
Cells were passaged once they had reached a confluence of about 80 – 90 %.
The medium was discarded and cells were washed with 5 ml of HBSS.
Following the washing of cells, 1 ml of 0.25 M trypsin-EDTA was dispensed into
the flask and incubation was allowed to proceed for 5 min in the incubator to
detach the adherent cells through the combined actions of trypsin and EDTA as
they function to break up the extra cellular matrix of cells thus detaching them
from the plate surface. Cell detachment was observed with a Nikon Eclipse
TS100 microscope with a 10x objective lens. Detached cells were re-suspended
in 10 ml of fresh DMEM medium supplemented with 10 % FBS and
penicillin/streptomycin. Cell suspension was then transferred into a 15 ml
reaction tube. The cells were centrifuged to pellet the cells at 200 x g for 3 min.
The supernatant was removed and cells were re-suspended with fresh medium
and seeded in a 1:5 dilution in a T75 flask containing 12 mL of fresh DMEM
medium. Cells were cultured at 37 oC supplied with 5 % CO2 for a minimum of
three days and after which they were passaged.
2.3.4 Cell counting and seeding
Cells were counted using a Neubauer haemocytometer. It is a modified
microscope slide containing two identical chambers onto which a small volume
of cell suspension is pipetted. The design of the haemocytometer is that, it has a
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central area with a slight indentation of approximately 0.1 mm compared to the
rest of the surface of the slide. This indentation creates a chamber onto which a
grid of 4x4 squares is engraved. These squares form a counting area per
chamber comprising of nine 1x1 mm. Following pelleting of cells by
centrifugation, cells were re-suspended in a fixed volume of medium and 10 µL
of homogenised cell suspension was loaded onto the haemocytometer under a
coverslip. Cells were then counted at least on two of the four squares with a
Nikon Eclipse TS100 microscope with a 10x objective lens. Cell number was
then obtained by calculating the mean number of cells counted multiplied by the
volume cell suspension loaded onto the haemocytometer, multiplied by 104
(which is conversion faction to achieve number of cell per millilitre).
The amount of cells seeded was dependent on the definition of the area of the
well or plate for cell growth, the dimensions of a single cell and the duration of
the experiment. Following seeding, the plate(s) or flask(s) were swirled for an
even distribution of cells and was incubated overnight in an incubator at 37 oC
with 5 % CO2.
2.3.5 Cell seeding for drug treatment
Cells were harvested when they had reached a confluence of approximately
80% by incubation in 0.25% trypsin-EDTA. Cells were then seed into 24-well,
96-well plates or T25 flasks depending on the amount of cells required; seeding
densities for cell lines are outlined in table 2.8. Following 24 h incubation, drugs
were added and cells were incubated for 24 h at 37oC.
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Table 2.8: Cell seeding densities for all cell lines used
Cell culture
vessel

Growth area in
cm2

Number of cells
per well

Medium (mL)

6 well plate

10

5 x 104

2

96 well plate

0.3

5 x 103

0.1

T25 flask

25

1.5 x 106

5

T75 flask

75

5 X 106

12

Table 2.9: Reconstitution of drugs and final concentrations used
Drug

Reconstitution
Final
solvent
concentration

Function

TL32711

DMSO

1 µM

IAP inhibitor

TRAIL, Human
Recombinant

H2O

100 ng/ml

TRAIL-R1 and
–R2 Ligand

zVAD-fmk

DMSO

50 µM

Caspase
inhibitor

Necrostatin-1

DMSO

5 µM

RIP1 kinase
inhibitor

2.3.6 Cell treatment
GBM cells were stimulated with the appropriate concentration of the respective
drug in DMEM medium for the desired time points. As TL32711 was
reconstituted in DMSO, the vehicle control treatment for cells was 0.1 % DMSO.
Treated cells with the respective drug(s) were incubated at 37 oC for the desired
time points, prior to experimental analysis.
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2.3.7 Inhibitor treatment
GBM cells were pre-treated with broad range caspase inhibitor, zVAD-fmk at a
concentration of 50 µM and/or RIP1 inhibitor necrostatin-1 at a concentration of
20 µM. DMSO served as a vehicle control in non-treated cells. Cells were pretreated with the respective inhibitor for 1 h prior to drug treatments.
2.4

siRNA transfection

GBM cells were transfected with siRNA targeting cFLIP or RIP1. A
concentration of 200 µM of siRNA / 5 X 104 cells were transfected using
lipofectamine 2000. Optimal silencing of cFLIP and RIP1 were determined by
examining reduced protein levels by Western blotting. Efficient transfections
were achieved at 24 h. siRNA scrambled nucleotide sequence was used as a
control in these transfection experiments. The sequences of siRNA used in
these experiments are listed in the table below, table 2.10

Table 2.10: Anti-sense siRNA sequences targeting cFLIP and RIP1
siRNA

Targeted
Gene

Sequence

Company

sicFLIP # 1

cFLIP

GGGAUGUUGCAUAGAUGU

Sigma Aldrich

sicFLIP # 2

cFLIP

CUCACCUUGUUUCGGACUA

Sigma Aldrich

siRIP # 1

RIP1

GACAUUUCCUGGCAUUGAA

Sigma Aldrich

siRIP # 2

RIP1

CAGCAAAGACCUUACGAGA

Sigma Aldrich
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2.5

Western Blotting

Table 2.11: Composition of SDS-PAGE resolving gel used
Reagent

10 %

12 %

15 %

Volume

40 % Acrylamide

2.5

1.2

1.5

mL

1.5 M Tris-HCL, pH
8.8

3.75

1.5

1.5

mL

Deionised water

4.75

1.2

0.92

mL

10 % (w/v) SDS

100

40

40

µL

10 % (w/v) APS

100

40

40

µL

TEMED

5

2

2

µL
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2.5.1 Immunoblotting
Immunoblotting is an analytical technique used to detect and quantify proteins
from whole cell lysates. This technique allows for the separation of proteins
based on their sizes. Separated proteins are then transferred onto a membrane
and target proteins are detected with specific antibodies. Bound antibodies are
visualised using chemiluminescent substrates.
2.5.2 Preparation of whole cell lysate
Preparation of cell lysates proceeded following cell treatment or transfection.
Cells were harvested by incubation in 0.25 % trypsin-EDTA for 2 to 3 mins at 37
o

C. Post trypsinisation, detached cells were collected and transferred into an

eppendforf tube and centrifuged for 3 mins at 300 x g. Following centrifugation,
the supernatant was removed and cell pellet was re-suspended with 1 ml of
PBS and transferred to a 1.5 ml micro tube. Cell suspension was then
centrifuged for 1 min at 300 x g. After centrifugation, the supernatant was
removed and the cell pellets were lysed with 80 – 100 µl of RIPA buffer (Tris 50
mM, NaCl 150 mM, SDS 0.1 %, NaDeoxycholate 0.5 %, Triton X 100 or NP40 1
%, 1:100 Protease inhibitor and 1:100 Phosphotase inhibitor). The cell lysates
were centrifuged at 4oC at 300 x g for 20 min. Post centrifugation, the
supernatant was transferred to new pre-chilled eppendorf tubes for Western
blotting following protein quantification.
2.6

Protein Quantification by BCA protein assay

Protein concentration of total cell lysates were determined using Micro
bicinchoninic acid (BCA) Protein Assay Kit (Thermo Fischer Scientific), following
the manufacturer’s instructions. To quantify protein concentration, previously
prepared whole cell lysates were homogenised using a vortex mix. The assay
was performed in a 96-well plate into which 2 µl of lysates were pipetted into. A
standard curve of purified BSA (Bovine serum albumin) was prepared as a
reference for protein concentration. This standard curved was obtained by
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measuring different BSA concentrations ranging from 0-10 µg/ml BSA (1
mg/ml). The reference BSA samples and lysate samples were prepared in
duplicates in a 96-well plate. Each protein sample was diluted with 150 µL of
NaCl 0.9 %. The BCA solutions (A, B and C) were premixed at 50 %, 48 % and
2 %, respectively. 150 µL of the BCA solution was then added to each well. The
plate was covered and incubated in a dark at room temperature for 30 min. The
BCA reaction relies on the interaction between the amino acids and copper ions
(Cu2+) and BCA itself. This reaction results in copper chelating with the proteins
producing a blue/purple colour of cuprous ion (Cu+)-BCA-complex. The intensity
of the colour is dependent on the amount of protein present in the sample and
can be measured at 560 nm with a plate reader (Tecan). The BSA standards
results in a linear increase in light absorption. The mean absorption from each
lysate and each standard curve value was calculated. Background absorption
(wells that did not contain protein sample) was subtracted from all the other
mean absorption values. Protein concentration was obtained by using the linear
relation between BSA concentration and absorption obtained with the standard
curve and applied to the corresponding lysates.
2.6.1 Protein sample preparation
A total volume 25 µl containing 20 µg of protein from the previously prepared
lysates were prepared for a 1.5 mm polyacrylamide gel from which 20 µl of
protein samples were loaded per well. The protein samples consisted of the
required volume of cell lysate containing 20 µg of protein, Lamaeli 6 X buffer
(Tris-HCl 27 mM (pH6.8), glycerol 5 %, SDS 1.6 %, β-mercaptoethanol 0.83 %
and bromophenol blue 0.002 % and deionised water). To ensure all proteins
were fully denatured, protein samples were boiled for 5 min at 95 o C before
Western blotting analysis.
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2.6.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE)
SDS-PAGE is a method used to separate denatured proteins according to their
molecular weight. It requires two gel layers: a stacking and a resolving gel. Gels
were casted using Bio-Rad Mini-PROTEAN cell system following the
manufacturer’s instructions. The components to this system was thoroughly
cleaned and assembled before casting the gels. The resolving gel was cast first
(the percentage of the gel is dependent on the proteins of interest .i.e. Higher
percentage allows for the separation of smaller proteins and vice versa). A
master mix for the required resolving gel was prepared as per table 11 and was
carefully introduced into a sandwiched glass plates using a Pasteur pipette. Deionised water was used to overlay the resolving gel which formed approximately
1 cm of layer above the gel. Polymerisation of the gel was allowed to proceed
for 30 to 45 min. Following polymerization, the de-ionised was removed and
replaced with premixed stacking gel and 10- or 15-well comb was inserted into
the stacking gel to allow formation of wells for the protein samples. The gel was
left to polymerise for 30 min. Following polymerisation, the comb was removed
and the gels were placed into two gel cassettes within the electrophoresis tank.
A concentration of 1 X SDS running buffer (Tris-HCl 25 mM (pH 8.3), glycine
250 mM and SDS 0.1 %) was poured into the tank submerging the gel cassettes
while filling the outer chambers. Protein ladder (Thermoscientific) was loaded
into the first well followed the rest of the protein samples. The electrophoresis
tank was covered with a lid with connecting electrodes and was attached to the
appropriate connectors of the power supply. Proteins were allowed to separate
with a constant current of 45 mA and at 80 V until the bromophenol blue dye
from had entered the resolving gel to which the voltage was increased to 120 V
left to run for 120 minutes.
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2.6.3 Semi-Dry transfer of proteins
Separated proteins by SDS-PAGE were transferred onto nitrocellulose
membranes with the Trans-Blot Semi-dry transfer (Bio-Rad). Four sheets of
Whatmann blotting pads (11 x 6 cm2) were soaked in semi-dry transfer buffer
(tris base 25 mM, glycine 192 mM and methanol 20%). 2 blotting pads were
placed on top of the platinum anode. A nitrocellulose membrane, (2 µm, 10 x 5
cm2) was soaked in semi-dry transfer buffer and laid on top of the blotting pads.
The stacking gel was separated from the resolving gel and the resolving gel was
carefully placed on top of the nitrocellulose membrane and two additional
blotting pads were placed on top of the gel. The assembled components were
rolled to remove any bubbles that may have been present with a roller while
allowing for a tighter connection between the gel and the membrane for efficient
protein transfer. The lid, the platinum cathode, was placed on the anode and
connected to the power supply. The proteins were transferred for 90 min at 18
V.
Nitrocellulose membrane(s) was stained with Ponceau S solution (Ponceau S
solution 0.1 %, acetic acid 5 %) to examine the quality of protein transfer.
Membrane was de-stained with several washes with deionised water and
blocked with 5 % NFDM (non-fat dry milk) in deionised water for 1.30 h at room
temperature.
Following the blocking step, the membrane was incubated with the required
primary (monoclonal/polyclonal) antibody diluted in 5 % non-fat dry milk in
deionised water overnight at 4 oC. Primary antibodies are raised against specific
peptides from target proteins in a number of animals, commonly mice, rabbit
and goat. Table 2.12 gives an overview of the antibodies used and their
dilutions.
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2.6.4 Protein detection
Following overnight primary antibody incubation, the membrane was washed
with 1 X TBS 3 times at 10 min interval to remove any unbound primary
antibody. Post washes; the membrane was incubated with secondary antibody
((horseradish peroxidase conjugated anti-mouse IgG, anti-rabbit IgG or goatIgG, Sigma, 1:5000) at room temperature for 1 h. Following the incubation step,
membrane was washed three times at 10 min intervals at room temperature.
Bound secondary antibody was visualised using a cooled CCD camera system
(Fuji Image Reader LAS-4000) that emits light at 425 nm which can then be
detected. Generated images from the LAS-4000 image reader are then
converted to digital 16 bit TIFF images.
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Table 2.12: List of antibodies used for immunoblotting
Target

Source

Dilution

Manufacturer

Catalogue
Number

Bid

rabbit, M

1:1000

Cell Signalling,
USA

#2002

cFLIP

Rabbit, M

1:1000

Alexis, Enzo Life
Sciences

ALX-804-428

cIAP1

Rabbit, P

1:1000

Cell Signalling,
USA

4952S

cIAP2

Rabbit, P

1:1000

Cell Signalling,
USA

#3130S

Caspase-3

mouse, M

1:1000

Cell Signalling,
USA

#9662

Caspase-8

mouse, M

1:1000

Alexis, Enzo Life
Sciences

ALX-804-242

PARP

rabbit, P

1:1000

Cell
Signalling,USA

#9542

Porin

Mouse, M

1:5000

Calbiochem,
Merck

529536

RIP1

Mouse, M

1:1000

BD Biosciences

610458

XIAP

Rabbit, P

1:1000

Cell Signalling,
USA

# 2042S

α-Tubulin

mouse, M

1:5000

Sigma-Aldrich

T9026

β-Actin

Mouse, M

1:5000

Sigma-Aldrich

A5441

Mouse-IgG

goat, P

1:10000

Millipore

AP124P

Rabbit-IgG

goat, P

1:10000

Millipore

AP132P

m = monoclonal; p = polyclonal; Ab = antibody
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Induction of the chemiluminescent reaction was performed by combining one
part of luminol reagent with one part peroxide solution (Immobilon Western
chemi-luminescent HRP substrate, Millipore) and pipetted onto the surface of
the membrane. Incubation was allowed to proceed for 1 min in the dark.
Following incubation, the membrane was placed onto a metal tray and covered
with ECL solution to receive even signals and preventing burnouts. The metal
tray was placed in the Fuji LAS and several images with different exposure
times were taken. Standard resolution (1536 x 1024 pixels) was chosen for most
images. The position of the membrane and the size of the protein marker bands
were documented using a bright field image with 1/100 s exposure and the
image was taken. The contrast of the detected proteins bands of interest were
adjusted using Imagej software.

2.7

Co-Immunoprecipitation

Immunoprecipitation was carried out using magnetic DynabeadsTM Protein G
(Invitrogen, Germany) and a Magnetic Rack (Life Technologies). The
Dynabeads were re-suspended by vortexing for approximately 1 min and was
then homogenised by pipetting. A volume of 35 µL was added to each 1.5 mL
eppendorf tubes and was placed on a magnetic rack. The supernatant was
removed from each tube and the beads were washed in 200 µL of RIPA buffer 3
times for 5 min at room temperature at rotating. The beads were briefly washed
again with PBS and 5 µg of Antibody and 200 µL of PBS was added to each
tube containing the beads. Incubation proceeded for 2 h at room temperature
rotating to allow the Antibody to bind to the beads. Following incubation, the
beads were washed in 200 µL of RIPA buffer 3 times for 5 mins at room
temperature rotating. A quantity of 400 µg of protein was added to each tube
with PBS to achieve a final volume of 700 µL and incubation was allowed to
proceed for 2.5 h or overnight at 4 o C rotating. The beads were washed in RIPA
buffer twice for 10 min followed by 2 more washes in PBS for 10 min. The beads
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were re-suspended in 200 µL of PBS and transferred to clean tubes. The tubes
were place on the magnetic rack where the supernatant was removed. The
beads were re-suspended in 44 µL of RIPA buffer and 6 µL of 6 X loading
buffer. The protein was eluted from the beads was carried out on a thermocycler
block at 70 o C for 10 min. Following the incubation period, the tubes were
placed on the magnetic rack and the supernatant were collected and transferred
into clean tubes for Western blotting analysis.
2.8

Densitometry

Densitometry is a quantitative methodology used to measure relative protein
expression from complex protein mixtures within a given cell homogenates. To
statistically determine the significant fold difference in protein expression from
the chemiluminescent western blot, the background (designated rolling ball in
the imagej software) was subtracted, using a rolling ball radius set at 50 pixels
to measure the total protein band in each lane. The purpose for the subtracting
the background is to maintain a constant peak cutting to accurately quantify
each protein band. For endogenous proteins or house-keeping genes such as
β-actin, tubulin and porin are used as loading controls from which their
intensities are subtracted from lane-lane proteins of interests to eliminate
differences in protein levels imparted by technical errors such as sample
preparation, BCA assay-based protein quantification and loading of the protein
samples. The difference in values are normalized to each protein band and then
compared for relative protein expression (Taylor et al., 2013).
2.9

Clonogenic cell survival assay

Clonogenic survival assay was analysed to determine the ability of cells to
proliferate following 24 h treatment with TRAIL and TL32711 as single agents or
in combination. This was carried out by seeding 3000 cells in six well plates and
was allowed to adhere for 24 h. Following 24 h incubation, cells were treated
with TRAIL (100 ng/mL) or TL32711 (1 μM) or in combination for 24 h. Post
treatment, cells were trypsinised and counted. Approximately 500 cells were re-
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plated and were allowed to grow in an incubator maintained at 37 o C with 5 %
CO2 for 10 days. After 10 days of incubation, the cells were fixed with 300 µL of
70 % (v/v) methanol and 10 % (v/v) acetic acid in a ratio 3:1, respectively for 5
min. After this time point, the fixing reagent was removed and subsequently
stained 0.5 % (w/v) crystal violet in 70 % (v/v) methanol for 30 min. The survival
fraction (SF) was determined by calculating the plate efficiency (PE) by
calculating the average of colony counts for each treatment condition and
dividing the average by the number of cells plated, multiplied by 100. The
survival fraction is determined by calculating the PE of treated cells divided by
PE of untreated cells, and multiplying by 100 (Munshi et al., 2005). Untreated
cells served as control and were normalised to 100 %. Bar graphs were
generated using Graphpad prism software. Error bars indicate the mean values
± S.D. three independent experiments were performed.
2.10 Flow cytometry
Flow cytometry allows for the simultaneous analysis of multiple characteristics
of single cells in suspension, as they pass through a beam of light. The analysis
of single cells requires a carrier solution which constantly surrounds the cells.
The carrier solution is usually a sheath fluid carrying the cells through a narrow
channel of the flow cytometer. Single cells that flow through this channel
intercept a laser light which scatters it in different directions; forward scattering
and a sideward scattering. The former reveals the cellular volume and
measures the cellular size while the latter reveals information about the
complexity and granularity of the cell which is detected at a 90 o angle to the
laser beam.
The flow cytometry equipment used for this study was the BD LSR-II flow
cytometer (BD, Oxford, UK) equipped with 3 lasers: 405 nm (Voilet), 488 nm
(Blue), and 561 nm (Green). While it allows performing of conventional tubebased flow cytometric measurements, BD High Throughput Sampler (HTS) is
one that was frequently used in this study. HTS allows for high compact, high-
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speed sampler automation of sample acquisition from a multiwall plate, while its
software, BD FACS Diva c6.1.2 allows management of the ctyometer and the
sample loader workstation.
2.10.1 Preparation of cells for Flow cytometry using a 96-well plate
Following treatment of cells in a 96-well plate, old medium was removed with a
multichannel pipette and transferred to a new 96-well plate while maintaining the
same orientation as the original plate. Cells were then washed with 100 µL of 1X
PBS and transferred to the new plate. Cells were detached using 50 µL of 0.25
% trypsin-EDTA incubated at 37 oC for 5 min. Cell detachment was observed
under a microscope. 50 µL of PI propidium Iodide (PI) (1 µg/ml) was added to
the trypsinised cells followed by transferring of old medium now containing PBS
back to the old plate with the detached cells. Contents inside the wells were
homogenised by careful and gentle pipetting up and down. Cells were allowed
to incubate for 10 min to allow PI to permeate compromised cells. Cell death
was measured according to optimized parameters of the Forward and Side
scatter, PI and PI 561 nm which differ for different cell lines.
2.10.2 Cell death measurements by Flow cytometry
Cell death measurement was carried by exciting the PI with 561 nm laser and
fluorescence emission was detected through a 605/40 band pass filter.
Approximately 1000 gated events per sample were acquired. Acquired data
from the flowcytometry analyses were analysed using Cyflogic software (Cyflo
Ltd, Turku, Finland). Results were shown as percentage of PI positive cells.
2.11 TNFĮ(/,6$
TNFα ELISA was carried out using a Human TNFα ELISA Kit (Enzo). Five
thousand cells were grown in duplicates in 96 well tissue culture plates and
incubated for 24 h in a 37 oC with 5 % CO2 incubator. Following incubation, the
cells were treated with TRAIL (100 ng/mL) or TL32711 (1 μM) or in combination
for 24 h. A volume 100 µL medium from the wells containing the respective
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treatment was transferred to a 96 well plate containing immobilized human
TNFα antigen on the surface of each well; the plate was sealed and incubated
for 2 h at 37 oC. The plate was washed 3 times with wash buffer following the
incubation step. 100 µL of biotinylated rabbit polyclonal antibody directed
against the human TNFα antigen was dispensed into each well and was left to
incubate for 1 h at 37 oC. Following incubation, the plate was washed 3 times,
and 100 µL of conjugate antibody (strepavidin conjugated to Horseradish
perioxidase) was dispensed into each well. The plate was incubated for 30 min
at room temperature. The wells were then washed 4 times after which 100 µL of
substrate (3,3’5,5’ tetramethylbenzidine(TMB)) solution was added to each well
and was allowed to incubate for 30 min at room temperature. A volume of 100
µL of stop solution (1N solution of hydrochloric acid in water) was added to each
well following the 30 min incubation. The absorbance of the assay was
measured at a wavelength of 570 nm using a micro plate reader (Tecan). The
plate reader was blanked against the well containing only assay buffer. Human
TNFα concentration was determined by firstly calculating the average net
absorbance. This was achieved by subtracting the average blank from the
average absorbance of each standard and sample. A standard curve for the
average net absorbance for each standard versus human TNFα concentration in
each standard was generated using Excel software. A straight line was
approximated (Trend line) through the points. The concentration of human TNFα
in each of the treated sample well was determined by interpolation.
2.12 Examination of morphological features of apoptosis
The classical morphological feature of apoptosis was carried out using
propidium iodide (PI) and Hoechst dyes. A total number of 10,000 A172 cells
were seeded 24 h previously pre-stained with PI (1 μg/ml; Sigma Aldrich) and
Hoechst (30 ng/ml; Sigma Aldrich) and allowed to equilibrate for 1 h at 37 OC.
The cells were subsequently treated with TRAIL and TL32711 as detailed in the
respective figure legends for 24 h. Following this treatment endpoint,
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morphologies of dying cells and their nuclei were confirmed using Eclipse TE
300 inverted microscope (Nikon, Germany)
2.13 Single-cell time-real-time microscopy
Foster resonance energy transfer (FRET) probes comprises of two fluorophore
molecules linked by a short peptide sequence. This peptide sequence contains
specific caspase cleavage motif. The FRET probes utilised in this study are
cyan fluorescent protein (CFP), the donor and the yellow fluorescence protein,
(YFP) the acceptor molecule. The overlapping excitation and emission spectra
of these two fluorophores allows for energy transfer from the donor to the
acceptor. Additionally, the short peptide sequence allows a close proximity for
efficient and enhanced energy transfer. In principal, an intact FRET probe
results in the transfer of excited energy of the CFP to the YFP results in an
increased emission of the YFP and low CFP emission. However, upon cleavage
of the peptide linker causes a disruption in FRET which ultimately leads to an
increase in the CFP emission. This study employed the DEVD FRET probe
(Hellwig et al., 2008) as the preferred substrate sequence motif for caspase-8
activity in single live cell imaging. Figure 2.1 illustrates the principle of FRETprobe.
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Figure 2.1: Schematic representation of the mechanism of DEVD FRET
probe
(A) Intact FRET-probe. Upon excitation of the CFP (the donor) fluorophore,
energy is transferred to the YFP (the acceptor) fluorophore by resonance
energy transfer. (B) Cleavage of the linker sequence (DEVD) leads to disruption
of the resonance energy transfer resulting in increased CFP emission.
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2.13.1 Preparation of cells for microscopy
Live-cell imaging of single cells analysis of caspase-8 activity following drug
treatment was performed using cells that stably expressed the DEVD-FRET
probe that was previously generated by the group. A total number of 30,000
Lovo cells were seeded and were allowed to adhere for 24 h in a 22 mm (in
diameter) glass-bottom wilco dish (Wilco BV, Amsterdam, Netherlands). Prior to
treatment, the medium was rapidly exchanged to prevent the cells from drying.
Subsequently, the cells were equilibrated in the willco dish containing 30 nM of
TMRM in 1 ml of DMEM and covered with mineral oil and was placed the
incubator for approximately 30 min. Addition of the mineral oil served to prevent
evaporation of the medium during the microscopy experiment since the
microscope is not equipped with a chamber that would otherwise maintain an
atmosphere of 100 % air and 5 % CO2. The oil objective was separately heated
to continually heat and maintain the medium in the wilco dish at 37 OC.
Following equilibration of the cells, the wilco dish was mounted and fixed onto
the microscope stage a pre-heated chamber on the top of the pre-heated which
was set up in acclimatised dark room. A field of view containing a population of
healthy cells was selected and observed in the TMRM channel and were used
to focus the cells. Each channel and its corresponding exposure intensities were
tested. Following optimisation, the time course was began with images taken
every 3 min. After a basal of several images taken, the cells were then treated
with 5FU/oxaliplatin (10 μM/ 2 μM) in combination with TL32711 (1000 nM) for
48 h.
Fluorescence was observed using an Axiovert 200 M inverted microscope (Carl
Zeiss, Jena, Germany) equipped with 40x numeric aperture 1.3 oil immersion
objective. Filters that were used are listed in the table 13.
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Table 2.13: Excitation and emission filters for fluorescence microscopy
Fluorophore

Excitation

Emission

CFP

436 ± 10 nm

480 ± 20 nm

YFP

500 ± 10 nm

535 ± 15 nm

FRET

436 ± 10 nm (= CFP)

535 ± 15 nm (= YFP)

TMRM

530 ± 25 nm

592.5 ± 22.5 nm

2.14 Calculation of combination index (CI)
Webb’s fractional product method (Webb, 1963) was used to calculate the
synergy between TRAIL and TL32711.
x CI < 1.0 indicates synergy; the lower the CI value is, the stronger the
synergy.
x CI = 1.0 indicates additive effect.
x CI > 1.0 indicates antagonistic effect.
2.15 Statistics
Statistical analyses were performed using GraphPad prism software version 5
(GraphPad software Inc., La Jolla, CA, USA). Results are presented as Mean ±
SEM. Data were tested for significance using appropriate tests as detailed in the
respective figure legends (* denotes p values ≤ 0.05 and were considered to be
statistically significant).
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Chapter III
Heterogeneous response to TRAIL / TL32711 is correlated with
expression patterns of pro-caspase-8 and Bid
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3.1

Introduction

GBM is the most lethal form of brain tumours, with a dismal therapeutic
outcome. GBM is highly resistant to the current standard of care treatment,
displaying resistance to, proclivity to necrosis and robust angiogenesis.
Resection of tumour mass in combination with irradiation and chemotherapy
were and remain current treatment. Despite great efforts made over the last
decade, patient prognosis remains modest at best with a median survival from
time of diagnosis of 14.6 months (Stupp et al., 2005).
The acquisition apoptosis of resistance leading to tumour initiation and
progression is a characteristic feature of human cancers. A wide array of cancer
types display elevated levels of inhibitors of apoptosis proteins (IAPs)
expression thus contributing to therapeutic resistance (LaCasse et al., 1998,
Tchoghandjian et al., 2016). As such Induction of apoptosis has been the focus
of countless therapeutic approaches in the field of cancer research.
TRAIL is a potent anti-cancer agent due to its ability to selectively target
cancerous cells through activation of both the extrinsic and intrinsic apoptotic
pathways independent of p53 status that has otherwise been shown to be
attributed to therapeutic resistance upon its mutation (Cheng et al., 2012,
Petitjean et al., 2007). As such, the identification of TRAIL as a potent apoptotic
molecule in selectively inducing apoptosis has become a promising approach in
cancer therapy. Numerous preparations of TRAIL alongside monoclonal
antibodies directed against TRAIL death receptors are in development and are
undergoing pre-clinical and clinical trials as single agents or in combination with
other chemotherapeutic agents.
Ligation of TRAIL to its cognate receptors TRAIL-R1 (DR4) and TRAIL-R2
(DR5) results in the receptor trimerization which leads to the formation of the
death inducing signalling complex (DISC) at the cytoplasmic domains of the
receptors. The DISC comprises of the adapter protein FADD, pro-caspase-8/-10
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and cFLIP. In the DISC pro-caspase-8/-10 undergoes auto-processing and
activation. When activated, caspase-8/-10 subsequently activates downstream
effector caspase-3/-7 converting them into their functional active form to execute
apoptosis (Wang et al., 2010).
As previously discussed, both the extrinsic and the intrinsic apoptosis pathways
may converge as a means to amply the death signal from death receptor
activation to execute apoptosis. The convergence of these two pathways is
dependent on cellular context. Based on this, cells are therefore classified as
into two categories; the type-I and type-II cells.
Type-I cells are dependent on the stability of the activated DISC to directly and
effectively trigger pro-caspase-8 activation and subsequent activation of procaspase-3 thus resulting in cell death. However, in type-II cells the death signals
emanating from the DISC to activate caspase-3 may be inadequate to execute
apoptotic cell death; as such these cells are dependent on the mitochondrial
apoptotic pathway for cell death. To recruit the mitochondrial apoptotic pathway,
active caspase-8 cleaves the BH3-only protein Bid to a proteolytic processed
formed known as truncated Bid (tBid). Subsequently, tBid translocate to the
outer mitochondrial membrane where it interacts with Bax and Bax to induce
MOMP (Wei et al., 2000). Previous published reports have demonstrated that
insufficient death signal from activated death receptor and/or the capability of
cells to form unstable DISC is not solely attributed to the distinction between
type-I and type-II cells. A crucial factor that distinguishes these cell types is the
presence of inhibitor of apoptosis proteins XIAP. Via direct inhibition, this IAP
neutralises the pro-apoptotic function of caspase-3 thereby abrogating
apoptosis execution (Jost et al., 2009).
IAPs are highly conserved family of proteins throughout evolution that function
to regulate signalling transduction in cell death, inflammation and cell survival
(Silke and Meier, 2013). IAPs are defined by the presence of one or more
baculoviral IAP repeats (BIR). The BIR domains of cIAP1, cIAP2 and XIAP
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facilitate certain interactions with other proteins. These IAPs feature a Cterminal really interesting new gene (RING) domain that harbours an E3
ubiquitin ligase activity. A total of eight human IAPs have been identified with
XIAP having been demonstrated as the most potent caspase inhibitor (Hunter et
al., 2007). Through catalytic reactions, cIAP1 and cIAP2 induce degradation by
covalently attaching ubiquitin chains to the lysine residues of the target protein
substrate, and this is mediated by the E1 activating enzyme, E2 conjugating and
E-3 ligase enzymes (Bellail et al., 2012). The regulatory mechanisms of IAP in
apoptosis induction are dependent on three crucial factors; these are IAPs
themselves, IAP antagonists and caspases. Dysregulation of these proteins
disrupts cellular homeostasis which contributes to numerous human
pathologies, including cancer. IAPs suppress both the extrinsic and intrinsic
apoptotic pathway by negatively regulating the initiator and effector caspases
via distinct mechanisms. Firstly, the BIR domains of XIAP, cIAP1 and cIAP2
interact with the active sites of caspases thus inhibiting their proteolytic
activities. Neutralised caspases undergo a breakdown or they are sequestered
away from their substrates. Secondly, pro-caspase-3 and -9 are directly
antagonised by XIAP. Lastly, cIAP1 and cIAP2 may direct death signals to prosurvival signalling via activation of the NF- B signalling pathway. While some
caspases are suppressed by IAPs, some are thought to be resistant to the
inhibitory effects of IAPs. For instance, IAP are incapable of binding to caspase8, thus caspase-3 is targeted as a substrate instead. Additionally, caspase-8
may be regulated by IAPs via indirect mechanisms such as transcriptional
activation of anti-apoptotic genes that encode its modulator such as cFLIP via
activation of the NF- B survival pathway. Thus cIAP1 and cIAP2 are considered
as potential negative regulators of caspase-8. The activities of IAPs are tightly
controlled via several feedback mechanisms that includes pro-apoptotic proteins
such as, the second derived mitochondrial activator of caspases (SMAC)/direct
IAP binding protein with low pI (Smac/Diablo) and X-linked IAP associated
factor 1 (XAF1) (Liston et al., 2001). The mechanism of action of these proteins
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entails an interaction with IAP molecules via a conserved IAP binding motif
(IBM). This motif competitively binds to the BIR domains of IAP that result in the
displacement of bound caspases thus preventing substrate entry. Another
mechanism employed by these endogenous IAP antagonists is by activating the
E3 ligase activity of cIAPs which leads to their degradation (Cossu et al., 2009,
Dueber et al., 2011). The mechanism of antagonising the functions of IAPs by
Smac/Diablo has been exploited by developing small synthetic molecules that
mimics the function of endogenous Smac to restore apoptotic signalling in
refractory cancers. XIAP neutralisation by Smac mimetics has been shown to be
crucial for TRAIL efficacy in xenograft tumour models (Vogler et al., 2008). The
development of Smac mimetics was initially designed to target XIAP however, a
large body of evidence have shown that targeting of cIAP1 and cIAP2 by Smac
mimetics induces rapid proteasomal degradation of these proteins resulting in
the activation of NF- B signalling pathway and autocrine production of TNFα
leading to TNF-mediated induction of apoptosis (Varfolomeev et al., 2007, Vince
et al., 2007, Petersen et al., 2007).
While Smac mimetics have shown promise in clinical trials as single agents, a
wide array of cancers displays resistance to this therapeutic agent. In order to
circumvent these resistant cancer cells Smac mimetic compounds are being
combined with other chemotherapeutic agents to enhance the potency of those
agents. In this study we provide the mechanism underlying TRAIL sensitisation
by IAP antagonist TL32711. The synergistic induction of apoptosis mediated by
these two agents was observed to be independent of autocrine production of
TNFα but rather as a result of IAP depletion and caspase activation.
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3.2

Results

3.2.1 Glioblastoma cell lines display heterogeneous response to TRAIL
and TL32711
Smac mimetics have been shown to synergise with a number of
chemotherapeutic agents to induce cell death in certain cancers (LaCasse et al.,
2008). A combination screen was performed on a panel of GBM cell lines
consisting of commercially-available cell lines (A172, U251, U343 and U373),
primary GBM cell lines (MZ18) and recurrent patient-derived cell lines (MZ304)
to evaluate the potential effects of combining TRAIL and TL32711 (a bivalent
Smac mimetic compound), as well as to determine the effect of these agents as
monotherapies on these cell lines. A dose-response matrix was generated
following treatment with TRAIL and TL32711 at various concentrations: (0, 0.1,
1, 10, and 100 ng/ml, and 0, 1, 10, 100, 1000 nM). Cell death was measured 24
h post treatment by PI-based flow cytometry. We observed a high variability of
response in these GBM cell lines from which two groups emerged following our
treatment paradigm: those sensitive to the combined treatment of TRAIL and
TL32711 (responders) and those largely resistant to the combined treatment
(non-responders) (fig. 3.1A and B). The responders displayed cell death rates
between 40 and 80 % at 24 h post treatment with TRAIL and TL32711 as single
agents and in combination (fig. 3.1A), while the non-responders displayed cell
death rates between 10 and 20 %. Furthermore, the observed sensitivity of cell
lines to the combined treatment of TRAIL with TL32711 occurred in a dosedependent manner. Single agent treatment with TRAIL was only effective at
inducing cell death in A172 cells, while TL32711 was ineffective as an individual
treatment on all cell lines. The combination index (CI) value was calculated to
determine the synergy between TRAIL+TL32711. The values revealed that the
interaction between TRAIL+TL32711 was highly synergistic in the responsive
cell lines, with a CI value of 0.489, 0.439 and 0.489 for A172, MZ18 and U251,
respectively.
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Going forward, we focused on four GBM cell lines (two responders: A172 and
MZ18, and two non-responders MZ304 and U343) to further evaluate the factors
that discriminated the responders from the non-responders.
To complement the previous data on the combination screen, we assessed the
effect of our treatment regimen on long-term survival of both the responder and
the non-responder cell lines. To this end, clonogenic survival assay were
performed post 24h treatment with TRAIL / TL32711 as single agents and in
combination. In the responders, combination of TRAIL+TL32711 drastically
reduced the survival fraction (SF) in the responder cell lines (fig. 3.1C).
However, co-treatment moderately suppressed long term survival in the nonresponders when compared to the untreated controls (fig.3.1D). TRAIL as a
single agent also suppressed long-term survival only in the A172 cell line. In
contrast, SF in the MZ18 cells (fig.3.1D) and non-responders (MZ304 and
U343) were unaffected by TRAIL as a single agent (fig.3.1C and D).
Additionally, clonogenic growth was not suppressed when all cell lines were
exposed to TL32711 as a single agent. Together, these findings demonstrated
that TRAIL+TL32711 treatment results in a synergistic cell lethality in three out
of the six cell lines tested with subsequent suppression of long-term survival in
the responder cell lines. The non-responders cell lines, however, did not show
any stress in their ability to proliferate post combined treatment.
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Figure 3.1: GBM cell lines display heterogeneous response to TRAIL and
TL32711.
GBM cell lines, as indicated were treated with TRAIL, TL32711 and in combination for
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24 h at the indicated concentrations. Cell death was measured by PI-based flow
cytometry and expressed as percentage of untreated control. (A) GBM cell lines that
showed sensitivity towards the combined treatment of TRAIL and TL32711
(Responders). (B) GBM cell lines that were largely resistant to the combined treatment
of TRAIL and TL32711 (Non-Responders). Values are means of three independent
experiments performed in triplicates. Combination index values were determined by
Webb’s Fractional Product Method. (C) Responsive cell lines: A172 and MZ18 (left
panel) were treated with low concentrations of TRAIL (10 ng/ml) in combination
TL32711 (100 nM) for 24 h; (D) Non-responder cell lines: MZ304 and U343 (right
panel) were treated with maximum concentrations of TRAIL (100 ng/ml) and TL32711
(1 µM) for 24 h. Post treatment, all cell lines were then seeded as single cells for 10
days. Colonies were stained with crystal violet and counted. One representative from 3
independent experiments and the percentage of colony numbers compared with
untreated control is shown. Data represent mean ± SEM of three independent
experiments and analysed by one-way ANOVA followed by tukey post-hoc test (* p <
0.05; ** p < 0.01).

3.2.2 TRAIL+TL32711 induces caspase-dependent apoptosis and
caspase-8, caspase-3 and Bid activation
Having observed cell death with TRAIL+TL32711 treatment in the responders,
we next investigated the cell death modality induced by this treatment regime.
The broad-range caspase inhibitor, zVAD-fmk in conjunction with the combined
treatment of TRAIL and TL32711 was used to ascertain the involvement of
caspases in TRAIL+TL32711-induced cell death. In the presence of zVAD-fmk,
there was a marked reduction in the capacity of TRAIL and TL32711 to induce
cell death (fig. 3.2A), thus demonstrating that the synergistic cell death induced
by TRAIL and TL32711 combination was caspase-dependent. A representative
image of the classical morphological changes upon apoptosis induction was
examined. Using the most exquisitely TRAIL+TL32711 sensitive cell line A172,
it was observed that upon treatment with TRAIL as a single agent and in
combination with TL32711 membrane blebbing and nuclear condensation was
observed, whereas, TL32711 as single agent or combination treatment in the
presence of zVAD-fmk did not show any of these morphological changes. This,
therefore, provided evidence that the modality of cell death that was observed
was apoptosis (fig. 3.2B).
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Figure 3.2: Apoptosis is the primary cell death modality in response to
TRAIL+TL32711.
(A) Apoptosis was verified by treating the Responder cell lines with TRAIL+TL32711 in
the presence or absence of zVAD-fmk (50 µM) for 24 h. Cell death was measured by
PI-based flow cytometry and expressed as the percentage of untreated control. Data
represents ± SEM of three independent experiments and analysed by one-way ANOVA
followed by tukey post-hoc test (*** p < 0.001). (B) A172 Cells were pre-stained with PI
(1 μg/ml) and Hoechst 33258 (1 μg/ml) for 1 h. Changes in nuclear morphology and cell
death were examined by epifluorescence microscopy (Nikon TE300). Scale bar = 50
µm.
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3.2.3 TRAIL and TL32711 induces caspase-8, caspase-3 and Bid
activation
The involvement of caspases leading to the onset of apoptosis induced by
TRAIL and TL32711 was further investigated. Caspase activation, particularly
pro-caspase-8 and pro-caspase-3 in the responder and non-responder cell lines
was monitored upon treatment with TRAIL and TL32711 as single agents and in
combination. TRAIL and TL32711 monotherapies failed to induce caspase-8
activation in all the cell lines (fig. 3.3A and B). TRAIL+TL32711 co-treatment
resulted in caspase-8 processing into its intermediate cleaved product of
p43/41, and was further processed to its active subunit, signal detected at p18
kDa in the responder cell lines (fig. 3.3A). Proteolytic activation of caspase-8
resulted in reduced amounts of the pro-enzyme form. Caspase-3 activation was
also observed to be activated in these cell lines. In contrast to caspase-8
activation by TRAIL+TL32711 combination treatment, TRAIL as a single agent
induced processing of caspase-3 into its intermediate subunit, p21 and p19 in
the responder cell lines. Interestingly, TL32711 as single agent induced full
caspase-3 activation in the MZ18 cells (fig. 3.3A-right panel). In the nonresponder cells, neither caspase-8 nor caspase-3 was observed to be
processed or activated in all treatment conditions (fig. 3.3B). Furthermore,
addition of zVAD-fmk potently inhibited caspase-8 and caspase-3 processing
and activation. These data further cements the observation that the modality of
cell death induced by TRAIL in combination with TL32711 was caspasedependent apoptosis.
We next sought to elucidate whether the responders engaged the mitochondrial
apoptotic pathway following TRAIL-receptor activation as a means to amplify the
death signal induced by TRAIL stimulation. We observed that in the responder
cell lines, Bid levels were reduced upon combination treatment. In the MZ18 cell
lines, Bid levels were substantially diminished compared to the A172 cells
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where Bid levels were reduced to a lesser extent (fig. 3.3A-left panel) further
indicating caspase activities.
Having established the extent of caspase processing for each treatment
condition, we further examined caspase activities, specifically capase-3 activity.
Western blotting detection of poly-[ADP]-ribose polymerase (PARP), an enzyme
involved in DNA repair) and cleavage a well-established substrate for caspase3, has been extensively used as an indicator of apoptosis induction. Caspase-3
activity was observed by cleavage of the full length PARP 116 kDa to its
characteristic p89 fragment in the responders, and this was accompanied by
modest loss of full length PARP (fig. 3.3A). In the non-responder cell lines,
there was no detectable PARP cleavage (fig. 3.3B). In summation, these results
showed that caspases are involved in TRAIL-TL32711-induced apoptosis in
GBM cells with respect to A172 and MZ18 cell lines.
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Figure 3.3: TRAIL and TL32711 induces pro-caspase-8, pro-caspase-3 and
Bid activation
(A) Responders were treated with TRAIL (100 ng/ml) and/or TL32711 (100 nM) in the
presence or absence of zVAD-fmk, (B) Non-responders were treated with TRAIL (100
ng/ml) and/or TL32711 (1 μM). Whole cell lysates were analysed for the indicated
proteins by Western blotting. GAPDH served as loading control. Representative
western blots from 3 independent experiments are shown.
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3.2.4 Pro-caspase-8 and Bid basal expression levels correlate with
TRAIL+TL32711 sensitivity.
Data from the combination screen thus far demonstrated that GBM cell lines
exhibit variable sensitivity to TRAIL/TL32711 treatment. One of the underlying
reasons for this may be aberrant expression of proteins involved in both
extrinsic and intrinsic apoptotic pathways. Thus, we next determined if a
correlation existed between the basal expression levels of apoptotic proteins in
our selected panel of GBM cell lines (3 responders (A172, MZ18, U251) and 3
non-responders (MZ304, U343 and U373) and their response to our treatment
paradigm. Legacy data on expression of basal levels of nineteen core apoptotic
proteins were previously analysed in our panel of GBM cell lines by Western
blot analyses and quantified by densitometry (Birgit C. Weyhenmeyer, 2016).
Statistical analysis of these protein quantifications revealed that pro-caspase-8
and Bid showed significantly higher basal expressions levels in the responders
than in the non-responders cell lines (fig. 3.4A and B). This finding led us to
conclude that these two proteins were the determinant factors that differentiated
the responders from the non-responders. Data from figures 3.2A and B further
corroborate this finding. These proteins intimately correspond with each other in
the apoptosis signalling pathway such that upon death receptor activation upon
TRAIL ligation, there is a direct activation of apoptosis through caspase-8 and
subsequent activation of caspase-3 (type I cells). Furthermore, death receptormediated apoptosis transduction may recruit the mitochondrial pathway to
amplify the death signal to execute apoptosis (type II cells). This cross-talk
between the two pathways is mediated by cleavage and activation of Bid by
capase-8 and/or caspase-3 (Wei et al., 2000, Korsmeyer et al., 2000). While
these proteins are expressed in these GBM cell lines, they are expressed in
high amounts in the responders to fully induce apoptosis (fig. 3.4C), whereas in
the non-responders, these protein levels are not expressed in higher amounts to
achieve full apoptosis (fig. 3.4D).
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Figure 3.4: Pro-caspase-8 and Bid separates responders from the nonresponders.
(A) Basal expression levels of pro-caspase-8, pro-caspase-3 and Bid from
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Responders: A172, MZ18 and U251, and Non-Responders: MZ304, U343 and U373.
Whole cell lysates were analysed by Western blotting. A representative western blot
from 3 independent is shown. GAPDH served as loading control. (B) Quantification of
basal pro-caspase-8, pro-caspase-3 and Bid levels by densitometry. Data represent
median of three independent experiments and analysed by student’s t-test followed by
tukey post-hoc test (* p < 0.05; ** p < 0.01). (C) High expression of pro-caspase-8 and
Bid promote apoptosis in responders. (D) Low expression of these proteins impairs
MOMP and apoptosis execution in non-responders.

3.2.5 TL32711 in combination with TRAIL induces degradation of IAP
Inhibitor of apoptosis proteins have been described to be overexpressed in
human cancers including GBM (Wagenknecht et al., 1999)
The cellular IAPs, cIAP1 and cIAP2 are positive regulators of the NF- B prosurvival signalling pathway, which drives cell proliferation and tumourigenesis as
well as contributing to therapeutic resistance (Tchoghandjian et al., 2013). XIAP
has been shown to be a potent caspase inhibitor resulting in the inhibition of
apoptosis (Varfolomeev et al., 2012, Cristofanon et al., 2015).
Degradation of IAP levels has been considered to be a typical feature of Smac
mimetic-mediated cell death (Varfolomeev et al., 2007), thus the expression
levels of cIAP1, cIAP2 and XIAP were assessed. Firstly, the basal expression
levels of the IAPs were examined by Western blotting with subsequent
quantification by densitometry analyses. Quantification analyses revealed that
there were no significant differences in the basal expression IAPs both in the
responder and the non-responder cell lines (fig. 3.5A and B). With the
exception of U343, all cell lines exhibited high basal levels of cIAP1. A172,
MZ18 and U343 cell lines showed high levels of cIAP2 with U251 displaying
extremely low levels of cIAP2. The cell line panel displayed highly
heterogeneous levels of XIAP. Basal levels of XIAP in the U343 were expressed
in minimal amounts compared with the rest of the cell lines.
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Secondly, the activities of TRAIL and TL32711 were tested as single agents and
in combination to assess their effects on IAP levels. A172 cells showed cIAP1
depletion post single treatment with TL32711 as a single agent and in
combination with TRAIL, but cIAP1 depletion was most prominent with the
combination treatment. A similar trend for cIAP2 levels was also observed with
the same treatment conditions. XIAP levels were moderately decreased with
TRAIL as a single agent and in combination with TL32711. XIAP levels were
reduced in greater amounts in the combination treatment than with monotherapy
with TRAIL (fig. 3.5C).
MZ18 cells showed modest depletion of cIAP1 levels with TL32711 as single
treatment, while the combination treatment drastically reduced cIAP1 levels.
The levels of cIAP2 were not altered with TRAIL or TL32711 monotherapy.
However, the co-treatment resulted in a complete depletion of cIAP2 levels to
undetectable levels. Further, while the single agents did not have any effects on
XIAP levels, the combination of TRAIL and TL32711 markedly decreased XIAP
levels (fig. 3.5C).
MZ304 cells exhibited drastic increase in expression of cIAP1 in response
TRAIL treatment. In contrast, TL32711 as a single agent or in combination with
TRAIL did not alter cIAP1 levels. While cIAP2 are lowly expressed in this cell
line, monotherapy with TRAIL and in combination with TL3711 increased the
expression levels of cIAP2 (fig. 3.5D-left panel).
U343 displayed downregulation of cIAP1 levels upon exposure to TL32711 as a
single agent. Single treatment with TRAIL or in combination with TL32711 did
not show any significant effects on cIAP1 levels. TL32711 as a single treatment
or in combination TRAIL resulted in a modest decrease in cIAP2 levels (fig.
3.5D-right panel). Overall, unlike the responder cell lines, the XIAP levels in the
non-responders were completely unaffected in all treatment conditions.
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Figure 3.5: TL32711 as a single or in combination with TRAIL induces
downregulation of IAP proteins in TRAIL+TL32711 sensitive GBM cell
lines.
(A) Basal expression level of IAP proteins were analysed from whole cell lysates by
Western blotting. A representative western blot from 3 independent experiments is
shown. Actin served as loading control. (B) Subsequent quantification of protein levels
by densitometry. Data represent median of three independent experiments. (C)
Responders were treated with TRAIL (100 ng/ml) and/or TL32711 (100 nM) in the
presence of absence of zVAD-fmk (50 µM) for 24 h, (D) Non-Responders were treated
with TRAIL (100 ng/ml) and/or TL32711 (1000 nM) for 24 h in the presence or absence
of zVAD-fmk (50 µM) for 24 h. IAP protein expression levels from whole cell lysates
were assessed by western. A representative western blot from 3 independent
experiments is shown. Actin served as loading control.
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3.2.6 Kinetic analysis of cIAP1 and cIAP2 degradation by TRAIL+TL32711
While the treatment paradigm exhibited contrasting effects on IAP levels in the
cell lines tested, IAP levels were not altered in the presence of zVAD-fmk.
Interestingly, depletion of IAP levels by the corresponding treatments was
stabilized when co-treated with zVAD-fmk, thus leaving us to hypothesise that
caspase activities are implicated in IAP degradation. A kinetic analysis of cIAP
degradation revealed that TRAIL+TL32711 potently induced degradation of
cIAP1 and cIAP2 to undetectable levels in the A172 cells. Temporal depletion of
these cIAPs were very rapid, occurring as early as 1 hour post treatment in a
time-dependent manner. In the MZ18 cell line, cIAP1 levels remained
unchanged for the first 8 hours after which the levels began to drastically
decrease and persisted up to 24 h post treatment. Depletion of cIAP2 levels in
this cell line were modest within two hours post treatment which were then
reduced to greater amounts at 24 h (fig. 3.6A). TRAIL+TL32711 treatment
overtime did not affect cIAP1 levels in both the non-responder cell lines.
However, variable kinetics of cIAP2 depletion were observed in these cell lines,
where the MZ304 cells exhibited transient time-dependent increase in cIAP2
levels with a peak increase at 4 h followed by modest decline at 8, 16 and 24 h.
In contrast, U343 cell line displayed a substantial loss of cIAP2 to undetectable
levels in the first 4 h with subsequent re-expression at 8 h but failed to make a
full recovery to its basal level at 24 h (fig. 3.6B).
Previous studies demonstrated that IAP depletion was dependent on caspase
activities. Upon observing that IAP proteins were re-expressed in the presence
of zVAD-fmk, we assessed the effects TRAIL and TL32711 as individual
treatment agents and in combination with z-VAD-fmk in order to determine if IAP
depletion was a consequence of caspase activation and cell death. The results
stand-alone treatment withTL32711and in the presence of zVAD-fmk decreased
both cIAP1 and cIAP2 levels in the A172 cell line (fig. 3.6C-left panel). A
modest decrease in cIAP1 levels was observed in the MZ18 cell line upon

121

Chapter III: Results

exposure to TL32711 and in the presence of zVAD-fmk. Single treatment with
TL32711 did not alter cIAP2 levels, however, in the presence of zVAD-fmk,
cIAP2 levels were modestly downregulated (fig. 3.6C-right panel). In the nonresponder cell lines, MZ304 displayed modest downregulation of cIAP1 upon
TL32711. In contrast, TL32711 treatment induced a profound loss of cIAP2.
TL32711 and in combination with zVAD-fmk reduced cIAP2 levels, albeit to a
modest degree (fig. 3.6D-left panel). The U343 cells exhibited a substantial
loss of cIAP1 when treated with TL32711 as a single agent, and in the presence
of zVAD-fmk, cIAP1 levels were restored. There were no prominent changes in
cIAP2 levels upon TL32711 as a single agent or in combination with zVAD-fmk
(fig. 3.6D-right panel). Upon treatment with TRAIL as a single agent or in the
presence of zVAD-fmk, cIAP1 and cIAP2 levels remained unchanged in the
A172 cells (fig. 3.6E-left panel). However, cIAP2 levels increased profoundly in
the presence of TRAIL and in combination with zVAD-fmk. The levels of cIAP1
and cIAP2 in the MZ18 cells were not altered upon single treatment with TRAIL
and in combination with zVAD-fmk (fig 3.6E-left panel).
In the non-responder MZ304 cell line, TRAIL as a single agent and in
combination with zVAD-fmk did not alter the levels of cIAP1 and cIAP2 (fig.
3.6F-right panel). The U343 cells did not show any variation in cIAP1 levels
upon TRAIL treatment, however, cIAP1 levels increased moderately in the
presence of zVAD-fmk. The levels of cIAP2 levels in this cell lines remained
unchanged upon treatment (fig. 3.6F-right panel).
Overall these data implicate caspases and their activities to be involved in
influencing the expression patterns of cIAP levels upon TRAIL+TL32711
treatment.
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Figure 3.6: Kinetic analyses of cIAP1 and cIAP2 degradation by TRAIL and
TL32711.
(A) Responders were treated with TRAIL (100 ng/ml) and/or TL32711 (100 nM) and (B)
Non-Responders cell lines were treated with TRAIL (100 ng/ml) and/or TL32711 (1000
nM). Protein levels of cIAP1 and cIAP2 were monitored over time. Actin served as
loading control. Responders and Non-Responders cell lines were exposed to TL32711
(1000 nM) (C) and (D), and TRAIL (E) and (F) in the presence or absence of zVAD-fmk
(50 μM) for 24 h. cIAP1 and cIAP2 protein levels from whole cell lysates were assessed
by Western blotting. Representative western blots from three independent experiments
are shown. Actin or tubulin served as loading control.
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3.2.7 Kinetics of caspase-8 and caspase-3 activation
As there was no notable detection of caspase activation in the non-responders
cell lines at the 24 h endpoint analysis (fig.3.3B) but we had observed that
TL32711 stimulation initially reduced cIAP levels and their recovery in the
presence of zVAD-fmk, we hypothesised that caspases may be transiently and
sub-lethally activated in these cell lines. Kinetic analyses were performed to
monitor caspase-8 and -3 processing and activation in response to
TRAIL+TL32711 treatment. Cell lysates were prepared following
TRAIL+TL32711 stimulation in a time series of 1, 2, 4, 8, 16 and 24 h. In the
A172, TRAIL+TL32711 co-treatment showed an effective and rapid timedependent onset of caspase-8 and caspase-3 processing and subsequent full
activation as indicated by the p18 fragment for caspase-8 and p21, 19 and 17
fragments for capsase-3 in both cell lines.
In the A172, TRAIL+TL32711 co-treatment showed an effective and rapid timedependent onset of caspase-8 and -3 processing. At 2 hours post treatment,
processing of caspase-8 was observed at p43/41. This processing increased
continually within the time frame of the experiment, 24 hours. In parallel, the
active subunit of caspase-8, the p18 was also observed at 2 hours post
TRAIL+TL32711 treatment with complete activation at 24 hour. Activation of
caspase-3 began as early as 1 hour post treatment which continued in a timedependent manner until a full activation was achieved with accumulation of the
active p17 subunit observed at 8 h. At 16 and 24 hours, levels of activated
caspase-3 began to decline with complete loss of the p17 subunit at 24 h (fig.
3.7A-left panel)
In the MZ18 cells, processing of caspase-8 at p43/41 was minimally detectable.
In contrast to A172, caspase-8 activation was delayed and within 8 hours, a
modest level of the active p18 subunit of caspase-8 was observed followed by a
substantial activation at 24 h (fig. 3.7A-right panel).
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The non-responders did not show processing or activation of caspase-8,
however, TRAIL+TL32711 combination transiently evoked caspase-3
processing albeit there was incomplete activation as only the intermediate p21
subunit was detected in both cell lines. Processing of caspase-3 was delayed in
the MZ304 which began within 8 hours post treatment and was sustained until
the 24 hour endpoint (fig. 3.7B-left panel)
In contrast, caspase-3 processing in the U343 cells occurred with slightly more
rapid kinetics; at 1 hour post treatment, the p21 subunits were observed which
transiently accumulated at 4 and 8 hours, after which the p21 levels began to
decline (fig. 3.7B-right panel).
Together, our results presented here show that GBM cells heterogeneously
express IAP proteins to an extent where there is no correlation in expression
patterns and treatment response, despite the effect of TRAIL / TL32711 upon
IAP levels. Interestingly, we observed that our treatment paradigm induced
residual and sub-lethal caspase activities when cIAP levels are reduced.
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Figure 3.7: Kinetic analyses of pro-caspase-8 and pro-caspase processing
and activation in response to TRAIL+ TL32711.
(A) Responders were treated with TRAIL (100 ng/ml) + TL32711 (100 nM) and (B)
Non-responders cell lines Responders were treated with TRAIL (100 ng/ml) + TL32711
(1 μM). Caspase processing and activation were monitored over time. Actin served as
loading control. Representative western blots from 3 independent experiments are
shown. Actin served as loading control. Asterisks indicate non-specific bands
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3.3

Discussion

3.3.1 TL32711 synergises with TRAIL to induce caspase-dependent
apoptosis
Therapeutic engagement of cell death pathways by apoptosis inducing
stimulants has long been considered a promising approach to combat treatment
resistance. Overexpression of IAP proteins has been linked to resistance in
GBM, thus making IAPs suitable targets for successful therapy development
(Fulda and Vucic, 2012). As such, many efforts are being made to develop
strategies to neutralise IAP proteins. One such approach is the development of
small-molecule inhibitors of IAP proteins known as Smac mimetics (Benetatos
et al., 2014).
In this study, we assessed whether the Smac-mimetic TL32711, could sensitise
and enhance TRAIL potency to overcome TRAIL resistance in GBM cells. This
study was initialised by performing a combination screening with six GBM cell
lines from which the findings demonstrated that these cell lines respond
differently to TRAIL and/or TL32711 treatment. Through the combination
screening, 50 % of the GBM cells responded to the combination of TRAIL and
TL32711 in a concentration dependent manner. In the A172, MZ18 and U251
cell lines the ‘responders’, TL32711 synergised with TRAIL to trigger caspasedependent apoptosis in a concentration dependent manner. The potency of this
combination showed a high degree of synergism with combination index of <1.0.
A172 has been reported to be sensitive to TRAIL as a single agent (Roesler et
al., 2016) in line with our data, A172 was the only cell line to exhibit sensitivity
towards TRAIL while the remainder of the cell lines revealed that neither TRAIL
nor TL32711 (including A172 in this treatment condition) was effective in
inducing cell death even with the highest concentrations tested. Together,
these data indicate that TL32711 represents a new approach towards
sensitizing a subset of GBM cell lines towards TRAIL-induced apoptosis.
Experiments evaluating the effects of TRAIL/TL32711 on long-term survival by
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clonogenic survival revealed TRAIL as a monotherapy suppressed the longterm survival of A172 cell but not in the MZ18 cells. TRAIL+TL32711 completely
suppressed long-term survival in A172 and MZ18. MZ304 and U343 did not
display any significant stress in proliferation in all the treatment conditions.
Here, we report that TL32711 can cooperate with TRAIL to dramatically intensify
the cytotoxic effects of TRAIL. Findings from this study suggest that
procaspase-8 and Bid could serve as potential predictive marker for GBM
response to TRAIL in combination with TL32711.
Previous studies have reported a mixed type of cell death, displaying both
apoptotic and necrotic features upon loss of cIAP proteins (Geserick et al.,
2009). In this study, it was found that TRAIL+TL32711-induced cell death was
caspase-dependent apoptosis. In line with this, Western blotting confirmed that
the combination treatment led to the processing of caspase-8, caspase-3, as
well as PARP in the A172 and MZ18 cell lines, thus demonstrating that TL32711
acted in concert with TRAIL to drive elevated caspase processing and
activation. Furthermore, we observed Bid processing which is a substrate for
both caspase-8 and caspase-3 (Billen et al., 2008). It is well documented that
Bid acts as a ‘go-between’, transmitting death signals from the extrinsic pathway
to the intrinsic pathway (Slee et al., 2000, Billen et al., 2008). Thus, this finding
suggests that the apoptotic signal is amplified in the responder cell lines in
response to TRAIL and TL32711 combination therapy.
A recent report has shown that the expression levels of caspase-8 correlates
with TRAIL sensitivity in head and neck squamous cell carcinoma (HNSCC) and
can be used as a biomarker to predict TRAIL response (Raulf et al., 2014).
Consistent with our data, TRAIL+TL32711 combination effect strongly correlated
with the expression levels of caspase-8 in the responder cell lines. Furthermore,
expression levels of Bid were found to correlate with TRAIL+TL32711 sensitivity
in the responder cell lines. It has long been established that caspase-3 and Bid
are caspase-8 substrates, where in type I signalling, caspase-3 is directly
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activated by caspase-8 thereby executing apoptosis. However, in the type II
signalling, DR activation upon ligand binding such as TRAIL fails to execute
apoptosis due to propagation of weak signals brought about by a broad
spectrum of apoptotic modulators. In order to efficiently transduce the death
signals, type II cells recruit the mitochondrial apoptotic pathway, thereby
amplifying the death signal. This is achieved by activation of Bid by proteolytic
cleavage by capase-8 and/or caspase-3 (Slee et al., 2000, Billen et al., 2008).
The correlation of these two proteins can thus be utilised as potential signatures
for TRAIL+TL32711 sensitivity.
3.3.2 TRAIL+TL32711-induced apoptosis is dependent on loss of IAPs
Overexpression of IAPs has been associated with inferior treatment outcomes
and prognosis in a wide array of malignancies including GBM (Fulda, 2015c,
Cristofanon et al., 2015, Fulda and Vucic, 2012). Smac mimetics have been
reported in several studies to target and induce proteasomal degradation of
cIAP1 and cIAP2. By stimulating their E3 ubiquitin ligase activities cell death
could be induced in a subset of tumour cell lines using these compounds as
stand-alone agents (Fulda and Vucic, 2012, Arnt et al., 2002, Emeagi et al.,
2012, Fulda et al., 2002). In this current study, expression levels of the target
proteins of TL32711 namely; cIAP1, cIAP2 and XIAP, were initially profiled and
quantified. It was observed that the panel of GBM cell lines investigated
displayed differential expression of basal levels of these IAPs. However, there
were no statistically significant differences between the responder and the nonresponder GBM cell lines with regards to their basal expression of these IAPs.
This observation somewhat lacks clarity given the responders expressed higher
and some of the non-responders lower levels of these IAPs and that contribute
to resistance given that the combination of TRAIL and TL32711 induced
apoptosis in the responder cell lines. Studies that have employed IAP
antagonists however, have shown that these compounds induce
autoubiquitination and proteasomal degradation of IAP proteins that hold a
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RING domain involved in E3 ligase activity (Cossu et al., 2009, Dueber et al.,
2011). And in our studies the effects of TRAIL and TL32711 as single agents
and in combination exhibited different effects on the levels of the IAPs. It was
observed that treatment with TL32711 as a single treatment induced
downregulation of cIAP1 in A172 and U343 cells, and a modest downregulation
of cIAP1 in MZ18 cells while cIAP1 levels in the MZ304 remained unchanged.
Treatment with TRAIL induced upregulation of both cIAP1 and cIAP2 levels
solely in the MZ304 cells. The observation that cIAP levels were stabilized in the
responders and the non-responders when treated with TRAIL in combination
with TL32711 in the presence of zVAD-fmk prompted the investigation of
whether caspases are involved in mediating changes in the expression of cIAP
levels within our treatment paradigm. We observed that the combined treatment
of the responder cell lines induced IAP degradation and sensitization to
apoptosis thus indicating that specific targeting of cIAP1, cIAP2 and XIAP is an
effective means to enhance TRAIL potency. In line with this, a recent report
showed that two Smac mimetic compounds with different affinity, i.e. different
specificity for IAP proteins results in defective cell death in inflammatory breast
cancer cell and to circumvent this, it is important to specifically target these
three IAPs (Allensworth et al., 2013). In contrast to this finding, it has been
reported that the bivalent Smac mimetic BV6 primarily targets and degrades
cIAP1 and XIAP with a minimal effect on cIAP2 in GBM cells (Wagner et al.,
2013). In their study, BV6 was reported to be the most potent amongst the
bivalent Smac mimetic compounds. As such the differences in the potency of
Smac mimetics highlight different mechanisms of action which is dependent on
cellular context to elicit cell death either as a single agent or in combination with
other chemotherapeutic agents. Generally, Smac mimetic compounds
significantly enhance the potency of other chemotherapeutic agents (Fulda,
2014b). Consistent with this finding, in the responder cell lines this effect was
observed given that these cell lines were resistant to TRAIL as single agent.
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However, upon combination with TL32711, the potency of TRAIL increases
dramatically.
Previous studies have proposed that although cIAP2 is barely detectable in
most cancer cells, it does accumulate in response to various stimuli such as
TNFα, TRAIL and Smac mimetics (Petersen et al., 2010). In our studies a
similar effect was observed where upon single treatment with TRAIL resulted in
increased expression of both cIAP1 and cIAP2 levels, specifically in the MZ304
cells, due to transcriptional activation in response to apoptotic stimuli. Upon
elicitation of death signals, there is activation of the non-canonical NF- B prosurvival pathway which results in transcriptional activation of cIAP1 and cIAP2.
This acts as a negative feedback loop that increases the intracellular pools of
cIAPs to subdue the transduction of the death signal (Silke and Vaux, 2015,
Petersen et al., 2010). In addition, cIAP2 has been shown to be a substrate for
cIAP1-mediated ubiquitination and subsequent degradation. In the event where
cIAP1 is degraded cIAP2 levels increase and stabilize overtime and this effect
has been thought to be due to prolonged suppression of the E3 ligase activity of
cIAP1 by Smac mimetics. Expression of cIAP2 was therefore considered to be a
compensatory mechanism for the loss of cIAP1 to circumvent cell death
(Benetatos et al., 2014, Darding et al., 2011). This finding is in line with our
observations in both the responders and non-responders upon exposure to
TRAIL/TL32711 both in the kinetics and 24 h experiment endpoints.
Furthermore, it has been reported that cIAP1 degradation is a proximal event in
TRAIL signalling whereby cIAP1 is proteolytically cleaved and degraded by
caspases upon TRAIL stimulation (Guicciardi et al., 2011). Caspase-8 was
found to mediate cIAP1 degradation as genetic knockdown of caspase-8
resulted in blockade of cIAP1 depletion. In contrast, genetic depletion of
caspase-9 had no effect on cIAP1 levels leading to the conclusion that TRAILmediated degradation of cIAP1 is specifically dependent on caspase-8 activity
(Guicciardi et al., 2011). In line with this finding, treatment of both the
responders and non-responders with TL32711 in the presence or absence of
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zVAD-fmk restored cIAP levels. Thus, the rebound in cIAPs expression noted
with TRAIL in combination with TL32711 in the presence of zVAD-fmk supports
the observation that caspases are involved in mediating cIAP degradation in the
responding cell lines and to a minor degree, in the non-responder cell lines
where cIAP depletion is observed. A study by Herrera and colleagues showed
that while rat fetal hepatocytes expressed cIAP1/2 and XIAP, cIAP1 was the
only cIAP to be cleaved upon TGF-β treatment. However, in the presence of
zVAD-fmk, this effect was abrogated, suggesting that cIAP1 is a caspase
substrate (Herrera et al., 2002). Furthermore, it has been shown that cleavage
of cIAP1 by caspases generates a pro-apoptotic C-terminal fragment observed
at 35kDa, and this fragment has been proposed to have pro-apoptotic activity
thus, its cleavage may contribute to caspase-mediated apoptosis (Clem et al.,
2001). XIAP, as well as cIAP1 has also been shown to be substrates for effector
caspases during death receptor-mediated apoptosis. Caspase-3 targets XIAP
resulting in its cleavage; this cleavage event is only possible when there is
increased concentration of capspase-3 (Deveraux et al., 1999). Depletion of
cIAP1 and XIAP via caspase cleavage is not only exclusive to caspase-8 and
capsase-3 but can also be achieved by downstream effector caspases such as
caspase-6 and caspase-7 through a negative feedback loop (Guicciardi et al.,
2011). In line with our data, combination of TRAIL and TL32711 induced
degradation of both cIAP1 and XIAP and this was associated with capase-8 and
caspase-3 when their activation was monitored. Computer-based analysis of
cIAP1 and XIAP exposed the protein sequences of these IAPs to harbour
caspase cleavage sites (Wee et al., 2006). This further supports our data that
TL32711 potentiates the cytotoxic effects of TRAIL to induce apoptosis in the
responder cell lines due to the elimination of cIAP1, cIAP2 and neutralisation of
XIAP and while promoting caspase-8 and capase-3 activation in the responders.
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Chapter IV
Signalling through caspase-8 and Bid sensitizes resistant GBM cell
lines to TRAIL+TL32711-induced apoptosis
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4.1

Introduction

Receptor serine/threonine-interacting protein 1 (RIP1) regulates cell survival,
cell death and inflammation via its kinase activity (Newton, 2015, Christofferson
et al., 2014). The kinase activity of RIP1 induces caspase-8 dependent
apoptosis and RIP3-dependent necroptosis (Degterev et al., 2005, Cho et al.,
2009). Inhibition of apoptosis and necroptosis by RIP is achieved via kinaseindependent mechanisms. Abrogation of these signalling events has been
shown to be crucial for preventing embryonic abnormalities during development
as well as maintaining epithelial homeostasis (Dannappel et al., 2014, Dillon et
al., 2014).
RIP1 is an adapter protein that possesses an N-terminal kinase domain (KD), a
C-terminal domain (DD), and an intermediated domain (ID). RIP1 carries a dual
function dependent on its domains. For instance the ID domain is involved in the
NF- B signalling whereas the KD is vital for cell death induction (Ofengeim and
Yuan, 2013, Fuchs and Steller, 2015). RIP1 activation induces multimodal
signalling events that promote cell survival and inflammation via the NF- B
signalling pathway or cell death upon stimulation of death receptors like
TNFRSF6, TNFR1 and toll like receptors. Additionally RIP1 contains a death
domain which is capable of interacting with the cytoplasmic domains of the
aforementioned receptors allowing its recruitment via TRADD (Stanger et al.,
1995). Subsequent studies have shown that RIP1 deficient cells are unable to
activate the NF- B signalling pathway upon TNFα stimulation thus making cells
more susceptible to apoptosis (Kelliher et al., 1998, Ting et al., 1996).
Apoptosis is a programmed cell death characterised by morphological features
including membrane blebbing, chromatin condensation, DNA fragmentation and
formation of apoptotic bodies orchestrated by caspases (Kerr et al., 1972,
Thornberry and Lazebnik, 1998). The inhibitors of apoptosis are potent
regulators of the apoptotic pathways upon triggering of death receptors by
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extrinsic stimuli or via the mitochondria by intrinsic stimuli. Signalling through
RIP1 is best is best characterised through activation of the TNFR1 which leads
to the formation of the cytosolic complex-I. The scaffolding function of RIP1
allows the formation of complexes that can either activate the NF- B prosurvival pathway via TNFR complex-I, or the apoptosis pathway through
complex-IIa or necroptosis via complex-IIb (Christofferson et al., 2012). This
signalling complex transmits either pro-survival signals ensuring cell survival or
death signals resulting in cell death. Pro-survival signals result in the activation
of NF- B transcriptional factors while death signals results in the formation of a
secondary complex downstream of complex-I (Darding and Meier, 2012, Peltzer
et al., 2016). The decision on whether the cell undergoes survival or death is
dependent on the ubiquitin status of RIP1, thus RIP1 is considered as the
molecular switch at the crossroads of cell survival and cell death or necroptosis.
In this regard, RIP1 is tightly controlled to maintain cellular homeostasis.
Regulation of RIP1 is achieved by K48 ubiquitination by TRAF2 bound cIAP1
and cIAP2 to suppress RIP1-dependent apoptosis and necroptosis (Bertrand et
al., 2008). Apoptosis induction occurs in the absence of cIAP1 and cIAP2 which
results in RIP1 deubiquitination; as such the components of the TNFR complex-I
dissociates from the receptor, and RIP1 associates with the adapter protein
FADD and pro-caspase-8 to form complex-IIa (Micheau and Tschopp, 2003).
This complex becomes an activation platform that promotes pro-caspase-8
dimerisation and autoproteolytic activation and subsequent cleavage and
activation of downstream effector caspases thus executing apoptosis.
Activation of pro-caspase-8 in complex-IIa is tightly regulated by cFLIP. Control
of caspase-8 activities by cFLIP dictates whether apoptosis is executed or not,
therefore, cFLIP is the switch that dictates cell fate within this complex. The two
isoforms of cFLIP regulate pro-caspase-8 activities; the long isoform (cFLIPL) is
a caspase-8 like protein but lacks the catalytic cysteine rich subunit. The short
isoform (cFLIPS) is a truncated form of pro-caspase-8 with a short C terminal tail
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and holds two tandem DEDs. These two isoforms distinctly control pro-caspase8, cFLIPS inhibits apoptosis execution by preventing pro-caspase-8 filament
assembly (Hughes et al., 2016). The function of cFLIPL carries a more
complicated function as it is thought to regulate the extent of caspase-8
activation as well as controlling its substrate specificity (Oberst et al., 2011).The
exact mechanisms underlying cFLIP-mediated inhibition of apoptosis remains
unclear. However, in the classical view of apoptosis inhibition, cFLIP is thought
to compete with pro-caspase-8 for FADD binding (Irmler et al., 1997, Majkut et
al., 2014). The commitment of cell death may occur as a result of capsase-8
depletion or inhibition of its activities in a different form of cell death designated
necroptosis. This shift in cell death is brought about by RIP1 accumulation when
it is not cleaved by caspase-8; this allows it to associate with RIP3. The
resultant interaction forms a signalsome known as necrosome to execute
necroptosis. Accordingly, neutralising the kinase activity of RIP1 with a selective
pharmacological inhibitor necrostatin abrogates RIP1-RIP3 interaction thus
blocking necroptotic cell death.
Regulation of RIP1 by cIAPs is required for NF- B-mediated cell survival in
response to a variety of stimuli that activates TNFRs and subsequently prevents
secondary cytosolic complex-IIa/b formation and upregulation of pro-survival
proteins such as cFLIP, IAPs themselves and Bcl-2 anti-apoptotic proteins
(Maas et al., 2013, Ofengeim and Yuan, 2013).
4.1.1 BH3-mimetics
BH3 mimetics have been demonstrated to induce mitochondria mediated
apoptosis. ABT-737 has been described to induce caspase-8 activation via
MOMP (Mutlu et al., 2012), and with a secondary function of up-regulation of
DR5 (Song et al., 2008). Direct activation of caspase-8 by TRAIL via the DISC
assembly upon DR activation has been reported (Fulda and Debatin, 2006, Li
and Yuan, 2008). Type I signalling at times can engage the type II signal due to
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weak death signal, type I signalling can engage type II signalling to amplify the
death signal. The convergence of these pathways is mediated by cleavage of
Bid by caspase-8 to its truncated form, tBid which translocates to the
mitochondrial membrane inducing MOMP via Bax and Bak activation and
interaction (Li et al., 1998). MOMP induction subsequently results in the
activation of downstream caspases to execute cell death. It has recently been
demonstrated that activation of death receptors by TRAIL and TNFα results in
the apoptosis induction via the mitochondria mediated by Bid and RIP1
cleavage by caspase-8 (Liao et al., 2017). Crosstalk between these two
pathways can be modulated by the anti-apoptotic Bcl-2 proteins at the
mitochondria and IAPs at the complex-IIa. In the case of the apoptosis via the
mitochondria the inhibitory of effects Bcl-2 anti-apoptotic proteins can be
neutralised by BH3 mimetics, while apoptosis control at complex-IIa is regulated
by the IAPs.
The Bcl-2 family of proteins interact with each other to maintain a homeostasis
between apoptosis initiation and inhibition (Opferman and Kothari, 2017, Kouri
et al., 2012, Youle and Strasser, 2008). The link between overexpression of
anti-apoptotic Bcl-2 proteins and cancer is well established and has been
reported in a several malignancies (Lopez and Tait, 2015, Karpel-Massler et al.,
2017, Montero and Letai, 2017, Lindner et al., 2017). Defining an apoptotic
threshold ultimately defines the fate of cancer cells when exposed to anti-cancer
agents (Ni Chonghaile et al., 2011). In this regard, overexpression of antiapoptotic Bcl-2 proteins becomes the negative regulators of mitochondrial
apoptosis by inhibiting their pro-apoptotic counterparts. As such targeting of
these anti-apoptotic proteins primes cancer cells for apoptosis following
exposure to chemotherapeutic agents.
BH3 mimetics are small-molecule inhibitors the mimic the function of
endogenous pro-apoptotic BH3 only proteins thus neutralising the pro-survival
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proteins of the Bcl-2 protein family (Davids and Letai, 2013). In this study we
utilised the BH3 mimetic ABT-199, a Bcl-2-selective inhibitor to increase the
mitochondrial apoptosis sensitivity in TRAIL/TL32711 resistant GBM cell lines.
ABT-199 binds to the hydrophobic groove in Bcl-2, and in doing so displaces
bound pro-apoptotic proteins of the Bcl-2 pro-apoptotic proteins such as Bax,
Bak and Bid to elicit apoptosis via MOMP (Davids and Letai, 2013).
Owing to the involvement of IAPs and Bcl-2 anti-apoptotic proteins in
therapeutic resistance targeting of cIAPs and Bcl-2 anti-apoptotic proteins with
Smac mimetics and BH3 mimetics, respectively, have been thought to be an
attractive way of circumventing chemotherapeutic resistance. In GBM,
apoptosis evasion has been attributed to elevated expression of cIAP1,cIAP2
(Fulda et al., 2002, Tchoghandjian et al., 2014) and anti-apoptotic Bcl-2 proteins
(Pareja et al., 2014) as these proteins obstruct transduction of cell death signals
triggered by death receptors ligands such TNFα and TRAIL. Furthermore, high
levels of cFLIP can abrogate death receptor-induced apoptosis. A broad body of
reports have shown that cancer cells exploit overexpression of cFLIP to
circumvent TRAIL-induced apoptosis (Burns and El-Deiry, 2001, Riley et al.,
2013, Guseva et al., 2008).
The aim of this study was to investigate whether signalling through caspase-8
and Bid via the mitochondria and complex-IIa would sensitize non-resistant
GBM cells to TRAIL+TL32711-mediated apoptosis. Two sensitisation
approaches were utilised: Firstly, to regulate endogenous levels of cFLIP in
exclusively TRAIL+TL32711 resistant GBM cell line MZ304 by transiently
knocking cFLIP by siRNA; and secondly to target the anti-apoptotic Bcl-2 protein
by antagonising it with the BH3 mimetic ABT-199.
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4.2

Results

4.2.1 TL32711 cooperates with TRAIL to induce formation of cytosolic
complex-IIa in sensitive GBM cell lines
Several studies have shown that in some cancer cells Smac mimetics may
facilitate the formation of complex-II upon loss of cIAP1 and cIAP2, in which
cells undergo RIPK1-dependent apoptosis (Varfolomeev et al., 2012, Vince et
al., 2007). Degradation of these cIAPs by Smac mimetics has been reported to
result in RIP1 deubiquitination allowing the release of RIP1 from the TNFR
complex-I. Liberated RIP1 leads to its association with FADD, caspase-8 and
cFLIP to form a cytosolic complex-IIa. The formation of this complex serves as
an activation platform for caspase-8 activation (Bertrand et al., 2008, Wang et
al., 2008). In line with this, formation of complex-IIa was therefore assessed
within our treatment regimen. To this end, the responder and the non-responder
cell lines were pre-treated with zVAD-fmk for 1 h as a means to restrict
caspase-8 activity as well as stabilising the formation of complex-IIa. Following
this pre-treatment, the cell lines were subjected to TRAIL and TL32711
treatment as stand-alone agents and in combination. Caspase-8 was then
immunoprecipitated to assess its interaction with RIP1.
Co-treatment with TRAIL and TL32711 resulted in caspase-8 coimmunoprecipitation with RIP1 in the responder cell lines (fig. 4.1A).
Interestingly, stimulation of the MZ18 cells with TL32711 as single agent
resulted in a modest caspase-8:RIP1 interaction (fig. 4.1A; right panel). In
contrast, no caspase-8:RIP1 interaction was noted in the non-responder cell
lines (fig. 4.1B). Neither TRAIL nor TL32711 alone caused caspase-8:RIP1
interaction in A172, MZ304 and U343 cells. However, there was no detectable
interaction between capase-8, FADD and cFLIP in all treatment conditions due
to overlap of these proteins with the IgG heavy and light chains. Overall, these
data demonstrate that IAP depletion triggered by co-treatment with TRAIL and
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TL32711 induces the formation of complex-IIa in the responder cell lines,
consistent with the observed apoptosis sensitivity towards this treatment
condition.

Figure 4.1: TL32711 act in concert with TRAIL to stimulate the formation of
RIP1: caspase-8 complex.
(A) Responders were treated with TRAIL (100 ng/ml) and/or TL32711 (100 nM) and
(B) Non-Responders were treated with TRAIL (100 ng/ml) and/or TL32711 (1000 nM)
for 3 h. All cells were pre-treated with for 1 h zVAD-fmk (50 µM) prior to
TRAIL/TL32711 treatment to prevent caspase-8 activation in order to stabilize the
cytosolic complex-IIa. Caspase-8 was immunoprecipitated (IP) using an anti-caspase-8
antibody. The presence of caspase-8 and RIP1 were detected by western blot analysis.
Actin served as loading control. Representative western blots from 3 independent
experiments are shown.
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4.2.2 TRAIL+TL32711-induced apoptosis is independent of RIP1 kinase
activity
RIP1 is a critical component for the assembly of the complex-IIa as it primarily
functions as the main scaffold upon which complex-IIa is formed to transduce
apoptosis via capsase-8 activation. It has been shown that RIP1 is a key
substrate for caspase-8 at the complex-IIa, such that cleavage of RIP1 by
caspase-8 promotes apoptosis and circumvents necroptosis induction (Li et al.,
2012, Zhang et al., 2015).
As shown in figure 3.2A, TRAIL+TL32711 treatment of the responder cell
lines, A172 and MZ18, induced caspase-8 activation. To test the possibility that
RIP1 may be cleaved by caspase-8, the responder and the non-responder cell
lines were singly treated with TRAIL / TL32711 or as dual treatment for 24 h.
TRAIL+TL32711 strongly reduced RIP1 levels in the responder cell lines with
MZ18 exhibiting a more substantial loss of RIP1 compared to the A172 cells
(fig. 4.2A). This finding supports the hypothesis that RIP1 is a substrate for
caspase-8 when caspase-8 is activated at the complex-IIa. However, the p42
cleavage fragment of RIP1 could not be detected in either cell line. Furthermore,
single treatments with TRAIL and TL32711 had no effect on RIP1 levels. In
contrast, the non-responders did not show any decrease in RIP1 levels with the
co-treatment (fig. 4.2B). Interestingly, the MZ304 cells showed an increase in
RIP1 expression in all the treatment conditions (fig 4.2B-left panel). This
profound increase in RIP1 levels were observed with TRAIL as a single agent
and in combination with TL32711, while single treatment with TL32711 showed
a modest increase in RIP1 levels. In contrast, RIP1 levels were not at all altered
in all treatment conditions in the U343 cells (fig. 4.2B-right panel). Interestingly,
addition of zVAD-fmk to TRAIL+TL32711 significantly restored RIP1 to normal
levels in the A172, MZ18 and MZ304 cells. In the context of the responders,
stabilization of RIP1 levels during treatment with TRAIL+TL32711 in the
presence of zVAD-fmk is suggestive of caspase-8 activity. Taken together, this
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finding showed that reduced levels of RIP1 upon TRAIL+TL32711 due to
caspase-8 activation and activity in the responders. Additionally, increased
levels of RIP1 in the MZ304 whilst in the U343 RIP1 levels were unaltered
suggested that RIP1 may exert increased anti-apoptotic activities these cell
lines. Based on this observation, we sought to evaluate whether RIP1 kinase
influenced apoptosis sensitivity in the non-responder cell lines. To this end,
RIP1 kinase activity was pharmacologically inhibited using necrostatin-1, a
selective RIP1 kinase inhibitor. In the A172 cell line, inhibition of RIP1 kinase did
not rescue these cells from cell death (fig.4. 2C-left panel). However,
pharmacological inhibition of RIP1 kinase in the MZ18 cell line with necrostatin1 resulted in modest reductions in cell death, indicative of RIP1-dependent
apoptosis in this cell line ((fig. 4.2C-right panel). In the MZ304 and U343 cell
lines, RIP1 kinase inhibition did not enhance apoptosis sensitivity (fig. 4.2D),
thus indicating that RIP1 does not exhibit an anti-apoptotic function. Taken
together, these results indicate that RIP1 kinase activity, with the exception of
the MZ18 cell line, is dispensable for the other three cell lines.
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Figure 4.2: TRAIL+TL32711-induced apoptosis is independent of RIP1
kinase activity.
(A) Responders were treated with TRAIL (100 ng/ml) and/or TL32711 (100 nM) in the
presence of absence of zVAD-fmk (50 µM) for 24 h, (B) Non-Responders were treated
with TRAIL (100 ng/ml) and/or TL32711 (1000 nM) in the presence or absence of
zVAD-fmk (50 µM) for 24 h. RIP1 expression levels from whole cell lysates were
assessed by Western blotting. Actin served as a loading control. Representative
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western blots from 3 independent experiments are shown. Responders (C) and Nonresponders (D) were pre-treated with Necrostatin ((Nec-1) (5 μM)) and/or zVAD-fmk for
1 h with subsequent exposure to TRAIL (100 ng/ml) and/or TL32711 (1000 nM) as
indicated for 24 h. Cell death was measured by PI-based flow cytometry. Data
represent mean ± SEM of three independent experiments and analysed by one-way
ANOVA followed by tukey post-hoc test (*** p < 0.001).
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4.2.3 Genetic depletion of RIP1 and cFLIP partially sensitizes the nonresponder, MZ304 to TRAIL/TL32711-induced cell death.
To further elucidate if RIP1 was a potential factor contributing to insufficient
apoptosis induction, we assessed the basal levels of RIP1 by Western blotting
and subsequently performed quantification by densitometry. While these cell
lines displayed variable expression levels of RIP1, the only non-responder cell
line to display notable amounts was the MZ304 cell line (fig. 4.3A). Subsequent
quantification of RIP1 levels did not reveal any significant differences between
the responders and the non-responders, thus ruling RIP1 levels insufficient as a
means to discriminate between TRAIL+TL32711 sensitive and insensitive cell
lines (fig. 4.3B). Next we genetically depleted RIP by employing two sequence
of small interference RNA (siRNA) targeting RIP1. Efficiency of siRNA
knockdown was assessed by Western blotting (fig. 4.3C). Interestingly,
knockdown of RIP1 significantly sensitised MZ304 cells to TRAIL and TL32711
as standalone agents and in combination to induce cell death (fig. 4.3D). This
finding indicated that loss of RIP1 is insufficient to induce synergistic induction
of apoptosis by TRAIL+TL32711.
As cFLIP has been demonstrated to inhibit caspase-8 activation either at the
DISC or at complex-IIa when recruited by FADD (Feltham et al., 2017). We next
hypothesised that resistance to TRAIL and TL32711 combination treatment
coupled with the inability to fully activate caspase-8 and caspase-3 in the nonresponder cell lines could primarily be due to caspase-8 inhibition exerted by
cFLIP. To test this hypothesis, we first assessed the basal levels of cFLIP and
FADD from quantitative Western blotting. Quantitative Western blotting of cFLIP
and FADD were performed by Dr Birgit Weyhenmeyer (Weyhenmeyer et al.,
2016). We observed that the expression amounts of cFLIP and FADD did not
significantly differ between the responders and non-responders (fig. 4.3B). Next
we genetically depleted cFLIP in the MZ304 cells using two sequences of siRNA
targeting cFLIP. Efficiency of the genetic depletion was assessed by Western
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blotting (fig. 4.3E). The MZ304 cells which were refractory to TL32711 as a
single agent and in combination with TL32711 was significantly sensitised upon
genetic silencing of cFLIP. While TL32711 showed sensitivity as single agent in
inducing approximately 50 % cell death when cFLIP was depleted, there was no
observed enhancement in cell death when these two agents were combined
(fig. 4.3F). This result suggests that DR-receptor activation by TRAIL and
targeting IAP proteins are insufficient to synergistically induce apoptosis upon
loss of cFLIP.
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Figure 4.3: Genetic depletion of RIP1 and cFLIP by siRNA partially
sensitizes the non-responder MZ304 cell to TRAIL/TL32711-induced cell
death.
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(A) Basal expression level of RIP1 proteins were analysed from whole cell lysate by
Western blotting. Actin served as loading control. A representative western blot from 3
independent experiments is shown. (B) Quantification of basal RIP1, cFLIP and FADD
levels by densitometry. Statistical analysis of cFLIP and FADD were carried out using
quantitative Western blotting data performed by Dr. Birgit Weyhenmeyer. (C) MZ304
cells were transfected with scrambled siRNA (Scr) or siRNA RIP1 for 24 h. Transfection
efficiency was assessed by Western blotting and Actin served as loading control. (D) At
24 h subsequent to transfection, MZ304 cells were exposed to TRAIL (100 ng/ml)
and/or TL32711 (1000 nM) for 24 h. Cell death was measured by PI-based flow
cytometry. (E) MZ304 cells were transfected with scrambled siRNA (Scr) or siRNA
cFLIP for 24 h. Transfection efficiency was assessed by Western blotting and Actin
served as loading control. (F) Post 24 h of transfection, MZ304 cells were exposed to
TRAIL (100 ng/ml) and/or TL32711 (1000 nM) for 24 h. Cell death was measured by PIbased flow cytometry. Data represent mean ± SEM of three independent experiments
and analysed by two-way ANOVA followed by tukey post-hoc test (* p < 0.05; ** p <
0.01; *** p < 0.001).

4.2.4 TRAIL+TL32711-mediated apoptosis is independent of TNFĮ
production
A plethora of studies have reported that proteasomal degradation of cIAPs by
Smac mimetics induces the activation of the non-canonical NF- B signalling
pathway. The activation of this pathway results in NF- B mediated expression of
transcriptional factors that drive TNFα production and secretion ((Varfolomeev
et al., 2007, Vince et al., 2007). Secreted TNFα acts in a positive feedback loop,
thereby increasing the death signal upon TNFR1 activation and subsequently
leading to cell death. Conversely, other studies have demonstrated Smac
mimetic-mediated cell death can proceed independently of TNFα production
(Eschenburg et al., 2012, Allensworth et al., 2013). We therefore investigated
whether TRAIL and TL32711 alone or in combination induce TNFα production.
TNFα levels in medium of cells treated with TRAIL or TL32711 and combination
of thereof were measured by ELISA were below the detection limit of the lowest
concentration of the TNFα standard sample (fig. 4.4). As such, there was no
detectable TNFα production in either the responder or the non-responder cell
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lines following treatment. These data demonstrate that TRAIL+TL32711mediated induction of apoptosis was independent of TNFα.

Figure 4.4: TRAIL+TL32711-LQGXFHGDSRSWRVLVLVLQGHSHQG
production.
Responder and Non-responder cells were treated with TRAIL (100 ng/ml) or TL32711
(1000 nM) and combination of thereof for 24 h. Autocrine production of TNFα was
analysed by ELISA. Experiments were performed in duplicates. Data is representative
of three independent experiments.
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4.2.5 Increasing the mitochondrial apoptosis sensitivity allows
establishment of synergistic response to TRAIL and TL32711
combination treatment
As previously shown, the non-responders displayed a high resistance to
TRAIL+TL32711-induced apoptosis. However, they showed sub-lethal activation
of caspase-3 (fig. 3.7B). This led us to hypothesise that if the mitochondrial
pathway was engaged then these cells could potentially be primed to undergo
cell death by the combination of TRAIL+TL32711. To test this hypothesis, we
next evaluated the cytotoxic potential of the Bcl-2 targeting agent. We first
assessed the basal levels of Bcl-xL and BcL-2 from quantitative Western
blotting. Quantitative Western blotting of Bcl-xL and BcL-2 were performed by
Dr Birgit Weyhenmeyer. Statistical analyses revealed that there were no
significant differences in the basal expression of Bcl-2 and Bcl-xL in both the
responder and the non-responder cell lines (Fig 4.5A). We next tested if the
non-responders could be sensitised to TRAIL/TL32711 treatment by addition of
ABT-199. In line with this, the non-responders were stimulated with ABT-199 in
combination with TRAIL+TL32711. While TRAIL+TL32711 therapy had minimal
effect on cell death in the non-responders, the presence of ABT-199 significantly
enhanced TRAIL+TL32711-mediated cell death. Cell death was entirely
apoptotic, since the presence of zVAD-fmk significantly rescued the cells from
TRAIL+TL32711+ABT199-mediated cell death (Fig. 4.5B). To further confirm
apoptosis, caspase-8 and caspase-3 processing and activation were monitored
(fig. 4.5C). Caspase-8 and caspase-3 were observed to be fully processed and
activated with complete loss of the pro-form in both cell lines. Bid was also
found to be activated. However, U343 showed more substantial loss of the Bid
levels compared with MZ304 (fig. 4.5C-right panel). Interestingly ABT-199 as a
single agent induced modest Bid activation in the MZ304 cells (fig. 4.5C-left
panel).
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Having observed that ABT-199 significantly sensitised the non-responders to
TRAIL+TL32711-induced apoptosis, it was essential to ascertain which agent
contributed to the observed potentiation in the cell death observed. To this end
the non-responders were treated with TRAIL / TL32711 or ABT199 as single
agents and in dual combinations. Single agent treatment with ABT-199 elicited a
modest cell death response in the M304 cells when compared with the TRAIL
and TL32711 as single agents. Cell death was enhanced with the addition
TL32711; while ABT-199 combined with TRAIL failed to achieve the same level
of cell death (fig. 4.5D; left panel). The U343 cells did not show any sensitivity
when subjected to all single treatments. However, in combination treatment with
TL32711, ABT-199 was more potent in inducing cell death than in combination
with TRAIL (fig. 4.5D-right panel). Taken together, these findings indicated that
addition of ABT-199 as a co-treatment is required to enhance the efficacy of
TRAIL and TL32711 to induce apoptosis in the non-responder cell lines.
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Figure 4.5: ABT-199 sensitizes non-responder cell lines to
TRAIL+TL32711-induced apoptosis.
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(A) Statistical analysis of basal expression levels of Bcl-xL and Bcl-2 from quantitative
Western blotting. Western blotting and quantification of Bcl-xL and Bcl-2 was performed
by Dr Birgit Weyhenmeyer. (B) Non-responder cell lines were pre-treated zVAD-fmk
(50 μM) for 1 h with subsequent exposure to TRAIL (100 ng/ml) and/or TL32711 (1000
nM) in the presence or absence of ABT-199 (10 μM) for 24 h. Cell death was measured
by PI-based flow cytometry. Data represent mean± SEM of three independent
experiments and analysed by one-way ANOVA followed by tukey post-hoc test (** p <
0.01; *** p < 0.001). (C) Non-responder cell lines were treated singly with TRAIL (100
ng/ml) or TL32711 (100 nM), and in combination with ABT-199 (5 μM) and/or zVAD-fmk
(50 μM). Whole cell lysates were analysed for the indicated proteins by Western
blotting. GAPDH served as loading control. Representative western blots from 3
independent experiments are shown; asterisks indicate non-specific bands. (D) Nonresponder cell lines were exposed to TRAIL 100 ng/ml) and/or TL32711 (1000 nM) in
the presence or absence of ABT-199 (10 μM) as indicated for 24 h. Cell death was
measured by PI-based flow cytometry. Data represent mean± SEM of three
independent experiments and analysed by one-way ANOVA with tukey post-hoc test (**
p < 0.01; *** p < 0.001). Asterisks indicate non-specific bands.
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4.2.6 Non-responders can be sensitised to the combination of
translationally relevant hexavalent TRAIL receptor agonist IZI1551
and TL32711 by ABT-199.
The capacity for TRAIL to selectively induce apoptosis in cancer cells has made
it very attractive for the treatment of many cancers (Walczak et al., 1999).
However, cancer cells have become very resistant to TRAIL. Pre-clinical studies
utilising recombinant TRAIL ligands and receptor agonists to combat resistance
have been shown to be safe and well tolerated at high doses. Unfortunately,
clinical evaluation of TRAIL as a single agent has yielded very disappointing
results (Debatin and Krammer, 2004, von Karstedt et al., 2017, Tuthill et al.,
2015). As such, 2nd generation hexavalent receptor agonists are under
development to circumvent apoptosis resistance in cancer cells (von Karstedt et
al., 2017). The biological activity of the hexavalent scFc-TRAIL format IZZI1551
(developed by Dr Roland E Kontermann from the Institute of Cell Biology and
Immunology, University of Stuttgart, Germany) was evaluated as a single agent
and in combination with TL32711 at varying concentrations in a combination
screen using one responder cell line MZ18 and two non-responder cell lines
MZ304 and U343. These cell lines were exposed to these agents for 24 h and
cell death was measured by PI-based flow cytometry. Combination of IZI1551
with TL32711 acted in concert to induce cell death in a synergistic manner (fig.
4.6A). The mode of cell death was verified to be entirely apoptosis (fig. 4.6B).
The non-responder cell lines however remained largely resistance to the
combination treatment (fig. 4.6C). As such we endeavoured to study the
response of the non-responder cells when exposed to IZI1551+TL32711 in
combination with ABT-199 as a sensitiser. ABT-199 highly sensitized the nonresponder cells to IZI1551+TL32711-induced apoptosis (fig. 4.6D). The
concentration of IZI1551 used was 10 fold lower than that of the human
recombinant TRAIL demonstrating the potency of this 2nd generation TRAIL.
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Figure 4.6: 2nd generation TRAIL IZI1551 shows superior induction of
apoptosis when combined with TL32711 and ABT-199 in non-responder
cells.
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(A) MZ18 cell lines that showed sensitivity towards the combined treatment with
IZI1551 and TL32711 at the indicated concentrations for 24 h. (B) Apoptosis was
verified by treating the Responder cell lines with TRAIL+TL32711 in the presence or
absence of zVAD-fmk (50 µM) for 24 h. Cell death was measured by PI-based flow
cytometry and expressed as the percentage of untreated control. Data represents ±
SEM of three independent experiments and analysed by one-way ANOVA with tukey
post-hoc test (*** p < 0.001). (C) Non-responders were exposed to TRAIL 100 ng/ml)
and/or TL32711 (1000 nM) ± ABT-199 (10 μM) as indicated for 24 h. Cell death was
measured by PI-based flow cytometry. Data represent mean± SEM of three
independent experiments and analysed by one-way ANOVA with tukey post-hoc test
(*** p < 0.001).
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Discussion
4.2.7 Smac mimetic TL32711+TRAIL induces Complex-IIa formation
Under resting conditions, cIAP1 and cIAP2 are responsible for lys-63
polyubiquitination of RIP1 in cancer cells, resulting in the activation of the
canonical NF- B surviving signalling pathway (Festjens et al., 2007, Bertrand et
al., 2008). Treatment with Smac mimetics inhibits RIP1 ubiquitination by cIAP1
and cIAP2. Although Smac mimetic compounds were initially designed to
neutralise the effects of XIAP, these compounds primarily target cIAP1 and
cIAP2 and induce their auto-ubiquitination and degradation, thereby sensitising
cancer cells to cell death when stimulated by death receptors ligands
(Varfolomeev et al., 2007). Upon cIAP1 and cIAP2 depletion by Smac mimetic
compounds, RIP1 can associate cytosolically with FADD, caspase-8 and cFLIP
designated as complex-IIa or the ripoptosome. Complex-IIa is a caspase-8
activation platform in which RIP1 act as a principal scaffold upon which the
complex is formed. In the responder cell lines RIP1:caspase-8 interaction was
observed while there was no such interaction in the non-responding cell lines.
Due to overlap of the IgG heavy and light chains, cFLIP and FADD could not be
detected. However, it can be said that the RIP:caspase-8 interaction is formed
concomitantly with FADD and cFLIP as has been reported in several studies
(Cristofanon et al., 2015, Benetatos et al., 2014, Tanzer et al., 2017, Tenev et
al., 2011, Feoktistova et al., 2011)
Formation of the cytosolic RIP1: caspase-8 complex has been reported to be
essential for Smac mimetic-induced apoptosis as a result of caspase-8 and Bid
activation (Abhari et al., 2013). In line with this finding, combination of
TRAIL+TL32711 was observed to induce full caspase-8, capase-3 and Bid
activation in the responder cell lines. Thus the cytosolic RIP1:caspase-8
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interaction may well be the key event in the induction of apoptosis in these
responder cell lines.
4.2.8 RIP1 kinase activity is dispensable for TRAIL+TL32711-induced
apoptosis
RIP1 is comprised of an N-terminal kinase domain (KD), an intermediate
domain (ID) and a C-terminal DD. Both the KD and the ID domain hold caspase8 cleavage sites (Tummers and Green, 2017).
Previous studies have shown that the pro-survival NF- B signalling pathway is
regulated by cIAP1 and cIAP2 through Lys-63 polyubiquitination of RIP1 at the
TNFR complex in cancer cells (Bertrand et al., 2008). However, depletion of
cIAP1 and cIAP2 by Smac mimetics liberates RIP1 and allows it to associate
with caspase-8, FADD and cFLIP. Following RIP1:caspase-8 interaction, RIP1
is proteolytically cleaved by caspase-8, and this cleavage event alters the
function of RIP1 from pro-survival molecule to a pro-apoptotic molecule thus
increasing the activation of caspase-8 (Bertrand et al., 2008, O'Donnell et al.,
2007). In line with this, treatment of the responder cell lines with TRAIL and
TL32711 showed RIP1:caspase-8 interaction. Additionally, this treatment
condition resulted in diminished levels of RIP1 which coincided with caspase-8
activation. Interaction between RIP1:caspase-8 to form complex-IIa has been
shown to be an activation platform for caspase-8 (Maas et al., 2013, Feltham et
al., 2017, Benetatos et al., 2014). Furthermore, RIP1 has been identified as a
caspase-8 substrate (Zhang et al., 2015); caspase-8-mediated RIP1 cleavage
has been shown to suppress necroptosis as consequence of complex-IIb
destabilization (Feltham et al., 2017, Yuan et al., 2016). Addition of zVAD-fmk
to this co-treatment also stabilized and restored RIP1 to its basal levels
indicative of caspase activity. Increased levels of RIP1 overwhelm the capacity
of caspase-8 to cleave it (Feltham et al., 2017). Therefore elevated levels of
RIP1 are a way to circumvent caspase-8-mediated apoptosis via the complex-
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IIa. As observed in the MZ304 cells, there was no RIP1 cleavage but increased
levels of RIP1 and siRNA knockdown of RIP1 partially sensitised the MZ304 cell
to TRAIL. This observation led to the hypothesis that the high concentration of
RIP1 may in fact blunt apoptosis execution in the non-responder cells.
Pharmacological inhibition of RIP kinase activity using necrostatin-1 failed to
sensitise the non-responders to TRAIL+TL32711-mediated apoptosis. This
therefore is suggestive that the RIP1 and its kinase activity are dispensable.
This observation supports the findings of a recent study that showed that the
kinase activity of RIP1 is dispensable for cell death in human colorectal cancer
(Moriwaki et al., 2015). Further, previous and recent studies have demonstrated
that there is a correlation between caspase-8 expression and RIP1 levels in
tumours where RIP1 has been shown to be a negative regulator of caspase-8
and this finding was delineated to be a prognostic marker for GBM cells (Park et
al., 2009, Saggioro et al., 2014).
RIP1 has been identified as a critical and non-critcal mediator in Smac mimeticmediated apoptosis induction. Upon examining its role in our treatment
paradigm, it was observed that RIP1 is dispensable for TRAIL+TL32711induced apoptosis.
4.2.9 cFLIP contributes to defective apoptosis
cFLIP is a critical modulator for TRAIL and/or Smac-mimetic-mediated
apoptosis (Shirley and Micheau, 2013). cFLIP exert its anti-apoptotic function by
inhibiting caspase-8 activation which leads to defective apoptosis. cFLIP
negatively regulates caspase-8; the long and short isoforms of cFLIP regulate
caspase-8 by two different mechanisms. cFLIPS regulates caspase-8-mediated
apoptosis by blocking DED-mediated oligomerisation of pro-caspase-8 while
cFLIPL circumvents apoptosis by preventing the maturation of pro-caspase-8
and its release from the DISC or complex-IIa (Hughes et al., 2016, Pop et al.,
2011). The levels of cFLIPL have been suggested to influence the stability of
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complex-IIa via their interactions with pro-caspase-8 which therefore affect
apoptosis signalling. At the DISC or complex-IIa, cFLIPL exhibits a dual function
dictated by its levels. For instance, when cFLIPL levels are low apoptosis
signalling is enhanced by oligomerising with caspase-8. Whereas apoptosis is
abolished when cFLIPL levels are high (He and He, 2013). In line with this,
cFLIP depletion significantly induced cell death in the MZ304 cells when
stimulated with TRAIL in combination TL32711. Interestingly, in the absence of
cFLIP TL32711 monotherapy induced a considerable amount of cell death in
contrast to TRAIL as a single agent. This observed effect suggests that the two
isoforms of cFLIP may contribute to the regulation Smac-mimetic-mediated cell
death within complex-IIa rather than at the DISC. It has been demonstrated that
combination of Smac mimetic and TRAIL receptor agonist induced cleavage of
cFLIP which contributed to apoptosis induction (Cristofanon et al., 2015). As
TRAIL-mediated apoptosis can be modulated by cFLIP, we expected enhanced
cell death in the MZ304 cells in the absence of cFLIP when exposed to
TRAIL+TL32711. However, this cell line remained largely resistant upon
treatment. This observed resistance may suggest that apoptosis signalling in
this cell line involves other modulators other than cFLIP. It has been previously
shown that TRAF1, TRAF2, cIAP1 and cIAP2 suppress apoptosis at the level of
caspase-8 upon death receptor activation (Karl et al., 2014). The kinetic studies
examining the changes of cIAP 1 and cIAP2 showed that MZ304 consistently
maintained cIAP1 levels, and in addition, cIAP2 levels increased transiently over
time. Thus, the presence of the aforementioned proteins in this scenario may
possibly serve to be the modulators in TRAIL and combined treatment signalling
pathways in the absence of cFLIP.
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4.2.10 TRAIL+TL32711 does not employ a positive feedback loop via TNFĮ
signalling
Beug and colleagues showed that systemic administration of immunostimulatory
agents such as oncolytic VSV or recombinant IFN-α resulted in increased levels
of TNFα within the brain to enhance tumour cell death induced by Smac
mimetics (Beug et al., 2017). While drug-penetration across the BBB is an
impediment for treatment of brain tumours, this group postulated that the
penetrance of Smac mimetic compounds was due to compromised BBB. Smac
mimetic-induced apoptosis in cancers has been attributed to autocrine or
paracrine production of TNFα as a positive feedback loop for TNFα signalling
via activation of the non-canonical NF- B signalling (Vince et al., 2007,
Varfolomeev et al., 2007). In stark contrast, previous studies in vivo models
reported that autocrine production of TNFα diminishes the efficacy of Smac
mimetics by activation of the NF- B pro-survival pathway in some cancer
models (Varfolomeev et al., 2007, Vince et al., 2007). To evaluate whether
TRAIL+TL32711-induced apoptosis was dependent on TNFα, TNFα production
was assessed by ELISA assay upon TRAIL/TL32711 and combination
treatment. TNFα levels in TL32711 culture supernatants were below detection
limit, suggesting that TNFα does not contribute to the activity of TL32711 in
combination with TRAIL to induce apoptosis in the responder cells. This
observation is in line with studies that have reported that Smac mimeticmediated cell death was independent of TNFα autocrine/paracrine production in
lung cancer cell lines (Greer et al., 2011) and in mouse embryonic fibroblasts
(Moujalled et al., 2012). On the basis of this study here, it is unlikely that TNFα
contribute to TRAIL+TL32711-medaited apoptosis and the formation
RIP1:caspase-8 immunocomplex.
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4.2.11 Bcl-2 is a target for sensitisation to TRAIL+TL32711-mediated
apoptosis
Bcl-2 has been shown to be a crucial oncogenic driver in both solid tumours and
haematological cancers. Overexpression of this protein has been attributed to
various treatment failures in cancer therapies. In GBM, Bcl-2 has been
described to be highly overexpressed where antagonising Bcl-2 has displayed
anti-tumour effects. (Kouri et al., 2012). ABT-199, is a BH3 mimetic that
selectively binds to the hydrophobic groove of the Bcl-2 anti-apoptotic protein,
and in doing so displaces bound pro-apoptotic proteins of the same family to
elicit mitochondria-mediated cell death both in vitro and in vivo studies (Levy
and Claxton, 2017, Cang et al., 2015, Vogler et al., 2013). Strategies devised to
overcome Bcl-2-mediated resistance have reached clinical trials. Phase I trials
employing ABT-199 have displayed strong efficacy in refractory Chronic
Lymphocytic Leukemia and Non-Hodgkin Lymphoma as a single agent (Roberts
et al., 2016) or in phase Ib using a combination strategy (Ma et al., 2015, Flinn
et al., 2015); as such Bcl-2 has emerged as crucial prognostic marker for
treatment of chemo-refractory diseases (Levy and Claxton, 2017).
Apoptosis induction was a consequence of the combination of TRAIL and
TL32711 in the A172 and MZ18 cell lines, while the MZ304 and U343 were
highly resistant to the combination treatment. Pro-caspase-8 and Bid can be
primarily attributed to discriminating TRAIL+TL32711 treatment response
between the responders and the non-responder cell lines. Furthermore, we
have shown that, indeed the responder cell lines activate these proteins upon
exposure to these drug agents to induce apoptosis; and that these proteins are
uniquely linked within the apoptosis signalling pathway. As such, if these
proteins held true as protein signatures for treatment response, then by
targeting the Bcl-2 anti-apoptotic family of proteins, specifically Bcl-2 (which
binds and neutralise pro-apoptotic proteins such as Bid), then cell death
response should be prompted upon combination TRAIL+TL32711 treatment in

162

Chapter IV: Results

the non-responders. In support of this concept, this targeting strategy highly
sensitised the non-responder cell lines to TRAIL+TL32711-induced apoptosis.
ABT-199 treatment in parallel with TRAIL+TL32711 is likely required to
significantly lower the MOMP threshold for apoptosis induction in the nonresponder cell lines, where caspase-8 activity and Bid cleavage might be
limited.
Recent investigation have found that ABT-199 in combination with GDC-0941
induced substantial apoptosis compared to treatment with either agents as
monotherapies (Pareja et al., 2014). BH3 mimetics are showing considerable
promise in targeting Bcl-2 as a cancer therapy. Monotherapy with BH3 mimetics
has shown significant improvement in treatment response in refractory chronic
lymphocytic leukaemia. Furthermore, in vivo studies using mouse xenografts
have reported tumour regression using ABT-199 as a single agent or in
combination with chemotherapy (Souers et al., 2013).
TRAIL-induced apoptosis in the setting of IAPs and Bcl-2 inhibition could only
be achieved by targeting multiple pathways simultaneously to sensitise nonresponder cells to apoptosis. A recent study has demonstrated the potency of
combination treatment using ABT-199 and tamoxifen in breast cancer cell lines
(Vaillant et al., 2013). As such the use of combination strategies have been
hypothesised to be beneficial for tumours where Bcl-2 is the key oncogenic
driver and can be regarded as a predictive marker for response to BH3 mimetics
(Vaillant et al., 2013). This study has shown that antagonising cIAPs is required
to maximise caspase-8 activation to induce apoptosis (in the case for the
responder cell lines); additionally, lowering the MOMP threshold is essential to
sensitise the non-responders to apoptosis.
Pre-clinical studies using GBM models have shown that the use of BH3
mimetics in combination with other molecules resulted in a high synergistic
reduction of cell viability (Ishida et al., 2017, Tagscherer et al., 2008). The use of
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the FDA approved ABT-199 for the treatment of brain tumours has yet to be fully
elucidated. However this study provides a preliminary insight into the
mechanistic explanation for the increased sensitisation of ABT-199 in
combination with TRAIL and TL32711. This treatment strategy of employing
ABT-199 in combination with TRAIL-receptor targeted therapy provides a
potential therapeutic benefit in activating apoptotic pathways that are otherwise
deregulated by anti-apoptotic proteins such as IAPs and Bcl-2 in GBM. As such,
it is conceivable to attribute the expression patterns of pro-caspase-8 and Bid as
protein signatures to determine whether ABT-199 is needed as a co-sensitiser.
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5

Chapter V

Single-cell real-time imaging identifies two distinct caspase activation
patterns leading to apoptosis execution in TL32711 based combination
treatments in colorectal cancer.
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5.1

Introduction

High risk stage II as well as stage III colon cancer patients receive adjuvant
chemotherapy based on the combination of 5-fluorouracil (5-FU) and oxaliplatin
or irinotecan as the current standard-of-care. However, response rates to
genotoxic chemotherapies are unsatisfactory. Adjuvant 5-FU/oxaliplatin
treatment in stage III benefits only 15%-20% of patients, and many of these
patients subsequently relapse (de Gramont et al., 2000). In metastatic colon
cancer, the value of genotoxic chemotherapy is limited to palliative care. Current
targeted treatments such as anti-EGFR therapies or anti-angiogenic treatments
such as bevacizumab likewise perform poorly overall in the metastatic setting
and are ineffective in the adjuvant setting (De Roock et al., 2011, Hurwitz et al.,
2013). Since pre-existing or acquired resistance to apoptosis significantly
contributes to treatment failure in colon cancer and other malignant neoplasms
(Hanahan and Weinberg, 2011), the evaluation of new treatment combinations
which re-instate apoptosis competency has the potential to improve patient
outcome and survival.
Novel targeted drugs which neutralise apoptosis-inhibiting proteins have
potential as enhancers of chemotherapy responsiveness in difficult-to-treat
cancers. The group of intracellular anti-apoptotic proteins is relatively small, with
caspase-8/-10 inhibitor cFLIP, anti-apoptotic Bcl-2 family members and inhibitor
of apoptosis (IAP) proteins being the major players. The Bcl-2 antagonist
venetoclax/ABT-199 has recently been approved for the treatment of patients
with 17p deleted chronic lymphocytic leukemia and is currently being tested in
additional cancer entities (Delbridge et al., 2016). From the group of IAP
antagonists that have so far been evaluated, clinical studies have shown that
TL32711 (Tetralogics) and LCL161 (Novartis) can be combined safely with a
range of chemotherapeutic agents, and both have entered phase 2 clinical trials
(http://clinicaltrials.gov/) (Fulda, 2015a). TL32711 generated responses in

166

Chapter V: Results

combination with irinotecan in a subset of colorectal cancer patients who were
refractory to irinotecan alone (Senzer et al., 2013). Such response
heterogeneities indicate that stratification tools and response predictors will be
required to preselect patients likely to respond to IAP antagonist-based
combination treatments.
IAP antagonists were initially designed to replicate the function of second
mitochondria-derived activator of caspases (SMAC) in binding to and blocking xlinked inhibitor of apoptosis protein (XIAP), the major antagonist of proteases
essential for efficient apoptosis execution (caspases-9, -3 and -7) (Fulda,
2014a). IAP antagonists also bind to and trigger the rapid degradation of cellular
IAP (cIAP) 1 and 2 (Gyrd-Hansen and Meier, 2010), both of which are critical
regulators of ripoptosome formation and caspase-8-dependent apoptosis
induction in response to intrinsic pro-apoptotic stress and in the modulation of
signalling through the tumour necrosis factor receptor (TNF) family (Fulda,
2014a, Fulda, 2015a). Correspondingly, IAP proteins have been implicated as
mediators of drug resistance in various cancers, including colorectal cancer
(Hector and Prehn, 2009, Tamm et al., 2000).
In this study, we obtained a single cell understanding of signal transduction
kinetics and heterogeneities for treatments based on combinations of 5FU/oxaliplatin and TL32711 resulting cell death patterns in populations of colon
cancer cells grown in vitro.
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5.2

Results

5.2.1 Single-cell real-time imaging identifies two distinct caspase
activation patterns leading to apoptosis execution in TL32711-based
combination treatments.
We analysed the kinetics of intracellular apoptosis signal transduction in
HCT116 and LoVo cells in response to 5-FU/oxaliplatin and TL32711, alone or
in combination. To this end, we expressed another CFP-YFP FRET probe,
containing a DEVD linker motif preferentially cleaved by caspases-3/-7, but also
cleavable by caspase-8 in HCT116 and LoVo cells (Rehm et al., 2002). Cells
stably expressing the FRET probe were treated and monitored over time by
fluorescence microscopy, followed by ratiometric analysis of probe cleavage. As
expected, individual cells responded with probe cleavage at different times after
treatment (fig. 5.1A). In parallel, cells were loaded with TMRM to obtain data on
mitochondrial transmembrane potentials, which depolarise upon MOMP and
release of cytochrome c and can serve as a surrogate marker for timing the
beginning of the apoptosis execution phase (Dussmann et al., 2003, Rehm et
al., 2006). For individual cells, fluorescence signals were extracted and plotted
to obtain quantitative data on probe cleavage kinetics.
In our measurements, we could observe two prominent response patterns of
FRET probe cleavage in single cells (fig. 5.1B). In HCT116 cells (Experiment
with this cell line was performed by Dr Christian Hellwig), treatment with the
chemotherapy combination of 5-FU/oxaliplatin resulted in classical post-MOMP
patterns of FRET probe cleavage during apoptosis execution (fig. 5.1Bi). In
response to TL32711, only few cells responses and presented with an initial
phase of slow, modest probe cleavage (fig. 5.1Bii). This “ramp” of substrate
cleavage was followed by a transition towards rapid probe cleavage once the
execution phase was triggered (fig. 5.1Bii). These patterns were reminiscent of
cleavage kinetics previously described our group and others for caspase-8-
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dependent apoptosis initiation (Hellwig et al., 2008, Albeck et al., 2008). Upon
combination of chemotherapeutics with TL32711, these dual-phase cleavage
patterns were also observed (fig. 5.1Biii) and became more frequent.
Nevertheless, a fraction of cells also responded with patterns comparable to
chemotherapy-only treatments. Control cells which remained untreated did not
display probe cleavage or significant changes in the FRET signal, excluding the
possibility that phototoxicity or probe bleaching contributed to the signals
recorded (not shown). Similar findings were also made in LoVo cells (fig. 5.1Biiii-lower panel).
An overall quantification of all responses is shown in fig. 5.1C,D. In particular,
we determined the onset time of probe cleavage ramps, the slope of these
ramps as an indicator for pre-MOMP caspase-8 activity, the mitochondrial
MOMP threshold as well as the onset time of the post-MOMP execution phase
(fig. 5.1C,D). Overall, this demonstrated that moderate probe cleavage (“preMOMP ramp”), most likely due to caspase-8 activation in HCT116 can primarily
be observed in the presence of TL32711 (fig. 5.1Ci). In the LoVo model, cells
with pre-MOMP substrate cleavage could also be found in response to 5FU/oxaliplatin, and the fraction of these cells increased when TL32711 was
combined with 5-FU/oxaliplatin (fig. 5.1Di). We therefore conclude that
response patterns within colon cancer cell populations are heterogeneous, with
cells either displaying rapid FRET probe cleavage as expected for apoptosis
execution, or initial moderate pre-MOMP caspase-8 activity, which subsequently
is converted into rapid apoptosis execution.
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Figure 5.1: Kinetic analysis of caspase-8 activation in HCT116 and LoVo
cells in response to 5-FU/oxaliplatin and TL32711.
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(A) Pseudo coloured CFP/YFP emission ratio images of a group of HCT-116 cells
expressing a DEVDase FRET probe treated with 5FU/oxaliplatin (10 µM/ 2 μM) in
combination with TL32711 (1 μM). DEVDase activity resulted in FRET probe cleavage
and displayed as an increase in the CFP/YFP emission ratio. Loss of TMRM
fluorescence indicates mitochondrial depolarisation as a consequence of MOMP. Time
stamps indicate time after stimulus addition. (B) Exemplary DEVDase response profiles
of HCT116 cells (upper panels) treated with 5FU/oxaliplatin, TL32711 or the
combination of both. Cells responding to 5FU/oxaliplatin predominantly showed late
DEVDase activity, subsequent to the onset of mitochondrial depolarisation and
corresponding to the canonical activation of the intrinsic apoptosis pathway (i). Cells
responding to TL32711 single treatment exclusively displayed response patterns
resembling the one shown in (ii), with mild DEVDase activity converted into rapid
substrate cleavage following onset of mitochondrial depolarisation. Cells treated with
the combination of 5FU/oxaliplatin and TL32711 frequently presented substrate
cleavage ramps prior to the onset of mitochondrial depolarisation (iii), as well as
response patterns without pre-MOMP caspase activity, resembling those shown in (i).
Similar response characteristics were observed in LoVo cells (i-iii). (C) Quantification of
response types and kinetics. For all HCT116 and LoVo cells responding to the
treatments, the response characteristics were analysed and quantified. Parameters
evaluated included the onset time of pre-MOMP caspase activity, the slope of substrate
cleavage as a measure of caspase activity, the mitochondrial MOMP threshold as well
as the onset time of the execution phase. Data are shown median +/- quartiles.
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5.3

Discussion

Colorectal cancer is the 2nd leading cause of cancer-related death in the
Western world. In stage IV metastatic disease, median overall survival (OS) is
only 21-24 months, 5 year OS rates are <6% and 10 year OS rates <1% (Van
Schaeybroeck et al., 2011). IAP antagonists have been demonstrated to
synergise with numerous anti-cancer drugs in various model systems (Fulda,
2015a). However, patient selection strategies for IAP antagonists both as
monotherapies and in combination with other agents are currently lacking. We
mechanistically and quantitatively characterised the impact of the IAP
antagonist TL32711 on chemotherapy-induced caspase-8 activation.
Our imaging data reveal that in response to TL32711/chemotherapy cotreatment, genetically identical cells differ in their mode of cell death induction,
with both pre-MOMP caspase activation being observed (most likely due to
complex-IIa formation), as well as subpopulations which trigger MOMP without
prior caspase activation. We currently cannot answer where these response
heterogeneities emerge from, but speculate that stochastic cell-to-cell
heterogeneities in baseline protein expression might be sufficient for these
differences. In addition, cell cycle asynchronies might contribute, since a
number of apoptosis-regulating proteins are known to be cell cycle regulated
and since cells in different phases of the cell cycle will encounter different cell
cycle checkpoints upon chemotherapy-induced DNA damage (Clarke and Allan,
2009).
In conclusion, we have obtained novel insights into intracellular signal
transduction kinetics and their population-based heterogeneities for
chemotherapy/TL32711 combinations in colorectal cancer.
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6.1

Discussion

This study showed that GBM cells exhibited heterogeneous response towards
TRAIL and TL32711 either as single agents or in combination. By targeting
IAPs, specifically cIAP1, cIAP2 and XIAP, with TL32711, apoptosis induction
and signalling through pro-caspase-8 and Bid was achieved upon TRAIL
stimulation. We identified highly resistant non-responding GBM cell lines and
investigated whether signalling through pro-caspase-8 and Bid would lead to
sensitisation to TRAIL+TL32711-induced apoptosis. We observed that by
lowering the threshold for MOMP by selectively targeting Bcl-2 using ABT-199,
the non-responders were highly primed to the combination of TRAIL+TL32711.
Utilising in vitro models is usually not deemed to be a true representative of the
heterogeneity of the disease; nevertheless it provides fundamental insight into
mechanisms underlying TRAIL / TL32711 and ABT-199 signalling in GBM cells
in well controlled and defined, reproducible experimental settings. Furthermore,
we can reproduce this finding using a translationally relevant TRAIL variant
IZI1551.
6.2

Smac Mimetics

In the last decade, there has been a surge in the design and development of
Smac mimetic compounds by employing a structural design based on the
interaction of endogenous Smac protein in complex with XIAP. A variety of
these compounds are either under clinical evaluation or have completed phase
I/II clinical trials with favourable outcome(Fulda, 2015a). For example, SM-406
has advanced into phase I clinical trials after demonstrating promising results
due to its ability to bind XIAP, cIAP1 and cIAP2 with high affinity, in severe
combined immune deficiency (SCID) mice bearing triple negative breast cancer.
The authors of the study reported a complete inhibition of tumour growth
following administration of this compound, at a dose of 100 mg/kg given for two
weeks without overt toxicity (Cai et al., 2011). Genentech has developed a
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series of Smac mimetic agents that are currently in clinical development. These
compounds, including GDC-0152 (Flygare et al., 2012) and GDC-0917 (a
second generation mimetic administered orally) target XIAP, cIAP1 and cIAP2
and efficiently suppress tumour growth in MDA-MB-231 breast cancer
xenografts model (Wong et al., 2013). Further, Novartis has developed an
effective Smac mimetic compound LCL161 that has also advanced into a
clinical setting. Oral administration of this compound has been shown to potently
reduce tumour burden in vivo (Chauhan et al., 2007, Gaither et al., 2007).
Tetralogic pharmaceutical have developed the bivalent Smac mimetic
compound TL32711 (Birinapant). This compound has been shown to have a
high affinity for cIAP1 and XIAP. Additionally, it is one of the few Smac mimetics
that has been shown capable of effectively inducing cell death when used as a
single agent, in a subset of cancers, (Benetatos et al., 2014, Amaravadi et al.,
2015, Krepler et al., 2013, Dueber et al., 2011). The use of Smac mimetics has
proven efficacious in clinical trials for a subset of human malignancies; however,
clinical evaluation of GBM using Smac mimetics has been extremely limited with
insufficient information regarding treatment outcome available so far (Kearney et
al., 2017, Cekay et al., 2017, Tchoghandjian et al., 2016, Shekhar et al., 2016,
Roesler et al., 2016, Gerges et al., 2016, Beug et al., 2015). The Smac mimetic
compound GDC-0152 had been evaluated in phase I clinical trials in GBM in
2010. However, the trial was terminated for reasons which were described to be
unrelated to patient safety or anti-tumour activity (Rathore et al., 2017).
6.3

Smac Mimetics and TRAIL

The anti-tumour effects of Smac mimetic compounds have also been widely
evaluated in combination with TRAIL.TRAIL has gained momentous attraction
as a targeted therapeutic, since it mediates its cytotoxic effects specifically in
cancer cells (Ashkenazi et al., 1999, Walczak et al., 1999). This feature has led
to the development of numerous receptor agonists. While in vitro and in vivo
studies showed excellent anti-tumour activities, to date, TRAIL based therapy
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has not been clinically beneficial in cancer patients (Tuthill et al., 2015, Todaro
et al., 2008). Limiting factors for TRAIL use in the clinic include its short
biological half-life (30 min), poor stability, solubility and rapid elimination
resulting in diminished potency and hence inefficient apoptosis induction (Kelley
et al., 2005).
To overcome these limitations, superior 2nd generation receptors ligands are
currently under development (Seifert et al., 2014, Gieffers et al., 2013, Hutt et
al., 2017). Additionally, some TRAIL preparations have been developed to
increase its stability and to increase apoptotic induction via efficient caspase
activation. TRAIL formulations include recombinant and agonistic antibodies
which are labelled with molecular tags such as polyhistidine (His-TRAIL), flag
tag and a leucine-zipper (LZ-TRAIL) or isoleucine (iz-TRAIL) in order to stabilise
the TRAIL molecule, as well as to increase tumour delivery.
6.4

Smac mimetic-induced death

The mechanism by which Smac mimetics induce cell death when combined with
other chemotherapeutics has been described to be due to a variety of factors
such as autocrine/paracrine production of TNFα, NF- B activation and RIP1dependent extrinsic apoptosis (Probst et al., 2010). Likewise, radio-sensitisation
of cancer cell to cell death in the absence of IAP proteins induces NF- B
signalling pathway to induce cell death via the mitochondrial pathway, such that
when the NF- B pathway is abrogated, cells are rescued from cell death. This
phenomenon has been described in breast cancer and pancreatic carcinoma,
colorectal and lung carcinoma (Kim et al., 2007, Connolly et al., 2009, Ohnishi
et al., 2006). In this regard, RIP1 has been described to transmit pro-apoptotic
signals emanating from the NF- B signalling axis to the mitochondrial pathway
(Liao et al., 2017). Other reports have demonstrated that the sensitisation by
Smac mimetic compounds is independent of TNFα, but is heavily dependent on
XIAP neutralisation (Greer et al., 2011, Eschenburg et al., 2012). Recent studies
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have also reported that synergistic induction of cell death is attributed to
apoptosis signalling through the cytosolic complex-IIa or otherwise known as
ripoptosome when cIAPs are absent (Guicciardi et al., 2017, Maas et al., 2013,
Cristofanon et al., 2015). In this study, we also observed that the synergistic
activity of TL32711 in combination with TRAIL induces the formation of
complex-IIa, however RIP1 was observed to be dispensable.
6.5

Challenges in cancer therapy using Smac mimetics and TRAIL

The treatment of GBM is further complicated by the presence of the blood brain
barrier (BBB) (Abbott et al., 2010). The BBB is a specialised selective barrier
that regulates molecules to and from the brain as a means to prevent any
damage either from bacteria, viruses or drugs that are designed to exert their
functions at different sites of the body. The selective nature of the BBB
possesses an impediment in the design of therapeutic agents to act at the site
of brain tumours (Daneman and Prat, 2015, Carpenter et al., 2014). As such it is
of vital importance to predict the permeability of the BBB when drugs are being
designed. Two gold standards have been established for the development of
drugs required to cross the BBB, this is the logBB (which measures
concentration of the drug in the brain relative to the concentration of the drug in
the blood) and logPS (which is the permeability surface area) (Carpenter et al.,
2014). Establishment of these parameters is certain to bring about a paradigm
shift in the design of drugs that function within the brain.
TL32711 has shown potent anti-tumour activities in a wide array of human
malignancies both in vitro and in vivo due to effective inhibition and degradation
of IAPs. However, treatment of GBM is at a great disadvantage as the selectivity
of the BBB only allows molecules under 450 Da to diffuse across (Abbott et al.,
2010). Thus with TL32711 having a molecular weight of 806.94 Da, this
impedes its transcytosis across the BBB. Given the potency of TL32711 in
sensitising tumour cell to apoptosis inducing chemotherapeutic agents, there
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are ongoing studies focusing on permeabilising the BBB thus allowing the entry
of drugs to act on target sites (Molino et al., 2014). A recent study by
Tchoghandjian and colleagues showed that the Smac mimetic compound GDC0152 successfully diffused across the BBB of GBM U87MG orthotopic
xenografts, which the doses used were well tolerated with excellent anti-tumour
activities (Tchoghandjian et al., 2016). Furthermore, a study by Beug and
colleagues demonstrated the capacity of the Smac mimetic compound LCL161
to penetrate the BBB. In this study the authors observed that the primary targets
of the LCL161 namely, cIAP1 and cIAP2 were degraded in mice bearing
intracranial CT-2A GBM whereas there were no observable effects of the levels
of cIAPs in neighbouring non-cancerous brain tissues of the cerebellum or in the
cortex of non-tumour bearing mice. With this finding, LCL161 was demonstrated
to be able to penetrate the BBB only when it is compromised with tumour
growth. Compromised BBB has been shown to occur in brain cancers (Tanzer
et al., 2017). In several brain pathologies it has been shown that the brain
undergoes alterations which alter the integrity of the endothelial-glial interactions
in the BBB causing it to become leaky; this opportunity can and should be
exploited for therapeutic treatment (Liebner et al., 2000, Wolburg et al., 2003).
To date, several recombinant versions of human TRAIL have been developed to
enhance its cytotoxic effects. Owing to its short half-life, it is rapidly cleared from
the body upon systemic administration (Kelley et al., 2001). Modification of
TRAIL with peptide tags to increase its potency, stability and half-life increases it
molecular size. This therefore presents an impediment for the treatment of brain
tumours as the bulking of TRAIL does not cross the BBB. The use of viral
vectors such as adenoviruses has been implemented in a several studies to
deliver TRAIL in a variety of carcinomas including GBM (Kim et al., 2011), nonsmall lung (Zhang et al., 2012) cancer and renal cell carcinoma (Norian et al.,
2012). However, the disadvantage of this viral delivery is that they evoke an
immune response and exhibit unstable transgene expression which attenuates
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their therapeutic potential (Stuckey and Shah, 2013). Another approach in
circumventing the impediment of the BBB is the exploitation of the migratory
properties of stem cells. In a modified state, stem cells have been engineered to
express anti-tumour agents to be delivered at tumour sites (Shah, 2012). Local
delivery of TRAIL has been extensively studied in mice models of GBM. In this
approach, modified stem cells are engrafted on intracranial implanted primary or
established GBM cell lines. These ‘therapeutic stem cells’ migrated to tumour
site where tumour growth was suppressed accompanied with prolonged survival
(Sasportas et al., 2009, Martinez-Quintanilla et al., 2013). Furthermore,
combination of stem cell delivery of TRAIL has been shown to be feasible in
combining it with other chemotherapeutic agents. A previous study
demonstrated this combinatorial approach using PI3-kinase inhibitor PI-103 with
murine neural stem cells-TRAIL in established GBM in vivo model. The
combination resulted in synergistic effect in abrogating the cell proliferation
(Bagci-Onder et al., 2011). Stem cell delivery of TRAIL is an approach that has
the potential to become an effective strategy to circumvent the restriction of
TRAIL crossing the BBB in a clinical setting.
Over the past few decades, carmustine (BCNU) was the most effective
chemotherapeutic agent of choice to overcome the BBB. BCNU was
incorporated into a biodegradable polymer wafers (known as Gliadel, approved
by the FDA in 2006) in which BCNU is slowly and steadily released into the
tumour tissue (Newton, 2006). Pharmacokinetics showed that, BCNU was most
effective when directly implanted into tumour cavities post-surgical resection
compared to intravenous administration. The reason for this is that BCNU is
only semi-permeable across the blood brain barrier and in addition has a short
serum half-life of 15 minutes. Furthermore, receptor mediated endocytosis and
transcytosis as a means to deliver biologics to the brain has been described
(Xiao and Gan, 2013). This approach has been implemented to efficiently
deliver the TNF inhibitor (TNFI) etanercept (which was fused to a genetically
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chimeric monoclonal antibody) to the brains of adult mice with stroke (Sumbria
et al., 2012). Currently, the knowledge of receptor-mediated transcytosis for
delivery of biologics to the brain is still in its infancy and as such requires
improvement to achieve greater pharmacokinetics and increased half-life
therapeutic agents.
6.6

Predictive or prognostic biomarkers for GBM

Existing studies on prognostic factors in GBM have focused on the association
between pro-and anti-apoptotic proteins as well as IDH1/2 mutations and
MGMT status, to determine a patient’s response to therapy (von Deimling et al.,
2011, Hegi et al., 2005, Nicolaides et al., 2011). Other studies have associated
caspase expressions levels with enhanced apoptosis giving rise to favourable
outcomes in GBM and acute lymphoblastic leukemia (Murphy et al., 2013,
Faderl et al., 1999), while others have claimed that some caspases, for instance
caspase-8 can be used as negative prognostic marker. To date relevance of
IAPs as prognostic factors is still unclear; however, some studies have linked
IAPs to have a prognostic role in some cancers including renal cell carcinoma
and hepatoma (Lu et al., 2005, Kempkensteffen et al., 2007).
A recent study demonstrated that there was a positive correlation between
expression pattern of caspases and the IAPs in prostate cancer. The authors
showed that cIAP1 and cIAP2 expression levels correlated with pathological
tumour stage. In relation to capsases, pro-caspase-8 bore two correlations; one
with clinical and pathological tumour stages while the activated form of caspase8 was implicated in pro-operative serum PSA. Caspase-7 has also been
associated with lymph node metastasis (Rodriguez-Berriguete et al., 2015).
Our study showed that IAP depletion and increased in caspase activities
induced by the combination of TRAIL and TL32711 correlated to treatment
response. Furthermore, the basal expression levels of pro-caspase-8 and Bid
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also allowed us to discriminate between responders and the non-responder
populations to the combination treatment strategy.
6.7

Personalised Medicine

With the advent of personalised medicine, the biological application of
mathematical models has become increasingly recognised. The predictive
capacity of systems modelling allows accurate predictions of treatment
response in a variety of cancer models (Peng et al., 2016, Passante et al., 2013,
Schmid et al., 2012), by analysing apoptotic signalling transduction, based on
the interplay between the pro- and anti-apoptotic proteins (Rehm and Prehn,
2013, Wurstle et al., 2012).
One highly developed model, employed by our department is a system
modelling platform known as dose response_mitochondria outer membrane
permeabilisation (DR_MOMP), which is utilised to predict the response of
treatment in colon and rectal cancers. The predictive response is based on
absolute protein quantities of Bcl-2 proteins in the pre-treated cancers. These
calculated values act as inputs for the model to predict the outcome of using
apoptosis inducing agents to treat these cancers. (Lindner et al., 2017,
Flanagan et al., 2015).
Our group recently published a pre-clinical proof-of-principal study in predicting
treatment outcomes of GBM cell lines to TRAIL alone or in combination with
TMZ as well as ABT-737 as a co-sensitiser. Combining protein expression
profiles of regulatory apoptosis proteins with data and knowledge-driven
mathematical system modelling allowed very accurate predictions of GBM cell
lines’ response to TRAIL and TMZ or co-treatment with ABT-737
(Weyhenmeyer et al., 2016).
With the success of these approaches to reliably predict treatment responses
and the hope to better stratify patients based on molecular biomarker
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signatures, our finding on the expression levels of pro-caspase-8 and Bid being
linked to TRAIL/TL32711 treatment responses sparks hope to further follow this
line of research into translational settings. To extend the clinical applicability of
our approach further, biomarker and modelling approaches would likely need to
be extended to include additional factors and accepted prognostic factors such
as the cancer stem cells signature and MGMT status that contribute to
reinvasion of the tumour into the brain post-surgical de-bulking.
6.8

Conclusions and future perspectives

The current study provides new insights in the mechanisms of TRAIL and
TL32711 effects in GBM. Probing into the mechanisms by which TRAIL is
sensitised by the IAP antagonist TL32711 and ABT-199 in GBM precipitated
three principal findings (i) TL32711 sensitises GBM cells to TRAIL to induce
caspase-dependent apoptosis; (ii) TRAIL+TL32711-induced apoptosis is
associated with IAP degradation; (iii) IAP degradation is partially dependent on
caspase activities; and finally by lowering the MOMP threshold, ABT-199
potentiates resistant GBM cells to TRAIL+TL32711-mediated apoptosis. As
Smac mimetics have yet to be tested in GBM patients, the present work
underlines the need for such investigations. Furthermore, we have set up a
platform from which we have been able to dissect the mechanisms that
underscore resistance to TRAIL/TL32711 treatment, while identifying proteins
signatures that may be used as potential response predictors.
Additionally, we are moving into a 3D environment where we have seen similar
response patterns as we have in the 2D environment for the responder cell line
A172; however, the non-responder cell line MZ304 remains resistant in the 3D
environment, even with the tri-modal treatment strategy. As such this warrants
further investigations as it highlights that the mechanism by which Smac
mimetics acts as a sensitiser in a 3D environment is likely to be complex.
.
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