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Abstract

Malignant Pleural Mesothelioma (MPM) is a fatal neoplasm arising from cells of the
mesothelial lining of the pleural cavity and associated with prolonged exposure to asbestos.
This highly resistant malignancy is largely unresponsive to conventional chemotherapy and
while promising novel treatment strategies are under investigation, to date no truly effective
clinical solutions have been discovered. In this study, a rational drug design approach was
undertaken to develop and biochemically evaluate novel targeted agents for the treatment of

MPM.

The primary development strategy investigated in this study proposed the targeting
of the Inhibitor of Apoptosis protein (IAP) family, which has been clinically associated with
poor prognosis and chemotherapeutic resistance in MPM. An in vitro MPM model was
used to validate the proposal that IAP overexpression communicated apoptotic resistance in
MPM and this mechanism was then challenged using conventional IAP inhibitor therapies
(SMAC mimetics) in combination with the chemotherapeutic, Cisplatin. Overexpression of
IAPs in MPM cells was shown to associate with apoptotic resistance and this effect could be
alleviated through the use of SMAC mimetic therapy. Specific targeting of X-linked IAP
(XIAP) was shown to synergistically enhance Cisplatin induced apoptosis in XIAP
expressing MPM cells. Computational design, modelled on the SMAC-AVPI / XIAP-BIR3
binding interaction, was used to identify a series of novel, computationally-predicted SMAC
mimetic compounds. Biochemical validation refuted the predicted “On Target” affinity of
these compounds for XIAP and a secondary putative target, clAP-1/2. However, a lead
compound (MDG 44) with potent synergistic apoptotic activity in combination with

Cisplatin was identified.

Biochemical evaluation of the cellular activities and molecular target of this
compound were performed. Programmed cell death (PCD) analysis revealed MDG 44
specifically induced a caspase-dependent, apoptotic form of PCD through the intrinsic
apoptotic pathway. Both single-agent and synergistic apoptotic activity was quantified. At
sub lethal concentrations (15 - 30uM), MDG 44 was observed to synergistically enhance the
apoptotic activity of Cisplatin. Numerous putative molecular targets for MDG 44 were
evaluated. Targets were proposed via identification of compounds with similar structure to
the 2-indolinone basic scaffold of MDG 44 and with known cellular target; or evaluation of

the cellular effects induced by MDG 44 and proposal of rational putative targets for
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investigation. The observed formation of large cytoplasmic vesicles in MPM with MDG 44
treatment prompted the evaluation of autophagic flux and autophagosome formation in
response to MDG 44. The complementary protein degradation program, the ubiquitin-
proteasome system (UPS) was also evaluated as a target for MDG 44. Formation of
autophagosomes was detected by increased expression of the autophagosome marker LC3-11
and confocal detection of LC3 positive structures in LC3-GFP stably transfected
macrophages. Analysis of the UPS revealed MDG 44 induced dose-dependent inhibition of
NFkB activation via inhibiting proteasomal degradation of IkB. MDG 44 had no effect on
accumulation of poly-ubiquitinated proteins, suggesting the ubiquitin ligase pathway, as
opposed to the 26S proteasome, as a potential target for MDG 44 for future biochemical

evaluation.

As a continuation of the drug discovery program, second generation analogues of MDG
44 were designed and tested in order to identify more potent analogues of this class of
compound. A number of analogues with increased cytotoxic activities were observed, but
marginal increases in single-agent and synergistic apoptotic activities were detected even in
the most potent analogues. The analogue screen however did provide a large amount of
structural-activity-relationship (SAR) data, informing the future design of successive

generations of MDG 44 analogues.

A second drug development project investigated the “Warburg effect” and the
displacement of mitochondrial-associated Hexokinase as a target in MPM. Potentially
novel Mito-HK dissociating compounds were evaluated for anti-proliferative and apoptotic
activities in Burkitt’s Lymphoma and MPM cell lines. Compounds were shown to induce
potent and potentially selective apoptotic activities; however “On Target” evaluation of

these classes of compounds is still under investigation.

In conclusion, this study reports on the promising therapeutic strategy of IAP
targeting / SMAC mimetic therapy in the treatment of MPM. Overexpression of IAPs was
shown to mediate apoptotic resistance. This could be relieved with SMAC mimetic therapy
and synergistically enhance apoptotic induction in combination with Cisplatin. We also
report on the identification of a novel compound under continuing target evaluation, which
is a potent single-agent apoptotic and a synergistic partner with the chemotherapeutic

Cisplatin in MPM. The capacity to synergise with Cisplatin is a promising drug
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development strategy as Cisplatin remains today the primary combinational treatment

option for MPM in the clinic.
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Chapter 1: General Introduction

Rational drug design and biochemical analysis in the development of

targeted therapies against Malignant Pleural Mesothelioma



General Introduction

1.1 Cancer

Cancer is a malignant neoplasm resulting from genetic alterations to homeostasis,
growth and cell death regulation of somatic cells in vertebrates. Such malignancies cause
uncontrolled cell growth, invasion and metastasis resulting in death without surgical or
therapeutic intervention. In Ireland, 20,000 new cases of cancer are diagnosed each year
with 7,500 deaths, a quarter of the annual death toll (Cancer-research-Ireland, 2010).
Worldwide, cancer incidence and deaths are increasing with the projected death toll to be

upwards of 12 million by the year 2030 (WHO-statistics, 2010).

A century worth of research and epidemiology studies have discovered a large number
of physical, chemical and environmental carcinogens and genetic factors relating to
tumorigenesis. Personal exposure to radiation, cigarette smoke and asbestos fibres; genetic
predisposition for expression of cancerous oncogenes (e.g. BRCAl); and even diet and
pollution have been implicated as causative factors for the development of different tissue
type cancers. In a biochemical context, cancers initially develop when carcinogens induce
genetic mutations to protein loci regulating cell growth and cell death machinery. For
example, mutations to p53, the “Guardian of the Genome™ or Bcl-2 family proteins, both
essential players in detection of cellular damage and induction of cell death pathways,
disrupt the capacity of cells to die through conserved cell death programs (Apoptosis,
Autophagy). Resistance to cell death prevents the removal of damaged / mutated cells,
resulting in accumulation of genetic insults contributing to the cancer phenotype — limitless
replication, autocrine growth factor production, cell death resistance, aerobic glycolysis

(Warburg effect), angiogenesis and metastasis.

In a biochemical sense, cancer can be thought of as not a single disease or a tissue
specific condition, but rather as hundreds of related disorders, defined by the collection of
genetic alterations present in each malignancy. For example, Chronic Myelogenous
Leukaemia (CML) is defined by the occurrence of a particular chromosomal translocation
(“Philadelphia Chromosome™) forming the oncogenic fusion protein BCR-abl, which drives
tumour growth (Guo and Ding, 2003). Numerous cancer subtypes can be better classified
by the occurrence of specific mutations or epigenetic alterations to the expression of specific

oncogenes (E.g.: p53, Ras, Her2 and nuclear receptors, etc.), the overexpression of anti-



apoptotic regulators or the presence of altered metabolic phenotypes within tumours, rather
than simply tissue location. This stratification of cancer subtypes into groups defined by the
characteristic genetic and biochemical alterations within tumours aids clinical evaluation
and treatment. While these specific “driver oncogenes” promote cancer resistance, survival
and growth, the dependency of tumours on such mutations means these are prime targets for
a new strategy of “Rational Drug Design” in anti-cancer drug development. The molecular
characterisation of tumours, the identification of clinical biomarkers and the development of
targeted therapies against cancer are all steps towards a personalised approach to cancer

medicine and away from the use of broadly toxic, adjuvant chemotherapy.

1.2 Malignant Pleural Mesothelioma

Malignant Mesothelioma (MM) is a fatal, chemoresistant neoplasm arising from
cells of the mesothelial lining of the pleural, peritoneal and pericardial cavities. Malignant
Pleural Mesothelioma (MPM) is the most common form of the disease, accounting for
approximately 75% of diagnosed cases. Normal human pleural mesothelial (HM) cells
make up a protective covering of the lung cavity, which is involved in secretion of a
lubricating fluid facilitating the free movement of lungs and permits transport of fluid and
cells across the pleural cavity (Mutsaers, 2004). Prolonged asbestos exposure is believed to
be the primary cause of MPM carcinogenesis with over 80% of MPM patients having
previous exposure to asbestos. However other factors, including simian virus 40 (SV40)
infection and genetic predisposition, have been associated with individual susceptibility to
asbestos tumorigenesis (Belli et al., 2009).  The time between exposure and onset of the
disease is characterised by a long latency period of between 30-40 years and while in the
Developed World asbestos has been widely outlawed, incidence and death rates of MPM are
not expected to peak in Britain until 2020 — reports currently stand at approximately 1,000
deaths per year (Hodgson et al., 2005). Prospects are worse in areas of naturally occurring
asbestos particles, including Eastern Australia and South Africa (Hendrickx, 2009), and the
Developing World where industrial asbestos use still commonly occurs and rates are

expected to continue to rise.

The disease occurs in three distinct morphological tumour types — Epithelioid,

Sarcomatoid or a combination of the two (Biphasic) — with specific variance in severity and



resistance to treatment between each MPM sub type (Corson, 2004). Out of four disease
stages, 85 — 90% of patients are diagnosed presenting with advanced stage III or IV
metastatic disease, exhibiting chest pain, dyspnea, weight loss and repeat pleural effusion
(Belli et al., 2009). Advanced stage tumours are unresectable, with broad metastasis to
lymph nodes and distal organs, and chemotherapeutic treatment at this point of the disease is
merely palliative. MPM shows very poor response to conventional chemotherapeutic
options with a median survival time of less than 1 year. The current treatment option of
choice employs an aggressive co-treatment regime using the anti-folate Pemetrexed and
platinum-based genotoxic agent Cisplatin; however this prescribed option provides only a
2.9 month increase in median survival time and response rate of just 41.3 % of patients
(Vogelzang et al., 2003). In the 1 — 5% of diagnosed cases that are good candidates for
surgery — i.e. patients healthy enough for invasive surgery, presenting with localised
disease, limited tumour size and the epithelioid tumour variant — the procedure is not
curative and even in combination with radiation therapy there is only a median survival time
of 14.2 months and a 3 year survival rate of just 20% (Rice et al., 2007). Due to the current
absence of any curative procedure and lack of therapeutic options with any significant
increase in mean survival time, even screening for early stage MPM is considered
controversial due to the lack of treatment options for patients presenting with the disease

(Bertino et al., 2009).

The biochemical aetiology of MPM tumorigenesis has not been fully elucidated to
date. However theories on the mechanism by which asbestos induces HM cell
transformation have been reported. Long form asbestos fibres are believed to penetrate
deep within the bronchioles of the lung, into the pleural mesothelium and persist. Asbestos
can penetrate the cell membrane of HM cells and cause DNA damage and mutagenesis by
disrupting replication, chromosomal assembly and mitotic spindle formation (Hesterberg et
al., 1986). Monocyte chemotactic protein-1 (MCP-1) release from HM cells recruits
alveolar macrophages (Mo) to the site of asbestos damage. Frustrated phagocytosis of long
asbestos fibres by Mo results in persistent secretion of inflammatory cytokines and Reactive
Oxygen Species (ROS), contributing to an inflammatory tumour microenvironment causing
further mutagenesis in HM cells (Xie et al., 2000, Tanaka et al., 2000). Paracrine and
autocrine Tumour Necrosis Factor alpha (TNF-a) signalling activates survival pathways
within HM cells allowing DNA damage and mutations to persist in altered cells and results

in MPM tumorigenesis (Fig 1.1). Consistent with this theory, TNF-a has been shown to
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Figure 1.1: Prolonged Asbestos exposure induces malignant transformation of
Mesothelial cells into Malignant Pleural Mesothelioma.

(A) Long and thin Asbestos (Crocodolite) fibers penetrate deep within the lung and into the pleural mesothelial
lining (HM cells), inducing an increase in the generation of reactive oxygen species (i) and inducing
chromosomal damage within the cell (ii). While being toxic to mesothelial cells, asbestos contributes to the
creation of an inflammatory environment that allows the persistence of these DNA damaged cells. (B)
Frustrated phagocytosis of asbestos fibers by macrophages causes paracrine TNF-a signalling. This is coupled
with autocrine TNF-a signalling from HM cells and induces the expression of pro-survival and growth signals
within the cell, through TNF-R1 ligation and NFkB signalling pathways. These pro-survival mediators
include the Inhibitor of Apoptosis Protein (IAPs) family. (C) Successive cycles of asbestos induced
chromosomal damage and inflammation results in the persistence of mutated cells and the eventual malignant
transformation of HM cells into Malignant Pleural Mesothelioma (MPM).



have protective effects on cytotoxicity in MPM cells (Yang et al., 2006) and may potentially
mediate this through regulation of Inhibitor of Apoptosis protein (IAP) family protein
expression — TNF-a treatment has been shown to increase the expression of apoptotic
regulators cIAP and XIAP in MPM and induce resistance to cisplatin challenge (Gordon et
al., 2007b).

1.3 Programmed cell death

Programmed Cell Death (PCD) encompasses a number of distinct cellular processes
concerned with the controlled destruction of cells and recycling of cellular products. These
processes include Type I PCD or Apoptosis (Caspase-dependant (Elmore, 2007) and
caspase-independent (Ravagnan et al., 2002)), Type II PCD or Autophagy (Gozuacik and
Kimchi, 2004) and the newly defined necrotic-like form of regulated cell death, Necroptosis
(Galluzzi and Kroemer, 2008). PCD is necessary for development, homeostasis and
removal of infected, damaged or malignant cells. Contrary to uncontrolled mechanisms of
cell death, like classical Necrosis, in which the cell membrane ruptures and the cellular
content is released, inducing an inflammatory response, PCD allows for the ordered
destruction of the cells and catabolism of cellular components. Induction, regulation and
execution of PCD processes are facilitated by large networks of receptors, signalling
kinases, transcription factors and proteases interacting primarily with the mitochondria,

nucleus, endoplasmic reticulum and lysosomes (Merino and Cordero-Campana, 1998).

In cancer, all strategies of chemotherapeutic development are currently concerned with
specific engagement of a PCD response. The precise nature of cancer, being merely a
genetically altered version of healthy native tissue, necessitates this. Triggering wide spread
cell death in a malignant organ would induce severe side effects, including cytotoxicity of
healthy cells, inflammation and tissue damage. Specifically inducing PCD in cancer cells

and not in healthy tissue is the modus operandi of an effective chemotherapeutic drug.

1.4 Autophagy

The process of autophagy, literally meaning “cellular self-digestion”, is a highly

regulated pathway encompassing the selective or non-selective uptake and trafficking of



cytoplasmic organelles and cytosolic components for lysosomal degradation. Autophagy is
an evolutionarily conserved adaptation upregulated within cells during times of cellular
stress and energy / nutrient deprivation (Kroemer et al., 2010). Autophagy is triggered as a
cytoprotective response to nutrient starvation or environmental stresses (hypoxia, oxidative
stress, infection, chemotherapeutic / radiation treatment) where cytosolic components are
catabolised in order to maintain cellular homeostasis. During autophagy, cellular
components are sequestered into forming vesicles, termed phagophores, which eventually
mature into complete double-membraned vesicles called autophagosomes. These vesicles
traffic the cellular material to late endosomes / lysosomes, where they fuse to form an
autolysosome. Lysosomal proteases degrade and recycle the cytoplasmic material
sequestered and trafficked within the autophagosome to replenish depleted nutrient and

energy reserves within the cell (Mizushima et al., 2008).

Basal levels of autophagic flux — autophagic trafficking and lysosomal degradation of
components — also occurs within cells and comprises one half of the complementary protein
degradation pathways of the ubiquitin-proteasome system (UPS) and the autophagy-
lysosome system, both pathways being regulators of protein quality and cellular
homeostasis (Goldberg, 2003). The UPS involves the ubiquitin targeted, proteasomal
degradation of “short-lived” proteins involved in transient cellular processes — cell cycle
transition (Cyclins; p21); apoptosis (Bax; p53) (Blagosklonny et al., 1996, Wu et al., 2010).
In comparison, autophagy encompasses the sequestration of “long-lived” proteins,
ubiquitinated-protein aggregates and defective organelles for lysosomal degradation
(Mizushima et al., 2008). While autophagy is an essential regulator of protein homeostasis
and a cytoprotective response to cellular stresses, defective autophagy or prolonged stress
and nutrient deprivation can result in excessive autophagic self-digestion and eventual
induction of cell death (Gozuacik and Kimchi, 2004). Induction of PCD under these
conditions occurs via the morphologically distinct, Type II / autophagic PCD pathway, or in
combination with cellular crosstalk with the Type I / apoptotic PCD pathway (Gonzalez-
Polo et al., 2005).

Initiation of autophagy occurs downstream of cellular sensors of energy stress
(AMPK), genotoxic damage (p53) and nutrient deprivation (Growth factor receptor tyrosine
kinase), resulting in inhibition of a key regulator of autophagic flux, the mammalian target
of Rapamycin protein (mTor) (illustrated in Figure 1.2). Downstream of mTOR inhibition,

components of the Atg (autophagy-related genes) protein family, referred to as the core
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Figure 1.2: Cellular stress and nutrient deprivation induce autophagy within cells.

The Mammalian Target of Rapamycin (mTOR) is a key regulator of inhibition or initiation of increased
autophagic flux in response to perturbations to cellular homeostasis. (A) Under nutrient and energy competent
conditions, upregulation of autophagic flux is inhibited by the activity of mTOR. Growth factor ligation (3)
and receptor tyrosine kinase activation results in downstream signalling via the PI3K / Akt pathway and the
Ras GTPase / Raf-MAPK-ERK pathway, resulting in activation of TSC 1/2 and mTor, inhibiting increased
autophagic flux. (B) Under conditions of cellular stress — Genotoxic damage (1); Energy deprivation (2);
Nutrient deprivation (3) — mTor activity is inhibited and increased autophagic flux is initiated. The lack of
growth factor signalling diminishes PI3K / Akt and Raf-MAPK-ERK activation of mTor, while energy
deprivation and genotoxic stress sensors, AMPK and p53 respectively, inhibit TSC 1/2 and mTor activity.
Inhibition of mTor results in increased autophagic flux in response to cellular stress.



molecular machinery of autophagy, initiate formation of autophagosomes. Atgl, in
combination with the ULK 1/2 complex and the Beclin-1 / class III PI3K complexes
(Atgl4L and UVRAG), is responsible for initial lipid membrane formation at the
phagophore assembly site (PAS) (Yang and Klionsky, 2010). Incorporation of the Atgl6L
complex and the phosphoethanolamine (PE)-conjugated L.C3 protein (lipidated form called
LC3-II) into the forming phagophore is essential for elongation and maturation of the
phagophore into a complete double-membraned autophagosome (Yang and Klionsky,
2010). Forming autophagosomes can non-selectively sequester cytoplasmic components for
trafficking and eventual degradation via lysosomal fusion. Selective uptake, trafficking and
degradation of ubiquitinated-protein aggregates within the cell can be achieved in consort
with the adapter protein p62 / sequesterome-1. P62 contains binding domains for both
ubiquitin and LC3, an essential component of the forming autophagosome. This dual
binding activity allows p62 to mediate the selective uptake of p62-positive, ubiquitinated-
protein aggregates into forming autophagosomes for lysosomal degradation (Bjorkoy et al.,
2005). The final step of degradation of cytoplasmic components by lysosomal proteases
and cathepsins completes the process of protein aggregate clearance and the recycling of

catabolised cellular materials to circumvent nutrient starvation (Fig 1.3).

1.5 Apoptosis

Apoptosis is a highly regulated, energy-dependent mechanism of PCD, characterised by
the biochemical events which regulate its induction and the morphological features
underlining its execution (Elmore, 2007).  Apoptosis functions as an important
physiological process, contributing to homeostatic cell turnover, embryonic development,
adaptive immune response and elimination of old, damaged, mutated or infected cells.
However, perturbation to this highly regulated mechanism has pathological consequences.
Diminished apoptotic control can lead to autoimmune and neurodegenerative disorders,

while increased regulation or mutated apoptotic machinery is indicative of cancer.

Apoptotic execution is mediated in a caspase-dependent or caspase- independznt
manner, with its induction occurring via intrinsic or extrinsic stimuli in each case. Intrinsic
stimuli like telomere-shortening, DNA damage, Reactive Oxygen Species (ROS) or ER

stress / Unfolded Protein Response (UPR) coalesce at the mitochondria, causing release of
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Figure 1.3: Schematic diagram of the Autophagy — Lysosome System.

(A) Downstream of mTor inhibition and initiation of autophagy, Beclin-1 containing protein complexes (i),
Atgl4L and UVRAG, in combination with the activated ULK 1/2 complex (ii), initiate formation of
autophagosomes. (B) Autophagosome maturation occurs through a series of steps, starting with initiation at
the Phagophore Assembly Site (PAS) and elongation of the double membraned vesicle with the addition of
lipidated LC3 protein (LC3-II). (C) The elongated Phagophore sequesters cytoplasmic components,
organelles and p62 tagged protein aggregates. (D) Autophagosome maturation occurs as the vesicle closes and
sequestered material is trafficked for lysosomal degradation. (E) A late Endosome / Lysosome will fuse with
the autophagosome (via Lamp2A). (F) Once fully engulfed, forming an Autolysosome, lysosomal proteases
degrade and recycle cellular components sequestered within the autophagosome, replenishing nutrient and
energy reserves.



pro-apoptotic caspase activators and caspase-independent endonucleases. Extrinsic stimuli
from death receptor ligands activates caspase, while CD8+ T-cells and Natural Killer (NK)
cells induce extrinsically activated apoptosis via perforin and granzyme endonuclease

translocation (Hoves et al., 2010).

Apoptosis was first described in 1972 by the morphological changes observed in
cells undergoing cell death (Kerr et al., 1972). During apoptosis, caspase-mediated
cleavage of lamins and actin filaments results in cell shrinkage. Endonucleases (caspase-
activated or independent) cleave DNA, inducing chromatin condensation (pyknosis) and
nuclear collapse (karyorrhexis). Plasma membrane forms “blebs” and enclosed “apoptotic
bodies” containing still intact organelles, cytoplasm and fragmented DNA (Fig 1.4).
Phosphatidyl-serine containing membrane flipping allows phagocytic macrophage

recognition and apoptotic body degradation without inflammatory response.

1.6 Caspases

In almost all apoptotic events occurring in cells, intrinsic and extrinsic stimuli
converge at the caspase cascade, a sequence of activated cysteine-aspartic proteases that
orchestrate the ordered disassembly of cells during apoptosis (Shiozaki and Shi, 2004).
Caspases are expressed as inactive zymogens, consisting of a large subunit (p20), small
subunit (p10) and an N-terminal pro-domain. Four p20 and p10 a-helical surface binding
loops form a cysteine protease active site with aspartic acid residue substrate affinity.
Caspases are separated into classes of initiator caspases — directly activated by apoptotic
stimulus (Caspase-2, -8, -9, -10); effector caspases — proteolytically activated executioners

of apoptosis (Caspase-3, -6, -7); and inflammatory caspases — (Caspase-1, -4, -5).

Initiator pro-caspases exist as monomers until death receptor ligation or
mitochondrial pro-apoptotic protein release occurs, recruiting pro-caspase proximal
localisation and autocatalytic intrachain cleavage of the p20 / pl0 domains and the N-
terminal pro-domain (Shi, 2004). These cleavage events allow formation of a functional
caspase homodimer with enhanced proteolytic activity. Active initiator caspases bind

specific aspartic acid residues of downstream effector pro-caspases, inducing proteolytic

10
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Figure 1.4: Morphological features of apoptosis.

(A) Graphical features of apoptotic induction. (B) Nuclear staining of cell cytospins — normal cells and cells
undergoing pyknosis (Dvorakova et al., 2002). (C) Transition electron microscopy (TEM) image of cellular
“blebbing”. (D) TEM depiction of macrophage phagocytosis of neutrophil apoptotic bodies.
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cleavage and loss of their pro-domains. Activated effector caspases also exist as catalytic
homodimers, binding to specific tetrapeptide motifs of proteins and inducing proteolytic
degradation. The catalytic activity of effector caspases execute the molecular events of
apoptosis, including the degradation of cytoskeletal proteins, cytokeratins, nuclear proteins
and activation of CAD (Caspase Activated DNAse) endonuclease to induce nuclear

degradation (Widlak and Garrard, 2005).

The caspase cascade is the central pathway of apoptosis and as such a vital control
point in its induction. Activation at the level of caspases is highly regulated to insure
against either overactive or ineffective employment. Regulation of caspase activation and
proteolytic activity occurs at three levels: (A) Expression as an inactive zymogen; (B)
Upstream control of apoptotic stimulus (c-FLIP and BCL-2 family proteins); and (C) Direct

inhibition of active caspases (IAPs).

1.7 Bcl-2 family proteins

Bcl-2 (B-cell lymphoma 2) family proteins are a group of both pro- and anti-apoptotic
proteins which regulate apoptosis upstream of caspase activation (Cory and Adams, 2002).
Anti-apoptotic Bcl-2 proteins consist of Bel-2, Bel-X, Bel-W, Al and Mcl-1, all of which
contain Bcl-2 homology domains (BH) 1-4. Pro-apoptotic family proteins consist of the
three BH domain containing Bax-like proteins (Bax, Bak and Bok) and the BH3-only
proteins (Bid, Bim, Bad, Bmf, Hrk, Noxa and Puma).

Bax-like proteins are the primary pro-apoptotic Bcl-2 subfamily, with Bax and Bak
reported to be essential for induction of apoptosis in many cell types (Antonsson et al.,
2001). Upon intrinsic apoptotic stimuli, cytoplasmic Bax and mitochondrial Bak undergo
conformational changes, Bax is translocated to the mitochondria and both oligomerise in the
mitochondrial outer membrane (MOM). It is proposed that Bax / Bak permeabilise the
MOM to allow release of pro-apoptotic mitochondrial proteins through Bax / Bak only
oligomer channels (Antonsson et al., 1997) or via association with a component of the
MPTP (Mitochondrial Permeability Transition Pore), VDAC (Voltage Dependant Anion
Channel) (Shimizu et al., 1999).

19



The anti-apoptotic Bcl-2 sub-family are essential regulators of mitochondrial
homeostasis and in particular the apoptotic activities of Bax and Bak. BH1, BH2 and BH3
domains of Bcl-2 proteins form a hydrophobic groove that bind to BH3 and form
heterodimers with Bax and Bak, inhibiting their ability to oligomerise and form a MPTP
(Cory and Adams, 2002). In another level of pathway control, BH3-only sub-family
proteins function as regulators of Bcl-2. BH3-only proteins bind and neutralise the anti-
apoptotic activity of Bcl-2 subfamily proteins, preventing their antagonism of Bax and Bak.
As well as being negative regulators of Bcl-2, the BH3-only sub-family protein BID can
induce Bax / Bak oligomerisation. Caspase-8 proteolytically cleaved BID (tBID) acts as a
nucleation site for oligomer formation in the MOM (Chou et al., 1999). Caspase-8 cleavage
of BID to tBID is a positive feedback loop from the extrinsic apoptotic pathway, induced by
ligation of death receptors with their native ligands. The formation of tBID promotes
apoptosis induction through the Intrinsic / Mitochondrial apoptotic pathway, further

amplifying induction of apoptosis in cells.

1.8 Inhibitor of Apoptosis Proteins

IAP family members are a cellular network of anti-apoptotic proteins which act as
central regulators of caspase-mediated cell death. IAPs facilitate this through direct
binding or indirectly inhibiting caspase activation and proteolytic activity (Shiozaki et al.,
2003, Yang and Du, 2004), abrogating cell death stimuli at the execution phase of apoptosis.
This caspase regulation occurs at both the initiator and effector level and IAPs are the only
endogenous cellular proteins known to inhibit at both stages of the caspase pathway, making
IAPs a robust road block to a wide array of apoptotic stimuli. Beyond this role in caspase
inhibition, IAP family members also have been shown to participate in diverse cellular
functions, including regulation of NFxB signalling, mitotic control and protein

ubiquitination (Galban and Duckett, 2010).

IAPs are characterised by the presence of one to three Baculovirus IAP Repeat (BIR)
domains, an approximate 80 residue Zinc-finger tertiary fold of highly conserved structure
and sequence from Drosophila to mammals (Mace et al., 2010). Within each BIR domain
there contains an IBM (IAP Binding Motif) binding groove, a protein pocket facilitating

association of [APs to binding partners which contain a conserved four residue N-terminal
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IBM, and it is this motif which participates in direct inhibition of caspase by [APs (Huang et
al., 2001). BIR containing proteins constitute an eight member protein family in humans
(LaCasse et al., 2008) (Illustrated in Figure 1.5). Of these eight IAP family members, X-
linked IAP (XIAP / hILP) (Duckett et al., 1996), cellular IAP1 (cIAP1 / HIAP2), cellular
IAP2 (cIAP2 / HIAP1) (Rothe et al., 1995), Livin (ML-IAP) (Vucic et al., 2000) and
Survivin (TIAP) (Ambrosini et al., 1997) have been implicated as potent inhibitors of cell
death and, in numerous cancerous malignancies, are frequently overexpressed, promoting

cell survival and conferring apoptotic resistance to chemotherapeutic challenge.

1.8.1 XIAP

XIAP is a 57 kDa member of the IAP protein family, consisting of three sequential
amino terminal BIR domains and a carboxy terminal Really Interesting New Gene (RING)
finger domain, containing E3 ubiquitin ligase activity (Fig. 1.5). XIAP was the first IAP
family member studied for its control over caspase signalling and is thought to be the only
mammalian AP able to directly bind and potently antagonise both initiator and effector
caspase proteolytic activity (Deveraux et al., 1998, Deveraux et al., 1997). The third BIR
domain (BIR3) of XIAP binds and inhibits caspase-9 (Sun et al., 2000, Deveraux et al.,
1999), an initiator caspase central to induction of the caspase cascade downstream of
intrinsic apoptotic stimulus. X-Ray crystallographic studies into XIAP-BIR3 and caspase-9
association revealed two sites essential for binding (Shiozaki et al., 2003). The N-terminal
sequence of the small subunit of proteolytically processed caspase-9 contains an IBM motif
which binds to the IBM binding groove of XIAP-BIR3. A secondary association occurs
between the 3a, 4a, & 5a helices of BIR3 and the hydrophobic, homodimerisation region of
caspase-9 (Shiozaki et al., 2003). This association sequesters caspase-9 in an inactive,
monomeric state and prevents caspase-9 forming an active homodimer and subsequent

downstream signalling.

XIAP also directly regulates caspase activity downstream of caspase-9 via antagonism
of active caspase-3 and caspase-7 (Scott et al., 2005). The linker peptide region between
BIR1 and BIR2 of XIAP and BIR2 itself both participate in direct inhibition of active

caspase-3 and caspase-7. The BIR1 and BIR2 linker peptide region resembles a conserved
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caspase substrate / inhibitor motif and the XIAP-BIR1/2 linker peptide binds to and inhibits
the catalytic site of active caspase-3/7, but not the unprocessed zymogen form (Sun et al.,
1999). This sterically hinders effector caspase binding to substrates and subsequent
proteolytic cleavage, disrupting execution of the cell death pathway. The BIR2 IBM
binding groove stabilises XIAP / caspase-3/7 inhibition by binding an N-terminal IBM
motif of the processed small subunit of caspase-3/7 (Chai et al., 2001, Riedl et al., 2001,
Scott et al., 2005). Both sites target only proteolytically processed residues of active

effector caspases and both associations are necessary for inhibition.

Alternate functions of XIAP include both pro- and anti-apoptotic processes, mediated
by the two non-caspase binding domains of the protein. The BIR1 domain of XIAP possess
an altered IBM binding groove that lacks the ability to bind caspases or other IBM
containing proteins (Lin et al., 2007). BIR1 functions as a binding domain in a number of
IAPs. XIAP-BIR1 binds TAB1 (TAK1 Binging protein) and forms a complex with TAK1
(TGF-B-activated kinase-1), participating in TGF- B, NFxB and JNK signalling pathways
(Galban and Duckett, 2010). Through the XIAP-RING domain, intrinsic E3-Ubiquitin
ligase activity allows XIAP to further regulate apoptosis. Ubiquitination and resultant
proteosomal degradation of effector caspase-3/7 by XIAP further contributes to apoptotic
resistance, while autoubiquitination of XIAP negatively regulates its own anti-apoptotic
activity and the threshold for apoptotic induction (Suzuki et al., 2001). As such, XIAP
exhibits multifunctional regulation of caspase activity and acts as a central control point in

apoptosis.

1.8.2 cIAP-122

Cellular IAPs consist of two closely related proteins, cIAP-1 and cIAP-2, originating
in mammals from an evolutionary recent gene duplication of a single cIAP gene locus.
Both cIAPs are ~ 72kDa proteins with three tandem amino terminal BIR domains, carboxy
terminal RING domain and, unlike other IAPs, possess a Caspase Recruitment Domain
(CARD) (LaCasse et al., 2008), illustrated in figure 1.5. The primary mechanism by which
cIAPs regulate caspase activation and apoptosis is as an accessory protein in death receptor
signalling, specifically to the Tumour Necrosis Factor alpha Receptor Super Family

(TNFRSF) (Silke and Brink, 2010, Rothe et al., 1995). Upon TNF-a ligand binding, cIAP

16



is recruited to the receptor complex by TNF receptor associated factor-2 (TRAF-2), by
association of the TRAF-N domain to BIR1 of cIAP (Samuel et al., 2006). E3-Ubiquitin
ligase activity of the cIAP RING domain promotes K63 polyubiquitination of another
TNFR accessory protein, Receptor Interacting Protein-1 (RIP1). This RIP1 modification
promotes RIP1 TNFR recruitment, NFkB signalling and prevents RIP1 dependant effecter
caspase-8/10 activation (Bertrand et al., 2008).

cIAP E3-Ubiquitin ligase activity can also mediate other diverse pro-apoptotic and
signalling events. Direct binding and ubiquitination of caspases promotes their proteasomal
degradation (Suzuki et al., 2001). cIAPs participate in innate immune signalling in a similar
way to RIP1 regulation. Pattern recognition NOD like receptors, NOD1 and NOD2, bind
their cognate bacterial ligand and recruit cIAP1/2 to induce polyubiquitination of RIP2,
allowing accessory protein association and downstream NFkB and MAP Kinase signalling

(Bertrand et al., 2009).

While cIAPs, like XIAP, possess IBM binding grooves and bind to caspases, unlike
XIAP, their ability to act directly as potent caspase inhibitors is not fully established
(Eckelman and Salvesen, 2006). Experiments performed in simplified Yeast in vitro
systems indicate that cIAPs can inhibit caspase-9 activity, however, whether this is achieved
via direct antagonism of caspase-9, upstream signalling partner ubiquitination control or
ubiquitin tagging and proteosomal degradation of caspase, by the cIAP-RING domain, is
still to be answered (Wright et al., 2000). Protein alignment studies show that while the
BIR2 and BIR3 IBM binding groove of XIAP, cIAP1 and cIAP2 are highly conserved, the
secondary inhibitory sites of caspase-9 (BIR3 a-helices) and caspase-3/7 (BIR1-BIR2 linker
peptide) on cIAPs lack essential residues present in XIAP necessary for effective inhibition
(Eckelman et al., 2006). This indicates that cIAPs may bind caspases via their IBM binding
groove, but lack the inhibitory capacity (and protein stability (Eckelman and Salvesen,
2006)) of XIAP to act as potent direct inhibitors of caspase. In two more recent studies, it
was reported that cIAP-1 was able to directly inhibit effector caspase activation through two
distinct alternate mechanisms. Burke et al report that the BIR2 and BIR3 domains of cIAP-
1 interact with oligomerised active caspase-9 of the apoptosome and block downstream
caspase-3/7 activation (Burke et al., 2010), while a study by Choi et al showed that cIAP-1
binds and ubiquitin tags for degradation active caspase-3 and caspase-7 when present in

proteolytically activated intermediate states (Choi et al., 2009). While a conclusive
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definition on the subject of cIAP / caspase binding has not been reached, it is believed that

cIAPs predominantly mediate caspase control at the extrinsic pathway of apoptosis.

1.8.3 Survivin

Survivin, the smallest of the IAPs at 16.5 kDa, is a unique family member in terms
of its cellular functions and differential expression. Survivin expression is absent in normal
tissue, except during embryonic development and in adult fast proliferating tissues, like
cells of the liver and gastrointestinal mucosa (Pennati et al., 2007). However, in numerous
cancers, Survivin in overexpressed (Ambrosini et al., 1997), contributing to apoptotic
resistance (Islam et al., 2000, Zaffaroni et al., 2002) and if inhibited or downregulated
sensitises cells to chemotherapy (Ambrosini et al., 1998). While other IAPs are known to
have similar significance in cancer, Survivins specificity is of particular note. Survivin is
also unique by way of its novel mechanism of caspase inhibition and its secondary function

in mitotic regulation (Mita et al., 2008).

The Survivin gene expresses three splice variants of the protein —Survivin-wild type,
Survivin-2B and Survivin-AEx3 — and forms functional homodimers in cells. Each Survivin
monomer contains a single BIR and coiled coil (CC) domain which mediate the caspase
inhibition and mitotic stabilisation of Survivin, respectively (Altieri, 2003). Survivin-BIR is
most structurally similar to XIAP-BIR3 and binds caspase-9, but lacks the conserved
residues necessary for inhibition (Eckelman et al., 2006). However, Survivin can inhibit
caspase-9 when associated with cofactor Hepatitis B X-interacting protein (HBXIP) or when
bound to XIAP, forming a more active and stable caspase inhibiting IAP — IAP complex
(Dohi et al., 2004).

As well as tissue specific expression, Survivin expression is highly regulated within
cell cycle stages (increased metaphase expression) and localised to cellular compartments
(“mitochondrial pools” in cancer to inhibit caspase upon intrinsic apoptotic stimulus
(Pennati et al., 2007)). Transcriptional and post-translation modifications by Cyclin
dependant kinase-1 (CDK1) insure Survivin expression and protein stability in metaphase,
facilitating Survivin regulation of mitotic assembly (Altieri, 2003). Survivin localises to
microtubules of the mitotic spindle and the kinetochore chromosomal passenger complex,
via the CC domain, and helps regulate spindle binding and chromosome segregation

(Skoufias et al., 2000).
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1.8.4 Livin

Livin, another IAP of significance in cancer, is encoded as two splice variants in
mammals, Livin-a and Livin-f, both consisting of a single BIR and RING domain. Livin-a
displays potent anti-apoptotic activity, however, similar to cIAP and Survivin, Livin is a
weak binder and inhibitor of caspases due to alterations in secondary binding residues of the
BIR domain, indicating Livin anti-apoptotic activity is not mediated via direct caspase
inhibition (Vucic et al., 2000). Livin does bind IAP antagonising protein SMAC / DIABLO
(Second Mitochondrial-derived Activator of Caspase / Direct IAP-binding protein with Low
PI) with nanomolar affinity and one proposed mechanism of its anti-apoptotic activity is by
Livin sequestration of SMAC, preventing SMAC-XIAP interaction and release of XIAP
bound caspase (Vucic et al., 2005).

Conversely, Livin-f has pro-apoptotic function in cells. Truncated forms of Livin-§3
reduce tumour growth and induce cell death (Abd-Elrahman et al., 2009). This duality in
Livin activity explains how in a clinical context, overexpression of Livin can confer
resistance in melanoma (Gong et al., 2005) and colon cancers (Wang et al., 2010), but high
Livin expression is a positive prognostic factor in other forms of cancer (Haferkamp et al.,

2008).

1.8.5 NAIP, IP2 and BRUCE

Other IAP members, neuronal apoptosis inhibitory protein (NAIP), testis specific
IAP (TS-IAP / ILP2) and BIR-containing ubiquitin conjugating enzyme (BRUCE /
Apollon), possess at least one BIR domain and, as such, caspase binding potential — BIR3
of NAIP has recently been reported to bind and inhibit proteolytic activation of caspase-9
(Davoodi et al., 2010) - however, they are believed to be predominantly involved in
alternate cellular functions.  These include innate immune signalling and neuroprotection

(NAIP), cytokinesis (BRUCE) and spermatogenesis (TS-IAP) (LaCasse et al., 2008).

1.9 SMAC

SMAC is head of a class of IBM-containing proteins which act as antagonists of

IAPs — pro-apoptotic agents, inhibiting the inhibitors of caspase activation. The 25 kDa
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protein is encoded at a nuclear locus and localised to the mitochondrial inter-membrane
space (IMS) by an N-terminal mitochondrial targeting sequence (MTS) (Du et al., 2000).
Cleavage of the MTS allows exposure of the N-terminal IBM four peptide sequence —
Alanine, Valine, Proline and Isoleucine (AVPI) — and homodimerisation of SMAC occurs,
forming a highly stable and active conformation able to bind IAPs (Chai et al., 2000).
Apoptotic stimuli inducing mitochondrial outer membrane permeabilisation (MOMP)
results in release of mitochondrial stores of SMAC. Released active SMAC is able to
antagonise IAP function by three separate mechanisms; (A) Competitive inhibition of the
caspase / XIAP interaction (Chai et al., 2000), (B) Induced autoubiquitination and
degradation of cIAPs (Yang and Du, 2004) (C) Binding and antagonism of Survivin and
Livin anti-apoptotic activity (Oikawa et al., 2010, Vucic et al., 2002).

Caspase sequestration by XIAP is facilitated by IBM binding to the IBM binding
groove of BIR domains. The caspase-9 IBM is the tetrapeptide sequence of Ala-Thr-Pro-
Phe (ATPF) (Shiozaki et al., 2003), highly analogous to the AVPI IBM sequence of SMAC
. Detailed structural studies have shown SMAC-AVPI to be a potent agonist for the IBM
binding groove of BIR2 (Chai et al., 2000) and BIR 3 (Liu et al., 2000) of XIAP, with
similar affinities for each. Mechanistic experiments also showed that SMAC-AVPI relieves
XIAP inhibition of active caspase-9 and effector caspase-3/7 through competitive inhibition
of caspase binding to their associate BIR domain. One SMAC homodimer (two SMAC
proteins; two AVPI sequences) can compete for binding to both BIR2 and BIR3 domains of
a single XIAP molecule (Huang et al., 2003). This releases active initiator and effector
caspases from IAP sequestration, which are free to implement the execution stage of

apoptosis.

SMAC also regulates cIAP’s indirect inhibition of caspase-8 activity through
binding of SMAC-AVPI to the BIR2 and BIR3 domain binding grooves of cIAP-1/2. A
SMAC homodimer binds BIR2 and BIR3 of the same cIAP, inducing a conformational
change that triggers activation of the RING E3-Ubiquitin ligase and autoubiquitination of
cIAPs, tagging them for rapid proteosomal degradation (Yang and Du, 2004). Loss of
cIAPs disrupts the negative regulation of RIP1 dependant capase-8 activation. SMAC does
not induce autoubiquitination of RING domain containing Livin or RING absent Survivin,
but splice variant SMAC3, not wild type SMAC, induces autoubiquitination and
degradation of XIAP (Fu et al., 2003).
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As a regulator of IAPs, factors participatory in tumorigenesis and apoptotic
resistance in cancer, SMAC expression levels can be a prognostic factor in some cancers.
Its activity has a significant effect on IAP function and is a potent inducer of apoptosis. An
altered or a mutated expression profile of SMAC can exacerbate IAP mediated tumour
resistance and promote cancer persistence and progression. Studies on Colon (Endo et al.,
2009), Renal (Mizutani et al., 2005) and Non-Small Cell Lung Carcinomas (NSCLC) (Zhao
et al., 2006) report alterations and reduction in SMAC expression is prognostic for increased
tumour progress and resistance. This relates both to these cancers having reliance on IAPs
survival and reduced ability of SMAC to antagonise IAP function, diminishing the apoptotic
potential within the tumour.

Other IBM containing IAP antagonists’ include OMI/HtrA2, GSPTqg/eRF3and XIAP
associated factor 1 (XAF1) (LaCasse et al., 2008). OMI/HtrA2, present in the IMS, can
antagonise XIAP — caspase binding, GSPTq/eRF3 displays anti-IAP activity localised to the
endoplasmic reticulum (ER), while XAF1 can bind XIAP and induce E3 ligase

ubiquitination and subsequent degradation of Survivin (Arora et al., 2007).

1.10 Apoptotic signalling pathways

As outlined above, apoptosis is a complex cellular process of PCD, whose induction,
regulation and execution is controlled by the elaborate interplay of caspase, Bcl-2, IAP and
IBM protein networks. This intricate patchwork of signalling and inhibitory cascades,
however, can be delineated into two primary pathways of apoptotic induction — (A) The
Intrinsic / Mitochondrial apoptotic pathway and (B) The Extrinsic / Death Receptor
apoptotic pathway.

1.10.1 Intrinsic / Mitochondrial apoptotic pathway

The Intrinsic / Mitochondrial apoptotic pathway is one arm of the apoptotic
machinery which responds to intracellular apoptotic insults and modulates a cell death
response through the mitochondria (illustrated in Fig. 1.6). This organelle is a key player in
detection and response to cellular perturbation or induction of forms of cellular stress. A

wide array of intrinsic apoptotic stimuli converges at the point of Bax / Bak activation.
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Oligomerisation and MPTP formation allows for MOMP and release of pro-apoptotic
proteins sequestered to the mitochondrial IMS. These include pro-caspases, IBM-
containing proteins (SMAC, OMI/HtrA2), endonucleases and cytochrome ¢ (cyto ¢), which

functions as the continuation of the apoptotic signal (Jourdain and Martinou, 2009).

Released cyto c interacts with a cytoplasmic protein APAF-1 (Apoptotic Protein
Activating Factor — 1) and ATP (Adenosine 5’-triphosphate) to form a multi-domain
apoptotic signalling platform called the apoptosome (Riedl and Salvesen, 2007). ATP binds
the NOD domain of APAF-1 and with sufficient apoptotic induction and cyto ¢ present in
the cytoplasm, cyto ¢ binds the WD40 domain of APAF-1 and causes cyto ¢ / APAF-1 /
ATP complex oligomerisation into a seven member wheel-shaped structure (Yu et al.,
2005). The apoptosome acts as a platform for pro-caspase-9 monomer binding,
autocatalytic activation converting the pro-caspase-9 zymogen to proteolytically active
caspase-9 and formation of an active caspase-9 protein homodimer. Active caspase-9 can
proteolytically activate effector caspases-3/7 and signal intrinsic apoptotic stimulus to its

execution.

1.10.2 Extrinsic / Death-receptor apoptotic pathway

As well as induction of apoptosis occurring in response to cellular damage or stress,
cells can be induced to undergo apoptosis by ligation of cell surface death receptors by their
cognate extracellular death ligands, the second signalling cascade of apoptosis entitled the
extrinsic / death-receptor pathway (illustrated in Fig. 1.6). This second mechanism of
apoptotic induction is employed in the adaptive immune response for destruction of infected
or mutated cells and prevention of auto-reactive T cell generation (Brunner et al., 2003) and

is also an apoptotic strategy exploited in anti-cancer therapies (Leong et al., 2009).

Death receptors, or the tumour necrosis factor receptor super family (TNFRSF),
consist of six distinct death domain (DD) containing transmembrane structures which bind
extracellular death ligands, such as FAS ligand, TNF-a and TRAIL / Apo2 (TNF related
apoptosis inducing ligand) (Mahalingam et al., 2009). Binding and trimerisation of death-
receptor / ligand complexes forms an intracellular signalling platform which recruits DD
containing accessory protein FADD (Fas associated protein with death domain). FADD in

turn recruits initiator pro-caspases-8 / 10 through death effecter domain (DED) dimerisation,
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forming the death inducing signalling complex (DISC). Proximal localisation of pro-
caspase-8 / 10 via this death receptor signalling scaffold allows auto-catalytic activation of
caspase and dissociation from DISC (pro-domain contains the DED). Active caspase-8 / 10
directly trigger apoptosis through proteolytic activation of effector caspases and also
modulate intrinsic pathway signalling by cleaving Bid to active tBid, amplifying apoptotic

stimulus via this intrinsic signalling loop.

1.11 IAP regulation of Intrinsic and Extrinsic apoptotic pathways

IAP family proteins, in particular XIAP and cIAP-1/2, play an important role in the
regulation of apoptotic induction via the Intrinsic / Mitochondrial apoptotic pathway and the
Extrinsic / TNF-o receptor apoptotic signalling pathway. Control and induction of the
Intrinsic / Mitochondrial apoptotic pathway is a multi-faceted process in the cell, with a
multitude of proteins participating in ensuring appropriate activation in response to stimuli.
IAP proteins function as negative regulators of caspase-dependant execution of the pathway.
Once Bcl-2 family signalling has committed to mitochondrial release of cyto c, signalling
continues to apoptosome-mediated initiator and subsequent effector-caspase activation.
IAPs Survivin and, in particular, XIAP are able to control the caspase cascade, inhibiting at
both the initiator and effector level. XIAP can completely negate cell death signalling at the
very apical edge of apoptotic execution, inhibiting initiator caspase-9 and effector caspase-
3/7, silencing the caspase cascade induced in response apoptotic stimuli. IAP negative
regulation of the intrinsic apoptotic pathway occurs with IBM-containing proteins released
from the mitochondrial inter-membrane space. Pro-apoptotic IMS proteins like SMAC, are
able to antagonise XIAP control on the intrinsic / mitochondrial pathway and conserve

signalling commitment to apoptosis.

The Extrinsic / Death Receptor (TNFR) signalling pathway has pleiotropic functions
in cells, participating in immunity and survival signalling, as well as being an inducer of
apoptosis. IAP family members participate significantly in regulation of these signalling
events. It has been discussed extensively already how XIAP, Survivin and Livin inhibit
caspase activity and as such can impede extrinsic apoptosis downstream of stimulus. Also,
cIAP1 and cIAP2, their initial discovery being as part of a TNFR signalling complex (Rothe
et al., 1995), can prevent RIP1 dependant caspase-8/10 activation. Supplementary to
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caspase control at the TNFR, cIAP1/2 plays an essential regulatory role in NFxB activation,

a signalling cascade with both survival and apoptotic consequences for cells.

TNFR signalling can facilitate both canonical (RIP1 dependant) and non-cannonical
(NFxB Inducing Kinase — NIK dependant) NFkB signalling pathways (Silke and Brink,
2010). As part of the TNFR signalling complex, cIAP1/2 positively regulates canonical and
negatively regulates non-canonical signalling through RING-E3 Ligase K63 and K48
polyubiquitination of RIP1 and NIK, respectively (Ea et al., 2006, Vince et al., 2007),
(illustrated in Fig. 1.7). IAP-1/2 control of TNFR / NF«xB signalling is important in relation
to regulation of caspase-8 activation and induced expression of tumour survival factors.
K63 polyubiquitination chains of RIP1 function as a docking platform for signalling
partners, IKK complex (IKK-a; IKK-f; IKK-y) and TAKI, activation of which leads to
phosphorylation of the p5S0/RelA NF«kB heterodimer inhibitor, IkB. Phosphorylation of IxB
leads to K48 Ubiquitin targeting for proteosomal degradation, liberating NFxB to bind IxB
response elements and transcribe cell survival factors like c-FLIP, IL-8, IAPs and TNF-a.
K48 polyubiquitination of NIK, similarly to IxB ubiquitination, targets NIK for proteosomal

degradation, preventing non-cannonical NFxB signalling.

Release of SMAC from the IMS induces autoubiquitination and degradation of
cIAPs (Yang and Du, 2004), which significantly modulates TNFR signalling and its
functional outcome (illustrated in Fig. 1.8). A study by Vince et al using transient
transfection of human SMAC and the Drosophila analogue Grim showed that loss of cIAPs
caused activation of both canonical and non-cannonical NFkB pathways (Vince et al.,
2007). Loss of cIAP negative regulation allows accumulation of NIK and activation of the
RelB / p52 NF«xB heterodimer. Both pathways are involved in de novo synthesis of TNF-a.,
which subsequently undergoes autocrine stimulation of TNFR  (Vince et al., 2007). Loss
of RIP1 ubiquitination and recruitment to the TNFR due to cIAP degradation, allows release
and formation of the RIP1-FADD-pro-Caspase-8/10 signalling complex I (Micheau and

Tschopp, 2003). This activates initiator caspases-8/10 and induces apoptosis.

1.12 SMAC mimetic therapy

A vast amount of genetic and molecular evidence over the last decade has confirmed

the role of IAP family members in the apoptotic resistance phenotype of cancer.
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Overexpression of XIAP, Survivin and cIAPs and the fundamental role of these proteins in
multi-level regulation of caspase activation and the threshold for apoptotic induction in
cancer, promotes poor prognosis in many malignancies. As such, many cancers rely on this
cellular alteration for survival and growth. However, inhibition of [APs could preferentially
kill these cancers by hitting their reliance on this cellular mechanism, making IAPs a prime

molecular target for the rational design of chemotherapeutic drugs for such cancer subtypes.

Two main approaches have been taken for the design of targeted therapies against
IAPs — (A) IAP antisense oligonucleotides; and (B) SMAC mimetics. Antisense
oligonucleotides (oligos) cause direct silencing of IAP expression by binding and inhibiting
translation of its mRNA. Reduced protein levels abrogate IAP-mediated resistance and in
lung xenograft studies, XIAP antisense oligos were shown to sensitise cells to
chemotherapy, and induce single agent cytotoxicity (Hu et al., 2003). Eli Lilly and Aegera
currently have antisense oligonucleotides against XIAP and Survivin in Phase 2 trials.
Issues with speed, efficacy and delivery of antisense oligos in the Clinic have however
stilted advancements for this type of IAP therapy. Development of “SMAC mimetics”,
small molecule compounds which mimic the action of the native IAP inhibitor, SMAC, has

become the primary focus of rational drug design in this area.

In early 2000s, structural studies had shown the ability of SMAC tetrapeptide, AVPI,
to bind to IAP BIR domains, inhibiting IAP anti-apoptotic activity and, in particular,
relieving the sequestration of active caspase-9 by XIAP-BIR3 (Liu et al., 2000). Abrogating
this central control point in the caspase / apoptotic response made SMAC a very attractive
molecule in the targeting of IAP resistance in cancer. Initial peptide-like inhibitors provided
proof in principle for the potential for SMAC mimetic therapy, but intrinsic stability and
pharmacokinetic limitations in peptide therapy prohibited their application (Fulda et al.,
2002). Creating small molecule analogues with similar structure and chemical properties to
the AVPI inhibiting motif of SMAC constituted an improved design strategy. In 2004, four
separate studies by Oost (Oost et al., 2004), Sun (Sun et al., 2004), Nikolovska-Coleska
(Nikolovska-Coleska et al., 2004) and Li (Li et al., 2004), described the discovery of SMAC
mimetic XIAP-BIR3 inhibitors based on the AVPI structure — employing structural-based
design and virtual screening of compound databases onto an AVPI-BIR3 pharmacophore.
Sun, Nikolovska-Coleska and Li showed enhanced apoptotic response to chemotherapy with
SMAC mimetic co-treatment in cancer models. Oost and Nikolovska-Coleska showed

single agent apoptotic induction by SMAC mimetics, with the Oost study showing no
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correlation with XIAP burden, suggesting alternate targets than XIAP-BIR3 (Oost et al.,
2004). Interestingly, Li et al SMAC mimetics displayed enhancement of extrinsic / death
receptor mediated cell death. SMAC mimetic treatment sensitised cells to TRAIL and TNF-
a mediated apoptosis, inducing a sequential caspase-8 and caspase-3 activation pathway.
This response was independent of targeting of XIAP and suggested the potential for SMAC
mimetics to work through cIAP targeting to enhance death receptor mediated apoptosis (Li
et al., 2004).

In 2007, three simultaneous publications in Cell confirmed an alternate target for
SMAC mimetics being cIAP-1/2 (Petersen et al., 2007, Varfolomeev et al., 2007, Vince et
al., 2007). SMAC mimetics developed in each lab showed identical function to native
SMAC in cultured cells. Mimetics disrupted cIAP-1/2 regulation of caspase-8/10 activation
and NF«B signalling through binding to BIR domains and inducing autoubiquitination and
subsequent proteosomal degradation. Loss of c-IAPs allows apoptotic Complex II
formation, in response to TNF-o ligation and downstream apoptotic induction via caspase-
8/10. Single agent apoptotic induction by SMAC mimetics was also observed in some
susceptible cell types. This was attributed to deregulation of NFxB signalling due to loss of
cIAPs. Activated canonical and non-canonical NFkB signalling induced expression and
autocrine signalling of TNF-a, which triggers caspase-8/10 mediated apoptosis in
susceptible cells (Petersen et al., 2007). A later study by Wang et al in Cell (Wang et al.,
2008), described SMAC mimetic mediated TNFR cell death as a distinct pathway to

caspase-8/10 activation.

Numerous studies have also investigated the specific targeting of Survivin with
small molecules to overcome its association with resistance and poor prognosis (Islam et al.,
2000, Zaffaroni et al., 2002). As well as the potential of direct targeting of Survivin with
SMAC mimetic, indirect inhibition of Survivin promoter sequence (Nakahara et al., 2007)
and HSP90 chaperone proteins (Plescia et al., 2005) are under clinical study.

1.12.1 SMAC mimetic therapy and MPM

Recently there has been growing evidence for the role of [APs mediating apoptotic
resistance in MPM. IAP expression studies in MPM tumours have shown abundant

expression of cIAPs, XIAP and Survivin (Gordon et al., 2007a, Kleinberg et al., 2007). In
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particular, high expression levels of cIAP-1 and Survivin have been correlated with poor
patient survival and tumour resistance in MPM (Gordon et al., 2002, Gordon et al., 2007a).
This reliance on IAPs for tumour survival in MPM presents an interesting strategy for using
SMAC mimetic therapy to overcome resistance in this highly aggressive and incurable

cancer.

1.13 The Warburg Effect: Aerobic glycolysis and resistance in cancer

The Warburg effect is the phenomenon in cancer and normal proliferating cells in
which ATP production occurs predominantly through Glycolysis (~80%) as opposed to
Oxidative Phosphorylation (Ox Phos), even in the presence of abundant levels of O,. The
Warburg effect results in the fermentation of glucose to lactate, as opposed to the full
catabolism of the carbon source into reduction intermediates for Ox Phos ATP generation.
The phenomenon was first described by its discoverer, Otto Warburg, in 1930 after
observing this altered metabolic framework in cancer cells and has subsequently been
determined as a characteristic feature of cancer metabolism (Zhivotovsky and Orrenius,
2009). The effect is so ubiquitous, that increased glycolytic flux in cancer is used as a
diagnostic tool to detect the presence, location and size of tumours using a fluorescent
glucose derivative (F-deoxyglucose) and Positron Emission Tomography (PET) imaging
(Lammering et al., 2010). The Warburg effect was first predicted to be due to defects
occurring in the electron transport chain during tumorigenesis. However Ox Phos has been
shown to still occur in cancer cells and its restricted process is still essential in maintaining
the aerobic glycolytic phenotype. The shift from energy production via Ox Phos to
glycolysis is an adaptation in cancer which provides a distinct advantage in energy
metabolism, cellular proliferation and apoptotic resistance, even though glucose
fermentation to lactate, instead of feeding into the citric acid cycle as pyruvate, is a far less
efﬁcient method of energy production (Glycolysis produces a net gain of 2 ATP compared

to a possible 36 ATP with complete catabolism of glucose via Ox Phos).

1.13.1 Advantages of an aerobic glycolysis metabolic phenotype in cancer

The reasons and benefits for an aerobic glycolytic phenotype being so prevalent in

cancer are as yet unconfirmed but, compelling theories have been reported for the existence
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of this phenomenon. While aerobic glycolysis is a deficient mechanism of energy
production in cells, the metabolic requirements of fast proliferating cancer cells are different
to normal somatic tissue and extend beyond ATP demands. Fast proliferating cells quickly
replicate all their cellular components through successive cycles of mitosis, placing a huge
requirement on the biosynthesis of cellular intermediates like nucleotides, lipids, amino
acids and reducing components (NADPH), to drive tumour growth. As such, the primary
selective pressure in the metabolism of cancer cells is the availability of carbon source for
the production of cellular components, as opposed to ATP energy demand. Glucose is the
primary carbon and energy source in cells. Instead of fully catabolising glucose to 36 ATP
and 6 CO,, glycolytic flux is redirected allowing intermediates enter pathways of
nucleotide, amino acid and lipid synthesis. Loss of carbon source by way of CO, excretion
is a greater inefficiency in proliferating cancer cells than deficient energy production by

aerobic glycolysis (Vander Heiden et al., 2009).

After catalysis of glucose to glucose-6-phosphate (G-6-P) by Hexokinase, G-6-P can
be diverted into the Pentose Phosphate pathway, producing nucleotides and reduction
components for cell proliferation. Citric acid cycle intermediates, citrate and acetyl CoA,
are also trafficked into amino acid and fatty acid / lipid synthesis pathways. A large
proportion of glucose uptake culminates in fermentation to lactate which produces 2 ATP
for energy requirements, helps maintain NAD'/NADH cycling and is quickly excreted from
the cell. Excretion of lactate losses three carbons per molecule, however it is essential to
prevent glycolysis inhibition and maintain fast cell proliferation. It has been reported that
excreted lactate can be taken up and catalysed in other heterogeneous parts of the tumour

mass and excreted lactate can be toxic to surrounding tissue and immune cells.

1.13.2 Mitochondrial-associated Hexokinase-I/I1 is essential for aerobic glycolysis and

mediates a metabolic advantage in cancer

Hexokinase has an important role in facilitating aerobic glycolysis in cancer and
confers a number of metabolic and apoptotic resistance advantages in tumours. Hexokinase
(HK) mediates the first committal step in glycolysis, catalysing the ATP-dependant
phosphorylation of glucose to glucose-6-phosphate, and this process is rate determinant for

total cellular glycolytic flux, energy production and biosynthesis of cellular components
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(Wilson, 2003). HK exists as four enzyme isoforms (HK-I — HK-IV) with close structural
and functional similarity, however alternate glucose affinity and tissue distribution allows
for individual metabolic roles within cells (Wilson, 2003). HK-I and HK-II, high affinity
glucose binding isoforms, are essential components in facilitating aerobic glycolysis in
cancer cells and are overexpressed in many cancer sub-types. These HK isoforms uniquely
express a 15 Amino Acid (AA) N-terminal sequence which facilitates localisation of HK to
the mitochondria (Mito). HK-I/HK-II localisation to the Mito positions HK for preferential
access to Ox Phos generated ATP, required for initiating glycolysis. Overexpression of
Mito localised HK, continuous ATP exposure and abundant glucose levels facilitates an
increased glycolytic rate, even in the presence of O,. High glycolytic flux feeds the
metabolic needs of fast proliferating cancer cells (i.e.: Biosynthesis) and provides a
mechanism of energy production for insufficiently vascularised solid tumours under
hypoxic conditions. As such, Mito localised HK is integral to aerobic glycolysis and cancer
metabolism. It provides a distinct metabolic advantage in malignant neoplasms and it is
reported that up to 75% of cellular HK is localised to the mitochondria in some tumours

(Linden et al., 1982).

1.14 Association of Hexokinase-1/I1 with the Voltage Dependant Anion Channel -1

and apoptotic resistance in cancer

At the mitochondrion, HK associates with the Voltage Dependent Anion Channel - 1
(VDAC), an abundant mitochondrial outer membrane (MOM) protein and central
component of the MPTP. The hydrophobic 15 AA N-terminal sequence of HK inserts into
the MOM bilayer and interacts with transmembrane B-barrel domains of VDAC. Site
directed mutagenesis studies have also revealed association points of glutamate, lysine and
aspartic acid residues of the 1% and 4™ cytoplasmic loops of VDAC essential for HK
localisation to the mitochondria (Abu-Hamad et al., 2008) (illustrated in Figure 1.9.A).
Binding of HK to VDAC culminates in the oligomerisation of the complex into tetrameric
structures and also results in the association of VDAC with another member of the MPTP,
the Adenine Nucleotide Transporter (ANT). The inner to outer mitochondrial membrane
complex of HK, VDAC and ANT forms at dual mitochondrial membrane contact sites.

While reports are conflicted (Azoulay-Zohar et al., 2004), a general consensus exists that

32



€) i
A Glucose G6P — 3 Aerobic

Glycolysis
ATP N\~ - ADP

1and 4% VDAC cytoplasmic loop
Essential residues for binding

)

MONM

I il (1)
1554

N-Terminal Sequence

(Growth Factor; Insulin) L

B PI3K signalling 1 Grur1
T cLur 4

uV
)
GSK3B | Akt

\ (b)
(ii) ((;.YP - J

3-Briyr

-~ N, s
W NN T

Bax/Bak Positive

Apoptosis ===

Bax/Bak Negative

R, N

HK
o HK Peptide ~ \
Bax S \ //
o ~

Bel-y,
Inhibition
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HK binding promotes an “Open” conformation for VDAC trafficking of ions and
metabolites across the MOM and when bound to the MIM transporter ANT, this
VDAC/ANT complex facilitates ATP/ADP flux from the matrix to VDAC-bound HK,
preferentially driving increased glycolytic rates (Robey and Hay, 2006).

As well as facilitating a metabolic advantage, hexokinase binding to VDAC also
mediates apoptotic resistance in cancer cells. During apoptosis, an intrinsic apoptotic
stimulus induces localisation of Bax to the mitochondria and oligomerisation with Bak, an
essential initiation step in MOMP, cyto c¢ release and caspase dependant apoptosis.
Numerous studies report that HK binding to the mitochondria antagonises the pro-apoptotic
effects of Bax and Bak (Majewski et al., 2004a, Majewski et al., 2004b, Pastorino et al.,
2002). An original study by Pastorino et al described how mitochondrial localised HK-II
prevented binding of Bax to the mitochondria and release of cyto c¢, however forced
dissociation of HK-II sensitises mitochondria to Bax induced MOMP and cyto ¢ release
(Pastorino et al., 2002). These and subsequent results suggest that both Bax/Bak oligomers
and HK possess a common binding site on the mitochondria and localisation of HK to the
mito during aerobic glycolysis consequently inhibits Bax translocation, Bax/Bak hetero-
oligomer pore formation and downstream apoptosis (Robey and Hay, 2006). While it is
well established that Bax and Bak participate in the creation of selective MOM pores for the
release of cyto ¢, the mechanism and complete structure of the pore forming complex are
still under debate (Kumarswamy and Chandna, 2009). Theories suggest that Bax and Bak
on their own or Bax and Bak in cooperation with components of the MPTP constitute the
pore forming complex, and new and old reports strongly suggest the participation of VDAC
in this process. Reconstituted liposome experiments revealed that Bax interacts with VDAC
and forms a large membrane pore which allows the passage and release of cyto ¢ (Shimizu
et al., 1999). A recent study by Shoshan-Barmatz et al reported specifically on the
importance of the internalisation of the N-terminal sequence of VDAC for oligomerisation
and release of cyto ¢ from the mitochondria (Shoshan-Barmatz et al., 2010). Mitochondrial
localisation of hexokinase and its association with VDAC is able to inhibit apoptosis by
sterically hindering binding of Bax/Bak to VDAC. This prevents pore formation, cyto ¢
release and apoptosis and is further evidence for mitochondrial-localised HK being a highly

beneficial adaptation in cancer.
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1.14.1 Regulation of Hexokinase-1/II binding to VDAC

As a central component in sustaining aerobic glycolysis and apoptotic resistance in
cancer cells, initiation and maintenance of HKs association to the mitochondria is a highly
regulated process. An enzymatically active conformation of hexokinase is necessary for
VDAC affinity and, as such, abundant levels of glucose are required for sustained binding to
the mitochondria. Reduced glucose availability and a compensatory increase in levels of the
G-6-P can cause HK dissociation via product negative feedback inhibition. Mechanisms
exist to subvert this glycolytic checkpoint as HK-I possess reduced affinity for its product,
G-6-P (Skaff et al., 2005). Akt (Protein Kinase B) signalling is a central control point for
promoting HK association to the Mito. Akt is activated by phosphorylation from the
Phosphoinositide-3-kinase (PI3K) signalling pathway, downstream of Insulin-like Growth
Factor (IGF) receptor ligation. Growth factor stimulus, via Akt, induces HK localisation to
the Mito, promoting increased cellular proliferation by aerobic glycolysis (Robey and Hay,
2006). Overactive IGF and Akt signalling are common alterations promoting proliferation
in cancer and reports by Majewski et al have implicated Akt as being essential in inhibition
of apoptosis by promoting localisation of HK to the Mito and inhibiting dissociation
(Majewski et al., 2004b). Akt achieves this via a number of control mechanisms including
directly phosphorylating the threonine 473 residue of HK, which increases its affinity for
the Mito, and stimulating increased protein expression of glucose transporters, Glut 1 and
Glut 4 (Pastorino and Hoek, 2008). This helps maintain positive glucose levels, promoting
an active HK conformation and glycolysis. Akt is also able to inhibit Glycogen Synthase
Kinase 3B (GSK3B), a negative regulator of HK binding to VDAC. GSK3p
phosphorylation of VDAC causes HK dissociation and sensitisation to apoptosis (Fig
1.9.B).

Other components of the MPTP, besides VDAC and ANT, are able to
regulate HK binding. The mitochondrial matrix protein and member of the MPTP,
Cyclophilin D, is essential in stabilisation of HK association with VDAC and does so
indirectly by interaction with ANT in the bound complex (Machida et al., 2006). The
Peripheral-type Benzodiazepine Receptor (PBR), in consort with VDAC, facilitates uptake
of cholesterol into the MOM which promotes HK association to the Mito. Anti-apoptotic
Bcl-2 family protein, Bcel-xi, also can affect the HK, VDAC, Bax/Bak binding dynamic.
Like HK, Bcl-XL, can directly interact with VDAC via insertion of its N-terminal into the
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Mito and interaction of its BH4 domain with VDAC. The Bcl-XL / VDAC complex
maintains a monomeric structure and ultimately prevents Bax and Bak binding to VDAC

and initiation of apoptosis (Malia and Wagner, 2007).

1.15 Dissociation of Hexokinase-I/II from the mitochondrion induces apoptosis in

cancer

As outlined above, HK association to the Mito is vital in maintaining aerobic
glycolysis and participates in mediating apoptotic resistance in cancer cells. Increased
glycolysis and HK localisation to the Mito is believed to be a common adaptation in cancer
and as such, many cancers are characterised by overexpression of HK-I/Il and VDAC and
increased signalling and activity of regulators IGFR and Akt (Pastorino and Hoek, 2008).
Consequently, dissociation of HK from the Mito has been shown to induce and sensitise
cells to apoptosis, even in resistant cancer sub-types. Numerous reports have illustrated
how HK dissociation sensitises cells to Bax/Bak dependant apoptosis or induces apoptosis
on its own in a Bax/Bak dependant mechanism (Arzoine et al., 2009, Majewski et al.,
2004a, Shulga et al., 2009). The previously discussed study by Pastorino et al revealed that
in functional isolated mitochondria experiments, HK dissociation allows binding of Bax to
the Mito and release of cyto c¢. In whole cell treatments, HK dissociation in combination
with Bax activation (50uM Indomethacin) promotes synergistic cyto ¢ release and caspase
dependant apoptosis (Pastorino et al., 2002). Alternate studies have shown that in some
cases HK release from the Mito alone is sufficient to induce cell death in Bax/Bak

expressing cancer cell lines (Chiara et al., 2008).

HK dissociation has also been shown to induce cyto c release and apoptosis in
resistant Bax/Bak null cell lines, occurring through a mechanism independent of Bax/Bak
pore formation with VDAC (Majewski et al., 2004a). Majewski et al reported that
dissociation of HK from the Mito and subsequent cyto c¢ release and apoptosis could occur
in Bax/Bak double knock out (DKO) cells but effects were less potent compared to Bax/Bak
competent wild type (WT) cells. A lower magnitude of HK release was observed in
Bax/Bak DKO cells due to the lack of competition for VDAC binding. Artificial Akt
overexpression attenuated cyto ¢ release and apoptosis, indicating that HK dissociation from
VDAC is specifically responsible for loss of mitochondrial integrity and MOMP,

independent of Bax and Bak pore formation. HK dissociation and subsequent binding of
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creatine kinase (CK), an IMS component of the MPTP, in between VDAC and ANT is
suspected to contribute to the creation of a “Closed” VDAC conformation preventing
adenine nucleotide and other metabolite exchange between the matrix and cytoplasm
(Robey and Hay, 2006). Prolonged HK loss, via growth factor withdrawal or forced HK
dissociation, in Bax / Bak deficient cells is believed to adversely affect mitochondrial
integrity due to the “Closed” VDAC conformation. Ultimately this phenomenon results in
MIM remodelling, matrix swelling and rupture of the outer membrane (MOM), culminating

in cyto ¢ release and cell death in Bax/Bak null cells (Robey and Hay, 2006).

1.15.1 Mitochondrial Hexokinase-Dissociating compounds

A number of distinct classes of compounds have been shown to act as mitochondrial
HK dissociating compounds and are currently at various stages of development as anti-
cancer agents. Anti-fungal azole derivatives, including clotrimazole (Fig 1.10.A), have
been reported to induce detachment of HK from the mitochondria (Penso and Beitner,
1998). The mechanism of action for clotrimazole is as yet unclear, however it is predicted
that the hydrophobic imidazole compound is able to disrupt the hydrophobic interaction
between mitochondrial localised HK-I / HK-II isoforms and VDAC, inducing forced
dissociation for hexokinase from the mitochondria (Majewski et al., 2004a). Clotrimazole-
driven hexokinase dissociation occurs prior to induction of cell death, characterised by
binding of Bax to VDAC, mitochondrial membrane permeabilisation, cyto ¢ release, G1 cell
cycle arrest and an apoptotic form of PCD (Pastorino et al., 2002, Chiara et al., 2008,
Machida et al., 2006). Dissociation of mitochondrial hexokinase and apoptosis induced by
clotrimazole has been reported in numerous cancer cells (Liu et al., 2010, Majewski et al.,
2004a, Penso and Beitner, 1998), is used as a model reagent in studies investigating the
Warburg effect, MPTP dynamics and apoptosis and is in development as a selective anti-
cancer agent. Clotrimazole also has affinity for alternate molecular targets, including other
enzymes of the glycolytic pathway, and has been reported to elicit cell death through
alternate mechanisms. The triphenylmethyl-like motif present in clotrimazole has been
implicated in affinity for a number of distinct anti-cancer targets (Palchaudhuri et al., 2008).
Clotrimazole has been shown to be a calmodulin antagonist (Penso and Beitner, 1998), an

inhibitor of cytochrome P-450 superfamily enzymes (Turan et al., 2001) and disrupts
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Figure 1.10: Hexokinase dissociating compounds.

Hexokinase dissociating compounds are able to release Hexokinase from the Mito and induce cyto c release
and apoptosis in cancer. (A) Clotrimazole — anti fungal azole compound. (B) Methyl Jasmonate — Class of
Jasmonate plant stress hormones. (C) 3-bromopyruvate — brominated pyruvate derivative. (D) 15 amino acid
N-terminal sequence of hexokinase — synthetic peptides containing the HK 15 AA N-terminal sequence are
able to compete for binding to VDAC and dissociate native hexokinase (Sequence diagram from PBD crystal
structure, visualised using MOE (Aleshin et al., 1998).
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6-phosphofructokinase (PFK) activity (Marcondes et al., 2010). In an alternate mechanism
of glycolytic control, clotrimazole dissociates and inhibits the tetrameric state of active
PFK, inducing detachment of the enzyme from the cytoskeleton, disrupting the rate of
glycolytic flux, and cellular ATP / Homeostasis. Despite being a promiscuous inhibitor, its
dissociation of HK is proposed to be a direct effect, independent of its alternate mechanisms

of metabolic control.

Other classes of HK dissociating compounds include Methyl Jasmonate, 3-
bromopyruvate and synthetic hexokinase 15-AA N-terminal peptides. The Jasmonate
family of plant stress hormones are a class of hydrophobic small molecules reported to
induce cell death in drug resistant forms of cancer. Methyl Jasmonate (Fig 1.10.B) and its
synthetic derivatives have been shown to selectively induce apoptosis in cancer and methyl
Jasmonate mediates this effect through direct binding to mitochondrial localised hexokinase
and interfering with the hydrophobic interaction between HK and its anchor protein VDAC,
inducing HK dissociation from the mitochondria and cellular events leading to cell death
(Goldin et al., 2008, Park et al., 2010). 3-bromopyruvate (Fig 1.10.C) is a brominated
pyruvate derivative which inhibits aerobic glycolysis by covalent binding to HK and
inducing dissociation from the mitochondria (Chen et al., 2009). Dissociation of HK and
glycolytic inhibition causes depletion of cellular ATP and apoptosis in cancer cells. Initial
in vivo experimentation with 3-bromopyruvate in hepatocellular carcinoma produced
startling results with complete eradication of cancers with no recurrence or significant
toxicity to normal liver tissue (Ko et al., 2004). A final inducer of dissociation involves the
15 amino acid N-terminal sequence of HK-I and HK-II (Fig 1.10.D), the hydrophobic tail
specific to these HK isoforms which allows association to the mitochondria via insertion
into the outer mitochondrial membrane and interaction with VDAC (Robey and Hay, 2006).
Numerous studies have employed synthetic forms of cell permeable peptide containing this
N-terminal sequence to induce potent dissociation of HK from the mitochondria (Majewski
et al., 2004a, Pastorino et al., 2002). These HK N-terminal derivative peptides displace
endogenous full length HK from the mitochondria by competing for insertion into the

mitochondria and association with VDAC.

1.16 The need for new targeted anti-cancer therapies

The goal for all anti-cancer therapies is to selectively tip the balance towards PCD in

cancer cells, but leave normal tissue unaffected. Ideal therapies employ the conserved
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cellular mechanisms of apoptosis to orchestrate the controlled destruction of aberrant cells
through radiological or chemical challenge, specifically in cancer cells. However, cancer
alterations in conserved cellular mechanisms, like apoptosis, and limitations in classical

drug design make such a prospect difficult.

Since the inception of using pharmacological agents in the treatment of cancer,
approximately seventy years ago, the issues of severe side effects and acquired resistance of
cancers to adjuvant chemotherapies have persisted. In the 1940’s, the initial breakthroughs
in Oncology by Goodman and Farber into nitrogen mustard and anti-folate therapies were
revolutionary in the treatment of lymphoma and other cancers (Goodman et al., 1984,
Farber and Diamond, 1948). The growth of the field produced similar serendipitous
discoveries including vinca alkaloid, taxane and platinum-based agents with apoptotic
activity, but all presented severe off-target cytotoxicity and development of resistance by
many cancers. In Cancer Biology today, the vast expansion in our understanding of the
mechanisms and phenotypes of cancer has revolutionised drug discovery. Thinking of
cancer by way of the collection of mutations facilitating its growth, survival and resistance
opens up an alternate strategy for developing improved chemotherapies. Advanced
molecular understanding, genomic analysis and computational techniques allows
identification and selective targeting of these biochemical “weaknesses™ in cancer subtypes
with new “rationally designed” chemotherapeutic drugs, negating the reliance on

serendipitous discoveries and reducing the scope for resistance and side effects.

Successful rational design programmes include targeting nuclear receptor signalling
(antagonism of Estrogen receptor in ER dependant breast cancer), molecular chaperone
function (HSP90 inhibitors in numerous cancer types, including melanoma (Porter et al.,
2010)) and tyrosine kinase inhibitors (fusion oncogene Bcr-abl targeting with Gleevec in
CML (Guo and Ding, 2003)). Other promising molecular targets in cancer, and ones which
are the focus of this study, are relieving IAP mediated resistance through SMAC mimetic
therapies and “the Warburg Effect” — a unique metabolic niche promoting both growth and

apoptotic resistance in cancer.

1.17 Aims

The aims of this project were to employ a rational drug design approach for the

development of treatments for resistant forms of cancer, with particular interest in the
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development of therapeutic options for the highly resistant neoplasm, Malignant Pleural
Mesothelioma. Attempts were made to identify mechanisms of apoptosis or drug resistance
in this malignancy and specifically target the dependence of MPM on these cellular
alterations for survival and growth. Commercially available and novel compounds
developed through computational design were used to develop a rational and effective

treatment strategy for MPM.

The Inhibitor of Apoptosis Protein family was a rational drug design target of
interest in MPM. IAP family proteins are part of a control network that blocks execution of
apoptosis and have been shown to be overactive and facilitate resistance in many cancer
types. Previous reports have strongly implicated high IAP expression as mediating
resistance specifically in MPM and IAP inhibition was thought worthy of investigation as a
rational drug design target for treatment in this form of cancer. Initial experimentation
looked to confirm a correlation between high IAP expression and apoptotic resistance in
MPM. Commercially available SMAC mimetics and novel, computationally designed small
molecule mimetics were tested as apoptotic inducers as single agents or in combination with
a conventional MPM chemotherapy, cisplatin. This work aimed to firstly identify novel
SMAC mimetic compounds with effective and potent activity in MPM and secondly
determine whether MPM was a useful test model for the development and computational

design of SMAC mimetic compounds.

A second molecular target under investigation in this study was the metabolic
alteration of aerobic glycolysis, or “The Warburg Effect”, occurring in cancer and other fast
proliferating cells. The overactive glycolytic flux of aerobic glycolysis has been shown to
be a ubiquitous alteration in cancer which facilitates a metabolic advantage for fast
proliferation of cells and helps inhibit intrinsic apoptotic activation through increased
localisation of hexokinase to the mitochondria. Dissociation of HK causes apoptosis even
in resistant Bax/Bak deficient cancers and was chosen as a target for rational drug design.
The project aimed to identify ligands which act as HK dissociating compounds and develop
novel, computationally designed compounds based on a pharmacophore from a known HK
dissociating drug. Compounds were initially tested in “Bax/Bak null” and “Bax/Bak
positive” Burkitt Lymphoma cell lines and a panel of MPM cell lines. The study aimed to
develop “on target” HK dissociating drugs effective in the treatment of resistant MPM.
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Chapter 2

Materials and Methods



2. Materials and Methods

Materials

2.1.1 Source of materials
Materials

96-Well plates (Sterile)
Ac-DEVD-AMC

Acetyl Coenzyme A

Ac-IETD-AMC

Ac-LEHD-AMC

Acrylamide : bis-Acrylamide (30:0.8)
Acrylamide : Methylenebisacrylamide (29:1)
Agarose

Alamar Blue

Alpha-thioglycerol

Amersham Molecular Weight Marker
Ammonium persulphate
Annexin-V-Fitc

Anti-Bak Rabbit mAb

Anti-Bax (n-20) Rabbit pAb
Anti-Bcl-2 (ab-1) Mouse mAb
Anti-clAP-1 Mouse mAb
Anti-cIAP-2 Mouse mAb
Anti-Hexokinase-II (c64g5) Rabbit mAb
Anti-HSP60 Rabbit pAb

Anti-IkB moue mAb

Anti-LC3 rabbit mAb

Anti-Mouse IgG HRP

Anti-p62 rabbit mAb

Anti-Parp-1 (Ab-2) Mouse mAb
Anti-Rabbit [gG HRP

Anti-TNF-R1 (c25c1) Rabbit mAb
Anti-Ubiquitin mouse mAb
Anti-XIAP (3B6) Rabbit mAb
Anti-B-Actin Mouse mAb

Aprotinin

Suppliers

Greiner Bio-One
Enzo Life Sciences
Sigma-Aldrich

Enzo life sciences
Enzo life sciences
National Diagnostics
National Diagnostics
Sigma-Aldrich
Invitrogen
Sigma-Aldrich

GE Healthcare
Sigma-Aldrich

1Q Products

Cell Signalling
Santa Cruz Biotechnology
Merck Biosciences
BD Pharmingen

BD Pharmingen

Cell Signalling
AbCAM

Santa Cruz Biotechnology
Sigma-Aldrich
Promega
Sigma-Aldrich
Calbiochem
Promega

Cell Signalling
Santa Cruz Biotechnology
Cell Signalling
AbCAM
Sigma-Aldrich
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ARPFAQ-[K-5-FAM]

ARPFAQK

AVPI-RRRRRRRR

Bafilomycin Al

Bathocuprione disulphonic acid

BCA Protein Assay Kit

Bovine Liver Catalase

Bovine Serum Albumen (BSA)

Bovine y-globulins

Bromophenol Blue

CHAPS

Chloroquine

Ciglitizone

cis-Diammineplatium(II) dichloride (Cisplatin)
Clotrimazole

Complete Protease Inhibitor Cocktail
DAPI

D-Glucose-6-Phosphate disodium salt hydrate
Dimethyl sulphoxide (DMSO)
Dithiothreitol (DTT)

Doxorubucin

Dried Milk

DTNB

Dulbecco’s Modified Eagles Medium (DMEM)
E64d

Econazole

Embelin

Ethanol

Ethylene glycol tetraacetic acid (EGTA)
Ethylenediaminetetraacetic acid (EDTA)
Etoposide

Fetal Bovine Serum

Glucose-6-phosphate Dehydrogenase (S. cerevisiae)

Glycerol
Glycine
GW1929
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Genscript Corporation
Genscript Corporation
Genscript Corporation
Sigma-Aldrich
Sigma-Aldrich
Pierce
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fluka Biochemocal
Sigma-Aldrich
Tocris
Sigma-Aldrich
Sigma-Aldrich
Roche Diagnostics
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Enzo life sciences
Marvel
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Enzo life sciences
TCD Stores
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Tocris



GW9662

Hank’s Balanced Salt Solution (HBSS)
Hepes

Hepes (cell culture)

Human Recombinant TRAIL
Hydrogen Peroxide

Immobilon Western Chemiluminescent HRP Substrate (ECL)

Lantascreen' "TR-FRET PPAR-y assay
Leupeptin

Lipopolysccharide (LPS)

Low Melting Point Agarose (LMPA)
Methanol

Methotrexate

Miconazole

Microscope Slides

N-Acetyl-L-cysteine

Nocodazole

Nonidet P-40

Oxaloacetic acid

Penicillian Streptomycin (Pen-Strep)
Pepstatin A

PhenylMethylSulfonyl Fluoride (PMSF)
Phosphate buffered saline (PBS)
Potassium chloride (KCI)

Potassium phosphate

Propidium Iodide

PVDF

Quanti-Blue

Raltitrexed monohydrate

RapiDiff Nuclear and Cytoplasmic staining kit
Recombinant Human Tumour Necrosis Factor a. (TNF-a)
Recombinant Human XIAP-BIR3
RNAse A

Rosiglitizone

RPMI 1640 Medium

Sodium azide

Tocris
Invitrogen
Sigma-Aldrich
Sigma-Aldrich

Autogen Bioclear

Sigma-Aldrich
Millpore
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
TCD Stores

Fluka Analytical

Sigma-Aldrich

Thermo Scientific

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Biosciences

Sigma-Aldrich
Sigma-Aldrich

Oxoid chemicals

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Invitrogen

Enzo life sciences

Sigma-Aldrich
Invitrogen
R&D Systems
Sigma-Aldrich
Tocris
Invitrogen

Sigma-Aldrich
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Sodium chloride

Sodium dodecyl sulfate (SDS)

Sodium Pyruvate

Sodium Pyruvate (Cell Culture)

Stripping buffer (10x)
Sucrose

TEMED

Tissue Culture Flasks
Triton-X-100

Trizma base (Tris)
Trypsin-EDTA (10x)
Tween-20
Vinblastine

X-Omat LS Film
Z-LEHD-FMK
Z-VAD-FMK
a-thioglycerol

B-Nicotinamide Adenine Dinucleotide (NAD)

B-Nicotinamide Adenine Dinucleotide Phosphate (NADP)
B-Nicotinamide Adenine Dinucleotide Phosphate, reduced (NADPH)
B-Nicotinamide Adenine Dinucleotide, reduced (NADH)
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Sigma-Aldrich
Fluka Biochemocal
Sigma-Aldrich
Sigma-Aldrich
Chemicon
Sigma-Aldrich
Sigma-Aldrich
Greiner Bio-One
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Enzo life sciences
Kodak

MBL International
MBL International
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich



2.1.2 Source of cell Lines

Mesothelioma cell lines CRL 5915 (NCI-H2052), CRL-5820 (NCI-H28), One 58
and Ju77 were obtained from Prof. Ken O’Byrne (Institute of Molecular Medicine, St.
James Hospital, Trinity College Dublin, Ireland). Burkitt’s lymphoma cell lines Mutu-1
(c179) and DG-75 were provided by Dr. Dermot Walls (School of Biotechnology, Dublin
City University, Ireland). HeLa cells were provided by Prof. Mary Meegan from the School
of Pharmaceutical Sciences, Trinity College Dublin, Ireland. Chronic Lymphocytic
Leukaemia (CLL) cell lines, PGA and HG3, were obtained from Prof. Anders Rosén of
Link6ping University, Sweden. LC3-GFP stably transfected macrophages were obtained
from Dr. Jim Harris (School of Biochemistry and Immunology, Trinity College Dublin).

Methods

2.2. Cell culture
2.2.1 Malignant Pleural Mesothelioma cell lines

The CRL 5915 cell line was established from pleural effusion of a 65 year old
Caucasian male diagnosed with advanced stage 4 Malignant Pleural Mesothelioma (MPM).
The CRL 5820 cell line was also established from pleural effusion of advanced stage 4
Malignant Pleural Mesothelioma of a 48 year old Caucasian male. Both JU77 and ONS58
MPM cell lines were obtained from pleural effusion of patients with known industrial
crocidolite asbestos exposure, positively diagnosed for Malignant Pleural Mesothelioma, but
had not received treatment for the malignancy. Establishment and characterisation of these
two MPM cell lines was fully described in an International Journal of Cancer publication

by Manning et al (Manning et al., 1991).

In culture, all Mesothelioma cell lines were grown using RPMI-1640 + Glutamax
Medium containing 10% (v/v) Foetal Bovine Serum (FBS) and 100ug/ml Penicillin and
Streptomycin (Pen-Strep). Cells were maintained in 75cm? tissue culture flasks, containing
18ml supplemented media, at a temperature of 37°C in a 5% CO,/ 95% O, humidified
atmosphere. Cells were split at a ratio of 1 in 5 three times a week and used in

experimentation up until a cell line exceeded 35 passages.
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2.2.2 Burkitt’s Lymphoma cell lines

The MUTU-1-(c179) cell line is a Burkitt’s lymphoma (BL) cell line model derived
from patient biopsy. These cells are an isogenic stable group-I BL cell line, positive for BL-
type Epstein-Barr Virus (EBV) genomic expression (Gregory et al., 1990). Mutu-1 cells
were cultured in RPMI 1640 + Glutamax medium, supplemented with 10% (v/v) FBS,
100pg/ml Pen-Strep, SmM alpha-thioglycerol and 20uM bathocuprione disulphonic acid in
phosphate buffered saline (PBS), 100mM sodium pyruvate and ImM Hepes. All media

supplements were sterile and of cell culture grade.

The DG-75 cell line was established by Ben-Basset et al in 1977 from pleural
effusion of a diagnosed paediatric case of Burkitt’s Lymphoma, negative for the presence of
the EBV genome or EBV receptor expression (Ben-Bassat et al., 1977). Recent
publications have classified the DG-75 cell line as being highly resistant to apoptotic
challenge and it is proposed that the lack of expression of pro-apoptotic Bcl-2 family
proteins, Bax and Bak, in DG-75 cells can potentiate compromised apoptotic induction and
subsequent resistance to apoptotic stimuli (Sun et al., 2007, Cloonan and Williams, 2010).
DG-75 cells were cultured in RPMI 1640 + Glutamax medium, supplemented with 10%
(v/v) FBS and 100pg/ml Pen-Strep. Both BL suspension cell lines were maintained in
75cm? tissue culture flasks, containing 15ml supplemented media, at a temperature of 37°C
in a 5% CO; / 95% O, humidified atmosphere. Cells were split at a ratio of 1 in 7 for
Mutu-1 and 1 in 10 for DG-75, three times a week and used in experimentation until a

passage number of no greater than 35 passages.

2.2.3 HelLa cell line

The HeLa cell line is a Human Papilloma Virus (HPV) positive cervical
adenocarcinoma cell model. The cell line was derived from pre-treatment biopsy of
Henrietta Lacks, a 31 year old, African American, female cervical cancer patient, in 1951.
HeLa cells represent the first immortalised in vitro cancer cell model and have been
extensively used in cancer cell biology research (Jones, 1997). HelLa cells were cultured in
Dulbeccos Modified Eagles Medium (DMEM) + Glutamax supplemented with 10% (v/v)
FBS and 100pg/ml Pen-Strep. Cells were maintained in 75cm” T75 tissue culture flasks,
containing 18ml supplemented media, at a temperature of 37°C in a 5% CO, / 95% O,
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humidified atmosphere. Cells were split at a ratio of 1 in 6, three times a week and used in

experimentation until a passage number of no greater than 35 passages.

2.2.4 Chronic Lymphocytic Leukemia cell lines

Chronic Lymphocytic Leukaemia (CLL) is a malignancy of B-cell lymphocytes
characterised by massive clonal expansion of malignant CD5+, CD23+ monoclonal B-cells
and accumulation of these cells in peripheral lymphatic tissue, bone marrow and blood
(Masood et al., 2011). PGA1 and HG3 are Epstein-Barr virus transformed CLL cell lines
representing disease models which are responsive and unresponsive to treatment,
respectively. PGA1 expresses mutated Immunoglobulin heavy chain genes (M-IgVy), a
good prognostic factor in CLL, while the HG3 cell line expresses unmutated
Immunoglobulin heavy chain genes (U-IgVy), a poor prognostic factor in patients with CLL
(Hamblin et al., 1999). PGA1 and HG3 cell lines were cultured in RPMI-1640 + Glutamax
Medium containing 10% (v/v) Foetal Bovine Serum (FBS) and 100ug/ml Penicillin and
Streptomycin (Pen-Strep). Cells were maintained in 75cm” tissue culture flasks, containing
18ml supplemented media, at a temperature of 37°C in a 5% CO,/ 95% O, humidified
atmosphere. Cells were split at a ratio of 1 in 5, three times a week and used in

experimentation up until a cell line exceeded 35 passages.

2.2.5 LC3-GFP Macrophages

LC3-GFP (Green Fluorescent Protein) stably expressing macrophages were
generated by transfection of a Macrophage cell line with an expression plasmid containing
the GFP tagged LC3 gene, promoter sequence and puromycin resistance gene. Clonal
selection for positively transfected cells was obtained using a puromycin selection
antibiotic, producing a stably transfected macrophage cell line with ubiquitous expression of
the fluorescently tagged LC3 protein. The LC3-GFP macrophage cell line was cultured in
RPMI-1640 + Glutamax Medium containing 10% (v/v) Foetal Bovine Serum (FBS) and
100pg/ml Penicillin and Streptomycin (Pen-Strep). Cells were also supplemented with a 1
in 1,000 dilution of puromycin selection antibiotic. Cells were maintained in 75cm? tissue
culture flasks, containing 18ml supplemented media, at a temperature of 37°C in a 5% CO,/

95% O, humidified atmosphere. Cells were split at a ratio of 1 in 3, twice a week.
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2.2.6 Hek-Blue ™-hTLR4 cells

Hek-Blue™-hTLR4 cells are a commercially available cell line (Invitrogen) used in
the study of Toll-Like Receptor — 4 (TLR4) signalling and NF«B activation. These cells are
a transformed form of Human Embryonic Kidney (Hek) cells, transfected with reporter
genes for hTLR4 and co-receptor proteins MD-2/CD-14, and which express no other
receptors of the TLR family. Hek-Blue cells were cultured in DMEM + Glutamax Medium
containing 10% (v/v) Foetal Bovine Serum (FBS), 100pg/ml Normocin, 100pg/ml
Penicillin and Streptomycin (Pen-Strep). Cells were also supplemented with 1x Hek-Blue
selection antibiotic (Invitrogen). Cells were maintained in 75cm’ tissue culture flasks,
containing 18ml supplemented media, at a temperature of 37°C in a 5% CO,/ 95% O,

humidified atmosphere. Cells were split at a ratio of 1 in 5, three times a week.

2.3 Cell maintenance, experimental set up and treatments

Cell lines grown in culture were maintained, seeded and treated under stringent
aseptic conditions with all manipulations performed in a tissue culture hood, using sterilised
plastic ware, tissue culture media and experimental reagents. For adherent cell lines
(Mesothelioma and Human cervical cell lines), tissue culture media, PBS and 1 x
Trypsin/EDTA was heated to 37°C prior to experimentation. Sub-confluent flasks of cells
were washed in PBS and trypsinised at 37°C for 2-3 min. Cells were centrifuged at 300 x g
for 5 min using a Sorvall T 436 centrifuge. The cell pellet was resuspended in 12ml culture
media and cells were counted using a Haemocytometer. The desired amount of cells in the
appropriate amount of media was seeded in tissue culture plates for each relevant
experiment. Up to 18h was allowed for cells to adhere to the treatment plates prior to
commencement of the assay. Suspension cells (Burkitt’s Lymphoma cell lines), were

counted and seeded as outlined above, but did not require trypsinisation.

Prior to cell treatment, all test compounds, vehicle and other experimental reagents
were heated to 37°C in a water bath (Grant). In all experiments (single and dual agent
incubations), the final vehicle composition and concentration was matched for all drug

treatments.

49



2.4 Cell cryo-storage

Low passage number stocks of each cell type were stored in liquid nitrogen (-180°C)
to ensure a consistent stock of cell lines for continual experimentation. Cryo-Stocks were
generated for each cell type used by taking 5x10° cells of low passage number and
resuspending them in 1.5ml of Freezing Media, containing 60% Tissue culture media, (v/v)
30% FBS and (v/v) 10% Dimethyl Sulphoxide (DMSO). Cells were placed in cryovials and
incubated in a polycarbonate container containing iso-propanol and left overnight in a -80°C
freezer — the freezing apparatus ensures cell integrity while freezing with a cooling rate of
only 1°C/min. Subsequently, cryovials are stored in liquid nitrogen for long term

cryopreservation of cells.

2.5 Western Blots
2.5.1 Preparation of whole cell lysates

Between 0.5x10° — 4x10° cells were seeded in tissue culture flasks, left to adhere for
18h and incubated with compound and controls for indicated time points. Post-treatment,
cells were harvested via trypsinisation and centrifuged at 300xg for 5 min in a Sorvall T
6000D Centrifuge. The pellet was washed twice in ice cold PBS and resuspended in 50 -
150ul (depending on pellet size) of 1 x RIPA lysis Buffer (50mM Tris, 150mM NaCl, 2mM
EDTA, 1% (v/v) Nonidet P-40, 0.1% (w/v) sodium dodecyl sulphate (SDS)) supplemented
with fresh SmM Dithiothreitol (DTT) and 1x Complete Protease Cocktail. Cells were left to
lyse for 1h on ice before being spun at 20,000xg and 4°C for 15min in an Eppendorf 5417R
refrigerated centrifuge. Cellular debris and membranes were pelleted and whole cell lysate

supernatants were removed and stored at -20°C prior to further experimentation.

2.5.2 BCA protein assay

Pierce BCA Protein assay® reagents were used to determine the protein
concentrations in prepared lysates. Protein concentrations of lysates were equalised before
resolving on SDS-PAGE to insure appropriate comparative analysis of protein expression
by Western Blot. The BCA protein assay is a two-step colorimetric assay: The first exploits

the Biuret reaction for detecting peptides. A peptide of three or more amino acids chelates a
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cupric ion (Cu®") and is reduced to a cuprous cation (Cu'") in an alkaline environment
containing sodium potassium tartrate. The copper ion then chelates to bicinchoninic acid
(BCA) (2 BCA: 1 Cu'") producing an intense purple colour which is detectable on a
spectrophotometric plate reader at 562nm. A strong linear relationship between protein
concentration and BCA/Cu'" complex formation exists over a large protein concentration

range (20 — 2,000pg/ml) (Smith et al., 1985).

From each sample lysate, 4ul was taken and diluted 1 in 25 with 96ul distilled water
(dH70). To a 96 well plate, 25ul of diluted sample is added per well in triplicate. To each
well, 200ul of BCA “Working Detector” containing a 50:1 ratio of Reagent A to Reagent B
is added to each test well and left to incubate in the dark, at 37°C, for 30min before reading
the absorbance at 562nm, using a Versamax absorbance plate reader. A Bovine Serum
Albumin (BSA) protein standard curve, spanning nine data points from 0 — 2,000pug/ml, was
assayed with sample lysates and was used to determine sample lysate protein concentrations

from the BCA absorbance change.

2.5.3 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) is a
method of resolving denatured, negatively charged (SDS) coated proteins and polypeptide
chains on a polyacrylamide gel, relating to their electrophoretic mobility — separating
proteins with regard to protein molecular weight, charge and polyacrylamide gel pore size.
Protein resolving gels ranging from 8 — 15% polyacrylamide were used (depending on
molecular weight of protein of interest), with a 5% protein-stacking gel. A 5ml 10%
resolving gel (enough for one mini gel) consisted of: 1.9ml dH,0, 1.7ml ProtoGel™ (30%
(w/v) acrylamide / 0.8% (w/v) bisacrylamide), 1.3ml 1.5M Tris (pH 8.8), 50ul 10% (w/v)
SDS, 50ul  10% (w/v) ammonium  persulphate and 2ul  NNN’N’-
tetramethylethylenediamine (TEMED). The 5% stacking gel consists of: 2.1ml dH,0, 0.5ml
ProtoGel™, 0.38ml 1.0M Tris (pH 6.8), 30ul 10% (w/v) SDS, 50ul 10% (w/v) ammonium
persulphte and 3 ul TEMED. A 12 pronged comb is used to generate 12 wells for sample
lysate addition. Resolving and stacking gels were poured and let polymerise sequentially in
a mini-gel plate apparatus and then placed in an electrophoresis gel box (ATTO AE6540)
submerged in 1 x Running Buffer (25mM Tris, 192mM glycine, 0.1% (w/v) SDS).
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Sample lysates were denatured in 5x SDS Sample Buffer (10% (w/v) SDS, 20%
(v/v) glycerol, 0.2M Tris (pH 6.8), 0.05% (w/v) Bromophenol blue and fresh 5S0mM DTT)
and boiled at 100°C for 5 min. To each well, 20ul of lysate containing 10 — 30pg of protein
(depending on assay) was carefully added. Proteins were resolved by SDS-PAGE running
at 80V (increasing to 100V) and 30mAmp for 2 — 3h.

2.5.4 Polyvinylidene Difluoride (PVDF) wet transfer

Once completed, proteins resolved in the polyacrylamide gel were transferred onto
an Immobilon™ Polyvinylidene Difluoride (PVDF) membrane (pore size 0.45um),
applicable for immuno-probing in Western Blot experiments. A PVDF membrane was
activated in 100% Methanol (10 — 30 sec) and washed in dH,O for 1 min. PVDF
membrane, gel, 6 filter papers and 2 sponges are soaked in ice-cold 1 x Transfer Buffer
(25mM Tris, 192mM glycine, 10% (v/v) Methanol) for 10 min. In a BIORAD Mini-Trans
Blot cassette, items were arranged as follows: Sponge, 3 filer papers, gel, PVDF membrane,
3 filter papers, Sponge. The cassette was placed in the transfer apparatus, submerged in ice
cold 1 x Transfer buffer and placed with the PVDF membrane in between the gel and
cathode, insuring protein transfer from gel to PVDF. The transfer was set at 70V and
170mAmp and run for 1.5 — 2h.

2.5.5 Blocking, Immuno-Blotting and protein detection

Once proteins were transferred to PVDF, the membrane was blocked using 5% (w/v)
Dried Milk (Marvel) in 1 x Tris buffered saline, containing 0.1% Tween (TBS-T) (TBS:
10mM Tris and 150mM NaCl (pH 7.5)). Blocking was performed for 2h at room

temperature or overnight at 4°C.

The PVDF membrane was incubated with the primary antibody of interest at a
dilution factor of 1:500 — 1:10,000 in 5% (w/v) dried milk TBS-T (or 5% BSA TBS-T) for
2h at room temperature or overnight at 4°C. Post incubation, the membrane was washed in
5ml TBS-T three times for 5 min. Incubation with the secondary antibody (Anti-Mouse or
anti-Rabbit, depending on primary Ab source), with a conjugated Horseradish Peroxidase

(HRP) enzyme, was performed at a dilution factor of 1:2,500 — 1:20,000 for 1h at room
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temperature. Non-specific secondary-Ab binding was washed off using 3 x 10 min washes

in TBS-T and a final 5 min wash in TBS.

Proteins were detected by immunoblotting using electrochemiluminescence (ECL).
Luminol, an ECL substrate, exposed to the secondary antibody conjugated HRP in alkaline
conditions (H»0,) results in oxidation of Luminol to 3-aminophthalate and the release of
light (chemiluminescence). This light was detected by exposing immuno-probed, ECL
treated membranes to Kodak X-Omat LS film and developed using an X-RAY processor
(Fugi). The amount of chemiluminescence and, in turn, the intensity of bands on exposed
film corresponds to the amount of protein of interest present in each lane on the PVDF

membrane.

2.5.6 Stripping blots and loading control re-probing

In order to validate differential expression levels observed between treatments in
Western blot analysis, membranes needed to be stripped of antibody and re-probed for a
loading control (B-Actin), a secondary assay control to insure equal protein loading per lane.
Chemicon 1 x Re-Blot-Plus Strong stripping buffer (5ml) heated to 50°C was incubated
with a blot for 20 — 30 min, after which, the blot was washed in TBS and re-blocked with
5% (w/v) Dried Milk TBST. Anti-B-Actin Mouse monoclonal antibody (AbCAM), diluted
in 5% (w/v) Dried Milk TBST (1:5,000), was incubated with the stripped blot overnight at
4°C. Secondary antibody Anti-Mouse IgG-HRP (Promega), diluted 1:10,000 in 5% (w/v)
Dried Milk TBST, was incubated with the blot for 1h at room temperature prior to wash (3 x
TBST, 10 min; 1 x TBS, 10 min) and ECL detection, as described in Section 2.5.5.

2.6 Alamar Blue cell viability assay

Alamar Blue ™ (AB) is a non-toxic, water soluble dye that can be used to calculate
cell viability of cultured cells in a single-step, fluorescence-based assay. The oxidised form
of Alamar Blue enters the cytosol and in viable cells with active mitochondrial enzyme
activity is reduced by cytochromes and oxidative phosphorylation reducing substrates
FMNH,, FADH,, NADH and NADPH. The reduced form of Alamar Blue is fluorescent,

with excitation at 544nm and emission at 590nm, and the redox event also produces a
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colorimetric change in media from the dark oxidised form to the pink reduced form of
Alamar Blue. Fluorescence intensity of reduced Alamar Blue at 590nm is directly
proportional to the amount of viable cells, as illustrated with HeLa cell seeding density vs.

AB fluorescence in Figure 2.1.

0.5 x 10* = 1.5 x 10° cells per well, depending on cell type, were seeded in 96
well plates and left to adhere for 18h. Cells were treated with compound and controls in
triplicate for indicated time points. Approximately 6h prior to endpoint, 20pl of Alamar
blue was added to each test well and left in the dark at 37°C in a 5% CO, / 95% O,
humidified atmosphere. Fluorescence intensity (FI) was read on a Spectramax Gemini
fluorometric plate reader using a SOFTmax Pro version 4.0 (Molecular Devices) software
package (Ex: 544nm, Em: 590nm). For data analysis, raw FI values of samples (Sample FI)
were blanked by subtracting the FI of oxidised Alamar Blue of wells containing only
Alamar Blue + media (Blank FI). Alamar Blue data was normalised by using the FI values
of untreated control as representative of 100% viability (Untreated FI). Percentage viability

of treated samples was generated using the following equation (Formula 2.1):

X 1 of Treated Sample

[(Untreated FI) — (Blank FI)]

Formula 2.1

2.7 Propidium Iodide cell cycle Flow Cytometry analysis

Propidium iodide (PI) is a fluorescent, DNA intercalating agent which binds
stoichiometrically to nucleic acid. Bound to DNA, PI’s fluorescence intensity increases 20
— 30 fold with excitation at 488nm and emission centred on 600nm. Through flow
cytometry, a method of multi-parametric analysis of cells as they pass singly thought a beam
of light, PI staining can aid cell cycle analysis of a population of ethanol-fixed cells.
Fluorescence intensity of DNA bound PI directly correlates to the DNA content of a cell and
because of this, cells from a population present in G1 phase (diploid — 2n), G2/M phases
(4n) or S Phase (2n — 4n) can be easily differentiated by plotting a histogram of PI

fluorescence (Linear scale) V’s cell counts. G1 and G2/M populations are observed as
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Figure 2.1: Linear relationship between Alamar blue fluorescence intensity and cell
density.

HelLa cells seeded at indicated concentrations (0.03125 x 10" — 1.0 x 10* cells per well per 96-well plate -
200ul volume) were analysed by Alamar blue cell viability assay after 24h. Plotting raw fluorescence
intensity values vs. seeding cell density, the fluorescence intensity of reduced Alamar blue was shown to be
directly proportional to the amount of cells present in a test well, with a slope close to 1.
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distinct peaks and S phase the population of events in between the two (Fig. 2.2.A). Cells
having undergone apoptosis have a hypo-diploid or “pre G1” population indicative of cells
and apoptotic bodies with low PI fluorescence due to the occurrence of DNA fragmentation,
cell permeablisation and low DNA content in apoptotic bodies (Fig 2.2B) (Riccardi and
Nicoletti, 2006).

Cells were seeded at indicated densities of cells in 25cm? tissue culture flask (5ml
Media) and left to adhere for 18h overnight. Cells were treated with compounds and
controls for indicated time points. At experimental endpoints, cells were harvested by
trypsinisation, centrifuged at 300xg for 5 min and washed once in ice cold PBS. The pellet
was resuspended in 300ul of PBS and, while lightly vortexing, fixed with 2ml of 70%
ethanol (EtOH) and left at 4°C overnight. Fixed cells were centrifuged at 500xg for 5 min
and all EtOH decanted off. The pellet was resuspended in 300ul PBS and placed in 5ml
polystyrene round bottom FACS tubes (BD Falcon). 30ul of RNAse A (10mg/ml in PBS)
and 75ul of propidium iodide (Img/ml in PBS) were added to each sample and left to
incubate in the dark at 37°C for 30 min. Flow cytometry analysis was performed on a
FACScaliber (Bectin Dickson) Fluorescence Associated Cell Sorter (FACS) using Cell
Quest and Quanti-Quest software. Appropriate gates were employed and data analysed for

each experimental sample was representative of 10,000 gated events.

2.8 Caspase assays
2.8.1 Apoptotic inhibition using pan-caspase inhibitor, z-VAD-FMK

CRL 5915 cells were seeded at a density of 0.1x10° cells per well (6 well plate)
containing 2.5ml culture media. Cells were left to adhere in treatment wells for 18h prior to
experimentation. Cells were pre-treated with 40uM pan-caspase inhibitor, z-VAD-FMK,
for 1h prior to incubation with MDG 44. Experimental controls consisted of equivalent
additions of z-VAD-FMK and MDG 44 solvent (Vehicle - 0.5% DMSO + 1% EtOH) and z-
VAD-FMK treatment alone (z-VAD-FMK [40uM] + EtOH 1%). Cells were treated with
MDG 44 for 6h and 24h time points. Cells were harvested by trypsinisation and apoptotic
inhibition was analysed by PI staining and cell cycle Flow cytometry analysis, as outlined in

Section 2.7.
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Figure 2.2: Propidium Iodide Cell Cycle Flow Cytometry analysis.

Graphical analysis for PI cell cycle flow cytometry assay.

events) in histogram analysis of PI flow cytometry.
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(A) Histogram analysis of a representative
population (10,000 gated events) of healthy cells, differentiated by DNA content / cell cycle phase. Defined
peaks represent the percentage of cells occupying the G1, S and G2/M phases of the cell cycle. (B) Induction
of apoptosis in cells (Grey overlay) is represented by an increase in the “pre G1” population (50.01% of gated




2.8.2 Apoptotic inhibition using Caspase-9 specific inhibitor, z-LEHD-FMK

CRL 5915 cells were seeded at a density of 0.1x10° cells per well (6 well plate)
containing 2.5ml culture media. Cells were left to adhere in treatment wells for 18h prior to
experimentation. Cells were pre-treated with 40uM of the Caspase-9 specific inhibitor, z-
LEHD-FMK, for 1h prior to incubation with MDG 44. Experimental controls consisted of
equivalent additions of z-LEHD-FMK and MDG 44 solvent (Vehicle - 0.5% DMSO + 1%
EtOH) and z-LEHD-FMK treatment alone (z-VAD-FMK [40uM] + EtOH 1%). Cells were
treated with MDG 44 for 8h and 48h time points. Cells were harvested by trypsinisation
and apoptotic inhibition was analysed by PI staining and cell cycle Flow cytometry analysis,

as outlined in section 2.7.

Cisplatin was used as a positive control for a Caspase-9 / Intrinsic apoptotic pathway
dependant activation of apoptosis. CRL 5915 cells were seeded and treated with Cisplatin
[25uM] with or without pre-treatment with z-LEHD-FMK [40uM], as described above.
Cells were treated for 48h and apoptotic inhibition was analysed by PI staining and cell

cycle Flow Cytometry analysis.

2.8.3 Fluorogenic caspase — 3, -8, & -9 activation assay

CRL 5915 cells were seeded at a density of 0.325 x 10° cells per 25cm” tissue
culture flask in Sml of culture media. Cells were left to adhere for 18h prior to incubation
with vehicle or test compounds for indicated time points. At each experimental endpoint,
cells were harvested by trypsinisation and centrifuged at 300xg for 5 min. Cells were
washed twice in 2ml ice cold PBS and pellets resuspended in 120ul of 1 x Harvesting
Buffer (20mM Hepes (pH 7.5), 10% (w/v) Sucrose, 0.1% (w/v) CHAPS, 1% (v/v) Nonidet
P40 and ImM Sodium EDTA) supplemented with fresh 2mM DTT, 1mM
PhenylMethylSulphonyl Fluoride (PMSF), 1pg/ml Leupeptin and 1pg/ml Aprotinin. Cells
were lysed on ice for 10 min, passed 12 times through a 21 gauge needle and incubated for a
further 10 min on ice. Lysates were centrifuged at 20,000 x g, for 20 min, at 4°C.
Supernatants were kept and stored at -20°C prior to investigation of caspase activation using

a fluorescent based caspase activation assay.

The protein concentration of caspase lysates was determined by BCA assay, as

described in Section 2.5.2. Lysates were diluted to a concentration of 100ug protein in 50pul
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1 x Harvesting buffer. To the 100pg of lysate protein, 50ul of 2 x Caspase Reaction Buffer
(1x: 100mM Hepes, 10% (w/v) Sucrose, 0.1% (w/v) CHAPS, 1mM EDTA and fresh 10mM
DTT) was added. Fluorogenic substrates specific to caspase-3, caspase-8 or caspase-9 were
added to the reaction mixture in independent experiments. These fluorescent substrates
contained the fluorescent tag, 7-amino-4-methylcoumarin (AMC), and tetrapeptide cleavage
motifs specific for either caspase -3 (DEVD), -8 (IETD) or -9 (LEHD). Active caspases
bind their specific substrate, resulting in the cleavage and fluorescence of the AMC tag.
The fluorescence from cleaved AMC is used to detect and quantify the amount of active

caspase present in treated lysates.

To caspase lysates, Sul of substrate (20x) was added and the reaction mixture left to
incubate at 37°C, in the dark, for 2h. Final concentrations of 50uM of Caspase-3 substrate
(Ac-DEVD-AMC), 50uM of Caspase-8 substrate (Ac-IETD-AMC), and 200uM of
Caspase-9 substrate (Ac-LEHD-AMC) were used, with each caspase assay preformed
separately. Fluorescence intensity (FI) was read on a Spectramax Gemini fluorometric plate
reader using a SOFTmax Pro version 4.0 (Molecular Devices) software package (Ex:
380nm, Em: 460nm). Caspase activation data was analysed and presented as the fold
induction of active caspase in drug and vehicle treated samples compared to the basal levels

in untreated controls.

2.9 Annexin V / PI staining apoptosis assay

The Annexin V / Propidium iodide (PI) dual staining assay is a method of
differential detection of early-stage and late-stage apoptosis by way of live cell flow
cytometry. During the initial steps of the apoptotic program in cells, phosphatidylserine
(PS), a phospholipid normally resident in the cytoplasmic leaflet of the plasma membrane,
flips to the extracellular side of the cell membrane, a signal for phagocytosis by
macrophages (Fadok et al., 1992). The protein Annexin V, in the presence of Ca2+, has
high affinity for PS and when conjugated to a fluorochrome can be used to detect cells at the
early stage of apoptosis by Flow Cytometry. As the cell death program proceeds, late
apoptotic / dead cells form permeabilised plasma membranes. This allows the cell entry and
DNA binding of the fluorescent molecule PI, a marker for cell death. As such, dual staining

of cells with Annexin V and PI allows for the differential detection of early apoptotic cells
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(Annexin V +; PI -), late apoptotic (Annexin V +; PI +) and normal viable cells (Annexin V

—; PI-) in cell populations (Fig 2.3).

CRL 5915 cells were seeded at density of 0.225 x 10° cell / 25¢m” tissue culture
flask (Sml) and left to adhere for 18h prior to experimentation. Cells were treated with
vehicle or test compounds at indicated concentrations. At the experimental endpoint, cells
were harvested by trypsinisation and centrifuged at 300xg for 5 min. Cells were washed
twice in Ice cold 1 x PBS, followed by two additional wash steps in 1 x Ca’* Annexin V
binding buffer (1x: 0.545mM Hepes, 7mM NaCl and 125uM CaCl,, pH to 7.4). The cell
pellet was resuspended in ~500pul of 1 x Ca’" binding buffer, depending on pellet size, and
100ul of cells were taken for staining. Cells were dual stained with 10ul of Annexin V-Fitc
(IQ products — IQP-120F) and 10pul of Propidium iodide (50pg/ml), covered and incubated
on ice for 30 min. Control samples consisting of cells left unstained or single stained with
Annexin V or PI alone, were prepared for determining fluorescence channel compensations
during Flow Cytometry analysis. After incubation on ice, 400ul of 1 x Ca®* binding buffer
was added to each sample and Flow Cytometry analysis completed within 1h of cell
staining. Data acquisition and analysis was performed on a FACScaliber (Bectin Dickson)
Fluorescence Associated Cell Sorter (FACS) using Cell Quest and Quanti-Quest software.
Appropriate gates were employed and data analysed for each experimental sample was

representative of 10,000 gated events.

2.10 Comet assay

The Comet assay is a method of single cell gel electrophoresis for the detection of
DNA damage in individual cells (Singh et al., 1988). The assay involves the embedding of
treated cells in a thin layer of agarose on a microscope slide. Cells are fixed and lysed,
removing unwanted cellular material, leaving only nuclear DNA which is subsequently
subjected to electrophoresis. The electrophoretic mobility of DNA through the agarose gel
depends on its size and charge. As such, damaged or fragmented DNA will migrate much
further through the gel during electrophoresis compared to intact nuclear DNA, forming a
DNA smear or “Comet Tail” in the agarose gel. Propidium iodide DNA staining and
fluorescent imaging is used to detect and quantify DNA damage in this way. This assay is
used to detect DNA damage in cells in response to treatment with genotoxic agents or

induction of programmed cell death.
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Figure 2.3: Annexin V / PI staining apoptosis assay

Flow Cytometry dot plot analysis of Annexin V / Propidium Iodide (PI) duel stained cells (A). Schematic
analysis of Annexin V / PI dual staining of cells and differential detection of viable (Annexin V —; PI -), early
apoptotic (Annexin V +; PI —) and late apoptotic (Annexin V +; PI +) cells (B).
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2.10.1 Comet assay: Cell treatment

CRL 5915 cells were seeded at a density of 0.3125 x 10° cells / 25cm? tissue culture
flask (5ml) and left to adhere for 18h prior to experimentation. Cells were treated with
Vehicle (EtOH 1%) or MDG 44 [50uM] for S5h. At the experimental endpoint, cells were
harvested by trypsinisation, using a 0.5% stock of trypsin-EDTA and centrifuged at 300xg
for 5 min. Cells were washed twice in ice cold PBS and the pellet was resuspended in 50yl

1 x PBS and kept on ice.

2.10.2 Comet assay: Agarose slide preparation, cell lysis and Single Cell Gel

Electrophoresis

Microscope slides were dipped in melted 1.5% agarose gel and left to dry at room
temperature, forming a thin layer of Agarose on the slide. Low melting point agarose
(LMPA - 0.5% in 1 x PBS) was melted and maintained at a temperature of 37°C in a water
bath. 75ul of LMPA was combined with 10ul of resuspended cells (~10,000 cells), placed
onto a 1.5% agarose coated microscope slide and covered with a coverslip. Once hardened,

a third, “sandwich” layer of LMPA was added onto the slide and let set.

Cells embedded in the agarose gel were lysed using pre-chilled (4°C) 1 x Comet
Lysis buffer (1x: 2.5M NaCl, 100mM EDTA, 10mM Tris, 0.16g/ml NaOH, pH 10.0 and
supplemented with fresh 1% Triton-X-100). Agarose slides were immersed in the 1 x Lysis
buffer and incubated at 4°C for 2h.

After lysis, slides were placed in a horizontal gel box, parallel to each other and
perpendicular to the cathode end. Slides were covered in Electrophoresis alkaline buffer
(1x: 300mM NaOH, 1mM EDTA, pH>13) and incubated for 20 min prior to starting
electrophoresis. The gel was run at 24V and 330mAmps for 30 min.

2.10.3 Comet assay: Fixation of cells, Propidium iodide DNA staining and fluorescent

imaging of “Comet Tails”

After electrophoresis, slides were washed three times in Neutralisation buffer (1x:
0.4M Tris, pH 7.5). Cells embedded on the slides were then fixed in 100% Methanol at -

20°C, for 20 min and then stored at room temperature until ready for analysis. Prior to
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imaging, slides were rehydrated in distilled H>O for 30 min and then stained by coating the
agarose gel with 10pg/ml Propidium lodide for 20 min. Excess stain was removed by
washing slides with distilled H,O. Cellular DNA was imaged using an Olympus IX81-long
focal length fluorescent microscope and pictures taken using an F-View II digital camera.
The extent of DNA migration / Comet tail formation was compared between vehicle and

MDG 44 treated samples.

2.11 Cytospin and RapiDiff staining of cells

Cells were seeded at a density of 0.25 x 10° cells in 25c¢m? tissue culture flasks (5ml)
and left to adhere for 18h. Cells were treated with vehicle or drug for indicated time points
and harvested by trypsinisation. Cell pellets were resuspended in 2ml of media, with 170ul
taken and centrifuged onto 25mm x 75mm microscope slides (Thermo Scientific) at 500xg
for 10 min using a Cytospin 3 specialised centrifuge (Shandon). Slides were left to air dry

before staining.

Staining was performed using a RapiDiff Nuclear and cytoplasmic staining kit.
Slides were dipped 10 times into RapiDiff Solution A (100% Methanol) to fix the cells. The
cytoplasm is stained pink with 10 dips into Solution B (Eosin Y). The Nucleus is stained
Blue with 8 dips in Solution C (Methylene Blue). Excess dye is washed off by careful rinse
with distilled H,O. Slides were visualised using a Zeiss Axiovert microscope and the effects
of drug treatment on cellular morphology analysed and recorded using a 40x magnification

lens.

2.12 XTAP-BIR3 fluorescence polarisation competitive binding assay

The Fluorescence polarisation (FP) principle describes the phenomenon in which
fluorescent molecules in solution, excited with plane-polarised light will emit light directly
back into a fixed plane, if the molecule remains stationary during the excitation and
emission state (~ 4 nanoseconds). In FP binding assays this principle is employed to test
ligand (agonist or antagonist) binding to a Protein / Ligand Binding Domain (LBD). A
LBD of interest is incubated with a fluorescently labelled native ligand, excited vertically by

plane-polarised light and fluorescence is monitored in parallel and perpendicular planes. In
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solution, the small fluorescent probe has a very fast molecular rotation and, as such, does
not remain stationary through the excitation state. This phenomenon gives low levels of
fluorescent emission parallel to the excitation plane and emissions are said to be
depolarised. When bound to the large LBD, the fluorescent probe / LBD complex has a
much slower molecular rotation. The fluorescent probe remains stationary during the
excitation state and fluorescent emission is polarised back into the plane of excitation. FP
values are measured in milli-Polarisation units (mP) and calculated as follows (Formula

2.2):

> I// e I_L
mP = —
I// ot I_L
= Polansed Fluorescence Intensity
| larised Fl I ,
IL = Depolarised Fluorescence Intensity

Formula 2.2

Milli-Polarisation values measure the ratio of plane polarised light (Numerator) to total
fluorescence in parallel and perpendicular directions (Denominator). FP competitive
binding assays employ this technique by assaying the ability of test compounds to compete
with a fluorescent probe for binding to the LBD. If a test compound has strong affinity for
the LBD, it will out compete / displace the fluorescent probe from the binding pocket in a
dose dependant manner. This results in a reduction in polarised fluorescent emission and a
subsequent reduction in mP value (Illustrated in Fig 2.4). If a test compound has no affinity
for the LBD, no change in fluorescent probe binding, polarised fluorescent emission or mP

value will be observed.

A FP competitive binding assay was developed for the BIR3 domain of XIAP. The
assay was designed and optimised in house, with reference to experiments performed by
Nikolovska-Coleska et al (Nikolovska-Coleska et al., 2004). The assay was developed to
test the affinity of computationally designed small-molecule SMAC mimetics for the
Caspase-9 / SMAC-AVPI binding site of XIAP-BIR3.

In a 96 well black bottom plate, each assay well contained 0.15uM human
recombinant XIAP-BIR3 (R&D Systems Cat. No. 895-XB), 0.005uM 5-carboxyflourescein
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Figure 2.4 Fluorescence Polarisation competitive binding assay

(A) Small peptidic Fluorescent probe (Fluor) — ARPFAQK-5-FAM — has a fast molecular rotation and emits
depolarised fluorescence (Low mP values). (B) Fluorescent probe bound to its Ligand Binding Domain
(LBD). Larger LBD has a slow molecular rotation and once excited, bound fluor emits polarised fluorescence
(High mP values). (C) Small molecule SMAC mimetic binds competitively to LBD, dissociating fluor and

decreasing polarised fluorescence (Reduction in mP values).
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tagged fluorescent probe, ARPFAQK-5-FAM (Genscript Corp), 1 x assay buffer (100mM
potassium phosphate (pH 7.5), 100pg/ml bovine y-globulins and 0.02% (w/v) sodium azide)
and test compound (5ul of 25x running stock) in a final volume of 125ul. Experimental
controls included assay incubations with test compound vehicle (Negative control — 0%
Fluor displacement) and known XIAP-BIR3 agonist (Positive control — 100% Fluoromone
displacement).  Each assay was incubated in the dark for 2 — 3h prior to FP reading on a
Pherastar fluorometer at excitation and emission wavelengths of 485nm and 530nm

respectively.

2.13 TR-FRET PPAR-y Competitive Binding assay

The Fluorescence Resonance Energy Transfer (FRET) principle describes the
phenomenon in which two fluorophores in close proximity can transfer activation energy
from one excited fluorophore (donor) to another (acceptor). This principle is employed in
FRET competitive binding assays (Sharma et al., 2005). In these assays, the LBD is
coupled to an antibody bound fluorophore and incubated with a fluorescently tagged ligand
(fluoromone). Fluoromone binding to the LBD, followed by excitation of the antibody
bound fluorophore, allows for the proximal transfer of activation energy from the
fluorophore (donor) to the fluoromone (acceptor). This results in a FRET signal from the
fluoromone and a decrease in detected emission from the donor fluorophore. Competitive
binding of molecules to the LBD displaces the fluoromone, inhibiting energy transfer from
donor to acceptor, due to reduced proximity, and abolishing the FRET signal. Competitive
inhibition also results in an increase in the detected fluorescent emission from the donor,
due to the inhibition of energy transfer from donor fluorophore to acceptor (Fig 2.5). Time
Resolved FRET (TR-FRET) assays are more sensitive than normal FRET competitive
binding assays, employing lanthanide fluorescent donors which have longer fluorescent
emission half-lives (usec — msec) compared to conventional fluorophores (nsec). Delaying
FRET signal reading for 50 — 100 msec after excitation will prevent interference from

autofluorescent reagents or test compounds in the assay.

A commercially available TR-FRET PPAR-y competitive binding assay kit
(LantaScreen™) was used to investigate the affinity of test compounds for the PPAR-y
binding pocket. To a 384 well black bottomed plate, the following additions were made, in

order, with final reagent concentrations indicated: 20ul of 2x test compound [0.1 - 50uM],
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Figure 2.5: TR-FRET competitive binding assay

Schematic diagram of the Time Resolved, Fluorescence Resonance Energy Transfer (TR-FRET) principle;
employed in a PPAR-y competitive binding assay. (A) Fluoromone binding to the LBD allows the proximal
transfer of energy from excited Terbium (donor) to the fluorescent probe (acceptor), resulting in fluorescent
emission at 520nm and decreased detected fluorescent emission from terbium at 495nm. This causes a high
FRET emission ratio (520nm emission / 495nm emission).
competitive inhibitor disrupts energy transfer to the Fluoromone. This is due to the reduced proximity of the
Fluoromone to the LBD bound terbium, inhibiting FRET signal at 520nm and increasing detected fluorescent
emission from terbium at 495nm. Competitive inhibition results in a decrease in the FRET emission ratio

(520nm emission / 495nm emission).
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10ul of 4x PanPPAR-Green Fluoromone [5nM] and 10ul of 4x PPAR-y-LBD
[0.5nM]/Terbium-anti-GST antibody [SnM] complex, giving a final assay volume of 40pul.
All reagents were diluted to desired running stocks in a 1x TR-FRET PPAR-y assay buffer,
supplemented with SmM DTT. Experimental controls included assay incubations with test
compound vehicle (Negative control — 0% Fluoromone displacement) and the known
PPAR-y agonist, GW1929 [1uM] (Positive control — 100% Fluoromone displacement).
Test plates were covered and incubated at room temperature for 1 — 6h prior to reading
fluorescent emissions using a Pherastar fluorometer. The excitation wavelength of 340nm
was used and emission was detected at 495nm and 520nm. The ratio of FRET emission

(emission at 520nm / emission at 495nm) was calculated and graphed.

2.14 Catalase Spectrophotometric Enzyme assay

Catalase enzyme activity in CRL5915 drug treated and whole cell lysates was
calculated using a spectrophotometric enzyme assay. Catalase catalyses; (1) — The
decomposition of Hydrogen Peroxide to Water and Oxygen (Catalase Rxn); and (2) — The
oxidation of alcohols to aldehydes (Peroxidic Rxn) (Chance, 1948):

(1) 2H,0, ==,  2H,0+0,

Catalytic Rxn

(2) 2H,0, + RH, e 2H,0 +R

Peroxidic Rxn

Formula 2.3

Enzyme activity in the Catalase Rxn was calculated spectrophotometrically by monitoring
the decomposition of H,O, (Abs @ 240nm) as the reaction proceeds, using a Unicam Helios
Y Spectrophotometer and a LEM Servoger 102 chart recorder. Enzyme assays were
performed at a constant temperature of 25°C, in a 3ml quartz cuvette containing 20mM
H>0, substrate in 50mM Potassium Phosphate Buffer, pH 7.0 (3ml assay volume). The

chart recorder was set to a speed of Icm min™ and an absorbance scale of 0 — 1 Abs units.

The Catalase activity of CRL 5915 whole cell lysate was assayed. Whole cell

lysates were prepared using 1 x Ripa Buffer and lysate protein concentration was
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determined, as described in Sections 2.5.1 and 2.5.2 respectively. The spectrophotometer
was set to read absorbance at 240nm and blanked using 50mM Potassium phosphate buffer.
Experiments were performed and 25°C. Upon the addition of H,O,, the blank rate was
monitored for 2 — 3 min. Various concentrations of CRL 5915 protein (25pg - 400pg) was
added to the cuvette and the decomposition of H,O; (drop in absorbance @ 240nm) was
observed for 2 — 5 min. Bovine liver Catalase [5 Units] (Sigma) was added to the reaction
mixture after assaying CRL 5915 lysate as a positive control for Catalase activity. Initial
reaction velocities for CRL 5915 lysate protein additions were calculated and enzymatic rate
(A [H209] min” — mmol 1" min'l) and specific activities (The total H;O, decomposition, per
min, per mg of protein added - pmol min™ mg” / Units mg™) were determined (Molar

extinction coefficient 43.6 M cm™).

2.14.1 Catalase assay: Km Calculations

Attempts were made to calculate the Michaelis-Menten constant (Km) of Catalase in
CRL 5915 whole cell lysate and commercially available Bovine Liver Catalase. Catalase
enzyme assays were performed as described using 400pg of CRL 5915 whole cell lysate
and 4 Urits Bovine liver Catalase. Separate experiments were performed with increasing
concentretions of substrate (H,O; — 2.5mM — 45mM). Initial velocities and enzymatic rates
were calculated and Km values predicted using a Hannes-Woolf Plot — [S] v’s [S].Vy; x-
intercept = —Km (Hanes, 1932).

2.14.2 Catalase assay: Sodium azide inhibition assay

Catalase enzyme assays were performed in the presence of sodium azide, a known
inhibitor of Catalase enzyme activity (Gregory et al., 1977). Catalase activity was assayed
using 300pg samples of CRL 5915 whole cell lysate, with or without pre-treatment with
Sodium ezide [ImM]. The assay and enzyme specific activity calculations were performed
as outlined in Section 2.14. The Catalase enzymatic rate (A [H,0,] min™ — mmol I! min™)

was compared between assays with or without pre-treatment with sodium azide.
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2.15 Autophagic flux assay

The effect of drug treatment on “Autophagic Flux” — the increase or decrease in the
level of degradation of cellular components by autophagy — was assayed by monitoring the
protein expression levels of markers for autophagosome formation (LC3-II) and
autolysosomal protein degradation (p62). Microtubule-associated protein Light chain 3
(LC3) exists in two forms; the cytosolic protein (LC3-I - ~16kDa) and lipidated protein
(LC3-II - ~14kDa) — LC3-I conjugated to phosphatidylethanolamine (PE). Lipidation of
LC3-I to form LC3-II is essential for autophagosomal formation (Kabeya et al., 2000) and
the processing of LC3-I and accumulation of LC3-II in cells is commonly used as a marker
for autophagy (Tanida et al., 2005). P62 is recruited to the autophagosome, binds to LC3-II,
and upon autolysosomal formation, p62 is degraded (Bjorkoy et al., 2005). In this assay, the
marker for true increase in autophagic flux in response to drug treatment was the

accumulation of LC3-II and degradation of p62, monitored by Western blotting analysis.

2.15.1 Nutrient Starvation assay

CRL 5915 cells were seeded at a density of 0.13 x 10° cells / well (2.5ml) on a 6-
well tissue culture plate, and left to adhere for 18h prior to experimentation. Cells were
incubated in the presence of nutrient rich media (RPMI-1640 culture media supplemented
with glucose, glutamine and FBS) or nutrient starvation media (HBSS media — Hank’s
Balanced Salt Solution, independent of serum supplements) for 2h and 4h. Nutrient
competent incubations involved replacing growth media with 2.5ml, fresh CRL 5915 cell
culture media. Nutrient starved incubations involved removing growth media, washing cells
three times in sterile 1 x PBS and incubating cells in 2.5ml HBSS. Nutrient rich and
nutrient starvation incubations were also performed with or without the addition of

cathepsin inhibitors, E64d [10png/ml] and Pepstatin A [10pg/ml].

2.15.2 LC3-1I and p62 Western Blot analysis

CRL 5915 cells were seeded at a density of 0.13 x 10° cells / well (2.5ml) on a 6-
well tissue culture plate, and left to adhere for 18h prior to experimentation. Cells were
treated in nutrient rich or nutrient starvation media (Section 2.15.1), with known autophagy
inhibitors Chloroquine [25uM] and Bafilomycin Al [10nM], MDG 44 [30uM - 40pM] and
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Vehicle (EtOH 1%) for indicated time points. Treatments were performed with or without
the addition of cathepsin inhibitors, E64d [10pg/ml] and Pepstatin A [10pg/ml]. At
experimental end points, whole cell lysates were prepared and protein expression levels of

LC3 and p62 was assayed by Western Blot analysis, as outlined in Section 2.5.

Specifically in LC3-I1 / p62 Western Blot experiments, 20pg of protein was
resolved by SDS-PAGE on a 12.5% polyacrylamide gel (29:1 ratio Acrylamide:Methylene-
bisacrylamide) and transferred to PVDF membrane (69V; 148mAmps for 1.5h). The blot
was blocked with blocking buffer (5% Marvel TBS-Tween (0.1% Tween)) for 2h at room
temperature. The blot was cut and probed with Rabbit Anti-LC3 (1 in 3,000 dilution, 5%
w/v BSA in TBS-Tween, overnight, 4°C) and Rabbit Anti-p62 (1 in 2,500 dilution, 5% w/v
BSA in TBS-Tween, overnight, 4°C) simultaneously. Blots were probed with Anti-Rabbit
secondary Ab (1 in 5,000 dilution, 5% w/v Marvel in TBS-Tween) for 2h, at room
temperature. Protein bands were imaged using Millipore ECL and Kodak X-Omat LS film.

2.16 Confocal Microscopy: LC3-GFP Macrophage imaging

The induction of autophagy and the accumulation of autophagosomes in cells was
tested using confocal microscopy detection of LC3 positive, punctate structures within the
cytoplasm of treated cells. A Macrophage cell line stably transfected with an LC3-GFP
expression plasmid was used. Cells with GFP “Bright” punctuate structures within the
cytoplasm, as opposed to a uniform distribution of GFP fluorescence, were indicative of

LC3-II positive structures (autophagosomes).

LC3-GFP Macrophages were seeded at a density of 0.13 — 0.5 x 10° cell / well and
left for 18h prior to experimentation. Cells were seeded on a glass bottom, confocal well in
2ml of culture media. Cells were incubated with Vehicle (EtOH 1%), known inducers of
autophagosomal formation, Chloroquine [25uM] and Bafilomycin Al [10nM], and MDG
44 [35 - 40uM]. Cells were also incubated in nutrient rich and nutrient starvation media
(HBSS) — cell preparations for which were described in Section 2.15.1. After 4h incubation,
cells were stained with the fluorescent nuclear dye DAPI (4,6-dimidino-2-phenylindole)
[0.2pg/ml] for 15 — 20 min prior to imaging of cells. Cells were imaged using Olympus
FV1000 Point-Scanning Confocal Microscope and in a separate experiment, an Andor

Revolution XD Spinning Disk Confocal Microscope. The GFP fluorescent tag and DAPI
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nuclear stain were excited using an Argon multi-line 457 / 488 / 515 nm laser and a 405 nm
Near-Violet Laser diode respectively. Confocal microscopy pictures of cells were taken

using a 60x oil immersion lens and FluoView Version 7.1 imaging software.

2.17 Hek-Blue NFxB Reporter assay

The Hek-Blue NF«B reporter assay was performed using Hek-Blue™-hTLR4 cells.
Hek-Blue-hTLR4 cells are a commercially available cell line transfected with expression
plasmid containing hTLR4, its co-receptors MD2/CD14 and a Secreted Embryonic Alkaline
Phosphatase (SEAP) reporter gene containing five NFkB response elements in its promoter
region. Stimulation of TLR4 with its native ligand, Lipopolysaccharide (LPS), induces
rapid activation of NFkB and consequential expression of SEAP, which is subsequently
secreted out of Hek-Blue cells. Levels of SEAP and, in turn, the level of NFxB activation in
response to LPS treatment can be quantified by incubating Hek-Blue cell supernatant with
Quanti-Blue™, a medium containing alkaline phosphatase substrate, which changes colour

(Pink to Blue) in the presence of the enzyme.

Hek-Blue cells were seeded at a density of 0.25 x 10° cell / well (200pu1) on a 96 well
tissue culture plate and left incubate for 18h prior to experimentation. Cells were pre-
treated for 1h with vehicle (EtOH 1%), or indicted concentrations of MDG 44 [0.1uM —
50uM]. Cells were subsequently incubated with LPS [100ng/ml] for 6h and 24h time
points. Experimental controls included cells left untreated, treated with EtOH (1%) alone or
pre-treated with the proteasome inhibitor, MG132, with or without incubation with LPS
(100ng/ml). At experimental end points, Quanti-Blue analysis of NFkB activation and
Alamar Blue cell viability analysis of Hek-Blue cells was performed simultaneously in each

assay.

Quanti-Blue analysis was performed by taking 20ul of Hek-Blue supernatant and
incubating it with 180ul of filter sterilised, Quanti-Blue media. ~Supernatants were
incubated in the dark, at 37°C for 2h — 8h. In the presence of SEAP, the Quanti-Blue media
changes from a pink/red to a purple/blue colour. This colour change was monitored by
reading the absorbance at 650nm on a Versamax absorbance plate reader. The raw
absorbance values for Quanti-Blue analysis were normalised in order to allow direct

comparison between Quanti-Blue NFkB activation and Alamar Blue cell viability results —
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percentage NFxB activation v’s percentage Hek-Blue cell viability. All data points were
normalised to be expressed between 1.0 — 0.0, by subtracting all values by the mean “EtOH
only” control (Blank — 0% NF«B activation) and dividing all values by the mean “EtOH +
LPS” control (Positive control — 100% NF«B activation).

Alamar Blue cell viability analysis was performed by adding 20ul of Alamar Blue
dye to each test well, after 20ul of supernatant was removed from test wells for Quanti-
Blue, NF«B activation analysis. Hek-Blue cells were incubated with Alamar blue at 37°C,
in the dark, for a further 6h prior to fluorescence analysis using a Spectramax Gemini
fluorometric plate reader and SOFTmax Pro version 4.0 (Molecular Devices) software
package (Ex: 544nm, Em: 590nm). Raw Alamar Blue cell viability fluorescence results

were normalised and graphed as outlined in Section 2.6.

2.18 IkB Degradation assay

CRL 5915 cells were seeded at a density of 0.12 x 10° cell / well (2.5ml culture
media) and cells were left to adhere to the 6-well plate for 18h prior to experimentation.
Cells were pre-treated with Vehicle (EtOH 1%), MDG 44 or MG132 for 1 — 2h and
subsequently treated with Tumour Necrosis Factor-a (TNF-a [10ng/ml]) for 0 — 30min. The
induced degradation of IxB in response to TNF-a treatment (NFkB activation) or inhibition
of TNF-a induced IxB degradation by pre-treatment with test compounds (inhibition of

NFkB activation) was observed by Western blotting analysis.

Preparation of whole cell lysates, BCA assay calculation of protein concentrations,
SDS-PAGE and immunoblotting for kB was performed, as outlined in Section 2.5.
Specifically in IxkB degradation experiments, 20pg of Protein was resolved by SDS-PAGE
on a 10% polyacrylamide gel and transferred to a PVDF membrane (55V; 160mAmps for
1h). Blots were blocked in blocking buffer (5% Marvel TBS-Tween (0.1% Tween))
overnight and then probed with mouse Anti-IkB (1 in 2,500 in blocking buffer) for 2h,
washed in TBS-Tween and probed with Anti-mouse secondary Ab (1 in 10,000 in blocking
buffer) for 1h. Blots were stripped and re-probed with loading control anti-B-actin as

outlined in Section 2.5.6.
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2.19 Subcellular fractionation and mitochondrial hexokinase assay
2.19.1 Subcellular fractionation and mitochondrial isolation

Subcellular fractionation and mitochondrial isolation assays were performed in
Burkitt’s Lymphoma and MPM cell lines. Cells were grown in culture to 80 — 90%
confluence in T175 tissue culture flasks (175cm?) and were harvested using a cell scraper.
Cells were centrifuged at 300xg for 5 min and subsequently washed twice in ice cold PBS.
Cells were resuspended in 1 x STE Buffer (250mM Sucrose, SmM Tris, 2mM EGTA (pH
7.4)) supplemented with fresh 1 x complete protease cocktail. Cells were left on ice for 5
min before homogenisation with 60 strokes in a 1ml Dounce Homogeniser (Wheaton).
Cells were again left incubate on ice for 5 min. 75pul of Fraction 1 (Homogenate) was stored
for further analysis and the rest was centrifuged for a “slow spin” at 830xg and 4°C for
Smin. The supernatant (Fraction 2 - Cytosolic) was retained and spun again to insure all cell
debris was removed. 75ul of Fraction 2 was stored for further analysis and the rest was
centrifuged at 14,000xg and 4°C for 30 min. The supernatant (Fraction 3 — Cytoplasmic)
was stored for further analysis. The pellet (Fraction 4 — Mitochondria) was washed twice in
ice cold 1 x STE buffer (14,000xg, 4°C, 5 min). The mitochondrial pellet was resuspended
in 75ul of ice cold 1 x STE buffer and all fractions (1 — 4) were stored at -80°C before

analysis by spectrophotometric enzyme assay (Schematic diagram — Fig 2.6.A).

2.19.2 Assessment of purity of fraction: Lactate Dehydrogenase and Citrate Synthase
Assay

In order to assess the purity of fractions isolated by subcellular fractionation,
spectrophotometric enzyme activity assays on Lactate Dehydrogenase (LDH) and Citrate
Synthase (CSH) were performed. LDH, a cytoplasmically localised enzyme, is used to test
cytoplasmic (Cyto) fraction contamination of the mitochondrial (Mito) fraction, while CSH,
a mitochondrially localised enzyme, is used to test mitochondrial contamination of the
cytoplasmic fraction. Enzyme activity assays were performed using a Unicam Helios y
Spectrophotometer and a LEM Servoger 102 chart recorder set to a speed of 1cm min™ and

an absorbance scale of 0 — 1 Abs units.

Lactate Dehydrogenase (LDH) catalyses the reduction of pyruvate to lactate in the
cytoplasm (Fig 2.6.B). This reaction requires the oxidation of cofactor NADH; to NAD".
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Figure 2.6: Mitochondrial isolation and Spectrophotometric Enzyme assays.

Mitochondria isolated from cells by subcellular fractionation (schematic diagram) (A). Reaction diagrams for
spectrophotometric enzyme assays for Lactate Dehydrogenase (B), Citrate Synthase (C) and Hexokinase (D).
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Spectrophotometrically, this reaction rate (measured as change in product concentration per
unit time - pmol I' min™) can be monitored by the loss of NADH,, which absorbs light at
340nm. Using the Beer-Lambert law (Formula 2.4) (Molar extinction coefficient of
NADH,: 6.22 x 10° M em™ at 25°C), the reduction in absorbance as the reaction proceeds

can be converted to concentration change.

A=gle

Beer-Lambert Law
A = Absorbance
€ = Molar extinction coefficient

| = Path length
¢ = Concentration

Formula 2.4

Fraction purity and recovery was expressed as specific activity (umol of product produced
per min per mg of fraction protein added - pmol min™ mg™) of LDH in test fraction divided

by specific activity of LDH in homogenate fraction.

To a 3ml plastic cuvette, 2.78ml of Tris/KCl Buffer (81.3mM Tris and 150mM KCI)
was added and the spectrophotometer was zeroed at 340nm. 100ul of 4mM NADH and test
fraction was added and the blank rate of absorbance change monitored for 2 — 3 min. 100ul
of 48mM sodium pyruvate was added to the cuvette, stirred and initial rate was monitored

for 5 — 6 min.

Citrate Synthase (CSH) catalyses the first step of the Citric acid cycle, the
condensation of acetyl Coenzyme A and Oxaloacetate to Citrate and Co-A-SH (Fig 2.6.C).
The subsequent spontaneous reaction of Co-A-SH with Ellman’s reagent (5,5'-dithiobis-(2-
nitrobenzoic acid) — DTNB) produces CoA-S-S-TNB and the yellow product TNB, which
absorbs light at 412nm with an extinction coefficient of 13.6 x 10° M cm™ at 25°C.
Reaction rate was measured spectrophotometrically and fraction purity and recovery were

calculated as with LDH assays.

To a 3ml cuvette, 2.8ml of Tris-Sucrose buffer (0.1M Tris and 0.15M Sucrose (pH
8.1)) was added and spectrophotometer zeroed at 412nm. 50ul of 4mg/ml DTNB, 50ul of
2mM Acetyl CoA and test fraction were added and blank rate monitored for 2 — 3 min.
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75ul of 60mM oxaloacetate was added to the cuvette, stirred and initial rate was monitored

for 5 — 6 min.

2.19.3 Mitochondrial-Hexokinase dissociation assay: Spectrophotometric enzyme assay

A sample of isolated mitochondria was divided into 2 aliquots and treated with
vehicle, test compounds (Clotrimazole, Econazole and Miconazole) or positive control
(Glucose-6-phosphate) for 30min — 1h. Samples were centrifuged at 14,000 x g and 4°C for
15 min. Mitochondrial supernatants were retained and mitochondrial pellets were
resuspended in 1 x STE buffer. Spectrophotometric hexokinase (HK) activity assays were
performed on both samples (mito and supernatant) of drug and vehicle treatments. Various
drugs ability to induce dissociation of HK from the mitochondria and cause free HK

accumulation in the supernatant was assessed in this manner.

HK enzyme activity was measured by coupling to the reaction catalysed by glucose-
6-phosphate Dehydrogenase (G6PD). HK catalyses the first step in glycolysis, the energy
dependant phosphorylation of glucose to glucose-6-phosphate (G6P), resulting in no
absorbance change of products. G6PD converts G6P to 6-phosphoglucano-8-lactone,
involving the reduction of NADP" to NADPH. Change in absorbance at 340nm due to
accumulation of NADPH as the reaction proceeds is used to measure HK activity (Fig

2.6.D).

To a 3 ml cuvette, 1.2ml of 0.25mM Tris buffer (pH 6.9), 300ul of 75mM MgCl,,
300ul of 5U/ml G6PD, 300ul of 7.5mM ATP, 600ul of 2mM NADP" and 300yl of glucose
was added. The blank rate was observed for 2 — 3 min. Test sample was added to the
cuvette, stirred and the initial rate was observed for 5 — 6 min. Rates were calculated using
the molar extinction coefficient of NADPH at 25°C of 6.22 x 10°M™" cm™. Specific
activities of HK in test samples were calculated (pmol of product produced per min per mg
of fraction protein added - pmol min” mg™) and used to compare vehicle and drug treated

samples for a drugs ability to dissociate HK from the mitochondria.

2.20 Mitochondrial-Hexokinase dissociation assay: Western Blot analysis

Forced dissociation of HK from the mitochondria was also assayed by Western Blot

analysis. Cells were seeded at a density of 2.5 x 10— 15 x 10° cells in 75cm2 tissue culture
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flasks containing 15ml culture media and were left to incubate for 18h prior to
experimentation. Cells were incubated with vehicle or test compounds — Clotrimazole,
Econazole and Miconazole — for 1h — 24h time points. At experimental endpoints, STE-
buffer cell lysates were prepared and subcellular fractionation and mitochondrial isolation
was performed as described in Section 2.19.1. Protein concentration of mitochondrial and
cytoplasmic fractions was determined by BCA assay (Section 2.5.2). Protein (30pg) from
vehicle and test compound treated mitochondrial and cytoplasmic fractions was resolved by
SDS-PAGE on an 8% gel and transferred to PVDF membrane (60V; 160mAmps for 1.5h).
Blots were blocked in blocking buffer (5% Marvel TBS-Tween (0.1% Tween)) overnight
and then probed with rabbit Anti-HK-II (1 in 1,000 in blocking buffer) for 2h, washed in
TBS-Tween and probed with Anti-rabbit secondary Ab (1 in 4,000 in blocking buffer) for
1h. Blots were stripped (Section 2.5.6) and re-probed for mitochondrial and cytoplasmic
fraction markers — Heat shock protein-60 (rabbit Anti-HSP60; 1 in 5,000 in blocking buffer)

and B-actin (mouse anti-B-actin; 1 in 5,000 in blocking buffer).
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Chapter 3

Investigating the potential of SMAC mimetic therapy to overcome IAP-

mediated chemotherapeutic resistance in Malignant Pleural Mesothelioma



Introduction

The IAP protein family regulate caspase activation in normal somatic cells, a failsafe
against inappropriate activation of cell death. Once PCD is induced in cells, SMAC is
released from the mitochondrial inter-membrane space and can directly inhibit or induce
proteosomal degradation of IAPs, circumventing IAP-mediated resistance and allowing
apoptosis to proceed. In cancer, this network of caspase checkpoints can be co-opted
through overexpression of IAP family proteins to confer a resistant and defective apoptotic
phenotype in tumours. Specific overexpression of Survivin, c-IAP1/2 and XIAP has been
associated with resistance and poor prognosis in many cancer sub-types including
neuroblastoma (Islam et al., 2000), breast carcinoma (Bockbrader et al., 2005), acute
myeloid leukaemia (AML) (Sung et al., 2009) and multiple myeloma (Nakagawa et al.,
2006). Targeting this altered IAP expression profile specific to cancer is potentially a very
effective strategy in developing rational therapies against susceptible cancers. Anti-sense
knockdown of IAPs (McManus et al., 2004), peptide (Fulda et al., 2002) and small molecule
mimics of SMAC (Nikolovska-Coleska et al., 2004) have been shown to inhibit

overexpressed IAPs in cancer and directly kill or sensitise cells to chemotherapy.

IAP targeting was originally proposed as a method of overcoming IAP-mediated
apoptotic resistance by relieving the direct sequestration of active caspases by IAP family
proteins and sensitising cells to chemotherapeutic challenge. XIAP inhibition is of
particular interest due to its ability to confer apoptotic resistance to cancer in this manner
(Deveraux et al., 1998, Deveraux et al., 1997). SMAC mimetics have been shown to target
BIR2 and BIR3 domains of XIAP, preventing binding of active caspase-3/7 and active
caspase-9, respectively (Wu et al.,, 2003, Schimmer et al., 2006). This prevents the
apoptotic blockade of overexpressed XIAP and thus chemosensitises cells to induction of
apoptosis through intrinsic apoptotic pathway drug challenge. This effect of IAPs mediating
apoptotic resistance and SMAC mimetic / [AP targeting being able to chemosensitise
resistant cancer cells is succinctly illustrated in a study by Nikolovska-Coleska et al
(Nikolovska-Coleska et al., 2004). In Jurkat T-lymphocytes, artificial overexpression of
XIAP conferred increased apoptotic resistance to the topoisomerase Il poison, Etoposide.
However, co-treatment with the small-molecule SMAC mimetic embelin, was able to

overcome XIAP mediated resistance and re-sensitise cells to apoptosis.
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SMAC mimetic therapy has also been shown to elicit single-agent apoptotic effects,
as well as chemosensitisation in cancer. This response is incongruous to conventional
theories on XIAP targeting, which require SMAC mimetic therapy in conjunction with
stimulus of the intrinsic apoptotic pathway to induce cell death. Explanations for this
include a study by Yang et al, which propose that high IAP protein expression, in particular
XIAP, is in response to high levels of active initiator and effector caspases present in cancer
cells (Yang et al., 2003a). The study proposes that SMAC mimetic treatment releases the
sequestration of these active caspases, stimulating apoptosis without the requirement of co-
treatment with chemotherapeutics. Other explanations include particular SMAC mimetics
engaging alternate cellular targets with the ability to induce PCD. These effects were
documented in numerous embelin studies (Ahn et al., 2007, Siegelin et al., 2009) and
suggested to explain data reported in Oost et al in which novel SMAC mimetics were shown
to have affinity for XIAP-BIR3, but single agent drug potency did not correlate with XIAP
protein expression in treated cells (Oost et al., 2004). The third and recently most well
documented explanation for SMAC mimetic, single-agent apoptosis is the targeting of

alternate IAP family members, specifically cIAP-1/2.

Numerous recent studies have investigated the apoptotic potential of targeting cIAP-
1 and cIAP-2 using SMAC mimetic compounds (Vince et al., 2007, Yang and Du, 2004,
Varfolomeev et al., 2007, Petersen et al., 2007). The cIAP-1/2 proteins have a number of
diverse cellular functions, which were fully detailed in Chapter 1. Specifically for SMAC
mimetic therapy in cancer, their role in regulation of TNFR / Caspase-8/10 signalling and
upstream ubiquitination control of the canonical and non-canonical NFkB pathway is of
particular importance. Native SMAC, as well as peptide (Vince et al., 2007) and small
molecule SMAC mimetics (Varfolomeev et al., 2007, Petersen et al., 2007) have been
shown to bind to the BIR-2/3 domains of cIAP-1/2, inducing a conformational change in its
tertiary structure. This structural change allows for the autoubiquitination of the protein,
catalysed by its RING-E3 ubiquitin ligase domain, tagging cIAP-1/2 for subsequent
proteosomal degradation. The loss of cIAP-1/2, induced by SMAC, modulates standard
control of TNF-a apoptotic signalling. In light of this, studies have shown that SMAC and
SMAC mimetics can facilitate the formation of the RIP1/FADD/Caspase-8 death receptor
complex, caspase-8 activation and apoptotic induction when treated in conjunction with
TNF-a (Wang et al., 2008). SMAC mimetic targeting of cIAP-1/2 has also been shown to

induce single-agent, caspase-8 dependant apoptosis, completely independent of exogenous
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co-treatment with TNF-a. SMAC mimetic degradation of cIAP-1/2 blocks it’s negative
regulation of NIK, an upstream activator of non-canonical NFxB signalling. In susceptible
cell lines, NFkB activation in this way results in expression of TNF-a and engagement of an
autocrine signalling loop. Autocrine ligation of the TNFR, coupled with the loss of cIAP-
1/2 control of death receptor signalling, results in caspase-8 dependant apoptosis induced by

SMAC mimetic targeting of cIAP-1/2 alone (Petersen et al., 2007).

The ability of SMAC mimetic therapeutics to overcome IAP resistance through
either chemosensitisation or inducing direct apoptotic effects is of great interest for the
development of treatments for chemoresistant malignancies, in particular Malignant Pleural
Mesothelioma (MPM). MPM is a highly aggressive neoplasm of the cell lining of the
pleural cavity and is an incurable cancer with poor response rates and median survival times
with conventional chemotherapy treatment strategies (Belli et al., 2009). MPM resistance
and poor prognosis in patients has recently been associated with overexpression of IAP
family proteins, in particular cIAP-1 (Gordon et al., 2007a, Kleinberg et al., 2007). Also,
TNF-a signalling is believed to be a causative factor in the aetiology of MPM and has been
associated with conferring a protective effect against apoptotic challenge in MPM (Yang et
al., 2006). The protective effect of TNF-a is NFkB dependent (Yang et al., 2006) and a
recent study by Gordon ef al has shown that TNF-a can elicit this protective effect through
inducing increased protein expression of IAP family proteins, specifically cIAP-1, cIAP-2
and XIAP (Gordon et al., 2007b). Using SMAC mimetic therapy to target the reliance of
MPM on IAP expression and TNF-a signalling for apoptotic resistance and survival may be

an effective treatment strategy for this fatal, chemoresistant disease.

The aims of this Chapter was to first, confirm the importance of IAP family member
expression in conferring chemotherapeutic resistance to a panel of human Malignant Pleural
Mesothelioma cell lines and investigate a link between high IAP expression in MPM and
apoptotic resistance to a range of known chemotherapeutic agents. Of particular interest
were XIAP and c-IAPs due to their defined role in resistance in cancer and as targets for
SMAC mimetic drugs. Subsequently, SMAC mimetic therapy was investigated for its
ability to overcome resistance and challenge the proposed tumour survival reliance of MPM
on the cellular alteration of IAP overexpression. This was investigated using small
molecule and peptide mimetics of the SMAC N-terminal tetrapeptide AVPI sequence in

combination with cisplatin and TNF-q, intrinsic and extrinsic apoptotic pathway activators,
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respectively. These experiments aimed to investigate sensitisation of cells to apoptosis

through SMAC mimetic challenge of both XIAP and cIAP-1/2.

Results
3.1 IAP expression levels in Mesothelioma cell lines

In order to validate the hypothesis that chemoresistance in Mesothelioma is
conferred through IAP overexpression, it was first necessary to determine the basal cellular
expression levels of the IAP family members of interest. The differential protein expression
levels of c-IAP-1, c-IAP-2, XIAP and Survivin, all proteins implicated in apoptotic
resistance in cancer, were determined in a panel of four Mesothelioma cell lines (CRL 5915,
CRL 5820, One 58 and Ju77) and, for comparative analysis, in the well-established HeLa

cervical cancer cell model.

3.1.1 Mesothelioma cell lines have high basal expression levels of c-IAP-1

Protein expression levels of c-IAP-1 (72kDa) in the Mesothelioma cell line panel
and HeLa cells were determined by way of Western blot analysis (Fig 3.1.A), as outlined in
Section 2.5. Results revealed high expression levels of c-IAP-1 in all four Mesothelioma
cell lines analysed, compared to HeLa. Mesothelioma expression levels of c-IAP-1 were
also elevated compared to Burkitt lymphoma cell lines Mutu-1 and DG-75 (Data not
shown). These results are in line with previous reports that c-IAP-1 levels are highly
elevated in Mesothelioma tumour specimens (Gordon et al., 2002). This study by Gordon et
al also reports that high c-IAP-1 expression in Mesothelioma plays a role in promoting
tumour cell survival against cisplatin challenge. A follow up report by the same lab
describes a correlation between elevated c-IAP-1 levels and shorter survival times in

Mesothelioma patients (Gordon et al., 2007a).

3.1.2 CRL 5820 cells have high basal expression levels of c-IAP-2, XIAP and Survivin

Protein expression levels of c-IAP-2 (72kDa), XIAP (53kDa) and Survivin

(16.5kDa) in the Mesothelioma cell line panel and HeLa cells were determined by way of
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Figure 3.1: All MPM cell lines showed high basal expression levels of cIAP-1; CRL
5820 and OneS8 show high basal expression levels of cIAP-2.

Whole cell lysates were prepared from sub confluent cultures of One 58, CRL 5820, CRL 5915 and Ju77
(Mesothelioma) and HeLa (epithelial cervical cancer) cell lines. Proteins (30pg) were resolved on 10% SDS-
PAGE gel and transferred to PVDF membrane, as outlined in Section 2.5. Blots were blocked in 5% Marvel
TBS-Tween, probed with anti-clAP-1 (A) or anti-cIAP-2 (B) and re-probed with anti-B-actin as a loading
control, as outlined in Section 2.5.6. Results are representative of three independent experiments
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Western blot analysis (Fig 3.1.B — 3.2), as outlined in Section 2.5. The results indicated that
the CRL 5820 Mesothelioma cell line expressed elevated levels of c-IAP-2, XIAP and
Survivin protein and, as well as with all Mesothelioma cell lines tested, had elevated

expression of c-IAP-1, as outlined in Section 3.1.1.

IAP expression for all cell lines is summarised in Table 3.1. This table outlines
results in which expression of c-IAP-2 in CRL 5820 cells (Lane 3, Fig 3.1.B) was highly
elevated above expression levels of all other Mesothelioma cell lines and HeLa cells. CRL
5820 expression of XIAP was significantly higher than all other Mesothelioma cell lines
(Fig 3.2.A) and Survivin expression was highest in CRL 5820 compared to all others,
except CRL 5915 cells (Lane 2) which showed comparable expression levels (Fig 3.2.B).
As such, CRL 5820 represents a high IAP expressing Mesothelioma cell line, applicable for
further investigation into a correlation between IAP overexpression in Mesothelioma and
chemoresistance. In contrast, Ju77 cells represent a low IAP expressing Mesothelioma cell
line with significantly lower protein expression levels of c-IAP-2 and XIAP and negligible
levels of Survivin. For comparative analysis of the importance of high IAP expression in
conferring resistance in Mesothelioma, apoptotic susceptibility to chemotherapeutic agents

would be tested in “High IAP” CRL 5820 and “Low IAP” Ju77 cell lines.

3.1.3 One 58 cells have negligible protein expression levels of XIAP

For the subsequent analysis of XIAP targeting SMAC mimetics in the treatment of
Mesothelioma, expression levels of XIAP in this panel of cell lines was of interest. As
outlined in Section 3.1.2, CRL 5820 cells expressed high basal protein levels of XIAP (Lane
3), while detectable levels of expression were observed for CRL 5915 (Lane 2) and Ju77
(Lane 4) cell lines (Fig 3.2.A). However, in One 58 cell lines, negligible levels of XIAP
expression were detected (Lane 5, Fig 3.2.A).

3.2 High IAP expression mediates chemoresistance in Mesothelioma cell lines

As outlined in Section 3.1.2, in order to test the theory that high IAP expression in
Mesothelioma confers apoptotic resistance, the sensitivity and apoptotic response of “High
IAP” CRL 5820 cells and “Low IAP” Ju77 cells to a screen of chemotherapeutic agents was
tested. CRL 5915 cells expressed consistently the highest levels of IAPs in Mesothelioma
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Figure 3.2: MPM cell line CRL 5820 showed high basal expression levels of XIAP;
CRL 5820 and CRL 5915 show high basal expression levels of Survivin.

Whole cell lysates were prepared from sub confluent cultures of One 58, CRL 5820, CRL 5915, Ju77 and
HeLa cell lines. Proteins (30pg) were resolved on 10% SDS-PAGE gel and transferred to PVDF membrane,
as outlined in Section 2.5. Blots were blocked in 5% Marvel TBS-Tween, probed with anti-XIAP (A) or anti-
Survivin (B) and re-probed with anti-B-actin as a loading control, as outlined in Section 2.5.6. Results are
representative of three independent experiments.
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Mesothelioma
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Table 3.1: Results of IAP protein expression analysis of Mesothelioma and HeLa cell
lines.

Table of results of IAP family protein expression levels in Mesothelioma cell lines and HeLa cells. CRL 5820
cells (\) represent a high IAP expressing Mesothelioma cell line. Ju77 cells () represent a low IAP
expressing Mesothelioma cell line. “High” and “Low” rankings determined from comparative analysis of
protein expression levels in all five cell lines tested.
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cell lines (Fig 3.1 — 3.2). Ju77 cells were chosen because, they expressed only comparable
levels of c-IAP-1 and either median (c-IAP-2 & XIAP) or lower levels (Survivin) of IAPs
compared to all Mesothelioma cell lines. Chemotherapeutic agents chosen for testing were
available compounds with distinct cellular targets and modes of action and include therapies
approved for treatment of Mesothelioma in patients (Belli et al., 2009, Bertino et al., 2009,
Ceresoli et al., 2009). These drugs included;

(A) DNA damaging agents — Etoposide, doxorubicin and cisplatin — the latter two common
treatments or part of combination therapies and trials for MPM (Belli et al., 2009, Bertino et
al., 2009, Tomek et al., 2003).

(B) Microtubule targeting agents (MTAs) — Vinblastine and taxol. Vinblastine, a vinca
alkaloid, induces microtubule depolymerisation, disruption of mitotic spindle assembly and
M phase arrest leading to apoptosis. Taxol, in contrast, stabilises microtubules and prevents

disassembly prior to cell division leading to arrest and apoptosis.

(C) Anti-folate therapy — raltitrexed and methotrexate. Anti-folate therapy works by
inhibiting thymidylate synthase and dihydrofolate reductase, enzymes involved in purine
and pyrimidine synthesis. Disrupting nucleotide synthesis affects DNA replication and
~ leads to apoptosis. Anti-folate therapy is of strong interest in MPM due to presence of high
| affinity folate carriers in MPM (Bueno et al., 2001) and the use of anti-folate drugs, in
- combination with cisplatin, is the preferred treatment regime in MPM (Belli et al., 2009).

3.2.1 High IAP expressing CRL 5820 cells are more resistant than Ju77 cells to cell
death from Etoposide challenge

Firstly, etoposide was used to challenge the cell viability of high IAP expressing
CRL 5820 cells and low IAP expressing Ju77 cells. Cells were treated with etoposide in a
dose dependent manner for 24h or 48h and cell viability analysed by way of Alamar Blue
assay, as outlined in Section 2.6. Figure 3.3 illustrates a significant difference in cell
viability in response to etoposide challenge. CRL 5820 cells were significantly more
resistant to induction of cell death from etoposide than Ju77 cells. After 48h incubation
with etoposide, ECsg values (concentration of test compound constituting 50% cell viability)

for CRL 5820 and Ju77 cell lines were 20.7uM and 4.7uM, respectively.
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Figure 3.3: High IAP expressing CRL 5820 cells are more resistant to etoposide

challenge.

CRL 5820 (®), and Ju77 (A) cells treated with Etoposide for 24h (A) and 48h (B). Cells were seeded on 96
well plates at a density of 0.5 x 10* cells per well, containing 200ul medium and left to adhere for 18h. Cells
were treated at indicated concentrations of Etoposide and left to incubate for 24h or 48h before analysis of cell
viability by way of Alamar Blue assay, outlined in Section 2.6. Results are representative of at least two
independent experiments performed in triplicate. Regression curves were generated using a sigmoidal dose-
response equation with variable slope. Comparative analysis was performed using a One-way ANOVA
analysis (Graphpad Prism 4 statistical software).

Table of ECs, values for 24h and 48h treatments in Mesothelioma cells lines are included on the graph.
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3.2.2 CRL 5820 cells are more resistant to apoptotic induction from DNA damaging

agents

After this initial test, CRL 5820 cells and Ju77 cells were analysed for apoptotic
induction in response to a panel of chemotherapeutic drug agents, as indicated above. Cells
were treated and induction of apoptosis was analysed by propidium iodide (PI) cell cycle
flow cytometry analysis, as outlined in Section 2.7. Briefly, PI intercalates between DNA
nucleic acid bases in fixed cells and analysis by flow cytometry can differentiate between
cells of different cell cycle stages (G1, S & G2/M) due to DNA content and associated
intercalated PI fluorescence. Apoptosis can also be quantified by the detection of events
with apparent hypodiploid (pre-G1) DNA content, indicative of cells and apoptotic bodies
with fragmented DNA, a hallmark of apoptosis.

Cells were treated with the DNA-damaging agents, etoposide, doxorubicin and
cisplatin for 24h and 48h (Fig 3.4). For each drug treatment, Ju77 cells were shown to be
significantly more susceptible to induction of apoptosis compared to CRL 5820 cells,
analysed by two-way ANOVA statistical analysis. Etoposide treatment of 10uM induced
25.1% (x0.7%) apoptosis after only 24h and a maximal response of 44.4% (+ 0.6%)
apoptosis with 25uM etoposide treatment after 48h in Ju77 cells. This compared with no
significant increase in apoptosis in CRL 5820 cells with 24h or 48h incubations (Fig 3.4.A —
3.4.B). A similar highly significant difference in apoptotic response between Ju77 and CRL
5820 cell lines is seen in treatment with doxorubicin (Fig 3.4.C — 3.4.D) and cisplatin (Fig.
3.4.E —3.4.F). In Ju77 cells, significant apoptosis is induced at lower drug concentrations
and shorter time points with doxorubicin and cisplatin treatment compared to CRL 5820,
with an approximate 3 fold difference in maximal apoptotic response in each case. These
results strongly indicate that “High IAP” CRL 5820 MPM cells were more resistant to
apoptotic induction than “Low IAP” Ju77 cells.

3.2.3 CRL 5820 cells are more resistant to apoptotic induction from Microtubule
Targeting Agents (MTA)

Microtubule targeting agents were also used to investigate chemoresistance in the
Mesothelioma IAP test model. Cells were treated with microtubule depolymerising agent

vinblastine and microtubule polymerising agent taxol for 24h in a dose dependent manner
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Figure 3.4: Mesothelioma chemotherapeutic screen: CRL 5820 cells are more
resistant to apoptotic induction from DNA damaging agents.

CRL 5820 (®), and Ju77 (A) cells treated with Etoposide (A & B), Doxorubicin (C & D) or Cisplatin (E & F)
for 24h (A, C & E) and 48h (B, D & F). Cells seeded at a density of 0.25 x10° cells / Sml and left to adhere
for 18h. Cells were treated with DNA damaging agents at indicated concentrations for 24h or 48h, upon which
time cells were harvested and fixed for propidium iodide cell cycle flow cytometry analysis, as outlined in
Section 2.7. Percentage apoptosis is determined from the proportion of cells present in the sub-G1 population
of a total of 10,000 gated events.
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and induction of apoptosis was analysed by PI cell cycle analysis (Fig 3.5). In Figure 3.5.A,
results clearly showed that CRL 5820 cells were significantly more resistant to challenge
from Vinblastine than Ju77 cells. Apoptotic induction was observed in Ju77 cells at 1nM
concentrations, while no increase in pre-G1 populations is observed in CRL 5820 cells up to

250nM.

Similarly to vinblastine, CRL 5820 cells were significantly more resistant to taxol
treatment than Ju77 cells (Fig 3.5.B). Ju77 cells induced approximately 40% apoptosis at
low nanomolar concentrations of taxol. In contrast, CRL 5820 cells displayed up to a
21.6% increase in apoptosis with 5nM taxol, but apoptotic induction reduced with
increasing concentrations. This can be explained as a greater proportion of cells arrested in
G2/M with increasing taxol concentrations (Data not shown). 5nM taxol effect in CRL

5820 represented apoptotic induction, pre arrest of the cell cycle.

3.2.4 CRL 5820 and Ju77 cells show similar susceptibility to apoptosis from anti-folate
therapy

Anti-folate chemotherapeutics, a component of combinational therapy employed in
treatment of Mesothelioma, were also used to investigate IAP mediated chemoresistance.
CRL 5820 and Ju77 cells were treated with raltitrexed and methotrexate in a dose dependent
manner for 24h and 48h and percentage apoptosis was measured using PI cell cycle analysis
(Fig 3.6). Treatment for 24h, with up to 50uM drug concentration resulted in negligible
levels of apoptosis in CRL 5820 and Ju77 cells (Fig 3.6.A & 3.6.C). An increase of cells
arrested in S phase was observed however in both cell lines (Data not shown), consistent
with drug targeting DNA replication. Treatment for 48h resulted in a significant increase in
apoptosis with raltitrexed and methotrexate in both cell lines (Fig 3.6.B & 3.6.D). The
magnitude of apoptotic induction was comparable in both Ju77 and CRL 5820 cell lines and

both were deemed to have similar susceptibility to anti-folate therapy.

3.3 SMAC mimetic therapy relieves IAP mediated resistance in Mesothelioma

Having established a correlation between high IAP expression in MPM and
resistance to apoptosis induced by genotoxic and microtubule targeting agents, we next

investigated the potential of SMAC mimetic therapy to overcome IAP mediated resistance
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Figure 3.5:

Mesothelioma chemotherapeutic screen:

CRL 5820 cells were more

resistant to apoptotic induction from Microtubule targeting agents.

CRL 5820 (®), and Ju77 (A) cells treated with Vinblastine (A) or Taxol (B) for 24h. Cells seeded at a density
of 0.25 x10° cells / 5ml and left to adhere for 18h. Cells were treated with Microtubule targeting agents at
indicated concentrations for 24h, upon which time cells were harvested and fixed for propidium iodide cell
cycle flow cytometry analysis, as outlined in Section 2.7. Percentage apoptosis is determined from the

proportion of cells present in the sub-G1 population of a total of 10,000 gated events.
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Figure 3.6: Mesothelioma chemotherapeutic screen: Ju77 and CRL 5820 cell lines
show similar susceptibility to anti-folate therapy.

CRL 5820 (®), and Ju77 (A) cells treated with Methotrexate (A) or Raltitrexed (B) for 24h (A & C) and 48h
(B & D). Cells seeded at a density of 0.25 x10° cells / Sml and left to adhere for 18h. Cells were treated with
Anti-folates at indicated concentrations for 24h or 48h, upon which time cells were harvested and fixed for
propidium iodide cell cycle flow cytometry analysis, as outlined in Section 2.7. Percentage apoptosis is
determined from the proportion of cells present in the sub-G1 population of a total of 10,000 gated events.
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and sensitise cells to chemotherapeutic challenge. As outlined previously, conventional
SMAC mimetic therapy targets XIAP, releasing sequestration of active Caspase-9 and
Caspase-3/7, or c-IAPs, inducing autoubiquitination and degradation of c-IAP-1/2 and
allowing death receptor activation of Caspase-8. Deregulating these caspase inhibitory
check points with SMAC mimetics can either sensitise resistant cells to chemotherapeutic

challenge or induce single agent apoptosis in susceptible cells, as outlined previously.

Commercially available small molecule and peptide inhibitors of XIAP and c-IAP-
1/2 were tested, in combination with cisplatin and TNF-a, to determine if relieving caspase
regulation by these IAPs could overcome resistance and synergistically increase apoptotic

response.

3.3.1 Embelin treatment sensitised XIAP expressing cells to Cisplatin induced

apoptosis

Embelin, a known non-peptidic, small molecule SMAC mimetic with high affinity
(0.4puM Ki) for XIAP-BIR3 (Chen et al., 2006, Nikolovska-Coleska et al., 2004), was used
to attempt to relieve resistance mediated by XIAP in high IAP expressing MPM cell lines
and sensitise cells to apoptosis induced by chemotherapeutic challenge. Embelin’s ability to
sensitise resistant cells to apoptosis has been reported previously in a number of cancer
models (Nikolovska-Coleska et al., 2004). Cisplatin was the chemotherapeutic co-treatment
partner of choice as induction of the intrinsic apoptotic pathway was required — XIAP
primarily abrogates intrinsic pathway caspase signalling (Caspase-9 & Caspase-3/7) — and

cisplatin is part of the prescribed combinational treatment regimen for Mesothelioma.

All four MPM cell lines were treated with embelin (1, 10 & 25uM) and cisplatin
(25uM) alone or in combination and percentage apoptosis (% pre G1) was analysed by PI
cell cycle analysis. In XIAP expressing CRL 5915, CRL 5820 and Ju77 MPM cell lines
(Fig 3.7.A — 3.7.C), 25uM embelin co-treatment induced a synergistic increase in cisplatin

induced apoptosis compared to cisplatin and embelin treatment alone.

In the high XIAP expressing CRL 5820 cell line, cisplatin alone produced no
increased induction of apoptosis after 48h treatment — 3.8% (£ 0.4%) — (Fig 3.7.B).
However, co-treatment of CRL 5820 cells with embelin was able to completely overcome

XIAP mediated apoptotic resistance to cisplatin, inducing a highly significant level of
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Figure 3.7 Embelin sensitises XIAP expressing CRL 5820, CRL 5915 and Ju77 cell

lines to cisplatin induced apoptosis, but not low XIAP expressing One 58 cells

CRL 5915 (A), CRL 5820 (B), Ju77 (C) and One 58 (D) cells were treated with cisplatin alone or in
combination with embelin. Cells were seeded at a density of 0.25 x10° cells / 5ml and left to adhere for 18h.
Cells were treated with indicated concentrations of drug combinations for 48h (A, B & D) or 24h (C), upon
which time cells were harvested and fixed for propidium iodide cell cycle flow cytometry analysis, as outlined
in Section 2.7. Percentage apoptosis is determined from the proportion of cells present in the sub-Gl
population of a total of 10,000 gated events. Values are representative of mean + SEM of at least three
independent experiments. *P<0.5; **P<0.01; ***P<0.001 (Determined using unpaired Student’s t-test, part of
Graphpad Prism 4 statistical software). Synergism determined by two-way analysis of variance (ANOVA) of

interaction effect of single agent and co-treatment response (I P<0.01).
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54.1% (+2.8%) apoptosis, equating to a synergistic increase of 33.4% in apoptosis above
cisplatin and embelin treatments alone (Table 3.2). Similar results were observed after 72h
incubations (Fig 3.8.B), with embelin co-treatment with cisplatin inducing a 26.4%

synergistic increase in apoptosis.

CRL 5925 and Ju77 cells, which express median levels of XIAP, were susceptible to
cisplatin induced apoptosis — 44.2% (£3.5%) and 43.1% (£2.6%), respectively, after 48h
treatment. However, embelin co-treatment was able to induce synergistic increases in
apoptosis. In CRL 5915 cells, embelin and cisplatin co-treatments after 48h treatment
induced 74.9% (£2.5%) apoptosis, a 19.3% synergistic increase above single agent effects
(Fig 3.7.A). In Ju77 cells, co-treatment experiments produced a 17.6% synergistic increase
in apoptosis, with a total response of 52.8% (£2.1%) after a shorter, 24h treatment period
(Fig 3.7.C). A synergistic effect after 48h time points were not observed due to saturated

levels of apoptotic induction (Fig 3.8.A).

In One 58 cells, which express negligible levels of XIAP, no synergism was seen
with embelin and cisplatin co-treatments after 48h (Fig 3.7.D). After a longer 72h time
point, the same outcome was observed (Fig 3.8.C). Apoptotic induction in “cisplatin only”
treatments was also noted as being negligible after both 48h and 72h time points, possibly

indicating a cellular mechanism for cisplatin resistance other than one mediated by XIAP.

The sensitivity of cells to embelin directly correlated with XIAP expression levels
and indicated specific targeting of XIAP by embelin. High XIAP expressing CRL 5820
cells were fully resistant to cisplatin. However, embelin co-treatment allowed inhibition of
XIAP sequestration of active caspases, relieving XIAP mediated apoptotic resistance and
fully potentiating cisplatin induced apoptosis. CRL 5915 and Ju77 cell lines, expressing
median XIAP protein levels were susceptible to a degree of cisplatin induced apoptosis, but
embelin was able to overcome some degree of XIAP mediated cisplatin resistance in these
cells, irducing synergistic increases in apoptosis. One 58 cells, deficient in XIAP
expression, lack this apoptotic blockade and as such embelin did not sensitise this cell line
to cisplatin induced apoptosis and no synergistic response to embelin and cisplatin co-

treatmernt was observed.
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Figure 3.8 Embelin sensitised XIAP expressing CRL 5820, CRL 5915 and Ju77 cell
lines to cisplatin induced apoptosis, but not low XIAP expressing One 58 cells

Ju77 (A), CRL 5820 (B), One 58 (C) cells were treated with cisplatin alone or in combination with embelin.
Cells were seeded at a density of 0.25 x10° cells / 5ml and left to adhere for 18h. Cells were treated with
indicated concentrations of drug combinations for 48h (A) or 72h (B - C), upon which time cells were
harvested and fixed for propidium iodide cell cycle flow cytometry analysis, as outlined in Section 2.7.

Percentage apoptosis is determined from the proportion of cells present in the sub-G1 population of a total of
10,000 gated events.
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Embelin

Percentage

Cell line Vehicle Embelin Cisplatin r Increase | Synergism
[25pM] [25pM] Cisplatin (P statistic)
i b
CRL 5820 0.67% 16.96% 3.77% 54.08% 3.35% <0.0001
(48h) (£0.17%) (£1.49%) (£0.41%) (22.84%) | 220970
1 I
0.97% 34.77% 5.92% 67.07% 26.38% <0.01
("2h) (+0.13%) (+6.77%) (+0.87%) (+4.84%) e 0
1 i
CRL 5925 1.57% 11.50% 44.16% 74.94% 19.28% 0.0002
(48h) (+0.30%) (+2.72%) (+3.49%) (+2.49%) . 0
b
Ju77 1.18% 15.44% 19.70% 52.76% 17 6TZ°/ 0.0001
(:4h) (+0.13%) (+0.35%) (+1.58%) (+2.11%) . o
(n/s)
0.72% 20.85% 43.07% 59.71% (W/s) 0.3363
(¢8h) (+0.10%) (+1.29%) (+2.62%) (+2.26%)
(n/s)
One 58 4.54% 10.49% 10.27% 13.73% (n/s) 0.3106
(¢8h) (+0.54%) (+1.80%) (+0.94%) (+1.88%)
(n/s)
4.85% 15.16% 9.99% 20.58% (s) 0.9244
('2h) (+0.41%) (+2.26%) (+0.82%) (+2.89%)

Table 3.2 Embelin sensitises CRL 5820 cells to cisplatin and synergistically increases

apoptosis in CRL 5915 and Ju77 cell lines.

Table of apoptotic effects of single agent and combination treatments of cisplatin and embelin in all four MPM
cells lines. The percentage increase in apoptosis induced by “embelin + cisplatin compared to the cumulative
apoptotic efects of embelin and cisplatin alone is indicated, as well as the p statistic for synergism for embelin
and cisplatn combination treatments. Values are representative of mean + SEM of at least three independent
experimens. *P<0.5; **P<0.01; ***P<0.001 (Determined using unpaired Student’s t-test, part of Graphpad
Prism 4 staistical software). Synergism determined by two-way analysis of variance (ANOVA) of interaction

effect of siigle agent and co-treatment response (i P<0.01).
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3.3.2 Embelin induces single agent cell cycle arrest, cytotoxicity and apoptosis in all

Mesothelioma cell lines.

As well as synergistically increasing the apoptotic potential of cisplatin in XIAP-
expressing Mesothelioma cells, embelin also had potent single agent effects on cellular
growth arrest, cytotoxicity and apoptosis in all cell lines tested, irrespective of XIAP status.
Embelin treatment (25uM) induced apoptosis as a single agent in all four Mesothelioma cell
lines; highest apoptotic response was seen in Ju77 and CRL 5820 cells but also observed in
XIAP deficient One 58 cells (Fig 3.7 — 3.8; Table 3.1). A number of possible explanations
exist for the single agent effect of embelin in cancer cell lines. While XIAP inhibition of
embelin has been attributed as being the main factor in its anti-cancer activity, embelin has
been shown to regulate alternate targets, which include c-FLIP (Siegelin et al., 2009), p21
(Joy et al., 2010) and NFkB signalling (Ahn et al., 2007). This “off XIAP” targeting has
been proposed to contribute to single agent cell arrest, cytotoxic and apoptotic effects of

embelin.

Mesothelioma cell line treated for 48h with 1 — 25uM embelin were analysed by PI
cell cycle analysis (Fig 3.9.B), as outlined in Section 2.7. In all four Mesothelioma cell
lines, embelin treatment (25pM) induced accumulation of cells in the S phase of the cell
cycle. This was significant in high XIAP expressing CRL 5820 (29.1%) and low expressing
One 58 (25.9%), and highest in CRL 5915 cells (46.2%). Cellular cytotoxicity was also
observed in HelLa and all Mesothelioma cell lines. Cells were treated with embelin in a
dose dependent manner and cell viability analysed by Alamar Blue assay (Fig 3.9.A). All

cells showed comparable responses to embelin, indicating low micro-molar ECs values.

3.4 Cell permeable AVPI did not sensitise Mesothelioma cells to cisplatin or TNF-a
induced cell death

In this study, a cell permeable form of the SMAC N-terminal tetrapeptide AVPI was
used in an attempt to target and potentially overcome IAP mediated resistance from XIAP
and / or c-IAP-1/2. AVPI was conjugated to a cell-permeable polyarginine sequence,
containing eight arginine residues - AVPI-RRRRRRRR (AVPI-R(8)). A polyarginine-
conjugated cell permeable form of AVPI has been shown previously to overcome XIAP

mediated resistance in non-small cell lung carcinoma (NSCLC) H460 cells and sensitise
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Figure 3.9 Embelin induced single agent cytotoxic and cell arrest effects in

Mesothelioma cell lines, irrespective of XIAP expression status

(A) Mesothelioma and HeLa cells were seeded on 96 well plates at a density of 0.5 x 10* cells per well,
containing 200u! medium and left to adhere for 18h. Cells were treated with indicated concentrations of
Embelin and left to incubate for 24h before analysis of cell viability by way of Alamar Blue assay, as outlined
in section 2.6. Experiments were performed at least three times in triplicate.

(B) Cells seeded at 0.25 x 10° cells/Sml and treated with Embelin (at indicated concentrations). After 48h
incubation, cells were harvested and fixed in 70% Ethanol. Cell cycle flow cytometry analysis was performed
as outlined in section 2.7. Values are representative of mean + SEM of three independent experiments.
**P<0.01; ***P<0.001 (Determined using unpaired Student’s t-test, part of Graphpad Prism 4 statistical
software).
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cells to cisplatin mediated cell death (Yang et al., 2003b). Treating cells with Native-
SMAC protein (Vince et al., 2007) or SMAC mimetics computationally designed using the
AVPI (& AVPF) tetrapeptide motif (Li et al., 2004, Wang et al., 2008) have also shown
ability to bind c-IAP-1/2 and potentiate TNF-0 mediated cell death.

All four Mesothelioma cells were treated with AVPI-R(8) alone or in combination
with Cisplatin and TNF-a for 48h and analysed for cell viability by Alamar Blue assay (Fig
3.10). Single agent treatment with AVPI-R(8) (0.1uM — 10uM) had no effect on cell death
in any of the MPM cell lines. Combination treatments of AVPI-R(8) with either cisplatin
(20uM) or TNF-a (10ng/ml) did not sensitise or induce any synergistic increase in cell

death.

Discussion

In this Chapter it was proposed to examine the IAP expression profile of a panel of
Malignant Pleural Mesothelioma cell lines to investigate the link between high IAP
expression in MPM cells and apoptotic resistance. Upon identifying an MPM cell line
model that displayed both high levels of IAP and chemoresistance, investigation of the
ability of conventional SMAC mimetic therapy to inhibit IAP mediated resistance and
sensitise cells to apoptotic challenge was performed. Of particular interest was the
significance of XIAP and c-IAP-1/2 IAP family proteins in resistance and the potential of
targeting these IAPs using SMAC mimetics. Both are well established negative regulators
of caspase and known to confer apoptotic resistance in cancer (Checinska et al., 2007,
Gordon et al., 2002). XIAP acts as a central regulator of caspase signalling, inhibiting
apoptosome activation of caspase-9, and intrinsic and extrinsic pathway activated effector
caspases-3/7 and cIAP-1/2 regulates the apoptotic potential of death receptor signalling.
This study aimed to inform us on the potential of SMAC mimetic therapy as a treatment
strategy in resistant MPM and also, whether MPM could be a good model for the further

development of novel SMAC mimetic compounds.

IAP expression analysis was performed on c-IAP-1/2, XIAP and also Survivin.
Survivin expression in cancer has been linked with apoptotic resistance (Zaffaroni et al.,
2002), poor prognosis in neuroblastoma (Islam et al., 2000) and Mesothelioma (Gordon et

al., 2007a) and can directly inhibit caspase-9 when in complex with other proteins. Its
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Figure 3.10: Cell permeable AVPI peptide did not induce cell death as a single agent

or in combination with Cisplatin or TNF-a in Mesothelioma cell lines.

Mesothelioma cell lines CRL 5915 (A), CRL 5820 (B), Ju77 (C) and One 58 (D) treated with cell permeable

AVPI-RRRR alone or in combination with Cisplatin or TNF-a for 48h. Cells were plated on 96 well plates at a

density of 0.5 x 10* cells per well, containing 200ul medium and left to adhere for 18h. Cells were treated

with indicated concentrations and left to incubate for 48h before analysis of cytotoxicity by way of Alamar

Blue cell viability assay, outlined in Section 2.6. Values are representative of mean + SEM of a triplicate
experiment. Statistical analysis of data using unpaired Student’s t-test, part of Graphpad Prism 4 statistical

software.
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apoptotic mechanism of action is not fully elucidated and has not previously been found as a
target for small molecule SMAC mimetic therapy. Results revealed c-IAP-1 was highly
expressed in all Mesothelioma cell lines, in comparison to cIAP-1 expression levels detected
in Hela cells. This result correlated with previous reports of high c-IAP-1 expression in
MPM tumours, which was also linked to tumour resistance (Gordon et al., 2002). One
Mesothelioma cell line, CRL 5820, was revealed to also express high levels of c-IAP-2,
XIAP and Survivin. This line was paired with Ju77, an MPM cell line with low levels of
IAP protein expression, to form a comparative model to test association between IAP

expression and chemoresistance.

Treatment with known chemotherapeutics of different classes revealed a direct
correlation between high IAP expression in CRL 5820 cells and resistance to cell death and
apoptosis. CRL 5820 cells were significantly more resistant than Ju77 cells to challenge
from a collection of DNA damaging drugs (etoposide, doxorubicin and cisplatin) and MTAs
(vinblastine and taxol). These drugs induce an intrinsic apoptotic response and as such,
elevated IAPs in CRL 5820, in particular XIAP, are proposed to be the causative factor in
mediating resistance to this type of challenge. However, this paradigm was not true for all
drug treatments. Anti-folate therapy induced comparable rates of apoptosis in both CRL
5820 and Ju77 cells.

Having identified the correlation that high IAP expression in MPM conferred
apoptotic resistance, conventional SMAC mimetic therapy was used to attempt to inhibit
this mechanism of resistance. Co-treatment experiments with the XIAP inhibitor embelin
were able to overcome resistance and synergistically increased cisplatin induced apoptosis
in susceptible MPM cell lines. Susceptibility of cells to sensitisation by embelin correlated
with the XIAP expression profile of the cell line. In the Cisplatin resistant, high XIAP
expressing CRL 5820 cell line, embelin co-treatment fully sensitised cells to cisplatin
challenge, increasing cellular response from 3.8% to 54.1% apoptosis after 48h treatment.
Synergistic increases in apoptosis was observed with co-treatment in XIAP expressing CRL
5915 and Ju77 cell lines, but embelin had no effect on sensitising XIAP deficient One 58
cells to cisplatin induced apoptosis. These results further indicate that XIAP can
successfully inhibit apoptotic induction in expressing MPM cells and SMAC mimetic
therapy was an effective method of subverting this resistance mechanism and re-sensitising

cells to chemotherapy.
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Embelin was also observed to induce single agent cell arrest, cytotoxic and apoptotic
effects in cells irrespective of XIAP expression levels. Alternate target binding, as opposed
to single agent SMAC mimetic mechanisms, was believed to induce some of these effects.
Previous reports have shown embelin can induce cell arrest in S Phase through p21 targeting
(Joy et al., 2010), and cytotoxicity through c-FLIP (Siegelin et al., 2009) and NFkB
signalling regulation (Ahn et al., 2007). While data and previous reports suggest off target
effects of embelin in cancer cells, other possible mechanisms of induction of single agent
cell death exist. SMAC mimetic therapy in cells with high steady state expression levels of
active-caspase has been shown to induce apoptosis as a single agent (Yang et al., 2003a).
Under these conditions, targeting XIAP alone (at BIR2 and BIR3) can release sequestered
active caspases and induce an increased rate of apoptosis, without exogenous apoptotic
stimulus. It is proposed that a high IAP expression phenotype in some cells can occur to
counterbalance and inhibit the expression of high levels of endogenous active caspases
(Sensintaffar et al., 2010, Yang et al., 2003a). A final possible mechanism of action for
SMAC mimetic single agent effect is cIAP-1/2 targeting and autocrine TNF-a signalling, as
discussed in the introduction. While these alternate targets exist, XIAP binding is the
primary target in its cell death activity and was employed successfully as an effective XIAP-

BIR3 SMAC mimetic in this study.

A second SMAC mimetic, a proposed cell permeable form of the SMAC N-terminal
tetrapeptide, AVPI-R(8), was tested for its potential to target XIAP and c-IAP1/2 and
sensitise cells to cell death. AVPI-R(8) was treated in cells in combination with cisplatin
and TNF-a, but no increase in cisplatin mediated cell death or induction of TNF-a induced
cell death was observed. This result was determined to be a failure in assay as opposed to a
failure in concept. A previous study reported efficacy of a modified, cell permeable form of
the SMAC N-terminal tetrapeptide AVPI being able to inhibit XIAP and cIAP-1/2 and
synergistically increase cisplatin and TNF-a induced cell death in an NSCLC cell line
(Yang et al., 2003b). This peptide was structurally different to the simple tetra-peptide used
in these experiments, containing the last seven SMAC N-terminal residues as well as a
polyarginine tail. Differences in peptide were believed to cause the lack of response.
Increase in concentration of AVPI-R(8) and experiments confirming cellular internalisation

of the peptide need to be performed with this assay.

In conclusion, we report in this Chapter a link between high IAP expression and

chemotherapeutic resistance in the CRL 5820 Mesothelioma cell line. Through the use of
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SMAC mimetic treatments, we have shown XIAP to be of specific importance in mediating
this resistance and that SMAC mimetic targeting of XIAP is an effective strategy in
relieving this apoptotic resistance in Mesothelioma. This confirmed the theory that [AP
inhibition was a rational target for the design of treatments for chemoresistant MPM and a
good test model for the screening and development of SMAC mimetic therapies. Following
on from these conclusions, in the next Chapter, a series of novel computationally designed
SMAC mimetic compounds were developed in an effort to find more potent agonists of IAP
inhibition. Biochemical analysis of the novel series of MDG SMAC mimetic compounds
was performed, including “on target” and cellular functional assays to determine if the
computationally designed SMAC mimetics sensitises cells to apoptosis and mediate effects

through AP inhibition.
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Chapter 4

Biochemical analysis of a series of novel computationally-designed SMAC

mimetics in Malignant Pleural Mesothelioma



Introduction

Investigations in Chapter 3 examined the role of IAP family proteins in mediating
apoptotic resistance in MPM cell lines and confirmed, using an in vitro model, the
therapeutic potential of SMAC mimetic inhibitors of IAPs to re-sensitise resistant cells to
chemotherapy. High IAP expression in MPM cell lines was shown to confer apoptotic
resistance to a screen of conventional chemotherapeutic drugs. Embelin, a small molecule
SMAC mimetic inhibitor of XIAP-BIR3, was able to fully sensitise resistant, high XIAP
expressing CRL 5820 cells to cisplatin induced apoptosis and synergistically increase
apoptotic induction of cisplatin in other XIAP expressing MPM cell lines. Sensitisation of
cells to apoptosis was mediated specifically through XIAP inhibition as no synergistic
combinational effects were observed in an XIAP deficient MPM cell line. These results
confirmed the basic hypothesis that high IAP expression in MPM can confer apoptotic /
chemotherapeutic resistance. MPM is proposed as an appropriate model for the study of
IAP inhibition in anti-cancer drug discovery and aid the development of novel SMAC

mimetic compounds of possible therapeutic benefit in this highly resistant form of cancer.

Following on from this, a novel series of computationally designed SMAC mimetic
compounds were developed by collaborators in the Molecular Design Group, Trinity
College Dublin. Small molecule design incorporating ligand-based pharmacophore design
techniques was preferred due to fewer efficacy, delivery and pharmacokinetic limitations
over interfering RNA and peptidic inhibitors. In light of the positive results for embelin
inhibition of XIAP-BIR3, reported in Chapter 3, this site was chosen as a primary putative
target for SMAC mimetic development. The x-ray crystal structure of the biological pose of
native ligand SMAC-AVPI resident in the binding pocket of XIAP-BIR3 was the basis for
the SMAC mimetic pharmacophore (Wu et al., 2000). The primary objectives of
experimentation described in this Chapter was to evaluate the potential of these
computationally predicted SMAC mimetic compounds as direct inhibitors of IAP and their
ability to sensitise IAP resistant MPM cell lines to chemotherapy. Both “on target” and
biochemical functional assays were employed to test these compounds SMAC mimetic

potential.

A non-cell based fluorescence polarisation (FP) competitive binding assay was
developed and used in the laboratory to test binding of compounds to the BIR3 domain of

XIAP. A cellular functional assay was used to test for indications of XIAP targeting by

106



MDG SMAC compounds in MPM cell lines. Cells were treated with SMAC compounds in
combination with cisplatin to investigate if these compounds can relieve resistance by
directly inhibiting XIAP sequestration of active caspases and synergistically increase
cisplatin induced apoptosis. The cytotoxic and apoptotic activity of these compounds as

single agent inducers of PCD was also examined in MPM cell lines.

Secondary IAP targets, including cIAP-1 and cIAP-2, were also proposed as
potential binding partners of these compounds. As outlined in Chapter 1, Native SMAC-
AVPI and SMAC mimetics have been shown to bind to BIR domains of cIAP-1/2 and
induce autoubiquitination and proteosomal degradation of cIAPs. Degradation of cIAP-1/2
causes a loss of regulation of TNFR signalling and NFkB activation, allowing formation of
the Caspase-8 activating death receptor complex in response to extrinsic or autocrine
exposure to TNF-a. MDG compound targeting of cIAP-1/2 was investigated by Western
blot, analysing degradation of clAP-1/2 protein in response to compound treatment in MPM
cell lines. A cellular functional assay was also employed to test targeting of cIAP-1/2,
investigating the ability of MDG compounds to sensitise or synergistically increase cell

death in response to death receptor ligation.

As well as inducing the extrinsic apoptotic pathway, death receptor signalling has
long been linked with a role in promoting tumour growth and cell transformation in a
variety of cancers (Scott et al., 2004, Suganuma et al., 1999). TNF-a is of particular interest
in Mesothelioma, as it is believed to participate in asbestos-mediated tumorigenesis
(Lemaire and Ouellet, 1996, Xie et al., 2000). Alveolar macrophages phagocytose the long-
form asbestos fibres, causing chronic release of cytokines, including TNF-a. This
“Frustrated Phagocytosis” of the long asbestos fibres causes persistent inflammation which
sustains mesothelial cells containing mutations and genetic insults and aids tumorigenesis
(Tanaka et al., 2000, Yang et al., 2006). High amounts of TNF-a are also released by
human mesothelial cells exposed to crocidolite asbestos (Yang et al., 2006) and patients
with MPM tumour burden present with high serum levels of TNF-a (Gordon et al., 2007,
Partanen et al., 1995), strongly indicating that large amounts of TNF-a are present and
persist in the tumour microenvironment. TNF-a is believed to be a contributing factor in
resistance in MPM cells as treatment with TNF-a has been shown to induce a protective
effect against induction of cell death (Yang et al., 2006). This protective effect is dependent
on NF«B signalling, indicating the potential increased expression of survival proteins

transcripionally controlled by NF«B, including IAPs (Gordon et al., 2007).
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The role of TNF-a in MPM resistance and evidence that this is mediated through
increased IAP expression further supports the potential of SMAC mimetic therapy in
treating this resistant from of cancer. SMAC mimetic mediated inhibition of XIAP and
induced degradation of cIAP-1/2 could nullify TNF-a induced resistance and switch TNF-a
signalling from NFkB activation and a protective response to formation of the caspase-8

death complex and apoptosis.

In summary, in this Chapter the “on target” binding of computationally designed
small molecule SMAC mimetic compounds was analysed for affinity to the primary target
of XIAP-BIR3 and the secondary putative target cIAP-1/2. Lead compounds were tested
for their ability to act as SMAC mimetics in MPM cell lines, sensitising cells to cisplatin or
death receptor induced apoptosis. In subsequent experiments, the role of TNF-a inducing a
protective effect against drug induced cell death was examined and the role of IAP

expression in mediating this protective effect was investigated.

Results

4.1 Computational Ligand Based Design of a series of compounds based on the SMAC
N-terminal tetra-peptide, AVPI

Having investigated the potential and efficacy of the known SMAC mimetic,
embelin, in relieving IAP mediated apoptotic resistance in MPM cell lines, attempts were
made to develop novel SMAC mimetic compounds. Collaborators in the Molecular Design
Group (MDG), School of Biochemistry and Immunology, Trinity College Dublin designed a
series of compounds based on a pharmacophore of the AVPI N-terminal tetra-peptide
sequence of human SMAC (Fig. 4.1). The competitive binding of SMAC N-terminal AVPI
for the Baculovirus IAP repeat number 3 (BIR3) domain of XIAP, the site responsible for
sequestration of Caspase-9, was the target interaction of interest in this study for the
identification of novel SMAC mimetic compounds. This AVPI / XIAP-BIR3 interaction
site had been the basis of computational SMAC mimetic based design in a number of

previous reports (Sun et al., 2004, Crisostomo et al., 2009).

A Computational ligand based design approach was taken, constructing a
pharmacophore feature map of the AVPI sequence of SMAC, through which commercially
available compound databases could be virtually screened (VS) for similarity to AVPI. A
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Figure 4.1: Pharmacophore feature map of SMAC N-terminal tetrapeptide AVPI.

(A) Structural representation of SMAC N-terminal AVPI peptide associated with binding pocket of XIAP-
BIR3 domain (Nikolovska-Coleska et al., 2004), the crystal structure of which gave the bioactive
conformation of AVPI, the basis for the ligand based pharmacophore (Wu et al., 2000). (B) Chemical diagram
of AVPI tetra peptide (Chen et al., 2006).

(C) Structural diagram of SMAC N-Terminal tetra-peptide AVPI in its bioactive conformation when bound to
BIR3 domain of XIAP is shown. The 9 chemical features that contributed to the constructed pharmacophore
used in the Virtual screen for novel SMAC mimetics are displayed (Green: Hydrophobic region; Cyan: H-
bond acceptor; Grey: H-bond donor / acceptor; Purple: H-Bond donor) — [Design by Darren Fayne, MDG
Trinity College Dublin]. The molecular features circled and marked 1 (hydrophobic carbon chain), 2
(hydrophobic methyl group) and 3 (H-Bond donor ammonium cation)
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previously published X-ray structure of SMAC complexed with XIAP (Wu et al., 2000)
provided a picture of the bioactive conformation of AVPI bound to XIAP-BIR3, upon
which the constructed pharmacophore was based. This pharmacophore consisted of 9
molecular features describing distinct physiochemical properties of AVPI, 3 of which were
believed to be of particular importance for binding (Fig. 4.1.C). The pharmacophore also
included positional, volume and chemical constraints to better select “Hits” and improve
likelihood of “Drug-like Hits”. Virtual screening of commercial compound databases
(Specs, Peakdale, ZINC), each containing ~150,000 distinct structures, through the
constructed AVPI pharmacophore generated in silico compound “Hits” mapping to AVPI.
Numerous “hit” compounds matched 6 of 9 pharmacophore features and eight selected
compounds went forward for in vitro and cell based biochemical validation (Table 4.1 &
Table 4.2). MDG 42, 43, 44, 330 & 331 consisted of alterations to a primary core scaffold
(Table 4.1), while MDG 39 and 40 and MDG 45 were “hits” of distinct alternate scaffold
structures (Table 4.2).

4.2 Optimisation and validation of an in vifro fluorescence polarisation assay for
competitive binding analysis of computational “Hit” compounds to XIAP-BIR3

domain

To validate an on-target effect of computational “Hit” MDG SMAC mimetic
compounds, an in vitro FP competitive binding assay was developed and optimised.
Optimisation of this assay protocol involved the testing of various concentrations of the
recombinant human XIAP-BIR3 (hXIAP-BIR3) Ligand Binding Domain (LBD) and its
fluorescently labelled peptide ligand (fluor), ARPFAQ-[K-5-FAM], in order to obtain a
maximal dynamic millipolarisation (mP) range for greatest assay sensitivity. The highest
hXIAP-BIR3 concentration tested (0.15uM) gave the largest assay range (Fig. 4.2.A).
Conversely, increasing fluor concentration, from 0.005uM to 0.01uM fluor, did not
significantly alter assay range (Fig. 4.2). The optimised protocol taken forward was to test
with 0.15pM LBD and 0.005uM fluor in competitive binding assays. This protocol gave a
maximum dynamic assay range of between 50 — 90 mP units with vehicle treatment (Fig.

4.2.B), which is consistent with previous reports (Glover et al., 2003).

Validation of the assay itself was determined by testing competitive inhibition by

known peptide inhibitors of hXIAP-BIR3. These included a synthetic cell permeablised
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MDG SMAC Mimetics
MDG SMAC
Mimetic
Primary Scaffold
Chemical Chemical Name MDG designation
structure
<
g 3-[2-(4-tert-butylphenyl)-2-oxoethyl]-3-
) hydroxy-1-(2-phenylethyl)-1,3-dihydro-2H-
P 4 indol-2-one 42
P
P
‘;
W
SR
3-[2-(3,4-dimethoxyphenyl)-2-oxoethyl]-3-
hydroxy-1-(2-phenylethyl)-1,3-dihydro-2H-
indol-2-one 43
3-|2-(4-tert-butylphenyl)-2-oxoethyl]-1-(2,5- 44
dimethylbenzyl)-3-hydroxy-1,3-dihydro-
2H-indol-2-one
1-(2,5-dimethylbenzyl)-3-hydroxy-3-(2-oxo-
2-phenylethyl)indolin-2-one 330
1-benzyl-3-hydroxy-3-(2-oxo-2-
phenylethyl)indolin-2-one 331

Table 4.1: Chemical structure and formulae of MDG SMAC mimetics based on
primary SMAC N-terminal tetra-peptide (AVPI) pharmacophore scaffold.
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MDG SMAC Mimetics

Chemical structure

Chemical Name

MDG designation

5-(benzofuran-2-yl)-1-benzylpyridin-

&
e 2(1H)-one
39
/
—
o / \
-
Xy s w4 \.:/—
7N 5-(benzo|b|thiophen-2-yl)-1-
— benzylpyridin-2(1H)-one 40
N-[(5-chloro-1H-indol-2-yl)methyl]-5- 45

methyl-1,3-diphenyl-1H-pyrazole-4-
carboxamide

Table 4.2:

alternate AVPI pharmacophore scaffolds.

Chemical structure and formulae of MDG SMAC mimetics based on
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Figure 4.2: Optimisation and testing of fluorescence polarisation competitive binding

assay for XIAP-BIR3 Caspase 9 / SMAC binding pocket.

Various concentrations of recombinant human XIAP-BIR3 (hXIAP-BIR3) ligand binding domain w:re
assayed at two different concentrations of fluorescent ligand (fluor) (A). Fluorescence polarisation was as
outlined in Section 2.8. Max polarisation represents control incubations with hXIAP-BIR3 and fluor orly,
indicative of 100% bound fluor, giving highest mP (millipolarisation units) value at indicated assay conditions.
Blank polarisation level represents a control treatment with fluor only, giving a blank mP value indicative of
total competitive dissociation of fluor. Results are representative of 2h incubation in dark, at room
temperature and in triplicate.

In vitro, non-cell based fluorescence polarisation assay of competitive inhibition of test agents to the Caspas: 9
/ Smac binding pocket of purified, recombinant human XIAP-BIR3. (B) 100% fluor binding represent a
control incubation with hXIAP-BIR3 and fluorescent probe (fluor) only, giving highest fluorescence
polarisation (mP — millipolarisation units) with no competition. 0% fluor binding represents a contol
treatment with fluor only, giving a blank mP value akin to total competitive dissociation of fluor. (C) Dose
dependent competitive inhibition of synthetic cell permeable form of AVPI (AVPI-RRRR) to hXIAP-BIR3.
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form of native SMAC-AVPI (AVPI-RRRRRRRR or AVPI-R(8)), used in experimentation
in Chapter 3, and a non-fluorescently labelled form of the fluor peptide (ARPFAQK).
AVPI-R(8) induced dose dependent reduction in fluorescence polarization, with an ICsg
value of 1.13uM (% 0.04uM) (Fig. 4.2.C). This value is consistent with previous reports on
ICso values for fluorescence polarisation competitive binding studies of AVPI peptide
binding to XIAP-BIR3 (Glover et al., 2003, Nikolovska-Coleska et al., 2004). ARPFAQK
was a more potent inhibitor of BIR3 domain (Fig. 4.3), with 1uM treatment inducing an
approximate 90% inhibition of fluor binding to hXIAP-BIR3. These results are in line with
reported ICsy values of 0.13 — 0.68 pM of ARPFAQK peptide for hXIAP-BIR3
(Nikolovska-Coleska et al., 2004).

4.3 Computationally designed MDG compounds did not bind to the XIAP-BIR3

domain

MDG “hit” compounds MDG 39, 40, 42 43, 44, 45, 330 and 331 were tested at
10uM, 50uM and 100uM for potential binding to hXIAP-BIR3 in the optimised
fluorescence polarisation competitive binding assay. None of the compounds tested showed
binding to XIAP-BIR3, with no competitive inhibition of the binding of fluor to the hXIAP-
BIR3, (Fig. 4.3). No dose dependent effects on MDG compound binding were observed,
however MDG 39 induced an apparent increase in fluorescence polarisation in a dose
dependent manner. XIAP targeting positive controls were used, including AVPI-R(8) and
ARPFAQK peptides and small-molecule SMAC mimetic embelin, were used to insure
experimental validity. Experimental positive controls induced significant, dose dependent
reductions in fluorescent probe binding, confirming affinity for XIAP-BIR3 and validating

test results.

4.4 Evaluation of the cytotoxic and apoptotic potential of MDG compounds in

Mesothelioma cell lines

Whilst this series of compounds did not show significant direct binding to XIAP-
BIR3, its predicted molecular target, in an “on target” FP competitive binding assay, cellular
functional assays analysing the capacity of MDG compounds to sensitise MPM cells to

chemotherapeutic induction of apoptosis were performed. The cytotoxic and apoptotic
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Figure 4.3: MDG SMAC mimetics did not show binding to XIAP-BIR3 Caspase 9 /
SMAC binding pocket.

In vitro, non-cell based fluorescence polarisation assay of competitive binding of MDG 39, 40, 42, 43, 44, 45,
330 & 331 to the Caspase 9 / SMAC binding pocket of purified, recombinant human XIAP-BIR3. Test
compounds (at indicated concentrations) and fluor (5nM) were incubated with 0.15uM hXIAP-BIR3 at room
temp in the dark for 4h. Millipolarisation (mP) values were recorded using Pherastar fluorescence plate reader
and software. mP values were transformed and affinity of test compounds to hXIAP-BIR3 were illustrated by
their percentage inhibition of fluor binding to the LBD. Values are representative of mean + SEM of three
independent experiments. ***P<0.001 (Determined using unpaired Student’s t-test, part of Graphpad Prism 4
statistical software).
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potential of these novel compounds in MPM cell lines were still of particular interest in light
of positive results observed in previous cell death experimentation (data not shown). The
compounds MDG 39, MDG 42 and MDG 44 were selected for further analysis due to
significant cytotoxic effects observed when screened previously in alternate in vifro cancer
cell models, including breast and prostate cancer cell lines. The capacity for both single
agent and combinatorial treatment regimens to induce or synergistically increase apoptosis
in cells was tested. Similarly with embelin co-treatment experiments, performed in Chapter
3, which analysed sensitisation of MPM cells to apoptosis, cisplatin was chosen as the co-

treatment chemotherapeutic of choice, due to its clinical use in Mesothelioma treatment.

4.4.1 MDG 39, 42 and 44 induced cell death in selected Mesothelioma cell lines

The ability of MDG 39, MDG 42 and MDG 44 to induce cell death in CRL 5915,
CRL 5820, Ju77 and One 58 cell lines was tested after 24h and 48h incubation times, by
way of Alamar Blue cell viability assay. Cells were incubated with vehicle or MDG SMAC

mimetic at a screening concentration of 25uM (Fig 4.4).

MDG 44 was the most potent compound of the three tested in all Mesothelioma cell
lines (Fig 4.4). MDG 44 induced significant levels of cell death in the CRL 5820 cell line at
24h and 48h (28.3% + 2.5 & 33.0 £3.7, respectively) and a ~ 10% increase in cell death in
all other MPM cell lines after 48h incubation. Interestingly, CRL 5820 cells, the high IAP
expressing MPM model, were again the most sensitive cell line to MDG 42 and 39
incubation, inducing significant levels of cell death after 24h (~10%) and 48h (~15%).
Besides CRL 5820 susceptibility, MDG 42 was only able to induce a marginal increase in
cell death in One 58 cells after 48h (8.1% *1.5), with MDG 42 and 39 inducing negligible

effects at 25uM in all other incubations.

4.4.2 MDG 42 and MDG 44 synergistically increased cisplatin induced apoptosis in
CRL 5915 and One 58 cell lines, but not Ju77 or CRL 5820 cell lines

After observing the cytotoxic effects of MDG compounds as single agents in MPM
cells, the apoptotic induction of single agents and, importantly, the capacity to synergise
with cisplatin to increase induction of apoptosis was next tested. While XIAP-BIR3 target

binding was not confirmed for these compounds, the ability to combine with cisplatin, the
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Figure 44: MDG SMAC mimetics induced single agent cytotoxic effect in
Mesothelioma cell lines.

Mesothelioma cell lines treated with 25pM MDG 39 (A & B), MDG 42 (C & D) or MDG 44 (E & F) for 24h
(A, C, F) or 48h (B, D, F). Cells were plated on 96 well plates at a density of 0.5 x 10* cells per well,
containing 200pl medium and left to adhere for 18h. Cells were treated with indicated concentrations of MDG
SMAC Mimetics and left to incubate for 24h or 48h before analysis of cytotoxicity by way of Alamar Blue
cell viability assay, outlined in Section 2.6. Values are representative of mean + SEM of at least three
independent experiments. **P<0.01; ***P<0.001 (Determined using unpaired Student’s t-test, part of
Graphpad Prism 4 statistical software).
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primary combinational treatment partner in MPM therapy (Belli et al., 2009), was of
particular interest. Cells were treated with MDG compounds in a dose dependent manner of
drug (1pM, 10uM & 25uM) alone or in combination with cisplatin (25uM) for 48h.
Supplementary to this, Ju77 cells were treated as indicated previously for 24h and One 58
cells were treated with MDG 44 + cisplatin for 72h, in order to optimise detection of a
synergistic effect. After treatment, cells were fixed and stained with propidium iodide for
flow cytometry cell cycle analysis, as outlined in Section 2.7. Apoptosis was quantified by
the percentage hypodiploid or “pre G1” apoptotic population of cells compared with the

total number of total gated events.

Single agent apoptotic induction mirrored the cytotoxicity results for MDG
compounds (Fig 4.4). MDG 44 was the most potent compound and CRL 5820 the most
susceptible cell line tested. Significant induction of single agent apoptosis was only
observed with MDG 44 treatment in high IAP expressing CRL 5820 cells (Fig 4.5.D).
Treatment with MDG 44, MDG 42 or MDG 39 in all other cell lines did not induce single
agent apoptosis (Fig 4.5 — 4.7).

In combinational treatments of MDG compounds and cisplatin, only two of the four
MPM cell lines induced a significant increase in apoptosis compared to cisplatin treatment
alone — the CRL 5915 cell line (A) and the ONE 58 (B) cell line (Fig 4.5 — 4.7). In these
two cell lines MDG 42 and MDG 44 (25uM), but not MDG 39, were effective at
synergistically increasing apoptosis with cisplatin treatment — a synergistic response was
deemed significant by two-way ANOVA statistical analysis of the interaction effect of
MDG compound and cisplatin. Co-treatment responses were most effective in CRL 5915
cells. MDG 42 and 44 had no apoptotic effect on their own at 25uM, but in co-treatment
with cisplatin, MDG 42 induced a 22.0% increase in apoptosis, while MDG 44 elicited
almost a fold increase (doubling) in apoptosis (28.6%) compared to cisplatin treatment
alone. While the magnitude of response in One 58 cells was lower (cisplatin induced 31.2%
+1.8 and 9.9% +0.9 apoptosis in CRL 5915 and One 58 respectively) comparable
synergistic increases were observed with MDG 42 and MDG 44 co-treatments at 48h and
72h.

In synergism experimentation in Ju77 and CRL 5810 cell lines, co-treatment with
any of the compounds MDG 39, MDG 42 or MDG 44 in combination with cisplatin was not
effective at synergistically increasing apoptosis. In the CRL 5820 cell line, high IAP
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Figure 4.5: MDG 39 did

Mesothelioma cell lines

not synergistically increase

cisplatin induced apoptosis in

CRL 5915 (A), One 58 (B), Ju77 (C) and CRL 5820 (D) cells were treated with MDG 39 for 48h alone or in
combination with Cisplatin. Cells were seeded at 0.25 x 10 cells / Sml in 25cm? tissue culture flasks. Afier
48h incubation, cells were harvested and fixed in 70% Ethanol and PI cell cycle flow cytometry analysis was
performed, as outlined in Section 2.7. Cells in pre G1 population represented apoptotic cells. Values are
representative of mean + SEM of at least three independent experiments.*P<0.05; **P<0.01 ***P<0.001
(Determined using unpaired Student’s t-test, part of Graphpad Prism 4 statistical software). Synergism
determined by two-way analysis of variance (ANOVA) of interaction effect of single agent and co-treatment

response (I P<0.01).
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Figure 4.6: MDG 42 synergistically increased cisplatin induced apoptosis in CRL 5915

and One 58 Mesothelioma cell lines

CRL 5915 (A), One 58 (B), Ju77 (C) and CRL 5820 (D) cells were treated with MDG 42 for 48h alone or in
combination with Cisplatin. Cells were seeded at 0.25 x 10° cells / 5ml in 25cm” tissue culture flasks. After
48h incubation, cells were harvested and fixed in 70% Ethanol and PI cell cycle flow cytometry analysis was
performed, as outlined in Section 2.7. Cells in pre G1 population represented apoptotic cells. Values are
representative of mean + SEM of at least three independent experiments.*P<0.05; **P<0.01 ***P<0.001
(Determined using unpaired Student’s t-test, part of Graphpad Prism 4 statistical software). Synergism
determined by two-way analysis of variance (ANOVA) of interaction effect of single agent and co-treatment

response (I P<0.01).
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Figure 4.7: MDG 44 synergistically increased cisplatin induced apoptosis in CRL 5915

and One 58 Mesothelioma cell lines

CRL 5915 (A), One 58 (B), Ju77 (C) and CRL 5820 (D) cells were treated with MDG 44 for 48h or 72h alone
or in combination with Cisplatin. Cells were seeded at 0.25 x 10° cells / Sml in 25c¢m? tissue culture flasks.
After 48h incubation, cells were harvested and fixed in 70% Ethanol and PI cell cycle flow cytometry analysis
was performed, as outlined in Section 2.7. Cells in pre G1 population represented apoptotic cells. Values are
representative of mean + SEM of at least three independent experiments.*P<0.05; **P<0.01 ***P<0.001
(Determined using unpaired Student’s t-test, part of Graphpad Prism 4 statistical software).
determined by two-way analysis of variance (ANOVA) of interaction effect of single agent and co-treatment

response (I P<0.01).
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expressing cells sensitised to cisplatin induced apoptosis with embelin co-treatment, no
synergistic effects with MDG compound treatment were observed. In the Ju77 cell line,
cells described in Chapter 3 as being very susceptible to apoptotic challenge, reached
saturating apoptotic response with 25uM cisplatin after 48h (Fig 4.5 — 4.7). A shorter 24h

incubation time was employed but synergism was still not seen in this cell line (Fig 4.8).

Synergism results for each compound and cell line were summarised in Table 4.3.
While these results report the discovery of two novel compounds which can synergistically
increase the apoptotic potential of cisplatin in two specific MPM cell lines, the profile of
susceptible and non-susceptible cell lines does not correlate with results for XIAP cellular

expression or embelin / cisplatin synergism experiments performed in Chapter 3.

4.5 MDG compounds do not bind to cIAP-1 or cIAP-2, a secondary putative IAP
binding partner

Having established that the MDG compounds do not elicit their effect through
inhibition of XIAP, possible alternate targets were investigated for these computationally
designed SMAC mimetics. While the primary target of SMAC mimetic therapy involves
direct disruption of IAP / caspase interactions, relieving caspase sequestration and
amplification of an intrinsic apoptotic stimulus (Chai et al., 2000, Srinivasula et al., 2001),
cIAP-1/2 targeting by MDG compounds was investigated as a possible mechanism of
action. As outlined in Chapter 1, SMAC mimetics are also able to bind cIAP-1/2, inducing
proteosomal degradation which leads to loss of regulation of TNFR signalling and apoptosis
induced by autocrine or extrinsic TNF-a / TNFR activation of caspase-8 (Varfolomeev et
al., 2007, Wang et al., 2008, Vince et al., 2007). As well as this, having already observed
MDG compounds ability to synergise with cisplatin, but not elicit this effect through XIAP,
a 2010 report in Cell Death and Differentiation further suggested cIAP-1/2 as a putative
target for these compounds (Probst et al., 2010). The paper reported the ability of genotoxic
chemotherapeutic drugs, including cisplatin, to synergise with SMAC mimetics in a TNF-o.
dependent manner. SMAC mimetics target cIAP-1/2 for degradation while genotoxic
chemotherapeutics inhibit cell proliferation and cause cannonical NFkB activation of TNF-
a, increasing the ability of SMAC mimetics to drive autocrine activation of an extrinsic

pathway of apoptosis.
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Figure 4.8: MDG SMAC mimetic treatment for 24h did not synergistically increase

cisplatin induced apoptosis in Mesothelioma cell lines

Ju77 cells were treated with MDG 39 (A), MDG 42 (B) and MDG 44 (C) for 24h alone or in combination with
Cisplatin. Cells were seeded at 0.25 x 10° cells / 5ml in 25cm” tissue culture flasks. After 24h incubation,
cells were harvested and fixed in 70% Ethanol and PI cell cycle flow cytometry analysis was performed, as
outlined in Section 2.7. Cells in pre G1 population represented apoptotic cells. Values are representative of
mean + SEM of at least three independent experiments.*P<0.05; **P<0.01 ***P<0.001 (Determined using
unpaired Student’s t-test, part of Graphpad Prism 4 statistical software). Synergism determined by two-way

analysis of variance (ANOV A) of interaction effect of single agent and co-treatment response (I P<0.01).
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MDG 39

MDG 39
Cell line Vehicle MDG 39 | Cisplatin + Percentage | Synergism
[25nM] [25nM] (.‘is]blzltin Increase (P statistic)
(=)
CRL 35915 0.89% 2.09% 31.19% 31.56% (n's)
(481) (20.15%) (20.32%) (21.79%) (=6.78%)
(ns)
One 58 8.37% 5.23% 10.18% 12.43% (n's)
48h) (=0.94%) (20.34%) (=0.96%) (z1.27%)
(ns)
Ju77 1.17% 0.61% 37.87% 36.06% (n's)
(24h) (20.19%) (=0.14%) (=1.44%) (=1.619%)
ns)
(48t 1.36% 1.58% 40.94% 43.92% ns)
(20.54%) (20.63%) (22.57%) (20.77%)
ns)
C'RL 5820 1.04% 1.57% 31.70% 29.76% =)
48h) (20.13%) (20.27%) (=1.90%) (23.60%)
MDG 42
MDG 42
Cell line Vehicle MDG 42 | Cisplatin + Percentage | Synergism
[25pM] [25pM] Cisplatin Increase (P statistic)
1 b
CRL 35915 0.89% 2.54% 31.19% 53.24% ASAVES P 00001
81 (20.15%) (22.54%) (21.79%) (2208%) | = 2.05%
1 b
One 58 8.37% 12.04% 10.18% 25.97% = 790 P 0.0001
481 (20.94%) (20.53%) (20.96%) (=1.71%) 15.79%
(ns)
Ju77 1.17% 0.93% 37.87% 35.74% (ns)
(24h) (20.19%) (20.19%) (21.44%) (23.59%)
=)
sty 1.36% 1.16% 40.94% 46.71% (ns)
(20.54%) (20.19%) (22.57%) (21.76%)
(n's)
CRL 5820 1.04% 1.87% 31.70% 28.53% n's)
(48h) (z0.13%) (=0.106%) (=1.90%) (=5.76%)
MDG 44
MDG 44
Cell line Vehicle MDG 44 | Cisplatin + Percentage | Synergism
[25uM] [25uM] Cisplatin Increase (P statistic)
1 i
CRL35915 0.89% 1.62% 31.19% 59.76% R &0, P- 0 0001
(48h) (20.15%) (20.19%) (21.79%) (21.36%) 28.57%
+
T +
One 58 4.80% 4.57% 9.94% 18.03% ae P-001
48h) (20.48%) (20.35%) (20.87%) (22.42%) 8.09%
5
A 1 H
Gz 4.50% 4.54% 9.83% 22.54% > X P-001
(20.57%) (20.29%) (=0.89%) (=3.30%) 12.71%
(ns)
Ju77 1.17% 2.34% 37.87% 33.53% ns)
(24h) (20.19%) (20.97%) (21.44%) (22.04%)
ns)
o) 1.36% 1.65% 40.94% 40.69% (s)
(20.54%) (20.31%) (22.57%) (22.42%)
(ns)
CRL 5820 0.91% 22.95% 45.39% 71.06% ns)
(48h) (=0.08%) (26.07%) (=4.81%) (23.03%)

Table 4.3 Summary of results of MDG SMAC mimetic and cisplatin co-treatment

experiments in MPM cell lines.
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In order to investigate this putative mechanism of action for MDG compounds, a
cIAP-1/2 “on target” assay and cellular functional assay were used for analysis in MPM cell
lines. Recent publications on novel SMAC mimetic targeting cIAPs assayed cIAP-1/2
degradation directly by Western Blot as an indication of “on target” binding to cIAP-1/2
(Varfolomeev et al., 2007, Vince et al., 2007). Concurrently, a functional assay
investigating the ability of MDG compounds to sensitise or synergistically increase death
receptor ligands TNF-o and TRAIL induced cell death in MPM cell lines was performed

using an Alamar blue cell viability assay.

4.5.1 MDG 44 does not induce proteosomal degradation of cIAPs: MDG 44 induces an

increase in expression of cIAP-1 and a consequential decrease in cIAP-2.

The “on target” cIAP-1/2 degradation experiment was performed using MDG 44 on
all four MPM cell lines. MDG 44 was chosen for experimentation as it was the most potent
compound of the series when examined for cytotoxicity and apoptotic induction. Cells were
treated with 30uM MDG 44 for time points between 10 min to 24h (0 min, 10 mia, 30 min,
1h, 4h, 8h, 14h, & 24h). Lysates were prepared and c-IAP-1 and cIAP-2 expression

examined by Western Blot, as outlined in Section 2.5.

SMAC mimetic compounds and native SMAC used in cIAP degradation
experiments published by Vince et al (Vince et al., 2007) and Varfolomeev et al
(Varfolomeev et al., 2007) report rapid degradation of cIAP-1/2 between 10 min— 1h post
treatment. Treatment with MDG 44 in all four MPM cell lines did not induce degradation
of either cIAP-1 or cIAP-2 in this time frame (Fig 4.9). MDG 44 treatment instead induced
a time dependent increase in cIAP-1 protein expression between 4h and 24h (Fig 4.9.A —
4.9.D). Conversely, cIAP-2 expression was seen to decrease at late time points, 1 possible
consequence of increased cIAP-1 expression. The cIAP-1 protein is known to be a post-
transcriptional negative regulator of cellular protein levels of cIAP-2, with cIAP-Z being an
ubquitin target of the cIAP-1 RING domain E3 ligase (Conze et al., 2005, Cheung et al.,
2008).
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Figure 4.9: MDG 44 did not induce proteosomal degradation of cIAP-1 and cIAP-2 in

MPM cell lines

(A - D) c-IAP-1 and (E - H) c-IAP-2 protein expression in response to MDG 44 treatment in CRL 5915, CRL
5820, Ju77 and One 58 cell lines. Cells were seeded at a density of 0.5 x 10°cells/5ml. Cells were treated
with 30uM MDG 44. At indicated time points, cells were harvested and lysed, on ice, for 1h, in 1 x Ripa
Buffer containing DTT and protease inhibitor cocktail. Protein (30pg) was resolved on 10% SDS-PAGE gel
and transferred to PVDF membrane as outlined in Section 2.5. Blots were blocked in 5% Marvel TBS-Tween,
probed with anti-c-IAP-1 (Primary Ab — 1:1,000) or anti-c-IAP-2 (Primary Ab — 1:1,000) and re-probed with
anti-B-actin (Primary Ab — 1:10,000) as a loading control, as outlined in Section 2.5.6.
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4.5.2 All Mesothelioma cell lines express abundant levels of TNFR1

Before performing the functional assay on potential MDG compound synergism
with TNF-a, it was necessary to examine protein expression levels of Tumour Necrosis
Factor Receptor — 1 (TNFR1) in cell lines of interest. Whole cell lysates of sub-confluent
cultures of CRL 5915, CRL 5820, Ju77 and One 58 Mesothelioma cell lines and HelLa cells
(positive control for TNFR1 expression) were prepared. Equal amounts of protein (30pg)
were resolved by 10% SDS-PAGE and TNFR1 protein expression was analysed by Western
blot. HelLa and all Mesothelioma cell lines showed abundant cellular expression of TNFR1
protein (Fig 4.10). Expression of TNFR1 in CRL 5820 and One 58 cells was noted to be
slightly higher than protein expression in Ju77 and CRL 5915 cells.

4.5.3 TNF-a and TRAIL treatment did not affect cell viability in Mesothelioma cell

lines

Death-receptor signalling, in particular TNF-a mediated activation, has the potential
to elicit both proliferative or pro-apoptotic responses in stimulated cells, depending on the
cellular environment (Mahalingam et al., 2009, Wertz and Dixit, 2010) and the presence of
clAP-1/2 regulation (Shu et al., 1996, Wang et al., 1998). To test the pro- or anti-
proliferaiive effects of TNF-a and TRAIL treatment alone in Mesothelioma cells, CRL
5915, CRL 5820, Ju77 and One 58 cells were treated in a dose dependent manner for 24h
and 48h Cell viability of treated samples was determined by Alamar Blue cell viability
assay. All Mesothelioma cell lines were shown to be insensitive to TNF-a and TRAIL
treatment at 24h and 48h up to a high concentration of 100ng/ml (Fig 4.11). Cell viability
did not deviate significantly above untreated controls, indicating no proliferative or death

response of cells to TNF-a or TRAIL treatment.

4.5.4 MDG compounds in combination with death-receptor signalling did not

synergistically induce cell death in One 58, Ju77 and CRL 5915 cell lines

MDG SMAC mimetics, MDG 39, MDG 42 and MDG 44, were treated (25uM)
alone or in combination with death-receptor ligands TNF-a (10ng/ml) or TRAIL (10ng/ml)
in One 58, Ju77 and CRL 5915 cell lines. Induction of cell death was analysed by Alamar

127



76 kDa

TNFRI | -
" - e 52 kDa

— 52KDa

Bractin | ————

— 38 KDa

Mesothelioma

Figure 4.10: Expression of TNFR1 in Mesothelioma cell lines.

Whole cell lysates were prepared from sub confluent cultures of One 58, CRL 5820, CRL 5915, Ju77 and
HelLa cell lines. Proteins (30pug) were resolved on 10% SDS-PAGE gel and transferred to PVDF membrane,
as outlined in Section 2.5. Blots were blocked in 5% Marvel TBS-Tween, probed with anti-TNFR1 (Primary
Ab — 1:1,000) and re-probed with anti-B-actin (Primary Ab — 1:10,000) as a loading control, as outlined in
Section 2.5.6. Results are representative of three independent experiments.
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Figure 4.11: TNF- a and TRAIL did not induce cell death in Mesothelioma cell lines.

Mesothelioma cells treated with TNF-a for 24h (A) and 48h (B) or TRAIL for 24h (C) and 48h (D). CRL
5915, CRL 5820, One 58 and Ju77 cells seeded on 96 well plates at a density of 0.5 x 10* cells per well,
containing 200ul medium and left to adhere for 18h. Cells were treated with indicated concentrations of TNF-
a or TRAIL and left to incubate for 24h or 48h before analysis of cell viability by way of Alamar Blue assay,
outlined in Section 2.6. Results are representative of one experiment performed in triplicate.
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blue cell viability assay, as outlined in Section 2.6. Results indicated that in all three cell
lines, MDG compounds did not sensitise cells to either TNF-a or TRAIL induced apoptosis
(Fig 4.12). MDG compound treatment alone also induced no significant increase in cell
death. Etoposide treatment induced significant levels of cell death in all three cell lines and
in One 58 cells, TNF-a co-treatment induced a significant, synergistic increase in cell death
compared to single treatment (Fig 4.12.B). Treatment with TRAIL had no synergistic

cytotoxic effect for any co-treatment regime.

4.5.5 Embelin did not synergistically induce cell death in combination with TNF-a in
CRL 5915, Ju77 and One 58 cells

Although embelin has not been reported as an inhibitor of cIAPs, it was also
investigated in the cIAP targeting functional assay to see if this IAP inhibitor could act
through this mechanism, sensitising MPM cells to death receptor mediated apoptosis. CRL
5915, Ju77 and One 58 cells were treated with embelin in a dose-dependent manner alone or
in combination with TNF-a [10ng/ml] for 24h and, cell death was analysed by Alamar Blue
cell viability assay. Dose-response curves showed no increased cell death with TNF-a co-
treatment compared to embelin treatment alone (Fig 4.13). Results indicate that embelin

does not sensitise cells to death receptor mediated apoptosis.

4.6 TNF-a induced a protective effect against cytotoxicity in CRL 5820 cells

Although TNF-a can participate in activating caspase-8 dependent cell death
mechanisms in cancer cells, its name is a slight misnomer as it also participates in
promoting cell survival and proliferation in cancer cells (Silke and Brink, 2010). These
protective effects are of particular interest in the study of Mesothelioma as TNF-a is
proposed to participate in the aetiology of this neoplasm (Lemaire and Ouellet, 1996, Xie et
al., 2000, Mossman and Churg, 1998). As well as a role in mediating cell transformation
and tumorigenesis , TNF-a has been shown to be able to elicit a protective effect against
induction of cell death in Mesothelioma (Yang et al., 2006), and IAP proteins are implicated
in mediating this resistance. A paper by G.J. Gordon et al reported that TNF-o induces an
increase in mRNA and protein expression levels of cIAP1/2 and, to a lesser degree, XIAP in

select MPM cell lines and it is this alteration that produced a protective effect against cell
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Figure 412: MDG SMAC mimetics did not sensitise CRL 5915, One 58 and Ju77 cell

lines to ¢eath receptor mediated cell death.

CRL 5915(A), One 58 (B) and Ju77 (C) cells treated

cells per wvell, containing 200pul medium and left

Statistical iignificance tested using unpaired Student’s
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with Etoposide, MDG 39, MDG 42 and MDG 44 alone
or in combnation with TNF-a or TRAIL for 48h. Cells were seeded on 96 well plates at a density of 0.5 x 10*
Cells were treated at indicated
concentratons and left to incubate for 48h before analysis of cell viability by way of Alamar Blue assay,
outlined ir Section 2.6. Results are representative of two independent experiments performed in triplicate.
t-test, part of Graphpad Prism 4 statistical software).

to adhere for 18h.
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Figure 4.13: Embelin did not sensitise CRL 5915, One 58 and Ju77 cell lines to death

receptor mediated cell death.

Embelin treatment alone or in combination with TNF-a [10ng/ml] for 24h in CRL 5915 (A), One 58 (B) and
Ju77 (C) cell lines. Cells seeded on 96 well plates at a density of 0.5 x 10* cells per well, containing 200ul
medium and left to adhere for 18h. Cells were treated at indicated concentrations of Embelin alone or in
combination with TNF-a [10ng/ml] and left to incubate for 48h before analysis of cell viability by way of
Alamar Blue assay, outlined in Section 2.6. Results are representative of three independent experiments
performed in triplicate.
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death induced by the intrinsic apoptotic agent, cisplatin (Gordon et al., 2007). Results for
CRL 5820 cells co-treated with TNF-a and cytotoxic drugs mirror these findings for the
cytoprotective effect of TNF-a in select MPM cell lines.

4.6.1 TNF-a induced a protective effect against Etoposide and MDG SMAC mimetic
induced cell death in CRL 5820 cells

CRL 5820 cells were treated with MDG compounds in combination with TNF-a and
TRAIL, in the same manner as Ju77, CRL 5915 and One 58 cells in Figure 4.12. Cell death
was analysed after 24h (Fig 4.14.A) and 48h (Fig 4.14.B) by Alamar Blue cell viability
assay. Contrary to the original experimental hypothesis, MDG compounds did not sensitise
cells to death receptor mediated cell death. This result was consistent with other MPM cell
lines tested, however, uniquely in CRL 5820 cells, TNF-a treatment induced a protective
effect against MDG compound and Etoposide mediated cytotoxicity. TRAIL co-treatment

in comparison elicited no significant protective effect against cytotoxicity.

This apparent protective effect induced in CRL 5820 cells was further analysed in
dose response curves with Etoposide + TNF-a (10ng/ml). One 58 cells, which showed
increased cell death with Etoposide when co-treated with TNF-a (Fig 4.12.B), was used as a
comparative control in this experiment. Cells were treated for 24h and 48h and cell death
was analysed by Alamar Blue cell viability assay (Fig 4.15). In CRL 5820 cells, TNF-a co-
treatment induced a slight protective effect compared to Etoposide on its own. Data was
analysed by two-way ANOVA analysis and was shown to be a significant effect (P<
0.0001). This level of protection was comparable with previous reports that TNF-a co-
incubation induced protection against cisplatin induced cell death (Gordon et al., 2007). In
comparison, One 58 cells were sensitised to TNF-a induced cell death. Co-treatment of
Etoposide with TNF-a induced a significant, dose dependent increase in cell death
compared to Etoposide treatment alone. These results indicate that TNF-a treatment in CRL
5820 cells has a protective effect against induction of cell death by cytotoxic agents and this

effect is specific to the CRL 5820 cell line.
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Figure 4.14: TNF-a induced a protective effect against Etoposide and MDG SMAC
mimetic induced cell death in CRL 5820 cells.

CRL 5820 cells treated with Etoposide, MDG 39, MDG 42 and MDG 44 alone or in combination with TNF-a
or TRAIL for 24h (A) and 48h (B). CRL 5820 cells seeded on 96 well plates at a density of 0.5 x 10* cells per
well, containing 200ul medium and left to adhere for 18h. Cells were treated at indicated concentrations and
left to incubate for 24h or 48h before analysis of cell viability by way of Alamar Blue assay, outlined in
Section 2.6. Results are representative of two independent experiments performed in triplicate. *P<0.05;
**p<(.01; ***P<0.001 (Determined using unpaired Student’s t-test, part of Graphpad Prism 4 statistical

software).
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Figure 4.15: Differential effect of TNF- a treatment in Etoposide challenged CRL
5820 and OneS8 cells

Etoposide treatment alone (¢) or in combination with TNF-a (®) in CRL 5820 cells for 24h (A) and 48h (B)
and One 58 cells for 24h (C) and 48h (D). Cells seeded on 96 well plates at a density of 0.5 x 10* cells per
well, containing 200ul medium and left to adhere for 18h. Cells were treated at indicated concentrations of
Etoposide alone or in combination with TNF-a [10ng/ml] and left to incubate for 24h or 48h before analysis
of cell viability by way of Alamar Blue assay, outlined in Section 2.6. Results are representative of two

independent experiments performed in triplicate.
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4.6.2 TNF-a induced a protective effect against Embelin induced cell death in CRL
5820 cells.

CRL 5820 cells were treated with embelin in combination with TNF-a, in the same
manner as Ju77, CRL 5915 and One 58 cells in Fig 4.13. Cell death was analysed by
Alamar Blue cell viability assay after incubation for 24h (Fig 4.16.A) and 48h (Fig 4.16.B).
Again, a protective effect was induced with TNF-a co-treatment in CRL 5820 cells. This
was, as with MDG compound and Etoposide co-treatments, a unique response in CRL 5820
cells, unlike the identical cell death response seen with embelin + TNF-a in Ju77, CRL 5915
and One 58 cell lines. The hypothesised sensitisation of cells to TNF-a mediated apoptosis
by cIAP inhibition of embelin did not occur and further suggests that embelin does not work
through cIAP inhibition.

4.6.3 Western blot analysis of IAP expression levels in response to TNF-a treatment in

MPM cell lines

Having identified that TNF-o treatment can induce a protective effect against
induction of cell death specifically in CRL 5820 cells, the possible mechanism by which
TNF-a mediated this protection was investigated. Previous studies reported a link between
TNF-a and increased IAP expression conferring cisplatin resistance in select MPM cell lines
(Gordon et al., 2007) and this mechanism of action was investigated here. CRL 5820 cells
were treated with TNF-o (10ng/ml) in a time dependent manner and cIAP-1, cIAP-2 and
XIAP protein expression was analysed by Western blot (Fig 4.17.A). One 58 cells were
used as a comparative control cell line as these cells were not protected but rather sensitised

to TNF-a treatment (Fig 4.17.B).

TNF-a treatment induced an increase in cIAP-2 expression but, contrary to previous
reports (Gordon et al., 2007) had no effect on cIAP-1 or XIAP protein expression levels in
CRL 5820 cells. A highly significant increase in cIAP-2 is observed after 8h treatment
which is sustained at high levels until the final time point of 29h in CRL 5820 cells.
Importantly however, similar increases in clAP-2 expression are also observed with TNF-a
treatment in One 58 cells (Fig 4.17.B). This casts doubt over the theory that TNF-a

inducing increased expression of [APs confers resistance in CRL 5820 cells.
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Figure 4.16: TNF- a induced a protective effect against Embelin induced cell death in

CRL 5820 cells

CRL 5915cells were treated with Embelin alone or in combination with TNF-a [10ng/ml] for 24h (A) and 48h
(B) [(i) Dose response curve and (ii) Statistical analysis of data]. Cells were seeded on 96 well plates at a
density of 0.5 x 10* cells per well, containing 200ul medium and left to adhere for 18h. Cells were treated at
indicated concentrations of Embelin alone or in combination with TNF-a [10ng/ml] and left to incubate for
48h before analysis of cell viability by way of Alamar Blue assay, outlined in Section 2.6. Results are
representative of at least two independent experiments performed in triplicate. *P<0.05; **P<0.01;

***P<(.001 (Determined using unpaired Student’s t-test, part of Graphpad Prism 4 statistical software).
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Figure 4.17: TNF-a induced highly significant increases in cIAP-2 expression in CRL
5820 and One 58 cell lines

XIAP, cIAP-1 and clAP-2 expression in response TNF-a treatment was analysed in CRL 5820 (A) and One 58
(B) cell lines. Cells were seeded at a density of 0.17 x 10° cell / Well (3ml media) on a 96 well plate, and left
to adhere for 18h. Cells were treated with Vehicle (PBS + 5% FBS) or TNF-a (10ng/ml) for five time points
between Oh and 29h. Whole cell lysates were prepared and 25pg of protein was resolved on a 10% SDS-
PAGE gel and transferred to PVDF membrane, as outlined in Section 2.5.3 —2.5.4. Blots were blocked in 5%
Marvel TBS-Tween, probed with anti-cIAP-2 (Primary Ab — 1 in 750) ; anti-cIAP-1 (Primary Ab — 1 in 1,000)
and anti-XIAP (Primary Ab — 1 in 1,250), as outlined in Section 2.5.5. Results are representative of two
independent experiments.
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Discussion

Results in this Chapter reveal that computationally designed SMAC mimetics did
not bind to XIAP or cIAP-1/2. Fluorescence polarisation results showed no competitive
binding to XIAP-BIR3 of any of the series of novel compounds. Similarly in cIAP-1/2 “on
target” experiments, compounds did not bind to the BIR domains of cIAP-1/2 as indicated
by no induced proteosomal degradation of the proteins. In fact, cIAP-1 expression was
increased in a time dependent manner in all MPM cell lines in response to MDG 44
treatment. SMAC and small-molecule mimetics of SMAC have been shown to induce rapid
degradation of cIAP-1/2 in cells, not seen with the MDG test compound treatment
(Varfolomeev et al., 2007, Vince et al., 2007). As these novel compounds showed no
affinity for the original design target of the Caspase-9 / SMAC-AVPI binding pocket of
XIAP-BIR3, or for the secondary putative target of the SMAC-AVPI binding pockets of the
BIR2 and BIR3 domains of cIAP-1/2, the results of this Chapter suggests that MDG test

compounds elicit effects through an alternate target and mechanism.

While compounds did not bind IAPs, lead compounds MDG 39, MDG 42 and MDG
44 did have significant cytotoxic and apoptotic effects in MPM cell lines. All three
compounds were able to induce cell death in the high IAP expressing, resistant CRL 5820
cells, with this cell line being the most responsive to treatment. The most significant result
was the ability of MDG 42 and MDG 44 to synergistically increase cisplatin induced
apoptosis in two of the four MPM cell lines — CRL 5915 and One 58. The synergistic
response in MPM did not correlate with the XIAP expression profile of cells. Sensitivity to
MDG compound induced synergism with cisplatin showed no relation to XIAP protein
levels in MPM cells, contrary to what was observed in embelin and cisplatin co-treatment
experiments in Chapter 3. This was a further indication of XIAP not being a target for these
compounds. MDG 44 was the most potent synergistic lead compound, inducing no
apoptosis alone, but in combination with cisplatin, approximately doubling cisplatin induced
apoptosis in CRL 5915 cells. The cellular effects of lead compound MDG 44 and MDG 42
and their synergistic capacity in combination with established chemotherapy in MPM was a

result believed to be worthy of further analysis in the next Chapter.

The “on target” results for the novel computationally designed small molecule
SMAC mimetic were disappointing as the pharmacophore failed to predict any positive IAP

inhibiting compounds. MPM remains a very attractive model for the study of IAP
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resistance and SMAC mimetic design. Numerous studies implicate increased IAP
expression and TNFR signalling as a factor in MPM tumorigenesis and chemotherapeutic
resistance. The results in Chapter 3 confirm the role of IAP expression in resistance in
MPM and the ability of embelin to re-sensitise cells to chemotherapy indicates the promise
of SMAC mimetic therapy as possible treatment strategy in this neoplasm. XIAP targeting
drugs, like embelin, can directly relieve XIAP mediated resistance in MPM (Chapter 3).
Targeting of cIAP-1/2 can potentiate death receptor mediated apoptotic signalling
(Bockbrader et al., 2005, Li et al., 2004, Vince et al., 2007), synergise with genotoxic drugs,
like cisplatin (Probst et al., 2010), and potentially subvert TNF-a mediated protection of
MPM (Yang et al., 2006, Gordon et al., 2007). MDG compound design was based on a
pharmacophore developed from the AVPI N-terminal tetrapeptide of SMAC. SMAC-AVPI
represents a very amenable target for the design of small molecule mimetics and has been
used in numerous studies for the computational design of novel SMAC mimetics
(Crisostomo et al., 2009, Sun et al., 2004, Oost et al., 2004, Seneci et al., 2009). Recent
publications on novel SMAC compounds have reported increased potency with the design
of bivalent compounds — two SMAC mimetics linked together by a bridging complex
(Varfolomeev et al., 2007). Such compounds have been shown to better mimic the dimer
structure of native SMAC and, like SMAC, are able to bind both BIR2 and BIR3 domains
of the same IAP protein (Cossu et al., 2009). Bivalency allows the simultaneous
competitive inhibition of active caspase-3/7 (BIR2) and active caspase-9 (BIR3) binding to
XIAP and single compound binding to BIR2 and 3 of cIAP-1/2, allowing potent and
efficient induction of autoubiquitination and subsequent proteosomal degradation. For the
future design of novel SMAC mimetics, analysis and redesign of the basic pharmacophore
is required to develop true IAP targeting compounds. Small molecule design still has a
greater therapeutic potential over peptides, interfering RNA and peptidic molecules in
SMAC mimetic rational drug design due to fewer efficacy, delivery and pharmacokinetic
limitations. Design of bivalent molecules has been shown to be a better strategy for getting

more potent and effective molecules and should be employed in future development.

Another interesting result from work in this Chapter was the protective effective
induced by TNF-a in CRL 5820 cells. In line with results that MDG compounds do not
target cIAP-1/2, no sensitisation of cells to death receptor signalling was observed in any of
the four MPM cell lines. Conversely, a protective effect against cytotoxicity from

etoposide, embelin and MDG compound treatment was mediated by TNF-a co-treatment in
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CRL 5820 cells. A link between TNF-a induced increase in IAP expression and resistance
in susceptible MPM cell lines has been recently reported (Gordon et al., 2007) and was
investigated with regard to TNF-a results in CRL 5820 cells. Highly significant increases
specifically in cIAP-2 expression, not XIAP or cIAP-1, was observed in response to TNF-a
treatment. However, a similar increase in cIAP-2 expression was observed in One 58 cells,

a cell line not protected by TNF-a co-treatment.

In the original reference article (Gordon et al., 2007), TNF-a induced significant
increase in mRNA translation and protein expression of cIAP-1 and cIAP-2 and, to a lesser
degree, XIAP, which conferred resistance against cisplatin induced cell death. In other
articles, increased IAP expression, including cIAP-2, has also been implicated in blocking
apoptosis in an induced cisplatin resistant MPM cell line (Janson et al., 2010) and cIAP-2
was believed to be specifically responsible for cellular resistance to SMAC mimetic therapy
(Petersen et al., 2010). In the later study, co-treatment of SMAC mimetic and TNF-a
initially induces rapid degradation of cIAP-2 but, unlike cIAP-1, TNF-a drives recovery and
increased cIAP-2 protein expression levels, a response in cells that correlates with a
resistant phenotype to SMAC mimetics. While results indicate TNF-a induced cIAP-2
expression could possibly mediate resistance, its mechanism of inhibiting intrinsic apoptotic
induction (e.g. etoposide, cisplatin, embelin, etc) is poorly defined. Recent publications
report that, contrary to previous predictions (Eckelman et al., 2006), cIAPs can directly
affect caspase activation and stability. The cIAP-BIR2 & BIR-3 domains (cIAP-1; cIAP-2
not used in experimentation) can directly bind effector caspases in intermediate activation
states and induce ubiquitination and degradation of caspase-3/7 (Choi et al., 2009), while
another study reports that the same cIAP domains are essential for preventing effector
caspase activation via binding and inhibiting the apoptosome (Burke et al., 2010). Defining
the role of TNF-a inducing increased cIAP-2 expression and mediating apoptotic resistance
in CRL 5820 cells is speculative at best, due to the similar response in One 58 cells. Further

study into this phenomenon would be required and may be outside the scope of this study.

In the next Chapter, the apoptotic potential of lead compound MDG 44 will be
investigated in MPM cell lines. While MDG 44 and its series of compounds have been
proven not to bind IAPs, its ability to synergise with cisplatin in susceptible cell lines was a
result of particular interest. Cisplatin is the primary clinical option for chemotherapeutic
treatment of MPM in advanced, unresectable stage III and IV disease (Bertino et al., 2009).

The current FDA approved therapy employs combinational treatment regimens of cisplatin
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with the anti-folate compound, pemetrexed. In a first and largest clinical trial on this
regime, co-treatment of cisplatin / pemetrexed significantly increased median progression
times, median survival times, and response rates compared to cisplatin alone (Vogelzang et
al., 2003). However, the increase in median survival time was just 2.8 months with
combinational treatment (12.1 vs. 9.3) and overall patient response rates were less than
50%, indicating the necessity for further improvement in MPM therapy. While the target
for MDG 44 was unknown, its ability to cause cell death in resistant MPM and synergise
with cisplatin treatment is a result of possible clinical significance and deemed worthy for

further study.

Investigations in Chapter 5 looked to examine the mechanism of PCD induced by
MDG 44, hoping to confirm a regulated programme of cellular disassembly and potentially
shed light on possible cellular targets for MDG 44. Classical indicators of an apoptotic
mechanism of PCD were examined including caspase dependence, PARP cleavage and

effects on cellular morphology.
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Chapter 5

Investigating the mechanism of MDG 44 induced cell death in Malignant

Pleural Mesothelioma



Introduction

From investigations in Chapter 3 and 4, MDG 44 and MDG 42 have been identified
as lead compounds from a series of novel, computationally-designed SMAC mimetic
compounds. “On target” analysis of the computationally-designed, SMAC mimetics
revealed these compounds did not bind to their proposed sites on XIAP and cIAP-1/2, but
these lead compounds did elicit significant cytotoxic effects when screened in MPM cell
lines, independent of IAP targeting. MDG 44 and MDG 42 were able to induce single agent
cell death and synergistically increase cisplatin induced apoptosis at low micro-molar
concentrations in two out of four MPM cell lines tested. While the initial goal of the study
was to develop novel SMAC mimetic therapies for the treatment of MPM, a cancer model
shown to be IAP resistant and sensitive to SMAC mimetic therapy (Chapter 3), the efficacy
of these drugs observed in MPM was deemed significant enough to be taken forward for
further analysis. Of particular interest was the capacity of MDG 44 and MDG 42 to
combine with Cisplatin synergistically in combinational treatment regimens; Cisplatin being
part of the prescribed clinical treatment regimen for MPM patients — Cisplatin in
combination with anti-folate therapy (pemetrexed) (Belli et al., 2009). In Chapter 4,
experimentation produced preliminary results with regard to the single agent and synergistic
capacity of MDG compounds to induce and enhance an apoptotic form of PCD in MPM. In
the current Chapter, the most potent compound of the series, MDG 44, was taken forward
for comprehensive analysis of its cellular potency in MPM and investigation into the

mechanisms by which it induces PCD.

Programmed cell death (PCD) refers to the final fate of the cell occurring through an
orchestrated disassembly of cellular components, which allows the recycling of base
material and preventing chaotic lysis, toxicity to adjacent tissue and induction of an
inflammatory response (Edinger and Thompson, 2004). A number of types and pathways of
PCD exist including classical type I apoptosis (extrinsic, intrinsic, caspase-independent),
and type Il autophagy (“Self-eating” of the cell), differentiated by the conserved protein
pathways contributing in their induction and the distinct morphological features in their
execution (Yang and Klionsky, 2010). Recently, necrotic-like cell death pathways have
been identified as non-passive processes; an organised, alternate form of cell death in which
induction of an inflammatory response is beneficial (Edinger and Thompson, 2004). Within
these programmes of cell death much cellular crosstalk can occur between them when

responding to diverse stimuli (Zhivotovsky and Orrenius, 2010). Induction of classical PCD
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processes, like apoptosis, is dependent on expression of the required cellular machinery to
carry them out and the type of cellular stress, imbalance or insult that is induced. For cancer
drug development, engagement of a classical programmed form of cell death is preferred to

aid cancer specificity and reduce toxicity to normal tissue.

The cellular machinery required for induction of an apoptotic PCD response includes
abundant ATP levels and a functional network of apoptosis proteins. These networks of
proteins regulate, initiate and execute the apoptotic programme and include the death-
receptor, IAP, Bel-2 and caspase protein families. The death-domain receptor family and
related accessory proteins mediate extrinsic activation of apoptosis via death receptor
ligation (TNF-a, TRAIL, FasL) (Schneider and Tschopp, 2000). Bcl-2 family proteins are
both regulators and initiators of the intrinsic / mitochondrial apoptotic pathway with pro-
apoptotic inducers considered essential for induction of apoptosis (Buytaert et al., 2006).
Bcl-2 proteins are activated by genotoxic agents or cellular stress, mediating MOMP and
release of apoptotic activators. Intrinsic and extrinsic stimuli converge at the activation of
caspases; the central executioners of the apoptotic programme (Shiozaki and Shi, 2004).
Extrinsic stimulus drives initiator caspase-8 activation while intrinsic apoptotic stimulus is
mediated by initiator caspase-9 (Jin and El-Deiry, 2005). Both initiator caspases activate
executioner caspases-3/7 which implements the proteolytic activation of numerous proteins
necessary to execute apoptosis. Caspase-3/7 participate in the cleavage of nuclear protein
poly-(ADP-ribose) polymerase (PARP) and proteolytic activation of endonucleases,
including DFF40/CAD (DNA fragmentation factor 40 / caspase-activated DNAse), which
induce DNA double strand brakes and DNA fragmentation characteristic of apoptosis
(Widlak and Garrard, 2005, Duriez and Shah, 1997). No step in the apoptotic programme is
known to be truly committal to apoptotic execution, however, caspase dependence and
activation in response to drug treatment is considered a strong indication of induction of a

classical apoptotic pathway.

The activation of these protein cascades culminate in execution of the PCD
programme and specific changes in cellular morphology. Idiosyncratic morphological
changes occur in a stepwise manner during execution of apoptosis, starting with chromatin
condensation (pyknosis) and followed by cell shrinkage, plasma membrane blebbing, DNA
fragmentation (karyorrhexis) and formation of apoptotic bodies (Hacker, 2000). Alternate

morphological features are also indicative of a Type II, autophagic form of cell death. The
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formation of double membraned, cytoplasmic vesicles, termed autophagosomes, is an

indication of autophagy (Yang and Klionsky, 2010).

Formation of autophagosomes in autophagy, constitutes a survival response to a
multitude of cellular stresses including, hypoxia, growth factor deprivation and misfolded
protein aggregate (aggresome) formation (Kroemer et al., 2010). Autophagosomes
sequester cytosolic components into a membrane bound vesicle and fuse with lysosomes,
forming autolysosomes, which facilitates the degradation of trafficked material (Yang and
Klionsky, 2010). Autophagosomes can non-specifically take up and process cytoplasmic
proteins, lipids and organelles to attempt to maintain cellular energy and nutrient
homeostasis during times of nutrient depravation (Macroautophagy) or specifically
sequester and degrade defected / misfolded protein aggregates to prevent damage to the cell
(Chaperone-mediated Autophagy). Prolonged cellular stress, coupled with excessive
autophagic flux, culminates in cell death — Type II autophagic PCD — as the cell is
overwhelmed by perpetual nutrient cycling and is said to digest itself through autophagy
(“self-eating”) (Mizushima et al., 2008).

The wide range of mechanisms and cellular stresses by which chemotherapeutic
drugs can induce PCD (in particular apoptosis) in MPM cells, was of interest in this
Chapter. Activation of the extrinsic apoptotic pathway is primarily mediated through the
ligation of death-domain receptors, while intrinsic pathway activation can occur in response
to a wide variety of stimulus. With conventional chemotherapy, intrinsic apoptotic
induction requires drug internalisation and binding to its specific cellular target, which
triggers a form of cellular stress that activates apoptosis. Cellular stress mechanisms that
culminate into induction of an apoptotic response include DNA damage, nutrient / growth
factor deprivation, ER stress / unfolded protein response (UPR), cell cycle / mitotic arrest
and oxidative stress (Creagh and Martin, 2003). Examples of this include the
chemotherapeutic agent cisplatin which binds to DNA forming cross-linked adducts,
damaging DNA and inhibiting replication. Detection of damage by DNA repair
mechanisms and p53 induce an intrinsic apoptotic response (Basu and Krishnamurthy,
2010). The genotoxic agent doxorubicin, as well as intercalating between nucleic acid
bases, induces the generation of excess reactive oxygen species (ROS), both activating
pathways of apoptotic induction (Fu et al., 2010). ROS are oxygen radicals (H,0,; OH)
generated by the partial reduction of O, in the electron transport chain. A delicate balance

exists between ROS generation and the cells detoxification mechanisms of glutathione,
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catalase and superoxide dismutase. Excess ROS generation can cause damage to DNA,

proteins and lipids, causing cell cycle arrest and apoptosis (Ott et al., 2007).

Cell cycle arrest in response to drug treatment is another cellular effect indicative of
a particular class of drug, affecting specific cellular targets. A well-defined class of
arresting drugs include MTAs, which cause arrest in the G2/M phase of the cell cycle due to
disruption of microtubule polymerisation and depolymerisation dynamics, preventing
mitotic spindle assembly and cell division (Wilson and Jordan, 2004). S phase arrest can be
induced by drugs that inhibit DNA replication, cause DNA damage (cisplatin) (Jain et al.,
2010) or affect cyclin or cyclin dependent kinase (Cdk) expression (resveratrol) (Joe et al.,
2002). Regulation of expression levels and timing of Cyclin/Cdk complexes can also
contribute to a blockade in G1-S phase transition, causing G1 phase arrest. Histone
deacetylase inhibitors, proteasome inhibitors and molecular chaperone inhibitors can alter
transcriptional expression, degradation and stability of G1-S phase transition Cyclin / Cdk
complexes (Cyclin D1/Cdk4) and regulation proteins (p27) to induce G1 arrest (Owa et al.,
2001, Toyoshima and Hunter, 1994).

Experimentation in Chapter 5 looked to investigate the potency of lead compound
MDG 44 and confirm induction of a type I, apoptotic form of PCD within MPM cells.
Apoptotic induction was monitored by PI cell cycle analysis, detection of classical
morphological features indicative of apoptosis (chromatin condensation, DNA
fragmentation) and evidence for caspase activation and dependence in response to
treatment. Alternate assays for apoptotic analysis were performed including Annexin V
staining and detection of DNA damage by single-cell gel electrophoresis (Comet assay).
These experiments were performed to classify both the single-agent apoptotic capacity of

MDG 44 and its synergistic potential in enhancing Cisplatin induced apoptosis in MPM.

Experiments were also performed to examine the mechanism or cellular stress
pathway by which lead compound MDG 44 induces PCD. The CRL 5915 MPM cancer
model was used to profile the cellular effects induced in cells in response to MDG 44
treatment. Experiments were performed which investigated the contribution of extrinsic
(caspase-8) and intrinsic (caspase-9) apoptotic pathway signalling, oxidative stress (ROS),
cell cycle arrest and alterations in cellular morphology in response to MDG 44 treatment in
MPM. As MDG compounds were shown not to bind to their computationally predicted

target of IAP family proteins, a secondary aim of these experiments was to give insight into
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putative cellular targets through which MDG lead compounds may induce and
synergistically enhance apoptosis in select MPM cell lines. Target identification would
provide a model framework for further analysis of MDG 44 anti-cancer activity and inform

their possible efficacy as a therapeutic in MPM.

Results
5.1 MPM cell lines expressed abundant levels of pro-apoptotic Bel-2 family proteins

To investigate the mechanism of PCD employed by MDG 44, it was first necessary
to confirm the capacity of MPM cell lines to induce apoptosis. Bcl-2 family proteins consist
of both pro- and anti-apoptotic regulators and inducers of the intrinsic apoptotic pathway.
This protein family control mitochondrial outer membrane permeabilisation and the release
of pro-apoptotic factors (cyto ¢; SMAC, HtrA2) which drive apoptosome formation and
caspase-9 mediated cell death (Cory and Adams, 2002). Oligomerisation of pro-apoptotic
Bax and Bak proteins in the MOM in response to intrinsic apoptotic stimulus allows release
of apoptotic inducers and expression of Bax and Bak proteins are believed to be essential for
induction of the intrinsic apoptosis pathway in many cell types (Buytaert et al., 2006).
Protein expression of Bax and Bak were investigated in all four MPM cell lines. All four
lines showed abundant basal expression levels of both Bax (Fig 5.1.A) and Bak (Fig 5.1.B).
Differential expression was observed between cell lines — decreased Bax in CRL 5820 cell
and decreased Bak in CRL 5915 cells — but, all showed detectable levels indicating a

capacity for induction of apoptosis.

Bcl-2 expression was also investigated in MPM and HelLa cell lines. Bcl-2 is an
anti-apoptotic regulator of Bax and Bak, forming heterodimers with these proteins,
preventing oligomerisation and mitochondrial membrane permeabilisation. Bcl-2 null cells
have been shown to have deficient regulation of apoptotic induction (Cory and Adams,
2002). HeLa cells and MPM cell lines all expressed abundant levels of Bcl-2 protein (Fig
5.1.C), indicating the competent regulatory capacity of apoptosis in cells.
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Figure 5.1 Pro-apoptotic and anti-apoptotic Bcl-2 family protein expression in

Mesothelioma cell lines.

CRL 5915 CRL 5820, Ju77 and One 58 cell lines protein expression of pro-apoptotic Bax (A) and Bak (B); Hela and
MPM cell line protein expression of anti-apoptotic Bcl-2 (C). Sub-confluent cultures of each cell line were taken for
preparatior of whole cell lysates. (A) Proteins (20pg) were resolved on 12% SDS-PAGE gel and transferred to PVDF
membrane as outlined in Section 2.5. Blots were blocked in 5% Marvel TBS-Tween and probed with anti-Bax. (B)
Proteins (:0pg) were resolved on 10% SDS-PAGE gel and transferred to PVDF membrane. Blots were blocked in 5%
Marvel TES-Tween and probed with anti-Bak. (C) Proteins (25pg) were resolved on 12% SDS-PAGE gel and transferred
to PVDF nembrane. Blots were blocked in 5% Marvel TBS-Tween and probed with anti-Bcl-2. All experiments were re-
probed wih anti-B-actin as a loading control. Results are representative of three independent experiments.
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5.2 Characterisation of apoptotic response induced by MDG 44 in MPM cell lines

The lead compound of the computationally designed series, MDG 44, has been
shown to induce cytotoxicity and synergistically induce apoptosis in MPM cell lines. The
ability and potency of MDG 44 to induce apoptosis as a single agent in MPM cell lines was
examined by PI cell-cycle flow cytometry analysis. In order to further confirm induction of
an apoptotic program of cell death by MDG 44, PARP cleavage analysis was performed on
MDG 44 single agent treatments. Poly-(ADP-ribose) polymerase, or PARP, is a nuclear
enzyme which catalyses the poly-(ADP)-ribosylation of nuclear proteins (Boulares et al.,
1999). PARP is known to participate in apoptosis through binding to DNA strand breaks
occurring during the apoptotic programme and deplete cells of substrates NAD" and ATP
through hyperactive poly-(ADP)-ribosy5.2.15.1ation (Berger, 1985). PARP is also a
proteolytic substrate of caspase-3, and its cleavage from an 116kDa full length protein to 89

kDa and 27 kDa fractions was used as an indication of caspase dependent apoptosis.

5.2.1 MDG 44 single agent treatment induced pre -G1 apoptosis in MPM cells in a dose

dependent manner

All four MPM cell lines were treated with increasing concentrations of MDG 44, up
to a concentration of 50uM, and left to incubate for 24h (Fig 5.2). Cells were fixed in 70%
Ethanol, followed by PI cell cycle analysis, as outlined in Section 2.7. In all four cell lines
single agent treatment of MDG 44 induced significant levels of apoptosis in the range of
30uM - 50uM. CRL 5915 and Ju77 cells were the most susceptible cell lines to MDG 44
apoptotic induction, inducing 58.9% (£ 2.6) and 41.4% (+1.9) apoptosis and 40uM

incubations respectively.

5.2.2 MDG 44 single agent treatment induced PARP cleavage in MPM cells in a dose

dependent manner

Similarly to the PI flow cytometry apoptotic analysis, PARP cleavage was
investigated in response to MDG 44 dose-response treatment in all four MPM cell lines.
Cells were treated with various concentrations of MDG 44 and incubated for 12h. At the
experimental endpoint, whole cell lysates were prepared and PARP cleavage was assessed

by Western blot analysis, as outlined in Section 2.5. Full length (116 kDa) and the 89 kDa
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Figure 5.2: Single agent MDG 44 treatment induced apoptosis in Mesothelioma cell
lines.

Mesothelioma cell lines, CRL 5915 (A), Ju77 (B), CRL 5820 (C) and One 58 (D) treated with MDG 44 in a dose
dependent manner for 24h. Cells were seeded at a density of 0.25 x 10° cells/Sml. After 24h incubation, cells were
harvested and fixed in 70% Ethanol. Cell cycle flow cytometry analysis was performed, as outlined in Section 2.7. Values
are representative of mean + SEM of three independent experiments.*P<0.05; **P<0.01 ***P<0.001 (Determinec using
unpaired Student’s t-test, part of Graphpad Prism 4 statistical software).
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cleaved fragment of PARP were detected using an anti-PARP antibody. In all four MPM
cell lines a cleaved 89 kDa fragment was observed with MDG44 treatment of 40 - 50uM
(Fig 5.3). This result further confirmed the ability of MDG 44 to specifically induce
apoptosis in MPM cell lines.

5.3 Investigation into the time-dependence and potency of MDG 44 treatment in the
CRL 5915 MPM cell line

Further analysis of the apoptotic effects of MDG 44 was performed in a single cell
line. The CRL 5915 cell line was chosen as a test model for MDG 44 due to its greater
sensitivity to single agent and co-treatment induced cell death, compared to other MPM cell
lines. The apoptotic and mechanistic pathways through which MDG 44 elicits its cellular
effects were profiled in this MPM cancer cell model. Initial experiments investigated dose
and time dependent effects of MDG 44 treatment in CRL 5915 cells. These experiments
looked to define drug potency, cell viability ICsy values and the time scale for induction of
apoptosis in cells. The ICsy value of a drug refers to the concentration at which drug
induces 50% cell death in a particular cell line and is used to define potency of a compound,

an important question with regard to its efficacy as a therapy.

5.3.1 MDG 44 induced dose and time dependent cell death in CRL 5915 cells

Dose response curves of MDG 44 treatment were performed in CRL 5915 cells and
cell viability was analysed by Alamar blue assay, as outlined in Section 2.6. Cells were
treated with various concentrations of MDG 44, up to a concentration of 50uM, for 24h and
48h incubations (Fig 5.4.A). Results indicate that at both time points MDG 44 treatment
induces a dose dependent decrease in cell viability in CRL 5915 cells. After 24h incubation,
MDG 44 treatment had an ICsq value of 33.6uM (£0.5). Similar potency was observed with
longer treatment, with a lower ECs value of 31.3uM (+0.6) after 48h treatment. Results
show that MDG 44 was a compound with low micromolar efficacy in a susceptible MPM

cell line.
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Figure 5.3: Single agent MDG 44 treatment induced PARP cleavage in Mesothelioma

cell lines.

Mesothelioma cell lines, CRL 5915 & CRL 5820 (A) and Ju77 & One 58 (B) treated with vehicle (OuM) or MDG 44 (1 -
50uM) for 12h. Cells were seeded at a density of 0.5 x 10° cells/Sml. After 12h treatment with MDG 44, cells were
harvested and lysed, on ice, for 1h, in 1 x Ripa Buffer containing DTT and protease inhibitor cocktail. Protein (30pg) was
resolved on 8% SDS-PAGE gel and transferred to PVDF membrane as outlined in Section 2.5. Blots were blocked in 5%
Marvel TBS-Tween, probed with anti-PARP (Primary Ab — 1:1,000) and re-probed with anti-B-actin (Primary Ab —
1:10,000) as a loading control, as outlined in Section 2.5.6. Results are representative of three independent experiments.
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Figure 5.4: MDG 44 induced dose and time dependent cell death and apoptosis in the

CRL 5915 cell line.

(A) MDG 44 induces dose and time dependent cell death in CRL 5915 cell line. Cells seeded on 96 well plates at a density
of 0.5 x 10* cells per well, containing 200ul media and left to adhere for 18h. Cells were treated at indicated
concentrations of MDG 44 for 24h (e) and 48h (¢). Cell death was analysed by Alamar Blue cell viability assay, as
outlined in Section 2.6. ECs, values generated for MDG44 were 33.6uM (% 0.5) (24h) and 31.3uM (£ 0.6) (48h).

(B) MDG 44 induces time dependent apoptosis in CRL 5915 cell line. Cells were seeded at a density of 0.25 x 10° cells /
T25 (5ml) and left to adhere for 18h prior to treatment with EtOH [1%] (4 ) and MDG 44 [40uM] (¢) for indicated time
points. Apoptosis was measured by PI cell cycle analysis, as outlined in Section 2.7. Statistical analysis was performed
using Graphpad Prism 4 statistical software.
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5.3.2 MDG 44 induced a time dependent increase in apoptosis in CRL 5915 cells

The time dependent effects of MDG 44 treatment on induction of apoptosis was also
investigated in CRL 5915 cells. Time dependent induction of cell death is indicative of a
programmed or regulated form of cell death, as opposed to rapid loss of cellular integrity,
lysis and death associated with necrotic cell death. CRL 5915 cells were treated with 40uM
of MDG 44 for nine time points between 2h and 24h. Apoptotic induction was quantified
by PI cell cycle analysis. MDG 44 treatment induced significant levels of apoptosis at time
points as short as 4h (14.7% +1.5) and increased in a time dependent manner to a maximal
response of 56.1% (+ 4.0%) pre-G1 population after 24h incubation (Fig 5.4.B). A lag
period occurred prior to 4h time points, with no increase in apoptosis observed at the 2h
time point. Vehicle (EtOH 1%) was used as an assay control at each time point. No

apoptotic induction was observed with vehicle incubations.

5.4 MDG 44 induced a caspase dependent form of apoptosis in the CRL 5915 cell line

For further confirmation of MDG 44 induction of an apoptotic programme of cell
death in MPM, caspase involvement in MDG 44 cell death was investigated. As described
previously, these cysteine-aspartic proteases are themselves proteolytically activated in
response to apoptotic stimuli. Active effector caspase-3/7 cleave nuclear lamins, PARP and
the DNA endonuclease inhibitors ICAD/DFF45 (inhibitor of caspase activated DNase /
DNA fragmentation factor 45), activating DNA endonucleases which participate in DNA
fragmentation and other processes in the execution of the apoptotic program. Caspase-3
activation in response to MDG 44 treatment and inhibition of apoptosis in response to
caspase inhibitor co-treatment was investigated to determine caspase dependence in MDG

44 treatment.

The pathway of apoptotic induction (extrinsic or intrinsic) was also examined in
CRL 5915 cells. Chemotherapeutics that induce DNA damage, oxidative stress, nutrient
deprivation and numerous other forms of cellular stress, cause signal cascades that
culminate in the release of mitochondrial intermembrane space proteins (Cyto c¢) and
proteolytic activation of pro-caspase-9. Extrinsic ligation of death receptors by TNF-a.
TRAIL, FasL and other associated factors can induce FADD death receptor complex

activation of Caspase-8 (Jin and El-Deiry, 2005). Caspase-9 and caspase-8 activation was
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assayed to determine the pathway of apoptosis employed with MDG 44 treatment. Caspase
dependence and the profile of the caspase cascade induced in response to MDG 44 is a
confirmation of the drug inducing a classical apoptotic response in cells and a better

indication of the drug’s mechanism of action and possible cellular target.

5.4.1 MDG 44 induced cell death is inhibited by pan-caspase inhibitor, z-VAD-FMK

Induction of a caspase dependent form of apoptosis was assayed using the pan-
caspase inhibitor z-VAD-FMK. CRL 5195 cells were treated with Vehicle or MDG 44
[40uM], with or without a 1h pre-treatment of z-VAD-FMK [40uM]. Cells were left to
incubate for 6h or 24h before PI cell cycle flow cytometry analysis was performed. The
increase in the apoptotic pre-G1 population of cells was analysed in treated samples.
Representative histograms of 6h (Fig 5.5.A) and 24h (Fig. 5.5.B) experiments showed
distinct pre-G1 (M1 region) peaks in MDG 44 treated samples (overlay), indicating
apoptotic induction. In z-VAD-FMK pre-treated samples however, apoptosis was
completely abrogated. No pre-G1 peak was observed and instead a normal profile of cell
cycle distribution was observed. These results were confirmed in triplicate experiments (Fig

5.5.C). Apoptotic induction of 26.7% (+3.9) and 42.9% (+5.9) for 6h and 24h incubation of
MDG 44 was completely abolished by pre-treatment with z-VAD-FMK.

Effector caspase-3 activation was also examined in response MDG 44 treatment.
Caspase activation was assayed using a fluorogenic substrate for caspase-3 (Ac-DEVD-
AMC). Fold increases in fluorescence intensity (FI) of cleaved 7-amino-4-methylcoumarin
(AMC) was used to measure caspase activity, as outlined in Section 2.8.2. Cells treated
with MDG 44 for 6h showed a highly significant (5.1 + 0.4 fold) increase in caspase-3
activity (Fig 5.5.D). Pre-treatment with z-VAD-FMK however completely inhibited MDG
44 induced caspase-3 activation, reducing activation back to normal control levels (fold
induction of 1.0 +0.1). These results indicated that MDG 44 induced apoptosis in CRL 5915

cells is a caspase-dependent process.

5.4.2 MDG 44 induced cell death occurs through the intrinsic apoptotic pathway

Time dependent caspase activation experiments were performed to confirm the role

of caspase signalling in MDG 44 mediated apoptosis in CRL 5915 cells. Caspase activity
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Figure 5.5: MDG 44 induced cell death was inhibited by pan-caspase inhibitor, z-VAD-

FMK.

PI cell-cycle flow cytometry histograms of cells treated with MDG 44 [40puM] +/- z-VAD-FMK [40uM] for 6h (A) and
24h (B) time points. Triplicate data analysis for (A) and (B) treatments in CRL 5915 cells (C). Caspase-3 activation assay
of CRL 5915 cells treated with MDG 44 +/- z-VAD-FMK for 6h (D). CRL 5915 cells were seeded at a density of 0.1 x
10° cells per well containing 2.5ml culture media. Cells were pre-treated for 1 h with z-VAD-fmk prior to treatment with
test compounds for indicated time points. Apoptotic induction was analysed by PI staining and cell-cycle Flow Cytometry
analysis, as outlined in Section 2.7. Caspase-3 activation was analysed as outlined in Section 2.8.3. Values are
representative of mean + SEM of three independent experiments. **P<0.01 ***P<(.001(Determined using unpaired
Student’s t-test, part of Graphpad Prism 4 statistical software).
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was assayed using fluorogenic substrates for active caspases, as outlined in Section 2.8.2.
Time dependent effects of MDG 44 treatment were examined on the activity of effector
caspase-3 and intrinsic and extrinsic pathway initiator caspases, caspase-9 and caspase-8.
Etoposide, a topoisomerase II inhibitor that induces DNA strand breaks and consequential

intrinsic (caspase-9) apoptotic pathway activation, was used as a positive assay control.

CRL 5915 cells were treated with MDG 44 [40uM] or vehicle (EtOH 1%) for seven
time points between Oh and 10h incubations. This assay time frame encompassed the
initiation to execution phase of MDG 44 induced apoptosis, as observed in time dependent
apoptotic experimentation with MDG 44 (Fig 5.4.B). A significant level of caspase-3
activation was detected after 3h of incubation, preceded by a lag period of 1h and 2h (Fig
5.6.A). Fold activity of caspase-3 increases in a time dependent manner reaching a
saturating level of approximately a 14 fold increase in active caspase-3 after 6h of
incubation (13.7 +1.9 fold increase). Vehicle treated samples did not induce caspase-3
activation, with no deviation from normalised control levels (Fold induction of “1”). The
time frame of caspase activation coincides with the time dependence of apoptotic induction
observed in Fig 5.5.B. Caspase-3 activation was seen to prior to induction of apoptosis,

detected by the increase in the apoptotic / pre-G1 population of cells.

Caspase-9 and Caspase-8 activation was detected using fluorogenic substrates Ac-
LEHD-AMC and Ac-IETD-AMC, respectively. Significant time dependent increases in
caspase-9 activation were detected (Fig 5.6.B). Significant levels of caspase-9 activity were
detected after 3h time points, reaching a maximum between 4 — 6h, before dropping with
longer incubations. No caspase-8 activity was detected in response to MDG 44 incubation
at any time point. Caspase-8 activity did not deviate from untreated (zero hour) or vehicle
treeted controls (Fig 5.6.C). Cells treated with the positive control, Etoposide (10uM for
48h), produced comparable levels of caspase-3 and caspase-9 activity and no induction of

caspase-8 activation (Fig 5.6.D).

One experimental caveat is the difference in magnitude of induction of caspase-3 vs.
caspase-9 activity. The fold increase in caspase-3 activation is significantly higher than that
of caspase-9 (15 vs. 2.5 fold increase). A possible explanation for this is the difference in
abundance of initiator and effector caspase protein in cells and the biological amplification
of the apoptotic signal as it is transduced down the caspase cascade. Once activated initiator

caspase-9 should activate much more effector caspase-3 in order to amplify the apoptotic
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Figure 5.6: MDG 44 induced activation of caspase -3 & -9, but not caspase — 8 in CRL

5915 cells.

CRL 5915 cells treated with MDG 44 were tested for induction of caspase-3 (A), caspase-9 (B) and caspase-8 (C)
activation, in a time dependent manner. Etoposide treatment (48h) was used as a positive control (D). CRL 5915 cells
were seeded at a density of 0.325 x 10° cells /T25 (Sml). Cells were treated with MDG 44 [40pM] and caspase activation
was determined, as outlined in Section 2.8.3. Two way ANOVA and student t test was used to test significance of data
(Graphpad Prism version 4.0 software package). **P<0.01 ***P<0.001.
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signal. Results for MDG 44 are also directly comparable to the effect observed with the
positive control, Etoposide, and with previous reports investigating initiator and effector

caspase activation (Yang et al., 2003).

5.4.3 MDG 44 induced cell death was inhibited by the caspase-9 specific inhibitor, z-
LEHD-FMK

To confirm previous caspase-9 activation data that MDG 44 induces an intrinsic
apoptotic pathway response in cells, experiments were performed with MDG 44 treatment
in combination with the caspase-9 specific inhibitor, z-LEHD-FMK. CRL 5915 cells were
treated with MDG 44, with or without pre-treatment with z-LEHD-FMK for 8h and 48h
time points. MDG 44 induced significant levels of apoptosis of 34.7% (+2.0) and 48.6%
(£6.5) after 8h (MDG 44 — 50uM) and 48h (MDG 44 - 35uM) incubations respectively (Fig
5.7.A). Pre-treatment with z-LEHD-FMK however resulted in significant inhibition of
MDG 44 induced apoptosis. This dependence on caspase-9 signalling for full execution of
MDG 44 induced apoptosis is further confirmation that single agent treatment of the

compound induces activation of the intrinsic apoptotic pathway.

Cisplatin treatment in combination with z-LEHD-FMK was used as a positive
control for an apoptotic agent inducing cell death via caspase-9 activation and the intrinsic
apoptotic pathway. Cisplatin induced apoptosis in CRL 5915 cells after incubation with
drug for 48h was significantly inhibited by pre-treatment with z-LEHD-FMK (Fig 5.7.B).
Cisplatin treatment caused 47.8% (+ 1.0) apoptosis, which dropped to 23.4% (£1.1) in
conjunction with z-LEHD-FMK.

5.4.4 MDG 44 treatment of CRL 5915 cells induced the proteolytic cleavage of pro-

caspase-9

The induction of caspase-9 activation was also detected by Western blot analysis of
MDG 44 treated cells (Fig 5.8). Cells were treated with MDG 44 [40uM)] for seven time
points between Oh and 10h incubations. Pro-caspase-9 exists as a 47kDa zymogen until
cyto ¢ release from the mitochondria and apoptosome formation induces auto-proteolytic

cleavage of pro-caspase-9 into the proteolytically active 35kDa fragment and 10kDa
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Figure 5.7: MDG 44 induced cell death was inhibited by the caspase-9 specific
inhibitor, z-LEHD-FMK

CRL 5915 cells were treated with MDG 44 +/- caspase-9 specific inhibitor (z-LEHD-fmk) for 8h or 48h (A).
Cisplatin treatment in CRL 5915 cells (48h), with or without z-LEHD-fmk pre-treatment, was used as a
positive control for caspase-9 dependant apoptotic induction (B). CRL 5915 cells were seeded at a density of
0.1 x 10° cells per well containing 2.5ml culture media. Cells were pre-treated for 1 h with z-LEHD-fmk
[40uM] prior to treatment with test compounds for indicated time points. Apoptotic induction was analysed
by PI staining and cell-cycle Flow Cytometry analysis. Values are representative of mean + SEM of three
independent experiments. **P<0.01 ***P<(0.001 (Determined using unpaired Student’s t-test, part of
Graphpad Prism 4 statistical software).
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Figure 5.8: MDG 44 induced pro-caspase-9 proteolytic activation, detected by

Western Blot.

CRL 5915 cells were seeded at a density of 0.325 x 10° cells / T25 (5ml) and treated with 40uM MDG 44 for
indicated time points. Whole cell lysates were generated, 30ug of protein was resolved on a 12% gel and the
induction of capase-9 cleavage was investigated by Western Blot (Section 2.5). PVDF membrane probed with
anti-cleaved caspase-9 (Primary Ab — 1:1,000) and re-probed for B-actin (Primary Ab — 1:10,000) as a loading
control.
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pro-domain. The 35kDa cleaved fragment of caspase-9 was strongly detected after 4h

incubation with MDG 44 in CRL 5915 cells.

5.5 MDG 44 treatment induced significant increases in Annexin V + / PI + staining in

CRL 5915 cells

Alternate methods of apoptotic analysis in CRL 5915 cells were performed with
MDG 44 single agent treatment. Annexin V / Propidium lodide (PI) staining and Flow
Cytometry analysis is a commonly used apoptosis assay (Peng et al., 2002), allowing
differential detection of viable (Annex V —; PI —), Early-apoptotic (Annex V +; PI —) and
Late-apoptotic (Annex V +; PI +) cell populations in treated samples. Annexin V binds,
through Ca’* chelation, to phosphatidylserine (PS), a phospholipid specifically localised to
the outer leaflet of the plasma membrane during the initial steps of the apoptotic program
(Fadok et al., 1992). PI alternately can enter and stain Late-apoptotic cells by binding to
DNA in the nucleus. CRL 5915 cell were treated with increasing concentrations of MDG
44 [1uM — 50puM] for 24h and the Annexin V / PI assay was performed as described in
Section 2.9. Representative dot plots for Annexin V / PI dual staining analysis of MDG 44
treatment of CRL 5915 cells are shown (Fig 5.9.A). Incubations with MDG 44 at 40uM and
50uM were shown to significantly increase the percentage population of Annexin V +/ PI +
apoptotic cells in CRL 5915 cells — 49.07% (£6.3) and 69.30% (+4.8) apoptotic cells
respectively (Fig 5.9.B). Miconazole, an anti-fungal azole apoptotic inducer and test
compound in Chapter 8, was used as a positive control and induced significant increases in

Annexin V +/ PI + cells (49.65% +0.2 Late-apoptotic cells).

5.6 MDG 44 induced DNA damage indicative of apoptosis, determined by Single-Cell

Gel Electrophoresis analysis (Comet assay)

The effect of MDG 44 treatment on nuclear integrity and induction of DNA damage
was analysed by Comet assay. CRL 5915 cells were treated with Vehicle or MDG 44 for Sh
and then subjected to embedding in agarose and electrophoresis, as outlined in Section 2.10.
PI staining of agarose slides and fluorescent imaging revealed that MDG 44 treatment
induced the formation of a DNA smear or “Comet Tail” spreading from the nucleus of cells

(Fig 5.10). This formation of a Comet tail is indicative of DNA damage and apoptosis.
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Figure 5.9: MDG 44 single agent treatment induces an increase in Annexin V +/ PI +

apoptotic cells

Representative dot plot analysis of Annexin V / PI duel stained CRL 5915 cells treated with vehicle (EtOH 1%), increasing
concentrations of MDG 44 [1 - 50uM] or Miconazole [SOuM] for 24h (A). Experiments were performed in triplicate and
the percentage induction of Annexin V +/ PI + apoptotic cells (Region 2 “R2”; Upper right quadrant of dot plots in A) was
analysed for statistical significance (B). CRL 5915 cells were seeded at a density of 0.225 x 106 cells / T25 (5Sml). Cells
were treated with vehicle or indicated concentrations of test compounds for 24h. Annexin V / PI staining and flow
cytometry analysis is outlined in Section 2.9. Values are representative of mean + SEM of three independent experiments.
**¥P<0.01; ***P<0.001 (Determined using unpaired Student’s t-test, part of Graphpad Prism 4 statistical software).
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EtOH %) MDG 44 [SOpM]

Figure 5.10: MDG 44 treatment induced DNA fragmentation indicative of apoptosis,
as indicated by the formation of DNA “Comet Tails” in a single cell gel electrophoresis
Comet assay

CRL 5915 cells were treated with Vehicle (EtOH 1%) or MDG 44 [40uM] for Sh. CRL 5915 cells were seeded at a
density of 0.3125 x 106 cells / T25 (5ml). Cells were treated with Vehicle (EtOH 1%) or MDG 44 for Sh. The Comet
assay was performed as outlined in section 2.10. Cells and DNA “Comet Tails” were viewed and pictures taken using an
Olympus [X81-long focal length fluorescent microscope (20X magnification) and F-View Il digital camera. Three
independent experiments were performed and representative images of Vehicle and MDG 44 treated cells are shown in
figures A — C and D — E, respectively.
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During single-cell gel electrophoresis (Comet assay), endonuclease fragmented DNA in
apoptotic cells is subjected to a large electrophoretic shift through the agarose gel, forming a

Comet tail (Choucroun et al., 2001).

In contrast to MDG 44 incubations, vehicle treatment in CRL 5915 cells showed no
formation of Comet tails (Fig 5.10), indicative of an undamaged, functioning nucleus.
Vehicle treated samples with intact DNA and Chromatin structures of the nucleus, due to
their size, display little electrophoretic shift through agarose during electrophoresis and no

Comet tail formation.

5.7 Examination of synergistic induction of Programmed Cell Death with MDG 44 and

Cisplatin combinational treatments in CRL 5915 cells

Having investigated the mechanism of MDG 44, single-agent induced PCD in MPM
cell lines, the synergistic capacity of MDG 44 in combination with Cisplatin was next
examined. Experiments were performed to confirm the capacity of MDG 44 to
synergistically increase Cisplatin induced apoptosis, specifically. Initial screening in
Chapter 4 revealed that MDG 44 could synergise with Cisplatin at a sub-lethal concentration
of MDG 44 [25uM], in PI cell-cycle Flow Cytometry assays. Experimentation was
continued in an attempt to classify and confirm that an apoptotic program of cell death is
induced with MDG 44 and Cisplatin combinational treatments in MPM. The CRL 5915 cell
line was chosen as the MPM cell model for this analysis — CRL 5915 cells were the most
responsive in pre-G1 apoptotic analysis of MDG 44 synergism with cisplatin (Table 4.3)
and MDG 44 single agent dose response experiments (Fig 5.2).

5.7.1 MDG 44 synergistically increased cisplatin induced PARP cleavage in CRL 5915

cells

To confirm synergistic apoptosis induction of MDG 44 in combination with
cisplatin, PARP cleavage analysis of combination treatments was performed. Cells were
treated in a similar manner as PI cell cycle experiments performed in Chapter 4. The
experiment consisted of CRL 5915 cells incubated with MDG 44 [1uM & 25uM] and
Cisplatin [25uM], alone or in combination for 12h (Fig 5.11.A), 24h (Fig 5.11.B) and 36h
(Fig 5.11.C) time points. At each endpoint, whole cell lysates were prepared and PARP
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Figure 5.11: MDG 44 synergistically increased Cisplatin induced PARP cleavage.

CRL 5915 cells were seeded at a density of 0.4 x 10° cells / T25 (5ml) and treated with Cisplatin +/- MDG 44 for 12h (A),
24h (B) and 36h (C). Whole cell lysates were generated, 30ug of protein was resolved on an 8% gel and the induction of
PARP cleavage was investigated using anti-PARP (Primary Ab — 1:1,000) (Section 2.5). PVDF membrane was re-probed
with anti-B-actin (Primary Ab — 1:10,000) as a loading control.
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cleavage was analysed by Western blot analysis, as outlined in Section 2.5. The full length
116 kDa protein and the 89 kDa cleaved fragment of PARP were both detected. Results
indicate that after 12h incubation, no PARP cleavage was detected with either single or co-
administration treatment regimes. After 24h incubation, a small level of cleaved PARP is
observed with cisplatin treatment; however, treatment in combination with MDG 44
resulted in a significant increase in the cleavage of PARP (Fig 5.11.B). This result was
mirrored in 36h assays (Fig 5.11.C). Significant degradation of full length PARP was
observed in all cisplatin treated samples, however, cisplatin in combination with MDG 44
[25uM] induced complete degradation of full length PARP and consequently, a significant

increase in the amount of cleaved PARP compared to cisplatin treatment alone.

Treatment with MDG 44 alone in this assay, at 1uM and 25uM, did not induce
PARP cleavage at any incubation time point tested (12h — 36h). These results indicate that
at non-toxic concentrations (25uM), MDG 44 did not induce apoptosis alone (no cleaved
Parp), but was able to synergise with cisplatin, significantly enhancing cisplatin induced

apoptosis in the susceptible CRL 5915, MPM cell line.

5.7.2 MDG 44 synergistically increased Cisplatin induced apoptosis in a dose

dependent manner

CRL 5915 cells were treated with increasing concentrations of MDG 44 [1uM —
30uM], with or without co-treatment with Cisplatin for 48h. PI cell cycle analysis revealed
no significant increase in pre G1 apoptosis with incubations of MDG 44 a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>