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Abstract

Abstract

Targeting cell adhesion as a method of sensitising metastatic tumour cells to TRAIL-induced apoptosis
Submitted for Degree of Doctor of Philosophy
Laura Phipps Linacre College Trinity 2011
Due to its selectivity in killing cancer cells, Tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL) has provided a potential new agent for cancer treatment. However, despite promising pre-clinical
results, it appears that TRAIL therapies will be most effective when used in combination with a sensitizing
agent. In light of previous evidence suggesting that cell adhesion could influence sensitivity to Tumour

necrosis factor family ligands, this thesis presents a study of the effects of disrupting matrix adhesion on

the sensitivity of human MDA-MB-231 breast and 1205Lu melanoma cell lines to TRAIL-induced apoptosis.

This was investigated using a number of models including i) culturing cells on normal and low attachment
plates; ii) disrupting the transcription of genes involved in cell attachment and spreading in MDA-MB-231
cells using shRNA to Myocardin-related transcription factors-A and B (MRTF-A/B); iii) disrupting the
integrin signalling pathway using inhibitors or siRNA to B integrin subunits, talin, integrin-linked kinase
(ILK), focal adhesion kinase (FAK) and SRC. With the exception of ILK depletion, disruption of cell adhesion
and spreading in all models resulted in sensitisation to TRAIL-induced apoptosis. Cells under these
conditions also showed alterations in death receptor signalling and amplification of intrinsic apoptosis
pathway signalling through caspase-9. Both MRTF-A/B depleted cells and those treated with the SRC
family kinase inhibitor PP2 showed alterations in signalling through ERK1/2. When investigated in an
experimental model of metastasis in mice, FAK and SRC inhibitors increased the clearance of MDA-MB-

231 cells from the mouse lung when used in combination with recombinant human TRAIL therapy.

By utilizing these models, the work in this thesis has shown that disrupting cell adhesion could provide a

new combination strategy to sensitise tumour cells to TRAIL therapy.
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Chapter 1: Introduction

Chapter 1:
Introduction

1.1 Cell death

Cell death is essential for the maintenance of homeostasis within the human body. Not only do cells
undergo cell death in response to damage or toxic stimuli, they are also lost naturally during development

and adult life (Ellis et al., 1991).

There are a number of mammalian cell death mechanisms, which exhibit very different characteristics and
are triggered in response to specific stimuli (Kroemer et al., 2009). Apoptosis or ‘programmed cell death’
(PCD) is a method of controlled cell death which is tightly regulated (Kerr et al., 1972). Apoptosis can be

triggered by multiple stimuli and executed by a number of diverse pathways, as will be discussed below.

1.1.1 Characteristics of apoptosis

When undergoing apoptosis, cells go through distinct and recognisable changes in morphology (Kerr et al.,
1972, Taylor et al., 2008). These involve shrinkage of the cell, detachment of the cell from its surface,
blebbing of the cell membrane, condensation of chromatin, cytoplasmic and nuclear fragmentation, and
the expression of phosphatidylserine on the outer cell membrane (Kerr et al., 1972, Kroemer et al., 2009).
The apoptosis process uses energy, requiring increases in gene transcription and protein synthesis, as
shown by the ability of protein and RNA synthesis inhibitors to reduce the rate of apoptosis (Rawson et al.,

1990). The fragmentation of the cell and its components leads to the formation of ‘apoptotic bodies’,
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whose appearance can aid a morphological diagnosis of apoptosis. These apoptotic bodies are eventually
phagocytosed by macrophages or neighbouring cells, without stimulating an immune response on the

scale of necrosis.

The specific pathway controlling apoptosis was first identified in the invertebrate roundworm
Caenorhabditis elegans. Due to the simplicity of this animal model, important components of the
apoptosis signalling pathway could be identified and led to the subsequent discovery of mammalian

homologues with similar roles (Ellis and Horvitz, 1986, Hengartner et al., 1992, Chinnaiyan et al., 1997).

There are two distinct pathways by which apoptosis in mammals can be initiated; the intrinsic (or
mitochondrial) and extrinsic (or death receptor) pathways. Although there is cross talk between these two
pathways, they involve distinct groups of proteins. Both pathways involve the activation of a family of
cysteine proteases called caspases which are responsible for executing the final stages of apoptosis
(Thornberry and Lazebnik, 1998). Each pathway activates a distinct set of ‘initiator’ caspases including
caspases 8, 9 and 10 (Bratton et al., 2000), and the pathways converge with the subsequent cleavage of
‘executioner’ caspases 3, 6 and 7 (Salvesen and Dixit, 1999). Before outlining the distinction between the

two pathways, caspases will be discussed in more detail.

1.1.2 Caspases

The first human caspase was identified as a homolog of the CED-3 gene in C. elegans (Yuan et al., 1993),
and human caspases now encompass a family of 12 proteases which have roles in controlling both the
apoptosis pathway and inflammation. Caspases have the ability to cleave proteins adjacent to an aspartic
acid residue, and exist as zymogens which require activation in order to function. Active caspases have a
heterodimeric structure composed of two regions, a 20kDa large subunit and a 10KDa small subunit

(Barnhart et al., 2003).

An important domain within caspases is the N-terminal pro-domain which facilitates the interaction with
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the apoptotic apparatus, but is cleaved on transformation to the active form. Caspases differ in the length
of their pro-domain; initiator caspases 2, 8, 9, 10 have long pro-domains while executioner caspases 3, 6,
and 7 have short pro-domains (Earnshaw et al., 1999). Initiator caspases contain long domains in order to
allow processing and integration into the appropriate death signalling complex. These complexes include
the apoptosome and the death induced signalling complex (DISC) and will be discussed further in
subsequent sections. These initiator caspases play a role in the early transmission of the apoptotic signal.
After recruitment to the apoptosome or the DISC, they become activated. Activation of initiator caspases

starts a cascade of cleavage, resulting in executioner caspase activation (Muzio et al., 1997).

The ‘induced proximity’ model was initially put forward to explain caspase activation (Salvesen and Dixit,
1999). This model hypothesised that binding of pro-caspases to complexes such as the apoptosome or the
DISC leads to clustering of caspase zymogens. Due to their inherent protease activity, initiator caspases
could then cleave and activate each other leading to the subsequent cleavage of executioner caspases
(Yang et al., 1998, Muzio et al., 1998). Despite much initial support for this hypothesis, subsequent work
found that initiator caspases could be activated without the need for cleavage (Stennicke et al., 1999) and
that the formation of dimers upon recruitment to the DISC or apoptosome seemed more important for
the activation of initiator caspases 8 and 9 (Boatright et al., 2003). Reconstitution of the Fas-DISC has
subsequently shown that although dimerisation of procaspase-8 at the DISC is an essential initial step in
caspase activation, subsequent cleavage of the inter-domain linker is required for full activation and Fas-

induced apoptosis (Hughes et al., 2009).

In contrast, as executioner caspases 3, 6 and 7 exist as pre-formed dimers, their activation is solely
dependent on cleavage in the inter-domain linker region (Boatright et al., 2003). Initiator caspases cleave
and activate executioner caspases 3, 6 and 7, which are responsible for cleaving intracellular substrates

leading to the neat and controlled disassembly of cells. For example, the cleavage of lamins leads to
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pyknosis, cleavage of Inhibitor of Caspase-3-activated DNase (ICAD) results in DNA fragmentation, and

cleavage of the cytoskeleton leads to characteristic membrane blebbing (Taylor et al., 2008).

1.1.3 Intrinsic pathway of apoptosis

The intrinsic pathway of apoptosis is triggered by stimuli including DNA damage, hypoxia, growth factor
depletion and p53 activation (Tait and Green, 2010) and ultimately leads to the activation of the initiator
caspase-9 (Hakem et al., 1998). Loss of mitochondrial outer membrane potential (MOMP) and release of
cytochrome c occurs on stimulation of the intrinsic apoptotic response, control of which is carefully

regulated by a balance of proteins from the BCL-2 family (Youle and Strasser, 2008).

1.1.3.1 B-cell lymphoma 2 (BCL-2) family

This family consists of both pro- and anti-apoptotic members which are split into 3 classes depending on
their structure and function. Their pro- or anti-apoptotic activity is determined by the number and
structure of BCL-2 homology (BH) domains that they express (see Figure 1.1). The main classes are;
multidomain anti-apoptotic proteins (including BCL-2, BCL-X, and MCL-1), multidomain pro-apoptotic
proteins (including BAX and BAK) and pro-apoptotic BH3 domain-only proteins (including BID, BAD, BIM,
PUMA and NOXA) (Youle and Strasser, 2008). The pro-apoptotic BH3-only proteins are activated in

response to cellular stresses and initiate the apoptotic response.
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Anti-apoptotic

[Bm] [Bm] [Bm] [BHZ] BCL2 BCLX, MOL 1

Pro-apoptotic

|BH3 I |BH1 I |BH2 I BAX, BAK
BH3 only
BID, BAD, BIM, PUMA, NOXA

Figure 1.1 BCL-2 family members. BCL-2 family members fall into 3 classes depending on the BH domains they express. This

schematic represents the structures of some of the most well characterised members of the BCL-2 family. Multidomain anti-
apoptotic members carry all 4 BH domains. Pro-apoptotic BAX and BAK carry BH domains 1-3, with BH3-only proteins only

containing a BH3 domain. Several members also carry transmembrane domains, not illustrated.

Cell stress stimuli often signal through pathways which can regulate BH3-only family members both at a
transcriptional and post-translational level. For example, the pro-apoptotic tumour suppressor p53 can
induce the transcription of BH3-only proteins NOXA and PUMA in response to DNA damage (Oda et al.,
2000, Nakano and Vousden, 2001). Similarly, endoplasmic reticulum (ER) stress can activate BIM by a
dephosphorylation event which prevents its proteasomal degradation (Puthalakath et al., 2007). It is well
characterised that the pro-apoptotic multidomain members BAK and BAX mediate the mitochondrial
permeation step that is essential for cytochrome c release and apoptosis (Wei et al., 2001). For an

overview of apoptosis, see Figure 1.2.
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Figure 1.2 Apoptosis pathway overview. The intrinsic apoptosis pathway (right) is activated by BH3-only proteins, which activate BAX and BAK

either through direct activation or displacement of anti-apoptotic factors. BAX and BAK activation causes mitochondrial membrane permeation
and release of cytochrome ¢, SMAC/Diablo, and HTRA2/Omi into the cytosol. Cytochrome ¢ forms the apoptosome with Apaf-1 and caspase-9
leading ultimately to executioner caspase activity. SMAC/Diablo and HtrA2/Omi act to neutralise the anti-apoptotic effects of IAPs. The extrinsic
pathway (left) is activated following ligation and trimerisation of death receptors by ligands such as TNF-a, TRAIL and FasL. Trimerised receptors
recruit FADD and procaspase-8 and 10 into the DISC, leading to activation of executioner caspase 3, 6 and 7. c-FLIPs antagonise death receptor
signalling by mimicking caspases. Some TNF ligands such as TNF-a also require a second adaptor TRADD and are well known to signal to pro-

survival pathways as well as apoptosis, but these interactions have not been included for simplicity purposes.
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The anti-apoptotic family members, including BCL-2 and BCL-X,, are either found at the mitochondrial
outer membrane or translocate there following apoptotic stimuli. They act to stabilise mitochondrial
membrane potential by preventing BAX and BAK-mediated mitochondrial membrane permeabilisation

(Kluck et al., 1997, Yang et al., 1997).

As BH3-only proteins were shown to bind to specific anti-apoptotic family members, it was hypothesised
that BAK and BAX activation was a consequence of the ‘neutralisation’ of anti-apoptotic control (Yang et
al., 1995, Willis et al., 2005, Willis et al., 2007). However, there is some evidence that BH3-only proteins
may bind and activate BAX and BAK directly (Kuwana et al., 2005). Very recent evidence has highlighted
the importance of BID, BIM and PUMA on the direct activation of BAX and BAK (Ren et al.,, 2010).
Therefore a combination of direct activity and indirect inhibition of anti-apoptotic proteins may result in

activation of BAK and BAX during apoptosis (Chipuk and Green, 2008).

1.1.3.2 The apoptosome

Following the release of cytochrome c from mitochondria, a signalling complex called the apoptosome
forms in the presence of ATP/dADP which contains cytochrome c, APAF-1, and caspase-9 (Li et al., 1997,
Cain et al.,, 1999). APAFs (apoptotic protease activating factors) are adaptor proteins which contain a
Caspase Activation and Recruitment Domain (CARD) in their N-terminus (Zou et al., 1997, Hofmann et al.,
1997). Caspases 2 and 9 also carry CARD domains in their long pro-domain, targeting them to the

apoptosome by homophilic binding to the CARD domain in APAF-1.

Also released from mitochondria on outer membrane permeation are the molecules Smac/DIABLO (Du et
al., 2000) and HTRA2/0Omi (Hegde et al., 2002). These proteins also play an important role in allowing pro-
apoptotic signalling by inhibiting a class of molecules called Inhibitors of Apoptosis (IAPs) (Deveraux et al.,
1997, Deveraux et al., 1998). IAPs, including clAP1, clAP2, XIAP and survivin, constitute a family which

contain Baculovirus IAP Repeat (BIR) motifs allowing protein interactions (Srinivasula and Ashwell, 2008)
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and can bind to caspases preventing their activation. XIAP is a potent inhibitor of executioner caspases 3
and 7 (Deveraux et al., 1997), but can also interact with the apoptosome and inhibit caspase-9 activation
(Bratton et al., 2001). Smac/DIABLO and HTRA2/Omi have motifs which bind to IAPs, neutralising their

anti-apoptotic regulation of caspases and enhancing cell death (Du et al., 2000, Hegde et al., 2002).

1.1.4 Extrinsic pathway of apoptosis

1.1.4.1 TNF family

The extrinsic pathway of apoptosis is triggered by the ligation of cell surface death receptors by ligands of
the tumour necrosis factor (TNF) family. Although this is a large family of cytokines with diverse roles in
inflammation, a subset of these proteins have been identified as having important roles in apoptosis
(Hehlgans and Pfeffer, 2005). These include FasL/CD95L, TNF-a, TWEAK, and TRAIL/Apo-2L, which bind to
their respective TNF receptors. Due to its selective toxicity against human tumour cells, TRAIL (tumour
necrosis factor-related apoptosis-inducing ligand) is the most therapeutically promising member of the
TNF family and therefore will be discussed in more detail in Section 1.2. See Figure 1.2 for an overview of

apoptosis signalling.

1.1.4.2 Death induced signalling complex (DISC)

The binding of TNF ligands to trimeric receptor complexes induces the formation of the death induced
signalling complex (DISC) (Kischkel et al., 1995) containing the adaptor protein FADD and caspases 8 and
10 (Muzio et al., 1996, Boldin et al., 1996). The receptors carry a Death Domain (DD) on their cytoplasmic
tails, which can homophilically bind to DDs on adaptor proteins such as FADD. These homophilic bindings
are essential for the formation of the DISC. Apoptotic signalling through FasL and TRAIL requires one
adaptor, named FADD (Boldin et al., 1995, Chinnaiyan et al., 1995), where as TNF-a also requires a second
adaptor, TRADD (Hsu et al., 1996). As well as having DDs, these adaptors also carry a Death Effector

Domain (DED). Similar to the role of the DD, the DED allows homophilic binding of the adaptors with DED
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domains on caspase-8 and -10 (Barnhart et al., 2003). On activation, caspases 8 and 10 can cleave and

activate executioner caspases 3, 6 and 7 (Stennicke et al., 1998).

One of the most widely studied proteins which regulates DISC activity is c-FLIP (Irmler et al., 1997). c-FLIP
isoforms c-FLIP_, c-FLIP, and cFLIP carry two DEDs, allowing them to bind to FADD and caspase-8 and -10,
preventing caspase dimerisation and inhibiting activation. c-FLIP, also has a longer domain which contains
an inactive protease domain, similar to that of caspase-8 and -10, but lacking the essential catalytic
residues (Irmler et al., 1997). Over-expression of c-FLIP in BJAB cells could render them resistant to the
apoptotic effects of FasL by preventing caspase-8 cleavage (Scaffidi et al., 1999). Although c-FLIPs and c-
FLIP; are potent caspase-8 inhibitors, the role of c-FLIP, appears more complex (Boatright et al., 2004).
Although at high levels, c-FLIP_ can be anti-apoptotic through its inhibitory competition with caspase-8/10
at the DISC, at lower levels c-FLIP, may play a role in caspase-8 activation (Chang et al., 2002). However,
still thought of as predominantly anti-apoptotic, and associated with apoptosis resistance in cancer,

therapeutic agents targeting c-FLIPs are currently under investigation (Safa et al., 2008).

Unlike TRAIL and FasL, TNF-a binding does not preferentially induce apoptosis, instead leading to a
complex involving TRADD, RIP1 and TRAF2 (Hsu et al., 1996). This complex can initiate pro-survival and
pro-inflammatory signalling through NFkB. In these cells, apoptosis will only occur downstream of TNFR1
under certain conditions, such as when levels of anti-apoptotic proteins such as c-FLIPs fall too low

(Micheau and Tschopp, 2003).

1.1.4.3 Caspases 8 and 10

Although caspase-8 has been better characterised, both caspase-8 and -10 have been found at the DISC.
Due to their high sequence homology and the lack of a caspase-10 gene in mice, it was assumed that
caspase-8 and -10 could act in a functionally redundant manner. However, the loss of caspase-10 has been

shown in some cases of autoimmune lymphoproliferative syndrome (ALPS) type Il, suggesting that

26



Chapter 1: Introduction 27

caspase-10 may have specific roles in controlling apoptosis in immune cells (Wang et al., 1999). It remains
controversial as to whether caspase-10 can functionally replace caspase-8 at the DISC, but different
caspase-10 isoforms have been shown to have specific roles in apoptotic signalling. Caspase-8 and -10 are
also known to have different substrate specificities downstream of the DISC (Fischer et al., 2006,

Mihlethaler-Mottet et al., 2011).

1.1.4.4 Type I and Type Il cells

Despite being executed by distinct signalling pathways, there is crosstalk between the extrinsic and the
intrinsic apoptosis pathways. Type | cells have been named as those which generate enough caspase-8
cleavage for full apoptosis following extrinsic pathway activation. However, a subset of cells can amplify
their apoptotic response by activating the intrinsic pathway of apoptosis. These are called type Il cells
(Scaffidi et al., 1998, Yin et al., 1999). The cross talk between these pathways has so far been attributed to
a single BCL-2 family member, BID, which is cleaved by caspase-8 resulting in a 15 kDa truncated form (Luo
et al., 1998, Li et al., 1998). This truncated BID (tBID) translocates to the outer mitochondrial membrane
and can directly activate BAX and BAK, leading to cytochrome c release and apoptosome formation (Eskes

et al., 2000).

1.2 TNF-related apoptosis-inducing ligand (TRAIL)

TRAIL (also known as Apo-2L) was first identified in 1995 as a member of the TNF protein family with 28%
identity with FasL and 23% identity with TNF (Wiley et al., 1995). Like the other family members, TRAIL is a
type Il transmembrane protein, but can be cleaved from the cell surface to form soluble TRAIL.
Interestingly, TRAIL transcripts were found to be widely expressed in human tissue and TRAIL had the

ability to induce apoptosis in a variety of cancer cell lines (Wiley et al., 1995, Pitti et al., 1996).
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1.2.1 TRAIL receptors

TRAIL R1/DR4 was the first TRAIL receptor to be identified, followed closely by another four TRAIL
receptors (Pan et al., 1997a, Pan et al., 1997b). Only two of these receptors, TRAIL R1/DR4 and TRAIL
R2/DR5 effectively transduce apoptotic signals from TRAIL ligand binding. The other three receptors,
DcR1, DcR2 and osteoprotegerin (OPG) act as decoy receptors, sequestering free TRAIL and preventing
effective downstream signalling (Ashkenazi and Dixit, 1998). Whereas DR4 and DR5 contain a cytoplasmic
DD sequence, allowing them to interact with the apoptotic machinery, DcR1 completely lacks a

cytoplasmic region and is membrane tethered only by a GPl-anchor (Sheridan et al., 1997).

DR4 DR5 DcR1 DcR2 OPG

— ) )

Figure 1.3 Human TRAIL receptors. All TRAIL receptors carry cysteine rich domains (CRD) in their extracellular portion which

mediate ligand binding (grey boxes). DR4 and DR5 have a transmembrane (TM) portion and an intracellular death domain (DD)
for apoptotic signalling. The decoy receptor DcR1 lacks a transmembrane or intracellular domain, and is instead anchored in the
membrane with a GPI-anchor (GPI). DcR2 has a transmembrane domain but carries a truncated non-functional death domain.
OPG is a soluble decoy receptor which contains four cysteine rich domains and two death domain homologous regions whose

function is unknown. Adapted from (Wang and El-Deiry, 2003).

Despite showing more resemblance to DR4 and DR5, the C-terminal death domain of DcR2 is truncated,

lacking the critical sequence which allows signal transduction (Pan et al., 1998). Osteoprotegerin is a
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soluble decoy receptor for the TNF family member RANK-L, preventing it from binding to RANK to
stimulate osteoclasts formation. However, OPG has also been shown to act as a soluble, low affinity
decoy receptor for TRAIL (Emery et al., 1998). All receptors have cysteine rich domains (CRD) in the

extracellular portion, in which the ligand binding motif is found (see Figure 1.3).

Interestingly, although mouse decoy receptors have been identified (Schneider et al., 2003), only one
functional TRAIL receptor has been identified in mice, which is 43% similar to human DR4 and 49% similar

to human DR5 (Wu et al., 1999).

1.2.2 TRAIL signalling

TRAIL has been shown to form tetramers, which bind to homotrimeric receptor complexes (Hymowitz et
al., 1999). Although initially hypothesized that ligand binding led to trimerisation of receptors on the cell
surface, it has now been shown that receptors can pre-form into complexes prior to ligand binding using a
pre-ligand-binding association domain (PLAD) overlapping the extracellular CRD1 domain (Chan et al.,
2000). This has also led to the finding that decoy receptors can act, not only through the sequestration of

free TRAIL, but by forming inhibitory pre-ligand associations with DR4 or DR5 (Clancy et al., 2005).

Following the activation of receptors on the cell surface, downstream apoptotic signals are mediated
through the clustered death domains on the cytoplasmic tails of the receptors. Similar to the activation of
other death receptor ligands, as discussed in Section 1.1.4.2, DR4 and DRS5 recruit FADD and caspase-8
into the DISC (Bodmer et al., 2000, Kischkel et al., 2000, Sprick et al., 2000). TRAIL, along with TNF-a, has
also been shown to activate a second signalling pathway from the DISC (Schneider et al., 1997). This
pathway involves the interaction of caspase-8 and FADD with the DD-containing kinase RIP1 and the
adaptor protein TRAF2. RIP1 can associate with NEMO, a member of the IkB kinase (IKK) complex. This
complex is responsible for signal-induced activation of NFkB signalling (Varfolomeev et al., 2005). On

activation, the IKK complex can phosphorylate the NFkB inhibitor, IkBa, targeting it for degradation. On
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release from IkBa, NFkB can move to the nucleus and activate gene transcription. Many of the target
genes of NFKB encode anti-apoptotic proteins including clAP1, clAP2, XIAP, cFLIPs, BCL-2 and BCL-X, (Wang
et al., 1998, Chen et al., 2000, Micheau et al., 2001). Therefore, although pro-death signals predominate at

the TRAIL-induced DISC, there is also capacity for anti-apoptotic signalling.

The DISC is known to be regulated at many levels, through post-translational modifications, survival
signalling, and interaction with other components (Pennarun et al.,, 2010). As mentioned in Section
1.1.4.2, c-FLIPs can inhibit DISC signalling by preventing the FADD-Caspase-8/10 interaction. Expression of
c-FLIP has been found to correlate with TNF resistance in human tumour cell lines and is thought to be
regulated by signalling from ERK1/2, PI3K/AKT and NFkB (Yeh et al., 1998, Panka et al., 2001, Micheau et

al., 2001).

TNF receptors have been shown to cluster at lipid rafts, membrane sub-domains created by the
association of cholesterol and saturated phospholipids (Muppidi et al., 2004). Work in non-small cell lung
cancer cells has shown that activation of death receptors in lipid rafts preferentially produces pro-
apoptotic signals through activation of FADD and caspase-8, whereas non-lipid raft regions produce pro-
survival signals relayed through activation of NFkB (Song et al., 2007). Therefore localization of receptors

in the plasma membrane, as well as expression level can regulate TRAIL signalling to the DISC.

Other methods of receptor regulation have been reported including miRNA regulation (Ovcharenko et al.,
2007) and post-translational receptor modifications, reviewed in (Pennarun et al., 2010). One example is
O-glycosylation of DR4 and DR5, which is important for death receptor clustering, allowing an enhanced

TRAIL response (Wagner et al., 2007).

1.2.3 Physiological roles of TRAIL
TRAIL has a well characterized role in tumour immunosurveillance, as it is expressed on a number of

immune cell types including natural killer (NK) cells, macrophages and monocytes. Although this has
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previously been the main focus of TRAIL research, its role in regulating immune responses under
physiological conditions is becoming increasingly clear (Falschlehner et al., 2009). As well as being shown
to negatively regulate erythropoiesis (Zamai et al., 2000), TRAIL can promote monocyte maturation both
in a leukaemia cell line and in primary CD34+ haemopoietic progenitors (Secchiero et al., 2002). TRAIL
expression on T helper2 cells has been implicated in the regulation of T helperl cell responses (Zhang et
al., 2003b) and in the regulation of CD8+ T-cell priming (Janssen et al., 2005). Further supporting its role in
the control of immune responses, the loss of TRAIL signalling can accelerate the development of
autoimmune diseases such as arthritis and type | diabetes in mice (Lamhamedi-Cherradi et al., 2003).
TRAIL was also shown to increase proliferation and protection from apoptosis induced by trophic
withdrawal in vascular endothelial cells, in a manner which was dependent on AKT and ERK1/2 signalling

(Secchiero et al., 2003).

1.2.4 TRAIL as a tumour suppressor

A widely reported characteristic of TRAIL is its ability to induce apoptosis in a broad range of transformed
cell types, whilst showing little or no toxicity against normal cell types (Wiley et al., 1995, Ashkenazi et al.,
1999). This selectivity towards cancer cells makes it an attractive therapeutic tool. Work with TRAIL-
deficient mice has been important in revealing the potential tumour suppressor role of TRAIL. These mice
exhibit more rapid growth of mammary fat pad tumours and a faster rate of fibrosarcoma initiation after
treatment with the chemical carcinogen 3-methylcholanthrene (MCA) (Cretney et al., 2002). Treatment of
mice with a TRAIL-blocking monoclonal antibody (N2B2) leads to an increase in number and growth rate
of MCA-induced fibrosarcoma, and an enhanced frequency of spontaneous lymphomas and sarcomas in

p53+/- mice (Takeda et al., 2002).

However, TRAIL was shown not to be important in the development of spontaneous mammary epithelial

carcinomas in a Her2/Neu model (Zerafa et al., 2005). Similarly, TRAIL deficient mice crossed with APC™"/*
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mice did not show any difference in spontaneous polyp development (Yue et al., 2005). Grosse-Wilde
found that although TRAIL-R deficiency did not alter the growth of primary tumours in a mouse
DMBA/TPA-induced squamous cell carcinoma (SCC) model, it did profoundly enhance metastasis

formation (Grosse-Wilde et al., 2008).

1.2.5 TRAIL as a metastasis suppressor

Although the tumour suppressor role of TRAIL in solid cancers remains somewhat controversial, its role in
suppressing metastasis is widely reported. TRAILR-deficient mice with DMBA/TPA-induced SCC showed
increased numbers of lymph node metastases which could be detected earlier (Grosse-Wilde et al., 2008).
The immune system is known to regulate tumour development and metastasis through a process called
‘tumour immune surveillance’ (Swann and Smyth, 2007). Immune cell-mediated killing of tumour cells is
thought to be a major reason why most cancer cells which enter the circulation will die. Death receptor
signalling by NK cells is essential for the clearance of metastatic tumour cells (Screpanti et al., 2001). TRAIL
has been implicated in the cytotoxic action of monocytes, CD4+ T-cells and NK cells on tumour cells
(Griffith et al., 1999, Kayagaki et al., 1999). TRAIL-deficient mice were shown to have significantly more
liver metastasis after intrasplenic tumour cell injections than control mice (Cretney et al., 2002), and there
is much evidence suggesting an important role for TRAIL in NK cell-mediated tumour cell clearance in the

liver. This will be discussed further in Section 1.4.1.

1.2.6 TRAIL resistance in cancer

Initially, the presence of decoy TRAIL receptors went some way to providing an explanation for why
normal tissues were resistant to TRAIL killing, despite expressing high levels of mRNA for both TRAIL and
its receptors DR4 and DR5 (Pan et al.,, 1997b). However, recent work suggests that TRAIL-resistance in
non-transformed cells may not be simply due to differences in the balance of activating and decoy TRAIL

receptors. Numerous papers have reported little or no correlation between decoy receptor level and
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TRAIL sensitivity, with expression levels of DR4 shown to better correlate with TRAIL sensitivity in a panel
of normal and tumour cell lines (Kim et al.,, 2000). In a panel of melanoma cell lines, DR4 and DR5
expression levels correlated with TRAIL sensitivity (Zhang et al., 1999), with loss of death receptor
expression during metastatic progression (Zhuang et al., 2006). Alterations in clathrin-mediated
endocytosis of death receptors has been implicated as one mechanism of receptor downregulation in

breast and colon cancer cells (Jin et al., 2004, Zhang and Zhang, 2008).

There have also been reports of TRAIL resistance in human tumour cells resulting from mutations in death
receptors. The genes encoding the four death receptors, DR4, DR5, DcR1 and DcR2, are found clustered on
chromosome 8p21-22 and this region is frequently mutated in cancers. Loss of heterozygosity (LOH) in this
region was reported by Emi in a number of cases of liver, colorectal and lung carcinoma (Emi et al., 1992)
and subsequently reported in other cancer types including breast cancer (Yaremko et al., 1995).
Polymorphisms have since been identified in DR4, conferring a dominant negative effect on normal DR4
function and resulting in TRAIL resistance despite high DR4 protein expression (Kim et al., 2000, Chen et
al., 2009). DR4 and DR5 polymorphisms and LOH in 8p21-22 were found to be more common in breast
cancer patients with metastasis compared to those with intraductal carcinoma (Shin et al.,, 2001).
Hypermethylation in the promoter regions of decoy receptors has been reported in a range of cancer
types (Shivapurkar et al., 2004). Promoter hypermethylation has also been reported for DR4 in a range of
cancers, including melanoma and ovarian cancer cell lines, and correlated with increased TRAIL resistance

(Horak et al., 2005, Bae et al., 2008).

FADD mutations have been reported in rare cases of non-small cell lung and colon cancer (Soung et al.,
2004), and caspase-8 expression is reported to be lower in neuroblastoma and correlates with metastatic
progression (Stupack et al., 2006). Alterations in intrinsic pathway components have also been implicated

in TRAIL resistance. Increased c-FLIP levels were shown in a panel of TRAIL resistant cell lines (Kim et al.,
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2000) and TRAIL sensitivity in some melanoma cell lines was attributed to greater release of Smac/DIABLO

from the mitochondria (Zhang et al., 2001) .

Despite having the lowest affinity for TRAIL out of all the TRAIL receptors, there is increasing evidence
that OPG has a role in controlling the TRAIL response. Alongside its normal role in controlling RANKL
signalling in osteoclastogenesis (Emery et al., 1998), OPG can also bind to TRAIL and prevent it from
initiating apoptosis. Bone marrow stromal cells and osteoblasts in the bone microenvironment produce
high levels of OPG which were shown to protect MDA-MB-436 breast cancer cells from TRAIL-induced
apoptosis in vitro (Neville-Webbe et al., 2004). High levels of OPG were also found to be secreted from
breast, colon and prostate cancer cells in concentrations which were high enough to confer a TRAIL-
protective effect in vitro (Holen et al., 2002, Holen et al., 2005). Serum OPG levels were shown to be
higher in pancreatic and colorectal cancer patients and to correlate with metastatic progression in

colon cancer patients (Lipton et al., 2002, De Toni et al., 2008).

In light of this evidence, there appears to be multiple players which act together to control TRAIL
resistance. Tumour cells develop a shift in the balance of these players, allowing resistance to pro-
apoptotic TRAIL signals. There are many ways in which this balance can altered, including receptor
expression or epigenetic control, mutations in DISC components, alterations in the levels of apoptosis
inhibitors, and signalling from the environment. It appears that there is not one universal mechanism for

TRAIL resistance, and this mechanism is likely to differ between cancer cell types and individuals.

1.2.7 TRAIL therapies

Due to the selectivity of TRAIL in killing cancer cells without normal cell toxicity, and its ability to kill a
range of cancer cells independent of their p53 status (Ashkenazi et al., 1999), TRAIL therapies have
emerged which show promising potential. Although apoptosis induced by FasL and TNF-a is important and

has been reported to be physiologically relevant in metastasis, therapies designed to mimic the apoptotic
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effect of these molecules have been problematic. Anti-tumour TNF-a therapies have led to high levels of
systemic toxicity (Moritz et al., 1989), most likely due to its ability to regulate inflammation via NFkB
activation. Similarly, systemic Fas therapies in mice were found to be problematic due to acute hepatocyte

toxicity and FasL resistance in tumour cells (Ogasawara et al., 1993, Rensing-Ehl et al., 1995).

1.2.7.1 Recombinant human TRAIL

Pre-clinical data has shown that a recombinant form of human TRAIL has a half life of 32 min in non-
human primates and exhibits no toxicity at the doses tested (up to 10 mg/kg/day). Serum concentrations
in chimpanzees following a 5mg/kg intravenous dose were around 10 pg/ml after 1 hr, much higher than
those typically used for in vitro cytotoxicity assays (Kelley et al., 2001). rhTRAIL was also able to induce
apoptosis in vivo in a mouse xenograft model after a single intraperitoneal dose, with daily doses
inhibiting the growth of established tumours and preventing the development of new ones (Ashkenazi et
al., 1999). Leucine zipper TRAIL, a stable dimerised form of recombinant TRAIL, also showed potent anti-
tumour activity with no toxic side effects (Walczak et al., 1999). In 2000, it was reported that recombinant
human (rh)TRAIL administration could induce apoptosis in human brain slices (Nitsch et al., 2000) and in
human hepatocytes (Jo et al., 2000), bringing into doubt its potential as an anti-cancer agent. However
subsequent studies confirmed that hepatotoxicity is only found after administration of highly aggregated

forms of recombinant TRAIL (Lawrence et al., 2001).

With subsequent pre-clinical studies showing the effective anti-tumour activity of rhTRAIL in a number of
cancer models in the absence of toxicity, it was taken into clinical trials (Johnstone et al., 2008). Phase |
dose escalation studies showed that rhTRAIL (also known as dulanermin) was safe and well tolerated at
doses up to 30mg/kg (Herbst et al., 2010). Further results from phase |l trials are expected in the near

future.
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1.2.7.2 DR4 and DR5 monoclonal antibodies

Although rhTRAIL can bind to both DR4 and DRS5, giving it the potential for greater clinical effectiveness,
there is also the possibility that it could be bound and sequestered by TRAIL decoy receptors. To prevent
this, several monoclonal antibodies against DR5, including MD5-1 and TRA-8, were generated and showed
promising anti-tumour and anti-metastatic effects in mouse models with low toxicity (Ichikawa et al.,
2001, Takeda et al., 2004). Fully humanized agonistic antibodies for DR4 and DR5 have since been
developed, which show some clinical advantages over rhTRAIL. As they have higher specificity for their
target, they are expected to have increased potency over rhTRAIL. They also have a half life of 15 to 20
days, much longer than the 30 min reported for rhTRAIL (Camidge et al., 2007). In addition to this, these
antibodies have been shown to attract immune cells in vivo, which can act to enhance tumour clearance

(Haynes et al., 2010).

Several antibodies have been created which target DR5 with high selectivity, including apomab,
PRO95780, and lexatumumab. All of these antibodies exhibit potent anti-tumour activity in vivo. Similar to
rhTRAIL, both intraperitoneal and intravenous administration of these antibodies led to significant tumour
delay or regression in mouse models (Adams et al., 2008, Malin et al., 2011). Despite some reported
toxicity against hepatocytes and testicular germ cells in vitro (Mori et al., 2004, McKee et al., 2006), all the
antibodies are reported to be well tolerated in phase | trials (Camidge et al., 2007, Plummer et al., 2007,

Camidge et al., 2010).

The antibody mapatumumab, which selectively targets DR4, also showed potent anti-tumour effects in
pre-clinical studies. Treatment of xenografts in nude mice with 10 mg/kg of mapatumumab led to a 97%
decrease in tumour volume 25 days after the onset of the treatment regime (Pukac et al., 2005). Similarly,
phase | trials with mapatumumab show low toxicity and maximum tolerated dose was not reached,

although no objective responses were reported (Hotte et al., 2008). Phase |l trials of mapatumumab
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monotherapy have also shown few objective responses in both advanced non-small cell lung cancer and

refractory colon cancer (Greco et al., 2008, Trarbach et al., 2010).

Data from these early trials suggest that disease stabilization may be the best end point for determining
the activity of the agents, which is in line with the evidence implicating an important role for TRAIL in the
control of metastasis. Despite promising pre-clinical results, early phase trials using TRAIL monotherapy
has shown a limited number of positive responses. Although around two thirds of tested cell lines are
TRAIL sensitive in vitro, as discussed in Section 1.2.6, they can rapidly develop mechanisms to overcome
this sensitivity. Therefore the application of TRAIL as a monotherapy may be limited and recent work has

been looking at combinations of TRAIL therapies with other targets.

1.2.7.3 Combination studies

Recombinant human TRAIL in combination with 5-fluorouracil or the topoisomerase inhibitor CPT-11 led
to substantial tumour regression in mouse xenograft models, suggesting synergistic activity of rhTRAIL
with chemotherapeutic agents (Ashkenazi et al., 1999). This interaction was also synergistic in the control
of metastasis, and was shown to be synergistic even in the presence of inactivating p53 mutations (Ravi et
al., 2004). This was due to chemotherapy-induced downregulation of JAK/STAT signalling which caused a
reduction in BCL-X, and XIAP expression. This led to higher levels of apoptosis and was p53-independent
due to TRAIL activation of BID, and subsequent activation of the intrinsic pathway of apoptosis. Cancer
chemotherapeutics have also been reported to increase death receptor levels, providing another
mechanism for potentiating the TRAIL response (Gibson et al., 2000). Similar synergistic interactions have
been shown with combinations of chemotherapeutic agents and both apomab and mapatumumab in vitro
(Pukac et al., 2005). Phase | studies with combinations of TRAIL therapies and chemotherapeutics have
been well tolerated and display potential anti-cancer effects, and these are being taken into phase Il trials

(Leong et al., 2009, Soria et al., 2010). Pre-clinical studies have also suggested that TRAIL therapies can act
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synergistically with radiotherapy, widening the possible therapeutic scope of these drugs (Marini et al.,

2006).

In light of our knowledge on TRAIL resistance mechanisms, TRAIL therapies are being tested in
combination with drugs which can act on the apoptosis pathway to enhance sensitivity. Proteasome
inhibitors such as bortezomib can prevent proteasomal degradation of the NFkB inhibitor IkB, preventing
NFkB-mediated survival signals. In combination with TRAIL therapies, such proteasome inhibitors have
shown promising effects in vitro (Voortman et al., 2007). Pre-clinical evidence shows a synergistic
interaction of inhibitors of NFkB signalling with TRAIL therapies in mouse xenograft models (Khanbolooki
et al., 2006). Similarly histone deacetylase inhibitors (HDAC inhibitors) can upregulate death receptor
levels and also show promising results in vitro and in pre-clinical tumour models in combination with

TRAIL therapies (Srivastava et al., 2010).

However, the proteasome was also shown to be necessary for rapid death receptor induced apoptosisin a
number of cell lines, including HeLa and MCF7, suggesting that proteasome inhibitors may actually delay
death receptor induced apoptosis in certain cell lines (Sohn et al., 2006). Evidence has also been
presented of hepatotoxicity with combinations of TRAIL and certain chemotherapeutic drugs, and with
TRAIL and high concentrations of bortezomib (Ganten et al., 2006, Koschny et al., 2007). In combination
experiments with TRAIL and HDAC inhibitors, high doses of HDAC inhibitors led to significant on-target
toxicity in mice (Martin et al., 2011). Therefore particular care must be taken when designing combination

TRAIL therapies, to assess the likely hepatotoxicity or other toxicity effects.

Small molecule inhibitors targeting other members of the apoptosis pathway have also been tested in
combination with TRAIL therapies, including XIAP inhibitors, BCL-2 inhibitors and SMAC mimicking

peptides, discussed further in (Kruyt, 2008). Inhibitors of the PI3K pathway such as LY294002 and gefitinib
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(Iressa) have also been shown to enhance TRAIL sensitivity in vitro through the reduction in AKT signalling

and a downregulation of XIAP (Shrader et al., 2007).

Therefore TRAIL has great clinical potential and is likely to be most effective when combined with other
agents. As discussed earlier, tumour cells can develop many and varied resistance mechanisms, allowing
them to overcome the TRAIL-induced death signal. Many of these combination agents are likely to be
effective only in certain cell lines as the response of a cell line will depend on the specific resistance
mechanism developed. Finding a mechanism to sensitise a wide range of cancer cell lines to TRAIL in vitro,

could provide a useful target for a TRAIL combination agent.

1.3 Metastasis

With 12.7 million new cancer cases having occurred worldwide in 2008 and cancer causing 1 in 4 deaths in
the UK, it is a disease which puts significant burden on the health service and affects almost all individuals
in some way (Jemal et al., 2011). One distinct hallmark of cancer is the ability of cancer cells within the
primary tumour to invade local tissue and metastasise in the blood or lymph system to other parts of the
body (Hanahan and Weinberg, 2011). Not only must cells survive the transition to a new environment,
they must survive and colonise at the new site. Metastasis is the main reason for treatment failure in

cancer patients and it is estimated that around 90% of cancer patients die from metastasis.

Metastasis is a multi-step process in which cancer cells extravasate from the primary tumour, invade into
the surrounding tissue and eventually reach the blood or lymphatic system. On arrival at an appropriate
secondary site, these cells then extravasate into the new tissue. In 1986, Price et al. found that after
injection into mice, K1735 melanoma cells split into two distinct groups. These were low metastatic
clones, with low viability in the lung after 24 hrs, and highly metastatic clones which showed a higher

proportion of viable clones in the lung (Price et al., 1986). This paper highlights that metastasis depends
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on the inherent properties of the disseminated cancer cells, with a subset of cells within a heterogeneous

tumour acquiring the necessary characteristics to disseminate and survive.

1.3.1 Metastatic inefficiency and apoptosis

In early studies following intravenous (i.v.) injection of radiolabelled tumour cells into mice, high numbers
of cells were predominantly located in the lung at early time points, with lower numbers in the liver.
However, by 24 hr there was a dramatic loss of tumour cells from the lung and liver with high urine
radiation counts, indicating that the cells had died (Fidler, 1970). When comparing the fate of cells with
high and low metastatic potential, equal numbers of cells were found in the lung at early time points after
i.v. injection. Again, by 24 hr the differences between these variants were very apparent, with non-
metastatic cell variants being cleared much more effectively (Price et al., 1986). For non-metastatic cell
lines, there was often fewer than 1% of cells remaining in the lung at 24 hr after i.v injection (Fidler, 1970).
This shows that circulating cancer cells, despite their inherent metastatic ability, can arrest in the lung at
early time points but only those cells with the ability to overcome the hostile barrier of the new
environment will survive. This observation has been termed metastatic inefficiency, describing the
propensity of the majority of circulating cells to die before secondary colonisation. This phenomenon is
the focus of the work in this thesis, and will therefore be discussed in preference to other steps of the

metastatic cascade.

Wong et al. also showed that non-metastatic cells were cleared more effectively from the lung following
tail vein injection into mice. Using TUNEL staining, they showed that these cells underwent significantly
more apoptosis than metastatic cell lines. They also showed that by increasing apoptosis resistance in
these cells through overexpression of the anti-apoptotic protein BCL-2, the number of cells in the lung at
24 hrs could be increased 5 fold (Wong et al., 2001). This apoptosis was later confirmed with a non-

metastatic and metastatic melanoma cell line using a BAD-GFP construct which is relocated to the
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mitochondria during apoptosis (Kim et al., 2004). Over expression of BCL-2 could also increase metastasis
in a spontaneous breast cancer model (Del Bufalo et al., 1997). By comparing in vitro apoptosis resistance
with metastatic potential, researchers found that the apoptotic sensitivity of human breast and prostate
cancer cell lines in vitro correlated with their in vivo metastatic potential (McConkey et al., 1996, Glinsky
et al., 1997). Similarly, loss of the pro-apoptotic tumour suppressor p53 led to enhanced metastasis in a
mouse model of hepatocellular carcinoma (Lewis et al., 2005). Together, this evidence reveals that

apoptosis plays a vital role in metastatic inefficiency.

Importantly, despite being widely characterised in experimental models of metastasis in animals, there is
also clinical evidence of metastatic inefficiency. Despite high levels of tumour cells being present in the
circulation of cancer patients, this will not always lead to detectable metastasis (Glaves et al., 1988). In the
case of breast cancer, many of the circulating tumour cells detected in the blood of patients were been

shown to be apoptotic by TUNEL staining for DNA fragmentation (Méhes et al., 2001).

There are a number of reasons why circulating tumour cells may undergo apoptosis on entry into the
circulation (Mehlen and Puisieux, 2006), as outlined in Figure 1.4. One potential reason is due to the shear
stress experienced on exposure to the high pressure and flow rates within the vasculature. Mechanical
deformation experienced during circulation can lead to higher levels of apoptosis in non-metastatic mouse
melanoma cells compared to their metastatic counterparts (Weiss et al., 1993). Similarly, culture of
human colorectal cells in a rotational culture system, which recreates shear stress similar to that
experienced in the vasculature, induces higher rates of apoptosis than those cultured in a monolayer or

static 3D culture (Laguinge et al., 2004).

Cells can also fall prey to immune surveillance, or undergo spontaneous cells death (anoikis) following
detachment from the primary tumour. Although other immune cell types have been shown to interact

with circulating tumour cells, much research has focused on the role of natural killer (NK) cells in
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metastatic cell clearance. NK cells are lymphocytes which make up 10-20% of the mononucleocyte cells in
peripheral blood, and mediate killing of cells which lack major histocompatibility complex | (Zamai et al.,
2007). On activation, NK cells become highly cytotoxic, increasing their surface expression of FasL, TRAIL

and the cytolytic protein perforin (Arase et al., 1995, Johnsen et al., 1999, Smyth et al., 1999).
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Figure 1.4 Metastatic inefficiency; potential factors contributing to tumour cell apoptosis in the circulation. Cancer cells (grey) extravasating
from the primary tumour into the blood during haematogenous spread may undergo anoikis following detachment. Once in the blood, shear
stress and high blood flow may induce apoptosis. Immune cells such as natural killer (NK) cells also play an important role in the immune

surveillance of circulating tumour cells. Adapted from (Mehlen and Puisieux, 2006).

On extravasation and entry into the circulation, cancer cells can be seen bound to platelets (Nieswandt et
al., 1999). This interaction is protective to cancer cells, as anti-coagulation drugs can reduce metastasis.
These bound platelets are thought to act as a physical shield, protecting circulating cancer cells from NK-

mediated lysis (Nieswandt et al., 1999, Palumbo et al., 2005).
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Depletion of NK cells in mice dramatically increases the number of lung and liver nodules in experimental
metastasis models (Takeda et al., 2001). When a mouse fibrosarcoma cell line was injected i.v. into
untreated mice, only 5% of the injected cells were retained in the lung. When mice were depleted of NK
cells, this figure rose dramatically to 93% of cells retained (Nieswandt et al., 1999). TRAIL, FasL and
perforin have all been implicated in the cytotoxic effect of NK cells on tumour cells in vitro (Kayagaki et al.,
1999, Takeda et al., 2001, Seki et al., 2003), however the contribution of each agent in vivo appears to be

dependent on metastatic site.

The literature acknowledges an important role for TRAIL in NK-mediated killing of tumour cells in the liver
during metastasis, which may reflect the fact that a subset of liver NK cells constitutively expresses TRAIL
(Takeda et al., 2001). TRAIL on other NK cell populations is induced only on activation of NK cells by
cytokines. These liver NK cells could kill tumour cell targets in vitro using a combination of FasL, TRAIL and
perforin-mediated killing. In vivo experiments also demonstrated the importance of TRAIL, FasL and

perforin in controlling liver metastasis (Takeda et al., 2001, Seki et al., 2003).

Perforin was shown to be required in the NK-mediated control of lung metastasis in an experimental and
spontaneous model of metastasis in vivo (Smyth et al., 1999, Seki et al., 2003). FasL also plays an
important role in controlling metastatic outgrowth in the lung (Owen-Schaub et al., 1998, Hall et al.,
2004). However the importance of TRAIL remains controversial, with some studies suggesting no role for
TRAIL in NK cell mediated clearance of lung metastasis (Cretney et al., 2002). As TRAIL expression can be
induced on NK cells following exposure to cytokines such as IL-2, IL-12 and IFN-y (Kayagaki et al., 1999,
Mark J Smyth, 2001), TRAIL’s contribution to NK cytotoxicity is likely to depend on the location, activation
state, and signals surrounding NK cells. This may depend not only on the organ being investigated, but on

the inherent immune background of the mouse strain used in each experiment.
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1.3.2 Anoikis

Anoikis is used to describe apoptotic cell death which is stimulated following detachment of cells from a
matrix (Frisch and Francis, 1994). It has been shown to be another factor regulating metastasis, as tumour
cells must detach in order to circulate in the blood. For cells to survive in the circulation, they must

develop mechanisms to resist anoikis (Simpson et al., 2008).

The expression of heterodimeric integrin receptors on the cell surface is essential for the attachment of
cells to a matrix (discussed further in Section 5.1). Integrins form focal adhesions through which signals
are relayed by adaptors and kinases such as integrin-linked kinase, talin, focal adhesion kinase (FAK) and
SRC (Nagaprashantha et al., 2011). Overexpression or over-activation of almost all members of this
complex has been reported to confer anoikis resistance in cancer cells, as discussed further in Chapter 5.
Activation of FAK and SRC can lead to anoikis resistance in cells in vitro (Frisch et al., 1996, Beierle et al.,
2009). These kinases can activate survival pathways such as phosphotidylinositide 3’-kinase (PI3K),
mitogen activated protein kinase (MAPK) and NFkB (Schlaepfer et al., 1994, Chen et al., 1994, Schlaepfer
and Hunter, 1997), which themselves regulate the expression of apoptosis pathway components such as
caspase-9, BAD, BIM, cFLIPs and IAPs (Datta et al., 1997, Wang et al., 1998, Cardone et al., 1998, Micheau

et al.,, 2001, Reginato et al., 2003).

There is also evidence that the death receptor pathway of apoptosis can mediate anoikis. Expression of
dominant negative FADD or high levels of cFLIP could protect detached cells from anoikis by preventing
caspase-8 cleavage (Rytdomaa et al., 1999, Shain et al., 2002, Mawiji et al., 2007). FAK was also shown to
regulate FADD and caspase-8 signalling through its control of the DD-containing kinase RIP1 (Kurenova et
al., 2004). Fas signalling has been implicated in anoikis, as a number of cell lines were shown to be more
sensitive to the apoptotic effects of FasL following detachment (Aoudjit and Vuori, 2001, Shain et al.,

2002), and blocking Fas signalling in detached intestinal epithelial cells could protect them from anoikis
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(Rosen et al., 2002). Adhesion of PC3 prostate cancer cells could also render them more resistant to the
pro-apoptotic effects of TNF-a, suggesting that adhesion may be a general mechanism behind resistance
to apoptosis by death receptor ligands (Fornaro et al., 2003). In support of this, Goldberg showed that
anchored MCF7 breast cancer cells had lower TRAIL expression, and was one of the first studies showing
detached cells had higher TRAIL sensitivity (Goldberg et al., 2001). Subsequently, the carcinoembryonic
antigen (CEA), able to drive metastasis in colon cancer cells lines, was shown to confer anoikis resistance
through its ability to bind to DR5 and prevent activation of caspase-8 (Samara et al., 2007). FAK was also
shown to mediate TRAIL sensitivity in HL60 leukaemia cells through its ability to regulate AKT, and a

number of apoptotic proteins including XIAP, BCL-X, and RIP (Tamagiku et al., 2004).

These studies provided the first evidence that controlling cell adhesion, either by detachment or
disruption of integrin signalling, could provide a potential mechanism by which to sensitise metastatic
tumour cells to TRAIL therapy. On arrival of metastatic cells at the secondary organ, tumour cells are seen
to spread along the vasculature and to begin to proliferate intravascularly (Wong et al., 2002, Im et al.,
2004). Therefore inhibiting the adhesion of tumour cells to the vasculature may allow a longer window of
opportunity for TRAIL sensitisation. Due to the importance of NK-expressed TRAIL in the immune
clearance of circulating tumour cells, such a sensitisation mechanism could not only make cells more

susceptible to exogenous TRAIL therapies but also to endogenous TRAIL on immune cells.
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In light of this evidence, and the need to develop novel methods of sensitising resistant cancer cells to

TRAIL therapy, the aim of this thesis is to investigate whether disrupting cell adhesion can sensitise

metastatic tumour cells to TRAIL-induced apoptosis in vitro and in vivo. A number of models will be used

to investigate this, as outlined below:

i)

Initial work will aim to verify previous suggestions that detachment can sensitise cancer
cells to TRAIL-induced apoptosis. Cancer cells will be identified with varying TRAIL
sensitivity and their response to TRAIL tested on normal and low attachment plates.
Apoptosis protein arrays will be used to investigate potential mechanistic reasons for the

TRAIL sensitivity seen.

To further develop this work, a model will be used in which MDA-MB-231 breast cancer
cells are rendered deficient in the ability to transcribe genes essential for cell adhesion
and spreading. The effect of this defect on TRAIL sensitivity will be investigated, and
analysis made to identify potential differences in the TRAIL pathway which may account

for the TRAIL sensitivity seen.

Cell adhesion will then be disrupted at the level of the integrin signalling pathway, using

siRNA or inhibitors and their effect on TRAIL sensitisation determined.

Following the identification of potential TRAIL sensitising agents in the cell adhesion
pathway, the final aim is to test whether these agents could enhance metastatic lung
clearance in vivo in combination with rhTRAIL therapy. This will require the development
of a metastasis assay, and the development of software allowing the measurement of cell

morphology in vivo.
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Chapter 2:
Materials and Methods

2.1 Cell culture

2.1.1 Cell lines and maintenance

Table 2.1 outlines the cell lines used in this study, the person or organisation from which they were
obtained, and the conditions used for their maintenance. All fetal bovine serum (FBS) was heat inactivated
for 30 min at 56°C. Dulbecco’s Modified Eagle Medium (DMEM) and penicillin/streptomycin (P/S) were
purchased from GIBCO® (Invitrogen, Paisley, UK). Cells were subcultured in a bioMAT class Il sterile

laminar flow hood and maintained in an incubator at 37°C with 20% oxygen and 5% carbon dioxide.

Cells were thawed rapidly in a water bath at 37°C after removal from liquid nitrogen. Once thawed, they
were diluted in 10 x volume of complete media, centrifuged at 240 x g for 4.5 min, resuspended in
complete media, and seeded into a T75 flask. On confluency, cells were split by rinsing with sterile
phosphate buffered saline (PBS), adding 0.05% Trypsin-EDTA (GIBCO®) at a volume of 5 ml per T175 flask
and allowing cells to lift for 5 min at 37°C. Trypsin was then diluted with 10 x volume of medium, which
was then spun at 240 x g for 4.5 min in a centrifuge, and a small fraction added to a new flask of fresh
medium. The density of reseeding was dependent of the experiments to be performed. Cells were
routinely checked for mycoplasma using a Cambrex MycoAlert® Mycoplasma Detection Assay kit

(Cambrex).
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Name Type Source Conditions
MDA-MB-231 Breast carcinoma  Prof R Treisman (LRI, DMEM (10% FBS)
London)
-Clone C4-GFP DMEM (10% FBS, 5 pg/ml

-Clone C20-CFP

WM1789-GFP Melanoma
(radial phase)

1205Lu-GFP Melanoma
(vertical phase)

SW480 Colon carcinoma

Jurkat T-cell leukaemia

Dr M Herlyn (Wister
Institute,PA)

Dr M Herlyn (Wister
Institute,PA)
ATCC ® (# CCL-228)

ATCC® (#TIB-152)

blasticidin, 100 pg/ml G418)
DMEM (10% FBS, 5 pg/ml
blasticidin, 100 pg/ml G418,
200 mg/ml zeocin)

MCDM153 medium: L-15
medium (4:1), 4% FBS, 1% P/S,
5mg insulin (pL), 2mmol/L CaCl,
DMEM (10% FBS, 1% P/S)

DMEM (10% FBS, 1% P/S)

RPMI (10% FBS, L-glutamine)

Table 2.1 Details of cell lines used.

2.1.2 Freezing cells

Cells were suspended in a freeze medium containing 70% DMEM, 20% FBS, and 10% DMSO (Sigma
Chemical Company) and aligouted into 1.5 ml cryovials. Vials were placed in a Nalgene® Mr Frosty filled

with 200 ml isopropanol at room temperature, and placed at -80°C for 24 hr prior to long term storage in

liquid nitrogen.

2.1.3 Counting cells

Cells were counted using a nucleocounter (Chemometec), which uses cassettes containing propidium
iodide to stain the cell nuclei. Lysis of the cell samples prior to cassette loading allows the free nuclei to be

labelled, therefore providing a total cell count. This method has been shown to be as equally accurate as

traditional haemocytometer methods, with higher reproducibility (Shah et al., 2006).
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2.2 Cell-based assay protocols
2.2.1 Low attachment plates
For experiments requiring inhibition of cell attachment, cells were cultured on low attachment plates

(Corning Life Sciences).

2.2.2 TNF ligands
For in vitro apoptosis induction, cells were treated with recombinant human TRAIL (Peprotech), anti-Fas
monoclonal antibody (clone CH-11) (MBL), or recombinant human TNF-a (Peprotech). All ligands were

used at the concentrations indicated in the figure legends.

2.2.3 Integrin blocking
Prior to integrin blocking, 96 well plates were coated with 10 pug/ml of fibronectin from human plasma
(Sigma) or human collagen | (VWR), at a volume of 30 ul per well. The protocol for coating is briefly

outlined below.

Fibronectin was diluted to 10 pg/ml in Phosphate Buffered Saline (PBS), added to the wells of the
microtiter plate, and left at 37°C for 1 hr prior to use. Collagen | was made up in 2 mM Hydrochloric acid,
and diluted to 10 pg/ml. This solution was then added to the wells of the microtiter plate for 2 hr, before

being aspirated and the plates left to dry overnight.

For in vitro integrin blocking, cells were counted and suspended in complete medium at 1x10’ cells/ml.
Cells suspensions were then either left untreated, or incubated with 5 ug/ml of monoclonal anti-human
Integrin B1 blocking antibody (R&D Systems #MAB17781), anti-human integrin 3-blocking antibody
(Millipore #MAB2023Z), or anti-human integrin B1-stimulating antibody (Millipore #MAB2250Z) for 1 hr

onice on a low speed rocking platform.



After incubation, cells were plated onto the coated 96 well plates and left to attach for 4 hr before TRAIL

addition. When performing phalloidin staining, the above was performed in coated chamber slides (Lab-
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Tex®, Thermo scientific) and cells fixed for staining 4 hr after seeding.

2.2.4 Inhibitor treatments

The inhibitors used in this thesis are outlined below.

Name Function Company Concentration Treatment
Z-VAD-FMK Pan-caspase R&D Systems 10 uM 1 hr prior to
inhibitor TRAIL addition
PP2 SRC family kinase  Sigma Range 1 hr prior to
inhibitor (mostly 10 uM)  TRAIL addition
PP3 Non-functional Sigma Range 1 hr prior to
PP2 analog (mostly 10 uM)  TRAIL addition
AZD0530 SRC inhibitor Selleck Range 1 hr prior to
(Saracatinib) (mostly 25 uM)  TRAIL addition
U0126 MEK1/MEK2 Sigma 5 uM 1 hr prior to
inhibitor TRAIL addition
PI-103 PI3K inhibitor Piramid Pharma 0.8 uM 1 hr prior to
TRAIL addition
AKT inhibitor Pan AKT inhibitor ~ Merck (Kind S5uM 1hr prior to TRAIL
gift from lab of Dr addition
E O’Neill)
PF-573,228 FAK inhibitor Tocris Range 1hr prior to TRAIL

(mostly 10 uM)

addition

Table 2.2 Details of inhibitors used.
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2.2.5 Death receptor blocking
The function of TRAIL receptors DR4 and DR5 was blocked using monoclonal antibodies HS101 and HS201,
respectively (Enzo Life Sciences). These antibodies were added to pre-seeded cells at a concentration of

10 pg/ml for 30 min before the addition of TRAIL.

2.2.6 Other reagents

Recombinant OPG was purchased from R&D Systems.

2.2.7 Caspase 3/7 activity

Caspase 3/7 activity was measured using a luminescence assay, during which caspase 3 and 7 from lysed
cells cleaves a luminogenic substrate containing the DEVD caspase-cleavage target sequence (Caspase 3/7
Glo® Assay, Promega). Cleavage of the DEVD-containing substrate releases aminoluciferin, a substrate for
luciferase. 1x10* cells were seeded per well into a white walled 96 well microtiter plate and left to adhere
overnight. They subsequently underwent the appropriate treatment, and TRAIL was added at the
appropriate time after treatment. Caspase activity was shown to be maximal at 3 hr after TRAIL treatment
for all cell lines (see Figure 3.1B); therefore Caspase3/7 Glo® substrate was added 3 hr after TRAIL
treatment in a 1:1 ratio with the cell medium. The plate was covered in foil, incubated for 1 hr at room

temperature, and then luminescence read on a plate reader (Tecan Infinite® M200).

2.2.8 Cell viability

Cell viability was measured using alamarBlue® assay (Invitrogen). AlamarBlue® reagent contains resazurin,
a cell-permeable, non-fluorescent blue dye which is converted to a red-fluorescent dye, resorufin,
following reduction. The metabolic activity of living cells reduces the alamarBlue® reagent, giving an
indication of the number of viable cells present. For this assay, cells were seeded overnight at a density of
1x10* cells per well in a 96 well plate. The following morning, cells were treated with the appropriate

drug/chemical and left for 24 hr. AlamarBlue® solution was then added at 10% of the total volume per
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well. After around 4 hr, the plates were read at 560 nm (excitation), 590 nm (emission). The gain was set
to 90 for all experiments to allow comparison between plates. To ensure that the plates were being read
within the linear range of the alamarBlue® fluorescence, this assay was optimized for each cell line, at a
range of cell seeding densities. Figure 2.1 shows that 1x10” cells per well was an optimum seeding density,
as its linear range had a wide time scale and a wide range of absorbance readings. Data in this thesis is
expressed as a % reduction in viability after TRAIL treatment, compared to paired non-TRAIL treated

controls for each condition.
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Figure 2.1 Optimisation of alamarBlue® assay cell seeding number for MDA-MB-231 cells. The indicated number of cells were
seeded into each well of a 96 well plate, and 10 min later alamarBlue® added at 10% culture volume and read on a plate reader

at various time intervals.

2.2.9 Cell spreading measurements

Cell spreading in vitro was measured using the xCELLigence system from Roche Applied Science. This
system uses E-plates, containing microelectrodes in an array across the bottom of the plate. The presence
of cells on top of the electrodes results in electrical impedance, measured with the unit Cell Index (Cl),
which is greater when more cells are present. If the same cell number is incubated in the wells, the CI
becomes a measure of the quality of cell attachment. The E-plate was initially coated in 10 pg/ml

fibronectin, 25 ul of medium was added to each well and a blank step ran on the xCELLigence machine.
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Cells were then loaded into the wells with 4x10* cells per well. Plates were left to equilibrate at room
temperature for 20 min before being loaded into the xCELLigence machine inside a 37°C incubator, and

measurements taken every 3 min for 150 runs.

2.3 Western blot

2.3.1 Preparation of cell lysates

Cells were either spun down and resuspended in lysis buffer, or lysed directly from the tissue culture plate
by the addition of ice cold lysis buffer. For western blots investigating levels of apoptosis related proteins,
spent media was also collected from the plates, spun down at 240 x g for 1 min and combined with the
rest of the lysate. Lysis buffer was purchased from Thermoscientific (Loughborough, UK) and was
composed of 25 mM Tris-HCl (pH7.6), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS. This
buffer was then supplemented with protease inhibitor cocktail (Roche), and phosphatase inhibitor cocktail
(Sigma). Resuspended lysates were rotated for 30 min at 4°C, and then spun at 10,000 x g for 10 min at
4°C. The supernatant was then transferred to a new Eppendorf tube on ice and either used immediately,

or stored at -20°C for later use.

2.3.2 Quantification of protein concentration

Protein concentrations were determined using a BCA assay (Thermoscientific) using reagents provided in
the kit. Briefly, a standard curve of concentrations was created using BSA, ranging from 0 ug/ml to
2000 pg/ml. The unknown samples were diluted 1/12.5 with water and also added to the plate in
duplicate. The reagents supplied in the BCA kit were then combined, reagent A (containing sodium
carbonate, sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium hydroxide) and
reagent B (4% cupric sulfate) in a 50:1 ratio and 200 pl added to each sample and standard curve in the

plate. The plate was then incubated at 37°C for 30 min and the absorbance read at wavelength 562 nm



Chapter 2: Materials and Methods

using a plate reader (Tecan). The standard curve was used to calculate the actual concentration of sample

in ug/pl.

2.3.3 Sample preparation

Western blots always used between 10-30 pg whole cell lysate. The volume of lysate which contained the
chosen amount of protein (eg. 25 ug) was added to an Eppendorf tube, along with 1 mM DTT, and
NUuPAGE® LDS sample buffer at 25% the volume of the total sample volume. The remaining volume was

made up with water. Samples were then boiled for 10 min at 70°C.

2.3.4 Gel electrophoresis

Protein samples were loaded onto a gel and separated by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). RunBlue® pre-cast gels were purchased from Expedeon and were used at
either 4-12% gradient, or 16% gradient. Prior to use, the gels were washed and loaded into a Novex mini-
cell tank (Invitrogen), which was filled with running buffer. SDS running buffer was supplied by RunBlue®
(2-5% tricine, 2-4% tris-hydroxymethylaminomethane, 0.1-2.5% sodium dodecyl sulphate, 0.002-0.5%
sodium bisulfate) and diluted 1 in 20 with water. Samples were loaded using loading tips (Greiner), along

with precision plus protein™ standards (Bio-Rad), and ran for 55 min at 185 V.

2.3.5 Blotting protocol

After being separated using gel electrophoresis, the protein samples were transferred from the gel onto a
48 cm? polyvinylidene fluoride (PVDF) transfer membrane (Immobilon™ from Millipore). The membrane
was activated by washing for 5 min in 100% methanol. The transfer was performed using a XCell 1™ blot
module in which the gel and membrane were sandwiched between two sheets of Whatman paper, and
compacted into the module with sponges. The transfer was performed in transfer buffer (0.2 M Tris base

with 0.09 M glycine in dH,0) at a voltage of 30 V for 1 hr 15 min.
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Following transfer, membranes were blocked for 1 hr on an orbital shaker at room temperature in 5% milk
TBS-T (using 5% (w/v) skimmed milk powder (Marvel), made up with Tris-buffered saline supplemented
with 0.1% Tween-20 (TBS-T)). Following blocking, the membrane was briefly washed in TBS-T and the

primary antibody added.

The primary antibodies used are outlined in Table 2.3, along with the antibody buffer components and
concentration. All primary antibodies were applied to the membrane overnight at 4°C on a tube roller

(Stuart).

Following primary antibody incubation, membranes were washed 3 times for 5 min in TBS-T on an orbital
shaker, and then incubated with HRP-conjugated secondary antibody at room temperature for 1 hr.

Membranes were then re-washed prior to development.

2.3.6 Membrane development

Once washed, the membrane was exposed to either Amersham™ enhanced chemiluminescence ECL or
ECL+ solution (GE healthcare), depending on the primary antibody used. Membranes were then protected
from light using an autoradiography cassette (Fisher), exposed to film (Fuji) and developed using an

XoGraph processor (XoGraph Imaging Systems).

2.3.7 Stripping of membranes
In order to allow membranes to be probed with multiple primary antibodies, membranes were stripped
for 15 min at 37°C using Restore™ Western Blot Stripping Buffer (Pierce). Stripping buffer was composed

of 7-10% glycine, 3-5% aliphatic carboxylic acid.
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2.3.8 Primary antibodies

Protein Name Company (order#) Species Primary  Secondary Buffer
Dilution Dilution

p-AKT (Ser 473) Cell Signaling (#9271) Rabbit  1/2000 1/5000 5% BSA TBS-T

BCL-2 Millipore (#04-436) Rabbit  1/1500 1/4000 5% milk TBS-T

P130Cas (Tyr165) Cell Signaling (#4015) Rabbit  1/1000 1/5000 5% BSA TBS-T

Caspase-9 Cell Signaling (#9502) Rabbit  1/1000 1/4000 5% milk TBS-T

cFLIP Alexis (HALX-804-428) Mouse 1/500 1/3000 5% milk TBS-T

DR4 Imgenex (#IMG-141A) Mouse 1/166 1/2000 5% milk TBS-T

Total ERK1/2 Cell Signaling (#9102) Rabbit  1/1000 1/5000 5% milk TBS-T

FAK (Tyr®®) Abcam (#ab4804) Rabbit  1/1000 1/5000 5% BSA TBS-T

IkBat Abcam (#ab32518) Rabbit 1/10,000  1/5,000 5% milk TBS-T

Integrin B1 Abcam (#ab52971) Rabbit  1/500 1/3000 5% milk TBS-T

MRTF-A Santa Cruz (#sc-21558) Goat 1/1000 1/4000 5% milk TBS-T
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MRTF-B Santa Cruz (#sc-47282) Goat  1/1000 1/4000 5% milk TBS-T
PARP-1 (F-2) Santa Cruz (#sc-8007) Mouse 1/1000 1/5000 5% milk TBS-T
Paxillin Cell Signaling (#2542) Rabbit  1/1000 1/5,000 5% BSA TBS-T
Paxillin (Tyr'*®) Cell Signaling (#2541) Rabbit  1/1000 1/5,000 5% BSA TBS-T
SRC Cell Signaling (#2109) Rabbit  1/1000 1/5000 5% BSA TBS-T
Talin 1 Gift Dr. D Critchley Mouse 1/50 1/3000 5% milk TBS-T

(Leicester)

Talin 2 Gift Dr. D Critchley Mouse 1/50 1/3000 5% milk TBS-T

Table 2.3 Details of primary antibodies used for western blot

2.4 Osteoprotegerin ELISA

In order to detect secreted osteoprotegerin (OPG) from MDA-MB-231 cells, 1x10* cells were seeded into
a 24 well plate, as previously described (Neville-Webbe et al., 2004). These were left to grow for 72 hr,
and then the medium was collected and stored at -20°C. The number of cells at the 72 hr point were
counted using a Nucleocounter. This allowed the normalisation of secreted OPG levels to the proliferation
rate of the cells. A human OPG Instant ELISA kit was purchased from Bender Medsystems, and performed
according to the manufacturer’s protocol. Briefly, 50 pl of sample was added to each sample well in
duplicate into the ELISA plate, which was incubated for 3 hr at room temperature on a microplate shaker
(100 rpm). The plate was then washed, before TMB substrate (3,3’,5,5" — tetramethylbenzidine) solution
was added and allowed to develop. The reaction was stopped when the highest standard reached an
optimal density value of 0.6-0.65. The absorbance was then read at 450 nm on a plate reader. A standard
curve was created using Microsoft Excel, and sample values calculated from the standard curve. These
average sample values were then multiplied by the dilution factor, and normalised to the proliferation

rate of the cells from which each medium sample was taken.
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2.5 Human Apoptosis Array

Proteome Profiler™ Human Apoptosis Array Kits (R&D Systems) were used to measure the relative
expression of 35 apoptosis related proteins. MDA-MB-231 cells were lysed using Lysis Buffer provided in
the array kit. Protein concentration was measured using a BCA assay (Thermoscientific). As outlined in the
manufacturer’s protocol, the supplied membranes were blocked on a platform rocker for 1 hr at room
temperature with Array Buffer provided. Following this, a solution of 1.5 ml volume was created using
Array Buffer and a volume of whole cell protein lysate equal to 350 ug. These lysate solutions were
incubated on the membranes overnight at 4°C. The following day, membranes were washed with Wash
Buffer 3 times for 10 min. The membranes were then incubated for 1 hr with a solution containing 15 pl of
reconstituted Antibody Detection Cocktail diluted in Array Buffer. The membranes were then washed, and
incubated for 30 min at room temperature with a solution containing a 1/2000 dilution of Streptavidin-
HRP. After re-washing, the membrane was exposed to either Amersham™ enhanced chemiluminescence
ECL or ECL+ solution (GE Healthcare). Membranes were then developed by film exposure and
development as described in section 2.3.6. For further information about the image analysis software
designed specifically for semi-quantitation of these arrays, and for data on the investigation of other

imaging methodologies for these arrays, see Supplementary Chapter 1.

2.6 Transfection protocols

2.6.1 siRNA transfection

All siRNA was purchased from Dharmacon (Thermoscientific) and reconstituted in siRNA buffer (300 mM
KCl, 30 mM HEPES-pH7.5, 1.0 mM MgCI2) for storage at -80°C. For use, the appropriate volume of siRNA
was diluted in 200 pl serum-free DMEM and incubated for 5 min in an Eppendorf tube prior to mixing with

Dharmafect transfection reagent (also diluted in 200 uIl DMEM for 5 min). Once combined, the
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siRNA/Dharmafect mixture was left for 20 min with frequent gentle mixing. The siRNAs used are outlined

in Table 2.4.
siRNA target Description Concentration of Volume transfection
siRNA needed reagent needed

Control ON-TARGETplus Variable (dependent Variable (dependent
non-targeting pool on experiment) of experiment)
(Thermoscientific)

Human ILK ILK human siRNA 25 nM (MDA-MB-231) 2 pl (MDA-MB-231)
ON-TARGET plus
SMARTpool 50 nM (1205Lu) 3 ul (1205Lu)
(Thermoscientific)

Human SRC SRC human siRNA Range tested Range tested
ON-TARGET plus
SMARTpool
(Thermoscientific)

Human Talin 1 Talin 1 human siRNA 25 nM 2 ul
ON-TARGET plus
SMARTpool

(Thermoscientific)
Table 2.4 Details of siRNA used for transfections in MDA-MB-231 and 1205Lu cells.

Cells for transfection were seeded the afternoon prior to transfection at 1x10° cells per well of a 6 well
plate in antibiotic free medium. After preparation of the siRNA mixture, medium was aspirated from cells
and replaced with 400 pl of pre-mixed siRNA/Dharmafect and the volume made up to 2 ml with antibiotic
free medium. The medium was changed on the cells after 7 hr. For verification of knockdown via western
blot, cells were harvested and lysed at 72 hr post-transfection. For TRAIL assays, 55 hr after transfection,
cells were trypsinised, recounted and reseeded in 96 well plates and left to attach overnight before

subsequent treatment.

2.6.2 shRNA expression
Cells were seeded at 1.6x10* cells per well in a 96 well plate the evening before transfection. The day of
transfection, medium containing 8 ug/ml Polybrene® was added to promote interaction of the pseudoviral

capsid and the cell membrane. Control or SRC shRNA lentiviral particles (Santa Cruz Biotechnology) were
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added to each well at volumes equal to a Multiplicity of Infection (MOI) of 2 and left to incubate
overnight. The medium was changed the following day, to complete medium (without Polybrene®). In the
following days, cells were passaged into 24 well plates and selected using 5 pg/ml puromycin. For limiting
dilution, cells were diluted to a concentration giving approximately 1 cell per 100 pl medium and seeded

into a 96 well plate for selection and clonal expansion.

2.7 Immunofluorescence staining

2.7.1 TUNEL staining

For in vitro terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assays, cells were
seeded overnight in a 6 well plate at a density of 1 million cells. Cells were then incubated with TRAIL
(100 ng/ml) for 6 hr. Optimisation was performed on a TRAIL sensitive positive control cell line SW480 to
determine the optimal TRAIL treatment time. As shown in Figure 2.2, 24 hr treatment led to significant
nuclear fragmentation making the cells to difficult to count, whereas 6 hr TRAIL treatment led to easily
distinguishable cells whose apoptotic state could be clearly determined. After the 6 hr treatment, spent
media containing floating dead cells was kept, and the remaining cells trypsinised and then pooled with
the spent media. The pooled cells from each condition were centrifuged at 10,000 x g for 5 min and
resuspended in 1% paraformaldehyde (PFA) for fixation. After fixation the cells were re-centrifuged,
resuspended in an equal volume of phosphate buffered saline (PBS) and spun onto a microscope slide

using a cytospin cytocentrifuge (Shandon). Cells were spun onto slides at 120 x g for 2 min.

For TUNEL staining of lung sections, slides were rehydrated in PBS for 5 min and then incubated in 1% PFA

for 10 min, followed by 2 washes in PBS for 5 min.

Following the above mentioned preparation techniques and fixation, slides could then be immersed in a

Coplin jar containing pre-cooled (-20°C) ethanol:acetic acid mix in a ratio of 2:1 for 5 min at -20°C.
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Following this permeabilisation step, slides were washed in PBS. The TUNEL staining Apoptag® kit was
purchased from Millipore and performed in accordance with manufacturer’s protocol. Briefly, slides were
coated with equilibration buffer for 20 sec. TdT enzyme was added in a dilution containing 70% reaction
buffer and 30% TdT enzyme and incubated for 1 hr in a humidifying chamber at 37°C. For negative
controls, the TdT enzyme was replaced with PBS. Following this incubation, slides were added to
stop/wash buffer for 10 min at room temperature. Slides were then washed in PBS, before incubation in
the dark with a mixture of 53% blocking buffer solution and 47% digoxygenin (DIG) at room temperature
for 30 min. Slides were then washed again in PBS before the addition of Hoechst (1/1000 in PBS) for
nuclear staining. Vectashield® mounting medium was used to add coverslips to slides, before images were
taken using an epifluorescent microscope (Leica). For in vitro TUNEL staining, cells were scored as positive
(expressing red colour) or negative (only blue nuclear stain visible), with scoring aided by the use of
UTHSCSA Image Tool 2.00 software for Windows. Cells were counted from 10 random fields for each
condition, from 3 separate experiments. For ex vivo TUNEL staining, TUNEL positive staining was counted
using Image J software (Image J), with any signals with a pixel value of below 0.2 being discarded as noise.
For each condition, cells were counted from 10 fields across the centre of the lung, from 4 sections of the

same lung and each experiment was repeated 3 separate times.
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Untreated TRAIL
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Figure 2.2 TUNEL staining optimisation in SW480 melanoma cells. TRAIL sensitive SW480 cells were treated for 6 hr or 24 hr with 100 ng/ml
TRAIL. Resultant TUNEL staining shows that by 24 hr, TRAIL treated cells have severely fragmented nuclei, making the determination and scoring

of single cells very difficult. Red staining highlights fragmented DNA resulting from cell death, blue staining highlights the cell nucleus.

2.7.2 Phalloidin staining

Cells were grown in 4 well glass chamber slides overnight. The next day the medium was removed, slides
rinsed in PBS, and then fixed for 10 min in 4% PFA. The slides were then washed in PBS before being
permeabilised for 10 min in 0.1% Triton-X in PBS. Slides were blocked using TNB Blocking Buffer (0.1 M
Tris-HCL pH7.5, 0.15 M NaCl, 0.5% Blocking Reagent) (Perkin Elmer) for 45 min at room temperature.
Phalloidin-TRITC (Sigma) solution was then added to cells in a dilution of 1/100 in TNB blocking buffer for

30 min at room temperature in the dark. Slides were washed in PBS before the addition of Hoechst
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(1/1000 in PBS) for nuclear staining. Slides were mounted as previously described, and images obtained

using either an epifluorescent microscope (Leica) or a confocal microscope (Zeiss).

2.8 Flow cytometry

For analysis, 5x10° cells were suspended in 100 ul FACS buffer (PBS supplemented with 10% FBS) and
stained appropriately. For DR4 and DRS5 staining, cells were stained with 1 ul per sample of monoclonal
antibodies H5201 and HS202 (Enzo Life Sciences), respectively, and TRAIL staining was performed using
2 ul per sample of monoclonal TRAIL antibody (C92B9) (Cell Signalling). All samples were incubated with
antibodies at 4°C for 30 min on a plate shaker. Following this, samples were washed twice by
centrifugation at 240 x g followed by resuspension in 200 pl FACS buffer. Samples were then incubated on
ice for 30 min in the dark with 1 pl of secondary antibody. For HS201 and HS101, this was anti-mouse IgG
conjugated to Alexa Fluor 633 (Invitrogen), with anti-rabbit IgG conjugated to Alexa Fluor 633 (Invitrogen)
for TRAIL staining. Samples were washed twice in FACS buffer before being measured using a FACScalibur
(BD Biosciences), and analyzed with FloJo software. Using FloJo software, viable cells were gated
according to forward/side scatter and their fluorescence was represented in histograms. The geometric

mean of the fluorescent intensity for each sample was calculated using FloJo.

2.9 PCR

2.9.1 RNA Extraction

Cells were lysed directly from culture using 1 ml of TRIzol® reagent (Invitrogen) per well of a 6 well plate.
Cells were left for 5 min to lyse, before being transferred to Eppendorf tubes. Chloroform was added to
each sample at a volume of 0.2 ml per 1 ml TRIzol® reagent and shaken vigorously for 15 sec. The samples
were then centrifuged at 2-8°C at 10,000 x g for 15 min. The aqueous phase containing the RNA was

transferred to a new tube and mixed with 0.5 ml of isopropanol per 1 ml of original TRIzol® mixture.
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Samples were then centrifuged for 10 min at the above conditions to create an RNA pellet. The
supernatant was removed from this pellet, and the pellet was washed in 1 ml of 75% ethanol. This mixture
was then centrifuged at 10,000 x g for 5 min. The supernatant was then carefully removed, and the pellet
allowed to air dry until completely dry. The RNA was then dissolved in 20-30 ul of RNase-free water and

concentration measured the next day using a Nanodrop ND-1000 Spectrophotometer (Invitrogen).

2.9.2 qRT-PCR reaction

RNA was amplified and detected using SuperScript® Il Platinum® SYBR® Green One-Step qRT-PCR Kit
(Invitrogen) using the volumes of reagents outlined below. The total volume of the PCR reaction mixture

was made up to 25 ul for each reaction using RNase free water (Sigma).

Component Volume (ul)
SuperScript® llI/RT/Platinum Tag mix 0.5
2 x SYBR® reaction mix 13
10 pM Forward Primer 1
10 uM Reverse Primer 1
RNA template Volume containing 500ng (=1)

Table 2.5 qRT-PCR reaction mixture components and volumes

The primers sequences used were:

OPG Forward: 5’ GAAGGGCGCTACCTTGAGAT 3’
Reverse : 5 ACAGGGTGCTTTAGATGACG 3’

DR4  Forward: 5’CATCGTGCCCTTTGACTCCTG 3’
Reverse : 5'GCGTTCCGTCCAGTTTTGTTG 3’

DR5 Forward: 5'TGCACCACGACCAGAAACAC 3’

Reverse : 5’ATCACCGACCTTGACCATCC 3’
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GAPDH Forward : 5'GAAGGTGAAGGTCGGAGTC 3/,

Reverse : 5'GAAGATGGTGATGGGATTTC 3.
The gRT-PCR was run for 1 cycle of 30 min at 42°C for reverse transcription, followed by a 10 min cycle at
95°C for dsDNA denaturation. This was then followed by 40 cycles of 30 sec/95°C, 30 sec/57°C and
60 sec/72°C. To ensure that a specific product was obtained, a melt curve analysis was performed after
each PCR reaction, with a 1 min/95°C denaturation step, a 30 sec/55°C annealing step followed by a
30 sec melting step at 95°C. Gene-specific products were measured using Mx3005P Real-Time PCR System
and MxPro software version3 (Stratagene). Ct values were normalized to GAPDH and converted into fold

A% method.

change values relative to the control condition using the 2
2.10 In vivo work

2.10.1 Animals

Mice used were 6-8 wk old female Severe Combined Immunodeficient (SCID) mice (Harlan) kept in
individually ventilated cages. Unless stated differently in the figure legend, animals were injected with
3x10° cells (100 ul of a 3x10° cells/ml solution in DMEM with no FBS) into the lateral tail vein. Lungs were
isolated at either 4 hr or 24 hr following injection, as described in Section 2.10.4 and reported previously

(Al-Mehdi et al., 2000, Im et al., 2004).

2.10.2 Preparation of cells for in vivo injection

Prior to injection, cells were trypsinised and counted, as described in Section 2.1.3. Once counted, a
volume containing 3x10° cells was removed and re-spun in a centrifuge at 240 x g for 4.5 min. The cell
pellet was then resuspended in 1 ml of serum-free DMEM and the number of cells recounted. The cells
were then respun, and resuspended in serum-free DMEM to a concentration of exactly 3x10° cells per ml

and stored on ice until injection.
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For in vivo blocking experiments, cells were pre-blocked with either Bl-blocking antibody (10 pg/ml),
mouse 1gG control antibody (10 pug/ml) (R&D Systems), PP2 (10 uM) or PF-573228 (10 uM) for 30 min on

ice on a plate rocker.

2.10.3 Recombinant human TRAIL

For in vivo experiments, recombinant human TRAIL was kindly supplied by the lab of Professor Wafik El-
Deiry (University of Pennsylvania). Purity and activity were verified in the El-Deiry lab prior to shipment.
Due to relatively rapid precipitation of recombinant human TRAIL following purification, it required long
term storage in 50% glycerol:50% PBS buffer. Before injection into animals, the required amount of
rhTRAIL was diluted in a 10 fold higher volume of PBS. This was then concentrated using Amicon® Ultra-4
Centrifugal Filter Devices with molecular weight cut off of 10K, and re-diluted to the required
concentration in sterile PBS. This could then be stored for up to 7 days at 4°C before precipitation. For in
vivo lung clearance assays, mice were injected 4 hr after tumour cell injection with an intravenous

injection of 5mg/kg.

2.10.4 Lung isolation protocol

Mice were anaesthetized using an intraperitoneal injection (250 pl) of a solution composed of 2:1:1 ratio
of water, Hypnorm® (Vetapharma) and Hypnovel® (Roche), respectively. Following this, mice were spread
onto a cork board, the skin and fascia over the neck removed, and the trachea exposed. A small nick was
made in the trachea into which a cannula could be inserted. A piece of cotton was threaded underneath
the trachea and tied in order to hold the tube in place. The cannula was connected to a ventilator, and the
lungs artificially ventilated at a respiration rate of 60 breaths per minute and pressure of 6.0 cm H,0. The
skin and fascia over the abdomen was then opened to expose the vena cava, which was subsequently cut
to exsanguinate the animal. Following exsanguination, the rib cage was opened and pinned back to

expose the lungs and heart. The left atrium was removed from the heart, and a small cut made in the right
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ventricle into which a cannula could be inserted to push Krebs Ringer Buffer solution through the lungs by
gravity-driven perfusion. Krebs Ringer Buffer Solution contained KCl (0.3532 g/L), NaCl (6.9240 g/L),
MgS0,.7H,0 (0.2922 g/L), NaHCO; (2.09 g/L), KH,P0, (0.1616 g/L), CaCl,.2H,0 (0.1868 g/L), 5 % (w/v)

dextran, 10 mM glucose at pH7.4.

Once cleared of blood, the ventilation was stopped and the trachea, lungs and heart were carefully
removed from the animal and connected to a homemade chamber. This chamber was made by cutting a
square out of a petri dish and inserting a thin 57 mm x 64 mm glass coverslip (Agar scientific). The lungs
could then be placed onto the coverslip for imaging with an inverted microscope. A three-way valve was
inserted into the top of the petri dish, into which the tracheal cannula could be attached. This allowed the
inflation of the lungs using a syringe, and the maintenance of lungs in an inflated condition. An image of

the chamber is shown in Chapter 6, Figure 6.1A.

2.10.5 Lung imaging protocol
The left lobe of the lung was imaged using a 10x objective lens on an inverted microscope (Leica), and

images taken of each field as the lobe was scanned. This method is further discussed in Chapter 6.

2.10.6 Lung isolation protocol for immunofluorescence
When lung tissue was required for immunofluorescence, lungs were perfused as described above in
section 2.10.4 with KRB, however lungs were then perfused with 50 ml paraformaldehyde (4%). They were

then stored overnight in a solution 25% (w/v) sucrose in PBS.

2.10.7 Lung sectioning and counting
Following overnight storage in sucrose, lungs were embedded in O.C.T™ Compound (Tissue-Tek®) and
frozen using Cryo Freeze Aerosol containing 1,1,1,2 tetrafluoroethane (Agar Scientific). Lungs were then

sectioned using a cryostat (Bright Instruments) to sections of thickness 15 um (for TUNEL staining) and
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18 um (for tumour cell counting). Sections were mounted onto SuperFrost®Plus microscope slides (VWR
International). GFP positive tumour cells were counted by scanning and counting the number of tumour

cells across a whole lung section. This was repeated for 6 different lung sections and an average taken.
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Chapter 3:
Hypothesis generation

3.0 Hypothesis

Culturing cancer cells on low attachment plates can sensitise them to TRAIL-induced apoptosis in vitro.

3.1 Aims

A previous report has suggested that detaching cancer cells from their matrix in vitro can enhance their
sensitivity to apoptosis induced by exogenous TRAIL (Goldberg et al., 2001). The aim of this chapter is to
verify that these effects could be reproduced in a range of cancer cell lines by performing ‘proof of

principle” experiments using cells cultured on normal or low attachment plates.
To meet the hypothesis, the main aims of this chapter are:
¢ To investigate TRAIL sensitivity in a selection of human cancer cell lines

¢ To investigate TRAIL sensitivity in these cell lines when cultured on normal or low attachment plates.



Chapter 3: Results

3.2 Results

3.2.1 TRAIL sensitivity in human cancer cell lines

To identify appropriate cell lines for use in future experiments, the TRAIL sensitivity of four human cancer
cell lines was tested in vitro. A dose-response experiment was performed with concentrations of
recombinant human TRAIL used in previous reports (Goldberg et al., 2001). For this experiment, viability
reduction was used as an indicator of apoptosis and measured 24 hr after TRAIL treatment (Figure 3.1A).
All cell lines showed a dose-dependent reduction in viability with increasing TRAIL, up to a concentration
of 200 ng/ml. At this concentration, the colon carcinoma cell line SW480 exhibited a substantial 80%
reduction in viability in response to TRAIL. The triple negative human breast cancer cell line MDA-MB-231
showed greater TRAIL resistance, with a 33% reduction in viability after 200 ng/ml TRAIL. Two human
melanoma cell lines were also tested; 1205Lu derived from a highly metastatic vertical phase melanoma,
and WM1789 derived from a poorly metastatic radial phase melanoma (Juhasz et al., 1993, Satyamoorthy
et al., 1997). WM1789 cells showed a 42% reduction in viability after 200 ng/ml TRAIL, compared to only
11% reduction in the more TRAIL resistant 1205Lu cells. The TRAIL sensitivity of these melanoma cells

matches with their reported ability to metastasise (Juhasz et al., 1993).

As viability reductions are only an indicator of apoptosis, the TRAIL sensitivity was confirmed by increases
in caspase 3/7 activity after TRAIL treatment (Figure 3.1B). This activity was measured by the ability of
cells to cleave a luminogenic caspase 3/7 substrate. The caspase 3/7 activity peaked 3 hr after TRAIL
treatment for 3 out of the 4 cell lines tested. Caspase 3/7 activity in MDA-MB-231 cells only increased
slightly beyond 3 hr, therefore a 3 hr time point was used in future experiments. The most TRAIL sensitive
SW480 cell line showed a 19 fold increase in caspase 3/7 activity relative to untreated controls, compared
with only a 5 fold increase in the more TRAIL-resistant 1205Lu cells 3 hr after TRAIL treatment (Figure
3.1B). Therefore the extent of caspase 3/7 activity matched with the viability reductions shown in Figure

3.1A.
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Figure 3.1 TRAIL sensitivity in human cancer cell lines. A SW480, MDA-MB-231, WM1789, and 1205Lu cell lines were treated for 24 hr
with the indicated concentrations of TRAIL and viability measured using an AlamarBlue® viability assay. The four cell lines show varying
TRAIL sensitivity, with 1205Lu showing the highest resistance and SW480 the highest sensitivity. B The four cell lines were treated with
TRAIL (100 ng/ml) for the indicated durations, and caspase 3/7 activity measured using a Caspase 3/7 Glo® assay. Data expressed is
caspase 3/7 activity after TRAIL treatment relative to an untreated control for each cell line. The extent of caspase activity matched the
viability reductions, confirming that TRAIL was inducing apoptosis. Data for SW480 and melanoma cell lines were collected by Dr Satoshi

Hino (whilst at ROB, Oxford). Graphs show mean +/- SEM for (A) n=5,(B) n=3.

3.2.2 The importance of TRAIL in the mouse lung in vivo
Previous unpublished work carried out by Dr Satoshi Hino in our laboratory examined the role of
endogenous TRAIL in the clearance of circulating tumour cells from mouse lung. SCID mice were injected

into the tail vein with either WM1789 or 1205Lu melanoma cells. Lungs were extracted, and quantitative
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Figure 3.2 TRAIL signals contribute to metastatic tumour cell clearance in the mouse lung. Unpublished work performed by Dr S. Hino.
Tumour cells were injected into the tail vein of SCID mice and lungs were removed at indicated time points after injection. Relative amounts
of metastasis was calculated using an Alu RT-PCR method. A Relative amount of cells in the lung at day 1 after i.v. injection of 1205Lu relative
to WM1789 cells confirms that 1205Lu are more metastatic B siRNA knockdown of components of the extrinsic apoptosis pathway increased

the number of cells in the lung at day 1 and 3 relative to cells treated with control siRNA at day 1. All data is mean +/- SEM.

RT-PCR was used to detect the relative amounts of the human Alu sequence in the mouse lung, a method
previously described by (Schneider et al., 2002). The results confirmed previous reports that 1205Lu are
more metastatic than WM1789 cells, as 1205Lu cells showed almost 80 times higher Alu expression in the
lung than their non-metastatic counterparts (Figure 3.2A). Components of the TRAIL-mediated extrinsic
apoptosis pathway, including DR4, DR5, FADD and caspase-8 were transiently knocked down using siRNA.

The knockdown was confirmed at the protein level and resulted in in vitro TRAIL resistance (data not
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shown). Following siRNA-mediated depletion of these proteins, cells were injected into the tail vein of
SCID mice, and the number of cells in the lung was quantified at days 1 and 3 after injection. As shown in
Figure 3.2B, by making both cell lines more resistant to endogenous TRAIL signals, the number of cells
retained in the lung was increased. For 1205Lu cells, inhibiting TRAIL signalling through DR5 led to a 10
fold increase in the number of cells in the lung at day 3. In WM1789 cells, DR4 silencing led to 8 fold
higher lung retention than controls 3 days after injection. Therefore endogenous TRAIL signals also appear

to play an important role in cancer cell clearance in vivo.

3.2.3 TRAIL sensitivity on low attachment plates

Following a previous study reporting that detached MCF7 breast cancer cells show both greater TRAIL
expression and higher TRAIL sensitivity (Goldberg et al., 2001), it was hypothesised that cell adhesion may
play an important role in TRAIL sensitivity. To investigate this hypothesis in vitro, both melanoma cell lines
and MDA-MB-231 cells were cultured on normal or low attachment plates. Low attachment plates have a
hydrophilic surface which prevents full attachment. After seeding onto low attachment plates, cells

adhere weakly and fail to spread compared to those on normal plates.

Before TRAIL sensitivity was investigated, levels of anoikis were measured in cells on low attachment
plates compared to normal plates. As anoikis-sensitive cell lines undergo apoptosis following detachment
(Frisch and Francis, 1994), this could potentially influence their TRAIL response by pushing them further
towards a threshold necessary to undergo apoptosis. To determine the levels of anoikis in these cells
under normal and low attached conditions, cells were seeded in the appropriate conditions for 12 hr
before caspase 3/7 activity was measured and samples blotted for PARP cleavage. PARP is an enzyme
whose cleavage to shorter fragments is indicative of apoptosis (Kaufmann et al., 1993). As shown in Figure
3.3A, there was no difference in cleaved caspase 3/7 levels for any of the three cell lines, and no apparent

PARP cleavage after culture in low attachment conditions (Figure 3.3B).
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Figure 3.3 Low attachment leads to TRAIL sensitisation in vitro. A Anoikis, as assessed by caspase 3/7 activity, was not detected in MDA-MB-

231, 1205Lu or WM1789 cells 12 hr after seeding. B PARP cleavage was not detected in cells 12 hr after seeding into either condition, but

increased after a 4 hr treatment with 200 ng/ml TRAIL, particularly in cells in low attachment conditions (low). C Cells in low attachment

conditions showed reduced viability 24 hr after TRAIL treatment compared to attached cells. Values are relative to untreated cells for each

condition. D Cells in low attachment conditions also showed increased caspase 3/7 activity 3 hr after TRAIL treatment. (D). Data for 1205Lu

and WM1789 cells in C was collected by Dr S Hino. All data mean +/- SEM; n=3; (C) unpaired t-test; (D) paired t-test; * p<0.05, **p<0.01,

**%* n<0.0001.

However, following TRAIL treatment, cells cultured on low attachment plates showed much more robust

PARP cleavage than those that attached and spread normally (Figure 3.3B). This increased TRAIL sensitivity

was further confirmed by a greater reduction in viability of low attachment cells following TRAIL

treatment (Figure 3.3C). MDA-MB-231, 1205Lu and WM1789 were 17%, 18%, and 30% less viable,

respectively, after TRAIL treatment when cultured on low attachment plates compared to control cells

cultured on normal plates. These cells also showed 5.4, 2.7, and 3.6 fold higher caspase 3/7 activity after

TRAIL treatment, compared to TRAIL-treated cells which spread normally (Figure 3.3D).
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3.2.4 Increased death receptor expression in detached cells.

The Proteome Profiler™ Human Apoptosis Array from R&D Systems allows the detection of 35 apoptosis
related proteins, and can be semi-quantified using methods outlined in Supplementary Chapter S1.
Lysates were made from MDA-MB-231 cells cultured for 12 hr either on normal or low attachment plates
and incubated with the apoptosis array.

Compared to MDA-MB-231 cells cultured on normal plates, those cultured on low attachment plates
showed the largest increases in protein expression for the TRAIL receptor DR5 (40% increase), and the
TNF-a receptor TNFR1 (Figure 3.4). TNFR1 was the only significant change detected; increasing by 75% in
cells in low attachment conditions compared to those under normal culture conditions. A non-significant
30% increase was detected in cleaved caspase-3 protein levels in MDA-MB-231 cells cultured in low
attachment conditions compared to control cells. There were also non-significant reductions in the
protein levels of c-IAP2 (29% reduction), survivin (29% reduction) and claspin (42% reduction). The
mitochondrial serine protease HTRA2/Omi and the cell cycle regulator p27 showed non-significant 20%

increases in protein expression.
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3.3 Summary of findings

e MDA-MB-231 human breast cancer, 1205Lu and WM1789 human melanoma, and SW480 human
colorectal cancer cell lines show different levels of TRAIL sensitivity; with SW480 the most sensitive and

1205Lu the most resistant.

eBlockade of apoptotic TRAIL signalling in human melanoma cell lines 1205Lu and WM1789 increases the
incidence of metastatic lung colonies in mice, highlighting the importance of endogenous TRAIL signals in

the lung.

eCulturing anoikis-resistant breast and melanoma cell lines on low attachment plates renders them more

sensitive to TRAIL-induced apoptosis in vitro than those cultured on normal plastic.

*MDA-MB-231 cells under low attachment conditions show increases in the protein expression of death

receptors DR5 and TNFR1.

3.4 Discussion

Due to its proven cancer selectivity and its importance in controlling tumour development and
progression, the TRAIL pathway has arisen as a promising target for cancer therapy (Ashkenazi et al.,
1999). A broad spectrum of cancer cells exhibit TRAIL sensitivity, however the extent of this sensitivity
varies greatly between cell lines. This resistance poses a problem for the use of TRAIL therapies in treating
cancer. Combining TRAIL therapies with drugs which can sensitise cells to its toxic effect are likely to yield
the greatest effects in patients (Wu, 2009). The work presented in this chapter proves the hypothesis that
culturing MDA-MB-231, 1205Lu and WM1789 cells on low attachment plates can sensitise them to TRAIL-
induced apoptosis in vitro. This work is important in exposing the cell adhesion/spreading pathway as a

potential target for the development of TRAIL sensitising agents.

77



Chapter 3: Results

To meet the first aim of this chapter, TRAIL sensitivity was determined for four human cancer cell lines.
Due to their high sensitivity, SW480 colon cancer cells were not used in the remainder of this work.
Human cell lines were used preferentially over mouse cell lines, as mouse cells have a slightly different
TRAIL signalling pathway with only one TRAIL receptor and no caspase-10 (Wu et al.,, 1999). It was
important to include the relatively TRAIL resistant 1205Lu melanoma cells in future investigations, as any
method developed to sensitise tumour cells to TRAIL must show efficacy in TRAIL resistant cells. Using cell
lines derived from both breast cancer and melanoma meant that future work performed with these cell

lines could separate cell-type specific effects from general responses affecting multiple cancer cell types.

The work performed by Dr Satoshi Hino (Figure 3.2), is important for setting the context for the work in
this thesis. His work identified an important role for death receptor mediated apoptosis in the clearance
of the two melanoma cell lines from the mouse lung, as disruption of DISC signalling increased lung
colonisation. Although Fas and TNF-a also induce apoptosis through the extrinsic pathway via FADD and
caspase-8, knockdown of TRAIL receptors DR4 and DR5 led to similar increases in metastasis. Melanoma
cells rendered resistant to TRAIL showed up to a 10 fold increase in lung retention three days after tail
vein injection. This data show that endogenous TRAIL does play an important role in the clearance of
tumour cells from the lung. This finding is contrary to a number of previous studies which have suggested
that FasL and perforin are more important than TRAIL signals in clearing cancer cells from the lung (Owen-
Schaub et al., 1998, Smyth et al., 1999, Hall et al., 2004), however many of these studies have only focused
on the role of NK cell-derived death signals. The nature of this experiment does not allow the
identification of the TRAIL source, but TRAIL expression has also been detected in human lung tissue
including lung vascular endothelial cells (Spierings et al., 2004), and can be induced on a number of other
immune cells including CD4+ lymphocytes and monocytes (Griffith et al., 1999, Dorothée et al., 2002) .
This work also does not identify TRAIL as the sole mechanism for tumour cell clearance; therefore it is

likely that important roles still exist for Fas Ligand and perforin. Nevertheless, this work suggests that the
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development of an in vivo TRAIL sensitising agent will not only sensitise cells to TRAIL administered

therapeutically, but also to endogenous TRAIL signals in the lung.

The second aim of this chapter was to investigate whether MDA-MB-231, 1205Lu and WM1789 human
cancer cell lines could be sensitised to TRAIL-induced apoptosis in vitro using low attachment plates to
prevent full adhesion and spreading. These experiments were performed to further validate results seen
in MCF7 human breast cancer cells (Goldberg et al., 2001) when cultured in low attachment conditions. In
support of the hypothesis, all three cell lines cultured on low attachment plates exhibited enhanced TRAIL
sensitivity compared to those cultured on normal plastic. The three cell lines showed no evidence of
anoikis under low attachment conditions, confirming previous reports of anoikis resistance in MDA-MB-
231 cells (Attwell et al., 2000). This suggests that TRAIL sensitisation was due to specific sensitivity to
TRAIL, and not a consequence of cells being in a spontaneously apoptotic state. These findings were
further supported by Grosse-Wilde et al., who showed that sarcoma cells derived from a mouse squamous
cell carcinoma model could be sensitised to exogenous TRAIL treatment when cultured on polyHEMA to
prevent attachment, despite also showing little susceptibility to anoikis (Grosse-Wilde et al., 2008). This

suggests that matrix attachment may be a general mechanism mediating TRAIL resistance in tumour cells.

To further investigate potential mediators of the TRAIL sensitisation response in MDA-MB-231 cells, global
protein changes in the apoptosis pathway were investigated using a Proteome Profiler™ Human
Apoptosis Array (Figure 3.4). This showed increases in death receptors DR5 and TNFR1, along with subtle
decreases in several intrinsic apoptosis pathway components. These initial findings suggest that death
receptor levels could be altered in response to cell detachment, and implicate a possible role for the
intrinsic pathway in mediating the death receptor signalling pathway in these cells. These findings have
also been supported by subsequent work showing increases in DR4 and DR5 expression following matrix

detachment of colon and oesophageal cancer cell lines (Laguinge et al., 2008, Liu et al., 2009). This
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provides evidence that detachment-induced alterations at the receptor level could account for the
increased TRAIL sensitivity seen in these experiments. Although increases in Fas were not seen in this
array, MDA-MB-231 cells are shown in Chapter 2 to be FasL resistant and therefore may have a more
unresponsive Fas signalling pathway. Due to the significant increase in TNFR1 expression in low
attachment cells, it is likely that these cells would also show increased sensitivity to TNF-a induced

apoptosis. Although this is therapeutically less interesting, it presents an avenue for future research.

Reduced levels of the IAPs, clAP-2 and survivin, detected in the protein array may enable an enhanced
caspase cleavage response to apoptotic stimuli, due to their ability to inhibit caspase cleavage (Deveraux
et al., 1998). Previous research has reported increases in clAP and XIAP in non-malignant epithelial cells
following detachment, as a mechanism of anoikis avoidance (Liu et al., 2006b). Although the apoptosis
array also showed variable increases in the level of cleaved caspase-3 in low attachment cells, indicative of
anoikis, this could not be confirmed by either caspase 3/7 activity or PARP cleavage assays. HTRA2/Omi
levels were also increased by 20% in cells in low attachment conditions. As HTRA2/Omi can bind to and
neutralise inhibitors of apoptosis (IAPs), it was initially hypothesised that the function of this protein was
pro-apoptotic (Hegde et al., 2002). However, it has been suggested that the true role of HTRA2/Omi may
be mitochondrial preservation and that its IAP binding motif may act to allow IAPs to ubiquitinate it for
degradation. This may act as a protective mechanism against mitochondrial proteins that have leaked out
into the cytoplasm (Vaux and Silke, 2003). In addition, Vaux and Silke argue that substantial mitochondrial
damage may result in the release of multiple mitochondrial proteins with IAP binding motifs, and this
could act to drive apoptosis as a further protective mechanism against large-scale mitochondrial damage.

Therefore it is unclear how small alterations in HTRA2/Omi protein levels may affect apoptotic responses.

One limitation of these arrays is that they focus only on whole cell protein expression. A common feature

of regulation within the apoptosis signalling pathway is relocation or post-translational modification of
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proteins rather than expression levels. For example, TRAIL receptor signalling can be modulated not only
by protein expression level but by membrane localisation to lipid rafts, mutation, membrane recycling,
and post-translational modification (Muppidi et al., 2004, Wagner et al., 2007, Chen et al., 2009). Equally
mitochondrial pro-apoptotic proteins such as HTRA2/Omi are located in the inner mitochondrial space,
only influencing apoptosis after mitochondrial membrane permeation. Therefore, although increased
HTRA2/Omi protein levels could lead to a more robust and rapid apoptotic response following
mitochondrial permeation, it is the translocation to the cytoplasm which is the most important indicator
of the functional state of the protein. Many of the changes seen in this array may only indicate a potential
effect, and one cannot assume that a functional effect will result. However, these arrays do give an
indication of pathway-wide alterations, allowing more rapid identification of potential targets than
performing individual Western blots. Future work will need to follow up these targets in order provide a
direct link between their expression levels and the TRAIL sensitivity observed. Following on from this
initial use of the apoptosis arrays, work was performed in collaboration with Dr D. Allen to investigate

other methods of acquiring data from these array membranes, outlined in Supplementary Chapter 1.

The data presented in this chapter supports the initial hypothesis that culturing cancer cells on low
attachment plates can sensitise them to TRAIL-induced apoptosis in vitro, confirming the earlier report in
detached human mammary carcinoma MCF-7 cells (Goldberg et al., 2001). The work performed by Satoshi
Hino highlighted an important role for endogenous TRAIL in the clearance of human melanoma cells from
the mouse lung. Therefore development of a TRAIL-sensitising agent could work in combination not only
with therapeutic TRAIL strategies, but with endogenous TRAIL signals to enhance the clearance of
metastatic tumour cells. This initial work forms the basis of the hypothesis in this thesis; that cell adhesion
pathways could be targeted in order to enhance responses to TRAIL in vitro and in vivo. The following
chapters present the process by which this hypothesis was strengthened and tested in a number of

models. In Chapter 4, the transcriptional control of the cytoskeleton is targeted, using MDA-MB-231
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lacking MRTF-A and B, transcriptional controllers of many cytoskeletal genes. More specific members of
the integrin signalling pathway are targeted in Chapter 5, and these targets are used in Chapter 6 to
develop in vivo assays to allow sensitisation effects to be measured in an experimental mouse model of

metastasis.
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Chapter 4:
Disruption of transcriptional control of

the cytoskeleton: TRAIL sensitisation
through MRTF-A/B depletion

4.0 Hypothesis

Depletion of MRTF-A and B in MDA-MB-231 breast cancer cells causes adhesion and spreading defects in

vitro and leads to an enhanced apoptotic response to TRAIL and other TNF family ligands.

4.1 Introduction

4.1.1 Myocardin-related transcription factors and Serum response factor
Myocardin-related transcription factors (MRTFs) are transcriptional co-activators for the transcription
factor Serum response factor (SRF) (Miralles et al., 2003, Guettler et al., 2008). SRF is a widely conserved
and expressed transcription factor that binds to targets containing a CArG box sequence CC(A/T)sGG. SRF
regulates the transcription of many immediate early genes, cytoskeletal genes and certain muscle-specific
gene sets and plays an essential role in cellular homeostasis (Johansen and Prywes, 1995, Miano, 2010).
Due to its role in controlling cytoskeletal gene expression (Sun et al., 2006), MRTF/SRF signalling has been
implicated in cell spreading, adhesion, invasion and metastasis (Morita et al., 2007, Medjkane et al., 2009,

Brandt et al., 2009).
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SRF is a pleiotropic transcription factor and there are currently around 50 identified SRF cofactors which
can interact with SRF to control the transcription of restricted gene sets. Two pathways have been

identified which lead to SRF activation, as outlined in Figure 4.1 (Gineitis and Treisman, 2001).

/ Extracellular stimuli
Rho family GTPases \

l Ras
!
— Raf
G-actin F-actin L

L MEK
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“ucleus / L
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D i
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Figure 4.1 Signalling pathways activating Serum response factor (SRF). SRF activity is mediated by two signalling pathways: Rho
activation through MRTFs such as MRTF-A and B, and MAPK activation through Ternary complex factors (TCFs). Adapted from

(Posern and Treisman, 2006).

The first identified pathway involves members of the Ternary complex factor (TCF) subfamily (ELK1, SAP1
and SAP2), transcription factors that can complex with SRF at the Serum response element (SRE) (Shaw et
al., 1989). They contain an ETS domain which binds to an ETS site upstream of the SRE. Phosphorylation of
TCFs by mitogen signalling through MAPK can lead to the formation of a complex with SRF, allowing serum

responsive transcription of immediate early genes including C-FOS (Marais et al., 1993).

The second pathway is activated by extracellular signalling through Rho GTPases, and mediated by MRTFs
(Miralles et al., 2003, Guettler et al., 2008), including MRTF-A, MRTF-B and myocardin. Myocardin can

strongly activate SRF to control cardiac and smooth muscle-specific gene transcription (Wang et al., 2001),
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but its expression is mainly restricted to these tissues. In contrast, MRTF-A and B have broader expression

profiles (Wang et al., 2002). MRTF-A is also known as MAL, MKL-1 and BSAC.

4.1.2 MRTFs and the cytoskeleton

SRF activation through MRTFs can lead to the transcriptional activation of a large number of cytoskeletal
genes including talin, vinculin, profilin and integrin B1 (Miano et al., 2007). There have been over 150 SRF-
dependent target genes identified, of which around 45% have roles in contractility and/or the cell
cytoskeleton (Sun et al., 2006). MRTF-A and -B contain three RPEL domains in the N-terminal end which
are responsible for actin binding, two N-terminal basic sites for binding to SRF and nuclear localisation,
and a transcriptional activation domain at the C-terminus (Miralles et al., 2003). Although most of the
work characterising the regulation of MRTF-A and -B has focused on MRTF-A, they are thought to be
regulated in the same manner and act cooperatively to control the transcription of cytoskeletal and focal

adhesion genes (Medjkane et al., 2009).

Drugs such as latrunculin B, which sequester monomeric G actin, can reduce transcription of SRF target
genes, whereas the actin-disrupting mycotoxin cytochalasin D can activate transcription of SRF target
genes. The discovery that SRF activity could be controlled by actin dynamics led to the discovery that SRF
signalling works in a positive feedback loop, controlling cytoskeletal transcription whilst being regulated

itself by actin dynamics (Sotiropoulos et al., 1999).

4.1.3 MRTF/SRF activation
MRTF-A/B activation requires Rho pathway signalling, and the interaction between MRTF and Rho-actin
signals normally controls whether it is located in the cytoplasm or the nucleus (Figure 4.2). MRTF-A/B are

present in complexes with G-actin in the cytoplasm and undergo constant nuclear shuttling (Figure 4.2).
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Figure 4.2 Actin-mediated regulation of MRTF/SRF activity. In unstimulated cells (left) monomeric G-actin (green arrow) is bound to MRTF-A/B in

the cytoplasm and the nucleus, with rapid export of nuclear MRTF-A/B leading to high cytoplasmic levels. This prevents MRTF-dependent SRF
target gene transcription. When stimulated (right), for example by serum, G-actin monomers polymerise to form F-actin, releasing MRTF. A
change in the balance of import/export signalling drives MRTF nuclear import, with reductions in nuclear export. Together, these factors drive the

nuclear accumulation of free MRTF-A/B which can bind SRF and drive SRF target gene transcription. Adapted from (Vartiainen et al., 2007).
In the resting state, SRF activation is prevented by a combination of MRTF-A/B interaction with G-actin in
both the cytoplasm and the nucleus, and an enhanced propensity for MRTF-A/B nuclear export (Vartiainen
et al., 2007). Activation of Rho signalling leads to the polymerisation of G-actin monomers to form F-actin
filaments. As shown in Figure 4.2, this reduction in the G-actin pool releases MRTF-A/B, which can enter
the nucleus to activate their targets. The nuclear export rate is reduced in stimulated cells, helping to
drive the nuclear accumulation of MRTF. In the nucleus, MRTF-A/B bind as dimers to SRF and drive the
transcription of SRF-dependent target genes. Although some cells, including MDA-MB-231 cells, show
constitutive nuclear localisation of MRTF-A/B, their ability to drive SRF target gene transcription is still

regulated by Rho stimulation, suggesting that binding to nuclear actin plays an important role in

MRTF/SRF pathway regulation (Vartiainen et al., 2007).
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4.1.4 MRTFs and cancer

As MRTF target genes are implicated in diverse biological pathways including cell-type specific
development, motility and actin dynamics, dysregulation can facilitate cancer development and
progression (Scharenberg et al., 2010). The human MRTF-A gene was initially discovered through its
involvement in a translocation event commonly reported in infant acute megakaryocytic leukaemia (Ma et

al., 2001, Mercher et al., 2001).

MRTF/SRF signalling has also been implicated in invasion and metastasis. Through their ability to drive the
transcription of cytoskeletal genes, MRTF-A/B have been shown to regulate focal adhesion and stress fibre
formation. As a result, MRTF-A/B depleted MDA-MB-231 cells demonstrate reduced adhesion and
motility, and are less metastatic than control cells (Morita et al., 2007, Medjkane et al., 2009). Recent
work has found that SCAI (suppressor of cancer cell invasion) can bind to SRF in the nucleus to form an
inhibitory ternary complex. Loss of SCAI, as observed in a panel of tumour samples, allows robust
MRTF/SRF dependent transcription of B1 integrin, greatly increasing the invasive potential of cells (Brandt

et al., 2009).

Interestingly, mouse mrtf-A was discovered in an early mouse screen looking to identify genes which can
confer resistance to TNF-a induced apoptosis (Sasazuki et al., 2002). This is one of the only a few reports

directly linking MRTF signalling to apoptosis.
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4.2 Aims

Following on from Chapter 3, which showed that impairing cell adhesion using low attachment plates
could induce TRAIL sensitivity in three cancer cell lines, the aim of this chapter is to investigate TRAIL
sensitivity in cancer cells which constitutively exhibit cytoskeletal defects. MRTF-A/B depletion in MDA-
MB-231 cells is a good model in which to investigate this, as loss of SRF-dependent cytoskeletal gene
transcription results in reduced stress fibres, focal adhesions, and morphological defects (Medjkane et al.,
2009). As mrtf-A was first discovered due to its ability to protect cells from TNF-a induced apoptosis in
mice (Sasazuki et al., 2002), | was interested to see whether MRTF-A and -B could confer the same
protection in human cell lines, and whether this protection was also relevant to the TNF superfamily

ligand TRAIL.

In summary, the main aims of this chapter are:

¢ To confirm MRTF-A and B depletion in MDA-MB-231 cells and resultant cell spreading defects.

¢ To investigate the effects of MRTF-A and B reduction on sensitivity to apoptosis induced by TNF-a, FasL
and TRAIL.

*To investigate potential mechanisms behind any sensitisation seen by using an apoptosis protein array
and following up previously published microarray data in MRTF-A and B depleted MDA-MB-231 cells
(Medjkane et al., 2009).
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4.3 Methods
4.3.1 Cell lines
MDA-MB-231 human breast cancer cells were supplied as a kind gift from Prof. R Treisman (LRI, London).
Two clones were used, named C4-GFP and C20-CFP, and have been previously described (Medjkane et al.,
2009). Briefly, C4-GFP cells were MDA-MB-231 control cells which contain a GFP expression plasmid along
with a Tet repressor construct. C20-CFP cells were MDA-MB-231 cells containing a CFP expression

plasmid, along with a Tet repressor construct and tetracycline inducible shRNA for MRTF-A and MRTF-B.

4.4 Results

4.4.1 MRTF-A and B depletion in MDA-MB-231 cells

To test the shRNA system, C20-CFP cells were either untreated or treated with 1 ug/ml of tetracycline for
72 hr for full depletion (referred to as C20-CFP TET). Figure 4.3A shows that even without tetracycline
treatment, C20-CFP cells show partial reduction of MRTF-A levels, which is fully abrogated, along with a
75% reduction in MRTF-B, 72 hr after tetracycline treatment. MRTF-A/B depletion in MDA-MB-231 cells
has been previously shown to cause cell rounding, reduced stress fibres and reduced focal adhesions
(Medjkane et al., 2009). To confirm this, cells were seeded onto chamber slides for 12 hr prior to staining
with phalloidin for actin, along with Hoechst nuclear stain (Figure 4.3B). In support of the previous
findings, MRTF-A/B depleted cells showed a more arborised phenotype, lacking stress fibres and
exhibiting spreading defects. Although not measured directly in this work, as outlined by Medjkane et al.,

MRTF-A/B depleted cells could also be observed to be less adherent than their control counterparts.
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Figure 4.3 Verification of MRTF-A and B levels and spreading defects in MDA-MB-231 clones. A Western blot with MRTF-A and B specific
antibodies shows efficient depletion of MRTF-A and B after 72 hr tetracycline treatment (1 pg/ml) in C20-CFP TET cells. B Staining showing
control cells (C4-GFP), MRTF-A and B depleted cells (C20-CFP TET), along with those expressing an intermediate level of MRTF-A and B
(C20-CFP). F-actin was stained with phalloidin (red) and the nucleus with Hoechst (blue). C20-CFP TET cells show marked morphological
defects.
4.4.2 Sensitivity of MRTF-A and B depleted clones to Tumour necrosis factor family
ligands.
Cells were seeded and allowed to attach for 12 hr prior to treatment with recombinant TNF-a, agonistic
anti-Fas antibody, or recombinant TRAIL. In control C4-GFP cells, TNF-a treatment led to a 2% increase in
viability compared to untreated controls (Figure 4.4A). In contrast, C20-CFP expressing partial reduction in
MRTF-A/B showed a 5.5% reduction in viability after 24 hr of TNF-a treatment. This increased to 10.6%
reduction on full depletion of MRTF-A/B in C20-CFP TET cells. Similarly, caspase 3/7 activity was 3.5 fold

higher in C20-CFP cells than C4-GFP control cells, rising to 7 fold higher in fully depleted C20-CFP TET cells

(Figure 4.4B).
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Figure 4.4 MRTF-A/B depleted MDA-MB-231 cells (C20-CFP TET) show increased sensitivity to TNF-a induced apoptosis but MDA-MB-231 cells
are resistant to an anti-Fas antibody. A Viability was measured in cells either untreated or treated for 24 hr with 300 ng/ml TNF-a. MRTF-A/B
depleted cells show a greater reduction in viability after TNF-a treatment. B Cells were treated with 300 ng/ml TNF-a for 3 hr and caspase 3/7
activity measured using a Caspase 3/7 Glo® assay. Caspase 3/7 activity is higher in MRTF-A/B depleted cells after TNF-a treatment, confirming
apoptosis. C Dose-response experiment for cells incubated for 3 hr with indicated concentrations of anti-Fas antibody (Ab) (CH-11), showing
caspase 3/7 activity relative to untreated controls. The colon carcinoma cell line SW480 was used as a positive control, confirming FasL resistance

in MDA-MB-231 cells. Graphs show mean +/- (SEM) n=3. ANOVA (Tukey post-test) * p<0.05, ** p<0.01, *** p<0.001

MDA-MB-231 cells have previously been shown to be resistant to the apoptotic effects of agonistic Fas
antibodies (Yu et al., 1999, Toillon et al., 2002). To confirm this, the MDA-MB-231 cells were treated for
3 hr with anti-Fas antibody, and caspase 3/7 activity determined (Figure 4.4C). Due to their high sensitivity

to FasL-induced apoptosis, SW480 were used as a positive control and showed a 3 fold increase in caspase

91



Chapter 4: Results

3/7 cleavage following treatment with 300 ng/ml of anti-Fas antibody. As expected, treatment of both C4-
GFP and C20-CFP TET cells with an anti-Fas antibody did not stimulate caspase 3/7 activity.

C4-GFP, C20-CFP and C20-CFP TET cells were then treated with 100 ng/ml recombinant human TRAIL. The
viability of MRTF-A/B depleted cells was 25% lower than control cells 24 hr after TRAIL treatment (Figure
4.5A). Pre-treatment of cells with 10 uM pan-caspase inhibitor Z-VAD-FMK completely abrogated the
TRAIL response in all cell lines, confirming that TRAIL was acting through caspase activation (Figure 4.5B).
To further confirm that the TRAIL sensitivity was a result of increased apoptosis, caspase 3/7 activity was
measured in the three cell lines after TRAIL treatment. Figure 4.5C shows that C20-CFP cells showed a 1.8
fold higher caspase 3/7 response after TRAIL treatment than control C4-GFP cells, with over 2 fold higher
activity in fully depleted C20-CFP TET cells. As a control, C4-GFP control cells were treated with
tetracycline, however this did not induce any greater caspase 3/7 activity than C4-GFP alone. MRTF-A/B
depleted cells also showed a significant increase in TUNEL positive cells 6 hr after treatment with TRAIL
compared with C4-GFP control cells and C20-CFP cells. Representative images of TUNEL staining are

shown in Figure 4.5E.
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Figure 4.5 MRTF-A/B depletion in MDA-MB-231 results in sensitivity to TRAIL-induced apoptosis. A Cells treated with 100ng/ml TRAIL for 24 hr
showed a significant reduction in viability as measured using the alamarBlue® assay. B This effect could be completely blocked after a 1 hr pre-
incubation of cells with a pan-caspase inhibitor Z-VAD-FMK (10uM) prior to TRAIL addition. C MRTF-A/B depleted cells treated for 3 hr with
100 ng/ml TRAIL showed higher caspase 3/7 activity relative to C4-GFP controls and C20-CFP cells. D Cells were treated with 100 ng/ml of TRAIL
6 hr prior to TUNEL staining, with representative images shown in E. Graphs show mean +/- SEM (A) n=8; (B) n=3; (C) n=4 ; (D) n=3; ANOVA (Tukey

Post-test) * p<0.05 *** p<0.001
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4.4.3 Analysis of apoptosis-related protein changes

To investigate potential reasons behind the TRAIL sensitivity seen in MRTF-A/B depleted cells, whole cell
lysates from each cell line were incubated with the Human Apoptosis Proteome Profiler™ Array described
in Chapter 3 and Supplementary Chapter S1. As shown in Figure 4.6, there was a significant 23% increase
in protein expression of phosphorylated Rad17 in MRTF-A/B depleted cells compared to controls, along
with variable and non-significant increases in HIF-1 and p27/KIP. In direct relation to the extrinsic pathway
of apoptosis, both C20-CFP and fully depleted C20-CFP TET cells showed significant increases in protein
expression of DR4 (up to 37% higher), DR5 (up to 45% higher), and TNFR1 (75% higher) compared to
control cells. There were also subtle increases in the protein levels of Fas. Interestingly, C20-CFP TET cells
also showed 30% higher levels of the mitochondrial serine protease HTRA2/Omi, previously detected as
increased in cells cultured on low attachment plates (Chapter 3). Similarly, cleaved caspase 3 levels were
also increased in MRTF-A/B depleted cells up to 2.7 fold higher than controls, however this value showed
high variability between repeats. The spontaneous increases in active caspase 3 levels indicated that

MRTF-A/B depleted cells may be undergoing anoikis following MRTF-A/B depletion.
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To investigate this further, cells were taken from culture and TUNEL stained (Figure 4.7A). TUNEL staining
showed only a 3% increase in the levels of DNA fragmentation in MRTF-A/B depleted cells, with a 1.9%
increase in C20-CFP cells expressing intermediate levels of MRTF-A/B. Neither of these increases were
significant. To verify this result, cells were blotted for PARP cleavage. Figure 4.7B shows that, although
there were slight reductions in the expression of full-length PARP in MRTF-A/B depleted cells, the 90 kDa
cleaved PARP form could not be detected. Anoikis is therefore unlikely to be playing a major role in

influencing the TRAIL response.
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Figure 4.7 MRTF-A/B depletion alone results in low levels of apoptosis. A TUNEL staining in untreated cells shows slight
increases in TUNEL positive cells with MRTF-A/B depletion, however this was not significant. B Western blotting for full
length and cleaved PARP in MRTF-A/B depleted cells using whole cell lysates showed slight reductions in full length PARP;

however accompanying increases in PARP fragments at 90kDa were undetectable.
To further investigate the HTRA2/Omi protein levels, Western blots were performed with a different
antibody and new samples. As the apoptosis array lacked antibodies detecting the c-FLIP isoforms,
important inhibitors of the extrinsic apoptosis pathway (Section 1.1.4.2), samples were also tested for this

protein. As shown in Figure 4.8A, up to 2 fold increases could be detected in HTRA2/Omi protein level in

MRTF-A/B depleted cells compared to controls, however these differences were only seen in three out of
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seven repeats. The expression level of the c-FLIP long isoform c-FLIP, was not associated with the level of
TRAIL sensitivity, and c-FLIP; was undetectable in this cell line. Therefore it is unlikely that alterations in

the whole cell levels of these proteins can account for the consistent TRAIL sensitivity effect.
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Figure 4.8 HTRA2/Omi and c-FLIP, protein levels in MRTF-A/B depleted cells. A Whole cell lysates of untreated cells showing

increases in HTRA2/Omi protein levels in MRTF-A/B depleted C20-CFP TET cells. B c-FLIP, levels were unchanged in MRTF-A/B

depleted cells.

4.4.3.1 Alterations in death receptor signalling in MRTF-A/B depleted cells.

To verify the increases in the expression level of TRAIL receptors DR4 and DR5 observed in the apoptosis
protein array, whole cell lysates were blotted with independent antibodies for DR4 and DR5 (Figure 4.9A).
This confirmed that C20-CFP cells showed a 2.5 fold increase in DR5 expression level compared to control
C4-GFP cells, rising to a 7.5 fold increase on full MRTF-A/B depletion. Similarly, whole cell protein
expression of DR4 was 1.74 fold higher in C20-CFP cells, and 2.7 fold higher in C20-CFP TET cells,
compared to controls. Quantitative real time PCR was used to measure mRNA levels of DR4 and DR5 from

control and MRTF-A/B depleted cells from culture (Figure 4.9B).
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Figure 4.9 Total protein levels of DR4 and DR5 increase in MRTF-A/B depleted cells, however this is not due to increased transcription.
Whole cell lysates were blotted for DR5 and DR4 or RNA extracted and subjected to quantitative real time PCR. A Representative images
of Western blots of whole cell lysates for DR5 (left) and DR4 (right), showing increased levels of both death receptors in MRTF-A/B

depleted cells (C20-CFP TET), as highlighted previously in the apoptosis array. B There is no difference in DR5 mRNA levels between the

AACt

three cell lines. The Ct values were normalized to GAPDH and relative expression calculated using the 2" method. Mean +/- SEM n=4

There was no significant difference in DR5 or DR4 mRNA levels in MRTF-A/B depleted cells compared to
C4-GFP controls. This suggests that the whole cell protein level increases seen in figure 4.9A were not a
result of increased transcription, and may therefore be due to reduced degradation. To investigate the
expression of these receptors on the cell surface, cells were stained with DR4 and DR5 antibodies and

analysed by flow cytometry (Figure 4.10).
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Figure 4.10 Increased DR5 expression on the surface of MRTF-A/B depleted cells. Cells were incubated for 30 min on ice with
monoclonal antibodies for DR4 and DR5 before flow cytometry. (Left) shows histograms, representative of flow cytometry data showing
increased cell surface staining of DR5 (bottom left) with DR4 levels unaltered (top left). The bar chart (right) shows quantitated
fluorescent intensity of staining from 3 independent experiments. Mean +/- SEM; n=3; ANOVA (Tukey post-test) *p<0.05 ** p<0.01 ***

p<0.001 ns=not significant.

Flow cytometric analysis revealed that C20-CFP cells have 50% more DR5 expression on their surface than
control C4-GFP, with an 84% increase in fully MRTF-A/B depleted C20-CFP TET cells. In contrast, DR4
expression levels remained unchanged. This meant that the ratio of DR4:DR5 expression on the cell

surface increased from 1:2 in control C4-GFP cells to almost 1:4 in MRTF-A/B depleted cells.
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Figure 4.11 MRTF-A/B depleted cells depend more on DR5 for their apoptotic response to TRAIL. Death receptors were blocked by a 30 min
incubation with 10 pug/ml of DR4 or DR5 blocking antibodies prior to TRAIL treatment (100 ng/ml) for 24 hr, and viability determined using
alamarBlue®. DR4 and DR5 blocking in control (C4-GFP) cells prevents TRAIL-induced viability reductions to the same extent. However, in

intermediate and fully MRTF-A/B depleted cells, DR4 was less essential for the TRAIL response. Mean +/- SEM n=5 ANOVA (Tukey post-test)

** p<0.01

To investigate whether signalling through DR5 was more important than DR4 in mediating the apoptotic
TRAIL signal in MRTF-A/B depleted cells, cells were pre-treated with DR4 and DR5 blocking antibodies
30 min prior to TRAIL treatment (Figure 4.11). Blocking the function of both DR4 and DRS5 individually
could reduce TRAIL sensitivity by around 40% in control C4-GFP cells, which was increased to a 79%
reduction when both receptors were blocked. However, in MRTF-A/B depleted cells, DR5 block could
reduce 46% of the TRAIL response, where as DR4 blocking could only reduce it by 19%. The data show a
shift in death receptor signalling in MRTF-A/B depleted cells to a predominantly DR5-mediated response,
suggesting that alterations in the cell surface expression level of TRAIL receptors could account for some

of the increased TRAIL sensitivity seen in MRTF-A/B depleted cells.
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4.4.4 MRTF-dependent genes previously identified using microarray

TRAIL sensitivity mechanisms in MRTF-A/B depleted cells were then further investigated using previously

published microarray data which identified MRTF-dependent genes (Medjkane et al., 2009).

Gene name

Control

Control
+CD

MRTF- MRTF-
A/B A/B

depleted depleted

+CD

Fold change

dep/control

tumour necrosis factor receptor
TNFRSF11B superfamily, member 11b 50 60 14 14 0.28
(osteoprotegerin)
DAPK1 death-associated protein kinase1 228 178 76 79 0.33
TNESE18 tumour necrc')sis factor (ligand) 38 71 35 31 0.40
superfamily, member 18
TNERSE21 tumour ne.crosis factor receptor 683 648 363 378 0.53
superfamily, member 21 (DR6)
PDCD6 programmed cell death 6 393 373 212 206 0.54
BCL-2 B Cell lymphoma 2 146 140 83 80 0.57
tumour necrosis factor receptor
TNFRSF12a superfamily, member 12a 587 699 2035 2370 3.47
(TWEAKR)
tumour necrosis factor (ligand)
TNFSF1 1 1 4 5
SF10 superfamily, member 10 (TRAIL) > > 8 96 1.65
programmed cell death 4
PDCD4 (neoplastic transformation 105 103 168 163 1.60
inhibitor)

Table 4.1 Microarray data of MRTF-dependent genes involved in cell death, adapted from (Medjkane et al., 2009). This table includes
information from previously published microarray data of MRTF-dependent genes using MDA-MB-231 cells. The top 6 genes (highlighted

in blue) are those whose expression decreases with MRTF-A/B depletion, where as the bottom 3 genes (highlighted in red) are those

whose levels increase with MRTF-A/B depletion.

This array, outlined by Medjkane et al. compared genes which were affected not only by MRTF-A/B

depletion, but MRTF activation following treatment with 5 uM cytochalasin D. Cytochalasin D is a cell

101



Chapter 4: Results 102

permeable mycotoxin which can interfere with the interaction of G-actin and MRTF (Sotiropoulos et al.,

1999). This allows the release of MRTF into the nucleus to activate SRF, and is equivalent to full activation.

Analysis of these microarray data for genes involved in apoptosis signalling highlighted nine genes whose
expression was altered following MRTF-A/B depletion. Interestingly, two of the genes with the largest
expression difference were osteoprotegerin (OPG), the soluble TRAIL decoy receptor, and TRAIL itself.
OPG, also known as TNFRSF11B, showed a 72% reduction in gene expression in MRTF-A/B depleted cells
compared to control cells. In contrast, TRAIL (TNFSF10) expression levels were 65% higher in MRTF-A/B
depleted cells compared to controls. Other highly altered apoptotic genes included DAPK1 and TWEAKR
(TNFRSF12a). BCL-2 levels were also shown to be reduced in MRTF-A/B depleted cells but no protein
changes had been detected in the apoptosis array. Western blot for BCL-2 with a different antibody to the
array showed up to 60% reduction in BCL-2 protein expression in MRTF-A/B depleted cells compared to
control cells, however again such a large difference was only seen in two out of seven repeats (Figure

4.12) and an average of the changes across the repeats showed no significant difference overall.
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Figure 4.12 Changes in BCL-2 in MRTF-A/B depleted cells. A Example of Western blot of whole cell protein levels of
BCL-2 which showed reduction in MRTF-A/B depleted cells. B Average BCL-2 expression (normalised to actin expression)

from seven individual repeats, showing no overall change in expression level in MRTF-A/B depleted cells.
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4.4.4.1 OPG and TRAIL expression

The remaining work focused on the reported changes in OPG and TRAIL gene expression, as these were
deemed the most likely to influence the TRAIL sensitivity response. Osteoprotegerin, as discussed in
Section 1.2.6, is a low affinity, soluble decoy receptor for TRAIL (Emery et al., 1998). MDA-MB-231 cells
have been shown to secrete OPG (Neville-Webbe et al., 2004), thus it is conceivable that expression
differences could influence TRAIL sensitivity in this model. The microarray data reported a 72% decrease
in OPG expression in MRTF-A/B depleted cells compared with controls. This suggested that reduced OPG
secretion in MRTF-A/B depleted cells could allow more TRAIL ligand to reach the cell surface, inducing a

greater apoptotic response.

To investigate this further, the microarray results were confirmed using quantitative real time PCR analysis
on the three MDA-MB-231 cell lines (Figure 4.13A). In support of the microarray findings (Medjkane et al.,
2009), MRTF-A/B depleted cells did have significantly reduced levels of OPG mRNA compared to control
cells. These levels correlated with the MRTF expression in the three cell clones, with C20-CFP cells showing
a 48% reduction in OPG expression compared with C4-GFP control cells, with a 63% reduction in fully
depleted C20-CFP TET cells. Conditioned medium was then collected from cells grown for 72 hr, and
subjected to ELISA to measure secreted OPG protein concentrations. Control C4-GFP cells secreted
484 pg/ml of OPG into the medium over 72 hr. In contrast, C20-CFP cells only secreted 250 pg/ml and this
fell to 163 pg/ml in fully depleted C20-CFP TET cells. Therefore the reduction in OPG transcription means
that less protein is being secreted into the medium by MRTF-A/B depleted cells. To investigate whether
these differences were physiologically relevant, medium on MRTF-A/B depleted cells was reconstituted
with 500 pg/ml of recombinant OPG, representing the concentration secreted by MRTF proficient C4-GFP
cells. A positive control of 100 ng/ml recombinant OPG could reduce the TRAIL response by 37% in C20-

CFP TET
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Figure 4.13 OPG mRNA and protein levels are reduced in MRTF-A/B deficient cells, but cannot protect from TRAIL in vitro. A Quantitative
real time PCR was performed on the three MDA-MB-231 cell lines. The Ct values were normalized to GAPDH and relative expression

AACt

calculated using the 2™ method. This confirmed reductions in OPG mRNA levels in MRTF-A/B depleted cells. B Cells were seeded in 6 well

plates, conditioned medium collected after 72 hr of growth, and subject to ELISA for OPG. This confirmed reduced OPG protein secretion in
MRTF-A/B depleted cells. C MRTF-A/B depleted C20-CFP TET cells were treated with 100 ng/ml TRAIL in combination with either 500 pg/ml
recombinant OPG or 100 ng/ml as a positive control. Viability was determined after 24 hr using the alamarBlue® assay. OPG did not have a
protective effect at the concentration secreted by control cells. Mean +/- SEM (A) n=3; (B) n=11; (C) n=6 ANOVA (Tukey post-test) * p<0.05

** p<0.01 ns= not significant

cells, however 500 pg/ml was not a high enough concentration of OPG to confer any TRAIL protection.

Therefore OPG secretion differences are unlikely to account for the TRAIL sensitivity seen in this model.

Levels of TRAIL mRNA were reported to be increased by 65% in MRTF-A/B depleted cells (Medjkane et al.,
2009). To measure whether TRAIL expression was increased on the cell surface, giving the potential for
paracrine TRAIL signalling between cells, cells were labelled with a TRAIL antibody and analysed by flow

cytometry. Jurkat cells were used as a positive control (Figure 4.14A and C), because as reported
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previously, a 16 hr treatment with phorbol-12-myristate-13-acetate (PMA) can induce a 6 fold increase in
surface TRAIL expression (Baetu et al., 2001). However, no difference was detected in surface TRAIL

expression between control and MRTF-A/B depleted cell lines (Figure 4.14B and C).
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Figure 4.14 Cell surface TRAIL expression is the same in MRTF-A/B depleted cells as controls. Cells were incubated with a primary TRAIL
antibody followed by an Alexa fluor 633- conjugated secondary antibody. For a positive control, Jurkat immortalized T-lymphocyte cells
(TRAIL negative) were treated for 16 hr with 100 ng/ml phorbol-12-myristate-13-acetate (PMA). A Treatment of TRAIL-negative Jurkat
cells with PMA resulted in large TRAIL expression increases, illustrated in a representative histogram. B None of the three experimental
cell lines showed any differences in surface TRAIL expression as shown by a representative histogram. C The average geometric mean

intensity of surface staining confirms these observations. Mean +/- SEM n=3 ANOVA (Tukey post-test) *p<0.05
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4.4.5 Caspase activation

TRAIL acts through the extrinsic pathway of apoptosis, as discussed in section 1.1.4, therefore one would
expect increased activation of caspase-8 in the more TRAIL sensitive MRTF-A/B deficient cells. Due to the
reported non-specificity of selective caspase inhibitors (Berger et al.,, 2006), Western blotting was
performed to investigate the levels of caspase-8, 9 and 10 activity following TRAIL treatment. As shown in
Figure 4.15, all 3 cell lines showed cleavage of procaspase-8, procaspase-10, and procaspase-9 to their
intermediate or fully cleaved forms at increasing time points up to 2 hr following treatment with
100 ng/ml of TRAIL. At 2 hr after TRAIL treatment, MRTF-A/B depleted cells showed 1.6 fold higher levels
of the 18 kDa cleaved form of caspase-8 compared to control cells. After normalisation, the fold increases
in intermediate and cleaved forms of caspase-10 did not associate with the observed increase in
apoptosis. In contrast, cleavage of procaspase-9 to its 37 and 35 kDa cleavage products was much more
rapid and robust in MRTF-A/B depleted cells compared to control cells. At 1 hr post-TRAIL treatment,
MRTF-A/B depleted cells showed 2.65 higher levels of cleaved caspase-9 than C4-GFP cells and 1.22 fold

higher than C20-CFP cells.
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Figure 4.15 Western blots showing robust caspase-9 activation in MRTF-A/B depleted cells. Cells were cultured in 6 well plates for 12 hr
prior to TRAIL treatment (100 ng/ml) for the indicated durations. Cells were lysed along with spent media. Blots shown alongside
quantitation of protein expression of intermediate and cleaved forms, normalised to actin and relative to C4-GFP Ohr time point. A
Cleavage of procaspase-8 into cleavage products was slightly higher in C20-CFP TET cells. B Cleavage of procaspase-10 to its intermediate
cleavage showed little difference following normalisation to actin. C Much greater procaspase-9 cleavage occurred in C20-CFP TET cells

compared to control C4-GFP cells. Blot in B all ran on same gel but one time point was removed between 1 and 2 hr due to misloading.

As caspase-8 activates caspase-9 through cleavage of the BCL-2 family member BID, levels of BID and its
truncated form were investigated by Western blotting (Figure 4.16). MRTF-A/B depleted C20-CFP TET cells

showed 2.5 fold higher expression of BID compared to control cells. After a 2 hr treatment with TRAIL,
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tBID levels increased in MRTF-A/B depleted cells, remaining undetectable in control cells. Therefore
through increased tBID cleavage and caspase-9 activation, MRTF-A/B depleted cells show enhanced

amplification of the intrinsic pathway of apoptosis.
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Figure 4.16 Increased cleavage of BID in MRTF-A/B depleted cells. Cells were seeded in 6 well plates for 12 hr before treatment

for the indicated durations with 100ng/ml TRAIL. A MRTF-deficient C20-CFP TET cells show elevated levels of BID and tBID, which
is almost undetectable in control cells. All bands from same gel, but split as a longer exposure was required for tBID detection. B

Western blot quantified by total BID level, normalised to actin, relative to 0 hr time point for each cell line.

4.4.6 NFxB, AKT and ERK1/2 activity

As discussed in section 1.3.2, signalling through AKT, MAPK and NFkB can provide essential survival signals
to cells, preventing them from undergoing apoptosis. There is much evidence that AKT, ERK1/2 and NFkB
signalling can control expression of intrinsic apoptosis family members and could therefore influence the
balance between extrinsic and intrinsic apoptosis signalling. NFkB signalling can be activated downstream
of death receptors and lead to the transcription of anti-apoptotic proteins such as IAPs, with high levels of
NFkB associated with TRAIL resistance (Wang et al., 1998). To investigate NFkB activity in the three cell
lines, Western blotting was performed for levels of IkBa, a protein which negatively regulates NFkB by
sequestering it in the cytoplasm of the cell (Scheidereit, 2006). Therefore low levels of IkBa are commonly
used as a marker for NFkB activity. As shown in Figure 4.17A, NFkB activity was higher in MRTF-A/B
depleted cells after TRAIL treatment, as shown by a much faster reduction in IkBa. This suggests that the

NFkB activity is unrelated to TRAIL sensitivity in these cells. Survival signalling through the MAPK pathway
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and PI3K/AKT is also activated downstream of the cell surface and can control the levels of intrinsic
apoptosis family members (Shrader et al., 2007, Zhang et al., 2003a).
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Figure 4.17 NFkB, AKT and ERK1/2 activity in MRTF-A/B depleted cells. A Cells were seeded 12 hr prior to treatment with 100 ng/ml

TRAIL for the indicated durations. MRTF-A/B depleted cells show greater reductions in IkBa levels after TRAIL treatment than control
cells, indicative of higher NFkB activation. B Phosphorylated AKT (Ser 473) levels did not correlate with TRAIL sensitivity in the three cell
lines B MRTF-A/B depleted C20-CFP TET cells show reductions in active ERK1/2 (ERK Thr202/204) with total ERK1/2 levels staying the

same.

Cells were blotted for their expression of activated phosphorylated AKT at Ser473, a commonly used
phosphorylation site, along with activated ERK1/2 (Thr202/204), and total AKT and total ERK1/2.
Phosphorylated AKT in these MDA-MB-231 cells was barely detectable and did not correlate with TRAIL
sensitivity (Figure 4.17B). In contrast, there was ~30% reduction in level of phosphorylated ERK1/2 (Thr
202/204) in MRTF-A/B depleted cells compared to C4-GFP control cells (Figure 4.17C), with no alteration
in total ERK1/2 level. Therefore reductions in ERK1/2 survival signalling could contribute to the increased

sensitivity to apoptosis after TRAIL treatment in MRTF-A/B depleted cells.
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4.5 Summary of findings
e MDA-MB-231 cells carrying tetracycline inducible shRNA for MRTF-A and B show strong reductions in

MRTF-A/B expression after treatment with tetracycline, and exhibit marked cytoskeletal defects in

accordance with previous studies.
* There is a low level of anoikis in MRTF-A/B cells compared to control cells.

*MRTF-A/B depleted cells show increased sensitivity to apoptosis induced by TNF-a and TRAIL, but MDA-

MB-231 cells are resistant to the apoptotic effects of an anti-Fas agonistic antibody.

*Protein levels of both DR4 and DR5 are increased in MRTF-A/B depleted cells, however only DRS5 is

increased at the cell surface and DR5 shows increased importance over DR4 in TRAIL signal transduction.

*MRTF-A/B depleted cells show reductions in osteoprotegerin mRNA and protein secretion; however,

these did not confer TRAIL protection in vitro.

*There is more rapid and robust tBID cleavage and caspase-9 activation in MRTF-A/B depleted cells, along
with mild reductions in anti-apoptotic protein BCL-2 and increases in pro-apoptotic mitochondrial protein

HTRA2/Omi.

*MRTF-A/B cells show reduced signalling through ERK1/2, however AKT and NFkB activity does not

correlate with TRAIL sensitivity.

4.6 Discussion

Cells depleted of MRTF-A and B show marked defects in spreading and adhesion, associated with a
reduced capacity for invasion and metastasis (Medjkane et al., 2009). The work presented in this chapter
confirms the hypothesis that MRTF-A and B depleted MDA-MB-231 cells are also more sensitive to

apoptosis induced by members of the TNF family. This provides further evidence that cell
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spreading/adhesion is a good target for TRAIL sensitisation, as well as adding a further relatively

uncharacterised role for MRTF/SRF signalling in apoptosis resistance.

To meet the first aim of this chapter, efficient knockdown of MRTF-A and B was confirmed. MRTF-B
expression was not completely eliminated in this system, suggesting either inefficient shRNA expression or
the need for some basal MRTF-B expression to maintain survival. Little work has been done investigating
the different roles of MRTF-A and B and whether or not they show complete functional redundancy. There
is some evidence of MRTF-B having distinct and independent functions from MRTF-A, with knock-out mice
of both variants exhibiting different phenotypes (Li et al., 2006, Wei et al., 2007). However the knockdown
achieved was great enough to confer the adhesion and spreading defects characteristic of this model
(Medjkane et al., 2009). C20-CFP cells without tetracycline treatment showed partial reduction in MRTF
levels. This resulted from ‘leak’ in the inducible system, whereby C20-CFP cells show some basal
transcription of the MRTF-A/B shRNA in the absence of tetracycline. This characteristic was previously
highlighted (Medjkane et al., 2009), and may result from low concentrations of tetracycline present in
serum (unpublished observations, Dr Y Cao). However, these characteristics meant that 3 clones could be
used, with full, medium, and reduced levels of MRTF-A and B (C4-GFP, C20-CFP and C20-CFP TET,
respectively). Reduction in MRTF-A and B led to marked cytoskeletal and morphological defects as
previously reported (Medjkane et al., 2009). As these cells showed constitutive reductions in MRTF-A and
B, investigating potential alterations in the apoptosis pathway was easier than for cells on low attachment
plates, as the cell phenotype was less dependent on the adherence conditions and so could be easily
manipulated. These cells therefore provided a good model by which to investigate the effect of global

cytoskeletal defects on sensitivity to TNF family ligands.

MRTF-A/B depleted cells showed increased sensitivity to apoptosis induced by TNF-a in vitro, with the

extent of sensitivity correlating with MRTF A/B expression level. Interestingly, mouse mrtf-A was first
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identified by its ability protect mouse embryonic fibroblast cells from TNF-a induced apoptosis (Sasazuki
et al., 2002). This is the first time since the publication of that important work that a similar effect has
been shown in human cells with MRTF-A. In fact, MRTF-A/B depletion was enough to switch the cell’s
response from pro-survival to pro-apoptotic signalling following TNF-a stimulation. Results of an apoptosis
protein array showed that MRTF-A/B depleted cells express significantly increased levels of TNFR1 protein.
Although increased receptor protein levels could provide an explanation for this sensitivity, the array only
showed whole cell lysate protein increases, giving no indication of protein localisation. Further work is

required to confirm increased levels of TNFR1 at the cell surface.

FaslL has been reported to be involved in the clearance of tumour cells from the circulation (Owen-Schaub
et al.,, 1998, Screpanti et al., 2001). However MDA-MB-231 cells were found to be resistant to the
apoptotic effects of an anti-Fas agonistic antibody, in line with previous reports (Yu et al., 1999, Toillon et
al., 2002). However, small increases in Fas protein level were detected in MRTF-A/B depleted cells
compared to control cells, suggesting that receptor protein levels could be influenced by cell adhesion. In
support of this, Fas levels were shown to be increased in a range of non-malignant and malignant cells
following detachment (Aoudjit and Vuori, 2001, Mawiji et al., 2007). Therefore it is possible that MRTF-A/B
depletion in a FasL-sensitive cell line may also increase sensitivity to apoptosis induced by FasL. As
discussed in Section 1.2.7, systemic FasL and TNF-a treatments have limited therapeutic application in
cancer. As sensitizing tumour cells to TRAIL has more clinically relevant applications, the remainder of the
work focused on the TRAIL response. Similar to TNF-a, depletion of MRTF-A/B led to increased sensitivity

to TRAIL-induced apoptosis shown by a range of apoptotic detection techniques.

The third aim of this chapter was to investigate potential mechanisms for this TRAIL sensitivity using
protein arrays and previously collected microarray data. When comparing the apoptosis protein array in

MRTF-A/B depleted cells to that shown in Figure 3.4 looking at MDA-MB-231 cells on normal and low
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attachment plates, the proteins consistently changed in both cases were cleaved caspase-3, DR5, TNF-R,
and HTRA2/Omi. Increases in cleaved caspase-3 are indicative of spontaneous apoptosis or anoikis in
MRTF-A/B depleted cells, however these apoptosis levels were less than 5% when determined by TUNEL
staining and PARP cleavage. Previous work had also shown undetectable levels of anoikis in these cells
using propidium iodide staining and flow cytometric analysis (Medjkane et al., 2009). This again confirms
the specificity of the TRAIL-induced apoptosis in response to disrupted adhesion. HTRA2/Omi showed up
to 2 fold increase in MRTF-A/B depleted cells when verified by a second Western blot. This value was
highly variable and therefore confident conclusions cannot be made as to its role in the TRAIL sensitivity

response.

The apoptosis protein array also highlighted changes in some cell cycle and DNA damage control proteins.
Increases were seen in the cyclin dependent kinase inhibitor p27, which could explain why these MRTF-
A/B depleted cells proliferate at a slightly slower rate than the parental cells. Increased levels of phospho-
RAD17 in MRTF-A/B depleted cells also indicate these cells may exhibit a certain level of genotoxic stress.
Interestingly there is also an increase in the hypoxia-induced transcription factor HIF-1 in MRTF-A/B
depleted cells. These changes may reflect increased levels of oxidative stress in MRTF-A/B depleted cells,
as oxidative stress can stabilise HIF1 and lead to DNA damage (Kietzmann and Gorlach, 2005). In support
of this prediction, several genes involved in metabolism and control of reactive oxygen species are known
to have putative CArG boxes and are therefore likely to be regulated by MRTF-A/B (Sun et al., 2006).
Interestingly HTRA2/Omi has also been implicated in the stabilisation of the mitochondrial membrane
potential following oxidative stress, which may explain the variable increases detected in HTRA2/Omi
protein (Krick et al., 2008). As these markers of genotoxic stress were not seen in the apoptosis array of
detached cells in Chapter 3, it is likely that they result from disrupted expression of MRTF-dependent
metabolic genes rather than the disruption of cell adhesion. Although not in the scope of this thesis, there

is potential for future work to investigate the effect of MRTF-depletion on these pathways.
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A limitation of the arrays presented in this chapter is that they showed high variation in the level of a
number of proteins, meaning that only the more robust changes reach significance. One way to reduce
the variation between repeats would be to use infrared detection techniques rather than
chemiluminescence to acquire array images, as discussed in Supplementary Chapter S1. It is also possible
that negative results from the array may reflect poor antibody performance, and therefore proteins which

show no expression difference should not be confidently ruled out without further investigation.

However the array did highlight significant increases in the levels of the extrinsic apoptosis pathway death
receptors, DR4 and DR5. Quantitative RT-PCR showed that MRTF-A/B depletion was not affecting mRNA
levels of these TRAIL receptors, suggesting that the protein increase may result from reduced receptor
degradation. FACS analysis of surface expression of these receptors showed that only DR5 expression was
increased on the cell surface of MRTF-A/B depleted cells, suggesting that DR4 is maintained in the
cytoplasm. Previous unpublished work by Dr S Hino has shown that low surface DR4 expression levels in
1205Lu melanoma cells was due to increased retention of DR4 in the cytoplasm. Similarly, DR4 localisation
was also found to be predominantly cytoplasmic in TRAIL resistant BT474 human breast cancer cells
(Zhang and Zhang, 2008). TRAIL receptors are internalised and recycled through clathrin-mediated
endocytosis after TRAIL stimulation, with inhibitors of this process being shown to enhance TRAIL
sensitivity in MDA-MB-231 cells by maintaining surface receptor expression (Zhang et al., 2009b). As
clathrin-mediated endocytosis and recycling depends upon the actin cytoskeleton (Kaksonen et al., 2006),
it is possible that gross cytoskeletal alterations in MRTF-A/B depleted cells could disrupt this vesicular
transport network, leading to altered recycling and membrane transport of receptors such as the death
receptors. Experiments with DR4 and DR5 blocking antibodies showed that DR5 function was also more
important than DR4 in mediating TRAIL sensitivity in MRTF-A/B depleted cells. This is likely to be due its
increased expression at the cell surface. In the presence of both DR4 and DR5 blocking antibodies, all

three cell lines still showed some TRAIL signalling which suggests that the concentration of blocking
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antibodies used was not high enough to block all receptor sites. Several recent studies have also outlined
the importance of DR5 in mediating anoikis in anoikis-sensitive cell lines (Samara et al., 2007, Laguinge et
al., 2008). In support of this, recent evidence has shown increased cell surface localisation of DR5 in
detached oesophageal cancer cells. In detached cells, DR5 was relocalised to the cell membrane from the
golgi apparatus and a DR5 agonist was more toxic in these detached cells (Liu et al., 2009). Although this
suggests an important role for DR5 in mediating anoikis and detachment-induced apoptosis, a recent
study by Kodi et al. found that levels of DR4 and DR5 in detached human colon adenocarcinoma cells were
unchanged, with TRAIL sensitivity being mediated through reductions in AKT signalling (Koci et al., 2011).
Therefore, despite DR5 increases being seen in a range of cancer cell lines following detachment, this

effect may still be cell line-dependent.

Microarray data previously published using these cell lines highlighted differences in nine apoptosis-
related proteins which were MRTF-dependent (Table 4.1). Data presented in this chapter supports the
MRTF-dependent expression of the soluble TRAIL decoy receptor osteoprotegerin, as reductions in both
mMRNA and secreted protein level were detected in MRTF-A/B depleted cells. A 63% reduction in OPG
mRNA was found in MRTF-A/B depleted cells by RT-PCR, similar to the 72% decrease previously published
from the microarray (Medjkane et al., 2009). As discussed in Section 1.2.6, OPG has been shown to have a
protective role for breast cancers in vitro and the level of OPG secretion seen in these MDA-MB-231 cells
corresponded with previous reports of this cell line (Holen et al., 2005). However, reconstitution
experiments showed that the differences in protein secretion seen between these cell lines in vitro were
not large enough to cause any TRAIL protection at the TRAIL concentration used throughout these
experiments. Therefore, it is unlikely that OPG secretion is responsible for the differential TRAIL sensitivity
observed between these cell lines. In support of this, recent work has suggested that OPG activity is not
able to neutralise the effects of rhTRAIL treatment in vivo (Zinonos et al., 2011). The difference in TRAIL

transcription reported in the microarray could not be confirmed by FACS analysis of cell surface TRAIL
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expression. This does not rule out a role for secreted soluble TRAIL, as secretion into the culture medium
could also induce apoptosis in an autocrine or paracrine manner. This could be investigated further,
however differences would only be likely to affect levels of spontaneous apoptosis and not the response

of cells to endogenous TRAIL treatment.

Investigation into the other targets from the microarray was not in the scope of this thesis, and it was
deemed that they were less likely to be directly involved in TRAIL signalling. However, we cannot rule out
the possibility that these other genes may affect the TRAIL sensitivity response and further work should be
done to investigate the role of MRTF in controlling these genes. TNFRSF12a (TWEAKR) shows particularly
high expression levels in MRTF-A/B depleted cells compared to control cells, and TWEAK has been shown
to weakly induce apoptosis (Chicheportiche et al., 1997). As TWEAK is one of the least well characterised

members of the TNF superfamily, work linking it to MRTF signalling would be novel and interesting.

TRAIL is known to activate apoptosis through the extrinsic apoptosis pathway mediated by caspase-8, as
discussed in Section 1.1.4. However, in some cells cross talk between the extrinsic and intrinsic pathway
can occur through the cleavage of BID to truncated BID and subsequent activation of caspase-9. As shown
in figures 4.15 and 4.16, MRTF-A/B deficient cells exhibited slight increases in caspase-8 and caspase-10
cleavage which may result from the increased surface DR5 expression. However, they also showed robust
cleavage of caspase-9, increased levels of BID, and increased cleavage of BID to its truncated form.
Therefore it appears that MRTF-deficient cells amplify their death response by utilizing the intrinsic
pathway of apoptosis, characteristic of type Il cells. This amplification is likely to result from alterations in
the levels of BCL-2 family proteins, the balance of which controls apoptosome formation and caspase-9
cleavage. Although no BCL-2 family proteins showed expression changes in the apoptosis array, BCL-2
expression levels were shown to be reduced on the microarray in MRTF-A/B depleted MDA-MB-231 cells.

In fact, SRF has been shown to bind to, and regulate the transcription of BCL-2 during early embryonic
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mouse development by binding to a CArG box its promoter region (Schratt et al., 2004). Similarly, very
recent work has just identified a role for MRTF-A in driving the transcription of the anti-apoptotic protein
MCL-1, contributing to brain derived neurotrophic factor (BDNF)-induced neuroprotection in rat cortical
neurons (Cao et al., 2011). This was also shown to be through the binding of SRF to a CArG box region in
the promoter of MCL-1. Western blotting for BCL-2 with a separate antibody did detect reductions in BCL-
2 level, although variable. Reductions in BCL-2 expression may allow more robust activation of caspase-9
by allowing greater activation of BAX and BAK, and more robust apoptosome signalling. Although MCL-1
was not identified as an MRTF-dependent gene in MDA-MB-231 cells (Medjkane et al., 2009), due to its

recent link to MRTF-A, further work could investigate MCL-1 protein levels in this model.

Survival signalling pathways such as NFkB, MAPK/ERK and PI3K/AKT can be regulated by cell adhesion, and
have been shown to influence apoptotic signalling, especially through the control of intrinsic apoptosis
pathway members (Wang et al., 1998, Chen et al., 2000, Sonoda et al., 2000, Reginato et al., 2003).
Therefore alterations in these pathways in MRTF-A/B depleted cells could account for the increased
caspase-9 cleavage. However, NFkB activity was higher in MRTF-A/B depleted cells, suggesting that NFkB
is not acting to protect MRTF-proficient cells from apoptosis. Levels of active AKT in MDA-MB-231 showed
no correlation with TRAIL sensitivity, levels of phosphorylated ERK1/2 were significantly reduced in MRTF-
A/B depleted cells compared to control cells. As ERK1/2 has been shown to affect levels of intrinsic
pathway components, including the expression of BCL-2 and cleavage of BID (Holmstrom et al., 2000,
Galante et al., 2009), reduced ERK1/2 signalling could provide an explanation for the increase in intrinsic

apoptosis activation in MRTF-A/B depleted cells.

In conclusion, this chapter presents novel and important findings that MRTF-A/B depletion in MDA-MB-
231 cells can lead to TRAIL sensitivity and sensitivity to TNF-a induced apoptosis in vitro. These data

contribute to the MRTF field by adding a new role to MRTF’s pleiotropic control network. As developing
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resistance to apoptosis is a key step in tumour progression and metastasis (Hanahan and Weinberg, 2000),
MRTF-A/B could influence these processes both through cytoskeletal control of motility and invasion, and
through their ability to influence apoptosis. These findings also contribute to our understanding of the
regulation of TRAIL resistance. The TRAIL sensitivity reported here is likely to result from a combination of
increased DR5 expression on the cell surface, and increased activation of the intrinsic apoptosis pathway

due to reduced survival signalling through ERK1/2.

One limitation of this system is that SRF has many targets including adhesion and cytoskeletal proteins, as
well as proteins involved in transcription, signalling, transport and metabolism (Sun et al., 2006). For this
reason, it is a relatively unattractive target for therapy. Interestingly a specific small molecule Rho
inhibitor, CCG-1423, has been identified which can interfere with MRTF/SRF driven transcription (Evelyn et
al., 2007). This inhibitor could be used to verify the effects seen in this thesis, with the important
advantage of being applicable to clinical use. However, the next aim of this thesis was to identify more
viable therapeutic targets. As discussed in the following chapter, such a target would ideally be a specific
protein involved in adhesion, whose interactions are well defined and understood and for which specific
inhibitors are available. As integrins play an important part in mediating the interaction between cells and

their matrix, the integrin signalling pathway was targeted.
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Chapter 5:

Targeting the integrin signalling
pathway as a method of TRAIL
sensitisation

5.0 Hypothesis

Targeting of specific focal adhesion complex proteins can sensitise tumour cells to TRAIL-induced

apoptosis.

5.1 Introduction

To discover more specific targets for detachment-induced TRAIL sensitisation, components of the focal
adhesion complex were targeted. This complex of adhesion molecules and adaptor proteins mediates
integrin signalling from the cell surface. The following section will outline some of the key members of this

complex (Figure 5.1).

5.1.1 Integrins
Integrins are cell surface receptors that exist as heterodimers of a and B subunits, and mediate the
binding of cells to extracellular matrix (ECM) molecules such as fibronectin, laminin and collagen (Tamkun

et al., 1986). There are 18 a and 8 B integrin subunits in mammals, with heterodimeric combinations of
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each resulting in 24 possible integrin molecules. Each of these integrin combinations has affinity for

particular ECM ligands, playing vital roles in transducing extracellular cues into intracellular responses

. 7
/ Integrins
/

SRC FAK * Talin

re==q paxillin

PIBK] S

(Miranti and Brugge, 2002, Humphries et al., 2006).

Rac
MAPK Akt

Figure 5.1 Schematic representation of the pathway targeted in this chapter. A simplified pathway representing the main molecules
targeted in this chapter (highlighted green). Attachment of cells to an extracellular matrix involves the ligation of integrin receptors.
Many proteins form complexes with B integrin tails, including talin, paxillin, and ILK. ILK forms a signalling hub, which signals through a-

and B-parvin, and PINCH1. A different signalling hub passes to the kinases FAK and SRC by a series of adaptor proteins, including talin.

On ligation to the correct substrate, clustered and activated integrins initiate the formation of a set of
signalling molecules and adaptors called the focal adhesion complex. Integrins recruit adaptor proteins,
such as a-actinin and talin to their cytoplasmic B integrin tails (Otey et al., 1990, Rees et al., 1990), leading
to activation of Rho GTPases and intracellular kinases. Through these connections, they can regulate many
processes, including cytoskeleton remodelling and cell survival (Miranti and Brugge, 2002). They can also
interact co-operatively with growth factor receptors and oncogenes, creating a complex signalling

network downstream of the cell surface (Miyamoto et al., 1996, Moro et al., 1998).

Integrins play multiple and varied roles in tumour progression and metastasis, involving growth, invasion
and apoptosis (Desgrosellier and Cheresh, 2010). As well as being implicated in angiogenesis (Brooks et al.,

1994), they can also facilitate interactions between tumour cells and the surrounding microenvironment,
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including mediating the protective interactions between platelets and tumour cells, and between tumour
cells and the vasculature during metastasis (Felding-Habermann et al., 2001, Wang et al., 2004, Carbonell
et al.,, 2009). B1 integrins were shown to play a role in the induction of a mouse model of human
mammary carcinoma (White et al., 2004), and increased expression in human breast cancer patients has
been associated with disease progression and poor prognosis (Yao et al., 2007). In line with this, B integrin
blocking antibodies can reduce progression, invasion, and increase apoptosis in vitro whilst reducing
metastasis in vivo (Fujita et al., 1992, Park et al., 2006). Therapies targeting a5B1, avB3 and a2f1 are
currently in clinical trials (Ricart et al., 2008, Mita et al., 2011), with an RGD-mimetic, cilengitide, being the

first integrin-targeting agent to reach phase lll clinical trials (Reardon et al., 2008).

Cell attachment has been extensively shown to modulate cell survival, including resistance to
chemotherapy, irradiation and FasL treatment (Sethi et al., 1999, Cordes et al., 2006, Estrugo et al., 2007).
Integrin signalling has been implicated in the regulation of a number of apoptosis proteins including BCL-2
(Fukai et al., 1998, Matter and Ruoslahti, 2001), BAX (Gilmore et al., 2000), survivin (Fornaro et al., 2003),
and cFLIP (Shain et al., 2002). Integrins have also been shown to regulate survival through a process
termed integrin-mediated death (IMD). Independent from anoikis, IMD describes cell death which is
triggered by unligated integrins. This pathway, outlined by Stupack et al., was shown to involve caspase-8,
independent of death receptors or DISC formation (Stupack et al., 2001). In cell lines with little caspase-8,
this pathway could be mediated by cytochrome c and caspase-9 (Bonfoco et al., 2000). IMD suggests a
protective mechanism, evolved to prevent cells from growing in inappropriate surroundings. Therefore
due to their important role in tumour cell-matrix interactions, and their ability to control apoptosis

signalling pathways, integrins were chosen as a potential TRAIL-sensitising target for this thesis.
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5.1.2 Talin

First discovered as a cytoskeletal protein localised to cell-ECM contacts, talin is now known to play an
important role in the transduction of signals at focal adhesions (Burridge and Connell, 1983, Horwitz et al.,
1986). Talin consists of a globular head containing a FERM region and a flexible rod domain, and can bind
both to B integrin tails and to actin (Rees et al., 1990). Through binding to B integrin tails, talin mediates
the final stage of integrin activation, allowing integrin heterodimers to adopt an active conformation and
increase their ligand-binding affinity (Calderwood et al., 1999, Tadokoro et al., 2003). This ability of talin to
promote integrin activation is termed ‘inside-out’ signalling (Moser et al., 2009). Through its rod domain,
talin can also bind to other focal adhesion proteins such as vinculin and FAK, helping to form the focal

adhesion complex (Burridge and Mangeat, 1984, Chen et al., 1995).

Mammals carry two talin genes, which give rise to the forms talin 1 and talin 2 (Monkley et al., 2001). Talin
1 has been best characterised as having essential roles in integrin-mediated signalling at focal adhesions,
whereas the contribution of talin 2 has remained largely uninvestigated. Talin 1 is also ubiquitously
expressed in mammalian tissues, whereas talin 2 is expressed in more specific locations including brain

and striated muscle (Senetar and McCann, 2005).

Downregulation of talin leads to cell adhesion and spreading defects in a range of cells (Albigés-Rizo et al.,
1995, Priddle et al., 1998). By utilising human umbilical vein endothelial cells (HUVECs), which lack talin 2,
Kopp et al showed that RNA silencing of talin 1 causes reductions in cell spreading, focal adhesion
formation, stress fibre formation and migration (Kopp et al., 2010). In fibroblasts expressing both talin 1
and talin 2, RNA silencing of both forms was required to cause cell spreading defects (Zhang et al., 2008).
Interestingly, these results showed that talin is not required for initial attachment and spreading of cells
onto fibronectin, but plays an important role in the maintenance of cell spreading, focal adhesion

formation and force generation.
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Very recent data has started to directly implicate talin in cancer invasion and metastasis. Talin 1 mRNA
expression level was found to be almost 7 fold higher in oral squamous cell carcinoma (SCC) patient
samples than normal epithelium, and was associated with poor patient outcome (Lai et al., 2011). Talin 1
expression levels were also shown to increase with tumour grade in prostate cancer patient samples. Over
expression of talin 1 in prostate cancer cells could promote anoikis resistance, and increase the activation
of the PI3K/AKT and ERK1/2 survival pathways (Sakamoto et al., 2010). This was the first report to directly
link talin 1 signalling to apoptosis sensitivity; however no research has been done coupling talin 1 to death

receptor signalling. Therefore talin was also chosen as a molecule to target in this chapter.

5.1.3 SRC and FAK
Integrins do not exhibit kinase activity and therefore recruit kinases into focal adhesions. Two of the most

well studied kinases at focal adhesions are the non-receptor tyrosine kinases, SRC and FAK.

C-SRC was first identified as the cellular homolog to the viral gene v-src, which could lead to
transformation in chicken sarcoma (Rous, 1911, Collett et al., 1978, Czernilofsky et al., 1980). There are
now known to be nine SRC family kinase (SFK) members in humans; SRC, YES, FYN, LYN, HCK, LCK, BLK,
FGR and YRK. SRC, YES and FYN are expressed in most tissues, with the other members expressed
primarily in haematopoietic cells (Thomas and Brugge, 1997). SRC is kept in a deactivated state by
phosphorylation of a regulatory Tyr’*° by the kinases C-terminal SRC Kinase (CSK) and CSK Homologous
Kinase (CHK) (Okada and Nakagawa, 1989, Chow et al., 1994). Dephosphorylation of Tyr° and

autophosphorylation of Tyr**® is required for full SRC activation (Thomas and Brugge, 1997).

FAK was identified as a tyrosine kinase that was phosphorylated both by integrin attachment and during v-
SRC transformation (Kanner et al., 1990, Schaller et al., 1992, Lipfert et al., 1992). Along with binding to

focal adhesion components such as paxillin, talin and p130CAS, FAK binds to SRC (Zhao and Guan, 2009).
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Autophosphorylation at a Tyr*”’ residue in FAK during activation creates a high affinity binding site for SRC,

which can further phosphorylate and activate FAK (Schaller et al., 1994).

SRC and FAK are localised to focal adhesions on activation (Kaplan et al.,, 1994), and promote cell
adhesion, spreading and motility through their ability to bind and regulate focal adhesion proteins such as
paxillin and p130CAS (Kanner et al., 1990, Richardson et al., 1997, Tachibana et al., 1997). Both kinases
have been implicated in focal adhesion turnover, as SRC and FAK-deficient cells show enlarged focal
adhesions and reductions in motility (lli¢ et al., 1995, Fincham and Frame, 1998, Webb et al., 2004). This
results from impaired focal adhesion disassembly, preventing cell migration and invasion (lli¢ et al., 1995,
Webb et al.,, 2004). SRC and FAK can also promote and mediate signalling from growth factor receptors
such as EGF-R, PDGF-R, and FGF-R, through a number of mechanisms including receptor phosphorylation
and heterocomplex formation (Tice et al., 1999, Ishizawar et al., 2007, Sieg et al., 2000). FAK and SRC also
mediate survival signalling through their ability to activate the MAPK/ERK and PI3K/AKT pathways
(Schlaepfer et al., 1994, Chen et al., 1996, Fincham et al., 2000b, Lu et al., 2003). Both kinases have been
implicated in apoptosis resistance, particularly in anoikis-resistance following detachment (Frisch et al.,
1996, Duxbury et al., 20044, Beierle et al., 2009), with many invasive cancer cells showing particularly high
expression levels (Sakuma et al., 2009). They can influence a number of intrinsic apoptosis proteins
including IAPs, BCL-2, BIM, MCL-1 and p53 (Sonoda et al., 2000, Matter and Ruoslahti, 2001, Woods et al.,
2007, Sakuma et al., 2009), along with the extrinsic apoptosis proteins caspase-8 and RIP (Xu et al., 2000,
Kurenova et al., 2004). Over-expression of FAK in HL60 leukaemia cells could confer TRAIL resistance
through a reduction in caspase-8 and increases in XIAP, BCL-X, and RIP (Tamagiku et al., 2004). Therefore

FAK and SRC were also chosen as potential targets for TRAIL sensitisation in this chapter.

Many studies have implicated SRC signalling in tumour progression and metastasis (Boyer et al., 2002,

Trevino et al., 2006), with activation reported in many human cancer types (Irby et al., 1999, Irby and

124



Chapter 5: Results

Yeatman, 2000). Similarly, increased FAK expression can be detected in a broad range of cancer types,
with high expression in invasive cancers (Weiner et al., 1993, Cance et al., 2000). For this reason, FAK and
SRC have great potential for therapeutic targeting. Specific SRC inhibitors including AZD0530 (saracatinib),
bosutinib, and dasatinib show promising anti-tumour and anti-metastatic effects in preclinical studies, and
are currently in clinical trials (Nam et al., 2005, Jallal et al., 2007, Green et al., 2009). FAK inhibitors such as
PF-573,228, PF-562,271 and TAE226 also show high specificity for FAK and show promising anti-tumour

activity in preclinical studies (Slack-Davis et al., 2007, Roberts et al., 2008).

5.1.4 Integrin-linked Kkinase (ILK)

Initially identified as a binding partner of B integrin tails, ILK also plays a role in transducing signals from
the cell surface and controlling cell adhesion (Hannigan et al., 1996, Attwell et al., 2003). ILK has ankyrin
repeat motifs at its N-terminus which allow binding to other proteins, a pleckstrin homology domain
which binds to phosphatidylinositol 3,4,5-trisphosphate (PIP;) (Delcommenne et al., 1998), and a C-
terminal sequence which contains a putative ser/thr kinase domain (Hannigan et al., 1996). As this kinase
domain lacks well-conserved motifs believed to be required for protein kinase activity, ILK has been
labelled by some as a pseudokinase. However, there is mounting evidence that ILK can exhibit kinase
activity and so the debate about the function of this domain continues (Hannigan et al., 2011). ILK forms a
complex called the IPP complex, named after its interacting partners ILK, PINCH and parvins (Tu et al.,
1999, Nikolopoulos and Turner, 2000, Tu et al., 2001). PINCH1 and PINCH2 bind to the ankyrin repeat
motif in ILK (Braun et al., 2003), whereas parvins-a, B, and y bind to the kinase domain of ILK (Yamaji et al.,
2001). ILK can control signalling pathways such as AKT and glycogen synthase kinase-3p (GSK-3B)
(Delcommenne et al., 1998), as well as regulating actin, paxillin, and other proteins involved directly in

cytoskeletal regulation (Nikolopoulos and Turner, 2000, Wu, 2005).
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ILK has been implicated in the development and progression of cancer in animal models (White et al.,
2001, Gao et al.,, 2011). In humans, over-expression of ILK has been reported in some cancer types,
including prostate, ovarian and colon (Graff et al., 2001, Marotta et al., 2001, Ahmed et al., 2003), but not
all, and may reflect the differentiation state of the cancer rather than the malignant potential (Haase et

al., 2008).

ILK activation has been shown to confer anoikis resistance in a number of cell lines and regulate apoptosis,
mainly through its ability to activate AKT signalling (Attwell et al., 2000). Reduction of ILK expression in
bladder cancer cells could increase apoptosis through the reduction of anti-apoptotic BCL-2 protein levels
and the induction of pro-apoptotic BAX (Gao et al., 2011). Similarly, inhibition of PINCH1 was shown to
have radiosensitising and chemosensitising effects in a range of cancer cell lines through its regulation of
AKT (Eke et al., 2010). As a result, small molecule inhibitors have been developed that target ILK, and
these were shown to reduce proliferation and induce apoptosis in a number of cancer cell lines including
breast and glioblastoma (Koul et al., 2005, Troussard et al., 2006) and in a mouse model of lung cancer (Liu
et al., 2006a). However, one inhibitor QLT0267, was shown to lack specificity, resulting in radiosensitivity
effects which were ILK-independent (Eke et al., 2009b). Furthermore, constitutively active ILK has been
shown to contribute to radiation-induced death, acting pro-apoptotically through interaction with
caspase-8 and 9 (Cordes, 2004, Hess et al., 2007). These reported pro- and anti-apoptotic roles of ILK bring
into question the therapeutic application of ILK inhibitors, but present another interesting target to

investigate TRAIL sensitivity effects.

126



Chapter 5: Results

5.2 Aims

As shown in Chapters 3 and 4, detachment of cells or interruption of cell adhesion and spreading by global
cytoskeletal disruption can lead to increased sensitisation of cancer cells to TRAIL-induced apoptosis in
vitro. In order to find potential targets for enhancing a TRAIL therapy in vivo, different members of the
integrin signalling pathway were disrupted in turn. To verify the hypothesis that targeting the integrin
signalling pathways at the focal adhesion complex could sensitise cancer cells to TRAIL, the aims of this

chapter are as follows;

e To target B1 and B3 integrins, talin, integrin-linked kinase, SRC and FAK in MDA-MB-231 and 1205Lu cells

in vitro using inhibitors and/or RNA silencing.

*To test these depleted cells for sensitivity to TRAIL- induced apoptosis

5.3 Results

5.3.1 Beta integrin blocking

As integrin subunits 1 and B3 have been implicated in the initial establishment of tumour cell metastasis
(Felding-Habermann et al., 2001, Wang et al., 2004, Carbonell et al., 2009), the role of these subunits in
TRAIL sensitivity was investigated. First, the expression of integrin B1 and B3 subunits was investigated in
MDA-MB-231 and 1205Lu cells by Western blot (Figure 5.2A). Both MDA-MB-231 and 1205Lu cells
expressed the integrin B1 receptor, with 4 fold higher expression levels in MDA-MB-231 cells. In contrast,

only 1205Lu cells showed detectable B3 integrin subunit expression.
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Figure 5.2 Pre-blocking cells with integrin B1-blocking antibody leads to cell rounding in vitro. A Western blot was performed with
MDA-MB-231 and 1205Lu whole cell lysates and probed for 1 and 3 subunit expression. The negative control for B1 expression was Esb
murine lymphoma cells with genetic ablation of B1 integrin (Carbonell et al., 2009). Only 1205Lu cells expressed the 33 integrin subunit. B
MDA-MB-231 cells were pre-blocked for 1 hr with Bl-blocking antibody (5 pg/ml) and seeded onto fibronectin (10 pg/ml) coated
xCELLigence plates (see Section 2.2.9 for detailed methods). Significant attachment and spreading defects were observed 2 hr after
seeding in cells pre-blocked with B1-blocking antibody. C MDA-MB-231 cells were either untreated, or pre-blocked with B1-blocking or
B1-stimulating antibodies, before seeding onto human collagen | coated chamber slides for 4 hr. F-actin was stained using phalloidin (red)
and nuclear Hoechst (blue) staining. These cells show marked cell rounding compared to untreated or B1 stimulating antibody control.

Mean +/- SEM n=3 paired t-test **p<0.01

Next, a B1-blocking antibody was tested for its ability to prevent attachment and spreading of MDA-MB-
231 cells on both fibronectin and collagen, common ECM substrates for the B1 integrin subunit. Pre-
incubation of MDA-MB-231 for 1 hr with B1-blocking antibody led to an 85% inhibition of attachment and
spreading on fibronectin 2 hr after seeding compared to untreated controls (Figure 5.2B). Pre-blocked

cells were also seeded onto collagen | coated chamber slides for 4 hr and F-actin stained using a TRITC-
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labelled phalloidin toxin. Figure 5.2C confirms that B1-blocking antibody pre-treatment resulted in marked

cell rounding compared to both untreated cells and those pre-treated with a B1-stimulating antibody.

Following this, it was investigated whether reduced attachment mediated by integrin blocking was
accompanied by an increased sensitivity to TRAIL-induced apoptosis. MDA-MB-231 and 1205Lu cells were
blocked for 1 hr with either B1-blocking, B1-stimulating, or B3-blocking antibodies before being plated
onto fibronectin or collagen | coated plates. At 4 hr after seeding, cells were treated with TRAIL for 24 hr
and their viability measured (Figure 5.3A). Blocking of the B1 integrin subunit in MDA-MB-231 reduced
viability by a further 19% after TRAIL treatment compared to untreated controls when seeded on
fibronectin, and a further 13% when seeded on collagen | (Figure 5.3A). Similarly, B1 integrin blocking in
1205Lu cells enhanced TRAIL sensitivity by 8% after TRAIL treatment on fibronectin and 7% on collagen |,
compared to untreated controls (Figure 5.3B). Treatment with a B3-blocking antibody had very little effect
on MDA-MB-231 cells, as expected due to the lack of expression shown in Figure 5.2A. In 1205Lu cells, B3

blocking led to a 7% increase in TRAIL sensitisation on fibronectin but not on collagen.

To rule out any influence of anoikis or integrin-mediated death on these results, B1-blocked cells were
tested for spontaneous increases in caspase 3/7 activity after seeding. As shown in Figure 5.3C, in the
absence of TRAIL, no significant increases in caspase 3/7 activity could be seen in either cell line after

integrin B1-blocking relative to unblocked cells.
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Figure 5.3 B1 integrin blocking sensitises MDA-MB-231 and 1205Lu cell lines to TRAIL induced apoptosis. MDA-MB-231 and 1205Lu cells

were either untreated or pre-incubated for 1 hr with 5 pg/ml B1-blocking or B1-stimulating antibodies prior to seeding onto fibronectin

or collagen | coated plates (10 pg/ml). Four hours after seeding, cells were treated with TRAIL (100 ng/ml for MDA-MB-231 and 200 ng/ml

for 1205Lu). Viability reductions were determined using alamarBlue® assay (at 24 hr) or Caspase 3/7 Glo® assay (at 3 hr). A MDA-MB-231

cells show TRAIL sensitisation after 1 blocking on both fibronectin and collagen I. B3 blocking caused sensitisation only in 1205Lu cells on

fibronectin. B 1205Lu cells show TRAIL sensitisation after both B1 and B3-blocking on fibronectin, but only after B1-blocking on collagen I.

C Caspase 3/7 activity of cells cultured on fibronectin coated plates was not significantly altered by B1 blocking alone (-TRAIL), but was

increased in both cell lines after B1 integrin pre-block and TRAIL treatment (+ TRAIL) (D). Mean +/- SEM (A n=7 (fibro) n=5 (collagen)) (B

n= 6(fibro) n=8 (collagen)) (C &D n=6) ANOVA (Tukey post-test) * p<0.05 ** p<0.01 *** p<0.001

To confirm that the enhanced viability reductions after TRAIL treatment in f1-blocked cells were a result

of increased apoptosis, both cell lines were pre-blocked with B1-blocking antibody and caspase 3/7



Chapter 5: Results

activity was measured 3 hr after TRAIL addition (Figure 5.3D). Compared to unblocked control cells, B1-
blocked MDA-MB-231 cells showed 2 fold higher caspase 3/7 activity after TRAIL treatment, with 1.4 fold

higher levels in 1205Lu cells.

5.3.2 Knockdown of talin 1 using siRNA

As discussed in Section 5.1.2, talin is an important molecule which links the tail of B integrins to actin, and
plays a key role in integrin activation. New evidence suggests that talin 1 also has roles in metastasis
(Sakamoto et al., 2010, Lai et al., 2011). Western blotting was performed to investigate the expression
profiles of talin 1 and talin 2 in MDA-MB-231 and 1205Lu cells. Figure 5.4A shows that talin 1 is the
prevailing isoform in both cell lines. MDA-MB-231 cells have undetectable levels of talin 2, with levels of

talin 2 in 1205Lu cells being much weaker than talin 1.

Previous studies have reported compensatory increases in talin 2 following depletion of talin 1 (Kopp et
al., 2010). To investigate this, cells were transfected with siRNA for talin 1 and harvested for Western blot
72 hr post-transfection. Transfection of MDA-MB-231 cells with talin 1 siRNA gave a strong reduction in
talin 1 protein expression, but did not lead to a compensatory increase in the levels of talin 2 protein
within 72 hr (Figure 5.4B). This suggests that knockdown of talin 1 is sufficient to eliminate overall talin

signalling.

Cells expressing siRNA for talin 1 were then tested for their ability to attach and spread in vitro. MDA-MB-
231 cells were either untreated, or transfected with control non-targeting siRNA or talin 1 siRNA and
seeded onto fibronectin coated plates 72 hr post-transfection (Figure 5.4C). Cell attachment and
spreading was monitored over 2 hr, with talin 1 depleted cells showing a 20% reduction in the ability to

attach and spread on fibronectin compared to untransfected (parental) and control transfected cells.
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Figure 5.4 Talin expression and spreading defects in talin 1 deficient MDA-MB-231 and 1205Lu cells. Whole cell lysates were prepared
from MDA-MB-231 or 1205Lu cells either untreated (parental), or transfected with non-targeting (control) or talin 1 siRNA. The siRNA was
used at 25 nM, with either 2 or 3 pl of Dharmafect reagent (DF). At 72 hr post-transfection, samples were taken for Western blot or
seeded onto fibronectin (10 ug/ml) coated E-plates for xCELLigence measurements. A Talin 1 is the prevalent isoform in both cell lines. B
Knockdown of talin 1 in MDA-MB-231 cells did not cause any compensatory increase in talin 2 at 72 hr post-transfection. The doublet
indicates possible degradation of talin 1 into its rod and head domain. The antibody only recognises the rod domain, but cleavage of the
head domain (50kDa) from the rod domain in part of the sample could result in the presence of a lower band. C MDA-MB-231 cells

transfected with talin 1 siRNA (25 nM and 2 pl DF) showed attachment and spreading defects 2 hr after seeding. Values were calculated

relative to untransfected (parental) cells. Mean +/- SEM n=3 ANOVA * p<0.05

The effect of talin 1 knockdown on TRAIL sensitivity was then tested. Efficient knockdown of talin 1 was
confirmed by Western blot in figure 5.5A for both MDA-MB-231 and 1205Lu cell lines. These cell lines

both showed a decrease in talin 1 protein expression greater than 85% compared to control cells

transfected with non-targeting siRNA.
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Figure 5.5 Talin knockdown using siRNA results in TRAIL sensitisation. MDA-MB-231 and 1205Lu cells were either untreated (parental),
or transfected with non-targeting (control) or talin 1 siRNA at 25 nM concentration with 2 pul Dharmafect reagent. Cells were lysed for
Western blot or seeded for apoptosis assays 72 hr post-transfection. A Western blot confirms knockdown of talin 1. B Greater viability
reductions are observed in talin 1 knockdown cells 24 hr following TRAIL treatment using the alamarBlue® assay. C Increased caspase 3/7
activity 3 hr after TRAIL treatment using Caspase Glo assay. TRAIL was used at a concentration of 100 ng/ml in MDA-MB-231 cells and
200 ng/ml in more TRAIL resistant 1205Lu cells. Mean +/- SEM (B MDA-MB-231 n=4, 1205Lu n=5) (C MDA-MB-231 n=4, 1205Lu n=3).

ANOVA (Tukey post-test) * p<0.05, ** p<0.01, *** p<0.001, ns= not significant.

A viability assay showed that talin 1 depletion in MDA-MB-231 cells led to a 20% increase in TRAIL
sensitivity compared to control transfected cells. In 1205Lu cells this TRAIL sensitivity was slightly lower,
with viability reduced by a further 10% after TRAIL treatment in talin 1-depleted cells (Figure 5.5B). Talin
1-depleted MDA-MB-231 cells showed 2 fold higher caspase 3/7 activity after treatment with TRAIL than

control transfected cells, with 1.5 fold higher activity after talin depletion in 1205Lu cells (Figure 5.5C).
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This again confirms that the viability reductions seen after TRAIL treatment correspond to increases in

apoptosis.

5.3.3 Knockdown of ILK using siRNA

As discussed in Section 5.1.4, there is much evidence for ILK playing an important role in mediating the
integrin signalling response through the formation of a heterotrimeric complex with PINCH1 and parvins,
and survival signalling through AKT. To investigate a role for ILK in the TRAIL sensitivity response, siRNA
was used to knockdown ILK in both MDA-MB-231 and 1205Lu cell lines. As shown in figure 5.6A, ILK siRNA
gave an efficient knockdown of 97% in MDA-MB-231 cells and 88% in 1205Lu cells compared to cells
transfected with non-targeting siRNA (control) 72 hr after transfection (quantified from Western blot).
After plating onto fibronectin for 2 hr, ILK depleted MDA-MB-231 cells showed no observable attachment

and spreading defects (Figure 5.6B).

Treatment of parental or transfected cells with TRAIL for 24 hr showed no difference in TRAIL sensitivity
between control and ILK siRNA transfected cells (Figure 5.6C). The control transfected 1205Lu cells
showed a 10% increase in TRAIL sensitivity compared to untransfected cells; however, ILK siRNA did not
enhance this further. This non-specific sensitivity is likely to be a result of the high levels of siRNA needed
to efficiently deplete ILK in this cell line. These results suggest that ILK does not play a major role in

attachment and TRAIL sensitivity in these cell lines.
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Figure 5.6 ILK knockdown using siRNA does not sensitise cells to TRAIL. A Western blot of whole cell lysates showing efficient
knockdown of ILK in both cells 72 hr post-transfection compared to untreated or control (non-targeting siRNA). MDA-MB-231 cells were
transfected with 25 nM siRNA (2 pl Dharmafect reagent), 1205Lu cells were transfected with 50 nM siRNA (2 ul Dharmafect reagent).
Cells were lysed 72 hr post-transfection. B There was no attachment and spreading defect in ILK knockdown cells 72 hr post-transfection
when re-seeded for 2 hr onto fibronectin using the xCELLigence machine. AlamarBlue® viability assay showed no ILK-specific sensitisation

to TRAIL (100 ng/ml MDA-MB-231, 200 ng/ml 1205Lu). Mean +/- SEM (B n=3) (C n=5)

5.3.4 FAK inhibition using PF-573,228

As outlined in section 5.1.3, the non-receptor tyrosine kinases SRC and FAK play a major role in the
translation of focal adhesion signals into multiple cellular changes (Kaplan et al.,, 1994, Schaller et al.,
1992). To investigate whether they could control TRAIL sensitivity, MDA-MB-231 and 1205Lu cells were

treated with the FAK inhibitor PF-573,228 (Slack-Davis et al., 2007).
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MDA-MB-231 cells were treated with increasing concentrations of PF-228 and lysed for Western blot of
activated p130CAS, a downstream focal adhesion component (Tachibana et al., 1997). Concentrations of
PF-228 above 5 uM led to a reduction in p130CAS activity, indicating FAK inhibition (Figure 5.7A). Cells
were pre-treated with PF-228 and seeded onto fibronectin coated plates (Figure 5.7B). After 1 hr, PF-228
treated cells showed a 21% reduction in the ability to attach and spread, although this was transient as

values returned to those of untreated cells by 2 hr (data not shown).
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Figure 5.7 PF-228 causes a reduction in activity of p130CAS and transient adhesion defects. A MDA-MB-231 cells were treated with the
indicated concentrations of PF-228 for 1 hr prior to lysis. Reductions in the activity of p130CAS are seen with concentrations of 5 uM PF-
228 or above. B MDA-MB-231 cells were pre-blocked with PF-228 (10 uM) and seeded onto fibronectin (10 pug/ml) coated E-plates in the
xCELLigence machine. Defects in attachment and spreading were seen 1 hr after seeding compared to untreated controls. Mean +/- SEM

n=5 paired t-test *p<0.05

Following verification of the activity of PF-228, a dose-response experiment was performed with
increasing concentrations of PF-228 incubated with cells for 1 hr prior to TRAIL addition. As a control,
equal volumes of DMSO were added to cells 1 hr before TRAIL. Cell viability was measured 24 hr after
TRAIL addition. In MDA-MB-231 cells (Figure 5.8A), treatment with 5 uM PF-228 slightly reduced the
viability after TRAIL treatment compared to cells treated with DMSO and TRAIL. After a 10 uM treatment,
viability was significantly reduced by 23% compared to DMSO treated cells. Similarly, 1205Lu cells (Figure
5.8B) showed mild TRAIL sensitivity at concentrations of PF-228 as low as 1 uM, with a significant increase

in sensitivity at 10 uM when the TRAIL-induced viability was reduced by a further 22% compared to
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controls. This effect was also investigated in another cell line, the WM1789 melanoma cell line tested in
Chapter 3 (Figure 5.8C). These cells also showed TRAIL sensitivity increases at PF-228 concentrations as
low as 1 uM, reaching significance with 5 pM PF-228, where viability was reduced by a further 22% after

TRAIL treatment compared to DMSO treated controls.
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Figure 5.8 FAK inhibition using PF-228 leads to significant TRAIL sensitivity in all three cell lines. MDA-MB-231 (A), 1205Lu (B) and WM1789
(C) cells were pre-treated for 1 hr with the indicated concentrations of PF-228 or equal volumes of DMSO. TRAIL was added after 1 hr,
viability measured after 24 hr and expressed as % reduction compared to paired non-TRAIL treated controls for each treatment. TRAIL was
used at 100 ng/ml for MDA-MB-231, 200 ng/ml for 1205Lu, and 50 ng/ml for WM1789. D Caspase 3/7 activity was measured 4 hr after PF-
228 (10 puM) addition (-TRAIL) using the CaspaseGlo® assay and showed no difference in activity in any cell line compared to untreated
controls. E TRAIL was added to cells 1 hr after PF-228 (10 uM) treatment, and caspase 3/7 activity measured after 3 hr (+ TRAIL). TRAIL
treatment led to higher caspase 3/7 activity in PF-228 treated cells compared to untreated or DMSO treated controls. Mean +/- SEM (A) n=6;

(B) n=3; (C) n=5; (D) n=3; (E) n=3 ANOVA (Tukey post-test) * p<0.05 ** p<0.01 *** p<0.001
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Pre-treatment of all three cell lines with 10 uM PF-228 did not cause spontaneous apoptosis as measured
by caspase 3/7 activity 4 hr after treatment with PF-228 (Figure 5.8D). In contrast, after TRAIL treatment,
all three cell lines showed an enhancement of caspase 3/7 activity after pre-incubation with PF-228
compared to untreated cells or those pre-treated with DMSO (Figure 5.8E). For MDA-MB-231 and 1205Lu
cells, this enhanced activity was significantly higher than in controls, with activity increased by 56% and
140%, respectively. In WM1789 cells, caspase 3/7 activity was increased by 70% compared to controls;

however, this did not reach significance at p<0.05.

5.3.5 SRC inhibition using PP2 and AZD0530
SRC was initially targeted using the broad spectrum SFK inhibitor PP2, at a concentration previously
reported to inhibit spreading of colon cancer cells on fibronectin (Jones et al., 2002). A non-functional

analogue, PP3, was used as a control.
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Figure 5.9 PP2 inhibited SRC signalling and prevented cell attachment and spreading. Cells were treated for the indicated durations with
PP2 (10 uM) and subject to Western blotting. MDA-MB-231 cells were pre-incubated for 1 hr with PP2 prior to seeding onto fibronectin
coated E-plates and cell attachment and spreading measured at 2 hr using the xCELLigence machine. A PP2 treatment led to efficient
reduction in the phosphorylated form of paxillin over 2 hr, compared to total paxillin levels. B Pre-treatment with PP2 led to a significant
decrease in the relative attachment and spreading of MDA-MB-231 cells compared to untreated controls. Mean +/- SEM n=3 paired t-test

** p<0.01
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As shown in figure 5.9A, a 1hr treatment with PP2 led to a robust reduction in the levels of
phosphorylated focal adhesion protein paxillin (Tyr118), whereas total paxillin levels were unchanged.
After seeding for 2 hr onto fibronectin, PP2-treated MDA-MB-231 cells showed a 61% reduction in the
ability to attach and spread (Figure 5.9B). To verify this spreading defect, PP2 and PP3-treated MDA-MB-
231, 1205Lu and WM1789 cells were stained with TRITC-phalloidin (Figure 5.10). Treatment with PP2
induced marked morphological changes in all three cell lines, characterised by cell rounding, with PP3-
treated cells remaining unaffected.

Untreated PP2 PP3

Aopm
MDA-MB-231
N - - -
N . - -

Figure 5.10 MDA-MB-231, 1205Lu and WM1789 cells show defective spreading after PP2 treatment. Cells were seeded for 12 hr onto

glass chamber slides, before treatment for 1 hr with PP2 or PP3 (10 uM). Staining was then performed with phalloidin (red) and Hoechst

(blue) and indicated PP2-specific morphological defects.
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All three cell lines were treated with PP2 for 1 hr prior to TRAIL addition and the viability was
measured (Figure 5.11A). After TRAIL addition, MDA-MB-231 cells pre-treated with PP2 showed
viability levels which were 19% lower than PP3 treated cells. Similarly, PP2 and TRAIL reduced viability
by a further 16% in 1205Lu cells, and 21% in WM1789 cells compared to PP3 and TRAIL. To investigate
whether PP2 treatment alone could induce apoptosis, caspase 3/7 activity was measured 4 hr after
PP2 treatment (Figure 5.11B).
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Figure 5.11 PP2 treatment increased TRAIL sensitivity in the three cell lines. A Addition of PP2 (10 uM) to cells 1 hr before TRAIL addition
led to greater reductions in viability 24 hr after TRAIL treatment compared to cells which were untreated or pretreated with PP3 (10 uM). B
None of the cell lines showed significant increases in spontaneous apoptosis 4 hr after PP2 treatment (-TRAIL). C PP2 treated cells showed
significant increases in caspase 3/7 activity 3 hr after TRAIL addition (+ TRAIL). The control inhibitor PP3 had no effect on any cell line. TRAIL
was used at 100 ng/ml (MDA-MB-231), 200 ng/ml (1205Lu), 50 ng/ml (WM1789). Graphs show mean +/- SEM (A) n=4 (MDA) n=9 (1205Lu &
WM1789); (B) n=5 (MDA & WM1789) n=3 (1205Lu); (C) n=4 (MDA) n=3 (1205Lu) n=6 (WM1789); A and C ANOVA (Tukey post test); B paired

t-test * p<0.05 ** p<0.01



Chapter 5: Results

Although there was a slight increase in caspase 3/7 activity in 1205Lu cells (26% increase from controls)
upon PP2 treatment, this was not significant. MDA-MB-231 and WM1789 cells showed no signs of
spontaneous apoptosis. In comparison, following TRAIL treatment, cells pre-treated with PP2 showed
significantly higher caspase 3/7 activity compared to untreated cells or cells pre-treated with the control
inhibitor PP3 (Figure 5.11C). This confirms that the TRAIL sensitivity seen in Figure 5.10A is a result of

increased levels of apoptosis following treatment with TRAIL and PP2 in combination.

As mentioned, SRC can control activation of AKT and ERK1/2, either directly or through association with
FAK (Schlaepfer and Hunter, 1997, Fincham et al., 2000a). To investigate a role for these proteins in
controlling the TRAIL sensitivity response downstream of SRC, their activity was measured by Western blot
1 hr and 2 hr after PP2 treatment (Figure 5.12). Levels of the NFkB inhibitor IkB were also measured, as an
indication of NFkB activity. After 2 hr of PP2 treatment, MDA-MB-231 cells showed robust reductions in
the activity of AKT and ERK1/2, as judged by their level of phosphorylation relative to total levels.
Phosphorylation of AKT at Ser473 is a widely used marker of AKT activity. Despite low expression of
activated AKT, a decrease in phosphorylation level could still be seen. Interestingly, there was also an
increase in the level of IkBa protein, indicating a reduction in NFkB signalling. 1205Lu cells also showed
large decreases in phosphorylated AKT (Ser 473) and ERK (Thr202/204) levels, however did not show
similar changes in NFkB activity. Total levels of AKT and ERK were subsequently measured and shown in a

later blot (Figures 5.16 and 5.17).
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Figure 5.12 PP2 led to decreases in survival signals in MDA-MB-231 and 1205Lu cell lines. Cells were treated for the indicated
times with PP2 (10 uM) before whole cell lysates were sampled. PP2 led to reductions in the activation of AKT and ERK1/2 at 1 hr

after treatment. MDA-MB-231 cells also showed increases in IkBa levels after 2 hr.

To verify the TRAIL sensitivity effect seen by PP2 in these cell lines, a second inhibitor was used, the highly
selective SRC/ABL inhibitor AZD0530. Cells were treated for 1 hr with AZD0530 before treatment with
TRAIL and viability measured after 24 hr (Figure 5.13). An equal volume of DMSO was added to cells as a
control. Compared to treatment with DMSO and TRAIL, AZD0530 in combination with TRAIL reduced

viability by a further 23% in MDA-MB-231 cells and 19% in 1205Lu cells.
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Figure 5.13 The SRC inhibitor AZD0530 increases TRAIL sensitivity. A 1 hr treatment with AZD0530 (50 uM for MDA-MB-231,
25 uM for 1205Lu) prior to TRAIL addition (100 ng/ml MDA-MB-231 cells, 200 ng/ml 1205Lu cells) led to greater reductions in
viability compared to cells treated with equal volumes of DMSO or not treated with an inhibitor. Viability was measured 24h

after TRAIL addition. Mean +/- SEM n=4 ANOVA (Tukey post-test) ** p<0.01

5.3.6 SRC knockdown using shRNA

MDA-MB-231 cells were transiently transfected with SRC siRNA, and cells harvested after 72 hr for
Western blot. A range of concentrations and incubation times were tested (Figure 5.14A), none of which
showed any change in SRC total protein level. Following this, lentiviral delivery of SRC shRNA was
performed to create stable cell lines lacking SRC protein. At a Multiplicity of Infection of 2, MDA-MB-231
cells showed a 50% reduction in total SRC protein levels, resulting in caspase 3/7 cleavage which was 44%
higher than in control transfected cells after TRAIL treatment (Figure 5.14B). However, after two passages,

the SRC expression in these cells returned to control levels, along with the TRAIL sensitivity.

143



Chapter 5: Results

SRCSIRNA 48hr  72hr
w ouwow ow < <
A o o o L .
% 2% 3 = z2E =z =
frfffs T3 i3
P E % £ E .E § & 2= 2 ¢
o O w n O O - c c O c o
a v N N NN i o o O o o
o o wn - w -t
(KDa)
60
a3
? w 2.01
F 4 ol _—
5 g 2%
o > O
(kDa) S S 1.5 S——
[T
“3
X ~
SRC R N -0 F,i 1.0
® 2
S
§2 0.5
Actin Nf—_’,
o
0.0 T T
Control MOI 2
shRNA SRC
C _ 20 *
e < - UM
£ 22 2T
S 28 55 s
O » O L8
(kDa) T B 15
© 3
SRC 60 e
el '; 1.04
%>
T -
Q ® o5
& 4 = 0.
Actin 5 2]
o=
0.0 T T
Control SRC shRNA clone

Figure 5.14 SRC reductions using siRNA and shRNA in MDA-MB-231 cells. A Treatment of MDA-MB-231 cells with the indicated
concentrations of SRC siRNA and Dharmafect transfection reagent (DF) did not cause any knockdown of total SRC levels compared to
untreated (parental) or non-targeting siRNA (control) transfected cells. (Left blot) cells were collected for analysis 48 hr post-transfection.
(Right blot) No knockdown could be seen with higher concentrations of siRNA (5 ul DF) at either 48 hr or 72 hr post-transfection. B
MDA-MB-231 cells were infected with SRC shRNA lentiviral particles at the indicated Multiplicity of Infection (MOI) and Western blot
performed 72 hr post-transfection. At 55 hr post-transfection, cells were seeded overnight and then treated with TRAIL for 3 hr before
caspase 3/7 activity was measured using CaspaseGlo® assay. C MDA-MB-231 cells were re-transfected at MOI2 and clones were isolated
by limiting dilution. The clone with the highest SRC reduction was treated with TRAIL as above. Even partial SRC depletion led to

enhanced TRAIL sensitivity. Mean +/- SEM (B) n=2 (C) n=3 paired t-test * p<0.05

Therefore cells were re-transfected and clonal populations were isolated by limiting dilution, however the
clones with the lowest SRC expression only showed a 20% reduction in SRC protein levels compared to
control transfected cells (Figure 5.14C). However they did show stable knockdown, allowing TRAIL

sensitivity to be measured in a number of experimental repeats. These showed that, despite the low level
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of knockdown, SRC-depleted cells still exhibited 56% higher caspase 3/7 activity after TRAIL treatment
than control transfected cells (Figure 5.14D). This suggests a specific role for SRC activity in the control of

TRAIL resistance.

5.3.7 ERK1/2 and AKT activity is affected by SRC inhibitors and correlates with TRAIL
sensitivity

To further investigate the potential mechanism behind the TRAIL sensitivity seen with the SRC inhibitors
PP2 and AZD0530, and to investigate why PP2 shows higher TRAIL sensitisation effects, experiments were
performed to correlate the TRAIL sensitivity response with the activity of the two SRC inhibitors. Dose-
response curves were performed for both inhibitors in both cell lines, measuring TRAIL sensitivity by the
reduction in viability shown 24 hr after TRAIL treatment (Figure 5.15). PP2 induces TRAIL sensitivity at
concentrations as low as 5 uM in both MDA-MB-231 cells (Figure 5.15A) and 1205Lu cells (Figure 5.15B).
This sensitivity increased further with increasing doses of PP2 up to 20 uM. In contrast, AZD0530 resulted

in TRAIL sensitivity at higher concentrations of 50 uM in MDA-MB-231 cells and 25 uM in 1205Lu cells.
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Figure 5.15 Dose response curves showing TRAIL-induced reductions in viability with increasing concentrations of PP2 and AZD0530. A
MDA-MB-231 cells and (B) 1205Lu cells were treated for 1 hr with the indicated concentrations of DMSO, PP2 or AZD0530. TRAIL was
then added (100 ng/ml for MDA-MB-231, 200 ng/ml for 1205Lu) and viability measured after 24 hr using alamarBlue®. Compared to

DMSO, PP2 led to TRAIL sensitisation at 5 UM concentration in both cell lines, whereas AZD0530 induced TRAIL sensitisation only at much

higher concentrations. Mean +/- SD n=1 (triplicate)

Western blots were performed in MDA-MB-231 cells (Figure 5.16) and 1205Lu cells (Figure 5.17) to
investigate the relationship between the onset of TRAIL sensitivity and the ability of the inhibitors to

abolish signalling through their downstream targets.
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Figure 5.16 PP2 and AZDO0530-induced TRAIL sensitivity correlated with active ERK1/2 and AKT reductions in
MDA-MB-231 cells. Western blot of a range of downstream signalling proteins in MDA-MB-231 cells following
treatment for 1 hr with the indicated concentrations of PP2 or AZD0530. Graphs show phospho FAK, paxillin, ERK and
AKT levels quantified and normalised to actin and total levels of each protein and displayed relative to PP2 untreated.

This was to account for apparent underloading in the first lane.
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Figure 5.17 PP2 and AZD0530-induced TRAIL sensitivity correlated with active ERK1/2 and AKT reductions in 1205Lu cells.
Western blot of a range of downstream signalling proteins in 1205Lu cells following treatment for 1 hr with the indicated

concentrations of PP2 or AZD0530.

In both cell lines, PP2 led to a reduction in the phosphorylation of FAK on Tyr861 and paxillin on Tyr118.
These phosphorylation sites were used as they are known to be phosphorylated by active SRC. AZD0530
also led to rapid reduction in phosphorylated FAK and paxillin, even at concentrations as low as 1 uM in
MDA-MB-231 cells. This did not correlate with the onset of observed TRAIL sensitivity, which could only be

demonstrated at 25uM and above (Figure 5.15). However, the onset of TRAIL sensitivity did match
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extremely well with the ability of PP2 and AZD0530 to reduce activity of ERK1/2 and AKT, as shown by

phosphorylation of ERK1/2 on Thr202/204 and AKT on Ser473.

5.3.8 ERK1/2 and PI3K/AKT inhibitors

Reductions in AKT activity have been shown to enhance the TRAIL apoptotic response in NSCLC and

leukaemia cells (Kandasamy and Srivastava, 2002, Tamagiku et al., 2004), whereas the MEK inhibitor

UO126 increased TRAIL-induced apoptosis in human melanoma cells (Zhang et al., 2003a). To investigate

whether the AKT and ERK1/2 reductions caused by the SRC inhibitors would be sufficient to cause TRAIL

sensitivity in MDA-MB-231 and 1205Lu cells, cells were pre-treated for 1 hr with PI3K inhibitor PI-103 or

MEK inhibitor UO126 prior to TRAIL treatment (Figure 5.18).
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Figure 5.18 UO126 and PI-103 efficiently reduced their targets at the concentrations used. Cells were treated with UO126

(5 uM) and PI-103 (0.8 uM) for 1 hr prior to lysis. A Western blots showing the reduction of active ERK1/2 (Thr 202/204) 1 hr

after treatment of MDA-MB-231 cells with UO126. B Phosphorylated AKT (Ser 473) levels were reduced 1 hr after PI-103

treatment in 1205Lu cells. 1205Lu cells were used for AKT detection because they express much higher protein levels than MDA-

MB-231 cells.

UO0126 reduced the levels of activated phosphorylated ERK1/2 (Thr202/204) in MDA-MB-231 cells by over

90% (Figure 5.18A), and PI-103 reduced phosphorylated AKT in 1205Lu cells by 100% (Figure 5.18B). The

total levels of these proteins remained unchanged.
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Thus, MDA-MB-231 and 1205Lu cells were pre-treated for 1 hr with U0O126 or PI-103 and then treated
with TRAIL. Cells were also pre-treated with combinations of U0126, PI-103 or PP2 prior to TRAIL
treatment (Figure 5.19). Reductions in viability were measured 24 hr after TRAIL treatment and expressed
as relative TRAIL sensitivity using untreated control cells as a baseline. As previously shown, PP2 alone led
to a 2 fold increase in TRAIL sensitivity in both cell lines compared to control cells (Figure 5.19A and B). As
expected, the control inhibitor PP3 did not affect TRAIL sensitivity. In both MDA-MB-231 and 1205Lu cells,
the MEK inhibitor UO126 increased TRAIL sensitivity by around 45% compared to untreated cells.
Similarly, the PI3K inhibitor PI-103 increased sensitivity by 40% in MDA-MB-231 cells and 78% in 1205Lu
cells compared to untreated controls. UO126 and PI-103 together additively enhanced the TRAIL
sensitivity in both cell lines, increasing it by 2 fold compared to controls. Interestingly, in MDA-MB-231
cells, a combination of PP2, UO126 and PI-103 led to a 2.8 fold increase in TRAIL-induced caspase 3/7
activity, suggesting that in MDA-MB-231 cells, SRC may not be acting solely through ERK1/2 and PI3K to
regulate TRAIL resistance. 1205Lu cells also saw greater viability reductions with PP2 in combination with
U0126 and PI-103, than UO126 and PI-103 alone, but to a lesser extent than that seen in MDA-MB-231

cells.

To confirm that these reductions in viability are concomitant with increases in apoptosis, cells were pre-
treated for 1 hr with the inhibitors before TRAIL addition. Four hours after TRAIL treatment, cells were
lysed and blotted for PARP and its cleaved form (Figure 5.19C & D). The 90kDa cleaved PARP fragment
could be observed in control cells after TRAIL treatment along with a reduction in full length PARP. Cells
treated with PP2, UO126, PI-103 or combinations of the three showed an appearance of the 90kDa
cleaved form of PARP, along with larger decreases in full length PARP. The percentage of total and cleaved
PARP in each condition was quantified and indicated in a bar chart beside each blot. The pattern of PARP
cleavage seen with the different drug treatments mirrored the viability reduction shown in Figure 5.19A

&B, confirming that these viability reductions were a result of apoptosis.
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Figure 5.19 TRAIL sensitisation by PP2, U0O126 and P1-103. Cells were treated for 1 hr with PP2 (10 uM), U0126 (5 uM), and PI-103 (0.8 uM)
prior to TRAIL addition for 24 hr. Viability was then determined with the alamarBlue® assay and expressed as relative TRAIL sensitivity
compared to untreated control cells for each condition. A Shows TRAIL sensitivity by PP2, U0126 and PI-103 in MDA-MB-231 cells. B Shows
similar TRAIL sensitivity changes in 1205Lu cells. C Four hours after TRAIL treatment, cells were lysed and blotted for full length and cleaved
PARP, confirming increased apoptosis in cells pre-treated with combinations of inhibitors in MDA-MB-231 cells. Data are expressed with a
representative blot (left) and as quantification of percentage of PARP cleavage averaged from 2 independent blots D Similar PARP cleavage

patterns were evident in 1205Lu cells. Mean +/- SEM (A &B n=6); (C&D n=2)
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As PI-103 is an inhibitor of PI3K, DNA-PK and mTORC1 (Raynaud et al., 2007), a pan AKT inhibitor was used

to determine whether AKT inhibition through PI1-103 was responsible for the TRAIL sensitisation observed.
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Figure 5.20 AKT inhibition also results in TRAIL sensitisation. A 1205Lu cells were treated for 1 hr with an AKT inhibitor (AKTi) (5 uM) and
blotted for phosphorylated AKT (P-AKT) on Ser473. The inhibitor resulted in complete ablation of AKT phosphorylation. B After a 1 hr
treatment with the inhibitor, cells were treated with TRAIL for 24 hr and viability measured using alamarBlue®. MDA-MB-231 pre-treated
with the AKT inhibitor showed greater reductions in viability after TRAIL treatment (100 ng/ml) compared to untreated controls. This
level was similar to that induced by PI-103. C Similar sensitisation results were seen with 1205Lu cells after TRAIL treatment (200 ng/ml).

Mean +/- SEM (A) n=7; (B) n=4 ANOVA (Tukey post-test) *p<0.05 ** p<0.01

As shown in figure 5.20, this AKT inhibitor reduced phosphorylation of AKT on Ser 473 by 100% and
increased the TRAIL-induced viability reduction by 15% in MDA-MB-231 cells and 13% in 1205Lu cells. This
was comparable to the sensitisation effects seen by PI-103. Therefore the TRAIL sensitivity effect is likely

to result from inhibition of AKT downstream of PI3K.



Chapter 5: Results

5.3.9 PP2 enhances caspase-9 activation

As presented in Chapter 4, MRTF-A/B depleted MDA-MB-231 cells also showed a reduction in survival
signalling through ERK1/2, and exhibited amplification through the intrinsic pathway of apoptosis
after TRAIL treatment (Figure 4.15 & 4.17). They also showed increases in protein expression of DR4
and DR5 (Figure 4.9). In contrast to MRTF-A/B depletion, MDA-MB-231 cells treated with PP2 or PP3
showed no correlation between DR4 and DR5 expression level and TRAIL sensitivity (Figure 5.21A),
but did show increased caspase-9 activity. Cells were pre-treated for 1 hr with PP2 before TRAIL
addition. Samples were taken at intervals after TRAIL treatment and caspase-9 activation determined
by Western blot. In untreated MDA-MB-231 cells, TRAIL treatment led to an increase in cleaved
caspase-9 after 2 hr (Figure 5.21B). In contrast, MDA-MB-231 cells pre-treated with PP2 showed
caspase-9 cleavage as early as 1 hr after TRAIL treatment, with a complete loss of procaspase-9 by
1.5 hr. To investigate this caspase-9 activity in 1205Lu cells, a similar Western blot was performed.
1205Lu control cells treated with TRAIL did not show significant caspase-9 cleavage over the time
points investigated, whereas PP2-treated cells showed robust cleavage at 2 hr after TRAIL addition
(Figure 5.21C). This suggests that the reduction in survival signalling seen in PP2-treated cells may
allow increased activation of the intrinsic apoptosis pathway, similar to that seen in MRTF-A/B

depleted cells.
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Figure 5.21 PP2 induces caspase-9 activation in MDA-MB-231 cells, while death receptor levels remain unchanged. A Western blots
of MDA-MB-231 cells untreated or treated with PP2 or PP3 (10 uM) for 1 hr, showing no correlation between the expression of DR4
and DR5 and TRAIL sensitivity. B MDA-MB-231 and 1205Lu (C) cells were either left untreated, or were treated with 10 uM PP2 for
1 hr, prior to TRAIL treatment for the indicated durations (MDA-MB-231 cells 100 ng/ml TRAIL, 1205Lu cells 200 ng/ml TRAIL). Both

cell lines showed robust caspase-9 cleavage after PP2 treatment.
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5.4 Summary of findings

¢ B1 and B3 integrin blocking and talin 1 reduction can sensitise MDA-MB-231 and 1205Lu cells to TRAIL-

induced apoptosis in vitro.

¢ |ILK depletion using siRNA does not affect TRAIL-induced apoptosis in either cell line.

eInhibitors to SRC and FAK can sensitise MDA-MB-231 and 1205Lu cells to TRAIL-induced apoptosis.
eKnockdown of SRC using shRNA can sensitise MDA-MB-231 cells to TRAIL-induced apoptosis.

eThe SRC inhibitors PP2 and AZD0530 appear to sensitise cells to TRAIL-induced apoptosis partly through

downregulation of AKT, ERK1/2 and/or NFkB, with cells showing enhanced caspase-9 cleavage.

*MEK and PI3K/AKT inhibitors can also sensitise MDA-MB-231 and 1205Lu cells to TRAIL, although the

TRAIL sensitivity effect is greater when PP2 is used, or when UO126 and PI-103 are combined.

5.5 Discussion

The data presented in this chapter confirm the hypothesis that targeting specific components of the
integrin signalling pathway can sensitise tumour cells to TRAIL-induced apoptosis. In accordance with the
two aims stated at the beginning of this chapter, MDA-MB-231 and 1205Lu cell lines were treated with

inhibitors or siRNA for B integrins, talin, ILK, SRC and FAK, and their TRAIL sensitivity was determined.

Firstly, the direct attachment of cells to their matrix was blocked at the level of the B integrin receptor.
Pre-blocking MDA-MB-231 and 1205Lu cells with integrin B1-blocking antibodies led to the inhibition of
cell attachment and spreading. Integrin 1 has also been shown to mediate the adherence of MDA-MB-
231 cells to blood vessels in vivo during metastatic outgrowth in the brain (Carbonell et al., 2009).
Enhanced sensitivity to TRAIL-induced apoptosis was seen in B integrin-blocked cells compared to

controls, shown by greater reductions in viability and enhanced caspase 3/7 activity after TRAIL treatment.
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B3-integrins bind to fibronectin but not collagen, whereas Bl-integrins bind to a broader range of
extracellular matrix substrates (Humpbhries et al., 2006). The data in Figure 5.3 are consistent with this, as
B1-block led to TRAIL sensitisation on both fibronectin and collagen, whereas B3-blocking caused
sensitisation only on fibronectin. The effect of B3-blocking was only evident in 1205Lu cells, due to lack of
the B3-integrin subunit in MDA-MB-231 cells. The ability of 1205Lu cells to signal through both 1 and B3
integrins, compared with only f1 in MDA-MB-231 cells, may also provide some explanation as to why
1205Lu cells show less enhanced TRAIL sensitivity compared to MDA-MB-231 cells when these subunits
were individually blocked. The addition of B1 integrin blocking antibodies to adherent neuroblastoma cell
lines in vitro has been shown to induce spontaneous apoptosis through integrin-mediated death, with
apoptosis peaking at 18 hr after treatment (Bonfoco et al., 2000). However, at the time points used for the
TRAIL sensitivity assays described in this thesis, there was no measurable apoptosis in B1-blocked cells
compared to controls. This again suggests the specificity of the TRAIL sensitivity response. However, a
more thorough analysis using PARP cleavage or TUNEL staining could be performed over a range of time

points to strengthen this finding.

The second component targeted was talin, which was depleted using siRNA for talin 1. Due to the low
expression of talin 2, and the lack of observed compensatory increases after talin 1 depletion in MDA-MB-
231 cells, talin 1 depletion alone was deemed sufficient to allow significant overall reductions in talin
protein. Talin depletion led to TRAIL sensitivity in both cell lines; however, the sensitivity of talin-depleted
1205Lu cells was two-fold less than that observed in MDA-MB-231 cells. This is likely to reflect their higher
expression level of talin 2, as talin 2 can function in place of talin 1 in controlling integrin signalling and
attachment (Zhang et al., 2008, Kopp et al., 2010). Knockdown of both talin 1 and talin 2 isoforms in
1205Lu cells may result in TRAIL sensitivity differences comparable to those in MDA-MB-231 cells. In
contrast to previous studies reporting talin depletion to reduce the spreading of HUVECs by 70% (Kopp et

al., 2010), talin depletion in MDA-MB-231 cells surprisingly did not lead to a large delay in cell attachment
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and spreading in this study. This discrepancy could be due to the nature of the attachment surface used in
each experiment. In the previous report, HUVEC cells were seeded onto tissue culture plastic. However,
the experiments in this chapter were performed on fibronectin-coated surfaces, which promote greater
spreading. In support of this, other studies have shown that spreading defects in talin deficient mouse
embryonic stem (ES) cells and Hela cells were more marked on laminin or collagen than on fibronectin
(Albigés-Rizo et al., 1995, Priddle et al., 1998). This may be related to the observation that talin depletion
in these cells also led to defects in B1 integrin signalling. As attachment to laminin and collagen relies on
B1 subunits, spreading may be more impaired on these surfaces than fibronectin which can also be bound
by other integrins such as av3 and avp6. Recent work has implicated talin in the metastatic process, with
high expression levels seen in invasive oral squamous cell carcinoma and in human prostate cancer
samples (Sakamoto et al., 2010, Lai et al., 2011). Similarly, talin 1 has also recently been implicated in
anoikis resistance through its activation of AKT in prostate cancer cells (Sakamoto et al., 2010). The work
in this chapter presents the first report directly linking talin to death receptor-mediated apoptosis,
showing that talin activity is important in the regulation of TRAIL sensitivity in a human breast cancer and

a melanoma cell line.

The next protein to be targeted was integrin-linked kinase (ILK). Due to certain small molecule ILK
inhibitors being reported to show non-specific effects (Eke et al., 2009b), this protein was targeted using
siRNA. ILK was chosen due to previous reports implicating its ability to control apoptosis downstream of
integrins (Attwell et al., 2000, Troussard et al., 2006). Despite a report that ILK inhibition causes cell
spreading defects in the prostate line PC3 (Attwell et al., 2003), MDA-MB-231 cells showed no spreading
defect after ILK depletion. However, this finding is in accordance with a report that MDA-MB-231 cells
treated with the ILK inhibitor QLT0267 spread normally (Troussard et al., 2006). Therefore the ability of ILK
to regulate cell adhesion and spreading at focal adhesions may be cell line dependent. Although

implicated in the control of apoptosis through its ability to activate AKT, ILK depletion using siRNA did not
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sensitise either MDA-MB-231 or 1205Lu cells to TRAIL-induced apoptosis. This is surprising given that an
AKT inhibitor was able to confer TRAIL sensitisation. This suggests that if ILK is reducing AKT activity in this
system, it may be being compensated for by signalling through other pathways at the focal adhesion, such
as through SRC or FAK. Despite conferring apoptosis protection in a number of bladder cancer cell lines
(Gao et al.,, 2011), ILK has also been shown to relay pro-apoptotic signals through caspase-8 and 9
following irradiation (Hess et al., 2007). Therefore the role of ILK in apoptosis appears complex and has yet
to be fully understood. In light of recent evidence of pro- and anti-apoptotic roles for ILK, its potential use

as a therapeutic agent should be investigated with caution (Eke et al., 2009a).

The FAK inhibitor PF-228 was shown to be effective in reducing phosphorylation of its target protein
p130CAS, and in conferring TRAIL sensitivity in MDA-MB-231, 1205Lu and WM1789 cell lines at
concentrations shown to be previously effective in vitro (Slack-Davis et al., 2007). This supports a previous
finding that TRAIL sensitivity in HL60 leukaemia cells could be modulated by expression of activated FAK
(Tamagiku et al., 2004). Although FAK has been shown to influence apoptosis in certain cell lines through
its ability to regulate p53 (Golubovskaya et al., 2005), due to the p53 mutant status of MDA-MB-231 cells
(Petitjean et al., 2007), it is unlikely to be playing an important role in this cell line. Recent work has also
shown that the DD-containing kinase RIP can shuttle between FAK and FAS in a number of cell lines,
switching cells between anti-apoptotic and pro-apoptotic sighalling (Kurenova et al., 2004). Following
reductions in FAK, RIP could preferentially mediate FAS signalling, resulting in apoptosis (Kamarajan et al.,
2010). It is possible that RIP may control TRAIL signalling in a similar manner. It has also recently been
shown that ovarian cancer ascites can induce TRAIL resistance in ovarian cancer cell lines through integrin-
mediated FAK and AKT activity (Lane et al.,, 2010). These studies suggest that FAK may control TRAIL
resistance at multiple levels, and further work will be needed to identify the exact mechanism of

sensitivity in these cell lines.
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The broad spectrum SFK inhibitor PP2 led to robust TRAIL sensitisation in both cell lines, with the more
selective SRC inhibitor AZD0530 showing sensitisation at higher concentrations. TRAIL sensitivity was also
reported in two cell lines (hepatoma and colon cancer) in vitro after treatment with PP2 and AZD0530 (De
Toni et al., 2007), along with the observation of increased efficacy of PP2 compared with AZD0530. As
these inhibitors may be affecting other kinases at the concentrations used in this thesis, RNA silencing was
also used to reduce SRC levels in MDA-MB-231 cells. SRC knockdown using shRNA also led to an increase
in TRAIL sensitivity in MDA-MB-231 cells, identifying a specific role for SRC in the control of TRAIL
resistance. In these studies, shRNA targeting SRC only gave up to 50% reduction in SRC expression, despite
an attempt to isolate clonal populations by limited dilution. After several rounds of passaging, the SRC
depleted cells were lost from the cell population and the phenotype reverted to normal. It is likely that
the SRC depleted cells cannot compete with the selective advantage of cells expressing little, or none of
the shRNA construct. However, as partial knockdown of SRC still gave a TRAIL sensitivity response, it is

possible that full knockdown would increase this response further.

The TRAIL sensitivity seen in both MDA-MB-231 and 1205Lu cells after treatment with PP2 or AZD0530
corresponded with the ability of each inhibitor to reduce signalling through ERK1/2 and AKT. In support of
this finding, SRC siRNA and signalling inhibitors have been shown to reduce ERK1/2 and AKT activity in a
broad range of cancer cell lines in vitro and reductions have also been detected in SRC-depleted tumours
in vivo (Duxbury et al., 2004b, Trevino et al., 2006, Jallal et al., 2007). The observation that the ERK1/2 and
AKT reductions do not correspond with the ability of the inhibitors to reduce paxillin or FAK activity
highlights the complexity of signalling downstream of cell attachment. In the cell lines tested in this
chapter, the broad spectrum SFK inhibitor PP2 was most effective at reducing the activity of these ‘nodal
points’ of survival signalling in comparison to the more specific AZD0530 or shRNA, explaining the
sensitivity results seen in this chapter and in a previous study (De Toni et al., 2007). This may reflect an as

yet uncharacterised inhibitory activity of PP2 or may result from the direct effect on cell spreading and
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actin turnover (Martin and Leder, 2001). Alternatively, it may reflect PP2’s increased specificity towards
other SRC-family kinase members compared with shRNA or AZD0530. SFK members such as FYN and YES
are also ubiquitously expressed, and FYN can bind to FAK at focal adhesions (Schaller et al., 1994, Cobb et
al., 1994). Mutations in all three SFKs; SRC, YES and FYN, lead to much more severe phenotypes both in
vitro and in vivo than mutations in each member alone, suggesting an element of functional redundancy
and compensation between these family members (Klinghoffer et al., 1999). Interestingly, increased FYN
activity was shown to promote metastasis in pancreatic cell lines in vivo and to confer apoptosis resistance
through an increase in the BAX/BCL-2 ratio (Chen et al., 2010). Further investigations into the roles of
specific SFK members in the TRAIL sensitivity response would be interesting and could be performed using

siRNA depletion of each specific family member.

As U0O126, PI-103 and a specific AKT inhibitor could also sensitise cells to TRAIL, it seemed likely that SRC
mediates a significant proportion of its TRAIL resistance through its activation of the ERK1/2 and AKT
pathways. ERK1/2 has been shown to play a role in TRAIL resistance in melanoma cell lines (Zhang et al.,
2003a), and more recently to regulate detachment-induced TRAIL sensitivity of skin carcinoma cells in
vitro (Grosse-Wilde et al., 2008). Similarly, a number of studies over the past year have implicated AKT
activity in the regulation of TRAIL sensitivity in ovarian, neuroblastoma, and a number of breast cancer cell
lines in vitro (Xu et al., 2010, Goncharenko-Khaider et al., 2010, Opel et al., 2011). However, PP2 was able
to enhance TRAIL sensitivity even in the presence of U0126 and PI-103, although this was less marked in
1205Lu cells than in MDA-MB-231 cells. This may suggest that ERK1/2 and AKT are not the only signalling
pathways regulating TRAIL sensitivity following PP2 treatment, and that the increased NFkB signalling seen
in MDA-MB-231 cells after PP2 treatment may also play a role. It also may reflect incomplete inhibition of
ERK and AKT by each agent individually, with complete kinase inhibition being achieved with a

combination of the three agents. Further experiments could investigate the levels of other survival
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pathway components downstream of SRC and FAK, including NFkB, p38 and JNK (Almeida et al., 2000,

Rosen et al., 2002).

The TRAIL sensitivity that resulted from PI-103 treatment was shown to be mediated through AKT
inhibition, and is unlikely to be mediated through the ability of PI-103 to directly inhibit mTOR or DNA-PK
(Raynaud et al., 2007). In support of this, a recent study showed that inhibition of mTOR could not induce
TRAIL sensitivity in neuroblastoma cell lines in vitro, whereas siRNA for the PI3K subunits could (Opel et
al., 2011). Interestingly, in these neuroblastoma cell lines PI-103 treatment did not affect DR4 or DR5
expression, but enhanced BID cleavage and caspase-9 activity after TRAIL treatment. This also supports
the findings presented in this chapter, as total levels of DR4 and DR5 in PP2-treated MDA-MB-231 cells
were unchanged. Although this may not reflect expression levels on the cell surface, De Toni et al. also
reported no differences in cell surface expression levels of DR4 and DR5 after PP2 treatment in Chang liver
cells (De Toni et al.,, 2007). Although De Toni et al. showed increased caspase-8 activity after PP2
treatment, the work in this chapter shows that robust amplification of apoptosis also occurs through
intrinsic apoptosis pathway activation in MDA-MB-231 and 1205Lu cells. As discussed in section 5.1,
disruption of downstream ERK1/2 and AKT activation after dysregulation of the integrin signalling pathway
has been shown to influence a number of apoptotic proteins, including IAPs, BIM, BAX, and FLIPs (Sonoda
et al., 2000, Gilmore et al., 2000, Aoudjit and Vuori, 2001, Reginato et al., 2003, Fornaro et al., 2003). It
has also been postulated that cytoskeletal rearrangements could release the pro-apoptotic molecules
BMF and BIM from their microtubule-mediated regulation (Puthalakath et al., 2001). Therefore there may
be many reasons why these cells exhibit increased caspase-9 cleavage, and further work remains to be
done to identify the full mechanism behind the TRAIL sensitisation in these cells. Equally, although work in
this thesis has focused on the canonical apoptosis initiator caspases 8,9 and 10, recent work has

implicated caspase-2 in the control of apoptosis following treatment with drugs which disrupt the actin
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cytoskeleton. Therefore it is possible that apoptosis may be mediated by other caspases, not investigated

in the scope of this thesis (Ho et al., 2008).

In conclusion, the data in this chapter show that the integrin signalling pathway provides a number of
targets for TRAIL sensitisation, and appears to regulate TRAIL resistance, at least in part, through
activation of AKT and ERK1/2. Although previous studies have implicated integrin signalling pathway
members in regulating anoikis, few have looked at their effects on TRAIL sensitivity. This is the first
comprehensive study linking a number of integrin signalling pathway components to TRAIL resistance. It
also suggests that activation of proteins such as talin 1, SRC and FAK could not only act as biomarkers for
increased motility and invasion, but also for increased resistance to TRAIL therapies. Inhibitors of many of
these targets already exist, and are being tested in pre-clinical studies, clinical trials, or are already being
used in the clinic. Therefore combining existing inhibitors with a TRAIL therapy could sensitise cancer cells

to TRAIL-induced apoptosis in vivo. The potential of this will be explored in the final chapter of this thesis.
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Chapter 6:

PF-573228, PP2 and B1 integrin
blocking in combination with a
TRAIL therapy in vivo

6.0 Hypothesis
Pre-blocking MDA-MB-231 cells with FAK inhibitor PF-573,228, SFK inhibitor PP2 or a B1 blocking antibody
can sensitise them to the apoptotic effects of recombinant human TRAIL administration in an

experimental mouse model of metastasis.

6.1 Introduction

The work presented so far in this thesis reveals that disruption of cell adhesion and spreading can sensitise
MDA-MB-231 and 1205Lu cells to TRAIL-induced apoptosis in vitro. Despite showing great promise in
preclinical studies (Ashkenazi et al., 1999, Malin et al., 2011), clinical trial data with TRAIL therapies
suggest they will be most effective in combination with sensitizing agents (Greco et al., 2008, Trarbach et
al., 2010). Although inhibition of integrins, SRC and FAK reduce metastasis in animal models, their role in
controlling TRAIL sensitivity is only recently becoming apparent (Tamagiku et al., 2004, Zhang et al., 2009a,

Liu et al., 2009). In light of these studies, and the evidence presented in Chapters 3-5, targeting these
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proteins in combination with a TRAIL therapy in vivo may allow more efficient clearance of metastatic
tumour cells from the circulation.

As discussed earlier, an important factor contributing to metastatic inefficiency is the susceptibility of
circulating tumour cells to death induced by a number of factors (Wong et al., 2001, Takeda et al., 2001,
Laguinge et al., 2004). Although different cell types display varying extents of loss over these early time
points, the majority of circulating tumour cells are lost within the first 24hrs after injection into the
circulation (Fidler, 1970, Price et al., 1986). As the aim of this project is to investigate the sensitivity of
tumour cells to TRAIL signals within the first 24 hr, an assay was required to measure the loss of tumour
cells from the lung over these early time points. For blocking agents such as integrin B1-blocking
antibodies and PP2, which prevent effective attachment and spreading in vitro, it would be interesting to
monitor the shape of these cells inside the mouse after injection to investigate whether this effect could
be seen in vivo. The use of fluorescent labels has greatly enhanced our ability to visualise the metastatic

process in more detail (Sahai, 2007).

6.2 Aims
To investigate the hypothesis stated above, the aims for this Chapter are as follows:
*To develop a method of quantifying the number of tumour cells present in the lung at early time points

following tail vein injection into mice.

*To develop an automated assay to assess tumour cell morphology within the pulmonary vasculature of

the mouse and to test this assay using the MRTF-A/B depleted cells described in Chapter 3.

*To test the ability of recombinant human trail to clear MDA-MB-231 tumour cells from the mouse lung at

early time points following injection.
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*To investigate whether inhibition of the cell adhesion pathway by targeting B1 integrin, SRC and FAK can

sensitise MDA-MB-231 cells to the apoptotic effect of recombinant TRAIL in vivo.

6.3 Method development

6.3.1 An assay to quantify tumour cells present in the lung

6.3.1.1 Lung removal

Following tail vein injection, mice were anaesthetised and a tracheotomy performed, allowing the lung to
be artificially ventilated (described in Section 2.10.4). The heart was then used to perfuse KRB solution
around the lungs, clearing them of blood and unattached tumour cells. The KRB solution was of a
physiological composition, allowing the lung to be kept fresh and in a good condition for up to 3 hr after
removal. The lung was then removed and carefully placed onto a specially designed chamber into which
the lung was rested onto a coverslip. The trachea was connected to a 3-way valve in the chamber,

allowing the lung to be inflated onto the surface of the coverslip (Figure 6.1A).

Figure 6.1 Lung scanning using epifluorescent microscopy. A Image of chamber used for lung imaging. B Representative images of
lungs scanned at 10 x magnification of lungs containing either C4-GFP control MDA-MB-231 cells or C20-CFP MDA-MB-231 cells (C),

4 hr after injection into the tail vein of SCID mice.
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To get a representative value for the amount of tumour cells present in the lung, an epifluorescent

microscope was used to scan the whole of the left lobe of the lung and images taken (Figure 6.1B and C).

6.3.1.2 Lung cell counts
The number of cells on the lung images could be counted using Image Tool version 2.00 (UTHSCSA)
software. This software has a ‘count and tag’ tool, allowing the researcher to ‘tag’ parts of the images to

aid counting (Figure 6.2).
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Figure 6.2 Lung foci count method. Screen shot of Image Tool 2.00 software used to tag and count foci according to the criteria outlined

below.

In order to maintain consistent counting, the following rules were followed:
1. Bright foci were counted as one cell.

2. Blurred or faint glowing was counted as one cell.
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3. Any foci which could be distinguished as multiple cells could be counted as such, however if a
large foci could not be distinguished then it was counted as one cell.

4. Small fragments are counted as ‘fragments’ and were not included in the final analysis.

5. Cells which were half in frame were only counted on the right and bottom edges of the image to

prevent multiple counting of the same foci.

6.3.2 An assay to measure cell shape within the pulmonary vasculature of a mouse

MRTF-A/B depletion, B1 integrin blocking, and PP2 treatment all resulted in marked defects in adhesion
and spreading in vitro. To measure the phenotype of these cells in vivo, an assay was developed which
used confocal microscopy to create 3D cell images. Software was developed to quantitate the longest

length measurement for each cell.

6.3.2.1 Obtaining z-stacks

In order to measure the longest length of single cells within the vasculature of the mouse lung at 4 hr and
24 hr after tumour cell injection, lungs were visualised using an inverted confocal microscope (Zeiss). After
counting on the epifluorescent microscope, as detailed above, lungs were taken to the confocal
microscope, and imaged using a 40 x oil lens. Once a cell was located within the lung, z-stacks were made

over the whole cell volume using Zen 2009 software (Zeiss).

6.3.2.2 Analysing z-stacks

Software was designed and created by Dr. P D Allen (ROB, Oxford) using MatLab 2008 (MathWorks), which
allowed the user to define the borders of the cell to be measured by altering the gray level measurement.
The software then gives the user a longest length (um) and volume (um?) measurement of each cell. An
image of the software is shown below (Figure 6.3), including the screen in which the user can outline the
cell of interest (right), the 3D generated image of the cell created (left) and the measurements given out

(outlined in the red box).
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Figure 6.3 Image of MatLab cell shape measurement software designed by Dr P D Allen. The software uses the z-stack image in LSM file
format (stack of .tif images), to allow the user to scroll through the stack using the rolling bar on the far right. By altering the gray level
value using the rolling bar at the bottom the user can outline the cell of interest. This cell can then be selected, and the software gives the

object volume and longest length measurements (red box) and a 3D reconstruction of the cell.

6.3.3 Validation of in vivo methodology using MRTF-A/B depleted cells

As discussed in Chapter 4, MRTF-A/B depleted MDA-MB-231 cells show marked cell spreading defects and
enhanced TRAIL sensitivity in vitro, presenting a good target to test the above techniques. To investigate
the range of cell lengths observed with these cell lines in vitro, longest length measurements were taken
for the MRTF-control and depleted cells used in Chapter 4 after culture on glass chamber slides (Figure
6.4). The length values varied in a Gaussian distribution, with most cells longer than 20 um. Therefore for
analysis, any object with a longest length measurement of less than 15 um was classed as a ‘fragment’ of

cell and discounted from subsequent analysis. These measurements confirmed that C4-GFP control cells
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have a more spread phenotype, with most common longest length measurement of 50 um, compared to

only 30 pm in MRTF-A/B depleted C20-CFP TET cells.
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Figure 6.4 MRTF-A/B depleted cells (C20-CFP TET) show a defect in elongation when seeded onto glass chamber slides. C4-GFP
control or C20-CFP TET (MRTF-A/B depleted) cells were cultured on glass chamber slides for 12 hr. Longest length was measured on
2D images using Zen2008 Software (Zeiss). MRTF-A/B depleted cells showed marked cell spreading defects, similar to results outlined

in Chapter 4. Number of cells counted shown in brackets. Significance calculated using Chi squared test.

The in vivo length measurement tool was then used to investigate whether these spreading defect seen in
vitro in MRTF-A/B depleted cells could also be seen in vivo. Z-stacks were taken of cells from the lungs of
mice at 4 hr and 24 hr after tail vein injection of C4-GFP or C20-CFP TET cells and longest length measured
using the MatLab measurement tool (Figure 6.6A). At 4 hr, C20-CFP TET cells showed shorter length
measurements compared to control cells, with few cells spreading longer than 40 um in length. In
comparison, control cells spread up to 80 um in length, although this difference did not reach significance.
By 24 hr post-injection there was no difference in cell length distribution between the two cell lines. This

finding validates the MATLAB length tool, showing it to be an effective method of analysing cell shape in

vivo at 4 hr post-injection.
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As previously published, MRTF-A/B depleted C20-CFP TET show enhanced clearance from the lung over
24 hr following tail vein injection (Medjkane et al., 2009). To validate the lung quantitation measurement
technique outlined in Section 6.3, these experiments were repeated. Western blots were performed to

confirm MRTF-A/B depletion in C20-CFP TET cells prior to injection (Figure 6.6B).
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Figure 6.5 MRTF-A/B depleted cells show spreading defects in vivo and are cleared more efficiently from the lung during the first 24 hr
after tail vein injection. SCID mice were injected with 3x10° cells into the lateral tail vein, with lungs removed and counted 4 hr and 24 hr
after injection and longest length measurements taken of cells within the lung vasculature. A Z-stack images were taken from tumour cells
(number given in brackets) within the mouse lung from over 3 independent experiments, and longest length measured using the tool
outlined in Section 6.3.2. At 4 hr post-injection the MRTF-A/B depleted C20-CFP TET cells exhibit shorter lengths, indicating less robust
spreading compared to controls. No difference was seen in the cells remaining at 24 hr. Graphs show distribution of cells at different
lengths, p value calculated using Chi squared test. B Uninjected cells were blotted to verify efficient MRTF-A depletion. C Much greater
clearance was observed of MRTF-A/B depleted cells from the lung at 24 hr compared to control. Data is Mean +/- SEM n=3 unpaired t-test

* p<0.05



Chapter 6: Results

As a control, C4-GFP cells were also pre-treated with tetracycline (C4-GFP TET). C4-GFP TET and C20-CFP
TET cells were then injected into the tail vein of SCID mice and lungs removed and analysed as outlined in
Section 6.3.1.2. There was little difference in cell retention at the early 4 hr time point; however, by 24 hr

97% of MRTF-A/B depleted cells had been cleared compared to only 70% of control cells (Figure 6.5C).

6.4 Results

6.4.1 Recombinant human TRAIL (rhTRAIL)

Before combination experiments could be performed, the efficacy of recombinant human TRAIL was
tested alone. Tumour cells were injected into the tail vein of mice and the lungs removed at either 4 hr or
24 hr post-injection. To verify that rhTRAIL is effective in clearing circulating tumour cells, a subset of mice
were given a single i.v. dose (5mg/kg) of rhTRAIL after 4 hr, with another subset receiving an equal volume
of saline i.v. as a control. The single dose of TRAIL reduced the number of cells in the lungs of mice by 70%

at 24 hr compared to untreated controls, whereas saline injection had little effect (Figure 6.6).
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Figure 6.6 rhTRAIL is effective in clearing MDA-MB-231 cells from the lung. Mice were injected with GFP labelled MDA-MB-231 cells into
the lateral tail vein. At 4 hr, the lungs were either harvested, or mice were injected i.v. with 100 pl of saline, or 100 ul rhTRAIL (5 mg/kg)
and lungs harvested at 24 hr. TRAIL was effective in clearing circulating tumour cells from the lung over 24 hr. Mean +/- SEM n=8 ANOVA

(Tukey post-test) * p<0.05 **p<0.01
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To ensure that rhTRAIL was reducing the number of cells in the lung by increased apoptosis, the number

of TUNEL positive cells in the lung was measured.
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Figure 6.7 rhTRAIL clears MDA-MB-231 cells from the lung by apoptosis, without affecting the normal lung tissue. SCID mice were either
uninjected (normal lung), injected with TRAIL (5 mg/kg) alone or injected with MDA-MB-231 tumour cells. At 4 hr after tumour cell injection,
these mice were either injected with rhTRAIL or an equal volume of saline. A Lungs were isolated, 15 um sections cut and stained with TUNEL
(red) and nuclear Hoechst stain (blue). The active TdT enzyme was omitted from staining in the negative control sections. TUNEL stain was

quantified using image) (outlined in section 2.7.1). Graph shows mean +/- SEM n=3 mice ANOVA *(Tukey post-test) * p<0.05
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Lungs were taken from control untreated mice, mice injected with TRAIL alone for 4 hr, mice injected with
tumour cells followed by saline, or those injected with tumour cells followed by TRAIL (Figure 6.7). Lungs
were isolated, fixed, cut into sections and TUNEL stained. TRAIL treatment alone did not induce apoptosis
in the mouse lung compared to the lung of untreated mice. Lungs containing tumour cells alone showed a
25% increase in TUNEL positive staining compared to control lungs, whereas tumour cell-injected lungs
treated with TRAIL showed a 234% increase in TUNEL positive staining. This confirms that rhTRAIL

treatment is inducing apoptosis specifically in the tumour cells in the mouse lung.

6.4.2 B1-blocking antibodies, PP2 and PF-573,228 in combination with rhTRAIL in vivo
The aim of the final part of this chapter is to investigate whether these inhibitors can sensitise MDA-MB-

231 cells to rhTRAIL in vivo.
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Figure 6.8 Schematic outlining the in vivo experimental schedule. A pair of mice were injected with MDA-MB-231 cells which had been pre-
blocked for 30 min on ice with the appropriate inhibitor. At 4 hr after cell injection, the lungs of one mouse were harvested, cells on the lung
surface counted using epifluorescent microscopy, and then z-stacks taken of individual cells using the confocal microscope. The remaining

mouse was either left untreated, or injected intravenously with 5 mg/kg rhTRAIL, and lungs were harvested for counting after 24 hr.
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Cells were pre-treated with the appropriate inhibitor 30 min prior to tail vein injection into mice. Mice
were either uninjected or injected intravenously with 5 mg/kg rhTRAIL 4 hr after cell injection. Lungs were

collected for analysis at 4 hr and 24 hr after injection (as outlined in figure 6.8).

6.4.2.1 PF-573,228 in combination with TRAIL

As shown in Section 5.3.4, the FAK inhibitor PF-228 increased TRAIL sensitivity in MDA-MB-231 cells by
23% in vitro. As PF-228 did not lead to marked cell spreading defects in vitro, the in vivo spreading was not
measured. Mice were injected according to the schedule outlined above. The number of cells in the lung
at 4 hr was the same in all conditions. By 24 hr, the number of cells in the lung was reduced by 31% in PF-
228 treated cells compared to controls, suggesting the importance of FAK signalling in initial tumour cell
retention in the lung (Figure 6.9). Following TRAIL treatment, the numbers of both control and PF-228
treated cells were significantly reduced; however, the clearance of PF-228 treated cells was 13% higher
than control cells. Although this suggests that PF-228 does sensitise cells to TRAIL in vivo, this value did

not reach significance.
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Figure 6.9 FAK inhibition using PF-228 leads to mild, but not significant TRAIL sensitisation in vivo. MDA-MB-231 cells were pre-blocked
on ice for 30 min with 10 uM PF-228 prior to tail vein injection. Experiments were performed according to the schedule outlined in Figure
6.8 and analysis method outlined in Section 6.3.1 A Number of cells on the left lobe of the lung 4 hr or 24 hr after cell injection B Decrease

of cells after TRAIL treatment compared to non-TRAIL treated controls expressed as a %. Mean +/- SEM (number of mice shown above

graph).
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6.4.2.2 PP2 in combination with TRAIL

Treating cells with the SFK inhibitor PP2 gave a large TRAIL sensitisation effect in vitro (Figure 5.11), with
viability of MDA-MB-231 cells after TRAIL reduced by a further 19% compared to PP3 treated cells. PP2-
treated cells also showed a 61% reduction in the ability to attach and spread on fibronectin compared to
untreated control cells (Figure 5.9). To test whether this spreading defect could be seen in vivo, mice were
injected with MDA-MB-231 cells which had been pre-treated with 10 uM PP2 for 30 min on ice. At 4 hr
post-injection, lungs were scanned with a confocal microscope, cell images acquired, reconstructed and
measured using the MATLAB tool outlined in Section 6.3.2. Compared to untreated cells, PP2 treated cells
showed a much higher proportion of cells with a longest length of <20 um (Figure 6.10A). Whereas only
20% of PP2 treated cells showed longest length measurements over 40 um, 33% of control cells were
longer than 40 um. Therefore the spreading defects seen in PP2 treated cells in vitro can also be observed

in vivo.

To investigate whether these defects could result in increased TRAIL sensitivity in vivo, mice were injected
with PP2 pre-treated MDA-MB-231 cells followed by i.v. administration of rhTRAIL, as outlined in Figure
6.8. Unlike cells treated with PF-228, PP2 treatment did not alter lung retention at either 4 hr or 24 hr
post-injection. However, after TRAIL treatment only an average of 48 cells remained in the left lobe of the
mouse lung in PP2 treated cells compared to 130 in the lungs of mice injected with control cells (Figure
6.10B). This constituted a 32% reduction in tumour cell retention in PP2 treated cells compared to controls
(Figure 6.10C). Therefore, SFK inhibition does act synergistically with TRAIL treatment to increase

clearance of metastatic tumour cells from the mouse lung.
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Figure 6.10 PP2 treatment of MDA-MB-231 cells decreases in vivo spreading and enhances TRAIL sensitisation. Mice were pre-treated with
10 uM PP2 on ice for 30 min prior to tail vein injection into SCID mice. Control data replotted for case of comparison. A At 4 hr after injection,
lungs were harvested and cell images taken using confocal microscopy. Longest length measurements were taken for individual tumour cells
and shown as a frequency plot. Although PP2 treated cells showed shorter lengths than control cells, this did not reach significance. Number
of cells counted shown in brackets. P value determined by Chi squared test. B At 4 hr or 24 hr after injection, lungs were harvested and
tumour cells counted using epifluorescent microscopy. PP2 treatment alone had no effect on lung retention, but in combination with TRAIL
led to significant reductions. C Data expressed as a % decrease of cells at 24 hr after TRAIL treatment compared to non-TRAIL treated

controls. Mean +/- SEM; number of mice shown above graph; unpaired t-test *p<0.05.

6.4.2.3. Integrin 31 blocking in combination with TRAIL

Blocking MDA-MB-231 cells in vitro with a B1 blocking antibody inhibited cell spreading by 85% on
fibronectin, and TRAIL treatment led to a reduction in viability which was 19% greater than in control cells
(Figures 5.2 & 5.3). To investigate whether the spreading defect in Bl-blocked MDA-MB-231 cells is

maintained in vivo, cells were pre-treated for 30 min with 20 pg/ml of integrin B1-blocking antibody, a
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concentration previously used for in vivo blocking experiments (Carbonell et al., 2009). Lungs were
removed, and analysed using the MATLAB tool. At 4 hr after injection this showed shorter cell lengths in

B1-blocked cells compared to control cells, indicating a reduced capacity for spreading (Figure 6.11A).
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Figure 6.11 Integrin B1 blocking in MDA-MB-231 cells influences spreading and reduces lung retention in vivo. MDA-MB-231 cells were
pre-treated with 10 pg/ml B1-blocking antibody or control IgG antibody for 30 min on ice before tail vein injection into SCID mice. Control
data replotted for case of comparison. A Lungs were removed 4 hr post-injection and cell images taken by confocal microscopy. Cell lengths
were determined using the MATLAB tool and show distribution differences between the two cell conditions, although these did not reach
significance. Number of cells counted shown in brackets. P value determined by Chi squared test. B Cells were counted on the left lobe of
mouse lungs 4 hr and 24 hr post-injection in all treatment conditions. B1 blocking resulted in large loss of cells from the lung by 24 hr

hours. N=7 (B1-block control) n=5 (B1-block TRAIL) n=3 (IgG controls).

This difference was not robust enough to reach significance, but a difference in cell length distribution was
evident between blocked and unblocked cells. Whereas 33% of control cells had a longest length
measurement of over 40 um, only 15% of B1l-blocked MDA-MB-231 cells showed the same level of

elongation.

None of the treatment conditions affected the number of cells in the lung at 4 hr after injection, and pre-
treatment of cells with an IgG control antibody did not appear to alter lung retention compared to
controls (Figure 6.11B). However, consistent with its characterised roles in the adhesion of cancer cells to

the vasculature (Wang et al., 2004, Carbonell et al., 2009), blocking the B1 integrin subunit alone led to a
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78% reduction in lung retention by 24hr compared to untreated controls. In combination with TRAIL, this
value was not greatly reduced, suggesting that the majority of the TRAIL sensitive cells had already been

cleared.

6.4.3 Investigation of an alternative experimental design to reduce variation

Despite increased in vivo TRAIL sensitivity in MDA-MB-231 cells pre-treated with PF-573,228 and PP2, only
the PP2 treated cells showed a sensitivity increase which reached significance. The experimental design
outlined in Figure 6.8 was used as it allowed concomitant analysis of both cell numbers and cell lengths in
the same lung immediately following isolation. This enabled fewer mice to be used to obtain data, in line
with the 3R’s (reduction, refinement, replacement) of humane animal experimentation. However this
meant that each lung had to be removed and immediately analysed, preventing more than two lungs from
being isolated at the same time. For this reason experiments could not be performed using paired groups
of animals, and this resulted in high variation between repeat animals. An alternative method would be to
inject a set of mice with the same batch of tumour cells, with each mouse representing a different
experimental arm (Figure 6.12). This should reduce the variation as the batch of cells, mice and TRAIL
would all be the same, and would allow direct comparison between paired animals in different conditions.
As large numbers of lungs would need to be harvested at the same time, this experimental design would
prevent immediate analysis, instead requiring lungs to be fixed using PFA, cut into sections and mounted
onto microscope slides. It would also mean that these lungs would not be amenable to confocal
microscopy for cell length measurements. However, to investigate the potential of this alternative design
to reduce error, a pilot experiment was performed. As the difference between control cells and IgG
control-blocked cells (in Figure 6.11) showed the highest level of variation despite being expected to show
no difference, these were the conditions used for the pilot experiment. Four mice were injected in the
schedule outlined below. The 4 hr time point was discarded for this pilot experiment, as differences in the

number of cell in the lung at this time point were not seen under any treatment condition.
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Figure 6.12 Proposal for new experimental scheme. To reduce variation between treatment conditions, large groups of mice could be
injected simultaneously, with at least one mouse representing each experimental arm. At 24 hr, following all appropriate treatments, all
lungs could be removed simultaneously and fixed to allow long term storage. Lungs could then be sectioned, and cells within the lung
counted by microscopy. For this pilot experiment, cells were either untreated or treated for 30 min with 1gG control antibody prior to
injection. At 4 hr post-injection one mouse from each arm was injected with 5 mg/kg rhTRAIL. Within this experimental design, there is

also scope to add further experimental arms.

Lungs were harvested following perfusion with the fixative PFA, and then sectioned into 15 um thick
sections. After mounting onto microscope slides, GFP positive tumour cells in these sections could be
easily counted and analysed using epifluorescent microscopy (Figure 6.13A). Cells were counted from
multiple lung sections, and showed little variation across sections. This experiment was performed twice,
with two different batches of mice and the variation between the control and IgG-blocked mice was much

lower than that seen in Figure 6.11B.
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Figure 6.13 Pilot experiment using alternative experimental design shows lower variation. Two SCID mice were injected i.v. with
unblocked MDA-MB-231 cells and two injected with 1gG blocked cells (10 pug/ml for 30 min) cells from the same cell preparation. At 4 hr
post-injection, one mouse from each treatment arm was given a 5 mg/kg i.v. dose of rhTRAIL. At 24 hr after cell injection, all lungs were
removed simultaneously, fixed in PFA and stored for sectioning. A Lung sections at 10x magnification show easily detectable GFP positive
MDA-MB-231 tumour cells within the mouse lung (Hoechst nuclear stain in blue). B The number of cells across a whole lung section was

counted, and an average calculated from analysis of 6 sections from each lung. Mean +/- SD from two independent experiments.

Therefore this alternative experimental design allows more accurate and comparable data to be obtained,

therefore may allow TRAIL sensitisation differences to be more easily detected.

6.5 Summary of Findings

eSoftware has been developed using MatLab, which allows the measurement of cell length of 3D tumour

cells within the mouse lung vasculature.

*MDA-MB-231 cells which are MRTF-A/B depleted, PP2 treated, or treated with a B1 integrin blocking

antibody show reductions in cell length in vivo in the mouse lung.

eTreatment of mice with rhTRAIL alone causes significant tumour cell apoptosis and clearance from the

lung in an experimental metastasis model using MDA-MB-231 cells.
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*MDA-MB-231 cells pretreated with PP2 in combination with rhTRAIL lead to a significantly greater

increase in tumour cell clearance than rhTRAIL alone.

ePretreatment with PF-228 leads to a mild enhancement of TRAIL-mediated tumour cell clearance from

the lung.

ePretreatment of cells with a B1 blocking antibody alone led to a large reduction in tumour cell retention

in the lung at 24 hr, which could not be enhanced by rhTRAIL treatment.

eThe experimental in vivo experimental design could be modified to reduce variation in future

experiments.

6.6 Discussion

The first two aims of this chapter were to develop assays in which tumour cell number could be quantified
in the lung, and cell shape could also be measured. Figures 6.1-6.5 present the method by which these
assays were developed and tested in MRTF-A/B depleted and control cells. The MATLAB tool allows the
measurement of the longest lengths of cells within the mouse vasculature, giving an indication of how
elongated a cell is. This automated method prevents laborious manual measurements of tumour cell axis
measurements, and allows analysis of axis length from 3D tumour cells rather than 2D lung sections. The
requirement of the user to manually define the cell border before measurement may add error to the
measurement value, however this was deemed less than the error from measuring cell morphology from
2D lung slices. One limitation of this model is that autofluorescent signals could lead to false positives
during tumour cell analysis, however as signals with a length less than 15 um were discarded as
‘fragments’, small noise signals are unlikely to have influenced the final results. Although differences in
tumour cell length could be observed following MRTF-A/B depletion, PP2 treatment, and integrin blocking,

none of these differences reached significance and the distribution of cell lengths in vivo no longer
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followed a Gaussian distribution. This may reflect the complexity of the microenvironment in vivo
compared to in vitro tissue culture. Cells are exposed to a variety of growth signals and extracellular
matrix molecules within the microenvironment, all of which may influence their morphology. Similarly,
tumour cells can become lodged in small blood vessels, therefore limiting their ability to elongate and
spread. As shown in Chapter 4, MRTF-A/B depleted cells show characteristic cell spreading defects, and
have been previously reported to have reduced colony forming ability in the lung over the first 24 hr
following tail vein injection into mice (Medjkane et al., 2009). Therefore, they presented a good model in
which to test the assays outlined in this chapter. The in vitro spreading defects in MRTF-A/B depleted cells
were visible in the lung in vivo 4 hr after injection, suggesting that signals from the lung microenvironment
cannot allow cells to overcome these defects. This difference at 4 hr did not reach significance, likely due
to the small sample size for C20-CFP TET cells. In line with these previous in vitro and in vivo findings,
MRTF-A/B depleted cells (C20-CFP TET) showed greater clearance from the lung 24 hr after tail vein
injection compared to control (C4-GFP) cells (Figure 6.5C). There was no difference in cell number in the
lung at 4 hr, also a common finding in the early studies of metastatic inefficiency. These studies showed
that cells initially lodge in the lung irrespective of their metastatic ability (Fidler, 1970, Price et al., 1986)
and that differences between cell lines only become apparent by 24 hr after injection. Interestingly,
Medjkane did not attribute the loss of C20-CFP TET cells in the lung to increased apoptosis, as caspase-3
staining in the lung did not show any difference in control vs. MRTF-A/B depleted cells. However apoptotic
cells are rapidly phagocytosed in vivo, there is likely to be a wide time range over which cells die, and this
staining only picks up apoptotic cells at a specific point during the apoptosis process. Therefore staining
for a particular stage of apoptosis at a single time point in vivo may not yield representative data in this

case.

Recombinant human TRAIL was chosen as a method of therapeutic TRAIL delivery as it triggers apoptosis

through both TRAIL receptors DR4 and DR5. For MDA-MB-231 cells, a single dose of 5 mg/kg rhTRAIL was
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effective in reducing the number of cells in the lung at 24 hr by 65% (Figure 6.6). This is in line with
previous studies showing that a single dose of rhTRAIL could induce apoptosis in vivo in a mouse xenograft
model (Ashkenazi et al., 1999). In chimpanzees, the serum concentration of rhTRAIL after a 5 mg/kg dose
was as high as 10 pg/ml after 1 hr (Kelley et al., 2001). This is 100 times higher than the concentrations
shown to induce apoptosis in vitro in this thesis. In light of this fast-acting ability, and the short half life of
rhTRAIL, mice were treated with a single dose 4 hr after cell injection. This corresponded to when the
spreading defects were observed to be the greatest (Figure 6.5A). Interestingly, recent work has identified
the DR5 agonistic antibody lexatumumab as having a greater effect than the DR4 agonistic antibody
mapatumumab in a mouse model of triple negative breast cancer using MDA-MB-231 cells (Malin et al.,
2011). Therefore, combining potential inhibitors with lexatumumab may give a greater therapeutic effect

in studies using triple negative breast cancers.

TUNEL staining confirmed that rhTRAIL treatment cleared the tumour cells from the lung by apoptosis.
Reassuringly, rhTRAIL administration alone did not enhance apoptosis in the mouse lung, in line with
previous reports of its specificity for transformed cells (Wiley et al., 1995, Ashkenazi et al., 1999). Lungs
containing tumour cells only showed a 25% increase in TUNEL staining, however as mentioned above, the
natural kinetics of tumour cell apoptosis in the lung are likely to be much slower than that induced rapidly
by TRAIL. Cells are likely to be lost continuously over a period of hours, depending on their interaction
with apoptotic triggers such as NK cells within the lung microenvironment. This would mean that
significant increases in TUNEL staining may be difficult to detect. Kim et al. showed that TUNEL staining
24 hr after injection could detect increased levels of apoptosis in non-metastatic compared to metastatic
cell lines in the lung, suggesting that the time point used in this study may be too early to pick up
apoptosis in non-TRAIL injected lungs (Kim et al., 2004). However for the TRAIL-treated mice, all the cells
in the circulation were exposed to TRAIL at the same time, creating a robust and rapid increase in

apoptosis which was readily detectable through this method.
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Once the assays had been developed and tested, and the rhTRAIL treatment shown to be effective,
combination experiments were performed with cells treated with PF-228, PP2 and B1-blocking antibody.
The ability of PP2 and B1-blocking antibody treated MDA-MB-231 cells to prevent effective cell spreading
in vivo was measured using the MATLAB tool, outlined in Section 6.3.2. This showed that both inhibitors
prevented spreading in the vasculature 4 hr after injection compared to unblocked control cells.
Furthermore, these experiments showed that pre-treatment of cells with PP2 could induce significant
increases in TRAIL-mediated clearance from the lung over 24 hr, with PF-228 treated cells showing mild
but non-significant increases. Interestingly, PP2 completely eliminated FAK activity in vitro, a finding also
reported for the SRC inhibitor bosutinib in vivo (Jallal et al., 2007). Although this may contribute to the
enhanced effect of PP2 in vivo, the downstream targets of each inhibitor and their ability to cross-inhibit
other members was not thoroughly investigated in this work. Previous work has shown that PP2 can also
sensitise human pancreatic cell lines to chemotherapy in vitro and in vivo (Duxbury et al., 2004b, Ischenko
et al., 2008), further emphasising its potential role as an apoptosis enhancer. As hepatotoxicity has been
reported previously with TRAIL treatments and TRAIL combination strategies (Ganten et al., 2006, Koschny
et al., 2007), any novel combination strategy would have to be carefully tested for hepatotoxicity. In vitro
experiments by De Toni et al. have shown that whilst combinations of TRAIL and PP2 induce high levels of
apoptosis in hepatoma cancer cells, they do not enhance apoptosis of normal hepatocytes (De Toni et al.,
2007). These data suggest that combination of a SFK inhibitor and a TRAIL therapy may have limited
hepatotoxicity in vivo. It would be useful to investigate the effects of PF-228 and B integrin blocking on
normal hepatocyte apoptosis in vitro too. A recent study has also shown that high SRC activity is
associated with bone metastasis in breast cancer patients and can protect breast cancer cells from TRAIL-
induced apoptosis within the bone microenvironment (Zhang et al., 2009a). By showing that SRC is

involved in TRAIL resistance in vivo, this study further supports the findings of this thesis that targeting
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integrin-mediated signalling pathways in combination with a TRAIL therapy could give beneficial effects on

metastasis.

As B1 integrin blocking led to a large loss of cells from the lung after 24 hr, TRAIL treatment only reduced
this by a further 20%, compared to 50% for control cells. This indicates that the majority of the TRAIL
sensitive cells had already been lost from the lung vasculature. Pre-treating cells with PF-228 alone also
led to a significant reduction in lung retention at 24 hr compared to control cells. This is likely to reflect
the important roles for these proteins in mediating cell attachment and adhesion to the vasculature
(Wang et al., 2004, Carbonell et al., 2009). As MDA-MB-231 cells rely mainly on B1 integrin-mediated
adhesion, lacking B3 subunit expression (Figure 5.2), inhibition of this integrin may significantly inhibit
sustained adhesion. However, as integrins have also been shown to mediate the protective interaction of
tumour cells with platelets in the circulation during metastasis, inhibition of this interaction could make
circulating tumour cells more susceptible to NK cell mediated attack. NK cells have been shown to kill
circulating tumour cells through expression of perforin, FasL and TRAIL (Smyth et al., 1999, Kayagaki et al.,
1999, Takeda et al., 2001), and work by Dr S Hino (Figure 3.2) has highlighted the importance of
endogenous TRAIL in the regulation of lung metastasis. For this reason, it would be interesting to
investigate whether FAK inhibition or B1 integrin-blocking alone increased the rate of apoptosis in the lung

in the absence of the rhTRAIL treatment.

These in vivo experiments showed high variation, which could impair the observation of greater
differences. This experimental design was chosen over PCR or batch isolation of lungs, as it allowed the
sequential extraction of data on cell number and cell morphology, therefore reducing the potential
number of mice needed. However, due to the time-consuming and technical method for isolating each
lung in this manner, a maximum of only two lungs could be isolated at the same time, preventing multiple

paired experiments from being performed. As the rhTRAIL was prone to precipitation 7 days after
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purification, new aliquots of rhTRAIL needed to be purified weekly. Therefore mice were injected on
different days, often with different batches of cells and different batches of TRAIL, adding large sources
for error between repeats. The data presented in Figure 6.13 show that this variation can be reduced by
modification of the experimental design, involving injection of large numbers of mice simultaneously, with
each mouse representing a different experimental arm. Although this prevents cell shape analysis, it does
show reduced variability and allows direct comparisons between paired animals. Further work should
investigate the effects of PF-228 in combination with TRAIL using this experimental design, as the reduced

variability may yield greater differences between untreated or PF-228 pre-treated cells.

Experimental metastasis models allow the consistent generation of large numbers of site specific
metastasis. They also allow the rapid and controlled analysis of the later stages of the metastatic process.
Therefore, this model provided a convenient and efficient method for the investigation of cancer cell
survival within the vasculature. However, as these models bypass the early stages of cancer cell
extravasation, they do not completely represent the physiological metastatic process. Equally, although
pre-treating tumour cells with inhibitors in vivo allowed simple investigation into TRAIL sensitivity, again
this does not represent a therapeutically viable strategy. To more closely approach the physiological
situation, mice could be injected orthotopically with MDA-MB-231 cells into the mammary fat pad. Once
the tumour had reached a certain size, mice could be treated systemically with both TRAIL therapy and an
appropriate inhibitor. In an orthotopic mouse model using MDA-MB-231 cells in BALB/c nu/nu mice, daily
treatment with bosutinib SRC inhibitor by oral gavage led to a reduction in primary tumour growth and a
reduction in the number of metastatic foci (Jallal et al., 2007), therefore adding a TRAIL treatment step
into this kind of experiment would not be difficult. Another advantage of measuring metastatic growth in
this manner is that it is measured over a longer time period than 24 hr. The experiments outlined in this
chapter investigated cell retention at this time because the first 24 hr were shown to be the most

important for tumour cell survival in the vasculature (Fidler, 1970, Price et al., 1986, Wong et al., 2001,
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Kim et al., 2004). However, no analysis was performed to determine whether there was a difference in
proliferation rate or senescence in the cells remaining at 24 hr after each treatment. It is also possible that
the cells co-treated with TRAIL and a cell adhesion/spreading inhibitor may continue to die more readily
beyond the 24 hr time point. Therefore investigating the number of metastatic foci in a long-term
experiment may show a more significant effect of the combination therapy. As endogenous TRAIL
expression has been well characterised on NK cells in the liver, it would also be interesting to evaluate the

effect of these combinations on liver, as well as lung metastasis.

In conclusion, this chapter presents a useful tool for the analysis of tumour cell morphology in the mouse
lung in vivo. It also presents data showing that the SRC family kinase inhibitor PP2 can act synergistically
with rhTRAIL to clear MDA-MB-231 breast cancer cells from the mouse lung, with a FAK inhibitor also
showing promising results. Further work is needed to gain less variable data, and to investigate these

sensitisation effects in other cell lines and other types of in vivo metastasis model.
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Chapter 7:
General discussion

The overall aim of this thesis was to investigate the hypothesis that inhibition of cell adhesion could
sensitise tumour cells to TRAIL-induced apoptosis. TRAIL sensitivity was defined as an increase in TRAIL-
induced apoptosis which was greater when TRAIL was used in combination with a secondary agent, than
the apoptosis caused by each agent when used individually. This hypothesis was shown to be correct
under the majority of circumstances tested in vitro, and outlined in the first three results chapters. This
finding is in line with previous reports that detachment can control sensitivity to apoptosis induced by
FasL and TNF-a in vitro (Shain et al., 2002, Rosen et al., 2002, Fornaro et al., 2003). The proteins targeted

are outlined in Figure 7.1.

7.1 Adhesion-mediated TRAIL sensitivity

Chapter 3 presents proof of principle experiments whereby anoikis-resistant human breast cancer and
melanoma cell lines were cultured on low attachment plates and shown to be significantly more sensitive
to TRAIL-induced apoptosis. These findings confirmed a previous study that suggested a role for matrix
adhesion in controlling TRAIL resistance in MCF7 breast cancer cells (Goldberg et al., 2001), and added

further support to the hypothesis presented above. All three cell lines showed TRAIL sensitisation,
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independent of their basal level of TRAIL resistance, and investigation into apoptosis protein expression

changes in MDA-MB-231 cells showed increased expression of DR5 in cells in low attachment conditions.

To further investigate whether cell adhesion and spreading defects could alter TRAIL sensitivity, Chapter 4
utilised a cell model in which cytoskeletal gene expression in MDA-MB-231 cells could be reduced through

inducible RNA silencing of the transcriptional coactivators MRTF-A and B.
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Figure 7.1 Schematic representation of the proteins targeted in this thesis. Red shading represents pathway members whose
depletion leads to TRAIL sensitisation in this thesis. Grey boxes represent molecules which have either not been tested or do not

sensitize to TRAIL in this thesis. * denotes either computationally predicted or known targets of SRF.

The work presented in that chapter confirmed reports of marked attachment and spreading defects in
MRTF-A/B depleted cells, and showed sensitisation to both TNF-oae and TRAIL-induced apoptosis (Medjkane
et al., 2009). These cells also showed higher protein levels of both receptors DR4 and DR5, however only
DR5 levels were increased at the surface and DR5 was shown to be more important for transducing the
apoptotic signal. MRTF-A/B depleted cells also showed reductions in OPG transcription and secretion,

however this was not at a concentration high enough to protect from TRAIL induced apoptosis. These cells
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showed a reduction in signalling through ERK1/2, and showed variable alterations in the intrinsic
apoptosis pathway components BCL-2 and HTRA2/Omi. To further support the presence of susceptibility
in the intrinsic apoptosis pathway, MRTF-A/B depleted cells showed robust caspase-9 activation. This was
the first report showing the ability of MRTF-A/B to control TRAIL sensitivity, and the first to show that
human MRTF-A/B can control sensitivity to TNF-a, as previously shown with mouse mrtf-a (Sasazuki et al.,

2002).

Chapter 5 then went on to look at the role of specific integrin signalling molecules in the control of TRAIL
sensitivity in MDA-MB-231 and 1205Lu cells. This showed that targeting B1 and B3 integrin subunits, talin,
SRC and FAK with siRNA or inhibitors leads to TRAIL sensitisation, however ILK knockdown did not. The SFK
inhibitor PP2 was likely to sensitise cells to TRAIL through its inhibition of a number of survival signalling
pathways, including AKT and ERK1/2. Interestingly, PP2 treated cells did not show receptor level changes,

but did again show increased caspase-9 cleavage, indicative of intrinsic apoptosis pathway amplification.

7.2 TRAIL sensitivity mechanisms

The first 2 chapters of this thesis show the importance of death receptor expression in the control of
TRAIL resistance following matrix detachment. DR5 expression levels were increased in MDA-MB-231 cells
on low attachment plates and surface DR5 expression increased in MRTF-A/B depleted cells. For MRTF-
A/B depleted cells this increase appeared to arise as a result of reduced degradation rather than increased
transcription. In support of this finding, recent work has found detachment induced relocalisation of DR5
from the Golgi to the cell membrane in an oesophageal cancer cell line (Liu et al., 2009). Previous studies
have also shown the importance of DR5 for controlling anoikis (Samara et al., 2007, Laguinge et al., 2008),
suggesting that rhTRAIL or DR5 blocking monoclonal antibodies such as lexatumumab may have more

therapeutic effect than a DR4 blocking antibody when used in combination studies.

190



Chapter 7: General discussion

Cell detachment has also been shown to increase cell surface levels of Fas (Aoudjit and Vuori, 2001,
Kamarajan et al., 2010). Interestingly, although little differences in Fas expression were detected on the
protein arrays, TNFR1 levels were substantially increased both in low attachment conditions and following
MRTF-A/B depletion. This increase in TNFR expression in MRTF-A/B depleted cells could explain their
enhanced sensitivity to TNF-a induced apoptosis, suggesting a switch from anti- to pro-apoptotic TNFR
signalling. Although further work was not done to investigate this response to TNF-a, it would provide an

interesting avenue for additional research.

Interestingly, PP2 treated cells did not show similar increases in death receptor levels at the whole cell
protein level, further confirmed by other reports using PP2 (De Toni et al., 2007). Therefore although
death receptor changes induced by cell detachment seem to be common in many cell lines, this effect

may still be cell line dependent.

Both PP2 treated and MRTF-A/B depleted cells showed increased activation of the intrinsic apoptosis
pathway through caspase-9. This is unlikely to be mediated through p53, as MDA-MB-231 cells have
mutant p53 (Petitjean et al., 2007). In the case of MRTF-A/B depleted cells, increased expression of BID
could result in increased BID cleavage following caspase-8 activation from the DISC. It is also possible that
alterations in the levels of BCL-2 family proteins could allow increased caspase-9 activation, with mild
reductions in BCL-2 expression shown in MRTF-A/B depleted cells. Although the work in this thesis does
not characterise the exact mechanism behind this amplification, many studies have implicated intrinsic
apoptosis pathway members such as BCL-2, BCL-X,, BIM and BAX in the control of apoptosis following
disruption of attachment or integrin signalling (Gilmore et al., 2000, Matter and Ruoslahti, 2001, Coll et al.,
2002, Reginato et al., 2003, Galante et al., 2009). However, the control of apoptosis protein expression by
attachment appears to be dependent not only on the cell line but on the matrix type and even the integrin

subunit involved. For example, Fornaro and colleagues found that although attachment of PC3 cells to
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fibronectin could increase survivin levels and protect from apoptosis, this response was not seen in LNCAP
cells cultured on fibronectin. Similarly, after attachment of PC3 cells to laminin rather than fibronectin,

BCL-2 expression was altered, with survivin levels unchanged (Fornaro et al., 2003).

Numerous studies have also implicated the importance of survival signalling pathways such as AKT,
ERK1/2, NFkB and p38 in the control of apoptosis proteins downstream of cell attachment, but the
dominating pathway appears to differ between cell lines and culture conditions (Sonoda et al., 2000, Lane
et al., 2008, Grosse-Wilde et al., 2008). In this thesis, ERK1/2 inactivation was seen both in MRTF-A/B
depleted and PP2 treated cells, and correlated with the onset of TRAIL sensitivity. AKT inactivation was
also seen in PP2 treated cells, and the TRAIL sensitivity effect was likely to be mediated by a combination
of the inhibition of the two, along with the disruption of NFkB and potentially other unidentified signalling
pathways. Reduction in the activity of these survival signalling pathways may account for the increased
activation of the intrinsic apoptosis pathway in these cells, as ERK, AKT and NFkB are known to regulate
the expression of a number of proteins involved in the intrinsic apoptosis pathway (Sonoda et al., 2000,
Gilmore et al., 2000, Aoudjit and Vuori, 2001, Reginato et al., 2003, Fornaro et al., 2003). A number of
recent studies have implicated AKT signalling in the control of TRAIL resistance in ovarian, neuroblastoma
and breast cancer lines both in general (Opel et al., 2011), and after disruption of adhesion (Lane et al.,
2008, Lane et al., 2010). The authors of these studies suggest the potential for AKT inhibitors as a
combination strategy with TRAIL therapy. However, MDA-MB-231 cells have been shown to express low
levels of active AKT, with their anoikis resistance being mediated through ERK1/2 signalling (Eckert et al.,
2004). Similarly, enhanced TRAIL sensitivity in detached mouse carcinoma cells was shown correlate with
reductions in ERK1/2 and not AKT activity (Grosse-Wilde et al., 2008). The data presented in this thesis
shows the importance of both ERK1/2 and AKT in the control of TRAIL sensitivity in both MDA-MB-231 and
1205Lu cells. By inhibiting ERK1/2 and AKT signalling, a combinatory increase in TRAIL sensitivity could be

observed. Other survival pathways have also be implicated in the control of apoptosis following
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detachment including reductions in NFkB and induction of p38 (Rosen et al., 2002), and the dependence
of cells upon a particular pathway for survival is likely to be dependent on cell type and mutation status.
Therefore targeting cell adhesion at a level which can control a number of survival signalling pathways, as
exhibited using the SFK inhibitor PP2, would potentially sensitise a broader range of cell lines to TRAIL
induced apoptosis. These cells would also be less likely to develop rapid resistance to the drug, as multiple

signalling pathways would be inhibited.

One of the limitations of the work in this thesis is that it does not distinguish sensitisation effects resulting
from altered integrin signalling following detachment from those resulting from alterations in cell shape. It
is possible that in addition to altered survival signalling downstream of integrins, that changes in cell
distension (as a direct result of cytoskeletal disruption and cell rounding) can also account for some of the
apoptosis sensitivity (Franklin-Tong and Gourlay, 2008). Previous studies have implicated cell spreading as
a factor in the control of apoptosis. Growing single cells on surfaces coated with differentially spaced
matrix coated islands allowed cell distension to be altered, without affecting the surface area of contact
(Chen et al., 1997). Cells which were more spread were shown to be more protected from spontaneous
apoptosis than those which were less distended. Similarly, MCF10 cells could be sensitised to apoptosis
through cytoskeletal disruption, independent of adhesion (Martin and Leder, 2001).Therefore the ability
of many of the inhibitors used in this thesis to induce cell rounding or spreading defects may influence the
apoptotic response through mechanisms which depend on cytoskeletal disruption as well as a reduction in

integrin-mediated survival signals.

Recent work has also shown that the integrin binding protein CCN1 can influence TNF ligand induced
apoptosis, but by promoting rather than suppressing it (Franzen et al., 2009). This contrasts with the work
presented here, and by others, and suggests added complexity to the role of adhesion in the control of

sensitivity to TNF ligands. This highlights the importance of testing the results of this thesis on a wide
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range of ECM matrix proteins, and emphasizes the need to test these combination strategies thoroughly

in vivo, where cells are in contact with a wide range of ECM proteins.

7.3 TRAIL sensitisation in vivo

The effect of combining rhTRAIL with PF228 or PP2 on the retention of MDA-MB-231 cells in the mouse
lung gave promising results, with PP2 and rhTRAIL resulting in an 81 % decrease in lung metastasis only
24 hr after injection. However, due to the variability of the in vivo data, and the artificial nature of the
metastasis model, further work needs to be done to investigate the effect of these combinations in long

term metastasis assays and in orthotopic or spontaneous mouse models of metastasis.

However the striking anti-metastatic effect of B1 integrin blocking alone in MDA-MB-231 highlights the
critical role for this signalling pathway in controlling metastasis. As inhibitors to SRC, FAK and B1 integrins
have been shown to reduce metastasis through their inhibition of adhesion, migration and invasion, they
also have significant anti-metastatic properties when used as single agents (Fujita et al., 1992, Trevino et
al., 2006, Jallal et al., 2007). The work presented here suggests an added advantage of targeting this
pathway in cancer therapy. Not only will cells have reduced ability to adhere to platelets or the
vasculature during metastasis, but they will be more sensitive to death signals from the immune system or
from combination with exogenous TRAIL therapies. Therefore targeting this pathway provides a two

pronged attack for the elimination of circulating tumour cells.

As the targets for TRAIL sensitisation outlined in this thesis are currently targets for therapeutic cancer
treatment, inhibitors already exist for the majority of them. There are also a range of SRC and FAK
inhibitors in clinical trials, with dasatinib already approved for use in the clinic against chronic myeloid
leukaemia (Das et al., 2006). Further work should combine these agents with rhTRAIL in vitro and in vivo at

concentrations which are currently used safely in the clinic. Another interesting inhibitor to investigate



Chapter 7: General discussion 195

would be the Rho-inhibitor CCG-1423, shown to reduce SRF activity (Evelyn et al., 2007). As a recent study
has shown greater efficacy of the DR5 agonistic antibody lexatumumab in triple negative breast cancers, it
would also be interesting to test the inhibitors outlined in this thesis in combination lexatumumab in vivo,
rather than rhTRAIL, to investigate whether this combination would show even greater synergy (Malin et

al., 2011).

7.4 Findings in context

During the duration of this thesis work, more studies have emerged showing the importance of cell
adhesion in controlling TRAIL resistance. Lane et al, found that detachment of ovarian cancer cell lines
could sensitise them to TRAIL-induced apoptosis in vitro through a reduction in AKT activity (Lane et al.,
2008) and that epithelial ovarian cancer ascites can provide ovarian cancer cells with protection from
TRAIL-induced apoptosis through integrin activation of FAK and AKT and reduction in BID levels (Lane et
al., 2010, Goncharenko-Khaider et al., 2010). Detachment was also shown to sensitise mouse squamous
cell carcinoma cells to TRAIL-induced apoptosis through a reduction in ERK1/2 signalling (Grosse-Wilde et
al., 2008) and to sensitise an oesophageal cell line to a DR5 agonistic antibody (Liu et al., 2009).
Interestingly, in fetal colon and HT29 colon adenocarcinoma cell lines, detachment increased resistance to
TRAIL through a process mediated by activation of FAK and AKT. Although this contrasts with other
reports of detachment induced TRAIL sensitivity, it again highlights the potential of inhibitors targeting
FAK and AKT in the control of TRAIL sensitivity (Koci et al., 2011). Further highlighting a role for this TRAIL
response in vivo, SRC was found to mediate the protection of metastatic breast cancer cells from TRAIL-

induced apoptosis in the bone microenvironment (Zhang et al., 2009a).

Together with the data for melanoma and breast cell lines presented in this thesis, these findings suggest
that adhesion is likely to be an important mechanism for TRAIL resistance in many cancer types. Anoikis-

resistant cells may be able to prevent spontaneous apoptosis by alterations in the levels of their
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intracellular apoptosis regulators. However, it seems apparent that these ‘signalling blocks’ are not strong
enough to protect from exogenous application of death ligands such as TNF-a and TRAIL. Therefore
targeting tumour cell adhesion in combination with a TRAIL therapy could provide an effective method of

clearing even the most aggressive tumour cells from the circulation

The level of TRAIL sensitisation achieved through the mechanisms reported in this thesis are within the
range of the sensitisation reported for other combination strategies such as proteasome inhibitors,
histone deacetylase inhibitors and small molecule BCL-2 inhibitors (Hao et al., 2004, Khanbolooki et al.,
2006, Voortman et al.,, 2007, Schiiler et al., 2010). They are also greater than the levels of sensitivity
induced by TRAIL in combination with gefinitib in bladder cancer cell lines (Shrader et al., 2007). A large
number of studies have investigated the combination potential of proteasome inhibitors and HDACi with
TRAIL therapies, and cells lines have been shown to vary greatly in their sensitivity to the combination
effects. This is likely to be due to their mutation status, and their reliance on particular signalling
pathways. For example, the leukaemia cell line K562, which does not signal through the intrinsic pathway
of apoptosis is resistant to the sensitisation effects of BCL-2 inhibitors in combination with TRAIL (Hao et
al., 2004). Therefore again, it will be useful to test the inhibitors in this thesis with a broader range of

cancer cell lines, to fully investigate its potential as a therapeutic strategy.

The sensitisation effects reported in this thesis were not as high as those recently reported in two triple
negative breast cancer cell lines (CRL2335 and MDA-MB-468) treated with TRAIL and cisplatin in vitro (Xu
et al., 2011). However cisplatin in combination with TRAIL has also been shown to induce apoptosis in
primary human hepatocytes and lymphocytes in vitro (Ganten et al.,, 2006, Meurette et al., 2006).
Therefore to fully compare it to existing combination strategies, further work needs to investigate

whether the inhibitors used in this thesis would have the advantage of not inducing hepatotoxicity when
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used in combination with TRAIL. Work by De Toni has already purported to this, showing that PP2 and

TRAIL do not exhibit hepatotoxicity in vitro (De Toni et al., 2007).

Whilst the work for this thesis was being done, a number of reports implicated the multi-kinase inhibitor
sorafenib as a potential TRAIL sensitising agent, through its ability to down regulate the pro-apoptotic
molecule MCL-1 (Ricci et al., 2007, Huang and Sinicrope, 2010). A phase | trial with sorafenib and the
agonistic DR4 TRAIL receptor antibody is currently underway in patients with advanced hepatocellular

carcinoma, with a phase Il study currently recruiting. The results of these trials will be eagerly anticipated.

In conclusion, the work outlined in this thesis greatly supports a role for cell adhesion in controlling TRAIL
sensitivity, and builds on the limited number of initial studies in this area. It presents a number of ways in
which TRAIL sensitivity could be altered, and presents a potential new therapeutic target in combination
with TRAIL therapies. It also opens up the field for further investigation into other signalling pathways
involved in cell-cell or cell-matrix interactions, and their ability to influence TRAIL signalling. As metastasis
is the main reason for cancer patient mortality, finding effective therapeutic strategies to prevent and

reduce circulating tumour cells is essential to prolong the length and quality of life in cancer patients.
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Supplementary Chapter 1:
Apoptosis Array Optimisation

S1. Introduction

Protein arrays are becoming an increasingly popular tool for investigating protein expression changes
within entire signalling pathways (Kopf and Zharhary, 2007). This high-throughput method of protein
analysis allows sensitive, simultaneous investigations to be performed, highlighting potential targets of
interest much more rapidly than conventional Western blotting. These arrays can be used with a variety of
sample types including whole cell lysates, tissue samples and conditioned media, giving them a wide scope
of application in the proteomics field. The ability to investigate global protein changes is essential for our
understanding of disease changes, drug responses, and to aid the identification of therapeutic biomarkers

(Tannapfel et al., 2003, Sanchez-Carbayo et al., 2006, Vazquez-Martin et al., 2007).

Protein arrays such as the Proteome Profiler™ Arrays from R&D Systems allow the investigation of protein
expression changes within a number of important biological pathways including the apoptosis pathway.
They are created by the spotting of duplicate spots of capture antibody onto a nitrocellulose membrane.
The incubation of biological samples with these membranes results in the binding of sample proteins to
the relevant capture antibodies. The more protein present in the sample, the greater the amount will bind
to the capture antibody, allowing the determination of protein levels within samples. A cocktail of

biotinylated detection antibodies are used to detect the presence of protein bound to each spot, and this
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signal is amplified using HRP-conjugated streptavidin. The HRP tag allows the imaging of the arrays using

conventional chemiluminescence substrates and development onto X-ray film (Huang and Amero, 1997).

$1.1 Chemiluminescence/film data acquisition

Although chemiluminescence allows relatively rapid detection using X-ray film and reasonable sensitivity,
there are two main limitations: noise and dynamic range. As well as the inherent noise caused by the grain
of the film, both the film development and subsequent scanning create opportunities for dust and
scratches to become introduced from the physical handling of the film. An example of noise in a film

image can be seen in figure S1A.

For this application, the dynamic range of film is relatively poor meaning that adequate exposure of the
weaker spots results in overexposure of the stronger spots. Figure S1B shows a 10 sec and 1 min exposure
of the same protein array to film. Spots that appear missing in the 10 sec exposure become visible in the

1 min exposure but at the expense of over exposing the stronger spots.
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Figure S1. Noise and dynamic range limitations of array images on film. A Enlarged portion of an R&D Systems Proteome Profiler™
Array imaged using chemiluminescence/film illustrating noise due to film grain and dust (indicated by arrows).B 350 ug of MDA-MB-231
whole cell lysate incubated with the array and developed using ECL + reagent with a 10 sec or 1 min exposure. Some of the weaker spots

in the 1 min exposure are missing in the 10 sec exposure, whilst the stronger spots are over exposed in the 1 min exposure.
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Figure S2A shows the spatial intensity distribution for the second of the procaspase-3 spots (labelled in
figure S1B) resulting from a 10 sec and 1 min exposure. The flat top of the distribution for the 1 min
exposure suggests saturation. Plotting the average intensity of each of the protein spot pairs for the
10 sec exposure against those of the 1 min exposure gives a curve which flattens at high values. The
consequence of this saturation effect is that multiple exposures are necessary to acquire intensity values

for all of the protein pairs that are free from saturation.
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Figure S2. Evidence of signal saturation on film images of arrays. A The light intensity distribution for the second procaspase-3 spot (see
figure S1) for a 10 sec and 1 min exposure. The flat top of the distribution for the 1 min exposure suggests saturation. B Plot of the
averaged spot pair values for the 10 sec and 1 min exposures. The points in red correspond to the 3 pairs of control spots. The flattening

of the curve for high values suggests saturation in the 1 min exposure.
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Another possible method of chemiluminescence detection is the In Vivo Imaging System (IVIS® 200) from
Caliper Life Sciences. This machine is designed for non-invasive in vivo imaging, as it can detect
fluorescence and bioluminescence with a high sensitivity. However the VIS is susceptible to background
noise resulting from cosmic ray strikes, giving a much worse signal to noise ratio than film images. To
overcome this, multiple exposures would need to be taken which were beyond the capacity of the
software. For these reasons, imaging arrays on the IVIS was ruled out as an impractical means of data
acquisition. Although chemiluminescence has long been the conventional method of Western blot and

protein array detection, fluorescence based detection methods are becoming an appealing alternative.

$1.2 Fluorescence data acquisition

The use of fluorescent detection techniques gives the opportunity for multiplexed analysis using
fluorophores emitting at different wavelengths and eliminates the reliance on variable enzymatic reaction
steps. However previous studies have shown that fluorescent probes within the visible light range have
lower sensitivity than chemiluminescence due to the tendency of the biological membranes to auto
fluoresce (Gingrich et al., 2000). The use of fluorophores which can be excited in the infrared detection
range eliminates this problem of autofluorescence, greatly increasing the sensitivity and application of

fluorophore-based detection.

The Proteome Profiler™ Array Human Apoptosis Array protocol can be adjusted to replace streptavidin-
HRP with a streptavidin conjugated fluorophore (Alexa-700). This emits light only when excited at the
appropriate wavelength, using equipment such as the Odyssey® Infrared Imager from LI-COR® Biosciences

(figure S3).
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Figure S3. Array image acquired using infrared detection using Licor® Odyssey.

There are distinct advantages of using infrared fluorescence over chemiluminescence for array data
acquisition. Firstly, acquiring protein array data using infrared fluorescence allows the direct digitization of
array read-outs, reducing the opportunity for the incorporation of noise into images. Secondly, as the
signal from the conjugated fluorophore is only emitted following excitation, there is the possibility of re-
scanning arrays after the initial experiment was performed. A third distinct advantage of using infrared
detection techniques is that they have a much higher sensitivity, detecting proteins over a much greater

linear range than chemiluminescence techniques (Schutz-Geschwender et al., 2004, Wang et al., 2007).

$1.3 Semi-quantitation of arrays

Both chemiluminescence and fluorescence detection methods result in an array image in which spot
intensity relates to protein level. The next challenge is to quantitate the spot intensity, allowing more
meaningful comparisons between conditions. Without the ability to fully or semi-quantitate protein
expression levels, conclusions must be drawn on relative protein expression levels using the limitations of
the human eye. The instructions for semi-quantitation of arrays provided with the R&D Systems apoptosis
array are greatly subject to interpretation and suggest a laborious process of manually planting a region of
interest over each spot using software such as Imagel to derive average intensity values for each spot. For

large arrays, this can be an arduous and inaccurate process.
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S2. Aims

The primary aim of this chapter is to develop an automatic software tool to allow rapid and accurate semi-
guantitation of data from the R&D Systems human apoptosis arrays used in this thesis. For the work in
this thesis, chemiluminescent data acquisition methods were used to obtain array images. However, once
developed, this tool was tested on arrays developed using different data acquisition techniques. This led
to the development of a general tool which could be adapted to different array types and on array images

acquired using both chemiluminescent and fluorescent techniques.

The second aim was to use the tool to investigate the potential merits and/or limitations of

chemiluminescence and infrared data acquisition techniques.

This work was performed in collaboration with Dr P D Allen of the GIROB Imaging Core, Gray Institute of

Radiation Oncology and Biology, Oxford.

S3. Materials & Methods

To develop an automatic method of protein level semi-quantification, the Proteome Profiler™ Human
Apoptosis Array Kit was used (#ARY009) from R&D Systems. Each array membrane contains 35 apoptosis
proteins, spotted in duplicate adjacent spots, along with negative and positive control spots (see Figure

S4).

Each kit contained four individual arrays: two were prepared using the chemiluminescence method (Film
A and Film B) and the remaining two prepared using the infrared method (Licor A and Licor B). All four
were prepared using the same biological sample so that intra- and inter-method variability could be

investigated. Image analysis software was designed by Dr P D Allen using MATLAB® (Mathworks®).
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Figure S4 R&D System Proteome Profiler™ human apoptosis array. A An example of a human apoptosis array generated using
350 pg of MDA-MB-231 whole cell lysate and developed onto film using chemiluminescence. B Overlay outlining which spots

pairs correspond to which apoptosis protein, outlined in the table in C.

$3.1 Chemiluminescence detection
MDA-MB-231 cells were lysed using the lysis buffer provided in the array kit. Protein concentration was
measured using a BCA assay (Thermoscientific). The array membranes were prepared as outlined in

Chapter 2, Section 2.5 and developed using X-ray development as described in Chapter 2, Section 2.3.6.

$3.2 Infrared detection
For the analysis of membranes using infrared detection techniques, the protocol for membrane
preparation required alteration. Whole cell lysates were prepared as outlined above. Prior to blocking, the

numbers printed on the top of the membranes were cut off and the membrane marked in pencil. This was
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necessary to prevent autofluorescence of the ink used to print the numbers (see figure S5). Instead of
Streptavidin-HRP solution, membranes were incubated with a 1/7500 dilution of Streptavidin Alexa-Fluor
700 (Invitrogen) for 30 min at room temperature in the dark. After the final wash, membranes were read
using the Odyssey® Infrared Imager from LI-COR® Biosciences. Images were acquired using the 685 nm
laser, with a resolution of 84 um, illumination setting of L1.5 and quality set to “highest' (i.e. no image
compression).
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Figure S5. A LI-COR image of a membrane showing autofluorescent contamination from the ink in the serial

number. The serial number must be removed prior to preparation.

$3.3 Image Analysis

The image analysis outlined in this section was performed using MATLAB® software by Dr P D Allen.

$3.3.1 Template creation

R&D Systems produce a range of protein arrays investigating specific biological pathways, each using a
different spatial arrangement of spots. For automatic analysis of the arrays, a template was created for
each array type, containing the relative coordinates and protein label of each spot. This template could
then be fitted automatically to array images using a rigid registration. This rigid template is only a starting
point for further image analysis because, as shown in Figure S6, manufacturing inconsistencies mean that

the array spots are never exactly aligned to the rigid template created by the transparency overlay.
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Human Apoptosis Array
Transparency Overlay
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Figure S6. Example of a processed protein array aligned with a transparency overlay image. The two furthest
reference spots E1 and A24 were aligned in this overlay. However, fluctuations in precise spot position make

perfect alignment impossible.

$3.3.2 Spot centre location

Due to these inconsistencies in array manufacture, the rigid registration of the protein array template to
the two extreme reference spots must then be refined through a local search for the true spot centres.
However, from looking at the spot profiles, it is clearly evident that the intensity pattern of the spots
varies depending on the data acquisition type (Figure S7). Therefore different search strategies must be
designed to find the centres of the spots imaged by film and Licor®. For example, Figure S7A shows that in
film images the spots mainly appear as diffuse ‘blobs’, whereas they appear as sharply defined annuli in

Licor® images (Figure S7B).

An explanation for this difference is likely to be that although the manufacturing protocol prints the
antibody on the membrane with an annuli shape, the placing of film onto the membrane allows light to hit
the film in all directions. This will result in the creation of a blurred image which appears as a diffuse spot.
This also suggests that in film images, the diameter of the spot may appear to widen with protein

intensity, as light is scattered over a further distance.
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Figure S7. Difference in appearance of corresponding spot pair from arrays processed using film (A) and Licor® (B). Licor®
images shown clearly defined annuli shape, compared to the diffuse appearance of film spots. Red line indicates the cross

section through the spot pairs which is represented graphically (right).

When the array is scanned using the Licor® Odyssey, only the area under the scan head is illuminated at
one time. This prevents the light scattering effect seen on the film, therefore resulting in an image which
more genuinely represents the true spot signal. This difference in spot pattern must be taken into account

when designing a spot centering method.

An appropriate template was created and a local template matching search was used to find the spot
centre. The film template defined the spot centre as the location from which radial profiles in all
directions would be most similar. For the Licor®, an annulus template match was used to find the spot

centre.
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$3.3.3 Quantification of spot intensity

For film, although spot intensity can be measured from the central region of the spot using the method
outlined above, the size of the spots in the images appear to increase with intensity. In fact, the spots are
all the same radius and so this is an artefact of the imaging process caused by light being emitted
obliquely from the spot edge. Therefore, as the intensity of the spot increases, the apparent spot radius
also increases. As the real spot radius is known, it would seem sensible to define spot intensity as the
average value obtained from a region centered on the spot of radius R, and given that there may be small
errors in spot centre location, taking a fraction of R would ensure that a value was taken from within the
border of the “real’ spot.

However, when the central part of the spot has reached saturation, the peripheral light intensity outside
the spot may still be below saturation and so the spot will still appear to grow in size as a function of
protein density. Therefore, the total intensity was measured over an area which was larger than the
known genuine spot radius, but less half the distance between spots (to prevent measuring signal from an
adjacent spot). This method helped to overcome some of the saturation problems outlined in Section
S1.1. Figure S8 shows the results of testing this hypothesis on the same images used for figure S2B. This
plot still deviates from linearity for the highest values, but allows the extraction of more useful data as

fewer spots have reached saturation.
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Figure S8. Comparison of a 1 min and 10 sec exposure to film, using an analysis tool which takes into account the
increasing spot diameter. Measuring film spot intensity over a larger area overcomes some of the saturation problems

seen in Figure S2B.
Figure S9 shows spot pair profiles obtained from Licor® images. In each figure two arrays are compared: A
and B, two arrays from the same kit prepared using the same biological sample. Theoretically, the protein

levels and hence spot intensities should be the same on both arrays. Looking closely at the profiles, it is

the “rim' of the spots that gives the consistent values with the centres varying significantly.

Thus when processing Licor® images, the intensity value for each spot is simply the average of the pixel
positions given by the annulus template. This means that spot centering and data extraction can be

combined in the same computational step.
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Figure S9. Spot profiles for the catalase protein pairs from two Licor® repeats. Data from two array repeats (A and B)
performed with the same MDA-MB-231 sample showing the outer rim values to be more consistent than the centre
values.
$3.3.4 Semi-quantitation of protein levels
Once a numerical value has been assigned to each spot using the methods outlined above, these are
converted into a value which represents relative protein level. This is done by taking the average of the
two duplicate spots which represent each individual protein. To account for background signals, an
average value is taken from two negative control spots and this is subtracted from the average protein

value.

The MatLab program is designed to give 3 outputs to the user

1. A plot of relative protein levels.

2. A spreadsheet which lists the protein names, individual values for each replicate, mean value for

each spot pair, and the difference between each spot pair value.

3. Aspread sheet which lists all the spot values in the order they appear in the template.
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S$4.Testing the templates: comparison of chemiluminescence vs infrared

data acquisition techniques

Using the newly developed MatlLab tool described above to extract relative protein values from the
Proteome Profiler™ Arrays, the relative merits of chemiluminescence (using film development) and

infrared (using Licor®) detection techniques were compared.

$4.1 Catalase spot detection

As described earlier, the same biological sample was used on 4 apoptosis protein array membranes; 2
developed onto film and 2 analysed using the Licor® Odyssey. When comparing these two detection
techniques, there is one stark and consistent difference between the results from the two acquisition
techniques. The catalase spot is completely absent in arrays developed onto film (Figure S10A) whereas it

can clearly be seen in Licor® images of the same sample (Figure S10B).

Catalase is an enzyme responsible for the breakdown of hydrogen peroxide into water and oxygen
(Chelikani et al., 2004). Hydrogen peroxide is essential for the chemiluminescence reaction which
generates the light needed for acquisition by film. Therefore it seems probable that where lysates express
high levels of catalase, this protein bound to the membrane can interfere with the luminescence reaction,
preventing light being emitted from the catalase spot. This would suggest that infrared detection using the
Licor® may be the only accurate method for analysing catalase protein levels from these apoptosis arrays.
Whatever the reason for this discrepancy, it is a marked and consistent observation which must be kept in

mind when deciding which data acquisition method to use.

237



A . Catalase
L e &
- - - »
LR
e
® B
LR & o &
.0
B ° @ Catalase
oo ‘0 o
L
L
@0
[ N J L
N
® 0

Supplementary Chapter S1 238

Figure S10. Film images consistently lack catalase protein signal. Four protein array repeats using the same MDA-MB-231

whole cell sample; two developed onto film and two using the Licor® Odyssey. A Shows duplicates developed onto film,

both lacking a detectable catalase spot. B Shows duplicates acquired using the Licor® Odyssey which show strong catalase

signal.

S$4.2 Repeatability

To investigate the repeatability of the film and Licor® methods the correlation between the protein values

obtained from each method was calculated. The Pearson correlation can be distorted by particularly

strong signals, such as the strong procaspase-3 signals. Therefore the Spearman correlation was calculated
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as this determines the correlation based on ranking the data and therefore is less influenced by large,

isolated data values.

Looking at the images in figure S10, the Licor® repeats appear to be more consistent than the film repeats,
where some large film discrepancies can be seen by eye. This observation is supported by the correlations

in Table S1, showing that the Spearman correlation value is lower for film repeats than for Licor® repeats.

Comparison Spearman
Licor® A vs Licor® B 0.9316
Film A vs Film B 0.7439

Mean film vs Mean Licor® 0.9013

Table S1. Inter and intra variability of the protein levels obtained by film and LICOR® Odyssey. Spearman rank correlation
values from values obtained from repeats using the same biological sample. Due to the large catalase signal differences between

film and Licor®, catalase values were excluded from the correlation calculation to prevent distortion of the values.

The correlation between film and Licor® is no worse than the correlation between film A and film B,

suggesting that the results obtained by Licor® are consistent with those obtained with film.

To verify that the annulus is the most consistent portion of the spot signal, variation between
corresponding spots was compared for two Licor® repeats using the same sample. The values for each
corresponding spot should be the same across repeats; however some small difference were often seen.
The mean of this difference ( Diff ) was calculated for all spot pairs on the array, representing the mean
magnitude of the differences between the repeats. It was also calculated for a subset of highly expressed

proteins. Diff values were calculated from data extracted using spot templates which measured the
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whole spot, only annulus region, or only the core spot region. As shown in Table S2, the template
measuring spot intensity from the annulus gave consistently lower Diff between repeats, illustrating that
the values from the annulus region are more consistent than the inner core. For highly expressed proteins,
Diff from the core was twice the value of that calculated from the annulus region and this could reach

over four times higher for certain individual spot pairs.

Diff (all data spots) Diff (strong spots only)
Whole spot template 0.6633 1.1002
Annulus only template 0.6074 0.8811
Core only template 0.8816 2.0185

Table S2. Djff values confirm the improved reliability of Licor® data semi-quantified using the annulus template.

This confirms that the annulus template should be used for more accurate spot intensity extraction when

analysing images from the Licor® Odyssey.

S5. Discussion

The main aim of this work was to develop an automatic tool for semi-quantitation of human apoptosis
arrays. In this chapter, a method is presented allowing the semi-quantitation of protein array spots using

data acquired both from chemiluminescence and infrared data collection techniques.

Due to the differences in spot appearance which result from using these two data acquisition techniques,
two different analysis methods had to be designed. In the case of film, the optimum method measures a
value calculated from the entire protein spot, whereas images acquired from the Licor® required a

method which measures only from the outer ‘annulus’ region.
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Although the software for analysing arrays developed onto film can be altered to integrate the size of the
spot in order to overcome some saturation problems, the use of infrared greatly reduces the problem of
saturation and the need for multiple exposures. Although this tool is not fully quantitative, as it does not
use a standard concentration curve to determine that absolute amount of each protein in each sample, it

allows the comparison of relative amounts of proteins across different samples.

This software was then used to compare the relative merits of chemiluminescence and infrared
fluorescence as array detection techniques. Film development of chemiluminescence gave a wide dynamic
range, posing some practical problems for data analysis. To ensure that none of the data points are
saturated, multiple exposures must be taken, and data analysed from an exposure in which the signal is
great enough for detection but not yet saturated. Development onto film also gave opportunity for the
incorporation of noise into the array images, capable of creating artificial signals within the array spots.
Chemiluminescence detection using the IVIS®200 proved to be very impractical due to very large levels of
background noise and limitations of the software. In comparison, infrared data acquisition using the Licor®
Odyssey gave data with higher sensitivity, much lower levels of background noise, and the potential to re-
scan at later times. By comparing array repeats with the two methods, this data shows that the
repeatability of data acquired using infrared fluorescence is higher than with film, suggesting that it is a
more reliable method of protein array detection. In addition to this, the most reliable data is extracted
from infrared array images using the software which measured intensity only from the annulus region. It
also became apparent that the catalase spot could only be measured using infrared detection techniques,
possibly because the catalase protein bound to these arrays can interfere with the chemiluminescence

reaction.

In conclusion, this data presents an accurate and time-efficient tool for analysing protein arrays. This tool

was used to confirm the superiority of infrared data acquisition over chemiluminescence. Although the
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chemiluminescence technique was used to collect experimental data for this thesis, it was the results from
these early experiments that led to the realisation of the need for a more efficient analysis method. The
software tools developed and outlined in this optimisation chapter are now currently being used by other

scientists within the department in order to gain more reliable and reproducible protein array results.
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