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Activation of death receptors by their cognate ligands can induce apoptosis through
the formation of death receptor signalling complexes. TRAIL has been demonstrated
to selectively induce apoptosis in transformed cells, but not normal cells, by binding to
its death receptors, TRAIL-R1 and TRAIL-R2 and inducing DISC formation. However, the
use of TRAIL as a cancer therapeutic has been hampered by widespread intrinsic and
acquired resistant to TRAIL in tumours. Gaining a better understanding of the
mechanisms which regulate TRAIL signalling in both tumour and normal cells, will
enable new strategies to overcome tumour resistance to TRAIL-induced apoptosis.
Therefore, the aim of this thesis was to identify and characterise novel mechanisms
which regulate TRAIL signalling using protein complex isolation, mass spectrometry
and functional assays.

By isolating the TRAIL DISC and unstimulated TRAIL-R1/R2 using wild-type TRAIL and
TRAIL-R1 or -R2 specific TRAIL mutants, novel protein interactors were identified.
Oxysterol binding protein related protein 8 (ORP8) was shown to specifically interact
with unstimulated TRAIL-R1/R2 and regulate the cell surface expression of TRAIL-R2.
An SCF complex, composed of S-phase kinase associated protein 1 (Skp1), cullin-1
(CUL1) and F-box only protein 11 (FBXO11), was shown to interact with unstimulated
TRAIL-R1/R2. The role of this complex was hypothesised to regulate ubiquitination and
proteasomal degradation of TRAIL-R1/R2. The serine/threonine phosphatase, PP2A
was demonstrated to interact with both the TRAIL DISC and unstimulated TRAIL-
R1/R2. PP2Ais likely to regulate TRAIL signalling by de-phosphorylating TRAIL-R1/R2 or
associated proteins. In addition, the mechanism by which activated PKC inhibits TRAIL-
induced apoptosis was further investigated. Activation of PKC induced the
phosphorylation of the intracellular domain (ICD) of TRAIL-R2. This phosphorylation,
most likely on the TRAIL-R2-T298 residue, prevents aggregation of TRAIL-R2 into a high
molecular weight (HMW)-TRAIL DISC. Inhibition of HMW-DISC formation prevents
FADD recruitment, caspase-8 recruitment and activation, and blocks the induction of
both the apoptotic and non-apoptotic arms of TRAIL signalling.
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Chapter 1: Introduction

1.1: Cancer

Cancer is one of the leading causes of morbidity worldwide (WHO, 2014). In 2012
there were estimated to be over 14 million incidences of cancer and 8.2 million
cancer-related deaths. These numbers are only expected to rise, with 22 million new
global incidences of cancer per year predicted to occur within the next two decades

(Ferlay et al., 2015).

Cancer describes diseases resulting from the uncontrolled division of abnormal cells
which become malignant and invade other sites in the body (Hanahan and Weinberg,
2011). Although grouped under the term “cancer”, over 100 different cancers have
been observed which vary significantly due to the different cells from which they
originate (Hanahan and Weinberg, 2000). All cancers however share the same
property of growth independent of the control under which most healthy cells are
constrained. This independency from control occurs by the progressive uptake of
genetic alterations which transform healthy, normal cells into highly malignant
derivatives (Hanahan and Weinberg, 2000). Hanahan and Weinberg published two
key papers highlighting the regulatory circuits which must be disrupted in order for a
cell to gain malignancy, termed the “Hallmarks of Cancer” (Hanahan and Weinberg,
2011, 2000). These hallmarks include the ability of a cell to achieve replicative
immortality, proliferate without requiring growth signals, tolerate genomic instability

and metastasise to other sites.

Perhaps most importantly, cancerous cells must also be able to evade the mechanisms
which kill damaged cells (Hanahan and Weinberg, 2000). One important mechanism is
the detection of damaged DNA. Checkpoints exist inside each cell which prevent
proliferation if damaged DNA is detected. If the damage is not resolved, the cell is
then directed to die by a controlled process termed apoptosis (Whibley et al., 2009). It
is this DNA damage response which is exploited by conventional radiotherapy and
chemotherapies. Here cancer cells are particularly sensitive as they are rapidly dividing
and hence must overcome the DNA damage checkpoints more frequently (Hanahan
and Weinberg, 2000). However, this targeting of rapidly dividing cells is not only
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specific to malignancies; hair and myeloid precursor cells are also rapidly dividing and
hence cause the common chemotherapy side effects of hair loss and myelotoxicity
(Daniel and Crawford, 2006; Yeager and Olsen, 2011). Effective treatment by
conventional chemotherapy requires that cancerous cells still have a functioning DNA
damage response and therefore mutations in DNA damage components can lead to
resistance. For example, p53 plays a major role in maintaining genome integrity, but is
mutated in more than 50% of cancers and can result in poorer treatment outcome

(Whibley et al., 2009).

More recent treatments are designed to target pathways which are more active in
malignant cells (Reviewed in Hanahan & Weinberg, 2011). These newer treatments
promise to reduce the severity of side effects by specifically targeting cancerous cells
but not normal cells. Therapies that are able to induce apoptosis in cancers are
particularly attractive as these can potentially lead to tumour regression and not just
disease stasis (Reviewed in Amarante-Mendes & Griffith, 2015; Davids & Letai, 2012).
Of particular promise are therapeutics based upon the death ligand TNF-related
apoptosis-inducing ligand (TRAIL), which has been shown to specifically induce

apoptotic cell death in cancer cells (Pitti et al., 1996; Wiley et al., 1995).

1.2: Apoptosis

1.2.1: Function and Morphology

Apoptosis is derived from a Greek word to describe leaves or petals falling from a tree
or flower (Kerr et al., 1972). In a biological context, it is a form of programmed cell
death in which damaged, infected or superfluous cells are removed in a controlled and
regulated manner. The morphology of apoptotic cells was first described by Kerr,
Wylie and Currie in 1972 (Kerr et al., 1972). Cells undergoing apoptosis shrink and
their nuclei condense as components of the cytoskeleton and nuclear envelope are
broken down (Kerr et al., 1972). Genomic DNA is cleaved to produce internucleosomal
fragments of 180 base pairs (bp) or multiples of. DNA fragmentation can be observed
as “ladders” when separated by gel electrophoresis and is characteristic of apoptosis
(Enari et al., 1998). As the cell shrinks, small sections of the membrane are released in

a process known as “blebbing”. The cell then breaks down into multiple vesicles,
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called apoptotic bodies (Kerr et al.,, 1972). In healthy cells, the phospholipid
composition of the plasma membrane is maintained asymmetrically, such that
phosphatidylserine (PS) is only present on the intracellular side. As a cell commits to
apoptosis, PS is externalised by the action of a caspase-activated scramblase (Suzuki et
al., 2013). Externalised PS is recognised by macrophages and other cells and serves as
an “eat me” signal (Fadok et al.,, 2000). Apoptotic bodies are phagocytosed and
removed by macrophages and neighbouring cells (Fadok et al., 2000). The apoptotic
process is therefore almost entirely self-contained and hence does not mediate an
inflammatory response (Reviewed in VanHook, 2014). This is in stark contrast to
necrosis, a form of cell death which occurs in response to cellular damage. During
necrosis, cells and organelles swell resulting in loss of plasma membrane integrity, cell
lysis and the leakage of intracellular components triggering profound inflammation

(Reviewed in Rock and Kono, 2008).

1.2.2: Genetic Basis for Apoptosis

In studies using Caenorhabditis Elegans nematodes, apoptosis was discovered to be
mediated by a genetically controlled cell death programme (Ellis and Horvitz, 1986).
Specific cell death genes (CED) were discovered in C. Elegans and subsequently shown
to have homologs in mammals (Figure 1.1). Nematode embryonic development
requires the regulated removal of precisely 131 cells by apoptosis (Ellis and Horvitz,
1986). However, when CED-3 and CED-4 gene expression is ablated these cells do not
die (Ellis and Horvitz, 1986). In addition, alteration of the CED-9 gene to provide a gain
of function mutation also results in the survival of these 131 cells (Hengartner et al.,
1992). These cells are removed when CED-9 is modified with loss of function
mutations, but a greater number of cells also die, resulting in embryonic lethality
(Hengartner et al., 1992). Further studies demonstrate that it is the product of the
CED-3 gene (Ced-3) which is actually responsible for carrying out the apoptotic
response (Xue et al., 1996). Ced-3 is a cysteine protease which cleaves target proteins
and is homologous to caspase-3 protein found in mammalian cells (Xue et al., 1996).
Ced-4 is required for the activation of Ced-3 by oligomerising and recruiting Ced-3
monomers (Yang et al., 1998). In this regard, Ced-4 is analogous to the role Apaf-1

plays in recruiting and activating caspase-9 in the apoptosome (Yang et al., 1998).

21



C. Elegans

™~
APOPTOSIS

Mammals

Pro-
Apoptotic
Bcl-2

e
. S -®

Mitochondrial
Permeabilisation

Figure 1.1: Apoptosis Controlling Genes in C.Elegans and their Mammalian Homologues

Genetic studies of C.Elegans revealed four proteins with important roles in regulating apoptosis induction.
Further studies then revealed structurally similar homologues in mammals. In C.Elegans Egl-1 inhibits the
activation of CED-9. CED-9 itself binds and prevents the activation of CED-4. Egl-1 and CED-9 are homologues
of the mammalian pro-apoptotic and anti-apoptotic BCL2 family proteins respectively. CED-4 binds with and
controls the activation of CED-3. In mammals, Apaf-1 plays a similar role in the activation of caspase-9
following complex formation after cytochrome C (Cyt C) has been released from the mitochondria. Ced-3 is
the C.Elegans caspase which induces apoptosis through the cleavage of target proteins. The most similar
mammalian caspase to CED-3 is the executioner caspase, caspase-3 which has a comparable role in apoptosis
induction.
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Analysis of the CED-9 gene reveals similarity with the BCL-2 family of genes in
mammals, which control cell death. In nematodes, Ced-9 sequesters Ced-4 at the
mitochondria and prevents its interaction with and subsequent activation of Ced-3
(Spector et al., 1997). Another gene demonstrated to control apoptosis induction is
Egl-1. Loss of Egl-1 function also results in the survival of the 131 cells that normally
die during development. Egl-1 contains a BCL-2 homology-3 (BH3) domain which
interacts with Ced-9, preventing its interaction with and inhibition of Ced-4 (Conradt
and Horvitz, 1998). In this regard, Egl-1 function is analogous to the BH3-only proteins

found in mammalian cells (Lutz, 2000).

1.3: Caspases

Apoptosis is a conserved mechanism in almost all nucleated cells and is triggered in
response to nutrient depletion, intracellular stress or by extracellular signals through
specific death-inducing ligands (Reviewed in Ashkenazi and Salvesen, 2014). The
effector molecules which carry out apoptosis are cysteine-dependent aspartate
specific proteases (caspases), which function by cleaving target proteins at aspartate

containing sites (Thornberry and Lazebnik, 1998).

Humans encode the genes for 11 caspases, although a further three have been
observed in other mammals (Cohen, 1997). Caspases can be classified as either
apoptotic inducers or non-apoptotic/inflammatory mediators. Caspases-2,-3,-6,-7, -8, -
9 and 10 are implicated in the induction of apoptosis, whilst caspases -1, -4 and -5 are
involved in inflammation (Reviewed in Labbé and Saleh, 2008; Pop and Salvesen,
2009). The only caspase which does not have roles in cell death is caspase-14, which
mediates keratinocyte differentiation (Denecker et al., 2007). Although designated as
inflammatory, caspases -1, -4 and -5 have also been shown to induce a form of
inflammatory cell death through a process known as pyroptosis (Labbé and Saleh,
2008). Apoptotic caspases (Figure 1.2) can be defined as either initiator caspases (e.g.
caspases-2, -8, -9 and -10) or executioner caspases (e.g. caspases-3, -6 and -7)
(Reviewed in Cohen, 1997; Pop and Salvesen, 2009). Apoptotis is executed by the
“caspase cascade”, in which activated initiator caspases cleave specific sites on
executioner caspases resulting in their catalytic activation (Hirata et al., 1998; Slee et

al., 1999). The activated executioner caspases induce apoptosis by the targeted
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Figure 1.2: Human Apoptotic Caspases

Caspases are cysteine dependent aspartate proteases which all have a similar structure composed of an N-
terminal pro domain and C-terminal catalytic domain. The pro domain of the initiator caspases contain either
a caspase recruitment domain (CARD) or death effector domains (DED) which enable them to be recruited to
activation complexes. The catalytic domain is composed of a large subunit of approximately 20 kDa (red box)
which contains the catalytic active site, and a small subunit of approximately 10 kDa (yellow box). Caspases
are themselves cleaved after aspartate residues (D) to separate the catalytic domains and to remove the pro
domain. Caspase-9 is cleaved after D330 to generate a 37 kDa fragment (p37), or cleaved after D315 to
generate a 35 kDa fragement (p35). Caspase-9 can also potentially be cleaved after D130, but this is not
usually observed. Cleavage of caspase-8 at D374 generates a 43 kDa fragment (p43) and a 12 kDa fragment
(p12). The caspase-8 pro-domain can also be removed by cleavage at D210/D216, leaving a 26 kDa fragment
(p26). Caspase-10is cleaved at D415 to generate the 47 kDa (p47) and 12 kDa (p12) catalytic subunits. The pro
domain is also removed by cleavage at D219 to produce 25 kDa fragment (p25). The executioner caspases
have much smaller pro-domains which are also cleaved by maturation events. Caspase-3 is initially cleaved at
D175 to separate the 20 kDa (p20) and 12 kDa (p12) catalytic domains, resulting in caspase-3 activation. The
pro-domain is cleaved at D9 and D29 to produce the 19 kDa (p19) and 17 kDa (p17) mature caspase-3
fragments. Sequence and domain information was acquired from the Uniprot database (www.uniprot.com)
and corresponds to the canonical sequence. Acession numbers were: caspase-2: P42575-1, caspase-9:
P55211-1, caspase-8: Q14790-1, caspase-10: Q92851-1, caspase-3: P42574-1, caspase-6: P55212-1,
caspase-7: P55210-1. Cleavage information was taken from (Cohen, 1997).
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cleavage and degradation of hundreds of structurally or functionally important
proteins within the cell (Reviewed in Cohen, 1997; Pop and Salvesen, 2009). For
example, caspase-3 cleaves the inhibitor of caspase activated DNAse (ICAD) which
inhibits the endonuclease, CAD. CAD is then able to cleave genomic DNA, generating

the characteristic apoptotic nucleosomal fragments (Nagata et al., 1998).

All caspases are synthesised as single chain inactive zymogens (procaspases) which
contain an N-terminal pro-domain and a C-terminal catalytic domain (Cohen, 1997,
Earnshaw et al., 1999; Pop and Salvesen, 2009). Whilst initiator procaspases remain
monomeric, executioner procaspases quickly assemble into inactive homodimers (Pop
and Salvesen, 2009). The pro-domain of initiator procaspases is longer (approximately
100 amino acids) than executioner procaspases (less than 30 amino acids) and
contains domains which enable their recruitment to activation complexes (Pop and
Salvesen, 2009; Riedl and Shi, 2004). Procaspases-2, and -9 contain a single caspase
activation and recruitment domain (CARD) which can interact with other CARD
containing proteins (Acehan et al., 2002; Kersse et al., 2007). For instance, procaspase-
9 is recruited into the apoptosome through homotypic CARD interactions with the
adaptor protein Apaf-1 (Cain et al., 2000; Rodriguez and Lazebnik, 1999). Procaspases-
8 and -10 contain tandem death effector domains (DED), which enable their
recruitment into the death-inducing signalling complex (DISC) by homotypic DED
interactions with the adaptor protein FADD (Boldin et al., 1995; Dickens et al., 2012a;
Kischkel et al., 1995). The catalytic domain of caspases contains a large subunit
(approximately 20 kDa), and a small subunit (approximately 10 kDa) (Reviewed in Pop
and Salvesen, 2009; Walker et al.,, 1994; Wilson et al.,, 1994). The large subunit
contains the catalytic cysteine and histidine residues which provide the proteolytic
activity of caspases (Wilson et al., 1994). The small subunit contains several residues
which are essential for the formation of the substrate binding groove (Blanchard et al.,
1999; Walker et al., 1994). An unstructured flexible region links the two catalytic
domains, which in executioner procaspases restrains the enzyme in an inactive
conformation (Chai et al., 2001; Reviewed in Pop and Salvesen, 2009). The activity of
executioner caspases is initiated by cleavage of the flexible linker by activated initiator

caspases (Fuentes-Prior and Salvesen, 2004). Crystal structures of caspase-7 reveal
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that cleavage of the linker allows re-arrangement of mobile loops in the catalytic
domain, resulting in the formation of the active site (Chai et al., 2001; Riedl et al.,
2001). The flexible linker region of initiator procaspases however is longer than in
executioner procaspases and hence does not constrain the enzyme active site (Keller
et al., 2009; Stennicke et al., 1999). Consequently, executioner caspases require
proteolytic cleavage for activation whereas, initiator caspases undergo conformational
changes that are induced by oligomerisation in order to be activated (Boatright et al.,
2003; Chang et al., 2003; Reviewed in Pop and Salvesen, 2009; Shi, 2004; Shiozaki and
Shi, 2004). Initiator caspase oligomerisation is induced after recruitment into an
activation complex via their respective pro-domains (CARD or DEDs). The two main
apoptosis-inducing signalling platforms are the apoptosome (Reviewed in Cain et al.,
2002, 2000; Li et al., 1997; Zou, 1999) and the death-inducing signalling complex
(DISC) (Boldin et al., 1996, 1995; Kischkel et al., 1995; Lavrik et al., 2003; Medema et
al., 1997; Muzio et al., 1996), which are formed following activation of the intrinsic or
extrinsic apoptotic pathways respectively. The intrinsic pathway is controlled by the
actions of the BCL-2 family and is activated in response to intracellular stresses such as
DNA damage or nutrient deprivation (Reviewed in Tait and Green, 2013). The extrinsic
pathway is triggered following the extracellular binding of death ligands (Reviewed in

Dickens et al., 2012b).

Following activation, caspases are also subject to proteolytic cleavage by other
caspases or by self-processing, which are known as maturation events (Reviewed in
Pop and Salvesen, 2009). Involving the removal of pro-domains and linker regions,
these maturation events are not required for the initial activation of the caspases, but
can impact upon their activity. The linker regions of caspases-8, -9 and -10 are severed
by adjacent monomers after activation (Hughes et al., 2009; Keller et al., 2009). In
addition, the activated initiator caspases are released from their activation platforms
by removal of their pro-domains. The maturation of caspase-8 has been linked to
increased activity, as cell death is not achieved when the cleavage events do not
occur, despite initial caspase-8 activation (Hughes et al., 2009; Kang et al., 2008). The
release of initiator caspases from their activation platforms has been suggested to

prolong their activity in the cytosol (Martin et al., 1998; Pop et al., 2007). However, it
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has also been suggested that caspase-8 is most active whilst complexed in the DISC
and its release functions to turn off caspase-8 activity (Hughes et al., 2009; Lavrik et
al., 2003). Caspase-9 matures either by self-processing of its pro-domain or via
caspase-3 mediated cleavage of an adjacent site (Riedl and Shi, 2004). The caspase-3-
mediated maturation has been shown to enable the inhibitor of apoptosis (IAP)

protein, XIAP, to then inhibit caspase-9 activity (Srinivasula et al., 2001).

As caspases can be activated by proteolysis, an irreversible reaction, their activity is
tightly regulated by several mechanisms. XIAP can selectively inhibit caspase-9, via its
baculovirus inhibitor of apoptosis protein repeat-3 (BIR3) domain (Stennicke et al.,
2002), or caspases-3 and -7 via its BIR2 domain (Chai et al., 2001; Srinivasula et al.,
2001). Viruses have also been shown to produce proteins with caspase inhibiting
properties. The cytokine response modifier A (CrmA) protein produced by the cowpox
virus, and p35/p49 from baculoviruses, can non-specifically inhibit caspases by direct
interaction (Stennicke et al., 2002). Along with many other proteins in the cell,
caspases are also degraded by the proteasome. It has been observed that active
caspases are more rapidly degraded than their inactive counterparts (Tawa et al.,
2004), suggesting specific mechanisms to terminate activity. The inhibitors of
apoptosis (IAP), including XIAP, contain RING domains in addition to their BIR domains
and hence are able to target caspases for proteasome degradation by the addition of

ubiquitin chains (Blankenship et al., 2009; Gyrd-Hansen et al., 2008).

1.4: Intrinsic Apoptosis

Activation of the intrinsic apoptotic pathway is controlled by members of the CED-9/
BCL-2 gene family which are characterised by the presence of a single or multiple BCL-
2 homology (BH) domain(s) (Reed et al., 1996). The BH3-only proteins: BAD, BID, BIK,
BMF, PUMA and NOXA contain only a single BH3 domain and are mostly pro-apoptotic
(Lutz, 2000). The remaining BCL-2 family members contain three or four BH domains
and act to induce or inhibit apoptosis, respectively (reviewed by Chipuk et al., 2010).
The pro-apoptotic members are BAX, BAK and BOK, which are counteracted by the
pro-survival members: BCL-2, BCL-XL, BCL-W, Al and MCL-1 (Chipuk et al., 2010).
Whether a cell undergoes apoptosis or is maintained in a healthy state depends upon

the balance and interplay between the pro-survival and pro-apoptotic BCL-2 family
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members. Cellular stresses such as nutrient deprivation, DNA damage or viral infection
effect the relative levels of the BCL-2 family members and tip the balance towards
apoptosis (Chipuk et al., 2010). The most renowned regulator of intrinsic apoptosis in
cancer cells is p53. Detection of damaged DNA leads to the activation of p53, which
induces transcription of the BH3-only proteins NOXA and PUMA (Whibley et al., 2009).
BH3-only proteins can induce apoptosis by activating BAX and BAK, either by directly
interacting or through the sequestration of the pro-survival proteins BCL-2 or BCL-XL
(Reviewed in Tait and Green, 2010). Activated BAX and BAK form homo-oligomers in
the mitochondrial outer membrane, although BAX initially requires translocation to
the mitochondria (Westphal et al., 2011). BAX or BAK oligomerisation induces the
formation of pores which lead to mitochondrial outer membrane permeabilisation
(MOMP) (Reviewed in Tait and Green, 2010). MOMP results in the release of several
mitochondrial proteins, including the pro-apoptotic proteins cytochrome ¢ and Smac
(aka DIABLO). Apaf-1 is a large (130kDa) protein containing WD40 repeats, NB-ARC
and CARD domains. Prior to apoptosis, Apaf-1 is maintained in a monomeric, inhibited
state bound by dATP (Li et al., 1997). Following mitochondrial permeabilisation, the
released cytochrome c is able to bind to the WD40 repeats of Apaf-1, causing
conformational changes which release the WD40 lock on APAF-1 and hydrolyses ATP.
The hydrolysed ADP is then exchanged for ATP and the Apaf-1, cytochrome c
monomers combine to form a large seven-membered ring structure called the
apoptosome. The apoptosome then recruits procaspase-9 via interactions between
the caspase recruitment domains (CARD) of Apaf-1 and procaspase-9 (Reviewed in
Cain et al. 2002). Recruitment of procaspase-9 to the apoptosome induces its
activation, either by proximity induced dimerization of adjacent pro-caspase-9
monomers or by direct conformational changes induced by apoptosome binding
(Chang et al., 2003; Pop et al., 2006). The activated caspase-9 subsequently cleaves
and activates the executioner caspases-3 and -7, which induce apoptosis by cleaving
downstream targets (described in Section 1.3). X-linked inhibitor of apoptosis (XIAP)
inhibits caspases-3, -7 and -9. However, Smac, also released from the mitochondria
during MOMP, sequesters XIAP and thereby facilitates apoptosis (Srinivasula et al.,
2001).
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Figure 1.3: Apoptosis-Induced by the Extrinsic Pathway

Death ligands (membrane bound or soluble) bind to pre-formed death receptor dimers or trimers. The
receptor-ligand structures then aggregate and recruit adaptor proteins (e.g. FADD) via death domain
interactions. Procaspase-8 is recruited to FADD, causing its subsequent dimerization and activation and
forming the death-inducing signalling complex (DISC). Activated caspase-8 can cleave executioner caspases
(e.g. caspase-3), causing structural rearrangements resulting in their activation. In type | cells, the pool of
activated executioner caspases is sufficient to drive the cell into apoptosis by the cleavage of target proteins.
However, in type Il cells, engagement of the intrinsic pathway is required for apoptosis induction. DISC
activated caspase-8 can also cleave the BCL-2 family protein, Bid. Truncation of Bid (tBid), enables it to
interact with Bax, which subsequently translocates to the mitochondria. Bax then self-associates to form
pores, which lead to mitochondrial outer membrane permeabilisation (MOMP). Cytochrome C(Cyt C) is then
released from the mitochondria where it interacts with the cytosolic adaptor protein Apaf-1 and caspase-9 to
form the apoptosome. Caspase-9 activated in the apoptosome can then cleave executioner caspases and
amplify the apoptotic signal.
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1.5: Extrinsic Apoptosis

Whereas the intrinsic apoptotic pathway is stimulated by the sensing of intracellular
stresses, the extrinsic pathway is initiated entirely by the propagation of
extracellularly-derived signals. These initial signals are produced by the binding of
members of the tumour necrosis family (TNF) of cytokines to their cognate death
receptors (Reviewed in Guicciardi and Gores, 2009a), displayed in Figure 1.3. Death
receptors are characterised by their intracellular death domains (DD), which once the
receptors have been activated by ligation, can recruit DD-containing proteins via
homotypic interactions (Boldin et al., 1995; Itoh and Nagata, 1993). Activation of TNF
Receptor 1 (TNFR1) by TNFa results in the recruitment of TNFR1 associated death
domain protein (TRADD) (Hsu et al., 1995). Conversely, activation of the TRAIL death
receptors, TRAIL-R1 and TRAIL-R2, by TRAIL or CD95 (aka Fas) by CD95L results in the
recruitment of Fas-associated protein with death domain (FADD) (Chaudhary et al.,
1997; Dickens et al., 2012a; Kischkel et al., 1995; Medema et al.,, 1997). TRADD and
FADD are adaptor proteins and contain both a death domain and a death effector
domain (DED). The function of these adaptor proteins is to recruit the initiator
procaspases-8 and -10 through homotypic interactions between the DEDs (Dickens et
al., 2012a; Schleich et al., 2012). Once recruited, procaspase-8 (and -10) are activated
by proximity-induced dimerization as described earlier (Section 1.3). In certain cells
(termed Type | cells), activated caspase-8 can then trigger the induction of apoptosis
by directly cleaving execution caspases-3 and-7 in sufficient quantity to commit the
cell to die (Oz6ren and El-Deiry, 2002; Scaffidi et al., 1999, 1998). However, in type Il
cells, caspase-8 activation alone is insufficient to activate the required amount of
caspase-3 (Ozoren and El-Deiry, 2002; Scaffidi et al., 1999, 1998). Apoptosis in these
cells is induced by cross-talk between the extrinsic and intrinsic pathways. Another
target of activated caspase-8 is the pro-apoptotic BCL-2 family member BID, which is
cleaved to produce a truncated form (tBID)(Li et al., 1998). Once generated, tBID
activates BAX, inducing its translocation to the mitochondria (Reviewed in Shamas-Din
et al., 2013). BAX then forms pores in the outer mitochondrial membrane, leading to
MOMP (Reviewed in Tait and Green, 2010). The apoptosome is formed by released

cytochrome c leading to the activation of caspase-9 and subsequent activation of
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caspases-3 and-7 (as described in Sections 1.3 and 1.4). This apoptosome mediated
executioner caspase activation amplifies the signal produced by caspase-8 and
commits the cell to enter apoptosis. Overexpression of anti-apoptotic BCL-2 family
members blocks the intrinsic pathway and therefore prevents apoptosis induced by

the extrinsic pathway in Type I, but not Type | cells (Scaffidi et al., 1999).

1.6: Death Ligands and their Cognhate Death Receptors

The tumour necrosis family (TNF) is made up of 19 ligands and 29 receptors and
propagate signals involved in inflammation, apoptosis, proliferation and invasion
(Reviewed in Aggarwal et al., 2012). All TNF family receptors are trimeric, type |
transmembrane proteins which contain single or multiple cysteine-rich extracellular
domains. Although they share these aspects, the primary extracellular structure of
each receptor is varied enough such that they display specificity for their individual
ligands (Bodmer et al., 2002; Naismith and Sprang, 1998). Ligands of the TNF family
are characterised by the presence of an extracellular TNF-homology domain (THD)
which promotes the formation of homo-trimers (Reviewed in Bodmer et al., 2002;
Bremer, 2013). These ligands are synthesised as type Il trans-membrane proteins, but
can be released into the bloodstream by the action of extracellular metalloproteases
(Bremer, 2013). A subset of TNF receptors are known as death receptors, due to their
ability to transduce apoptotic signals through an intracellular death domain. The best
characterised of these death receptors are: TNF receptor 1 (TNFR1), which is ligated
by TNFa; CD95, which binds CD95 ligand (CD95L); and TRAIL-R1 and -R2 which bind
TRAIL (Reviewed in Micheau et al., 2013). The receptors which bind to TNFa, CD95L

and TRAIL are shown in Figure 1.4.

1.6.1: TNFa : TNFR1

Tumour necrosis factor-a (TNFa) was first described in 1975 as an endotoxin-inducible
molecule that is capable of inducing-necrotic cell death of cancer cells in vitro
(Carswell et al., 1975). TNFa is synthesised as a 26 kDa transmembrane protein which
undergoes cleavage to generate a 17 kDa trimeric soluble cytokine (Eck and Sprang,
1989). It is produced by immune cells such as natural killer cells, T cells and

monocytes/macrophages as well as non-immune cells such as fibroblasts
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Figure 1.4: Receptors of the Death Ligands: TNFa, CD95Land TRAIL

The death ligands TNFa, CD95L and TRAIL are all synthesised as type || membrane proteins, but can be
cleaved by extracellular metalloproteases to generate soluble ligands. The TNF family receptors for these
ligands all contain extracellular cysteine rich domains (CRD) (represented by diamonds). TNFa can bind to
two receptors, TNF receptor 1 (TNFR1)and TNFR2 (showninblue). TNFR1isthe only TNFa death receptor as
it contains an intracellular death domain (DD). CD95L binds to its only death receptor, CD95 (green). TRAIL
has two death receptors, TRAIL-R1 and TRAIL-R2 (purple). TRAIL can also bind to TRAIL-R3 (purple), which
lacks membrane or intracellular domains and is anchored to the membrane via a glycophosphatidylinositol
(GPI) linkage. TRAIL-R4 (purple) also binds TRAIL but is not a death receptor as it only contains a truncated
death domain. Osteoprotegerin (OPG) (purple) is a soluble receptor which can bind TRAIL with low affinity.
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(Reviewed in Mahmood and Shukla, 2010). TNFa can bind to two receptors, TNFR1
and TNFR2 which are both type | transmembrane proteins (Cabal-Hierro and Lazo,
2012). Whereas TNFR1 is expressed constitutively on most cell types, TNFR2 is only
expressed at low levels on cells of the immune system (Choi et al., 2005). Only TNFR1
is capable of transmitting apoptotic signals, as TNFR2 does not contain an intracellular

death domain (Reviewed in Cabal-Hierro and Lazo, 2012).

Interest in TNFa increased when it was observed that it could induce tumour cell
death both in vitro and in vivo (Carswell et al., 1975; Wajant et al., 2003). Clinical trials
were therefore conducted to determine the effectiveness of TNFa treatment as a
cancer therapeutic (reviewed by Aggarwal et al., 2012). Phase | trials showed dose-
dependent side effects which included fevers, hypotension, tachycardia and other
symptoms of systemic inflammatory response syndrome. These side effects
outweighed any potential preliminary indications of tumour cytotoxicity (Reviewed in
Micheau et al., 2013). This inflammatory phenotype was explained by further study
into how the TNFa signal is propagated. Although TNFR1 contains a death domain, the
initial signalling complex formed (Complex I) primarily activates pro-inflammatory and
immune stimulatory pathways including JNK, P-38 and NFkB (Harper et al., 2003b;
Micheau and Tschopp, 2003). Ligation of TNFR1 causes receptor aggregation,
activation and the recruitment of TRADD via death domain interactions (Harper et al.,
2003b; Hsu et al., 1995). Once recruited, TRADD subsequently recruits TNF receptor
associated factor 2 (TRAF2), receptor interacting protein kinase 1 (RIPK1) and the
cellular inhibitors of apoptosis (clAP) 1 and 2, forming TNFR1 “Complex I” (Micheau
and Tschopp, 2003). TRAF2 interacts with mitogen activated protein kinases (MAPK),
leading to the activation of c-Jun N-terminal kinase (JNK) and P-38 (Lee et al., 1997,
2004). TRAF2 and clAP1/2 also catalyse the addition of ubiquitin chains to RIPK1,
resulting in the recruitment of the NFkB essential modulator (NEMO) (Micheau and
Tschopp, 2003). As a component of the IkB kinase (IKK) complex, NEMO regulates the
phosphorylation of the IKK complex, leading to its ubiquitination and subsequent
degradation (Israél, 2010). IKK complex degradation releases NFkB, which can then
translocate to the nucleus and regulate the transcription of target genes (Wang et al.,

1998).

33



It is only when TNFR1 complex 1 dissociates that apoptotic signalling by TNFa can be
observed. Apoptosis is activated by the formation of initiator caspase-containing
secondary complexes. TNFR1 complex IIA can either be cytoplasmic (Harper et al.,
2003b; Micheau and Tschopp, 2003) or membrane-associated (Schneider-Brachert et
al., 2004) and is initiated by the dissociation of RIPK1 and TRAF2 from TRADD. TRADD,
either remains associated with TNFR1 at the membrane or after being released,
recruits FADD which subsequently recruits and activates procaspase-8 (Hsu et al.,
1996b, 1995; Micheau and Tschopp, 2003). Activated caspase-8 can then cleave
executioner caspases and induce apoptosis (As described in Section 1.3). The inactive
caspase-8 homologue cellular FLICE inhibitory protein long isoform (cFLIP.), which is
induced by NFkB activation, can bind to complex IIA and inhibit caspase-8 activation
(Reviewed in Dickens et al., 2012b). Complex IIB is independent of TRADD and forms
when cells are treated with both TNFa and Smac Mimetics, which inhibit |IAPs
(Varfolomeev et al., 2008). This complex requires the deubiquitination of RIPK1 by the
ubiquitinase CYLD (Wang et al., 2008). RIPK1 is subsequently released, where it can
bind FADD, resulting in procaspase-8 recruitment, activation and apoptosis induction
as for complex A (Wang et al.,, 2008). Therefore, although TNFa alone is not a
suitable cancer therapeutic, there is promise in utilising TNFa in combination with

smac mimetics to induce tumour cell death (Reviewed in Aggarwal et al., 2012).

1.6.2: CD95L : CD95

CD95 (aka Fas) is another TNF family receptor with the capacity to induce apoptosis in
cancer cells. CD95 is ubiquitously expressed in the human body, although particularly
high expression is found in the thymus, liver, heart and kidneys (Nagata, 1997). CD95
is bound and activated by its only ligand, CD95L (aka FasL) (Rieger et al., 1998). CD95L
is predominantly expressed on activated immune cells, such as T lymphocytes and
natural killer cells, but also on “immune privilege sites” such as the testis and eyes

(Reviewed in Peter et al., 2015).

CD95L has been demonstrated to have important apoptotic roles in maintaining cell
homeostasis and deleting autoreactive T-cells (Krammer, 2000; Nagata, 1997). In mice,
mutations resulting in defective CD95 or CD95L are the cause of a lymphoproliferative

(Ipr) phenotype, causing lymphadenopathy, systemic lumps and erythematosus-like
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autoimmune disease (Adachi et al., 1995; Karray et al.,, 2004; Senju et al., 1996;
Takahashi et al., 1994; Watanabe-Fukunaga et al., 1992). In humans, autoimmune
lymphoproliferative syndrome (ALPS), which is characterised by defective lymphocyte
apoptosis, lymphocyte accumulation, and humoral autoimmunity, is the result of
dominant negative mutations in CD95 (Type 1A ALPS) or CD95L (Type 1B ALPS) (Bidere
et al., 2006). CD95L is also thought to be important for eliminating virus-infected or
transformed cells via membrane-bound CD95L on CD8+ cytotoxic T lymphocytes and
CD4+ effector T cells (Kagi et al., 1994; Kojima et al., 1994; Lowin et al., 1994; Rouvier
et al., 1993). In addition, CD95L has non-apoptotic roles, which include: stimulating
liver regeneration after damage (or partial removal for transplant) and the outgrowth

of neurites (Desbarats et al., 2003; Desbarats and Newell, 2000).

In contrast to TNFa, the primary signalling outcome of CD95L signalling is apoptosis
induction (Scaffidi et al., 1998). CD95L binds to CD95, causing activation and allowing
the recruitment of the adaptor protein, FADD. FADD then recruits, dimerises and
activates procaspase-8 (Kischkel et al., 1995; Medema et al., 1997), which induces
apoptosis by activating downstream executioner caspases directly or via amplification

by intrinsic pathway activation (Scaffidi et al., 1998).

Due to its ability to induce apoptosis, and apparent natural role in the body in
removing cancerous cells, soluble CD95L was trialled as a cancer therapeutic
(Reviewed in Peter et al., 2015). However, it soon became apparent that most tumour
cells are resistant to even high doses of soluble CD95L (Algeciras-Schimnich et al.,
2003). The use of CD95L as a cancer therapeutic was also severely hampered by the
fact that CD95L treatment causes massive induction of apoptosis in hepatocytes,
leading to liver failure (Ogasawara et al., 1993). In addition, CD95L treatment has
actually been shown to stimulate the proliferation of tumour cells which are resistant
to its apoptotic signalling (reviewed by Peter et al., 2015). In these cells, it was shown
that CD95L treatment triggers the activation of non-apoptotic kinase pathways such as
NFkB and MAPK pathways (Barnhart et al., 2004; Legembre et al., 2004a, 2004b). The
activation of these pathways were also shown to increase tumour motility and

invasion (Barnhart et al., 2004).
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CD95L expression has actually been shown to be induced when cancer cells (but not
normal cells) are treated with CD95L (O’Connell et al., 1996). This expression has been
described as a method of tumour “counterattack” against the immune system (Igney
et al.,, 2000). As most immune cells themselves are sensitive to CD95L-induced
apoptosis, it is thought that tumour-expressed CD95L may dampen any immune
response (O’Connell et al., 1996). Although this model is not completely accepted, it
has also been shown that tumour-associated epithelium (but not normal epithelium)
expresses large amounts of CD95L and may also play roles in this tumour
“counterattack” (Motz et al., 2014). Also, CD95/CD95L has actually been shown to be
essential for cancer cell survival. When CD95 and CD95L expression is eliminated,
cancer cells die by a process known as death-induced by cancer cell elimination (DICE)
(Hadji et al.,, 2014). This death appears to be mostly necrotic, although it also
demonstrates some signs of apoptosis. The reason as to why cancer cells may require
CD95/CD95L expression, is that this has been proposed as a fail-safe mechanism to
ensure that transformed cells can be killed by circulating immune cells (Hadji et al.,

2014).

Although immune cells have been shown to utilise CD95L to eliminate transformed
cells, the role of CD95 in preventing tumour growth is still contradictory. Due to this
unclear role and its severe hepatotoxic side effects, CD95L cannot be used as a cancer

therapeutic (Peter et al., 2015).

1.6.3: TRAIL : TRAIL-R1 and TRAIL-R2

Analysis of proteins which share sequence homology with the extracellular domains of
TNFa and CD95L led to the discovery of TRAIL by two independent groups (Pitti et al.,
1996; Wiley et al., 1995). TRAIL is synthesised as a 281 amino acid type I
transmembrane protein, which can be processed by extracellular proteases to
produce a soluble ligand (Kim et al., 2004). Unlike TNFa and CD95L, TRAIL is
ubiquitously expressed in most tissues and haematopoietic cells (Yagita et al., 2004).
Human TRAIL also shows considerable conservation in mice with 65% sequence
identity, enabling the two species to cross-react with the opposing TRAIL receptor(s)

(Schaefer et al., 2007). Whilst TRAIL -/- mice are both viable and healthy, they do
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suffer from defects in both the innate and adaptive immune systems (Diehl et al.

2004; Schaefer et al. 2007).

The discovery of TRAIL generated much excitement when studies showed that TRAIL
could selectively induce apoptosis in cancer cells (Ashkenazi et al., 1999; Walczak et
al., 1999). Soluble TRAIL treatment has been demonstrated to effectively kill cancer-
derived cell lines and also has potent tumouricidal activity in vivo, without being toxic
to normal cells (Ashkenazi et al., 1999; Walczak et al., 1999). Stimulation of TRAIL
expression on immune cells by interferon (IFN) treatment also provides anti-tumour
activity (Kayagaki et al., 1999) and neutrophils are able to release large concentrations
of TRAIL from intracellular granule stores following certain stimuli (Tecchio et al.,
2004). TRAIL-deficient mice display increased tumour growth (Cretney et al., 2002;
Finnberg et al., 2008; Zerafa et al., 2005) and enhanced metastasis (Cretney et al.,
2002; Grosse-Wilde and Kemp, 2008). Taken together, these experiments point to a

role for TRAIL in tumour immuno-surveillance.

TRAIL induces its apoptotic effects through the activation of two death domain (DD)
containing receptors; TRAIL-R1 and TRAIL-R2 are type | transmembrane proteins which
share 58% sequence identity (MacFarlane et al., 1997; Pan et al., 1997b). Like TNFR1
and CD95, they contain extracellular cysteine rich domains, and an intracellular DD
(MacFarlane et al., 1997; Pan et al.,, 1997b). The tissue distribution of TRAIL-R1 and
TRAIL-R2 is broad, with both being expressed in most normal cells (Pan et al., 1997b;
Walczak et al., 1999), although humans and chimpanzees are the only species which
express two TRAIL death receptors, for reasons that are not yet clear (van Roosmalen
et al., 2014). For example, mice only contain one TRAIL receptor capable of inducing
apoptosis, which is equally homologous to both human TRAIL-R1 and TRAIL-R2 (Wu et
al., 1999). TRAIL-induced apoptosis can be achieved by the activation of the TRAIL
receptors individually, or TRAIL-R1 and TRAIL-R2 can co-operate via the formation of
hetero-complexes (Lemke et al., 2010; Schneider et al., 1997). TRAIL-R2 activation has
been shown to require a greater amount of cross-linking than TRAIL-R1, indicating that
it is preferentially activated by membrane-bound rather than soluble TRAIL
(Muhlenbeck et al., 2000). Once the TRAIL receptors have been ligated, aggregated

and activated, they recruit FADD via their death domains in a similar process to that
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described for CD95 (Reviewed in Dickens et al., 2012a). FADD recruits and activates
procaspase-8, which then activates executioner caspases directly, or through
engagement of the intrinsic pathway (Ozéren and El-Deiry, 2002). However, TRAIL also
appears to be able to induce the activation of non-apoptotic signalling pathways such
as NFkB, MAPKs and protein kinase C (PKC) (Azijli et al., 2013; MacFarlane et al., 2002).
These pathways in turn can lead to the activation of survival, proliferation and

invasion promoting genes (Secchiero et al., 2003; Varfolomeev et al., 2005).

In addition to TRAIL-R1 and TRAIL-R2, humans also express three other receptors
capable of binding to TRAIL. TRAIL-R3 contains the extracellular TRAIL-binding domain,
but lacks an intracellular or transmembrane domain (Degli-Esposti et al., 1997b;
MacFarlane et al., 1997; Mérino et al., 2006; Sheikh et al., 1999). Instead, TRAIL-R3 is
anchored to the surface of the cell via a glycosyl-phosphatidylinositol linkage. The
tissue distribution of TRAIL-R3 is much less ubiquitous than TRAIL-R1 and —R2 with
mMRNA only being detected in the heart, kidney, liver, lung placenta and spleen (Degli-
Esposti et al., 1997b; Pan et al., 1997a). Due to the lack of any intracellular domain,
TRAIL-R3 functions to inhibit TRAIL signalling by sequestering available ligand (Mérino
et al.,, 2006). TRAIL-R4 is similar in structure to TRAIL-R1 and TRAIL-R2, and is
expressed in mostly the same tissues (Degli-Esposti et al., 1997a; Marsters et al.,
1997). However, TRAIL-R4 is unable to signal to apoptosis due to a truncated
intracellular domain in which 52 of the 76 amino acids composing the death domain
are missing (MacFarlane et al., 2002; Marsters et al., 1997). TRAIL-R4 can however in
some contexts activate the NFkB pathway and is therefore thought to contribute to
TRAIL-resistance by both sequestering TRAIL and by activating NFkB, which can induce
the expression of anti-apoptotic proteins (Degli-Esposti et al., 1997a; Mérino et al.,
2006). The fifth TRAIL receptor is osteoprotegrin (OPG), which binds TRAIL with low
affinity. OPG is unlike the other TRAIL receptors in that it is a secreted protein and

functions solely by sequestering extracellular TRAIL (Emery et al., 1998).

A number of TRAIL-based therapeutics are currently being developed and investigated
in clinical trials, including soluble recombinant TRAIL and agonistic antibodies
targeting either TRAIL-R1 or TRAIL-R2. Dulanermin is a recombinantly-produced

untagged form of soluble human TRAIL, which has been tested in phase | and Il clinical
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trials (Reviewed by Amarante-Mendes and Griffith, 2015). All of the clinical studies
have shown that Dulanermin is well tolerated by patients and most of the studies
showed partial responses or stable disease across a wide range of cancer types.
However, Dulanermin was judged to have poor clinical efficacy, as it was not able to
generate complete responses. Explanations for the poor responses to Dulanermin
treatment, included a short half-life of the ligand in the bloodstream, and potential
inhibition by the binding of the non-apoptotic TRAIL receptors (TRAIL-R3, -R4 and
OPG) (Reviewed in Amarante-Mendes and Griffith, 2015). Agonistic TRAIL antibodies
however have been demonstrated to have a much-longer in vivo half-life (days
compared to hours for soluble TRAIL) and can selectively bind only one TRAIL receptor
(Duiker et al., 2006). This selectivity also raises another question, whether to target
TRAIL-R1 or TRAIL-R2 in order to induce apoptosis. Although initially thought that
most cancers were more sensitive to TRAIL-R2 induced apoptosis, it has since been
shown that certain cancers, including leukemias (Li et al., 2006; MacFarlane et al.,
2005; MacFarlane et al., 2002; Natoni et al., 2007) and some pancreatic
adenocarcinomas (Lemke et al., 2010), are preferentially killed by TRAIL-R1 activation.
Knowledge of the contribution of TRAIL-R1 or TRAIL-R2 to TRAIL-induced apoptosis in
specific cancer cells is therefore critical to selecting the correct treatment. TRAIL-R2 is
targeted by: Conatumamub, Drozitumab, Lexatumumab and Tigatuzumab, whereas
TRAIL-R1 is targeted by Mapatumumab (Reviewed by Amarante-Mendes and Griffith,
2015). The downside to using agonistic antibodies, is that due to their bivalent nature
they are unable to sufficiently engage receptor trimers (Thorburn et al., 2008). These
antibodies therefore require cross-linking, which in vivo is achieved by binding of Fc
receptor bearing immune cells (Haynes et al., 2010). The results of phase | and Il
therapeutic antibody trials are similar to those observed for Dulanermin, with
antibodies being well tolerated with no adverse events but being unable to generate
significant responses (Amarante-Mendes and Griffith, 2015). Cross-linking or the use
of protein tags to increase TRAIL aggregation increases apoptotic activity, but also
increases the risk of toxicity to normal, non-transformed cells (Mihlenbeck et al.,
2000). Indeed, early concerns of TRAIL-mediated liver toxicity (Jo et al., 2000) were
shown to be due to higher order TRAIL complexes induced by cross-linking of FLAG

tagged-TRAIL (Koschny et al.,, 2007). Promoting TRAIL trimerisation using leucine
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zipper or isoleucine zipper motifs however has been shown to increase tumour killing
activity without inducing cell death in normal cells (Han et al., 2016; Walczak et al.,

1999).

To date, clinical trials have shown widespread resistance to TRAIL-based therapeutics,
and quickly acquired resistance in cells which are initially sensitive (Reviewed in
Amarante-Mendes and Griffith, 2015). In addition, resistant cells treated with TRAIL
show the activation of non-apoptotic, pro-survival signalling pathways (Reviewed in
Azijli et al., 2013). A consequence of these pathways being activated is that TRAIL
treatment has been shown to drive tumour cell proliferation (Ehrhardt et al., 2003;
von Karstedt et al., 2015), and increased tumour cell invasion and metastasis (Cretney
et al., 2002; von Karstedt et al., 2015). Therefore, despite initial promise, TRAIL-based
cancer therapeutics have not proved to be effective as a monotherapy. However, the
pitfalls of TRAIL treatment are based around poor efficacy and not the severe side
effects observed for TNFa or CD95L therapies (Reviewed in Pennarun et al., 2010).
There is therefore still hope that understanding the mechanisms which regulate TRAIL
signalling can lead to the generation of more active TRAIL therapeutics or combination

therapies which overcome tumour resistance.

1.7: Death-inducing Signalling Complex (DISC) Formation

As described previously, the activation of the extrinsic apoptotic pathway is
determined by death ligand-induced formation of a death-inducing signalling complex
(DISC) and subsequent initiator caspase activation. The death receptors: TNFR1, CD95,
TRAIL-R1 and TRAIL-R2 share structural similarity in the form of extracellular cysteine
rich domains and an intracellular death domain (DD). Due to these structural
similarities, it is likely that the mechanisms of ligation, receptor activation and
complex formation are conserved between the death receptors. Understanding how
these complexes form is therefore essential to determining how apoptosis is induced

by death ligands.

1.7.1: Ligation of Death Receptors
The initial step in extrinsic pathway activation, is the binding of death ligands to their

cognate receptors. It has long been observed that death ligands, which are trimeric

40



themselves, can bind to trimeric death receptors (Banner et al.,, 1993; Schlessinger,
1988). Originally, it was believed that the death receptors existed as monomers on the
cell surface and that ligand binding resulted in receptor trimerisation and activation
(Sessler et al., 2013). This proposal was based on the much better-characterised
behaviour of receptor tyrosine kinases, which are dimerised and activated in response
to ligand binding (Schlessinger, 1988). An early crystal structure of TNFR1 complexed
to TNFB correlated with this view, revealing a 3:3 receptor-ligand assembly (Banner et
al., 1993). However, this view changed when it was observed that death receptors
actually exist as pre-ligand assembled receptor complexes (Siegel et al., 2000). It was
shown that interactions between the first cysteine rich domain (CRD), which was later
termed the pre-ligand assembly domain (PLAD), mediate the association of receptor
monomers (Chan et al.,, 2000). The importance of these interactions was realised by
the observation that mutations in the CD95 PLAD had also been shown to cause
symptoms of ALPS in patients (Siegel et al., 2000). It had also been noticed that ALPS
causing mutations in CD95 had a more dominant phenotype than expected. This is
explained by the presence of pre-formed receptor complexes, as the incorporation of
a single defective receptor can hamper ligand binding to the other associated
receptors (Sessler et al., 2013). Similarly, pre-assembled receptor complexes have
been observed for CD95, TNFR1, TRAIL-R1 and TRAIL-R2 (Chan, 2007; Siegel et al.,
2000; Thomas et al., 2002).

Although it is accepted that death receptors exist as pre-assembled complexes, it is
less clear whether these structures take the form of dimers or trimers. Cross-linking of
the extracellular domains of TNFR1 was demonstrated to produce trimers (Naismith et
al., 1996). However, crystal structures show the presence of dimers and surface
plasmon resonance studies of TRAIL-R2 also observe pre-formed dimers (Lee et al.,
2005). Using a TRAIL:TRAIL-R2 crystal structure, Wassenaar et al., (2008) performed
molecular dynamic simulations of TRAIL-R2. They demonstrated that TRAIL-R2 has a
strong tendency to self-associate and will rapidly form dimers. However, they also
showed that a third TRAIL-R2 monomer can then be recruited to the dimer, although
with low affinity, forming an asymmetric trimer. TRAIL binding induces a conformation

change in the trimer, rearranging it into a symmetric form. Receptor pre-assembly
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may be essential for rapid signalling, as the requirement for a ligand to find three
neighbouring monomeric receptors would be eliminated. Pre-assembly could also be
important for sorting different receptors which share the same ligand, such as TNFR1
and TNFR2 which both bind TNFa or TRAIL-R1 and TRAIL-R2, which both bind TRAIL
(Sessler et al., 2013).

In addition to the formation of the ligand-receptor complex, activated death receptors
have also been demonstrated to form higher-order clusters (Guicciardi and Gores,
2009b). The first evidence for these clusters came from observations that CD95L
binding changes the, normally diffuse, membrane distribution of CD95 to form bead-
like structures at one point on the cell surface, a process known as capping (Cifone et
al., 1994). Plasma membrane receptor clustering has also been observed for TNFR1,
TRAIL-R1 and TRAIL-R2 (Sessler et al., 2013). Several models have been proposed to
explain how the aggregated clusters may form. Once ligand-receptor trimers have
formed, inter-receptor interactions are then thought to drive the formation of a
signalling network (Valley et al., 2012). These receptor interactions may take the form
of dimers, forming a hexagonal mosaic of ligated receptors (Ozsoy et al., 2008) (Figure
1.5: top panel). Alternatively, trimer receptor interactions would lead to the formation
of complexes showing tri-fold symmetry (Chan, 2007) (Figure 1.5: bottom panel).
Valley et al (2012) showed that after TRAIL ligation, TRAIL-R2 forms stable dimers
favouring the hexagonal mosaic model. Whilst both the long and short isoforms of
TRAIL-R2 were shown to form dimers, the long isoforms were additionally stabilised by
formation of a di-sulphide bond. The formation of receptor networks is thought to
stabilise the activation and opening of the death domains and therefore increase

formation of the DISC (Sessler et al., 2013).

1.7.2: Death Domain-mediated Recruitment of Adaptor Proteins

Once the death receptors have been activated, they recruit adaptor proteins via
interactions between death domains (DD) present on both the receptor and adaptor
protein (Dickens et al., 2012a). In the case of TRAIL and CD95L signalling, FADD is the
adaptor protein recruited, whereas TRADD is recruited to TNFR1 (Chaudhary et al.,
1997; Hsu et al., 1995; Kischkel et al., 1995). Analysis of the X-ray crystal structure of

Drosophila Tube DD, complexed to the DD of the Pelle kinase, reveals specific
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Figure 1.5: Models for Ligand-Induced Death Receptor Aggregation Complexes

Ligand binding to death receptors has been demonstrated to induce the formation of large aggregated
receptor-ligand complexes. The formation of these complexes are likely produced by interactions betweent
eh ligand bound receptors. Models have therefore been produced of TRAIL-R2 aggregation based upon
either dimeric or trimeric receptor interactions. Dimeric receptor interactions (top panel) lead to the
formation of hexameric receptor-ligand networks. Whereas trimeric receptor interactions (bottom panel)

lead to networks with tri-fold symmetry. Adapted fromValley et al., (2012).



interaction surfaces (Xiao et al., 1999). Comparison of the structure of FADD reveals
that it interacts with CD95 (and presumably TRAIL-R1 and TRAIL-R2) or TRADD through
a Tube-like interaction (Hill et al., 2004). TRADD however utilises a Pelle-like surface to
engage with its receptor, TNFR1 or to FADD (Xiao et al., 1999). These differences in
interaction surfaces used by FADD and TRADD explain how death receptors can recruit

specific adaptor proteins (Sandu et al., 2005).

Exactly how adaptor proteins are recruited to the death receptors however is not fully
understood and several models based on available structures have been proposed. A
2.7 A crystal structure of CD95 and FADD DDs reveals interactions of dimeric units of
CD95 and FADD with each unit composed of two CD95-DDs and two FADD-DDs (Scott
et al., 2009). This structure also reveals conformational changes in the CD95-DD when
compared to a non-FADD bound CD95-DD (Scott et al., 2009). The authors propose
that CD95L binding induces conformational changes which open the CD95-DD. The
helices a5 and a6 in the CD95-DD are shown to fuse to form the stem helix. The open
conformation produced by formation of the stem helix exposes the al and a2 helices,
of the CD95-DD, which enable hydrophobic interactions to form between adjacent
CD95-DDs (Scott et al., 2009). It was proposed that in un-ligated receptors, the
absence of these inter-CD95-DD interactions results in the CD95-DD flipping back to
the more stable closed conformation (Scott et al., 2009). Superposition of the
structure for full length FADD onto the FADD-DD in this model also reveals a
conformation change in the FADD-DD. In the CD95-bound structure, the a6 helix in
the FADD-DD adopts a new position to avoid a structural collision with the C-helix of
CD95 (Scott et al., 2009). The a6 helix is located just upstream of a linker sequence
between the FADD-DD and DED and its movement imposes a conformational change
on the FADD-DED. This conformational change results in the opening and “activation”
of the DED, which increases its ability to bind other DEDs, such as the ones present on
procaspase-8 (Scott et al., 2009). This model elegantly describes how CD95L binding to
CD95 can trigger a series of conformational changes which result in the activation of
death receptors and complex formation. This model can also explain the reason for
higher order complex formation, as adjacent CD95 receptors stabilise the active open

conformation of the DD. However, the interaction sites between receptors and FADD
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described in this model do not conform to ALPS mutation data and cannot explain why

the known CD95-DD mutations lead to loss of CD95 function (Sessler et al., 2013).

Another structural model of CD95-FADD determined by electron microscopy describes
a complex made up of a ring of five FADD-DDs layered onto a ring of five CD95-DDs
(Wang et al., 2010). This complex is stabilised both by intra-ring interactions between
the FADD or CD95-DDs and inter-ring interactions between the two ring structures
(Wang et al., 2010). The benefit of this model, is that the majority of the CD95-DD
ALPS causing mutations occur at the predicted interaction sites described (Sessler et
al., 2013). This model does not however provide a mechanism for higher order
receptor clustering but does provide a basis for recruitment of multiple caspase-8
monomers, which are required for their activation by proximity induced-dimerisation

(Boatright et al., 2003; Hughes et al., 2009).

Although these models differ in their structure of the ligand-receptor complex, they all
share a similar stoichiometry of one receptor to one molecule of FADD (Esposito et al.,
2010; Scott et al., 2009; Wang et al., 2010). However, a caveat of these models is that
they are all formed from structures containing truncated proteins and therefore may
not reflect the true interactions of full length proteins (Scott et al., 2009; Wang et al.,
2010). This is highlighted by a study by Dickens et al., (2012a) in which quantitative
mass spectrometry was used to study the TRAIL DISC. Isolated active TRAIL DISCs were
separated from unstimulated TRAIL receptors and shown to exist in large complexes,
typically over 700 kDa in size. The isolated DISC displays a stoichiometry in which three
times less FADD than TRAIL receptors is detected, disputing the earlier models
(Dickens et al., 2012a). This increased level of receptors correlates with previous
studies which show a requirement for higher order receptor clustering to achieve

sufficient DISC activity (Miihlenbeck et al., 2000).

1.7.3: Death-Effector Domain-Mediated Recruitment of Initiator

Caspases
Dickens et al., (2012a) also demonstrated an even greater discrepancy in the
stoichiometry of procaspase-8 recruited to the DISC. This study from our laboratory

showed that nine times more procaspase-8 than FADD is recruited to the DISC, which
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diverges massively from the previously accepted view of each FADD molecule
recruiting a single caspase-8 monomer (P Schneider et al., 1997). As no structures of
the caspase-8 DEDs were available, a model was generated based upon the known
structure of the homologous viral FLIP (MC159) (Yang et al., 2005). Whilst FADD only
contains one DED, procaspase-8 contains tandem DEDs. The model produced by
Dickens et al., (2012a) shows that procaspase-8 interacts with FADD via hydrophobic
interactions between a conserved FL motif on the DED of FADD and a hydrophobic
patch on DED1 of procaspase-8. This is consistent with previous studies which
demonstrate that mutation of the FL motif in FADD abrogates procaspase-8
recruitment (Eberstadt et al., 1998). It was always unclear why caspase-8 (as well as
caspase-10 and cFLIP) require the presence of two death effector domains (DED),
when one would seem sufficient to mediate recruitment to FADD. Dickens et al.,
(2012a) argue that an FL motif conserved on DED2 of procaspase-8 is able to recruit a
subsequent procaspase-8 monomer in a similar mechanism to that described for
FADD. This mechanism also provides for the sequential addition of procaspase-8
monomers, enabling chains of procaspase-8 to be recruited to a single FADD molecule
(Dickens et al., 2012a). This model correlates with another study which analysed CD95
DISC formation and which also postulated the formation of caspase-8 chains (Schleich
et al., 2012). Not only does this “chain model” explain the abundance of procaspase-8
relative to FADD, but it also correlates with the observation that overexpression of
procaspase-8 DEDs alone results in the formation of DED filaments (Dickens et al.,
2012a; Siegel et al.,, 1998). These filaments are not observed when full length
procaspase-8 is overexpressed, suggesting that the catalytic domain of caspase-8
prevents spontaneous chain formation (MacFarlane et al., 2000). The proposed model
was validated by point mutations of the FL motifs of the DEDs procaspase-8. In an in
vitro binding assay, (Dickens et al., 2012a) mutation of the procaspase-8 DED2 FL motif
reduced procaspase-8 recruitment but did not completely abolish it (Dickens et al.,
2012a). This is consistent with procaspase-8 being recruited to FADD via DED1 and
subsequent procaspase-8 molecules being recruited via interactions between the
DED2-FL motif of the bound monomer and the hydrophobic pocket of DED1 on the
incoming procaspase-8 (Dickens et al., 2012a; Hughes et al., 2016).
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1.7.4: DISC Internalisation

Once the DISC has been formed, there appear to be opposing requirements for the
complex to be internalised in order for effective apoptotic signals to be transduced.
After ligand binding, the CD95 DISC is internalised, forming CD95-containing
receptosomes (Miaczynska et al., 2004). Although the CD95 DISC is initiated at the
membrane, caspase-8 activation occurs mainly in the receptosomes (Lee et al., 2006).
When clathrin-dependent endocytosis is blocked, internalisation does not occur and
apoptotic signalling is blocked (Miaczynska et al., 2004). However, CD95L-induced
activation of NFkB and ERK can occur in the absence of internalisation (Lee et al.,
2006). TRAIL-induced apoptosis however does not require internalisation of the DISC,
and blockade of endocytosis enhances, rather than abrogates, apoptosis (Kohlhaas et
al., 2007). Activation of the TRAIL DISC has actually been shown to induce cleavage of
components of the endocytic machinery, leading to its shutdown (Kohlhaas et al.,

2007).

1.8: TRAIL or CD95L-induced “Secondary Complex” Formation

It is becoming increasingly clear that TRAIL and CD95L can also induce the activation of
non-canonical kinase pathways through the formation of a secondary complex (Azijli
et al., 2013). This complex is thought to function in a similar way to Complex | formed
by TNFa binding to TNFR1 (Hsu et al., 1996a). The structure and components of this
secondary complex are however poorly understood. There have been reports that the
membrane environment in which the DISC forms could influence the formation of the
secondary complex (Song et al., 2007). It has also been reported that TRAIL receptors
activated in lipid rafts form a fully active DISC and successfully signal to apoptosis
(Ouyang et al., 2013). However, non-lipid raft associated TRAIL receptors were
demonstrated to recruit mainly cFLIP and RIPK1, and instead transmit pro-survival

signals (Ouyang et al., 2013).

Co-immunoprecipitation experiments have been used to determine which proteins
are recruited to the secondary complex. In TRAIL treated cells, RIPK1, TRAF2, FADD
and activated caspase-8 have been shown to interact (Varfolomeev et al.,, 2005).

TRADD has also been shown to interact with the TRAIL receptors (Chaudhary et al.,
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1997; P Schneider et al., 1997; Sheridan et al., 1997), and is proposed to increase
secondary complex formation by decreasing FADD recruitment, thereby facilitating
increased RIPK1 binding (Cao et al., 2011). Through this complex, it is believed that
NFkB essential modulator (NEMO), also known as inhibitor of nuclear factor kappa-B
kinase subunit gamma (IKKy), is recruited (Varfolomeev et al., 2005). NEMO forms a
complex with IKKa and IKKB, which may also be recruited (Chaudhary et al., 1997; P
Schneider et al., 1997; Sheridan et al., 1997), leading to phosphorylation, subsequent
degradation and the release of NFkB. The degradation of IKKB is essential for the
activation of the classical NFkB pathway, enabling NFkB dimers composed of RelA and
p50 subunits to translocate to the nucleus and regulate transcription of target genes
(Delhase et al., 1999). An alternative NFKB pathway exists in which upstream NFkB-
inducing kinase (NIK) activates an [IKKa homodimer, which induces the
phosphorylation and subsequent ubiquitination of the NFkB p100 subunit. This
ubiquitination targets the inhibitory C-terminus for proteasomal degradation,
producing p52 which can then regulate the transcription of target genes (Senftleben
et al., 2001). To date, the activation of the alternative NFkB pathway by TRAIL has not

been reported (Azijli et al., 2013).

The activation of the classical NFkB pathway was one of the first reported non-
canonical signals shown to be induced by TRAIL (MacFarlane et al., 2002). Once
released, NFkB translocates to the nucleus where it promotes the transcription of a
large cohort of mostly pro-survival genes (Israél, 2010) . These include: cFLIP, BCL-XL,
MCL-1 and clAPs, which may contribute to TRAIL resistance (Reviewed in Azijli et al.,
2013). Conversely, expression of TRAIL-R1 and TRAIL-R2 can also be induced by NFkB
activation (Azijli et al.,, 2013; Ravi et al., 2001) and explains why in some cases,

activation of NFkB can enhance TRAIL-induced apoptosis (Ravi et al., 2001).

The activation of NFkB has been proposed as a major cause of the
survival/proliferation signals triggered by TRAIL in TRAIL-resistant cancer cells (Zhang
and Fang, 2005). However, formation of the TRAIL secondary complex has also been
implicated in the activation of other kinase pathways, including: the JNK, p38 and
ERK1/2 MAPKs, protein kinase C (PKC), phosphatidylinositide 3-kinase (PI3K) and Akt
(protein kinase B, PKB) (reviewed by Azijli et al., 2013).
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The activation of these kinase pathways by TRAIL has also been described in healthy
tissues that are resistant to TRAIL-induced apoptosis. For example, TRAIL-induced Akt
and ERK1/2 activation triggers proliferation in endothelial cells (Secchiero et al., 2003).
TRAIL activated NFkB, in addition to Akt and ERK1/2, has also been shown to stimulate
the production of pro-inflammatory cytokines, TNFa, interleukin-1f (IL-1B) and

interferon-y (IFN-y) (Reviewed in Azijli et al., 2013).

1.9: Regulation of TRAIL Signalling

The excitement surrounding the possible cancer-killing use of TRAIL has been
dampened somewhat by the widespread inherent or acquired resistance of many
cancers to TRAIL-induced apoptosis (Reviewed in Amarante-Mendes and Griffith,
2015). Added to this is the stimulatory effect of TRAIL on proliferation and metastasis
observed in TRAIlL-resistant cells (Cretney et al., 2002; Ehrhardt et al., 2003; von
Karstedt et al., 2015). Therefore, if TRAIL is to be used as an effective cancer therapy
the mechanisms which govern the sensitivity of cancer cells to TRAIL-induced
apoptosis must be fully understood. In addition, through a greater knowledge of TRAIL
signalling regulation, new targets can be assessed for co-treatments which will
augment TRAIL killing of malignant cells (Reviewed in Abdulghani and El-Deiry, 2010).
TRAIL signalling has been shown to be regulated at multiple levels, from the TRAIL
receptors themselves to DISC formation as well as downstream caspase activation

(Mahalingam et al., 2009).

1.9.1: Modulation of TRAIL Receptor Levels

Downregulation of TRAIL-R1 and TRAIL-R2 would seem an obvious mechanism to
mediate resistance to TRAIL signalling. Indeed, TRAIL sensitivity has been shown to
correlate with TRAIL-R1 (Oz6ren et al., 2000) and TRAIL-R2 (Mitsiades et al., 2001;
Rieger et al., 1998; Zhang et al., 1999) expression. Loss of TRAIL-R1 and TRAIL-R2 was
shown to contribute to TRAIL resistance in melanoma cells (Zhang et al., 1999). In
addition, mutations in TRAIL-R1 and TRAIL-R2 are increased in metastatic breast
cancer (Shin et al., 2001). TRAIL-R2, but not TRAIL-R1, expression can also be induced
following DNA damage through p53-mediated upregulation of TRAIL-R2 (Burns et al.,
2001; Wu et al., 2000, 1997). This means that DNA damaging agents can sensitise
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cancer cells to TRAIL-induced apoptosis through the increase of TRAIL-R2 levels. TRAIL-
decoy receptor (TRAIL-R3 and TRAIL-R4) levels inversely correlate with TRAIL
sensitivity (Rieger et al., 1998). TRAIL-R3 prevents the assembly of the DISC by binding
and sequestering TRAIL (Mérino et al., 2006), whereas TRAIL-R4 is co-recruited to the
DISC with TRAIL-R2 and reduces caspase activation by reducing FADD binding (Mérino
et al., 2006; Sheridan et al., 1997).

Sensitivity of cancer cells to TRAIL also correlates with the surface levels of TRAIL-R1
and TRAIL-R2 (Zhang et al., 1999). A number of different proteins have been shown to
be able to regulate the surface levels of the TRAIL receptors. The signal recognition
particle (SRP) is important for protein sorting and targets secretory and membrane
proteins to the ER. SRP components, SRP54 and SRP72, were shown to regulate TRAIL-
R1 surface levels. Downregulation of SRP54/SRP72 decreases the amount of TRAIL-R1
at the cell surface and confers resistance to TRAIL-R1-targeting monoclonal antibodies
(Ren et al., 2004). SRP component modulation was not shown to effect TRAIL-R2
trafficking and therefore appears to be a TRAIL-R1-specific mechanism (Ren et al.,
2004). A splice variant of the adaptor protein Arf GAP with Rho GAP domain, Ankyrin
repeat and PH domain (ARAP1), has been shown to interact with the TRAIL-R1 DD, and
at lower levels with the TRAIL-R2 DD. Loss of ARAP1 leads to a decrease in TRAIL-R1
surface levels and reduces TRAIL-induced apoptosis (Simova et al., 2008). Again, this
mechanism appears specific to TRAIL-R1, suggesting that control of receptor
trafficking to the cell surface may be a major regulatory method for TRAIL-R1, but not
TRAIL-R2, signalling. Endoplasmic reticulum (ER) stress has also been demonstrated to
induce the upregulation of TRAIL-R2 cell surface expression (Lu et al.,, 2014a;
Yamaguchi and Wang, 2004). ER stress can be triggered by accumulation of unfolded
proteins in the ER (unfolded protein response) (Lu et al., 2014a) or chemically, by
treatment with thapsigargin, which inhibits the sarco/endoplasmic reticulum Ca?%*-
ATPase (SERCA). Prolonged ER stress activates C/EBP homologous protein (CHOP),

which mediates an increase in TRAIL-R2 expression (Lu et al., 2014a).

The protein levels of the TRAIL death receptors have also been shown to be controlled
by ubiquitination. The proteasome inhibitor, PS-341, induces an increase in TRAIL-R2

and to a smaller extent, TRAIL-R1 protein levels. This is shown to be associated with
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levels of TRAIL-R2 ubiquitination (Johnson et al., 2003). Ubiquitination can also directly
regulate TRAIL-R1 surface expression levels, since the RING domain containing
protein, MARCH-8, was shown to ubiquitinate TRAIL-R1. Overexpression of MARCH-8
results in increased TRAIL-R1 cell surface levels; conversely knockdown of MARCH-8

decreases the amount of TRAIL-R1 on the cell surface (van de Kooij et al., 2013).

1.9.2: TRAIL Receptor Aggregation

To form a fully-active DISC, the ligated TRAIL receptors must be further aggregated to
form large signalling networks (Valley et al.,, 2012). Mechanisms which effect the
ability of the TRAIL receptors to aggregate can therefore have a profound effect on

TRAIL signalling.

In multiple cancers, the expression levels of GALNT14, a glycotransferase enzyme,
correlates with TRAIL sensitivity. GALNT14 mediated O-glycosylation of TRAIL-R1/R2 is
suggested to control TRAIL-induced receptor aggregation and therefore DISC
recruitment. Sites on TRAIL-R2 have been identified as possible glycosylation sites
(Wagner et al., 2007). S-palmitoylation involves the covalent attachment of palmitate
to cysteine residues. Rossin et al., (2009) showed that TRAIL-R1 can be partially
palmitoylated at a cysteine residue near the transmembrane domain. Overexpression
studies, demonstrated that palmitoylation is required for TRAIL-R1/TRAIL-R2 hetero-
oligomerisation, and homo-oligomerisation of TRAIL-R1. TRAIL-R1 palmitoylation is
also required for constitutive localisation of TRAIL-R1 into lipid rafts (Rossin et al.,

2009).

Lipid rafts are membrane micro-domains rich in cholesterol and sphingolipids which
can function as signalling platforms for many receptors (Simons and Toomre, 2000). By
preventing palmitoylation, with the palmitate analogue 13-oxypalmitate, or disrupting
lipid rafts, by depleting cholesterol with cholesterol oxidase, TRAIL-R1 lipid raft
localisation, DISC formation and TRAIL induced apoptosis are disrupted (Rossin et al.,
2009). Lipid raft localisation provides a convenient mechanism to stabilise the
aggregation of activated receptors. However, the role of lipid rafts in TRAIL signalling is
disputed due to conflicting reports on the requirement for receptor-lipid raft

localisation. Song et al., (2007) reported that in TRAIL-sensitive non-small cell lung
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cancer (NSCLC) cells, DISC formation, driven by FADD and caspase-8 recruitment,
occurs in lipid rafts. Conversely, in TRAIL-resistant NSCLC cells, TRAIL receptors are not
localised into lipid rafts and DISC formation occurs in non-raft fractions. These non-raft
“DISCs” are formed by the recruitment of RIPK1 and cFLIP, and induce the formation
of non-apoptotic signalling pathways. Ouyang et al., (2013) reported that in a TRAIL-
sensitive NSCLC cell line, ligand binding induces translocation of the TRAIL receptors
into lipid rafts. The absence of lipid raft localisation of TRAIL receptors is described as
being responsible for TRAIL resistance in a generated NSCLC (H460) cell line (Ouyang
et al. 2013). Constitutive localisation of TRAIL-R1 to lipid rafts was shown by Marconi
et al.,, (2013) who observed that TRAIL-R1 is bound to GM3, a glycosphingolipid
component of lipid rafts, only in TRAIL-sensitive B cells. TRAIL-R2 however was not
shown to be constitutively located to lipid rafts. Dickens et al (2012a) however
demonstrated that TRAIL-R1/R2 are not localised to lipid rafts in BJAB cells, and that
the TRAIL DISC forms in non-raft fractions. This is itself in contrast to a previous paper
showing the lipid raft localised association of the TRAIL DISC in Hela cells (Jin et al.,
2009), leading to the hypothesis that DISC formation (and the requirement for lipid
raft localisation) may be fundamentally different between cells of haematopoietic or

epithelial lineage (Dickens et al. 2012a).

1.9.3: DISC-Interacting Proteins

A key event in TRAIL signalling is the recruitment of initiator caspases to the TRAIL
receptors and the formation of an active DISC (Pennarun et al., 2010). Certain proteins
have been described to regulate DISC formation and caspase activation by their

recruitment into the DISC or via binding to the TRAIL receptors (Figure 1.6).

Cellular FLICE-inhibitory protein (cFLIP) is a catalytically-inactive homologue of
caspase-8, which exists in the cell mainly as the three isoforms: long, short and raji
(cFLIP, cFLIPs, cFLIPg respectively) (Rasper et al., 1998). The cFLIPs and cFLIPg isoforms
contain two DED domains but then only a short carboxyl terminus sequence of amino
acids. cFLIP. however contains two DEDs and a longer carboxyl terminus sequence,
containing caspase-like domains which are catalytically inactive (Yu et al. 2009).
Overexpression of all cFLIP isoforms have been shown to be anti-apoptotic, as the

cFLIP proteins compete with procaspase-8/10 for FADD binding (Bagnoli et al., 2010).

52



TRAIL TRAIL
Receptor
Aggregation

. "” TRAILR4
(K \}l I\ (X

TRAIL-R2 TRAIL-R1 l l TRAIL-R2 TRAIL-R1

<« A0 ) 0 /) M <>
PLAD ‘ ' PLAD

N D OO YOO OOSOOE,

.....A........f........."‘P.Q‘..ﬁ“’..lﬁ...I i

] I \
A

A E__

FADD

caspase-8

T (50 econda
ER S‘Compclje:(y

APOPTOSIS ?

Nucleus

ok

Canonical
NFgB Subnits

Figure 1.6: Regulation of TRAIL-Signalling by TRAIL-R1/R2 Protein Interactions

TRAIL signals to apoptosis through the ligation of its death receptors TRAIL-R1 and TRAIL-R2. Ligation of the
two receptors causing their aggregation to large complexes which allow the recruitment of FADD by death
domain (DD) interactions. FADD then recruits procaspase-8 by the formation of death effector domain (DED)
filaments, forming the death-inducing signalling complex (DISC). DDX3 has been demonstrated to selectively
inhibit TRAIL-R2 recruitment to the DISC. The caspase-8 homologue, cFLIP, facilitates the formation of
caspase-8 chains. However, cFLIP, inhibits DISC formation by terminating filament formation. A CUL3/Rbx1
complex has been demonstrated to poly-ubiquitinate caspase-8, increasing its activity. Active caspase-8
induces apoptosis by activating downstream executioner caspases. However, the DISC has also been shown
to form an intracellular secondary complex which through the recruitment of RIPK1, TRAF2, TRADD and
NEMO can activate kinase pathways such as MAPKs and NFkB. PRMTS5 has been demonstrated to bind to
DDs of TRAIL-R1 and TRAIL-R2, inhibiting DISC formation and promoting canonical NFkB activation. TRAIL-
R4 has also been shown to inhibit DISC formation by sequestering TRAIL and by inducing NFkB activation.
PKC activation also inhibits FADD recruitment and DISC formation by currently unknown mechanisms.
Controlling the surface levels of TRAIL-R1 and TRAIL-R2 also regulates TRAIL signalling. SRP components
SRP54 and SRP72 have been shown to directly bind TRAIL-R1 and TRAIL-R2, and facilitate their sorting and
release from the ER. ARAP1 has also been shown to aid the trafficking of TRAIL-R1 to the plasma
membrane. TRAIL-R1 and TRAIL-R2 levels have been demonstrated to be recycled from the membrane
and degraded by the proteasome.
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However, at lower expression levels, cFLIP. has been shown to contribute to the
formation of DED oligomers at the DISC (Hughes et al., 2016). These DED oligomers,
made up of recruited procaspase-8 and cFLIP, are essential for the activation of
caspase-8 (Hughes et al., 2016). cFLIP is regulated both at the transcriptional and
protein level. Activation of transcription factors such as NFkB, c-myc and p53 have
been shown to induce cFLIP expression, whilst c-Fos and clun repress cFLIP expression
(Li et al., 2007). JNK-mediated activation of the ubiquitin E3-ligase ITCH results in
decreased cFLIP levels by poly-ubiquitination and subsequent proteasome mediated
degradation (Chang et al., 2006). The half-life of cFLIP can be increased by mTOR-
induced activation of the de-ubiquitinase USP2, which removes the degradative poly-
ubiquitination of cFLIP (Safa et al., 2008). Phosphorylation of cFLIP has also been
observed, resulting in reduced affinity for FADD and the subsequent increase in pro-

caspase-8 and procaspase-10 recruitment to the DISC (Higuchi et al., 2003).

Jin et al (2009) recently described a role for caspase-8 poly-ubiquitination at the DISC,
which increases the activity of caspase-8. TRAIL stimulation induces DISC formation
and translocation to lipid rafts where a CUL3-RBX1 complex induces the poly-
ubiquitination of pro-caspase-8. The ubiquitin-binding protein p62 then binds the
poly-ubiquitin chains and causes the recruitment of caspase-8 to ubiquitin rich foci,
promoting cleavage and activation of caspase-8 (Jin et al., 2009). Also identified at the
DISC by proteomic screening, was the de-ubiquitinase A20. Over-expression of A20
can ablate the CUL3-dependent increase in caspase-8 activation (Jin et al., 2009). In
addition, TRAF2 was subsequently shown to bind to the poly-ubiquitinated caspase-8
(Jin et al., 2009). TRAF2 binding triggers the degradation of caspase-8 through the
addition of K48-linked poly-ubiquitin chains. The effect of TRAF2 binding is described
as an intrinsic shut-off timer for caspase-8 activation (Gonzalvez et al. 2012). This role
of CUL3 in TRAIL signalling may be limited only to epithelial-derived cell lines, as it
could not be detected in the TRAIL DISC isolated from haematopoietic cells (Dickens et

al. 2012a).

Protein arginine methyltransferase 5 (PRMT5) was identified by proteomic screening
to specifically interact with TRAIL-R1 and TRAIL-R2, but not TNFR1 or CD95 (Tanaka et

al., 2009). Silencing of PRMTS5 can sensitise various cancer cell lines to TRAIL-induced
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apoptosis, but does not affect non-transformed cells. PRMT5 contributes to TRAIL-
induced activation of IKK and therefore the NFkB pathway, leading to increased
expression of NFkB target genes (Tanaka et al.,, 2009). The effect of knockdown of
PRMTS can be rescued by simultaneous expression of active IKKB, showcasing a role in
NFkB activation. The effect of PRMT5 was specific to TRAIL however, as silencing had

no effect on TNFa mediated NFkB activity (Tanaka et al., 2009).

The ATP-dependent RNA helicase, DDX3, has been shown to specifically bind to TRAIL-
R2 and can inhibit TRAIL-induced apoptosis by blocking DISC formation in breast
cancer cells (Li et al., 2006). DDX3 was also shown to form a complex with glycogen
synthase kinase 3 (GSK3) and clAP1. Inhibition of GSK3 activity, or knockdown of
DDX3, can sensitise cancer cell lines to TRAIL-induced apoptosis (Oliver et al., 2012;

Sun et al., 2008).

In the presence of overexpressed FADD, both TRADD and RIPK1 have been shown to
interact with TRAIL-R1/R2 (Chaudhary et al., 1997; Lin et al., 2000; Pascal Schneider et
al., 1997). However, evidence for endogenous level interactions has been inconsistent.
RIPK1 but not FADD was shown to interact with the receptors (Lin et al., 2000),
whereas RIPK1 was found to only bind FADD in a secondary complex and not with the
TRAIL receptors (Jin and El-Deiry, 2006; Varfolomeev et al., 2005). TRADD has also
been shown to interact directly with the TRAIL receptors and mediate the recruitment
of RIPK1 (Cao et al., 2011). RIPK1 has been shown to be important for TRAIL-induced
non-apoptotic pathway activation (Varfolomeev et al., 2005). Knockdown of RIPK1 and
TRAF2 can sensitise cells to TRAIL-induced apoptosis by preventing the activation of
NFkB, p38 and JNK (Lin et al., 2000; Varfolomeev et al., 2005). Knockdown of TRADD
also sensitises cancer cells to TRAIL-induced apoptosis, due to a reduction in TRAIL-

induced NFkB activation (Cao et al., 2011; Kim et al., 2011).

1.9.4: PKC

The Protein kinase C (PKC) family is a large group of serine/threonine kinases which
are activated by intracellular Ca?* or diacylyglycerol (DAG) (Steinberg, 2008). Activated
G-protein coupled receptors (GPCRs) induce phospholipase C activity, which generate

DAG and Inositol 1,4,5 triphosphate (IP3) by the hydrolysis of the phospholipid,
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phosphatidylinositol 4,5-bisphosphate (PIP,). IP3 binds to its receptors on the ER and
stimulates the release of Ca?* into the cytosol (Berridge, 2009). PKCs can also be
activated by phorbol esters, such as phorbol 12-myristate 13-acetate (PMA), which are
analogues of DAG (Wu-Zhang and Newton, 2013). Phorbol esters have long been used
to induce cancer formation and have been shown to inhibit apoptosis (Koivunen et al.,
2006). The discovery of PKCs as the target of phorbol esters highlighted a role for PKC
activation in the inhibition of apoptosis (Koivunen et al., 2006). Activation of PKC has
specifically been shown to inhibit apoptotic induction by TRAIL, as well as CD95L and
TNFa (Byun et al., 2006; Harper et al., 2003a; Meng et al., 2010).

Early studies presented multiple mechanisms for how PKC could affect the extrinsic
apoptotic pathway. These included the phosphorylation and inhibition of pro-survival
BCL-2 family proteins: BCL-2 (Ito et al., 1997), MCL-1 (Domina et al., 2004) and BAD
(Holmstrom et al., 2000). Activation of the NFkB pathway by PKC (Busuttil et al., 2002),
and induction of the expression of apoptotic inhibitors such as cFLIP, was also
suggested. However, it became apparent that the critical event occurs earlier as
several groups demonstrated that PKC activation blocks an event upstream of caspase
activation (Gomez-Angelats et al., 2000; Harper et al., 2003a; Sarker et al., 2001). PMA
treatment blocks caspase activation and caspase-3-dependent cleavage of PKC
isoforms in Jurkat cells treated with anti-CD95 antibodies. This leads to a decrease in
CD95-induced cell shrinkage, MOMP and K* loss (Gémez-Angelats et al., 2000). The
blockade of TRAIL-induced apoptosis by PKC activation was demonstrated to inhibit
the cleavage of caspase-8. This prevented induction of MOMP and cytochrome c
release in TRAIL-treated Jurkat cells (Sarker et al., 2001). In a study from our
laboratory, Harper et al (2003) also demonstrated that PKC activation can block the
release of Smac and cytochrome c from mitochondria following TRAIL treatment of
Hela cells. Importantly, PMA treatment can only inhibit apoptosis induction if added
before TRAIL or CD95 agonistic antibodies (Trauzold et al., 2001). This implies that PKC
activation is targeting an early apoptotic event. PKC activation was demonstrated to
block the initial stage of CD95 DISC assembly, as PMA treatment inhibited recruitment
of FADD in Jurkat cells (Gémez-Angelats and Cidlowski, 2001; Meng et al., 2002).

Conversely, treatment with the PKC inhibitor Go6976 sensitised the cells to CD95-
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induced apoptosis and enhanced recruitment of FADD to the DISC (Goémez-Angelats
and Cidlowski, 2001). CD95-induced apoptosis was not blocked by PMA pre-treatment
in SKW6.4 cells, a lymphoblastoid B cell derived line, having effect no FADD
recruitment. The authors argued that the lack of inhibition in the SKW6.4 cells points
to a difference in PKC sensitivity being due to cells being Type | or Type Il in regard to
extrinsic apoptotic signalling. SKW6.4 cells are Type | cells and are not sensitive to
PKC-mediated inhibition, whereas Jurkats are Type Il cells, and require amplification of
caspase activation by the intrinsic pathway, and are sensitive to PKC-mediated
inhibition (Meng et al., 2002). As previously observed for CD95L signalling (Gémez-
Angelats and Cidlowski, 2001; Meng et al., 2002), FADD recruitment to the TRAIL DISC
was impeded following PKC activation. Importantly, FADD recruitment to recombinant
GST:TRAIL-R1/R2 constructs could also be prevented by PMA treatment (Harper et al.,
2003a). This implies that blockade of adaptor protein recruitment to death receptor
signalling complexes is a conserved mechanism for PKC-inhibition of death ligand
apoptotic signalling. Moreover, an early study showed that phorbol ester treatment
could block the appearance of CD95 bands at approximately 120 and 200 kDa on non-
reducing gels, suggesting that PKC activation can block CD95 aggregation (Ruiz-Ruiz et
al., 1999). PMA treatment however, has no effect on the ability of TRAIL-R1 or TRAIL-
R2 to form dimers or trimers (Harper et al., 2003a). Importantly, FADD itself does not
appear to be a direct target for PKC, as treatment with PMA does not change the
phosphorylation status of FADD in Hela (Harper et al., 2003a) or Jurkat cells (Meng et
al., 2010). Therefore, although PKC activation has been demonstrated to block TRAIL
(and other death ligand)-induced apoptosis, the mechanism(s) underlying this

phenomenon are not yet understood.

1.11: Thesis Aims

The ability of death ligands to induce apoptosis in cancer cells raised the possibility of
targeted cancer treatments with reduced side effects. Whereas TNFa and CD95L-
based approaches suffered from serious side effects in patients, TRAIL treatment is
well tolerated. However, the use of TRAIL as a therapeutic has been hampered by
intrinsic or acquired resistance in many cancers. Increasing our understanding of the

mechanisms which regulate TRAIL-induced apoptosis will enable new strategies to
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overcome TRAIL resistance in cancer. This thesis describes work to identify novel
proteins involved in the regulation of TRAIL signalling and characterises a mechanism

of TRAIL:TRAIL-Receptor regulation which until now has been unclear.

The first results chapter of this project describes the development of an improved
platform to enable the detection of isolated TRAIL receptors and the TRAIL-DISC by
label-free quantitative mass spectrometry. The development of this platform enabled

novel TRAIL DISC and TRAIL receptor-interacting proteins to be identified.

In the second results chapter, the mass spectrometry platform was utilised to
determine differences in mechanisms of regulation between TRAIL-R1 and TRAIL-R2
signalling. The reason for humans to express two functional death receptors (TRAIL-R1
and TRAIL-R2) is currently unclear. With numerous TRAIL-based therapeutics currently
being tested clinically which specifically interact with TRAIL-R1 or TRAIL-R2, it is
imperative to understand the mechanisms which determine sensitivity to apoptosis-
induced by each receptor. Novel proteins were identified which interacted with the
TRAIL DISC and with TRAIL-R1 or TRAIL-R2. The role of these proteins in regulating

TRAIL signalling was then further characterised.

The third data chapter describes an investigation of the mechanism by which
activation of PKC can inhibit TRAIL-induced apoptosis. It has long been observed that
activation of PKC can block apoptosis induction by TRAIL, CD95L and TNFa. How PKC
inhibits death receptor-mediated apoptosis, however, is currently not fully
understood. Elucidating the mechanism of PKC-mediated inhibition of apoptosis may
lead to new therapeutic targets to enhance efficacy of death receptor-based

therapeutics for cancer therapy.
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Chapter 2: Materials and Methods

2.1: Chemicals

All chemicals were of the highest quality and were purchased from Sigma (Gillingham,
UK) unless otherwise stated. Bisindolylmaleimide | (GF 109203X was purchased from

Calbiochem Nottingham, UK).

2.2: Reagents

2.2.1: TRAIL Generation and Biotinylation

Recombinant His-tagged TRAIL was generated in-house following expression in E.coli
cells and subsequent purification using nickel beads as previously described
(MacFarlane et al. 1997). Recombinant His-tagged TRAIL was biotinylated using 20
mg/ml  D-Biotinoyl-e-Amidocaproic  Acid-N-Hydroxysuccinimide ester (Roche)
according to the manufacturer’s instructions and as previously described (Harper and

MacFarlane, 2008)

TRAIL mutants, which specifically bind to TRAIL-R1 or TRAIL-R2, were generated and
biotinylated as described above using vector constructs generated previously

(MacFarlane et al., 2005a)

2.2.3: Antibodies

Primary antibodies used for western blot and flow cytometry analysis or induction of
cell death are detailed in Table 2.1, Table 2.2 and Table 2.3 respectively. Secondary

antibodies used for western blot analysis are detailed in Table 2.4.

2.2.4: Expression of GST-Fusion Proteins

GST-fusion proteins were created by fusing glutathione S-transferase (GST) to the N-
terminus of the intracellular domains (ICDs) of TRAIL-R1 (residues 269-468) and TRAIL-
R2 (residues 209—411). The vectors containing the TRAIL-R1 and TRAIL-R2-ICDs fused
to GST were previously produced in our lab (Harper et al., 2003a; Hughes et al., 2013).
(Receptor fusion proteins were overexpressed in XA-90 cells, kindly provided by Prof.
D. Riches, National Jewish Medical and Research Center, Colorado), by inducing with 1

mM
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Protein ~ Size (kDa) | Type Company Dilution
55/53, Rabbit Kind gift from Dr X Sun, MRC | 1:2000
Caspase-8 . . .
43/41, 18, 10 | Polyclonal Toxicology Unit, Leicester, UK
c 9 45, 37, 35 Rabbit Kind gift from Dr X Sun, MRC | 1:2000
aspase- Polyclonal Toxicology Unit, Leicester, UK
c 3 32, 20, 19, Rabbit Kind gift from Dr X Sun, MRC | 1:2000
aspase- 17 Polyclonal Toxicology Unit, Leicester, UK
113, 89 Mouse EnzoBML 1:2500
PARP
Monoclonal
57 Rabbit Prosci Incorporated 1:1000
TRAIL-R1 (CT)
Polyclonal
48, 40 Rabbit Prosci Incorporated 1:1000
TRAIL-R2 (CT)
Polyclonal
24 Mouse BD Transduction Laboratories | 1: 250
FADD
Monoclonal
- 55, 43, 26 Rabbit Merck Frost Centre (Rasper 1:3000
¢ Polyclonal et al., 1998)
Transferrin 85 Mouse BD Transduction Laboratories | 1 : 1000
Receptor 1 Monoclonal
36 Rabbit Cell Signalling Technology 1:1000
PP2A-C
Monoclonal
76 Mouse BD Pharmingen 1:500
RIPK1
Monoclonal
34 Mouse BD Transduction Laboratories | 1 : 500
TRADD
Monoclonal
48 Rabbit Cell Signalling Technology 1:1000
TANK
Polyclonal
101 Rabbit Abcam 1:1000
ORP8
Polyclonal
19 Rabbit Cell Signalling Technology 1:250
Skp1l
Monoclonal
) 90 Rabbit Cell Signalling Technology 1:500
Cullin-1
Polyclonal
106/103 Rabbit Bethyl Laboratories 1:1000
Fbxoll
Polyclonal Incorporated
65 Rabbit Cell Signalling Technology 1:1000
PP2A-A
Monoclonal
52 Rabbit Cell Signalling Technology 1:1000
PP2A-Bssq
Monoclonal
36 Mouse Abcam 1:2000
GAPDH
Monoclonal
Phosphorylated | 36 Mouse Cell Signalling Technology 1:1000
IkBau Monoclonal

Table 2:1 continues onto the next page
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36 Rabbit Cell Signalling Technology : 1000
IkBau
Polyclonal
PKCa 77 Rabbit Cell Signalling Technology : 1000
Polyclonal
77 Rabbit Abcam : 1000
PKCB,
Polyclonal
PKC 77 Rabbit Abcam : 1000
Bu Monoclonal
78 Rabbit Santa Cruz Biotechnology : 500
PKCy
Polyclonal
PKCS 78 Rabbit Cell Signalling Technology : 1000
Polyclonal
84 Rabbit Cell Signalling Technology : 1000
PKCe
Monoclonal
78 Rabbit Bethyl Laboratories : 1000
PKCn
Polyclonal Incorporated
82 Rabbit Cell Signalling Technology : 1000
PKCO
Polyclonal
Phosphorylated | 80 Rabbit Cell Signalling Technology : 1000
MARCKS Monoclonal
26 Mouse Novagen : 10000
GST
Monoclonal
Protein Type Company Concentration (pg/ml)
TRAIL-R1 Mouse 1gGiK - eBioscience 5
phycoerythrin (PE)
TRAIL-R2 Mouse IgGik - PE eBioscience 1.25
I1gG control Mouse IgGik - PE eBioscience 5
Agonistic Antibody Company Concentration (ng/ml)
Anti-CD95 (CH11) Millipore 100
Secondary Antibody Company Dilution
Goat anti-mouse IgG peroxidase Sigma 1:2000
Goat anti-rabbit IgG peroxidase DAKO 1:2000
IRDye® 800CW Goat anti-Mouse IgG Odyssey 1:6000
IRDye® 800CW Goat anti-Rabbit 1gG Odyssey 1:6000
IRDye® 680CW Goat anti-Mouse IgG Odyssey 1:6000
IRDye® 680CW Goat anti-Rabbit 1gG Odyssey 1:6000
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Residue Primer Primer Nucleic Acid Sequence
Sense CCCACCACCACCTGCGCAGATGCCTTTCA
5249 Antisense TGAAAGGCATCTGCGCAGGTGGTGGTGGG
S261 Sense CCCCAGGTCGTTGTGCGGCTCTGTCCACACGCTC
$262 Antisense GAGCGTGTGGACAGAGCCGCACAACGACCTGGGG
Sense GGGTGGGCTGCAAGATAGCCACGATCTCATTGAGGA
S277 Antisense TCCTCAATGAGATCGTGGCTATCTTGCAGCCCACCC
Sense CTCAGGGACCTGGGCGGGCTGCAAGATAC
T282 Antisense GTATCTTGCAGCCCGCCCAGGTCCCTGAG
Sense ACATGTTGACACCTGCTGGCTCTGCTGGCTC
1298 Antisense GAGCCAGCAGAGCCAGCAGGTGTCAACATGT
Sense CTCCCCGGGGGCCAACATGTTGACACC
5304 Antisense GGTGTCAACATGTTGGCCCCCGGGGAG
Sense GCAGATGCTCTGCCTCCCCGGGGGA
5308 Antisense TCCCCCGGGGAGGCAGAGCATCTGC
Sense GCCTCCTCCTCTGAGCCCTTTCAGCTTCTGC
5320 Antisense GCAGAAGCTGAAAGGGCTCAGAGGAGGAGGC
T335 Sense GAAGCACTGTCTCAGAGCCTCAGCGGGATCACCTTCATTTG
T337 Antisense CAAATGAAGGTGATCCCGCTGAGGCTCTGAGACAGTGCTTC
Sense GCGGCTCCCAGGCGTCAAAGGGCAC
5353 Antisense GTGCCCTTTGACGCCTGGGAGCCGC
T381 Sense CTTTATCAGCATCGCGTACAAGGCGTCCCTGTGGCCCG
T384 Antisense CGGGCCACAGGGACGCCTTGTACGCGATGCTGATAAAG
Sense CATCTCGCCCGGCTTTGTTGACCCACTTTATCAGCA
T393 Antisense TGCTGATAAAGTGGGTCAACAAAGCCGGGCGAGATG
$398 Sense CAGCAGGGCGTGGACAGCAGCATCTCGCCCGGT
T401 Antisense ACCGGGCGAGATGCTGCTGTCCACGCCCTGCTG
Sense CTCTCTCCCAGCGCCTCCAAGGCATCC
T408 Antisense GGATGCCTTGGAGGCGCTGGGAGAGAG
S424 Sense TCTAGATACATGAACTTTCCAGCGGCCAACAAGTGGTCCTCAATCTTC
S425 Antisense GAAGATTGAGGACCACTTGTTGGCCGCTGGAAAGTTCATGTATCTAG
S437 Sense CCGCTCGAGTTAGGCCATGGCAGCGTCTGCATTACCTT
$S440 Antisense AAGGTAATGCAGACGCTGCCATGGCCTAACTCGAGCGG
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isopropyl-d-thiogalactoside for 3 h, and cells were then lysed by sonication in 1.5%
(w/v) Sarkosyl, containing 5 mM dithiothreitol and Complete™ protease inhibitors
(Roche Applied Science). The lysate was bound to 1.5 ml of washed glutathione-
Sepharose beads (50% slurry in PBS) for 1 h at 4°C; the beads were washed twice in
ice-cold PBS, and the amount of purified GST-fusion protein quantified by Coomassie

Blue staining and comparison with bovine serum albumin (BSA) standards.

Mutations of TRAIL-R2 ICD serine and threonine residues to alanine residues were
made using the Stratagene QuikChange® Site-Directed Mutagenesis kit (Agilent
Technologies) and confirmed by DNA sequencing. Double mutations were carried out
if two S/T residues were within four amino acids. The primers used for each mutation
are detailed in Table 2.5. TRAIL-R2-ICD mutants were then expressed and bound to

glutathione beads using the method described above.

2.3: Cell Culture

All cell culture reagents were acquired from Invitrogen (Paisley, UK) apart from the
plastic ware, which was from Grenier Bioone (Frickhausen, Germany). The Burkitt’s
lymphoma cell line, BJAB was kindly provided by Dr Andrew Thorburn (University of
Colorado Health Sciences Center, Aurora, USA (Thomas et al., 2004)). Two Jurkat T cell
lines were cultured. Clone E6.1 was obtained from the European collection of animal
cell cultures (ECCAC, Wiltshire, UK), and the parental clone A3 (wildtype) was a kind
gift from Dr J Blenis (Harvard Medical School, Boston, USA). The cervical carcinoma cell
line, HelLa was also obtained from the ECCAC (Wiltshire, UK). BJAB and Jurkat cell lines
were cultured in Roswell Park Memorial Institute (RPMI) media supplemented with
10% foetal calf serum (FCS) and 2mM Glutamax™. Hela cells were maintained in
Dulbecco's Modified Eagle Medium (DMEM), containing 2mM Glutamax™ which was
supplemented with 10% FCS. Cells were incubated at 37°C with 5% CO; in a humidified

atmosphere and passaged every 3-4 days.

2.3.1: Rationale for Cell Lines Used

BJAB cells have been used extensively in our lab and are known to be sensitive to
TRAIL-induced apoptosis and form a large TRAIL DISC (Dickens et al., 2012a). For this

reason and due to a suspension cell line being easier to culture large cell numbers,
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they were chosen to perform the mass spectrometry screens for TRAIL-receptor
interacting proteins. Hela cells are also known to be sensitive to TRAIL-induced
apoptosis and are easier to transfect than BJAB cells. Therefore, Hela cells were used
to validate potential TRAIL-receptor interacting proteins by siRNA transfection. Hela
cells have also been used extensively in the field to study the effect of PKC activation
on TRAIL-induced apoptosis (Harper et al., 2003a). Jurkats are another cell line that
has been used to investigate PKC modulation of TRAIL signalling (Meng et al., 2010)

and were therefore used in conjunction with HelLa and BJAB cells.

2.4: General Methods

2.4.1: Assessment of Protein Expression in Cell Lines

Cell pellets were re-suspended in 1 x sample buffer (62 mM Tris, 0.05% w/v
bromophenol blue, 15% v/v glycerol, 2% w/v SDS, 5% v/v B-mercaptoethanol) and
sonicated for 4 cycles (5s on, 5s off). Samples were heated at 95°C for 3 min and

analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE).

2.4.2: SDS-PAGE

SDS-PAGE gels were run using the Mini-PROTEAN® Il electrophoresis cell (BioRad,
Hemel Hempstead, UK). Mini gels were prepared with a 4% stacking gel (125 mM Tris-
HCL (Roche, Newhaven, UK) pH 6.8, 0.1% w/v SDS, 4% acrylamide (Protogel®, National
Diagnostics, Geneflow Ltd, Fadley, UK) cast onto a running gel (375 mM Tris-HC| pH
8.8, 0.1% w/v SDS, variable acrylamide) of varied percentage, depending on the
protein of interest. Typically 10% or 12% running gels were used. For experiments with
more than 13 samples, the Criterion™ electrophoresis cell (BioRad) was used to run
pre-cast 1.0 mm 4-20% 18-well or 26-well (Biorad) gels. Samples to be analysed by
mass spectrometry by shotgun proteomics were separated using 1.0 mm 4-20% Bolt™

Bis/Tris gels (Invitrogen).

Proteins were always separated alongside SeeBlue® and SeeBlue® Plus2 pre-stained
protein standards (Invitrogen). Gels were run in electrode buffer (25 mM Tris, 192 mM
glycine (Fisher Scientific, Loughborough, UK), 0.1 % w/v SDS) at 60-120 V until the

protein markers had resolved to the desired level. After SDS-PAGE, gels were either
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blotted onto Polyvinylidene fluoride (PVDF) or stained with Coomassie (See section

2.4.4),

2.4.3: Western Blot Analysis

Following SDS-PAGE, proteins were transferred to Immobilon® polyvinylidene fluoride
(PVDF) membrane (MerckMillipore). The membrane was blocked for 1 h at room
temperature with 5% w/v milk (Marvel, Nestlé, Surrey, UK) in Tris-buffered saline with
Tween-20 (TBS-T, 2 mM Tris-HCL pH 7.6, 13.7 mM NaCl (Fisher Scientific), 0.1% v/v
Tween-20). Proteins of interest were visualised by incubation with specific primary (2
h at room temperature or overnight at 4°C) and secondary antibodies (1 h at room

temperature).

2.4.4: Coomassie Staining

Gels were washed with distilled water before overnight incubation with ProtoBlue™
Safe Colloidal Coomassie G-250 stain (National Diagnostics). Background staining was
removed by de-staining in distilled water. The Coomassie stain was prepared by

diluting 7 parts stain with 3 parts ethanol (Fischer Scientific).

2.4.5: Bradford Protein Assay

The protein concentration of samples was determined using the Bradford protein
assay (Bradford, 1976). Bradford assay solution was prepared by dilution of 1 part
protein assay concentrate (Biorad) with 4 parts distilled water. Defined amounts of
protein containing sample or BSA were added to 1 ml of the Bradford solution in
cuvettes (Sarstedt, Numbrecht, Germany) and mixed by invertion. The absorbance at
595 nm was measured using a Lambda 2 UV/VIS spectrophotometer (Perkin Elmer,
Wellesley, USA). The protein concentration of the samples were calculated using the

BSA values to construct a standard curve (1 — 10 mg/ml).

2.4.6: Apoptosis Assessment of Annexin V-FITC and DRAQ7 Stained Cells

by Flow Cytometry

Apoptosis was assessed by annexin V-FITC (Kind gift from Dr X Sun, MRC Toxicology
Unit, Leicester, UK), which binds to externalised phosphatidylserine (PS) (Nagata et al.,

2016), and the membrane impermeable, far-red fluorescent dye, DRAQ7™ (Abcam,
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Figure 2.1: Forward/Side Scatter and Annexin V/DRAQ7 Blots of Control and Apoptotic Cells
Dot blots generated from the BD FACSDiva software for the measurement of apoptosis in untreated or
TRAIL treated BJAB, Hela and Jurkat E6.1 cells. The cells were either left untreated (control) or treated
with 500 ng/ml of TRAIL for 4 h at 37°C. Apoptosis was assessed through annexin V-FITC/DRAQ7
staining as described in Section 2.4.6.
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Cambridge, UK). Suspension cells (200 ul) were added to 0.8 ml of annexin buffer (10
mM HEPES-NaOH (Fischer Scientific) pH 7.4, 150 mM NaCl, 5 mM KCl (Fischer
Scientific), 1 mM MgCl,, 1.8 mM CaCl). Adherent cells (HelLa) were washed once with
phosphate-buffered saline (PBS), trypsin added and cells incubated at 37°C until they
detached. Cells were again washed with PBS before being re-suspended in 1 ml warm
media and incubated at 37°C for 30 min to recover. The cells (200 ul) were then added
to annexin buffer as for suspension cells. 0.2 pl (HeLa and Jurkat cells) or 0.8 pl (BJAB
cells) of annexin V-FITC (batch-dependent concentration) was then added and the
samples incubated in the dark at room temperature for 8 min (HelLa and Jurkat) or 15
min (BJAB). Subsequently, 1 pul 0.3 mM DRAQ7 (Abcam) was added and samples
incubated on ice for 2 min. The level of annexin V-FITC and DRAQ7™ staining was
assessed by flow cytometry using a BD FACSCanto™Il (BD FACSDiva software). Figure
2.1 demonstrates typical results following TRAIL treatment of BJAB, Hela and Jurkat
E6.1 cells.

2.4.7: Knockdown of Protein Expression by siRNA Transfection

Expression of target proteins was knocked down by transfection of targeting small
interfering RNA (siRNA) using lipofectamine RNAiMax® (Invitrogen). Specific siRNA
constructs were acquired from ThermoFischer Scientific which targeted ORP8 (Product
ID s41692), PKCa (Product ID s11092) and PKCB (Product ID s11095). The optimal
concentration of each siRNA, volume of lipofectamine RNAiMax® and time after
transfection for efficient protein expression knockdown was determined by small scale
experiments. For the siRNA constructs used in this project, Hela cells were transfected
for 24 or 48 h with 10 nM (final concentration) siRNA, using 4 ul lipofectamine
RNAiMax® per transfection. One day prior to transfection, 1.25 x 10° (for 24 h
transfection) or 2.5 x 10° (for 48h transfection) Hela cells were plated in 6 well plates.
For the transfection, the siRNA was diluted in 250 pl Opti-MEM® | reduced serum
medium (Invitrogen) to give a final concentration of 10 mM (in 3ml). Lipofectamine
RNAiMax® (4 ul) was then diluted in 250 pl Opti-MEM® reduced serum medium before
the siRNA and lipofectamine RNAiMax® solutions were combined and incubated at
room temperature for 15 min. The siRNA/RNAiMax® mix was then added to the cells

to give a final volume of 3 ml. The cells were then incubated for 24 or 48 h at 37°C
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with 5% CO2 in a humidified incubator. Knockdown of the target protein expression

was determined following SDS-PAGE separation and subsequent western blot analysis.

2.4.8: Measurement of TRAIL-R1 and TRAIL-R2 Cell Surface Expression

Hela cells (~ 1 x 10%) were washed once with PBS, trypsin added and cells incubated at
37°C until they detached. Cells were again washed with PBS before being re-
suspended in 1 ml warm media and incubated at 37°C for 30 min to recover. Cells
were pelleted, media removed and cells re-suspended in 10% v/v goat serum in PBS
and incubated with the appropriate phycoerythrin (PE)-conjugated antibody
(eBioscience, Insight Biotechnology Ltd, Wembley, UK) for 1 h on ice in the dark. Cells
were incubated with either anti-human TRAIL-R1, anti-human TRAIL-R2 or mouse IgG1
kappa (isotype control) antibody. Following incubation, cells were washed in PBS and
the level of cell surface receptor expression analysed using the BD FACSCanto™!Il (BD

FACSDiva software).

2.5: Analysis of the TRAIL DISC

2.5.1: TRAIL DISC Isolation

Isolation of TRAIL signalling complexes was performed essentially as previously
described (Harper et al., 2001; Harper and MacFarlane, 2008; Hughes et al., 2013).
Cells were pre-treated with 500 ng/ml biotinylated TRAIL (bTRAIL) for 1 h on ice
followed by incubation at 37 °C for 10 min (BJAB) 15 min (Hela) or 20 min (Jurkat).
Untreated (control) samples were generated using the same approach but without the
treatment with bTRAIL. Suspension cells were then washed three times with ice-cold
PBS and lysed in DISC lysis buffer (30 mM TRIS-HCI (pH 7.5), 150 mM NaCl, 10%
glycerol, 1% Triton X-100), containing Complete™ protease inhibitor. For experiments
analysing the effect of PKC activation on DISC formation (Chapter 5), PhosSTOP™
phosphatase inhibitors (Sigma-Aldrich) were also included in the DISC lysis buffer.
Adherent cells (HelLa) were washed once with PBS and then scraped into fresh (cold)
PBS. Cells were then centrifuged and washed two times with cold PBS before being
lysed in the same buffer used for suspension cells. Cell lysates were cleared by
centrifugation (15,000 x g for 30 min at 4°C) and a sample of the supernatant mixed

with 10 x SDS-sample buffer (0.5 M Tris-HCl pH 6.8, 0.4% bromophenol blue, 15% v/v
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glycerol, 16% w/v SDS, 5% v/v B-mercaptoethanol). To isolate unstimulated TRAIL
receptors, 0.5 pg/ml bTRAIL was added to the supernatants from cells not previously
treated with bTRAIL. The supernatants were incubated for 17 h at 4°C on an end-to-
end rotator with 50 ul magnetic M-280 streptavidin Dynabeads® (Dynal, Invitrogen).
Beads were isolated from the supernatant using a magnet, washed and proteins
eluted by boiling at 95°C for 5 min in 1 x SDS-sample buffer. Proteins in the
supernatant fractions (inputs) and bead eluates were separated by SDS-PAGE and
analysed by western blot. For large-scale experiments for mass spectrometry analysis,
the protocol was scaled up and the number of cells and volume of Dynabeads® used

are detailed in the respective figure legends.

Additional treatments prior to the isolation of the DISC are described in the respective

figure legends.

2.5.2: Separation of TRAIL DISC by Sucrose Density Gradient (SDG)

Centrifugation

Cells were treated as described above to induce formation of the DISC. The washed
cell pellet was lysed in 2 ml of DISC lysis buffer and the lysate cleared by
centrifugation. The cleared lysate was loaded onto a continuous 10 — 45% sucrose
gradient (10 — 45% w/v sucrose, 50 mM Tris-HCl pH 7.4, 150 mM NacCl, 0.1% v/v Triton
X-100) and centrifuged at 180,000 g for 17h at 4°C. Following centrifugation, the
gradients were fractionated into 1 ml samples. To each of the fractions, 30 ul of
magnetic M-280 streptavidin Dynabeads® was added, before incubation overnight at
4°C on an end-to-end rotator. The beads were then washed and proteins eluted by
boiling in 1 x SDS-sample buffer. Eluted proteins were separated by SDS-PAGE and

analysed by western blotting.

2.5.3: 2-D Gel Electrophoresis of Isolated TRAIL DISC

The TRAIL DISC was isolated as described above, but instead eluted from the beads by
incubation in urea buffer (8M Urea, 2% v/v Triton X-100, 5% v/v glycerol) for 30 min at
37°C. 20 pl of this sample was added to 230 pl rehydration buffer (8M Urea, 2% v/v
Triton X-100, 5% v/v glycerol, 65 mM DTT, 0.2% pH 3-10 ampholytes (Biorad)) and

applied to a 11cm pH 4-7 non-linear Readystrip™ IPG strip (Biorad). The strip was
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covered with DryStrip cover fluid (GE Healthcare) and actively rehydrated at 50 V with
the sample overnight in the PROTEAN IEF cell (Biorad). Electrode wicks were inserted
under the strip before running at 250 V for 15 min, the voltage slowly ramped up to
8000 V and run for 35,000 Vh. Before the second SDS-PAGE dimension the strip was
incubated with DTT-containing (130 mM) equilibration buffer (6M Urea, 2% v/v SDS,
0.375M Tris-HCI pH 8.8, 20% v/v glycerol) for 15 min, and then a further 15 min with
iodoacetamide (GE Healthcare)-containing (135 mM) equilibration buffer. Following
SDS-PAGE separation, the proteins were transferred onto PVDF membrane for

western blot analysis.

2.5.4: Treatment of the Isolated TRAIL DISC with Phosphatases

To analyse the effect of phosphatase treatment on the TRAIL DISC, the isolated DISC
was treated with A phosphatase (New England Biolabs (NEB), Cambridge, UK) or
protein tyrosine phosphatase (PTP) (R & D systems, Abingdon, Oxford, UK). The TRAIL
DISC was isolated as described above, in the presence of phosphatase inhibitors.
However, after incubation of the magnetic M-280 streptavidin DynaBeads® with the
cell lysate overnight, the beads were washed three times in DISC lysis buffer,
containing Complete™ protease inhibitors but not PhosSTOP® phosphatase inhibitors.
After washing, the beads were incubated with either phosphatase buffer (10% v/v 1 x
NEB PMP buffer (New England Biolabs) diluted in d.H,0), A phosphatase (phosphatase
buffer, 1 mM MnCl; (New England Biolabs), 100 units A phosphatase) or PTP
(phosphatase buffer, 100 units PTP) for 30 min at 37°C. Proteins were then eluted into
1 x SDS-sample buffer by boiling at 95°C for 5 min, separated by SDS-PAGE and

analysed by western blotting.

2.6: Mass Spectrometry

The TRAIL DISC and unstimulated TRAIL receptors were isolated from BJAB cells as
described above by scaling up the protocol six to ten fold. The number of cells and
volume of magnetic M-280 streptavidin beads used is described in the respective
figure legends. The isolated proteins were either eluted and separated by SDS-PAGE,
using Bolt™ gels (“Shotgun proteomics” method) or eluted from the beads and

immediately analysed by mass spectrometry (“Off-Bead” method).
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2.6.1: “Shotgun Proteomics”

SDS-PAGE gels were sliced into 24 slices, de-stained, dehydrated and digested with
trypsin (Promega) overnight at 30°C. The samples from every two adjacent gel slice
were combined, to give a total of 12 samples from each lane. Tryptic peptides were
extracted with trifluoroacetic acid (TFA; 0.2%), dried in a speedvac then solubilized in
20 ul injection solvent (97% FA (5%) 3% MeCN). For Top 3 label-free analysis, the
injection solvent is spiked with 20 fmol / pl yeast alcohol dehydrogenase (ADH) and
bovine serum albumin (BSA). Injection volumes varied, depending on the protein
amounts, but were typically 4.5 pl. Samples were analysed by a nanoaquity LC system
(Waters), interfaced to a Synapt G2S; operated in HDMSE (ion mobility) mode. Each
sample was loaded on the Synapt G2S; and analysed concurrently. The HDMSE data
was processed and searched using the Protein Lynx Global Server (PLGS), version 3,
and protein identifications made using the Uniprot database (human reviewed).
Scaffold (Proteome Software, Portland, Oregon, USA) was used to validate protein
identifications derived from MS/MS sequencing results, visualised using the
ProteinProphet computer algorithms (Searle 2010). In Scaffold, the results from each
individual paired gel slice sample were collated to give total protein identifications

from each gel lane.

2.6.2: “Off-bead” Method

Alternatively, purified TRAIL-DISC complexes were analysed using an Off-bead method
in which the magnetic M-280 Dynabeads® were re-suspended in Rapigest (Waters),
and protein eluted by heating to 80°C for 45 min. The samples were then digested
with trypsin (Promega) overnight at 30°C, before addition of neat TFA to remove the
Rapigest. 20 pl of each sample was mixed with injection solvent (97% FA (5%), 3%
MeCN) and injected onto the Synapt-G2S; and analysed as described above. Using the
on-bead method, only one sample was loaded onto the mass spectrometer resulting

in @ much reduced time for sample analysis when compared to “shotgun proteomics”.

2.6.3: Label-Free “Top 3” Quantitation

Label-free quantitation was carried out using the “Top 3” method as described (Silva

et al., 2006). In brief, the abundances of the three most abundant peptides for each
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protein were compared to the abundances of a known amount of ADH included (80
fmol) in each sample analysed. Quantified amounts (fmol) for each identified protein,
in each sample (each paired slice for shotgun method) were generated by PLGS and
outputted as csv files. Using a programme written in-house by Dr lan Powley, the total

amounts of each protein of interest for the whole sample were extracted.

2.6.4: Identification of Protein “Hits”

For each mass spectrometry experiment, proteins were determined to be interacting
with the DISC or unstimulated receptors, if peptides were detected in the treated or
unstimulated samples but not in the untreated samples. Peptide detection thresholds
were set at 90% peptide probability. Specifically-interacting proteins were identified in
Scaffold and a list of proteins of interest was generated. “Top 3” quantitative data for

each of the proteins of interest were then calculated as described above.

2.7: GST-TRAIL-R-ICD In Vitro Binding Assay

To assess GST-TRAIL-R-ICD protein binding (Harper et al., 2003a; Hughes et al., 2013),
Hela cells were either left untreated or treated with PMA (20 ng/ml) for 30 min at
37°C, then washed once with PBS and harvested by trypsinisation. Alternatively, Jurkat
cells were re-suspended in fresh media and left untreated or treated with PMA for 30
min at 37°C. Cell pellets were re-suspended in 3 ml of DISC lysis buffer (see above) and
incubated on ice for 45 min. Lysates were cleared by centrifugation, and aliquots of
the supernatant containing 5 mg of protein (10 mg/ml) were incubated for 16 h at 16
°C with 10 pg of purified GST-ICD fusion proteins bound to glutathione-Sepharose
beads. Bound proteins were pelleted by centrifugation at 200 x g for 3 min, washed
five times in PBS containing protease inhibitors, and released from beads by boiling for
5 min in SDS sample buffer. The interaction of FADD with GST-TRAIL-R-ICDs was

assessed by western blotting, following separation of the proteins by SDS-PAGE.
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Chapter 3: Development of an Improved Platform
to Identify Isolated TRAIL DISC Proteins,
Unstimulated TRAIL receptors and Associated
Proteins by Quantitative Label-free Mass
Spectrometry

3.1: Introduction

Death ligands induce apoptosis through the ligation, aggregation and activation of
death receptor signalling complexes (reviewed by Dickens et al., 2012b). The death
ligand TRAIL induces apoptosis by activating its death receptors TRAIL-R1 and TRAIL-
R2, causing their aggregation and subsequent formation of the death-inducing
signalling complex (DISC) (Kischkel et al., 2000; Sprick et al., 2000; Tschopp et al.,
2000). In the DISC, procaspase-8 is activated following the formation of death effector
domain (DED) filaments/chains and subsequently cleaves downstream effector
caspases which induce apoptosis (Dickens et al., 2012a). The discovery of TRAIL
generated substantial interest since it was reported that TRAIL is highly selective at
inducing apoptosis in malignant cells but not normal cells (Pitti et al., 1996; Wiley et
al., 1995). However, subsequent studies have shown that many tumour cells, including
primary cells from patients, display inherent resistance to TRAIL treatment, or rapidly
develop resistance upon treatment (MacFarlane et al., 2002; Stegehuis et al., 2010;

van Dijk et al., 2013; Zhu et al., 2004).

TRAIL signalling can be directly regulated via modulation of the core DISC components
and by the binding of proteins which inhibit or promote DISC activity. For example,
TRAIL-R4 can bind TRAIL and is recruited to the DISC but prevents caspase-8 activation
by preventing the recruitment of FADD due to the absence of a functional death
domain (DD) (Mérino et al., 2006). Cellular FLICE-inhibitory protein (cFLIP) can either
inhibit or enhance the activation of caspase-8 depending on the isoform and the
extent of cFLIP binding to the DISC. The long isoform of cFLIP (cFLIP.) is a homologue

of caspase-8 which lacks the catalytic active site but can be cleaved and promotes
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caspase-8 chain assembly, thereby enhancing activity. Higher concentrations of cFLIP,
can also be inhibitory by preventing caspase-8 filament assembly (Hughes et al., 2016).
The short isoform of cFLIP (cFLIPs) however, only contains the N-terminal DEDs and
acts as a chain terminator, inhibiting caspase-8 activation (Hughes et al., 2016). In
addition, cullin-3 (Cul3) was demonstrated to bind to the TRAIL DISC in Hela cells, and
in a complex with the E3-ligase, RING box protein-1 (Rbx1), catalyses the poly-
ubiquitination of caspase-8 (Jin et al., 2009). The ubiquitin binding protein p62 then
binds the poly-ubiquitin chains and causes the recruitment of caspase-8 to ubiquitin
rich foci, promoting cleavage and activation of caspase-8 (Jin et al., 2009). This process
is regulated by the binding of the de-ubiquitinating enzyme, A20 which removes the
ubiquitin chains (Jin et al., 2009), or by TRAF2 which targets the ubiquitinated caspase-
8 for degradation (Gonzalvez et al., 2012). This process however may be limited only
to epithelial-derived cell lines as Cul3 could not be detected in DISC isolated from cell

lines of haematopoietic origin (Dickens et al., 2012a).

By identifying and understanding novel mechanisms which regulate the sensitivity of
cells to TRAIL-induced apoptosis, new strategies may be developed to overcome
resistance to TRAIL-based therapeutics. This chapter describes the development of an
improved platform to analyse isolated TRAIL receptors and activated DISCs by label-
free quantitative mass spectrometry. After demonstrating that the known membrane-
bound TRAIL receptors (TRAIL-R1-R4) and DISC components could be reliably
detected, novel DISC associated proteins were identified which may have novel roles

in the regulation of TRAIL signalling.
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3.2: Results

3.2.1: Concentration-response of BJAB Cells to TRAIL-induced Apoptosis

To determine the sensitivity of BJAB cells to TRAIL-induced apoptosis, 1 x 10° cells
were treated with increasing concentrations of TRAIL, ranging from 0 to 2 pg/ml
(Figure 3.1). After a 4 h treatment, cells were stained with annexin-V-FITC and DRAQ7
and cell death quantified by flow cytometry (Figure 3.1 A). TRAIL concentrations lower
than 0.1 pg/ml did not induce significant cell death above background levels.
However, as the concentration of TRAIL increased further the percentage of cell death
rapidly rose to a maximum of 88.5% annexin-V positive cells at 1.0 pg/ml. Further

analysis of this dose response revealed that in BJAB cells the EC50 for TRAIL is 0.21

ug/ml.

The effect of TRAIL treatment was further analysed by western blotting of whole cell
lysates of treated cells for caspase-8, caspase-9, caspase-3 and PARP (Figure 3.1 B).
The western blot for caspase-8 detected the p43/p41 and subsequent p18 fragments
in cells treated with 0.5, 1.0 or 2.0 pg/ml TRAIL (Figure 3.1 B, Lanes 5-7),
demonstrating caspase-8 activation and auto-processing. The p43/p41 and pl8
fragments were also detected in cells treated with 0.25 pug/ml TRAIL (Lane 4), however
at a lower level than for the higher TRAIL concentrations, correlating with the FACs
data (Figure 3.1 A). Cells treated with 0.05 or 0.1 pg/ml TRAIL (Lanes 2-3) did not show
the formation of caspase-8 fragments over background levels (Lane 1), demonstrating
that caspase-8 had not been activated by TRAIL treatment at these lower
concentrations. Caspase-9 was cleaved to the p37 and p35 fragments in cells treated
with 0.25 pg/ml or greater TRAIL concentrations (Lanes 4-7. P37 was the pre-dominant
fragment detected, indicating that caspase-9 had been cleaved by activated caspase-3
and not auto-processed within the apoptosome. In untreated cells or cells treated
with 0.05 or 0.1 pg/ml TRAIL (Lanes 1-3), caspase-9 fragments were not detected. The
fully active, mature, p17 caspase-3 fragment was detected in cells treated with 0.25,
0.5, 1.0 and 2.0 pg/ml TRAIL (Lanes 4-7). Increasing amounts of the mature pl17
fragment were detected in comparison to the p20 and p19 fragments with increasing
TRAIL concentrations. Again, cells treated with 0.05 or 0.1 pg/ml TRAIL (Lanes 2-3)

show no induction of cell death, and the active caspase-3 fragments were not
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Figure 3.1: Concentration-response of BJAB Cells to TRAIL-induced Cell Death

1 x 10° BJAB cells were treated with 0, 0.05, 0.1, 0.25, 0.5, 1.0 or 2.0 pug/ml TRAIL for 4 h Cells were then
stained with annexin-V-FITC and DRAQ7 and cell death analysed by flow cytometry (A). The percentage of
annexin-V positive cells was plotted against [TRAIL] and modelled using a four-parameter logistic curve which

determined the EC50to be 0.21 pug/ml. B Western blots were performed from the remaining cells and probed

for caspase-8, caspase-9, caspase-3 and PARP.
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detected. Consistent with this, full length PARP predominated in the untreated or
0.05, 0.1 pg/ml TRAIL-treated samples (Lanes 1-3). Whereas, the PARP p85 fragment
predominated in the samples treated with 0.25 pg/ml TRAIL (Lane 4) and the amounts
of the p85 band increased with increasing concentrations of TRAIL to 0.5, 1.0 and 2.0
ug/ml (Lanes 5-7). Taken together, the FACS data and western blots show that BJAB
cells are sensitive to TRAIL-induced apoptosis. Moreover, TRAIL concentrations of 0.5-

1 pug/ml are sufficient to induce maximal cell death after 4 h treatment.

3.2.2: Western Blot Analysis of Isolated TRAIL DISC and Unstimulated
TRAIL receptors from BJAB Cells

After demonstrating the sensitivity of BJAB cells to TRAIL-induced apoptosis, the
ability of biotinylated TRAIL (bTRAIL) to precipitate the TRAIL DISC was determined. A
concentration of 0.5 pg/ml bTRAIL was utilised as it has previously been shown to
sufficiently activate the apoptotic pathway in BJAB cells (Dickens et al., 2012a). BJAB
cells were treated with 0.5 pug/ml TRAIL and incubated on ice for 1 h to enable
increased DISC formation by slowing the kinetics of receptor internalisation and
complex dissociation (Dickens et al., 2012a; Hughes et al., 2013). Cells were then
incubated at 37°C for 10 mins, lysed and the DISC isolated by incubation with 50 pl
streptavidin beads (Dynabeads) before elution into sample buffer. In addition,
unstimulated TRAIL receptors were isolated by the addition of 0.5 pg/ml bTRAIL after
the cell lysis. Western blot analysis of the isolated DISC and unstimulated samples
(Figure 3.2) show the detection of a band corresponding to TRAIL-R1. The TRAIL-R1
western blot also shows a band at a higher molecular weight (*) in both the
unstimulated (Lane 5) and DISC (Lane 6) samples. This band could indicate the
presence of a glycosylated or other post-translational modification of TRAIL-R1. Both
the long and short isoforms of TRAIL-R2 were successfully detected in the
unstimulated (Lane 5) and DISC (Lane 6) samples. The detection of both TRAIL-R1 and
TRAIL-R2 confirms their presence in both the unstimulated and DISC samples. Neither
TRAIL-R1 nor TRAIL-R2 were detected in the input samples (Lanes 1-3) and first
therefore require precipitation to enable detection. The TRAIL DISC was shown to be
successfully isolated as FADD, caspase-8 and cFLIP were detected in the DISC sample

(Lane 6) but not in the unstimulated sample (Lane 5). The detection of caspase-8
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Figure 3.2: Isolation of the TRAIL DISC and Unstimulated TRAIL-R1/R2 from BJAB Cells
50x 10° BJAB cells were treated with 0.5 pg/ml biotinylated TRAIL (bTRAIL), lysed and TRAIL DISC isolated by
incubation with 50 pl streptavidin beads (Dynabeads) overnight before elution into sample buffer.
Unstimulated TRAIL-receptors were isolated by the addition of 0.5 pg/ml bTRAIL after cell lysis and an
untreated control was performed by incubating 50 pl streptavidin beads with the lysate without addition of
bTRAIL. Input samples were taken immediately before addition of streptavidin beads. Western blots were
performed from the eluted samples and probed for TRAIL-R1, TRAIL-R2, FADD, caspase-8 and cFLIP. *
Represents a post-translationally modified form of TRAIL-R1 (Robinson et al., 2012)
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p43/p4l fragments demonstrated that the isolated DISC had activated and cleaved
caspase-8. In addition, only the cleaved formed of cFLIP. wasdetected, whilst the
cFLIPs isoform was not detected. Importantly, none of the DISC proteins were
detected in the untreated sample (Lane 4), demonstrating that they do not bind non-

specifically to the streptavidin beads.

3.2.3: Detection and Quantification of TRAIL DISC Proteins using Label-
free “Top 3” LC-MS/MS Shotgun Proteomics

The protocol used to isolate the TRAIL DISC from BJAB cells was scaled up to enable
detection of DISC proteins by mass spectrometry. Initially, 300 x 10° BJAB cells were
treated with 0.5 pg/ml bTRAIL (as previously described, Section 3.3.2), lysed, and the
DISC isolated by incubation with 300 ul streptavidin beads (DynaBeads) and then
eluted into sample buffer. An untreated control was also analysed from 300 x10° BJAB
cells which were not treated with bTRAIL but were lysed and incubated with
streptavidin beads alone as in the DISC sample. The eluted samples were separated by
SDS-PAGE, coomassie stained and analysed by mass spectrometry using the “shotgun
proteomics” method (Boyd et al., 2009). Briefly, the gels were sliced and proteins from
each individual gel slice extracted, processed and sequentially analysed. The
generated data was processed and searched using the Protein Lynx Global Server
(PLGS), and protein identifications made using the Uniprot database (human
reviewed). The data from each individual slice was collated and identified proteins
visualised in Scaffold using the ProteinProphet computer algorithms (Searle 2010).
Peptides detected for each protein were displayed if the peptide probability scores

were greater than 90%.

The data obtained show that TRAIL-R1 and TRAIL-R2 were successfully isolated, as 9
unique peptides of each protein were detected with an amino acid coverage of 24 and
20%, respectively (Table 3.1, DISC 1: red highlighted rows). A further TRAIL receptor,
TRAIL-R4 was also detected, although with a lower amino acid coverage of 13% from 5
unique peptides. The TRAIL DISC was successfully isolated, as the known DISC
proteins, caspase-8, cFLIP and caspase-10 were detected. Caspase-8 was detected
with the most success, by an amino acid coverage of 50% from 29 unique peptides.

Although detected with lower coverage of 16% and 8% respectively, cFLIP and
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' No. Volume | Amino Acid Tc?tal Unique Assign'ed
Protein | Sample Cells Beads Coverage Un|c.|ue Spectra Pro?c'em
(x 10°) ({T)] (%) Peptides Probability (%)
DIsC1 300 300 24 9 100
DISC 2 500 500 4 2 2 100
TRAIL-R1 DISC 3 500 300 23 9 13 100
DIsC 4 500 300 29 13 18 100
uT1 300 300 0 0
uT2 500 500 0 0
DIsC1 300 300 20 9 100
DISC 2 500 500 18 7 100
TRAIL-R2 DISC 3 500 300 24 9 16 100
DISC 4 500 300 34 17 31 100
uT1 300 300 0 0 0
uT2 500 500 0 0 0
DIsC1 300 300 13 5 5 100
DISC 2 500 500 3 1 1 100
TRAIL-RA DISC 3 500 300 23 8 8 100
DIsC 4 500 300 16 5 6 100
uT1 300 300 0 0 0 0
uT2 500 500 0 0 0
DIsC1 300 300 0 0 0
DISC 2 500 500 3 1 1 100
FADD DISC 3 500 300 7 3 2 100
DISC 4 500 300 19 5 6 100
uT1 300 300 0 0 0 0
uT2 500 500 0 0 0
DIsC1 300 300 50 29 37 100
DISC 2 500 500 44 19 20 100
Caspase- | DISC3 500 300 59 37 63 100
8 DIsC 4 500 300 62 35 53 100
uT1 300 300 0
uT2 500 500 0 0 0
DIsC1 300 300 16 100
DISC 2 500 500 3 1 1 42
CFLIP DISC 3 500 300 31 13 17 100
DISC 4 500 300 31 15 19 100
uT1 300 300 0 0 0 0
uT2 500 500 0 0 0 0
DIsC1 300 300 8 3 5 100
DISC 2 500 500 0 0 0 0
Caspase- | DISC3 500 300 21 7 7 100
10 DIsC 4 500 300 20 7 7 100
uT1 300 300 0 0 0
uT2 500 500 0 0 0
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Table 3.1: Detection of TRAIL-DISC Proteins from BJAB Cells by Mass
Spectrometry by Shotgun Proteomics

BJAB cells (300 or 500 x 108) were treated with 0.5 pg/ml bTRAIL, lysed and the TRAIL DISC
isolated by incubation with streptavidin beads (300 pl or 500 pl) overnight before elution into
sample buffer. In addition, untreated control samples were isolated using the same method but
without the addition of bTRAIL. Samples were then ran on SDS-PAGE gels, coomassie stained
and analysed by mass spectrometry using the shotgun proteomics method. Mass spectrometry
results were visualised using Scaffold with proteins and peptides displaying 95% and 90%
probability respectively being displayed. The results for the known DISC proteins: TRAIL-R1,
TRAIL-R2, TRAIL-R4, FADD, caspase-8, cFLIP and caspase-10 are displayed.
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caspase-10 identification were also assigned a protein probability of 100%.
Importantly, no peptides from known DISC components were detected in the
untreated sample (Table 3.1, UT 1) demonstrating that core DISC proteins were not
binding to the streptavidin beads non-specifically. However, despite the detection of
the other DISC binding proteins, FADD was not identified in this DISC isolation. As the
proportion of FADD in the DISC relative to the TRAIL receptors and the DED-only
proteins (caspase-8, cFLIP and caspase-10) has previously been shown to be sub-
stoichiometric (Dickens et al., 2012a), the lower level of FADD present in the DISC may
therefore explain why it was not detected. To increase precipitation of DISC-
associated FADD, the experiment was repeated using an increased number of cells by
scaling up the protocol. 500 x 10° BJAB cells were treated with 0.5 pg/ml bTRAIL (as
described previously, Section 3.2.2), lysed and the DISC isolated using 500 ul
streptavidin beads and eluted into sample buffer. Again, the DISC sample was
separated by SDS-PAGE, coomassie stained and analysed by mass spectrometry using
the shotgun proteomics method. The results show that TRAIL-R1, TRAIL-R2, TRAIL-R4,
caspase-8, cFLIP and importantly, FADD were detected (Table 3.1, DISC 2: green
highlighted rows). However, despite FADD now being detected, the overall DISC
protein identifications were lower than in DISC 1. The coverage of TRAIL-R1 fell from
24% to 4%, with only 2 peptides being detected. The detection of TRAIL-R4 and cFLIP
also deteriorated with amino acid coverage falling to 3% from 13% and 16%
respectively and the protein probability for cFLIP falling to 42%. Caspase-10 was not

detected in DISC 2, while the detection of TRAIL-R2 and caspase-8 was also reduced.

Therefore, although FADD was detected, the overall coverage of known DISC proteins
decreased, despite the number of cells being increased to 500 x 10°. This poorer
detection may have been due to the volume of beads also being increased. A greater
volume of streptavidin beads may result in a greater number of proteins binding non-
specifically and therefore the proportion of DISC proteins isolated may actually be
lower. To determine if reducing the volume of beads would increase the detection of
core DISC proteins, the DISC was isolated using 300 pl streptavidin beads from 500 x
10° cells, and analysed as before. The results show that TRAIL-R1, TRAIL-R2, TRAIL-R4,

FADD, caspase-8, cFLIP and caspase-10 were all detected with 100% protein
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probability (Table 3.1, DISC 3: blue highlighted rows). The number of peptides for
TRAIL-R1 and TRAIL-R2 returned to those observed in DISC 1, with 9 peptides each
giving 23% and 24% coverage, respectively. TRAIL-R4 detection increased to 23%
coverage from 8 peptides, and 3 peptides were now detected for FADD. The detection
of caspase-8, cFLIP and caspase-10 was also increased following the reduction in

streptavidin bead volume to 300 pl.

To confirm that the reduced bead volume of 300 ul used to isolate DISC from 500 x 10°
BJAB cells gives a better detection of core DISC proteins, the experiment was
repeated. The results again show the detection of TRAIL-R1, TRAIL-R2, TRAIL-R4,
FADD, caspase-8, cFLIP and caspase-10 (Table 3.1, DISC 4: blue highlighted rows) with
a greater number of peptides and amino acid coverage than DISC 1 and 2 (red and
green rows respectively). The number of peptides detected for TRAIL-R1 and TRAIL-R2
increased to 13 and 17 respectively, whereas the 5 peptides detected for TRAIL-R4
were equal to that in DISC 1 but gave a higher amino acid coverage of 16%. FADD was
detected at its highest level of 5 peptides and caspase-8 detection was also
consistently higher than in DISC 1 and 2 with 37 and 35 peptides detected in DISCs 3
and 4, respectively. The detection of cFLIP and caspase-10 was also consistently higher
with 15 and 7 peptides respectively, matching the increase previously observed in

DISC 3.

3.2.4: Identification and Confirmation of Novel TRAIL DISC-Interacting

Proteins

Having demonstrated that the all of the canonical components of the TRAIL DISC could
be consistently detected by mass spectrometry (Table 3.1), the ability to detect
hitherto unknown novel DISC-associated proteins could be explored. Across the four
TRAIL DISC samples and two untreated (UT) samples, 569 different proteins were
identified. Of these proteins, 79 were detected in the TRAIL DISC samples but not the
untreated samples, including core DISC proteins already discussed. Table 3.2 displays
the total number of unique peptides detected for potential novel DISC-interacting
proteins. Transferrin receptor protein-1 (TfR1) was consistently detected across all
four DISC samples, with the highest number of unique peptides, in agreement with

previous studies (Dickens et al, unpublished data). However, other proteins were
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Total Unique Peptides

Al\f:‘:‘;'::‘ Protein DISC DISC DISC DISC
1 2 3 4
CA057_HUMAN Nucleoside-triphosphatase Clorf57 0 0 1 2
SRP09_HUMAN Signal recognition particle 9 kDa protein 0 0 0 2
CS043_HUMAN Uncharacterized protein C190rf43 0 0 0 2
Tumour necrosis factor receptor type 1
TRADD_HUMAN -associated DEATH domain protein 0 0 0 2
RIPK1 Recerftor.interacting Serine/Threonine- 0 0 3 )
protein kinase 1
RAB14_HUMAN | Ras-related protein Rab-14 0 0 0 1
NDUAA_HUMAN NADH dehydrogenase [ul:?iquinone] 1 0 0 3 1
alpha subcomplex subunit 10
RAC2_ HUMAN Ras'-related C3 botulinum 0 0 5 1
toxin substrate 2
HVCN1_HUMAN | Voltage-gated hydrogen channel 1 2 0 0 1
CP080_HUMAN Uncharacterised protein C160rf80 3 0 2 1
BZW2_HUMAN Basic !eucine z.ip.per and WZ 0 0 4 0
domain-containing protein 2
PSB2_HUMAN Proteasome subunit beta type-2 0 0 2 0
AGK_HUMAN Acylglycerol kinase 0 0 3 0
SQSTM_HUMAN | Sequestosome-1 0 0 3 0
0OAS2_HUMAN 2'-5'-oligoadenylate synthetase 2 0 0 3 0
TRAF1_HUMAN | TNF receptor-associated factor 1 0 0 3 0
DDHD1_HUMAN | Phospholipase DDHD1 0 0 1 0
DOCK5_HUMAN | Dedicator of cytokinesis protein 5 2 0 1 0
MX1 HUMAN Interfferon-induced GTP-binding 0 0 7 0
- protein Mx1
F184B_ HUMAN Protein FAM184B 0 1 2 0
LYSC_HUMAN Lysozyme C 3 0 0 0
ANR12_ HUMAN Ankyr'in repeat domain-containing 0 0 5 0
protein 12
NUDC_HUMAN Nuclear migration protein nudC 0 0 2 0
LCN1_HUMAN Lipocalin-1 2 0 0 0
SH3G1_HUMAN | Endophilin-A2 0 0 2 0
AGR2_HUMAN Anterior gradient protein 2 homolog 2 0 0 0
NR4A2_HUMAN Nuclear receptor subfamily 4 group 0 0 ) 0
A member 2
RS28 HUMAN 40S ribosomal protein S28 0 2 0 0
CR030_HUMAN | Transmembrane protein C180rf30 0 0 2 0
UBP35_HUMAN Ubiquitin carboxyl-terminal 5 0 0 0
hydrolase 35
Table 3.2: Potential DISC-associated Proteins Identified by Mass
Spectrometry

The number of unique peptides of proteins detected in the DISC samples (1-4) but not the
untreated samples (UT 1 and 2) from the mass spectrometry results detailed in Table 3.1 are

displayed.
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detected at lower levels and with less consistency, almost exclusively in TRAIL DISC 3
and 4.

To determine if the potential DISC-associated proteins identified by mass
spectrometry (Table 3.2) could be confirmed by western blot analysis, TRAIL DISC and
unstimulated TRAIL receptors were isolated from 50 x 10° BJAB cells as described
above. In addition, an untreated sample was included to provide control for non-
specific interaction of target proteins with streptavidin beads. Western blots of the
isolated samples were probed for TRAIL-R1, TRAIL-R2, FADD and caspase-8 to confirm
the TRAIL DISC had been successfully isolated. To investigate whether the proteins
identified by mass spectrometry could be further confirmed, western blot analysis was
used to probe for TfR1, protein phosphatase 2A catalytic subunit (PP2A-C), RIPK1,
TRADD and TRAF family member-associated NFkB activator (TANK) (Figure 3.3). TRAIL-
R1 and TRAIL-R2 were detected in both the unstimulated (Lane 5) and DISC (Lane 6)
samples, confirming their successful precipitation. The TRAIL DISC was successfully
isolated, as both FADD and caspase-8 were detected only in the DISC sample (Lane 6).
Caspase-8 was also shown to be activated/cleaved, as the p43/p41 fragments were

detected (Lane 6).

TfR1 was detected in the DISC sample (Lane 6), confirming its interaction with the
TRAIL DISC. TfR1 was also however detected in the unstimulated sample (Lane 5),
implying that it interacts with the TRAIL-R1/R2 irrespective of TRAIL stimulation. This
association was also observed for PP2A-C, which was detected in both the
unstimulated receptors (Lane 5) and DISC (Lane 6) samples. The intensity of the band
corresponding to PP2A-C was stronger in the unstimulated sample (Lane 5), implying
that the pre-dominant interaction was with non-DISC associated TRAIL-R1/R2. Both
RIPK1 and TRADD were only detected in the DISC sample (Lane 6) and not the
unstimulated (Lane 5) or untreated (Lane 4) samples, showing a specific interaction
with the TRAIL DISC. TANK however was detected in both the untreated (Lane 4) and
DISC (Lane 6) samples, showing that its identification is the result of a non-specific
interaction with streptavidin beads. TANK was not however detected in the
unstimulated sample (Lane 5), possibly because the bTRAIL added post-lysis is present

in excess (compared to the DISC samples, in which the excess bTRAIL is washed off
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Figure 3.3: Confirmation of the Interaction of TRAIL DISC-associated Proteins by Western
Blot Analysis

50 x 10° BJAB cells were treated with 0.5 pg/ml bTRAIL, lysed and TRAIL DISC isolated by overnight
incubation with 50 pl streptavidin beads before elution into sample buffer. In addition, unstimulated TRAIL-
receptors were isolated by the addition of 0.5 pg/ml bTRAIL after cell lysis. Untreated control samples were
isolated using the same method but without the addition of bTRAIL. Input samples were taken immediately
before addition of streptavidin beads. Western blots were performed from the isolated samples and probed
for TRAIL-R1, TRAIL-R2, FADD, caspase-8, transferrin receptor 1 (TfR1), serine/threonine phosphatase 2A-
catalytic subunit (PP2A-C), receptor interacting protein kinase-1 (RIPK1), tumour necrosis factor receptor
type 1-associated death domain protein (TRADD) and TRAF family member-associated NFkB activator
(TANK). * Represents a post-translationally modified form of TRAIL-R1 (Robinson et al., 2012). ** Represents
another form of TRAIL-R2, which may contain post-translational modifications.
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before incubation with streptavidin beads) and therefore likely blocks the bead sites

where TANK is binding non-specifically.

3.2.5: By Evaluating an “Off-bead” Method to Analyse the Isolated TRAIL
DISC, it was Determined that Further Reduction in the Volume of

Streptavidin Beads Does not Enhance TRAIL DISC Detection

Having showed that reducing the volume of streptavidin beads to 300 ul (from 500 pl)
increased the detection of the DISC by mass spectrometry (Table 3.1), the effect of
reducing the volume of streptavidin beads further was investigated. 500 x 10° BJAB
cells were treated with 0.5 pg/ml bTRAIL (as described previously, Section 3.2.2), lysed
and incubated with either 300 pl, 200 pl, 150 pl or 100 pl streptavidin beads to isolate
the TRAIL DISC. To control for non-specific interactions with the beads, cell lysates
were incubated with 300 pl streptavidin beads but without the addition of bTRAIL. To
analyse the samples, a new method was utilised in which the precipitated proteins
were eluted and processed directly from the beads (“off-bead” method) rather than
running on a gel first as in the “shotgun proteomics” method (Sections 3.2.3 - 3.2.4).
The “off-bead” method ideally works with less-complex samples and therefore should
be ideal for analysing the isolated TRAIL DISC. The benefit of the “off-bead” method is
that each isolation is loaded onto the mass spectrometer as one sample, instead of a
series of sequential samples from the sliced gel as in the shotgun method. Using the
“off-bead” method therefore increases throughput, as less time is taken loading the
samples onto the mass spectrometer, and therefore enables multiple experimental

parameters to be used (Turriziani et al., 2014).

The results show that TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-8, cFLIP and
caspase-10 were all detected in the TRAIL DISC isolated with 300 pl beads using the
“off-bead” method (Table 3.3, blue highlighted rows). The number of peptides
detected for TRAIL-R1, TRAIL-R2, TRAIL-R4 and FADD were similar to those detected
using the shotgun proteomics method (Table 3.1, DISCs 3 + 4). However, using the
“off-bead” method, the number of peptides detected for caspase-8 (Table 3.3, DISC 1
+ 2) was lower than detected using the “shotgun proteomics” method (Table 3.1, DISC

3 +4). The detection of cFLIP and caspase-10 was less reproducible using the “off-
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No. Volume Amino Acid . . Assigned .
Protein | Sample Cells Beads Coverage Unuf{ue Unique Protein Protein
(x 10°) () (%) Peptides | Spectra Probability (%) (fmol)
DISC 1 500 200 21 10 10 100 347.6
DISC 2 500 17 7 7 100 234.5
TRAIL- DISC 3 500 200 23 8 8 100 191.4
R1 DISC 4 500 15 4 4 100 158.6
DISC 5 500 150 3 3 100 121.0
DISC 6 500 100 4 4 100 72.1
DISC 1 500 300 56 16 19 100 368.1
DISC 2 500 55 15 16 100 320.4
TRAIL- DISC3 500 200 55 15 16 10 86.2
R2 DISC 4 500 17 6 6 100 81.1
DISC5 500 150 19 7 7 100 140.7
DISC 6 500 100 17 6 6 100 43.4
DISC 1 500 200 21 6 6 100 123.6
DISC 2 500 18 4 4 100 69.2
TRAIL- | DISC3 500 200 24 6 6 100 29.3
R4 DISC 4 500 1 1 63 0.0
DISC 5 500 150 1 1 99 0.0
DISC 6 500 100 0 0 0 0 0.0
DISC 1 500 300 34 6 7 100 92.1
DISC 2 500 49 7 8 100 52.0
EADD DISC 3 500 200 36 6 6 100 33.2
DISC 4 500 1 1 52 0.0
DISC5 500 150 2 2 100 31.8
DISC 6 500 100 10 2 2 99 19.4
DISC 1 500 200 50 18 19 100 314.6
DISC 2 500 54 20 20 100 206.4
Caspase- | DISC3 500 200 56 22 22 100 137.7
8 DISC 4 500 22 10 10 100 108.2
DISC 5 500 150 9 4 4 100 135.1
DISC 6 500 100 22 8 8 100 63.3
DISC 1 500 300 8 4 4 100 61.2
DISC 2 500 27 12 12 100 47.8
CELIP DISC 3 500 200 20 9 9 100 17.3
DISC 4 500 9 4 4 100 15.6
DISC5 500 150 7 3 3 100 20.9
DISC 6 500 100 2 1 1 100 10.7
DISC 1 500 0 0 0 0 0.0
DISC 2 500 300 22 8 8 82 26.8
Caspase- | DISC3 500 200 2 1 1 19 0.0
10 DISC 4 500 3 2 2 19 0.0
DISC5 500 150 3 2 2 69 0.0
DISC 6 500 100 0 0 0 0 0.0
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Table 3.3: Detection of Proteins from the TRAIL DISC Isolated from BJAB Cells by Mass

Spectrometry using the "Off-bead" Method
500 x 106 cells BJAB cells were treated with 0.5 pug/ml bTRAIL, lysed and TRAIL DISC isolated by incubation with
300 ul (highlighted in blue), 200 pl (green), 150 pl (red) or 100 pl (orange) streptavidin beads overnight. Samples
were eluted and analysed directly by mass spectrometry using the "off-bead" method. Mass spectrometry
results were visualised using Scaffold, with proteins and peptides displaying 95% and 90% probability being
displayed. The results for the known DISC proteins: TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-8, cFLIP and
caspase-10 are shown. “Top Three” label-free quantitated values were calculated by comparison of the amounts
of the three most abundant peptides of each protein with the three most abundant proteins detected from 80
fmol yeast alcohol dehydrogenase that was spiked into each sample.
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bead” method (Table 3.3, DISCs 1 + 2), although the maximum number of peptides
detected for each protein was similar to that detected using “shotgun proteomics”
(Table 3.1, DISCs 3 + 4). Following the detection of core DISC proteins using the “off-
bead” method, the impact of reducing the volume streptavidin beads used to isolate
the DISC could be evaluated. Further reductions to the volume of streptavidin beads
did not enhance identification of core DISC proteins, but actually resulted in the
number of peptides observed to decrease (Table 3.3). The number of peptides
detected for TRAIL-R1 was 10 (Table 3.3: DISC 1) and 7 (DISC 2) when using 300 ul
beads (blue), however when the volume of beads decrease to 200 ul the peptide
detections dropped to 8 (DISC 3) and 4 (DISC 4). This decreased further to 3 (DISC 5)
and 4 (DISC 6) peptides as the bead volumes were lowered to 150 pl and 100 pl,
respectively. The same pattern was observed for TRAIL-R2; a maximum of 16 peptides
(DISC 1) were detected from the DISC isolated with 300 pl beads. DISC 3, isolated using
200 pl streptavidin beads produced 15 peptides of TRAIL-R1, whereas in the repeat
experiment (DISC 4) only detected 6 peptides. As the volume of beads used was
lowered further to 150 pl and 100 ul however, only the lower numbers of 7 (DISC 5)
and 6 (DISC 6) peptides were detected. TRAIL-R4 was detected with 6 (DISC 1) and 4
(DISC 2) peptides from the DISC isolated using 300 ul beads, whereas the two DISC
isolations using 200 pl beads resulted in 6 (DISC 3) and 1 (DISC 4) peptides being
detected. Taken together with the TRAIL-R2 and TRAIL-R1 results, this shows that the
isolation of DISC 4 was less effective in comparison with DISC, 3 despite both being
isolated using 200 pl of beads. Further reductions to 150 ul and 100 ul had a markedly
greater effect as only one peptide was detected in the 150 pl bead isolation (DISC 5)
and TRAIL-R4 was not detected at all in the 100 pl bead sample (DISC 6). FADD, which
was not detected previously using the lower number of BJAB cells (Table 3.1, DISC 1),
was detected with all volumes of beads used (Table 3.3). However, in a similar pattern
to the TRAIL receptors, the number of peptides detected decreased from 6/7 (Table
3.3: DISC 1/2) to 2 (DISC 5) and 2 (DISC 6), as the bead volumes were reduced from
300 pl to 150 and 100 pl, respectively. The reduction of beads from 300 pl to 200 pl
had no negative effect on caspase-8 identification (if we accept that the values for
DISC 4 are lower) and actually increased slightly from 19/20 (DISC 1/2) peptides to 22

(DISC 3) peptides. However, as observed for the other DISC proteins, further
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reductions of the bead volumes drastically reduced the number of caspase-8 peptides
detected, with only 4 detected (DISC 5) using 150 pl beads and 8 (DISC 6) with 100 pl
beads. The number of peptides detected for cFLIP using 300 pl beads (blue) was
inconsistent, with a high of 12 detected in DISC 2 but only 4 in DISC 1. When the bead
volume was reduced to 200 pul, 9 peptides were detected in DISC 3 and 4 peptides in
DISC 4. Taken together, the number of peptides detected appears to decrease as the
volume of beads was reduced. This is certainly true as the volume of beads was
decreased further to 150 pl and 100 pl as only 3 (DISC 5) and 1 (DISC 6) peptide(s)
were detected respectively, correlating with the pattern observed for the other
proteins. Caspase-10 was identified through the detection of 8 peptides in DISC 2, but
in DISC 1 (also isolated using 300 pul beads) no peptides were detected. When the bead
volume was reduced to 200 ul, the number of peptides detected also decreased to 1
(DISC 3) and 2 (DISC 4). Further bead volume reductions to 150 ul resulted in 2
peptides (DISC 5) being detected, whilst caspase-10 was not identified in DISC 6,

isolated using 100 pl streptavidin beads.

By analysing the number of unique peptides detected, it is apparent that reducing the
volume of streptavidin beads to isolate the DISC below 300 pl impedes the
identification of TRAIL DISC proteins, rather than enhancing it as was hoped (Table
3.3). However, despite the number of unique peptides detected being a good
indicator of the amount of protein being identified, it does not give a quantifiable
value. To resolve this issue, the amount of protein detected was analysed using “Top
3” label-free quantitation. To each of the samples loaded onto the mass spectrometer,
80 fmol of yeast Alcohol Dehydrogenase (ADH) was spiked in. The amount of the three
most abundant peptides for each protein were then compared to the amount of the
three most abundant peptides of ADH detected. By comparing these values, and
knowing the amount of ADH in each sample, the amount of each protein detected

could be calculated.

The “Top 3” quantified values for the amount of each DISC protein detected are
shown in the last column of Table 3.3 and also expressed graphically in Figure 3.4. The
“Top 3” data confirms that reducing the volume of beads used to isolate the DISC

results in lower amounts of TRAIL DISC proteins being detected. The amount of
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Figure 3.4: “Top Three” Label-free Quantitation of TRAIL DISC Proteins Isolated using the
“Off-bead” Method
The “Top Three” label free quantitated values for the canonical DISC proteins: TRAIL-R1, TRAIL-R2, TRAIL-
R4, FADD, caspase-8, cFLIP and caspase-10 from the mass spectrometry results described for the isolated
TRAIL-DISCs (Table 3.3).
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protein roughly correlates with the number of peptides detected for each protein,
however there are examples in which the two values differ. In DISC 5, 140.7 fmol of
TRAIL-R2 is detected, whereas in DISC 3 only 86.2 fmol is detected, despite only 7
unique peptides of TRAIL-R2 being identified in DISC 5 and 16 being identified in DISC
3. Similarly, 61.2 fmol of cFLIP was detected from 4 peptides in DISC 1 but only 47.8
fmol of cFLIP was detected from 12 peptides in DISC 2. This discrepancy is due to the
fact that the “Top 3” method measures the abundance of peptides rather than the
range of different peptides detected and therefore a small number of peptides
detected repeatedly would represent a larger amount of protein then a large number
of diverse peptides being detected in low abundance. “Top 3” values for some of the
proteins in which only 1 peptide was detected were not calculated as the software
requires abundance values from at least three of the most abundant independent
peptides. Values were however calculated for the amount of FADD in DISC 5 and 6,
despite only two peptides being detected. This is due to the detection of other
peptides which did not meet the criteria to be displayed in Scaffold but met the
detection criteria in the ProteinLynx Global Server (PLGS) software, from which the

“Top 3” values are generated.

3.2.6: Detection of Unstimulated TRAIL receptors Isolated from BJAB
Cells by Label-free Quantitative Mass Spectrometry using the “Off-bead”
Method

Western blots (Figure 3.3) from small scale DISC isolations showed that proteins
identified by mass spectrometry (Table 3.2), even those detected with low numbers of
peptides (PP2A-C, RIPK1, TRADD), could be confirmed as interacting with the TRAIL
DISC. However, they also revealed that some of the proteins detected may actually be
interacting with TRAIL-R1/R2 irrespective of TRAIL stimulation. However, the proteins
interacting with the unstimulated TRAIL receptors could also have a regulatory effect
on TRAIL signalling. The unstimulated receptor precipitations were therefore analysed
to determine if these proteins could be detected by mass spectrometry. Therefore,
500 x 10° BJAB cells were lysed, 0.5 pg/ml bTRAIL added post-cell lysis and
unstimulated receptors isolated by incubation with 300 pl, 200 ul, 150 pl or 100 pl of
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No. Volume | Amino Acid . . Assignfad .
Protein | Sample Cells Beads Coverage Un|c'|ue Unique Prote!r'l Protein
(x 109) () (%) Peptides | Spectra | Probability | (fmol)
(%)
us1 500 300 20 7 7 100 91.81
us 2 500 19 6 6 100 47.50
TRAIL- us3 500 500 15 5 5 100 46.58
R1 us4 500 8 3 3 100 53.71
uss5 500 150 3 3 94 53.27
us 6 500 100 0 0 0 0.00
us1 500 56 16 16 100 124.01
us2 500 300 44 14 14 100 74.46
TRAIL- us3 500 . 37 11 11 100 56.76
R2 us 4 500 27 8 8 100 26.31
us>5s 500 150 0 0 0 0.00
us 6 500 100 0 0 0 0.00
us1 500 300 14 3 3 100 49.25
us 2 500 14 3 3 100 19.80
TRAIL- us3 500 500 0 0 0 0 0.00
R4 us4 500 0 0 0 0 0.00
uss5 500 150 0 0 0 0 0.00
us 6 500 100 0 0 0 0 0.00

Table 3.4: Detection of TRAIL-Receptors in Unstimulated Samples from BJAB

Cells by Mass Spectrometry using the  "Off-bead" Method
500 x 10° cells BJAB cells were lysed, followed by addition of 0.5 pug/ml bTRAIL and unstimulated
TRAIL-receptors isolated by incubation with 300 pl (highlighted in blue), 200 ul (green), 150 pl (red)
or 100 pl (orange) streptavidin beads overnight. Samples were eluted and analysed directly by
mass spectrometry using the off-bead method. Mass spectrometry results were visualised using
Scaffold with proteins and peptides displaying 95% and 90% probability being displayed. The
results for the TRAIL-receptors: TRAIL-R1, TRAIL-R2 and TRAIL-R4. “Top Three” label free
quantitated values were calculated by comparison of the amounts of the three most abundant
peptides of each protein with the three most abundant proteins detected from 80 fmol yeast
alcohol dehydrogenase that was spiked into each sample.
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streptavidin beads. Samples were then analysed by mass spectrometry using the “off-

bead” method.

Table 3.4 shows the results for the detection of TRAIL-R1, TRAIL-R2 and TRAIL-R4 from
the unstimulated cell lysates. As with the DISC isolations, the reduction in volume of
beads used to isolate the samples reduced the number of peptides detected for each
protein. A maximum of 7 peptides were detected for TRAIL-R1 using 300 ul beads,
which decreased to 3 using 150 ul beads and zero detection with 100 pl beads.
Similarly TRAIL-R2 was detected with a maximum of 16 peptides using 300 ul beads,
decreasing to 11 peptides with 200 pl and no detection observed with either 150 ul or
100 pl beads. TRAIL-R4 was only detected in the 300 pl bead sample, with three
peptides being observed. “Top 3” values were again calculated as described above for
the DISC isolations and are displayed in Figure 3.5 and confirmed the reduction in the
efficiency of TRAIL receptor isolation as the volume of beads used was decreased
(Figure 3.5). As observed for the DISC isolations (Figure 3.4), the amount of TRAIL-R1
and TRAIL-R2 detected in DISC 2 was lower than detected in DISC 1, using the same
volume of beads, although still higher than the receptors isolated using 200 pl beads.
The amount of the TRAIL receptors detected was lower than the corresponding
amounts in the DISC samples (Figure 3.4), with approximately 350 fmol of TRAIL-R1
and TRAIL-R2 being detected in the TRAIL DISC, whereas around 100 fmol was
detected in the unstimulated samples. This implies that activation of the receptors
and their associated aggregation to form the DISC results in a greater detection
efficiency, possibly by the recruitment of additional receptors that weren’t directly
bound by bTRAIL added post-cell lysis. Alternatively the binding of bTRAIL may be less

efficient once the cells have been lysed and the cell membrane structure is disrupted.

In addition to the canonical TRAIL DISC components described, 10 other proteins were
identified in the unstimulated receptor isolation samples but not in the untreated
control samples (Table 3.5). None of these proteins detected and confirmed as
interacting with the TRAIL DISC using the “shotgun proteomics” method were
detected in the “off-bead” processed samples. The loss of detection of these DISC-
interacting proteins indicates that the “off-bead” method may be less sensitive

compared to the “shotgun proteomics” method. Despite this, 10 additional proteins
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Figure 3.5: “Top Three” Label-free Quantitation of Unstimulated TRAIL-Receptors

Isolated using the “Off-bead” Method
The “Top Three” label free quantitated values for TRAIL-R1, TRAIL-R2 and TRAIL-R4 from the mass

spectrometry results described for the isolated unstimulated TRAIL-receptors (Table 3.4).
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Total Unique Peptides
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Accession Protein 1 2 3 45 6|1 2 3 45 6|1 2 3
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Table 3.5: Novel TRAIL-receptor-interacting Proteins Identified by Mass

Spectrometry using the "Off-bead"” Method

The total number of unique peptides of other proteins detected in the DISC samples (1-6) or
unstimulated samples (US 1-6) but not the untreated samples (UT 1-4) from the mass spectrometry
results detailed in Tables 3.3 and 3.4 are displayed.
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Figure 3.6: “Top Three” Label-free Quantitation of TRAIL DISC and Unstimulated TRAIL-
R1/R2 Interacting Proteins

The “Top Three” label-free quantitated values from the mass spectrometry results for all proteins detected in
the DISC 1 and DISC 2 samples from the experiment described in Table 3.5 are displayed. The “Top Three”
values presented are the total amount of each protein detected in DISC 1 and DISC 2, divided by 2. The values
forthe known DISC components: TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-8, cFLIP and caspase-10 are
indicated on the left.

100



were detected in the unstimulated samples but not the in untreated control samples
(Table 3.5). Among these proteins were four of the oxysterol binding proteins related
protein (ORP) family, of which peptides were detected in the 300 ul and 200 pl
isolations. HECT and RLD domain containing E3-ubiquitin ligase (HERC2) was also
detected with a maximum of 73 peptides, a greater amount seen for any of the DISC
proteins. “Top 3” values for the total amount of each potential TRAIL receptor-
interacting protein (Figure 3.6) show that ORP8 and ORP9 were the most abundantly
detected with 283.5 fmol and 252.2 fmol respectively. Despite the huge number of
peptides detected for HERC2, only 124.7 fmol was present across all the samples.
Further analysis of HERC2 reveals that it is a large protein at 527 kDa, composed of
4834 amino acids. Therefore the large number of peptides detected is not surprising,
as there are simply a larger number of possible peptides to detect. The use of “Top 3”
guantitation mitigates against the apparent high level detection of larger proteins, as
only the three most abundant peptides are analysed. Other proteins detected, include
ORP10 and ORP11, P20D2, Keratin, 60S ribosomal protein-P2 and S-phase kinase

associated protein-1 (Skp-1)
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3.3: Discussion

3.3.1: Summary of Chapter Findings
This Chapter has described experiments to optimise methods to analyse the
precipitated TRAIL DISC and unstimulated TRAIL receptors by mass spectrometry. The

experiments described have:

1. Shown that BJAB cells are sensitive to TRAIL-induced apoptosis and can form
an active TRAIL DISC

2. Demonstrated that TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-8, cFLIP and
caspase-10 can be optimally detected by mass spectrometry from the TRAIL
DISC isolated from 500 x 10° BJAB cells, using 300 pl streptavidin beads.

3. Identified novel TRAIL DISC-associated proteins by mass spectrometry.

4. Confirmed the detection of RIPK1 and TRADD with the TRAIL isolated DISC,
whilst TfR1 and PP2A-C were detected associated with both the TRAIL DISC and
unstimulated TRAIL receptors.

5. Evaluated the use of both the “shotgun proteomics” and “off-bead” methods
to analyse samples by mass spectrometry, showing that the “off-bead” method
was less sensitive in detecting low abundance DISC interacting proteins.

6. Demonstrated that unstimulated TRAIL-R1, TRAIL-R2 and TRAIL-4 can be
optimally detected by mass spectrometry from the TRAIL DISC isolated from
500 x 10° BJAB cells using 300 pl streptavidin beads.

7. ldentified proteins which are associated with the unstimulated TRAIL receptors

8. Utilised “Top 3” label-free quantitation to determine the amounts of each

protein detected.

3.3.2: Optimisation of the Isolation and Detection of TRAIL DISC Proteins

by Mass Spectrometry

The results demonstrate that TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-8, cFLIP
and caspase-10 can be reliably detected by mass spectrometry (Tables 3.1 and 3.3).
The optimal detection of the core DISC proteins was only achieved however when the
volume of streptavidin beads used to isolate the DISC was revised. Isolating the TRAIL

DISC using 300 pl of beads resulted in detection of all canonical DISC proteins with a
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much greater number of peptides and coverage than when 500 pl of beads were used
(Table 3.1). In fact, the use of 500 pl of streptavidin beads to isolate the TRAIL DISC
from 500 x 108 cells actually resulted in a worse detection of the majority of core DISC
proteins than a previous isolation using 300 pl beads from only 300 x10° cells. The
detection of the bona fide DISC proteins could not be subsequently improved by

further reduction of the volume of beads used (Table 3.3).

The requirement for the volume of beads to be optimised is due to a balance between
the capacity of the streptavidin beads to bind bTRAIL and the surface area of the
beads available for non-specific protein interactions. As shown, when the volume of
beads used to isolate the DISC was reduced to 200 pl and below (Figure 3.4), there is a
limit to how much a certain amount of streptavidin beads can bind to bTRAIL (and
associated proteins). However, if the volume of beads used is too high then a greater
amount of non-specific interactions can occur. As only a certain concentration of
peptides can be loaded onto the mass spectrometer at once, a greater concentration
of non-specific interacting proteins reduces the relative concentration and therefore

specific detection of isolated proteins of interest.

3.3.3: Evaluation of Shotgun Proteomics and “Off-bead” Methods to

Analyse Samples by Mass Spectrometry

Shotgun proteomic mass spectrometry analysis typically involves the initial separation
of a sample by SDS-PAGE and loading of the sample onto the mass spectrometer as a
series of sequential samples from the cut and digested gel. This method means that a
single sample can take over 20 hours of machine time to be analysed (depending on
the number of gel slices). The “off-bead” method however dispenses with the initial
acrylamide gel separations and digests the sample in solution after elution from the
beads. These tryptic peptides are then loaded onto the mass spectrometer as a single
sample, therefore dramatically reducing the amount of time required for analysis. This
“off-bead” method ideally works with less-complex samples and the affinity-based

method of isolating TRAIL DISC interacting proteins should in principle be ideal.

TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-8, cFLIP and caspase-10 were all
detected using both the shotgun (Table 3.1) and “off-bead” (Table 3.3) methods. The
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number of peptides for each protein and the percentage amino acid coverage were
roughly similar between the two methods (Table 3.1, DISC 3 and 4 vs Table 3.3, DISC 1
and 2). When the isolated TRAIL DISC was analysed using the shotgun method, 72
additional proteins were also identified in the DISC but not the control samples (Table
3.2). However, when the “off-bead” method was used to analyse the isolated TRAIL
DISC, additional proteins to the core DISC components were not detected. The data
show that although the “off-bead” method can be used to detect higher abundance
proteins, it may not be sufficiently sensitive to identify unknown novel TRAIL DISC

interacting proteins, which are most likely present in low abundance.

3.3.4: Identification of Novel TRAIL DISC-Associated Proteins by Mass

Spectrometry

As discussed previously, analysis of the TRAIL DISC using the “shotgun proteomics”
method identified 72 proteins which were present in the DISC samples but not in the
untreated control samples. This is a marked improvement on a previous study from
our lab, using a less sensitive mass spectrometer, which only detected one novel DISC
associated protein, Transferrin Receptor 1 (TfR1) (Dickens, 2009). However, care must
be exercised in labelling these proteins detected as interacting with the TRAIL-DISC.
Many of these “hits” were detected with only one or two peptides in only one of the
samples analysed by mass spectrometry. Therefore, novel interacting proteins
detected in low abundance should be detected across multiple samples before they
are considered as possible DISC-interacting proteins. The use of a secondary
interaction assay, such as a yeast two-hybrid screen, could be used to confirm the

interactions observed by mass spectrometry.

Excluding the known DISC components: TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-
8, cFLIP and caspase-10, TfR1 was the most abundantly detected protein with a
maximum of 18 unique peptides. Western blot analysis confirmed the interaction of
TfR1 with the TRAIL DISC (Figure 3.3) and also detected the interaction of TfR1 with
the unstimulated TRAIL receptors. This is in accordance with previous data from our
lab which showed that TfR1 interacts with TRAIL-R1/R2 prior to TRAIL stimulation
(Dickens et al, unpublished data). The role of TfR1 in TRAIL signalling was also

previously investigated and was shown to have a small effect on TRAIL-R2 cell surface
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levels (Dickens et al, unpublished data). As the role of TfR1 has already been
investigated, it was not followed up further in this study. In accordance with our
previous study (Dickens et al., 2012a), CUL3 was not detected in the TRAIL DISC
isolated from BJAB cells. This further supports the idea that the role of CUL3 in the
regulation of TRAIL signalling (Jin et al., 2009) is specific to epithelial and not

haematopoietic-derived cell lines (Dickens et al., 2012a).

Of the other identified DISC interacting proteins, a small selection for which there
were available antibodies were confirmed by western blot analysis. RIPK1 and TRADD
were confirmed as interacting with the TRAIL DISC but not the unstimulated TRAIL
receptors (Figure 3.3). Although not components of the canonical active TRAIL DISC,
both RIPK1 and TRADD have been observed in the DISC isolated from TRAIL-resistant
cells (Kim et al., 2011; Ouyang et al., 2013). As BJAB cells are exquisitely sensitive to
TRAIL-induced apoptosis (Figure 3.1), it is likely that the RIPK1 and TRADD detected
here are associated with a small proportion of TRAIL DISC which is not actively
signalling to apoptosis (Kim et al., 2011). Signalling through a non-apoptotic TRAIL
DISC is likely able to active pro-survival pathways associated with TRAIL signalling.
TRAIL DISC activation of the NFkB, p38 or JNK pathways could therefore be further
analysed to determine if TRAIL is inducing pro-survival signalling in BJAB cells (Azijli et
al., 2013). It would be interesting to know if the proportion of RIPK1 and TRADD
detected through DISC isolations would increase if the TRAIL DISC was isolated from
TRAIL-resistant cells. Cell lines can be made resistant to apoptotic induction through
prolonged treatment with low concentrations of cell death agonists (Flusberg et al.,
2013). Therefore, a BJAB cell line could be made TRAIL-resistant and the effect of this
on the RIPK1/TRADD composition of the isolated TRAIL DISC analysed.

PP2A-C is the catalytic subunit of the serine/threonine phosphatase PP2A. Western
blot analysis showed that PP2A-C was interacting both with the TRAIL DISC and
unstimulated TRAIL receptors (Figure 3.3). In addition to PP2A-C, the scaffold A
subunit of PP2A was also identified by mass spectrometry (Table 3.2). As PP2A is a
phosphatase, any likely activity will revolve around the removal of phosphates from
target proteins. As PP2A-C was shown to interact with the unstimulated receptors, this

implies that the phosphatase may be removing phosphorylations from the TRAIL-
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R1/R2 directly. Alternatively, PP2A could be acting upon one of the other proteins
shown to be isolated along with the TRAIL DISC.

3.3.5: Detection of Unstimulated TRAIL receptors and Associated

Proteins by Mass Spectrometry

Whilst western blot analysis for TfR1, PP2A-C, RIPK1 and TRADD confirmed their
interactions with the TRAIL DISC (Figure 3.3), they also showed that TfR1 and PP2A-C
could additionally be detected in the unstimulated TRAIL receptor samples. Their
presence implies that these proteins are interacting with the TRAIL receptors prior to
TRAIL stimulation. There have already been reports in the literature of the regulation
of TRAIL signalling by proteins which interact with these TRAIL receptors not
associated with the DISC (Ren et al., 2004; Tanaka et al., 2009; van de Kooij et al.,
2013).

TRAIL-R1, TRAIL-R2 and TRAIL-4 were successfully detected by the addition of bTRAIL
to lysates produced from BJAB cells (Table 3.4). Again, optimal detection of the TRAIL
receptors occurred using 300 ul of streptavidin beads and 500 x 10° cells. In addition,
10 proteins were detected in the unstimulated samples but not in the control samples.
These included 4 members of the oxysterol binding protein family: ORP8, ORP9,
ORP10 and ORP11 which are pre-dominantly described as regulators of cholesterol
and lipid transport, although signalling roles are beginning to be identified
(Raychaudhuri and Prinz, 2010; Wang et al., 2005). The probable E3 ubiquitin ligase
HERC2 was detected with a maximum of 73 peptides, higher than that observed for
any of the DISC proteins (Table 3.4). In addition, F-box/WD repeat containing protein 5
(FBXWS5) was detected which could possibly interact with HERC2 and form an ubiquitin
ligase complex. Skp1 has also been shown to appear in ubiquitin-ligase complexes and
was detected, albeit at low levels. These proteins were detected using the “off-bead”
method, which as discussed above is less sensitive than the “shotgun proteomics”
method. Indeed, TfR1 and PP2A-C were demonstrated by western blot analysis to
interact with the unstimulated TRAIL receptors but were not detected using the “off-
bead” method. Therefore, it is likely that even more TRAIL receptor-associated
proteins could be detected if the experiment were to be repeated using the shotgun

method.
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As demonstrated by the unstimulated TRAIL receptor isolations, bTRAIL treatment
efficiently isolated both TRAIL-R1 and TRAIL-R2. As the two death receptors are not
thought to interact prior to stimulation by TRAIL, it is therefore likely that the TRAIL
receptor-associated proteins detected could be specifically interacting with either
TRAIL-R1 or TRAIL-R2. The detection of such specific interactions could lead to the
discovery of regulatory mechanisms which function solely through TRAIL-R1 or TRAIL-

R2 and should be investigated further.

3.3.6: Using “Top 3” Label-free Quantitation to Determine the Amount

of Detected Proteins by Mass Spectrometry

Although mass spectrometry is inherently non-quantitative, due to differences in
ionisation efficiency or detectability of the different peptides in a sample, methods
have been developed to enable the amount of a protein detected to be quantified
(Reviewed by Nikolov et al., 2012). The method employed in this study is “Top 3”
label-free quantitation, which involves the comparison of the amount of the “Top 3”
most abundant peptides of each protein with those of a standard protein of known
amount spiked into the sample. “Top 3” quantitation has been demonstrated to give a
more accurate estimation than other methods which seek to compare the number of

different spectra detected for each protein (Fabre et al., 2014).

The “Top 3” values calculated were able to show the quantity of each of the DISC
proteins: TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-8, cFLIP and caspase-10 (Figure
3.4). The results confirmed that FADD was present at a much lower level than TRAIL-
R1, TRAIL-R2 or caspase-8. This correlates with a previous study from our lab (Dickens
et al., 2012a) which demonstrated that FADD binding to aggregated TRAIL receptors
recruits multiple caspase-8 molecules, thus explaining FADD sub-stoichiometry. The
results also showed that the amounts of TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-
8, cFLIP and caspase-10 detected decreased as the volume of streptavidin beads used
to isolate the TRAIL DISC decreased below 200 pl (Figure 3.4). This reduction in the
amount of each protein correlated with a reduction in the number of unique peptides
detected for each protein (Table 3.3). In addition, the amount of each TRAIL receptor
detected in the unstimulated samples also reduced with the reducing bead volume

(Figure 3.5). In these samples, 10 proteins were identified, which were not observed in
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the bead only controls. “Top 3” quantitation of these proteins revealed that ORP8 and
ORP9 were detected in similar amounts to TRAIL-R1 and TRAIL-R2, indicating a
significant interaction. The use of the “Top 3” data meant that HERC2, which had four
times more peptides detected than TRAIL-R2, was actually shown to be present at a
lower abundance. The increased number of peptides detected was purely due to the

greater molecular weight (527 kDa) of HERC2.

In conclusion, this chapter has led to the development of an improved platform to
investigate isolated TRAIL DISC composition and stoichiometry as well as unstimulated
TRAIL-R1/R2 by quantitative label-free mass spectrometry. The TRAIL DISC and TRAIL-
R1/R2 can be optimally isolated from 500 x 10° BJAB cells, using 0.5 ug/ml bTRAIL and
300 pl streptavidin beads. To investigate the role of novel TRAIL-R1/R2 or DISC-
interacting proteins, samples should be further analysed using “shotgun proteomics”

and the amount of protein determined by “Top 3” label-free quantification.
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Chapter 4: Identification of Novel TRAIL-R1/R2
Specific Mechanisms of Regulation

4.1 Introduction

TRAIL is unique among the TNF-cytokine family of death ligands as humans (and
chimpanzees) express two functional death receptors, TRAIL-R1 and TRAIL-R2, which
can form the DISC and signal to apoptosis. The significance of having both TRAIL-R1
and TRAIL-R2 is unclear, as most other organisms (including rodents) express only one
TRAIL death receptor (van Roosmalen et al., 2014). It has not yet been conclusively
shown whether the two receptors perform identical roles or whether functional

differences exist between them.

There have been reports however of differences in sensitivity to cell death induced by
TRAIL-R1 or TRAIL-R2 in different cancer cell lines. Haematopoietic tumour-derived
cells appear to be sensitive only to TRAIL-R1-induced apoptosis (Kohlhaas et al., 2007;
MacFarlane et al., 2005a; MacFarlane et al., 2005b; Natoni et al., 2007; Szegezdi et al.,
2011; Tur et al., 2008), despite the expression of both TRAIL-R1 and TRAIL-R2. The
Jurkat T cell line is however a notable exception, in that it does not express TRAIL-R1
and therefore can only be sensitive to TRAIL-R2-induced apoptosis (Gasparian et al.,
2009). Cell lines derived from solid malignancies show mixed sensitivity to TRAIL-R1
and/or TRAIL-R2-induced apoptosis (reviewed in detail by van Roosmalen et al., 2014).
The reasons for cells being sensitive to either TRAIL-R1 or TRAIL-R2-mediated cell
death are not completely understood. Multiple mechanisms have been described
which may impact on TRAIL sensitivity. Loss of TRAIL receptor expression is an obvious
factor determining TRAIL sensitivity. Deleterious mutations of TRAIL-R1/R2 genes has
only rarely been reported (van Roosmalen et al., 2014), however epigenetic silencing
of TRAIL-R1 has been observed (Horak et al., 2005). Cells undergoing ER-stress
selectively increase TRAIL-R2 expression (Lu et al., 2014a). Control of TRAIL receptor
surface expression and activity by direct protein binding has also been demonstrated.
Signal recognition particle (SRP) SRP72 and SRP54 (Ren et al., 2004), and Arf and Rho
GAP adaptor protein (ARAP1), (Simova et al., 2008) were all demonstrated to control

TRAIL-R1 cell surface levels by effecting intracellular trafficking. O-glycosylation of
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TRAIL-R1 and TRAIL-R2 was demonstrated to increase TRAIL sensitivity (Wagner et al.,
2007), palmitoylation of TRAIL-R1 was shown to increase recruitment to lipid rafts and
subsequently increase TRAIL signalling (Rossin et al., 2009). The selective binding of
DDX3 to TRAIL-R2 and subsequent disruption of DISC formation was shown to
selectively inhibit apoptosis by a TRAIL-R2 agonist (Li et al., 2006). The detection of
these regulatory mechanisms, and in particular those caused by TRAIL-R1/R2
modulation via protein binding, raises the possibility that currently unknown

mechanisms also exist.

Understanding the mechanisms which determine whether cells are sensitive to TRAIL-
R1 or TRAIL-R2 may be critical in developing new strategies to overcoming resistance
to TRAIL based therapeutics. To identify novel TRAIL-R1/R2 regulatory mechanisms,
the TRAIL DISC and unstimulated TRAIL-R1/R2 were isolated using TRAIL-R1 and TRAIL-
R2-selective mutants previously generated in our (MacFarlane et al., 2005b; Natoni et
al., 2007). Utilising the platform developed in Chapter 3 enabled proteins which
specifically interact with TRAIL-R1 or TRAIL-R2 to be identified by mass spectrometry.
Those proteins were then assayed for their role in regulating sensitivity to TRAIL-

induced apoptosis mediated by TRAIL-R1 or TRAIL-R2.
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4.2: Results

4.2.1: BJAB Cells are Sensitive to TRAIL-induced Apoptosis Mediated by
TRAIL-R1

To determine the effect of selectively targeting either TRAIL-R1 or TRAIL-R2 cells, 1 x
10° BJAB cells were treated with 1 ug/ml of wild-type (WT) TRAIL or a mutant form of
TRAIL specific for TRAIL-R1 (R1) or TRAIL-R2 (R2) for 5 h (Figure 4.1). Apoptosis was
measured by the percentage of cells displaying annexin-V binding to externalised
phosphatidylserine (PS) (Figure 4.1 A). WT TRAIL induced 83.0% cell death as
compared to 12.9% cell death in untreated cells. Selectively targeting TRAIL-R1 with
the TRAIL-R1-specific mutant also induced a high level of cell death with 61.6% of cells
displaying annexin-V positive staining. However, when BJAB cells were treated with
the TRAIL-R2-specific TRAIL mutant only 21.7% of cells displayed annexin-V staining,
which was shown not to be significantly different from the untreated cells. Western
blots probed for caspase-8, caspase-9, caspase-3 and PARP (Figure 4.1 B) correlated
with the FACs data (Figure 4.1 A). WT TRAIL treatment (Lane 2) induced the cleavage
of caspase-8 to its p43/p41 and p18 signature fragments, demonstrating that caspase-
8 had been activated and self-processed. WT TRAIL treatment induced the cleavage of
caspase-9 to its p37 and p35 fragments, with the p37 fragment predominating. The
abundance of the p37 fragment indicates that caspase-9 had been processed by
activated caspase-3 rather than by caspase-9 self-processing in the apoptosome. This
is in accordance with BJAB cells being classed as Type | cells (Scaffidi et al., 1998) and
therefore not requiring intrinsic pathway activation for TRAIL to induce apoptosis.
Caspase-3 was demonstrated to be fully activated by the complete processing and
maturation to its p17 fragment. From the western blot analysis it is also clear that the
TRAIL-R1-targeting TRAIL mutant (Lane 3) is also activating the apoptotic pathway, as
caspase-8, caspase-9, caspase-3 and PARP are all shown to be cleaved. Cleavage
fragment generation is similar to that observed with WT TRAIL, although with slightly
reduced loss of the proforms/appearance of corresponding cleavage fragments. In
addition, incomplete maturation of the caspase-3 p20 fragment to p17 agrees with
the reduced apoptosis induction highlighted by FACs analysis (Figure 4.1 A). Caspase-8

cleavage was undetectable in samples from TRAIL-R2-specific mutant TRAIL-treated
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Figure 4.1: WT and TRAIL-R1-Specific TRAIL Mutants-Induce Apoptosis in BJAB Cells
1x 10° BJAB cells were treated with either 1 pg/ml wild-type (WT) TRAIL or 1 pg/ml TRAIL-R1 or TRAIL-R2-
specific mutant TRAIL for 5 hours. Cells were stained with Annexin-V-FITC and DRAQ7 and cell death
analysed by flow cytometry (A). Western blots performed from cell pellets were probed for caspase-8,
caspase-9, caspase-3 and PARP (B). Data shown in Ais % Annexin-V-FITC positive cells from 3 independent
experiments +/- standard deviation (SD). Differences between the group means were shown to be
statistically different by one-way ANOVA. Significant differences were determined by a post-hoc tukey test
and are highlighted by * (P<0.05 =*, P<0.01 =**, P<0.001 = *** P<0.001 = ****),
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cells (Lane 4) and was indistinguishable from the untreated sample (Lane 1). Cleavage
of caspase-9 to p37 and p35 (Lane 4) was detected at higher levels than in the
untreated cells (Lane 1), although at much lower levels than observed in the WT (Lane
2) or TRAIL-R1-specific TRAIL (Lane 3) samples. Similarly, caspase-3 cleavage was
detected in the TRAIL-R2-specific TRAIL-treated cells (Lane 4), however there is almost
no processing of the p20 fragment to the fully active p17 fragment. This showed that
the TRAIL-R2-specific TRAIL can activate the TRAIL apoptotic machinery but at too low
a level to induce apoptosis in BJAB cells. This is mirrored when you consider the PARP
western blots. Whereas WT (Lane 2) and TRAIL-R1-targeting TRAIL (Lane 3) induce
significant cleavage of PARP to the p85 fragment, TRAIL-R2-targeting TRAIL (Lane 4)
induces only slightly more PARP cleavage than observed in untreated cells (Lane 1).
Taken together, these results show that BJAB cells signal to apoptosis almost

exclusively via the activation of TRAIL-R1.

4.2.2: Successful Isolation of TRAIL DISC and Unstimulated TRAIL
Receptors using TRAIL-R1/R2-specific biotinylated TRAIL Mutants

It was then determined if the TRAIL-R1 and TRAIL-R2-selective mutants could be used
to induce formation of a TRAIL-R1/R2 DISC for subsequent isolation and analysis by
mass spectrometry. Accordingly, 500 x 10° BJAB cells were treated with either 0.5
ug/ml WT, TRAIL-R1-specific or TRAIL-R2-specific biotinylated TRAIL (bTRAIL) and
incubated on ice for 1 h followed by incubation at 37°C for 10 min. Cells were then
lysed and the DISC isolated using 300 pl of streptavidin beads (Dynabeads). In
addition, 0.5 ug/ml of each of the bTRAIL variants were added to lysates obtained
from untreated cells, post-lysis and unstimulated TRAIL-R1/R2 isolated using 300 pl
streptavidin beads. After elution into sample buffer, western blots were performed
from a small fraction of each sample (7.5 ul of 70 ul sample) to confirm the DISC had
been successfully isolated (Figure 4.2). The input samples confirmed the same amount
of FADD and caspase-8 was present in the lysates from which each of the samples was
isolated. TRAIL-R1 and TRAIL-R2 could not be detected in the input samples and
instead require bead precipitation to be detected by western blot analysis. In the WT
bTRAIL-treated samples TRAIL-R1 and TRAIL-R2 were detected in both the
unstimulated (Lane 9) and WT DISC (Lane 12) isolations. In the TRAIL-R1-specific
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Figure 4.2: Isolation of the TRAIL DISC and Unstimulated TRAIL-Receptors using WT
and TRAIL-R1/R2-specific Mutant bTRAIL

500 x 10° BJAB cells were treated with 0.5 pg/ml wild-type (WT) or TRAIL-R1 (R1) or TRAIL-R2 (R2)-specific
bTRAIL mutants. Cells were then lysed and the DISC isolated by incubation with 300 ul streptavidin beads.
WT, TRAIL-R1-specific and TRAIL-R2-specific bTRAIL was also added to untreated cells post-lysis and
unstimulated TRAIL-receptors isolated by incubation with 300 pl streptavidin beads. DISC and
Unstimulated TRAIL-Receptor isolations were eluted into 70 ul sample buffer. Input samples were taken
immediately before addition of streptavidin beads. Western blots were performed from 7.5 pul of each
sample and probed for TRAIL-R1, TRAIL-R2, FADD and caspase-8.
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bTRAIL-treated samples, TRAIL-R1 and TRAIL-R2 were both detected in the DISC
isolation (Lane 13) but only TRAIL-R1 was detected in the unstimulated sample (Lane
10), displaying TRAIL-R1 mutant specificity. The detection of TRAIL-R2 in the TRAIL-R1-
selective bTRAIL-treated DISC isolations is explained by the fact that the TRAIL
receptors have been shown to hetero-trimerise upon ligand binding (Kischkel et al.,
2000; MacFarlane et al., 2005b; Schneider et al.,, 1997). The amount of TRAIL-R2
detected in the TRAIL-R1-specific bTRAIL DISC isolations is however lower than in the
WT, demonstrating that the ability of WT TRAIL to bind to both TRAIL-R1 and TRAIL-R2
results in more TRAIL-R2 being detected in the DISC. In the TRAIL-R2-specific bTRAIL-
treated samples, TRAIL-R2 but not TRAIL-R1 is detected in the DISC isolation (Lane 14).
Again, only TRAIL-R2 is detected in the unstimulated (Lane 11) sample, although at a
much lower level than the WT bTRAIL unstimulated sample (Lane 9). Both WT and
TRAIL-R1-selective bTRAIL treatment successfully induced both FADD and caspase-8
recruitment to the DISC (Lanes 12 and 13), with their levels being slightly reduced with
the TRAIL-R1-specific bTRAIL. FADD and caspase-8 were detected in the TRAIL-R2-
selective bTRAIL DISC isolation (Lane 14), however at a much lower level than
observed for the WT or TRAIL-R1-selective bTRAIL samples (Lanes 12 and 13). These
results demonstrated that the TRAIL receptors and TRAIL DISC were successfully
isolated using WT, TRAIL-R1-selective and TRAIL-R2-selective bTRAIL. The greater
amount of DISC proteins detected using the TRAIL-R1-selective bTRAIL compared to
the TRAIL-R2-selective bTRAIL again confirms that TRAIL signalling in BJAB cells is

primarily mediated through TRAIL-R1 activation.

The remainder of the samples were analysed by mass spectrometry using the
“shotgun proteomics” method (Chapter 3). The data confirmed TRAIL-R1, TRAIL-R2,
FADD and caspase-8 detection, in addition to TRAIL-R4 and the other canonical DISC-
interacting proteins cFLIP and caspase-10 (Figure 4.3) using WT and TRAIL-R1-specific
bTRAIL. All of the proteins except for FADD, TRAIL-R4 and caspase-10 were also
detected using TRAIL-R2-specific bTRAIL. “Top 3” label-free quantitation of the DISC
proteins shows that TRAIL-R1 and TRAIL-R2 were detected at similar levels (315.0 fmol
and 257.1 fmol respectively) in the DISC isolated with WT bTRAIL (Figure 4.3 A). This

contrasts with the TRAIL receptor selective bTRAIL DISC isolations. TRAIL-R1-specific
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Figure 4.3: Label-free “Top 3" Quantitation of TRAIL DISC Components and
Unstimulated TRAIL-Receptors using TRAIL-R1/R2-Specific bTRAIL Ligands

The remaining samples from Figure 4.2 were separated by SDS-PAGE and analysed by mass spectrometry
using the “shotgun proteomics” method. “Top Three” label-free quantitative values for the TRAIL DISC
components were calculated: TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-8, cFLIP and caspase-10 in
the wild-type (WT), TRAIL-R1-specific (R1) or TRAIL-R2-specific (R2) bTRAIL-treated samples are shown in
A. Quantitation of TRAIL-R1, TRAIL-R2 and TRAIL-R4 in the WT, R1 and R2-unstimulated (US) samples are
shown in B. Peptides were not detected from FADD, caspase-8, cFLIP or caspase-10in the US samples. The
total amount of TRAIL-R1, -R2 and -R4 (TRAIL Receptors), FADD and the DED-only containing proteins:
caspase-8, cFLIP and caspase-10 detected in each of the DISC samplesis shownin C.
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bTRAIL recruited substantially more TRAIL-R1 than TRAIL-R2 (348.3 fmol and 159.1
fmol respectively), whereas the R2 specific bTRAIL almost exclusively recruited TRAIL-
R2 rather than TRAIL-R1 (204.3 fmol and 3.4 fmol respectively). In addition to the
TRAIL death receptors, TRAIL-R4 was detected in both the WT and TRAIL-R1-specific
bTRAIL DISC isolations, but not in the TRAIL-R2-specific bTRAIL DISC.

Slightly more FADD was detected in the WT bTRAIL DISC sample than the TRAIL-R1-
specific bTRAIL, with 62.4 fmol and 55.8 fmol, respectively (Figure 4.3 A), which is
comparable to that observed in the western blot analysis (Figure 4.2). No FADD was
detected in the TRAIL-R2-specific bTRAIL DISC sample (Figure 4.3 A). This contrasts
with the western blot analysis (Figure 4.2), which showed low levels of FADD
recruitment, and is most likely due to the level of FADD not reaching the threshold
required for its detection by mass spectrometry. The presence of low levels of FADD in
the TRAIL-R2-specific bTRAIL DISC sample can however be inferred as caspase-8, which
is only recruited to the DISC via binding to FADD (Sprick et al., 2000), was detected
(Figure 4.3 A). The levels of caspase-8 were greatest in the WT bTRAIL DISC sample
with 474.8 fmol detected as compared to 344.5 fmol for the TRAIL-R1-specific bTRAIL
DISC, and only 85.5 fmol in the TRAIL-R2-specific bTRAIL DISC. The reduced
recruitment of caspase-8 to the R2-specific DISC is likely to be due to loss of FADD
binding, as less cFLIP, which is also recruited via caspase-8/FADD chain assembly
(Hughes et al., 2016), was detected. For the TRAIL-R2-specific DISC, 11.2 fmol was
detected, which was substantially lower than for the WT or TRAIL-R1-specific DISC
with 88.2 fmol and 77.1 fmol, respectively. In addition, caspase-10 was not detected in
the TRAIL-R2-specific DISC, which may indicate a difference between TRAIL-R1 and
TRAIL-R2-selective DISC formation, but is most likely also due to lower levels of FADD
recruitment. Also, caspase-10 was only detected in low amounts in the WT and TRAIL-

R1-specific TRAIL DISC at 32.7 fmol and 15.1 fmol, respectively.

TRAIL-R1 was detected in both the WT and TRAIL-R1-specific bTRAIL unstimulated
samples, with 176.8 fmol and 88.3 fmol, respectively (Figure 4.3 B). The lower amount
of TRAIL-R1 detected with TRAIL-R1-specific bTRAIL may reflect a reduced affinity
caused by mutating the protein to achieve specificity (MacFarlane et al., 2005b).

Importantly though, TRAIL-R1 was not detected with the TRAIL-R2-specific bTRAIL,
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which correlates with the western blot analysis (Figure 4.2) and confirms the
specificity of the ligands. TRAIL-R2 was predominantly detected in both the WT and
TRAIL-R2-specific unstimulated samples, with 135.8 fmol and 41.8 fmol, respectively
(Figure 4.3 B). TRAIL-R2 was detected with the TRAIL-R1-specific bTRAIL, although at a
significantly lower level of only 2.2 fmol which supports the strong TRAIL-R1
specificity. Similarly to that seen in DISC samples (Figure 4.3 A), TRAIL-R4 was also
detected in the WT and TRAIL-R1-specific bTRAIL unstimulated samples (Figure 4.3 B)
at 93.7 fmol and 70.4 fmol, respectively. TRAIL-R4 was not detected in the TRAIL-R2-
specific bTRAIL samples (Figure 4.3 A and B), which contradicts previous reports of a

TRAIL-R2-specific association of TRAIL-R4 (Mérino et al., 2006).

When comparing the combined total of TRAIL receptors to FADD and the DED-only
proteins (caspase-8, cFLIP and caspase-10) (Figure 4.3 C), it is apparent that the
amount of FADD is sub-stoichiometric and thus correlates with previous studies from
our laboratory (Dickens et al., 2012a). In the WT bTRAIL DISC the ratio of TRAIL
receptors : FADD : DED-only proteins is 10.8 : 1 : 9.5, which compares with a ratio of
11.5 : 1 : 7.8 for the TRAIL-R1-specific bTRAIL DISC. Comparing the ratios in this
manner makes it apparent that slightly less DED-only proteins were recruited to the
TRAIL-R1-specific bTRAIL DISC, possibly indicating shorter DED-mediated filaments of
caspase-8, caspase-10 and cFLIP (Dickens et al., 2012a). The above ratio cannot be
deduced for the TRAIL-R2-specific bTRAIL as FADD was not detected, but the amount
of DED proteins detected compared to TRAIL receptors was much lower in comparison

to that observed in the WT and TRAIL-R1-specific bTRAIL DISC.

4.2.3: Identification of Novel TRAIL Receptor-Iinteracting Proteins by

Mass Spectrometry

The mass spectrometry experiments detected 2018 different proteins in the untreated
(UT), unstimulated (US) and isolated DISC samples (Figure 4.4). Of these, 102 proteins
were not detected in any of the untreated control samples. These proteins can be sub-
divided into those detected: only in the isolated DISC (18); Detected only in the
unstimulated samples (6); and proteins which were detected in both DISC and
unstimulated samples (78) (Figure 4.4 A). The core DISC components (FADD, caspase-

8, CFLIP and caspase-10) were only recruited to the DISC after TRAIL receptor
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Figure 4.4: Venn Diagram of Identified TRAIL DISC and Unstimulated TRAIL-R1/R2-
Interacting Proteins

2018 proteins were detected across the 3 DISC samples, 3 unstimulated (US) samples and 4 untreated (3/4
detailed in Chapter 3) samples analysed. Using Scaffold to identify the proteins detected, proteins were
identified, which were not detected, in any of the untreated samples. “Top Three” quantitated values for
the amounts of these 102 proteins were then extracted from the PLGS files. The “Top Three” quantitated
protein amounts were used to determine the distribution of the proteins across the DISC and US samples
from the wild-type (WT) bTRAIL or TRAIL-R1 (R1) or TRAIL-R2 (R2) specific bTRAIL samples. Proteins were
defined as being in one category if over 95% of the detected protein amount was observed in that category.
A Venn diagram showing the number of proteins detected in the DISC and US samples and those proteins
discarded as they were detected in the untreated control samples. B Venn diagram showing proteins
detected exclusively in the DISC samples, categorised according to those detected in the wild-type (WT)
bTRAIL or TRAIL-R1 (R1) or TRAIL-R2 (R2)-specific bTRAIL-treated samples. C Venn diagram showing
proteins detected in any of the US samples, categorised according to those detected in the wild-type (WT)
bTRAILor TRAIL-R1 (R1) or TRAIL-R2 (R2)-specific bTRAIL unstimulated samples.
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Figure 4.5: Novel DISC-only Interacting Proteins Identified by Mass Spectrometry

“Top Three” quantitated values for the proteins only detected the DISC samples (Figure 4.4 B), in addition
to TRAIL-R1, TRAIL-R2 and TRAIL-R4, are displayed. The known DISC components: TRAIL-R1, TRAIL-R2,
TRAIL-R4, FADD, caspase-8, caspase-10 and cFLIP are shown on the left, followed by the novel DISC-
interacting proteins identified.
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stimulation. Hence, novel DISC-interacting proteins should only be detected in the
isolated DISC and not in the unstimulated samples. There were 18 DISC-only proteins
detected, which could then be sub-divided into those detected in the WT, TRAIL-R1-
specific and TRAIL-R2-specific bTRAIL DISC samples (Figure 4.4 B). TRAIL receptors are
detected in both the DISC and unstimulated (US) samples (Figure 4.3 A and B), and
therefore, proteins which specifically interact with the TRAIL receptors, independent
of ligand stimulation are likely to be present in both DISC and US samples. To
determine specific TRAIL-R1 and TRAIL-R2-interacting proteins, proteins were
identified which were detected in the TRAIL-R1-specific bTRAIL unstimulated sample,
but not with TRAIL-R2-specific bTRAIL. In addition, proteins were identified which
were detected in the TRAIL-R2-specific bTRAIL unstimulated sample but not with
TRAIL-R1-specific bTRAIL (Figure 4.4 C).

Figure 4.5 shows those proteins detected in the isolated DISC (Figure 4.4 B), in
addition to the TRAIL receptors, TRAIL-R1, TRAIL-R2 and TRAIL-R4. Cathepsin L2, was
detected at a level comparable to that of FADD and caspase-10 in the WT bTRAIL DISC
sample. Of those proteins detected at a lower level, two were detected in all three of
the DISC samples: RIPK1 and mitochondrial glutamate carrier 1 (GC-1). RIPK1 has
previously been shown to be detected in the TRAIL DISC in TRAIL resistant cells (Bellail
et al., 2010; Cao et al., 2011; Harper et al., 2001) and its detection highlights the ability
of the method to detect even low level DISC interacting proteins. Stem-loop
interacting RNA binding protein (SLIRP), adrenodoxin, Legl, dynein light chain 2 and
cytochrome c oxidase s7a2 were detected at low levels only in the WT bTRAIL DISC.
Sm-like protein (Lsm2), peptidyl-prolyl cis-trans isomerase-like 1 (Ppill) and
uncharacterised protein C2orf47 were detected at low levels in both the WT and
TRAIL-R1-specific bTRAIL DISC. Synaptosomal associated protein 23 (SNAP-23) was the
only protein to be detected in the TRAIL-R1 and TRAIL-R2-specific bTRAIL DISC but not
the WT bTRAIL DISC. Acylphosphatase-2 and 60S ribosomal L36a-like protein were
only detected at low levels in the TRAIL-R1-specific and TRAIL-R2-specific bTRAIL DISC

respectively.

Of the 42 proteins shown to be enriched in the TRAIL-R1-specific bTRAIL unstimulated

samples (Figure 4.6) versus TRAIL-R2-specific, two are notable in that they are
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Figure 4.7: Novel TRAIL-R2-Interacting Proteins Identified by Mass Spectrometry

“Top Three” quantitated values for the 8 proteins detected in the TRAIL-R2 (R2)-specific bTRAIL
unstimulated (US) samples and not the TRAIL-R1-(R1) specific bTRAIL US samples (Figure 4.4 D), in
additionto TRAIL-R1 and TRAIL-R4, are displayed. The TRAIL receptors: TRAIL-R1, TRAIL-R2 and TRAIL-R4
are shown on the left, followed by the novel TRAIL-R1-interacting proteins identified. Values are also
displayed from the R2 and R1 US samples to show the specificity of the proteins detected for TRAIL-R2.
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detected at a higher level than TRAIL-R1. Oxysterol binding protein related proteins
(ORP) 8 and 9 were detected in the TRAIL-R1-specific bTRAIL unstimulated sample at
210.2 and 143.8 fmol respectively, compared to the detection of 88.3 fmol of TRAIL-
R1. ORP9 was not detected in the TRAIL-R2-specific bTRAIL unstimulated sample,
although low amounts of ORP8 (10.1 fmol) were detected, indicating a TRAIL-R1-
specific association. The other TRAIL-R1 interacting proteins identified were detected
at a much lower levels than TRAIL-R1, ORP8 and ORP9. The next most abundant
protein detected is the 40S ribosomal S28 protein at 31.8 fmol. Other proteins of note
were vesicle associated protein (VAMP) B, nuclear pore protein 62 (Nup62) and
VAMP-A, detected at 18.5 fmol, 12.4 fmol and 8.2 fmol, respectively; which are known
interaction partners of ORP8 and ORP9 (Béaslas et al., 2012; Wyles and Ridgway,
2004).

Analysis of the mass spectrometry results also showed nine proteins which were
enriched in the TRAIL-R2-specific bTRAIL unstimulated sample compared to the TRAIL-
R1-specific sample (Figure 4.7). The most abundant protein detected was F-box only
protein 11 (FBXO11), with 256.2 fmol detected in the TRAIL-R2-specific bTRAIL
unstimulated sample compared to 5.5 fmol in the TRAIL-R1-specific bTRAIL
unstimulated sample. The second most abundant hit was Cullin-1 (CUL1) with 132.1
fmol detected in the TRAIL-R2-specific bTRAIL sample and only 8.4 fmol detected in
the TRAIL-R1 sample. These two proteins were detected at much higher levels than
TRAIL-R2 (41.8 fmol), indicating a significant interaction. The detection of both
FBXO11 and CUL1 in the TRAIL-R2-specific bTRAIL unstimulated sample is noteworthy,
as they are known to interact in Skp, Cullin, F-box (SCF) ubiquitin ligase complexes (Xie
et al., 2013). 60S ribosomal L32 protein, serine/arginine rich protein kinase 1 and RNA-
binding motif X-linked 1 (RbmxI-1) were also detected in higher amounts than TRAIL-
R2, with values of 99.8 fmol, 95.2 fmol and 60.0 fmol, respectively. Transferrin
receptor 1 (TfR1), which was shown to interact with the TRAIL DISC and unstimulated
TRAIL receptors in Chapter 3, was shown to be enriched in the TRAIL-R2 US sample
(15.1 fmol) compared to the TRAIL-R1 US sample (1.8 fmol). This TRAIL-R2-specific
interaction correlates with previous studies from our laboratory, which show that TfR1

can specifically modulate TRAIL-R2 cell surface levels (Dickens et al, unpublished
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data).The remaining two identified TRAIL-R2-interacting proteins were RNA
methyltransferase-L1 and DEAD box protein-55 with 24.5 fmol and 11.0 fmol detected

respectively.

In Chapter 3, ORP8, ORP9, FBXO11 and CUL1 were also detected in the unstimulated
samples from WT bTRAIL-treated cells. Skp1, a known interaction partner of FBXO11
and CUL1 was identified in both the DISC and unstimulated samples from WT, TRAIL-
R1-specific and TRAIL-R2-specific bTRAIL (Figure 3.6). RIPK1 was also detected
previously in the WT bTRAIL isolated DISC and confirmed by western blot analysis
(Figure 3.3). The previous mass spectrometry data also showed the presence of PP2A-
C associated with the TRAIL DISC, which was confirmed by western blot analysis
(Figure 3.3). Upon further analysis of the mass spectrometry data from the WT, TRAIL-
R1-specific and TRAIL-R2-specific bTRAIL isolated samples, PP2A-C, along with the
PP2A-A and PP2A-gssq subunits were also detected. As these proteins had been
detected in two independent TRAIL DISC samples analysed by mass spectrometry, it

was decided to further investigate their role in TRAIL signalling.

Figure 4.8 shows the amounts of selected proteins from the WT, TRAIL-R1-specific and
TRAIL-R2-specific bTRAIL unstimulated and DISC samples. ORP8 (Figure 4.8 A) and
ORP9 (B) were detected at high levels in both the TRAIL-R1-specific bTRAIL
unstimulated (Figure 4.6) and DISC samples, in addition to the WT bTRAIL
unstimulated sample. The known ORP8/ORP9 interaction partner, VAMP-B was
detected at lower levels (Figure 4.8 C) but its detection in the WT and TRAIL-R1-
specific bTRAIL unstimulated samples and TRAIL-R1-specific bTRAIL DISC mirrored that
of ORP8 and ORP9. Skp1 was detected in all of the WT, TRAIL-R1-specific and TRAIL-
R2-specific bTRAIL unstimulated and DISC samples (D). CUL1 (E) and FBXO11 (F) were
pre-dominantly detected in the TRAIL-R2-specific bTRAIL unstimulated and DISC
samples. RIPK1, as previously shown (Figure 4.5), was only detected in the DISC
samples (Figure 4.8 G). Serine/arginine-rich protein-specific kinase 1 (SRPK1), which
was identified as a TRAIL-R2-interacting protein (Figure 4.7), was pre-dominantly
detected in the TRAIL-R2-specific bTRAIL US sample, but with low level detection in all
of the other samples (Figure 4.8 H). TfR1 was detected in all of the DISC samples, but

was pre-dominantly detected in only the WT and TRAIL-R2-specific bTRAIL US samples
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Figure 4.8: Novel TRAIL-R1/R2-Interacting Proteins Identified by Mass Spectrometry
Quantitative values from each of the wild-type, TRAIL-R1-specific and TRAIL-R2-specific bTRAIL
unstimulated (US) and DISC samples are shown in: A Oxysterol binding protein related protein 8 (ORP8); B
ORPY9; C Vesicle-associated Membrane Protein-associated protein B (VAMP-B); D S-phase kinase
associated protein 1 (Skp1); E Cullin 1 (CUL1); F F-box only protein 11 (FBXO11); G Receptor Interacting
Protein Kinase 1 (RIPK1); H Serine/arginine-rich Protein-specific Kinase 1 (SRPK1); I Transferrin Receptor 1
(TfR1); J Protein Phosphatase 2A- scaffold A subunit (PP2A-A), K PP2A-B55a regulatory subunit (PP2A-
B55a); L PP2A catalytic subunit (PP2A-C).
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This confirms that TfR1 can interact with the TRAIL DISC and specifically with
unstimulated TRAIL-R2 (Chapter 3 and Dickens et al unpublished data). PP2A-A was
detected in the WT, TRAIL-R1-specific and TRAIL-R2-specific bTRAIL unstimulated and
DISC samples (Figure 4.8 J), whereas PP2A-gss¢ and PP2A-C were detected in all the
samples, except for the TRAIL-R2-specific bTRAIL unstimulated and DISC samples,
respectively (Figure 4.8 K & L).

4.2.4: Confirmation of Novel TRAIL-R1/R2-Interacting Proteins by

Western Blot Analysis

To confirm the interactions detected using mass spectrometry by western blot
analysis, BJAB cells were treated with 0.5 pg/ml WT or TRAIL-R1 or TRAIL-R2-specific
bTRAIL, lysed and the DISC and unstimulated TRAIL-R1/R2 isolated as described above.
Western blot analysis shows ORP8 was detected in the WT and TRAIL-R1-specific
bTRAIL unstimulated samples but was absent from the other samples (Figure 4.9:
Lanes 9 & 10). The TRAIL-R1-selective interaction agrees with the mass spectrometry
data (Figure 4.8 A) and taken together points to a specific interaction between ORP8
and TRAIL-R1. The mass spectrometry data (Figure 4.8 A) also revealed a lower level
interaction of ORP8 in the TRAIL-R1-specific bTRAIL DISC sample which was not
evident by western blot (Figure 4.9: Lane 13). As even the higher level of interaction
detected with WT and TRAIL-R1-specific bTRAIL unstimulated sample of detection
required long exposures to detect the ORP8 bands, it is possible that the ORP8 TRAIL-
R1 DISC interaction was present but couldn’t be detected. The presence of ORP9 could

not be confirmed by western blot as no suitable antibodies were available.

The mass spectrometry data revealed a low level abundance of RIPK1 in all of the
TRAIL DISC samples (Figure 4.8 G). Western blot analysis confirmed the presence of
RIPK1 in the WT and TRAIL-R1-specific bTRAIL DISC samples (Figure 4.9 lanes 12-13).
RIPK1 could not be detected in the TRAIL-R2-specific bTRAIL DISC sample, however
both FADD and caspase-8 levels were also very low in this sample. Therefore, the lack
of RIPK1 detection in the TRAIL-R2 DISC may be due to low levels of DISC being
precipitated. RIPK1 was not detected in the unstimulated samples using mass
spectrometry or western blot analysis, demonstrating that RIPK1 interacts specifically

with the TRAIL DISC.

128



Lane
WT bTRAIL

TRAIL-R1

TRAIL-R2

FADD

Caspase-8

Caspase-8

Long Exposure

RIPK1
ORP8
Skp1
cuL1

FBXO11

PP2A-A
PP2A-B,,,

PP2A-C

Input DISC
1 2 3 4 5 6 7 9 10 11 12 13 14
Post Post
= Lysis © - = Lysis + - -
Post Post
= % Lysis T + - = Lysis T + -
Post Post
= = " Lysis T + = " Lysis T
- .u < TRAIL-R1
" 4 S| <«—lon
< i OB - see
[ e —1 il G g=proform
e = €= p43/p41
@ === (€= proform
(=% =] =p43/p41
P RIPK1
m i (84 kDa)
vy ORP8
W T W . . Y . ¥ (107/99 kDa)
R D - ——
W o s e —— . 4—(5%%2)
D 0 S wm S - — e QD ‘_la%%(%l;
apeva» cvevendd| « FE35D)
- an G0 o8 6N g i 4—5’5'322&;?55“
DeseP eruEPePes| . % e « RS

Figure 4.9: Confirmation of Novel TRAIL DISC and Unstimulated TRAIL-R1/R2-
Interacting Proteins in BJAB Cells by Western Blot Analysis.
50x 10° BJAB cells were treated with 0.5 pg/ml wild-type (WT) or TRAIL-R1 (R1) or TRAIL-R2 (R2)-
specific bTRAIL mutants. Cells were then lysed and the TRAIL DISC isolated by incubation with 50
ul streptavidin beads. WT, TRAIL-R1-specific and TRAIL-R2-specific bTRAIL was also added to
untreated cells post-lysis and unstimulated TRAIL-R1/R2 isolated by incubation with 50 ul
streptavidin beads. An untreated sample was also included in which no bTRAIL was added to
control for non-specific interactions with the streptavidin beads. Input samples were taken
immediately before addition of streptavidin beads. Western blot analysis was performed for
TRAIL-R1, TRAIL-R2, FADD and caspase-8 to confirm TRAIL-rececptor and DISC isolations.
Western blots were also probed for RIPK1, ORP8, FBXO11, CUL1, Skp1, PP2A-A, PP2A-B.. . and

PP2A-C.
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CUL1 and FBXO11 had been identified as possible TRAIL-R2-interacting proteins, and
by mass spectrometry they were pre-dominantly detected in the TRAIL-R2-specific
bTRAIL unstimulated and DISC samples (Figure 4.8 E & F). Western blot analysis
confirmed the detection of CUL1 in the TRAIL-R2-specific bTRAIL unstimulated sample
(Lane 11), however CUL1 was also detected in the TRAIL-R1-specific (Lane 10) and to a
lower extent in the WT bTRAIL (Lane 9) unstimulated samples. A similar pattern was
observed for FBXO11, which was detected in both the TRAIL-R2 (Lane 11) and TRAIL-
R1-specific bTRAIL (Lane 10) unstimulated samples. It is important to note CUL1 and
FBXO11 were not detected in the untreated control sample (Lane 8). Therefore,
despite their detection in multiple samples, which differs from the observed TRAIL-R2-
specificity indicated by mass spectrometry, these proteins are not interacting non-
specifically with the streptavidin beads. The known FBXO11 and CUL1 interaction
partner Skpl was detected in all of the WT, TRAIL-R1 and TRAIL-R2-specific bTRAIL
unstimulated and DISC samples. This finding is in accordance with the ubiquitous

detection of Skp1 in the mass spectrometry data (Figure 4.8 D).

Three components of the PP2A phosphatase, PP2A-A, PP2A-Bssq and PP2A-C were
detected by mass spectrometry associated with TRAIL-R1/R2 and the TRAIL DISC at
low abundance (Figure 4.8: J, K & L). Western blot analysis for PP2A-A (Figure 4.9)
confirmed a very low level of protein in the WT (Lane 9) and TRAIL-R2-specific bTRAIL
(Lane 11) unstimulated samples. This pattern was also observed for PP2A-C, however
PP2A-Bssq was detected in the unstimulated samples from WT, TRAIL-R1 and TRAIL-R2-
specific bTRAIL, although also at very low levels. Although the interaction of three
different PP2A phosphatase subunits was evident and associated with TRAIL-R1/R2,
the level of detection was very low. Considering the ubiquitous expression and
multiple roles of the PP2A phosphatase and the extremely low levels of detection it

would be difficult to investigate the role of PP2A in the TRAIL DISC further.

The interaction of the potential TRAIL DISC-interacting proteins was then further
analysed in another cell line. The TRAIL DISC and unstimulated TRAIL-R1/R2 were
isolated from Hela cells treated with 0.5 pg/ml WT, TRAIL-R1-specific or TRAIL-R2-
specific bTRAIL (Figure 4.10). Following treatment, the cells were incubated on ice for

1 h before incubation at 37°C for 15 min. The cells were then lysed and the DISC and
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Figure 4.10: Confirmation of the Association of ORP8 with TRAIL-R1/R2in HelLa Cells
Hela cells (1 x T175 flask at 70-80% confluency, 12 x10° cells approx.) were treated with 0.5 pg/ml wild-type
(WT) bTRAIL or TRAIL-R1 (R1) or TRAIL-R2 (R2)-specific mutant bTRAIL. Cells were then lysed and DISCs
isolated by incubation with 50 pl streptavidin beads. WT, TRAIL-R1-specific and TRAIL-R2-specific bTRAIL
was also added to untreated cells post-lysis and unstimulated TRAIL-R1/R2 isolated by incubation with 50
pl streptavidin beads. An untreated sample was also included in which no bTRAIL was added to control for
non-specific interactions with the streptavidin beads. Input samples were taken immediately before
addition of streptavidin beads. Western blot analysis was performed for TRAIL-R1, TRAIL-R2, FADD,
caspase-8 and ORP8. * Represents a post-translationally modified form of TRAIL-R1 (Robinson et al.,
2012).
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unstimulated receptors isolated as described previously. The TRAIL DISC was
successfully isolated as TRAIL-R1, TRAIL-R2 and FADD were all detected in the samples
isolated using the WT (Lane 12) and TRAIL-R1-specific (Lane 13) bTRAIL. As observed in
the BJAB cells, in the TRAIL-R2-specific bTRAIL-treated sample (Lane 14), TRAIL-R2 was
detected but TRAIL-R1 was not. FADD was not detected using the TRAIL-R2-specific
bTRAIL, indicating that the DISC had not been formed. The specificity of the TRAIL-
receptor selective bTRAIL mutants was again demonstrated, as in the unstimulated
samples TRAIL-R1 was detected only in the WT (Lane 9) and TRAIL-R1-specific (Lane
10) bTRAIL samples. TRAIL-R2 was only detected in the WT (Lane 9) and TRAIL-R2-
specific (Lane 11) bTRAIL samples, with a greater amount detected in the WT sample.
Western blot analysis revealed ORP8 was present in the WT (Lane 9) and TRAIL-R1-
specific (Lane 10) bTRAIL unstimulated samples, as with the BJAB cells. However, in
Hela cells ORP8 was also detected in the TRAIL-R2-specific bTRAIL unstimulated
sample (Lane 11) and in the WT DISC sample (Lane 12). The detection of ORP8 in both
the TRAIL-R1 and TRAIL-R2-specific bTRAIL samples implies that in Hela cells, ORP8
interacts with both unstimulated TRAIL-R1 and TRAIL-R2, whereas in BJAB cells, ORP8
interacts specifically with TRAIL-R1. The other proteins identified as interacting with
TRAIL-R1/R2 in BJAB cells: CUL1, FBXO11, Skp1 and PP2A could not be detected in the

unstimulated or TRAIL DISC samples isolated from Hela cells.

4.2.5: siRNA Targeting of ORP8 Increases Cell Surface Expression of

TRAIL-R2

As ORP8 had been confirmed to interact with the TRAIL-R1 in BJAB cells (Figure 4.9)
and TRAIL-R1 and TRAIL-R2 in Hela (Figure 4.10) cells, its role in the regulation of
TRAIL signalling was investigated further. The effect of siRNA targeting ORP8 was
examined in Hela cells, as Hela cells have been shown to be more amenable to

transfection of siRNA oligonucleotides.

As modulation of ORP8 expression has been reported to effect the cell surface
expression of CD95 (Zhong et al., 2015), its role on the cell surface expression of
TRAIL-R1/R2 was investigated. Hela cells were transfected with 5 nM ORP8 targeting
siRNA, 5 nM non-targeting control siRNA or no RNA for 24 or 48 h. The cells were then
incubated with PE-conjugated antibodies specific to TRAIL-R1, TRAIL-R2 or IgG control
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Figure 4.11:siRNA Targeting of ORP8 Increases Cell Surface TRAIL-R2 Expression

1.25 x 10° or 2.5 x10° Hela cells were transfected for 24 h (A) or 48 h (B), respectively with 5 nM ORP8
targeting siRNA, control siRNA or no siRNA. A,B Cells were blocked in goat serum, separated into 4 groups
and incubated with no antibody (-) or PE-conjugated IgG control, TRAIL-R1 or TRAIL-R2 antibodies. TRAIL-
R1/R2 cell surface levels were determined by flow cytometry and fluorescence intensity histograms aligned
using ImageFlow. Values displayed are the geometric mean +/- standard deviation. Differences between
the means were shown to be statistically different by two-way ANOVA for the 48 h siRNA targeted cells but
not the 24 h transfected cells. Significant differences were determined by a post-hoc Burkitts test and are

highlighted by *
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and the cell surface expression of TRAIL-R1/R2 determined by flow cytometry. Cells
treated with the ORP8 and control siRNA for 24 h showed no significant difference in
the surface expression of TRAIL-R1 or TRAIL-R2 (Figure 4.11 A). However, after 48 h
siRNA treatment the ORP8 siRNA transfected cells showed a significant increase in the
level of TRAIL-R2 on the cell surface, from 459.5 or 532.0 mean fluorescence intensity
units (MFI) in the no siRNA or control siRNA-transfected cells to 798.5 MFI in the ORP8
siRNA-transfected cells (Figure 4.11 B). ORP8 siRNA transfection was shown by
western blot analysis to have reduced the expression of ORP8 in cells transfected for
24 and 48 h (Figure 4.11 C). The amount of ORP8 in the 48 h transfected cells was
lower than that for the 24 h transfected cells and could explain why only the 48 h

knockdown of ORP8 induced the upregulation of TRAIL-R2 on the cell surface.

4.2.6: siRNA Targeting of ORP8 Sensitises HelLa Cells to TRAIL-induced
Apoptosis

As siRNA targeting of ORP8 for 48 h induced an increase in TRAIL-R2 surface
expression (Figure 4.11), the effect of ORP8 knockdown on TRAIL-induced apoptosis
was evaluated. Hela cells were transfected with 5 nM ORP8 siRNA, 5 nM control
siRNA or no siRNA for 48 h followed by 5 h treatment with 1 pg/ml WT TRAIL, TRAIL-
R1-specific or TRAIL-R2-specific mutants. Cells were stained with annexin-V-FITC and

DRAQY7 and cell death analysed by flow cytometry (Figure 4.12 A).

Incubation with transfection reagent (RNAiMax) alone induced very little cell death,
with only 7.5% of cells being detected as positive for annexin-V staining following
transfection/treatment. Addition of either the control or ORP8 siRNA did slightly
increase the percentage of annexin-V positive cells (9.7% and 11.7%, respectively) but
not significantly. Treatment with WT TRAIL induced 46.5% cell death in the no siRNA
control, which did not increase significantly with the control siRNA (48.7%). ORP8
transfected cells however displayed an increased sensitivity to WT TRAIL-induced
apoptosis as cell death increased to 61.4%. Similar results were observed for cells
treated with the TRAIL-R1-specific TRAIL. The cells transfected with no siRNA or
control siRNA showed 39.3% and 42.1% annexin-V positive cells, which increased to
54.7% in the ORP8 siRNA-transfected cells. Despite Hela cells being previously
described as being sensitive to both TRAIL-R1 and TRAIL-R2-mediated apoptosis
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Figure 4.12: Knockdown of ORP8 Expression Sensitises Hela Cells to TRAIL-Induced

Apoptosis

1.25 x10° Hela cells were transfected with 5 nM ORP8 targeting siRNA, control siRNA or no siRNA for 48 h.
Cells were then treated with either 1 ug/ml wild-type (WT) TRAILor 1 ug/mI TRAIL-R1 or TRAIL-R2-specific
mutant TRAIL for 5 h. Cells were stained with Annexin-V-FITC and DRAQ7 and cell death analysed by flow
cytometry (A). Western blots of cell pellets were probed for ORP8, caspase-8, caspase-9, caspase-3 and
PARP. Blots were also probed for GAPDH as a loading control (B). Data shown in A is % Annexin-V-FITC
positive cells from 3 independent experiments +/- standard deviation (SD). Differences between the group
Means were shown to be statistically different by two-way ANOVA. Significant differences were
determined by a post-hoc Burkitt’s test and are highlighted by * (P<0.05 = *, P<0.01 = **, P<0.001 = ***,

P<0.001 = ****),
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(Gasparian et al., 2009; Ohtsuka et al., 2003), treatment with the TRAIL-R2-specific
TRAIL mutant did not induce cell death above background. However, ORP8 siRNA
treatment increased cell death from 10.0% and 10.3% in the no siRNA and control
siRNA transfected cells, respectively, to 24.4%. Western blots probed for ORP8 (Figure
4.12 B) showed that ORP8 expression had been reduced by the ORP8 siRNA (Lanes 9-
12) but not the control siRNA (Lanes 5-8). Probing for GAPDH confirmed that this
decrease was not due to reduced protein loading. The increased cell death in the
ORP8 siRNA transfected siRNA was confirmed by western analysis for caspase-8,
caspase-9 and PARP (Figure 4.12 B). Caspase-9 was shown to be cleaved to the p37
and p35 fragments by treatment with WT TRAIL (Lanes 2, 6 and 10) and the TRAIL-R1-
specific mutant (Lanes 3, 7 & 11). The appearance of the p35 band is more
pronounced in the ORP8 siRNA transfected cells (Lanes 10-11). For the TRAIL-R2-
specific mutant treated cells (Lanes 4, 8 & 12), a faint band was detected in the no
SiRNA (Lane 4) and control siRNA (Lane 8) transfected cells, which was more
pronounced for the ORP8 siRNA transfected cells (Lane 12). PARP was shown to be
cleaved, generating its p85 fragment by WT TRAIL (Lanes 2, 6 & 10), the TRAIL-R1-
specific (Lanes 3, 7 & 11) and to a lesser extent the TRAIL-R2-specific (Lanes 4, 8 & 12)
mutant. The loss of full length PARP was more evident in those cells transfected with
ORP8 siRNA and subsequently treated with TRAIL (Lanes 10-12) in comparison with

the no siRNA (Lanes 2-4) and control siRNA (Lanes 6-8) transfected cells.
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4.3 Discussion

4.3.1 Summary of Chapter Findings

This chapter has described the isolation of the TRAIL DISC and unstimulated TRAIL-
R1/R2 using WT TRAIL and TRAIL mutants which bind specifically to TRAIL-R1 or TRAIL-
R2 (Marion MacFarlane et al., 2005) and subsequent analysis by mass spectrometry

and western blotting. These experiments have:

1. Demonstrated that TRAIL-R1, TRAIL-R2, FADD, caspase-8 (by mass
spectrometry and western blot analysis), cFLIP and caspase-10 (by mass
spectrometry) are present in DISC isolated using WT TRAIL and a TRAIL-R1-
specific mutant in BJAB cells.

2. Demonstrated that TRAIL-R2, caspase-8 (by mass spectrometry and western
blot analysis), cFLIP (by mass spectrometry) and FADD (by western blot
analysis) are present in the TRAIL DISC isolated using a TRAIL-R2-specific TRAIL
mutant in BJAB cells.

3. Confirmed that BJAB cells signal preferentially through TRAIL-R1, as shown by
the greater amount of DISC formation using a TRAIL-R1-specific mutant
compared to a TRAIL-R2-specific mutant.

4. ldentified and confirmed the interaction of ORP8, pre-associated with TRAIL-R1
and not TRAIL-R2 in BJAB cells, but pre-associated with both TRAIL-R1 and
TRAIL-R2 in Hela cells (Table 4.1).

5. Demonstrated that siRNA targeting of ORP8 in Hela cells induces increased
expression of TRAIL-R2 at the cell surface and increases sensitivity to apoptosis
induced by WT TRAIL and TRAIL-R1/R2 specific TRAIL mutants.

6. Identified and confirmed the interaction of FBXO11, CUL1 and Skpl pre-
associated with TRAIL-R1/R2 and in the DISC in BJAB cells (Table 4.1).

7. ldentified and confirmed the interaction of PP2A, pre-associated with TRAIL-
R1/R2 and in the TRAIL DISC in BJAB cells (Table 4.1).
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Sample
Unstimulated DISC
Cell Line | Protein WT R1 R2 WT R1 R2
ORP8 + + - - - -
Skp1 + + + + + +
cuLl + + + - - -
BJAB FBXO11 + + + - - -
PP2A-A + - + - - -
PP2A-
B55a + + - - -
PP2A-C + - + - - -
Hela ORPS8 + + + + - -

Table summarising the detection of ORP8, Skp1, CUL1, FBXO11, PP2A-A, PP2A-B55a and PP2A-
C by western blot analysis from the samples described in Figure 4.9 (BJAB) and 4.10 (Hela).
Sample in which the specified protein was detected are marked by + and samples in which the
protein was not detected are marked by - . In the Hela cell line, Skp1, CUL1, FBXO11, PP2A-A,
PP2A-B55a and PP2A-C were not detected and are therefore not displayed.
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4.3.2: TRAIL DISC Components TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD,
Caspase-8, cFLIP and Caspase-10 Detected by Mass Spectrometry in the
DISC Isolated Using WT and TRAIL-R1-specific bTRAIL

The results demonstrated that TRAIL-induced apoptosis in BJAB cells is mediated via
the activation of TRAIL-R1. WT and TRAIL-R1-selective TRAIL significantly induced cell
death, whereas targeting of TRAIL-R2 using a TRAIL-R2-specific TRAIL mutant did not
(Figure 4.1). This is in accordance with multiple reports of haematopoietic-derived
cells being more sensitive to TRAIL-R1-targeted ligands (MacFarlane et al., 2005a;
MacFarlane et al., 2005b; Natoni et al., 2007; Szegezdi et al., 2011; Tur et al., 2008).
The TRAIL-R1 sensitivity of BJAB cells was also apparent by isolation of an active TRAIL
DISC using the TRAIL-R1/R2 selective mutants. WT and TRAIL-R1-specific bTRAIL
successfully precipitated: TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-8, cFLIP and
caspase-10, which were detected by mass spectrometry. In contrast, using the TRAIL-
R2-specific bTRAIL, only TRAIL-R2, caspase-8 and FADD could be detected in the DISC
isolated (Figure 4.3 A). Hela cells were also shown to be insensitive to TRAIL-R2-
specific TRAIL-induced apoptosis (Figure 4.12) and very little DISC was formed by the
TRAIL-R2-specific bTRAIL (Figure 4.10). Hela cells have however been reported to be
sensitive to either TRAIL-R1 or TRAIL-R2 targeted ligands (Gasparian et al., 2009;
Ohtsuka et al., 2003; Ren et al., 2004). TRAIL-R2 requires a greater degree of ligand
cross-linking to be sufficiently activated (Mihlenbeck et al., 2000). Therefore targeting
of TRAIL-R2-specifically may still be able to induce apoptosis in BJAB and Hela cells if
the TRAIL-R2 targeting ligand is more efficiently able to aggregate the receptors.
Strategies such as cross-linking of agonistic antibodies or the development of leucine
zipper TRAIL have been used to increase receptor aggregation (Miihlenbeck et al.,
2000; Walczak et al., 1999). The TRAIL-R2-specific bTRAIL used in this study could be
modified using such strategies to enable effective, specific targeting of TRAIL-R2. This
approach could be useful in selectively killing cancer cells which are sensitive to TRAIL-

R2, but not TRAIL-R1-induced apoptosis.

The specificity of the TRAIL receptor selective TRAIL mutants was confirmed by their
ability to isolate the unstimulated TRAIL receptors, TRAIL-R1 and TRAIL-R2. The TRAIL-
R1-selective bTRAIL mutant precipitated TRAIL-R1 and not TRAIL-R2 in both BJAB
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(Figure 4.3 B) and Hela (Figure 4.10) cells. Conversely, the TRAIL-R2-selective bTRAIL
mutant precipitated TRAIL-R2 and not TRAIL-R1 in BJAB (Figure 4.3) and Hela (Figure
4.10) cells, however at a much lower level than WT TRAIL. The specificity of the TRAIL-
R1/R2 mutants was less clear in the DISC isolations. The TRAIL-R1-selective bTRAIL
mutant precipitated both TRAIL-R1 and a smaller amount of TRAIL-R2 in the DISC
samples from BJAB (Figure 4.3) and Hela (Figure 4.10) cells. Considering the
selectively of the mutants to bind their specific TRAIL receptor in the unstimulated
samples, these data confirm that TRAIL-R1/R2 form hetero-complexes upon ligand

binding (Lemke et al., 2010).

TRAIL-R4 was also detected in the DISC samples isolated using both WT and TRAIL-R1-
specific bTRAIL but not with the TRAIL-R2-specific bTRAIL mutant. This observation
appears to contradict a previous report which suggested that TRAIL-R4 specifically
associates with TRAIL-R2 and not TRAIL-R1 (Mérino et al., 2006). However, due to the
hetero-complexes formed by the TRAIL-R1-specific bTRAIL, TRAIL-R2 was also present
in this DISC sample. In addition, as the TRAIL-R1-specific bTRAIL was demonstrated to
only interact with TRAIL-R1 (Figure 4.3), all of the TRAIL-R2 recruited will be that which
has been recruited via TRAIL-R1 to enable DISC formation. The absence of TRAIL-R4
detection in the TRAIL-R2-specific bTRAIL DISC sample may be because the TRAIL-R2
isolated is insufficiently aggregated to induce TRAIL-R4 recruitment. Unlike TRAIL-R1-
associated TRAIL-R2 in the DISC, TRAIL-R2 isolated using the TRAIL-R2-specific bTRAIL,
may be mostly un-complexed receptors not capable of recruiting additional proteins

to the DISC.

TRAIL-R4 is also detected in the unstimulated TRAIL receptor isolations and again
appears in the WT and TRAIL-R1-specific, but not TRAIL-R2-specific bTRAIL samples
(Figure 4.3). The selective detection of TRAIL-R4 in the TRAIL-R1-specific bTRAIL
samples could also be because the ligand can bind TRAIL-R4 directly (as WT TRAIL
does) whereas the mutation to generate TRAIL-R2-specificity abolished this

interaction.
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4.3.3: ORPS8 Identified as a TRAIL-R1/R2 Interacting Protein in BJAB and
Hela cells: siRNA Targeting of ORP8 in HelLa Cells Increases TRAIL-R2 Cell

Surface Expression and Sensitivity to TRAIL-Induced Apoptosis

Mass spectrometry revealed that ORP8 and ORP9 are selectively recruited to
unstimulated TRAIL-R1 and not TRAIL-R2 (Figure 4.8). Western blots then confirmed
the specific association of ORP8 (Table 4.1) with unstimulated TRAIL-R1 in BJAB cells
(Figure 4.9). In unstimulated receptors and TRAIL DISC isolated from Hela cells, ORP8
was detected associated with both unstimulated TRAIL-R1 and TRAIL-R2 (Figure 4.10).
ORP8 detection was also observed in the WT bTRAIL DISC (Figure 4.10). Although
detected in the DISC sample, care must be taken before listing ORP8 as a TRAIL DISC-
interacting protein. In the method used to isolate the DISC, the activated DISC is not
separated from non-aggregated TRAIL receptors, which although bound by TRAIL have
not formed a DISC. Separation of the activated DISC by sucrose density centrifugation,
which would separate the high molecular weight (HMW) DISC from the less dense
unstimulated TRAIL receptors (Dickens et al., 2012a) would confirm whether the ORP8

DISC interaction observed is real.

Oxysterol binding proteins (OSB) and oxysterol binding protein related proteins (ORP)
are a family of proteins which can bind cholesterol and oxysterols. Their roles were
initially thought to be limited to cellular lipid metabolism or sterol transport but
recently they have been identified as having key functions in signalling pathway
regulation (Olkkonen and Li, 2013). OSPB, the founding member of the ORP family, is
able to bind to cholesterol in the cell membrane (Wang et al., 2005). In addition to
cholesterol, it was also shown to recruit two phosphatases, the tyrosine phosphatase
PTPPBS and the serine/threonine phosphatase PP2A (Wang et al., 2005). Once
recruited to OSBP, these two phosphatases then regulate ERK activity by the
coordinated de-phosphorylation of specific tyrosine and threonine residues on ERK.
When cholesterol levels decrease, the complex falls apart. Via its formation of an
activation platform, OSBP is therefore able to regulate ERK activity (Wang et al., 2005).
The potential role(s) of ORP8 and ORP9 associated with TRAIL-R1/R2 may therefore
play a similar role in regulating TRAIL signalling. The ability of members of the OSBP

family to bind to PP2A is intriguing, as PP2A was also detected pre-associated with the
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TRAIL receptors. Therefore, the recruitment of PP2A may be mediated through a
direct interaction with either ORP8 or ORP9. ORP9 was also demonstrated to interact
with PKCB and mTOR. This interaction negatively regulates Akt activity and thus
effects cell survival, cell cycle control and glucose metabolism. PKCB has also been
strongly implicated in the regulation of death receptor signalling (Meng et al., 2010),
and could possibly be interacting with the TRAIL receptors by interacting with ORP9.
Although PKCB was not detected in this study, this may be because kinase interactions
are often transient and therefore may require cross-linking to enable protein

identification.

ORP8 is closely related to ORP5, and both proteins contain C-terminal regions which
anchor them to the ER membrane (Olkkonen and Li, 2013). They also contain an N-
terminal pleckstrin homology (PH) domain which targets the proteins to the plasma
membrane (Zhong et al., 2015). This dual membrane targeting has implicated these
ORPs in activity at membrane contact sites (MCS), areas where the membrane of two
different organelles or the plasma membrane are very closely (10-20 nm) situated,
which are important for signalling processes (Olkkonen and Li, 2013). It would be
interesting to determine if the interaction between ORP8/ORP9 and TRAIL-R1 occurs
throughout the cellular membrane or is concentrated to the ER or MCS. This could
reveal if the ORP proteins are involved in membrane trafficking of TRAIL-R1 or
regulating cross-talk between membrane compartments which could then have
effects on TRAIL signalling. VAMP-A and VAMP-B, ER-resident proteins were also
identified associated with TRAIL-R1 and could also have roles in regulating TRAIL-R1
trafficking. An important organelle in apoptotic signalling is the mitochondria, which
once permeabilised releases cytochrome c, leading to apoptosome formation.
Caspase-8, activated at a DISC in close proximity to the mitochondria (at MCS), could
increase MOMP formation via cleaved Bid if all of the components were localised to a

small area thus increasing apoptotic signalling in Type Il cells.

ORP8-deficient macrophages have increased migration mediated by alterations in the
macrophage transcriptome which effected centrosome and microtubule cytoskeleton
organisation (Béaslas et al., 2012). TRAIL signalling has been shown to be augmented

by interacting with the cytoskeleton via E-cadherin (Lu et al., 2014b). Loss of this
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interaction attenuated TRAIL-induced apoptosis and thus if ORP8 can regulate

cytoskeleton organisation it may also effect TRAIL signalling.

The results showed that siRNA targeting of ORP8 induces an increase in the cell
surface expression of TRAIL-R2, but not TRAIL-R1 (Figure 4.11). The selectivity of the
effect to TRAIL-R2 is surprising as in BJAB cells ORP8 was only shown to interact with
TRAIL-R1. However, ORP8 was shown to interact with both TRAIL-R1 and TRAIL-R2 in
Hela cells and as such there may be differences in the role of ORP8 between cell
types. Hela cells in which ORP8 expression had been reduced were also shown to be
more sensitive to apoptosis induced by either WT TRAIL or TRAIL-R1 or TRAIL-R2
targeted mutants. The increased surface expression of TRAIL-R2 induced by targeting
ORP8 with siRNA can readily explain the increased susceptibility to WT and TRAIL-R2-
induced death. Although it was initially puzzling why increased TRAIL-R2 surface
expression would increase TRAIL-R1 mediated cell death, this correlates with the
observed hetero-complex formation of TRAIL-R1 and TRAIL-R2 in the DISC even when

stimulated a TRAIL-R1-selective form of TRAIL.

Modulation of ORP8 expression levels has previously been demonstrated to effect cell
death induced by CD95L. Zhong et al., (2015) showed that overexpression of ORP8
could induce apoptosis in human hepatoma cells. The induced cell death was
demonstrated to be due to an increase in CD95 cell surface levels and an upregulation
of CD95L. It was then shown that ORP8 overexpression had induced the activation of
the ER stress response and in a p53-dependent mechanism, induced the increased
surface expression of CD95 (Zhong et al., 2015). ER stress response activation has also
been implicated in upregulation and increased sensitivity towards TRAIL-R2 (He et al.,
2013; Liu et al.,, 2015; Lu et al., 2014a). Activation of the ER stress response was
demonstrated to activate CHOP, which subsequently induced the upregulation of
TRAIL-R2 expression. To determine if the increased TRAIL-R2 cell surface expression
and TRAIL sensitivity following ORP8 knockdown observed here is mediated by the ER
stress response, CHOP could be co-silenced. If removal of CHOP expression abrogated
the observed effects of ORP8 knockdown then it is likely the effect is being mediated

by the ER stress response.
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Overexpression of ORP9S or depletion of ORPIL has been demonstrated to perturb
ER-Golgi protein transport (Ngo and Ridgway, 2009). TRAIL receptors on the cell
surface have been shown to be continuously recycled even without stimulation by
TRAIL (Kohlhaas et al., 2007). Therefore, in light of the effect of ORP8 knockdown on
TRAIL-R2 surface levels, it is possible that ORP8 plays a role in the recycling of TRAIL-
R2 from the cell surface. Perturbation of this ORP8-mediated recycling results in the
accumulation of TRAIL-R2 at the cell surface and leads to an increase in sensitivity to
TRAIL-induced apoptosis. This alternative explanation would explain the interaction
observed between ORP8 and TRAIL-R2, but does not explain why there is no effect on
TRAIL-R1 cell surface levels by ORP8 knockdown. To address, the experiment should
be repeated in BJAB cells, which showed only a TRAIL-R1:0RP8 interaction, to

determine if the observed effect on TRAIL-R2 cell surface expression is still evident.

The ability of altered ORP expression to sensitise cells to apoptosis induced by CD95L
(Zhong et al., 2015) and TRAIL (Figure 4.12) highlights a possible new avenue to treat
CD95L or TRAIL-resistant cells. A new class of drugs called ORPphilins has been
demonstrated to selectively inhibit the function of certain ORPs by preventing binding
of oxysterols. Many of these ORPphilins are anti-proliferative natural products
(including Cephalostatin-1, OSW-1 and Ritterazine-B) and have been identified as
possible new anti-cancer therapeutics (Burgett et al., 2011). Although an inhibitory
effect of ORPphilins on ORP8 has not yet been detected, it is possible that a combined
ORPphilin-TRAIL/CD95L treatment could target previously TRAIL or CD95L-resistant

tumour cells.

4.3.4: Skpl, FBXO11, CUL1 (SCF) Complex Identified as Interacting with
Unstimulated TRAIL-R1/R2 in BJAB Cells

FBXO11 and CUL1 were identified in the mass spectrometry screen as being proteins
that may interact specifically with unstimulated TRAIL-R2 and not TRAIL-R1 (Figure
4.8). Subsequent smaller scale isolations and western blot analysis however showed
that both proteins were found pre-associated with TRAIL-R1 and TRAIL-R2 (Figure 4.9
& Table 4.1). F-box proteins are known to form interactions with Cullin proteins to
recruit ubiquitin ligases and ubiquitinate target proteins (Lydeard et al., 2013). These

complexes contain an F-box protein, such as FBXO11, a Cullin protein, such as CUL1, a
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Skp protein and an E3 ligase. The mass spectrometry data also showed the presence
of Skp1 (Figure 4.8) and western blot analysis confirmed that Skp1 pre-associates with
TRAIL-R1/R2 and is also present in DISC-associated receptor complexes (Figure 4.9 &
Table 4.1).

Skp-CUL-F-box (SCF) complexes are the most studied of the Cullin ring ligase (CRL)
family of ubiquitin ligase complexes (Petroski and Deshaies, 2005). In these
complexes, CUL1 and Skp1 function as scaffolds to recruit and position RING domain-
containing proteins and F-box containing proteins which determine target specificity
(Skaar et al., 2013). SCF complexes can mediate the ubiquitination of target proteins
which can then lead to signalling outcomes or protein degradation depending on the
ubiquitin chain linkage. In SCF complexes, it is the F-box containing protein which
determines target specificity (Skaar et al., 2013). The F-box protein detected in this
study is F-box only protein 11 (FBX011).

FBXO11 has been demonstrated to be a tumour suppressor (Yang et al., 2015) whose
function is mainly due to its role in a Skpl-CUL1-FBXO11l complex. Patients with
glioblastoma, skin and prostate cancer who displayed high FBXO11 expression were
shown to have greater survival and lower tumour grades (Yang et al., 2015). FBXO11
was shown to be especially important in B-cell lymphomas. BCL-6 is an important
oncogene in B cells which controls multiple genes involved in B-cell development,
differentiation and activation and is overexpressed in the majority of diffuse large cell
B-cell lymphomas (DLBCL). FBXO11, in complex with Skpl and CUL1, targets BCL6 for
ubiquitination and subsequent proteasomal degradation. Mutation of FBXO11 was
shown to lead to an increase in BCL6 levels and hence increased tumourgenicity (Duan
et al., 2012). The FBXO11-containing SCF complex was also shown to block epithelial-
mesenchymal transition (EMT), tumour initiation and metastasis in breast cancer cells.
FBXO11l was discovered to mediate the ubiquitination of the transcription factor
SNAIL, leading to its downregulation by proteasomal degradation. SNAIL is important
in activating genes which initiate EMT and lead to increased tumour metastasis and
invasion (Zheng et al., 2014). A Skp1l-CUL1-FBXO11 complex also mediated the

ubiquitination and degradation of cdcl0-dependent transcript 2 (Cdt2). This
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degradation leads to the increase in downstream p21 and set8 which downregulate

TGFB signalling (Abbas et al., 2013).

Therefore, all of the known roles so far for FBXO11, CUL1 and Skpl involve the
targeted ubiquitination and proteasome degradation of target proteins (Abbas et al.,
2013; Duan et al., 2012; Yang et al.,, 2015; Zheng et al., 2014). It can therefore be
inferred that the detection of FBXO11, CUL1 and Skp1 associated with unstimulated
TRAIL-R1/R2 and in the TRAIL DISC suggests that components of the TRAIL DISC are

targets for ubiquitination.

Several reports have already demonstrated that ubiquitination of DISC-associated
proteins can have profound effects on TRAIL signalling. A complex containing cullin-3
(CUL3) and RBX1 was shown to mediate the poly-ubiquitination of DISC-associated
caspase-8. These poly-ubiquitin chains enhance/lead to the recruitment of p62 and
subsequent migration of caspase-8 to ubiquitin dense speckles (Jin et al., 2009),
termed the “aggresome” (Békés and Salvesen, 2009). Prevention of CUL3-mediated
caspase-8 ubiquitination and “aggresome” formation was shown to decrease TRAIL-
induced apoptosis. A20 de-ubiquitinates caspase-8 to reverse the CUL3-mediated
effect, displaying dynamic regulation of “aggresome” formation (Jin et al., 2009).
Conversely, caspase-8 ubiquitination has also been shown to negatively regulate
TRAIL-induced apoptosis. TRAF2 mediates the RING dependent K48-linked poly-
ubiquitination of caspase-8 downstream of CUL3. This poly-ubiquitination rapidly
leads to degradation of caspase-8 by the proteasome and functions as a shut-off timer
for apoptotic signalling. Ubiquitination of TRAIL-R1, but not TRAIL-R2, was
demonstrated to inhibit TRAIL-induced apoptosis. Here, MARCH-8 ubiquitinates TRAIL-
R1 on lysine 273 leading to down-regulation of TRAIL-R1 at the cell surface by

lysosomal mediated degradation (van de Kooij et al., 2013).

In this study, Skp1, CUL1 and FBXO11 were detected in both TRAIL DISC samples and
with unstimulated TRAIL-R1/R2 (Figure 4.9). This implies that the SCF complex could
be targeting TRAIL-R1/R2 regardless of TRAIL stimulation. Although the initial mass
spectrometry data indicated that the SCF complex may be associated only with TRAIL-
R2 (Figure 4.8), subsequent experiments and western blot analysis showed very little

difference in levels of these proteins between the TRAIL-R1 and TRAIL-R2-containing
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samples (Figure 4.10). The effect of knocking down the expression of FBXO11, CUL1
and Skp1 on TRAIL-R1/R2 levels and TRAIL signalling should therefore be investigated.
The combination of TRAIL DISC isolations with de-ubiquitinase (DUB) inhibitors may

also reveal the accumulation of ubiquitin chains on TRAIL-R1/R2.

However, although FBXO11, CUL1 and Skpl were identified in TRAIL-R1/R2 isolated
complexes it does not necessarily mean that TRAIL-R1 and TRAIL-R2 are the targets for
ubiquitination. The SCF complex may have been recruited via indirect interactions
with another protein that is associated with TRAIL-R1/R2. This may explain why the
detection of FBXO11 and CUL1 was inconsistent between the mass spectrometry

screens (Figure 4.8) and subsequent western blot analysis (Figure 4.9).

4.3.5: PP2A Phosphatase Identified as Interacting with both TRAIL-R1
and TRAIL-R2 in BJAB Cells

PP2A is a serine/threonine phosphatase with regulatory roles in a large number of
signalling pathways (Eichhorn et al., 2007). PP2A exists as a holoenzyme consisting of
three subunits: the catalytic (C) subunit containing the active site, the scaffold (A)
subunit and the regulatory (B) subunit, responsible for substrate specificity and
subcellular localisation. Initially, a core enzyme composed of the catalytic and scaffold
subunits forms and recruits the regulatory subunit (Eichhorn et al., 2009). The ability
of PP2A to phosphorylate and regulate a large array of substrates is mostly due to a
large repertoire of over 20 different regulatory subunits which can bind the core

enzyme (Slupe et al., 2011).

PP2A has already been implicated in regulating apoptosis induction by death receptor
signalling (Harmala-Braskén et al., 2003). Inhibition of PP2A by calyculin A treatment
or PP2a inhibitor protein (I2PP2A) expression was shown to block apoptosis induction
by CD95L, TNF-a or TRAIL (Harméla-Braskén et al., 2003). However, PP2A inhibition or
siRNA knockdown of PP2A has also been shown to sensitise resistant cells to TRAIL-
induced apoptosis (Yang et al., 2014). The catalytic domain of PP2A (PP2A-C) was
previously detected associated with TRAIL-R1/R2 after TRAIL stimulation in a complex
with Src and caspase-8 (Xu et al., 2013). Here it was demonstrated that PP2A de-

phosphorylated and activated Src, which inhibited caspase-8 activity by
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phosphorylating it on the tyrosine 380 residue (Xu et al., 2013). However, TRAIL
activity was then shown to induce the CUL3 mediated ubiquitination and proteasomal

degradation of PP2A-C, restoring caspase-8 activity (Xu et al., 2014).

The PP2A subunits, PP2A-A, PP2A-Bssq and PP2A-C were detected by mass
spectrometry pre-associated with the TRAIL-R1/R2 and also in the TRAIL DISC (Figure
4.8) Western blot analysis confirmed their interactions, summarised in Table 4.1. As
the results show that PP2A interacts with TRAIL-R1/R2 independent of TRAIL
stimulation, this implies that the effect of PP2A is occurring prior to DISC formation.
PP2A could therefore be directly de-phosphorylating TRAIL-R1/R2 suggesting a
mechanism by which PP2A enables TRAIL-R1/R2 to be activated by keeping them in a

dephosphorylated state.

Considering the very low amount of PP2A detected in the unstimulated TRAIL-R1/R2
samples and the ubiquitous nature of PP2A signalling, it may be difficult to discern the
role of PP2A by knocking down the catalytic and scaffold functioning subunits, as
these are used in most PP2A functions. However, the role of the regulatory subunit
varies depending on the targets (Eichhorn et al., 2009), therefore knockdown of PP2A
B55a by siRNA, or knockout using CRISPR/cas9 could reveal the role of PP2A in TRAIL

signalling.
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Chapter 5: Investigation of the Mechanism of PKC-
mediated Inhibition of Death Receptor Signalling

5.1: Introduction

As discussed throughout, it is important to fully understand how death receptor
signalling is regulated in order to develop new strategies to overcome resistance of
cancer cells to TRAIL and other death ligand-inducers of apoptosis. The previous
chapters have described efforts to identify hitherto unknown mechanisms of death
receptor regulation that are not yet known. However, there are also several known
pathways which can affect death receptor signalling but are still not completely
understood. Activation of protein kinase C (PKC) inhibits apoptosis induced by TRAIL,
CD95L and TNFa (Gémez-Angelats et al., 2000; Harper et al., 2003a; Meng et al., 2002;
Ruiz-Ruiz et al., 1999; Sarker et al., 2001; Trauzold et al., 2001). The PKC family is a
large group of serine threonine kinases, classified by sensitivity to diacyl glycerol (DAG)
and Ca?* activation. Conventional PKC isotypes (o, B, Bi and y) are activated by both
DAG and Ca?*, whereas novel PKC isotypes (5, €, n, 6 and ) are insensitive to Ca* but
respond to DAG. Atypical PKCs (A, Tand ) are insensitive to both DAG and Ca?* (Bononi
et al., 2011).

Both conventional and novel PKC isotypes can be activated by treatment with phorbol
ester DAG analogues. PKC activation by these agents inhibits apoptosis induced by
TRAIL (Sarker et al., 2001) and CD95 (Ruiz-Ruiz et al., 1999), upstream of caspase-8
activation (Gémez-Angelats et al,, 2000). Subsequently, PKC activation was
demonstrated to block FADD recruitment to both the CD95 and TRAIL DISC (Godmez-
Angelats and Cidlowski, 2001; Harper et al., 2003a). Previously, in our laboratory,
Harper et al. (2003) demonstrated that Hela cells pre-treated with phorbol 12-
myristate 13-acetate (PMA) are resistant to TRAIL induced death. This resistance was
prevented when PMA-mediated PKC activation was blocked using the PKC inhibitor,
Bisindolylmaleimide | (Bisl). PKC activation was shown to inhibit FADD recruitment to
TRAIL-R1/R2 receptors by DISC analysis. TRADD recruitment to TNFR1 is also blocked
by PKC, demonstrating that this is a general death receptor phenomenon (Harper et

al., 2003a). However, while PKC activation was clearly affecting FADD recruitment to
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the DISC, this was not apparently due to changes in FADD phosphorylation (Harper et
al., 2003a).

Therefore, it has been convincingly demonstrated that PKC activation can block the
extrinsic apoptotic pathway and that this inhibition occurs upstream of caspase
activation and inhibits FADD recruitment to the DISC. However, the studies conducted
so far have left a number of unanswered questions. Most importantly, how does PKC
activation block the recruitment of FADD to the DISC and subsequently block
apoptosis induction, and what is the target for PKC? In addition, what effect does PKC
activation have on non-apoptotic death receptor signalling? This study was

undertaken to address these outstanding questions.
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5.2: Results

5.2.1: PKC Activation Inhibits TRAIL-induced Apoptosis in Hela and
Jurkat E6.1 but not BJAB cells

To study the effect of PKC activation on TRAIL-induced apoptosis, Hela cells were pre-
treated with 20 ng/ml PMA prior to 5 h TRAIL treatment (Figure 5.1A). In addition, a
Bisindolymaleimide | (Bisl) pre-treatment was utilised to inhibit PMA induced PKC
activation, showing that the effects of PMA were indeed PKC-mediated. PMA
treatment almost completely abrogated TRAIL-induced apoptosis, with the percentage
of cells showing phosphatidylserine (PS) externalisation reducing from 47.5 to 3.7%
(Figure 5.1A). This inhibition was reversed by pre-treating with Bisl (38.6%). The
inhibition of TRAIL-induced apoptosis by PKC activation was also confirmed by the
disappearance of the p43/p41 and subsequent p18 cleavage fragments of caspase-8,
showing that caspase-8 activation at the DISC was inhibited (Figure 5.1B).
Furthermore, the downstream cleavage of caspases-9 (p37/p35) and -3 (p20/p19)
following PMA pre-treatment was blocked. There was also a loss of cleavage of PARP
to the p85 fragment (Figure 5.1B), a signature of apoptosis induction (Duriez and Shah,
1997).

| next examined the effect of PKC activation on TRAIL signalling in the T cell line, Jurkat
E6.1. Jurkat cells do not express TRAIL-R1 and thus are relatively insensitive to soluble,
non-oligomerised TRAIL-induced death (Sprick et al., 2000). Instead, Jurkat cells were
treated with ILZ-TRAIL, a recombinantly generated TRAIL construct containing an
isoleucine zipper (ILZ) motif to encourage greater oligomerisation of TRAIL-R2 and
DISC activity (Han et al., 2016). Again, PMA pre-treatment inhibited ILZ-TRAIL-induced
apoptosis with the percentage of Jurkat cells showing PS externalisation reducing from
80.2 to 49.7% (Figure 5.1C). The loss of PS externalisation also correlated with a
reduction in the cleavage of caspase-8 to its p41/43 and p18 fragments. Downstream
cleavage of caspase-9, caspase-3 and PARP was also reduced following PMA pre-
treatment (Figure 5.1D). Although not as dramatic as in Hela cells (Figure 5.1A), where

TRAIL-induced apoptosis was almost completely abolished, PKC activation did
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Figure 5.1: PKC Activation Blocks TRAIL-Induced Apoptosis in HelLa and Jurkat E6.1
Cells

Hela (A + B), Jurkat E6.1 (C + D) cells were pre-treated with either: 1 uM Bisl, 20 ng/m| PMA or 1 uM Bisl
and 20 ng/ml PMA. Initially cells were treated with Bisl for 30 min before addition of PMA for 30 min. After
pre-treatment, cells were treated with 1 ug/ml TRAIL (A + B) or ILZ-TRAIL (C + D ) for 5 hours. Cells were
harvested, stained with Annexin V-FITC and DRAQ7 and analysed by flow cytometry (A + C). Cell pellets
were also taken for western blots (B + D). Western blots (B + D) of cell pellets were probed for caspase-8,
caspase-9, caspase-3 and PARP. Data shown in (A + C) is % Annexin-V positive cells minus background from
3independent experiments +/- standard deviation (SD). Background cell death for the Hela cells was 5.1%
+/-0.38 (A) and for the Jurkat E6.1 cells (C) was 4.6% +/- 0.74. Differences between the group means were
shown to be statistically different by one-way ANOVA. Significant differences were determined by a post-
hoctukey test and are highlighted by * (P<0.05 = *, P<0.01 = **, P<0.001 = ***, P<0.001 = ***%*),
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significantly reduce TRAIL-induced apoptosis in Jurkat cells (Figure 1b), demonstrating

that the effect observed is not specific to Hela cells.

In contrast, when the Burkitt’s lymphoma cell line, BJAB (Figure 5.2) was pre-treated
with PMA prior to TRAIL treatment, there was no inhibitory effect on PS
externalisation (Figure 5.2A). Cleavage of caspase-8, caspase-9, caspase-3 and PARP
showed no difference following PMA treatment (Figure 5.2B), differing from that seen
in both Hela and Jurkat cells (Figure 5.1). This demonstrates that the inhibitory effect
of PKC activation on TRAIL-induced apoptosis may not occur in all cell types.
Discerning the reason for this cell-specific difference may therefore be important in

determining how PKC activation can inhibit TRAIL signalling.

5.2.2: PKC Activation Inhibits CD95-induced Apoptosis in Jurkat A3 Cells

The effect of PKC activation on CD95L signalling in Jurkat cells was studied further.
CD95L-induced apoptosis has also previously been reported to be inhibited by phorbol
ester treatment (Meng et al., 2002). Jurkat A3 cells were pre-treated with 20 ng/ml
PMA prior to 5 h treatment with the agonistic CD95 antibody, CH11 (Figure 5.3).
Similar to the effects observed for TRAIL-induced apoptosis (Figure 5.1), PMA inhibited
PS externalisation induced by CH11 (Figure 5.3a), from 60.7 to 31.5%. This loss was
accompanied by a reduction in the proteolytic cleavage of caspase-8, caspase-9,
caspase-3 and PARP (Figure 5.3B). Pre-treatment with Bisl reversed the effect of PMA
treatment, with 62% of cells PS +ve (Figure 5.3A) along with increased amounts of
caspase-8, caspase-9, caspase 3 and PARP fragments generated. This demonstrates
that PKC activation can block CD95L-induced apoptosis as well as TRAIL-induced

apoptosis and is likely to share a common underlying mechanism.

5.2.3 PMA Treatment Blocks TRAIL-induced NFkB Activation

In addition to its pro-apoptotic, caspase-activating signalling arm, TRAIL has also been
shown to induce pro-survival signalling pathways after formation of a secondary

signalling complex following DISC dissociation (Varfolomeev et al., 2005).

It is currently unknown whether PKC activation can block TRAIL-induced secondary
signalling complex formation and subsequent pro-survival pathway activation.

Accordingly, Hela cells were treated with 0.5 pg/ml TRAIL for increasing lengths of
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Figure 5.2: PKC Activation Does not Block TRAIL-Induced Apoptosisin BJAB Cells

BJAB cells were pre-treated with either: 1 uM Bisl, 20 ng/ml PMA or 1 uM Bisl and 20 ng/ml PMA. Initially
cells were treated with Bisl for 30 min before addition of PMA for 30 min. After pre-treatment, cells were
treated with 1 ug/ml TRAIL for 5 hours. Cells were harvested, stained with Annexin V-FITC and DRAQ7 and
analysed by flow cytometry (A). Cell pellets were also taken for western blots (B). Western blots (A) of cell
pellets were probed for caspase-8, caspase-9, caspase-3 and PARP. Data shown in (A) is % Annexin-V
positive cells minus background from 3 independent experiments +/- standard deviation (SD). Background
cell death was 10.8% +/- 0.81. Differences between the group means were shown to be statistically
different by one-way ANOVA. Significant differences were determined by a post-hoc tukey test and are
highlighted by * (P<0.05 =*, P<0.01 =**,P<0.001 = *** P<0.001 = ****),
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Figure 5.3: PKC Activation Blocks Anti-CD95-Induced Apoptosis in Jurkat A3 Cells

Jurkat A3 cells (1 x 10°) were pre-treated with either: 1 uM Bisl, 20 ng/ml PMA or 1 uM Bisl and 20 ng/ml
PMA. Initially cells were treated with Bisl for 30 min before addition of PMA for 30 min. After pre-
treatment, cells were treated with 100 ng/ml anti-CD95 (CH11) for 5 h, stained with Annexin V-FITC and
DRAQY or pelleted. Western blots (b) of the cell pellets were probed for caspase-8, caspase-9, caspase-3
and PARP. Data shown in a) is % Annexin V positive cells minus background from 3 independent
experiments +/- standard deviation (SD). Background cell death was 6.2% +/- 1.35. Differences between
the group means were shown to be statistically different by one-way ANOVA. Significant differences were
determined by a post-hoc tukey test and are highlighted by * (P<0.05 = *, P<0.01 = **, P<0.001 = ***,

P<0.001 = ****),
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time with or without pre-treatment with PMA (Figure 5.4). Addition of TRAIL resulted
in phosphorylation of the NFkB inhibiting protein, IkBa after 30-60 min. Conversely,
Hela cells pre-treated with PMA prior to TRAIL, failed to induce phosphorylation of
IkBa above basal levels. This indicates that PMA pre-treatment is blocking both the

apoptotic (Figure 5.1) and non-apoptotic (Figure 5.4) arms of TRAIL signalling.

5.2.4 Characterisation of PKC Isoform Expression and PKC Activation

Both Hela and Jurkat cells show the propensity for TRAIL (Figure 5.1) (and anti-CD95
(Figure 5.3)) signalling to be inhibited by PKC activation, whereas BJAB cells do not
(Figure 5.2). To determine if the difference in sensitivity is due to differences in the
level of PKC proteins, the expression of each of the PKC isoforms in Hela, BJAB and
Jurkat cell lines was characterised (Figure 5.5). PKCa expression was detected in Hela
and Jurkat cells but much lower expression was observed in BJAB cells. PKCR,
expression was detected in all three cell lines at similar levels. Hela cells were shown
to not express the PKCPy isoform, which agrees with reports in the literature (Kaneki
et al.,, 1999), but contrasts with its expression in BJAB and Jurkat cells. PKCy levels
appeared to be low but broadly consistent across the three cell lines. PKCS expression
was higher in BJAB cells when compared to Hela and Jurkat. This was also the case for
PKCe expression, in which the expression was significantly higher in BJAB cells. PKCn

was detected in all three cell lines whereas PKCB was only detected in Jurkat cells.

Prolonged activation or inhibition of PKC isoforms has also been demonstrated to
effect the protein levels of the PKC isoforms (Basu and Sivaprasad, 2007). In addition
to native differences between the cell lines, there also appeared to be differences in
the effect of PMA or Bisl on the protein levels of the PKC isoforms. In Hela cells, Bisl
treatment led to a drop in PKCB; and PKCy levels. Conversely, expression of PKCO and
PKCn isoforms appeared to increase. This pattern was different for the BJAB and
Jurkat cells in which PMA and Bisl treatment caused the expression of PKCy to

increase but had little effect on the other isoforms.

To determine if PMA treatment could indeed activate PKC in each cell line, western
blots were probed for the phosphorylation of MARCKS (Figure 5.5B), a downstream

PKC substrate (Vaaraniemi et al., 1999). In all three cell lines, PMA treatment induced
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Figure 5.4: PMA Treatment Blocks TRAIL-Induced NFkB Activationin HelLa Cells

Hela cells were treated with 0.5 ug/ml TRAIL for 15, 30, 60, 120 or 180 min. In addition cells were pre-
treated with 20 ng/ml PMA 30 min prior to TRAIL treatment. Following treatment, cells were harvested,
lysed in DISC lysis buffer and protein concentration determined by Bradford assay. SDS-PAGE gels were
loaded with 30 pug of each sample. Western blots were probed for P-IkBa, IkBaand PARP.
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Figure 5.5: Characterisation of PKC isoform Expression and PKC activation

Hela, BJAB or Jurkat E6.1 cells were treated with 1 uM Bisl for 30 min, followed by 20 ng/ml PMA for 30
min, or only 20 ng/ml PMA for 30 min, or left untreated. Cells were lysed in DISC lysis buffer and protein
concentration determined by Bradford assay. 30 pg of each sample was loaded onto SDS-PAGE gels,
western blotted and probed for PKCisoforms and GAPDH (A) or Phosphorylated-MARCKS (B).
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the phosphorylation of MARCKS. Moreover, MARCKS phosphorylation could be
prevented by pre-treatment with Bisl. This demonstrates that in all three cell lines
PMA can activate PKC and that this activation can be blocked by Bisl. MARCKS can be
phosphorylated by multiple PKC isoforms however, so this information alone does not

reveal which PKC isoform is responsible for the inhibition of death receptor signalling.

5.2.5 Knockdown of PKCB Prevents PKC-mediated Inhibition of TRAIL-

Induced Apoptosis

The inhibitory effect on TRAIL signalling was observed following PMA treatment,
which like other phorbol esters can only activate the conventional and novel PKC
isoforms (Wu-Zhang and Newton, 2013). At the concentration used here (1 uM) Bisl
would also only inhibit the conventional and novel PKC isoforms. Thus, PKC BIl is
unlikely to be responsible for the effects observed, as Hela cells (in which TRAIL
signalling is inhibited) do not express PKCBII (Figure 5.5A). It is also unlikely PKCe is
responsible as only the BJAB cells (in which TRAIL signalling is not inhibited) express
PKCe. The lower expression of PKCa in BJAB cells could explain the lack of TRAIL
inhibition by PMA observed in these cells. However, there have also been reports that

PKCB isoforms can inhibit signalling by death receptors (Meng et al., 2010).

To explore this further, the roles of PKCa and PKCP in inhibiting TRAIL-induced
apoptosis were evaluated in Hela cells (Figure 5.6). PKC isoform expression was
knocked down by 48 h treatment with siRNA and cells were then treated with PMA or
Bisl and PMA followed by TRAIL. TRAIL-induced apoptosis (42.4 and 43.2%), as
measured by annexin V binding (Figure 5.6A), was reduced by PMA pre-treatment to
13.5% and 14.3% in the no siRNA (-) and control siRNA (Neg) transfected cells,
respectively (Figure 5.6A). Bisl pre-treatment again prevented this inhibition with 40.8
and 39.7% annexin V +ve cells detected, respectively. The reduction in annexin V
binding by PMA was shown to be statistically significant (P<0.05), correlating well with
previous data (Figure 5.1). Western blots probed for caspase-8 (Figure 5.6B) correlated
with the FACs data, showing that PMA pre-treatment prevents the cleavage of
caspase-8 to its p43/41 and p18 fragments in the no siRNA (-) and control siRNA (Neg)
transfected samples (Lanes 3 and 7) and fragmentation returning following Bisl pre-

treatment (Lanes 4 and 8).
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Figure 5.6: siRNA Targeting of PKCB Prevents PKC-Mediated Inhibition of TRAIL-
Induced Apoptosis

Hela cells were transfected with either no siRNA (-) or 5 nM of control (Neg) or PKCa or PKCP targeting
siRNA for 24 h. Cells were then pre-treated with either 20 ng/ml PMA or 1 uM Bisl and 20 ng/ml PMA.
Initially cells were treated with Bisl for 30 min before addition of PMA for 30 min. After pre-treatment, cells
were treated with 1 pg/mlI TRAIL for 5 h. Cells were harvested, stained with Annexin V-FITC and DRAQ7 and
analysed by flow cytometry (B). Cell pellets were also taken for western blots (B). Western blots (B) were
performed from the cell pellets and probed for PKCa, PKCPI or caspase-8, caspase-9. Data shownin (A) is %
Annexin-V positive cells minus background from 3 independent experiments +/- standard deviation (SD).
Differences between the group means were shown to be statistically different by two-way ANOVA.
Significant differences were determined by a post-hoc Dunnett test and are highlighted by * (P<0.05 = *,
P<0.01=**,P<0.001=*** P<0.001 = ****),
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Knockdown of PKCa, as confirmed by western blot (Figure 5.6B, Lanes 9-12), had no
effect on TRAIL-induced PS externalisation in Hela cells (45.3%, Figure 5.6A). Pre-
treatment with PMA reduced the amount of PS externalisation to 23.5%, which
although not as low as observed in the control siRNA transfected cells (14.3%), was
not statistically significant. Bisl pre-treatment returned TRAIL-induced PS
externalisation to 44.4%. Again, PMA treatment (Lane 11) prevented the cleavage of
caspase-8 to its p43/p41 and p18 subunits and Bisl pre-treatment (Lane 12) reversed
this inhibition (Figure 5.6B).

Knockdown of PKCB (Figure 5.6B, Lanes 13-16) was shown to increase the percentage
of cells displaying PS externalisation after TRAIL treatment to 61.2% (Figure 5.6A)
when compared to no siRNA (-) or control siRNA (Neg) transfected cells, 42.4 and
43.2% respectively. In addition, the number of annexin V +ve cells with the PMA pre-
treatment was only marginally reduced to 48.0%. This is markedly different to the
control treatments, in which PMA treatment almost completely abrogates TRAIL-
induced apoptosis (Figure 5.6A). Bisl pre-treatment restored PS externalisation to
61.3%, again higher than the no siRNA (-) and control (Neg) transfected cells. Western
blots for caspase-8 (Figure 6b) show that PMA treatment (Lane 15) in the PKCPB siRNA
treated cells did not reduce the cleavage of caspase-8 to the p43/41 and p18 bands
(compare to lane 14). The amount of caspase-8 p43/41 and p18 subunits generated
were similar in all of the PKCB siRNA samples which were treated with TRAIL (Lanes
14-16). The intensity of the bands corresponding to the p43/41 and p18 bands
appeared lower in the Bisl treated sample (Lane 16), however the reduction in
caspase-8 proform was still apparent and was similar to that seen in cells treated with
TRAIL alone (Lane 13). This demonstrates that the knockdown of PKCB is able to
prevent the inhibition of TRAIL-induced apoptosis by PMA and this may be the major

isoform responsible for PKC-mediated inhibition of TRAIL signalling.

5.2.6 PKC Activation Inhibits the Aggregation of TRAIL-R2 to HMW-DISC

It has been reported that after TRAIL binds to its cognate receptors, TRAIL-R1 and
TRAIL-R2, the resultant DISC formed is of a greater size that can be accounted for by
the minimal components of the trimerised receptors, FADD and caspase-8 chains. This

high molecular weight (HMW) DISC has been suggested to be essential for effective
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apoptotic signalling by TRAIL (Dickens et al., 2012a). To observe the effects of PMA on
HMW DISC formation, lysates from Hela cells treated with biotinylated TRAIL (bTRAIL)
alone, cells pre-treated with PMA and bTRAIL, and cells pre-treated with Bisl, PMA and
bTRAIL were separated using equilibrium sucrose density gradients (SDG). In the
sucrose gradients, the TRAIL-DISCs migrate to the density of sucrose which
approximately corresponds to the density of the DISC. The gradients were then
fractionated and DISCs isolated from each fraction using streptavidin beads. The
isolated DISCs were then analysed by SDS-PAGE and western blotting for known DISC
components. The SDG western blots (Figure 5.7) show that TRAIL-R1 (peak between
fractions 7-10) and TRAIL-R2 (peak between fractions 8-10) predominantly localise to
high molecular weight fractions. It is only in these TRAIL receptor containing HMW
fractions (Fractions 8-11) that FADD and caspase-8 can be detected, highlighting the
importance of HMW-DISC formation in TRAIL signalling. In the cells pre-treated with
PMA (PMA + TRAIL), the amount of FADD and caspase-8 recruited to the DISC is
significantly decreased compared to cells treated with TRAIL alone (TRAIL). In addition,
the position of the TRAIL-R2 peak shifts from fractions 9-10 in cells treated with TRAIL
alone (TRAIL) to a peak at fractions 7-8 in those cells pre-treated with PMA (PMA +
TRAIL). When cells were incubated with Bisl prior to PMA and TRAIL treatment (Bisl +
PMA + TRAIL), the observed effects of PMA were reversed. Thus, the amount of FADD
and caspase-8 recruited to the HMW-DISC increased and TRAIL-R2 peaked in fractions
9-10. The effect of PMA pre-treatment on the position of TRAIL-R1 was much less
dramatic than for TRAIL-R2, and a much smaller size shift was observed. Therefore,
PKC activation selectively decreases the size of TRAIL-R2 containing HMW-DISCs and

reduces the recruitment of both FADD and caspase-8.

5.2.7 PKC Activation Modifies TRAIL-R2 at the DISC in HelLa and Jurkat
E6.1 but not BJAB cells

Since PKC is a kinase, it is likely that the effects of PKC activation on TRAIL-DISC
formation are mediated by protein phosphorylation. In respect of this, the DISC
isolation protocol was modified to include phosphatase inhibitors in the lysis buffer. In
this way, phosphorylation(s) of isolated DISC proteins could be observed. Hela cells

were pre-treated with PMA, Bisl and PMA or not pre-treated, followed by incubation
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Figure 5.7: PKC Activation Inhibits the Aggregation of TRAIL-R2 to HMW-DISC and

Impedes FADD Recruitment

Helacells (6 x T175 flasks, ~ 6 x 107) were pre-treated with either: 20ng/ mIPMA or 1 uM Bisland 20 ng / ml
PMA. Initially cells were treated with Bisl for 30 min before addition of PMA for 30 min. After pre-
treatment, cells were treated with 0.5 pug/ml bTRAIL. Treated cells were then lysed and separated by
centrifugation through 10-45% sucrose density gradients. TRAIL DISCs were then captured by incubation
using streptavidin beads from the indicated fractions. Western blots were performed from the eluted
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fractions and were probed for TRAIL-R1, TRAIL-R2, FADD and Caspase-8.
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with bTRAIL and were subsequently lysed, in phosphatase inhibitor-containing lysis
buffer. TRAIL-DISCs were then isolated and subsequently immunoblotted for known
DISC components. Figure 5.8A shows that the TRAIL receptors, FADD and caspase-8
were detected in each DISC sample. The level of FADD detected was reduced when
the cells were pre-treated with PMA. In contrast, when cells were pre-treated with Bisl
before PMA, the amount of FADD recruited to the DISC was restored. This reduction in
FADD recruitment mirrors that observed in the sucrose density fractionated DISCs
(Figure 5.7) and our previously published results (Harper et al., 2003a). Importantly,
the band corresponding to TRAIL-R1 does not appear to alter its position in either
PMA or Bisl pre-treated TRAIL DISC samples. An apparent higher molecular weight
band (*) is observed in all three samples which could correspond to a glycosylated
form of TRAIL-R1. This possible glycosylated TRAIL-R1 band (*) appears to diminish
slightly in the PMA pre-treated sample and may be affected by PKC activation. PMA
pre-treatment does however appear to have an effect on the position of TRAIL-R2
(Figure 5.8 A). The bands corresponding to the long and short isoforms of TRAIL-R2
migrate at an apparent higher molecular weight in the PMA pre-treated DISC (denoted
by red arrows). This higher molecular weight shift of TRAIL-R2 is reversed when the
cells are additionally pre-treated with Bisl, indicating that the shift is being mediated

by PKC.

This experiment was then repeated in Jurkat E6.1 cells (Figure 5.8B), where DISCs
were isolated following treatment with biotinylated ILZ-TRAIL (bILZ-TRAIL) with or
without pre-treatment with PMA and Bisl as described above. Western blots of the
isolated DISCs show that TRAIL-R2, FADD and caspase-8 were detected in each sample.
No signal was detected for TRAIL-R1, confirming that Jurkat cells do not express TRAIL-
R1 and signal exclusively through TRAIL-R2. The amount of FADD detected was
reduced in the sample pre-treated with PMA, with the level being partially restored
with additional Bisl pre-treatment. In addition, the bands corresponding to TRAIL-R2
long and short isoforms could again be observed at a higher apparent molecular
weight when Jurkat cells were pre-treated with PMA (red arrows). This effect was
again reversed in the Bisl pre-treated cells, demonstrating that PKC activation was

responsible for the modification of TRAIL-R2. Therefore, in a second cell line in which
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Figure 5.8: PKC Activation Modifies TRAIL-R2 and Inhibits FADD Recruitment to the
DISCin HelLaandJurkat E6.1 Cells but notin BJAB Cells
Hela (A) (2 x T175 flasks, ~2 x 107), Jurkat (B) or BJAB (C) (50 x 10°) cells were pre-treated with either: 20
ng/ml PMA or 1 uM Bisl and 20 ng/ml PMA. Initially cells were treated with Bisl for 30 min before addition
of PMA for 30 min. After pre-treatment, cells were treated with 0.5 ug/ml bTRAIL (A,C) or bILZ-TRAIL (B).
Treated cells were lysed in DISC lysis buffer containing phosphatase inhibitors. DISCs were isolated by
incubation with streptavidin beads and eluted into sample buffer. Western blots were performed from the
eluted DISCs and probed for TRAIL-R1, TRAIL-R2, FADD and caspase-8.
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PKC activation can inhibit TRAIL signalling (Figure 5.1), a reduction in FADD
recruitment to the DISC correlates with a modification of TRAIL-R2, resulting in an
increase in the apparent molecular weight of both the long and short isoforms.| then
isolated DISCs from BJAB cells (Figure 5.8C), which do not show inhibition of TRAIL
signalling by PKC activation (Figure 5.2), by treating with bTRAIL after pre-treatment
with PMA or Bisl and PMA. Western blots of the isolated DISCs detected TRAIL-R1,
TRAIL-R2, FADD and caspase-8. However, as opposed to that observed in the Hela and
Jurkat cells, PMA treatment had no effect on the amount of FADD recruited. In
addition, there were no observable differences in the migration of the TRAIL-R2 long
and short isoform bands when the cells were pre-treated with PMA. Therefore,
reduced FADD binding and TRAIL-R2 modification correlate with inhibition of TRAIL
signalling, and importantly were not observed in the cell line that was insensitive to

PKC-mediated inhibition of TRAIL signalling.

5.2.8 PKC Activation Modifies both TRAIL-stimulated and Unstimulated
TRAIL-R2

From the PMA pre-treated DISCs isolated from Hela and Jurkat cells (Figures 5.8A and
B), it is apparent that PKC activation is modifying TRAIL-R2 in the DISC. It is not
however clear whether this modification is occurring solely in the DISC-associated
TRAIL-R2 or whether PKC activation is modifying TRAIL-R2 globally. To determine the
effect of PMA on unstimulated TRAIL-R2, the TRAIL DISC was isolated from Hela cells,
but in addition unstimulated (US) TRAIL receptors were isolated by the addition of
bTRAIL post cell lysis. Western blots performed from the isolated samples for TRAIL-
R1/R2 and FADD are shown in Figure 5.9. As expected, in the unstimulated (US)
samples (Lanes 2-4) only TRAIL-R1/R2 were detected. FADD was specifically detected
in the TRAIL DISC samples (Lanes 5-7), but as previously observed (Figure 5.8), the
amount of FADD recruited was reduced in the PMA pre-treated DISC (Lane 6). Bisl
partially restored the amount of FADD recruited (Lane 7), although not as much as
previously observed in the SDG DISCs (Figure 5.7) or non-fractionated DISCs (Figure
5.8). The bands detected for TRAIL-R2 migrated at the position of an apparent higher
molecular weight (red arrows) in the PMA pre-treated samples, both in the DISC (Lane

6) and when unstimulated (Lane 3). In addition, the TRAIL-R2 bands migrated at their
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Figure 5.9: PKC Activation Modifies both TRAIL-Stimulated (DISC associated) and

TRAIL-Unstimulated TRAIL-R2

Hela cells (2 x T175 flasks, ~ 2 x 107) were pre-treated with either: 20 ng/ml PMA or 1 uM Bisl and 20 ng /ml
PMA. Initially cells were treated with Bisl for 30 min before addition of PMA for 30 min. After pre-
treatment, cells were treated with 0.5 pug /ml bTRAIL. TRAIL DISCs were isolated (lanes 5-7). In addition,
unstimulated (US) TRAIL receptors were isolated by adding bTRAIL only after the cells had been lysed
(lanes 2-4). Western blots of the isolated DISCs (TT) and unstimulated receptor (US) samples were probed

forthe TRAIL receptorsand FADD.
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usual (lower molecular weight) positions when the cells were additionally pre-treated
with Bisl (Lanes 4 and 7). These data confirm that the PKC-mediated modification of
TRAIL-R2 occurs on both TRAIL-stimulated (DISC-associated) and unstimulated TRAIL-
R2.

5.2.9 PKC-mediated Phosphorylation of TRAIL-R2 results in

Phosphorylation of a Serine/Threonine Residue

To characterise the PKC-induced modification of TRAIL-R2, two-dimensional gels were
performed from DISCs isolated from Hela cells which were treated with bTRAIL alone
or pre-treated with PMA followed by bTRAIL (Figure 5.10). The samples were initially
focussed over a pH 4-7 linear focussing strip for 35,000 Vh before being separated by
SDS-PAGE and western blotted for TRAIL-R2. The western blots of the TRAIL alone
treated sample (Figure 5.10: left panel) revealed distinct spots corresponding to the
long and short isoforms of TRAIL-R2. The spot corresponding to the long isoform is
located both higher and to the left of the short isoform spots. This is expected, as the
long isoform has a higher predicted mass (48 kDa vs 45 kDa) as well as a predicted pl
with a lower pH (pH 4.97 vs pH 4.99) (Bjellgvist et al., 1993). The long isoform spot
also appears to be diffuse, indicating that it could contain multiple spots. This could
imply that the long isoform is subjected to small post-translational modifications even
in untreated cells. In addition, multiple spots are detected for the short isoform, which
also could indicate other post-translational modifications. In the PMA treated sample
(Figure 5.10: middle panel), spots corresponding to the long and short TRAIL-R2
isoforms were also detected. However, the long and short isoform spots appear to
shift upwards (indicating a higher molecular weight) and to the left (indicating an
increased negative charge). This shift is most apparent when the western blots for the
untreated and PMA-treated samples are overlaid (Figure 5.10: right panel). This
pattern of an upwards shift to the lower pH area of the gel would indicate that a
phosphorylation event has occurred as the addition of a phosphate moiety would
increase both the mass of a protein and add a negative charge. The addition of a single
phosphate group is predicted to decrease the pl of the long and short isoforms to 4.93
and 4.94 (from 4.97 and 4.99) respectively (Bjellgvist et al., 1993). Additional

phosphorylations would reduce the pl by similar increments. From the relatively small
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Figure 5.10: Two-dimensional Gels of TRAIL-R2 from PMA Treated Hela Cells Indicate
Phosphorylation Event

Hela cells (2 x T175 flasks, 2 x 107) were not pre-treated (TRAIL, left panel) or pre-treated with 20 ng/ml
PMA (PMA + TRAIL, middle panel) for 30 min followed by treatment with bTRAIL and the DISC isolated as
described in Materials and Methods. DISC samples were subjected to two-dimensional electrophoresis
(initially focussed for 35,000 vh over linear pH 4-7 strips before seperation by SDS-PAGE on 10%
polyacrylamide gels), western blotted and probed for TRAIL-R2. Images show are cropped versions of the
full blots. Scanned TRAIL (left panel) and PMA + TRAIL (middle panel) western blot images were inverted
and then merged using Imagel. These images were then overlayed. The TRAIL only (left panel) and PMA +
TRAIL (middle panel) western blots are coloured green and red respectively in the overlay (right panel).
Overlapping regions between the two western blots are coloured yellow.
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change in the horizontal position of the TRAIL-R2 spots, and the lack of multiple
additional spots appearing in the PMA-treated sample, it is likely that PKC activation

induces a single phosphorylation of TRAIL-R2.

To confirm that PKC activation mediated the phosphorylation of TRAIL-R2, DISCs
isolated from Hela cells treated with PMA followed by bTRAIL or bTRAIL alone were
treated with lambda phosphatase (A) (Figure 5.11 A). PMA treatment (Figure 5.11:
Lanes 1 + 2 vs Lane 3) again caused an upward shift in the bands corresponding to the
long and short TRAIL-R2 isoforms (denoted by red arrows). However, when the sample
was treated with lambda phosphatase (Lane 4) the bands appeared at the normal,
lower positions (black arrows). This confirmed that PKC modified TRAIL-R2 by
phosphorylation. Lambda phosphatase has higher activity at removing
serine/threonine phosphorylations, but does still show a lower level of activity
towards tyrosine phosphorylations (Cohen and Cohen, 1989). Protein tyrosine
phosphatase (PTP) however only removes phosphate groups from tyrosine residues
(zander et al., 1991). To determine whether the phosphorylation of TRAIL-R2 occurred
on a serine/threonine residue or tyrosine residue, DISCs isolated from Hela cells
treated with PMA followed by bTRAIL or bTRAIL alone were treated with lambda
phosphatase (A) or protein tyrosine phosphatase (PTP) (Figure 5.11 B). PMA treatment
(Figure 5.11 B: Lanes 1-3 vs Lane 4) again caused an upward shift in the bands
corresponding to the long and short TRAIL-R2 isoforms (denoted by red arrows). The
level of TRAIL-R2 observed in the bTRAIL alone treated sample (Lane 1) appears much
lower than the other samples (Lanes 2-6). This can be explained by a poor transfer
during western blotting (possibly due to an air bubble), as in the previous experiment
(Figure 11 A), there was no difference in the amount of TRAIL-R2 detected. When the
sample was treated with lambda phosphatase (Lane 5) the bands appeared at the
normal, lower positions (black arrows). However, treatment with PTP (Lane 6) had no
effect on the position of the TRAIL-R2 bands and they remained at the PMA-induced
elevated positions (red arrows). This demonstrates that the PKC-induced
phosphorylation of TRAIL-R2 occurs on a serine/threonine residue and not on a

tyrosine residue.
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Figure 5.11: PKC-Induced Phosphorylation of TRAIL-R2 Occurs on Serine/Threonine
Residue

(A) Hela cells (2 x T175 flasks, ~2 x 107) were treated with 0.5 pug/ml bTRAIL either alone or following pre-
treatment with 20 ng/mI PMA for 30 min. TRAIL DISCs were isolated by incubation with streptavidin beads.
Whilst still bound to the beads, each sample was then split into two samples, where one sample was then
treated with lambda (A) phosphatase (Lanes 2 and 4), whilst the other sample was re-suspended in the
same buffer but without the addtion of lambda phosphatase (Lanes 1 and 3) for 30 min at 37°C. After
phosphatase treatment the samples were eluted into SDS-PAGE sample buffer and immunoblotted for
TRAIL-R1and TRAIL-R2.

(B) HeLa cells (2 x T175 flasks, ~2 x 107) were treated with 0.5 pg/ml bTRAIL either alone or following pre-
treatment with 20 ng/ml PMA for 30 min. Whilst still bound to the beads, each sample was splitinto three
samples. One sample was then treated with lambda phosphatase (lanes 2 and 5), one with protein tyrosine
phosphatase (PTP) (lanes 3 and 6), whilst the third sample was re-suspended and incubated in the same
buffer but without the addition of the phosphatases (lanes 1 and 4) for 30 min at 37°C. After phosphatase
treatment the samples were eluted into SDS-PAGE sample buffer and immunoblotted for TRAIL-R1 and
TRAIL-R2.
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5.2.10 In Vitro GST-TRAIL-R2-ICD Binding Assay Reveals Potential Sites of
PKC-mediated Phosphorylation of TRAIL-R2

Having clearly demonstrated that PKC activation results in the loss of FADD binding to
the TRAIL DISC and that this reduction correlates with both inhibition of TRAIL
signalling and the phosphorylation of TRAIL-R2, it was important to identify the
phosphorylation site. The results (Figure 5.11) showed that the PKC mediated
phosphorylation of TRAIL-R2 occurs on both the long and short isoforms and would
indicate that the site of phosphorylation would not be on the extracellular domain of
TRAIL-R2, which is truncated in the short isoform. In addition, our previous study
demonstrated that PMA treatment inhibited the recruitment of FADD to the
intracellular domain (ICD) of the TRAIL receptors in an in vitro reconstituted DISC
binding assay (Harper et al.,, 2003a). Considering that this effect could be achieved
using only the ICD of TRAIL-R1/R2 increases the likelihood that the PKC-mediated
phosphorylation occurred on a residue in the ICD of TRAIL-R2. All of the serine and
threonine residues in the ICD of TRAIL-R2 are highlighted in Figure 5.12. By aligning
the sequences of TRAIL-R1 and TRAIL-R2 it is therefore possible to identify serine and
threonine residues which are present on TRAIL-R2 but not TRAIL-R1. These sites could
potentially be sites for PKC-mediated phosphorylation of TRAIL-R2, as previous results
have shown that TRAIL-R1 is not similarly phosphorylated. Assuming a similar
mechanism occurs for CD95 (Figure 5.3), we can further narrow down the most likely
phosphorylation sites if we consider that the serine/threonine residue would also be
conserved in the CD95 ICD sequence. Using this argument, the residues S234, S261,
S262, S308, T381, T384, T408 and S424 would be highly likely candidate
phosphorylation sites as they are not conserved in TRAIL-R1. Importantly, of these

residues, S261 and S424 are also conserved in CD95.

By mutating serine and threonine residues in the ICD of TRAIL-R2 and analysing their
effect on the PMA-mediated inhibition of FADD recruitment by PMA treatment in an

in vitro binding assay, it should be possible to identify the critical phosphorylation site.

Therefore, the intracellular domains (ICDs) of TRAIL-R1 and TRAIL-R2 were fused
to a glutathione S-transferase (GST) tag and these GST-TRAIL-R1/2-ICD fusion

proteins were expressed in Escherichia coli (Figure 5.13A) (Hughes et al., 2016). The
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Figure 5.12: Potential Serine/Threonine Phosphorylation Sites in TRAIL-R2
Intracellular Domain

Graphical representation of the TRAIL-R2 amino acid sequence showing domains of the TRAIL-R2 protein.
The signal peptide (white box, greyed out text) is truncated in the mature TRAIL-R2 protein. The
extracellular domain (yellow box) and transmembrane region (blue box) contain the sequence which differs
between the long and short TRAII-R2 isoforms (indicated by dashed lines). The intracellular domain (white
box, black text) contains within it the sequence for the death domain (pink filled box). Serine (S) and
threonine (T) residues in the intracellular domain (ICD) of the TRAIL-R2 sequence are displayed by red text.
Amino acid sequences of TRAIL-R2, TRAIL-R1 and CD95 were aligned using BLAST (Altschul et al 1990).
Serine or threonine residues that are present in the TRAIL-R2 sequence but not conserved in the TRAIL-R1
sequence are displayed in the red box and highligted by red circles. Serine or threonine residues which are
presentin TRAIL-R2, absentin TRAIL-R1 and also conserved in CD95 are also detailed in the red box.
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Figure 5.13: PMA Treatment Blocks FADD Recruitment to TRAIL-R2 Intracellular
Domain

A) Diagram representing the structure of the TRAIL-Receptor intracellular domain (ICD)-GST fusion
protein bound to glutathione-sepharose beads. (B) Hela cells were treated either with or without PMA (20
ng/ml) for 30 min and lysates prepared. Cell lysates (5 mg) were then incubated with either GST-TRAIL-R1-
ICD or GST-TRAIL-R2-ICD fusion proteins bound to glutathione-Sepharose beads (10 ug) at 16°C for 16h.
After washing with PBS, TRAIL-R1/R2 intracellular domain-interacting proteins were eluted in SDS sample
buffer and analyzed for the presence of FADD and GST by western blotting (B). The signal intensity of the
detected bands were determined using a LI-COR, FADD values were normalised to the GST input values
and plotted (C).
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fusion proteins were bound onto glutathione beads and incubated in lysates prepared
from Hela cells either untreated or treated with PMA. When incubated with lysates
from untreated cells, both the TRAIL-R1 and TRAIL-R2 ICDs could recruit FADD, as
visualised by western blot (Figure 5.13B, Lanes 1 and 3). The amount of FADD
recruited was greater from the TRAIL-R2 ICD than with the TRAIL-R1 ICD. Pre-
treatment of Hela cells with PMA reduced the amount of FADD precipitated with both
the TRAIL-R1 and TRAIL-R2 ICDs (Figure 5.13B, Lanes 2 and 4). When normalised to the
amount of GST-ICD input (Figure 5.13C), it is apparent that although PMA treatment
slightly reduced the amount of FADD recruited to the TRAIL-R1 ICD, the effect on
FADD recruitment to the TRAIL-R2 ICD is far greater. As previous results had shown a
clear role for TRAIL-R2, and that TRAIL-R1 was not phosphorylated by PKC, the impact

of mutation of potential phosphorylation sites in TRAIL-R2 was further investigated.

Mutants were then constructed in which serine and threonine residues in the ICD of
TRAIL-R2 (highlighted in Figure 5.12) were converted to alanine and the mutated GST-
TRAIL-R1/R2-ICD expressed as before. These were either single mutations, or double
mutations if two serine/threonine residues were within four amino acids. The GST-
TRAIL-R2-ICD mutants were incubated with lysates prepared from Jurkat cells, either
treated with PMA for 30 min or untreated. Figure 5.14 shows the amount of FADD
detected from each TRAIL-R2 construct from either the untreated or PMA-treated
cells. The western blots show that when incubated with wild-type GST-TRAIL-R2-ICD,
PMA treatment reduced FADD binding. This reduction is comparable to the reduction
previously observed using Hela cell lysates (Figure 5.13C). Mutation of the residues:
T381, S298-T401, S424-S425, T393 and S353 to alanine almost completely abolished
FADD binding in both the untreated and PMA-treated samples. This reduction is most
likely due to structural changes in the ICD which inhibit FADD binding, and are
therefore likely unrelated to phosphorylation status. There was also a partial loss of
FADD binding in the untreated samples when the residues: T298, S277, S320, S308,
S249 and S304 were mutated to alanine. In these samples, FADD was still being
recruited by the GST-TRAIL-R2-ICDs but at a lower level than observed for the wild-
type. Mutation of the residues: T408, S261-S262, S437-5440 and T282 had very little
effect on the ability of the GST-TRAIL-R2-ICD to recruit FADD in the untreated samples.
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Figure 5.14: In Vitro Binding Assay Reveals Potential Sites of PKC-Mediated
Phosphorylation of TRAIL-R2

Jurkat E6.1 cells were treated either with or without PMA (20 ng/ml) for 30 min and lysates prepared. Cell
lysates (5 mg) were then incubated with GST-TRAIL-R2-ICD fusion proteins bound to glutathione-
Sepharose beads (10 pug) at 16°Cfor 16 h. The fusion proteins were either the wild-type (WT) TRAIL-R2-1CD,
or constructs in which one or two serine and/or threonine residue(s) had been mutated to alanine. After
washing with PBS, TRAIL-R2 intracellular domain-interacting proteins were eluted in SDS sample buffer
and analyzed for the presence of FADD and GST by western blotting (A). The signal intensity of the detected
bands were determined using a LI-COR, FADD values were normalised to the GST input values and plotted
(B).
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For those samples in which constitutive FADD binding has not been abolished by the
mutations, the effect of PMA treatment can then be analysed. The majority of the
samples show a reduction in the amount of FADD binding when the mutant GST-
TRAIL-R2-ICD is incubated in the lysate prepared from PMA-treated cells. The PMA-
induced inhibition of FADD binding is of a similar magnitude as observed in the wild
type (WT) for the constructs in which residues: T408, S424-5425, S261-S262, S437-
S440, T282, S320 and S304 were mutated to alanine. Interestingly, mutation of the
residues S353, T298, S277, S308 and S249 to alanine reduced the inhibition of FADD
binding caused by PMA treatment. Of these residues, it is only the mutation of residue
T298 to alanine in which FADD binding is equal in both the untreated and PMA-
treated samples. This highlights residues S277, S308, S249 and particularly T298 as
being the most likely sites for a PKC-induced TRAIL-R2 phosphorylation which in turn
inhibits the recruitment of FADD to TRAIL-R2.
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5.3 Discussion

This chapter describes the investigation of the mechanism by which PKC activation
inhibits death receptor-induced apoptosis through the analysis of TRAIL and CD95
signalling and TRAIL DISC formation in Hela, Jurkat and BJAB cells. Taken together, this

investigation has:

1. Demonstrated that PKC activation by PMA inhibits TRAIL-induced apoptosis in
the Hela and Jurkat, but not BJAB cell lines.

2. Confirmed that PKC activation by PMA can inhibit CD95-induced apoptosis in
Jurkat cells.

3. Discovered that PMA can also block TRAIL-induced NFkB signalling.

4. Demonstrated that knockdown of PKCP in Hela cells, which only express PKCp;,
can prevent PKC-mediated inhibition of TRAIL-induced apoptosis.

5. Demonstrated that PMA treatment can inhibit FADD recruitment to the DISC
by preventing TRAIL-R2 aggregation to HMW-DISC complexes.

6. ldentified that PKC mediates the phosphorylation of TRAIL-R2 in cell lines
which are sensitive to PKC-mediated inhibition of TRAIL signalling and

identified possible sites of PKC-mediated phosphorylation.

| therefore propose the mechanism that PKCB, phosphorylates the intracellular
domain of TRAIL-R2 on a serine or threonine residue. This phosphorylation prevents
the aggregation of TRAIL-R2 to form a high molecular weight (HMW) complex. By
preventing its HMW aggregation, TRAIL-R2 is unable to recruit FADD into the DISC and

thereby downstream TRAIL signalling to apoptosis or NFkB activation is blocked.

5.3.1 Sensitivity of Cell Lines to PKC-mediated Inhibition of Death

Receptor Signalling

This study confirmed that TRAIL-induced apoptosis can be inhibited by the activation
of PKC in both the cervical carcinoma Hela cell line and the leukemic T cell line, Jurkat
E6.1. However, TRAIL-induced apoptosis in the Burkitt’s lymphoma B cell line, BJAB
was not inhibited by PKC. The reasons for the insensitivity of the BJAB cells to PKC are
not completely clear. An earlier study attempted to explain the insensitivity of the

lymphoblastoid B cell derived, SKW6.4 cell line, to PMA-mediated inhibition of anti-
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CD95-induced apoptosis (Meng et al., 2002) by differences between Type | and Type Il
cells in regard to extrinsic apoptosis. They had observed PKC sensitivity in Jurkat cells,
a type Il cell line but not the type | SKW6.4 cells. In this study, PKC activation was also
demonstrated to inhibit TRAIL signalling in Jurkat cells, but also in Hela cells. Hela
cells have also been characterised as type Il cells, as overexpression of BCL-2 can block
extrinsic pathway-induced apoptosis (Mandal et al., 1996; Yasuhara et al., 1997). PKC
activation did not inhibit TRAIL signalling in the type I, BJAB cell line (Kohlhaas et al.,
2007), therefore implying that apoptotic cell type may impact upon PKC sensitivity.
Type Il cells form a less active DISC, thereby requiring amplification of initiator
caspase-driven apoptotic signals by engagement of the intrinsic pathway (Kohlhaas et
al., 2007; Ozoéren and El-Deiry, 2002). The more active type | cell DISC may therefore
be able to overcome inhibition from PKC, whereas the type Il cell DISC would be
exquisitely sensitive. It is also however, noteworthy that both the BJAB and SKW6.4

cells are B cell derived cell lines, which may instead indicate a cell type specific effect.

Knockdown of PKCB in Hela cells was shown to drastically reduce the ability of PMA to
inhibit TRAIL-induced apoptosis (Figure 5.6). This was opposed to the effect of
knocking down PKCa, which demonstrated no significant reduction in PMA inhibition.
However, the role of the other conventional and novel PKC isoforms in inhibiting
death receptor signalling cannot be completely ruled out and should be investigated.
The knockdown of PKCB should also be repeated with a number of other targeting
siRNA to rule out the possibility of off-target effects being responsible for the
observed phenotype. Another approach would be to knockout PKCP using gene

editing techniques such as CRISPR/cas9.

The observation that PKCB may be responsible for PKC-mediated inhibition of death
receptor signalling correlates with other reports in the literature. Meng et al. (2010)
demonstrated that the PKCP specific inhibitor, enzastaurin, could reverse the
inhibition of both anti-CD95 and TRAIL-induced apoptosis by PMA in Jurkat cells. The
role of PKCB was further clarified by similar results when PKCB expression was
knocked down by shRNA. Interestingly, Inoue et al (2009) detected PKCPB in TRAIL-

DISCs isolated from CLL patient primary cells, although this observation could also
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have been due to contamination with components of the B cell receptor (BCR)

signalling machinery.

PKC isoforms have been shown to have remarkably different functions depending on
the cell type and even stimulus involved (Steinberg, 2008). It could be that PKCB does
not have the same inhibitory effect on death receptor signalling in B cells because
instead in those cells it plays important functions in BCR signalling (Oellerich et al.,

2011).

5.3.2 PKC-mediated Inhibition of Non-Apoptotic Death Receptor
Signalling

In addition to the inhibition of TRAIL-induced apoptotic signalling, it was also
demonstrated that PKC activation can block NFkB signalling by TRAIL (Figure 5.4). This
shows for the first time that PKC activation is able to block both the apoptotic and pro-
survival TRAIL signalling arms, implying a complete shutdown of TRAIL signalling. This
work should be expanded by investigating the effect of PKC activation on other TRAIL-
induced pro-survival pathways such as JNK and p38 activation (Azijli et al., 2013). If
PKC activation can indeed block both the apoptotic and pro-survival aspects of TRAIL
signalling this could negatively impact on the use of a combined PKC inhibitor and
TRAIL chemotherapeutic strategy. One of the negative outcomes of current TRAIL-
based therapies is that many tumours are inherently resistant or quickly acquire
resistance to TRAIL (reviewed in Abdulghani & El-Deiry 2010). In these cells, it has
been shown that TRAIL treatment can actually increase tumour cell survival and
proliferation by TRAIL-induced NFkB activation (Ehrhardt et al., 2003). If PKC activation
also blocks this pathway, then a combination of TRAIL and a PKC inhibitor could
exacerbate the proliferative effect of TRAIL treatment in TRAIL resistant cell
populations if the resistance to TRAIL-induced apoptosis is not PKC-mediated by an
increase in NFkB activation. In addition, it should be investigated whether PKC
activation can block non-apoptotic signalling pathway activation by other death

ligands, such as CD95L and TNFa, or whether this effect is specific to TRAIL signalling.
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5.3.3 Effect of PKC Activation on DISC Formation

It has been suggested that in order to achieve a fully active signalling DISC the
aggregation of TRAIL-R1/R2, FADD and caspase-8 to a complex with a much higher
molecular weight than the predicted size of the trimerised receptors, FADD and
caspase-8 chains alone is required (Dickens et al., 2012a). Therefore, the observation
that PKC activation reduces the size of the TRAIL-R2 containing DISC (Figure 5.7) in
Hela cells provides a mechanism to explain how PKC can inhibit the recruitment of
FADD to the complex. This also introduces the idea that PKC activation may not affect
both TRAIL death receptors, TRAIL-R1 and TRAIL-R2 uniformly. Thus, in the same
experiment, the size of the TRAIL-R1-containing complexes was reduced by a much
smaller amount than observed for TRAIL-R2 (Figure 5.7). Although we cannot
completely rule out the role of TRAIL-R1, a significant role for TRAIL-R2 over TRAIL-R1
correlates with the other data presented. The additional cell line that was shown to be
sensitive to PKC-mediated inhibition of death receptor signalling was the Jurkat cell
line (Figure 5.1). As Jurkat cells do not express TRAIL-R1, any inhibitory effect by PKC
on the TRAIL receptors must be acting solely through TRAIL-R2. In addition, BJAB cells,
which were insensitive to PKC-mediated inhibition of TRAIL signalling have been
reported to signal pre-dominantly through TRAIL-R1 despite expression of functional
TRAIL-R2 (Marion MacFarlane et al., 2005). It could therefore be that the reason for
the BJAB insensitivity cell insensitivity to PMA is because PKC targets TRAIL-R2 and

therefore has a much lower impact on TRAIL signalling in BJABs.

The idea that disruption of TRAIL-induced TRAIL-R2 aggregation could have a profound
effect on the ability of TRAIL-R2 to induce apoptotic signalling fits with what is already
known about TRAIL-R2 signalling. It has been reported in many cell lines that efficient
TRAIL-R2 activation is only achieved when targeted with ligands that display higher
order oligomerisation (Mihlenbeck et al.,, 2000). Ligands such as ILZ-TRAIL have
proven more efficacious due to their ability to aggregate the TRAIL receptors (Kim et
al., 2004). Therefore, PKC activation may directly inhibit TRAIL-induced apoptosis by
blocking TRAIL-R2 aggregation. Conversely, the observed inhibition of TRAIL-R2 DISC
aggregation by PKC could be due to a reduction in FADD binding. The recruitment of

FADD could be required to stabilise the DISC, thus allowing greater aggregation to
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occur. If FADD recruitment is reduced, then the highly aggregated DISC may become

unstable and more likely to dissociate.

Meng et al (2010) reported a mechanism by which PKC activation blocked the anti-
CD95 (CH11)-induced accumulation of CD95. They observed that after anti-CD95
treatment, the amount of CD95 detected on the cell surface increased. However,
when the cells were pre-treated with PMA, anti-CD95 was unable to induce this
increase. In light of the PMA effect observed here on TRAIL-R2 aggregation (Figure
5.7), it is possible that the effect observed by Meng et al (2010) could be the same
PKC-induced inhibition of HMW death receptor complex formation. In a similar
manner to that observed for the TRAIL receptors, ligand stimulation could cause the
CD95 receptors to aggregate into large (HMW) complexes which would effectively
trap them on the cell surface. As both TRAIL and CD95 signalling is blocked by PKC
activation, it is likely that the underlying mechanisms of this effect would be similar

between the two death receptors.

Further work should be carried out to confirm that the effect of PKC reducing the size
of TRAIL-R2 containing HMW-DISCs is also observed in the Jurkat cell line. It would
also be useful to examine the effects of PKC on HMW-DISC formation in BJAB cells to
assess whether there is indeed any effect on TRAIL-R2 complex formation. In addition,
SDG fractionation of the HMW-DISC could be repeated using the anti-CD95 antibody,
CH11 to induce DISC formation in Jurkat cells. If PKC activation does indeed effect
formation of the CD95-HMW complex then it would further indicate a universal

mechanism for PKC-mediated inhibition of death receptor signalling.

5.3.4 PKC-mediated Phosphorylation of TRAIL-R2

This study demonstrated that PKC activation induced phosphorylation of TRAIL-R2, but
not TRAIL-R1, in the PKC-sensitive Hela and Jurkat cell lines but not in the PKC-
insensitive BJAB cell line (Figure 5.8). This data again indicates that the mechanism by
which PKC inhibits TRAIL signalling is through TRAIL-R2 and not TRAIL-R1. This
correlates with a study in which PDAC cells, which largely signal through TRAIL-R1,
could be sensitised to TRAIL-R2-induced death by treatment with a PKC inhibitor

(Lemke et al., 2010). Therefore the apparent selectivity of certain cells to TRAIL-R1-
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induced apoptosis could occur because TRAIL-R2 signalling is blocked by activated

PKC.

The site of PKC-mediated phosphorylation of TRAIL-R2 was demonstrated to occur on
a serine or threonine residue (Figure 5.11). This fits with a direct phosphorylation of
TRAIL-R2 by PKC (as PKC is a serine/threonine kinase) however, we cannot discount
that the phosphorylation may be indirect by another serine/threonine kinase
activated by PKC. The exact site of phosphorylation has not been categorically defined,
however mutation of the threonine 298 residue to alanine prevented further
reduction of FADD recruitment by PMA in an in vitro TRAIL-R2-ICD binding assay
(Figure 5.14). Mutation of the residues S353, T298, S277, S308 and S249 however also
reduced the inhibitory effect of FADD, albeit by smaller amounts. These GST-TRAIL-R2-
ICD mutant constructs should also be tested in lysates from Hela cells treated with
PMA to confirm the effects seen in Jurkat cells. The in vitro assay could not rule out
the residues T381, S398, T401, S424, S425, and T393 as being the site of
phosphorylation as mutation of these sites completely abolished FADD recruitment
even in the absence of PMA. Some of these constructs contained mutations of two
serine/threonine residues. It may therefore be possible to mitigate the structural
effects of the mutation by re-making these constructs with only a single
serine/threonine to alanine mutation. In addition to the mutation of serine/threonine
residues to alanine to abolish potential phosphorylations, a mutation to
aspartate/glutamate can act to mimic a phosphorylation. The use of such
phosphomimetic mutations may add further insight to the phosphorylation site
identity, however such mutations can have profound effects on protein structure so

the resulting data would need to be interpreted with caution.

The potential phosphorylation sites identified here should also be tested in a cellular
system. This could be achieved by transfecting the gene for the serine/threonine
mutated TRAIL-R2 into a cell line which lacks TRAIL-R2 and observing the effects of
PMA treatment on TRAIL-induced apoptosis. Another approach could be to edit the
sequence of the TRAIL-R2 gene to replace the serine/threonine residue with alanine or

a phosphomimetic using a CRISPR/cas9 gene editing-based approach.
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When proteins are phosphorylated, there is usually a regulated equilibrium between
the kinase phosphorylating the target protein and a phosphatase removing the
phosphorylation. Harmala-Braskén et al (2003) reported that inhibition of the PP2a
family of phosphatases could inhibit apoptosis mediated by death ligands. In addition,
components of the PP2a phosphatase complex were detected associated with the
BJAB TRAIL-DISC (Chapter 4). Importantly, BJAB cells are sensitive to TRAIL-induced
death and the action of the PP2a phosphatase could therefore function by removing

inhibitory PKC-mediated phosphorylations.
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Chapter 6: Final Overview
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Chapter 6: Final Overview

The aim of this thesis was to identify and characterise novel mechanisms which
regulate TRAIL signalling. This has been achieved through purification of the TRAIL
DISC and unstimulated TRAIL-R1/R2 using both wild-type and TRAIL-R1/R2-specific
TRAIL mutants. By improving an established platform, novel TRAIL DISC and
unstimulated TRAIL-R1/R2-interacting proteins were quantifiably identified by label-
free quantitative mass spectrometry (Figure 6.1). In addition, the mechanism by which
activated PKC can inhibit TRAIL signalling was investigated (Figure 6.2). The major

findings from this work are discussed below.

In Chapter 3, a platform to analyse the isolated TRAIL DISC by label-free quantitative
mass spectrometry was improved upon to enable the detection of novel TRAIL DISC-
interacting proteins. Using this platform enabled all known components of the TRAIL
DISC to be identified. The platform was also utilised to enable the successful detection
of unstimulated TRAIL-R1/R2. In addition to the known DISC components, the
platform was also utilised to identify novel TRAIL DISC and TRAIL-R1/R2-interacting
proteins. This led to the confirmation of an interaction, previously identified in our lab
(Dickens et al, unpublished data), between transferrin receptor 1 (TfR1) and the TRAIL
DISC. In addition, the catalytic subunit of the serine/threonine phosphatase, PP2A
(PP2A-C) was also shown to interact with the TRAIL-DISC. Confirmation by western
blot analysis revealed that TfR1 and PP2A-C not only interact with the TRAIL DISC, but
can also be detected interacting with the unstimulated TRAIL receptors, TRAIL-R1/R2.
Analysis of purified unstimulated TRAIL-R1/R2 also revealed a novel association with

multiple members of the oxysterol binding protein related protein (ORP) family.

Chapter 4 built upon the improved platform developed in Chapter 3 to identify
proteins which interact specifically with TRAIL-R1 or TRAIL-R2 in the DISC or with
unstimulated TRAIL-R1/R2. This work revealed that ORPS8 interacts with unstimulated
TRAIL-R1 in BJAB cells, and with TRAIL-R1 and TRAIL-R2 in Hela cells. In addition,
PP2A-C, along with the regulatory subunit (B55a) and scaffold subunit (A) of the PP2A
holoenzyme, pre-associated with TRAIL-R1 and TRAIL-R2 in BJAB cells but were not

detected in Hela cells. The detection of the PP2A phosphatase holoenzyme indicates a
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Figure 6.1: Schematic of Novel Potential Mechanisms of Regulation of TRAIL Signalling
Identified in this Thesis

The serine/threonine phosphatase, PP2A, was identified interacting with both TRAIL-R1 and TRAIL-R2 in
the TRAIL DISC and with unstimulated TRAIL-R1/R2. PP2A may be regulating TRAIL signalling by removing
inhibitory phosphorylations on TRAIL-R1/TRAIL-R2. Transferrin receptor 1 (TfR1) was confirmed to interact
with the TRAIL DISC and unstimulated TRAIL-R2. Oxysterol-binding protein-related protein-8 (ORP8) was
identified interacting with unstimulated TRAIL-R1 (BJAB & Hela cells) and TRAIL-R2 (HelLa cells only). In
Hela cells, ORP8 was shown to effect TRAIL-R2 cell surface expression and may achieve this by regulating
the endocytic recycling of TRAIL-R2 from the plasma membrane. TfR1 has previously been shown in our lab
to also effect TRAIL-R2 cell surface expression (Dickens et al, unpublished data) and may share a similar
regulatory mechanism to ORP8. Alternatively, siRNA targeting of ORP8 may have caused ER stress and
through activation of the ER stress response, inducing an upregulation of TRAIL-R2 cell surface expression.
S-phase kinase associated protein-1 (Skp1), Cullin-1 (CUL1) and F-box only protein-11 (FBXO11) make up an
SCF complex identified associated with unstimulated TRAIL-R1/R2. This SCF complex may regulate the
ubiquitination and subsequent proteasomal degradation of TRAIL-R1/R2.
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Figure 6.2: Schematicfor the Proposed Mechanism Underlying PKC-mediated Inhibition
of TRAIL Signalling

Activation of the Protein Kinase C B, isoform (PKCB,) (e.g. PMA bytreatment, right side of figure)induces the
phosphorylation of the intracellular domain of TRAIL-R2, most likely on residue threonine 298 (T298)
(Chapter 5). The phosphorylation of TRAIL-R2 prevents the TRAIL-induced aggregation of TRAIL-R2 into
high molecular weight (HMW)-DISC complexes. This inhibition of TRAIL-R2 aggregation prevents the
recruitment of FADD and subsequent caspase-8 recruitment and activation. The loss of DISC formation,
prevents the activation of both the apoptotic and non-apoptotic arms of TRAIL signalling. PP2A (ldentified
in Chapters 3 & 4) may regulate the de-phosphorylation of TRAIL-R2 and therefore oppose PKC-mediated
inhibition of TRAIL signalling.
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role for de-phosphorylation of TRAIL-R1/R2 in the regulation of TRAIL signalling. An S-
phase kinase (Skp)-Cullin-F-box protein (SCF) complex composed of Skp1, CUL1 and F-
box only protein 11 (FBXO11), also pre-associates with TRAIL-R1 and TRAIL-R2 in BJAB
cells, but is not detected associated with TRAIL-R1/R2 in Hela cells. SCF complexes
regulate signalling pathways by ubiquitinating target proteins, resulting in their
degradation by the proteasome (Xie et al., 2013). Proteasome inhibition has previously
been shown to increase TRAIL-R1 and TRAIL-R2 protein levels (Johnson et al., 2003)
and therefore Skp1, CUL1 and FBXO11 may regulate the targeting of TRAIL-R1/R2 for

degradation.

The role of ORP8 in the regulation of TRAIL signalling was also investigated further.
Targeted reduction of ORP8 expression using siRNA induces an increase in the levels of
TRAIL-R2, but not TRAIL-R1, on the plasma membrane of Hela cells. This increase in
cell surface TRAIL-R2 sensitises Hela cells to wild-type, TRAIL-R1-specific and TRAIL-R2
specific-TRAIL-induced apoptosis. ORP8 is known to interact with the endoplasmic
reticulum (ER) and play important roles in maintaining cholesterol and lipid transport
(Zhou et al., 2011). Loss of ORP8 may therefore induce ER stress, which has been
reported to increase TRAIL-R2 expression (Lu et al., 2014a). A similar mechanism was
reported for CD95, in which overexpression of ORP8 induces ER stress and sensitises
cells to CD95L-induced apoptosis through an increase in CD95 cell surface expression
(Zhong et al., 2015). Alternatively, the detection of an interaction between ORP8 and
TRAIL-R1/R2 indicates a more specific regulatory mechanism. Due to the known role
of ORP8 in lipid transport (Zhou et al., 2011), it may also have a role in the recycling of
TRAIL-R2 from the plasma membrane. Reduction in ORP8 levels would therefore
perturb this recycling and lead to increased cell surface levels of TRAIL-R2. A similar
role for TfR1 in TRAIL-R2 recycling has also been proposed, as in our lab siRNA
targeting of TfR1 causes TRAIL-R2 cell surface expression to increase (Dickens et al,

unpublished data).

Of the novel proteins identified interacting with the TRAIL DISC or unstimulated TRAIL-
R1/R2, only ORPS8 is detected in both BJAB and Hela cells. The PP2A, Skp1, CUL1 and
FBXO11 interaction with TRAIL-R1/R2 was only detected in BJAB cells. These

differences in TRAIL-R1/R2-interacting proteins indicate differential signalling between
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the epithelial cell line, Hela and haematopoietic line, BJAB. Similar differences have
been described previously, as CUL3 has been shown to regulate TRAIL DISC formation
in epithelial cell lines (Dickens et al., 2012a; Jin et al., 2009), but not in haematopoietic

derived cell lines (Dickens et al., 2012a).

Chapter 5 describes the investigation of the mechanism by which activated PKC
inhibits TRAIL signalling. | confirmed that PKC activation blocks TRAIL-induced
apoptosis in Hela and Jurkat cells (and anti-CD95-induced apoptosis in Jurkat cells)
(Gomez-Angelats et al., 2000; Harper et al., 2003; Meng et al., 2010; Ruiz-Ruiz et al.,
1999; Sarker et al., 2001), and showed for the first time that PKC activation inhibits
TRAIL-induced NFkB activation in Hela cells. This demonstrates that activation of PKC
can inhibit both the apoptotic and non-apoptotic arms of TRAIL signalling. The
inhibitory effect of PKC can be blocked by siRNA targeting of the PKCB, isoform. PKC
activation does not however inhibit TRAIL-induced apoptosis in the Burkitt’'s
lymphoma, BJAB cell line, suggesting an alternative role for PKCB, in BJAB cells. This is
consistent with the role of individual PKC isoforms varying between different cell types
(Reviewed in Steinberg, 2008). The inhibition of apoptotic signalling correlates with a
reduction in TRAIL-induced aggregation of TRAIL-R2 into high molecular weight
(HMW) DISC complexes. This inhibition of TRAIL-R2 HMW-DISC aggregation prevents
the recruitment of FADD, which in turn reduces caspase-8 recruitment and activation.
The targeting of TRAIL-R2 by PKC was further evidenced by the detection of PKC-
induced phosphorylation of the intracellular domain (ICD) of TRAIL-R2. In the PKC
insensitive BJAB cells however, TRAIL-R2 phosphorylation is not observed. PKC
activation can also block FADD recruitment to recombinant GST-TRAIL-R2-ICD in vitro,
and mutation of TRAIL-R2 ICD serine/threonine residues revealed threonine 298
(T298) as the most likely PKC-mediated phosphorylation site. Although T298 is the
strongest candidate from the data, there are a number of other possible sites which
produced smaller effects (5277, S308, S249) or could not be analysed due to mutation-
induced constitutive loss of FADD recruitment (S424, S425, S353, T381, T393 S398,
T401). T298 is located in the TRAIL-R2 ICD between the transmembrane domain and
the death domain. Phosphorylation of T298 may impede interactions between the

intracellular domains of neighbouring TRAIL-R2 molecules and therefore prevent the
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formation of TRAIL-induced HMW-DISC complexes. The detection of PP2A associated
with TRAIL-R1/R2 in BJAB cells, but not Hela cells (Chapter 3), may explain the
insensitivity of BJAB cells to PKC-mediated inhibition of TRAIL signalling and lack of
TRAIL-R2 phosphorylation. Moreover, the constitutive-association of PP2A with TRAIL-
R2 may remove inhibitory, PKC-mediated phosphorylations on TRAIL-R2. The
constitutive TRAIL-R2:PP2A interaction may also explain the exquisite sensitivity of
BJAB cells to TRAIL-induced apoptosis. | therefore propose that the mechanism of PKC-
mediated inhibition of TRAIL signalling occurs through the targeted phosphorylation of
T298 in the ICD of TRAIL-R2. This phosphorylation prevents the aggregation of TRAIL-
R2 into TRAIL HMW-DISC complexes, FADD recruitment and caspase-8 activation
(Figure 6.2). The role of PKC activation on TRAIL DISC lipid raft association should be
determined, as lipid rafts have been shown to impact upon TRAIL signalling in Hela
cells and could explain the effect of PKC activation on TRAIL DISC aggregation (Jin et
al., 2009). As activation of PKC has also been shown to inhibit apoptosis-induced by
anti-CD95 (Figure 5.3, Gomez-Angelats & Cidlowski, 2001; Meng et al., 2010; Ruiz-Ruiz
et al., 1999) and TNFa (Harper et al., 2003), a similar regulatory mechanism may be
involved. Therefore, it should be investigated if PKC activation can mediate the

phosphorylation and subsequent inhibition of CD95 and TNFR1-induced signalling.

In conclusion, this thesis has identified and characterised novel mechanisms which
regulate TRAIL signalling. PP2A and Skp1-Cull-FBXO11 have the potential to regulate
TRAIL signalling through the de-phosphorylation and ubiquitination of both TRAIL-R1
and TRAIL-R2. Conversely, ORP8 and PKC appear to specifically regulate TRAIL
signalling by TRAIL-R2. By gaining a greater understanding of the mechanisms which
regulate TRAIL signalling, new strategies may be developed to overcome the
resistance to TRAIL-based therapeutics, which is currently hampering their use in the
fight against cancer. In addition, understanding of the mechanisms which specifically
regulate either TRAIL-R1 or TRAIL-R2 will enable therapeutics which target only one of

the TRAIL death receptors to gain greater efficacy.

The data shown in this thesis has opened up new avenues for further study into the
regulation of TRAIL signalling. Key experiments which should be completed in the near

future to expand upon this research are summarised below.
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The role of PP2A in regulating TRAIL signalling should be further investigated
by using siRNA targeting or CRISPR/cas9 gene editing to knockdown/knockout
the PP2A-B55a subunit. Specific targeting of the B55a subunit will reduce the
number of PP2A regulated pathways effected and enable the specific role of
PP2A in TRAIL signalling to be identified.

The role of the Skp1-CUL1-FBXO11 complex in regulating TRAIL-R1/R2 protein
levels should be investigated by targeting of each of the SCF components with
siRNA or cas9/CRISPR gene editing. In addition, isolation of unstimulated
TRAIL-R1/R2 in the presence of de-ubiquitinase (DUB) inhibitors would reveal
whether TRAIL-R1/R2 are being ubiquitinated.

The mechanism by which ORP8 regulates TRAIL-R2 surface expression should
be investigated by co-targeting both ORP8 and CHOP with siRNA or CRISP/cas9.
If the removal of CHOP expression abolishes the observed increase in TRAIL-R2
cell surface expression, then the upregulation of TRAIL-R2 is most likely being
driven by the ER stress response.

It should be determined whether siRNA targeting of PKCPB, can also relieve the
inhibition of TRAIL-induced non-apoptotic signalling by PKC. This can be
achieved by western blot analysis of TRAIL-induced phosphorylation of IkBa in
(PKCB, siRNA transfected) cells untreated or treated with PMA.

The role of the other potential PKC-mediated phosphorylation sites identified
within the TRAIL-R2-ICD should be determined. Serine 424 was identified as a
potential phosphorylation site due to its conservation in TRAIL-R2 and CD95
but not TRAIL-R1. The mutation of both S424 and S425 completely abolished
FADD recruitment to the GST-TRAIL-R2-ICD. Mutating each of the residues
individually should have a less dramatic effect on the TRAIL-R2 ICD structure
and thereby enable the effect of PKC activation on FADD binding to be
specifically evaluated. In addition, the effect of mutating T298 to alanine (and
the other potential phosphorylation sites) on TRAIL signalling should be tested
in a cellular system by transfecting a mutated TRAIL-R2 gene into a TRAIL-R2

null cell line or by using CRISPR/cas9 gene editing to induce the mutation.
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Acid Coverage of Detected TRAIL DISC Components

Amino acid sequences for TRAIL-R1, TRAIL-R2, TRAIL-R4, FADD, caspase-8, cFLIP and caspase-10 are
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Appendix Figure 3.1

displayed. Peptides detected by mass spectrometry are highlighted in yellow, with modified residues being

coloured green. The coverage of each shown is the greatest detected across all of the samples shown in

Table 3.1. Also displayed are the total unique peptides and total unique spectra detected.
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197/760 amino acids (26% coverage), 18 peptides, 18 spectra
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14/312 amino acids (4% coverage), 2 peptides, 2 spectra

TRADD

LIVALRFCGR
ELAELEDALR

MLKIHRSDPQ
AQQPDRLRDE

AYAHPQQKVA VYRALQAALA ESGGSPOVLQ

S
/K

SSLDKVVLSD
RSLAAALAQH
QPPVPSLSEV

MAAGQNGHEE WVGSAYLFVE

DEERCLSCIL

LELRA GAERLDALLA

PPPAQ

Q
P

PL

v

P
RFVQAEGRRA

QPCGRFLRAY REGALRAALQ
NLKCGSGARG GDGEVASAPL

CRALRDPALD

TFLFQGQPVY NRPLSLKDQQ TFARSVGLKW RKVGRSLQRG
ENELTSLAED

TLOQRLVEALE

PP

LA

LLGLTDPNGG

LYEQAFQLLR

SLAYEYEREG

PP2A-C 24/309 amino acids (8% coverage), 3 peptides, 3 spectra
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Acid Coverage of Detected Novel DISC Interacting Prote

Amino acid sequences for TfR1, RIPK1, TRADD, and PP2A-C are displayed. Peptides detected by mass
spectrometry are highlighted in yellow, with modified residues being coloured green. The coverage of each
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Appendix Figure 3.2

shown is the greatest detected across all of the samples shown in Table 3.2.Also displayed are the total

unique peptidesand total unique spectra detected.
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Sample (Protein (fmol))

Accession .
Protein Unstimulated DISC
Number
WT R1 R2 WT R1 R2
TR10A_HUMAN | TRAIL-R1 176.8 | 88.3 0.0 | 315.0 | 3483 | 3.4
TR10B_HUMAN TRAIL-R2 135.8 2.2 41.8 | 257.1 | 159.1 | 204.2
TR10D_HUMAN | TRAIL-R4 93.7 | 70.4 0.0 | 1024|1353 | 1.3
FADD_HUMAN FADD 0.3 0.0 0.0 62.4 | 55.8 0.0
CASP8_HUMAN | Caspase-8 0.5 1.6 0.0 |474.8 | 3445 | 85.5
CFLAR_HUMAN | cFLIP 0.0 0.0 0.0 88.2 | 77.1 | 11.2
CASPA_HUMAN | Caspase-10 0.0 0.0 0.0 32.7 | 15.1 0.0
Serine/threonine-protein
phosphatase 2A 65 kDa 145 | 13.8 | 143 | 29.5 | 151 | 18.9
2AAA_HUMAN regulatory subunit A
Serine/threonine-protein
phosphatase 2A 55 kDa 8.6 6.6 0.0 7.4 6.2 10.4
2ABA_HUMAN regulatory subunit B alpha
ACYP2_HUMAN | Acylphosphatase-2 0.0 0.0 0.0 0.0 1.3 0.0
ADX_HUMAN Adrenodoxin 0.0 0.0 0.0 7.1 0.0 0.0
ATP5I_HUMAN ATP synthase subunit e 0.0 7.4 0.0 3.7 7.0 0.0
ATP5L_HUMAN ATP synthase subunit g 0.0 8.0 0.0 4.3 9.7 0.0
ATX2L_HUMAN Ataxin-2-like protein 16.2 6.3 77.3 9.3 16.5 | 37.8
BOLA2_HUMAN BolA-like protein 2 0.0 5.7 0.0 12.6 6.1 0.0
BTB/PQZ domain-containing 36 00 00 00 00 0.0
BTBD9_HUMAN protein 9
Uncharacterized protein 53 4.4 0.0 8.0 4.6 0.0
CA131 HUMAN Clorfi31
F-actin-capping protein 145 | 98 | 00 | 207 | 229 | 00
CAPZB_HUMAN subunit beta
Uncharacterized protein 0.0 0.0 0.0 12 16 00
CB047_HUMAN C2orf47
CH10_HUMAN 10 kDa chaperonin 0.0 2.8 0.0 5.0 4.0 0.0
COX a.ssembly mitochondrial 4.8 29 34 45 11.6 31
CMC2_HUMAN protein 2 homolog
CTSL2_HUMAN Cathepsin L2 8.9 3.5 0.0 | 1093 | 1.6 0.0
CUL1_HUMAN Cullin 1 18.6 3.4 132.1 6.9 12.8 76.1
CUL5_HUMAN Cullin 5 6.3 1.8 1.5 4.7 1.5 2.6
Cytochrome ¢ oxidase 00 | 00 | 00 | 1.9 | 00 | 00
CX7A2_HUMAN subunit 7A2
DDB1-and CUL4-associated 140 | 148 | 179 | 00 | 19 | 39
DCA10_HUMAN | factor 10
DCTP1_HUMAN | CTP pyrophosphatase 1 0.0 4.1 0.0 0.0 1.1 0.0
ATP-dependent RNA helicase 0.0 0.0 11.0 0.0 0.0 00
DDX55_HUMAN DDX55
DnaJ homolog subfamily 00 | 28 | 00 | 00 | 102 | 00
DNJB6_HUMAN B member 6
DYL2_HUMAN Dynein light chain 2 0.0 0.0 0.0 6.5 0.0 0.0
Transcription and mRNA 0.0 4.6 0.0 79 22 0.0
ENY2_HUMAN export factor ENY2
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Endoplasmic reticulum

. . 6.3 9.7 0.0 0.0 10.7 0.0

ERP44_HUMAN resident protein 44
F207A_HUMAN Protein FAM207A 5.0 115 5.1 14.4 7.6 0.0
FBX11_HUMAN F-box only protein 11 133 55 |[256.2| 04 2.2 | 1180

F-box/WD repeat-containing 93.9 | 859 | 300 | 322 | 737 | 63.7
FBXW5_HUMAN | protein 5

A.DP-.rlbosyIat_lon factor- 29 59 0.0 0.0 6.8 0.0
GGA2_HUMAN binding protein GGA2

Mitochondrial glutamate 0.0 0.0 0.0 78 90 18
GHC1_HUMAN carrier 1

Putative oxidoreductase 4.9 4.4 33.1 8.2 0.0 0.0
GLYR1_HUMAN GLYR1
GRSF1_HUMAN | G-rich sequence factor 1 1.7 4.0 24.3 3.5 0.0 3.6
K2C78_HUMAN | Keratin, type Il cytoskeletal 78 0.0 1.0 0.9 0.0 2.4 1.6
LEG1_HUMAN Galectin-1 0.0 0.0 0.0 6.9 0.0 0.0
LEG7_HUMAN Galectin-7 0.0 8.5 0.0 0.0 0.0 0.0

U6 snRNA-associated 00 | 00 | 00 | 57 | 1.4 | 00
LSM2_HUMAN Sm-like protein LSm2

U snRNA-associated 00 | 91 | 00 | 105 | 40 | 00
LSM6_HUMAN Sm-like protein LSm6
LYPA1 HUMAN Acyl-protein thioesterase 1 9.5 5.5 0.0 17.5 3.0 0.0

Myocyte-specific 94 | 92 | 31 | 108 | 22 | 00
MEF2B_HUMAN | enhancer factor 2B

E3 ubiquitin-protein ligase 46 98 0.0 0.0 0.0 0.0
MIB2_HUMAN MIB2

lysine-specific demethylase 0.5 14 16.8 24 0.0 0.0
MINA_HUMAN and histidyl-hydroxylase MINA

Double-strand break 102 | 1.7 | 00 | 71 | 74 | 98
MRE11_HUMAN | repair protein MRE11A
NBR1_HUMAN Next to BRCA1 gene 1 protein 113.7 | 116.6 8.4 3.0 46.9 94.5
NC2B_HUMAN Protein Drl 7.6 2.8 0.0 11.2 2.4 0.0
NEUL4_HUMAN | Neuralized-like protein 4 69.0 | 22.0 | 17.1 0.3 56.0 6.7

Céncer—related nucleoside- 11.6 5g 42 21.1 74 29
NTPCR_HUMAN | triphosphatase

Nuclear migration protein 15 108 0.0 0.0 70 0.0
NUDC_HUMAN nudC

Nuclear pore complex 94 | 65 | 04 | 181 | 65 | 00
NUP50_HUMAN | protein Nup50

Nuclear pore complex 145 | 124 | 00 | 126 | 161 | 0.0
NUP62_HUMAN protein p62

Oxysterol-binding protein- 144.4 | 2102 | 101 | 2.9 | 1063 | 0.0
0OSBL8_HUMAN related protein 8

Oxysterol-binding protein 100.3 | 143.8 | 00 | 96 | 551 | 0.0
OSBL9_HUMAN -related protein 9

Peptidase M20 domain- 549 | 57.8 | 31.5 | 10.6 | 50.6 | 25.2
P20D2_HUMAN containing protein 2

Poly [ADP-ribose] 522 | 411 | 7.6 | 88 | 213 | 6L4

PARP4A_HUMAN

polymerase 4
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Pericentriolar material

. 11.7 6.2 2.6 3.2 3.5 15.0

PCM1_HUMAN 1 protein
PHF14_HUMAN PHD finger protein 14 10.4 6.8 0.0 4.9 4.0 3.3
PININ_HUMAN Pinin 48.0 37.6 29.2 44.1 18.2 3.1

Pogo transposable 98 | 11.0 | 1.0 | 57 | 60 | 15
POGZ_HUMAN element with ZNF domain

Serine/threonine-protein

phosphatase 2A catalytic 5.7 2.9 12.0 9.8 6.2 0.0
PP2AA_HUMAN subunit

Peptidyl-prolyl 00 | 00 | 00 | 29 | 25 | 00
PPIL1_HUMAN cis-trans isomerase-like 1

Proline-rich coiled-coil 59.5 | 354 | 264 | 150 | 389 | 4.2
PRC2B_HUMAN protein 2B

Puromycin-sensitive 20 | 10 | 00 | 13 | 1.5 | 00
PSA_HUMAN aminopeptidase

Cytochrome b-c1 complex 69 | 150 | 00 | 51 | 105 | 47
QCR2_HUMAN subunit 2

Glutaminyl-peptide _ 00 | 11 | 00 | 28 | 34 | 00
QPCTL_HUMAN | cyclotransferase-like protein

Ran-specific GTPase- 00 | 33 | 00 | 84 | 51 | 00
RANG_HUMAN activating protein
RBM3_HUMAN RNA-binding protein 3 4.2 3.8 0.0 20.3 1.7 0.0

Regulator of nonsense 00 | 48 | 149 | 25 | 36 | 253
RENT2_HUMAN | transcripts 2

Receptor-interacting 00 | 00 | 00 | 75 | 80 | 16
RIPK1_HUMAN protein kinase 1
RL32_HUMAN 60S ribosomal protein L32 0.0 0.0 99.8 2.9 0.0 5.6

605 ribosomal protein 00 | 00 | 00 | 00 | 00 | 83
RL36L_HUMAN L36a-like
RM12_HUMAN 39S ribosomal protein L12 6.0 2.7 0.0 12.7 2.2 0.0
RMTL1_HUMAN | rRNA methyltransferase 3 2.9 1.0 24.5 0.0 0.0 1.5

RNA binding motif protein, 168 | 00 | 600 | 112.2 | 208 | 1.2
RMXL1_HUMAN | X-linked-like-1

RNA-binding protein with 223 | 208 | 17.9 | 49.8 | 11.4 | 0.0
RNPS1_HUMAN serine-rich domain 1
RS28_HUMAN 40S ribosomal protein S28 0.0 31.8 0.0 38.6 | 13.3 0.0
S10A9_HUMAN Calgranulin-B 0.0 1.1 0.0 0.0 7.5 0.0

S-phase kinase-associated 412 | 229 | 156 | 21.3 | 27.2 | 31.9
SKP1_HUMAN protein 1

stem-loop-interacting 00 | 00 | 00 | 167 | 00 | 00
SLIRP_HUMAN RNA-binding protein

Synaptosomal-associated protein
SNP23_HUMAN 23 0.0 0.0 0.0 0.0 1.5 4.0
SPB4_HUMAN Serpin B4 0.6 9.6 0.0 0.0 0.0 0.0

Pre-mRNA-splicing factor 78 31 0.0 15.2 0.0 0.0
SPF27_HUMAN SPF27

Transcription elongation 452 | 187 | 66.7 33 40 43
SPT5H_HUMAN factor SPT5

Serum response factor- 70 | 78 | 00 | 187 | 00 | 00

SRFB1_HUMAN

binding protein 1
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SRPK1_HUMAN SRSF protein kinase 1 6.8 3.7 95.2 8.8 2.1 134

Succinate--CoA ligase 49 | 77 | 00 | 71 | 59 | 10
SUCB1_HUMAN | subunit beta
TFR1_HUMAN Transferrin receptor protein 1 29.1 1.8 15.1 | 53.2 | 412 | 414

Putative mitochondrial

import inner membrane 14.0 0.0 0.0 0.0 0.0 0.0
TI23B_HUMAN translocase subunit Tim23B

Mitochondrial import 00 | 82 | 00 | 264 | 25 | 00
TOM20_HUMAN | receptor subunit TOM20
UBE3A_HUMAN | Ubiquitin-protein ligase E3A 17.2 3.7 0.1 0.2 6.3 33.6
USMG5_HUMA Up-regulated during s.keletal 0.0 36 0.0 39 39 00
N muscle growth protein 5

Vesicl?-associated membrane 13 8.2 0.0 0.0 50 0.0
VAPA_HUMAN protein A

Vesiclg-associated membrane 30 185 0.0 0.0 90 00
VAPB_HUMAN protein B

E3 ubiquitin-protein 73 | 89 | 69 | 35 | 108 | 57
XIAP_HUMAN ligase XIAP
ZN638_HUMAN | Zinc finger protein 638 264 | 19.2 | 11.0 | 21.4 | 1049 | 228
ZY11B_HUMAN Protein zyg-11 homolog B 8.6 8.4 1.3 0.0 7.2 4.0

Appendix Table 4.1: All Proteins Identified by Label-free Quantitative Mass

Spectrometry in Chapter 4
The amount of protein (fmol) for each protein detected in the DISC and unstimulated samples
described in Chapter 4 are shown.
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104/468 amino acids (22% coverage), 9 peptides, 15 spectra
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115/440 amino acids (26% coverage), 3 peptides, 3 spectra
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65/386 amino acids (17% coverage), 4 peptides, 5 spectra
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85/208 amino acids (41% coverage), 9 peptides, 9 spectra
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256/479 amino acids (53% coverage), 23 peptides, 26 spectra
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152/480 am

cFLIP

ds (32% coverage), 15 peptides, 15 spectra
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118/521 amino acids (23% coverage), 8 peptides, 8 spectra
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Acid Coverage of DISC Components Detected in Chapter 4

Amino acid sequences for TRAIL-R1 (WT DISC), TRAIL-R2 (WT DISC), TRAIL-R4 (WT DISC), FADD (WT
DISC), caspase-8 (WT DISC), cFLIP (R1 DISC) and caspase-10 (WT DISC) are displayed. Peptides detected
by mass spectrometry are highlighted in yellow, with modified residues being coloured green. The coverage
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Appendix Figure4.1

of each shown is the greatest detected across all of the mass spectrometry analysed samples shown in

Chapter 4. Also displayed are the total unique peptides and total unique spectra detected.
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307/889 amino acids (35% coverage), 33 peptides, 36 spectra
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Acid Coverage of Novel TRAIL DISC and TRAIL-R1/R2

ino
Interacting Proteins Detected in Chapter 4

Am

Appendix Figure 4.2

Amino acid sequences for the novel TRAIL DISC/TRAIL-R1/R2 proteins which were confirmed by western

blot are shown.: ORP8 (R1 US), Skp1 (WT US), CUL1 (R2 DISC), FBXO11 (R2 US), PP2A-A (WT US), PP2A-
B55a (R1 DISC), PP2A-C (WT DISC) and RIPK1 (R1-DISC) are displayed. Peptides detected by mass

spectrometry are highlighted in yellow, with modified residues being coloured green. The coverage of each

shown is the greatest detected across all of the mass spectrometry analysed samples in Chapter 4. Also

displayed are the total unique peptides and total unique spectra detected.
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