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ABSTRACT

Prostate Cancer Canada estimates that sixty-five Canadian men will be diagnosed
with prostate cancer (PC) daily, thus, PCa is the most frequently diagnosed cancer
and the second leading cause of caner-related deaths in men. Currently, the
etiology of PC remains under investigation and mechanisms of its growth and
proliferation are yet to be fully characterized. This gap in knowledge places
patients diagnosed with PC at risk of being under- or over-treated, and thus this
thesis was dedicated to better understand the pathology of this disease.

We and others had demonstrated that the endoplasmic reticulum (ER)-resident
molecular chaperone, termed GRP78, can translocate to the cell surface in some
cancer cells, including PC, bladder, breast and leukaemia malignancies. In PC, cell
surface GRP78 can bind to different ligands and elicit new functions such as
activation of pro-survival and/or pro-apoptotic pathways. Furthermore, studies
have found that cell surface GRP78 acts as an antigenic receptor leading to
production of anti-GRP78 autoantibodies.

The overall objective of my PhD thesis was to study and identify new functions for
cell surface GRP78 and define its impact PC tumour growth and proliferation. Based
on my findings, we report a new function of cell surface GRP78 where it can
modulate the activity of the major initiator of the coagulation cascade, tissue factor
(TF), following the binding of anti-GRP78 autoantibodies to cell surface GRP78.
Here, we demonstrated that the binding of anti-GRP78 autoantibody to cell surface

GRP78 elicits an increase in cytosolic Ca** concentration, and leads to TF activation
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on intact bladder carcinoma cells (T24/83). This finding was preceded by
establishing a new technique of real-time measurement of TF activity in a
continuous manner on intact cells.

In addition to its function as the major initiator of the coagulation cascade, TF
contributes to angiogenesis in cancer biology. This raises the question whether
anti-GRP78 autoantibodies can activate TF and contribute to enhanced tumour
progression. Using the NOD /SCID mouse model, anti-GRP78 autoantibodies were
shown to accelerate tumour growth of implanted DU145 PC cell line xenograft. This
observed accelerated rate of tumour growth was reversed using a TF knock down
DU145 cell line, emphasizing the requirement of TF expression to mediate this
process. Finally, we demonstrate the ability of heparin and low molecular weight
heparin molecules to interfere with the binding of anti-GRP78 autoantibodies to
cell surface GRP78; in vitro and in vivo investigations demonstrate reduced TF
activity and tumour progression, respectively. This likely involves the ability of
heparin and low molecular weight heparin to bind to a reported heparin binding
region in cell surface GRP78 that is also known to harbor the epitope for the anti-
GRP78 autoantibodies. To our knowledge, this novel finding is the first to show a
direct role for an autoantibody produced by the host immune system as the driver
for tumour progression via TF. These findings have the potential to improve
management of this disease which will help in improving quality of life for patients

affected with PC.
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PREFACE

This thesis is prepared in the “sandwich” format as outlined in the “Guide for the
preparation of Master’s and Doctoral Theses” available through the School of
Graduate Studies, McMaster University, Hamilton, ON. Chapter 1 of this thesis is a
comprehensive general introcduction. The body of this thesis consists of 3 chapters
(Chapter 2-4), each one an independent study, two of which are published and one
is submitted for publication or under review at the time of the thesis submission.
All submitted and published studies and manuscripts included in this thesis were
written by the author of this thesis. The preamble section preceding each chapter
describes the contributions of other authors to the multi-authored work. Finally,
the discussion sections (Chapter 5-7) summarizes the conclusions of this thesis and

draws out the overall implications.
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CHAPTER1

GENERAL INTRODUCTION AND OBJECTIVES
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1.0 Introduction

Prostate cancer (PC) is the second leading cause of death in Canadian men, and
accounts for 25% of newly diagnosed cancer cases among Canadian men (Center et
al., 2012; Jemal, Siegel et al. 2009). In addition to the inherent pathologies
associated with PC, patients are prone to a hypercoagulable state that can
contribute to worse prognoses and disabilities among cancer patients (Sousou and
Khorana 2009; Sud and Khorana, 2009). Current evidence indicates that this
prothrombotic state occurs on the surface of cancer cells due to the inherent
overexpression and/or procoagulant activity (PCA) of tissue factor (TF) (Callander,
Varki et al. 1992). In addition to its critical role in hemostasis and clot formation, TF
also promotes tumour growth and metastasis (Rak, Milsom et al. 2006, Milsom and
Rak 2008, Milsom, Yu et al. 2008). In fact, it is well-established that enhanced TF
expression and/or procoagulant activity correlates with PC progression,
angiogenesis and malignant phenotype (Abdulkadir, Carvalhal et al. 2000, Kaushal,

Mukunyadzi et al. 2008).

1.1 Tissue Factor (TF)

1.1.1 The Role of TF in Hemostasis
In cases where injury is incurred, the body is equipped with a coagulation system to

control bleeding by formation of a fibrin clot, the first step in repairing injury to the
vasculature. Clot formation can be initiated via two main pathways, the intrinsic
and extrinsic coagulation pathway (Figure 1) that merge into a common final

pathway leading to fibrin polymerization and cross-linking. A cascade of zymogen
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activations amplifies the coagulation cascade with the activated form of one
clotting factor catalyzing the activation of the next clotting factor resulting in
amplification of the clotting pathway (Berg, Tymoczko, & Stryer, 2002).

The intrinsic clotting pathway can be initiated by activated platelets phosphates
and, the release of nucleic acids (DNA and RNA) by activated neutrophils and the
exposure of anionic surfaces due to injury, such as the exposure of
phosphotidylserine molecules, of the vasculature and results in the activation of
factor XII (FXII). This anionic surface provides a binding site for the factors involved
in the coagulation cascade. Once the intrinsic pathway is initiated, FXIIa activates
factor XI (FXI), which in turn activates factor IX (FIX). Factor VIIla (FVIIIa), Ca*" and
platelet factor, FIXa can activate factor X (FX). FXa generation is the first step of the
common final pathway shared by both the intrinsic and extrinsic pathways. FXa and
the Ca* cofactor, factor Va (FVa) and platelet factor, cleaves prothrombin (factor II)
into its active form thrombin (factor Ila). Thrombin can then cleave fibrinogen
(factor I) into fibrin monomers (Factor Ia), which have the ability to spontaneously

polymerize into an ordered fibrin clot (Berg et al., 2002).
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Figure 1. The Coagulation Cascade

The coagulation cascade is comprised of the intrinsic and extrinsic pathways,
which both merge into a common final pathway leading to fibrin polymerization
and cross-linking. The intrinsic clotting pathway is initiated by the exposure of FXII
and exposure of the anionic phosphotidylserine molecules due to injury of the
vasculature and results in the activation of FXII. The extrinsic clotting pathway is
initiated by the de-encryption of TF and the activation of FVIla from damaged
tissue as a result of trauma. FXa generation is the first step of the final common
pathway which leads to thrombin and ultimately fibrin generation and crosslinking

to form a clot.
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The extrinsic clotting pathway is initiated by the de-encryption of tissue factor (TF)
(factor III) and the activation of factor Vlla (FVIla) from damaged tissue as a result
of trauma. FVIla then binds its receptor TF and becomes allosterically activated. TF
also enhances the proteolytic capacity and amidolytic activity of FVIla within the
TF-FVIla complex. TF-FVIla complex formation decreases FVIla flexibility and
increases FVIla catalytic site exposure, thereby significantly increasing the catalytic
efficiency by greater than one million fold (Morrissey, 2001; Konigsberg et al., 2001).
FVIIa is a plasma serine protease coagulation factor that functions to activate FIX
and FX (Ruf & Dickinson, 1998). The activated TF-FVIla complex recruits FX to form
the coagulation-initiation complex responsible for FXa generation and ultimately
thrombin generation and fibrin clot formation (Berg et al., 2002). The TF-FVIla
complex is able to activate FVII resulting in additional coagulation initiation
complexes (Ruf & Dickinson, 1998).

The TF-FVIla complex also plays a minor role in the intrinsic pathway of
coagulation through its capability of activating FIX albeit at a slower rate (Ruf &
Dickinson, 1998). Together with its cofactor FVIIIa, FIX can generate FXa (Berg et al.,
2002).

TF procoagulant activity (PCA) is defined as the ability of the TF-FVIla complex to
initiate coagulation leading to FX activation and ultimately thrombin generation.
There are a number of systems in place to regulate TF PCA, with the most notable
being TF pathway inhibitor (TFPI). Circulating TFPI can interact with FXa and this

complex binds to the TF-FVIla complex with a higher affinity creating a quaternary
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complex of TF-FVIIa-TFPI-FXa (Hamamoto et al., 1993). TFPI not only blocks TF-
FVIla coagulant activity within the quaternary complex (Hamamoto et al., 1993), but
it also promotes the internalization and degradation of TF-FVIla (Iakhiaev et al.,

1999).

1.1.2 TF Structure

TF consists of 263 amino acids and is a member of the type II cytokine receptor
family. TF is responsible for the initiation of the extrinsic pathway of the
coagulation cascade (Martin, Boys, & Ruf, 1995). Due to post-translational N-linked
glycosylation, the molecular mass of TF is 45 kDa (Spicer et al., 1987). TF is encoded
by a six exon, five intron 12.4 kb gene located on chromosome 1 of locus 1p22-23
(Mackman et al., 1989). This cell surface glycoprotein is predominantly extracellular
with a single pass transmembrane domain and a short cytoplasmic tail(Martin et al.,
1995). The N-terminal extracellular domain displays characteristics consistent with
other cytokine receptors including a ligand binding site composed of two
fibronectin type Il domains and intracellular signalling capacity (Harlos et al., 1994;
Muller et al., 1994). In terms of its signalling capacity, TF plays a role in tumour
metastasis and angiogenesis which are unrelated to coagulation (Versteeg et al.,
2003; Bromberg et al., 1995). The ligands capable of interacting with the fibronectin
type III domains include epidermal growth factor-1 (EGF1), EGF2, the Gla domain
and the protease domains on FVII (Banner et al., 1996; Morrissey, 2001). TF also
contains two disulfide bonds in the extracellular domain bridging Cys49 with Cys57

and Cys186 with Cys209 (Harlos et al., 1994). The transmembrane domain of TF is
7
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not specifically required for TF function, however membrane association is.
Substitution of the TF transmembrane domain with other lipid domains, such as a
phosphatidylinositol anchor, preserves TF function (Paborsky et al., 1991). Although
the cytoplasmic tail is essential for TF-FVIIa signalling (Ott et al., 2005), it is not
required for coagulation (Paborsky et al., 1991) or TF encryption (Wolberg et al.,

2000).

1.1.3 TF Distribution, Cellular Localization and Expression

TF is expressed throughout the body, most notably in organ capsules, the adventitia
of the vasculature including fibroblasts, pericytes and smooth muscle cells, and in
epithelial layers as well as tumour cells (Drake, Morrissey, & Edgington, 1989).
Typically TF is not expressed in vascular cells or other cells that come in contact
with blood, however under certain thrombotic conditions such as sickle cell
disease, hyperhomocysteinemia and vascular injury, or stimulation with
lipopolysaccharides (LPS), IL-1p or tumour necrosis factor-o (TNF-a), TF expression
is increased in monocytes and endothelial cells (EC) (Fryer, Wilson, Gubler,
Fitzgerald, & Rodgers, 1993; Marmur et al., 1993; Solovey, Gui, Key, & Hebbel, 1998;
Eilertsen & Bjarne, 2004). The TF pathway may be involved in coronary artery
diseases including atherosclerosis. TF is expressed on cells throughout
atherosclerotic plaque, including smooth muscle cells (SMCs), monocytes,
macrophages /foam cells, and within the extracellular matrix and the necrotic core

(Wilcox et al., 1989; Marmur et al., 1996; Thiruvikraman et al., 1996).
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The highest level of TF expression is found in the placenta, lungs and brain and
more specifically on cell types within these organs (trophoblasts, alveolar cells and
astrocytes respectively) as well as epithelial cells surrounding organs, and
adventitial fibroblasts surrounding blood vessels (Drake et al., 1989b; Faulk et al.,
1990; Mackman et al., 1993; Fleck et al., 1990; Eddleston et al., 1993; Flossel et al.,
1994; Luther et al, 1996). This distribution provides a hemostatic envelope
protecting these vital organs from exsanguination (Drake et al., 1989b; Maly et al.,
2007). Intermediate levels of TF are found in the uterus, testes, intestine, kidneys
and heart (Drake et al., 1989b; Mackman et al., 1993). Low level TF expression is
found in the liver, skeletal muscle, thymus and spleen (Drake et al., 1989b; Mackman
et al., 1993). These organs expressing low levels of TF rely on FVIIla/FIXa of the
intrinsic pathway of coagulation to prevent bleeding (Maly et al., 2007). Cardiac
myocytes but not skeletal myocytes constitutively express TF (Drake et al., 1989b).

TF is required for embryonic development. TF knock-out mutations are embryonic
lethal in the mouse, also there are no known TF-deficient human diseases (Bugge et
al., 1996; Carmeliet et al., 1996). TF knock-out is lethal due to the loss of both
hemostatic and non-hemostatic pathways (Carmeliet et al., 1996). TF-deficient
murine models (1% TF mouse model) do survive embryonic development, however
these mice are prone to fatal spontaneous hemorrhages in the heart indicating the
critical hemostatic role played by TF in this organ (Parry et al., 1998; Pawlinski et al.,

2002).
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Blood-borne TF or plasma TF is an additional source of TF contributing to and
essential for rapid thrombus formation (Hathcock & Nemerson, 2004). Typical
blood-borne TF levels in healthy patients are between 149 and 172 pg/ml which is
significantly less than TF levels in the vessel wall (Koyama et al., 1994; Albrecht et al.,
1996; Mackman, 2004). Studies have demonstrated that various diseases including
sepsis, atherosclerosis, sickle cell disease and diabetes can increase blood-borne TF
levels (Nieuwland et al., 2000; Mallat et al., 1999; Diamant et al., 2002). Blood-borne
TF typically occurs in the form of cell-derived microparticles (Berckmans et al.,
2001), however others have suggested that platelets contain TF (Siddiqui et al.,
2002) and that the major source of blood-borne TF is an alternatively spliced form

of soluble TF (Bogdanov et al., 2003).

1.1.4 TF and Cancer

The role of TF in malignant disease progression is an exciting new area in cancer
research. A variety of hemostatic proteins including TF participate in tumour
progression including angiogenesis, metastasis, and improved tumour survival
Although the molecular mechanisms are still unknown, TF signalling is emerging as
a major player resulting in pro-tumourigenic gene upregulation and protein
synthesis (Rak et al. 2006, Milsom et. al. 2008).

Aberrant TF expression is characteristic of a variety of human tumors including
breast cancer, pancreatic cancer (Vrana et al., 1996), lung cancer (Koomagi & Volm,
1998), colorectal cancer (Lykke & Nielsen, 2003), glioma (Hamada et al., 1996), and

prostate cancer (Adbulkadir et al., 2000). Furthermore, TF expression correlates
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with tumour invasiveness and metastatic potential (Lykke & Nielsen, 2003).
Normally, constitutive TF expression is confined to the subendothelium, and only
interacts with blood after vascular injury, however is apparent that with tumour
progression the regulation of TF expression is lost (Drake, Morrissey, & Edgington,
1989b).

Hypoxia, and the loss of the tumour suppressor gene phosphatase and tensin
homolog (PTEN) results in TF upregulation and TF PCA in malignant gliomas (Rong
et al., 2005). Additionally, the activation of K-ras oncogene and loss of the p53
tumour suppressor gene controlled TF expression in colorectal cancer cells in vitro
(Yu et al., 2005). Furthermore, the control of TF expression was dependent on
mitogen-activated protein kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)

(Yu et al., 2005).

-TF and Hypercoagulability

Hypercoagulability is common in cancer patients resulting in an increased risk of
venous thromboembolism (VTE), pulmonary embolism, disseminated intravascular
coagulapathy (DIC) and haemorrhage (Prandoni et al., 2002). Moreover, this
hypercoagulable state can contribute to tumorigenesis by supporting angiogenesis.
This hypercoagulability is dependent on TF as demonstrated in human breast
cancer cell lines; clot formation was FVIla dependent and attenuated by anti-TF
antibodies (Hu et al., 1994). Additionally, the upregulation of TF is an independent

predictor of VTE in ovarian cancer (Uno et al., 2007) and is associated with VTE in

11



PhD Thesis - Ali Al-Hashimi McMaster University - Medical Science

pancreatic cancer (Khorana et al., 2007). Furthermore, the upregulation of TF has
also been demonstrated to lead to the systemic release of TF positive
microparticles (Yu et al., 2005). TF positive microparticle levels can predict deep
vein thrombosis DVT (Tesselaar et al., 2007) and correlate with D-dimer levels
(which strongly predict VTE in cancer patients) (Hron et al., 2007).

Unfortunately, chemotherapy and radiotherapy worsen the prothrombotic events
in cancer patients. Eleven percent of patients receiving chemotherapy have VTE
every year, and hormone therapies (such as tamoxifen) increase this risk by an
additional 2-3 fold (Goldhaber, 2005). Moreover, anti-angiogenic drugs are
unexpectedly associated with a high incidence of thrombosis; however these
results may be confounded since a number of clinical trials employed both anti-
angiogenics and chemotherapeutics in combination (Marx et al., 2002; Zangari et
al., 2004). While the effect of cancer therapies on the hypercoagulable state of
patients is evident, the mechanisms are unknown; Lysov and colleagues had shown
that an increase in tumour-secreted microparticles and cell-free DNA can be a
contributor to this phenotype (Lysov et al. 2016). However, TF and TFPI are likely
involved (Ma et al., 2005). Treatment of endothelial cells in vitro with an inhibitor to
vascular endothelial growth factor receptor-2 (VEGFR-2) in combination with
chemotherapeutics (especially cisplatin and gemcitabine, at the traditional
maximum-tolerated dose) triggered a significant increase in surface TFPI

expression suggesting a procoagulant conversion of the ECs, however this
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conversion was attenuated when the chemotherapeutics were administered at a

lower metronomic dose (Ma et al., 2005).

-TF and Angiogenesis

Angiogenesis is the process through which new blood vessels form from the
existing vasculature and is essential for tumour growth since diffusion is
insufficient beyond 2 mm (Folkman, 1990). TF-mediated angiogenesis occurs
indirectly through clotting (Rak et al, 2006) or through the release of
proangiogenic factors (Zhang et al, 1994) and directly through clotting-
independent mechanisms (Hembrough et al., 2003).

The TF indirect regulation of angiogenesis through clotting is partially mediated
through TF-induced thrombin generation. The resulting fibrin clot creates a
proangiogenic matrix facilitating blood vessel infiltration (Rak et al., 2006).
Coagulation also results in the release of proangiogenic factors from the granules
of activated platelets. This engages additional angiogenic pathways that are
dependent on FXa generation, thrombin, and protease activated receptor (PAR) -1
and -2 signalling (Griffin et al., 2001; Zhang et al., 1994). The overexpression of TF
has been demonstrated to decrease the expression of thrombospondin
(antiangiogenic) while increasing the expression of VEGF (proangiogenic) in
melanoma cells (Abe et al., 1999), fibrosarcomas (Zhang et al., 1994), and gastric
cancer cells (Zhang et al., 2005). There is some controversy over whether TF

overexpression regulates thrombospondin expression (Yu et al., 2005; Zhang et al.,
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1994), however it is well established that the cytoplasmic domain of TF is required
for VEGF production in melanomas (Abe et al., 1999) and in gastric cancer (Zhang et
al., 1994). A positive feedback loop exists which can drive additional TF expression
with TF induction of VEGF on tumour cells and further promoting tumourigenesis
(Zhang et al., 1994).

The direct TF regulation of angiogenesis is proposed to involve TF’s intracellular
functions including PAR-2 signalling and activation of the MAPK family of proteins.
TF plays a direct role in blood vessel formation since TF/~ mice are embryonic
lethal due to hemorrhage from embryonic and extraembryonic vessels (Carmeliet et
al., 1996). Interestingly, inhibitors specific to the TF-FVIla-FXa complex and to FXa
revealed that angiogenesis is dependent on TF-FVIla and independent of FXa,
suggesting TF-FVIla signalling is imperative to this function (Hembrough et al.,
2003). Furthermore, exposure of breast cancer cells to FVIla induced the
expression of various proangiogenic genes including VEGF (Albrektsen et al., 2007;
Ollivier et al., 1998), urokinase-type plasminogen activator receptor (Taniguchi et
al., 1998), early growth response gene 1 (Camerer et al., 1999), IL-8 (Albrektsen et al.,
2007; Hjortoe et al., 2004) cysteine-rich angiogenic inducer (Ge et al., 2003) and
connective tissue growth factor (Albrektsen et al., 2007). These proteins facilitate
angiogenesis through cell adhesion, proliferation and migration (Bluff et al., 2008).
Activation of the PAR-2 signalling pathway by TF-FVIla has been suggested as a
mechanism through which TF directly induces tumour angiogenesis. TF-FVIIa

activation of PAR-2 is well established (reviewed in Rao & Pendurthi, 2005) and
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recent data suggests this signalling is integral to breast tumour growth in vivo
(Versteeg et al., 2008). Moreover, angiogenesis mediated by TF-FVIla signalling
through PAR-2 is negatively regulated by the TF cytoplasmic domain. Deletion of
the TF cytoplasmic domain resulted in accelerated angiogenesis in a murine model
(Belting et al., 2004). PAR-2 signalling has been demonstrated to specifically target
the TF cytoplasmic domain for phosphorylation (Ahamed & Ruf, 2004) at Ser253 by
protein kinase C and ser258 by a proline-directed kinase (Dorfleutner & Ruf, 2003).
Additionally, PAR-2 signalling activates Rac which promotes cell motility through
the recruitment of the p-arrestin scaffolding complex (Ge et al, 2003).

Finally, the proteolytic activity of TF-FVIla has been demonstrated to activate the
MAPK family including p42/p44 MAPK, p38 MAPK and c-jun N-terminal kinase
(Versteeg et al., 2000). Additionally, the MAPK pathway has been implicated in the
VEGF upregulation of TF, since MAPK inhibitors attenuated this process (Guba et
al., 2005). While the exact mechanism of MAPK induced angiogenesis is unclear,
MAPK has been associated with cell proliferation, however, the more probable
mechanism involves MAPK phosphorylation of transcription factors responsible for

inducing angiogenesis stimulating proteins (Bluff et al., 2008).

-TF and Metastasis
Metastasis is the process through which tumour cells infiltrate the bloodstream or
lymphatic vessels and migrate to distant sites to establish secondary tumors. This

process is vastly dependent on the coagulation cascade, most notably on thrombin
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generation (Palumbo et al., 2007, Booden et al., 2004). TF has been demonstrated to
play a supporting role through fibrinogen-dependent and platelet-dependent
restriction of natural killer cells (mediate micrometastase clearance) (Palumbo et
al., 2007). Interestingly, while the mechanisms are unclear, non metastatic breast
cancer cells demonstrate low TF expression however metastatic breast cancer cells
have abundant cell surface TF (Bluff et al., 2006). Perhaps the TF-FVIla generation
of downstream coagulation factors plays a role; however, a promising hypothesis
suggests that TF-FVIIa signalling stimulates cell motility.

Many studies have linked TF-FVIla signalling to cell motility. Cleaving of the TF
extracellular domain was demonstrated to result in the interaction of the TF
cytoplasmic domain with actin-binding protein 280 which is involved in cell
adhesion and migration in vitro (Ott et al., 1998). Moreover, the PARs were
implicated in conjunction with tyrosine kinase receptors in a study linking TF-FVIIa
signalling and migration stimulated by platelet derived growth factor BB (Siegbahn
et al., 2000). PAR-1 is highly expressed and is activated by thrombin in invasive
breast cancers but is absent in healthy breast tissue or non-invasive cancers
(Booden et al., 2004). A PAR-2 mechanism is involved in the migration of breast
cancer cells in vitro independent of TF-FVIla signalling (Jiang et al., 2004); anti-
PAR-2 antibodies inhibit IL-8 mediated migration in breast cancer cells (Hjortoe et
al., 2004). To further decipher the role of PARs in migration, siRNA determined that
knockdown of PAR-2 but not PAR-1 impaired the migration of invasive breast

cancer cells (Morris et al., 2006).
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The cytoplasmic domain of TF proves to be critical in the migration of porcine
aortic ECs (Siegbahn et al., 2005) and human bladder carcinoma cells (Ott et al.,
2005). TF seems to function as a negative regulator of chemotaxis through the
suppression of azpi-dependent migration on laminin 5, however PAR-2-dependent
phosphorylation of the TF cytoplasmic domain reversed this effect (Dorfleutner et
al., 2004). This suggests that TF-mediated cell motility is regulated by
phosphorylation. Furthermore, TF is constitutively associated with asf; on the
surface of highly aggressive breast cancer cells (Versteeg et al., 2008).

Finally, many in vivo models of human cancers support the role of TF in metastasis
(Ngo et al., 2007; Amarzguioui et al., 2006; Bromberg et al., 1995; Mueller et al., 1992).
The level of TF was found to correlate with the metastatic potential of melanoma
cells injected into severe combined immunodeficiency mice (Bromberg et al., 1995).
Additionally, blocking of TF with anti-TF antibodies (Mueller et al., 1992; Ngo et al.,
2007), the Fab fragment of TF antibodies (Mueller et al., 1992), and siRNA
(Amarzguioui et al., 2006) all significantly inhibited the metastasis of melanomas
and breast cancer. Interestingly, cytoplasmic TF signalling (Bromberg et al., 1995;
Mueller et al., 1998) as well as the proteolytic activity of TF-FVIIa on the cell surface

(Bromberg et al., 1995) both proved to be integral.

-TF and Tumor Cell Survival
Resistance to apoptosis is a well-documented mechanism of malignant cell survival,

and activation of anti-apoptotic pathways as well as defects in apoptosis promote
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tumorigenesis and metastasis (Rao & Pendurthi, 2005). FVIla is an established
inducer of the anti-apoptotic pathways P42/44 MAPK and protein kinase B
signalling (Dimmeler & Zeiher, 2000). Interestingly, studies overexpressing TF in
human breast cancer cells (MCF-7) have demonstrated that the formation of the
TF-FVIla complex prevented apoptosis in a thrombin dependent pathway which
initiated the phosphorylation of both P42/44 MAPK and protein kinase B/Akt
resulting in survivin expression (anti-apoptotic protein) (Jiang, Guo & Bromberg,
2006). Additional data suggests that serum deprived baby hamster kidney and
Chinese hamster ovary cells overexpressing TF demonstrate increased cell survival
when supplemented with FVIla (Sorensen et al., 2003). Furthermore, loss of
adhesion may be responsible for the anti-apoptotic properties induced by FVIIa
since TF-FVIla signalling has been demonstrated in the production of STATS-
dependent BclxL production and Jak2-dependent activation of protein kinase B
(Versteeg et al., 2004).

An additional mechanism through which TF promotes tumour cell survival is
through protection against immune recognition and cytotoxicity. TF expressing
colon cancer cells demonstrated a 40% invasion rate from peripheral blood
monocytes dependent on the TF cytoplasmic domain (Li et al., 2006). This could
lead to increased cell survival and metastasis, however, the exact mechanism is not

known.
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1.1.5 TF Inactivation (Encryption)

Cell surface levels of TF do not directly correlate with TF PCA suggesting that TF
exists on the cell surface in two distinct classes: encrypted and de-encrypted (Bach
& Rifkin, 1990). Encrypted TF, while capable of binding factor VIla, is unable to
activate factor X effectively (Le, Rapaport, & Rao, 1992). TF encryption provides the
cell with a mechanism of rapid hemostatic response without transcriptional
upregulation of the TF gene. Many agents can significantly increase TF PCA
including detergents (Carson, 1996; Carson et al., 1996), Ca*" ionophores (Bach &
Moldow, 1997), and oxidants (Greeno et al., 1996; Penn et al., 1999; Penn et al., 2000).
TF expression and activity are independently regulated where some agents such as
lipoproteins regulate the synthesis of de-novo TF, while other agents including
oxidants promote the post-translational modification of encrypted TF to its active
form (Penn et al., 1999; Penn et al., 2000). For example, the increase in TF PCA
associated with oxLDL treatment also drives the transcription of TF mRNA while
treatment with hydrogen peroxide (H20-) only results in increased TF PCA (Penn et
al., 1999; Penn et al., 2000; Bochkov et al., 2002).

Since a large portion of expressed TF is exposed on the cell surface, various
regulatory pathways are needed to maintain TF in an encrypted state to prevent
unprovoked widespread coagulation (Drake et al., 1989a). There are several
proposed mechanisms regulating cell surface TF encryption including the
formation of TF homodimers, the phospholipid microenvironment including

phosphatidylserine (PS) exposure, TF compartmentalization in lipid rafts, the
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endocytosis and degradation of the TF-FVIla complex, and isomerization of the TF
disulfide bond (Figure 2) (Kunzelmann-Marche et al., 2000; Bjorklid & Storm, 1977;
Sevinsky et al., 1996; Roy et al., 1991; lakhiaev et al., 1999). Although there are several
proposed mechanisms of TF post-translational regulation, the mode of TF
encryption varies between cell systems. Additionally, the mechanisms through

which TF is decrypted are poorly understood and highly controversial.
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Figure 2. Models of TF Inactivation (Encryption)

The five major models of TF encryption include TF dimerization, altered
phospholipid asymmetry, TF compartmentalization in caveolae, TF-FVIla
Endocytosis, and TF disulfide bond isomerization. Panel A, the homodimerization of
TF on the cell surface is proposed to maintain TF in a latent or encrypted state, TF
is activated by the dissociation of the complex. Panel B, Anionic phospholipids are
normally maintained on the inner leaflet of the plasma membrane creating a non-
coagulant cell surface, however disruption to this asymmetry allows the exposure
of anionic phospholipids on the outer leaflet resulting in TF de-encryption through
a TF conformational change. Panel C, the sequestering of TF within caveolae is
thought to increase self-associations thereby encrypting TF. TF not sequestered
within caveolae is thought to be active however how TF escapes the caveolae is
unknown. Panel D, TF-FVIla endocytosis mediated by LRP and TFPI results in the
degradation of the coagulation initiation complex thereby decreasing TF PCA. TF
may also be recycled back to the cell surface however the mechanism is unknown.
Panel E, TF with unpaired Cys186-Cys209 on the extracellular domain is thought to
be encrypted, while disulfide bond formation is thought to de-encrypt TF. PDI is

proposed to regulate TF PCA through disulfide bond formation and cleavage.
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A.TF DIMERRIZATION

B. ALTERED PHOSPHOLIPID ASYMETRY
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D. TF-FVllla Endocytosis

OVl
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-TF Dimerization

The dimerization of exposed TF or the clustering of TF at the cell surface has been
proposed as a mechanism of TF activation, and that deencryption requires the
dissociation of TF homodimers into monomers (Bach & Moldow, 1997). Although TF
dimers are still capable of binding FVIla, proponents hypothesize that dimerization
may sterically hinder the other binding sites on TF thus preventing the formation of
the coagulation initiation complex and maintaining TF proteolytic inactivity (Bach &
Moldow, 1997). Studies have demonstrated the ability of TF to form homodimers on
the cell surface using chemical cross-linking studies (Roy, Paborsky, & Vehar, 1991).
Additionally, an increase in cytosolic Ca** has been demonstrated to reverse TF
dimerization (Bach & Moldow, 1997). Furthermore, it has been demonstrated that
the extracellular domain of TF dimerizes in a purified in vitro system, and that this
does not influence FXa generation, however it did increase FVIla autoactivation
(Donate et al., 2000). Additionally, the observation that TF dimerization does not
decrease FXa generation is contradictory to the TF dimerization model. Although
this suggested model of TF regulation could aid in TF encryption, studies suggests
that alone, TF dimerization likely does not influence TF activity (Donate et al.,

2000).
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-Altered Phospholipid Asymmetry

The plasma membrane lipid-bilayer is composed of phospholipids distributed
asymmetrically between the inner and outer leaflets. Typically, anionic
phospholipids including phosphatidylserine (PS) and phosphatidylethanolamine
(PE) are retained on the inner leaflet and choline-containing phospholipids such as
phosphatidylcholine (PC) and sphingomyelin reside on the outer leaflet (Diaz &
Schroit, 1996). The lipid transporters flippase, floppase and scramblase all perform
independent functions resulting in the net inward movement of anionic
phospholipids to the inner leaflet in quiescent cells dependent on ATP hydrolysis.
Flippase is an aminophospholipid translocase that specifically traffics PS inward
(Diaz & Schroit, 1996). Floppase is somewhat less specific and traffics phospholipids
outward (Diaz & Schroit, 1996). Scramblase is Ca** dependent and traffics lipids
bidirectionally (Zwaal, Comfurius & Bevers, 2005). When cells are perturbed and
these proteins become enhanced or inhibited, the PS asymmetry can shift outward.
A well established mechanism of cell surface TF regulation is the composition of the
phospholipid microenvironment and the availability of anionic phospholipids, most
notably PS, on the outer leaflet in close proximity to TF (Kunzelmann-Marche et al.,
2000; Bjorklid & Storm, 1977). Studies suggest that PS interacts with the TF-FVIIa
complex aiding in the localization of the complex with FX resulting in a more rapid
conversion of FX to FXa (Ruf et al., 1991). Additionally, the calcium cations bound to
the Gla domain of FX and other coagulation factors interact with the anionic charge

of PS (Sunnerhagen et al., 1995; Morrissey, 2001). Furthermore, blocking PS with
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annexin V has been demonstrated to attenuate Ca®* ionophore induced TF PCA
(Wolberg et al., 1999).

In addition to Ca** ionophores, other biologically relevant events including platelet
activation by collagen and thrombin can disrupt PS asymmetry (Zwaal & Schroit,
1997; Thiagarajan & Tait, 1991). Apoptosis also induces PS asymmetry and TF PCA
(Fadok et al., 1992; Greeno et al., 1996). Furthermore, many human diseases
associated with increased risks of thrombotic events display increased PS exposure
including: cancer, antiphospholipid antibody syndrome, diabetes, viral and bacterial
infections, sickle cell anemia, malaria, thalassemia, and preeclampsia (Reviewed by
Zwaal, Comfurius & Bevers, 2005). It is evident that PS accelerates coagulation on
the cell surface, and there is no doubt that mechanisms resulting in the loss of PS
asymmetry are directly linked to increased TF PCA, however whether PS functions
to increase the associate of FX with the TF-FVIla complex or functions to decrypt
TF is unknown. Either way, maintenance of phospholipid asymmetry is a rational

mechanism by which the cell maintains TF encryption.

-TF Compartmentalization in Caveolae

First proposed in 1975, TF compartmentalization within caveolae or lipid rafts
provides an additional mechanism by-which TF encryption is governed (Maynard et
al., 1975). These caveolae are microdomains on the plasma membrane rich in
glycosphingolipids and cholesterol, poor in anionic phospholipids, and contain

caveolin-1 expression (Mulder et al., 1996; Hofer & Brown, 2003; Fielding & Fielding,
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2000). Lipid rafts are also microdomains rich in sphingomyelin and cholesterol and
can exist as caveolae (Lupu et al., 2005). Proponents of this theory suggest that this
mechanism functions by sequestering TF, thereby increasing self-association and
decreasing PCA (Bach, 2006) while also providing an environment non-conducive
to TF activation (Mulder et al., 1996). Evidence supporting this theory is the
phenomenon by which TF PCA is greatly enhanced by the freeze-thawing of cells
which in turn has been demonstrated to disrupt caveolae (Giesen & Nemerson,
2000). Additionally, the localization of TF to caveolae has been demonstrated in a
number of cell types including SMCs (Mulder et al., 1996a), ECs (Mulder et al.,
1996b), and fibroblasts (Mandal et al., 2005). One major flaw in this theory is that
FVIla and TF antibodies are still capable of binding caveolae sequestered TF (Giesen
& Nemerson, 2000), however the TF-FVIla complexes formed within these
microenvironments are not able to activate FX suggesting that TF is encrypted
(Sevinsky et al., 1996). TF encryption within these caveolae may be due to
glycosphingolipid-rich environment and not due to physical sequestering of TF and
self-associations (Sevinsky et al., 1996). It has been demonstrated that TF
expression is not uniform across the plasma membrane and that the distribution is
not random (Maynard et al., 1975). While the exact distribution of encrypted TF and
decrypted TF is unknown, this theory would suggest that TF within lipid rafts is
encrypted while TF elsewhere on the cell surface is de-encrypted (Bach, 2006). TF
acylation at Cys245 on the cytoplasmic tail may target TF to lipid rafts (Bach et al.,

1988; Zacharias et al., 2002). Some have suggested that TF acylation is the key to TF
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encryption and that localization within the lipid raft is circumstantial (Bach, 2006).
However several studies have demonstrated that the cytoplasmic tail of TF is not
required for TF encryption or de-encryption (Carson & Bromberg, 2000; Wolberg et
al., 2000). Interestingly, cholesterol depletion independent of caveolae disruption
has been demonstrated to attenuate TF PCA suggesting that cholesterol and not
caveolae is integral to TF PCA (Lupu et al., 1997; Crawley et al., 2000; Westmuckett
et al., 2000). Additionally, TFPI has been localized to caveolae (Lupu et al., 1997;
Crawley et al., 2000; Westmuckett et al., 2000) however its role in TF PCA inhibition
within the caveolae is ambiguous and controversial. Studies have demonstrated
that within the caveolae TFPI attenuates TF PCA (Lupu et al., 2005) while others
reveal that TFPI is not required within this microdomain to decrease TF PCA

(Dietzen et al., 2003).

-TF-FVIla Endocytosis

Another microdomain of the cell surface that may play a role in TF encryption in
addition to lipid rafts and caveolae are clathrin-coated pits. Clathrin-coated pits
are basket-like structures composed of clathrin and other specific cell surface
receptors involved in receptor-mediated endocytosis (Alberts et al., 1994). Ligand
binding to the receptors initiates the invagination and pinching off of the pits
forming clathrin-coated vesicles targeted to late endosomes for degradation

(Alberts et al., 1994; Iakhiaev et al., 1999).
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Clatherin-coated pits were suggested as a mechanism of TF encryption when TF
was observed to co-localize with a-adaptin, a common protein composing clathrin-
coated pits, upon the addition of FVIla and TFPI. The result was a decrease in TF
levels on the cell surface suggesting endocytosis of the coagulation initiation
complex (Hamik et al., 1999). Furthermore, blocking of the LDL receptor-related
protein (LRP) prevented the decrease in TF cell surface levels suggesting that TFPI
induces LRP-mediated endocytosis of TF at clathrin-coated pits (Hamik et al., 1999).
Additional studies in fibroblasts confirm that the TFPI-FXa complex induces LRP-
mediated degradation of FVIla complimented with a decrease of cell surface TF
(Iakhiaev et al., 1999). Interestingly, TF-FVIla can be internalized in the absence of
TFPI, however in this case TF is recycled back to the cell surface resulting in no
change to total protein expression (lakhiaev et al., 1999). This second mechanism of
TF-FVIla endocytosis is suggested to be independent of LRP and mediated by non-
clathrin coated pits (possibly caveolae). Transport of TF-FVIla to early endosomes
results in the dissociation of the complex and FVIla is degraded while TF is recycled
back to the cell surface (lakhiaev et al., 1999). Moreover, due to the differential
expression of LRP in various cell types, these effects seem to be cell specific (Rao &

Pendurthi, 2003).

-TF Disulfide Bond Isomerization
A novel controversial mechanism of TF encryption suggests that cryptic TF

contains unpaired cysteine thiols on the extracellular domain at Cys186 and Cys209

29



PhD Thesis - Ali Al-Hashimi McMaster University - Medical Science

and that decryption requires the formation of a Cys186-Cys209 disulfide bond
(Ahamed et al., 2006). TF contains four cysteine residues on the extracellular
domain and the disulfide bond between Cys186 and Cys209 is allosteric since it
bonds cysteines on adjacent stands of a single p-sheet (Chen et al., 2006). It is well
established that encrypted TF has a much lower affinity for FVIla than active TF and
many have reasoned that this change in affinities is due to a conformational change
in TF. The post-translational modification of disulfide bond formation between
Cys186 and Cys209 satisfies this reasoning and has been shown to be required for
the activation of coagulation (Rehemtulla, Ruf & Edgington, 1991). Recent data
supports the integral role played by the Cysl86-Cys209 disulfide bond in
maintaining the state of TF encryption (Chen et al., 2006; Ahamed et al., 2006).
Additionally, adenoviral transduction of human umbilical vein endothelial cells
(HUVECs) with alanine substitutions at Cysl86 and Cys209 prevented disulfide
bond formation demonstrating impairment in coagulation. However, TF signalling
remained intact (Rehemtulla, Ruf & Edgington, 1991). Cryptic TF does maintain
signalling function in conjunction with FVIla, suggesting that disulfide bond
isomerization is critical in the determination between TF signalling and coagulation
(Ahamed et al., 2006). Furthermore, treatment with thiol-oxidizing agents results in
increased TF PCA suggesting the reduction-oxidation state of the disulfide bond is
integral to TF encryption/decryption (Chen et al., 2006). Oxidation of the disulfide
bond has been demonstrated to alter the quaternary structure of TF and improve

substrate binding to TF (Chen et al., 2006).
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Protein disulfide isomerase (PDI) is an oxidoreductase chaperone that functions in
the ER to shuffle disulfide bonds during nascent polypeptide folding (Freedman,
1989; Gethind & Sambrook, 1992; Sitia & Braakman, 2003). Interestingly, co-
localization of PDI and TF on the cell surface has been demonstrated using
biotinylation assays and immunoprecipitation. PDI has been proposed as the switch
responsible for TF disulfide bond oxidation and reduction resulting in TF PCA or TF
encryption and cell signalling respectively (Ahamed et al., 2006). The controversy
surrounding this hypothesis is again worth mentioning since other groups have
published recently with contradictory results. These studies could not show cell
surface PDI or co-localized of PDI with TF (Pendurthi et al., 2007). Additionally,
shRNA knock-down of PDI showed no effect on TF signalling or coagulant function
(Pendurthi et al., 2007). Opponents of this hypothesis call attention to PDI being
predominantly ER resident without a proper membrane attachment site (Turano et
al., 2002) inferring that cell surface levels of PDI would be in trace amounts at best

(Pendurthi et al., 2007).

1.1.6 Cellular Pathways Regulating TF PCA
There are many proposed mechanisms of TF de-encryption including elevated

levels of intracellular Ca**, oxidative stress and apoptosis. These mechanisms are
not entirely distinct as some overlap with the induction of anionic phospholipid
asymmetry, and the oxidation of the TF disulfide bond. Once decrypted, TF binds
FVIla with higher affinity and this complex can catalyze FXa generation with

efficiency (Le, Rapaport, & Rao, 1992).
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-Intracellular Free Ca?*

The availability of intracellular Ca*" is a well established inducer of TF PCA (Bach &
Rifkin, 1990; Carson et al., 1994; Greeno et al., 1996; Bach & Moldow, 1997; Wolberg
et al., 2000). In quiescent cells cytosolic Ca** levels are maintained around 100 nM
by Ca®* pumps and channels on organelle and plasma membranes (Orrenius et al.,
1989). Treatment of intact cells with Ca** ionophores will cause a rapid increase in
TF PCA of approximately 100-fold over basal levels (Bach & Rifkin, 1990). Upon
ionophore treatment, Ca* can be released from internal stores within the
endoplasmic reticulum (ER) and /or through an influx of extracellular Ca** crosses
the plasma membrane (Bakanay, Key & Bach, 2001). Ionophores including
ionomycin and A23187 inhibit the plasma membrane Ca®**-ATPase pumps preventing
the export of Ca*". Other Ca*" agonists including thapsigargin function to release
Ca*" stores into the cytosol by specifically inhibiting the sarco-(endo)plasmic
reticulum Ca®*-ATPase (SERCA) pumps (Thastrup et al., 1990). Once cytosolic Ca**
levels reach 4-fold over basal level, TF becomes de-encrypted and TF PCA is
induced within 30 sec (Bakanay, Key & Bach, 2001; Bach & Moldow, 1997). While the
impact of Ca** on TF decryption is undeniable, the mechanism is not distinct and
involves membrane rearrangement and vesicular shedding (Carson, Perry &
Pirruccello, 1994).

The same Ca*" ionophore treatment that results in TF PCA also results in a
disturbance in PS asymmetry. This phenomenon suggests that these two

mechanisms may be coupled to collectively increase TF PCA (Bach & Rifkin, 1990;
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Bach & Moldow, 1997; Wolberg et al., 1999; Bakanay, Key & Bach, 2001). As described
previously, increased cytosolic Ca** levels inhibit flippase activity (responsible for
inward PS trafficking) while also enhancing scramblase activity (bidirectional lipid
movement). This results in a net outward movement of PS and therefore an
increase in TF de-encryption and PCA (Zwaal & Schroit, 1997; Zwaal, Comfurius &
Bevers, 2005). However, annexin V does not attenuate all Ca* ionophore-induced
TF PCA suggesting that TF activation by Ca** ionophores is not solely regulated by
anionic phospholipids (Wolberg et al., 1999; Wolberg et al., 2000). Ionomycin-
induced TF PCA also results in the dissociation of TF dimers providing evidence for
the TF dimerization model (Bach & Moldow, 1997). Also, some have demonstrated
that Ca**-mediated TF PCA is calmodulin-dependent (Bach & Moldow, 1997; Bach &
Rifkin, 1990).

Reactive oxygen species (ROS) have also been demonstrated to mediate the effect
of increased cytosolic Ca** on TF PCA. Ca** efflux from the ER is known to increase
the peroxidase activity of various enzymes including lipoxygenases and
cyclooxygenases which both lead to the generation of ROS as a by-product (Pahl,
1999). High levels of cytosolic Ca** are also responsible for increased mitochondrial
Ca*" uptake resulting in oxidative stress due to disruption of the mitochondrial
membrane potential and the electron transport chain (Dykens, 1994; Kowaltowski et
al., 1995). A cytotoxic cycle ensues whereby ROS leads to membrane peroxidation
and increased permeability to Ca* resulting in a further influx (Orrenius et al., 1989;

Liu et al., 1997; Liu et al., 1998).
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-Oxidative Stress

Many oxidants have the ability to increase TF PCA and some also induce de novo TF
synthesis. Treatment of cells with aldehydes (Cabre et al., 2004), oxidized
phospholipids (Bochkov et al., 2002) or oxLDL (Penn et al., 2000) all increase TF PCA
and TF protein levels on the cell surface. Interestingly, TF has been demonstrated
to co-localize with oxLDL on the cell surface of macrophages (Lewis et al., 1995).
Increases in TF activity but not TF protein levels are the result of treatment with
H,0, (Penn et al., 1999) and oxidized phospholipids (Weinstein et al., 2000; Bochkov
et al., 2002). Additionally, TF PCA induced by oxLDL, thrombin and copper is
attenuated by antioxidants (Crutchley & Que, 1995; Rota et al., 1998; Penn et al.,
2000; Herket et al., 2002; Banfi et al., 2003). It is evident that the mechanisms
responsible for TF expression and TF PCA in response to ROS are independently
regulated.

The mechanisms through which TF PCA is induced by ROS are unclear, however
lipid peroxidation, plasma membrane composition alteration and substrate binding
site modification have all been suggested (Penn et al., 2000). TF PCA induction by
ROS is likely mediated through Ca*". It is well established that ROS inhibit ER Ca*-
ATPases which results in increased cytosolic Ca** levels (Liu et al., 1998; Stevens et
al., 2000). ROS can cause lipid peroxidation of the plasma and ER membranes
resulting in increased permeability to Ca®* and ultimately higher levels of
intercellular free Ca* (Orrenius et al., 1989; Liu et al., 1997, Liu et al., 1998).

Additionally, lipid peroxidation of cardiolipin (a component of the mitochondrial
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membrane) results in the dissociation of cytochrome c, triggering apoptosis and

ultimately a Ca*" influx (Ott et al., 2002).

-Apoptosis
Apoptosis, or programmed cell death, begins with cell shrinkage and chromatin
condensation followed by nuclear condensation and fragmentation (Saraste &
Pulkki, 2000). Cellular extensions form and develop into apoptotic bodies which are
pinched off from the plasma membrane in a process called blebbing (Saraste &
Pulkki, 2000). Apoptosis can be induced by a number of agents including Ca**
ionophores, cyclohexamides (Greeno et al., 1996), and chemotherapeutic agents
(Paredes et al., 2003) all of which lead to increased TF PCA. One of the mechanisms
through which apoptosis likely causes TF PCA is through the loss of anionic
phospholipid asymmetry which is characteristic of early apoptosis (Martin et al.,
1995). As described previously, anionic phospholipids exposed on the outer leaflet
increase interactions between TF and coagulation factors resulting in increased TF
PCA (Carson, 1996; Hansen et al., 1999; Barrowclife et al., 2002; Sato et al., 2004).
Both calcium agonists and oxidative stress can lead to apoptosis and are well
established inducers of TF de-encryption. Increases in cytosolic Ca** from ER
stores and influxes across the plasma membrane induce apoptosis and mediate
increases in TF PCA through apoptotic pathways (Rizzuto et al., 1993). Oxidative
stress causes lipid peroxidation resulting in both apoptosis and increases in

intracellular Ca®* (Slater et al., 1995). An example of this is the apoptotic agent
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staurosporine which increases cytosolic Ca** and ROS leading to lipid peroxidation
of the membranes and loss of mitochondrial membrane potential, resulting in
increased TF PCA (Kruman et al., 1998). It is obvious that the intricacies of Ca*,
ROS, membrane disruption and apoptosis are all interconnected making it difficult
to differentiate their individual effects on TF.

Interestingly, TF-FVIla signalling displays anti-apoptotic effects (Sorensen et al.,
2003; Versteeg et al., 2003). The addition of FVIIa to serum deprived cells has been
demonstrated to inhibit apoptosis dependent on TF but independent of FXa or
thrombin generation (Sorensen et al., 2003; Versteeg et al., 2003). The anti-
apoptotic properties of TF signalling seem to be mediated through the PI3
kinase/Akt pathway (Sorensen et al., 2003; Versteeg et al., 2003). The TF
overexpression associated with cancer likely results in the increased survival and

enhanced metastasis observed in these cells (Versteeg et al., 2003).

1.2 The Endoplasmic Reticulum (ER)

1.2.1 ER Function
The ER is a network of interconnected membrane bound vesicles responsible for

processing secretory and cell surface proteins. This organelle provides a unique
environment for nascent polypeptide folding, post-translational modifications, and
quality control before transport to the Golgi apparatus for further modification.
Nascent polypeptides translocate into the ER from ER membrane-bound ribosomes
through the Sec61 complex (Sitia & Braakman, 2003). The redox potential of the ER

lumen is oxidizing which is optimal for Cys-Cys disulfide bond formation (Sitia &
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Braakman, 2003; Ma & Hendershot, 2004). Additionally, the ER contains a resting
Ca*" concentration of 400 uM making it the largest calcium store in the cell (Rizzuto
et al., 2003; Michalak et al., 1999). Ca* is required for proper chaperone-nascent
polypeptide and chaperone-chaperone interactions (Vassilakos et al., 1998; Corbett
et al., 1999). Additionally, ER Ca*" depletion from treatment with Ca** ionophores
inhibits the secretion of various proteins from the ER further highlighting the
importance of high Ca®** concentrations (Lodish & Kong, 1990). The post-
translational modification N-linked glycosylation is also catalyzed within the ER
lumen. Interestingly, hypoglycosylated proteins (likely due to protein misfolding)
have increased affinity for molecular chaperones supporting their role in post-
translational modification (Dorner et al., 1987). Mature, properly folded and
modified proteins are transported out of the ER to the Golgi cis-face in coatomer
protein (COP) II coated vesicles (Ellgaard & Helenius, 2003). Irrevocably damaged or
misfolded proteins are disposed of through the ER-associated degredation (ERAD)
pathway which involves the retro-translocation of proteins via the Sec61 translocon
into the cytosol (Wiertz et al., 1996). Damaged and misfolded proteins in the cytosol
are targeted for degradation in the proteasome with ubiquitin (Meerovitch et al.,
1998).

1.2.2 ER Chaperone Proteins

Molecular chaperones within the ER lumen assist in correct protein folding as well
as regulating protein quality control. These chaperones include PDI, ERpTZ,

calreticulin, calnexin and the glucose-regulated protein (GRP) 78 and 94 (Ruddon &
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Bedows, 1997). Unfolded or misfolded proteins are targeted by the chaperones to
prevent the aggregation of misfolded proteins and maintain them in a conformation
compatible with correct protein folding. Interestingly, multimers of GRP78, GRP94,
and PDI have been found in association with immature immunoglobulins, however
calreticulin and calnexin are not involved suggesting separate chaperone systems
that are possibly governed by a functional or temporal basis (Meunier et al., 2002).
Molecular chaperones are typically attracted to misfolded proteins that are
underglycosylated or have exposed hydrophobic domains to aid in correct protein
folding (Ruddon & Bedows, 1997; Sitia & Braakman, 2003).

The glycoprotein folding chaperones calnexin and calreticulin recognize
underglycosylated glycoproteins. Nascent glycoproteins are retained in the ER until
they are properly folded by the addition of a glucose moiety which provides a
binding site for calreticulin and calnexin (Vassilakos et al., 1998; Spiro et al., 1996).
Glycoproteins are released from calnexin and calreticulin, allowing for proper
protein folding, by the removal of the glucose moiety by glucosidase 1 and II
(Michalak et al., 1999). Once released, the oxidoreductase PDI catalyzes correct
disulfide bond formation by reshuffling incorrect bonds and also ensures disulfide
bond flexibility until correct protein folding is complete (Freedman, 1989; Gething &
Sambrook, 1992; Sitia & Braakman, 2003). Interestingly, low Ca®* levels (100 pM) in
the ER result in PDI:calreticulin complex formation causing the dissociation of
unfolded proteins. However, when Ca** levels return to normal (>400 uM) the

chaperone complex dissociates thereby exposing the binding sites and encouraging
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binding to unfolded proteins (Corbett et al., 1999). This mechanism provides insight
into how Ca® ionophores cause ER stress through the accumulation of unfolded
proteins. Once released from calreticulin or calnexin, correctly folded proteins are
transported to the Golgi apparatus, whereas unfolded proteins are re-glycosylated
by UDP-glucose-glycoproteins glucosyltransferase (UGGT) thereby recreating the
chaperone binding site (Michalak et al., 1999).

The heat shock 70 (HSP70) family of ER chaperones recognize the inappropriate
exposure of hydrophobic domains and includes GRP78 and GRP94 (Flynn et al.,
1991). Using ATP hydrolysis, GRP78 repeatedly binds unfolded proteins until no
hydrophobic domains remain exposed (Gething, 1999). ATP binding to GRP78 opens
the substrate binding domain allowing the interaction with hydrophobic domains
(Zhu et al., 1996; Gething, 1999). The Dnal family of co-chaperones ER-localized
DnaJ-domain containing proteins 1-5 (ERdjl, ERdj2 ERdj3, ERdj4, ERdj5) associate
with GRP78 stimulating the hydrolysis of ATP to ADP (Chevalier et al., 2000; Shen et
al., 2002; Cunnea et al., 2003; Shen & Hendershot, 2005). The release of the protein
from the substrate binding domain is mediated by the nucleotide exchange factor
BiP-associated protein (BAP) which stimulates the conversion of ADP to ATP
(Chung et al.,, 2002). Moreover, mutations in the ATPase domain of GRP78
(Hendershot et al., 1996) or low levels of ATP in the cell (Dorner et al., 1990) blocks
the dissociation of proteins from GRP78 thereby preventing their secretion.

Dissociation of proteins from GRP78 allows correct protein folding and and
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transport to the Golgi apparatus, however, if hydrophobic domains remain exposed

then GRP78 will rebind until the protein is correctly folded (Hendershot et al., 1996).

1.3 Glucose Regulated Protein of 78 kDa (GRP78)

1.3.1 GRP78 Structure
GRP78 is a member of the heat shock 70 family of proteins (Ron et. al. 2003, Misra,

Gonzalez-Gronow, Gawdi, & Pizzo, 2005, Lee 2009). This soluble protein has two
functional domains: an N-terminal domain with ATPase activity, and a C-terminal
polypeptide binding domain containing an ER localizing KDEL sequence (Figure 3A)
(Chevalier, Rhee, Elguindi, & Blond, 2000a; Misra et al., 2005; Xiao, Chung, Pyun,
Fine, & Johnson, 1999). The substrate binding domain of GRP78 contains two f
sheets each composed of four antiparallel p strands as revealed by x-ray
crystallography of the E. coli homologue DnaK. Together the B sheets form a
sandwich containing five helical elements (Zhu et al., 1996). Polypeptides bind to the
channel formed by the B sandwich and are maintained within the binding domain
by the helical elements which form a “hinged-lid” (Zhu et al., 1996; Gething, 1999).
The KDEL sequence, lysine-aspartate-glutamate-leucine, occupies the tip of the C-
terminus and is expressed by many ER chaperones (Monro & Pelham, 1987). If found
outside the ER, KDEL receptors on the cytosolic side of the ER membrane interacts
with GRP78 molecules at the KDEL site to be transported back to the ER lumen
(Munro & Pelham, 1987). Interestingly, GRP78 contains two putative transmembrane
domains displaying significant hydrophobicity and trypsin sensitivity (Figure 3B)

(Reddy et al., 2003).
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Figure 3. The Structure of GRP78

Representation of the 653 amino acid peptide sequence. The N-terminal ATPase
domain and C-terminal substrate binding domain both contribute to the protein
function. In addition to these, GRP78 contains two putative transmembrane
domains as well as an N-terminal signalling domain which maintains signalling
capacities. GRP78 is typically maintained within the ER lumen, however, if GRP78
escapes the ER, KDEL receptors on the ER can help being GRP78 molecules by

interaction with their KDEL tag.
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While the function of GRP78 is most notably an ER resident molecular chaperone,
many recent studies have shown the expression of GRP78 on the cell surface of
relevant cell types during many pathological conditions including cancer (Arap et
al., 2004; Corrigall et al., 2001; Liu, Bhattacharjee, Boisvert, Dilley, & Edgington,

2003; Misra et al., 2005).

1.3.3 Cellular Localization of GRP78
-ER Stress and Cell Surface GRP78

GRP78 is typically maintained within the ER lumen by the KDEL ER retention
sequence, however various KDEL-expressing chaperones such as PDI and
calreticulin have been documented on the cell surface (Wiest et al., 1997; Xiao et al.,
1999b; Shin et al., 2003). Numerous studies have demonstrated the presence of
GRP78 on the cell surface as well as GRP78 in cell culture medium and in the
circulation (Xiao et al., 1999a; Delpino & Castelli, 2002; Shin et al., 2003; Liu et al.,
2003; Arap et al., 2004). Additionally, cell surface GRP78 contains its KDEL sequence
suggesting that preferential cleavage of this sequence is not a requirement for
surface expression (Xiao et al., 1999a). Interestingly, these studies were all
performed using cancer cells or cells overexpressing GRP78 suggesting that cell
surface GRP78 may only occur in under conditions where the protein is
overexpressed (Delpin & Castelli, 2002; Shin et al., 2003; Arap et al., 2004). While
cell surface GRP78 is well documented, the orientation of GRP78 on the cell surface

is unknown. Further, there are no structural differences between cytosolic and cell
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surface GRP78 proteins, however whether GRP78 is a true integral membrane
protein or is dependent on associations with other cell surface proteins remains
unclear (Reddy et al., 2003). Additionally, the mechanism through which GRP78
translocates to the plasma membrane remains unknown since cell surface GRP78 is
documented to retain the KDEL sequence (Xiao et al., 1999a). There are three
possible theories as to how cell surface GRP78 escapes the KDEL ER retrieval
system. Firstly, during ER stress and GRP78 upregulation, the KDEL receptor may
become saturated allowing excess GRP78 to translocate to the cell surface.
Secondly, the down regulation of the KDEL receptor may occur under certain
conditions thereby allowing GRP78 to move to the cell surface. Finally, a large body
of evidence is suggestive of another protein aiding in the translocation of GRP78 to
the cell surface (Misra et al., 2005). This other protein could mask the KDEL

sequence allowing GRP78 to escape ER retrieval.

-The Regulation of Cell Surface Levels of GRP78

Although the exact mechanisms are not known, hypoxia (Davidson et al., 2005), ER
stress (Delpino & Castelli, 2002) and the cochaperone murine tumour cell DnaJ-like
protein 1 (MTJ-1) (Misra et al., 2005) have all been shown to regulate cell surface
levels of GRP78. Hypoxia has been identified as a mechanism of increasing cell
surface levels of GRP78 (Davidson et al., 2005). One study showed that when
HT1080 human fibrosarcoma cells were starved for oxygen for 24 hours cell surface

levels of GRP78 increased over 4-fold as determined by immunohistochemical
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analysis (Davidson et al., 2005). Endoplasmic reticulum stress has also been shown
to increase not only ER resident GRP78 but also cell surface and secreted levels of
GRP78 (Delpino & Castelli, 2002). Induction of ER stress with thapsigargin
demonstrated a marked increase in cell surface GRP78 and secreted GRP78 as
measured by a biotinylation assay and ELISA respectively (Delpino & Castelli, 2002).
However, the mechanism of ER stress induced GRP78 transport to the cell surface,
as well as its release into the media are not understood (Delpino & Castelli, 2002).

In addition to hypoxia and ER-stress, recent studies have demonstrated that the
GRP78 cochaperone murine tumour cell DnaJ-like protein 1 (MTJ-1) also has the
ability to regulate cell surface levels of GRP78 (Misra et al., 2005). MTJ-1 increases
the catalytic activity of GRP78 in addition to acting as a cochaperone to aid GRP78
in the translocation and correct folding of nascent polypeptides (Chevalier, Rhee,
Elguindi, & Blond, 2000b). MTJ-1 is thought to be responsible for the translocation
of GRP78 to the cell surface (Misra et al., 2005). GRP78 and MTJ-1 associate together
on the cell surface as established by co-immunoprecipitation assays of plasma
membrane lysates (Misra et al., 2005). Furthermore, silencing of the MTJ-1 gene by
RNA interference blocks GRP78 from reaching the cell surface (Misra et al., 2005).
1.3.3 Non-Chaperone Functions of GRP78

-Calcium Binding Protein

Like most molecular chaperones, GRP78 is a major Ca** binding protein that aids in
maintaining ER Ca® balance (Lee, 2001; Lievremont et al., 1997). GRP78, as well as

other major Ca** binding chaperones, does not contain a putative Ca** binding
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domain; however Ca** binds to paired anionic amino acids within the chaperone’s
structure (Lucero et al., 1994). Although GRP78 contains the greatest number of
anionic residues (111) it has few paired anionic residues (19) making its Ca** binding
capacity 1-2 mole Ca**/mole GRP78 compared to PDI (23 mole Ca** /mole GRP78)
and calreticulin (20 mole Ca* /mole GRP78) (Lucero et al., 1994; Lievremont et al.,
1997). Interestingly, the overexpression of GRP78 increases the Ca®* storage
capacity of the ER (Lievremont et al., 1997) and attenuates oxidant-induced
fluctuations in Ca*" and subsequent apoptosis (Liu et al., 1998; Aoki et al., 2001).
Additionally, knock-down of GRP78 using anti-sense causes increases in
intracellular free Ca*" in response to H,O, (Aoki et al., 2001) or glutamate (Yu et al.,
1999) supporting the role of GRP78 in maintaining cellular Ca** homeostasis and
preventing Ca** induced apoptosis.

The binding of Ca®** to GRP78 may also influence the ATP/ADP binding domain
(Lamb et al., 2006). Ca** binding to GRP78 allows for quicker dissociation of ADP
resulting in more efficient ATP binding (Lamb et al., 2006). Since the binding of
GRP78 to caspases is ATP dependent (Reddy et al., 2003), Ca** binding to GRP78
may have consequences on its cytoprotective properties as discussed in the next

section (Lamb et al., 2006).

-GRP78 is The Primary Receptor for the az-Macroglobulin Signaling Pathway
azM is a class of proteinase inhibitors that target a variety of proteinases in the

metallo-, serine-, aspartic acid and thiol- families (Cheng, Grima, & Stahler, 1990;
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Misra et al., 2002). When oM becomes irreversibly bound to a proteinase, a:M
undergoes a conformational change and is converted to its active state o,M*
(Gettins, 1995; Misra et al., 2002). a;M* then binds to and triggers a cellular receptor
which results in a signalling cascade mediated by an influx of intracellular calcium,
and elevates inositol phosphates as well as cyclic AMP (Howard et al., 1996; Howard,
Misra, DeCamp, & Pizzo, 1996; Misra, Chu, Rubenstein, Gawdi, & Pizzo, 1993; Misra,
Gawdi, Gonzalez-Gronow, & Pizzo, 1999; Misra & Pizzo, 2002). This signalling
pathway regulates cell survival and proliferation (Misra et al., 2002; Misra et al.,
2004; Misra et al., 2005). Additionally, a;M* signalling through GRP78 regulates
macrophage cell mobility by recruiting p21-activated protein kinase-2 (PAK-2) with
the aid of the adaptor protein NCK to the plasma membrane for activation by
tyrosine phosphorylation (Misra et al., 2005). Activated PAK-2 in turn increases LIM
kinase activity resulting in cofilin phosphorylation (actin binding protein), thereby
inhibiting its depolymerization and regulating actin assembly and motility (Misra et
al., 2005). When this pathway was first described by Pastan and colleagues in the
1980’s, two classes of receptors with different binding affinities were identified
(Dickson, Willingham, Gallo, & Pastan, 1981; Hanover, Cheng, Willingham, & Pastan,
1983; Hanover, Willingham, & Pastan, 1983). A decade later, the lower affinity
binding site was identified as the low density lipoprotein receptor-related protein
(LRP) (Strickland et al., 1990).

The LRP pathway is activated by numerous ligands and results in the

transcriptional regulation of various proteins (Misra, Chu, Gawdi, & Pizzo, 1994a).
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The LRP pathway is mediated by the activation of the pertussis toxin-sensitive G
protein (Goretzki & Mueller, 1998; Misra, Chu, Gawdi, & Pizzo, 1994a; Misra, Chu,
Gawdi, & Pizzo, 1994b; Misra, Gawdi, & Pizzo, 1999; Misra et al., 2002). 0oM* has
been shown to bind to LRP, however the signalling mechanism that results from
azM activation is distinct from the mechanism observed with the binding of other
LRP ligands suggesting that the primary receptor for a;M* is independent of LRP
(Goretzki & Mueller, 1998; Misra et al., 1993; Misra, Chu, Gawdi, & Pizzo, 1994a;
Misra, Chu, Gawdi, & Pizzo, 1994b; Misra, Gawdi, & Pizzo, 1999; Misra et al., 2002).
Differences include the activation of a unique G protein as well as the absence of
receptor-associated protein (RAP) or Ni** antagonism observed with all other LRP
ligands (Goretzki & Mueller, 1998; Misra et al., 1993; Misra, Chu, Gawdi, & Pizzo,
1994a; Misra, Chu, Gawdi, & Pizzo, 1994b; Misra, Gawdi, & Pizzo, 1999; Misra et al.,
2002; Odom, Misra, & Pizzo, 1997). These results have allowed for the elucidation of
the true receptor for opM* signal transduction.

Recent studies have shown that GRP78 has the highest binding affinity for the ocoM
signalling pathway (Misra et al., 2002; Misra et al., 2004). Cell surface GRP78 has
been shown to be necessary and sufficient for a,M* signal transduction, while LRP
is not (Misra et al., 2002; Misra et al., 2004). Antibodies directed against GRP78
compete for a;M* binding sites, thereby abolishing the a;M* increase in [Ca*'] and
resulting signalling cascade (Misra et al., 2002). GRP78 gene silencing through
dsRNA homologs effectively attenuates a,M* induced [*H] thymidine uptake, IP;

and [Ca2+] increases, induction of Grb2, Sos, Shc and Raf-1, as well as the activation
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of MEK1/2, ERK 1/2, p38 MAPK and JNK (Misra et al., 2004). LRP ablation does not
attenuate aM* signalling; a,M* is still capable of eliciting a calcium response in
these cells (Misra et al., 2002).

-GRP78 and Pathology

The majority of studies assessing cell surface GRP78 have been performed using
cancer cells or cells overexpressing GRP78, suggesting that cell surface GRP78 may
be a phenomenon only observed under pathological conditions (Delpin & Castelli,
2002; Shin et al., 2003; Arap et al., 2004). Additionally, cell surface GRP78 levels
correlate with various pathological conditions such as rheumatoid arthritis (Blass et
al., 2001; Corrigall et al., 2001), atherosclerosis (Liu et al., 2003), and many cancers
including prostate cancer, and melanomas (Arap et al., 2004; Mintz et al., 2003; Shin
et al., 2003). Patients with these various pathologies mount an autoimmune
response to cell surface GRP78, and these GRP78 autoantibodies demonstrate
important biological functions (Lee et al., 2007; Dong et al., 2008; Pfaffenbach et al.,
2011).

Rheumatoid arthritis is characterized by the chronic inflammation of the synovial
joints and is a leading crippling autoimmune disease (Corrigall et al., 2001). GRP78
has been identified on the cell surface of synovial cells and was demonstrated to be
highly antigenic (Blass et al., 2001; Corrigall et al., 2001). One study demonstrated
that 63% of rheumatoid arthritis patients tested positive for GRP78 autoantibodies,
while none of the healthy volunteers had GRP78 autoantibodies (Blass et al., 2001).

Furthermore, mouse models of arthritis develop GRP78 autoantibodies, however
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intravenous injection of GRP78 into these mice prior to arthritis development
completely inhibited arthritis (Corrigall et al., 2001).

A recent study identifying unique molecular targets on the surface of
atherosclerotic lesions demonstrated the presence of cell surface GRP78 (Liu et al.,
2003). Using phage biopanning in the atherosclerotic mouse model (ApoE protein
knock out mouse model) in vivo and human lesions ex vivo, phage preferentially
binding to cell surface GRP78 were identified (Liu et al., 2003). Interestingly,
unpublished data from our laboratory have demonstrated a significant increase in
GRP78 autoantibodies in 25 week old ApoE”~ mice compared to younger ApoE”"

mice.

-Anti-GRP78 Autoantibodies and Cancer Pathologies

GRP78 is expressed on the cell surface of many different human cancers (Arap et al.,
2004; Mintz et al., 2003; Shin et al., 2003). Employing a phage biopanning
technique, one study identified GRP78 as a tumourspecific cell surface antigen
(Arap et al., 2004). Biotinylation of cell surface proteins revealed GRP78 on the cell
surface of neuroblastoma cells (SH-SY5Y), lung adenocarcinoma cells (A549), colon
adenocarcinoma cells (LoVo), lymphoblastic leukemia-B cells (Sup-B15), ovarian
tumourcells (Shin et al., 2003), human rabdomiosarcoma cells (Delpino & Castelli,
2002), NG108-15 cells (Xiao et al., 1999), and thymic lymphoma cells (Wiest et al.,
1997). Immunofluorescence was also used to demonstrate cell surface GRP78 on the

prostate adenocarcinoma cell lines 1-LN, PC-3 and DU145 as well as the melanoma
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cell line DM413 (Gonzalez-Gronow et al., 2006). Moreover, GRP78 autoantibodies
have been isolated from the blood of patients with prostate cancer (Gonzalez-
Gronow et al., 2006) or kidney cancer (Pinthus & Austin, unpublished data), and
autoantibody titers are correlated with advancing disease and poorer prognosis
(Gonzalez-Gronow et al., 2006). GRP78 autoantibody titers from healthy volunteers
average ~7 ug/mL while the average prostate cancer patient displays titers of ~60
nug/mL with some individual patients expressing as high as 250 pg/ml (Gonzalez-
Gronow et al., 2006). Interestingly, the majority of GRP78 autoantibodies map to a
specific N-terminal tertiary epitope on GRP78 (Leu98-Leull5) (Gonzalez-Gronow et
al., 2006). Recent studies have demonstrated that the autoantibodies are
biologically important since they increase prostate cancer cell proliferation and
survival in vitro (Gonzalez-Gronow et al., 2006). While the mechanisms are still not
understood, it is clear that during the progression of atherosclerosis and cancer
that GRP78 is expressed on the cell surface, and that GRP78 autoantibodies play a
significant biological function in tumorgenesis. However, the role of GRP78
autoantibodies in atherosclerotic lesion development, and in thrombosis still

remains unknown.

-GRP78 and Thrombosis
Recent work with cell surface GRP78 suggests a role for GRP78 in thrombosis
(Bhattacharjee et al., 2005). One study identified GRP78 on the cell surface and

demonstrated that treatment with GRP78 antibodies induced an increase in TF PCA
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(Bhattacharjee et al., 2005). This study also showed evidence of a TF-GRP78 direct
interaction using co-immunoprecipitation, however the association of TF and
GRP78 was only possible when TF was overexpressed and whole cell lysates were
employed, not purified plasma membrane extracts (Bhattacharjee et al., 2005). In
response to this data, a direct interaction between TF and GRP78 has been
proposed as the mechanism through which GRP78 modulates TF PCA. In this report
we show that GRP78 may in fact interact with TF, however, modulation of TF PCA
occurs via an intracellular pathway. Moreover, Cytoscape® was used to visualize
interactions between GRP78 and TF; no interaction was demonstrated between the
two proteins (Figure 4).

Our previous study demonstrated that GRP78 overexpression inhibits TF PCA in a
prothrombotic cell line (Watson et al., 2003). Stable overexpression of GRP78
attenuates TF mediated thrombin generation without decreasing cell surface levels
of TF (Watson et al., 2003). These findings suggest that GRP78 inhibition of TF PCA
is not due to ER retention, but rather an indirect Ca®>" mediated mechanism since
the overexpression of GRP78 was also capable of decreasing TF PCA induced by

ionomycin, H,O, and adenoviral infection (Watson et al., 2003).
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Figure 4: Protein interaction for GRP78 and TF generated using Cytoscape®.

The molecular interaction network demonstrated that GRP78 and TF can interact
with many proteins, however there was no direct interaction between each other.
The figure was generated using InAct and InnctoDB-AIl databases; GRP78 and TF

were shown to interact with 220 and 87 proteins, respectively.
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1.4 Hypothesis and Research Overview:

While it is clear that the expression of GRP78 on the cell surface of cancer cells is
not coincidental, its actual function as a cellular receptor is still unclear. Cell
surface GRP78 seems to have functions that are distinct from its chaperone activity.
Some studies deemed that cell surface GRP78 possesses pro- and/or anti-
tumourigenic properties, others have concluded that its an antigenic molecule
leading to production of anti-GRP78 autoantibodies. Such functions were shown to
depend on cell surface GRP78 binding partner. However, current knowledge lacks
the understanding of the mechanism or consequence when physiological
concentrations of these ligands are bound to cell surface GRP78.

Previously, Bhattacharjee and colleagues had determined that cell surface GRP78
can regulate TF and its proculagulant activity via direct interaction (Bhattacharjee,
Ahamed et al. 2005); disruption of TF and GRP78 interaction resulted in increased
TF activation. These findings, combined with the discovery of anti-GRP78
autoantibodies (Mintz, Gibo et al. 2003), have lead us to hypothesize that
pathological concentrations of anti-GRP78 autoantibodies (60ug/mL) modulate TF
actvity. This increased TF activation can results in enhanced tumour progression.
To test this hypothesis, we pursued the following objectives: (1) To define the
intracellular mechanism by which anti-GRP78 autoantibodies increase TF
activation. (2) To determine how increased TF activation can affect tumour growth.
(3) To identify means to alleviate the effect of anti-GRP78 autoantibodies on

increased TF activation. These objectives were evaluated in the following chapters:
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1.4.1 Chapter 2: Development of a continuous assay for the measurement of tissue
factor procoagulant activity on intact cells

Published in: Laboratory Investigation (2010) 90, 953-962;
doi:10.1038 /labinvest.2010.59; published online 8 March 2010.

Summary: To accurately measure TF activity, we established a new technique to
where tissue factor activity can be measured in a continuous manner in real time
on intact cells. This allowed us to identify molecules that may have delayed TF

activation.

14.2. Chapter 3: Binding of Anti-GRP78 Autoantibodies to Cell Surface GRP78
Increases Tissue Factor Procoagulant Activity via the Release of Calcium from
Endoplasmic Reticulum Stores

Published in: Journal of Biological Chemistry (2010). 285, 28912-28923. doi:
10.1074 /jbc.M110.119107; published online on 6 July 2010.

Summary: In this publication, the mechanism by which the binding of anti-GRP78
autoantibodies to cell surface GRP78 can increase TF activation in the bladder
carcinoma cell line, T24 /83. This involves activation of an intracellular mechanism
where an increase in insisitol-triphosphate (IP3) molecules leads to increased
cytosolic Ca®** concentration, and subsequent membrane change resulting in

increased TF activity.

56



PhD Thesis - Ali Al-Hashimi McMaster University - Medical Science

1.4.3. Chapter 4: Cell Surface GRP78 Activation by Anti-GRP78 Autoantibodies
Confers Tumor Growth via Tissue Factor, submitted to Cancer Cell.

Summary: In this publication, anti-GRP78 autoantibodies were shown to accelerate
tumour growth in vivo. The expression of the TF protein was required for this
process. Finally, heparin and low molecular weight heparin molecules were shown
to interrupt the binding of anti-GRP78 autoantibodies to cell surface GRP7S,
subsequently, the effect of anti-GRP78 autoantibodies on accelerated tumour

growth was reversed.
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CHAPTER 2

LABORATOY INVESTIGATION PUBLICATION
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Preamble
This chapter is an orginal published in the Laboratory Investigation journal

Lab Invest. 2010 Jun;90(6):953-62. doi: 10.1038 /labinvest.2010.59. Epub 2010 Mar 8.

Authors’ Contribution

J. Caldwell, J. Dickhout, A. Al-Hashimi and R.C. Austin designed the study. J.
Caldwell and A. Al-Hashimi performed experiments and related analyses,
performed Western blotting, conducted. R.C. Austin provided intellectual input. A.
Al-Hashimi and R.C. Austin reviewed and edited the manuscript and all authors

approved of the final submission.

59



Laboratory Investigation (2010) 90, 953-962
© 2010 USCAP, Inc All rights reserved 0023-6837/10 $32.00

Development of a continuous assay for the
measurement of tissue factor procoagulant activity

on intact cells

Jennifer A Caldwell, Jeffrey G Dickhout, Ali A Al-Hashimi and Richard C Austin

Tissue factor (TF) is the major physiological initiator of the coagulation cascade and has an important function in the
morbidity and mortality associated with many disease states, including cancer-associated thrombosis and atherosclerosis.
TF normally exists in a partially encrypted state and its de-encryption on circulating monocytes, platelets or endothelial
cells by inflammatory mediators can lead to thrombosis. Furthermore, many cancer cells express large amounts of TF
and these cells communicate readily with the circulation through the fenestrated tumor endothelium. To assess agents
or conditions that modulate the encryption state of TF, we developed a continuous assay for the determination of

TF procoagulant activity (PCA) in a cell-based system. We have shown the use of this assay at detecting agents that
de-encrypt TF thereby leading to an increase in TF PCA in three cancer cell lines, namely, T24/83 bladder carcinoma cells
and PC-3 and DU145 prostate cancer cells. Further, through use of this assay, we have shown that the endoplasmic

reticulum calcium pump inhibitor, thapsigargin, stimulates the de-encryption of TF. The continuous assay for the
determination of TF PCA proved to have inherently less intra- and inter-assay variability than the widely used
discontinuous assay and is considerably less labor intensive. Further, the continuous assay produced progress curves
that were compatible with curve fitting to allow for the determination of the nature of reaction as well as rate
constants for the underlying enzymes, TF/FVlla and FXa. The continuous assay for the assessment of TF PCA on intact
cells is applicable for high-throughput screening to allow for the determination of compounds that modulate TF PCA.
Laboratory Investigation (2010) 90, 953-962; doi:10.1038/labinvest.2010.59; published online 8 March 2010

KEYWORDS: tissue factor; enzyme kinetics; thrombosis; encryption; chromogenic assay

Tissue factor (TF) is an integral membrane protein
considered to be the major physiological initiator of the
coagulation cascade. Induction of TF procoagulant activity
(PCA) has direct implications in many diseases that increase
the risk of thrombosis, including cancer' and athero-
sclerosis.” The coagulation cascade has been described as
consisting of two pathways that lead to the formation of the
fibrin clot: the intrinsic and extrinsic pathways.” The intrinsic
clotting pathway is activated by the contact activation of FXII
either through the exposure of blood to prosthetic devices or
foreign substances. The extrinsic clotting pathway is in-
itiated by the de-encryption of TF and the activation
of FVII to FVIIa. This description of the coagulation cascade
has proven useful in diagnostic tools. However, the division
between these pathways does not occur in vivo where clotting

is initiated through the action of TF whereas the intrinsic
pathway may behave as an important amplifier of the coa-
gulation system.’

Cell-surface levels of TF do not directly correlate with TF
PCA, suggesting that TF exists on the cell surface in two
distinct forms: encrypted (dormant) and de-encrypted
(active).® TF encryption provides the cell with a mechanism
to elicit a rapid hemostatic response without transcriptional
upregulation of the TF gene while minimizing deleterious
clot formation. Many agents, including detergents,” Ca®™"
ionophores® and oxidants,” can significantly increase TF
de-encryption leading to the amplification of TF PCA.
Because a large portion of expressed TF is exposed on the
cell surface, various regulatory pathways are necessary to
maintain TF in an encrypted state to prevent unprovoked
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widespread coagulation.'® There are several proposed mecha-
nisms for regulating cell-surface TF encryption including
the formation of TF homodimers, the phospholipid micro-
environment (phosphatidylserine exposure), TF compart-
mentalization in lipid rafts, the endocytosis and degradation
of the TF/FVIla complex and isomerization of the TF
disulfide bond."™" Although several mechanisms of TE
post-translational regulation have been proposed, the mode
of TF encryption varies between different cell systems. In
addition, the mechanisms through which TF is de-encrypted
are poorly understood and highly controversial.

In this context, direct measurement of TF protein
expression may not accurately represent the thrombogenicity
associated with TF due to post-translational modifications
that influence TF PCA.'* Measuring TF PCA can be achieved
by using a two-stage (discontinuous) clotting assay.">™"” In
this assay, cells are treated for a predetermined period of time
with a test agent followed by incubation with a cocktail
solution containing FX and FVIIa. After incubation, the
reaction is terminated at a set time point and TF PCA is
determined by measuring product formation. This two-step
clotting assay is the gold standard methodology for mea-
suring TF PCA. However, it is a labor-intensive method
limiting the number of samples that can be run simulta-
neously and uses a single end point determination of product
formation occurring during the putative exponential phase of
the progress curve. This approach allows for variations in
reaction time occurring during the first stage to produce wide
variability in product output in the second stage. Further, the
arbitrary assignment of the test agent’s incubation time in the
first stage, especially if the effects of the agent on TF PCA are
unknown, makes the assay prone to false-negative results if
used as a screening tool.

In this report, we propose a modified version of this gold
standard assay: the continuous kinetic assay. Thus, we have
combined both steps of the discontinuous assay into a single-
step kinetic assay. This technique produces a progress curve
of product formation over time where the rate constants of
the TF/FVIIa complex and FXa action can be determined.
Further, due to its single-step nature the assay is applicable
for use in high-throughput screening of test substances
with unknown effects or durations of action on TF PCA.
In this assay, measuring TF PCA is dependent on a series
of cleavages mediated by serine proteases. However, we
acknowledge that certain limitations may arise from the
introduction of a test agent that can either cleave the
chromogenic substrate directly, independent of TF activation,
giving a false-positive result, behave as a serine protease
inhibitor and therefore interfere with the action of the
TF/FVIIa complex or that of FXa on the chromogenic
substrate, or result in cell lysis. However, in light of the
fact this method is composed of only one step combined with
the automative nature of the assay, it can be applied in high-
throughput screening format that can be used to determine
both activators and inhibitors of TF PCA.
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MATERIALS AND METHODS

Cell Culture

The human bladder carcinoma cell line T24/83 was obtained
from American Tissue Culture Collection (ATCC) (Rockville,
MD, USA) and was cultured in M199 medium supplemented
with 10% fetal bovine serum (FBS), 100 ug/ml penicillin and
100 pg/ml streptomycin. The prostate cancer cell lines, PC-3
and DU145, were obtained from ATCC. PC-3 cells were
grown in F-12K medium containing 10% FBS, 100 ug/ml
penicillin and 100 ug/ml streptomycin. DU145 cells were
grown in Eagle’s minimum essential medium containing
10% FBS, 100 ug/ml penicillin and 100 ug/ml streptomycin.
Cells were cultured at 37°C in humidified air with 5% CO,.
The 7-aminoactinomycin D (7-AAD) (Beckman Coulter,
Fullerton, CA, USA) viability dye was used to determine the
percentage of cell survival after treatment with various
agonists used in the TF PCA assay according to the manu-
facturer’s instructions.

TF PCA Agonists

Ionomycin (Sigma-Aldrich, St Louis, MO, USA) was diluted
to a final concentration of 1-20 uM. Ionomycin is a known
inducer of TF PCA for the discontinuous assay and was
diluted and incubated on cells for 10 min as well as used in
the continuous assay. Hydrogen peroxide (Sigma-Aldrich)
was diluted to a final concentration of 1-20mM and
incubated on the cells for 1h in the discontinuous assay
and also used in the continuous assay. Thapsigargin (Sigma-
Aldrich) was diluted to a final concentration of 1-20 uM and
determine by the continuous assay to increase TF PCA. The
nonionic detergent Triton X-100 (0.01% v/v) was also used as
a TF PCA agonist in the continuous assay for curve fitting
experiments.

Discontinuous TF PCA Assay

Cell-surface TF PCA was measured using the chromogenic
reporter substrate S-2765, as described previously by Watson
et al."® Briefly, cells were seeded into a 24-well plate and upon
reaching confluence washed in 1 x Tris-buffered saline
(TBS). Treatment times and concentrations varied according
to the reagent used; however, all treatments were diluted in
cell culture media lacking FBS and antibiotics. The plates
were maintained at 37°C and a cocktail containing 0.5 nM of
FVIIa (Enzyme Research Laboratories, South Bend, IN, USA)
and 15nM of FX (Enzyme Research Laboratories) in 1 x
TBS was added to each well to a final volume of 304 ul. At
timed intervals, 15 ul of 100 mM CaCl, was added to each
well and allowed to incubate for 30 min. After incubation,
250 ul of the reacting solution was transferred to a 96-well
plate containing 25ul of 0.2mM S-2765 (Chromogenix,
Lexington, MA, USA) and incubated for 3 min. The reaction
was terminated with 20 ul of 50% acetic acid. The absorbance
at 405nm was determined using a spectrophotometer
(Spectromax PLUS) and SOFTmax Pro software (Molecular
Device, Sunnyvale, CA, USA). A standard curve was generated
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where 100U of TF activity was defined as the amount of
activity in 3 ul of purified rabbit brain thromboplastin (Dade
Behring, Deerfield, IL, USA), which is equivalent to 900 ug of
TF (as determined by the American Diagnostica ELISA,
Stamford, CT, USA). Each well was lysed with RIPA buffer
(0.1% SDS). Total protein was calculated using the DC
Protein Assay (Bio-Rad, Richmond, CA, USA) according
to the manufacturer’s instructions and described below.
Cell-surface TF PCA was calculated as the amount of FXa
generated per ug of total cell protein (U/ug).

Continuous TF PCA Assay

The chromogenic reporter substrate S-2765 was used to
measure factor Xa generation as an indirect way of assaying
cell-surface TF PCA. An equivalent number of cells were
seeded into a 96-well plate and upon reaching confluency
(1 x 10* cells per well) rinsed once with 1x TBS before
analysis. Cocktail (90 ul) containing 1 nM of FVIIa (Enzyme
Research Laboratories), 30nM of FX (Enzyme Research
Laboratories), 10 mM CaCl, and 0.4nM of S-2765 in TBS
was added to each well. Fach testing agent was diluted in
TBS, and the given dose was added by a 10 ul addition to
each well in eight replicates. The absorbance at 405nm
was then measured kinetically every 2min for 3h at 37°C.
Maximum kinetic rate (Vmax) was calculated in each well
using SOFTmax Pro and compared against the standard
curve to determine TF PCA. The standard curve was gene-
rated where 100 U of TF activity was defined as the amount
of activity in 1.5 ul of purified human recombiplastin (Dade
Behring), which is equivalent to 450 ug of TF (as determined
by the American Diagnostica ELISA). Cell-surface TF PCA
was calculated as the amount of FXa generated per 1 x 10*
cells (U per 1 x 10* cells). To assess the specificity of the assay
for TF, the rabbit anti-human TF antibody (American
Diagnostica, #4502) was used as an inhibitory antibody
over a concentration range of 0-10 ug/ml while a rabbit
anti-green fluorescent protein (GFP) antibody (10 pg/ml)
(Affinity BioReagents, Rockford, IL, USA, #PA1-980) was
used as a nonspecific antibody control.

Quantitation of Total Cellular Protein

To determine the amount of protein in each test well of the
discontinuous assay, we performed the DC Protein Assay
(Bio-Rad) in triplicate. Lysates in RIPA buffer were passed
through a 21 1/2; gauge needle and centrifuged at 10 000 r.p.m.
for 2min. Triplicate aliquots of 5ul of lysates were each
incubated with 24.5 ul of Reagent A, 0.5 ul of Reagent S and
200 ul of Reagent B in a 96-well plate for 15-30 min. The
reference standard used in this procedure was a dilution series
of Bio-Rad Protein Assay Standard II. Absorbance was mea-
sured at 750 nm on a spectrophotometer using SOFTmax Pro.

Immunoblot Analysis

Total protein lysates were prepared using 4 x Laemmli
sample buffer (50 mM Tris (pH 6.8), 2% SDS, 10% glycerol,
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0.01% bromophenol blue and 50mM DTT). Lysates were
boiled for 5min before separation by electrophoresis under
reducing conditions on a 10% SDS—polyacrylamide gel.
Proteins were transferred onto a nitrocellulose membrane
(Bio-Rad) using the Trans-Blot Semi-Dry transfer apparatus
(Bio-Rad). Membranes were blocked overnight in 5% milk
(from powder) in 1 x TBST followed by incubation with the
primary rabbit anti-human TF antibody then horseradish
peroxidase-conjugated secondary antibodies (Upstate Bio-
technology, Lake Placid, NY, USA) diluted in 1% milk (from
powder) in 1 x TBST. Membranes were visualized using the
Western Lighting Chemiluminescence Reagent (PerkinElmer,
Boston, MA, USA) and Kodak X-OMAT Blue XB-1 film
(PerkinElmer) was exposed and developed using a Kodak
X-OMAT 1000A Processor. To control for protein loading,
immunoblots were re-probed with a mouse monoclonal anti-
p-actin antibody (Sigma-Aldrich) after re-blocking overnight
in 5% milk (from powder) in 1 x TBST. All reagents used to
make the polyacrylamide gel as well as the electrophoresis
apparatus were purchased from Bio-Rad.

Statistical Analysis

The standard error of the mean for each treatment replicate
was established using Excel software (Mississauga, ON,
Canada). Significance of differences between control and
various treatments was determined by analysis of variance
(ANOVA). On finding significance with ANOVA, an un-
paired Student’s t-test was performed. For all analyses,
P<0.05 was considered significant. To compare the re-
producibility of results produced by both the discontinuous
and continuous assays, we calculated the intra- and inter-
assay coefficient of variation (CV) for both the discontinuous
and continuous assay determinations of TF PCA using the
methodology described by Grotjan and Keel.'® Further, to
determine the predicted nature of the enzymatic reaction
with progress curves obtained from the continuous assay, we
performed enzymatic kinetic curve fitting using Table Curve
2D software version 5.01 (Systat Software Inc.), where 58
total kinetics equations were fit and best fit was determined
by maximizing the R* value.

RESULTS

Comparison of Discontinuous vs Continuous
Measurement of TF PCA

Schematic diagrams of the procedure for the disconti-
nuous and continuous FXa generation assays are described in
Figure la. To determine if the continuous assay developed to
measure TF PCA was able to measure increases in TF PCA
produced by the known TF agonists ionomycin and hydrogen
peroxide, we examined and compared dose responses of these
substances to the discontinuous assay system. As previously
reported,” the discontinuous assay showed a significant
increase in TF PCA due to treatment of T24/83 cells with
the agonists ionomycin (1-20 uM) or hydrogen peroxide

955


http://www.laboratoryinvestigation.org

Tissue factor procoagulant activity assay
JA Caldwell et al

a Discontinuous Assay
Treat 1 hrin Add 304 pl of
FBS-free Media cocktail per well
OOO0O0OQ| washwith [OOOOQOQ)| Add 15
O0000Q| 1xTss cacCl,

000000
OCOO000O

Continuous Assay

Add 90 pl of
cocktail per well

Cells 100% confluency

Add 10 pl
test agent

/

Wash with
1X TBS

90% confluency React 30 min
Transfer 250 pl
(Wells containing ~ aliquots Read Kinetically
405 nm
Stop with 20 pl Read Endpoint Determine
acetic acid > 405nm Vmax

b Discontinuous Continuous Discontinuous Continuous
30 - : 40 14 a % 18 L
£ 5 = 16 2
98 25 = £ 127 g
° 30 & 2 Ll
g <« O 104 S

2.0 1 © g 12—
=2} - »
= » o 0.8 1 10
e -
S 151 20 « = -~
- =~ = 0.6 ré 2
< 2 = =
o 1.0 ~ e <
o L 10 < 5} 0.4 4 8
K o5 g o (‘% =
= o w029 L2

h -
0.0 Lo 0.0 — : Lo
01 5 10 20 01 5 10 20 puMm 0 1 5 10 01 5 10 20 mM
lonomycin H,0,

Figure 1 Continuous vs discontinuous measurement of TF PCA. (a) Schematic diagram of the procedure for the discontinuous and continuous FXa
generation assays. (b) TF PCA measured both discontinuously and continuously on T24/83 cells in response to the agonists, ionomycin (1-20 uM) or

hydrogen peroxide (1-20 mM). *P<0.05 vs vehicle control.

(1-20 mM). The continuous assay was also able to detect the
dose-dependent increase in TF PCA produced in T24/83 cells
in response to these agonists (Figure 1b).

Specificity of the Continuous Assay for the
Measurement of TF PCA

To determine if the response measured in the continuous TF
PCA assay was specific for TF activation, we used an in-
hibitory anti-TF antibody to determine if the assay response
could be abolished (Figure 2). A nonspecific anti-GFP anti-
body was used as its control. Progress curves are shown in
Figure 2a for the product of FXa’s cleavage of the chromo-
genic substrate, p-nitroanilide (pNA), due to stimulation
with the endoplasmic reticulum (ER) calcium-releasing
substance thapsigargin, drug vehicle control, as well as
thapsigargin treatment combined with preincubation of the
cells with the anti-TF inhibitory antibody or the nonspecific
anti-GFP antibody. Thapsigargin treatment increased TF
PCA in T24/83 cells over vehicle control; however, this effect
was abolished by preincubation with the anti-TF inhibitory
antibody. The nonspecific anti-GFP antibody produced little

956

inhibition of the thapsigargin response. To determine if the
Vmax responses to the agonists thapsigargin and ionomycin
were specific for TF, preincubation with the anti-TF antibody
or the anti-GFP control were used. Both thapsigargin and
ionomycin significantly increased the response in Vmax over
vehicle control; however, this was significantly inhibited
by the anti-TF antibody. The anti-GFP antibody had no
significant effect on Vmax (Figure 2b). The fitting of Vmax
to standards of purified human recombiplastin allowed the
determination of TF PCA (U per 1 x 10* cells) generated by
ionomycin (10 uM), hydrogen peroxide (10 mM) and thap-
sigargin (10 uM). These were all found to be dose depen-
dently inhibited by increasing the concentration of the anti-
TF inhibitory antibody (0-10 ug/ml) (Figure 2c). Further, the
assay was performed with the stepwise removal of critical
components of the cocktail mix, namely, calcium, chromo-
genic substrate (S-2765), FX, FVIIa or the cells where
ionomycin (10 uM) and thapsigargin (15uM) were used
as agonists. The reaction was unable to proceed unless all
critical components were present and the agonist had no
effect with a complete cocktail in the absence of cells,
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Figure 2 Determination of the specificity of the continuous assay for the measurement of TF PCA. (a) Progress curves for the continuous assay performed
on T24/83 cells showing response of vehicle control vs 10 uM thapsigargin (Tg), 10 uM thapsigargin pretreated with 10 ug/ml anti-TF neutralizing antibody
(Tg + anti-TF) and 10 uM thapsigargin pretreated with 10 ug/ml anti-GFP antibody (Tg + anti-GFP) as a control for the specificity of the TF neutralizing
antibody effect. (b) Maximum rate of kinetic reaction (Vmax) derived from progress curves on T24/83 cells showing significant increases in Vmax produced
by 10 uM Tg and 10 uM ionomycin (iono) treatment (*P < 0.05 vs vehicle control), significant inhibition of this effect by TF neutralizing antibody ({P<0.05 vs
agonist, Tg and lono) and no significant effect on Vmax of nonspecific antibody control, anti-GFP. (c) TF PCA of T24/83 cells pre-treated with the anti-TF
neutralizing antibody (anti-TF, 1-10 ug/ml) followed by treatment with agonist ionomycin (10 uM), hydrogen peroxide (10 mM) or thapsigargin (10 uM).
*P < 0.05 vs vehicle control. ** represent significant decrease in agonist response due to pretreatment with anti-TF neutralizing antibody, P<0.05. (d) On cell
controls using T24/83 cells where each component of the cocktail is absent without stimulation or with ionomycin (10 uM) or thapsigargin (15 uM)

treatment. *P<0.05 vs vehicle control ({ over 0).

indicating that the source of TF PCA increase to be from the
test cells (Figure 2d).

Continuous Measurement of TF PCA in Different Cell
Lines

To determine if the continuous assay was able to distinguish
different levels of TF PCA between cell lines having different
amounts of total TF, we used two prostate cancer cell lines
(PC-3 and DU145) in the assay. Western blot analysis was
performed to determine the expression of total TF in these cell
lines. It was found that T24/83 cells had an intermediate level
of total TF protein expression, whereas PC-3 cells had the
lowest level and DU145 had the greatest level of expression
(Figure 3a). Stimulation of PC-3 and DU145 cells with

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 90 June 2010

ionomycin, hydrogen peroxide or thapsigargin showed that
both cell lines displayed a dose-dependent increase in TF PCA
to these agonists (Figure 3b and c). However, TF PCA activity
responses in DU145 cells with the greatest amount of TF ex-
pression were approximately 50-fold higher than that in PC-3
cells with the lowest amount of TF protein expression. These
findings indicate the ability of the continuous assay to dis-
tinguish between biologically relevant levels of TF expression
in different cell lines.

Agonists Potentially Interfering with the Continuous TF
PCA Assay

In the discontinuous assay, agonists are removed before a
determination of TF PCA is made. This allows the assay to be
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Figure 3 Continuous measurement of TF PCA in cell lines expressing different levels of total TF. (a) Western blot of whole-cell lysates from T24/83, PC-3 and
DU145 cells showing levels of TF protein expression. To control for equivalent protein loading, blots were reprobed with anti-$-actin antibody. Treatment of
(b) PC-3 and (c) DU145 cells with ionomycin (1-20 uM), hydrogen peroxide (1-20 mM) or thapsigargin (1-20 uM). *P<0.05 vs vehicle control.

run for only one fixed time point, thereby preventing the
generation of kinetic progress curves. However, it does
have the advantage of removing test substances that could
potentially interfere with the cleavage of FX and/or the
chromogenic substrate. o,-Macroglobulin (o,M) is a known
mobilizer of intracellular calcium through its binding to the
cell-surface GRP78 receptor.19 However, it is also a broad
spectrum proteinase inhibitor capable of inhibiting the
serine proteinases found in the continuous TF PCA assay. Use
of o,M as a TF PCA agonist in T24/83 cells in the disconti-
nuous assay showed a dose-dependent increase in TF
PCA (Figure 4a). However, the same doses of a,M in the
continuous assay produced no increase in TF PCA whereas
thapsigargin did significantly increase TF PCA (Figure 4b).
Examination of doses of a,M on the effect of preactivated
FXa’s cleavage of the chromogenic substrate S-2765 in a
cell-free system showed that o,M dose dependently inhibited
FXa’s cleavage of the substrate as shown by a significant
reduction in the area under the progress curve response
(Figure 4c). These findings indicate that TF PCA agonists
that also interfere with TF/FVIla or FXa enzymatic activity
will not be recognized by the continuous assay as opposed to
the discontinuous assay system. Agonists resulting in cyto-
toxicity may also lead to an increase in TF PCA. To show this
effect, we used the nonionic detergent Triton X-100 to
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disrupt the plasma membrane. This resulted in complete cell
death after treatment as measured by the 7-AAD viability dye
(Figure 4d). Triton X-100 was also shown to increase TF PCA
(Figure 5a). However, treatment with agonists that increase
TF PCA in the continuous assay system, including thapsi-
gargin (10 uM) and ionomycin (10 uM) (Figure 5a), did not
result in a decrease in cell survival (Figure 4d).

Fitting of Kinetic Equations to Progress Curves

The ability of the continuous assay to generate progress
curves of product formation allows the data generated by this
assay to be subjected to further analysis through curve fitting
and the determination of the rate constants of the enzymatic
reaction. Progress curves for TF PCA agonists of widely
varying modes of action, including the SERCA calcium pump
inhibitor thapsigargin, calcium ionophore ionomycin and
nonionic detergent Triton X are shown in Figure 5a. The
maximum rate of product formation (Vmax) for each ago-
nist was then fit to the standard curves of TF PCA produced
by known units of recombinant TF which allowed the deter-
mination of TF PCA for each substance in T24/83 cells
(Figure 5b). Curve fitting to the progress curves shown in
Figure 5a determined the fitted curves shown in Figure 5c.
Goodness of curve fit determined by maximum R* value of
the fit allowed the selection of the kinetic model of enzymatic
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Figure 4 Agonists potentially interfering with the continuous TF PCA assay. (a) The proteinase inhibitor a,-macroglobulin (x,M) produced a significant

increase in TF PCA as measured in the discontinuous assay. *P<0.05 vs vehicle control. (b) «;M produced no significant response vs vehicle control in the
continuous assay, whereas 10 uM thapsigargin (Tg) did generate a significant response. *P<0.05 vs vehicle control. (c) Area under the progress curve (AUC)
for the continuous assay in cell-free system where FXa was added in the presence of the chromogenic substrate S-2765 and increasing concentration of «,M
produced dose-dependent reduction in the area under the progress curve. *P<0.05 vs vehicle control. (d) Percentage cell survival resulting from treatment
with the agonists used in the continuous assay system vs vehicle control. Triton X-100 treatment produced a significant decrease in percentage cell survival

as measured by the 7-AAD cell viability assay. *P<0.05 vs vehicle control.

product formation that best described the progress curves
in Figure 5a. Despite the widely varying modes of activity
of the agonists tested, all test substances accurately allowed
the prediction of the mode of product formation in the
continuous assay as first-order sequential formation
(Figure 5d). Where two enzymes, TF/FVIIa complex and
FXa lead to the sequential formation of the product, pNA,
from the chromogenic substrate allowing for the determi-
nation of first-order rate constants k; (TF/FVIIa rate) and
k, (FXa rate) from the equation of the fitted curve
(Equation (1)).

k(lszx) _ kgfklx)

}’ZQ(H‘W)

(1)

The first-order rate constants determined for the drug vehicle
(k;=0.011134, k,=0.011103), 10uM thapsigargin (k, =
0.023933, k,=10.023885), 10uM ionomycin (k; =0.050873,
k;=0.050867) and 0.01% Triton X (k;=0.068506, k,=
0.068504) are in close agreement with the resultant TF PCA
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calculated from standard curves and show that the rate of
TF/FVIIa formation closely determines the rate of FXa through
the sequential formation of FXa as product of the first
enzymatic reaction.

Reproducibility of the Discontinuous and Continuous
Assays

To assess the reproducibility of both the discontinuous and
continuous assays for the determination of TF PCA, we ran
the assays both in a cell-free system where known amounts of
TF were added to the reaction mixture and in a cell-based
assay where the known agonist 10 uM ionomycin was used
to stimulate a response in T24/83 cells. Replication of these
assays within the plate as well as multiple assay runs over
many plates with the same agonists allowed the calculation
of both the intra- and inter-assay CV for the discontinuous
and continuous assays. It was found that in a cell-free
system as well as in the cell-based system both the intra- and

inter-CV were dramatically lower for the continuous assay
(Table 1).
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chromogenic product formation, pNA.

Table 1 Comparison of the intra- and inter-assay CV in discontinuous and continuous tissue factor procoagulant activity assays

Discontinuous

Continuous

Dose Intra-assay CV (%) Inter-assay CV (%) Dose Intra-assay CV (%) Inter-assay CV (%)
Cell free system 857 24.5 245 85° 4.6 2.9

170° 17.0 233 42° 5.0 23
Cell-based system 10 uM ionomycin 51.7 503 10 uM ionomycin 8.8 22.1

Missue factor (ug) added to cell-free system.

DISCUSSION

This study shows the use of a continuous assay for the
measurement of TF PCA in a cell-based system. The pre-
viously used discontinuous assay, although able to identify
agonists of TF PCA, suffers from a greater intra- and inter-
assay variability. This was likely due to the requirement to
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determine TF PCA from a single end point determination at
an arbitrarily determined time. Small differences in the time
run during the first step of the discontinuous assay may have
resulted in large differences in product formation in the
second step due to the steep exponential rate of TF/FVIIa
formation induced by many agonists in the first step. In
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contrast, the continuous assay does not rely on a single end
point determination of product formation. Instead, deter-
mination of the Vmax over the time course of the assay is
used that appears to be inherently less subjective to random
error variability. Further, the generation of progress curves in
the continuous assay, unobtainable in the discontinuous
measurement, allowed the application of curve fitting to
accurately determine the nature of the reaction understudy,
independent of the agonist used, as well as determining the
rate constants for the two enzyme components of the assay,
namely TF/FVIIa and FXa. It should be noted, however, in-
ter-assay variability of 22% was observed in the continuous
assay (Table 1). This effect may have arisen due to the
variable expression of TF in the T24/83 cells used in the
inter-assay variability calculation over time in the cell culture
environment because inter-assay variability in the cell-free
system for the continuous assay was in the 2-3% range
(Table 1).

Indeed, the continuous assay was very sensitive to changes
in TF expression in different cell types. This is indicated by
the ability of the continuous assay to accurately determine
in magnitude the TF PCA responses of the cell lines PC-3 and
DU145 that possess widely varying amounts of total TF. In-
ter-assay variability is the main form of error confounding
the comparison of inter-group data from different cell types
over time. The continuous assay for the measurement of TF
PCA has been used to compare the change in TF PCA pro-
duced by HelLa cells over time in culture. It was found that
increase in cell density of HeLa cells reduced the units of TF
generation per cell.”® This effect may contribute to the inter-
assay variability we observed in the continuous TF PCA assay
in the cell-based system.

The assay described in this paper appears to be first con-
ceptually established by Carson®' based on earlier work by
Kosow et al*> with FX activation by Russel’s viper venom.
Carson showed progress curves produced from the addition
of TF to a single-step assay containing a cocktail similar to
that used in this paper.”’ The assay was further established in
a cell-based system using HeLa cells to show the substantial
differences in TF PCA of nondisrupted vs disrupted cells,*
contributing to the concept that TF encryption/de-encryp-
tion is an important factor in mediating its biological effect
on coagulation. The assay was further used to show detergent
induced increases in TF PCA on cultured fibroblasts thereby
indicating a function for phospholipid asymmetry in the
regulation of TF PCA.”

TF encryption/de-encryption appears to be an important
point in the coagulation cascade to interfere with the
pathological consequences of thrombosis. Increases in cyto-
solic calcium are believed to result in TF de-encryption
through a mechanism involving phospholipid asymmetry.*®
Indeed we have shown using the continuous assay that
a calcium ionophore, ionomycin, increases TF PCA similarly
to results shown by Carson and Bromberg.>* Further, we have
shown in the continuous assay that the ER calcium pump
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inhibitor, thapsigargin, increases TF PCA in a dose-depen-
dent manner in a variety of cell types that include T24/83,
PC-3 and DU145. This effect appeared to be specific for TF
activation because it was inhibited by the anti-TF antibody,
but not by a control anti-GFP antibody, and thapsigargin
treatment resulted in no cytotoxic effects.

The continuous TF PCA assay as presented here is
applicable for the high-throughput screen of agents that lead
to the de-encryption of TE It should be noted, however,
that unknown agents might have differing effects in the
discontinuous vs the continuous TF PCA assay systems. As
we have reported, a,M previously showed to mobilize in-
tracellular calcium,' increases TF PCA in the discontinuous
assay system whereas in the continuous system it had no
effect. This discrepancy in results appears to be due to
o,M effect as a serine proteinase inhibitor, because we have
shown that o,M dose dependently inhibits the cleavage
of the chromogenic substrate by activated FX. It is tempting
to speculate which assay system more accurately reflects
the physiological action of a,M on coagulation. Because
the continuous assay combines all relevant components of
the system simultaneously, unlike the discontinuous system,
the continuous system seems to more accurately reflect the
physiological system. In this context, it should be noted
that «,M functions as a blood coagulation inhibitor.*”

In conclusion, we describe a continuous assay for the
measurement of TF PCA that shows less intra- and inter-
assay variability than the commonly used discontinuous as-
say we as well as others have used previously.'® This assay has
the advantage of being applicable to the screening of large
numbers of compounds for the induction of TF PCA as well
as inhibitors of TF PCA stimulated by our test substance
thapsigargin, ionomycin or hydrogen peroxide. The state
of TF encryption/de-encryption measured by this assay
appears to be a critical factor in determining the pathological
consequences of unregulated thrombosis observed in many
disease states, including cancer-related thrombosis and
atherosclerosis. In this context, the continuous assay system
offers promise for the elucidation of agents/conditions that
may interfere with the de-encryption of TF and thus reduce
the morbidity and mortality associated with the pathological
manifestation of thrombotic disease.
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The increased risk of venous thromboembolism in cancer
patients has been attributed to enhanced tissue factor (TF) pro-
coagulant activity (PCA) on the surface of cancer cells. Recent
studies have shown that TF PCA can be modulated by GRP78, an
endoplasmic reticulum (ER)-resident molecular chaperone. In
this study, we investigated the role of cell surface GRP78 in mod-
ulating TF PCA in several human cancer cell lines. Although
both GRP78 and TF are present on the cell surface of cancer
cells, there was no evidence of a stable interaction between
recombinant human GRP78 and TF, nor was there any effect of
exogenously added recombinant GRP78 on cell surface TF PCA.
Treatment of cells with the ER stress-inducing agent thapsigar-
gin, an inhibitor of the sarco(endo)plasmic reticulum Ca>*
pump that causes Ca>* efflux from ER stores, increased cytoso-
lic [Ca®*] and induced TF PCA. Consistent with these findings,
anti-GRP78 autoantibodies that were isolated from the serum of
patients with prostate cancer and bind to a specific N-terminal
epitope (Leu®®~Leu''®) on cell surface GRP78, caused a dose-de-
pendent increase in cytosolic [Ca®>*] and enhanced TF PCA. The
ability to interfere with cell surface GRP78 binding, block phos-
pholipase C activity, sequester ER Ca”*, or prevent plasma mem-
brane phosphatidylserine exposure resulted in a significant
decrease in the TF PCA induced by anti-GRP78 autoantibodies.
Taken together, these findings provide evidence that engagement
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of the anti-GRP78 autoantibodies with cell surface GRP78
increases TF PCA through a mechanism that involves the release of
Ca®" from ER stores. Furthermore, blocking GRP78 signaling on
the surface of cancer cells attenuates TF PCA and has the potential
to reduce the risk of cancer-related venous thromboembolism.

Venous thromboembolism and other hypercoagulable states
are major contributors to death and disability in cancer patients
(1, 2). Although the prothrombotic state of cancer can be influ-
enced by the activation of specific oncogenes (3), current evi-
dence suggests that the major impact involves the enhanced
expression and/or procoagulant activity (PCA)* of tissue factor
(TF) on the surface of cancer cells (4).

TF is a 47-kDa transmembrane glycoprotein, and the major
physiological initiator of the coagulation cascade (5). TF is nor-
mally expressed on the cell surface in a latent or “encrypted”
form (6). Following exposure of cells to a number of pathophys-
iological agents/conditions, including cytokines (7), endotoxin
(8), apoptosis (9, 10), hypoxia (11), and/or changes in intracel-
lular [Ca®**] (12, 13), TF is converted into an active or “de-
encrypted” form (14). De-encrypted TF on the cell surface
binds circulating factor VIIa, and the resulting complex acts as
a catalyst for the conversion of factors IX and X to IXa and Xa,
respectively. This triggers thrombin generation leading to the
formation of a fibrin clot. It is believed that TF de-encryption
provides a mechanism by which cells initiate a rapid hemostatic
response without the necessity of transcriptional up-regulation
of TF. Some proposed mechanisms for modulating TF PCA
include the formation of TF homodimers, the phospholipid
microenvironment, including phosphatidylserine (PS) expo-
sure, TF compartmentalization in lipid rafts, endocytosis and

“The abbreviations used are: PCA, procoagulant activity; ER, endoplasmic
reticulum; GRP78, 78-kDa glucose-regulated protein; PLC, phospholipase
C; SPR, surface plasmon resonance; TF, tissue factor; Tg, thapsigargin;
Tm, tunicamycin; UPR, unfolded protein response; PS, phosphatidyl-
serine; HBSS, Hanks’ balanced salt solution; RU, response units; BAPTA,
1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid; IP, inositol
1,4,5-trisphosphate.
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degradation of the TF-FVIIa complex, and isomerization of the
TF disulfide bond by protein disulfide isomerase (15, 16).

Besides its critical role in thrombosis and hemostasis, recent
studies indicate that TF also promotes cancer growth and
metastasis (17-20). It is well established that enhanced TF
expression/PCA correlates with cancer progression, angiogen-
esis, and a malignant phenotype (21, 22). It is believed that TF
modulates cancer growth and metastasis by activating the coag-
ulation system at the cell surface or through coagulation-inde-
pendent signals. In addition, the release of TF-bearing
microvesicles from the surface of tumor cells into the circula-
tion can enhance systemic coagulation (23). Despite the causal
role of TF in tumorigenesis, the cellular factors that modulate
TF expression/PCA in cancer are poorly understood.

Recent studies have reported that TF expression/PCA can be
modulated by GRP78, an endoplasmic reticulum (ER)-resident
molecular chaperone that facilitates the correct folding and
assembly of newly synthesized proteins (24). Overexpression of
ER lumenal GRP78 inhibits TF PCA by protecting cells from
changes in intracellular Ca>" levels and/or the generation of
reactive oxygen species (24). Furthermore, cell surface expres-
sion of GRP78 in cultured endothelial cells negatively regulates
TF PCA through a direct GRP78/TF interaction (25). However,
antibody-mediated GRP78 inhibition on the cell surface
resulted in a significant increase in TF PCA. GRP78 is also
highly expressed on the surface of many human cancers (26 —
31), where it functions as a unique signaling receptor to pro-
mote cell proliferation and survival (32). Furthermore, expo-
sure of GRP78 on the surface of cancer cells stimulates the
production of anti-GRP78 autoantibodies, high levels of which
are correlated with accelerated cancer progression, enhanced
metastatic potential, and reduced survival (33). We now report
that anti-GRP78 autoantibodies isolated from the serum of
patients with prostate cancer bind to GRP78 on the surface of
cancer cells and enhance TF PCA. Mechanistically, engage-
ment of the autoantibodies with cell surface GRP78 causes
PLC-mediated release of Ca®>* from ER stores, thereby increas-
ing cytosolic [Ca®>"]. The increase in cytosolic [Ca**] alters
plasma membrane asymmetry resulting in enhanced TF PCA.
Based on these findings, the engagement of anti-GRP78
autoantibodies with cell surface GRP78 may explain how TF is
activated on cancer cells and contributes to the hypercoagu-
lable state observed in cancer patients.

EXPERIMENTAL PROCEDURES

Cell Culture—Cancer cell lines were purchased from the
American Tissue Culture Collection (Manassas, VA). The
human bladder carcinoma cell line T24/83 was cultured in
M199 media (Invitrogen), whereas the prostate cancer cell line
PC-3 was cultured in F-12 media (Invitrogen). All media was
supplemented with 10% fetal bovine serum (Sigma-Aldrich)
containing 100 units/ml penicillin and 100 pg/ml streptomycin
(Invitrogen). Cells were maintained at 37 °C in a humidified
atmosphere of 5% CO,/95% air.

Production and Purification of Recombinant Human GRP78
in Bacteria—High level expression of recombinant human
GRP78 was achieved in bacteria (see supplemental Fig. SI).
Briefly, transformed Rosetta (DE3) cells containing the GRP78-
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pET-28b construct were grown at 16 °C in LB media and
treated with isopropyl B-p-1-thiogalactopyranoside to induce
GRP78 expression. GRP78 protein was purified by using a
nickel affinity fast protein liquid chromatography (FPLC) sys-
tem, as described previously (34). Integrity and purity of the
recombinant GRP78 protein was assessed by SDS-PAGE
(supplemental Fig. S14) and immunoblotting using anti-KDEL
antibodies (supplemental Fig. S1B). Approximately 5.0 mg of
FPLC-purified GRP78 protein was obtained from 400 ml of
bacterial culture. Consistent with previous findings for recom-
binant hamster GRP78 (35), recombinant human GRP78 con-
taining the His tag was functionally active, based on its ATPase
(supplemental Fig. S1C) and chaperone activities (supplemen-
tal Fig. S1D).

Patient Samples—Blood samples were obtained from
patients with prostate cancer from the Department of Urology,
St. Joseph’s Healthcare, Hamilton, Ontario, Canada. Written
informed consent was obtained from patients and approved
by the Research Ethics Board of St. Joseph’s Healthcare
(REB#08-3047).

Isolation of Anti-GRP78 Autoantibodies—Anti-GRP78 auto-
antibodies (GRP78 a-AB) were purified from the serum of pros-
tate cancer patients by affinity chromatography on protein
A-Sepharose, as previously described (36).

Cell Treatments—Ionomycin (Sigma-Aldrich) and thapsi-
gargin (Tg, Sigma-Aldrich) stock solutions were diluted in
DMSO as a transitional solvent and given in the appropriate
physiological buffer to achieve a final concentration of 0.5-20
uM. Tg was used as an ER stress inducer and a positive control
for the TF PCA assay. Tunicamycin (Tm, Sigma-Aldrich)
stocks were diluted in DMSO, and final concentration in phys-
iological buffers ranged from 1 to 10 ug/ml. Tm was used as an
inducer of ER stress and a negative control for the TF PCA
assay. Phospholipase C (PLC) inhibitor, U73123, and its non-
active analogue, U73122, were obtained from Santa Cruz Bio-
technology (Santa Cruz, CA). Both chemicals were diluted to a
final concentration of 5-10 um in 1X TBS. The CNVKSDKSC
peptide (GeneMed Synthesis, San Antonio, TX) was resus-
pended at a concentration of 60 ug/ml in 1X PBS and used to
neutralize GRP78 a-AB.

Biotinylation of Cell Surface Proteins—Biotinylation of cell
surface proteins was performed using the Cell Surface Protein
Isolation Kit (Pierce). Briefly, four T75 flasks of T24/83 cells
were grown to 95% confluency, washed twice with ice-cold 1X
PBS and incubated in 0.25 mg/ml EZ-Link Sulfo-NHS-SS-Bio-
tin for 30 min at 4 °C with rocking. Following saturation with
quenching solution, the cells were scraped, pelleted at 500 X g
for 3 min, and washed several times with 1X TBS. Cells were
lysed in 500 ul of lysis buffer for 30 min on ice with vortexing
every 5 min. The lysates were centrifuged at 10,000 X g for 2
min at4 °C, and the biotinylated proteins were isolated from the
cleared supernatant by binding to immobilized NeutrAvidin
slurry for 60 min at room temperature with rotation. The slurry
was washed four times with wash buffer containing protease
inhibitors, and the biotinylated proteins were solubilized in 400
pmlof 4X SDS-PAGE sample buffer (50 mm Tris, pH 6.8, 2% SDS,
10% glycerol, 0.01% bromphenol blue, and 50 mm DTT) for 60
min at room temperature with rotation. As a control, total cell
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lysates were collected in SDS-PAGE sample buffer. Immuno-
blot analysis was used to identify target proteins of interest in
both total and cell surface lysates.

Immunoblotting—Total cell lysates in 4X SDS-PAGE sample
buffer were separated on a 10% SDS-PAGE gel under reducing
conditions and transferred to nitrocellulose membranes (Bio-
Rad) using the Trans-Blot Semi-Dry transfer apparatus (Bio-
Rad). Membranes were blocked overnight in 5% skim milk in
1X TBST and then incubated with a primary antibody (anti-
GRP78/Bip, catalog no. 610979, BD Transduction, San Jose,
CA; anti-Phospho-elF2a, catalog no. 97218, Cell Signaling,
Danvers, MA) followed by the appropriate horseradish peroxi-
dase (HRP)-conjugated secondary antibodies (Dako, Carpin-
teria, CA) diluted in 1X TBST containing 1% skim milk.
Membranes were visualized using the Western Lighting
Chemiluminescence Reagent (PerkinElmer Life Sciences), and
Kodak X-OMAT Blue XB-1 film (PerkinElmer Life Sciences)
was exposed and developed using a Kodak X-OMAT 1000A
processor. To control for equivalent protein loading, immuno-
blots were re-probed with a mouse monoclonal anti-S-actin
antibody (catalog no. A5441, Sigma-Aldrich).

FACS Analysis—FACS analysis was used to detect cell sur-
face TF and GRP78. Briefly, non-permeabilized T24/83 cells
were detached from cell culture plates using 2 mm EDTA and
centrifuged at 200 X g for 5 min at 4 °C. The cell pellet was
resuspended in FACS wash buffer (1X PBS/1% FBS) and cen-
trifuged at 200 X g for 3 min. To examine cell surface GRP7S,
cells were incubated (1:200 dilution) in the presence of anti-
GRP78 monoclonal antibodies conjugated to Alexa488 (catalog
no. SPA-827-488, Assay Design, Ann Arbor, MI). To examine
surface TF, cells were incubated (1:100 dilution) in the presence
of a rabbit anti-human TF antibody (catalog no. 4502, Ameri-
can Diagnostica, Stamford, CT) in FACS wash buffer for 40 min
on ice. Cells were washed three times with FACS wash buffer
and incubated (1:200) with the corresponding secondary anti-
body (catalog no. A21206, Alexa Fluor 488-conjugated donkey
anti-rabbit, Molecular Probes, Carlsbad, CA) in FACS wash
buffer for 30 min on ice in the dark. Cells were washed, fixed,
and stored in 1% fresh formaldehyde. FACS data analysis was
performed using the Cytomics FC 500 Series Flow Cytometry
Systems (Beckman Coulter Canada, Mississauga, Ontario,
Canada).

Indirect Immunofluorescence—T24/83 cells grown on cover-
slips were washed with Hanks” balanced salt solution (HBSS)
(Invitrogen) containing 1 mm CaCl,, 1 mm MgCl,, and fixed for
30 min at room temperature in 4% fresh formaldehyde in 1X
PBS. The slides were then incubated in 5% nonfat milk in 1X
PBS for 90 min at room temperature. Excess blocking buffer
was removed from the slide, and cells were incubated with a
primary sheep anti-GRP78 antibody, goat anti-human tissue
factor (catalog no. 4501, American Diagnostica), or a combina-
tion of the two in 1% nonfat milk in 1X PBS overnight at 4 °C.
The cells were then washed three times in 1X PBST and incu-
bated with a secondary antibody containing a 1:1000 dilution of
an Alexa Fluor 568-conjugated donkey anti-sheep IgG, an
Alexa Fluor 488-conjugated rabbit anti-goat IgG, or a mixture
of the two for 90 min at 4 °C in the dark. As controls, cells were
incubated with the secondary IgG alone. Finally, the cells
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were washed three times with 1X PBS and mounted. Images
were captured using a Zeiss Axio Observer fluorescence micro-
scope equipped with a 100X /1.4 numerical aperture Plan Apo-
chromat oil immersion lens (Carl Zeiss, Thornwood, NY). Con-
focal data were collected as previously described (37), and
optical sections were three-dimensionally reconstructed using
an average intensity algorithm for projections of optical section
stacks using Image] version 1.37 (National Institutes of Health,
Bethesda, MD).

SPR—Potential biomolecular interactions were investigated
using a Biacore 1000 biosensor system (Biacore, Amersham
Biosciences). Biotinylated recombinant human GRP78 or
ovalbumin, diluted in filtered and degassed Hepes-buffered
saline (20 mMm Hepes, 150 mm NaCl, pH 7.4) containing 2 mm
CaCl, and 0.005% Tween 20 (HBS-Tw), was adsorbed to a Bia-
core streptavidin SA chip ata flow rate of 5 ul/min at 25 °C until
1300 response units (RU) of biotinylated GRP78 or 2500 RU of
ovalbumin were adsorbed. To determine the binding of recom-
binant human TF (a generous gift from Dr. George P. Vlasuk,
Corvas Pharmaceuticals) to GRP78, 30-ul aliquots, in concen-
trations ranging from 62.5 to 2000 nM™, were injected over the
flow cells at a flow rate of 10 ul/min for ~5 min, followed by a
5-min wash to monitor association and dissociation, respec-
tively. It was not necessary to regenerate the flow cells between
the injections. As a positive control, an anti-human GRP78
polyclonal antibody (catalog no. C20, Santa Cruz Biotechnol-
ogy) was injected over the flow cells at a concentration of 4
pg/ml using the same protocol. Peak RU values determined for
each recombinant TF concentration were corrected for the RU
values with control ovalbumin.

Continuous Measurement of Cell Surface TF PCA—W'e have
recently developed a continuous assay for the measurement of
TF PCA on intact cancer cells (31). Briefly, cells were seeded
into a 96-well tissue culture plate (1 X 10* cells/well) the day
before the experiment. The culture media was then removed,
and the cells were washed once with 1X TBS. A mixture con-
taining 1 nM human FVIIa, 30 nm human FX, 10 mm CaCl,, and
0.4 mm chromogenic substrate S-2765 (Diapharma, West
Chester, OH) in 1X TBS was added to each well. Following
addition of the test agent diluted in 1X TBS, the absorbance at
405 nm was measured every 2 min for 3 h at 37 °C. A standard
curve was generated where 100 units of TF activity was defined
as the amount of activity in 0.3 pl of human recombinant TF,
which is equivalent to 450 ug of TF (as determined by the
American Diagnostica ELISA). V, . was calculated using Soft-
Max Pro and used to determine the amount of FXa generated
per 10,000 cells (units/10,000 cells).

RNA Isolation and RT-PCR—RNA was isolated using an
RNeasy Mini kit (Qiagen), and cDNA was synthesized using a
High Capacity cDNA Reverse Transcription kit (Applied Bio-
systems). Real-time RT-PCR reactions were carried out
based on protocols described previously using SYBR Green
MasterMix (Applied Biosystems) (38, 39) using primers
listed in Table 1.

Calcium Imaging—Confluent cells (1 X 10* cells per well)
grown in 96-well plates were washed in HBSS (Invitrogen) con-
taining 20 mm HEPES. Fura-2 AM was prepared in 20% plu-
ronic acid F127 (Invitrogen) in DMSO. A 10 um working solu-
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TABLE 1
Quantitative RT-PCR primers
Gene Forward primer Reverse primer
Spliced XBP1 5'-TTGAGAACCAGGAGTTAAG-3' 5'-CTGCACCTGCTGCGGACT-3'
CHOP 5'-AGAACCAGGAAACGGAAACAGA-3' 5'-TCTCCTTCATGCGCTGCTTT-3"
B-ACTIN 5’ -TGGGCATGGGTCAGAAGGAT-3’ 5'-AAGCATTTGCGGTGGACGAT-3’

tion of Fura 2-AM in HBSS was incubated on the cells at room
temperature for 30 min. Cells were washed three times with
HBSS and preincubated in HBSS for 15 min before experiments
at 37 °C to allow for de-esterification of the dye. Plates were
read at 37 °C kinetically at two wavelengths (A), A; (340 nm
excitation, 515 nm emission, measuring dye bound to Ca*"),
and A, (380 nm excitation, 515 nm emission, measuring
unbound dye). Measurements were made for 5 min to establish
a baseline followed by the addition of the agonist Tg (1 um), Tm
(5 ng/ml), or ionomycin (10 um) diluted in 1X PBS. PBS was
also used without test substance as a vehicle control. Plates
were then read kinetically at A, and A, for 30 min to establish a
ratio of Ca®>" bound over free dye representing the change in
cytosolic [Ca®"].

Measurement of Intracellular Calcium in Single Cells—Intra-
cellular calcium in T24/83 cells was measured using the fluo-
rescent indicator Fura-2 AM (40). The cells were plated on
sterile coverslips in 35-mm tissue culture dishes and incubated
at 37 °C for 18 —24 h. On the day of the experiment, Fura-2 AM
(2 mm) was added, and the dish was incubated at 37 °C for 30
min. Cell monolayers were then rinsed twice with HBSS con-
taining 10 mm HEPES, pH 7.4, 3.5 mm NaHCO,, and once with
DMEM containing 0.1% BSA. Cell monolayers grown on cov-
erslips were placed on the inverted microscope stage, and intra-
cellular [Ca®>"] was measured using a Digital Imaging Micros-
copy system (Inovision Corp., Research Triangle Park, NC)
employing dual excitation ratio imaging techniques at 37 °C.
After collecting baseline data, increasing concentrations of the
anti-GRP78 autoantibodies was added to the cell monolayers to
determine the effect of ligand binding on calcium mobilization.
A digitized video image was obtained by averaging up to 256
frames with the following filter combination: Fura-2 excitation,
340 and 380 nm; emission, >450 nm. Routinely, excitation
intensity was attenuated 100- to 1000-fold before reaching the
cell, and the background images were obtained. Intracellular
[Ca®>"] was measured by subtracting the background from
images on a pixel basis. To obtain the intracellular [Ca®>*] for an
individual cell, the mean value of the pixel ratio for the cell was
compared with values obtained with the same equipment using
Fura-2-containing EGTA-Ca>* buffers (41).

Statistical Analysis—Excel software was used to determine
the standard error of the mean for each treatment. Significance
of differences between control and various treatments was
determined by analysis of variance. On finding significance
with analysis of variance, an unpaired Student’s ¢ test was per-
formed. For all analyses, p = 0.05 was considered significant.

RESULTS
T24/83 Cells Express Cell Surface GRP78 and TF—We (24,

31) as well as others (42) have demonstrated that the T24/83
human bladder carcinoma cell line displays prothrombotic
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characteristics due to enhanced TF expression and PCA. Based
on these findings, T24/83 cells were chosen as our cancer cell
model to investigate the effect of cell surface GRP78 on TF PCA.

A number of studies have identified GRP78 on the surface of
avariety of human cancer cells (26 —31, 43— 45). To determine if
GRP78 is similarly expressed on the surface of T24/83 cells, cell
surface proteins were isolated using a biotin-based technique
followed by immunoblotting with anti-GRP78 antibodies.
GRP78 was identified in both total cell lysates and on the cell
surface of T24/83 cells using this approach (Fig. 1A4). As
expected, TF was predominantly expressed on the cell surface,
consistent with its localization in the plasma membrane. In
contrast to GRP78 and TF, several nuclear proteins, including
proliferating cell nuclear antigen and lamin B were exclusively
found in the total cell lysates and not on the cell surface. Con-
sistent with these biochemical findings, FACS analysis (Fig. 1B)
and three-dimensional image reconstruction of optical sections
captured using confocal microscopy (Fig. 1C) demonstrated the
presence of GRP78 on the cell surface. In these reconstructions,
GRP78 was observed throughout the cell surface; however,
punctuate regions of high GRP78 expression were apparent
above the nucleus. Indirect immunofluorescence on non-per-
meabilized cells showed the presence of GRP78 and TF on the
surface of T24/83 cells (Fig. 1D). Both cell surface GRP78 and
TF were expressed in a similar staining pattern over the cell
surface. Negative controls with the secondary antibody alone
showed little or no immunofluorescence. Taken together, these
findings demonstrate that T24/83 cells actively express both
GRP78 and TF on their cell surface.

GRP78 Does Not Directly Bind to TF or Modulate TF PCA—
Previous studies have suggested that GRP78 can negatively reg-
ulate procoagulant activity by directly associating with TF on
the cell surface of endothelial cells (25). Although anti-GRP78
antibodies were able to immunoprecipitate TF, as observed on
immunoblots, anti-TF antibodies failed to pull down GRP78
(data not shown). To further assess the direct interaction
between GRP78 and TF, surface plasmon resonance (SPR) was
used to measure binding between immobilized recombinant
human GRP78 and full-length non-lipidated recombinant
human TF. As shown in Fig. 2A (upper panel), the shallow and
linear slope of the dose-response curves between TF and
GRP78 suggests no specific binding. As a positive control, a
strong and direct interaction was observed between the immo-
bilized GRP78 and an anti-GRP78 antibody (Fig. 24, bottom
panel). Further, treatment of quiescent T24/83 cells with
increasing doses of recombinant GRP78 had no effect on TF
PCA (Fig. 2B). Because exogenous recombinant GRP78 did not
activate TF PCA on quiescent T24/83 cells, we examined
whether it could modulate TF PCA induced by thapsigargin.
Again, increasing doses of recombinant GRP78 had no effect on
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FIGURE 1. GRP78 and TF are expressed on the surface of T24/83 cells. A, cell surface proteins were biotin-
ylated, and cell lysates were subjected to streptavidin pulldown. Cell surface proteins were eluted, separated
on 10% SDS-PAGE gels, transferred to nitrocellulose membranes, and immunoblotted with antibodies to
GRP78 (GRP78), anti-proliferating nuclear cell antigen (PCNA), lamin B (lamin B), or TF (TF). Cell surface fractions

(surface) were compared with proteins in total cell lysates (total). The nuclea

not present in the surface fractions. B, cell surface GRP78 and TF were detected by FACS analysis using anti-

bodies against GRP78 or TF, respectively. Secondary antibody staining alo
negative controls. Histograms were generated using the Cytomics FC 500
C, T24/83 cells grown on coverslips were fixed without permeabilization,

subjected to confocal analysis. Optical sections of the cells were three-dimensionally reconstructed and pro-

jected using ImagelJ software at rotation angles of 30, 50, 90, 130, and 150

GRP78. D, identification of cell surface GRP78 and TF in T24/83 cells. Co-immunostaining for GRP78 and TF was
performed on fixed, non-permeabilized cells and viewed by fluorescence microscopy. Regions of cell surface

overlap for GRP78 and TF in the merged image appear as yellow staining.

the ability of thapsigargin to enhance TF PCA (Fig. 2C). These
findings suggest that GRP78 does not directly bind to TF and
fails to modulate TF PCA on T24/83 cells.

Increased Cytosolic [Ca®" ] and Not UPR Activation Induces
TF PCA in T24/83 Cells—W'e have demonstrated recently that
the ER stress-inducing agents ionomycin and thapsigargin up-
regulate TF PCA by increasing cytosolic [Ca®>"] (24, 31). To
determine whether increased TF PCA results from UPR activa-
tion or a specific elevation of cytosolic [Ca®*] brought about by
thapsigargin, T24/83 cells were also treated with tunicamycin,
an inducer of ER stress that inhibits GIcNAc phosphotrans-
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Fluorescence intensity

as the spliced form of XBP-1 in
T24/83 cells treated with thapsigar-
gin or tunicamycin (Fig. 3B). How-
ever, only thapsigargin was able to
increase cytosolic [Ca*>*] (Fig. 3C).
As expected, ionomycin treatment
also caused a significant and sus-
tained increase in cytosolic [Ca®™"].
Comparison of the effect of tunica-
mycin and thapsigargin on TF PCA
revealed thatonlythapsigargin dose-
dependently increased TF PCA in
T24/83 cells (Fig. 3D). Given that
thapsigargin depletes ER Ca®"
stores and increases cytosolic
[Ca®>"], we investigated whether
chelating the free cytosolic Ca®>"
would reduce TF PCA activation.
Pretreatment of cells with 1,2-bis(2-
aminophenoxy)ethane-N,N,N',N’-
tetraacetic acid (BAPTA), a specific
Ca®" chelator (47), significantly re-
duced thapsigargin-mediated TF
PCA (Fig. 3E). These findings sug-
gest that increases in cytosolic
[Ca®>*] induce TF PCA independent
of ER stress and UPR activation.
Anti-GRP78 Autoantibodies In-
crease Cytosolic [Ca®* ] and Induce
TF PCA—Previous studies have
reported that anti-GRP78 auto-
antibodies from prostate cancer
patients bind to cell surface GRP78
on several human prostate cancer
cell lines and cause the release of
Ca?" from ER stores (26). Consistent with these findings, anti-
GRP78 autoantibodies were able to dose-dependently
increase cytosolic [Ca®"] over a human IgG control in T24/83
cells (Fig. 4A). Importantly, autoantibody concentrations of 60
ug/ml caused a >6-fold increase in cytosolic [Ca®"], intracel-
lular levels that are necessary to up-regulate TF PCA (15). To
elucidate the effect of anti-GRP78 autoantibodies on TF PCA,
cells were treated with increasing concentrations of the anti-
GRP78 autoantibody: 7 ug/ml, which corresponds to the max-
imum levels observed in the healthy population, and 30-60
pg/ml, which corresponds to the levels observed in prostate
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autoantibodies. To further confirm
the role of cell surface GRP78 in TF
PCA following treatment with the
anti-GRP78 autoantibodies, we uti-
lized the prostate cancer cell line
(PC-3) that expresses TF (31) but

e low levels of cell surface GRP78 (Fig.

4C) (26). Both T24/83 and PC-3
cells were treated with thapsigargin
or anti-GRP78 autoantibodies, and
TF PCA was measured (Fig. 4D).
Thapsigargin treatment elicited a
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significant up-regulation of TF PCA
for both cell lines. In contrast,
autoantibody treatment up-regu
lated TF PCA in the T24/83 but not
PC-3 cells, suggesting that cell sur-
face GRP78 is necessary for autoan-
tibody-mediated TF PCA.
Pretreatment with the CNVKS-
DKSC Peptide Blocks Autoanti-
body-mediated TF PCA in T24/83

Time

W
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Cells—Anti-GRP78 autoantibodies
produced by prostate cancer pa-
tients bind to a peptide containing
the primary amino acid sequence
d CNVKSDKSC, which mimics the
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FIGURE 2. Recombinant human GRP78 does not bind to TF and fails to modulate TF PCA. A, binding of
recombinant human GRP78 to TF using SPR. Biotinylated recombinant human GRP78 was adsorbed to a
separate flow cell of an SA BlAcore chip containing pre-immobilized streptavidin to ~1300 RU. As a control,
ovalbumin was adsorbed to a separate flow cell to ~2500 RU. Increasing concentrations of recombinant
human TF (62.5-2000 nm) were injected into the flow cells at 10 wl/min, followed by a 5-min wash to monitor
dissociation (top panel). Data indicate that the addition of increasing doses of TF do not bind to immobilized
GRP78. As a positive control, robust binding was demonstrated between an anti-GRP78 antibody and the
immobilized GRP78. B, effect of exogenous recombinant human GRP78 on TF PCA. T24/83 cells (1 X 10*
cells/well) seeded in a 96-well plate were treated with increasing doses of exogenous recombinant human
GRP78 (hrGRP78) for 3 h, and TF PCA was measured using the continuous assay (n = 8). C, effect of exogenous
recombinant human GRP78 (hrGRP78) on TF PCA induced by thapsigargin. T24/83 cells were seeded in a
96-well plate and treated with 5 um thapsigargin (Tg) in the absence or presence of increasing concentrations
of exogenous recombinant human GRP78.TF PCA was measured using the continuous assay (n = 8).*, p < 0.05

versus non-treated cells (NT).

cancer patients (Fig. 4B) (26). Our results demonstrated that
treatment of cells with 7 ug/ml of the anti-GRP78 autoantibod-
ies had no effect on TF PCA. However, 60 ug/ml of the autoan-
tibody caused a significant increase in TF PCA similar to that
observed with thapsigargin (Fig. 4B). A similar enhancement in
TF PCA was observed with 30 pg/ml of the autoantibody. This
effect on TF PCA was abolished by preincubation with an
anti-TF inhibitory antibody, implying that this effect was medi-
ated exclusively by TF. In contrast, the nonspecific anti-GFP
antibody had no significant effect on TF PCA induced by the
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linear primary amino acid sequence
Leu®®-Leu’'® located in the N-ter-
minal region of GRP78 (33). Based
on these findings, we determined
whether the CNVKSDKSC peptide
inhibits TF PCA in T24/83 cells
treated with the anti-GRP78 au-
toantibodies. As shown in Fig. 54,
pretreatment of the anti-GRP78

5 10 15
hrGRP78 (ugimL)

Tg autoantibodies with the CNVKS-
DKSC peptide significantly inhib-
ited TF PCA in T24/83 cells. The
observation that the CNVKSDKSC
peptide failed to inhibit TF PCA fol-
lowing thapsigargin treatment indi-
cates that the peptide has no direct
inhibitory effect on TF PCA (data
not shown).

Anti-GRP78 Autoantibody In-
creases Cytosolic [Ca*"] via Phos-
pholipase C Activation—It has been
reported that cell surface GRP78 interacts with a heterotrim-
eric G protein, resulting in Gqa-protein-dependent activation
of phospholipase C (PLC) (48). PLC cleaves phosphatidylinosi-
tol 4,5-bisphosphate to produce diacylglycerol and IP,. Once
formed, IP, molecules bind specific IP, receptors/Ca*>* chan-
nels on the ER membrane (49), thereby increasing cytosolic
[Ca®™], which could enhance TF PCA. To evaluate the role of
PLC in autoantibody-mediated TF PCA, T24/83 cells were
treated with the PLC inhibitor U73122 or its non-active ana-
logue U73343. As shown in Fig. 5B, treatment of cells with
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in 6-well plates were treated with ER stress-inducers tunicamycin (2.5 wg/ml) or thapsigargin (300 nm) for 24 h.
Total protein lysates solubilized in SDS-PAGE sample buffer were separated in 10% SDS-PAGE gels, transferred
to nitrocellulose membranes, and immunoblotted for phospho-elF2« (p-elF2«) and GRP78. Membranes were
stripped and reprobed with B-actin as a loading control. Results shown are representative of three indepen-
dent experiments. B, quantitative RT-PCR analysis of CHOP and spliced XBP-1 mRNA in T24/83 cells treated with
thapsigargin or tunicamycin for 2, 4, and 8 h. Total RNA was isolated, reverse transcribed to single-stranded
cDNA, and analyzed by quantitative RT-PCR using primers specific for human CHOP or spliced XBP1.Results are
expressed as -fold induction of target gene mRNA levels versus B-actin. *, p < 0.05 versus non-treated (NT) cells.
C, effect of thapsigargin or tunicamycin on cytosolic [Ca?*]in T24/83 cells. Calcium fluorometry of T24/83 cells
treated with thapsigargin (1 um), tunicamycin (5 pwg/ml), ionomycin (10 wm), or drug vehicle (1X PBS), was
determined utilizing the ratiometric calcium-sensitive dye Fura-2 AM. Ratiometric measurements were made
for 30 min after agonist stimulation. D, TF PCA in T24/83 cells following treatment with increasing concentra-
tions of thapsigargin or tunicamycin. *, p < 0.01 versus non-treated cells (NT). E, TF PCA in T24/83 cells following
treatment with 5 um thapsigargin (positive control). T24/83 cells were pre-treated for 30 min in the absence or
presence of increasing doses of BAPTA. *, p < 0.05 versus non-treated cells (NT). =, p < 0.05 versus Tg-treated
cells.
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U73122, but not U73343, dose-de-
pendently inhibited the up-regula-
tion of TF PCA induced by the anti-
GRP78 autoantibodies.

Tunicamycin Pretreatment Re-
duces TF PCA—GRP78 is a major
ER lumenal Ca”>"-storage protein,
and its overexpression can protect
cells from Ca*"-induced cytotoxic-
ity (50). Preconditioning of cells
with sub-lethal doses of tunicamy-
cin can increase GRP78 protein lev-
els and prevent disturbances in ER
Ca®* (51). Based on these findings,
T24/83 cells were pretreated with
tunicamycin for 24 h to induce the
expression of GRP78 (Fig. 3A) with-
out an up-regulation of TF PCA
(Fig. 3C). Following tunicamycin
pretreatment, T24/83 cells were
tested for TF PCA up-regulation
in the absence or presence of either
thapsigargin or anti-GRP78 autoan-
tibodies. As shown in Fig. 5C, tuni-
camycin pretreatment significantly
reduced the effects of thapsigargin
or anti-GRP78 autoantibodies on
TF PCA. Furthermore, tunicamycin
pretreatment caused a significant
repression in TF PCA in non-
treated T24/83 cells.

Annexin V Inhibits TF PCA Medi-
ated by Thapsigargin or Anti-
GRP78 Autoantibodies—Increases
in cytosolic [Ca>"] have been shown
to activate TF at the cell surface by
perturbing the plasma membrane
PS asymmetry leading to exposure
of PS molecules (15) and the accel-
eration of coagulation reactions on
the cell surface (16, 52—54). Treat-
ment of T24/83 cells with increasing
doses of annexin V, a specific PS-
binding protein (16), resulted in a
significant repression in TF PCA
mediated by thapsigargin or anti-
GRP78 autoantibodies (Fig. 5D).
Unlike tunicamycin pretreatment,
annexin V had no inhibitory effect
on TF PCA in non-treated T24/83
cells.

DISCUSSION

The majority of tumor cells dis-
play increased TF expression and
the prothrombotic state observed in
cancer patients has been largely
attributed to the activation of TF
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FIGURE 4. Effect of anti-GRP78 autoantibodies on cytosolic [Ca®'] and TF
PCA. A, T24/83 cells were loaded with Fura-2 AM (4 um), and changes in
intracellular [Ca®*] were measured using digital imaging microscopy on sin-
gle cells after the addition of 5 (orange circles), 10 (violet circles), 20 (green
circles), or 60 (red circles) ug/ml of anti-GRP78 autoantibodies. Human IgG
(blue circles) was used as a negative control. B, TF-PCA on intact T24/83 cells
treated with 5 um (Tg) thapsigargin or increasing concentrations of the anti-
GRP78 autoantibody (GRP78 a-AB). 60+antiTF represents cells pretreated for
1 hwith 10 ug/ml of an anti-TF neutralizing antibody. 60+ antiGFP represents
cells pretreated for 1 h with 10 ug/ml anti-GFP antibody. TF-PCA was mea-
sured continuously for 3 h on T24/83 cells treated with 60 wg/ml of the anti-
GRP78 autoantibody (GRP78 a-AB). C, cell surface detection of GRP78 on PC-3
cells by FACS analysis using antibodies against GRP78. Secondary antibody
staining alone and unstained cells acted as negative controls. Histograms
were generated using the Cytomics FC 500 series flow cytometry software.
D, TF-PCA was measured in T24/83,and PC-3 cells were treated in the absence
or presence of 5 um thapsigargin (Tg) or 60 ug/ml anti-GRP78 autoantibody
(GRP78 a-AB). *, p < 0.05 versus non-treated cells (NT).

(4). Our previous studies have demonstrated that overexpres-
sion of GRP78 in the ER lumen inhibits TF PCA by protecting
cells from changes in cytosolic [Ca®>*] and/or the generation of
reactive oxygen species (24, 37). However, unlike normal cells,
GRP78 is present on the cell surface of a wide variety of human
cancer cells (26-31, 43—45). In this study, we investigated
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whether the presence of cell surface GRP78 modulates TF PCA in
T24/83 cells, a well established human bladder carcinoma cell line
with prothrombotic characteristics (42). Our findings suggest that
the binding of anti-GRP78 autoantibodies to cell surface GRP78
causes PLC-mediated release of Ca>" from ER stores, thereby
increasing cytosolic [Ca®*]. This in turn alters plasma membrane
asymmetry resulting in enhanced TF PCA. Thus, our findings may
explain how TF is activated on the surface of cancer cells and con-
tributes to the hypercoagulable state observed in cancer patients.

Our initial experiments were designed to assess the effects of
ER stress-inducing agents on cytosolic [Ca®"] and TF PCA.
Treatment of T24/83 cells with thapsigargin or tunicamycin,
two well known ER stress-inducing agents, elicited diametri-
cally opposed effects on TF PCA. Thapsigargin, a well defined
sarco/endoplasmic reticulum Ca®>"-ATPase pump inhibitor,
induces ER stress by depleting ER Ca®>" stores and increasing
cytosolic [Ca®>*] (55). In contrast, tunicamycin induces ER
stress by inhibiting N-linked glycosylation (46). Both tunicamy-
cin and thapsigargin induced ER stress in T24/83 cells, as dem-
onstrated by a similar activation of UPR markers. However,
unlike thapsigargin, tunicamycin treatment did not increase
cytosolic [Ca®>*]. Moreover, thapsigargin, but not tunicamycin
treatment, dose-dependently up-regulated TF PCA suggesting
that depletion of ER Ca*" stores and not ER stress/UPR activa-
tion is required for the up-regulation of TF PCA. Further sup-
port for this concept comes from the additional observation
that chelation of cytosolic Ca>* with BAPTA-AM attenuated
thapsigargin-induced TF PCA.

The ability of tunicamycin to induce the expression of
GRP78 without altering cytosolic [Ca®"] implies that pretreat-
ment with this ER stress-inducing agent could potentially
inhibit TF PCA. This is based on previous studies showing that
GRP78 is a major ER lumenal Ca®"-storage protein and pro-
tects from Ca>*-induced cell death (50). In a previous study, we
also reported that overexpression of GRP78 by tunicamycin
reduces the release of Ca®>" from ER stores (37). Indeed, tuni-
camycin preconditioning inhibited TF PCA induced by anti-
GRP78 autoantibodies or thapsigargin. These findings provide
evidence that suppressing the release of ER Ca®>" by overex-
pressing GRP78, and likely other ER chaperones in the ER
lumen, can block TF PCA.

Cell surface biotinylation was used to demonstrate the
expression of TF as well as GRP78 on the surface of T24/83
cells, a finding consistent with other cancer cells (26 —30). Indi-
rect immunofluorescence and FACS analysis confirmed the
presence of cell surface GRP78 and TF. Three-dimensional
reconstructions of optical sections acquired by confocal
microscopy revealed high GRP78 expression above the nucleus
of T24/83 cells. Although not completely understood, localiza-
tion of GRP78 expression to this region may reflect distinct
focal points for the recruitment of GRP78 to the cell surface.
Thus, it is interesting to note that ER-resident chaperone pro-
teins such as GRP78, calnexin, and calreticulin can associate
with focal adhesions to mediate IL-1-induced Ca*>* signaling
(56, 57).

The cellular localization of GRP78 to the ER lumen is dic-
tated by its C-terminal KDEL (Lys-Asp-Glu-Leu) sequence, an
ER retention signal found on many ER-resident chaperones (30,
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autoantibodies. B, effect of PLC inhibition on TF PCA induced by anti-GRP78 autoantibodies. T24/83 cells were
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G, effect of tunicamycin pre-conditioning on TF PCA induced by 5 um thapsigargin (Tg) or 60 ng/ml anti-GRP78
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untreated cells (NT). ¢, p < 0.05 versus thapsigargin treated cells. £, p < 0.05 versus autoantibody treated cells.
D, effect of annexin V pre-treatment on TF PCA. TF PCA was measured continuously for 3 h on intact T24/83 cells
treated with 5 um thapsigargin (Tg) or 60 ug/ml anti-GRP78 autoantibodies (GRP78 a-AB) in the absence or presence
of 2.5 ug/ml annexin V (2.5 wg/ml). *, p < 0.05 versus non-treated cells (NT). *, p < 0.05 versus thapsigargin treated
cells. =, p < 0.05 versus autoantibody treated cells.
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58, 59). However, GRP78 is found
on the cell surface of many cancer
cells where it acts as a signaling
receptor (26, 29, 32). Currently, it
remains unclear how GRP78
escapes ER retrieval mechanisms
mediated by the KDEL receptor,
given that GRP78 isolated from the
cell surface retains its KDEL se-
quence (30, 58). Two possible expla-
nations are that the KDEL receptors
on the ER membrane are down-reg-
ulated, modified, or saturated with
other ER lumenal proteins or that
the KDEL sequence on GRP78 is
somehow masked by the co-chaper-
one MT]J-1 (60). Recent studies have
also demonstrated that ER stress
may mediate specific mechanisms
for GRP78 surface localization
and/or ER retention (58). In addi-
tion to its cell surface localization on
cancer cells, the ability of GRP78 to
be incorporated into the plasma
membrane is of major interest. Pre-
vious studies have demonstrated a
subpopulation of GRP78 that is
present on the cytosolic surface of
the ER membrane (61), consistent
with that of a transmembrane pro-
tein. In addition to GRP78, calnexin
is another ER transmembrane pro-
tein found on the cell surface (62).
Recent studies have suggested a
direct GRP78/TF interaction at the
surface of cultured vascular endo-
thelial cells (25) and platelets (63),
suggesting that GRP78 can directly
bind TF to negatively regulate its
activity (25). However, our SPR
studies failed to reveal binding of
functional recombinant GRP78 to
TF. Although we could immuno-
precipitate TF from the surface of
T24/83 cells with anti-GRP78 anti-
bodies, in reciprocal experiments
we were unable to immunoprecipi-
tate cell surface GRP78 with an
anti-TF antibody. These observa-
tions suggest in cancer cells that the
interaction between cell surface
GRP78 and TF is weak or that
an antibody-mediated conforma-
tional change occurs in cell surface
GRP78 or TF that alters binding.
The inability of exogenously ad-
ded human recombinant GRP78
to modulate TF PCA on the sur-
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FIGURE 6. A model for enhanced TF PCA following the binding of anti-GRP78 autoantibodies to cell surface GRP78. Cell surface GRP78 forms a putative

complex with the G-protein-11 (G-, 3,-11) complex. Anti-GRP78 autoantibodies bind to the Leu®®-Leu’'® N-terminal domain of GRP78 exposed on the cell
surface. Upon binding, a signaling cascade involving Gy, is activated, leading to enhanced PLC activation and inositol 1,4,5- trlsphosphate (IP3) production.
IP; molecules can readily diffuse through the cytosol where they bind to their specific receptors on the ER, leading to the opening of Ca®* channels on the ER
membrane and elevating cytosolic [Ca®*]. This increase in cytosolic [Ca%*] can result in TF de-encryption by disrupting plasma membrane asymmetry and
leading to the exposure of PS on the cell surface. TF de-encryption triggers an increase in TF PCA, resulting in increased thrombosis.

face of resting or activated T24/83 cells again implies no
direct interaction. This finding is consistent with a recent
report demonstrating that exogenously added recombinant
GRP78 does not bind to the cell surface (58). Although our
findings suggest that GRP78 and TF do not form a direct com-
plex, at least in the context of purified components, we cannot
rule out the possibility that GRP78 and TF form transient mul-
tiprotein complexes on the cell surface, in different cell types or
under varying stress conditions, such as ER or oxidative stress.
Clearly, additional studies are required to further clarify the
cellular factors or stress conditions that affect GRP78/TF inter-
actions on the cell surface.

The topography of cell surface GRP78 and its adaptation to
function as a signaling receptor can somehow affect its immu-
nogenicity (26, 32, 33). Autoantibodies to GRP78 have been
identified in the serum from patients with prostate, ovarian, or
gastric cancer (32, 33). In virtually all these cancers, these
autoantibodies recognize the linear GRP78 primary amino acid
sequence Leu®®*~Leu''®, implying that this region in the N-ter-
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minal domain of cell surface GRP78 is highly immunogenic. In
terms of clinical significance, the presence of anti-GRP78
autoantibodies in human plasma correlates with accelerated
cancer progression, enhanced metastatic potential, and re-
duced survival (33). In this study, we showed that treatment of
T24/83 cells with levels of anti-GRP78 autoantibodies (60
pg/ml) comparable to those found in the plasma of prostate
cancer patients caused a significant increase in cytosolic [Ca*"]
and enhanced TF PCA. In contrast, exposure of the cells to
lower concentrations of these anti-GRP78 autoantibodies (7
pg/ml) found in the plasmas of healthy individuals failed to
affect cytosolic [Ca®"] or up-regulate TF PCA (26). As confir-
mation for a role of cell surface GRP78 in activating TF PCA, we
utilized the PC-3 prostate cancer cell line that expresses TF but
little or no GRP78 on the cell surface (26). Here, we were able to
show that treatment with anti-GRP78 autoantibodies did not
enhance TF PCA; however, a significant increase in TF PCA
was still observed when PC-3 cells were treated with thapsigar-
gin. Taken together, these findings suggest that, in addition to
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GRP78 exposure on the cell surface, the TF PCA response also
requires the presence of a certain threshold level of circulating
anti-GRP78 autoantibodies.

The receptor function of cell surface GRP78 has been dem-
onstrated in respect to a,M signaling (64) and as a co-receptor
for the COX A9 virus (65, 66). Additionally, immunoprecipita-
tion studies of plasma membrane fractions from activated o, M
stimulated macrophages demonstrated cell surface GRP78
coupled to the pertussis toxin-insensitive G-protein, Gy,
(48). Studies have demonstrated that anti-GRP78 autoantibod-
ies bind to the same tertiary epitope on GRP78 (Leu®®*~Leu''®)
as a,M (26), suggesting that similar signaling mechanisms with
anti-GRP78 autoantibodies may be similar to those with a,M.
Treatment with the PLC inhibitor, U73122, but not its non-
active analogue, U73343, inhibited TF PCA elicited by the anti-
GRP78 autoantibodies. Activation of PLC increases cytosolic
inositol 1,4,5-trisphosphate (IP;), which then binds to specific
receptors on ER Ca®" channels and causes ER Ca*>* release
(49). These results are consistent with a mechanism of
increased cytosolic [Ca®"] mediating the effect of GRP78
autoantibodies on TF PCA (Fig. 6), similar to that observed for
thapsigargin (31).

The binding of anti-GRP78 autoantibodies to cell surface
GRP78 can increase cytosolic [Ca*"] at levels sufficient to dis-
turb flippase activity (15, 16) and therefore may cause exposure
of PS molecules on the cell surface. Previous studies have shown
that PS expression on the cell surface de-encrypts TF and facil-
itates its interaction with its co-factor FVIIa (15). Based on our
findings, we present a model in Fig. 6 showing that engagement
of GRP78 autoantibodies with cell surface GRP78 activates
PLC, which triggers an increase in [IP;] and subsequent ER
Ca®" release. This in turn leads to PS exposure, TF de-encryp-
tion, and enhanced TF PCA, which culminates in a fibrin-rich
clot. In addition to its role in thrombosis, enhanced TF PCA is
also linked to increased tumor cell survival, angiogenesis, and
metastasis (17-20, 67— 69). Thus, strategies aimed at blocking
cell surface GRP78 signaling have the potential of decreasing
the risk of cancer-related thrombotic events as well as tumor
growth.
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Supplementary Figure 1: Production and purification of recombinant human GRP78 from
bacteria.

A) Coomassie stained SDS-polyacrylamide gel of fractions containing recombinant human GRP78
protein. Following induction with IPTG, transformed Rosetta (DE3) cells were pelleted (lane 1),
resuspended in 20mM Tris (pH 8.5), 0.5M KCI, 0.03% lauryldimethylamine oxide (LOAD), 10%
glycerol supplemented with protease inhibitors (PMSF, leupeptin, pepstin and benzamidine) and
lysed by passage though a French pressure cell at 8000 p.s.i. After clarification by centrifugation at
40,000 rpm for 40 min (lanes 2,3), GRP protein was purified by nickel affinity- fast protein liquid
chromatography (FPLC) system. The Ni column was washed with the same above buffer and the
cell lysate was injected into the column. Samples were eluted with a gradient of imidazole by
increasing the salt concentration of the wash buffer (0-100%). Lanes 4 and 5 represent flow
through. Lanes 6 to 9 represent pooled fractions containing human GRP78. M, molecluar mass
markers.

B) Immunoblot analysis of human GRP78 in bacterial lysates. Total lysates from transformed
Rosetta (DE3) cells treated in the absence (lane 1) or presence of IPTG (lane 2) to induce GRP78
expression were separated on 10% SDS-polyacrylamide gels, transferred to nitrocellulose
membrane and immunoblotted for human GRP78 using anti-KDEL antibodies. Lane 3 contains
FPLC-purified human GRP78. Results indicate that intact human GRP78 can be successfully
produced and purified using a bacterial expression system.

C) ATPase activity assay. The ATPase activity of hrGRP78 was analyzed by quantitating the free
P; liberated during ATP hydrolysis using the method of Seals et al. (1). Briefly, reactions were
initiated by adding hrGRP78 to an assay mixture containing: 35.7 mM Tris-HCI (pH 7.4), 0.7 mM
[y—>*P]ATP, 1.4 mM MgCl,, and 0.385 uM hrGRP78 in a final volume of 140 pL. After incubation at
37°C for 30 min, 20 uL of 6% SDS was added to the reaction mixture to terminate the reaction.
After adding 60 pL of fresh phosphate reagent (10 N sulfuric acid, 2 vol; 10% ammonium
molybdate, 2 vol; and 0.1 M silicotungstic acid, 1 vol), 1 mL of 65:35 xylene:isobutyl alcohol (v/v)
was added, and the samples were vortexed vigorously. The aqueous and organic phases were
then separated by centrifugation for 5 min at 14,000 rpm in a microcentrifuge. The organic phase
(1 mL) was removed, mixed with 10 mL of toluene:omnifluor:ethanol, and counted in a liquid
scintillation counter to determine [*?P]P; released. The data were obtained from three independent
experiments.

D) Protein-peptide interaction studies with hrGRP78 and peptide pp38. Functional studies on
the interaction of native hrGRP78 and pp38, a synthetic octa-peptide that mimics the unfolded
regions of target proteins in the ER were carried out using Surface Plasmon Resonance (SPR).
Peptide pp38 binds to GRP78 with high affinity and stimulates the ATPase activity of the protein
(2). All binding experiments were performed at 20°C using a Biacore 3000 system (Biacore AB,
Uppsala, Sweden) in which biosensor chips were covalently coupled with hrGRP78. Prior to
hrGRP78 immobilization, the flow cells of the chip were thoroughly washed with three pulses each
of 50 mM NaOH and 50 mM HCI. After priming the system, the hrGRP78 was immobilized by
amine-coupling chemistry using the Biacore wizard. HBS-P buffer, pH7.4 containing 0.15M NaCl
and 0.005% surfactant P-20 was used as running buffer for immobilization and for performing
binding assays. hrGRP78 (equivalent to 13,800 RU) was immobilized in Fc-2, while Fc-1 was
treated similarly without hrGRP78 to serve as a reference flow cell. Before running the actual
experiment the system was primed twice to remove any residual immobilization reagents. For
binding assays the octa-peptide solution was prepared in water and various dilutions of the stock



solutions were made in running buffer in the range of 1-100 uM. All of the samples were briefly
centrifuged at 5,000 rpm for 2 min to remove any trapped air bubbles. Various concentrations of
peptide analyte were injected in Fc1 and Fc2 (Fc2-Fc1 format) at a flow-rate of 30 yL/min for 3
min. The binding of pp38 to immobilized hrGRP78 was measured in arbitrary resonance units
(RU). The interaction association (Ka) and dissociation rate constants (Kp) between native
hrGRP78 and pp38 were 16.7 M and 0.0597 M, respectively.

Reference:

1. Seals, J. R., McDonald, J. M., Bruns, D., and Jarett, L. (1978) Anal Biochem 90, 785-795.
2. Fourie, A. M., Sambrook, J. F., and Gething, M. J. (1994) J Biol Chem 269, 30470-30478.
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Preamble

This chapter is an orginal submitted for publication to the Cancer Cell journal.
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Summary:

Anti-GRP78 autoantibodies (anti-GRP78 autoAbs) derived from the blood of
prostate cancer (PCa) patients can increase tissue factor (TF) activity in vitro by
binding to cell surface GRP78. In this study, we report a direct association of anti-
GRP78 autoAbs with PCa grade, and demonstrate a TF-dependent mechanism
whereby anti-GRP78 autoAbs significantly increase the growth of DU145-derived
tumors in NOD/SCID mice. This TF-dependent effect on tumor growth was
blocked using enoxaparin, a low molecular weight heparin that disrupts the
autoAb/cell surface GRP78 complex. These findings support a model in which TF
activation via the engagement of anti-GRP78 autoantibodies to surface GRP78
confers tumor growth and represents a novel therapeutic target for the

management of PCa.
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Significance (MAX 120 words):

The mechanism of PCa progression, beyond castration resistance, is not fully
characterized and this contributes to poor PCa management and patient treatment.
We have identified a new mechanism that highlights the importance of anti-GRP78
autoAbs in promoting cancer progression. This mechanism is orchestrated by TF,
the major initiator of the coagulation cascade. We further showed that heparin and
low molecular weight heparin can block the binding of anti-GRP78 autoantibodies
to tumor cells thereby reducing tumor growth in mice. PCa patients diagnosed with

elevated anti-GRP78 autoantibodies levels may benefit from LMWH treatment.
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Introduction

Prostate cancer (PCa) is the most frequently diagnosed cancer in men and accounts
for 15% of all new cancer cases (Center, Jemal et al. 2012). Age-adjusted incidence
rates of PCa have increased dramatically, largely due to the increased availability of
screening for prostate-specific antigen (PSA) and earlier detection (Center, Jemal et
al. 2012). Although patients with organ confined disease have favorable prognoses,
metastatic disease remains incurable (Lippi, Montagnana et al. 2009). Furthermore,
secondary thrombotic complications can increase the risk of disease progression
and mortality in PCa patients. Current evidence indicates that this prothrombotic
state occurs on the surface of cancer cells and involves the enhanced expression of
tissue factor (TF) and/or its procoagulant activity (Abdulkadir, Carvalhal et al. 2000,
Akashi, Furuya et al. 2003, Milsom and Rak 2008). In addition to its critical role in
hemostasis and clot formation, TF also promotes tumor growth and metastasis
(Rak, Milsom et al. 2006, Milsom and Rak 2008, Milsom, Yu et al. 2008). A growing
body of genetic and pharmacological evidence suggests that activation of tumor
cell-expressed TF contributes to tumor growth byinducing an array of
proangiogenic and immune modulating cytokines, chemokines and growth factors

(Ruf, Disse et al. 2011; Rak et al. 2006; Garnier et al. 2010).

We reported previously a novel mechanism whereby anti-GRP78 autoantibodies
(anti-GRP78 autoAbs) modulate TF activity via release of Ca®* from the endoplasmic
reticulum (ER) compartment to the cytosol (Al-Hashimi, Caldwell et al. 2010). Mintz

and colleagues originally reported that circulating anti-GRP78 autoantibodies
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(autoAbs) in the blood of PCa patients could bind to a peptide with the amino acid
sequence CNVKSDKSC (Mintz et al. 2003) which contains a tertiary structure that
resembles the linear N-terminal domain (Leugs-Leuys) of cell surface GRP78
(Gonzalez-Gronow et al. 2006). PCa patients were shown to have pathological
levels of anti-GRP78 autoAbs (=60 ug/mL), compared to age matched healthy
controls (~5ug/mL) (Gonzalez-Gronow et al. 2006). Furthermore, we, and others
have reported that GRP78 is expressed on the surface of cells derived from a wide
variety human cancers, including prostate, ovarian, leukemia, and lung cancers
(Shin, Wang et al. 2003, Gonzalez-Gronow et al., 2006; Watson, Chan et al. 2003,
Pozza and Austin 2005, Al-Hashimi, Caldwell et al. 2010, Lee 2014). GRP78 is a
member of the HSP70 family of proteins and is considered an ER-resident
molecular chaperone that facilitates the correct folding and assembly of newly
synthesized proteins (Ron and Walter 2007). However, current studies indicate that
when expressed on the surface of tumor cells, GRP78 functions as a unique
signaling receptor to promote cell proliferation and survival (Gonzalez-Gronow,
Selim et al. 2009). Exposure of GRP78 on the surface of tumor cells is linked to the
production of anti-GRP78 autoAbs in PCa patients (Mintz et al. 2003). The majority
of these circulating anti-GRP78 autoAbs target the N-terminal domain of GRP78 at
Leugs-Leuys and are correlated with accelerated cancer progression, enhanced
metastatic potential and reduced survival (Gonzalez-Gronow, Cuchacovich et al.

2006).
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In this study, we used a NOD/SCID mouse xenograft mouse model to investigate
whether the binding of anti-GRP78 autoAb to cell surface GRP78 potentiated tumor
growth in a TF-dependent and -independent manner. Given that the anti-GRP78
autoAb epitope binding domain on surface GRP78 contains a heparin binding
domain (Gonzalez-Gronow et al., 2006), we examined whether the LMWH,
enoxaparin, could abolish the effect of the anti-GRP78 autoAb on tumor growth.
Results of our study validate the anti-GRP78 autoAb /cell surface GRP78 complex as

a viable cellular target for the treatment of PCa.
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Results
Cell Surface GRP78 Expression Correlates with PCa Grade

Cell surface expression of GRP78 has been reported to be increased in a wide range
of cultured tumor cell lines, including prostate, ovarian, and lung (Al-Hashimi et
al., 2010; Pozza and Austin, 2005; Shin, Wang et al. 2003). To assess changes in cell
surface and total GRP78 expression with increasing PCa disease grade, tumor
sections from the Human Protein Atlas were immunostained for GRP78 at grade I,
III and IV. Figure 1A demonstrates low level immunostaining for total and cell
surface GRP78 in Grade 1 PCa. In Grade II PCa, cell surface GRP78 expression is
increased in most tumor cells (Figure 1B). Finally, in grade IV PCa, there was very
strong immunostaining for GRP78, including the cell surface (Figure 1C). These
findings suggest that increases in total and cell surface GRP78 correlate with the

progression of PCa.

Anti-GRP78 AutoAb Titres Correlate with PSA Levels in PCa patients

Given that cell surface GRP78 expression increases with disease grade, we assessed
whether anti-GRP78 autoAbs correlated with more advanced disease. Serum
samples from PCa patients were obtained from the Ontario Tumour Bank. Anti-
GRP78 autoAb titers were subsequently measured and correlated with blood PSA
levels. A recent report has suggested that PSA levels can be used to estimate

prostate cancer grade (Teeter, Presti et al. 2013). Using a Pearson correlation test,
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we demonstrated a significant (p<0.05) and positive correlation coefficient (r=0.38)
between anti-GRP78 autoAb titres and PSA levels (n=48) (Figure 2A). To further
examine this correlation, patient samples were redistributed into four groups based
on their blood PSA concentrations: Low PSA (<2 ng/mL), Low to medium PSA (2-7
ng/mL), High PSA (7-12 ng/mL), and Very high PSA (>12 ng/mL), (adapted from the
D’Amico PCa risk categories; D'Amico, Whittington et al. 1998). Malignancy free,
aged-matched males that were not diagnosed with PCa were used as controls
(Figure 2B). This analysis demonstrated that increased anti-GRP78 autoAb titres
correlated with higher blood PSA levels; all samples had significantly higher anti-

GRP78 autoAb titres compared to the control group.

Sustaining consistent antigen presentation can enhance the production of specific
IgG-type antibodies, since the half-life of antigen specific antibodies is less than 3
weeks (Vieira and Rajewsky 1988). Two cohorts of patients diagnosed with PCa that
were prescribed prostatectomies were examined at pre-operative and 24-weeks
post-operative stages for anti-GRP78 autoAb titres (Figure 2C). A significant
decrease in anti-GRP78 autoAb titres was observed in patients post-operatively
(mean=90.88 pg/mL, p<0.0001), compared to pre-operative levels (mean= 124.2
ug/mL). Currently, these post-operative patients have negligible PSA levels (PSA<1

ng/mL, data not shown) and are in remission.
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Engagement of Anti-GRP78 AutoAbs to Surface GRP78 Activates the Unfolded

Protein Response (UPR)

We have previously shown that binding of anti-GRP78 autoAbs to cell surface
GRP78 results in ER Ca* efflux and UPR activation, a pro-survival pathway initiated
by ER stress (Al-Hashimi, Caldwell et al. 2010). Consistent with these findings,
treatment of DU145 cells with pathological concentrations (60 pg/mL) of the anti-
GRP78 autoAbs increased the expression of a number of UPR markers at both the
protein (Figure 3A) and RNA levels (Figure 3B). This included an increase in
expression of PDI, IREla, GRP78 and spliced XBP1. In contrast, expression levels of
CHOP, an ER stress-induced apoptosis marker, did not change in response to the
anti-GRP78 autoAb (Figure 3). These findings suggest that induction of the UPR is a
reliable and robust marker for assessing the engagement of anti-GRP78 autoAbs to

cell surface GRP78 on PCa cells.

TF is Required for Tumor Growth Induced by Anti-GRP78 AutoAbs

De Ridder and colleagues had previously shown that a humoral response to GRP78
can promote tumor growth and proliferation (de Ridder, Gonzalez-Gronow et al.
2011). Furthermore, treatment of DU145 cells with anti-GRP78 autoAbs results in
increased TF expression and activation (Al-Hashimi, Caldwell et al. 2010), thereby
contributing to tumor growth (Milsom and Rak 2008). Based on these previous

studies, we evaluated the contribution of anti-GRP78 autoAbs to tumor growth in
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vivo. Wild type DUI145 cells were implanted subcutaneously into the flank of
NOD/SCID mice. Animals were assigned to three groups and each group was
administered an intraperitoneal injection at the site of the tumor with 1) PBS
(vehicle control), 2) control human IgG (control antibody), or 3) anti-GRP78
autoAbs. Ten weeks post-injection, anti-GRP78 autoAbs significantly accelerated
the rate of tumor growth in mice, compared to vehicle and human IgG control
groups (Figure 4A). This accelerated tumor growth continued for twelve weeks
post-injection until termination of the experiment. Treatment with anti-GRP78
autoAbs resulted in increased TF immunostaining within the tumors, compared to
tumors obtained from the human IgG group (Figure 4B), a finding consistent with
increased mRNA expression of TF (Figure 4C). As observed for cultured DU145 cells,
tumors treated with anti-GRP78 autoAbs had significantly higher expression levels
of both UPR (GRP78, ATF4, spliced XBP-1) and proliferation markers (Ki67, VEGFR2),
compared to control tumors treated with human IgG (Figure 4C). Consistent with
these findings, gene expression analysis using NanoString® identified numerous
UPR markers, including PERK, calnexin, calreticulin, ATF4, ATF6, GRP78 and total
XBP1 that were significantly upregulated in the anti-GRP78 autoAb treated samples
(Figure 4D; complete heat map for gene expression is available in Supplemental
Figure 1). Finally, a 48% increase in Ki67 positive cells were observed in the anti-
GRP78 autoAb treated tumors, compared to those treated with human IgG (Figure

4E).
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Our findings show that treatment of wild type DU145 derived tumors in mice with
anti-GRP78 autoAbs resulted in increased TF expression at both the mRNA and
protein level (Figure 4B and 4C). Thus, to determine whether there is a direct role of
TF in mediating the effect of anti-GRP78 autoAbs on increased tumor progression,
TF protein expression in DU145 cells was stably knocked down using a TF shRNA
lenti-viral vector (Figure 5A). A lenti-viral vector encoding GFP acted as a control
(DU145°""). Western blot analysis of four clones revealed a variable decrease in TF
expression post antibiotics selection (Figure 5A) Since DU145-clone 4 (DU145") had
undetectable levels of endogenous TF expression, we determined whether this
reduction in TF expression correlated with reduced TF activity. Treatment of
DU145*” with anti-GRP78 autoAb did not increase TF activity (Figure 5B), compared
to the DU145°"F and the DU145-clone 1 cell line having reduced TF expression. To
elucidate the contribution of TF to tumor progression, DU145°"" or DU145* cells

were implanted in NOD /SCID mice, and tumor progression was monitored. Eight-

5KD SGFP

week post injection, DU145™" tumors grew at a slower rate than control DU14
tumors (Figure 5C, left panel). Staining for TF confirmed decreased TF expression in
DU145"" tumors, compared to control DU145°" tumors (Figure 5C, right panel). To
define the contribution of TF to tumor growth mediated by anti-GRP78 autoAbs,
DU145*” were implanted in NOD /SCID mice. One group of mice received a weekly
injection of anti-GRP78 autoAbs and a control group received a weekly injection of

human IgG at the tumor site. No difference in tumor growth was observed between

human IgG control and anti-GRP78 autoAb treated groups (Figure 5D). These
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findings suggest that the increase in tumor growth induced by anti-GRP78 autoAb

was dependent on TF.

Immunodepletion or Neutralization of Anti-GRP78 AutoAbs Inhibits TF Activity

Given our findings that engagement of purified anti-GRP78 autoAbs with cell
surface GRP78 increases TF expression and activity, we sought to determine
whether blood from PCa patients contained additional factors that could also
activate TF on the surface of tumor cells. Anti-GRP78 autoAbs were
immunodepleted from the serum of patients diagnosed with PCa, as described
previously (Al-Hashimi et al. 2010). As expected, TF procoagulant activity was
significantly increased in cultured DU145 cells treated with either purified anti-
GRP78 autoAbs (60 pug/ml) or undiluted patient serum containing 60 pg/mL of
anti-GRP78 autoAbs (Figure 6A). In contrast, no increase in TF activity was observed
in DU145 cells treated with serum immunodepleted for anti-GRP78 autoAbs, a
finding comparable to untreated cells. Thapsigargin was used as a positive control
due to its ability to increase cytosolic intracellular Ca*" and activate TF (Figure 6A).
Furthermore, pretreatment of different patient sera with human recombinant
GRP78 (hrGRP78, 60 pg/mL) significantly reduced TF activity elicited by the anti-
GRP78 autoAb. As expected, the addition of hrGRP78 to cells treated with
thapsigargin did not block the increase in TF activity (Figure 6B). These findings
indicate that anti-GRP78 autoAbs are the major activator of TF in the blood of PCa

patients and contains no additional factors that were able to enhance TF activity.
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Heparin and LMWH Block the Binding of Anti-GRP78 AutoAbs to Cell Surface

GRP78 and Reduce Tumor Growth In Vivo

Previous studies have demonstrated that GRP78 possesses a heparin-binding
domain that consists in part of Leugs-Thripz (Hansen, O'Leary et al. 1995). This
heparin binding domain is present within the N-terminal autoantibody binding site
(Leugs-Thripz) of GRP78. Based on this finding, we examined the ability of heparin to
block the binding of anti-GRP78 autoAbs to cell surface GRP78. Pre-treatment of
intact DU145 cells with heparin (50 IU/mL) was shown to block the activation of TF
by the anti-GRP78 autoAb (Figure 7A). As expected, heparin pre-treatment did not
affect thapsigargin-induced TF activity (Figure 7A). In addition to standard heparin,
the LMWH enoxaparin was tested to examine its ability to block the interaction of
anti-GRP78 autoAbs with cell surface GRP78. Consistent with the findings for
heparin, enoxaparin was also effective in abolishing the binding of anti-GRP78
autoAbs to cell surface GRP78 (Figure 7B). Furthermore, DU145 cells pre-treated
with enoxaparin showed significantly lower fluorescence intensity of GRP78
staining compared to untreated cells (Figure 7C). These findings suggest that
enoxaparin interferes with the binding of anti-GRP78 autoAbs to cell surface
GRP78. Based on these observations, we examined the ability of enoxaparin to
alleviate the effect of anti-GRP78 autoAbs on tumor progression in vivo. NOD /SCID
mice were randomly divided into two groups, PBS (control) and enoxaparin. Wild

type DU145 cells were implanted into each group of mice followed by weekly
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injections of either anti-GRP78 autoAbs or control human IgG at the site of the
tumor. One week after the administration of anti-GRP78 autoAbs, mice from the
anti-GRP78 autoAb and IgG groups received a secondary treatment of enoxaparin
(6 mg/kg/week), with the remaining mice treated with PBS (control). While animals
treated with anti-GRP78 autoAbs had accelerated tumor growth compared to IgG
treated animals, the enoxaparin group showed a significant and marked reduction
in tumor growth induced by anti-GRP78 autoAbs (Figure 7D). However, tumor
growth, although much slower, was similar in mice treated with enoxaparin alone
compared to PBS treated mice. These findings suggest that enoxaparin treatment
blocks tumor growth elicited by the anti-GRP78 autoAbs but does not in itself have

anti-tumor properties in this model system.

Gene expression was assessed using NanoString® in tumors treated with control
IgG or anti-GRP78 autoAbs that were subjected to the enoxaparin intervention
(complete heat map for gene expression is available in Supplemental Figure 1). In
contrast to treatment of tumors with anti-GRP78 autoAbs (Figure 4D), no
significant induction in UPR gene expression was noted between either groups
(Figure 7E). These findings suggest that the effect of anti-GRP78 autoAbs on UPR

activation via cell surface GRP78 was abolished by enoxaparin.
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Discussion

In this study, we present data that supports an intriguing and important role for
anti-GRP78 autoAbs as potentiators of PCa growth and proliferation. Experimental
cell culture and tumor models as well as clinical samples from PCa patients were
used to demonstrate anti-GRP78 autoAbs as a determinant of tumor growth.
Mechanistically, anti-GRP78 autoAbs purified from the blood of PCa patients bind
to cell surface GRP78 on tumor cells, thereby causing increased expression and
activation of TF, the critical mediator of the coagulation pathway. Moreover, this
effect was solely dependent on these anti-GRP78 autoAbs as
immunodepleting /neutralizing these autoAbs revealed no other factors in the
plasma of PCa patients capable of inducing TF expression/activity. Using a
NOD/SCID mouse xenograft model of tumor growth, we show for the first time
that anti-GRP78 autoAbs directed against the N-terminal domain of GRP78 (Leugs-
Leuys) significantly increased tumor growth in a TF-dependent manner.
Importantly, the LMWH enoxaparin blocked accelerated tumor growth potentiated
by the anti-GRP78 autoAbs. Taken together, our results support a model (Figure 8)
whereby the activation of TF via the engagement of anti-GRP78 autoantibodies to
GRP78 on the surface of cancer cells represents a critical mechanistic switch for

tumor growth.

GRP78 is widely recognized as a molecular chaperone that aids in the folding and
assembly of newly synthesized proteins within the ER (Ni et al. 2011; Ron and Walter
2007; Gonzalez-Gronow et al. 2009; Austin 2009). In addition, ER luminal GRP78 is
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known to redirect misfolded proteins for ER-associated degradation, regulate ER
calcium homeostasis and control the activation of the UPR following ER stress.
However, a wide range of human tumor cell lines show that GRP78 can function in a
manner distinct from its chaperone activity; GRP78 can be actively translocated to
the cell surface and function as a modulator of signaling, proliferation, invasion and
immunity (Lee 2014; Gonzalez-Gronow et al. 2009; Al-Hashimi et al. 2010).
Furthermore, a humoral response against surface GRP78 is correlated with poor
prognosis in PCa (Mintz et al. 2003) and anti-GRP78 autoAbs derived from PCa
patients demonstrate mitogenic potential when exposed to a variety of PCa cell
lines, including 1-LN and DUI145 (Gonzalez-Gronow et al. 2006). These findings
imply that anti-GRP78 autoAbs directed against GRP78 on the surface of tumor cells
represent a marker of cancer progression as well as a potentiator of tumor growth
and proliferation. Although recent in vivo studies have suggested that immunity
against GRP78 accelerates tumor growth in vivo (deRidder et al. 2011), the direct
contribution of these anti-GRP78 autoAbs to tumor growth as well as the
underlying mechanism which supports this enhanced tumorigenicity was not

defined.

Using archived tumor tissue as well as plasma samples taken from a patient cohort
diagnosed with different stages of PCa, we demonstrated a significant increase in
cell surface GRP78 expression that was correlated with more advanced disease.
Furthermore, there was a positive correlation between PSA blood levels and anti-

GRP78 autoAb titres in a cohort of PCa patients having advanced disease but prior
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to receiving surgical treatment. Circulating anti-GRP78 autoAbs are also detected
in other cancers, including colorectal cancer (Raiter et al. 2014), hepatocellular
carcinoma (Shao et al. 2012), and ovarian carcinoma (Chinni et al. 1997).
Furthermore, the presence of anti-GRP78 autoAbs in the blood of cancer patients is
now considered to be a serological diagnostic marker for early cancer detection
(Raiter et al. 2014; Quinones et al. 2008). It is well-documented that an increase in
antigen presentation on the surface of cancer cells can drive antibody production
(Mintz et al. 2003; Reuschenbach et al. 2009; Vieira and Rajewsky 1988, Steinman
and Hemmi 2006). Thus, we compared anti-GRP78 autoAb titres in the pre-
prostatectomy stage (patients with active PCa) with the post-prostatectomy stage
(PCa patients who are deemed cancer-free). Post-operative patients demonstrated
significantly lower levels of anti-GRP78 autoAbs, compared to pre-operative
patients. This finding supports the concept that the expression of GRP78 on the
surface of prostate tumors could stimulate the expression of anti-GRP78 autoAbs. It
is worth noting that while post-operative patients had significantly lower anti-
GRP78 autoAb titres compared to patients with active disease, these titres were not
reduced to the levels observed in control patients. We are currently investigating

whether anti-GRP78 autoAb titres would eventually fall to normal levels over time.

The correlation of anti-GRP78 autoAbs with PCa disease grade suggests a
contributory role in mediating disease progression. We examined mechanisms by
which anti-GRP78 autoAbs can enhance tumor cell survival and growth. Previously,

the binding of anti-GRP78 autoAbs to cell surface GRP78 resulted in depletion of ER
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Ca* stores (Al-Hashimi et al. 2010). This process is key in activating the UPR pro-
survival pathway (Misra, Gonzalez-Gronow et al. 2004, Al-Hashimi, Caldwell et al.
2010). Interestingly, only pathological doses of anti-GRP78 autoAbs observed in
patients with PCa resulted in the induction of several UPR markers at the protein
and RNA levels. However, there was no change in the expression of the pro-
apoptotic marker CHOP, a bZIP transcription factor induced by the ATF6 and PERK

pathways (Rutkowski, Arnold et al. 2006).

UPR activation enables cells to either manage current stress conditions, or activate
apoptosis. Mild activation of the UPR leads to an adaptation to cellular stresses by
means of increased chaperone expression (Rutkowski, Arnold et al. 2006). In terms
of a mechanism, Rutkowski suggested that mild UPR activation was linked to
selective intrinsic instabilities of apoptotic proteins, such as CHOP, thereby
creating a strong pro-survival bias (Rutkowski, Arnold et al. 2006). It is worth noting
that increased GRP78 expression was linked to chemoresistance, leading to
therapeutic failures in response to chemotherapy (Gifford, Huang et al. 2016). We
are currently investigating whether activation of the UPR following the binding of
anti-GRP78 autoAbs to cell surface GRP78 can confer protection against apoptotic

cell death and thus in part contribute to tumor growth and metastasis.

We have previously reported that the binding of anti-GRP78 autoAbs to cell surface
GRP78 can increase TF expression and activity (Al-Hashimi, Caldwell et al. 2010). It
is well established that TF expression and activation are correlated with increased

tumor progression (Milsom et al., 2009; Rak, Milsom et al. 2006, de Ridder et al.,
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2010). It is worth noting that while the risk of thrombosis among PCa patients is
relatively low; TF expression/activation can also increase inflammation and
angiogenesis resulting in improved proliferative capacity of the tumor (Abdulkadir,
Carvalhal et al. 2000, Akashi, Furuya et al. 2003, Milsom and Rak 2008). Based on
these studies, tumor growth was measured in an in vivo model system, the
immunodeficient NOD /SCID mice, that allows for the growth of human tumor cells
in the presence of a complete repertoire of coagulation factors (Fang, Lin et al.
1996, Emeis, Jirouskova et al. 2007). Our studies showed that only tumors derived
from WT DU145 cells, and not DU145 cells stably knocked down for TF, enhanced
tumor growth when treated with anti-GRP78 autoAb. In addition, autoAb treated
tumors demonstrated activation of the UPR as well as increased levels of the cell
proliferation marker Ki67. Therefore our findings show that other pathways that
influence cell proliferation and viability can be activated following the binding of

anti-GRP78 autoAbs to surface GRP78.

Impaired TF expression and/or function can potentially limit tumor progression,
however, direct modification of TF expression is clinically unfeasible considering
the imminent risk of bleeding complications (Khorana 2009). Therefore, we
explored approaches to block the interaction of anti-GRP78 autoAbs with cell
surface GRP78 on PCa cells. Previous studies have reported that GRP78 contains a
heparin binding site consisting of Leugs-Argin (Hansen, O'Leary et al. 1995), which
resides within the N-terminal region of GRP78 that is known to contain the epitope

for anti-GRP78 autoAb binding. Although studies by Mousa and colleagues have
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suggested that heparin and enoxaparin can function as anti-cancer agents, the
underlying mechanism has not been characterized (Mousa, Linhardt et al. 2006,
Mousa and Petersen 2009, Vlodavsky, Ilan et al. 2007). Our in vitro data show that
heparin and LMWH are sufficient to disrupt the binding of anti-GRP78 autoAbs to
cell surface GRP78 and reduce TF activity. As expected, heparin treatment did not
affect the induction of TF activity by thapsigargin, indicating that heparin does not
impair the release of ER Ca® that contributes to TF activation (Al-Hashimi et al.
2010). Additionally, we demonstrated via immunofluorescence that enoxaparin pre-
treatment inhibited anti-GRP78 autoAb binding to the surface DU145 cells. This
data indicates that heparin or enoxaparin pre-treatment can successfully prevent
the binding of anti-GRP78 autoAbs to the surface of cancer cells, thereby inhibiting
TF activity. Furthermore, these findings provide a novel mechanism by which
heparin reduces local anti-coagulant effects independent of its ability to inactivate

thrombin and Xa via antithrombin.

Based on these findings, we designed an interventional study to assess the ability of
enoxaparin to block the growth of DU145-derived tumors in NOD /SCID mice, both
in the presence or absence of anti-GRP78 autoAbs. It is worth mentioning that the
intervention approach in this experiment was adapted to test the ability of
enoxaparin to block the binding of anti-GRP78 autoAbs in the presence of a
complete coagulation system. Treatment with enoxaparin abolished the effect of
anti-GRP78 autoAbs on accelerated tumor growth in these mice. Furthermore,

analysis of tumors treated with anti-GRP78 autoAbs and enoxaparin demonstrated
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no activation of the UPR, compared to tumors treated with only anti-GRP78
autoAbs. Based on these results, our studies suggest that agents like enoxaparin
which can interfere with the autoantibody /surface GRP78 complex could represent
a potential new strategy for the treatment of PCa or other cancers that are
impacted by the presence of anti-GRP78 autoAb. However, the benefits of using
enoxaparin or heparin must be balanced with the potential for bleeding in these
patients.

In summary, our findings support the treatment of PCa with heparin or heparin-
like molecules in patients having elevated levels of anti-GRP78 autoAbs. Whether
this strategy would benefit other cancers in which anti-GRP78 autoAbs are elevated

is worthy of investigation.
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EXPERIMENTAL PROCEDURES
Human Protein Atlas

Protein immunohistochemistry images from normal and cancer tissue were
downloaded from the publicly available data base of the Human Protein Atlas

(http: / /www.proteinatlas.org). Representative samples were downloaded from

Adenocarcinoma, NOS (M-81403, patient id: 3040), Low grade (M-814031, Patient id:
3957), and High grade (M-814033, Patient id: 3978). Images were analyzed for total

and cell surface GRP78 immunostaining.
PSA and Anti-GRP78 Autoantibody Titres

Biological materials were obtained from the Ontario Tumour Bank, which is funded
by the Ontario Institute for Cancer Research. Blood samples were taken from a
patient cohort diagnosed with PCa prior to treatment administration. PSA values
were provided by the Ontario Tumour Bank. anti-GRP78 autoAb titres were
measured using an established ELISA protocol as described previously (Al-Hashimi,

Caldwell et al. 2010).
Cell Culture

Cancer cell lines were purchased from the American Type Culture Collection
(Manassas, VA). The human prostate cancer cell line, DU145, was cultured in
MEM+GLUTAMAX media (Invitrogen, Carlsbad, CA). All media were supplemented

with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO) containing 100 U/ml
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penicillin and 100 pg/ml streptomycin (Invitrogen). Cells were maintained at 37°C

in a humidified atmosphere of 5% CO..
Patient Samples

Blood samples from patients with PCa were obtained from the Department of
Urology, St. Joseph's Healthcare, Hamilton, ON, Canada. Written informed consent
was obtained from each patient and approved by the Research Ethics Board of St.

Joseph's Healthcare (REB#08-3047).
Isolation of anti-GRP78 autoAbs

Anti-GRP78 autoAbs were purified from the serum of PCa patients by affinity
chromatography on Protein A-Sepharose, as previously described (Al-Hashimi,

Caldwell et al. 2010).
Cell Treatments

Thapsigargin (Sigma-Aldrich) stock solutions were diluted in DMSO as a vehicle
solvent and given in the appropriate physiological buffer to achieve a final
concentration of 5 pM. Tg was used as an ER stress inducer and a positive control
for the TF activity assay. The hrGRP78 peptide was resuspended at a concentration

of 60 pg/ml in PBS and used to neutralize GRP78 autoantibodies.
Immunoblotting

Cells were lysed in 4X SDS-PAGE sample buffer and total protein lysates were

separated on a 10% SDS-PAGE gel under reducing conditions. Following separation
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on SDS-polyacrylamide gels, proteins were transferred to nitrocellulose
membranes (Bio-Rad, Richmond, CA) using a Trans-Blot Semi-Dry transfer
apparatus (Bio-Rad). Membranes were blocked overnight in 5% skim milk in 1X
TBST and then incubated with primary antibody (anti-GRP78 /Bip: Cat#610979, BD
Transduction, San Jose, CA, USA; anti-Phospho-elF2a: Cat#9721S, and the VEGF
pathway sampler kit #8696, Cell Signaling, Danvers, MA, anti-TF #4502, American
Diagnostica, anti-CHOP, #B3, Santa Cruz) followed by the appropriate horseradish
peroxidase (HRP)-conjugated secondary antibodies (Dako, Carpinteria, CA, USA)
diluted in 1X TBST containing 1% skim milk. Membranes were visualized using the
Western Lighting Chemiluminescence Reagent (Perkin-Elmer, Boston, MA) and
Kodak X-OMAT Blue XB-1 film (Perkin-Elmer) was exposed and developed using a
Kodak X-OMAT 1000A Processor. To control for equivalent protein loading,
immunoblots were stripped and re-probed with anti-p-actin antibody (Cat# A5441,

Sigma-Aldrich).
Continuous Measurement of Cell Surface TF PCA

We previously developed a continuous assay for the measurement of TF PCA on
intact cancer cells (Caldwell, Dickhout et al. 2010). Briefly, cells were seeded into a
96-well tissue culture plate (1x10* cells/well) the day before the experiment. The
culture media was removed and the cells were washed once with 1X TBS. A cocktail
containing 1 nM human FVIla, 30 nM human FX, 10 mM CaCl, and 0.4 mM
chromogenic substrate S-2765 (Diapharma, West Chester, OH) in 1X TBS was added

to each well. Following addition of the test agent diluted in 1X TBS, the absorbance
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at 405 nm was measured every 2 min for 3 h at 37°C. A standard curve was
generated where 100 units of TF activity was defined as the amount of activity in
0.3 pL of human recombinant TF, which is equivalent to 450 pg of TF (as determined
by the American Diagnostica ELISA). Vi was calculated using SoftMax Pro and

used to determine the amount of FXa generated per 10,000 cells (U /10,000 cells).
RNA Isolation and RT-PCR

RNA was isolated using the Qiagen RNeasy Mini kit (Qiagen) and cDNA synthesized
using the Applied Biosystem High Capacity cDNA Reverse Transcription kit (Applied
Biosystems). Real time RT-PCR reactions were carried out based on protocols
described previously using Sybr-Green MasterMix (Applied Biosystems) (Bookout

and Mangelsdorf 2003, Bustin, Benes et al. 2009) using primers listed in Table I.

Table I: quantitative RT-PCaR Primers

Human

Forward Primers (5'-3) Reverse Primer (5'-3)
Genes

ATF4 GGGACAGATTGGATGTTGGAGA ACCCAACAGGGCATCCAAGT

GRP78 CATCACGCCGTCCTATGTCG CGTCAAAGACCGTGTTCTCG

Ki67 GGGCCAATCCTGTCGCTTAAT GTTATGCGCTTGCGAACCT

XBP1s CCGCAGCAGGTGCAGG GAGTCAATACCGCCAGAATCCA

TF GCCAGGAGAAAGGGGAAT CAGTGCAATATAGCATTTGCAGTAGC
VEGFR | GAGGAGCAGTTACGGTCTGTG TCCTTTCCTTAGCTGACACTTGT

B-Actin | TCACCCACACTGTGCCCATCTACGA | CAGCGGAACCGCTCATTGCCAATGG

18S GGCCCTGTAATTGGAATGAGTC CCAAGATCCAACTACGAGCTT
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Generation of TF Knock Down DU145 Cells

DU145 cells grown to 50% confluency in a 12-well plate were infected with lenti-
viral particles containing human TF shRNA vector (Santa Cruz Biotechnology, Santa
Cruz, CA) based on manufacturer protocols. After 48 hrs, colonies were selected
using complete MEM media containing 5 pug/mL of puromycin (Santa Cruz).
Colonies were assessed for TF expression and activity using Western bloting and
the continuous assay, respectively. As a control, DU145 were infected with lenti-
viral particles containing a GFP or scrambled shRNA vectors. Infected colonies were

selected by incubating the cells with puromycin selection media.
TF-Dependent Tumor Growth in NOD /SCID Mice

All mouse experiments were approved and performed following the guidelines of
the McMaster University ethics board as outlined in the Animal Utilization Protocol
(Hamilton, ON, Canada). Control DU145 orTF knock down (DU145*") cells were
injected subcutaneously into the flank of 7-week old NOD/SCID mice (Jackson
Laboratory). A total volume of 0.1 mL of matrigel and 5x10° cells was injected
subcutaneously into the flank of mice. Tumor formation was monitored and
measured weekly. When tumors reached 5% of normal body weight, mice were
sacrificed and tumor tissue was collected. Tumor volume was determined based on
the following equation: Tumor Volume=Length x Width* x 0.52. Mice had unlimited

access to food and water.

Anti-GRP78 AutoAb Treatment and Tumor Growth
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Twenty-four NOD /SCID mice (Jackson Laboratory, 8-week old) were injected with
0.1 mL of matrigel containing 10x10° cells subcutaneously into the left flank. Mice
were divided into treatment groups as follows: 1) PBS (0.1 mL, weekly injection), 2)
control human IgG (168 pg IgG in 0.1 mL PBS, weekly injection), or 3) anti-GRP78
autoAb (168 pg anti-GRP78 autoAb in 0.1 mL PBS, weekly injection). anti-GRP78
autoAbs were isolated from twenty-four PCa patients and pooled to produce the
source of anti-GRP78 autoAb. Tumor formation was monitored and measured
weekly. When tumors reached 5% of normal body weight, mice were sacrificed and

tumor tissue was processed for mRNA analysis.

Enoxaparin intervention: The intervention study utilized the same protocol as
shown above. The intervention group (n=5) cohort received an additional injection
of enoxaparin sodium (Lovenox, Sanofi Aventis) two weeks after tumor
implantation, a control group (n=5) received 100 pL of PBS injection. Enoxaparin
was diluted in 0.9% sterile saline at a concentration of 1 mg/mL and administered
at 6 mg/kg/week intravenously into the tumor site.

RNA Isolation and NanoString® Analysis

Total RNA was isolated from flash frozen mouse tumor tissue using the RNeasy
Lipid Tissue Mini Kit (Cat. No. 74804). Only RNA with RIN> 5 was used in our
NanoString® analyses. NanoString® data was normalized against 7 housekeeping
genes, IPO8, GUSB, TBP, YWHAZ, ACTB, GAPDH and RPLP2. p values were
corrected for multiple comparisons using the Benjamin-Hochberg procedure in

nsolver® programming and heatmaps were produced using Java Treeview software.
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Hierarchical gene clustering was performed on heatmaps using Euclidean distance
and complete linkage.

GRP78 Immunoflurescence

Wild type DUI145 cells were grown in chamber slides. Upon 50% confluence, cells
were left untreated or treated with 10 mg/mL of enoxaparin for 4 hours. Cells were
fixed with 4% paraformaldehyde solution and either incubated with anti-GRP78
autoAbs (60 pug/mL) or PBS control for 1 hour. Anti-human ALEXA 488 secondary
antibody (Molecular Probes) were used to detect with anti-GRP78 autoAb. DAPI
stain (Sigma) was used to identify the nucleus. Slides were imaged using the
Olympus DSU microscope.

Immunohistochemical Staining

Tumor tissue isolated from mice was fixed in formalin and paraffin embedded. Four
micrometer sections were deparaffinized and blocked with 5% normal goat (Ki67
antibody) or rabbit serum (TF antibody). Sections were incubated with primary
antibody for 1 hour at room temperature, followed by goat anti-rabbit or rabbit
anti-goat biotinylated secondary antibodies (Vector Laboratories), diluted 1/500 in
0.05 mol /L Tris buffer, pH 7.5, for 30 minutes, and streptavidin-peroxidase (Zymed
Laboratories), diluted 1/20, for 5 minutes. Sections were developed in Nova Red
peroxidase substrate (Vector Laboratories) and counterstained with hematoxylin.
Image] (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/, 1997-2015) was used to determine the

number of Ki67 positive cells.
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Statistical Analysis

Graphpad Prism software (Ver 6.07) was used to analyze quantitative data.
Correlation studies using clinical data were analyzed based on the Pearson
correlation test. Significance of differences between control and various
treatments were determined by analysis of variance (ANOVA). On finding
significance with ANOVA, an unpaired Student’s t-test was performed. For all

analyses, p < 0.05 was considered significant.
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Figure Legends:

Figure. 1. PCa Disease Grade Correlates with Increased Cell Surface GRP78

Expression.

Prostate specimens from PCa patients were graded pathologically and stained for

GRP78 protein. Scale bar, 100 pm.

(A) Grade I PCa specimen demonstrating a limited number of cells stained for cell

surface GRP78.

(B) Grade II PCa specimen demonstrating an increase in cells positive for cell

surface GRP78. An increase in endogenous GRP78 is also observed.

(C) Grade 1V PCa specimen demonstrating a marked increase in endogenous and

cell surface GRP78 expression throughout the specimen.

Arrows denote cells stained for cell surface GRP78. Regions highlighted in red

represent clusters of cells with high expression of cell surface GRP78.

Figure. 2. Correlation of Circulating Anti-GRP78 AutoAb Titres with Serum PSA

Concentrations in a Clinical Population Diagnosed with PCa.

(A) Anti-GRP78 autoAb levels positively correlate with PSA concentrations in a
clinical population diagnosed with PCa. The Pearson correlation indicated a
significant positive correlation. p<0.05, r = 38.4%, n=48.

(B) Patients grouped in Low PSA (1-2 ng/mL, n=12), Medium PSA (3-7 ng/mL, n=14),

High PSA (8-19 ng/MlI, n=13), or Very High (20+ ng/mL, n=8) demonstrate
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increasing anti-GRP78 autoAb titres as PSA levels increase. Controls: age-
matched individuals (n=9) who were not diagnosed with PCa. **p<0.01;

*%p<0.001.

C) PCa patient cohort recovering from the prostatectomy procedure (24 weeks
p g p yp
postoperative) demonstrate significantly lower anti-GRP78 autoAb tires
90.88 mL, ***p<0.0001) compared to titres observed in the pre-
ug p p P

operative cohort (124.2 pg/mL).

Figure. 3. Treatment of Wild Type DU145 Cells with Anti-GRP78 AutoAbs

Increases the Expression of TF and UPR markers.

(A) Pathological doses of anti-GRP78 autoAbs (60 pg/ml) increase protein
expression of TF as well as markers of UPR activation (PDI, IREl, and
phospho-elF2a), compared to non-treated (NT) cells; or cells treated with a
normal-dose of anti-GRP78 autoAb titres (5 pg/mL). As a loading control,

immunoblots were probed for p-actin.

(B) Quantitative RT-PCR analysis of GRP78 and spliced XBP-1 mRNA expression in
DU145 cells treated with a pathological dose of anti-GRP78 autoAbs (60
ug/mL). Results are expressed as fold induction versus B-actin. *p<0.05

versus non-treated (NT) cells, n=3.

Figure. 4. Anti-GRP78 AutoAbs Accelerate Tumor Growth in Mice and Increase

Protein Expression of TF and UPR Markers.
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(A) Treatment of wild type DU145 derived tumors in NOD/SCID mice with anti-
GRP78 autoAbs significantly increased the rate of tumor growth compared to
PBS or human IgG treated mice. NS, non-significant. *p<0.05, **p<0.001

versus IgG and PBS treatment, n=8 per group.

(B) Immunohistochemical analysis of tumors treated with anti-GRP78 autoAbs
demonstrated an increase in TF expression, compared to human IgG-treated

tumors. Scale bar, 100 um.

(C) Quantitative RT-PCR analysis of tumors treated with anti-GRP78 autoAb
demonstrated increased mRNA expression of TF, VEGR, Ki67, spliced XBP-1,

ATF4, and GRP78. *p<0.05 compared to IgG group, n=3.

(D) Heat map showing gene expression levels of seven UPR markers using
NanoString®. Colors represent the fold changes in gene expression with
control human IgG or anti-GRP78 autoAb treatment. p values are indicated

for each gene, n=3 per treatment.

(E) Immunohistochemical analysis of the proliferation marker Ki67 demonstrates a
48% increase in stained cells in the anti-GRP78 autoAb treated group,
compared to mice treated with control human IgG. Representative images of
five sections are shown. Image]J was used to count the number of Ki67

positive cells. Scale bar, 100 pm.

Figure. 5. TF Knock Down in DU145 Cells Inhibits Anti-GRP78 AutoAb-Mediated

TF Activity and Accelerates Tumor Progression.(A) Western blot analysis of
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TF expression in cells treated with lenti-viral particles encodingTF shRNA. As
a control, cells were treated with control lenti-viral particles encoding GFP.
As a loading control, immunoblots were probed for B-actin. Clone 4

demonstrates very low TF protein expression and is referred to as DU145"".,

(B) Treatment of DU145*" cells with anti-GRP78 autoAb demonstrates no change in
TF activity, compared to control cells and clone 1. *p<0.05 compared to non-

treated (NT) cells, n=5.

(C) DU145* derived tumors demonstrate decreased tumor growth rate, compared
to control DU145 tumors (left panel). Significant p values are shown on the
graph. Immunohistochemical analysis demonstrated decreased TF
expression in DU145"" derived tumors, compared to control DU145 tumors

(right panel). *p<0.05. Scale bar, 100 pm, n=>5 per group.

(D) Anti-GRP78 autoAbs do not alter the rate of tumor growth in DU145"" derived
tumors. Human IgG treatment was used as a control for anti-GRP78 autoAb.
n=5 per group.

Figure. 6. Immunodepletion of Anti-GRP78 AutoAbs From Serum Reduces TF
Activity.

(A) Treatment of intact wild type DU145 cells with thapsigargin (Tg, 5 uM), anti-
GRP78 autoAb (60 pg/mL), or patient sera significantly increases TF activity.

* p<0.05, n=5 per group. Sera samples that were immunodepleted of anti-

GRP78 autoAbs (Serumgep) demonstrate TF activity levels similar to control
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non-treated (NT) cells. # p<0.05 compared to non-depleted serum (Serum),

n=5 per group

(B) Treatment of sera from PCa patients with human recombinant GRP78 (hrGRP78,
60 pg/mL) demonstrate lower TF activity compared to their respective
native sera on intact wild type DU145 cells. #p<0.05, n=5 per group; *p<0.05

compared to non-treated (NT) cells, n=5 per group.

Figure. 7. Heparin and the LMWH, Enoxaparin, Block the Binding of Anti-GRP78

AutoAb to DU145 Cells and Inhibit Tumor Growth

(A) Heparin pre-treatment (50 IU/mL) inhibited the effect of anti-GRP78 autoAbs
on TF activity in intact wild type DU145 cells. Heparin pre-treatment did not
affect TF activity on non-treated (NT) or thapsigargin-induced (Tg, 5uM)
cells. *p<0.05, compared to non-treated cells (NT), n=5; #*p<0.05 compared to

cells treated with anti-GRP78 autoAB only, n=5 per group.
(B) Heparin (50-100 IU/mL) and enoxaparin (5-40 mg/mL) inhibited the anti-
GRP78 autoAb-mediated increase in TF activity in intact DU145 cells. *p<0.05

compared to non-treated (NT) cells, n=5. #p<0.05, decrease in TF activity

with heparin or enoxaparin pretreatment, n=>5.

(C) GRP78 immunostaining (green) using anti-GRP78 autoAb (left image) on intact
DU145 cells. Pre-treating cells with enoxaparin (10 mg/mL) inhibited cell
surface GRP78 staining by the anti-GRP78 autoAb (middle image). Cells

treated with only secondary antibody were used to assess background
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fluorescence (right image). DAPI was used to stain the nucleus (blue). Scale
bar, 20 pm.(D) Left panel: wild type DU145 derived tumors in NOD /SCID
mice were either treated with anti-GRP78 autoAbs or human IgG (control).
Both groups received a secondary treatment of PBS (intervention control).
Tumors treated with anti-GRP78 autoAbs demonstrated an significant
increase in tumor growth rate compared to IgG treated mice. **p<0.001
versus I1gG, n=6 per group. Right Panel: wild type DU145 derived tumors in
NOD/SCID mice were either treated with anti-GRP78 autoAb or human IgG
(control). Both groups received a secondary treatment of enoxaparin (6
mg/kg/week) (intervention group, n=6 per group). Tumors treated with
anti-GRP78 autoAb demonstrated no change in tumor growth rate compared

to IgG treated tumors and compared to results shown in the left panel.

(E) Heat map showing gene expression levels of seven UPR markers using
NanoString®. Colors represent the fold changes in gene expression with
control human IgG, or anti-GRP78 autoAb treatment (60 pg/mL); both
groups received the enoxaparin (6 mg/kg/week) treatment. p values are

indicated for each gene, n=3 per treatment.

Figure. 8. Anti-GRP78 AutoAbs Increase Tumor Growth by Binding to Cell Surface
GRP78 and activating TF. Anti-GRP78 autoAbs bind to cell surface GRP7S;

this interaction can be interrupted by heparin or enoxaparin. Binding of anti-
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GRP78 autoAb to cell surface GRP78 induces elevated cytosolic Ca*
concentrations that can activate the pro-survival UPR pathway and increase
TF activity. Overall, this interaction leads to increased rate of tumor growth,

improved angiogenesis, and potentially, enhanced survival via UPR activation.
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Supplemental Figures:

Figure 1: Heat map showing expression levels of genes. Fold changes represent the
changes in gene expression with control human IgG, or anti-GRP78 autoAb

treatment.

Left panel; both groups received the enoxaparin treatment. Right Panel: no

additional treatments were administered.
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CHAPTER 5

SUPPLEMENTARY FIGURES
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Supplementary Figure 1: Immunoprecipitation of cell surface GRP78 and TF.

Background: Bhattacharjee and colleagues had demonstrated that cell surface
GRP78 can modulate TF on the cell surface by direct physical contact
(Bhattacharjee, Ahamed et al. 2005). This interaction was shown when TF was
overexpressed. Bhattacharjee concluded that an antibody abolishing this
interaction lead to increased activation of TF PCA in endothelial cells.

Obijectives: To assess TF:GRP78 interaction as means to modulate TF PCA, under
normal condition.

Methods: Four T75 flasks containing T24 /83 cells were grown to 90% confluence.
The immunoprecipitation of cell surface GRP78 and TF on intact T24 /83 cells was
carried out based on the Abcam immunoprecipitation protocol (Abcam, Cambridge,
MA, USA) using anti-GRP78 antibodies (Cat#610979, BD Transduction), mouse 1gG
(negative control, Cat#sc-2078, Santa Cruz Biotechnology), anti-human TF
antibodies (Cat#4501, American Diagnostica), or rabbit IgG (negative control,
cat#sc-2090, Santa Cruz Biotechnology). Protein lysates containing cell surface
proteins were solubilized in SDS-PAGE sample buffer, separated in 7% SDS-PAGE
gels, transferred to nitrocellulose membranes and immunoblotted for GRP78
(Cat#610979, BD Transduction) or TF (Cat#4501, American Diagnostica).

Results and Discussion: Results of pull-down experiments using anti-GRP78

antibody indicate that TF was immunoprecipitated from the surface of T24/83
cells. Reciprocal experiments we were unable to immunoprecipitate cell surface

GRP78 with an anti-TF antibody. These observations suggest that the interaction

143



PhD Thesis - Ali Al-Hashimi McMaster University - Medical Science

between cell surface GRP78 and TF is weak or that an antibody-mediated

conformational change occurs in cell surface GRP78 or TF that alters binding.
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Supplementary Figure 2: Effect of PCa versus healthy controls-purified anti-
GRP78 autoantibodies.

Background: Dr. Gonzalez-Grownow and colleagues have determined that anti-
GRP78 autoantibodies purified from patients diagnosed with prostate cancer are
highly glycosylated, compared to control healthy individuals (Gonzalez-Gronow,
Cuchacovich et al. 2006).

Objectives: We and others have demonstrated that patients diagnosed with PCa
have higher titres of anti-GRP78 autoantibodies (~60ug/mL), compared to healthy
controls (~5-7ug/mL). The objective of this experiment was to examine the activity
of anti-GRP78 autoantibodies purified from healthy controls at pathological doses
(60ug/mL).

Methods: DU145 cells were seeded in 96-well plate. Upon 90% confluences, cells
were left untreated, or treated with thapsigargin (positive control, 5uM), PCa
purified anti-GRP78 autoantibodies (AutoAb High Gly, 60ug/mL), or healthy
individuals purified autoantibodies (AutoAB Low Gly, 60ug/mL). TF PCA was
measured using the continuous tissue factor assay.

Results and Discussion: Treating cells with the positive control, thapsigargin (5 uM),

or anti-GRP78 autoantibodies (60ug/mL) derived from PC patients were shown to
significantly increase TF PCA. Conversely, treating cells with anti-GRP78
autoantibodies (60ug/mL) derived healthy controls did not cause a TF PCA
response. In fact TF PCA was significantly decreased in comparison to non-treated
cells (NT). This indicates that glycosylation of anti-GRP78 autoantibody is required

for its function as an activator of TF PCA. These results suggest that without hyper-
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glycoylations, high concentrations of anti-GRP78 autoantibodies are not sufficient
to to activate TF PCA. It will be interesting to investigate how tumour cells

communication with the immune system to dictate how these autoantibodies are

manufactured.
* p<0.05
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2 20
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Supplementary Figure 3: Anti-GRP78 autoantibodies increase microvesicle
production**,

**This work was done in collaboration with Dr. K. Al-Nedawi.

Background: Anti-GRP78 autoantinodies were shown to activate TF on the cell
surface of PC cells through a mechanism involving Ca** release from the ER to the
cytoplasm (Al-Hashimi et. al. 2010). It is well-documented that an increase in
cytosolic Ca*" can trigger tumor-associated microvesicles release (Yu, Harris et. al.
2011). It is well-documented that microvesicles are considered a transport vehicle
that can carry cargo proteins and other genetic information from one cell to
another. The surface receptors of microvesicles allow their targeting and capture
by recipient cells, this allows them to incorporate into the proteic, lipidic, and even
genetic messages carried by the vesicles, resulting in modifications of their
physiological state of the target cell (Yaniez-Mo M et. al. 2015, Buzas EI et. al. 2014et
al., van der Pol E et. al. 2012).

Obijectives: To elucidate other functions of anti-GRP78 autoantibodies, we
investigated whetherthese autoantibodies can facilitate modification of cellular
functions by increasing microvesicle production from tumour cells.

Method: DU145 cells were cultured in minimum essential medium (MEM; Gibco)
supplemented with 10 % (v/v) fetal bovine serum and antibiotics (50 U/mL
penicillin, 50 mg/mL streptomycin). Cells were seeded into 100 mm culture dishes
at 50-60 % confluency. Twenty-four hours prior to treatment with auto-antibody

preparation, cells were incubated in serum-free MEM. Cells were then treated with
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60 mg/mL auto-antibody or PBS for 24 h before conditioned medium was
harvested for microvesicle isolation.
Conditioned medium was harvested from cells and subjected to two successive
centrifugations at 300 x g and 12,000 x g for 10 min and 20 min, respectively to
remove dead cells and cellular debris. Microvesicles were isolated from the pre-
cleared conditioned medium by centrifugation at 100,000 x g for 2 h using a
Beckman Type 70.1 Ti rotor. The microvesicle pellet was resuspended in
phosphate-buffered saline and protein content was determined using the BioRad
Detergent-Compatible (DC) Protein Assay after lysing microvesicles with 2 % (w/v)
sodium dodecylsulphate.

Whole cell extracts or microvesicles were fractionated by SDS-PAGE on a
10% acrylamide gel and transferred to a nitrocellulose membrane. After blocking
with 5 % (w/v) skim milk in TBS-T for 60 min at room temperature, the membrane
was probed with primary antibodies against tissue factor (American Diagnostica),
GRP78 (BD Transduction), CD63 (BioLegend), or b-actin (Cell Signaling) overnight at
4°C. Membranes were was four times with TBS-T (Ix15 min and 3x5 min) and
probed with appropriate HRP-linked secondary antibody (Cell Signaling) for 60 min
at room temperature. Blots were washed four times with TBS-T (1x15 min and 3x5
min) and developed using the ECL system (Amersham Biosciences).

Results and Discussion: Microvesicles were shown to contribute to improved

cancer survival, their mechanism of action included transfer of genetic material and

other cargo proteins that target specific cells (Yu et. al. 2011). In fact, Di Vizio and
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colleagues had shown that microvesilces isolated from the prostate cancer cell line,
DU145, are capable of stimulating the proliferation and migration of tumourcells in
association with AKT pathway signalling (Di Vizio et. al. 2009). Treatment of anti-
GRP78 autoantibodies on wild type DU145 showed increased overall shedding of
microvesicles, compared to PBS control treated cells. Western blot analysis had
shown that anti-GRP78 autoantibodies increase overall GRP78 expression in cells,
and TF expression in microvesicles. This data indicates that anti-GRP78
autoantibodies drive microvesicls production with the goal of improving survival.
An increase in TF-enriched microviscles production can hint to the possibility of an
increase in thrombotic complications, or improved proliferation of tumour cells.
Future directions include identifying differences in genetic and protein cargo of

microvesicles isolated from autoantibodies or PBS treated cells.
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CHAPTER 6

GLOBAL DISCUSSION
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PC is a highly heterogeneous disease, often coupled with a lengthy and
complex developmental stage. Diagnosis of PC can be performed using a
combination of blood tests to examine PSA levels, and a biopsy to confirm disease
manifestation and its pathological stage (Siegel, Naishadham et al. 2013). The
interplay of thrombotic factors and disease progression emerges as a recurring and
central theme in prostate cancer. The identification of cell surface GRP78 as
cellular receptor that can modulate proliferation and its potential interaction with
TF has suggested a new method of regulating TF activity (Bhattacharjee, Ahamed et
al. 2005). Abolishing this TF:GRP78 interaction using antibodies against GRP78
could lead to increased TF PCA(Bhattacharjee, Ahamed et al. 2005). Further,
previous studies had demonstrated the expression of GRP78 on the cell surface of
PC cells and was associated with production of antibodies that bind to cell surface
GRP78 (Arap et al, 2004; Mintz, Kim et al. 2003). This suggests a potential
mechanism where anti-GRP78 autoantibodies could be linked to modulation of TF
activity (Mintz et al. 2003). Increased TF expression and/or activity is a newly
discovered function that drives PC disease progression (Milsom and Rak, Milsom et

al. 2006).

In the first part of my PhD research project, I elucidated the mechanism by which
anti-GRP78 autoantibodies modulate TF expression and PCA. Although both TF and
GRP78 are expressed on the cell surface, there was no evidence of a stable
interaction between human recombinant GRP78 and TF (Al-Hashimi, Caldwell et al.

2010); immunoprecipitation experiments demonstrated similar conclusions
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(Supplemental Figure 1). This suggested the presence and activation of an
intracellular pathway leading to increased TF PCA. Previously, we had
demonstrated that agents that deplete ER calcium stores, namely thapsigargin, can
increase TF PCA (Pozza and Austin 2005). Consistent with these findings, anti-
GRP78 autoantibodies elicited a dose-dependent increase in cytoplasmic calcium
concentration and enhanced TF PCA (Al-Hashimi, Caldwell et al. 2010). It was
previously shown that an increase in cytoplasmic calcium efflux from the ER results
in the inactivation of the flippase membrane enzyme. This leads to exposure of the
phosphotidyl serine molecule on the cell surface, and enhances TF de-encryption
and, thus increases PCA. We have demonstrated that stabilizing cytosolic calcium
concentration using BAPTA, or blocking the expression of phosphotidyl serine
molecules using annexin V, can reduce the effect of anti-GRP78 autoantibodies on
TF PCA. This novel observation where TF activity on cancer cells is modulated by
agents produced by the immune system suggests the immune system can modulate
thrombosis, indirectly, and potentially contribute to PC progression. We
investigated the effect of anti-GRP78 autoantibodies on cellular fucntions to

identify mechanisms that contribute to disease progression.

Our findings suggested that these autoantibodies could have a more pertinent role
in terms of altering tumour biology. Upon examining the effects of these
autoantibodies on cells in vitro, we have identified them as inducers of ER stress
leading to activation of the UPR pathway (Chapter 4). This is similar to the

established ER stress inducer, thapsigargin, which activates the UPR by depleting
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ER calcium. This is in line with our hypothesis where anti-GRP78 autoantibodies are
thought to contribute to ER stress considering their ability to deplete ER calcium
stores, similar to thapsigargin (Chapter 3). The UPR augments the cell’s ER protein
folding capacity in the face of physiological insults, such as when nutrients are
limited in the cell environment (Tameire, Verginadis et al. 2015), protecting cells
against cell death. Our findings suggest that at the cellular level, anti-GRP78
autoantibodies may help cells handle physiological stresses that can lead to

improved survival.

Activation of the UPR can augment the cell's ability to handle proteotoxic stress.
However, this very pathway that leads to activation of the UPR can also result in TF
activation. The connection between increased TF activity and enhanced
tumorigenesis suggests a new function for anti-GRP78 autoantibodies as mediators
of tumour growth. To test this, we utilized an immunodeficient animal model, the
NOD /SCID mouse strain. This model was selected given that human TF can bind to
murine Factor VIla with high affinity, an essential step for the activation of the
coagulation cascade (Peterseon et. al. 2005). Here, we demonstrated that DU145
cell-derived tumours receiving anti-GRP78 autoantibody injections demonstrated
accelerated tumour growth rate, compared to control cohorts that received human
IgG or PBS injections. Further, tumour tissue NanoString gene array analysis
indicated that the UPR was up-regulated in tumours treated with anti-GRP78
autoantibodies, consistent with in vitro data. This observation is likely due to the

ability of anti-GRP78 autoantibodies to elicit ER calcium leakage into the cytosol,
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as reported previously (Al-Hashimi et al. 2010). In this setting, UPR activation would
be beneficial for tumour cells, as it is designed to enable cells to manage both
oxidative and proteotoxic stress conditions. Rutkowski and colleagues
demonstrated a potential mechanism where mild activation of the UPR leads to
cellular adaption to environmental stresses by means of increased chaperone
expression (Rutkowski, Arnold et al. 2006). Such stresses include newly implanted
cancer cells that did not have access to consistent blood supply, and thus have
limited access to nutrients in their microenvironment. In addition to its role in
augmenting survival, UPR activation was linked to chemoresistance leading to
therapeutic failure in response to chemotherapy (Gifford, Huang et al. 2016).
Results from similar experiments that were carried out using DU145 TF knock-
down cells suggested that TF is required for the effect of anti-GRP78 on

accelerated tumour growth.

Identifying the contribution of anti-GRP78 autoantibodies to increased cell surface
TF PCA and enhanced tumour growth allowed us to investigate means of reducing
or eliminating their effect on cells. Inmunodepletion of anti-GRP78 autoantibodies
from patients’ serum, or neutralizing the antibodies with human recombinant
GRP78 were shown to be viable approaches to alleviate their effects on increased
TF PCA. However, the clinical application of such approaches has many challenges;
injecting a foreign peptide into patients can signal to the immune system to mount
an unwanted response. Further, dialyzing anti-GRP78 autoantibodies out of

patients blood, for example using a dialysis cartridge, may not be effective
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considering the rate of autoantibody generation is not known. Identification of the
binding site (Leugs-Leuys) where anti-GRP78 autoantibodies bind to cell surface
GRP78 allowed us to investigate agents that would have the capability of competing
for this binding site. The HSP70 family of proteins, to which GRP78 belongs, were
shown to contain a conserved heparin binding site at the N-terminal domain,
Leugg-Argio (Hansen, O'Leary et al. 1995). Not only is heparin a clinically approved
drug, but studies by Mousa and colleagues have suggested that heparin and the
LMWH, enoxaparin, function as anti-cancer agents; increased tumor necrosis and
enhanced gemcitabine response in the mouse cancer models. It is worth noting
that some studies suggested that the anti-cancer effects of heparin can take place
independent of its anti-coagulant properties (Mousa, Linhardt et al. 2006, Mousa
and Petersen 2009). . In this study, we were able to show that heparin and
enoxaparin can interfere with binding of anti-GRP78 autoantibodies to cell surface
GRP78, which subsequently eliminates the antibody effect on increased TF PCA.
Furthermore, we demonstrated the ability of enoxaparin to eliminate the effect of
anti-GRP78 antibodies on increased tumour growth in NOD /SCID mice. Our data
suggests a new mechanism for enoxaparin as an anti-cancer agent, by preventing
the binding of anti-GRP78 autoantibodies. Another interpretation of this data
suggests that heparin can act as an anti-coagulant upstream of TF. Under normal
conditions, heparin functions by inactivating thrombin and activated factor X
(factor Xa) through an antithrombin-dependent mechanism (Hirsh, Anand et al.

2001). However, our data suggests that heparin may have more of a localized role in
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terms of indirectly blocking TF PCA and coagulation through its ability to block the

autoantibody-cell surface GRP78 interaction.

In conclusion, our data suggests that titres of anti-GRP78 autoantibodies
increase with PSA, which points to their contribution of increased risk of
thrombotic complications, in addition to enhancing tumour growth. Taken
together, expression of cell surface GRP78 can drive the production of anti-GRP78
autoantibodies. Engagement of anti-GRP78 autoantibodies to cancer cells can
induce the UPR which can lead to increased GRP78 expression. It is possible that
increase total GRP78 expression coincides with increased cell surface expression of
the protein. Thus, targeting anti-GRP78 antibodies may provide a method to

decrease the rate of tumour growth.
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CHAPTER 7

CLINICAL IMPLICATION
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The heterogeneity of PC, combined with potential shortcomings in current
prognostic determinants is a challenge to physicians who are unable to
discriminate between metastatic and non-metastatic forms of the disease. A clear
understanding of the molecular basis of PC has important clinical implications
including the identification of molecular prognostic factors that allow the
prediction of the course and the outcome of PC. This study unveils a new
mechanism by which the patients’ immune response initiates production of anti-
GRP78 autoantibodies. These antibodies were shown to accelerate tumour growth
and correlate with stages of disease. In addition, the finding that heparin and
LMWH molecules can interfere with the binding of anti-GRP78 autoantibodies to
cell surface GRP78 and delay tumour growth emphasizes that these molecules may
have a positive impact on cancer management. While heparin and LMWH are
clinically used to prevent and treat thrombotic complications associated with
cancer, however, researchers had made the observation that these anti-coagulant
molecules can control cancer growth (Mousa and Petersen 2009). This study is first
to demonstrate a mechanism by which LMWH limits increased cancer growth
mediated by anti-GRP78 autoantibodies. This highlights the need to investigate the
impact of heparin and LMWH on PC progression in a patient population with

confirmed high titres of anti-GRP78 autoantibodies.

Another important clinical implication of this project is the potential for anti-GRP78
autoantibodies to predict PC grade. In Chapter 4 of this report, I have

demonstrated a correlation between increased GRP78 expression and PC grade.
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Further, anti-GRP78 autoantibodies were correlated with serum PSA
concentrations. This suggests that anti-GRP78 autoantibodies can be examined as a
potential new diagnostic test to determine PC grade. Measuring serum anti-GRP78
autoantibodies to determine PC grade would be a major advancement in the
diagnostic field of PC. Moreover, a blood test approach has the potential to limit the
number of false negatives compared to a needle biopsy. A false negative from a
needle biopsy can occur when the biopsy needle misses the malignant area in the
prostate. Our data sets the stage to investigate anti-GRP78 autoantibody as a novel

biomarker which can aid in appropriate diagnosis of PC.
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CHAPTER 8

ANALYSIS, FUTURE DIRECTION, AND LIMITATIONS
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In Chapter 3, we examined the effect of anti-GRP78 autoantibodies on promoting
TF PCA. We hypothesized that cell surface GRP78 is likely the antigen that leads to
the production of anti-GRP78 autoantibodies. Under normal physiological
conditions, GRP78 molecules are retained in the ER due to its KDEL retention
sequence (Corbett, Oikawa et al. 1999; Michalak et al., 1999). This raises the
question of how GRP78 can escape ER retention and translocate to the cell surface.
Examining different pathophysiological mechanisms in disorders such as cancer
revealed that a variety of intrinsic or extrinsic cellular stresses evoke perturbations
that lead to ER stress and activation of the UPR pathway (Tameire, Verginadis et al.
2015). Activation of the UPR leads to increased expression of ER chaperones, and it
is thought that the KDEL receptors within the ER become overwhelmed and allow
some of the proteins to escape the ER retention system. In fact, Wiersma and
colleagues have demonstrated that GRP78, protein disulfide isomerase (PDI), and
calreiculin are expressed on the cell surface under conditions of ER stress
(Wiersma, Michalak et al. 2015). Another mechanism that can contribute to the
translocation of GRP78 from the ER to the cell surface is via its interaction with the
Dnaj3 protein, the murine tumour cell Dnaj-like protein 1 (MTJ-1). It has been
reported that MTJ-1 can assist protein translocation by blocking access to the KDEL
receptor on GRP78 (Gonzalez-Gronow et al., 2009; Shen and Hendershot 2005).
However, further research is required to properly elucidate this mechanism. It is

possible that overwhelmed KDEL receptors on the ER, combined with blocked
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KDEL receptors on GRP78, leads to the translocation of GRP78 from the ER to the

cell surface.

Another interesting observation that Dr. Gonzalez-Gronow and collegues has made
was the presence of anti-GRP78 autoantibodies in healthy individuals (~5
ug/mL)(Gonzalez-Gronow, Cuchacovich et al. 2006). Dr. Gonzalez-Gronow
determined that anti-GRP78 autoantibodies purified from cancer patients are
highly-glycosylated, compared with autoantibodies isolated from control
individuals (Gonzalez-Gronow et. al. 2006). Thus, we investigated the potential of
the low-glycosylated and highly-glycosylated autoantibodies, at 60 pg/mL, to
activate TF PCA (Supplemental Figure 2). Our data indicate that the low-
glycosylated autoantibodies do not activate TF PCA, while the highly-glycosylated
autoantibodies do increase TF activity using the 60 ug/mL concentration. Our data
provides evidence that the glycosylation of anti-GRP78 autoantibodies mediates its
pathological function. Selim and colleagues had determined that anti-GRP78
purified from melanoma patients show that Fab and Fc regions increase in their
glycosylation (Selim, Burchette et al. 2011); one out of two Fab were shown to be
glycosylated (55 to 65 kDa) and the Fc fragment was shown to be aberrantly
glycosylated (27 to 33 kDa). This suggests that anti-GRP78 IgG is asymmetrically
glycosylated at the Fab region and aberrantly glycosylated at the Fc. In terms of
functionality, the asymmetrical glycosylation was shown to induce induce

phosphorylation of Akt (Selim, Burchette et al. 2011).
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In addition to their role as activators of TF activity, we have evidence that anti-
GRP78 can modulated production of microcvesicles. Recent studies suggest that
microvesicles can play a significant role in horizontal communication between
tumour cells and other parts of the body, such as the immune system
(Muralidharan-Chari, Clancy et al. 2010). Shedding of microvesicles is a highly
regulated process that occurs in a spectrum of cell types and, including tumour
cells. Microvesicles have been widely detected in various biological fluids, including
peripheral blood, and facilitate the horizontal transfer of bioactive molecules, such
as proteins, RNAs, and microRNAs. They are now thought to have vital roles in
tumour invasion and metastasis, inflammation, and coagulation (Cossette et al.,
2010; Milsom, Yu et al. 2008). In this investigation, we demonstrated that anti-
GRP78 autoantibodies increase shedding of microvesicles in DU145 cells
(Supplemental Figure 3). Immunoblot analysis from these experiments indicate that
TF and GRP78 are present in these vesicles. Increased shedding of microvesicles
(loaded with TF and GRP78) can act to help sensitize the immune system and aid in
the production of anti-GRP78 autoantibodies. TF located on microvesicles can have
a role in angiogenesis progression at the site of the tumour and other site of the

body.

The pathological role of anti-GRP78 autoantibodies in caner highlights the need to
identify new means to reverse their effects on improved cancer progression.
Examination of means to neutralize anti-GRP78 autoantibodies revealed that

heparin pre-treatment could prevent the binding of anti-GRP78 autoantibodies to
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TF. The HSP70 family of proteins were shown to have a heparin binding site at the
N-terminal domain by the primary amino acid sequence, Leugg-Thej, (Hansen,
O'Leary et al. 1995). This interaction with heparin is sufficient to block the binding
site of cell surface GRP78, Leugs-Leuys (Gonzalez-Gronow et al. 2006). Previous
studies had suggested that heparin can function as an anti-cancer agent, however,
the underlying mechanism has not been characterized (Mousa, Linhardt et al. 2006,
Mousa and Petersen 2009, Vlodavsky, Ilan et al. 2007). Our data (chapter 4) indicate
that heparin diminished the effects of anti-GRP78 autoantibodies on increased
tumour progression and TF activity. Furthermore, these findings provide a novel
mechanism by which heparin reduces local anti-coagulant effects independent of
its ability to inactivate thrombin and Xa via antithrombin. The use of heparin in the
clinic still pose a risk of bleeding in patients (Cossette, Pelletier et al. 2010). Thus,
we plan on examining modified heparin molecules (with no or modified anti-
coagulant activity) as inhibitors of binding of anti-GRP78 autoantibodies to cell
surface GRP78. This can be tested in a small pilot clinical study to examine the
effects of these molecules on accelerated tumour progression, mediated by anti-

GRP78 autoantibodies.

Finally, our clinical data have demonstrated a correlation between anti-GRP78
autoantibodies and PSA in a cohort of patients diagnosed with PC. To investigate
whether anti-GRP78 autoantibodies can be used as a marker of PC progression, a
follow-up study could be established where changes in anti-GRP78 autoantibody

concentration are examined in a longitudinal study. Another clinical trial of
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importance would be to investigate anti-GRP78 autoantibody titres and
glycosylation status in a population with recurring prostate cancer. Anti-GRP78
autoantibody titres and glycosylation status may not only alert to the presence of
PC but they may also hint at the stage of cancer progression (i.e. early, intermediate
or advanced disease). If true, this could help physicians minimize the risk of over-
or under-treating patients. One final investigation pertains to the fact that anti-
GRP78 autoantibodies exist in other cancer types, including melanoma and ovarian
cancer (Gonzalez-Gronow, Hershfield et al. 2004). This indicates that this
mechanism can be applicable to other malignancies where a similar autoantibody-
mediated mechanism is being used to promote disease progression. It will be
informative to investigate whether anti-GRP78 autoantibodies from different

cancers can activate TF and increase tumour growth.
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CHAPTER 9

CONCLUSION
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We have utilized a diverse and multi-faceted approach in order to study the impact
of anti-GRP78 autoantibodies in PC growth and proliferation. We elucidated the
pathway by which anti-GRP78 autoantibodies activate TF PCA, and identified their
contribution and correlation to PC progression. We have obtained a reliable
mechanism of how anti-GRP78 autoantibodies modulate PC progression, and
potentially contribute to cancer-related thrombosis. We have demonstrated the
significance of these autoantibodies in vitro, in vivo, and in a clinical setting of PC
diagnosis. Thus, anti-GRP78 autoantibodies can be viewed as a potential novel
target for future treatment and prognosis strategies. Further research in this area
has the potential to improve the diagnosis of PC and may enable physicians to
administer more appropriate and efficacious treatments. Future directions from
this investigation have the potential to contribute to our understanding of cross-
talk between the tumour cell and other systems in the body, moreover, this project
have the potential to contribute to the establishment of a novel and accurate

diagnostic technique for PC grade.
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