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ABSTRACT

The association between thrombosis and cancer has long been established. Tissue factor
(TF), the initiator of the extrinsic pathway in the blood coagulation cascade, has been
implicated as one of the most important physiological factors causing such
complications. The expression of TF has been observed in many different types of
cancer and its increased expression has been shown to correlate with increased
incidence of thrombotic events in cancer patients. The use of traditional anticoagulants,
such as warfarin, alongside cancer treatments has proved problematic, causing excess
bleeding, and has not significantly reduced the risk of thrombosis. Over recent years
treatment of cancer patients with low molecular weight heparin (LMWH) has been
reported to have beneficial effects that not only reduce the risk of thrombosis but also
increase the patient’s life expectancy. This study aimed to examine the influence of a
range of LMWH concentrations (0-2000ug/ml) on TF expression, activity, and cell
invasiveness in five different cancer cells lines known to express high levels of TF. A
decrease in TF mRNA, cellular TF antigen and TF activity was found to correlate with
increasing concentrations of LMWH. Additionally LMWH was observed to
downregulate nuclear factor kB (NFkB) activity in all cell lines. Further to this, TF
expression was suppressed in the presence of LMWH when cells were supplemented
with EGF, bFGF and VEGF. Finally, a decrease in cellular invasion was observed
following treatment with increasing concentrations of LMWH. These results indicate
that LMWH is capable of suppressing TF expression by downregulating NF«kB activity
through interference with mechanisms involving the action of growth factors.
Furthermore, the results indicate that LMWH reduces the rate of cancer cell invasion

through a mechanism which appears to be dependent on expression of TF.
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1.0 Introduction

1.1 Cancer-related thrombosis

It has long been established that thrombosis is a common complication observed in
cancer patients. The first description of deep vein thrombosis (DVT) in cancer patients
was made by Bouillard in 1823 (Bouillard and Bouillaud, 1823). Trousseau later
observed that patients with known cancer have an increased propensity to acquire
venous thromboembolism (VTE) (Trousseau, 1865). Furthermore, in 1878, Billroth
described blood clots and fibrin-like material in tumours during post-mortem
examination which suggested a link between clotting and tumour cells (Billroth, 1878).
Until recently the mechanisms underlying the association between cancer and
thrombosis were unknown. However, it is now believed there are two key mediators of
this link: (1) thrombin, whose broad substrate specificity supports a wide variety of
cellular effects relevant to tumour growth and metastasis; and (2) tissue factor (TF),
initiator of the coagulation cascade, whose presence on nucleated cells confers
responsibility for the generation of cell surface thrombin in many pathological situations
(Rickles et al., 2003).

Individuals diagnosed with cancer experience more than a four-fold increase in
thromboembolic events (Heit et al., 2000). Epidemiological data has shown that cancer
patients have a higher risk of developing postoperative DVT, pulmonary embolism (PE)
and VTE than those without underlying malignancy (Lee and Levine, 2003).
Furthermore, the risk of VTE related mortality in cancer patients is elevated during
chemotherapy treatment (Khorana et al., 2007). Despite development of improved
anticoagulant strategies for management of thromboembolic disease, thrombosis still
represents 9% of cancer related deaths, making it the second most frequent cause of

cancer related mortality (Zwicker et al., 2007).
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1.2 Haemostasis and Thrombosis

Haemostasis is a process that limits blood loss when blood vessels are damaged.
Normal haemostasis is achieved through a series of crucial steps involving
vasoconstriction, platelet adhesion and aggregation, and the initiation of the coagulation
cascade. Vasoconstriction temporarily decreases the blood flow and pressure of the
damaged vessel, while platelets then adhere to exposed collagen at the damaged site and
activate platelet aggregation. The exposed collagen and TF then initiate the coagulation
cascade, leading to the formation of a fibrin clot which seals the damaged vessel until
the tissue can be repaired. Although the process of haemostasis serves to maintain the
integrity of the circulation system, the process can go out of balance. Thrombosis, the
formation of an obstructive blood clot, is thought to occur when natural anticoagulant
mechanisms are impaired or imbalanced during certain physiological conditions and

disease states (Colman, 2006).

1.3 The coagulation cascade

The coagulation cascade is divided into three pathways, the intrinsic, extrinsic and
common pathways. Coagulation factors circulate as inactive zymogens, then when
cleaved by specific enzymes become active serine proteases which in turn activate the
next step of the coagulation cascade. A representation of the pathways is shown in
figure 1.1

The extrinsic pathway is initiated when circulating FVII binds to the extracellular
domain of TF exposed to the vasculature. The TF/FVIla complex proteolytically
cleaves FX which converts it to the active serine protease (FXa). The TF/FVI1la complex
is also able to activate FIX which feeds back to the intrinsic pathway. The extrinsic
pathway is prevented from progressing further by tissue factor pathway inhibitor (TFPI)

which binds to FXa and TF-FVlla.
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Figure 1. 1 The coagulation cascade.

The extrinsic pathway is activated by TF exposed to the vasculature following injury to
blood vessels. As a result of injury to blood vessels, collagen is also exposed to the
vasculature which activates the intrinsic pathway. The pathways converge at FX into the
common pathway. Activation of FX then leads to the conversion of prothrombin to thrombin

which then converts fibrinogen to fibrin resulting in clot formation.
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The intrinsic pathway is initiated by the activation of FXII when it comes into contact
with negatively charged surfaces of molecules exposed to the vasculature, such as those
of collagen (Fig 1.1). The activated FXII then activates circulating FXI which leads to
the subsequent activation of FIX. FIXa forms a tenase complex with its co-factor
FVIlla, FX, calcium ions and platelet membrane phospholipids, which results in the

activation of FX.

The intrinsic and extrinsic pathways both initiate the common pathway by activation of
FX. FXa forms a complex with FVa in the presence of calcium ions and platelet
phospholipids. This prothrombinase complex activates the conversion of prothrombin to
thrombin. The primary role of thrombin is to induce the formation of fibrin by digesting
fibrinogen. Thrombin cleaves fibrinogen resulting in the release of two small peptides
from fibrinogens alpha and beta chains. The overall negative charge of the molecule is
reduced which results in polymerisation of fibrin monomers. The fibrin clot remains
unstable until it is stabilised by thrombin-activated factor XIII, which catalyses cross-

linking of fibrin molecules.

1.4 Tissue factor
1.4.1 Structure and Biochemistry

Human tissue factor (TF) or coagulation factor Ill is a 47 kDa transmembrane
glycoprotein composed of 263 amino acids when mature. The human TF gene spans
12.4 kbp, has 6 exons and is located on chromosome 1 (Bluff et al., 2008). TF is a type |
integral plasma membrane protein consisting of three domains, the extracellular domain
consisting of 219 amino acids, a hydrophobic transmembrane region consisting of 23
amino acids and a 21 amino acid C-terminal intracellular region (Morrissey et al.,

1987). The structure of the extracellular portion was refined by crystallographic studies
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and was revealed to contain two fibronectin type 111 modules whose hydrophobic cores

merge making a stable platform for FVIla binding (Muller et al., 1996).

TF is a major regulator of normal haemostasis and thrombosis (Nemerson, 1988). TF is
known to be constitutively expressed by astrocytes in the brain, epithelial cells,
enveloping organs and body surfaces, adventitial fibroblasts and pericytes, and cardial
myocytes in the heart (Osterud and Bjorklid, 2006). In response to various stimuli TF
expression and activity can also be induced in endothelial cells and monocytes (Steffel
et al., 2006). Moreover, circulating TF has been detected in the bloodstream in the form
of microparticles originating from endothelial cells, vascular smooth muscle cells,
leukocytes and platelets (Giesen et al., 1999, Schecter et al., 2000, Steffel et al., 2006).
In addition to its role in haemostasis and blood coagulation, TF is thought to play a role
as a cell signalling receptor as it shares structural homology with the class Il cytokine

receptor family (Bazan, 1990).

1.4.2 Role of TF in cancer-associated thrombosis

TF expression has been detected in a variety of human tumours, including breast cancer
(Ueno et al., 2000), lung cancer (Sawada et al., 1999), leukaemia (Hair et al., 1996),
colon cancer (Nakasaki et al., 2002, Seto et al., 2000) and pancreatic cancer (Kakkar et
al., 1995b, Ueda et al., 2001). Studies have demonstrated a strong correlation between
the expression of TF and the histological grade of malignant tumours (Kakkar et al.,
1995a). Furthermore, the expression of TF by cancer cells can directly initiate the
coagulation cascade by activating FX (Belting et al., 2005). As a result, TF dependent
activation of coagulation has been implicated as playing a central role in cancer-
associated thrombosis and metastasis (Fig 1.2) (Kasthuri et al., 2009). Cancer patients

with tumours expressing high levels of TF are at an increased risk of developing VTE
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Figure 1. 2 Role of TF in cancer-associated thrombosis

TF is expressed by a variety of different cancer cells which is thought to contribute to
tumour growth, angiogenesis and metastasis as well as increased risk of thrombosis in
cancer patients. In addition, tumour cells are known to release TF-bearing
microparticles into blood circulation which are also thought to contribute to increased
risk of thrombosis. The presence of tumour cells may also stimulate monocytes and
endothelial cells to elicit a host response which could result in the release of more TF-

bearing microparticles (From; Kasthuri et al., 2009).
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compared to patients with tumours expressing lower levels of TF (Khorana et al., 2007,
White et al., 2007). For example, pancreatic cancer patients with low TF expression had
a venous thromboembolism rate of 4.5%, which was elevated to 26.3% in patients with
high TF expression (Khorana et al., 2007). Similarly, TF expression was found to be
significantly higher in ovarian cancer patients with VTE compared to patients without
VTE (Uno et al., 2007). In addition to the expression of TF on the surface of tumour
cells, many studies have now suggested that tumour cells also release TF-positive
microparticles into the bloodstream which contribute to the prothrombotic state
observed in cancer patients (Davila et al., 2008, Kasthuri et al., 2009, Tesselaar et al.,

2007, Tesselaar et al., 2009, Zwicker et al., 2009).

1.4.3 Circulating TF-bearing microparticles

Circulating microparticles are small (0.1 um-1 um) negatively charged vesicles which
are emitted from cell membranes into the blood upon activation or during apoptosis.
Having long been considered inert debris, microparticles are now known as important
cellular effectors involved in crosstalk between cells (Morel et al., 2004). In general,
microparticles are derived from circulating cells, such as platelets, leukocytes, and
erythrocytes, and cells that compose the vessel wall, mainly endothelial cells,
macrophages, and smooth muscle cells (Martinez et al., 2005). However, evidence
suggests microparticles are also released by cancer cells (Yu and Rak, 2004, Zwicker,
2010). Microparticles typically express surface proteins and cytoplasmic material
derived from the activated parental cell. In particular, the procoagulant activity of
microparticles is attributed to the presence of phosphatidylserine and TF on their surface
(Morel et al., 2004). Although microparticles are detectable in the blood of normal

individuals, the elevated release of TF-bearing microparticles has been described in
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various diseases including cardiovascular disease, sepsis, diabetes and cancer (Kasthuri
et al., 2009, Morel et al., 2006).

The release of TF-bearing microparticles is reported to be an important link between
cancer and thrombosis (Tesselaar et al., 2007). Various studies have demonstrated that
microparticle associated tissue factor activity is significantly greater in cancer patients
with various malignancies including pancreatic, ovarian, breast and colon compared to
normal healthy individuals (Del Conde et al., 2007, Tesselaar et al., 2007). Moreover,
several lines of evidence suggest that pathological increases in circulating TF-bearing
microparticles are derived from the underlying tumour (Zwicker, 2010). This is
supported by in vitro studies which have demonstrated various tumour cells shed
microparticles containing tissue factor (Dvorak et al., 1983, Yu and Rak, 2004).
Suggestions have also been made that tumour cells may also elicit a host response that
leads to the induction of TF expression in monocytes and possibly endothelial cells,

both of which are known to shed TF-containing microparticles (Kasthuri et al., 2009).

As previously mentioned, various studies have suggested that the level of TF expression
correlates with thrombotic risk (Kasthuri et al., 2009, Khorana et al., 2007).
Interestingly, recent studies have demonstrated that elevated levels of TF-bearing
microparticles are associated with VTE in cancer patients. Cancer patients with VTE
have a significantly higher mictroparticle TF activity compared to matched cancer
patients without VTE (Tesselaar et al., 2009, Zwicker et al., 2009, Manly et al., 2010).
In light of these findings studies are ongoing to evaluate if the level of microparticle TF
activity may be a useful biomarker in order to identify cancer patients with increased
risk of developing thrombotic complications (Khorana et al., 2008, Tesselaar et al.,

2009, Zwicker, 2010).
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1.4.4 Regulation of TF expression by NFkB

NF«B is a nuclear protein found in essentially all cell types that was first identified by
Sen and Baltimore in 1986 as a transcription factor in B-lymphocytes (Sen and
Baltimore, 1986). The NF-kB family of inducible transcription factors is responsible for
the induction of a large number of genes that are involved in inflammation, tumour
invasion and tumour angiogenesis (Bharti and Aggarwal, 2002). The NF-xB family
consists of five dimers which are classified into two functional groups. The first group
contains NFkB1 (p50/p105) and NFkB2 (p52/p100) dimers and the second group
contains RelA (p65), c-Rel and Rel B dimers. Heterodimers are formed containing
different combinations of dimers, the most common heterodimer consists of RelA (p65)
and NFkB1 (p50/p105) (Verma et al., 1995). The second group of dimers have a
carboxy-terminal transcription domain which is usually required within the Rel/NFxB
heterodimer to promote transcription. In most resting cells, NFxB is retained within the
cytoplasm bound to the inhibitory IkB protein which blocks the nuclear localisation
sequences of NFkB (Baldwin, 1996). NFkB is activated by a variety of stimuli
including inflammatory cytokines, lipopolysaccharide and growth factors, which
promote the disassociation of IkB through phosphorylation and subsequent degradation
by the ubiquitin-dependant pathway (Flossel et al., 1992). The degradation of IxB
allows the translocation of NFkB to the nucleus where it binds to NFkB DNA

sequences resulting in the activation of gene transcription (Fig 1.3).

NF«B is known to induce the expression of TF in tumour cells (Mackman, 1997). The
TF gene contains a promoter region, a segment of DNA that occurs upstream from the
gene coding region, which acts as a controlling element for the expression of TF. A 56
bp region between -227 and -172 of the promoter region of the TF gene contains two

AP-1 sites and an NF«B site (Mackman et al., 1991) (Fig 1.4). Engagement of the
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Figure 1. 3 The activation of NFxB

The NF«B heterodimer (Rel A/p50 in diagram) is located in the cytoplasm bound to the
inhibitory IxB protein. The NFxB heterodimer is activated in response to stimuli which
promote the dissociation of IkB which is phosphorylated and ubiquitation marks it for
degradation. This leaves NF«kB free to translocate to the cell nucleus where it binds to

NF«xB DNA binding sequences and activates gene transcription of proteins.
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-227 AP-1 AP-1 -193

5" -CGGTIGAATCACTGGGGTGAGTCATCCCTTGCAGG-3°

-192 NFkB -172

5" - GTCCCGGAGTTTCCTACCGGG -3’

Figure 1. 4 Promoter region of the TF gene containing the NFxB binding site

The promoter region of the TF gene contains a 56 bp region between -227 to -172 that
contain two AP-1 binding sites and a NF«xB binding site that are responsible for
increased transcriptional activity of the TF gene (Mackman, 1995, Mackman, 1997).
Translocation of an activated NFkB heterodimer to the cell nucleus results in the

engagement of the NFkB binding site and induction of TF expression.
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NF«kB binding site is required to mediate the transcriptional induction of the TF
promoter and thus the regulation of TF expression. Over recent years NFkB has been
under increased investigation as a potential target for anti-cancer drug development
(Garg and Aggarwal, 2002). Increased NFxB activation has been associated with
increased inflammation in cancer patients (Pikarsky et al., 2004). Furthermore, studies
have suggested that chronic inflammation, via activation of NFkB, generates a tissue
environment in which tumour cells of an epithelial cell origin can not only survive but

can also stimulate metastasis (Mann and Oakley, 2005).

1.5 Heparin

Heparin, also known as unfractionated heparin (UFH), is a complex carbohydrate
belonging to the glycosaminoglycan family and is comprised of mucopolysaccharide
chains of various lengths ranging from 5000 to 40000 Da (Verstraete, 1990). It is a
natural polyanion composed of repeating disaccharide units of D-glucosamine and
uronic acid linked by interglycosidic bonds (Bentolila et al., 2000). Heparin has a high
negative charge density due to the amino and hydroxyl groups of the glucosamine units

being partially sulphated (Fig 1.5).

The discovery of heparin happened by chance in 1916 by McLean who was looking for
procoagulant activity in canine liver cells, but instead found an anticoagulant (Dinis da
Gama, 2008). Further investigation has revealed that heparin is a naturally-occurring
anticoagulant found in abundance in the liver, spleen, muscle and lungs of most
mammals. Furthermore, heparin is found in the secretory granules of mast cells and is
released at low levels to prevent the formation of clots within the blood upon injury
(Guyton and Hall, 2006). It was not until 1937 that heparin was purified and considered
safe and widely available for therapeutic use as an anticoagulant. Pharmaceutical-grade

heparin can be extracted from the mucosal tissue of slaughtered animals such as porcine
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Figure 1. 5 Chemical structure of a repeating unit of unfractionated heparin

The basic disaccharide unit makes up the majority of the polysaccharide; however there
are some interruptions in the chain where certain groups are replaced by others. O-
sulfonate groups and hydroxyl groups can replace each other, likewise N-acetyl groups
can be replaced by N-sulfonate groups or non-substituted amino groups. Adapted from

Petitou et al (2003).
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intestines and bovine lung (Linhardt and Gunay, 1999). Although used primarily as an
anticoagulant, because of its high negative charge density heparin can also be used to
coat surfaces of medical equipment such as test tubes and renal dialysis machines to

prevent coagulation.

1.5.1 The anticoagulant mechanism of heparin

The action mechanism of heparin was not discovered until 1939, when it was suggested
that heparin is an indirect anticoagulant requiring a plasma cofactor (Brinkhous et al.,
1939). This heparin-cofactor was later named antithrombin (AT) (Abildgaard, 1968).
AT is a glycoprotein produced by the liver and is a serine protease inhibitor capable of
inactivating enzymes in the coagulation cascade such as thrombin, FXa and FIXa. The
arginine-reactive site on the AT molecule is responsible for inhibiting the coagulation
enzymes. Heparin binds to the lysine site on AT and produces a conformational change
at the arginine-reactive site that increases the action of AT (Rosenberg and Bauer,
1994). Studies revealed that only certain heparin polysaccharide units were able to form
complexes with AT and heparin unable to form a complex with AT was considered an
inactive form of polysaccharide (Lam et al., 1976). Furthermore, anticoagulant activity
was only displayed by the fraction of polysaccharides that were able to form a complex
with AT (Petitou et al., 2003). Continued investigation established the existence of an
AT-binding site in heparin that was required for it to successfully form a complex with
AT. The AT-binding site consists of a specific pentasaccharide sequence containing
vital units that are required for high affinity binding of AT (Fig 1.6) (Thunberg et al.,
1982). The binding of AT to the pentasaccharide sequence in heparin results in the
activation of two mechanisms that increases the inhibition of thrombin and other
coagulation factors (Rosenberg and Bauer, 1994). The first mechanism involves heparin

serving as a catalytic surface to which AT and thrombin can both bind, forming a
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Figure 1. 6 Structure of the pentasaccharide antithrombin binding site of heparin

The groups circled in red play a critical role in heparins interaction with AT, removal of
any of the groups would results in decreased ability of heparin to bind to AT and inhibit

coagulation. Adapted from Petitou et al (2003).
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ternary structure that results in the inhibition of thrombin (Li et al., 2004). The second
mechanism depends on the conformational change within AT that promotes inhibition
of FIXa and FXa. The expulsion of the N-terminal portion of the reactive centre loop
(hinge region) from the main beta-sheet A is thought to be responsible for activating the
conformational change that inhibits FIXa and FXa (Langdown et al., 2004). Heparin can
inhibit many different coagulation enzymes at various points within the coagulation
cascade and is also capable of binding endothelial cells and platelets (Hirsh et al., 2001,
Rosenberg and Bauer, 1994). In recent years heparin-derived anticoagulants, known as
LMWHs, have been developed in order to provide a more specific anticoagulant with

reduced hemorrhagic side effects.

1.5.2 Low molecular weight heparin

The use of heparin as an anticoagulant was replaced by LMWH in the 1980’s as trials
showed that LMWH was a much more effective and reliable anticoagulant. LMWH’s
are polysulphated glycosaminoglycans that are almost one third the molecular weight of
heparin, containing short chains of polysaccharides with an average molecular weight of
less than 8000 Da (Hirsh and Raschke, 2004). LMWH can be injected subcutaneously,
requires less monitoring, and has an improved efficiency-to-safety ratio compared with
heparin (Bounameaux and Goldhaber, 1995). Heparin can be chemically or
enzymatically depolymerised to produce LMWH’s that vary in pharmacokinetic
properties and anticoagulation ability. Commercially available LMWH’s differ in
structure and molecular weight depending on the method of depolymerisation. For
example, deaminative cleavage of heparin with nitrous acid produces dalteparin, which
has an average molecular weight of 6000 Da. In contrast, alkaline beta-eliminative
cleavage of the benzyl ester of heparin, produces enoxaparin, which has an average

molecular weight of 4500 Da (Linhardt and Gunay, 1999).
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In comparison to heparin, LMWH’s have a decreased ability to inhibit thrombin
because they are unable bind to both AT and thrombin simultaneously as they contain
short chains. Thrombin must bind adjacent to AT on a flanking sequence in heparin,
therefore it requires a heparin chain of more than 18 saccharides to be inactivated
(Linhardt and Gunay, 1999, Rosenberg, 1997). However, LMWH’s are still able to
successfully inactivate FXa activity because that does not require the formation of the
ternary complex. FXa interacts with AT bound to the pentasaccharide sequence in
LMWH, therefore only short heparin chains are required containing these saccharide
units for the inhibition of FXa (Donayre, 1996). FXa lies at the convergence of the
extrinsic and extrinsic pathway so by specifically inhibiting FXa, LMWH acts as a more

subtle regulator of coagulation (Linhardt and Gunay, 1999, Rosenberg, 1997).

1.6 The potential benefits of LMWH for cancer patients

Clinical trials demonstrated that LMWH reduced the risk of recurrence of deep vein
thrombosis (DVT) in cancer patients by 38% compared with UFH (Gould et al., 1999).
In addition, LMWH is not only thought to be superior in reducing the risk of thrombotic
events but is also linked to increased survival rate in cancer patients (Kakkar and
Williamson, 1997). Clinical trials have shown that dalteparin improves the survival rate
of cancer patients with advanced malignancy, compared to untreated placebo patients
(Kakkar et al., 2004). Examination of the overall patient population in this study
showed that dalteparin did not significant increase patient survival compared to patients
treated with a placebo. However survival rate was greatly improved when a post-hoc
analysis was carried out on of a subset of patients who survived beyond 17 months. In
these patients the mean survival time was 43.5 months in the dalteparin group compared
to placebo patients whose mean survival time was 24.3 months (Kakkar et al., 2004).

The observation of improved survival in cancer patients with advanced metastatic
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disease could have future implications on its feasibility in the long term treatment of

cancer patients.

In addition to its anticoagulant effect LMWH has been reported to have beneficial
effects beyond the control of the hypercoagulable state of cancer patients (Khorana and
Fine, 2004). Studies have attributed some of these beneficial effects to the ability of
LMWH to suppress TF expression (Gori et al., 1999, Kakkar et al., 2004, Kakkar and
Williamson, 1997). Furthermore, recent clinical trials reported that the plasma TF
antigen level was reduced in cancer patients treated with dalteparin compared to
untreated patients, this was weakly correlated to reduced cellular invasion assessed in
vitro (Maraveyas et al., 2010). However, the majority of data reporting the influence of
LMWH on TF expression has been acquired from in vivo measurements carried out in
cancer patients during clinical trials. Therefore the mechanism by which LMWH can

downregulate TF expression is still unclear.

1.7 Aims of the investigation

The aim of this study is to investigate the influence of LMWH on expression and
activity of tissue factor in a variety of cancer cell lines; pancreatic, breast,
colocarcinoma, ovarian and melanoma. The study will explore potential mechanisms for
down-regulation of tissue factor by LMWH. Finally the study will evaluate the

influence of LMWH on cancer cell invasion.
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CHAPTER 2

Materials and Methods
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2.0 Materials and Methods
2.1 Materials

Active Motif, Rixensart, Belgium
Protease inhibitor cocktail

Affinity Biologicals, Ancaster, Canada
TF-antigen ELISA kit

Ambion/Applied Biosystems, Warrington, UK
MAXIscript®- T7T3 in vitro-transcription kit

American Diagnostica Incorporation, Stamford, USA
Recombinant tissue factor (TF)

Amersham Biosciences, Little Chalfont, UK
GFX PCR DNA and gel band purification kit
Ready-To-Go RT-PCR beads

Applied Biosystems, Nieuwerkerk, Netherlands
PowerSYBR Green RNA-to-C 1 1-Step kit

BD Biosciences, Oxford, UK
T75 (75 cm?) flasks

BDH Laboratories Supplies, Poole, UK
Magnesium chloride

Sodium acetate

Sodium hydroxide

Berthold Technologies Ltd, Hertfordshire, UK
Junior LB 9509 luminometer
Luminometer tubes

Bio-Rad, Hemel Hempstead, UK
iCycler thermal cycler

BioWhittaker® Lonza, Belgium
Phosphate Buffered Saline (PBS)

Enzyme Research Labs, Swansea, UK
Sheep anti-human TF
Sheep anti-human TF peroxidise conjugated 1gG

Eppendorf AG, Cambridge, UK
Microcentrifuge
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Gibeo Invitrogen Corporation, Paisley, UK
Lipofectin reagent

OptiMEM reduced serum media

Greiner Bio-One Ltd, Gloucestershire, UK
12- well plates, 24 -well plates

Heraeus Holding GmbH, Hanau, Germany
Heraeus Incubator

IBM UK Ltd, Middlesex, UK
Statistical package for social sciences (SPSS) (PASW Statistics 18.0.3)

International Equipment Company, Bedfordshire, England
Temperature controlled Centrifuge (EC Centra-3RS)

LGC-ATCC, Teddington, UK

Bx-PC-3, LoVo, MDA-MB-231, SKOV-3, A375 cell lines
Promega Corporation, Southampton, UK

Hind 111

Luciferase reagent (Luciferin)

Lysis buffer

Recombinant luciferase protein

Tetramethyl Benzidine stabilised substrate for horse radish peroxidase
T4-DNA polymerase

Tris-borate EDTA (TBE) buffer

Wizard® Plus Midipreps — DNA Purification System

R&D systems, Abingdon, UK

Escherichia coli TB-1 strain

Scientific Laboratories Supplies, Hessle, UK
Heidolf Unimax 1010/Inkubator 1000 — Incubated orbital shaker

Sigma Chemical Company Ltd, Poole, UK
Absolute ethanol

Antibiotic/ antimycotic solution (1%)

Basic fibroblast growth factor

Bradford reagent

Calcium chloride
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Chloroform

Collagen type IV

DMEM medium

DNase/RNase free water

DMSO

Glutaraldehyde

Isopopanol

Low molecular weight heparin
L-alanyl-L-glutamine (Glutamax)

LB broth powder

Minimum essential medium Eagle (MEM)
Eagles Minimum Essential Medium (EMEM)
PBS tablets

RNase free water

RPMI medium

TRI reagent

Trypsin/EDTA solution

Tween 20

Stratagene, Amsterdam, Netherlands
Pathdetect pNFxB-Luc plasmid

TCS Cellworks Ltd, Clayton, UK
Foetal Calf serum (FCS)

VWR international Ltd, Leicestershire, UK

Boyden chambers (8uum pore size)

Weber Scientific International Ltd, Teddington, UK
Haemocytometer

WPA Lightwave UV/Vis Diode Array, Cambridge, UK
WPA lightwave UV/Vis diode-array spectrophotometer
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2.2 Cell culture

All cell culture procedures were carried out under sterile conditions in a class Il laminar
flow cabinet. Cell lines used were cultured in T75 (75 cm?) flasks with the appropriate
media as follows. The ovarian cancer cell line SKOV-3 in McCoy’s 5a medium; the
pancreatic cancer cell line BXPC-3 in RPMI-1640 medium; the colocarcinoma cell line
LoVo in F-12K media, the breast cancer cell line MDA-MB-231 in Dulbecco's modified
eagle's medium (DMEM) and the malignant melanoma cancer cell line A375 in Eagle’s
minimum essential medium (EMEM). All media were supplemented with 10% (v/v)
FCS and 1% (v/v) antibiotic containing penicillin (5 units/ml), streptomycin (5 pg/ml)
and amphotericin (25 ng/ml). Cells were incubated at 37°C in a humid environment
under 5% (v/v) CO,. Depending on the growth rate, half the cell medium (3 ml) was
replaced with fresh medium every 2-3 days. Cells were subcultured into new flasks

when approximately 80% confluent.

2.3 Cell harvesting and sub-culture

The media was removed from the flask and transferred to a 20 ml sample tube for later
use. Cells were washed with 8 ml of prewarmed PBS (pH 7.2) to remove all traces of
medium. Trypsin/EDTA (5 mg/ml porcine trypsin, 2 mg/ml EDTA) was added to the
flask and the cells were then incubated for 3-5 min at 37°C to allow the trypsin to
detach the cells from the flask. In order to dislodge the cells from the flask it was tapped
firmly. The cell suspension was transferred to the original cell medium in order to
neutralise the detrimental effects of trypsin. The cell suspension was centrifuged at 400
g for 5 min to pellet out the cells. The media was removed avoiding disruption of the
pellet, and the cells were the resuspended in 5 ml of fresh media. To calculate the cell

number and density a sample of cell suspension (20 ul) was removed and examined

36



with a haemocytometer. The number of cells in five 1 mm? squares was counted and the
number of cells per ml was then calculated using the following equation;
Number of cells per ml = average number of cells counted per mm? x dilution factor x 10*

New cultures were prepared by adding 10° cells to fresh T75 flasks with 10 ml of

prewarmed complete media.

2.4 Cryopreservation and recovery of cells

Cells were washed in PBS, trypsinised and cell density determined as described in
section 2.3. The cells were resuspended in normal media containing 10% DMSO and
aliquoted into cryovials at a density of 10° cells/tube. The vials were then placed at -
70°C in a freezing vessel which enabled a cooling rate of -1°C/min. The cells were then
transferred into liquid nitrogen. To recover the frozen cells and start new cultures, the
cells were thawed at 37°C and transferred to a fresh T75 flask with 10 ml of prewarmed
complete media. The cells were incubated at 37°C in a humid environment under 5%

(v/v) COs,.

2.5 Isolation of total RNA from cell samples using the Tri-Reagent system

The TRI reagent procedure was used to isolate total RNA from cells. In order to prevent
contamination and degradation of the RNA all work surfaces were cleaned and RNase-
free tubes and filtered pipette tips were used throughout. Cells harvested with trypsin,
were lysed in TRI reagent (200 ul) by repeated pipetting and incubated at room
temperature for 5 min to ensure complete lysis. Chloroform (40 ul) was added to each
tube, samples were vortexed for 15 s and allowed to stand at room temperature for 12-
15 min. The samples were centrifuged at 12000 g for 15 min and the colourless upper
aqueous phase was transferred to a fresh 1.5 ml RNase free tube. The RNA was
precipitated by adding isopropanol (100 ul) to each sample which was mixed by

vortexing and incubated for 30-60 min at -20°C. The samples were centrifuged for 10
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min at 12000 g to pellet the RNA. The supernatant was discarded and the pellet washed
with 75% (v/v) ethanol (200 pul), vortexed and centrifuged for a further 5 min at 12000
g. All the excess ethanol was removed and the RNA pellet was resuspended in RNase
free water (60 ul). All RNA samples were stored at -70°C until they were required. To
determine the concentration of the RNA samples, the absorption of each sample was

measured at 260 nm using a spectrophotometer (See section 2.6).

2.6 Determination of concentration and purity of nucleic acids
The concentration and purity of nucleic acids was determined by measuring the
absorption of each sample at 260 nm using a spectrophotometer. The spectrophotometer
was calibrated using 54 ul of distilled water in a quartz micro-cuvette. The sample (6
ul) was added to the cuvette, mixed and the absorption was measured at 260 nm. The A
260 nm Value was used to determine the concentration of the plasmid DNA/RNA using the
following formulae:
Plasmid DNA concentration (ug/ml) = A 260 nm reading x 50 x dilution factor
Plasmid RNA concentration (ug/ml) = A 260 nm reading x 40 x dilution factor

Purity of the DNA/RNA was determined by measuring the 260:280 ratio, a ratio of above 1.8

indicated DNA/RNA of sufficient purity for use.

2.7 Preparation of standard TF mRNA for quantitative real-time RT-PCR

To prepare a TF mRNA standard, full length TF cDNA was cloned into the pT7T3-18
vector (see section 2.13) and used to express target mMRNA according to the following
method. The plasmid (1 pg) was digested with Sac | (10 units) by incubation at 37°C
for 1 h. The digested DNA was then purified using the DNA illustra GFX PCR DNA
Purification kit according to manufacturer’s instruction. Following purification, the 3’-
overhangs were filled in with T4-DNA polymerase (1pl) (9.7 units/ml) which was

added to the plasmid (43 pl) and incubated for 1 h at 37°C. The plasmid DNA was then
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purified again using the illustra GFX PCR DNA Purification Kit. TF mRNA was
transcribed using the MAXIscript®-T7T3 in vitro-transcription Kit according to
manufacturer’s instruction. The DNA was destroyed with DNase | (1 pl) for 15 min at
37°C and the mRNA was precipitated and washed with 70% (v/v) ethanol (200 ul). The
MRNA was pelleted by centrifugation at 12000 g for 5 min and then resuspended in
RNase free water (50 pl). The concentration of TF mRNA was determined as described
in section 2.6.

The identity of mRNA was confirmed to be that of TF using primers to full-length TF.
One-step end-point RT-PCR was carried out using Ready-To-Go RT-PCR beads and
100 ng of standard MRNA. The RT step was carried out at 42°C for 30 min followed
by denaturation for 5 min at 95°C. PCR amplification (30 cycles) was performed as
follows: 1 min at 95 °C, 1 min at 60 °C, followed by 1 min at 72 °C. The primers used
were (TF-forward) 5'-ACCTGGAGACAAACCTCGGAC-3' and (TF-reverse)
5'-GAGTTCTCCTTCCAGCTCTGC-3'". Products were visualised on a 1.5% (w/v)

agarose gel (Ettelaie et al., 2007a, Ettelaie et al., 2008).

2.8 Measurement of TF mRNA expression by quantitative real-time RT-PCR

Cells (2 x 10°/ well) in complete media (1 ml) were seeded into 12 well plates and
incubated for 24 h at 37°C to allow adherence. The cells were then treated with a range
of concentrations of LMWH (0-2000 pg/ml) for 24 h at 37°C, or with LMWH (200
pg/ml) for up to six days. Following incubation the media was discarded, the cells were
washed in PBS (1 ml), and harvested using trypsin (300 pul) and repeated pipetting. The
cell suspension for each sample was transferred to a 1.5 ml microfuge tube and the cells
were pelleted by centrifugation at 12000 rpm for 5 min in a microcentrifuge. The
trypsin was discarded and total RNA was isolated from the pelleted cells using the Tri-

reagent system as described in section 2.5.
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The annealing temperature and number of amplification cycles for RT-PCR were
optimised using in vitro transcribed TF mRNA (Research group of Dr Ettelaie). Each
RNA sample was amplified with TF primers as well as with B-actin primers as a
reference. B-actin is a house-keeping gene expressed in all the cells used. Primers were
reconstituted in RNase-free water to give a final concentration of 100 pmol/pl. The

primers used were;

TF-forward: 5’-TACAGACAGCCCGGTAGAGTG-3’
TF-reverse: 5’-GAGTTCTCCTTCCAGCTCTGC-3’
B-actin -forward: 5’>-TGATGGTGGGCATGGGTCAGA-3’
B-actin -reverse: 5’-GTCGTCCCAGTTGGTGACGAT-3’

All samples were prepared in triplicate and analysed with both primers using 100 ng of
total RNA from each sample tested. A range of TF standards (0.05-10 ng) were set up
alongside using previously prepared TF mRNA (see section 2.7). The reaction was
carried out on an iCycler thermal cycler at annealing temperatures of 60°C using the
PowerSYBR Green RNA-t0-C+ Kit according to manufacturer’s instructions.

In order to quantify the amount of TF mRNA in each unknown sample a standard curve
was prepared for each experiment using a set of TF mRNA standards of known mRNA
concentrations (10-0.5 ng). The fold change of the standards was converted to a log10
scale to facilitate comparison, and the Ct values of the standards were plotted against
the 1og10 concentration in a graph (Fig 3.1). The TF mRNA Ct values were normalised
against their respective Ct values for B-actin and then the amount of TF mRNA in each
unknown sample was calculated from the standard graph using the equation of the trend
line. The log10 concentration of TF mRNA in each sample was then converted back
into TF mRNA (ng). This value is the amount of TF mRNA expressed by the number of

cells in each well (2 x 10°/ well). Therefore, in order to express the data as TF mRNA

40



(ng) per 1 million cells, the amount of TF mMRNA for each sample was divided by the

number of cells in each well (2 x 10°/ well), and then multiplied by 1 million.

2.9 Estimation of protein concentration in cell samples using a Bradford assay

The concentration of total protein from lysate samples (see section 2.10) was
determined using Bradford protein reagent. Each cell lysate (10 ul) was diluted 1:10
with distilled water (90 ul). A range of standards were prepared of known protein
concentration (0, 10, 50, 100, 150 pg/ml) by serial dilution of BSA in distilled water.
The standards and samples (100 pl) were placed into separate 1 ml plastic cuvettes.
Bradford’s reagent was prepared by diluting the stock reagent with distilled water (1:2
v/v). The diluted Bradford’s reagent (900 ul) was added to each cuvette and the samples
were incubated at room temperature for 10 min. The absorption of each sample was
measured at 595 nm using a spectrophotometer. A standard curve was prepared using
the absorption values of the standards (Fig 2.1). The amount of protein in each sample
was calculated by comparison with the standard curve and the volume of sample

containing 20 ug of protein was calculated for ELISA.

2.10 Measurement of tissue factor antigen using ELISA

Cells (2 x 10°/ well) in complete media (1 ml) were seeded into 12 well plates and
incubated for 24 h at 37°C to allow adherence. The cells were then treated with a range
of concentrations of LMWH (0-2000 pg/ml) for 24 h at 37°C, or with LMWH (200
pg/ml) for up to six days. The cells were lysed in 150 ul of lysis buffer (diluted 1:4 with
distilled water), 10 mM DTT and in the presence of 1% (v/v) protease inhibitor cocktail
by repeated pipetting. The concentration of total protein in each sample was determined
using the Bradford assay as described in section 2.9. Expression of total cellular TF
antigen was measured using a TF-antigen ELISA kit (Affinity Biologicals, Canada).

Capture antibody (Sheep anti-human Tissue Factor (TF)) was diluted 1/100 in coating
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Figure 2. 1 Standard curve for Bradford assay

A range of standards were prepared of known protein concentration (0 -150 pg/ml) by
serial dilution of BSA in distilled water. The standards (100 pl) were placed into
separate plastic cuvette in duplicate and diluted with Bradford reagent (900 ul). The
samples were incubated at room temperature for 10 min and the absorption of each
sample was measured at 595 nm using a spectrophotometer. The data represents a
typical standard curve which was prepared for each Bradford assay using duplicates of

each standard.
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buffer (50 mM Carbonate — 0.16% Na,CO3 0.3% NaHCOs in distilled water, pH 9.6),
added (100 pl) to wells on a 96 well microplate and incubated for 24 h at 4°C to allow
adherence. Following incubation, the coating buffer was discarded and the wells were
blocked with 150 mM PBS (pH 7.4), containing 1% (w/v) BSA for 90 min at room
temperature. The blocking buffer was then discarded and the wells were washed four
times with PBS-Tween (50 ml PBS, 50 pl Tween-20). A set of standards was prepared
by serial dilution of recombinant TF (50, 25, 12.5, 6.25, and 3.13 ng/ml). Standards and
20 pg of protein from each sample were applied to the plate in duplicate and the
contents of each well was made up to 100 pl with sample dilutent (2.4% HEPES, 0.6%
NaCl, 0.1% Triton X-100, in distilled water, pH 7.2). The plate was incubated for 1 h at
room temperature and then washed carefully four times with PBS-Tween (200 pl). The
detection antibody (Sheep anti-human TF, peroxidise conjugated 1gG) was diluted
1/150 in conjugate buffer (2.4% HEPES, 0.6% NaCl, 0.1% Triton X-100, 1% BSA, in
distilled water, pH 7.2), added (100 pl) to each well and incubated for 1 h at room
temperature. The plate was washed four times with PBS-Tween (200 ul) and developed
by adding HRP substrate (100 ul) to each well. The colour was allowed to develop for
15-20 min in the dark with shaking. The reaction was quenched by addition of 0.5 M
H,SO,4 (50 pl) to each well. Absorption of each well was measured at 450nm using a
plate reader. The quantity of TF antigen was determined from the standard curve
prepared with recombinant TF. Data were expressed as TF antigen (ng) per 1 million

cells to normalise the comparisons between each set of experiments.

2.11 Measurement of tissue factor activity using two-stage chromogenic assay
A two-stage chromogenic assay was used to measure cell surface TF activity following
treatment of cells with LMWH. The assay is based on quantifying the activity of

generated thrombin. The generated thrombin liberates the p-nitroanilide group of the
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chromogenic substrate which results in colour production. Thrombin formation is
initiated by the activation of the coagulation cascade by TF. Therefore, the greater the
TF activity the greater the thrombin generation which results in a more intense colour
being produced, as previously described (Ettelaie et al., 2008). Cells (2x10°) in
complete media (100 ul) were seeded out into 96 well plates and incubated for 24 h at
37°C to allow adherence. The cells were then treated with a range of concentrations of
LMWH (0-2000 pg/ml) for 24 h at 37°C, or with LMWH (200 pg/ml) for up to six
days. The media was discarded and the cells were resuspended in PBS (20 ul) and
incubated with 5 mg/ml barium absorbed plasma solution (20 pl) and 0.05 M Tris-HCI
pH 7.2 (40 pl) for 10 min at 37°C. The reaction was initiated by the addition of 25 mM
CaCl, (20 ul). After 20 min the generation of thrombin was quenched by the addition
of buffered substrate-EDTA (0.5 M Tris-HCI pH 7.2, 25mM EDTA) containing 1 mM
BIOPHEN CS-01(81) thrombin chromogenic substrate. The samples were incubated for
a further 20 min at 37°C and the reaction was stopped using 20% (v/v) acetic acid (50
ul). Standards were prepared alongside by making serial dilutions of recombinant TF
made from a stock solution (0.5 pg/ml) which was assumed to contain 1000 U/pmol.
The absorption of each sample was measured at 405 nm on a plate reader and converted
to the equivalent TF activity using the standard curve prepared with recombinant TF.
Data were expressed as TF activity (units) per 1 million cells to normalise the

comparisons between each set of experiments.

2.12 Preparation of LB broth and propagation of Escherichia coli TB-1

LB broth powder (12.5 g) was dissolved in de-ionised water (500 ml) and autoclaved
before use. E.coli TB-1 cells were propagated in LB broth (100 ml) with gentle
agitation overnight at 37°C. The E.coli TB-1 were divided into aliquots (1 ml) and

stored at -70°C until required.
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2.13 Transformation of competent bacterial cells

E.coli TB-1 cells were transformed with plasmid DNA (pNFkB-Luc or pT7T3-18)
(Stratagene, Netherlands). Competent cells were removed from storage at -70°C and
kept on ice. Plasmid DNA (20 ng) was added to 100 ul aliquots of competent cells and
mixed gently, no plasmid DNA was added to the negative control. The cells were
incubated on ice for 30 min, heat shocked at exactly 42°C for 45-50 sec, and
immediately returned to ice for a further 2 min. LB broth (900 ul) was added to each
tube and the cells were incubated for 1.5 h at 37°C with shaking at 150 rpm to allow the

plasmid to express encoded antibiotic resistant genes.

2.14 Selection of transformed bacteria

Agar/antibiotic plates were prepared by dissolving LB agar powder (3.5 g) in de-ionised
water (100 ml). The medium was autoclaved and allowed to cool to 50 °C before adding
the appropriate antibiotic (ampicillin, 100 ug/ml). Approximately 20 ml of LB/antibiotic
agar was poured into separate Petri dishes and allowed to set. Plates were sealed and
stored at 4°C for up to 1 month. In order to select transformed bacteria cells, bacterial
suspension (50 pl) was evenly distributed on antibiotic-LB agar plates using a sterile
glass spreading rod. Plates were incubated overnight at 37°C. Following incubation,
colonies were selected and removed from the plates using a sterile loop and transferred

to 10 ml of LB broth. The bacteria were incubated at 37 °C for 24 h.

2.15 Isolation of plasmid DNA

Plasmid DNA was isolated from the bacterial cells using the Wizard® Plus Midipreps
DNA purification systems as follows. The bacterial cell suspension was cooled and
centrifuged at 2500 g for 25 min. The supernatant was discarded and the bacteria were
resuspended in resuspension solution (50 mM Tris-HCI pH7.5, 10 mM EDTA). Cell

lysis solution (0.2 M NaOH, 1% (w/v) SDS) was added and mixed by inverting the
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tube. Neutralisation solution (1.32 M potassium acetate pH 4.8) was added, mixed by
gentle inversion and the lysate was centrifuged at 12000 g for 20 min to pellet the cell
debris. The supernatant containing the plasmid DNA was decanted and DNA
purification resin (8 ml) was added to the supernatant and inverted to mix. The solution
was transferred to a DNA binding column connected to a vacuum. Once all the solution
had cleared through the column the retained resin was washed with column wash
solution (80 mM potassium acetate, 8.3 mM Tris-HCI pH 7.5, 40 uM EDTA, 55% (Vv/v)
ethanol) and cleared under vacuum. The column was placed into a 1.5 ml
microcentrifuge tube and centrifuged at 12000 g for 20 min to remove excess wash
buffer. The column was then placed into a fresh 1.5 ml microcentrifuge tube and pre-
heated (65-70°C) DNase-free water (200 pl) was added to the column. The plasmid was
eluted from the column by centrifugation at 12000 g for 2 min.

The plasmid DNA (200 pl) was precipitated by adding 3M sodium acetate (200 pl) and
70% (v/v) ethanol (800 ul) and incubated at -20°C for 20 min. The sample was then
centrifuged at 12000 g for 20 min to pellet out the plasmid DNA. The supernatant was
then discarded and the pellet washed with 70% (v/v) ethanol (100-200 pl) and
centrifuged a further 5 min at 12000 g. The ethanol was discarded and the pellet was
dried and resuspended in DNase-free water (50 ul). The plasmid DNA was stored at -

20°C until required.

2.16 Transfection of cancer cell lines with plasmid DNA using lipofectin

Lipofectin is a lipid based reagent which encapsulates plasmid DNA allowing it to enter
cells and be released into the cytoplasm. Prior to transfection cells (2x 10°/ well) were
seeded out into 12 well plates in complete media (1 ml) and incubated for 24 h at 37°C.
The cells were washed in PBS (1 ml) and pre-adapted to OptiMEM reduced serum

media (800 ul) for 1 h prior to transfection. For each transfection, solution A was

46



prepared by diluting plasmid DNA (pNF«xB-Luc) (1 pg) in OptiMEM media (100 pl).
Solution B was prepared by diluting Lipofectin reagent (10 pl) in OptiMEM media (100
pl). Both solutions were incubated at room temperature for 30-45 min and the two
solutions were then combined and incubated for a further 15 min at room temperature.
The lipid-DNA complex (200 ul) was then added to each well and incubated for 6 h at
37°C. Following transfection all the media was removed from each well and the cells
were washed in PBS (1 ml) and complete media (1 ml) was added to each well. The
cells were incubated for 24 h at 37°C before treatment with different concentrations of

LMWH (0-2000 pg/ml).

2.17 Luciferase Assay

A luciferase assay was used to determine transcription activation of cells transfected
with a luciferase reporter plasmid. Luciferase activity was determined by addition of
luciferase substrate (luciferin) to cell lysates as described below. The ATP-dependant
reaction, in which luciferase converts luciferin to oxyluciferin, produces light, which is

measured and used to determine transcription factor activity in the samples.

Luciferin + ATP + O, —2> Oxyluciferin + AMP + PPi + CO, + LIGHT
Mg~*

All the media was removed and the cells were washed with PBS (1 ml). Lysis buffer
(150 pl) diluted 1: 4 with distilled water was added to each well and incubated at room
temperature for 1-2 min. The cells were lysed by repeated pipetting and each sample
was transferred to fresh 1.5 ml microfuge tubes. The lysed samples were centrifuged for
5 min at 12000 rpm in a microcentrifuge to pellet the cell debris. The supernatant from
each sample was then transferred to a fresh 1.5 ml microfuge tube and kept on ice. The
luciferase substrate was thawed and kept in the dark on ice. For each sample the
luciferase substrate (100 pl) was added to a luminometer tube, followed by cell lysate

(20 ul). This was then mixed and the luciferase activity of each sample was measured
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over 5 min using a luminometer. The level of luciferase activity measured in relative
light units (RLU). Recombinant luciferase protein was used to determine the highest
and lowest levels of RLU that were accurate and also to determine the optimum read

time on the luminometer (See section 3.4).

2.18 Investigating the influence of NFkB activity on TF expression

Cells (2x10°) in complete media (100 pl) were seeded out into 96 well plates and
incubated for 24 h at 37°C to allow adherence. The cells were treated with the NFxB
inhibitor pyrrolidinedithiocarbamate ammonium (10 uM) alongside an untreated set of
cells for 24 h. The cells were lysed in 150 pl of lysis buffer (diluted 1:4 with distilled
water), 10 mM DTT and in the presence of 1% (v/v) protease inhibitor cocktail by
repeated pipetting. A Bradford assay was used to calculate the amount of protein in each
sample (see Section 2.9), and the expression of TF antigen was measured using a TF-

specific ELISA (see Section 2.10).

2.19 Investigating the effect of LMWH on TF antigen expression in cancer cell
lines supplemented with growth factors

The influence of growth factors, (EGF, VEGF and bFGF) on TF expression in all cell
lines in the presence and of absence of LMWH was investigated using a TF-specific
ELISA (see section 2.13). Cells (2x 10°) in complete media (1 ml) were seeded out into
24 well plates, and incubated at 37°C for 24 h. The cells were supplemented with a
range of concentrations of either EGF (0-10 ng/ml), VEGF (0-4 ng/ml) or bFGF (0-20
ng/ml), in the presence or absence of LMWH (200 pg/ml), and incubated for 24 h at
37°C. The cells were lysed and protein content of each was estimated using a Bradford
assay (Section 2.9). The amount of TF antigen was determined by ELISA (Section 2.10)
and the concentration of TF antigen determined from the standard curve prepared

alongside with recombinant TF.
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2.20 Influence of LMWH on cell invasion using Boyden chambers

The influence of LMWH on cell invasion was measured using an assay based on the
ability of cells to permeate a collagen barrier in a Boyden chamber. Boyden chambers
with a 8 um pore size were placed into wells on a 24-well plate and coated with
collagen type 1V (1 mg/ml) overnight at 37°C. The excess collagen was removed and
cells (5 x 10* in media (250 ul) were seeded out into the upper compartment of the
Boyden chambers. The cells were treated immediately with a range of concentrations of
LMWH (0, 20 and 2000pug/ml). Complete media (250 ul) containing bFGF (5 pg/ml)
was added to the lower compartment and the cells were incubated at 37°C for 24 h to
allow cells to migrate through the collagen barrier (Fig 2.2). Following incubation the
media from the upper and lower compartment of each Boyden chamber was removed
and discarded. The cells on the upper side of the filter were removed using a cotton
wool swab and the empty Boyden chambers were placed back into the wells. The cells
were fixed by adding 3% (w/v) glutaraldehyde (150 pl) to the lower compartment and
incubation at room temperature for 15 min. The glutaraldehyde was discarded and the
cells were washed with PBS before staining. Crystal violet (150 pl) was added to lower
compartment of each well and left to incubate at room temperature for a further 20 min.
The crystal violet was then removed and the cells were washed three times with PBS to
remove any excess stain. The stained cells were agitated at room temperature for 15 min
with prewarmed 1% (w/v) SDS until the cell-associated crystal violet was released by
the cells. The samples (350 ul) from each well were transferred to individual 1 ml
plastic cuvettes and diluted with distilled water (400 pl). The absorption of each sample
was measured at 595 nm using a spectrophotometer and converted to cell number from
a standard curve. The standard curve was prepared by placing known numbers of cells
out into a 24 well plate (5000-70000 cell/well) and incubating at 37°C for 1 h before

repeating the procedure as described above.

49



<«— Boyden Chamber

f < ,/ Cells in media (250 pl)

Media (250 pl) supplement
with bFGF (4 pul)

Figure 2. 2 Schematic diagram of a Boyden chamber set up for an invasion assay

Boyden chambers with a 8 um pore size were placed into wells on a 24-well plate and
coated with collagen type IV (1 mg/ml) overnight at 37°C. Cells (5x 10%) were seeded
out into the upper compartment of the Boyden chambers in complete media. The cells
were treated immediately with a range of concentrations of LMWH (0, 20 and
2000pg/ml). Complete media supplemented with bFGF (5 pg/ml) was added to the
lower compartment and the cells were incubated at 37°C for 24 h to allow cells to

migrate through the collagen barrier.
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2.21 Statistical analysis

All the data values are the mean values of the experiments with the derived standard
error of mean. Statistical analysis of the results was carried out using the Statistical
Package for Social Sciences (SPSS) version PASW Statistics 18.0.3. Variance of data
was analysed and significance determined using one-way ANOVA, p values < 0.05

were taken as significant.
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CHAPTER 3

Results
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3.0 Results

3.1 Influence of LMWH on cellular TF expression

The expression of TF mMRNA was examined by RT-PCR. The RT-PCR efficiency was
consistently greater than 83% with an optimal primer concentration of 100 nM. The
amplification of the standard TF mRNA was linear over a range of 0.05-10 ng, the
correlation coefficient was calculated as 0.989, and therefore the minimum sensitivity of

the reaction was assumed to be 0.05 ng of TF mRNA (Fig 3.1).

Baseline expression of TF mRNA was highest in LoVo cells (10.7 + 3.0 ng/10° cells),
similar in MDA-MD-231 (8.67 + 2.8 ng/10° cells) and A375 cells (8.6 + 0.3 ng/10°
cells), and lowest in BXxPC-3 (7.9 + 1.0 ng/10° cells) an SKOV-3 cells (7.7 + 0.1 ng/10°
cells) (Fig 3.2). In general, treatment of all the cell lines with increasing concentrations
of LMWH (0-2000 pg/ml) resulted in a dose dependent decreased in TF mRNA
expression, with LMWH becoming most effective at different concentrations in each
cell line. After 24 h a significant (p<0.05) decrease in TF mMRNA expression, was
observed in MDA-MB-231 cells treated with 20 pug/ml or higher concentrations of
LMWH. Although suppression of TF mRNA was also observed in BXPC-3 and LoVo
cells treated with 20 pg/ml of LMWH, significant (p<0.05) downregulation of TF
MRNA expression was achieved in these cell lines at LMWH concentrations of 200
ug/ml and above. In addition, significant (p<0.05) downregulation of TF mRNA in
A375 and SKOV-3 cells was observed at concentrations of LMWH of 200 pg/ml or
higher. At the highest concentration of LMWH (2000 pg/ml) the expression of TF
MRNA in LoVo and MDA-MB-231 cells was reduced to 2.1% and 0% respectively, of
the untreated control. In contrast, at the highest concentration of LMWH (2000 pg/ml)
the expression of TF mRNA in SKOV-3 and A375 cells was not reduced to below 60 %

of the untreated control. Over a period of six days LMWH (200 pg/ml) reduced the
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Figure 3. 1 Real-time RT-PCR Standard curve

The real-time RT-PCR standard curve for TF mRNA was obtained at annealing
temperatures of 60°C with the PowerSYBR Green RNA-to-C+ Kit using a range of TF
standards (0.05-10 ng) which were prepared as described in section 2.7. The Ct values
were plotted against log of TF mMRNA concentration. The correlation coefficient was
calculated to be 0.989 and the PCR efficiency was consistently greater than 83%. The
standard curve was used to accurately quantify the amount of TF mRNA in each

experimental sample.
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Figure 3. 2 The influence of LMWH on TF mRNA expression

Sets of cells (2 x 10°) were treated with a range of LMWH concentrations (0-
2000pg/ml) for 24 h. Total RNA was isolated from the cells and the expression of TF
MRNA determined by real-time quantitative RT-PCR using specific TF primers. The
data were normalised against B-actin mRNA in each sample and the quantity of RNA
was determined using a standard curve prepared by amplification of in vitro-transcribed
TF mRNA. Data represents the mean of three experiments each measured in triplicate

(*=p<0.05 vs. respective untreated sample). Data published in Ettelaie et al (2011).
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expression of TF mRNA at different rates in each cell line (Fig 3.3). In LoVo and
MDA-MB-231 cells the expression of TF mRNA was rapidly depleted after one day of
treatment with LMWH and remained below 1% of the untreated control for the period
of six days. In comparison, following treatment with LMWH the expression of TF
MRNA gradually decreased in BxPC-3, SKOV-3 and A375 cells. However, after six
days of treatment with LMWH, TF mRNA expression was reduced to below 10% of the

untreated control in these cell lines (Fig 3.3).

3.2 Influence of LMWH on the expression of TF antigen

The expression of TF antigen was then measured using a TF-specific ELISA. The
incubation of all cell lines with a range of concentrations of LMWH (0-2000 pg/ml), for
24 h, resulted in a concentration-dependent decrease in TF antigen. A significant
(p<0.05) reduction in detectable total TF antigen was observed in SKOV-3 cells treated
with concentrations of 2 pg/ml or higher of LMWH (Fig 3.4). The total TF antigen was
significantly (p<0.05) reduced in BxPC-3 and MDA-MB-231 cells treated with LMWH
at concentrations of 20 pug/ml, and above. Furthermore, a significant (p<0.05) decrease
in detectable total TF antigen in LoVo and A375 cells was achievable at the highest
concentrations of LMWH (200-2000 pg/ml). At the highest concentration of LMWH
(2000 pg/ml) the level of TF antigen in SKOV-3 and MDA-MB-231 cells was
diminished to 13.4% and 25.0 % of the untreated control respectively. In contrast, the
total expression of TF antigen in Bx-PC-3, LoVo and A375 cells did not drop below
60% of the untreated control in any of these cell lines. Over a period of six days of
treatment with LMWH (200 pg/ml) the level of TF antigen was depleted at different
rates in each cell line (Fig 3.5). The prolonged treatment of Bx-PC-3, LoVo and A375
with LMWH over a period of six days resulted in a gradual reduction in the level of TF

antigen. However, after six days of treatment with LMWH the level of TF antigen was

56



TF mRNA (ng) per

1 million cells

14
—&— BxPC-3
- LoVo
12 —— MDA-MB-231
1 —— SKOV-3
10 + —=— A375 _

(ee]

4 \
R
N R ———

2 3 4 5 6

Days of treatment

Figure 3. 3 Time-course analysis of the influence of LMWH on TF mRNA expression

Sets of cells (2 x 10°) were incubated with LMWH (200 pg/ml) over a period of six
days, “0” represents the untreated control samples. Total RNA was isolated from the
cells and the expression of TF mRNA determined by real-time quantitative RT-PCR
using specific TF primers. The data were normalised against B-actin mRNA in each
sample and the quantity of RNA was determined using a standard curve prepared by
amplification of in vitro-transcribed TF mRNA. Data represents the mean of three
experiments each measured in triplicate (*=p<0.05 vs. respective untreated sample).

Data published in Ettelaie et al (2011).
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Figure 3. 4 The influence of LMWH on the expression of TF antigen

Sets of cells (2 x 10°) were treated with a range of LMWH concentrations
(0-2000 pg/ml) for 24 hours. The cells were lysed and the amount of protein per sample
was estimated using a Bradford assay. The total TF antigen was determined by ELISA
and the TF concentration in each sample was determined using the standard curve
prepared with recombinant TF. Data represents the average of four experiments
measured in duplicate (*=p<0.05 vs. untreated sample). Data published in Ettelaie et al

(2011).
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Figure 3. 5 Time-course analysis of the influence of LMWH on expression of TF antigen

Sets of cells (2 x 10°) were incubated with LMWH (200pg/ml) over a period of six
days, “0” represents the untreated control samples. The cells were lysed periodically and
the expression of TF protein was measured using ELISA. The TF concentration in each
sample was determined from a standard curve prepared alongside. Data represents the

average of three experiments measured in duplicate (*=p<0.05 vs. untreated sample).
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only reduced to 51.9% and 28.6% of the untreated control in BxPC-3 and A375 cells
respectively, compared to below 6% of the untreated control in all other cell lines. The

level of TF antigen remained unaltered over six days in untreated cells (data not shown).

3.3 Influence of LMWH on cellular TF activity

Cell surface TF activity in each sample was measured using a two-stage chromogenic
assay. A reduction in detectable cell surface TF activity was observed in all cell lines
following treatment with LMWH. Basal cell surface TF activity in untreated cells was
highest in LoVo cells (432 + 35 units of TF per 10°cells), and lowest in SKOV-3 cells
(207 + 11 units of TF per 10° cells) (Fig 3.6). Incubation of MDA-MB-231 cells with 20
pg/ml or higher concentrations of LMWH resulted in a significant (p<0.05) reduction of
cell surface TF activity. A significant (p<0.05) reduction in cell surface TF activity was
achieved in BxPC-3, LoVo, SKOV-3 and A375 cells at LMWH concentrations of 200
pg/ml or higher. LMWH reduced the detectable cell surface TF activity in a
concentration dependant manner. At the highest concentration of LMWH (2000 pg/ml)
the greatest reduction in cell surface TF activity was observed in SKOV-3 cells which
was diminished to approximately 48% of the untreated control. LoVo and MDA-MB-
231 cell surface TF activity was reduced to approximately 55% and 59%, of the
untreated control, when treated with the highest concentration of LMWH (2000 pg/ml).
However, cell surface TF activity did not drop below 65% of the untreated control in
BxPC-3 and A375 cells, even at the highest concentration of LMWH (2000 pg/ml).

The reduction in TF activity was reduced in a time dependent manner over a period of
six days of treatment with LMWH (200 pg/ml) in all cell lines (Fig 3.7). The level of
TF activity was most rapidly depleted in MDA-MB-231 and SKOV-3 cells, and after
six days of treatment with LMWH it was reduced to below 4% of the untreated control.

In contrast, the reduction in TF activity in BxPC-3, LoVo and A375 cells was gradual
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Figure 3. 6 The influence of LMWH on cell surface TF activity
Sets of cells (2 x 10°) were incubated with different concentrations of LMWH (0-2000

pg/ml) for 24 h. The cells were resuspended in PBS and cell surface TF activity was
measured using a two-stage chromogenic assay. The absorption value of each sample
was converted into equivalent concentrations of TF using a standard curve. Data
represents the average of three experiments measured in duplicate (*=p<0.05 vs.

respective untreated sample). Data published in Ettelaie et al (2011).
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Figure 3. 7 Time-course analysis of the influence of LMWH on the expression of TF activity

Sets of cells (2 x 10°) were incubated with LMWH (200 pg/ml) over a period of six
days, “0” represents the untreated control samples. The cells were resuspended in PBS
and cell surface TF activity was measured using a two-stage chromogenic assay. The
absorption value of each sample was converted into equivalent concentrations of TF
using a standard curve. Data represents the average of three experiments measured in
duplicate (*=p<0.05 vs. respective untreated sample). Data published in Ettelaie et al

(2011).
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over the period of six days. However, after six days of treatment with LMWH the level
of TF activity was reduced to 21.6%, 13.9% and 22.7% of the untreated control in
BxPC-3, LoVo and A375 cells, respectively.

3.4 Influence of LMWH on the transcriptional activity of NFkB

Cells (2x 10°/ well) were transfected with Pathdetect pNFkB-Luc luciferase reporter
plasmid using lipofectin and treated with a range of LMWH concentrations (0-2000
pg/ml) for 24 h. The cells were lysed and the luciferase activity of each sample was
measured using a luciferase assay. The level of luciferase activity (RLU) corresponds to
transcriptional activity of NFkB.

The transfection protocol was previously optimised and the transfection efficiency
determined by transfecting the cells with a plasmid capable of expressing GFP (pEGFP-
TF) (Ettelaie et al., 2007a, Ettelaie et al., 2007b). Cells (10,000) were then analysed by
flow cytometry and a gate was drawn to contain 3% of the untransfected cell
population. The transfection efficiency was determined as the percentage of transfected
cells within this gate. The transfection efficiency was consistently above 35% in all the
cell lines used (Research group of Dr Ettelaie). However, only the luciferase activity of
successfully transfected cells was measured so transfection efficiency does not alter the
relative amount of cells in which NF«B is activated.

The transcriptional activity of NFkB was reduced at varying concentrations of LMWH
in each cell line (Fig 3.8). In BXPC-3 and MDA-MB-231 cells, basal NFkB activity was
significantly (p<0.05) suppressed in a dose dependant manner following treatment with
20 pg/ml or higher concentrations of LMWH (Fig 3.8). In contrast, suppression of
transcriptional NFkB activity was achieved in LoVo, SKOV-3 and A375 cell at higher
concentrations of LMWH (200-2000 pg/ml). At the highest concentration of LMWH
(2000 pg/ml), transcriptional activity of NFkB was reduced to 28.5% and 46% of the

untreated control in BXxPC-3 and MDA-MB-231 cells respectively. The transcriptional
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Figure 3. 8 The influence of LMWH on NFkB transcriptional activity

Sets of cells (2 x 10°) were transfected with the pNFkB-Luc plasmid. The cells were
then incubated with a range of LMWH concentrations (0-2000 pg/ml) for 24 h. The
cells were lysed and the luciferase activity in each sample was measured. Data
represents the average of three experiments measured in duplicate (*=p<0.05 vs.

untreated sample). Data published in Ettelaie et al (2011).
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activity of NFkB was reduced to 48.8% of the untreated control in SKOV-3 cells, but

remained above 60% of the untreated control in LoVo and A375 cells.

3.5 The influence of NFkB activity on TF expression

The level of TF antigen was significantly (p<0.05) suppressed in all cells following
treatment with the NFkB inhibitor pyrrolidinedithiocarbamate ammonium (Fig 3.9). The
greatest reduction in detectable total TF antigen, following treatment with
pyrrolidinedithiocarbamate ammonium, was observed in MDA-MB-231 and SKOV-3
cells which were reduced to 15.9% and 5.5% respectively of the untreated control. In
contrast, the level of total TF antigen did not drop below 60% of the untreated control in
BxPC-3 and LoVo cells treated with the NFxB inhibitor. Furthermore, in A375 cells the
total TF antigen was not reduced below 80% of the untreated control.

3.6 Influence of supplementation with growth factors on downregulation of TF
expression by LMWH.

Cells (2x 10°) were supplemented with a range of concentrations of either EGF (0-10
ng/ml), VEGF (0-4 ng/ml) or bFGF (0-20 ng/ml), in the presence or absence of LMWH
(200 pg/ml) and the expression of TF antigen was measured using a TF-specific ELISA.
Treatment of cells with EGF (2.5-10 ng/ml) resulted in a dose-dependent increase in
expression of TF antigen (Fig 3.10). The greatest increase in expression of TF antigen
following treatment with EGF was observed in LoVo, MDA-MB-231, and A375 cells.
For example, at the highest concentration of EGF (10 ng/ml) expression of TF antigen
was increased by 49%, 112.8% and 58.7% of the untreated control, in LoVo, MDA-
MB-231, and A375 cells respectively. Following the inclusion of LMWH (200 pg/ml)
to EGF treated cells, the expression of TF antigen was significantly (p<0.05) reduced in
BxPC-3, MDA-MB-231 and SKOV cells (Fig 3.11). However, higher concentrations of

EGF appeared to counteract the influence of LMWH on reducing the expression of TF

65



TF antigen (ng) per

1 million cells

140
B No inhibitor

120 B With inhibitor

100

[}
o

(2]
o

N
o

N
o

BxPC-3 LoVo MDA-MB SKOV-3 A375
-231

Figure 3. 9 The influence of NFkB inhibitor, pyrrolidinedithiocarbamate ammonium, on TF

antigen expression

Sets of cells (2 x 10° were treated for 24 h with NFxB inhibitor
pyrrolidinedithiocarbamate ammonium (10 pM) alongside a set of untreated cells and
the concentration of TF antigen was measured by ELISA. Data represents the mean of
three experiments measured in duplicate (*=p<0.05 vs. respective untreated

sample). Data published in Ettelaie et al (2011).
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Figure 3. 10 The influence of EGF, bFGF and VEGF on TF expression

Sets of cells (2 x 10°) were supplemented with a range of concentrations of EGF (0-10
ng/ml), bFGF (0-20 ng/ml), or VEGF (0-4 ng/ml) for 24 h. The cells were lysed and
analysed by ELISA, TF concentration was determined from a standard curve prepared
alongside. The percentage increase in TF antigen was determined against untreated
samples. Data represent the average of three experiments measured in duplicate

(*=p<0.05 vs. untreated sample). Data published in Ettelaie et al (2011b).
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Figure 3. 11 The influence of EGF, bFGF and VEGF on the downregulation of TF
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expression by LMWH

Sets of cells (2 x 10°) were supplemented with a range of concentrations of EGF (0-10
ng/ml), bFGF (0-20 ng/ml), or VEGF (0-4 ng/ml) in the presence of LMWH (200
pg/ml) for 24 h. The cells were lysed and analysed by ELISA, TF concentration was
determined from a standard curve prepared alongside. The percentage reduction in TF
antigen was determined against samples treated with the same concentration of growth
factor but without treatment with LMWH. Data represent the average of three
experiments measured in duplicate (*=p<0.05 for the alteration in the level of TF
suppression against the respective sample, without growth factor). Data published in

Ettelaie et al (2011b).
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antigen in Bx-PC-3, MDA-MB-231, A375 cells and SKOV-3 cell.

Incubation of cells with bFGF (5-20 ng/ml) resulted in a dose-dependent increase in
expression of TF antigen (Fig 3.10). The greatest increase in TF antigen expression
were observed in BXPC-3, SKOV-3 and A375 cells, which were increased by 60.3%,
123.4% and 118.3% respectively, of the untreated control, at the highest concentration
of bFGF (20 ng/ml). Furthermore, the inclusion of LMWH (200 pg/ml) to bFGF treated
cells, reduced the expression of TF antigen in all cells (Fig 3.11). However, the
influence of LMWH on TF expression was counteracted at higher concentrations of
bFGF, which was most evident in BxPC-3, MDA-MB-231 and SKOV-3 cells.

Finally, supplementation of cells with VEGF (1-4 ng/ml) resulted in a dose-dependent
increased expression of TF antigen, with the greatest increases observed in SKOV-3 and
A375 cell which were increased by 75.5% and 63.7% respectively, of the untreated
control, at the highest concentration of VEGF (Fig 3.10). Although the inclusion of
LMWH (200 pg/ml) to VEGF treated cells reduced the expression of TF antigen in all
cells, higher concentrations of VEGF counteracted the reduction (Fig 3.11). This

counteraction was most evident in MDA-MB-231 and SKOV-3 cells.

3.6 Influence of LMWH on cell invasion

A Boyden chamber based invasion assay was used to examine the influence of LMWH
on cell invasion. The ability of cells to cross the collagen type IV barrier and invade the
lower Boyden chamber was reduced with the inclusion of LMWH (Fig 3.12). The
number of BXxPC-3 and MDA-MB-231 cells across the collagen coated barrier was
significantly (p<0.05) reduced compared to untreated controls, when treated with
concentrations of LMWH 20 pg/ml, or above. At the highest concentration of LMWH
(2000 pg/ml) cell invasion was reduced to 25.4% and 41.6% of the untreated control, in

BxPC-3 and MDA-MB-231 cells respectively. In contrast, the lowest concentration of

69



35 BxPC-3 20 LoVo

30 35
25 30
20 25
20
15
15
: t °
0 0

Cell number (thousands)
Cell number (thousands)

2000 2000
Concentratlon Of LMWH (pg/ml) Concentratlon of LMWH (ug/ml)
MDA-MB-231 SKOV-3
35 30
g 30 %\ 25
e 25 g
g 3 20
£ 2 £
= = 15
3 15 2
g 10 3 10
3 s 8 s
0 0
2000 2000
Concentration Of LMWH (pg/ml) Concentratlon of LMWH (pg/ml)

A375

45
40

35
30
25
20
15
10
5
0
2000

Concentratlon of LMWH (pg/ml)

Cell number (thousands)

Figure 3. 12 The influence of LMWH on cell invasion

Cells (5 x 10%) were seeded in the upper compartment of Boyden chambers and treated
with a range of LMWH concentrations (0, 20, and 2000ug/ml). The cells were
incubated for 24 h at 37°C to allow the cells to cross the collagen barrier. The
migrated cells were fixed with glutaraldehyde, stained with crystal violet and 1 % SDS
was added to solubilise the stained cells so that the crystal violet was released by the
cells into the SDS solution. The absorption of each sample was measured at 595 nm on
a spectrophotometer and the number of cells that migrated across the collagen barrier
was determined from a standard curve prepared alongside. Data represents the average
of three experiments measured in triplicate £ SD. (*p<0.05 vs. untreated sample). Data
published in Ettelaie et al (2011a).
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LMWH (20 pg/ml) had no significant (p<0.05) effect on the invasion rate of LoVo,
SKOV-3 and A375 cells. Furthermore, although the highest concentration of LMWH
(2000 pg/ml) significantly (p<0.05) reduced the rate of invasion of LoVo, SKOV-3 and

A375 cells, the number of cells to cross the collagen coated barrier was not reduced to

below ~ 70% of the untreated control.
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CHAPTER 4

Discussion
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4.0 Discussion

Various studies have reported the benefits of treating cancer patient with LMWH, in
relation to increased survival rates (Kakkar et al., 2004, von Delius et al., 2007).
Moreover, studies have suggested that the benefits of treating cancer patients with
anticoagulants, such as LMWH, are not due to direct anti-tumour effects, instead they
have been attributed to the suppression of circulating TF, which is increased in many
types of cancer and is associated with more aggressive disease, and in thrombosis
(Signaevsky et al., 2008). In this study the influence of LMWH on suppression of
cellular TF expression and activity was examined. The underlying mechanisms by
which LMWH suppresses TF expression in cancer cells were also investigated. In
addition, the effect of suppression of TF expression by LMWH on cancer cell
invasiveness was investigated. Prior to this study all five cell lines used here had been
confirmed to express significantly high levels of TF mRNA, antigen and cell surface
activity (data presented as untreated control samples), and were therefore considered
appropriate for use in this study (Research group of Dr Ettelaie). Prior to this study a
trypan blue exclusion assay was used to confirm that there was no significant difference
in cell viability between LMWH treated cells and the untreated control cells (Research
group of Dr Ettelaie).

Initially, the influence of LMWH on the expression of TF mRNA, antigen and activity
in cancer cell lines was investigated. A trend was observed in which incubation of all
cell lines with high concentrations of LMWH (200-2000 pg/ml) resulted in significant
suppression of TF mRNA expression (Fig 3.2). Despite LoVo and MDA-MB-231 cells
exhibiting the highest baseline expression of TF mRNA they were the most sensitive to
treatment with LMWH, exhibiting the greatest reductions in expression of TF mRNA.

The suppression of TF mRNA in all cells coincided with a reduction in the level of
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detectable total TF antigen, however not to the same extent. Although the highest
concentrations of LMWH (200-2000 ug/ml) did significantly reduce the level of TF
antigen in all cell lines, the decrease in TF antigen did not fall below 60%, of the
untreated control, in BXPC-3, LoVo or A375 cells (Fig 3.4). In addition, the reduction
of TF antigen in BXPC-3, LoVo and A375 cells, correlated with a moderate decrease in
TF activity, which did not drop below 55% of the untreated control (Fig 3.6). As TF
antigen and activity were not immediately depleted on suppression of TF mRNA by
LMWH, it is possible that the presence of intracellular reservoirs of TF are responsible
for replenishing cell surface TF even after treatment with LMWH. This would help
explain why the level of TF antigen remained high in LoVo cells despite the rapid
downregulation of TF mRNA expression. Furthermore, the treatment of BXPC-3, LoVo
and A375 cells with LMWH over a period of six days resulted in the gradual depletion
of TF antigen (Fig 3.5), and activity (Fig 3.7). This again supports the presence of
intracellular reservoirs of TF which are gradually depleted as they replenish cell surface
TF. In support of this hypothesis, various studies have demonstrated that lysed cells
have higher TF activity than TF measured with intact cells (Bona et al., 1987, Carson
and Archer, 1986, Carson et al., 1990, Maynard et al., 1977). This has led to the
development of the concept that TF exists in various intracellular pools within cells
(Nemerson and Giesen, 1998, Schecter et al., 1997). Studies in a variety of cell types
have found that a substantial proportion (up to 90%) of TF antigen and activity exists in
a latent form on or near the cell surface (Bach and Moldow, 1997, Carson, 1996, Drake
et al., 1989, Maynard et al., 1975, Rao et al., 1992). However, more recent studies have
also demonstrated that a substantial amount of TF is located intracellularly, but have
suggested that the TF generally accumulates in a distinct perinuclear pattern (Camera et
al., 1999, Egorina et al., 2005, Fortin et al., 2005, Hansen et al., 2001, Schecter et al.,

1997). Attempts to breakdown the proportion of total TF activity in latent and
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intracellular pool, in stimulated smooth muscle cells, estimated that ~20% of cellular TF
is available on the cell surface, ~30% was active intracellular TF and the remaining TF
was latent (Schecter et al., 1997). In contrast, the localisation of TF in fibroblasts
suggests that 75% of total TF antigen is localised intracellularly and is not functionally
active (Mandal et al., 2006). As the localisation of TF in latent and intracellular pools
appears to be cell type specific, further investigation using immunostaining would be
required to confirm the presence and localisation of intracellular pools of TF in BXPC-3,
LoVo and A375 cells.

In contrast with the above, the treatment of MDA-MB-231 and SKOV-3 cells with
LMWH for 24 h resulted in significant reductions in the level of TF antigen (Fig 3.4),
and to a lesser extent TF activity (Fig 3.6). Moreover, the level of TF antigen and
activity remained consistently low over a period of six days of treatment with LMWH
(Fig 3.4 & Fig 3.6). Therefore it possible to hypothesise that the majority of cellular TF
is present on the surface of MDA-MB-231 and A375 cells, which is rapidly transferred
and released into the media following treatment with LMWH. The rapid release of TF
in response to LMWH helps to explain the rapid reduction of TF antigen in SKOV-3
cells, despite a moderate suppression in the level of TF mRNA expression. In support of
this hypothesis, studies have reported the rapid release of TF by arterial smooth muscle
cells under flow conditions, which demonstrates that cells can rapidly release TF when
exposed to a different environment (Stampfuss et al., 2006).

The release of TF-bearing microparticles are thought to be an important link between
cancer and thrombosis (Tesselaar et al., 2007), with numerous studies reporting high
levels of TF-bearing microparticles in cancer patients (Del Conde et al., 2007, Tesselaar
et al., 2007). During the present study, the level of TF microparticle release was not
investigated. Subsequent studies have demonstrated that despite the observed reduction

in TF antigen and cell surface TF activity, the concentration of released TF activity is
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not altered upon incubation with increasing concentration of LMWH (0-2000 pg/ml) in
any of the cell lines (Research group of Dr Ettelaie) (Ettelaie et al., 2011b). However,
the prolonged treatment of all cells with LMWH (200 ug/ml) resulted in a progressive
decrease in microparticle- derived TF (Ettelaie et al., 2011b). The data further supports
the presence of intracellular reservoirs of TF, which are gradually reduced over
prolonged periods of time as they replenish the surface TF.

The LMWH used throughout the study was obtained from Sigma Chemical Company

Ltd, and confirmed using the commercially available dalteparin (FRAGMIN®). The

study has to take into account that different LMWH’s differ in molecular composition
and pharmacological properties, depending on their method of preparation
(Barrowcliffe, 1995, Fareed et al., 1998). As a result, different LMWH’s used in the
prophylactic treatment of cancer patients may have varying anti-neoplastic properties.
The concentrations of LMWH used throughout this investigation, 20-2000 pg/ml
(activity 0.1-10 unit/ml), are comparable to therapeutic levels of LMWH reported to be
used in the prophylactic treatment of cancer patients (Gerotziafas and Samama, 2004,
Zanon et al., 2005). Therefore, it is likely that suppression of TF expression in cancer
patients is realistic at these therapeutic doses of LMWH.

The gradual depletion of TF expression and activity over time suggests that cancer
patients should be treated with LMWH over a prolonged period of time in order to be
effective at treating the TF-induced hypercoagulable state. In support of this, prolonged
treatment with LMWH has previously been reported as being beneficial to cancer
patients with less advanced disease by increasing survival time (Kakkar et al., 2004).
Furthermore, the results from this study are consistent with previous in vivo studies
which found that prophylactic treatment of advanced pancreatic cancer patients with
dalteparin may result in a decrease in circulating TF antigen levels compared to the

placebo treated group (Maraveyas et al., 2010). Reductions in plasma TF levels
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following administration of heparin have also been observed in patients with acute
myocardial infarction (Yamamoto et al., 2000), and in patients with angina pectoris
(Soejima et al., 1999). In patients with acute myocardial infarction the level of plasma
TF was maintained at a consistently low level during continuous heparin infusion, but
increased when heparin administration ceased (Yamamoto et al., 2000). In conflict with
the data from this study, a previous study using a mouse xenograft model of cancer
found LMWH had no significant effect on procoagulant TF activity (Niers et al., 2009).
However, the mouse model only used a single bolus injection which was administered
prior to the injection of cancer cells. In contrast, the data from this study indicates that
prolonged treatment with LMWH (200 pg/ml), is most affective at suppressing TF
antigen expression (Fig 3.5), and TF activity (Fig 3.7), with a progressive decrease
being observed over a period of six days.

Next, the influence of LMWH on NF«xB transcriptional activity was investigated. The
transcriptional activity of NFkB was suppressed at approximately the same effective
concentrations of LMWH that TF mRNA was downregulated in each cell line. This was
with the exception of BXPC-3 and MDA-MB-231 cells, in which NFkB transcriptional
activity was reduced to a greater extent than TF mRNA at lower concentrations of
LMWH (Fig 3.8). However, although LMWH suppressed NF«kB activity in all cell lines
the suppression was not attenuated proportionally to the suppression of TF mRNA. It is
known that NF«kB is responsible for the transcription of TF as the promoter region of the
TF gene contains an NFxB binding site (Mackman, 1997). However, in addition to the
NF«B binding site, the TF promoter region also contains binding sites for AP1, SP1 and
EGR1 through which TF mRNA may also be transcribed (Fig 4.1) (Mackman, 1997,
Mackman, 2001). Therefore although transcriptional activation of NFxB may contribute
to a large proportion of the TF expressed by these cells, the contribution of other

transcription factors to the regulation of TF expression cannot be ruled out. This may
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explain why NFxB activity was reduced to a greater extent than TF mRNA expression
in BXPC-3 and MDA-MB-231 following treatment with LMWH. It is also possible that
LMWH may be interfering with the other transcription factors that are known to
regulate TF expression, however further investigation would be needed to confirm this.
The specificity of NFkB as the regulator of TF expression in the cells used in this study,
was confirmed using the NFxB inhibitor, pyrrolidinedithiocarbonate ammonium. The
inhibition of NFxB resulted in a decrease in the level of TF antigen which was
comparable to the reduction achieved with LMWH (Fig 3.9). As with LMWH
treatment, the level of TF antigen remained above 60% of the untreated control in
BxPC-3, MDA-MB-231 and A375 cells following inhibition of NFxB. Therefore,
consistent with the results above, the level of TF antigen may not have been
immediately depleted, upon inhibition of NFkB, because these cells may contain TF
within intracellular reservoirs. In addition, it is also possible that other transcription
factors may be contributing to the expression of TF, which may also help to explain
why the level of TF antigen was not completely diminished upon inhibition of NF«kB.
Subsequent experiments have demonstrated that betulinic acid, used to activate NF«kB,
reverses the suppression of TF antigen by LMWH, which further supports the
involvement of NFxB in the mechanism of inhibition by LMWH (Research group of Dr
Ettelaie) (Ettelaie et al., 2011b).

The engagement of growth factor receptors is known to activate transcriptional activity
of NFxB (Graham and Gibson, 2005, Moulik et al., 2008, Ulbrich et al., 2008). Studies
have reported NFkB signalling downstream of a number of growth factor receptors,
including platelet-derived growth factor, epidermal growth factor receptor and nerve
growth factor receptor (Habib et al., 2001, Maggirwar et al., 1998, Romashkova and

Makarov, 1999). Furthermore, the increased expression of growth factor receptors has
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Figure 4. 1 Human TF promoter

The TF promoter contains binding sites for various transcription factors including
NF«kB, AP1, SP1 and EGR1, which regulate TF gene expression. The arrow indicates
the start of transcription. Adapted from Mackman (2001).
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been implicated as being one of the underlying causes of the hyperactivity of cancer
cells to growth factors (Bucci et al., 1997, Moehler et al., 2008). Numerous studies have
reported that overexpression of growth factor receptors can be correlated with increased
tumour invasion, metastasis and the poor prognosis of cancer patients (Hu et al., 2007,
Onogawa et al., 2004, Sebastian et al., 2006, White et al., 2002). Therefore, this study
hypothesised that LMWH suppresses NF«B, and subsequently TF expression by
interfering with growth factor receptor signalling. The effectiveness of LMWH in
suppressing expression of TF antigen was measured in the presence of increasing
concentrations of EGF, bFGF, and VEGF. The interaction of heparin with growth
factors, and their respective growth factor receptors has previously been reported. For
example, studies have reported a decrease in the level of bFGF binding to cell surface
receptors when exposed to high concentrations of heparin (Fannon et al., 2000).
Likewise, studies have also demonstrated that increasing concentrations of heparin
reduce the affinity of VEGF for their surface receptors (Ito and Claesson-Welsh, 1999).
However, the interaction of EGF with heparin has not been reported. Each cell line used
in this study exhibited distinct sensitivities to the different growth factors, meaning
increasing concentrations of growth factors increased the expression of TF antigen to
different extents (Fig 3.10). It is possible to suggest that each cell line expresses
different growth factor receptors on their surface, however this would need to be
confirmed by immunohistochemisty staining. In addition, it is possible that the
engagement of the different growth factors with their respective cell surface receptors
may not initiate downstream pathways which regulate the expression of TF. In support
of this theory one study suggested that despite the association of EGF with increased
breast cancer risk, EGF does not regulate TF expression (Kato et al., 2005). This could
explain why TF antigen expression was not significantly increased in MDA-MB-231

cells supplemented with EGF. Likewise, this could also help explain why the expression
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of TF antigen is not increased in LoVo cells treated with bFGF, but is significantly
increased in SKOV-3 cells treated with all concentrations of bFGF.

The increase in expression of TF was reduced in growth factor supplemented cells
following the inclusion of LMWH. However, since each cell line displayed distinct
sensitivities to certain growth factors the expression of TF antigen was suppressed by
LMWH to different extents (Fig 3.11). For example, SKOV-3 cells were highly
sensitive to treatment with all growth factors, which meant that at high growth factor
concentrations the expression of TF was reduced by LMWH to a lesser extent, than
previously observed (Fig 3.4). Additionally, lower concentrations of LMWH were not
effective at reducing TF expression in LoVo and A375 cells (Fig 3.4), which was
reflected in the inability of LMWH to reduce TF expression in the presence of growth
factors (Fig 3.11). Studies have reported functional mutations in growth factor receptors
and their associated proteins on tumour cells (Hynes and Lane, 2005, Stephens et al.,
2004), therefore it is possible to speculate that LoVo and A375 may have functional
mutations, which could mean TF expression is not under normal cellular regulation and
explain why LMWH is less affective at reducing TF expression.

In general this data supports the hypothesis that LMWH may interfere with the
interactions of the growth factors and their respective cell surface receptors. However,
the exact mechanism by which LMWH does this has not been elucidated in this study.
One possible scenario is that LMWH binds to the growth factors preventing them from
binding with their growth factor receptors. This would help explain why the ability of
LMWH to reduce TF expression was reduced at high concentrations of growth factors,
as it is possible LMWH became saturated at high concentrations of growth factors so
the excess growth factors were able to efficiently bind with their respective growth
factor receptors and initiate downstream expression of TF. In support of this, various

other studies have suggested that many growth factors bind to heparin with high affinity
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(Conrad, 1998, Fannon et al., 2000, Powell et al., 2004). In addition, although most
growth factors activate downstream signaling by binding with cell surface growth factor
receptors, various studies have demonstrated that downstream signaling can also be
mediated through growth factors binding with high affinity to heparan sulphate
proteoglycans on the surface of cells (Fannon et al., 2000, Forsten-Williams et al.,
2008). Therefore, as growth factors are known to bind with high affinity to both heparin
and heparan sulphate on the surface of cells, the binding of growth factors with LMWH
instead of cell surface heparan sulphate may be contributing to the reduced downstream
expression of TF observed in this study. However, further investigation would be
required to confirm this mechanism.

In addition to its role in the prothrombotic state of cancer patients, TF is also thought to
play an important role in cancer cell progression and metastasis (Kato et al., 2005, Ohta
et al., 2002, Wan et al., 2002). High TF expression is associated with increased invasive
and metastatic potential in many types of malignancies (Kato et al., 2005, Konigsberg et
al., 2001). As described in above, LMWH is capable of suppressing TF expression, so
the ability of LMWH to reduce cell invasiveness was examined. The ability of tumour
cells to degrade and traverse epithelial and endothelial basement membranes plays a
crucial role during metastasis (Liotta et al., 1980). One of the major components of the
basement membrane is type IV collagen (LeBleu et al., 2007). Therefore, the ability of
cancer cell lines to degrade a collagen-1V membrane and migrate towards a stimulus, in
the presence of LMWH, was measured using a Boyden chamber based assay. Treatment
of cells with LMWH (0-2000 ug/ml) resulted in a dose dependant decrease in cell
invasion across the collagen-1V membrane. Inhibition of cell invasion was most
significant in BxPC-3 and MDA-MB-231 cells (Fig 3.12). Subsequent studies have
since found that overexpression of TF in BXPC-3 and MDA-MB-231 cells restored cell

invasiveness, even after treatment with LMWH (Research group of Dr Ettelaie).
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(Ettelaie et al., 2011a). The reduction in cell invasiveness correlates with the observed
reduction in NFxB activity, expression of TF antigen and TF activity following
treatment with LMWH. Therefore, the data suggests that LMWH may be reducing
cancer cell invasion through mechanisms partially attributed to the suppression of TF
expression and activity through the downregulation of NFkB. Subsequent studies have
shown that the observed reduction in TF antigen and activity, following treatment with
LMWH, strongly correlated with significant reductions in cancer cell migration
(Research group of Dr Ettelaie) (Ettelaie et al., 2011a). In support of this data, studies
have demonstrated that cell migration is enhanced by TF-FVIla-mediated signaling,
through PAR2 activation, in human breast cancer cells known to express high levels of
cell surface TF (Jiang et al., 2004). This could explain why cell invasiveness remained
high in LoVo and A375 cells, because the level of cell surface TF activity remained
highest in these cell lines following incubation with LMWH (200 pg/ml) for 24 h (Fig
3.7).

Studies have demonstrated that TF can increase the invasive ability of human colon
cancer cells through mechanisms thought to involve the regulation of metalloprotease
expression (Tang et al., 2005, Zhang et al., 2008). The matrix metalloprotease family
consists of numerous Zn — dependent endopeptidases which are collectively capable of
degrading all components of the extracellular matrix (Birkedal-Hansen et al., 1993,
Sternlicht and Werb, 2001). Moreover, matrix metalloproteases are thought to play a
role in the creation of the proteolytic defects in basement membrane type IV collagen
that allow tumour cell invasion (Ray and Stetler-Stevenson, 1994, Nabeshima et al.,
2002). Therefore, it is possible that by suppressing TF expression and activity, LMWH
may be indirectly reducing cancer cell invasion by reducing the regulation of
metalloproteases. In addition, it is well established that TF induces chemotaxis, the

process by which cells direct their movements according to environmental conditions
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(Gessler et al., 2010, Siegbahn et al., 2005). For example, one study demonstrated that
the phosphorylation of cytoplasmic domain of TF is necessary to potentiate the
chemotactic response of cells to platelet derived growth factor (Siegbahn et al., 2005).
Therefore, it is possible that by suppressing the level of TF antigen and activity, LMWH
may be reducing cell mobility, which in turn could be beneficial in lowering the rates of
metastasis in cancer patients. Further investigation would be required to confirm either

of these hypotheses.

4.1 Conclusion

Various studies have previously reported the beneficial effect of LMWH in the
treatment of cancer patients, which many have attributed to the suppression of
circulating TF (Gori et al., 1999, Kakkar and Williamson, 1997). The data from this
study indicates that LMWH is capable of downregulating both TF expression and
activity in the cancer cell lines used during this study, in a dose and time dependent
manner. In BXPC-3, LoVo and A375 cells, the depletion of TF antigen and activity was
gradual over a prolonged period of time, which could indicate the presence of
intracellular reservoirs of TF which replenish TF on the cell surface. Therefore, the
gradual depletion of intracellular reservoirs, achieved by prolonged treatment with
LMWH, could be beneficial in reducing the level of procoagulant cellular TF, and the
amount of TF-bearing microparticles released by tumour cells. In part, the mechanisms
by which LMWH downregulates TF expression appears to involve the suppression of
transcriptional activity of NFxkB. However, the data suggests that transcription factors
other than NFxB may be involved in the regulation of TF. It appears that LMWH may
be capable of reducing the transcriptional activity of NFkB by interfering with the
interactions of growth factors and their respective cell surface receptors. Furthermore,

the data indicates that LMWH suppresses cellular invasion in all cell lines, through
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mechanisms which appear to correlate with the downregulation of NFkB activity and
the subsequent suppression of TF expression and activity. In conclusion, it is possible to
suggest that the benefits of LMWH therapy may extend beyond the immediate
inhibition of coagulation and that long term therapy could be advantageous in limiting
the expression of TF, which in turn could be beneficial in reducing the rate of tumour

cell invasion.

4.2 Further Investigation

During the course of this investigation there has been increasing amounts of evidence to
suggest the presence of intracellular reservoirs of TF. Various studies have used
immunostaining to characterise the localisation of TF (Schecter et al., 1997). Therefore,
further investigation could involve the immunostaining of TF in each cell line, which
would confirm the existence and localisation of intracellular reservoirs of TF. This
method could also be employed to analyse the effect of LMWH on the distribution of
TF in each cell line.

As previously mentioned, other transcription factors, such as AP1, SP1 and EGR1, are
known to be involved in the regulation of TF (Mackman, 1997). Therefore further
investigation could be carried out to analyse the influence of LMWH on these
transcription factors. This could be carried out using a luciferase reporter system, as
previously described for analysis of transcriptional activity of NFkB.

It is worth noting that there was some variation in the quality of Bradford assay
standards between each set of ELISA experiments (Fig 2.1). This may have meant that
the amount of protein loaded during each ELISA was not consistently accurate, which
could have caused inaccuracies in the actual amount of TF antigen detected in each
sample. The data represents an average of 4 experiments in duplicate and the data for all

cell lines had relatively low standard deviation, so the data should be considered an
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accurate representation of amount of TF antigen expressed by each cell line. However,
in any further investigation an alternative to using ELISA could be to use western
blotting. This method would allow the amount of TF protein in each sample to be
quantified using densitometry, and the amount of protein loaded for each sample could
be checked using a B-actin antibody.

Mitogen-activated protein kinases (MAPKS), such as Jun N-terminus kinase (JNK), P38 and
Erk have been shown to play a crucial role in cell migration (Jiang et al., 2004, Huang et
al., 2004). MAPK pathways are known to be induced by a wide variety of stimuli
including hormones, growth factors and receptor tyrosine kinases (Kyriakis and Avruch,
2001, Katz et al., 2007). Moreover, various studies have documented the involvement of
MAPKSs in the regulation of TF expression (Yu et al., 2005, Vega-Ostertag et al., 2005,
Rong et al., 2009, Eto et al., 2002). Interestingly, recent studies have demonstrated that
treatment of melanoma cells with LMWH inhibited cell migration through mechanisms
thought to involve a reduction in activation of JNK (Chalkiadaki et al., 2011). It is
possible to speculate that by interfering with the interactions of growth factors with their
cell surface receptors, LMWH may be reducing the activation of MAPKSs, which in turn
could contribute to reducing the regulation of TF expression. Therefore, further
investigation into the possible mechanisms involved in the downregulation of TF
expression by LMWH could involve examining the effect of LMWH on regulation of

MAPKS.

86



References

ABILDGAARD, U. 1968. Highly purified antithrombin 3 with heparin cofactor activity
prepared by disc electrophoresis. Scand J Clin Lab Invest, 21, 89-91.

BACH, R. R. & MOLDOW, C. F. 1997. Mechanism of tissue factor activation on HL-60 cells.
Blood, 89, 3270-6.

BALDWIN, A. S., JR. 1996. The NF-kappa B and | kappa B proteins: new discoveries and
insights. Annu Rev Immunol, 14, 649-83.

BARROWCLIFFE, T. W. 1995. Low molecular weight heparin(s). Br J Haematol, 90, 1-7.

BAZAN, J. F. 1990. Structural design and molecular evolution of a cytokine receptor
superfamily. Proc Natl Acad Sci U S A, 87, 6934-8.

BELTING, M., AHAMED, J. & RUF, W. 2005. Signaling of the tissue factor coagulation
pathway in angiogenesis and cancer. Arterioscler Thromb Vasc Biol, 25, 1545-50.

BENTOLILA, A., VLODAVSKY, I, HALOUN, C. & DOMB, A. J. 2000. Synthesis and
heparin-like biological activity of amino acid-based polymers. Polymers for advanced
technologies, 11, 377-387.

BHARTI, A. C. & AGGARWAL, B. B. 2002. Nuclear factor-kappa B and cancer: its role in
prevention and therapy. Biochemical Pharmacology, 64, 883-888.

BILLROTH, T. 1878. Lectures on surgical pathology and therapeutics:a handbook for students

and practitioners. , London, The New Sydenham Society.

BIRKEDAL-HANSEN, H., MOORE, W. G., BODDEN, M. K., WINDSOR, L. J.,
BIRKEDAL-HANSEN, B., DECARLO, A. & ENGLER, J. A. 1993. Matrix metalloproteinases:
a review. Crit Rev Oral Biol Med, 4, 197-250.

BLUFF, J. E., BROWN, N. J., REED, M. W. & STATON, C. A. 2008. Tissue factor,

angiogenesis and tumour progression. Breast Cancer Res, 10, 204.

BONA, R., LEE, E. & RICKLES, F. 1987. Tissue factor apoprotein: intracellular transport and

expression in shed membrane vesicles. Thromb Res, 48, 487-500.

BOUILLARD, J. B. & BOUILLAUD, S. 1823. De I'Obliteration des veines et de son influence
sur la formation des hydropisies partielles: consideration sur la hydropisies passive et general. .
Arch Gen Med 1, 188-204.

BOUNAMEAUX, H. & GOLDHABER, S. Z. 1995. Uses of low-molecular-weight heparin.
Blood Rev, 9, 213-9.

87



BRINKHOUS, K. M., SMITH, H. P., WARNER, E. D. & H., S. W. 1939. The inhibition of
blood clotting: an unidentified substance which acts in conjunction with heparin to prevent the
conversion of prothrombin into thrombin. Am J Physiol, 125, , 683-687.

BUCCI, B., D'AGNANO, I., BOTTI, C., MOTTOLESE, M., CARICO, E., ZUPI, G. &
VECCHIONE, A. 1997. EGF-R expression in ductal breast cancer: proliferation and prognostic

implications. Anticancer Res, 17, 769-74.

CAMERA, M., GIESEN, P. L., FALLON, J., AUFIERO, B. M., TAUBMAN, M., TREMOLI,
E. & NEMERSON, Y. 1999. Cooperation between VEGF and TNF-alpha is necessary for
exposure of active tissue factor on the surface of human endothelial cells. Arterioscler Thromb
Vasc Biol, 19, 531-7.

CARSON, S. D. 1996. Manifestation of cryptic fibroblast tissue factor occurs at detergent

concentrations which dissolve the plasma membrane. Blood Coagul Fibrinolysis, 7, 303-13.

CARSON, S. D. & ARCHER, P. G. 1986. Tissue factor activity in hela cells measured with a
continuous chromogenic assay and elisa reader. Thromb Res, 41, 185-195.

CARSON, S. D., PIRRUCCELLDO, S. J. & HAIRE, W. D. 1990. Tissue factor antigen and
activity are not expressed on the surface of intact cells isolated from an acute promyelocytic
leukemia patient. Thromb Res, 59, 159-70.

CHALKIADAKI, G., NIKITOVIC, D., KATONIS, P., BERDIAKI, A., TSATSAKIS, A,
KOTSIKOGIANNI, I., KARAMANOS, N. K. & TZANAKAKIS, G. N. 2011. Low molecular
weight heparin inhibits melanoma cell adhesion and migration through a PKCa/JNK signaling
pathway inducing actin cytoskeleton changes. Cancer Lett, 312, 235-44.

COLMAN, R. W. 2006. Are hemostasis and thrombosis two sides of the same coin? J Exp Med,
203, 493-5.

CONRAD, E. H. 1998. Heparin-binding proteins, San Diego, Academic Press.

DAVILA, M., AMIRKHOSRAVI, A., COLL, E., DESAI, H., ROBLES, L., COLON, J.,
BAKER, C. H. & FRANCIS, J. L. 2008. Tissue factor-bearing microparticles derived from

tumor cells: impact on coagulation activation. J Thromb Haemost, 6, 1517-24.

DEL CONDE, I., BHARWANI, L. D., DIETZEN, D. J.,, PENDURTHI, U., THIAGARAJAN,
P. & LOPEZ, J. A. 2007. Microvesicle-associated tissue factor and Trousseau's syndrome. J
Thromb Haemost, 5, 70-4.

DINIS DA GAMA, A. 2008. [The unknown history of heparin's discovery]. Rev Port Cir
Cardiotorac Vasc, 15, 25-30.

88



DONAYRE, C. E. 1996. Current use of low molecular weight heparins. Semin Vasc Surg, 9,
362-71.

DRAKE, T. A., RUF, W., MORRISSEY, J. H. & EDGINGTON, T. S. 1989. Functional tissue
factor is entirely cell surface expressed on lipopolysaccharide-stimulated human blood
monocytes and a constitutively tissue factor-producing neoplastic cell line. J Cell Biol, 109,
389-95.

DVORAK, H. F., VAN DEWATER, L., BITZER, A. M., DVORAK, A. M., ANDERSON, D.,
HARVEY, V. S., BACH, R., DAVIS, G. L., DEWOLF, W. & CARVALHO, A. C. 1983.
Procoagulant activity associated with plasma membrane vesicles shed by cultured tumor cells.
Cancer Res, 43, 4434-42.

EGORINA, E. M., SOVERSHAEV, M. A., BJORKOY, G., GRUBER, F. X., OLSEN, J. O,
PARHAMI-SEREN, B., MANN, K. G. & OSTERUD, B. 2005. Intracellular and surface
distribution of monocyte tissue factor: application to intersubject variability. Arterioscler
Thromb Vasc Biol, 25, 1493-8.

ETO, M., KOZAI, T., COSENTINO, F., JOCH, H. & LUSCHER, T. F. 2002. Statin prevents
tissue factor expression in human endothelial cells: role of Rho/Rho-kinase and Akt pathways.
Circulation, 105, 1756-9.

ETTELAIE, C., COLLIER, M. E. W., JAMES, N. J. & LI, C. 2007a. Induction of tissue factor
expression and release as microparticles in ECV304 cell line by Chlamydia pneumoniae
infection. Atherosclerosis, 190, 343-351.

ETTELAIE, C., FOUNTAIN, D., COLLIER, M. E., BEEBY, E., XIAO, Y.P. &
MARAVEYAS, A. 2011a. Low molecular weight heparin suppresses tissue factor-mediated
cancer cell invasion and migration in vitro. Experimental and Therapeutic Medicine, 2, 363-
367.

ETTELAIE, C., FOUNTAIN, D., COLLIER, M. E., ELKEEB, A. M., XIAO, Y. P. &
MARAVEYAS, A. 2011b. Low molecular weight heparin downregulates tissue factor
expression and activity by modulating growth factor receptor-mediated induction of nuclear
factor-kappaB. Biochim Biophys Acta, 1812, 1591-600.

ETTELAIE, C,, LI, C,, COLLIER, M. E. W., PRADIER, A., FRENTZOU, G. A., WOOD, C.
G.,CHETTER, I. C., MCCOLLUM, P. T., BRUCKDORFER, K. R. & JAMES, N. J. 2007b.
Differential functions of tissue factor in the trans-activation of cellular signalling pathways.
Atherosclerosis, 194, 88-101.

89



ETTELAIE, C., SU, S, LI, C. & COLLIER, M. E. W. 2008. Tissue factor-containing
microparticles released from mesangial cells in response to high glucose and AGE induce tube
formation in microvascular cells. Microvascular Research, 76, 152-160.

FANNON, M., FORSTEN, K. E. & NUGENT, M. A. 2000. Potentiation and inhibition of
bFGF binding by heparin: a model for regulation of cellular response. Biochemistry, 39, 1434-
45,

FAREED, J., JESKE, W., HOPPENSTEADT, D., CLARIZIO, R. & WALENGA, J. M. 1998.
Low-molecular-weight heparins: pharmacologic profile and product differentiation. Am J
Cardiol, 82, 3L-10L.

FLOSSEL, C., LUTHER, T., ALBRECHT, S., KOTZSCH, M. & MULLER, M. 1992.
Constitutive tissue factor expression of human breast cancer cell line MCF-7 is modulated by
growth factors. Eur J Cancer, 28A, 1999-2002.

FORSTEN-WILLIAMS, K., CHU, C. L., FANNON, M., BUCZEK-THOMAS, J. A. &
NUGENT, M. A. 2008. Control of growth factor networks by heparan sulfate proteoglycans.
Ann Biomed Eng, 36, 2134-48.

FORTIN, J. P, RIVARD, G. E., ADAM, A. & MARCEAU, F. 2005. Studies on rabbit natural
and recombinant tissue factors: intracellular retention and regulation of surface expression in
cultured cells. Am J Physiol Heart Circ Physiol, 288, H2192-202.

GARG, A. & AGGARWAL, B. B. 2002. Nuclear transcription factor-kappaB as a target for
cancer drug development. Leukemia, 16, 1053-68.

GEROTZIAFAS, G. T. & SAMAMA, M. M. 2004. Prophylaxis of venous thromboembolism in
medical patients. Curr Opin Pulm Med, 10, 356-65.

GESSLER, F., VOSS, V., DUTZMANN, S., SEIFERT, V., GERLACH, R. & KOGEL, D.
2010. Inhibition of tissue factor/protease-activated receptor-2 signaling limits proliferation,

migration and invasion of malignant glioma cells. Neuroscience, 165, 1312-22.

GIESEN, P. L. A., RAUCH, U., BOHRMANN, B., KLING, D., ROQUE, M., FALLON, J. T.,
BADIMON, J. J., HIMBER, J., RIEDERER, M. A. & NEMERSON, Y. 1999. Blood-borne
tissue factor: Another view of thrombosis. Proceedings of the National Academy of Sciences,
96, 2311-2315.

GORI, A. M., PEPE, G., ATTANASIO, M., FALCIANI, M., ABBATE, R., PRISCO, D., FEDI,
S., GIUSTI, B., BRUNELLI, T., COMEGLIO, P., GENSINI, G. F. & NERI SERNERI, G. G.
1999. Tissue factor reduction and tissue factor pathway inhibitor release after heparin
administration. Thromb Haemost, 81, 589-93.

90



GOULD, M. K., DEMBITZER, A. D., DOYLE, R. L., HASTIE, T. J. & GARBER, A. M.
1999. Low-molecular-weight heparins compared with unfractionated heparin for treatment of
acute deep venous thrombosis. A meta-analysis of randomized, controlled trials. Ann Intern
Med, 130, 800-9.

GRAHAM, B. & GIBSON, S. B. 2005. The two faces of NFkappaB in cell survival responses.
Cell Cycle, 4, 1342-5.

GUYTON, A. C. & HALL, J. E. (eds.) 2006. Textbook of Medical Physiology: Elsevier

Saunders.

HABIB, A. A., CHATTERIEE, S., PARK, S. K., RATAN, R. R,, LEFEBVRE, S. &
VARTANIAN, T. 2001. The epidermal growth factor receptor engages receptor interacting
protein and nuclear factor-kappa B (NF-kappa B)-inducing kinase to activate NF-kappa B.

Identification of a novel receptor-tyrosine kinase signalosome. J Biol Chem, 276, 8865-74.

HAIR, G. A., PADULA, S., ZEFF, R., SCHMEIZL, M., CONTRINO, J., KREUTZER, D. L.,
DE MOERLOGOSE, P., BOYD, A. W., STANLEY, |., BURGESS, A. W. & RICKLES, F. R.
1996. Tissue factor expression in human leukemic cells. Leuk Res, 20, 1-11.

HANSEN, C. B., PYKE, C., PETERSEN, L. C. & RAO, L. V. 2001. Tissue factor-mediated
endocytosis, recycling, and degradation of factor Vlla by a clathrin-independent mechanism not
requiring the cytoplasmic domain of tissue factor. Blood, 97, 1712-20.

HEIT, J. A., SILVERSTEIN, M. D., MOHR, D. N., PETTERSON, T. M., O'FALLON, W. M.
& MELTON, L. J., 3RD 2000. Risk factors for deep vein thrombosis and pulmonary embolism:
a population-based case-control study. Arch Intern Med, 160, 809-15.

HIRSH, J., ANAND, S. S., HALPERIN, J. L. & FUSTER, V. 2001. Guide to Anticoagulant
Therapy: Heparin: A Statement for Healthcare Professionals From the American Heart
Association. Circulation, 103, 2994-3018.

HIRSH, J. & RASCHKE, R. 2004. Heparin and low-molecular-weight heparin: the Seventh
ACCP Conference on Antithrombotic and Thrombolytic Therapy. Chest, 126, 1885-203S.

HU, W. G,, LI, J. W, FENG, B., BEVERIDGE, M., YUE, F,, LU, A. G., MA, J. J., WANG, M.
L., GUO, Y., JIN, X. L. & ZHENG, M. H. 2007. Vascular endothelial growth factors C and D
represent novel prognostic markers in colorectal carcinoma using quantitative image analysis.
Eur Surg Res, 39, 229-38.

HUANG, C., JACOBSON, K. & SCHALLER, M. D. 2004. MAP kinases and cell migration. J
Cell Sci, 117, 4619-28.

HYNES, N. E. & LANE, H. A. 2005. ERBB receptors and cancer: the complexity of targeted
inhibitors. Nat Rev Cancer, 5, 341-354.

91



ITO, N. & CLAESSON-WELSH, L. 1999. Dual effects of heparin on VEGF binding to VEGF
receptor-1 and transduction of biological responses. Angiogenesis, 3, 159-66.

JIANG, X., BAILLY, M. A, PANETTI, T. S., CAPPELLO, M., KONIGSBERG, W. H. &
BROMBERG, M. E. 2004. Formation of tissue factor-factor Vlla-factor Xa complex promotes

cellular signaling and migration of human breast cancer cells. J Thromb Haemost, 2, 93-101.

KAKKAR, A. K., LEMOINE, N. R., SCULLY, M. F., TEBBUTT, S. & WILLIAMSON, R. C.
1995a. Tissue factor expression correlates with histological grade in human pancreatic cancer.
Br J Surg, 82, 1101-4.

KAKKAR, A. K., LEMOINE, N. R., SCULLY, M. F., TEBBUTT, S. & WILLIAMSON, R. C.
N. 1995b. Tissue factor expression correlates with histological grade in human pancreatic
cancer. Br J Surg, , 82, 1101-1104.

KAKKAR, A. K., LEVINE, M. N., KADZIOLA, Z., LEMOINE, N. R., LOW, V., PATEL, H.
K., RUSTIN, G., THOMAS, M., QUIGLEY, M. & WILLIAMSON, R. C. 2004. Low molecular
weight heparin, therapy with dalteparin, and survival in advanced cancer: the fragmin advanced
malignancy outcome study (FAMOUS). J Clin Oncol, 22, 1944-8.

KAKKAR, A. K. & WILLIAMSON, R. C. 1997. Prevention of venous thromboembolism in
cancer using low-molecular-weight heparins. Haemostasis, 27 Suppl 1, 32-7.

KASTHURI, R. S., TAUBMAN, M. B. & MACKMAN, N. 2009. Role of tissue factor in
cancer. J Clin Oncol, 27, 4834-8.

KATO, S., PINTO, M., CARVAJAL, A., ESPINOZA, N., MONSO, C., SADARANGANI, A.,
VILLALON, M., BROSENS, J. J.,, WHITE, J. O., RICHER, J. K., HORWITZ, K. B. & OWEN,
G. I. 2005. Progesterone increases tissue factor gene expression, procoagulant activity, and
invasion in the breast cancer cell line ZR-75-1. J Clin Endocrinol Metab, 90, 1181-8.

KATZ, M., AMIT, I. & YARDEN, Y. 2007. Regulation of MAPKs by growth factors and
receptor tyrosine kinases. Biochim Biophys Acta, 1773, 1161-76.

KHORANA, A. A, AHRENDT, S. A,, RYAN, C. K., FRANCIS, C. W., HRUBAN, R. H., HU,
Y. C.,HOSTETTER, G., HARVEY, J. & TAUBMAN, M. B. 2007. Tissue factor expression,

angiogenesis, and thrombosis in pancreatic cancer. Clin Cancer Res, 13, 2870-5.

KHORANA, A. A. & FINE, R. L. 2004. Pancreatic cancer and thromboembolic disease. Lancet
Oncol, 5, 655-63.

KHORANA, A. A., FRANCIS, C. W., MENZIES, K. E., WANG, J. G., HYRIEN, O,
HATHCOCK, J., MACKMAN, N. & TAUBMAN, M. B. 2008. Plasma tissue factor may be

predictive of venous thromboembolism in pancreatic cancer. J Thromb Haemost, 6, 1983-5.

92



KONIGSBERG, W., KIRCHHOFER, D., RIEDERER, M. A. & NEMERSON, Y. 2001. The
TF:VIla complex: clinical significance, structure-function relationships and its role in signaling
and metastasis. Thromb Haemost, 86, 757-71.

KYRIAKIS, J. M. & AVRUCH, J. 2001. Mammalian mitogen-activated protein kinase signal

transduction pathways activated by stress and inflammation. Physiol Rev, 81, 807-69.

LAM, L. H., SILBERT, J. E. & ROSENBERG, R. D. 1976. The separation of active and

inactive forms of heparin. Biochem Biophys Res Commun, 69, 570-7.

LANGDOWN, J., JOHNSON, D. J., BAGLIN, T. P. & HUNTINGTON, J. A. 2004. Allosteric
activation of antithrombin critically depends upon hinge region extension. J Biol Chem, 279,
47288-97.

LEBLEU, V. S., MACDONALD, B. & KALLURI, R. 2007. Structure and function of
basement membranes. Exp Biol Med (Maywood), 232, 1121-9.

LEE, A. Y. & LEVINE, M. N. 2003. Venous thromboembolism and cancer: risks and
outcomes. Circulation, 107, 117-21.

LI, C.,, COLMAN, L., COLLIER, M. W., DYER, C., GREENMAN, J. & ETTELAIE, C. 2006.
Tumour-expressed tissue factor inhibits cellular cytotoxicity. Cancer Immunology,
Immunotherapy, 55, 1301-1308.

LI, W., JOHNSON, D. J., ESMON, C. T. & HUNTINGTON, J. A. 2004. Structure of the
antithrombin-thrombin-heparin ternary complex reveals the antithrombotic mechanism of
heparin. Nat Struct Mol Biol, 11, 857-62.

LINHARDT, R. J. & GUNAY, N. S. 1999. Production and chemical processing of low
molecular weight heparins. Semin Thromb Hemost, 25 Suppl 3, 5-16.

LIOTTA, L. A, TRYGGVASON, K., GARBISA, S., HART, |., FOLTZ, C. M. & SHAFIE, S.
1980. Metastatic potential correlates with enzymatic degradation of basement membrane
collagen. Nature, 284, 67-8.

MACKMAN, N. 1995. Regulation of the tissue factor gene. FASEB J, 9, 883-9.
MACKMAN, N. 1997. Regulation of the tissue factor gene. Thromb Haemost, 78, 747-54.
MACKMAN, N. 2001. Gene targeting in hemostasis. tissue factor. Front Biosci, 6, D208-15.

MACKMAN, N., BRAND, K. & EDGINGTON, T. S. 1991. Lipopolysaccharide-mediated
transcriptional activation of the human tissue factor gene in THP-1 monocytic cells requires

both activator protein 1 and nuclear factor kappa B binding sites. J Exp Med, 174, 1517-26.

93



MAGGIRWAR, S. B., SARMIERE, P. D., DEWHURST, S. & FREEMAN, R. S. 1998. Nerve
growth factor-dependent activation of NF-kappaB contributes to survival of sympathetic
neurons. J Neurosci, 18, 10356-65.

MANDAL, S. K., PENDURTHI, U. R. & RAO, L. V. 2006. Cellular localization and
trafficking of tissue factor. Blood, 107, 4746-53.

MANLY, D. A., WANG, J., GLOVER, S. L., KASTHURI, R., LIEBMAN, H. A, KEY, N. S.
& MACKMAN, N. 2010. Increased microparticle tissue factor activity in cancer patients with
Venous Thromboembolism. Thromb Res, 125, 511-2.

MANN, D. A. & OAKLEY, F. 2005. NF-kappaB: a signal for cancer. J Hepatol, 42, 610-1.

MARAVEYAS, A., ETTELAIE, C., ECHRISH, H., LI, C., GARDINER, E., GREENMAN, J.
& MADDEN, L. A. 2010. Weight-adjusted dalteparin for prevention of vascular
thromboembolism in advanced pancreatic cancer patients decreases serum tissue factor and

serum-mediated induction of cancer cell invasion. Blood Coagul Fibrinolysis, 21, 452-8.

MARTINEZ, M. C., TESSE, A., ZOBAIRI, F. & ANDRIANTSITOHAINA, R. 2005. Shed
membrane microparticles from circulating and vascular cells in regulating vascular function. Am
J Physiol Heart Circ Physiol, 288, H1004-9.

MAYNARD, J. R., DREYER, B. E., STEMERMAN, M. B. & PITLICK, F. A. 1977. Tissue-
factor coagulant activity of cultured human endothelial and smooth muscle cells and fibroblasts.
Blood, 50, 387-96.

MAYNARD, J. R.,, HECKMAN, C. A,, PITLICK, F. A. & NEMERSON, Y. 1975. Association
of tissue factor activity with the surface of cultured cells. J Clin Invest, 55, 814-24.

MOEHLER, M., FRINGS, C., MUELLER, A., GOCKEL, I., SCHIMANSK]I, C. C.,
BIESTERFELD, S., GALLE, P. R. & HOLTMANN, M. H. 2008. VEGF-D expression
correlates with colorectal cancer aggressiveness and is downregulated by cetuximab. World J
Gastroenterol, 14, 4156-67.

MOREL, O., TOTI, F., HUGEL, B., BAKOUBOULA, B., CAMOIN-JAU, L., DIGNAT-
GEORGE, F. & FREYSSINET, J. M. 2006. Procoagulant microparticles: disrupting the

vascular homeostasis equation? Arterioscler Thromb Vasc Biol, 26, 2594-604.

MOREL, O., TOTI, F., HUGEL, B. & FREYSSINET, J. M. 2004. Cellular microparticles: a

disseminated storage pool of bioactive vascular effectors. Curr Opin Hematol, 11, 156-64.

MORRISSEY, J. H., FAKHRAI, H. & EDGINGTON, T. S. 1987. Molecular cloning of the
cDNA for tissue factor, the cellular receptor for the initiation of the coagulation protease
cascade. Cell, 50, 129-35.

94



MOULIK, S., SEN, T., DUTTA, A., BANERIJI, A., GHOSH, C., DAS, S. & CHATTERJEE, A.
2008. Phosphatidylinositol 3-Kinase and NF-kB Involved in Epidermal Growth Factor-Induced
Matrix Metalloproteinase-9 Expression. J Cancer Mol, 4, 55-60.

MULLER, Y. A, ULTSCH, M. H. & DE VOS, A. M. 1996. The crystal structure of the

extracellular domain of human tissue factor refined to 1.7 A resolution. J Mol Biol, 256, 144-59.

NABESHIMA, K., INOUE, T., SHIMAO, Y. & SAMESHIMA, T. 2002. Matrix

metalloproteinases in tumor invasion: role for cell migration. Pathol Int, 52, 255-64.

NAKASAKI, T., WADA, H., SHIGEMORI, C., MIKI, C., GABAZZA, E. C., NOBORI, T.,
NAKAMURA, S. & SHIKU, H. 2002. Expression of tissue factor and vascular endothelial

growth factor is associated with angiogenesis in colorectal cancer. Am J Hematol, 69, 247-54.
NEMERSON, Y. 1988. Tissue factor and hemostasis. Blood, 71, 1-8.

NEMERSON, Y. & GIESEN, P. L. 1998. Some thoughts about localization and expression of
tissue factor. Blood Coagul Fibrinolysis, 9 Suppl 1, S45-7.

NIERS, T. M., BRUGGEMANN, L. W., KLERK, C. P., MULLER, F. J.,, BUCKLE, T.,
REITSMA, P. H., RICHEL, D. J,, SPEK, C. A., VAN TELLINGEN, O. & VAN NOORDEN,
C. J. 2009. Differential effects of anticoagulants on tumor development of mouse cancer cell
lines B16, K1735 and CT26 in lung. Clin Exp Metastasis, 26, 171-8.

OHTA, S., WADA, H., NAKAZAKI, T., MAEDA, Y., NOBORI, T., SHIKU, H.,
NAKAMURA, S., NAGAKAWA, O., FURUYA, Y. & FUSE, H. 2002. Expression of tissue
factor is associated with clinical features and angiogenesis in prostate cancer. Anticancer Res,
22, 2991-6.

ONOGAWA, S., KITADAI Y., TANAKA, S., KUWAI, T., KIMURA, S. & CHAYAMA, K.
2004. Expression of VEGF-C and VEGF-D at the invasive edge correlates with lymph node

metastasis and prognosis of patients with colorectal carcinoma. Cancer Sci, 95, 32-9.

OSTERUD, B. & BJORKLID, E. 2006. Sources of tissue factor. Semin Thromb Hemost, 32, 11-
23.

PETITOU, M., CASU, B. & LINDAHL, U. 2003. 1976-1983, a critical period in the history of
heparin: the discoveryof the antithrombin binding site. Biochimie, 85, 83-89.

PIKARSKY, E., PORAT, R. M,, STEIN, I., ABRAMOVITCH, R., AMIT, S., KASEM, S.,
GUTKOVICH-PYEST, E., URIELI-SHOVAL, S., GALUN, E. & BEN-NERIAH, Y. 2004.
NF-kappaB functions as a tumour promoter in inflammation-associated cancer. Nature, 431,
461-6.

95



POWELL, A. K., YATES, E. A., FERNIG, D. G. & TURNBULL, J. E. 2004. Interactions of
heparin/heparan sulfate with proteins: appraisal of structural factors and experimental
approaches. Glycobiology, 14, 17R-30R.

RAO, L. V., ROBINSON, T. & HOANG, A. D. 1992. Factor Vlla/tissue factor-catalyzed
activation of factors IX and X on a cell surface and in suspension: a kinetic study. Thromb
Haemost, 67, 654-9,

RAY, J. M. & STETLER-STEVENSON, W. G. 1994. The role of matrix metalloproteases and

their inhibitors in tumour invasion, metastasis and angiogenesis. Eur Respir J, 7, 2062-72.

RICKLES, F. R., PATIERNO, S. & FERNANDEZ, P. M. 2003. Tissue factor, thrombin, and
cancer. Chest, 124, 585-68S.

ROMASHKOVA, J. A. & MAKAROQV, S. S. 1999. NF-kappaB is a target of AKT in anti-
apoptotic PDGF signalling. Nature, 401, 86-90.

RONG, Y., BELOZEROV, V. E., TUCKER-BURDEN, C., CHEN, G., DURDEN, D. L.,
OLSON, J. J., VAN MEIR, E. G.,, MACKMAN, N. & BRAT, D. J. 2009. Epidermal growth
factor receptor and PTEN modulate tissue factor expression in glioblastoma through
JunD/activator protein-1 transcriptional activity. Cancer Res, 69, 2540-9.

ROSENBERG, R. D. 1997. Biochemistry and pharmacology of low molecular weight heparin.
Semin Hematol, 34, 2-8.

ROSENBERG, R. D. & BAUER, K. A. 1994. The heparin-antithrombin system: a natural
anticoagulant mechanism., Hemostasis and thrombosis: basic principles and clinical practice
3rd ed. , JB Lippincott. Philadelphia, PA

SAWADA, M., MIYAKE, S., OHDAMA, S., MATSUBARA, O., MASUDA, S.,
YAKUMARU, K. & YOSHIZAWA, Y. 1999. Expression of tissue factor in non-small-cell lung

cancers and its relationship to metastasis. Br J Cancer, 79, 472-7.

SCHECTER, A. D., GIESEN, P. L., TABY, O., ROSENFIELD, C. L., ROSSIKHINA, M.,
FYFE, B. S., KOHTZ, D. S., FALLON, J. T., NEMERSON, Y. & TAUBMAN, M. B. 1997.
Tissue factor expression in human arterial smooth muscle cells. TF is present in three cellular

pools after growth factor stimulation. J Clin Invest, 100, 2276-85.

SCHECTER, A. D., SPIRN, B., ROSSIKHINA, M., GIESEN, P. L. A., BOGDANOQV, V.,
FALLON, J. T., FISHER, E. A., SCHNAPP, L. M., NEMERSON, Y. & TAUBMAN, M. B.
2000. Release of Active Tissue Factor by Human Arterial Smooth Muscle Cells. Circulation
Research, 87, 126-132.

96



SEBASTIAN, S., SETTLEMAN, J., RESHKIN, S. J., AZZARITI, A., BELLIZZI, A. &
PARADISO, A. 2006. The complexity of targeting EGFR signalling in cancer: from expression
to turnover. Biochim Biophys Acta, 1766, 120-39.

SEN, R. & BALTIMORE, D. 1986. Multiple nuclear factors interact with the immunoglobulin
enhancer sequences. Cell, 46, 705-716.

SETO, S.-1., ONODERA, H., KAIDO, T., YOSHIKAWA, A., ISHIGAMI, S.-I., ARII, S. &
IMAMURA, M. 2000. Tissue factor expression in human colorectal carcinoma. Cancer, , 88,
295-301.

SIEGBAHN, A., JOHNELL, M., SORENSEN, B. B., PETERSEN, L. C. & HELDIN, C. H.
2005. Regulation of chemotaxis by the cytoplasmic domain of tissue factor. Thromb Haemost,
93, 27-34.

SIGNAEVSKY, M., HOBBS, J., DOLL, J., LIU, N. & SOFF, G. A. 2008. Role of alternatively
spliced tissue factor in pancreatic cancer growth and angiogenesis. Semin Thromb Hemost, 34,
161-9.

SOEJIMA, H., OGAWA, H., YASUE, H., NISHIYAMA, K., KAIKITA, K., MISUMI, K.,
TAKAZOE, K., KUGIYAMA, K., TSUJI, I., KUMEDA, K. & NAKAMURA, S. 1999. Plasma
Tissue Factor Pathway Inhibitor and Tissue Factor Antigen Levels After Administration of
Heparin in Patients With Angina Pectoris. Thromb Res, 93, 17-25.

STAMPFUSS, J. J., CENSAREK, P., FISCHER, J. W., SCHROR, K. & WEBER, A. A. 2006.
Rapid release of active tissue factor from human arterial smooth muscle cells under flow

conditions. Arterioscler Thromb Vasc Biol, 26, e34-7.

STEFFEL, J., LUSCHER, T. F. & TANNER, F. C. 2006. Tissue factor in cardiovascular

diseases: molecular mechanisms and clinical implications. Circulation, 113, 722-31.

STEPHENS, P., HUNTER, C., BIGNELL, G., EDKINS, S., DAVIES, H., TEAGUE, J.,
STEVENS, C., O'MEARA, S., SMITH, R., PARKER, A., BARTHORPE, A., BLOW, M.,
BRACKENBURY, L., BUTLER, A., CLARKE, O., COLE, J., DICKS, E., DIKE, A., DROZD,
A.,EDWARDS, K., FORBES, S., FOSTER, R., GRAY, K., GREENMAN, C., HALLIDAY,
K., HILLS, K., KOSMIDOU, V., LUGG, R., MENZIES, A., PERRY, J., PETTY, R., RAINE,
K., RATFORD, L., SHEPHERD, R., SMALL, A., STEPHENS, Y., TOFTS, C., VARIAN, J.,
WEST, S., WIDAA, S., YATES, A., BRASSEUR, F., COOPER, C. S., FLANAGAN, A. M.,
KNOWLES, M., LEUNG, S. Y., LOUIS, D. N., LOOIJENGA, L. H., MALKOWICZ, B.,
PIEROTTI, M. A,, TEH, B., CHENEVIX-TRENCH, G., WEBER, B. L., YUEN, S. T.,
HARRIS, G., GOLDSTRAW, P., NICHOLSON, A. G., FUTREAL, P. A, WOOSTER, R. &
STRATTON, M. R. 2004. Lung cancer: intragenic ERBB2 kinase mutations in tumours.
Nature, 431, 525-6.

97



STERNLICHT, M. D. & WERB, Z. 2001. How matrix metalloproteinases regulate cell
behavior. Annu Rev Cell Dev Biol, 17, 463-516.

TANG, J. Q.,, WAN, Y. L., LIU, Y. C,, RONG, L., WANG, X., WU, T., PAN, Y.S., YE, J. M,,
YAO, H. W. & ZHU, J. 2005. [Role of tissue factor in the invasion of cultured human colon
carcinoma cells and its correlation with matrix metalloproteinases]. Beijing Da Xue Xue Bao,
37, 265-8.

TESSELAAR, M. E., ROMUN, F. P., VAN DER LINDEN, I. K., PRINS, F. A., BERTINA, R.
M. & OSANTO, S. 2007. Microparticle-associated tissue factor activity: a link between cancer
and thrombosis? J Thromb Haemost, 5, 520-7.

TESSELAAR, M. E. T., ROMUN, F. P. H. T. M., VAN DER LINDEN, I. K., BERTINA, R.
M. & OSANTO, S. 2009. Microparticle-associated tissue factor activity in cancer patients with
and without thrombosis. J Thromb Haemost, 7, 1421-3.

THUNBERG, L., BACKSTROM, G. & LINDAHL, U. 1982. Further characterization of the
antithrombin-binding sequence in heparin. Carbohydr Res, 100, 393-410.

TROUSSEAU, A. 1865. Phlegmasia alba dolens. Clinique Medicale de I'Hotel-Dieu de Paris 3,
654-712.

UEDA, C., HIROHATA, Y., KIHARA, Y., NAKAMURA, H., ABE, S., AKAHANE, K.,
OKAMOTO, K., ITOH, H. & OTSUKI, M. 2001. Pancreatic cancer complicated by
disseminated intravascular coagulation associated with production of tissue factor. J
Gastroenterol, 36, 848-50.

UENO, T., TOI, M., KOIKE, M., NAKAMURA, S. & TOMINAGA, T. 2000. Tissue factor
expression in breast cancer tissues: its correlation with prognosis and plasma concentration. Br J
Cancer, 83, 164-70.

ULBRICH, C., WESTPHAL, K., BAATOUT, S., WEHLAND, M., BAUER, J., FLICK, B.,
INFANGER, M., KREUTZ, R., VADRUCCI, S., EGLI, M., COGOLI, A., DERRADII, H.,
PIETSCH, J., PAUL, M. & GRIMM, D. 2008. Effects of basic fibroblast growth factor on

endothelial cells under conditions of simulated microgravity. J Cell Biochem, 104, 1324-41.

UNO, K., HOMMA, S., SATOH, T., NAKANISHI, K., ABE, D., MATSUMOTO, K., OKI, A,
TSUNODA, H., YAMAGUCH], I., NAGASAWA, T., YOSHIKAWA, H. & AONUMA K.
2007. Tissue factor expression as a possible determinant of thromboembolism in ovarian cancer.
Br J Cancer, 96, 290-5.

VEGA-OSTERTAG, M., CASPER, K., SWERLICK, R., FERRARA, D., HARRIS, E. N. &
PIERANGELI, S. S. 2005. Involvement of p38 MAPK in the up-regulation of tissue factor on
endothelial cells by antiphospholipid antibodies. Arthritis Rheum, 52, 1545-54.

98



VERMA, I. M., STEVENSON, J. K., SCHWARZ, E. M., VAN ANTWERP, D. &
MIYAMOTO, S. 1995. Rel/NF-kappa B/I kappa B family: intimate tales of association and
dissociation. Genes Dev, 9, 2723-35.

VERSTRAETE, M. 1990. Heparin and thrombosis: a seventy year long story. Haemostasis, 20
Suppl 1, 4-11.

VON DELIUS, S., AYVAZ, M., WAGENPFEIL, S., ECKEL, F., SCHMID, R. M. &
LERSCH, C. 2007. Effect of low-molecular-weight heparin on survival in patients with

advanced pancreatic adenocarcinoma. Thromb Haemost, 98, 434-9.

WAN, Y., WU, N., WANG, Z.,JU, X., ZHU, J,, LIU, Y., TANG, J. & HUANG, Y. 2002.
Relationship between tissue factor expression and hepatic metastasis and prognosis in rectal
cancer. Zhonghua Zhong Liu Za zhi, 24, 378-80.

WHITE, J. D., HEWETT, P. W., KOSUGE, D., MCCULLOCH, T., ENHOLM, B. C.,
CARMICHAEL, J. & MURRAY, J. C. 2002. Vascular endothelial growth factor-D expression
is an independent prognostic marker for survival in colorectal carcinoma. Cancer Res, 62, 1669-
75.

WHITE, R. H., CHEW, H. & WUN, T. 2007. Targeting patients for anticoagulant prophylaxis
trials in patients with cancer: who is at highest risk? Thromb Res, 120 Suppl 2, S29-40.

YAMAMOTO, N., OGAWA, H., OSHIMA, S., SOEJIMA, H., FUJII, H., MISUMI, K.,
TAKAZOE, K., MIZUNO, Y., NODA, K., SAITO, T., TSUJI, I, KUMEDA, K.,
NAKAMURA, S. & YASUE, H. 2000. The effect of heparin on tissue factor and tissue factor
pathway inhibitor in patients with acute myocardial infarction. International Journal of
Cardiology, 75, 267-274.

YU, J. L., MAY, L, LHOTAK, V., SHAHRZAD, S., SHIRASAWA, S., WEITZ, J. |,
COOMBER, B. L., MACKMAN, N. & RAK, J. W. 2005. Oncogenic events regulate tissue
factor expression in colorectal cancer cells: implications for tumor progression and
angiogenesis. Blood, 105, 1734-41.

YU, J. L. & RAK, J. W. 2004. Shedding of tissue factor (TF)-containing microparticles rather
than alternatively spliced TF is the main source of TF activity released from human cancer cells.
J Thromb Haemost, 2, 2065-7.

ZANON, C., BORTOLINI, M. & CHIAPPINO, I. 2005. Low-molecular-weight heparin and
calcium heparin in thrombosis prophylaxis in patients with percutaneous arterial and venous

ports for colorectal liver metastases. Tumori, 91, 477-80.

99



ZHANG, J. Q., WAN, Y. L., LIU, Y. C., WANG, X., TANG, J. Q., WU, T., ZHU, J. & PAN,
Y. S. 2008. The FVIla-tissue factor complex induces the expression of MMP7 in LOVO cells in
vitro. Int J Colorectal Dis, 23, 971-8.

ZWICKER, J. I. 2010. Predictive value of tissue factor bearing microparticles in cancer
associated thrombosis. Thromb Res, 125 Suppl 2, S89-91.

ZWICKER, J. I, FURIE, B. C. & FURIE, B. 2007. Cancer-associated thrombosis. Crit Rev
Oncol Hematol, 62, 126-36.

ZWICKER, J. I, LIEBMAN, H. A., NEUBERG, D., LACROIX, R., BAUER, K. A, FURIE,
B. C. & FURIE, B. 2009. Tumor-derived tissue factor-bearing microparticles are associated

with venous thromboembolic events in malignancy. Clin Cancer Res, 15, 6830-40.

100



