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Chapter 1

General Introduction



1.1 Cancer

Cancer is characterized as a disease of uncontrolled cell growth. It is the leading
cause of death in Canada, accounting for 30% of deaths [1]. Additionally, breast cancer is
the second leading cause of cancer-related deaths among Canadian women. It is estimated
that in 2015, 5,000 Canadian women died from breast cancer. Furthermore, the Canadian
Cancer Society estimates that 1 in 9 Canadian women will be diagnosed with breast cancer
in their lifetime, making breast cancer the most common type of cancer among Canadian

women [1].

Tumorigenesis is a multi-step process involving the accumulation of genetic
alternations that results in a malignant phenotype. There are many factors that have been
identified that promote tumorigenesis, including environmental factors and familial and
genetic influences. Hanahan and Weinberg described six hallmarks of cancer, which are
acquired characteristics that are attributed to cancer cells [2, 3]. These hallmarks are
alterations to cell physiology that promote tumorigenesis and cancer progression. The six
hallmarks of cancer described by Hanahan and Weinberg are: (i) sustaining proliferative
signals; (ii) resisting cell death; (iii) evading growth suppressors; (iv) enabling replicative
immortality; (v) activating invasion and metastasis; and (vi) inducing angiogenesis [2, 3].
Enhanced understanding of cancer biology has resulted in the proposal of additional
hallmarks of cancer, namely contributions from the immune system, as well as interactions
with the tumour stroma [4, 5]. The majority of cancer-related deaths can be attributed to

metastasis of cancer [6]. Metastasis arises, in part, by activation of cell invasion and



promotion of angiogenesis. Targeting these events may prove to be a beneficial therapeutic

strategy to prevent the metastatic outcomes of the disease.

1.1.1 Cancer Metastasis

Cancer metastasis is responsible for approximately 90% of cancer-related deaths
[7]. Importantly, it is also the main cause of death in patients with breast cancer. Metastasis
is described as the spread of cancer from the primary tumour site to a secondary location
within the body. Many challenges exist when targeting metastasis and there are currently
no effective therapies to target this process. Therapeutic targeting of metastatic cancers is
problematic due to heterogeneity of metastatic lesions, tumour dormancy and drug
resistance [8, 9]. It is therefore vital to establish effective therapies that inhibit metastatic

growth and also therapies that prevent the metastatic process entirely.

The metastatic cascade is a complex multi-step process that involves: local
invasion; intravasation into the blood stream; survival in the circulation; extravasation; and
colonization of a distinct site [7]. Success at each step within the cascade is vital for the

ultimate goal of cancer metastasis.

Local invasion of cancer is facilitated by physiological processes including
extracellular proteolysis, cell migration and epithelial to mesenchymal transition (EMT)
[10]. Cell invasion is dependent on interactions in the tumour microenvironment between
the cancer cells, basement membrane and stromal cells [11]. The basement membrane is a
specialized extracellular matrix (ECM) that separates epithelial tissue from the stromal
surroundings. It is composed mainly of type IV collagen, laminins, and fibronectin, with

minor contributions from proteoglycans [12]. Physical properties of the ECM can promote



or hinder cell migration and regulation of this dynamic structure is important for cancer

progression [13].

Extracellular proteolysis is responsible for degradation of the ECM and basement
membrane, which provides a path for invading cancer cells to enter the stroma and
ultimately the circulation [14]. In normal tissue, extracellular proteolysis is a highly
controlled process; this process, however, is dysregulated in most tumour
microenvironments due, in part, to increased expression of matrix-degrading proteases in
cancers that proteolytically digest ECM components [15]. There are a large number of
proteases that facilitate degradation of the basement membrane. This includes serine
proteases, such as plasmin and cathepsin G, matrix metalloproteinases (MMPs), and
cysteine proteases, namely cathepsins B and L [13]. Degradation of ECM is predominantly
mediated by plasmin and MMPs (see Section 1.3.2). Additionally, degradation of the ECM
releases sequestered growth factors that were trapped within the structure during ECM

assembly [14].

Cancer cells often acquire a biological program known as EMT, which promotes
local invasion and metastasis [16]. EMT is a complex cellular program in which epithelial
cells lose their adherent phenotype and cell polarity. This process is regulated by cell
signaling, mainly through TGF-B, Notch and Wnt, which results in the downregulation of
epithelial-associated genes (i.e. E-cadherin) and upregulation of mesenchymal-associated
genes (i.e. N-cadherin) [17-19]. Changes in gene expression of cadherins, integrins and
cytoskeletal proteins result in loss of cell-cell attachments and down-regulation of cell
adhesion molecules. This leads to loss of epithelial organization and acquisition of a

mesenchymal phenotype in which cancer cells detach from adjacent epithelial cells and



basement membrane, which promotes cell motility [16]. EMT in combination with
enhanced proteolytic activity, promotes cancer cell migration and invasion into the

surrounding stroma.

Intravasation is the process by which invading cancer cells enter the lymphatic
system or bloodstream [7]. While this process requires crosstalk between the cancer cells
and the tumour microenvironment, the underlying mechanisms are not fully understood. In
order for intravasation to occur, cancer cells must cross the endothelial layer by
transendothelial migration. This process is thought to occur in two ways. The cancer cells
can transmigrate through endothelial cell junctions (paracellular) or can cross through the
endothelial cell body (transcellular) [20]. Cytokines and chemokines, secreted from the
tumour and stromal cells, increase the permeability of the endothelium, promoting
transmigration. Specifically, transmigration through endothelial cell junctions can be
accomplished through signalling by TGF-B, TNF-a and Notch, which result in remodelling
of endothelial junctions [21-23]. Proteolysis events mediated by MMPs also facilitate
endothelial junction remodelling, which also contributes to cancer cell transmigration [24].
Transcellular intravasation involves the formation of a pore through cytoskeletal and
membrane remodelling, which allows the cancer cell to cross through the endothelial cell
[25, 26]. Although this route is described in literature, it is thought that transendothelial

migration through cell junctions is the more frequent method of intravasation [20].

Once the cancer cells have intravasated into the bloodstream, circulating tumour
cells (CTCs) must be able to survive a number of stressors encountered in the circulation.
This includes forces of shear stress, the presence of immune cells, and induction of anoikis

[27]. CTCs are required to withstand shear stress caused by the flowing blood; platelets aid



in this task by associating with the CTCs [28]. Additionally, association with platelets
protects CTCs from immune cells found in the bloodstream [28]. In the absence of cell
adhesion, epithelial cells normally undergo anoikis, which is a form of programmed cell
death triggered by loss of anchorage [7]. In order for CTCs to survive the circulation, they
must evade anoikis. CTCs are able to escape anoikis by suppressing cell death signals [29].
Additionally, CTCs that have undergone EMT are more likely to survive the circulation,

as the mesenchymal phenotype allows these cells to evade cell death [30].

Surviving CTCs arrest in the capillary bed at a distinct organ site. This is facilitated
in part by platelets, which promote cancer cell adhesion to endothelial cells [31]. The
cancer cells must then exit the bloodstream or lymphatic system, through a process known
as extravasation. It is not expected that mechanisms that drive intravasation are identical
to those driving extravasation, due to stromal contributions during the process of
intravasation [7]. The factors that drive extravasation are dependent on the site of
dissemination. For example, studies have demonstrated that factors that promote
extravasation of breast cancer cells in the lungs are distinct from factors that influence
extravasation in the bone [32]. Padua et al. identified that angiopoietin-like 4 increased
breast cancer transendothelial migration to promote extravasation through lung capillaries
[33]. Additionally, factors such as COX2, MMP-1 and MMP-2 have been shown to
promote pulmonary vascular permeability and extravasation to the lungs [34]. A study by
Kang and coworkers demonstrated that a gene expression signature, including I1L-11,

CTGF, CXCR4 and MMP-1, promotes breast cancer metastasis to the bone [35].

Following extravasation, the cancer cells must survive in the foreign

microenvironment and subsequently colonize. Metastatic sites differ depending on the



origin of the primary tumour, and therefore it proposed that microenvironment of the
metastatic site is vital for colonization. The seed and soil hypothesis speaks to this concept,
stating that the cancer cells are the “seeds” and the foreign organ is the “soil” and the two
must be compatible for colonization to occur [36]. The metastatic niche model builds on
this hypothesis, emphasizing the importance of the metastatic microenvironment in
facilitating colonization at the secondary site [37]. Others argue that cancer cells are more
important determinants of colonization then the contributions of the metastatic
microenvironment [38]. For colonization to occur, cells entering the new organ must
become resistant to the host organ defences to survive [9]. Disseminated cells often survive
in a state of dormancy which is thought to be induced by the new host microenvironment,
however little is known about the underlying mechanisms responsible for this phenomenon
[39]. Disseminated cells must not only survive this dormant state, but also facilitate
metastatic outgrowth by reinitiating tumour growth and proliferation [9]. Ultimately,
colonization is highly complex and further studies are necessary to delineate factors
influencing contributions of the cancer cells and metastatic microenvironment in this

process.

Understanding mechanisms that promote the metastatic cascade can aid in the
development of therapeutic strategies to combat this phenomenon. Theoretically, there are
a number of factors that can be targeted in the metastatic cascade. Current therapies target
growth of the primary tumour and have limited impact on the metastatic lesion.
Extracellular proteolysis plays a vital in the initial stages of the metastatic cascade and also
promotes metastasis at later stages. Therefore, targeting proteolytic events may be a

beneficial therapeutic strategy. Several clinical trials attempted to target the proteolytic



activity of MMPs, using MMP inhibitors [40]. However, these trials failed due to side-
effects of the inhibitors. These inhibitors were broad spectrum with resulted in off-target
effects [41]. These trials were also conducted in patients at advanced stages of the disease,
while pre-clinical studies were initiated in animals at early stages [42]. These studies were
conducted in patients with established metastatic lesions and therefore targeting initial
stages of metastasis or studying preventative therapeutics were not possible in these clinical
trials. Additionally, there is redundancy among proteases in the tumour microenvironment

and therefore it may be beneficial to target proteases upstream of MMPs.

1.2 Tumour Angiogenesis

Hanahan and Weinberg described sustained angiogenesis as one of the six
hallmarks of cancer [2, 3]. Angiogenesis is the sprouting of new vessels from pre-existing
blood vessels. Vascular remodelling, through angiogenesis, is an important step in cancer
progression, as it provides the tumour with necessary nutrients and also provides an escape
route for metastatic tumours. An imbalance of angiogenic inhibitors and activators can
stimulate activation of the angiogenic switch, which is point at which tumours transition
from an avascular phase to promote vascularization. Most tumours begin to grow in an
avascular phase, in which they reach a steady-state of proliferation and apoptosis. In the
tumour microenvironment, the angiogenic switch in endothelial cells is triggered when the
tumour growth results in hypoxia and nutrient deprivation [43]. As a consequence, the
effects of angiogenesis activators, such as vascular endothelial growth factor (VEGF),
come to outweigh those of inhibitors, such as thrombospondin-1. Tumours induce
angiogenesis by secreting angiogenic activators, such as VEGF and bFGF. Release of

angiogenic activators stimulates perivascular detachment and vessel dilation [44]. It also



results in the activation of endothelial cells. Leaky vessels allow plasma proteins to form a
matrix to aid in endothelial cell migration [44]. Basement membrane and ECM degradation
facilitate endothelial cell migration into the stromal surroundings [45]. Angiogenic factors
secreted from the tumour and stromal cells stimulate endothelial cell proliferation and
vessel sprouting through cell migration. Perivascular cells are attracted to the sprouting
vessels, facilitating vascular basal lamina formation around the new vessel [46].

In addition to playing a pivotal role in the metastatic cascade, extracellular
proteolysis promotes angiogenesis by release of sequestered growth factors and by
facilitating cell migration [14]. Proteases such as MMPs and plasmin are able to cleave
matrix components, which results in the release of sequestered VEGF, which further
stimulates the angiogenic switch. Degradation of the ECM also provides a path for
proliferating endothelial cells to sprout into new vessels [44].

Blood vessels formed through tumour angiogenesis are irregular. They are
morphologically distinct from normal blood vessels and often contain irregular branching
patterns [44]. Perivascular cells are often poorly associated with newly formed vessels,
resulting in increased vascular permeability. Blood within the tumour vasculature often
flows bidirectionally and at a much slower rate than in normal blood vessels [47]. Irregular
blood vessel formation results in increased angiogenic activators emanating from leaky
vessels [46]. Angiogenic signals in the tumour microenvironment allow for constant

growth of blood vessels and prevent endothelial cell quiescence [44].

Tumour angiogenesis is important to the metastatic process. It provides the tumour
cells with an escape route. The irregular shape and increased permeability of the tumour

vasculature facilitates the intravasation process [7]. Additionally, angiogenesis is pivotal



to the colonization step of metastasis [7]. Activation of the angiogenic switch during
colonization allows to the metastatic lesion to transition from the avascular phase to

promote vascularization [48], which is essential for growth of micrometastases [49].

1.3 Plasminogen Activation System

Plasminogen is a 791-amino acid plasma zymogen secreted by the liver [50, 51]. It
circulates at an approximate concentration of 2 pM [52]. Plasminogen consists of an
amino-terminal tail domain, five kringle domains, and a carboxyl-terminal trypsin-like
latent serine protease domain [53]. Native plasminogen has an amino-terminal glutamic
acid and is therefore referred to as Glu-plasminogen. Glu-plasminogen has a closed tight
conformation making it less accessible for activation [54]. Cleavage of Glu-plasminogen
at its Lys77-Lys78 bond by plasmin results in the formation of Lys-plasminogen which has
a more open conformation and is more susceptible to plasminogen activators (Fig. 1.1)
[55]. Cleavage of plasminogen to form plasmin results in a heavy chain consisting of the

kringles, disulfide-bonded to the light chain consisting of the protease domain.

There are two physiological plasminogen activators, urokinase plasminogen
activator (UPA) and tissue-type plasminogen activator (tPA). uPA mediates plasminogen
activation in the pericellular context, while tPA mediates plasminogen activation in the
context of fibrin [56]. uPA is secreted as a zymogen, pro-uPA, and becomes active
following proteolytic cleavage by plasmin. Activation of pro-uPA to uPA by plasmin is
enhanced on the cell surface when pro-uPA is bound to its receptor urokinase plasminogen
activator receptor (UPAR) [57-59]. tPA is secreted as a single-chain protein, that is

proteolytically active. Cleavage of single-chain tPA by plasmin yields two-chain tPA,
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which exhibits 50-fold enhanced activity when compared to single chain tPA [60]. These
plasminogen activators are inhibited by two members of the serine protease inhibitor
superfamily (SERPINS), namely plasminogen activator inhibitors 1 and 2 (PAI-1 and PAI-

2) [56].

1.3.1 Plasminogen Receptors

Plasminogen activation is under tight control. Plasmin formation does not occur at
a physiologically-relevant rate in the absence of either fibrin or certain cell surfaces.
Accordingly, plasmin activity is only elaborated where it is required. The presence of
excess concentrations of SERPINS such as antiplasmin and a-macroglobulin ensure that
plasmin activity is not disseminated systemically. In the tumour microenvironment, cell
surface plasminogen activation likely plays a vital role. Indeed, markers of plasminogen
activation on the cell surface are prognostic for cancer progression and metastasis (vide

infra).

Plasminogen receptors play a vital role in activation of plasminogen to plasmin on
the cell surface. They are responsible for localization of plasminogen activation, which is
important in mediating plasmin-dependent processes. Plasminogen receptors are also
important in accelerating plasminogen activation on the cell surface and protecting plasmin
from its natural inhibitor, antiplasmin [61]. Plasminogen receptors are found on a range of
cell types, including endothelial cells, monocytes, macrophages and cancer cells [62-64].
Plasminogen binds to plasminogen receptors most commonly through lysine binding sites

within its kringle domains [65].

The majority of plasminogen receptors mediate their interaction with plasminogen

through lysine binding (Fig. 1.1). Based on the characteristic of lysine binding, there are
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four classes of plasminogen receptors [60, 62]. The first class contains a carboxyl-terminal
lysine residue upon synthesis and promotes plasminogen activation. The second class lacks
a carboxyl-terminal lysine residue when synthesized, but upon proteolytic cleavage a
carboxyl-terminal lysine becomes exposed. The third class of plasminogen receptors do
not possess either a carboxyl-terminal lysine residue or internal lysine residue that can be
exposed, and yet can still accelerate plasminogen activation. The fourth class of receptors
are molecules that bind to plasminogen but do not promote plasminogen activation [60,

62].

The majority of plasminogen receptors possess a carboxyl-terminal lysine or an
internal lysine residue that can be exposed upon cleavage. The importance of lysine binding
in plasminogen activation has been demonstrated using lysine analogs and basic
carboxypeptidase activity. Binding of lysine analogs to plasminogen kringles block
plasminogen binding to the cell surface [66]. Lysine analogs have also been shown to allow
Glu-plasminogen to adopt a more open conformation, making it more accessible to
plasminogen activators in solution [67]. Additionally, studies have shown that
carboxypeptidase B can inhibit plasminogen activation by cleaving carboxyl-terminal

lysine residues from plasminogen receptors [68].
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Figure 1.1: Carboxyl-terminal lysine residues in plasminogen activation on the cell
surface and on fibrin.

Cell surface plasminogen receptors can possess a carboxyl-terminal lysine residue (shown
in red) or an internal lysine residue that can be cleaved to expose a carboxyl-terminal lysine
residue. These residues allow for plasminogen binding to the cell surface and accelerate
plasminogen activation to plasmin. TAFla cleaves carboxyl-terminal lysine residues from
plasminogen receptors on the cell surface, attenuating plasminogen activation. When fibrin
is cleaved into fibrin degradation products (FDPs) by plasmin, carboxyl-terminal lysine
residues on FDPs are exposed. Plasminogen is able to bind to FDPs, accelerating
plasminogen activation. TAFla cleaves carboxyl-terminal lysine residues from FDPs,
preventing plasminogen binding and activation. Adapted from reference [69].
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Plasminogen receptors have been shown to enhance cell surface plasminogen
activation, by accelerating conversion of Glu-plasminogen to Lys-plasminogen. Binding
of Glu-plasminogen to plasminogen receptors results in a conformational change that
exposes the plasmin cleavage site on plasminogen, promoting the formation of Lys-
plasminogen [70-72]. Plasmin generation is dependent on a positive feedback mechanism
that allows for accelerated plasminogen activation. Glu-plasminogen is activated to Glu-
plasmin by proteolytic cleavage at Arg561-Val562 by plasminogen activators (Fig. 1.2)
[73]. The small amount of Glu-plasmin generated is able to accelerate further activation of
plasminogen, by activation of plasminogen activator and conversion of Glu-plasminogen
to Lys-plasminogen. Plasmin cleaves Glu-plasminogen at Lys77-Lys78 resulting in Lys-
plasminogen, which has a more open conformation and is more susceptible to plasminogen
activators. Lys-plasminogen is subsequently proteolytically cleaved at Arg561-Val562, by
plasminogen activators resulting in the generation of Lys-plasmin [73]. Plasmin is a broad-
spectrum specificity serine protease, as it has been shown to cleave a large number of
substrates. Plasmin is important for physiological and pathological functions, including

fibrinolysis, inflammation, angiogenesis, wound healing and cancer metastasis [52, 62, 74].
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Figure 1.2: Activation of Plasminogen to Plasmin.

Native plasminogen circulates as a zymogen with an amino-terminal glutamic acid. Glu-
plasminogen is converted to Glu-plasmin through proteolytic cleavage at Arg561, by
plasminogen activators (PA), exposing the serine protease active site. Plasmin cleaves Glu-
plasminogen at Lys77, generating Lys-plasminogen. Lys-plasminogen has a more open
conformation and is more susceptible to cleavage by plasminogen activators. Lys-
plasminogen is cleaved by plasminogen activators at Arg561 to produce Lys-plasmin.
Used with permission from reference [75].
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1.3.2 Plasminogen Activation System in Metastasis and Angiogenesis

The plasminogen activation system has a well-established role in cancer
progression and metastasis. Factors of the plasminogen activation system are
overexpressed in most cancers and their expression frequently correlates with poor
prognosis. Expression of plasminogen receptors is correlated with invasive breast cancer
[76, 77]. Additionally, elevated levels of plasminogen receptors in breast cancer is
associated with decreased survival [77-79]. Increased uUPAR levels in breast cancer is an
independent prognostic marker of shortened relapse-free survival [80-82]. Levels of uPA
and PAI-1 are also prognostic markers in breast cancer and uPA may be an independent

variable used to determine recurrence [83-85].

Plasminogen activation system is involved in several functions related to cancer,
including cell adhesion, cell migration, proliferation, angiogenesis and metastasis [74, 86].
Activation of plasminogen to plasmin promotes metastasis through several mechanisms.
Plasmin itself cleaves extracellular matrix (ECM) components, such as fibronectin,
vitronectin, laminin and collagen, facilitating degradation of the ECM, cell invasion and
ultimately metastasis (Fig. 1.3) [87-89]. Plasmin also activates other proteases and growth
factors that promote ECM degradation, tumour growth and angiogenesis. Specifically, in
vitro plasmin can activate many MMPs, including MMP-1, 2, 3, 9, 13 and 14 [52].
Activation of MMPs in the tumour microenvironment have been shown to be vital in cancer
metastasis and angiogenesis, specifically through ECM degradation, growth factor

activation and cell signalling [74, 90].

By degrading the ECM, plasmin also releases sequestered growth factors, whose

downstream targets facilitate tumour progression. Studies, both in vitro and in vivo, have
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demonstrated that plasmin can liberate basic fibroblast growth factor (bFGF) [91, 92]. This
growth factor mediates cellular processes such as cell proliferation, and studies have
demonstrated its involvement in angiogenesis [93, 94]. Studies have also shown that bFGF
can increase secretion of uPA, suggesting a possible role in mediating positive feedback
for plasminogen activation [95]. Furthermore, release and activation of sequestered VEGF
by plasmin and MMPs stimulates angiogenesis in the tumour microenvironment [74].
Plasmin is also responsible for proteolytic activation of latent TGF-B1 to its active form,
which mediates cancer cell invasion and metastasis through promotion of EMT [96].
Studies have also demonstrated that intravasation is more effective when cancer cells have
high levels of uPAR and uPA and inhibition of plasmin hindered the process of

intravasation [97, 98].

The plasminogen activation system is also able to promote cancer cell invasion and
metastasis through cell signalling by uPAR. Interaction of uPA to uPAR mediates
activation of various signalling pathways that influence cell motility [99]. uPAR does not
possess an intracellular domain and therefore uPAR-mediated intracellular signalling
results from interaction with various integrin and ECM proteins [100]. Overexpression of
UPAR and binding of uPA to its receptor promotes cell migration and adhesion through
binding with integrins and ECM proteins [99]. Specifically, studies have demonstrated that
binding of uPA to uPAR stimulates cell invasion and migration by cell signalling through

Ras/Raf/MEK/ERK pathway [101].

Inhibition of plasminogen activation, by targeting plasminogen activators or
plasminogen receptors, has been thought to be viable therapeutic strategy to inhibit the

effects of the plasminogen activation system on metastasis [62, 102, 103]. Specifically,

17



carboxyl-terminal lysine residues on plasminogen receptors are an attractive target, given
the importance of these residues in plasminogen activation on the cell surface. Targeting
of the plasminogen activation system would impact proteolytic events downstream of

plasmin formation.
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Figure 1.3: Plasminogen activation system in cancer.

Pro-uPA binds to uPAR on the cell surface promoting activation to active uPA through
cleavage by plasmin. Plasminogen (PIg) binds to its cell surface plasminogen receptor (Plg-
R) which accelerates uPA-mediated Plg activation to plasmin (PIn). PIn activates pro-
MMPs to their active MMP form and together PIn and MMPs degrade the ECM, facilitating
tumour cell invasion and metastasis. This system can be inhibited by PAI-1 and PAI-2,
which inhibit uPA and a2-antiplasmin, which inhibits PiIn.
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1.4 Thrombomodulin (TM)

Thrombomodulin (TM) is 557-amino acid long, single-chain type 1 transmembrane
protein [104]. It is found on the surface of endothelial cells, monocytes, smooth muscle
cells, neutrophils and is also expressed in cancer cells, including breast [105-109]. TM is
comprised of five domains, as shown in Figure 1.4. The extracellular domains of TM
include an amino-terminal C-type lectin-like domain, six epidermal growth factor (EGF)-
like repeats, and a serine/threonine rich domain [104]. TM also contains a transmembrane
domain and a short cytoplasmic tail. This multifaceted glycoprotein is involved in vital
physiological functions such as inflammation and coagulation, and studies have also

demonstrated its involvement in cancer biology [110-112].

The C-type lectin-like domain of TM is 222 amino acids in length and has
homology with other C-type lectins. However, the lectin-like domain of TM does not
contain a calcium binding motif unlike traditional C-type lectins [113, 114]. Additionally,
while conventional C-type lectins bind only to carbohydrates, the lectin-like domain of TM
can also bind protein ligands. Binding of the C-type lectin-like domain of TM to several
ligands mediates inflammation and cell adhesion [115, 116]. The first evidence of the anti-
inflammatory role of TM was demonstrated by generating mice lacking the lectin-like
domain of TM [115]. These mice were more susceptible to LPS-induced sepsis. It was later
determined that the lectin-like domain of TM can bind the carbohydrate Lewis Y antigen
in LPS found on gram-negative bacteria [117]. Binding to TM prevents LPS binding to
CD14, and therefore decreases the inflammatory response stimulated by LPS. The anti-

inflammatory effects of TM were further demonstrated when Abeyama et al. reported that
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binding of high mobility group box 1 (HMGBL1) protein to the lectin-like domain of TM

sequesters HMGBL, preventing it from eliciting a pro-inflammatory response [118].

The EGF-like domain is responsible for the thrombin cofactor activity of TM.
Thrombin binds to EGF-5 and EGF-6 of TM and this interaction mediates the activation
of both thrombin-activatable fibrinolysis inhibitor (TAFI) and protein C (PC) by thrombin
[119, 120]. Specifically, in the presence of TM, catalytic efficiencies of thrombin-mediated
activation of both TAFI and PC are enhanced by over 1000-fold [121, 122]. Importantly,
domain deletions have identified essential domains necessary for TAFI and PC activation
by thrombin/TM. Specifically, the c-loop of EGF-3 through EGF-6 are required for TAFI
activation, while the interdomain loop connecting EGF-3 to EGF-4 plus EGF4-6 are
required for PC activation. Using site-directed mutagenesis, Wang and coworkers
identified residues within the EGF-like domain of TM that are important for activation of
TAFI and PC by thrombin [123]. Amino acids Val340 and Asp341 within the c-loop of
EGF-3 of TM were found to be vital for activation of TAFI. Amino acid Phe376 in EGF-
4 was reported to be necessary for protein C activation. Glaser et al. reported that TM can
be oxidized at Met388 in the linker region between EGF-4 and EGF-5 [124]. Interestingly,
oxidation of Met388 drastically reduces thrombin/TM mediated activation of PC, but does
not impact activation of TAFI [123]. This may act as a potential mechanism to support
preferential activation of TAFI over PC at the site of injury, in which neutrophils would
promote TM oxidation [108, 125]. Furthermore, mutagenesis of GIn387 to a proline
abolishes thrombin binding to TM, and therefore results in significant reduction of both

TAFI and protein C activation [123].
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The anti-coagulation function of TM is mediated through binding with thrombin.
Interaction with TM inhibits the pro-coagulant functions of thrombin, by altering its
substrate specificity. This results in inhibition of anion-binding exosite-mediated thrombin
binding to fibrinogen, preventing cleavage of fibrin [122], while promoting activation of
protein C to activated protein C (APC). Structural studies suggest that TM binds to PC,
presenting it optimally as a substrate for thrombin in the ternary complex [126]. APC
possesses anti-coagulant activity by cleaving activated coagulation factors Va and Vllla,
which attenuates further generation of thrombin [122, 127, 128]. Paradoxically, TM also
acts as an anti-fibrinolytic molecule, through activation of TAFI. As previously mentioned,
the thrombin/TM complex activates TAFI to its active form activated TAFI (TAFIa), which
possesses basic carboxypeptidase activity [121]. TAFla attenuates fibrinolysis by
removing carboxyl-terminal residues from partially degraded fibrin [129]. These residues
act as cofactors for plasminogen activation to plasmin during fibrinolysis, and are
important in several positive feedback mechanisms in fibrinolysis. The anti-coagulant and
anti-fibrinolytic activities of TM are dependent on not only TM concentrations but also on
complex interplay between coagulation and fibrinolysis factors. Specifically,
concentrations of activators, inhibitors and cofactors involved in coagulation and

fibrinolysis contribute to the anti-coagulant and anti-fibrinolytic functions of TM.
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Figure 1.4: Structure of Thrombomodulin.

Thrombomodulin contains a C-type lectin-like domain, six EGF-like repeats, a
serine/threonine rich domain, a transmembrane domain and cytoplasmic tail. The structure
of an EGF-like repeat is shown, containing three disulfide bonds within the three loop
structure. The EGF-like domain is responsible for the cofactor functions of TM, involving
thrombin-mediated activation of TAFI and protein C. EGF5-6 bind to thrombin, EGF3-6
are necessary for activation of TAFI and EGF4-6 are necessary for activation of protein C.
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1.4.1 Thrombomodulin in Cancer and Angiogenesis

TM is expressed in several cancers, including breast, bladder, cervical, ovarian,
colorectal, melanoma, and prostate [109, 130-136]. Loss of TM expression is associated
with advanced disease stage and metastatic potential. Studies in melanoma and prostate
cancers have demonstrated that loss of TM expression is a result of hypermethylation of
the THBD promoter region [135, 136]. Furthermore, loss of TM has been associated with
poor prognosis in several cancers. Specifically, TM expression was found to be
significantly inversely correlated to survival in non-small cell lung cancer [137]. In
hepatocellular carcinoma, tumours positive for TM expression were associated with higher
recurrence-free survival compared to tumours negative for TM [138]. This study also found
that TM-positive tumours had lower frequencies of intrahepatic metastasis. In addition,
Hamatake et al. reported loss of TM expression in lung squamous cell carcinoma was
associated with decreased survival in patients [139]. They also found decreased TM
expression in metastatic lesions compared to primary tumours. In breast cancer patients,
low TM expression was correlated with high relapse rates [109]. In bladder cancer,
decreased TM expression was found to be correlated with advanced clinical stage [130].
Therefore, the evidence is consistent with the idea that TM is an anti-metastatic factor,

although mechanistic studies are required to demonstrate a direct role for this factor.

Indeed, researchers have sought to understand the role of TM in regulating
metastatic potential. Specifically, a study using murine melanoma cells indicated that TM
is capable of inhibiting cell invasion in vitro and in vivo [134]. Furthermore, overexpression
of TM suppressed migration of both cervical and ovarian cancer cells in vitro [131, 132].

Wu and coworkers reported that TM mediates migratory ability of prostate cancer cells by
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Figure 4.11: The effect of rTM EGF3-6 mutants on DQ-collagen 1V proteolysis in a
co-culture system with HUVECs and SUM149 cells.

(A) SUM149 cells, labeled with Cell Trace Far Red (blue), were seeded on BME
containing 25 pg/mL DQ-collagen IV (green) and incubated for 24 hours. Following the
24-hour incubation HUVECs labeled with CellTracker Orange (red) were on top of the
SUM149 cells. Cells were treated with 10 nM of each of the rTM EGF3-6 variants and
incubated for 18 hours prior to confocal microscopy. Images were obtained at 600x
magnification. Scale bar, 30 um. (B) DQ-collagen IV fluorescence was quantified and
normalized to the combined area of CellTracker Orange and Cell Tracer Far Red
fluorescence. The data are represented as the green fluorescent intensity per combined area
of the blue and red fluorescence, averaged three slices of the z-stacks and expressed relative
to untreated cells (Control). The data are represented as mean + SEM from 3-7 independent
experiments. **p< 0.01 versus control, ## p< 0.01 versus rTM EGF3-6.
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4.5 Discussion

Several groups have identified TM as an anti-metastatic factor in various cancer
types. Horowitz and coworkers attributed the anti-metastatic effect of TM to its thrombin
binding domain. Given that this domain is responsible for the activation of TAFI and PC,
we sought to determine which substrates is important for the anti-metastatic effects of TM.
Studies have demonstrated that the minimum unit of TM necessary for activation of TAFI
is the c-loop of EGF-3 to EGF-6, while PC requires the interdomain loop connecting EGF-
3 to EGF-4 plus EGF4-6[30]. We generated mutants of TM that differ in their ability to
support TAFI and PC activation in the context of rTM EGF3-6, based on previously

published mutations [30].

We measured metastatic potential of breast cancer cells based on two pro-metastatic
behaviours, cell invasion and collagen degradation. While we had expected that rTM
EGF3-6 would decrease these pro-metastatic behaviours, we observed an increase in both
cell invasion and DQ-collagen IV proteolysis, suggesting that this variant of TM may be
acting as a pro-metastatic factor. We also observed an increase in cell invasion and DQ-
collagen 1V proteolysis upon treatment with rTM EGF3-6 V340A/D341A. These results
suggest that PC activation may promote metastatic behaviours. On the other hand, the rTM
EGF3-6 F376A variant, which supports TAFI but not PC activation, did not show increases
in these pro-metastatic behaviours, and in some cases decreased them to a level below that
of the control. It could be that loss of ability to support PC activation abolishes the pro-
metastatic effects observed with rTM EGF3-6 V340A/D341A. These results correlate with
a previous study that reported an increase in breast cancer cell invasion and migration upon

treatment with APC [25]. However, these also results correlate with our previous study in
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which we demonstrated that addition of TAFla decreased pro-metastatic behaviours, such
as cell invasion, migration and collagen proteolysis [22]. Taken together these results
suggest that TAFla and APC may have opposing roles in cancer metastasis, where TAFla

inhibits metastatic behaviours and APC promotes cancer metastasis.

We measured angiogenic potential of endothelial cells based on tube formation and
collagen proteolysis. Treatment with rTM EGF3-6 WT did not effect tube formation in any
of the systems used. Treatment with rTM EGF3-6 WT significantly decreased DQ-collagen
IV proteolysis in endothelial cells alone, but did not effect DQ-collagen proteolysis in the
co-culture systems with endothelial cells and breast cancer cells. This contradicts a study
that found use of a TM variant that included EGF1-6 and the serine/threonine domain
increased endothelial tube formation [21]. Our study used a variant that lacks EGF1-2 and
the serine/threonine domain, indicating a potential role for these domains in promoting
angiogenesis. When we assessed cofactor ability of TM, we found that treatment with rTM
EGF3-6 V340A/D341A (mutant that does not support TAFI activation) increased both
endothelial tube formation and DQ-collagen IV proteolysis in all system that were tested.
This indicates that manipulating the cofactor ability of TM to support PC activation may
promote pro-angiogenic behaviours. Specifically, these results suggest that increasing
activation of PC and decreasing activation of TAFI promotes pro-angiogenic behaviours.
This is in keeping with a studies that have shown that APC can increase angiogenesis [27,
28]. Treatment with rTM EGF3-6 F376A decreased endothelial tube formation and DQ-
collagen IV proteolysis in all cultured systems tested, when compared to rTM EGF3-6 WT.
In general, these results suggest that stimulating of TAFI activation inhibits DQ-collagen

IV proteolysis, while promoting PC activation enhances DQ-collagen V. However, in
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some cases, either rTM EGF3-6 WT had no effect, or that the effect of rTM EGF3-6 F376A
was not different from control, which suggests that that in some cases TAFI activation is
not playing a role, but instead the observed effect is from lack of PC activation. This is in
keeping with cell invasion and tube formation results which suggest that TAFI may act as
an anti-metastatic and anti-angiogenic factor, while PC is a pro-metastatic and pro-
angiogenic factor. However, these results are still consistent with the idea that TAFI
activation by thrombin/TM is an anti-metastatic and anti-angiogenic pathway. This is in
keeping with our unpublished data that show that TAFIa is able to inhibit pro-angiogenic
effects of endothelial cells. These results also suggest that, although rTM EGF3-6 WT did
not effect angiogenic potential, it may be acting to both promote and inhibit angiogenesis
and therefore these effects counteract each other. Therefore, TAFI and PC may have
opposing roles in angiogenesis, where TAFIa acts as an anti-angiogenic factor and APC

acts as a pro-angiogenic factor.

It is not surprising that TAFI and PC may have opposing roles in angiogenesis and
metastasis. This is similar to their opposing functions in blood coagulation. TAFI is an anti-
fibrinolytic factor, attenuating blood clot breakdown [7]. APC on the other hand is an anti-
coagulant factor, inhibiting factors Va and VIllla of the coagulation cascade, which
attenuates thrombin generation [31]. Given their opposing roles and the fact that they are
substrates of the same complex, the ability to modulate activation of TAFI and PC, by the
thrombin/TM may be a method regulate angiogenic and metastatic behaviours.
Specifically, enhancing thrombin/TM-mediated activation of TAFI, while decreasing

thrombin/TM-mediated PC activation may inhibit metastatic and angiogenic behaviours.
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Concentration of TM is an important regulator of TAFI and PC activation. It has
been demonstrated that TM concentrations dictate which substrate would be favour for
activation by the thrombin/TM complex [32]. TAFI activation is favoured at lower
concentrations of TM, while PC is favoured at higher concentrations. While TM is an
known anti-metastatic factor, the rTM EGF3-6 did not exhibit anti-metastatic potential, as
expected. This may be due to the concentration used for these experiments. The
concentration used is likely to favour activation of PC over activation of TAFI. Hence, if
PC is acting as a pro-metastatic and pro-angiogenic factor, increased activation of PC may
counteract the anti-metastatic and anti-angiogenic functions of TAFI. This hypothesis is
supported by the fact that treatment with the mutant that only supports TAFI activation
inhibits metastatic and angiogenic behaviours when compared to rTM EGF3-6 WT. This
is also supported by a previous study that reported that TM increases endothelial tube
length [33]. This study used much higher concentrations of TM then the current study,
possibility suggesting preferential activation of PC. This suggests that promoting activation
of TAFI over PC by decreasing rTM EGF3-6 WT concentrations may result in an observed
anti-metastatic and anti-angiogenic response. It also cannot be overlooked that APC
decreases thrombin generation which in turn decreases TAFI activation. Therefore, results
observed with rTM EGF3-6 WT and rTM EGF3-6 V340A/D341A could be a combined

effect of increased APC and decreased TAFIa.

Thrombin has also been implicated in cancer metastasis and tumour angiogenesis.
It could be that TM acts as a thrombin sink in the tumour microenvironment, inhibiting the
pro-metastatic and pro-angiogenic effects of thrombin. This is similar to the role of TM in

coagulation, in which binding of thrombin to TM decreases the affinity of thrombin from
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fibrinogen to PC and TAFI. Importantly, all variants of TM used in this study are able to
bind to thrombin, despite having differential effects on pro-metastatic and pro-angiogenic

behaviours, suggesting that this mechanism is not predominant in this model system.

Together these results indicate that manipulating cofactor ability of TM impacts
both metastatic and angiogenic behaviours of breast cancer and endothelial cells,
respectively. Promoting activation of TAFI over PC, using variants of TM that are
specifically able to activate TAFI, may be a beneficial therapeutic approach to target both

cancer metastasis and tumour angiogenesis.

185



4.6 References

10.

11.

12.

13.

14.

15.

16.

Hanahan D, Weinberg RA: Hallmarks of cancer: the next generation. Cell 2011,
144.

Sevenich L, Joyce JA: Pericellular proteolysis in cancer. Genes Dev 2014,
28(21):2331-2347.

van Hinsbergh VW, Engelse MA, Quax PH: Pericellular proteases in
angiogenesis and vasculogenesis. Arteriosclerosis, thrombosis, and vascular
biology 2006, 26(4):716-728.

Bajzar L, Morser J, Nesheim M: TAFI, or plasma procarboxypeptidase B,
couples the coagulation and fibrinolytic cascades through the thrombin-
thrombomodulin complex. J Biol Chem 1996, 271(28):16603-16608.

Eaton DL, Malloy BE, Tsai SP, Henzel W, Drayna D: Isolation, molecular
cloning, and partial characterization of a novel carboxypeptidase B from
human plasma. J Biol Chem 1991, 266(32):21833-21838.

Bajzar L, Manuel R, Nesheim ME: Purification and characterization of TAFI, a
thrombin-activable fibrinolysis inhibitor. J Biol Chem 1995, 270(24):14477-
14484,

Wang W, Boffa MB, Bajzar L, Walker JB, Nesheim ME: A Study of the
Mechanism of Inhibition of Fibrinolysis by Activated Thrombin-activable
Fibrinolysis Inhibitor. Journal of Biological Chemistry 1998, 273(42):27176-
27181.

Swaisgood CM, Schmitt D, Eaton D, Plow EF: In vivo regulation of plasminogen
function by plasma carboxypeptidase B. The Journal of Clinical Investigation,
110(9):1275-1282.

Redlitz A, Tan AK, Eaton DL, Plow EF: Plasma carboxypeptidases as regulators
of the plasminogen system. J Clin Invest 1995, 96.

Deryugina El, Quigley JP: Cell surface remodeling by plasmin: a new function
for an old enzyme. J Biomed Biotechnol 2012, 2012:564259.

Igbal S: Role of thrombomodulin in cancer biology. Breast (Edinburgh,
Scotland) 2000, 9(5):264-266.

Kim SJ, Shiba E, Ishii H, Inoue T, Taguchi T, Tanji Y, Kimoto Y, Izukura M, Takai
S: Thrombomodulin is a new biological and prognostic marker for breast
cancer: an immunohistochemical study. Anticancer Res 1997, 17.

Hanly AM, Redmond M, Winter DC, Brophy S, Deasy JM, Bouchier-Hayes DJ,
Kay EW: Thrombomodulin expression in colorectal carcinoma is protective
and correlates with survival. Br J Cancer 2006, 94(9):1320-1325.
Menschikowski M, Hagelgans A, Tiebel O, Vogel M, Eisenhofer G, Siegert G:
Regulation of thrombomodulin expression in prostate cancer cells. Cancer Lett
2012, 322.

Zheng N, Huo Z, Zhang B, Meng M, Cao Z, Wang Z, Zhou Q: Thrombomodulin
reduces tumorigenic and metastatic potential of lung cancer cells by up-
regulation of E-cadherin and down-regulation of N-cadherin expression.
Biochemical and biophysical research communications 2016, 476(4):252-259.
Wu CT, Chang YJ, Chen MF, Liu JJ, Wei PL, Wang W, Liu HH:
Thrombomodulin mediates the migratory ability of hormone-independent

186



17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

prostate cancer cells through the regulation of epithelial-to-mesenchymal
transition biomarkers. Tumour Biol 2014, 35(6):6047-6054.

Huang MT, Wei PL, Liu JJ, Liu DZ, Huey-Chun H, An J, Wu CC, Wu CH, Ho Y,
Yang YY et al: Knockdown of thrombomodulin enhances HCC cell migration
through increase of ZEB1 and decrease of E-cadherin gene expression. Annals
of surgical oncology 2010, 17(12):3379-3385.

Chen LM, Wang W, Lee JC, Chiu FH, Wu CT, Tai CJ, Wang CK, Tai CJ, Huang
MT, Chang YJ: Thrombomodulin mediates the progression of epithelial
ovarian cancer cells. Tumour Biol 2013, 34(6):3743-3751.

Horowitz NA, Blevins EA, Miller WM, Perry AR, Talmage KE, Mullins ES, Flick
MJ, Queiroz KC, Shi K, Spek CA: Thrombomodulin is a determinant of
metastasis through a mechanism linked to the thrombin binding domain but
not the lectin-like domain. Blood 2011, 118.

Kuo CH, Chen PK, Chang BI, Sung MC, Shi CS, Lee JS, Chang CF, Shi GY, Wu
HL: The recombinant lectin-like domain of thrombomodulin inhibits
angiogenesis through interaction with Lewis Y antigen. Blood 2012,
119(5):1302-1313.

Shi C-S, Shi G-Y, Chang Y-S, Han H-S, Kuo C-H, Liu C, Huang H-C, Chang Y-J,
Chen P-S, Wu H-L: Evidence of Human Thrombomodulin Domain as a Novel
Angiogenic Factor. Circulation 2005, 111(13):1627-1636.

Bazzi ZA, Lanoue D, El-Youssef M, Romagnuolo R, Tubman J, Cavallo-Medved
D, Porter LA, Boffa MB: Activated thrombin-activatable fibrinolysis inhibitor
(TAFIa) attenuates breast cancer cell metastatic behaviors through inhibition
of plasminogen activation and extracellular proteolysis. BMC Cancer 2016,
16(1):328.

van Sluis GL, Buller HR, Spek CA: The role of activated protein C in cancer
progression. Thromb Res 2010, 125 Suppl 2:5138-142.

Spek CA, Arruda VR: The protein C pathway in cancer metastasis. Thromb Res
2012, 129 Suppl 1:S80-84.

Beaulieu LM, Church FC: Activated protein C promotes breast cancer cell
migration through interactions with EPCR and PAR-1. Exp Cell Res 2007,
313(4):677-687.

Anton |, Molina E, Luis-Ravelo D, Zandueta C, Valencia K, Ormazabal C,
Martinez-Canarias S, Perurena N, Pajares MJ, Agorreta J et al: Receptor of
activated protein C promotes metastasis and correlates with clinical outcome
in lung adenocarcinoma. Am J Respir Crit Care Med 2012, 186(1):96-105.
Uchiba M, Okajima K, Oike Y, Ito Y, Fukudome K, Isobe H, Suda T: Activated
protein C induces endothelial cell proliferation by mitogen-activated protein
kinase activation in vitro and angiogenesis in vivo. Circ Res 2004, 95(1):34-41.
Xue M, Thompson P, Sambrook PN, March L, Jackson CJ: Activated protein C
stimulates expression of angiogenic factors in human skin cells, angiogenesis
in the chick embryo and cutaneous wound healing in rodents. Clinical
hemorheology and microcirculation 2006, 34(1-2):153-161.

Marar TT, Boffa MB: ldentification of a thrombomodulin interaction site on
thrombin-activatable fibrinolysis inhibitor that mediates accelerated
activation by thrombin. J Thromb Haemost 2016, 14(4):772-783.

187



30.

31.

32.

33.

Wang W, Nagashima M, Schneider M, Morser J, Nesheim M: Elements of the
primary structure of thrombomodulin required for efficient thrombin-
activable fibrinolysis inhibitor activation. J Biol Chem 2000, 275(30):22942-
22947.

Dahlback B, Villoutreix BO: Regulation of Blood Coagulation by the Protein C
Anticoagulant Pathway: Novel Insights Into Structure-Function Relationships
and Molecular Recognition. Arteriosclerosis, thrombosis, and vascular biology
2005, 25(7):1311-1320.

Mosnier LO, Meijers JC, Bouma BN: Regulation of fibrinolysis in plasma by
TAFI and protein C is dependent on the concentration of thrombomodulin.
Thromb Haemost 2001, 85(1):5-11.

Kuo CH, Sung MC, Chen PK, Chang BI, Lee FT, Cho CF, Hsieh TT, Huang YC,
Li YH, Shi GY et al: FGFR1 mediates recombinant thrombomodulin domain-
induced angiogenesis. Cardiovascular research 2015, 105(1):107-117.

188



Chapter 5

General Discussion
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Cancer metastasis is responsible for the majority of cancer-related deaths. The
initial stages of cancer metastatic are facilitated in part by proteolytic events in the tumour
microenvironment. Specifically, degradation of the ECM and cancer cell invasion, enables
cancer cells to enter the surrounding stroma and ultimately metastasize. Proteolytic events
are also important for the process of tumour angiogenesis, which also promotes cancer
metastasis. In the current study we have demonstrated that TAFIa acts as an anti-metastatic
and anti-angiogenic factor, inhibiting both metastatic and angiogenic behaviours in breast
cancer and endothelial cells, respectively. We have demonstrated that TAFla mediates its

anti-metastatic and anti-angiogenic functions through inhibition of plasminogen activation.

5.1 Sources of TAFI in the tumour microenvironment

TAFI is synthesized predominantly in the liver, however CPB2 mRNA and TAFI
protein have been detected in other cell types, including macrophages [1]. In our work, we
have detected CPB2 mRNA in several breast cancer cell lines, with differing mRNA
abundance (Fig. 2.1). Previous studies have demonstrated that CPB2 mRNA is regulated
through several mechanisms [2-4]. For example, the mRNA binding protein tristetraprolin
(TTP) plays an important role in mediating the stability of CPB2 mRNA [3] by binding to
a specific cis-acting element in the 3’-unntranslated region of the transcript and promoting
its degradation. Al-Souhibani and coworkers reported that TTP levels decreased in more
invasive breast cancer cell lines, such as MDA-MB-231 [5]. We have shown that CPB2
MRNA levels are higher in MDA-MB-231 cells (Fig. 2.1) which may be attributable to the

decrease in TTP in this cell line.
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We were unable to detect TAFI protein in conditioned media of any of the breast
cancer cell lines tested, although this may be due to lack of assay sensitivity [6]. It is
unlikely that the breast cancer cells themselves provide the major source of TAFI in the
tumour microenvironment, given the low mRNA abundance in these cell lines. It is more
likely that the major source of TAFI is blood plasma, with some contributions from stromal
cells in the tumour microenvironment. There is an increased vascular permeability in
tumour blood vessels, which results in leakage of plasma proteins from the blood vessels
into the tumour microenvironment [7]. Therefore, plasma TAFI, synthesized by the liver,
is able to enters the tumour microenvironment from leaky blood vessels. Stromal cells may
provide another source of TAFI in the tumour microenvironment. Previous results from
our laboratory have shown that macrophages express and secrete TAFI [1]. Macrophages
may also be involved in modulating localized TAFI expression during inflammation, which
is associated with the development and progression of cancer. Tumour-associated
macrophages (TAMSs) express both pro-inflammatory and anti-inflammatory mediators,
both of which have been shown to increase CPB2 mRNA and TAFI protein levels in
macrophages [4, 8]. It is therefore possible that TAMs may have increased TAFI levels,
though autocrine regulation, when compared to macrophages in the absence of stimulus.
Other stromal cells may contribute to TAFI levels in the breast cancer microenvironment,
including endothelial cell and adipocytes [1, 9]. However, while both cell types have been
found to express CPB2 mRNA, TAFI protein has not been detected in either cell type.
Genetic and phenotypic changes to the stromal surroundings is a characteristic of cancer
progression [10]. It is therefore possible that these changes can alter the expression of

CPB2 in stromal endothelial cells and adipocytes. Further studies will be needed to
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determine the extent of stromal contribution TAFI levels in the tumour microenvironment
and whether the plasma is in fact the major source of TAFI the breast cancer

microenvironment.

Results from our mRNA expression studies in Chapter 2 demonstrate that CPB2
expression did not show any relationship with malignancy in breast cancer cells. Several
clinical studies have assessed plasma concentrations of TAFI and these studies have
generally found an increase in patient samples [11-14]. While these studies did not assess
relationships between TAFI concentrations and metastatic disease, it could be argued that
increases in plasma TAFI concentrations in patient samples contradicts the idea of TAFI
as an anti-metastatic factor. However, it is necessary to point out that while TAFI
concentrations may be higher in plasma, it is unknown how this influences the tumour
microenvironment. We have demonstrated that THBD expression was generally inversely
correlated to malignancy in the breast cancer cells examined, and in fact this phenomenon
has been observed in several cancer types [15-17]. Therefore, it is likely that the key
determinant of TAFIa action is not local concentrations of TAFI, but rather the TAFIla-
generating capacity of the tumour environment, namely TM concentration, which has been

shown to be inversely correlated to metastatic disease.

5.2 Activation of TAFI in the tumour microenvironment

TAFI is activated to TAFIla by thrombin, plasmin or thrombin in complex TM [18-
20]. Thrombin and plasmin are both weak activators of TAFI. Thrombin-mediated

activation of TAFI is dramatically accelerated when thrombin is in complex with TM [18],
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leading to suggestions that the thrombin/TM complex is the physiological activator of
TAFI. While we have observed decreased expression of TM in more invasive breast cancer
cell lines, these levels may be sufficient to support TAFI activation. This is evident based
on results we have obtained with PTCI, in (Fig. 2.3, 2.4, 2.6). We have observed pro-
metastatic effects in SUM149 and MDA-MB-231 cells upon treatment with PTCI, as a
result of inhibition of TAFla. This indicates the ability of these cells to support TAFI
activation, given the specificity of PTCI in this context. It is likely, however, that TAFI
activation is saturated these breast cancer cells. This is evident by lack of effect in cell
invasion, migration and proteolysis upon the addition of non-activated TAFI in (Fig. 2.3,
2.4, 2.6). It is expected that if these breast cancer cells activated the exogenous TAFI, there
would be a decrease in pro-metastatic behaviours, as observed upon the addition of TAFla.
It is also evident that HUVECSs support TAFI activation. We observed an increase in pro-
angiogenic behaviours upon treatment with PTCI (Fig. 3.1, 3.4, 3.5, 3.6). This indicates
that HUVECs are able to activate TAFI and inhibition of TAFla promotes angiogenic
potential (Fig. 3.1, 3.4, 3.5, 3.6). This is consistent with previous studies that have
demonstrated that HUVECs support TAFI activation [21, 22]. Furthermore, unlike in
breast cancer cells where non-activated TAFI did not have an effect on metastatic
behaviours (Fig. 2.3, 2.4, 2.6), in endothelial cells non-activated TAFI did in fact inhibit
angiogenic potential (Fig. 3.1, 3.4, 3.5, 3.6). This indicates that TAFI activation is not
saturated in this cell type and the cells are able to activate exogenous TAFI. The differences
observed in HUVECs compared to the breast cancer cell lines can be attributed to the levels
of TM on the cell surface. It is therefore evident that TM concentrations play a role in

mediating TAFI activation on the cell surface.
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In patients, TM levels are inversely correlated to clinical stage and therefore
thrombin/TM mediated TAFI activation in cancer would be in part dependent on
expression of TM in the cancer cell [15, 16, 23]. An abolishment of TM expression would
likely prevent thrombin-mediated activation of TAFI on the surface of cancer cells.
However, contributions from the stromal cells in the tumour microenvironment must be
considered. The influence of the tumour microenvironment on TM expression in stromal
cells has not been assessed. TM is expressed in endothelial cells and macrophages [24, 25].
Inflammatory mediators have been shown to increase TM expression in macrophages, and
decrease expression in endothelial cells [26]. This suggests that chronic inflammation in
the tumour microenvironment may down-regulate TM in endothelial stromal cells while
upregulating TM in TAMs. Decreased thrombomodulin expression in endothelial cells
may results in decreased TAFI activation, however an increase in TM expression in TAMs
may promote TAFI activation on these cells. Therefore, additional studies should be aimed
at delineating the contributions of cancer cells and stromal cells in regulating
thrombin/TM-mediated activation of TAFI in the tumour microenvironment.

In Chapter 4 we examined the role of TM in mediating pro-metastatic and pro-
angiogenic behaviours. Several studies have illustrated a potential anti-metastatic role for
TM. Our results demonstrated the complexity of this pathway. Unexpectedly, our soluble
variant of TM (rTM EGF3-6) exhibited neither anti-metastatic potential nor anti-
angiogenic potential, with the exception of DQ-collagen proteolysis of HUVEC
monocultures. While both TAFI and protein C were able to be effectively activated in
solution by this variant, it is unknown whether one of these substrates would be favoured

upon treatment of breast cancer cells. Our results demonstrate stimulating protein C
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By contrast, the dramatic differences in stability between TAFla-WT and TAFla-
CIIYQ did not alter their effects on angiogenic potential in HUVECs. Wild-type TAFla
was equally able to significantly decrease pro-angiogenic behaviours, such as cell invasion,
migration, tube formation and DQ-collagen IV proteolysis (Fig. 3.1, 3.4, 3.5, 3.6). This
could be due to the presence of heparin in the HUVEC media, which increases the stability
of TAFla [29]. Importantly, the endothelium is rich in proteoglycans. Specifically,
endothelial cells express glycoproteins and proteoglycans which covered the luminal
surface of the cells, to form a structure called the glycocalyx [32]. Therefore, the large
presence of proteoglycans on the endothelial cell surface may contribute to stabilization of
TAFla. It is also possible that the effects of TAFla early in the time course ultimately
affect the outcome of the experiment, which may not be the case for the analogous
experiments using the breast cancer cell lines. Further experiments will be needed to assess
the contribution of glycosaminoglycans to the stability of TAFIa in endothelial cells and
breast cancer cells. Use of a variant of TAFla with low or no affinity to heparin will give
insight into whether stabilization of TAFIla by heparin does in fact enhance anti-metastatic

and anti-angiogenic functions of TAFla.

5.4 Regulation of Plasminogen Activation by TAFla

The importance of the plasminogen activation system in cancer progression has
been well-documented. The metastatic cell line MDA-MB-231 has been shown to bind and
activate plasminogen more readily than the non-metastatic MCF-7 cell line [33]. This is
due to an increased abundance of plasminogen receptors on the surface of these cells.

Endothelial cells have also been identified to have a high capacity for plasminogen binding
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Macrophages have also been shown to express plasminogen receptors, including Plg-Rkr
and Histone 2B [50, 51]. Both of these receptors possess carboxyl-terminal lysine residues
and represent potential TAFla substrates on macrophages. In the tumour
microenvironment, it is expected that TAFla cleaves carboxyl-terminal lysine residues
from plasminogen receptors on breast cancer cells, endothelial cells and macrophages,

thereby inhibiting plasminogen activation.

5.5 Role of TAFIla in Breast Cancer Metastasis

The metastatic cascade is a multi-step process that includes: (i) local invasion; (ii)
intravasation; (iii) survival of the circulation; (iv) extravasation; and (v) colonization [52].
Tumour angiogenesis is important in facilitating cancer progression and promoting the
metastatic process [53, 54]. Both tumour angiogenesis and cancer metastasis require
proteolytic activity during multiple steps of these processes [55, 56].

Local invasion requires proteolytic events that degrade the ECM and basement
membrane, facilitating cell invasion and migration into the surrounding stroma [57]. In
Chapter 2, we examined the effect of TAFla on pro-metastatic behaviours, namely local
invasion, in breast cancer cells. We demonstrated that TAFla is able to inhibit DQ-collagen
IV proteolysis, cell invasion and cell migration in MDA-MB-231 cells, by attenuating
plasminogen activation. We have used DQ-collagen 1V proteolysis as a measure of ECM
degradation. In addition to collagen IV, plasmin and MMPs have been shown to cleave
other basement membrane and ECM components, including laminin, fibronectin and
vitronectin. This suggests that the inhibitory effects of TAFla on plasmin formation prevent

cleavage of other ECM components that are targets of plasmin and MMPs. Therefore, it
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would be advantageous to assess the effect of TAFIla on other components of the basement
membrane. Importantly, in the DQ-collagen proteolysis assay cells form three-dimensional
(3D) spheroids because they are grown on BME. Therefore, this assay better mimics in
vivo conditions, since cells form 3D structures and are morphologically distinct from cells
grown in a monolayer [58]. Gene expression profiles differ in cell lines grown in 3D culture
compared to 2D cultures. In general, cells grown in 3D have increased expression of genes
involved in cell invasion, migration and angiogenesis [59]. Given that use of 3D cultures
are more representative of in vivo conditions, the ability of TAFla to inhibit DQ-collagen
IV proteolysis in 3D culture indicates that TAFla can mediate proteolytic events in an
environment that better mimics in vivo conditions.

TAFla may also inhibit local invasion and metastasis by targeting EMT. EMT is an
important phenomenon, in which cells undergo genotypic and phenotypic changes, which
facilitates cell motility [60]. This process is regulated by several mediators including TGF-
B1, which is known to be activated by plasmin [61]. Therefore, attenuation of plasmin
formation by TAFIla may inhibit EMT by preventing TGF-B1 activation. Further studies
will be needed to assess the direct effect of TAFla on EMT, by specifically assessing
whether TAFIa can inhibit TGF-B1-mediated EMT. This can be assessed by examining
expression and localization of E-cadherin and N-cadherin, as well as actin cytoskeletal
remodelling, all of which change during EMT. Furthermore, TM has been shown to inhibit
EMT and therefore future experiment could focus on whether thrombin/TM-mediated
activation of TAFI affects TM [62]. Use of mutants of TM, that support or do not support
TAFla activation, as in Chapter 3, will give insight into whether increased activation of

TAFI can hinder EMT. Together, the ability of TAFla to inhibit DQ-collagen 1V
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degradation, cell invasion and cell migration of MDA-MB-231 cells, suggests a role for
TAFIla in mediating initial stages of the metastatic cascade, namely local invasion.
Results obtained in Chapter 3 also point to roles of TAFla in cancer metastasis
beyond local invasion. Inhibition of TAFla, using PTCI, resulted in an increase in pro-
MMP-2 and pro-MMP-9 abundance in breast cancer cells (Fig. 3.8). This points to a role
for TAFla in mediating pro-MMP-2 and pro-MMP-9 secretion, however our studies
assessed the effect of TAFIa inhibition. Therefore, future experiments should assess the
direct effect of TAFla on secretion of these proteins. It would be beneficial to determine
extent of activation using a more sensitive activity assay. Additionally, we should assess
the mechanisms influencing TAFla-mediated inhibition of pro-MMP-2 and pro-MMP-9
secretion. The mechanism could involve uPA-uPAR signalling, as interaction of uPA-
UPAR with asf1 has been shown to induce pro-MMP-1 and pro-MMP-9 expression in lung
cancer, by signalling through the ERK pathway [42, 43]. It would therefore be important
to also assess the effect of TAFla on mRNA abundance to determine if TAFla can
effectively inhibit pro-MMP expression. MMPs are important for the intravasation step
during the metastatic process [63]. MMPs are responsible for cleaving cell-junctions to
promote transendothelial migration and ultimately intravasation. Studies have also found
that MMPs are important for the process of extravasation. Proteolytic events facilitate
transendothelial migration from the blood vessel and promote degradation of the basement
membrane, allowing the cell to enter the adjacent stroma [64]. Additionally, the
plasminogen activation system plays an important role in intravasation, as inhibition of

plasmin activity significantly hinders this process [65, 66]. Therefore, the ability of TAFla
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to inhibit plasminogen activation and mediate pro-MMP-2 and pro-MMP-9 secretion
indicates potential roles for TAFla in inhibiting cancer cell intravasation and extravasation.

Colonization is a key step within the metastatic cascade. To allow for propagation
of a metastatic lesion, environment factors need to support metastatic growth. The effects
of TAFla on proteolysis may also influence cancer colonization. Kroger and coworkers
found that treatment of mice with soluble uPAR resulted in scavenging for uPA, which
decreased breast cancer metastasis to the lung by inhibiting plasminogen activation [67].
Furthermore, MMP inhibitors reduced lung colonization following intravenous injections
of melanoma cells in mice [68]. The underlying mechanisms that are responsible for
increased colonization with the plasminogen activation system and MMPs are largely
unknown. It is likely that ECM degradation, facilitated by these proteases, promotes
angiogenesis at the metastatic site. Additionally, ECM degradation at the metastatic site,
similar to the primary site, releases sequestered growth factors, which promote cell growth
and proliferation at the new organ [69]. Together, this suggests that TAFla may reduce
colonization, by inhibiting proteolytic events that promote the process.

Our in vitro studies are subject to the limitation that they do not consider tumour
cell interactions with the stroma, with the exception of endothelial cells. The influences of
the stromal cells have been documented in many studies [70]. Fibroblasts and TAMs
release chemokines and cytokines that promote various aspects of cancer progression,
including tumour growth and metastasis [70]. It would therefore be necessary to determine
the effect of TAFIla on stromal interactions, specifically assessing role of fibroblasts and

TAMs.
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We have demonstrated a role for TAFla in mediating breast cancer metastatic
behaviours, however further experiments need to be done. Future experiments should be
aimed at assessing the role of TAFla in breast cancer metastasis in vivo. It will be necessary
to examine the effect of TAFla using animal models of metastasis. Syngeneic mouse
models allow for assessment of metastasis in mice with an intact immune system [71]. This
will allow usage of TAFI-deficient mice to understand the importance of the presence of
TAFI in the tumour microenvironment. Additionally, human breast cancer cell lines
implanted in immunocompromised mice are able to colonize bone, liver, lung and brain,
and represent a model for assessing metastasis in vivo [71]. Zebrafish have also been used
to assess metastasis in vivo [72]. Use of zebrafish is advantageous due to experiments being
short, inexpensive and high throughput. Zebrafish embryos are transparent, which allows
for easy visualization of cancer cells when labeled with a fluorescent dye and also allows
for real-time detection. In addition, experiments can be carried out without a compromised
immune system, as in many traditional in vivo cancer models. Finally, zebrafish expressed
orthologues corresponding to TAFI, TM, and prothrombin and therefore represent a viable

method to examine anti-metastatic potential of TAFla.

5.6 Role of TAFla in Modulating Tumour Angiogenesis

In Chapter 3, we examined the effects of TAFla on pro-angiogenic behaviours in
endothelial cells and in co-culture systems with endothelial cells and breast cancer cells.
TAFIa has been previously shown to inhibit tube formation on a fibrin matrix, through
inhibition of plasminogen activation [73]. In the current study we demonstrate the ability

of TAFIa to inhibit tube formation on BME. TAFIla was able to decrease tube formation
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both in monoculture and in co-culture systems with breast cancer cells. Importantly, our in
vitro tube formation assays utilized BME to mimic in vivo conditions, in which endothelial
cells are able to proliferate, migration and differentiate to form tube-like structures.
However, cancer cells play an important role in facilitating tumour angiogenesis through
paracrine signaling [74]. Secretion of pro-angiogenic factors by cancer cells, such as
VEGF, promotes endothelial cell activation and subsequent angiogenesis [74]. Therefore,
our co-culture experiments allowed for examination of tube formation in an environment
that better mimic in vivo tumour angiogenesis. Endothelial cells formed tube-like networks
that connected individual breast cancer spheroids grown on BME, which indicates that the
breast cancer cells are able to modulate the angiogenic behaviours of the endothelial cells.
However, we did not observe any differences in the effects of TAFIla in co-culture
experiments when compared to monoculture experiments. It could be that the high levels
of TM on the endothelial cells dominate in this system and therefore the ability of the breast
cancer cells to promote TAFI activation is inferior to promotion of activation by the
endothelial cells. This could be examined by knockdown of TM expression in endothelial
cells to determine whether the breast cancer cells alone can promote TAFI activation to
inhibit tube formation.

ECM degradation facilitates endothelial cell invasion into the surrounding stroma
during angiogenesis. We observed inhibitory effects of TAFla on VEGF-mediated cell
invasion and migration, as well as DQ-collagen IV proteolysis. Endothelial cells require
angiogenic stimulation, such as VEGF to promote cell invasion and migration. VEGF is a
potent activator of angiogenesis, inducing endothelial cell migration and proliferation and

was therefore used to induce cell invasion and migration. These results indicate a potential
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role for TAFIa in mediating ECM degradation and subsequent cell invasion required during
the process of angiogenesis. We also used co-culture experiments to demonstrate that
TAFIla is able to inhibit DQ-collagen 1V proteolysis in an environment that better mimics
tumour angiogenesis. Furthermore, we observed a decrease in VEGF-mediated migration
of endothelial cells, which is an important in vessel sprouting. Overall, we demonstrated
that TAFIla is able to inhibit pro-angiogenic behaviours, although further studies are needed
to assess whether TAFIla can exhibit similar functions in vivo. The Matrigel plug assay is
considered one of the best methods to screen pro-angiogenic and anti-angiogenic factors
[75]. Additionally, the chick choriollantoic membrane (CAM) assay is an effective method
to study tumour angiogenesis, as cross-species xenografts are tolerated [76]. This would
allow xenotransplantation of human breast cancer cells to assess tumour angiogenesis.
Zebrafish are also used to study angiogenesis in vivo. Transparency of zebrafish embryos
allow for convenient visualization of blood vessel formation. Use of animal models will

give insight into the ability of TAFIla to exhibit anti-angiogenic functions in vivo.

5.7 Alternative Mechanisms of Inhibition of Metastasis by TAFla

In addition to cleaving plasminogen receptors, TAFla cleaves carboxyl-terminal
lysine and arginine residues from inflammatory mediators, including thrombin-cleaved
osteopontin, bradykinin, anaphylatoxins C3a and C5a and plasmin-cleaved chemerin. In
addition to their roles in inflammation, these TAFIla substrates have also been shown to be

involved in cancer.

Osteopontin levels have been correlated with an invasive phenotype in several

cancer types, including breast cancer [77-80]. Studies have demonstrated that osteopontin
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is functionally important in cancer progression and metastasis. Specifically, osteopontin
upregulates expression of uPA, pro-MMP-2 and pro-MMP-9, increasing matrix
degradation, cell invasion and cell migration [81-83]. Thrombin has been shown to cleave
osteopontin, resulting in exposure of a carboxyl-terminal lysine residue. This form of
osteopontin has also been found to promote cell invasion and metastasis [84]. Furthermore,
overexpression of osteopontin was found to induce angiogenesis in glioma [85]. Liaw and
coworkers demonstrated that osteopontin stimulates angiogenesis through binding to avf33
integrin [86]. Interaction of osteopontin with this integrin has been shown to induce VEGF
expression, ultimately stimulating angiogenesis [87]. However, Beausoleil and coworkers
observed increased metastatic lesions in mice upon deletion of the thrombin-cleavage
domain of osteopontin [88]. Thrombin-cleaved osteopontin possesses a carboxyl-terminal
lysine and therefore can be cleaved by TAFla. It is possible that cleavage by TAFIla
represents a mechanism of regulation of osteopontin function on the cell surface and
therefore removal of the thrombin-cleavage domain would result in the inability of TAFla

to regulate the invasive and metastatic functions of osteopontin.

Bradykinin activates several signaling pathways involved in cancers, specifically
MAPK, ERK, PKC and NF-kB [89-92]. Bradykinin has been shown to increase prostate
cancer cell migration and expression of pro-MMP-9 [93]. Montana and coworkers reported
that bradykinin also promotes cell invasion in glioma [94]. They found that bradykinin
upregulates IL-6 expression, which has been previous shown to increase cancer cell
invasion and metastasis [95-97]. Yu et al. found that bradykinin was able to stimulate
VEGF expression in prostate cancer cells and also promote endothelial tube formation [98].

Together these studies suggest functions for bradykinin in cancer metastasis and
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angiogenesis. Basic carboxypeptidase cleavage of bradykinin has been found to inactivate
this ligand and therefore illustrates a method of regulation [99]. TAFIa has been shown to
inactivate bradykinin by cleaving its carboxyl-terminal lysine residue [100]. Therefore, in
addition to regulating plasminogen activation, TAFla may regulate bradykinin in the
tumour microenvironment. This would result in a decrease in bradykinin-mediated cell

invasion and migration.

Studies have shown that the complement system is active in cancer cells, both in
vitro and in vivo [101, 102]. Nitta and coworkers have demonstrated that C5a enhances
cancer cell invasion and promotes secretion of pro-MMPs in cancer cells [103]. C5a has
also been found to stimulate MMP production in macrophages [104]. Piao et al. reported
that colon cancer cells secrete elevated levels of C5a and that blocking of C5a decreased
hepatic metastases of colon cancer in mice [105]. C5a also promotes endothelial cell
migration, proliferation and vessel formation, both in vitro and in vivo [106]. Both C3a and
C5a have been shown to induce VEGF expression, which stimulated neovascularization
[107]. Inactivation of complement factors by TAFIla may therefore decrease complement-

mediated metastatic and angiogenic functions.

Future experiments should also be aimed at identifying additional mechanisms of
TAFla function in cancer metastasis. Experiments should be aimed at examining the role
of TAFla in mediating the pro-metastatic and pro-angiogenic effect of osteopontin,
bradykinin and anaphylatoxin C5a. It is reasonable to expect that these non-plasminogen
activation-mediated events are occurring in our in vitro system and may have contributed
to the effects observed in the current study. It would therefore be important to discern the

contribution of these mechanisms on the anti-metastatic and anti-angiogenic effects
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observed by TAFla compared to the effects-mediated by inhibition of plasminogen
activation. These contributions could be examined in a system deficient of plasminogen,
through depletion of plasminogen from serum. Metastatic and angiogenic assays can be
carried out using plasminogen-deficient serum to assess whether TAFla can inhibit

metastatic and angiogenic behaviours independent of plasminogen activation, in vitro.

5.8 Therapeutic Potential of the TAFI pathway

The work in this thesis has, for the first time, identified TAFla as a potential anti-
metastatic factor in breast cancer. We have demonstrated that attenuating plasminogen
activation by targeting plasminogen receptors, which may be the mechanism by which
TAFla inhibits metastatic and angiogenic behaviours. Given that plasminogen receptors
are overexpressed in a number of cancers, they represent a vital therapeutic target. Plasmin
formation is upstream of MMP activation and therefore targeting plasminogen activation

may have more beneficial clinical outcomes than trials with MMP inhibitors.

Targeting the TAFI pathway in the breast cancer microenvironment either by
promoting activation of TAFI, or by increasing TAFIla stability may represent therapeutic
strategies. Promoting TAFI activation can be accomplished using a variant of TM that only
supports activation of TAFI and not of protein C. It would be advantageous to use TM as
a therapeutic, given that soluble TM (Solulin) is currently in clinical trials for treatment as
an anti-coagulant. A phase I clinical trial indicated that Solulin is safe and tolerated with
no reports of bleeding complications [108]. Use of TM as a therapeutic may also be

beneficial with regards to thrombin in the tumour microenvironment. Given that thrombin
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has metastatic functions, TM may act as a thrombin sink and change its substrate specificity

away from its metastatic functions.

Increasing the stability of TAFla may also be a beneficial therapeutic strategy. We
have shown that increasing the stability of TAFIla resulted in inhibition of pro-metastatic
behaviours in breast cancer cell lines. A stabilizing agent such as an antibody that binds to
the dynamic flap, which prolongs the activity of TAFla, may have similar inhibitory
effects. Whether utilizing a TAFla stabilizing agent or a variant of soluble TM, it would be
necessary to establish localized therapies to avoid side effects related to bleeding or
thrombosis. It is well known that agents introduced directly into the vascular system do
preferentially accumulate at tumour sites due to the leaky nature of the tumour vasculature
[63]. Alternatively, liposomes are an attractive method for providing localized therapies
[109]. Use of liposomes conjugated to a selective marker enables drug delivery directly to
the tumour site and may represent a method to provide localized TAFIa treatment in breast
cancer patients. Taken together, we have demonstrated that TAFla plays an inhibitory role
in breast cancer metastatic and angiogenic behaviours and this pathway may represent a

therapeutic strategy.

5.9 Concluding Remarks

The process of cancer metastasis relies on elaborate interactions within the tumour
microenvironment. Proteolytic events mediated by cancer cells, stromal cells and the ECM
promote the metastatic process. Specifically, proteases such as plasmin and MMPs,

stimulate cancer progression by facilitating ECM degradation, cell invasion and ultimately

210



cancer metastasis. The ability to control and down-regulate these proteolytic events may
represent a therapeutic strategy to inhibit the metastatic process. In this current study we
have demonstrated, for the first time, a direct effect of TAFIa in inhibiting metastatic and
angiogenic behaviours in breast cancer, in vitro. We have shown that TAFla regulating
plasminogen activation on the cell surface, in vitro. TAFla is able to inhibit breast cancer
and endothelial cell invasion, migration and ECM proteolysis, likely through inhibition of
plasminogen activation. Our studies have also found that TAFla can inhibit endothelial
tube formation, which is an indicator of angiogenic potential. Taken together, our results
have demonstrated a role for TAFla in regulating metastatic and angiogenic processes in
vitro. Further studies will be needed to assess the role of TAFla on metastasis and
angiogenesis in vivo. TAFla may represent a novel therapeutic strategy aimed at inhibiting

breast cancer metastasis and tumour angiogenesis.

211



5.10 References

10.

11.

12.

13.

14.

Lin JH, Garand M, Zagorac B, Schadinger SL, Scipione C, Koschinsky ML, Boffa
MB: ldentification of human thrombin-activatable fibrinolysis inhibitor in
vascular and inflammatory cells. Thromb Haemost 2011, 105.

Maret D, Boffa MB, Brien DF, Nesheim ME, Koschinsky ML: Role of mRNA
transcript stability in modulation of expression of the gene encoding thrombin
activable fibrinolysis inhibitor. J Thromb Haemost 2004, 2(11):1969-1979.
Novakovic D, Kuo AC, Lin JH, Koschinsky ML, Boffa MB: Identification of
tristetraprolin as a factor that modulates the stability of the TAFI transcript
through binding to the 3'-untranslated region. J Thromb Haemost 2012,
10(5):887-894.

Komnenov D, Scipione CA, Bazzi ZA, Garabon JJ, Koschinsky ML, Boffa MB:
Pro-inflammatory cytokines reduce human TAFI expression via
tristetraprolin-mediated mRNA destabilisation and decreased binding of
HuR. Thromb Haemost 2015, 114(2):337-349.

Al-Souhibani N, Al-Ahmadi W, Hesketh JE, Blackshear PJ, Khabar KSA: The
RNA-binding zinc-finger protein tristetraprolin regulates AU-rich mRNAs
involved in breast cancer-related processes. Oncogene 2010, 29(29):4205-4215.
Boffa MB, Koschinsky ML: Curiouser and curiouser: recent advances in
measurement of thrombin-activatable fibrinolysis inhibitor (TAFI) and in
understanding its molecular genetics, gene regulation, and biological roles.
Clin Biochem 2007, 40.

McDonald DM, Baluk P: Significance of Blood Vessel Leakiness in Cancer.
Cancer Research 2002, 62(18):5381-5385.

Williams CB, Yeh ES, Soloff AC: Tumor-associated macrophages: unwitting
accomplices in breast cancer malignancy. NPJ breast cancer 2016, 2.

Aubert H, Frere C, Aillaud MF, Morange PE, Juhan-Vague I, Alessi MC: Weak
and non-independent association between plasma TAFI antigen levels and the
insulin resistance syndrome. J Thromb Haemost 2003, 1(4):791-797.

Shekhar MP, Pauley R, Heppner G: Host microenvironment in breast cancer
development: Extracellular matrix—stromal cell contribution to neoplastic
phenotype of epithelial cells in the breast. Breast Cancer Research 2003, 5(3):1-
6.

Kaftan O, Kasapoglu B, Koroglu M, Kosar A, Yalcin SK: Thrombin-activatable
fibrinolysis inhibitor in breast cancer patients. Med Princ Pract 2011,
20(4):332-335.

Hataji O, Taguchi O, Gabazza EC, Yuda H, D'Alessandro-Gabazza CN, Fujimoto
H, Nishii Y, Hayashi T, Suzuki K, Adachi Y: Increased circulating levels of
thrombin-activatable fibrinolysis inhibitor in lung cancer patients. Am J
Hematol 2004, 76(3):214-219.

Koldas M, Gummus M, Seker M, Seval H, Hulya K, Dane F, Kural A, Gumus A,
Salepci T, Turhal NS: Thrombin-activatable fibrinolysis inhibitor levels in
patients with non-small-cell lung cancer. Clin Lung Cancer 2008, 9(2):112-115.
Fidan E, Kavgaci H, Orem A, Yilmaz M, Yildiz B, Fidan S, Akcan B, Ozdemir F,
Aydin F: Thrombin activatable fibrinolysis inhibitor and thrombin-

212



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

antithrombin-I11-complex levels in patients with gastric cancer. Tumour Biol
2012, 33(5):1519-1525.

Menschikowski M, Hagelgans A, Tiebel O, Vogel M, Eisenhofer G, Siegert G:
Regulation of thrombomodulin expression in prostate cancer cells. Cancer Lett
2012, 322.

Liu PL, Tsai JR, Chiu CC, Hwang JJ, Chou SH, Wang CK, Wu SJ, Chen YL, Chen
WC, Chen YH: Decreased expression of thrombomodulin is correlated with
tumor cell invasiveness and poor prognosis in nonsmall cell lung cancer. Mol
Carcinog 2010, 49.

Kim SJ, Shiba E, Ishii H, Inoue T, Taguchi T, Tanji Y, Kimoto Y, lzukura M, Takai
S: Thrombomodulin is a new biological and prognostic marker for breast
cancer: an immunohistochemical study. Anticancer Res 1997, 17.

Bajzar L, Morser J, Nesheim M: TAFI, or plasma procarboxypeptidase B,
couples the coagulation and fibrinolytic cascades through the thrombin-
thrombomodulin complex. J Biol Chem 1996, 271(28):16603-16608.

Eaton DL, Malloy BE, Tsai SP, Henzel W, Drayna D: Isolation, molecular
cloning, and partial characterization of a novel carboxypeptidase B from
human plasma. J Biol Chem 1991, 266(32):21833-21838.

Bajzar L, Manuel R, Nesheim ME: Purification and characterization of TAFI, a
thrombin-activable fibrinolysis inhibitor. J Biol Chem 1995, 270(24):14477-
14484,

Wu C, Kim PY, Swystun LL, Liaw PC, Weitz JI: Activation of protein C and
thrombin activable fibrinolysis inhibitor on cultured human endothelial cells.
J Thromb Haemost 2016, 14(2):366-374.

Bajzar L, Nesheim M, Morser J, Tracy PB: Both Cellular and Soluble Forms of
Thrombomodulin Inhibit Fibrinolysis by Potentiating the Activation of
Thrombin-activable Fibrinolysis Inhibitor. Journal of Biological Chemistry
1998, 273(5):2792-2798.

Wu C-T, Chang Y-H, Lin P-Y, Chen W-C, Chen M-F. Thrombomodulin
expression regulates tumorigenesis in bladder cancer. BMC Cancer 2014,
14(1):1-11.

Maruyama I, Bell CE, Majerus PW: Thrombomodulin is found on endothelium
of arteries, veins, capillaries, and lymphatics, and on syncytiotrophoblast of
human placenta. J Cell Biol 1985, 101(2):363-371.

Wang KC, Li YH, ShiGY, Tsai HW, Luo CY, Cheng MH, Ma CY, Hsu Y'Y, Cheng
TL, Chang Bl et al: Membrane-Bound Thrombomodulin Regulates
Macrophage Inflammation in Abdominal Aortic Aneurysm. Arteriosclerosis,
thrombosis, and vascular biology 2015, 35(11):2412-2422.

Conway EM: Thrombomodulin and its role in inflammation. Semin
Immunopathol 2012, 34.

Wang W, Nagashima M, Schneider M, Morser J, Nesheim M: Elements of the
primary structure of thrombomodulin required for efficient thrombin-
activable fibrinolysis inhibitor activation. J Biol Chem 2000, 275(30):22942-
22947.

213



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Binette TM, Taylor FB, Jr., Peer G, Bajzar L: Thrombin-thrombomodulin
connects coagulation and fibrinolysis: more than an in vitro phenomenon.
Blood 2007, 110(9):3168-3175.

Mao SS, Cooper CM, Wood T, Shafer JA, Gardell SJ: Characterization of
plasmin-mediated activation of plasma procarboxypeptidase B. Modulation
by glycosaminoglycans. J Biol Chem 1999, 274(49):35046-35052.

Lu P, Takai K, Weaver VM, Werb Z: Extracellular matrix degradation and
remodeling in development and disease. Cold Spring Harbor perspectives in
biology 2011, 3(12).

Boffa MB, Wang W, Bajzar L, Nesheim ME: Plasma and recombinant
thrombin-activable fibrinolysis inhibitor (TAFI) and activated TAFI
compared with respect to glycosylation, thrombin/thrombomodulin-
dependent activation, thermal stability, and enzymatic properties. J Biol Chem
1998, 273.

Squire JM, Chew M, Nneji G, Neal C, Barry J, Michel C: Quasi-periodic
substructure in the microvessel endothelial glycocalyx: a possible explanation
for molecular filtering? Journal of structural biology 2001, 136(3):239-255.
Ranson M, Andronicos NM, O'Mullane MJ, Baker MS: Increased plasminogen
binding is associated with metastatic breast cancer cells: differential
expression of plasminogen binding proteins. British Journal of Cancer 1998,
77(10):1586-1597.

Miles LA, Levin EG, Plescia J, Collen D, Plow EF: Plasminogen receptors,
urokinase receptors, and their modulation on human endothelial cells. Blood
1988, 72(2):628-635.

Wang W, Boffa MB, Bajzar L, Walker JB, Nesheim ME: A Study of the
Mechanism of Inhibition of Fibrinolysis by Activated Thrombin-activable
Fibrinolysis Inhibitor. Journal of Biological Chemistry 1998, 273(42):27176-
27181.

Redlitz A, Tan AK, Eaton DL, Plow EF: Plasma carboxypeptidases as regulators
of the plasminogen system. J Clin Invest 1995, 96.

Gong Y, Kim SO, Felez J, Grella DK, Castellino FJ, Miles LA: Conversion of
Glu-plasminogen to Lys-plasminogen is necessary for optimal stimulation of
plasminogen activation on the endothelial cell surface. J Biol Chem 2001,
276(22):19078-19083.

Miles LA, Castellino FJ, Gong Y: Critical role for conversion of glu-
plasminogen to Lys-plasminogen for optimal stimulation of plasminogen
activation on cell surfaces. Trends in cardiovascular medicine 2003, 13(1):21-30.
Zhang L, Gong Y, Grella DK, Castellino FJ, Miles LA: Endogenous plasmin
converts Glu-plasminogen to Lys-plasminogen on the monocytoid cell surface.
J Thromb Haemost 2003, 1(6):1264-1270.

Smith HW, Marshall CJ: Regulation of cell signalling by uPAR. Nat Rev Mol Cell
Biol 2010, 11(1):23-36.

Binder BR, Mihaly J, Prager GW: uPAR-uPA-PAI-1 interactions and signaling:
a vascular biologist’s view. Thromb Haemost 2007, 97.

214



42.

43.

44,

45.

46.

471.

48.

49,

50.

51.

52.

53.
54.

55.

56.

S57.

Wei Y, Tang C-H, Kim Y, Robillard L, Zhang F, Kugler MC, Chapman HA:
Urokinase Receptors Are Required for o581 Integrin-mediated Signaling in
Tumor Cells. Journal of Biological Chemistry 2007, 282(6):3929-3939.

Tang C-H, Hill ML, Brumwell AN, Chapman HA, Wei Y: Signaling through
urokinase and urokinase receptor in lung cancer cells requires interactions
with B1 integrins. Journal of cell science 2008, 121(0 22):3747-3756.

Plow EF, Doeuvre L, Das R: So many plasminogen receptors: why? J Biomed
Biotechnol 2012, 2012:141806.

Tu SH, Chang CC, Chen CS, Tam KW, Wang YJ, Lee CH, Lin HW, Cheng TC,
Huang CS, Chu JS et al: Increased expression of enolase alpha in human breast
cancer confers tamoxifen resistance in human breast cancer cells. Breast
cancer research and treatment 2010, 121(3):539-553.

Hembrough TA, Li L, Gonias SL: Cell-surface cytokeratin 8 is the major
plasminogen receptor on breast cancer cells and is required for the accelerated
activation of cell-associated plasminogen by tissue-type plasminogen activator.
J Biol Chem 1996, 271(41):25684-25691.

Sharma MR, Koltowski L, Ownbey RT, Tuszynski GP, Sharma MC:
Angiogenesis-associated protein annexin 1l in breast cancer: selective
expression in invasive breast cancer and contribution to tumor invasion and
progression. Experimental and molecular pathology 2006, 81(2):146-156.
Kumari S, Malla R: New Insight on the Role of Plasminogen Receptor in Cancer
Progression. Cancer growth and metastasis 2015, 8:35-42.

Kassam G, Le BH, Choi KS, Kang HM, Fitzpatrick SL, Louie P, Waisman DM:
The p11 subunit of the annexin Il tetramer plays a key role in the stimulation
of t-PA-dependent plasminogen activation. Biochemistry 1998, 37(48):16958-
16966.

Das R, Burke T, Plow EF: Histone H2B as a functionally important plasminogen
receptor on macrophages. Blood 2007, 110(10):3763-3772.

Lighvani S, Baik N, Diggs JE, Khaldoyanidi S, Parmer RJ, Miles LA: Regulation
of macrophage migration by a novel plasminogen receptor Plg-R KT. Blood
2011, 118(20):5622-5630.

Valastyan S, Weinberg RA: Tumor metastasis: molecular insights and evolving
paradigms. Cell 2011, 147(2):275-292.

Hanahan D, Weinberg RA: The hallmarks of cancer. Cell 2000, 100(1):57-70.
Hanahan D, Weinberg RA: Hallmarks of cancer: the next generation. Cell 2011,
144.

Sevenich L, Joyce JA: Pericellular proteolysis in cancer. Genes Dev 2014,
28(21):2331-2347.

van Hinsbergh VW, Engelse MA, Quax PH: Pericellular proteases in
angiogenesis and vasculogenesis. Arteriosclerosis, thrombosis, and vascular
biology 2006, 26(4):716-728.

van Zijl F, Krupitza G, Mikulits W: Initial steps of metastasis: Cell invasion and
endothelial transmigration. Mutation Research/Reviews in Mutation Research
2011, 728(1-2):23-34.

215



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Edmondson R, Broglie JJ, Adcock AF, Yang L: Three-Dimensional Cell Culture
Systems and Their Applications in Drug Discovery and Cell-Based Biosensors.
Assay and Drug Development Technologies 2014, 12(4):207-218.

Myungjin Lee J, Mhawech-Fauceglia P, Lee N, Cristina Parsanian L, Gail Lin Y,
Andrew Gayther S, Lawrenson K: A three-dimensional microenvironment alters
protein expression and chemosensitivity of epithelial ovarian cancer cells in
vitro. Lab Invest 2013, 93(5):528-542.

Heerboth S, Housman G, Leary M, Longacre M, Byler S, Lapinska K, Willbanks
A, Sarkar S: EMT and tumor metastasis. Clinical and Translational Medicine
2015, 4:6.

Lyons RM, Gentry LE, Purchio AF, Moses HL: Mechanism of activation of latent
recombinant transforming growth factor beta 1 by plasmin. J Cell Biol 1990,
110(4):1361-1367.

Kao YC, Wu LW, Shi CS, Chu CH, Huang CW, Kuo CP, Sheu HM, Shi GY, Wu
HL: Downregulation of thrombomodulin, a novel target of Snail, induces
tumorigenesis through epithelial-mesenchymal transition. Molecular and
cellular biology 2010, 30(20):4767-4785.

Deryugina El, Quigley JP: Tumor angiogenesis: MMP-mediated induction of
intravasation- and metastasis-sustaining neovasculature. Matrix Biology 2015,
44-46:94-112.

Voura EB, English JL, Yu HY, Ho AT, Subarsky P, Hill RP, Hojilla CV, Khokha
R: Proteolysis during tumor cell extravasation in vitro: metalloproteinase
involvement across tumor cell types. PLoS One 2013, 8(10):e78413.

Madsen MA, Deryugina EI, Niessen S, Cravatt BF, Quigley JP: Activity-based
Protein Profiling Implicates Urokinase Activation as a Key Step in Human
Fibrosarcoma Intravasation. Journal of Biological Chemistry 2006,
281(23):15997-16005.

Conn EM, Botkjaer KA, Kupriyanova TA, Andreasen PA, Deryugina El, Quigley
JP: Comparative Analysis of Metastasis Variants Derived from Human
Prostate Carcinoma Cells. The American Journal of Pathology, 175(4):1638-
1652.

Kruger A, Soeltl R, Lutz V, Wilhelm OG, Magdolen V, Rojo EE, Hantzopoulos
PA, Graeff H, Gansbacher B, Schmitt M: Reduction of breast carcinoma tumor
growth and lung colonization by overexpression of the soluble urokinase-type
plasminogen activator receptor (CD87). Cancer Gene Ther 2000, 7(2):292-299.
Schultz RM, Silberman S, Persky B, Bajkowski AS, Carmichael DF: Inhibition by
human recombinant tissue inhibitor of metalloproteinases of human amnion
invasion and lung colonization by murine B16-F10 melanoma cells. Cancer Res
1988, 48(19):5539-5545.

Shibue T, Weinberg RA: Metastatic colonization: Settlement, adaptation and
propagation of tumor cells in a foreign tissue environment. Seminars in Cancer
Biology 2011, 21(2):99-106.

Pietras K, Ostman A: Hallmarks of cancer: interactions with the tumor stroma.
Exp Cell Res 2010, 316(8):1324-1331.

Fantozzi A, Christofori G: Mouse models of breast cancer metastasis. Breast
Cancer Research 2006, 8(4):1-11.

216



72.

73.

74.

75.

76.

77,

78.

79.

80.

81.

82.

83.

84.

85.

Tulotta C, He S, van der Ent W, Chen L, Groenewoud A, Spaink HP, Snaar-
Jagalska BE: Imaging Cancer Angiogenesis and Metastasis in a Zebrafish
Embryo Model. Adv Exp Med Biol 2016, 916:239-263.

Guimaraes AH, Laurens N, Weijers EM, Koolwijk P, van Hinsbergh VW, Rijken
DC: TAFI and pancreatic carboxypeptidase B modulate in vitro capillary tube
formation by human microvascular endothelial cells. Arteriosclerosis,
thrombosis, and vascular biology 2007, 27(10):2157-2162.

Ziyad S, Iruela-Arispe ML: Molecular Mechanisms of Tumor Angiogenesis.
Genes & Cancer 2011, 2(12):1085-1096.

Norrby K: In vivo models of angiogenesis. Journal of cellular and molecular
medicine 2006, 10(3):588-612.

Staton CA, Reed MWR, Brown NJ: A critical analysis of current in vitro and in
Vivo angiogenesis assays. International Journal of Experimental Pathology 2009,
90(3):195-221.

Singhal H, Bautista DS, Tonkin KS, O'Malley FP, Tuck AB, Chambers AF, Harris
JF: Elevated plasma osteopontin in metastatic breast cancer associated with
increased tumor burden and decreased survival. Clin Cancer Res 1997, 3.
Thoms JW, Dal Pra A, Anborgh PH, Christensen E, Fleshner N, Menard C,
Chadwick K, Milosevic M, Catton C, Pintilie M et al: Plasma osteopontin as a
biomarker of prostate cancer aggression: relationship to risk category and
treatment response. Br J Cancer 2012, 107(5):840-846.

Wang HH, Wang XW, Tang CE: Osteopontin expression in nasopharyngeal
carcinoma: its relevance to the clinical stage of the disease. Journal of cancer
research and therapeutics 2011, 7(2):138-142.

Zhao L, Wang Y, Qu N, Huang C, Chen L: Significance of plasma osteopontin
levels in patients with bladder urothelial carcinomas. Molecular diagnosis &
therapy 2012, 16(5):311-316.

Philip S, Bulbule A, Kundu GC: Osteopontin stimulates tumor growth and
activation of promatrix metalloproteinase-2 through nuclear factor-kappa B-
mediated induction of membrane type 1 matrix metalloproteinase in murine
melanoma cells. J Biol Chem 2001, 276.

Das R, Mahabeleshwar GH, Kundu GC: Osteopontin stimulates cell motility and
nuclear factor kappaB-mediated secretion of urokinase type plasminogen
activator through phosphatidylinositol 3-kinase/Akt signaling pathways in
breast cancer cells. J Biol Chem 2003, 278.

Rangaswami H, Bulbule A, Kundu GC: Nuclear factor-inducing kinase plays a
crucial role in osteopontin-induced MAPK/IkappaBalpha kinase-dependent
nuclear factor kappaB-mediated promatrix metalloproteinase-9 activation. J
Biol Chem 2004, 279(37):38921-38935.

Yamaguchi Y, Shao Z, Sharif S, Du XY, Myles T, Merchant M, Harsh G, Glantz
M, Recht L, Morser J et al: Thrombin-cleaved fragments of osteopontin are
overexpressed in malignant glial tumors and provide a molecular niche with
survival advantage. J Biol Chem 2013, 288(5):3097-3111.

Wang Y, Yan W, Lu X, Qian C, Zhang J, Li P, Shi L, Zhao P, Fu Z, Pu P et al:
Overexpression of osteopontin induces angiogenesis of endothelial progenitor

217



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

cells via the avbeta3/PI3K/AKT/eNOS/NO signaling pathway in glioma cells.
European journal of cell biology 2011, 90(8):642-648.

Liaw L, Lindner V, Schwartz SM, Chambers AF, Giachelli CM: Osteopontin and
B3 Integrin Are Coordinately Expressed in Regenerating Endothelium In Vivo
and Stimulate Arg-Gly-Asp—Dependent Endothelial Migration In Vitro.
Circulation Research 1995, 77(4):665-672.

Chakraborty G, Jain S, Kundu GC: Osteopontin promotes vascular endothelial
growth factor-dependent breast tumor growth and angiogenesis via autocrine
and paracrine mechanisms. Cancer Res 2008, 68(1):152-161.

Beausoleil MS, Schulze EB, Goodale D, Postenka CO, Allan AL: Deletion of the
thrombin cleavage domain of osteopontin mediates breast cancer cell
adhesion, proteolytic activity, tumorgenicity, and metastasis. BMC Cancer
2011, 11(1):1-12.

Wang G, Ye Y, Zhang X, Song J: Bradykinin stimulates IL-6 production and
cell invasion in colorectal cancer cells. Oncology reports 2014, 32(4):1709-1714.
Sabatini F, Luppi F, Petecchia L, Stefano AD, Longo AM, Eva A, Vanni C,
Hiemstra PS, Sterk PJ, Sorbello V et al: Bradykinin-induced asthmatic
fibroblast/myofibroblast activities via bradykinin B2 receptor and different
MAPK pathways. European journal of pharmacology 2013, 710(1-3):100-1009.
Lee CH, Shieh DC, Tzeng CY, Chen CP, Wang SP, Chiu YC, Huang CY, Hsu CJ,
Fong YC, Tang CH: Bradykinin-induced IL-6 expression through bradykinin
B2 receptor, phospholipase C, protein kinase Cdelta and NF-kappaB pathway
in human synovial fibroblasts. Molecular immunology 2008, 45(14):3693-3702.
Hsieh HL, Wu CY, Yang CM: Bradykinin induces matrix metalloproteinase-9
expression and cell migration through a PKC-delta-dependent ERK/EIKk-1
pathway in astrocytes. Glia 2008, 56(6):619-632.

Yu H-S, Lin T-H, Tang C-H: Bradykinin enhances cell migration in human
prostate cancer cells through B2 receptor/PKCd/c-Src dependent signaling
pathway. The Prostate 2013, 73(1):89-100.

Montana V, Sontheimer H: Bradykinin promotes the chemotactic invasion of
primary brain tumors. The Journal of neuroscience : the official journal of the
Society for Neuroscience 2011, 31(13):4858-4867.

LiR, Li G, Deng L, LiuQ, Dai J, Shen J, Zhang J: IL-6 augments the invasiveness
of UB7MG human glioblastoma multiforme cells via up-regulation of MMP-2
and fascin-1. Oncology reports 2010, 23(6):1553-1559.

Zheng T, Hong X, Wang J, Pei T, Liang Y, Yin D, Song R, Song X, Lu Z, Qi S et
al: Gankyrin promotes tumor growth and metastasis through activation of IL-
6/STAT3 signaling in human cholangiocarcinoma. Hepatology (Baltimore, Md)
2014, 59(3):935-946.

Sun W, Liu DB, Li WW, Zhang LL, Long GX, Wang JF, Mei Q, Hu GQ:
Interleukin-6 promotes the migration and invasion of nasopharyngeal
carcinoma cell lines and upregulates the expression of MMP-2 and MMP-9.
Int J Oncol 2014, 44(5):1551-1560.

Yu H-S, Wang S-W, Chang A-C, Tai H-C, Yeh H-I, Lin Y-M, Tang C-H:
Bradykinin promotes vascular endothelial growth factor expression and

218



99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

increases angiogenesis in human prostate cancer cells. Biochemical
Pharmacology 2014, 87(2):243-253.

Kuoppala A, Lindstedt KA, Saarinen J, Kovanen PT, Kokkonen JO: Inactivation
of bradykinin by angiotensin-converting enzyme and by carboxypeptidase N
in human plasma. American Journal of Physiology - Heart and Circulatory
Physiology 2000, 278(4):H1069-H1074.

Hendriks D, Wang W, van Sande M, Scharpe S: Human serum carboxypeptidase
U: a new kininase? Agents and actions Supplements 1992, 38 ( Pt 1):407-413.
Markiewski MM, DeAngelis RA, Benencia F, Ricklin-Lichtsteiner SK, Koutoulaki
A, Gerard C, Coukos G, Lambris JD: Modulation of the antitumor immune
response by complement. Nature immunology 2008, 9(11):1225-1235.

Niculescu F, Rus HG, Retegan M, Vlaicu R: Persistent complement activation
on tumor cells in breast cancer. Am J Pathol 1992, 140(5):1039-1043.

Nitta H, Wada Y, Kawano Y, Murakami Y, Irie A, Taniguchi K, Kikuchi K,
Yamada G, Suzuki K, Honda J et al: Enhancement of human cancer cell motility
and invasiveness by anaphylatoxin C5a via aberrantly expressed C5a receptor
(CD88). Clin Cancer Res 2013, 19(8):2004-2013.

Speidl WS, Kastl SP, Hutter R, Katsaros KM, Kaun C, Bauriedel G, Maurer G,
Huber K, Badimon JJ, Wojta J: The complement component C5a is present in
human coronary lesions in vivo and induces the expression of MMP-1 and
MMP-9 in human macrophages in vitro. FASEB journal : official publication of
the Federation of American Societies for Experimental Biology 2011, 25(1):35-44.
Piao C, Cai L, Qiu S, Jia L, Song W, Du J: Complement 5a Enhances Hepatic
Metastases of Colon Cancer via Monocyte Chemoattractant Protein-1-
Mediated Inflammatory Cell Infiltration. Journal of Biological Chemistry 2015.
Kurihara R, Yamaoka K, Sawamukai N, Shimajiri S, Oshita K, Yukawa S,
Tokunaga M, Iwata S, Saito K, Chiba K et al: C5a promotes migration,
proliferation, and vessel formation in endothelial cells. Inflammation Research
2010, 59(8):659-666.

Nozaki M, Raisler BJ, Sakurai E, Sarma JV, Barnum SR, Lambris JD, Chen Y,
Zhang K, Ambati BK, Baffi JZ et al: Drusen complement components C3a and
Cba promote choroidal neovascularization. Proc Natl Acad Sci U S A 2006,
103(7):2328-2333.

van lersel T, Stroissnig H, Giesen P, Wemer J, Wilhelm-Ogunbiyi K: Phase | study
of Solulin, a novel recombinant soluble human thrombomodulin analogue.
Thromb Haemost 2011, 105(2):302-312.

Steeg PS: Targeting metastasis. Nat Rev Cancer 2016, 16(4):201-218.

219



APPENDIX:

Copyright Transfer Agreement Forms

220



LA i i
% :;":%Tﬁgssgg Zainab Bazzi <bazziz@uwindsor.ca>

Permission for Figure
2 messages

Zainab Bazzi <bazzizi@uwindsor.ca> Thu, Sep 22, 2016 at 10:07 AM
To: Rocco Romagnuolo <romagnu@uwindsor.cas

Hi Dr Romagnuolo,

I am emailing you to request permission to use Figure 1.7 of your doctoral dissertation "Schematic representation of
plasminegen activation and Glu- to Lys-plasminogen conversion”. Please let me know if | would be able to use this
figure in my doctoral dissertation.

Thank you,

Zainab

Zainab Bazzi

PhD. Candidate

Department of Chemistry & Biochemistry
University of Windsor

Essex Hall Room 276

Windsor, Ontario

Canada N3B 3P4

Tel: 519-253-3000 x4985

Rocco Romagnuolo <romagnu@uwindsor. cas Thu, Sep 22, 2016 at 10:11 AM
To: Zainab Bazzi <bazzizi@uwindsor.ca>

Good moming,

Yes, you may use this figure for your doctoral dissertation.

Rocco Romagnuolo, PhD
[Quoted text hidden]

221



NAME:

Place of Birth:

Year of Birth:

EDUCATION:

2011-2016

2007-2011

PUBLICATIONS:

VITA AUCTORIS

Zainab A. Bazzi

Windsor, Ontario

1989

Ph.D. Biochemistry

University of Windsor, Windsor, Ontario

Dissertation  title:  "Role of Thrombin-Activatable
Fibrinolysis Inhibitor in Breast Cancer Metastasis and
Angiogenesis"

Supervisor: Dr. Michael B. Boffa

Bachelor’s of Science (BSc.), Honours, Biochemistry and
Biotechnology, with thesis

University of Windsor, Windsor, Ontario

Thesis title: “Molecular Cloning of TAFI GFP Reporter
Plasmid for Transgenic Mice”

JOURNAL ARTICLES

1. Bazzi ZA, Balun J, Cavallo-Medved D, Porter LA, Boffa MB. Activated

Thrombin-activatable Fibrinolysis Inhibitor Attenuates the Angiogenic
Potential of Endothelial Cells: Potential Relevance to the Breast Tumour
Microenvironment. Clinical and Experimental Metastasis. Submitted.
CLIN-D-16-00098

. Bazzi ZA, Lanoue DL, El-Youssef M, Tubman J, Cavallo-Medved D,
Porter LA, Boffa MB. Activated thrombin-activatable fibrinolysis
inhibitor (TAFIa) attenuates breast cancer cell metastatic behaviors
through inhibition of plasminogen activation and extracellular
proteolysis. BMC Cancer. 2016 May 24;16(1):328.

Komnenov D, Scipione CA, Bazzi ZA, Garabon JJ, Koschinsky ML,
Boffa MB. Inflammatory cytokines reduce thrombin activatable

222



fibrinolysis inhibitor (TAFI) expression via tristetraprolin-mediated

MRNA destabilization and decreased binding of HuR. Thrombosis &
Haemostasis. 2015 Aug;114(2):337-49.

CONFERENCE PUBLICATIONS

1.

Bazzi ZA, Balun JL, Boffa, MB. Thrombin activatable fibrinolysis
inhibitor is a regulator of angiogenic potential in endothelial cells
[abstract]. Arterioscler Thromb Vasc Biol.

Bazzi ZA, Rudy D, Porter LA, Cavallo-Medved D, Boffa MB. Activated
thrombin activatable fibrinolysis inhibitor is a novel anti-metastatic
factor in breast cancer [abstract]. In: Proceedings of the Thirty-Seventh
Annual CTRC-AACR San Antonio Breast Cancer Symposium: 2014
Dec 9-13; San Antonio, TX. Philadelphia (PA): AACR; Cancer Res
2015;75(9 Suppl):Abstract nr P1-07-32.

CONFERENCES:

1.

Bazzi, ZA, Balun, JL, Boffa, MB. Thrombin activatable fibrinolysis
inhibitor is a regulator of angiogenic potential in endothelial cells.
Acrteriosclerosis, Thrombosis, and Vascular Biology | Peripheral
Vascular Disease 2016 Scientific Sessions, Nashville, United States.
(2016) Poster Presentation.

Bazzi, ZA, Lanoue, DL, El-Youssef, M, Cavallo-Medved, D, Porter, L,
Boffa, MB. Stabilization of activated thrombin activatable fibrinolysis
inhibitor enhances its anti-metastatic potential in breast cancer.
Canadian Cancer Research Conference, Montreal, Canada. (2015)
Poster Presentation.

Balun, JL, Bazzi, ZA, Cavallo-Medved, D, Porter, L, Boffa, MB. TAFla
is a novel inhibitor of tumour angiogenesis in breast cancer. Canadian
Cancer Research Conference, Montreal, Canada (2015) Poster
Presentation.

Bazzi, ZA, Rudy, D, Cavallo-Medved, D, Porter, L, Boffa, MB.
Activated thrombin activatable fibrinolysis inhibitor is a novel anti-
metastatic factor in breast cancer. San Antonio Breast Cancer
Symposium, San Antonio, United States. (2014) Poster Presentation.

Bazzi, ZA, Rudy, D, Cavallo-Medved, D, Porter, L, Boffa, MB. TAFI
is Novel Inhibitor of Breast Cancer Cell Invasion and Migration.
Windsor Cancer Research Group (WCRG) Research Conference,
Windsor, Canada. (2012) Poster Presentation.

223



HONOURS AND AWARDS:

University of Windsor Doctoral Tuition Scholarship 2012 — 2016
Gloria & Carl Morgan Graduate Scholarship in Breast

2015, 2016

Cancer Research
University of Windsor Three Minute Thesis (3MT®) 2016
People’s Choice Award
Casino Windsor Cares/Gail Rosenblum Memorial 2015
Breast Cancer Research Scholarship
University of Windsor Graduate Student Society

. 2015
Scholarship
Canadian Cancer Society Travel Award 2014
University of Windsor Biochemistry Entrance

. 2007
Scholarship
University of Windsor Entrance Scholarship 2007

224



